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Abstract: The recent Belle II evidence for B* — K*vv, combined with a suppressed branching fraction ratio

R =B(B" — K*%v)/B(B* — K*vv), requires new physics that contributes to both left- and right-handed vector operat-
ors. We perform a systematic topological classification of one-loop completions that radiatively generate both oper-

ators without tree-level mediation, and construct two minimal benchmark scenarios: a scalar-rich model and a fermi-

on-rich model. Evaluating these frameworks under specific benchmark mass schemes and four distinct flavor struc-

tures, we find a generic anti-correlation, where enhancing one decay channel typically suppresses the other. A not-

able exception is a decoupled flavor configuration within the scalar-rich model, which yields simultaneous construct-

ive interference, reducing R by 3.83% while satisfying all complementary flavor bounds. Under a universal coupling

assumption, the scalar-rich model yields exact cancellation in the charged mode, highlighting the non-trivial inter-

play between flavor structure and loop-generated Wilson coefficients.
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I. INTRODUCTION

Direct searches for new particles at the LHC have so
far yielded null results, placing stringent constraints on
physics beyond the Standard Model (SM). In contrast, in-
direct probes in the flavor sector exhibit persistent ten-
sions, most notably in the flavor-changing neutral current
(FCNC) transition b — svv. The Belle II collaboration re-
cently reported the first evidence for B* — K*vv, with a
branching fraction of B, = (2.3+0.7)x 107> [1], exceed-
ing the SM prediction of (4.44+0.30)x 107 [2] by 2.7¢.
This quark-level transition also governs the neutral mode
B° — K*%vy, for which the current experimental upper
limit of 1.8 x 107> [3] lies roughly a factor of two above
the SM expectation of (9.47 +1.40)x 107° [2].

These findings have stimulated a wide range of theor-
etical interpretations. One class of models postulates the
existence of light, invisible states—such as sterile neutri-
nos [4—13], light dark matter (DM) [14—23], axion-like
particles [24—31], or generic long-lived particles [32—38]
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—which mimic the missing-energy signature of the neut-
rino pairs. Alternatively, the anomalies can be addressed
within the framework of heavy new physics (NP), where
virtual exchange of heavy mediators modifies the Wilson
coefficients of the low-energy effective Lagrangian [12,
18, 39-56].

These tensions can be further quantified by the ratio
R=8B(B° — K*%)/B(B* — K*vv). The experimental up-
per limit, R, < 1.125, lies well below the SM prediction
Rsy = 2.14 £0.35. In the framework of low-energy effect-
ive theory (LEFT), assuming that the neutrinos remain
purely left-handed, scalar and tensor contributions vanish
due to chirality constraints. Consequently, the relevant in-
teractions are governed by the vector operators:

0% = (5y,PLb)Fey"PLvy),
Of = (57, Prb)(7ey" PLve). (1)

Clearly, the tensions cannot be resolved by modifying
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only the left-handed operator O%, as such a modification
would rescale both rates identically, leaving the ratio in-
variant. Thus, the presence of the right-handed operator
O% isa necessary ingredient for any explanation in-
volving these vector currents [41, 44].

As highlighted in Ref. [41], addressing the deviation
in R at tree level typically requires non-minimal field
content, such as the introduction of at least three distinct
leptoquarks, whereas loop-level solutions have broadly
been considered challenging. Nonetheless, the radiative
generation of Of and Of provides a well-motivated mod-
el-building paradigm. Historically, loop-induced frame-
works have offered economical pathways to unify dispar-
ate phenomenological puzzles—such as neutrino masses,
dark matter, and other flavor anomalies—by linking them
through a shared internal sector. Furthermore, loop-in-
duced processes naturally provide a suppression mechan-
ism. Should future, higher-statistics experimental up-
dates from Belle II shift the central values and reduce the
size of the anomaly, a radiatively generated contribution
would naturally accommodate a smaller residual devi-
ation without necessitating tiny tree-level couplings. Bey-
ond these phenomenological considerations, systematic-
ally generating both left- and right-handed vector operat-
ors via loop processes represents a non-trivial structural
feature of effective field theory. However, a comprehens-
ive classification of such models has not yet been system-
atically explored.

Motivated by these considerations, we employ a dia-
grammatic method to generate the complete set of one-
loop topologies involving new scalars and fermions. We
classify the minimal ultraviolet (UV) extensions capable
of simultaneously generating both O and Of. To sys-
tematically navigate the multidimensional parameter
space and explore how different coupling degeneracies
govern the interference patterns in the decay rates, we
define four representative flavor structures for the quark
sector. By analyzing these specific arrangements, we
quantitatively determine the maximum reach of these ra-
diative contributions while ensuring compatibility with
complementary flavor observables.

The remainder of this paper is organized as follows.
In Sec. 11, we present the systematic classification of one-
loop topologies and identify the UV extensions capable
of generating the required effective operators. Based on
this classification, we select two minimal benchmark
models for phenomenological study: one combines dia-
grams that independently generate Of and O%; the other
employs a single topology that produces both chiralities.
Section III details these models. In Sec. IV, we define the
relevant observables and establish the constraints on the
Wilson coefficients imposed by experimental data. The
phenomenological analysis of these models is presented
in Sec. V. Finally, we summarize our findings in Sec. VI,
with technical details provided in the Appendices.

II. SYSTEMATIC CLASSIFICATION: FROM
TOPOLOGIES TO MODELS

In this work, we focus primarily on the radiative gen-
eration of the relevant effective operators. To systematic-
ally isolate and evaluate these loop-level effects, our phe-
nomenological analysis proceeds under the working as-
sumption that they constitute the dominant new-physics
contribution. This condition can be naturally realized in
various models through the imposition of a discrete or
flavor symmetry, analogous to established models of ra-
diative neutrino mass generation (see, e.g., Refs.
[57-59]). Because the introduction of such symmetries is
a standard technique in model building, we assume that a
suitable symmetry can always be implemented to forbid
the tree-level contributions. Consequently, we do not spe-
cify the exact symmetry structure in each case; instead,
we focus on the general classification of all viable one-
loop model structures.

Our classification scheme is based on a hierarchy of
concepts [58], which we define as follows:

e Topology: We define a topology as the underlying
graphical structure of a Feynman diagram, abstracted
from the physical properties of the particles involved. It is
determined solely by its vertices and their connectivity,
without regard to the Lorentz nature or quantum numbers
of the fields.

e Renormalizable Topology: A topology is deemed
renormalizable if it can be constructed exclusively from
vertices corresponding to interactions with mass dimen-
sion less than or equal to four. This ensures that the cor-
responding operator can be embedded in a renormaliz-
able quantum field theory.

e Diagram: We refer to a topology as a diagram
once a specific particle type (i.e., scalar, vector, or fermi-
on) has been assigned to each line.

o Model-Diagram: A model-diagram is a fully spe-
cified diagram in which all internal fields are assigned a
complete set of quantum numbers under the relevant
symmetries (e.g., representations of the SM gauge group).

We begin our classification by systematically generat-
ing all one-loop topologies for a four-point interaction us-
ing only three- and four-point vertices. From this initial
set, we discard all graphs corresponding to tadpoles or
external-line self-energy corrections, since they lead to
divergent loop integrals. This leaves six topologies,
which we depict in Fig. 1.

We categorize these six topologies according to the
definitions established previously. The first class, com-
prising T1 and T2, consists exclusively of three-point ver-
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Fig. 1.  (color online) One-loop topologies with three- and
four-point vertices and four external legs. Topologies T1 and
T2, highlighted in the red-dashed box, are renormalizable.

tices and is therefore classified as renormalizable. In con-
trast, the remaining topologies —T3, T4, T5, and
T6—each contain at least one four-point vertex. Since all
external lines in our operators are fermionic, any such
four-point vertex necessarily corresponds to an operator
of mass dimension greater than four. Consequently, these
four topologies are classified as non-renormalizable and
will not be considered further in this work.

We now proceed to construct the diagrams for the
renormalizable topologies T1 and T2. By assigning fer-
mion and scalar identities to the internal lines while keep-
ing the four external lines as fermions, we obtain the
three distinct diagrams shown in Fig. 2. In our conven-
tion, solid lines denote fermions and dashed lines denote
scalars. These diagrams are distinguished by their struc-
ture, which we categorize as either reducible or irredu-
cible. Here, we define a one-loop diagram as reducible if
it functions as a radiative correction to a renormalizable
vertex. Accordingly, diagram T1-1 is an irreducible box
diagram, whereas T2-1 and T2-2 are reducible, each con-
taining a one-loop vertex correction highlighted in red.

This structural distinction has a critical physical im-
plication. The presence of a reducible vertex correction,
as seen in T2-1 and T2-2, generically implies the exist-
ence of a corresponding tree-level diagram that contrib-
utes to the same four-point operator. To ensure that the
one-loop contribution is dominant without fine-tuning or
the imposition of special symmetries to forbid the tree-
level term, such diagrams must be set aside. Furthermore,
the loop integral in diagram T2-2 (enclosed in the green-
dashed box) is UV divergent. For these reasons, we will
focus our subsequent analysis on the irreducible T1-1 dia-
gram, which represents a genuine one-loop realization
[57, 58]. We note, however, that diagram T2-1 remains a
viable candidate in models where a symmetry is imposed
to forbid its tree-level contribution (e.g., under a Z, sym-
metry where the SM fields and the NP mediator connect-
ing the two external lines are Z,-even, while the three NP
fields running in the loop are Z,-odd).

With the T1-1 diagram established as our template,
the next step is to construct its concrete physical realiza-
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Fig. 2.
pologies T1 and T2, where dashed lines denote scalars and

(color online) Possible one-loop diagrams for the to-

solid lines denote fermions. All T2 diagrams contain a redu-
cible three-point loop vertex, highlighted in red. The T2-2 dia-
gram, enclosed in the green dashed box, has an ultraviolet-di-
vergent loop integral.
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Fig. 3. The six distinct diagrams obtained from the T1-1 dia-
gram by permuting the external fields (b,s,v,v). The internal
fields are fixed as fermions (¥,,¥;) and scalars (X,,X,).

tions. We assign specific particle content to the internal
lines: two vector-like fermions (¥;,¥;) and two scalars
(X,,X4). We then attach the external fields—a b quark, an
s quark, and two neutrinos (v)—in all non-equivalent con-
figurations, leaving their chirality unspecified at this
stage. This procedure yields the six unique diagrams de-
picted in Fig. 3. For notational simplicity, we drop the
"T1-1" prefix and henceforth refer to these diagrams by
their labels, (a) through (f).

In principle, the T1-1 topology can accommodate SM
particles (such as SM fermions and electroweak gauge
bosons) as well as exotic vector mediators. Here, we re-
strict all internal propagators to beyond-the-SM states,
leaving open the possibility that these mediators belong
to a dark or hidden sector. We focus exclusively on new
scalars and fermions, omitting new vector bosons, since
their inclusion would typically require an extended gauge
symmetry and an associated symmetry-breaking sector,
introducing additional model-dependent constraints bey-
ond our minimal setup. Finally, we take the new fermi-
ons to be vector-like under SU(3).xSU®2),xU(1)y,
which automatically preserves gauge-anomaly cancella-
tion in the SM.

We now promote the diagrams to model-diagrams by
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assigning SM quantum numbers to the internal fields, re-
quiring conservation of SM gauge symmetry at each ver-
tex. The quantum numbers of the external fields provide
the necessary boundary conditions, fixed by the choice of
target operator (Of or O%). For operators involving
SU(2), charges, we treat the external left-handed fermi-
ons as components of their respective doublets: the b and
s quarks as part of the quark doublet O, and the neutrino
as part of the lepton doublet L. The nature of the con-
straints on the internal fields then depends on the gauge
group. For U(1)y, the additive nature of hypercharge
means that a choice for one internal field's hypercharge
fixes all others. For SU(3). and SU(2);, however, the
tensor product of representations decomposes into mul-
tiple irreducible representations, allowing greater flexibil-
ity. In this work, to ensure a tractable classification, we
restrict our analysis to color singlets and triplets for
SUQ3),, and to SU(2); representations up to triplets.

As a representative example, Table 1 presents the
complete set of allowed SM quantum-number assign-
ments for the internal fields of diagram (c) that generate
the operator O5. The analogous results for the remaining
five diagrams are compiled in Appendix C. The table is
organized into three sections, listing the viable assign-
ments for the SU(3), and SU(2), representations, and the
corresponding U(1)y hypercharges. Each physical model
is constructed by selecting one complete set of SU(3),
representations (e.g., case A) and one set of SU(2); rep-
resentations (e.g., case I). The hypercharges are not inde-
pendent; as shown in the final section, they are all
uniquely determined by the choice of a single free para-

Table 1. Standard Model gauge quantum number assign-
ments for the internal fields in diagram (c) that generate the
operator O%. The SU(3), and SU(2),, representations are given
as separate cases, whereas the U(1)y hypercharges are ex-
pressed in terms of a single free parameter, a = Yy, .

SUB3). ¥, X, S X,
A 1 3 3 3
B 3 1 1 1

SUQ2), v, X, ¥, X,
I 1 2 3 2
1I 2 1 2 1
111 2 1 2 3
v 3 2 1 2
\% 3 2 3 2
VI 2 3 2 1
VII 2 3 2 3

U1y ¥, X, Y5 Xy
i a a—-1/6 a-2/3 a—-1/6

meter, a, which we define as the hypercharge of the fer-
mion ¥, (@ = Yy,).

A crucial aspect of this analysis is the matching pro-
cedure between the high-scale UV model and the low-en-
ergy effective operators. When integrating out the heavy
internal fields, the UV model does not directly generate
the LEFT operators O%". Instead, at the new physics
scale A, it must first be matched onto the appropriate set
of dimension-six operators in the Standard Model Effect-
ive Field Theory (SMEFT). For the processes we con-
sider, the relevant SMEFT Lagrangian is

Lsvierr 2 [CealprrQea +[Ciy 1pra Oty + [CErn Q) . (2)
where the operators are defined as

Ora = (I:pyHLr)(CZRSYuth) s
0y, = Ly L)(0,7,Q)).
Q) = Ly 7' L0,y 7' Q). 3)

with 7! being the Pauli matrices and p,r,s,t the genera-
tion indices. In our calculation, we adopt two primary
conventions. First, the new physics scale A is absorbed
into the definition of the Wilson coefficients. Second, we
work in the "down basis," in which the down-type quark
and charged-lepton Yukawa matrices are diagonal. In this
framework, the SMEFT operators must be evolved
through renormalization group (RG) running from the
high scale to the electroweak scale, where they can be
matched onto the LEFT operator basis, which includes
0% and OF [60].

To illustrate this procedure, we perform an explicit
calculation for a representative case: model A-V, con-
structed from diagram (c) using the SU(3), and SU(2); as-
signments from cases A and V in Table 1, respectively.
For simplicity, we assume that the scalars X, and X, are
the same particle, since they share the same SM quantum
numbers. The interaction Lagrangian for this model is
given by

L 28\ V0.X+ gL, X] + 85 VL, X0 + g7 O, %1 X]
= 81V O Xow &y + 85 L Vi X3 (€% )
+ g? lih}q/ LrpX2p’ gﬁf;’ + gi* Q_srr\I”]B/ X;(r' (é:B/T)(r(r’ ) (4)

where in the second line we have made the SU(2), struc-
ture explicit. The Greek letters (a,B,---) denote SU(2);
indices in the fundamental representation, taking values 1
and 2, while the color indices are suppressed because of
the trivial SU(3), structure of this model. The symbols
g1 denote the coupling constants, and the SU(2); tensor
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& is defined as & =((1+7%)/2,7'/V2,(1-7%)/2) with
Ae€l,2,3.

Integrating out the heavy fields ¥; and X, at one loop
yields the following effective four-fermion operator:

Leg O(g18585 81 ) almy, , my, ,my, ,my,) (I:pﬁ)/”Lrp)
X (0¥ Qra )€ (€™ Vo (EV ) (5)

where J, is the loop function defined in Appendix A. The
final step is to evaluate the product of the SU(2); tensors
in Eq. (5). This algebraic simplification maps the operat-
or directly onto a specific linear combination of the
SMEFT operators Q(;:,) and Qg). The resulting effective
Lagrangian at the scale A is therefore

r¥ 5%

1
-Eeﬂ“ =§(gt1ggg2 gl )J4(mX29mX25m‘P1 9m\l’3)

X (910, Torse + Q) Torst) - (6)

The Wilson coefficients of the SMEFT operators are
therefore determined by the couplings and masses of the
UV model. For ease of future reference, we list the coef-
ficients of Q([L) and QS,) for all valid models in Table 2.

Two key features characterize this classification.
First, certain gauge-invariant assignments are phenomen-
ologically trivial. For instance, the SU(2), assignment
(Y1, X5, ¥5,X4) — (1,2,1,2) generates an SU(2), structure
of the form

- _ 1
(Lo Lip) (067 Q1) = 5 (100 Vs +1Q5 V) - (D

Following electroweak symmetry breaking, the tree-
level matching of this specific operator combination onto
the target O% vanishes. Consequently, we exclude solu-
tions that yield this null result from our final analysis, as
shown in Table 2 and Appendix C.

Second, in models with complex mediators (i.e., Dir-
ac fermions and complex scalars), a correspondence
emerges between diagram topology and operator chiral-
ity. In this scenario, diagrams (c) and (d) can generate

Table 2. Relative strengths of the SMEFT operators Q)
and QE,? generated by diagram (c) for the various SU(2); mod-
els. The overall normalization factor, which includes the loop
function and couplings, is omitted.

Model
Operator
I II 111 v A VI VIl
oy 3/4 1 0 34 98 0 3/4
o -1/4 0 12 -1/4 1/8 1/2 12

both 0% and Of, whereas diagrams (a) and (b) are restric-
ted to OF, and (e) and (f) are limited to O%. This chiral
distinction is relaxed in the presence of real fields, such
as Majorana fermions or real scalars, which introduce
new interaction structures that allow previously restricted
diagrams to generate both chiralities. These effects are
explicitly demonstrated by our benchmark models in Sec.
I1I.

III. TWO BENCHMARK MODELS

As established in Sec. I, a viable explanation for the
observed ratio B(B° — K*%v9)/B(B* — K*v¥), which de-
viates from the SM prediction, requires the simultaneous
generation of both O} and Of. Our classification in Sec.
II provides a clear route to achieving this. We showed
that diagrams (c) and (d) can each independently gener-
ate both operator chiralities, whereas diagrams (a)/(b) and
(e)/(f) form complementary pairs that generate O% and
0%, respectively. Although a simple combination of any
two such viable models could suffice, this approach is of-
ten unattractive because it introduces a large number of
new particles. We therefore impose an additional cri-
terion of minimality and seek the most parsimonious
models capable of accomplishing this task.

By systematically surveying all valid model combina-
tions, we have identified two particularly economical
scenarios. The most minimal model, containing only four
new fields, arises from combining two distinct solutions
derived from diagram (c). A second competitive scenario,
containing five new fields, can be constructed by combin-
ing a model from diagram (a) with one from diagram (e).
All other combinations result in models with six or more
new degrees of freedom and are therefore not considered
further in this work.

Based on this analysis, we select two benchmark
models for detailed study; their particle content and SM
gauge representations are given in Table 3. The first,
which we term the "scalar-rich model", is notable for its
predominantly scalar content. Interestingly, for the spe-
cific hypercharge assignment « =0, the states S; and S,
in this model correspond precisely to the two scalar
leptoquarks introduced in Ref. [41] to address the anom-
alies via tree-level exchanges. The second, termed the
"fermion-rich model", is instead dominated by new fer-
mionic degrees of freedom.

We first consider the scalar-rich model. This bench-
mark is constructed by combining diagram (a), which
generates O%, with diagram (e), which generates O%. To
obtain a minimal realization, we identify the internal fer-
mion in both diagrams as a single field, ¥, while treating
the four scalars as distinct fields, relabeled S ... 4. The rel-
evant interaction Lagrangian is

013113-5



Xin-Shuai Yan, Wen-Feng Liu, Qin Chang et al.

Chin. Phys. C 51, 013113 (2027)

Table 3. Particle content and Standard Model gauge representations for the scalar-rich (left) and fermion-rich (right) benchmark
models.
Scalar-Rich Model Fermion-Rich Model
y S, S» S S, ¥, S ¥, W,
SU3). 1 3 1 3 1 3 1 1 3
SUQ), 1 1 2 2 2 1 1 2 2
U(l)y o a/+§ af—% a—é a+% o a/+1 af—é a+%

LD\ VPrd;S | + 8y PPrL{S»+ 81, PPLO:S 5
+g5 VPP LS, +hec.
= gillPPRdiSl +g§\?PRLfaS 20t g’i/‘i’PLQmS 3€ap
+ g5 WP, LS sp€.p+hec. (8)

where i is a generation index, L{ denotes the charge-con-
jugated lepton doublet L;, and «,B are SU(2), indices
contracted either trivially (diagonally) or through the
totally antisymmetric tensor €,z.

This model exhibits a special feature when the hyper-
charge parameter « = 0, in which case ¥ can be a Major-
ana fermion. This possibility gives rise to new "crossed"
diagrams. As shown in Fig. 4, crossing the internal fermi-
on lines of diagram (a) produces a new diagram (a’),
which is topologically identical to diagram (e). Similarly,
the crossed version of diagram (e) is topologically equi-
valent to diagram (a). Consequently, the Majorana nature
of ¥ provides an additional mechanism for generating the
required operators from the same fundamental Lagrangi-
an.

Integrating out the new degrees of freedom yields the
effective Lagrangian,

Leg = [CVnji Q0 + [CealmjiQra - ©)

with the Wilson coefficients given by

i oJ* gm gnx
_ (gHgI%fZgZ) [J4(msl,mS2,mklfam‘V)

M, 2
+2n mq,14(ms,,msz,m%m\y)]

[Cfd]mnji =

_(gigl ey
4

+1" Ja(ms, ms, mw,my)| (10)

2
[qu,14(ms |1, Ty Ty

i J*on omx
(1) _(g]’gl’gZ’gZ’ )
[C[q ]mnji - 4

M. 2
+2n m\y14(ms3,ms4,m%m\1')}

[-]4(”1s3 SIS 4 Tlp, 1Tp)

N 8181858
4

+r]MJ4(msz,m53,m\y,mlp)} . (11)

[2m\21,14(ms2 g Iy )

Here, the factor ™ = 1 parameterizes the additional con-
tributions from a Majorana fermion ¥; for =0, these
contributions are absent. The quantity 7, denotes the cor-
responding new loop function, defined in Appendix A.
We now turn to the fermion-rich model, which is con-
structed by combining two distinct solutions from dia-
gram (c) to generate both O and OF. To realize this min-
imal spectrum, we postulate that the internal scalar is a
single field, S, shared by both solutions, and that one of
the internal fermions is likewise common to both, which
we denote by ¥,. The remaining two fermions are dis-
tinct fields, denoted by W, and W;. This particular field
content leads to the following interaction Lagrangian:

L =gV Prd;S + g, L'Pr¥2S " + ¢!, P3PLQ;S +h.c.
= gll\PIPRdlS +g;Z/;PR\P2aS+ +gil/q'l3aPLQmS +h.C.,
(12)

where i denotes the generation index and « is the SU(2),
index.

As in the scalar-rich case, if the scalar S is a real field
(i.e., @ =-1/3), "crossed-scalar" diagrams can also con-
tribute. As illustrated in Fig. 5, box diagram (c) is accom-
panied by a crossed diagram (¢’), in which the internal
scalar lines are exchanged. This new diagram (¢’) can be
topologically rearranged to demonstrate its equivalence to
diagram (d), via the intermediate form (¢”).

Integrating out the new particles in the fermion-rich
model yields the same operator structure as in Eq. (9), but
with Wilson coefficients that depend critically on wheth-
er the scalar S is real or complex. If S is real, a cancella-
tion occurs between the standard and "crossed-scalar"
diagrams. We parameterize this effect by a factor n¥, set
to 1 for a real scalar and 0 for a complex scalar, which
leads to the coefficients

(818185 es)

[Cealmmji = 4 Ja(my, g, ,mg g ) (1 - TIM) , (13)
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Majorana particle. The box diagram (a) is then accompanied by a "crossed" diagram, denoted (a’), in which the internal fermion lines

are exchanged. Note that this crossed diagram is topologically equivalent to diagram (e).

— - ----

—>—4> —————
b S v b AN \ s, S v
v,y v, LA 4 v,
/
\
s S v S S v
—_—e - - - - - —_—e - - - - -
(©) (<) (c")
Fig. 5. (color online)lllustration of additional diagrammatic contributions in the fermion-rich model that arise when the scalar mediat-

or S is a real field. The box diagram (c) is accompanied by a "crossed-scalar" diagram (¢”). This crossed diagram can be topologically

rearranged to demonstrate its equivalence to diagram (¢”), which is itself identical to the box diagram (d).

(81'81/8232*)

(€33 T = T

Jo(my, ;mg, ,ms ms) (1 - UM) . (14)

Evidently, both coefficients vanish for a real scalar
mediator, consistent with the findings of Ref. [61].

IV. OBSERVABLES AND CONSTRAINTS ON

WILSON COEFFICIENTS

In the previous section, we introduced two bench-
mark setups corresponding to scalar-rich and fermion-
rich scenarios. The viability of these models depends on
their masses and couplings, which we analyze under the
simplifying assumption that the new states couple exclus-
ively to third-generation leptons. However, the interac-
tions that generate the desired b — svv operators inevit-
ably also induce other flavor-changing neutral-current
(FCNC) processes. These include contributions to B, —

*r~, B— Kt*v~, B,— B, mixing, radiative B decays, and
Z-boson decays, all of which are subject to stringent ex-
perimental constraints. Therefore,a complete phe-
nomenological analysis is required to identify the viable
parameter space. In this section, we first evaluate the
Wilson coefficients for all relevant observables that im-
pose constraints and then use the current experimental
bounds to constrain the masses and couplings of the new
particles.

A. B— KW%yp

We begin by defining the LEFT operators for
b — sv,v, transitions. Under the assumptions that right-

handed neutrinos are absent, all neutrinos are Dirac fer-
mions, and lepton flavor is conserved, the most general
effective Lagrangian is

8Gr

L
T

ViV,

o Z( CyOL+CyO%) +he.,  (15)

l=e,u,T

where Gy is the Fermi constant, a is the fine-structure
constant, and V;; denotes the CKM matrix elements. The
operators O} are defined in Eq. (1). In the SM, the right-
handed current is absent (Cygy =0), whereas the left-
handed Wilson coefficient is predicted to be Cj'gy =
—6.32(7) [41, 63, 64]. We parameterize NP contributions
as shifts in these coefficients, denoted by AC}'.

To connect our high-scale model to this framework,
we match the SMEFT Wilson coefficients onto the LEFT
basis at the electroweak scale. Using the DsixTools 2.0
package [65, 66] to evaluate the renormalization-group
(RG) running effects, we find that these effects are ap-
proximately 3% and 0.3% for AC," and ACY, respect-
ively. Neglecting these small running corrections, we ob-
tain

Cri(my) = m[cgq leeas(A), (16)
ACY (my) = m[cm]ms(l\), (17)
FVitbVyg

3
1) Note that several models in Table 2 and Appendix C also generate the triplet operator Oﬁq), which is constrained by b — ¢tV; processes, such as measurements of
the R(D™) ratios [62]. However, this operator is absent in our two benchmark models [Eq. (9)].
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where the new-physics scale is set to A =1 TeV.

The branching ratios for the decays B — K®vv can be
expressed numerically in terms of these Wilson coeffi-
cients. Using the form factors adopted in Refs. [2, 63],
the numerical expressions for the branching fractions are
given in Ref. [44]

B(B* — K*vi) = (3.98*013x 107%) Z IC+CY1?, (18)

l=eput

B(B" — K*v) =(6.94"1 11 x 107) > |C) - Ci

t=eu,t
+(1.36%03 x107%) Y |Cy + CR L (19)
l=eu,T

where the Wilson coefficients are decomposed into their
SM and NP contributions, Cj{z = Cjiz su+AC)(z. The
quoted uncertainties in the numerical coefficients arise
from the propagation of the uncertainties in the hadronic
form factors.

The above expressions allow the experimental meas-
urements of B — K**v# decays to be translated into con-
straints on the Wilson coefficients. In particular, the Belle
I measurement of the charged mode yields [1]

B(B* — K*VP)eyp = (2.3£0.7)x 1075, (20)

while the Belle search for the neutral vector mode
provides an upper limit [3]

BB > K vy < 1.8% 107 (90%C.L.). 1)

These experimental results are subsequently used to con-
strain the permitted values of the Wilson coefficients
Clin-

B. b sttt

The next set of constraints arises from b — st77”
transitions, which are described by the low-energy effect-
ive Lagrangian

4GF . @ 'y
= W Vit Vtsﬂ i;O(CiOi +C O,-) +he., (22)

L.
with the four-fermion operators defined as

0 = (5y,PLwb)TY'7),
0% = (5y,Prmyb)(Ty"ysT). (23)

In the SM, only the unprimed operators are generated,

with Wilson coefficients evaluated at the scale u=4.2
GeV: Cosm #4.11 and Cipsm ~ —4.19 at next-to-next-to-
leading logarithmic order [67].

In general, NP contributions to these operators can
arise from box, Z-penguin, and photon-penguin diagrams.
However, for the class of models considered here, the box
contributions dominate. Because our models do not intro-
duce new sources of SU(2) breaking, the Z-penguin dia-
grams are suppressed by factors of m?/M3. Similarly,
photon-penguin contributions to C, are strongly con-
strained by b — sy and B, — B, mixing data, and they are
subdominant in the parameter space of interest [61]. We
therefore focus on the dominant box diagrams and match
the generated SMEFT operators Q([L) and Q. onto the
LEFT basis, yielding the relations:

T

ACo(my,) = =ACo(m;) = m[c;‘q>]3323(/\), (24)
FVYitbVys
T

ACy(my) = —=AC|y(my) = W[C&z]mm(/\)- (25)
FYitbVys

The effective Lagrangian in Eq. (22) can mediate the
rare decay B, — t*71~, thereby providing a direct con-
straint on the Wilson coefficients C{). The branching ra-
tio is given by

Gla

2
B(B, — 1°77) =15, ﬁw,s Vi, f5.mp,

4m?
xmp 1=—EClo=Cf,  (26)

By

where C{) = C{)sy +ACY). Note that the vector operators
0y do not contribute to this purely leptonic final state be-
cause of parity conservation in the hadronic matrix ele-
ment. The current experimental constraint is an upper
limit set by the LHCb collaboration, B(B; = 777 )exp <
6.8x107% at 95% C.L. [68]. Imposing this bound on the
theoretical prediction yields the following constraint:

|AC1—AC),—4.19F < 1.60*097 x 10°, (27

where the uncertainty arises from the propagation of the
fB, error.

Although this constraint is currently weak, the sensit-
ivity is expected to improve in the coming years. Future
LHCDb upgrades are projected to achieve a limit of ap-
proximately 5x 10~ [69], and future colliders such as the
Circular Electron Positron Collider (CEPC) could poten-
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tially reach sensitivities of order 1075 [70].

Finally, we consider the semileptonic decay B —
Kt*7t~. The differential decay rate with respect to the
dilepton invariant mass squared, s = ¢?, is given by [71]:

dI'(B — Kt*17)

- = 200 2(M3, M, 5)B, {sum2

1 2m?
+6/1(M2,M12(,s)(1+ m)
S

X (IFaP +1Fy) +4m2 M3|F o
+2m(My— My + s)Re (FpF}) } , (28)
where the kinematic range is 4m? < s < (Mp— Mk)*. The

normalization factor and the klnematlc functions are
defined as

Gra
To= 55~ 5M3|v,,, Vil
B-=+/1-4m?/s,
Aa,b,c) =a*>+b*+c?=2(ab+bc+ac). (29)

The dynamical functions Fp,y incorporate contributions
from both unprimed and primed operators:

2

Mz -
Fp=-m(Cio+Cp) | frls) - —— (fo(S) fe ()|

Fy=(Ciop+Clp)fi(s),

Fy =(Co+Co)fi(s).
(30)

Adopting the vector (f,) and scalar (fy) form factors
from Refs. [2, 63] and applying the BaBar upper limit,
B(B* - K*117) <2.25%107% at 90% C.L. [72], we ob-
tain the following numerical constraint on the NP contri-
butions using the relations in Egs. (24) and (25):

17.6*54 + 1.02*095ACy + AC) P
+8.46"021Re(ACy + AC)) < 2.25x 10°. (31)

C. B,- B, mixing
Another set of constraints on our models arises from
their potential contributions to B, — B; mixing. At low en-
ergies, this process is described by the effective Hamilto-
nian

Her = _ C,0q+hec. (32)

a

Adopting the so-called BMU basis [73], the operators
relevant to our analysis are listed as follows:

OviL = (5y,PLb)(5y"PLb),
Ovgr = (5, Prb)(5y" Pgb),
Ovr,1 = (3y,PLD)(5y"Pgb). (33)

While the SM contribution to this process is domin-
ated by Ovir, it is CKM-suppressed and can be safely
neglected [74]. In the SMEFT framework, our bench-
mark models generate contributions to three of the
primary AB = 2 operators, namely

Q') = (0270s) (027 03) , (34)
511; = (Q27”Q3) (jRJ)’FdR,S) ) (35)
Qua = (dr2y"dr3) (dr2ydr3) (36)

where the subscript denotes the quark-field generation.
Evaluating the SMEFT-to-LEFT matching and the RG
evolution down to y = m;, with DsixTools [65, 66] yields

Cyir(mp) = 0.80 [C;L)] 2323 (AN),
Cvrr(mp) = 0.77[Cualazn (A),
Crra(my) = [CY)] 1, (M), (37

where an approximately 5% enhancement in Cig(m;)
from RG running has been neglected.

The one-loop box diagrams that generate these
SMEFT operators in our benchmark models are shown in
Fig. 6. As in the previous sections, the contributions de-
pend on whether the mediating particles are complex or
real. For the scalar-rich model, in which the fermion ¥
can be a Majorana particle (5™ = 1), we obtain

_(glei'gigr)
4

+T]M‘]4(mslvm537m‘{’7m‘l’):| ) (38)

1 2
(€T3 [2m3 L (ms, . ms, 1y )

(g?g?*)2

[Cdd]2323 ==

[Jél(msl ,Mg, ,m\y,m\y)
+2n mq.l4(msl,msl,m%mw)} , (39)

3 ,2%

(8187 )
8

+ 20" i Lu(ms . ms g, my)| (40)

1
[Co) T3 =—

[J4(ms3 , M, My, M)
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Fig. 6.
B, — B, mixing. The top panel shows the diagrams for the scal-
ar-rich model, in which the standard box diagram (A) is ac-
companied by a "crossed-fermion" diagram (A) if the mediat-
or ¥ is a Majorana particle. The bottom panel shows the dia-
grams for the fermion-rich model, in which the standard box
diagram (B) is accompanied by a "crossed-scalar" diagram
(B) if the mediator S is a real scalar. The indices i, j on the
mediators denote the distinct particle species defined in each
model.

(color online) One-loop diagrams contributing to

In the fermion-rich model, where the scalar S can be
real (n¥ = 1), we find a cancellation between the stand-
ard and crossed-box diagrams, leading to

(g?gZ* 2
[Caalazs = - 181 Ja(mg,mg,my, ,my (1 _UM),
(41)
( 3/ T)Z
[CiTons = —%14(’"&"13,"1%»’"\1‘3)(1 -1,
(42)
( 3,2 3[ 2:6)
[Cpi s = =S58 g g g, (1= 7).

(43)

In both sets of equations, 7 =0 for a complex
particle (Dirac fermion or complex scalar) and n" =1
otherwise.

The theoretical prediction for the B, — B, mass differ-
ence, AM,, is determined by the off-diagonal element of
the mass matrix, with AM, =2|M,|. This matrix element
is calculated from the effective Hamiltonian in Eq. (32)
via

<Bs|(}-{eff|Bs> —

M =
12 2M,,

1
s }a:camxoaxm, (44)

where (0,)(u) = (B,|0,|B,)(u) denotes the hadronic mat-
rix elements of the operators evaluated at the scale u. Al-
though both the Wilson coefficients C,(u) and the matrix
elements (O,)(u) depend on the renormalization scale p,
the physical observable AM; is scale independent.

We compare these predictions with the precise meas-
urement reported by the LHCDb collaboration, AM, =
(1.1693 +£0.0004) x 108 MeV [75]. For the theoretical in-
puts, we adopt the matrix elements calculated in the MS-
NDR scheme at u =4.16 GeV [74]:

<OVLL> = <OVRR> =0.86+0.03 GGV4,
(Orri)=—1.48+0.06 GeV". (45)

Substituting these values into Eq. (44), we obtain the
following constraint on the NP Wilson coefficients:

|0-86t8:8§(CVLL +Cvrr) — 1-48t8:82CLR,1 |

<6.2775x 107" GeV 2. (46)

This inequality, together with the matching condi-
tions in Eq. (37), directly constrains the parameter space
of our benchmark models.

D. b—-sy

The radiative dipole transition b — sy also imposes
stringent constraints on our models. This process is de-
scribed by the effective Hamiltonian

4
He = _46r ViV Z(C,-Oi +Cl0), (47)
\/5 i=7.8

which contains the electromagnetic and chromomagnetic
dipole operators:

07 = LI’I’lhEO'IJVPRZ?F‘IL,V,

1672
Oy = 12}2 M50 PrTbsGY,,
O; = 716e‘ﬂ2mh§0'yVPLbFﬂv,
0, = %mbiaa'“vPLTgﬁbﬁsz. (48)

Here, F,, and Gj, denote the electromagnetic and gluon-
ic field-strength tensors, respectively. The process b — sy
is directly governed by the Wilson coefficients CV,
which also receive contributions from the QCD mixing of
the coefficients Cy’.

In our benchmark models, these operators are gener-
ated at the one-loop level through the diagrams shown in
Fig. 7. We now calculate the new-physics contributions
to the Wilson coefficients, denoted by ACY%, for each of
the two models in turn.

We first consider the scalar-rich model. In this scen-
ario, the mediating fermion is always the color-singlet 'V,
whereas the internal scalars can be either S| or S;, both
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b S; s b v, s
Fig. 7.  (color online) One-loop contributions to b — sy in
the benchmark models. Replacing the photon (wavy green
line) with a gluon gives the corresponding diagrams for the
chromomagnetic transition b — sg.

of which are color anti-triplets. Integrating out these
heavy particles yields the following new-physics contri-
butions to the electromagnetic dipole coefficients:

3 2%
8181 ;s
2
2mg, my,

3 2%

_&1r8r
2

2mg,

AC7 =

(QSIF7(XI)+ Q‘?F7(x1))

(Q53F7(x3)+QwF7(x3)> , (49)
gigi"
2m3,
&8t my

2mg, my,

AC) =- <QS|F7(XI)+Q‘PF7()C1)>

(QS3F7(X3)+Q\PF7(X3)), (50)

where the mass ratios are defined as x; = mé/mj ; for
j=1,3, and the loop functions F; and F, are given in
Appendix A. The contributions to the chromomagnetic
coefficients, ACY’, are obtained by replacing the electric
charges Qx with the color factors yx. In this case, yy =0
for the color-singlet ¥, while ys,, =1 for the color anti-
triplets S ;3.

Next, we analyze the fermion-rich model. Here, the
mediating scalar S is a color singlet, while the internal
fermions can be either ¥, or ¥, both of which are color
triplets. The resulting NP contributions are

3 52 m -
AC7 =— gzlg; %(Q3F7(X1)+ Q‘PIF7(xl))
myg niy,
3 2%
_ 821;2’ (QsFr(xs)+ Qu Fo(x3)) . (51)
818" [, &
AC; == S0 (05 o) + n Frtx)
3[ 2jﬂ g -
_g21 821 —‘(QSF7(X3)+Q‘P3F7()C3))’ (52)
mg my

where the mass ratios are now defined as x; =m\2p_,./ ms .
The corresponding chromomagnetic coefficients ACy’ are
again obtained by replacing the electric charges with col-
or factors. Specifically, ys =0 for the color scalar S, and
Xw,, = 1 for the color triplets ¥ 5.

The theoretical prediction for the branching ratio, in-

cluding the photon-energy cut E, > E; = 1.6GeV, can be
separated into the SM prediction and the NP correction:

B(b — sy) = B(b — sy)SM +68B(b — sY). (53)

The NP contribution, 68(b — sy), evaluated at the scale
1 =160 GeV, is given by [76, 77]

6B(b — sy) =107 x Re[-8.100AC; — 2.509 ACs
+2.767 (AC7AC; + ACSACY)
+5.348 (JAC; > +1AC) )
+0.890 (JACs> +|ACYI) | . (54)

For our analysis, we have considered only the leading-or-
der contributions to ACY. For the complete next-to-lead-
ing-order expression, we refer the reader to the original
references.

The current world average of the experimental
branching ratio is [62]:

B(B — X,y)™ = (3.49+0.19)x 107, (55)

Compared with the SM prediction at NNLO [78]:

BB — X, y)M = (3.36+0.23)x 107*. (56)

The difference between the experimental value and
the SM prediction provides a window into new physics.
By requiring our calculated NP contribution, 68(b — sy),
to be consistent with this window, we can place a direct
constraint on the NP Wilson coefficients AC%.

E. Impact on Zff Couplings

Additional constraints arise from radiative correc-
tions to the effective Z-boson couplings to SM fermions.
We consider contributions that affect both on-shell Z de-
cay vertices and off-shell Z-exchange amplitudes. Using
the detailed analytical expressions for the generic one-
loop functions provided in Appendix B, we focus here on
their application to the specific interaction structures of
our two benchmark models.

For the scalar-rich model, the fermion sector contains
a single SU(2);-singlet vector-like fermion ¥. Using the
notation of Eq. (B4), its couplings to the Z boson are giv-
en by:

gt =g" = —asy,. (57)

Regarding the scalar fields, we organize them into
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multiplets @,, to match the generic formalism. We expli-
citly label their components by their electric charges (de-
noted by superscripts) and group them as follows:

1
S‘“’? Sa
="', ), =", o=55", @, =55".
e s

(58)

The components of ®; couple to down-type quarks
d;, whereas those of @, couple to left-handed neutrinos
v;. In addition, @4 couples to charged leptons ¢;, while ®@;
interacts with the corresponding charge-conjugated fields
¢¢. We omit the component §§ . as it couples exclus-
ively to up-type quarks. The corresponding Z-coupling
matrices g® (cf. Eq. (B4)) are given by

o, _Q‘DI‘S%V | 0
8§ = )
0 E —Qq)]S%V
1
g(l’z B 5 _Q(DZS%V 0
= 1 S
0 —E _Q(D2S%)V
O3 1 2 Oy l 2
8 =—§—Q®3Sw, 8 =§—Q<D4SWa (59)

where the relevant electric charges are Qo =a+1/3,
Q(Dz =a, Q(p3 za—l,and Qq)4 =a+l.

Turning to the fermion-rich model, the scalar sector
consists of a single SU(2); singlet field S, whose coup-
ling to the Z boson is determined solely by its charge:

g =—(@+1/3)s3,. (60)

The vector-like fermion sector contains multiple fields.
Labeling the fermion components by their electric
charges, we define the multiplets F,,; as follows:

pe . o2
F1= N FZZ‘IIZ 5 F3=lP2‘. (61)
s

The component ¥$*!' is not shown because it couples ex-
clusively to up-type quarks. The corresponding Z coup-
lings of the multiplets F;,; (cf. Eq. (B4)) are given by

_ 2
Fi,L _ _Fi,R _ QF]SW 0
ght=g""= ! 2 ]

0 _E_QHSW

1
gFZvL:gFZ’RZE_QFzs%V’

1
gF3,L = gF3’R = 5~ QF3S‘2V, (62)

where the relevant electric charges are Qr =a, Of, =
a+1/3,and QF, =a—-2/3.

With the couplings and field components established,
we next calculate the one-loop corrections to the decay
modes Z — 5b, tv7~, and v.v.. In the scalar-rich model,
the contributions to the effective couplings are given by:

. m2 . g‘l" L
Agy(my) =35 58181 | 30
S3

2 g%k g”
_3§4§3Fz(x3,x3)+(3M)222H2(x3’x3)} 63)

X3GZ(X3,X3)

leZ(xlaxl)

m2 . g‘PR
Ag;gb(mé) — Z 2% 3

307 581 81 M§]

28" - (&™),
3M3

Hz(xl,xl)} (64)

for the quark modes. For the leptonic modes, we must ac-
count for the color charge of the internal NP fields, which
yields an enhancement factor of y, = 3. The resulting ex-
pressions are:

2 g‘I’L 2 g‘PR
Ag?(mé) _32 2 {| 82 |2 {Mg X4Gz(x4ax4) 3 M2 FZ(X4,X4)
4

Dy

g , gtp R
Hz(x4,x4)} |g | { XzGZ(Xz,Xz)
"3, Mz

WY.L D3

3 MS2 FZ(XZ’x2)+ 3glw\§, Flz(_X2,X2):| } s (65)

vT 128

(mz) =

2 g‘PL
G >
30772 {|gz | {M& X4G7(x4,%4)
2 g‘I’R

*7Fz(X4 X4)+ (gd)z)22
3 M3, 3AM3

¥R WL
32| 8 2¢g
| { Xsz(Xz,Xz)
M3, 3 M§2

I:Iz(x4,x4)}

Fz(xz,xz)

+3M2”Hz(x2,x2)} b (66)

8x (m3) =Agg™ (m3) = 0. (67)

Here, M5, (i=1,---,4) and My denote the masses of the
scalar fields S; and the fermion YW, respectively. We
define the mass ratios as x; = Mg/M5 .

Similarly, within the fermion-rich model, we calcu-
late the one-loop corrections to the Z — 5b, t*7~, and
v,V decay channels. The resulting contributions to the ef-
fective form factors are given by
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s m2 * (gFI,L) ~
sty =iz | S 6,00
2 (gF]’R)zz - g
-= F +->—H
3 M 2(¥3,¥3) 303, z(v3,¥3)| >
(68)
s m2 * (gF]’R) ~
Agimy) =251 g?{ o Wy, Gz (yr,y1)
2 (") g
3 M LE01y) + 725 3M‘§’1 ——Hy(y1.y1)|
(69)
for the quark sector, and
. o [87F & Fs.R
AgZ’(mz)—32 2|82| {Mg »26202,y2) = 3 M Fz(y2,y2)
gS
3M2 Hz(}%)’z)} (70)
¥
) gF L ngR
Agy (m3) = 32 2|gz| {Mz 126 2(y2,y2) = 3 Fz(y2.2)
gS
3M2 HZ(yZ’yZ):| (71)
Y2
8x (m3) =Agy™(m3) =0, (72)

for the lepton sector. Here, M5 and My, (with k=1,2,3)
denote the masses of the scalar field S and the vector-like
fermions ¥, respectively. The mass ratios are defined by
Yi = M, /M.

To constrain the new-physics parameters, we use the
precision measurements of Z-pole observables performed
at LEP [79]. Following the analysis in Refs. [80, 81], we
adopt the following model-independent bounds on the ef-
fective leptonic form factors":

A (m%) = (0.16+0.58)x 1072, (73)

Agl(m2) = —(0.40£0.21)x 1072, (74)

Regarding the Z — 5b decay, we apply the upper lim-
it B(Z— q7)<2.9x107* at 95% C.L., derived from the
agreement between the measured hadronic Z width and
the SM prediction [82, 83]. Since the SM contribution to

this mode is negligible relative to the current experiment-
al sensitivity [83], we assume that the decay is domin-
ated by the NP contribution. This leads to the constraint:

my
1271,

(|Ag‘b 2+1Agr ) <2.9%107°, (75)

where I'; is the total decay width of the Z boson. These
constraints are subsequently used to delineate the viable
parameter space of the couplings in both benchmark
models.

V. PHENOMENOLOGICAL ANALYSIS

Having established the analytical bounds from indi-
vidual decay channels, we now perform a combined ana-
lysis to delineate the viable parameter space. We begin by
defining benchmark masses for the new particles that are
consistent with direct LHC searches. We then map the al-
lowed regions for the Yukawa couplings under specific
degeneracy schemes. Finally, we evaluate the maximum
attainable branching ratios for B — K™vv permitted by
the global data.

We first establish benchmark values for the masses of
the new scalars and fermions. For the fermion-rich mod-
el, following the analysis in Ref. [81] and to ensure con-
sistency with current bounds [84, 85], we set the masses
of the colored fermions to My, = My, =3.15 TeV, while
assigning a moderate mass of 450 GeV to the scalar S and
the fermion ¥, (Ms = My, =450 GeV). This mass spec-
trum places the model well beyond the reach of direct
LHC searches [86].

For the scalar-rich model, we choose the mass spec-
trum of the color-singlet sector to match that of the previ-
ous case, setting My = My, = Ms, =450 GeV. This choice
is justified because these fields are colorless and have
quantum numbers similar to those of their counterparts in
the fermion-rich model (S and ¥,), implying comparable
phenomenological constraints. The masses of the colored
scalars S5 are then constrained by their decays into the
fermion . Analyses of 36 fb™' of data at vs=13 TeV
[87, 88] indicate that, for My =450 GeV, the lower
bound on the colored scalar mass is approximately 1.10
TeV.

Accordingly, we define the following two benchmark
points (BPs):

e BP-1I (Scalar-rich): My = Mj,
and Mg, = M, = 1.10 TeV.

= Mg, =450 GeV,

o BP-II (fermion-rich): Mg = My, =450 GeV, My, =
y, =3.15 TeV.

1) We note that our sign convention for the Z couplings is consistent with Ref. [80] but opposite to that in Ref. [81].
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With the mass spectra established, we proceed to con-
strain the coupling constants. We require all dimension-
less couplings to satisfy the perturbative unitarity condi-
tion, |g| <1, and, for simplicity, assume them to be real.
While the fermion-rich model is characterized by five
couplings, {g3,¢7.47.8%,83}, the scalar-rich model nomin-
ally introduces a sixth, {g3,¢3,¢3,¢%,93,5}. To simplify
the analysis, we reduce the parameter space of the scalar-
rich model by assuming g3 = g3,, resulting in five inde-
pendent constants in both models.

We note that the constraints derived from B, - B,
mixing, b — sy, and Z — b5 act exclusively on the quark-
sector couplings (g3,¢3,43.,¢3). Similarly, the leptonic Z-
pole observables (Z — vt~ and Z — v,7.) depend solely
on the lepton coupling g3 (and g3). We therefore use
these processes to constrain the quark and lepton coup-
lings independently. Our numerical analysis shows that
the quark-sector couplings are tightly constrained by B,—
B, mixing and b — sy. By contrast, for the lepton coup-
ling, the bounds from the leptonic Z-pole observables are
weaker than the perturbative unitarity requirement.

In contrast, the semileptonic decays (B — K®vv and
b — st*77) depend on the full set of couplings, making a
direct analytical inversion of the experimental limits in-
feasible. We therefore treat the bounds from these pro-
cesses as additional conditions when determining the
global maxima of the branching ratios 8(B* — K*vv) and
B(B® — K*%¥) within the parameter space allowed by the
quark- and lepton-sector constraints.

To further simplify the phenomenological analysis of
the remaining five free parameters (g3,¢%,23.,87.,83), we
consider four distinct flavor structures for the quark coup-
lings. In determining the allowed parameter space shown
in Fig. 8, we conservatively incorporate theoretical uncer-
tainties by adopting their upper error bounds, thereby im-
posing more stringent limits on the couplings. We have
verified that varying these uncertainties within their
standard ranges does not significantly affect the resulting
exclusion boundaries or our qualitative conclusions. The
four flavor structures are defined as follows:

e Structure A: g =g}, g}, =g},

As illustrated in the BP-I-A panel of Fig. 8, the con-
straint from b — sy is generally more stringent than that
from B,— B, mixing. Under this structure, the scalar-rich
model (BP-I)is subject to significantly stronger con-
straints than the fermion-rich model (BP-II). Specifically,
the viable parameter space for BP-I-A is confined to a
small, closed region, restricting g3 to the interval
[-0.21,0.21] and g3, to [-0.07,0.07]. In contrast, in BP-II-
A, the b — sy constraint appears as a horizontal band ex-
tending across the entire perturbative range of gj. Con-
sequently, while g} remains effectively unconstrained, g3,
is limited to a narrow interval, reaching its minimum
width of [-0.10,0.10] at g3 = 0.

By — By

b— sy

-1.0}
E o, BP=II-A
1.0

0.5/

3
gy

0.0/

-1.0f

BP-1-B BP-11-B

1.0/

05

-1.0!

BP-1-C BP-11-C

1.00

0.5}

2
gy

0.0/

-1.0!

[ BP-I-D BP-II-D
-1.0 -05 00 05 10 -1.0 -05 00 05 1.0

3 3

91 g1
Fig. 8.  (color online) Allowed regions of the quark coup-
lings in the scalar-rich (BP-I) and fermion-rich (BP-II) mod-
els for flavor structures A-D. The blue and red shaded re-

gions represent the parameter space consistent with the con-
straints from B,- B, mixing and b — sy, respectively. The
boundaries are derived from experimental limits, with theoret-
ical uncertainties conservatively incorporated by adopting the
upper error bounds, thereby imposing more stringent con-
straints on the couplings. The corresponding benchmark mod-
el and flavor scheme are indicated in the bottom-right corner
of each panel.

o Structure B: g2 =g}, = g%,

As shown in the panels labeled BP-I-B and BP-11-B in
Fig. 8, g} remains largely unconstrained within the per-
turbative range [—1, 1] in both models, whereas the com-
mon coupling is tightly constrained by b — sy. Specific-
ally, the common coupling is limited to approximately
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+0.07 for BP-I and +0.10 for BP-II.

e Structure C: g} = g}, = g}.

The resulting allowed regions, shown in panels BP-1-
C and BP-II-C of Fig. 8, are effectively the mirror im-
ages of those for structure B, with the axes interchanged.
This reflects the symmetric role these couplings play in
the loop functions. Accordingly, the stringent constraints
now apply to the group of couplings fixed to g3, while g2
remains unconstrained over the range [-1,1] in both
models.

e Structure D: g} =g =g3,.

As shown in the BP-I-D and BP-II-D panels of Fig. §,
the viable parameter space is notably larger than in the
previous schemes, indicating that decoupling g2, from the
other parameters provides substantial freedom to satisfy
the flavor structures. We observe that the allowed re-
gions generally favor scenarios in which g and g} have
opposite signs.

With the allowed parameter space established, we
now determine the upper bounds on the branching ratios
B(B* — K*vv) and B(B’ — K*'v9), as well as the pre-
dicted ratio R. Independent numerical optimizations are
performed for each benchmark model across structures
A-D, with the objective of maximizing either the charged
or the neutral decay channel. The resulting optimal val-
ues, together with the form-factor uncertainties, are com-
piled in Table 4. For each case, we report the global max-
imum B, the parameter configuration [x,y,z] at which
it occurs, the predicted branching fraction for the comple-
mentary channel, and the corresponding value of R.

In the case of BP-I-A, we find that NP contributions
tend to suppress the neutral mode B° — K*'vi. Con-
sequently, its maximum branching ratio coincides with
the SM limit", represented by parameter configurations
such as (x,0,0), where the vanishing quark couplings
(y=2z=0) render the lepton coupling x irrelevant. The
opposite scenario is (0,y,z), where the lepton coupling
vanishes and all effects arise solely from the quark coup-
lings. Conversely, maximizing the B* — K*vv rate yields
amodest 0.21% enhancement in the central value relat-
ive to the SM prediction; at this point, the predicted rate
for the neutral mode falls slightly below its SM value.
This anti-correlation indicates that a simultaneous max-
imization of both decay modes is not possible under fla-
vor structure A. A similar anti-correlation is observed for
BP-I-B and BP-I-C, although a small 0.60% enhance-
ment in the central value can be achieved for the neutral
mode.

Flavor structure D (BP-I-D), however, exhibits a dis-
tinct phenomenology: NP contributions can interfere con-

structively in both channels, allowing maximal central-
value enhancements of 9.85% and 2.62% for the charged
and neutral modes, respectively. Notably, at the paramet-
er point where the neutral mode is maximized, the
charged mode is also enhanced by 6.08% relative to the
SM, leading to a 3.83% reduction in the central value of
R. However, when the charged mode is further maxim-
ized up to 5.24x 107, the predicted rate for the neutral
mode decreases to 9.71x107°, again indicating an anti-
correlated behavior between the two decay channels.

Turning to the fermion-rich model (BP-II), structure
A exhibits the opposite behavior to the scalar-rich model:
NP contributions tend to suppress the charged mode
B* — K*vy, limiting its maximum to the SM value of
4.77x10°° through configurations such as (x,0,0) or
(0,v,z). When the neutral mode B° — K*%v¥ is maxim-
ized to 1.01x 107 (a 1.61% enhancement), the charged
mode decreases to 4.64 x 107%, thereby increasing the ra-
tio R to 2.18. Structures B and C in BP-II follow the same
anti-correlation observed in BP-I, where any enhance-
ment in one mode forces the complementary mode below
its SM expectation.

In contrast, structure D (BP-II-D) allows constructive
interference in both channels simultaneously. Specific-
ally, at the parameter point that maximizes the neutral
mode (B =1.02x1073, a 2.62% enhancement), the
charged mode simultaneously reaches 4.80x107° (a
0.63% enhancement), which matches the maximum value
obtained in the dedicated charged-mode scan. In the re-
verse optimization, the neutral-mode rate at the charged
maximum reaches 1.01x107°. Because the relative en-
hancement in the neutral channel exceeds that in the
charged channel, the central value of R increases from
2.09 to 2.12.

As listed in Table 4, the absolute branching fractions
across all flavor structures (A—D) and both benchmark
models are subject to hadronic form-factor uncertainties.
These uncertainties are nearly uniform across all entries,
amounting to roughly + 4% for B(B* — K*vv), = 20%
for B(B° — K*%¥), and + 25% for the ratio R, largely
dominated by the hadronic matrix elements in the B — K*
transition. Taking these theoretical uncertainties into ac-
count, the lowest attainable ratio across all investigated
scenarios i8S R~ 1.41, realized in BP-I-D under the
B* — K*vv optimization.

We conclude this section by considering the simplest
flavor structure, namely g3 = g2 = g3, = g2.. As is evident
from Egs. (10) and (11), the scalar-rich model under the
BP-I mass scheme yields [Cl, le2s = —[Cealues, or equival-
ently, AC}' = —AC){. Because the B — K*vy amplitude
depends on the combination (AC} + ACY), this exact can-
cellation implies that NP contributions to the charged

1) Minor numerical differences between our calculated SM rates in Table 4 and the predictions in Ref. [2] arise from slight variations in parametric inputs (such as

CKM elements and lifetimes) and the form-factor parametrization.
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Table 4.

Maximum attainable branching fractions for B* — K*vv and B® — K*%v¥ in the scalar-rich (BP-I) and fermion-rich (BP-II)

models. The results are presented separately for the maximization of the charged mode (top panel) and the neutral mode (bottom panel)
across the four flavor structures A—D. The column "Param. Values" lists the specific configuration [x,y,z] that yields the maximum,

where x = (g3), y = g3, and z denotes the remaining independent parameter defined by the scheme. When the maximum coincides with

the SM limit, entries containing the symbols x, y, or z rather than numerical values indicate that the corresponding parameter is uncon-

strained; for example, (x,0,0) indicates that the branching fraction is independent of x when the remaining couplings vanish. The pre-
dicted branching fraction for the complementary mode, evaluated at each point, along with the resulting ratio R, is listed in the final two

columns. The quoted uncertainties originate from the hadronic form factors.

B* — K*vv Optimization

Model Structure
Binax Param. Values [x,y,z] B(B® - K*vv) R
A 47810185 107 (1,+0.21,0) 9.937233 % 107 20733
p B 4.78%018 %1076 (1,£1,+0.03) 9.9343% x 107 2.08:9%
C 4787418 x 107 (1,%0.03,+1) 9.93+23 %1076 2.08+9%
D 5.24%020% 107 (1,%1,%0.31) 9.71*327 %1076 1.851932
A 477§ x 107 (x,0,0),(0,y,2) 9.94155¢ x 10°¢ 2.095%
. B 478418 x 107 (1,%1,%0.09) 9.93+23 x 107 2.08%93
C 4787418 x 107 (1,%0.09,%1) 9.93+23 %1076 2.08+0%
D 4807018 x 107 (1,%0.50,¥1) 1.01*92¢% 107 2.1149%
B° — K*vv Optimization
Model Structure
Binax Param. Values [x,y,z] B(BY = K*vv) R
A 9.94+23 % 10°° (x,0,0),(0,y,2) 4774018 %107 2.09+9%
. B 1.00192¢ x 107 (1,%1,%0.13) 4.72:018 5 1076 2.12+0%
C 1.00792¢ x 107 (1,%0.13,¥1) 4.72:018 5 1076 2.12+0%
D 102924 x 107 (1,40.54,%1) 5.06012x 107 2.0140%7
A 1017924 x 107 (1,£1,0) 4.64*917 %107 2.18408
bl B 9.96*23¢ x 1076 (1,+1,+0.10) 476918 % 1076 2.09*9%
C 9.96*23% x 1076 (1,%0.10,%1) 476018 % 1076 2.09+0%
D 102924 x 107 (1,40.56,%1) 4.807018 % 1076 2.12+0%

mode vanish identically, leaving its branching fraction at
the SM prediction. Conversely, for the fermion-rich mod-
el under the BP-II mass scheme, this same flavor struc-
ture results in AC}’ = ACY . Nevertheless, because the rel-
evant loop function J, is negative, the resulting NP loop
effects interfere destructively, suppressing both decay
modes below their SM expectations.

VI. CONCLUSION

The recent evidence for B* — K*vv reported by Belle
I1, combined with the existing constraints on B — K*%v¥,
implies a deviation from the SM prediction that requires
NP contributions generating both left-handed (0%) and
right-handed (Of) effective operators. Adopting a sys-
tematic bottom-up approach, we classified the renormal-
izable one-loop topologies capable of generating these
operators and identified the irreducible box diagram as

the unique candidate for generating the relevant operat-
ors at the one-loop level without inducing tree-level con-
tributions. Guided by gauge symmetry, we cataloged the
allowed quantum numbers of the internal mediators and
proposed two minimal benchmark models for detailed
study: a scalar-rich model, constructed by combining dia-
grams that independently generate O% and O%, and a fer-
mion-rich model, in which a single diagram topology is
sufficiently versatile to generate both operator chiralities.
We subjected these models to a comprehensive phe-
nomenological analysis, constraining the parameter space
using a complementary set of flavor observables and pre-
cision electroweak data. Under the assumption that NP
couples exclusively to the third lepton generation, our nu-
merical evaluation reveals that the parameter space of
both benchmark models is severely constrained, primar-
ily by B,;— B, mixing and b — sy. Within this remaining
parameter space, we find that the specific flavor structure
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directly determines the pattern of loop-induced devi-
ations in the two decay modes. For the correlated struc-
tures (A, B, and C), the loop contributions to the charged
and neutral channels are strongly anticorrelated. Struc-
ture D, however, provides sufficient flexibility to gener-
ate constructive loop interference, thereby simultan-
eously enhancing both decay modes. Because of the
asymmetric enhancements, the ratio R decreases in the
scalar-rich model, where the charged-mode enhancement
dominates, and increases in the fermion-rich model,
where the neutral mode is more strongly enhanced.

APPENDIX A: LOOP-INTEGRAL FUNCTIONS

This appendix provides the explicit analytical expres-
sions for the loop-integral functions referenced in the
main text.

The evaluation of the NP contributions in the bench-
mark models (Sec. III) employs the following four-point
integrals:

Li(my, my,m3,my)

dk 1
= | @i (@ =)k —m2) (R — ) (ke — )
_ 1 { m? In mfl‘;
(@m)? L(m? —m3)(m? —m3)(m3 —m?) — m?
(m3 —m)(m3 —m3)(m3 —m3)  m3
m3 m3
g o e (A
Jo(my,my,mz,my)
_ dk k?
= | @i (@ =R =) (K =) (i —m2)
_ 1 { m ”1742&
(4m)? L(m2 — m3)(m? — m3)(m? — m3) n m}
+ i 0!
(m3 —m)(m3 —m3)(m3 —m3)  m3
4 2
i s (A2)

n
(m3 = m)(m3 —m3)(m3 —m3) — m3

Additionally, the analysis of the radiative decay
b— sy in Sec. IV.D uses the auxiliary loop functions
F+(x) and F,(x), defined as follows:

x*—6x*+3x+6xlogx+2
12— 1)* ’

Fo(x) = x " F7(x7). (A3)

Fi(x) =

APPENDIX B: ONE-LOOP CORRECTIONS TO
Zf.f; COUPLINGS

In this section, we revisit the radiative corrections to
the couplings between the Z boson and two SM fermions,
fi and f;, induced by the new-physics sector. We con-
sider a general momentum transfer ¢*> to accommodate
both on-shell Z decays and off-shell exchange processes.
The effective Lagrangian governing the Zf;f; interaction
is defined as

L= ffzf?y“ [8/(@PL+8H(GPe] fiZu+he.. (B
w

where ¢ is the four-momentum of the Z boson, g, is the
SU(2); gauge coupling, and cy = cos8y, where 0y, is the
weak mixing angle. The form factors are decomposed in-
to the tree-level SM contribution and the loop correction
from new physics:

giLj(R)(CIZ) = gil(\;le)éij + AgiLj(R)(qz)- (B2)

The tree-level SM couplings are given by

=T} -Qnsy. & =-0ysy- (B3)

where T3 is the third component of weak isospin, and O
is the electric charge.

The relevant Feynman diagrams contributing to these
corrections are shown in Fig. B1. The interactions of the
Z boson with the new scalars and fermions below the
electroweak scale are parameterized by the following
Lagrangian:

L7 =Cgfzzu (Pay" (g4 5PL+ 815 Pr] W5
w

+g;‘;Nq>;4i5”q>N> +he., (B4)

where we use the notation ad*b = a(8"b) —(¢"a)b. The in-
dices A, B (for fermions ¥) and M,N (for scalars @) im-
plicitly run over all relevant internal degrees of freedom,
including flavor, color, and S U(2) indices. The Yukawa
interactions that couple a new scalar ®,, and a new fermi-
on ¥, to an SM fermion f; are given by

L =P (LlyPL+ Ry Py) fidy+he.  (BS)

We calculate the loop contributions to the form
factors Ag/x(¢*) using the Lagrangians in Eqs. (B4) and
(B5). The calculation is performed with the aid of
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Fig. B1.

Packace-X 2.1.1 [89, 90], adopting the covariant derivat-
ive convention and Feynman rules of Ref. [91].

In our evaluation, we take the limit of vanishing ex-
ternal SM fermion masses (m;; — 0) for both vertex and
external-leg corrections. An exception arises for the con-
tributions proportional to 6,455,y that contain the denom-
inator (m;—m;), for which setting the masses directly to
zero would lead to a kinematic singularity. We therefore
retain the mass dependence in these specific terms to reg-
ulate the expression. We find that, in the limit in which
the tree-level couplings are flavor diagonal (&} = 8%];4),
as in the SM, this singularity cancels exactly, yielding a
finite result consistent with the massless approximation.

The resulting left-handed contribution Ag(4?) is giv-
en by:

B Li* LJ
A () = Xz 121;2 BN { { SM
M B M Moy 6106
81 mi—m,z 1m;; My, , Moy ) | OABOMN

m2
———— B (m* My, ,Myg,)
fiL 02 2 DIV VY, Moy
/ m; —m;

+ |:g1[&BM‘PAM\PBC0(O?q27O;MCDN7M‘I-’BvM‘PA)

—gﬁg(Bomz;MmewA)+MéNco(o,q2,o;
MtDN?M‘l’B»M'*PA)

—2C00(0,612,0;M@,V,M‘PBsM\PA))} Smn

26" Coo(0,6%, 05, My, Moy, Moy, )5AB} . (B6)

and the right-handed contribution is obtained by exchan-
ging the chirality parameters:

Agi(@) =Ag{ (@) (Lo R). (B7)

Here, By;, Cy, and Cy denote the Passarino—Veltman
scalar integrals [89], and y; represents the relevant
group-theory factor (e.g., a color factor).

For phenomenological applications in which the new-
physics scale is significantly larger than the momentum
transfer, it is useful to expand the results in powers of ¢2.
To first order in ¢?, the form factors are

[ e —
(PM,/ .fz
’
v,
VNN AV 4
VA N
[ TN Ti
—

(color online) Feynman diagrams modifying the Zff; vertex, with f; ; € {s,b,¢,v}.

My, M
%GZ(xAM’xBM)
Mg,

X ZLXMLQN

Agl(q") ===0 {2g§36MN

- 8§35MNFZ(XAM, Xgum> Ma,,)
- g;E[N(SABHZ(xAM’ Xpm, My,)
- g?;»lz/léABéMNIZ(xAM, Mo,,)

B

2| L yyMy, ~
+4q" | 84pOuN e Gz(Xam, XBum)
Dy

2 ghpouy -
- — Fr(Xapm,x
3 MgpM Z( AM BM)

8531\/5/43 -
+ 3M‘%’A Hz(xapm, X)) | ( (BY)

where we have defined the mass ratios x,y = Mg, /M .
The loop functions are defined as follows:

Gz(x,y) = xFy(x,y) +(x © y),

1 —

FZ(x’y9m) = [szV(x’y)-'—(x « }’)] - E _diV£9
3 —

Hz(x,y,m)= [yFV(x,y) +(x y)] + 3 +div,,
3x—1 —
=1 —szV(x, 1) +div,,
G(x.y) = xKy(x,y) + (x & y),
2

I;(x,m) =

Fy(x,y) = {szv(x,w— o Fv(x,y)}ﬂL(xHy),

x—y
~ _ X’y x*y*(3x—y—2)log(x)
Hz(x.y) = {<y—1)<x—y)2 T G- DGy }

+(x o), (B9)

where the divergence parameter is defined as div, =
A, —log (m*/y?) in dimensional regularization. The auxil-
iary functions Fy and Ky are

log(x)
(x=Dx-y)’
(2% + xy —2y)log(x)
(x—1)2(x—y)?
1
(= Dx—yR

FV(x’y) =

Kv(x,)’) =

(B10)

We note that our analytical results differ slightly from
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those reported in Ref. [81]. Specifically, we find an over- Table C2. Possible assignments of quantum numbers under
all sign difference in the terms proportional to g%, along the SU(3).®SU(2),®U(l), symmetry for the mediators in
with minor discrepancies in the finite parts of the loop diagram (b) that generate the operator Of.

functions Fz, Hz, and I;. However, the physical behavi- SUQ), ¥, % v, %

or at ¢> = 0 remains consistent. Because the NP sector in-

troduces no new sources of electroweak symmetry break- A ! 3 3 !
ing, the contributions from the self-energies exactly can- B 3 1 1 3
cel those from the vertex corrections at zero momentum SUQ), v, X v, X,
transfer. We confirm that our expressions for Ag/x(¢%) . X | 5 5
vanish at ¢*> = 0, in agreement with the limiting behavior
established in Ref. [81]. I 2 2 ! !
I 2 2 3 3
APPENDIX C: QUANTUM NUMBERS OF THE IN- v 3 3 2 2
TERNAL FIELDS AND UV COMPLETIONS vy i X s X
i a a+1/3 a-1/6 a-1/2

In Sec. II, we derived the physical model diagrams
from the underlying topologies by imposing SM gauge
invariance. Although the allowed quantum numbers for
diagram (c) (Fig. 3) were presented in Table 1 as a rep-
resentative example, this appendix provides the complete
classification for the remaining five topologies (Tables SU3), ¥, X, ¥, X,
C1-C7). A )

Relating the high-scale UV models to the LEFT basis

Table C3. Possible assignments of quantum numbers under
the SU3).®SUQ2),®U(1), symmetry for the mediators in
diagram (c) that generate the operator O%.

[98]]

3

Wi

. . . . . . . B 3 1 1 1
requires an intermediate matching onto the dimension-six
SMEFT operators. Accordingly, we calculate the Wilson SU2), A X P X,
coefficients for the relevant SMEFT operators generated I 1 1 2 1
by.each diagram for all valid S U(2_)L assignments. The re- I ) 5 { 5
lative strengths of these contributions are summarized in
Tables C8—C14. “‘ : 2 3 2
Our calculation involves two distinct SU(2); contrac- v 3 3 2 3
tion structures: vertices involving two doublets and an U(lyy ¥, X, ¥, X,
anti-triplet, and vertices involving a doublet, a triplet, and ; " et 1/3 o 1/6 et 1/3

an anti-doublet (together with their Hermitian
conjugates). To facilitate the evaluation of these contrac-
tions, we use two SU(2); tensors, & and y*. The tensor
&, defined in the main text, mediates interactions
between two doublets and a triplet. For the second case,

Table C4. Possible assignments of quantum numbers under
the SU(3).®SUQ2),®U(1), symmetry for the mediators in
diagram (d) that generate the operator O%.

SU3). ¥, X, ¥, Xy

Table C1. Possible assignments of quantum numbers under A 1 3 3 3
the SUB3).®SUQ2),®U(1), symmetry for the mediators in B 3 1 1 1
diagram (a) that generate the operator OF. SUQ), ¥, X, ¥, X,
SUQ3). ¥, X, ¥, X, I 1 2 1 2
A 1 3 1 1 i} 1 2 3 2

B 3 1 3 3 1 2 1 2 1
SUQ2), ¥ X, s X, v 2 1 2 3

I 1 1 1 2 \Y% 3 2 1 2

1I 2 2 2 1 VI 3 2 3 2

I 2 2 2 3 VI 2 3 2 1

v 3 3 3 2 VIII 2 3 2 3
ULy ¥, X ¥, X, Uy ¥, X, ¥, X,

i a a+1/3 a a—-1/2 i a a-1/6 a+1/3 a-1/6
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Table C5. Possible assignments of quantum numbers under
the SUB3).®SUQ2),®U(1), symmetry for the mediators in
diagram (d) that generate the operator OF.

Table C7. Possible assignments of quantum numbers under
the SU3).®SUQ2).,®U(1), symmetry for the mediators in
diagram (f) that generate the operator O%.

SUQ3), ¥, X, ¥, X, SU3). ¥, X, ¥, X4

A 1 3 3 3 A 1 3 3 1

B 3 1 1 1 B 3 1 1 3

SU@2), ¥, X, W, X, SUQ2), ¥, X, W, X,

1 1 1 2 1 I 1 2 1 2

1I 2 2 1 2 I 1 2 3 2

1 2 2 3 2 1II 2 1 2 3

v 3 3 2 3 v 3 2 1 2

Uy ¥ X, W, X, v 3 2 3 2

i a a+1/3 a+5/6 a+1/3 VI 2 3 2 1

VII 2 3 2 3

Table C6. Possible assignments of quantum numbers under vy * X ¥ X
the SUB3).®SU2),®U(1), symmetry for the mediators in i a a-1/6 a+1/3 a+1/2

diagram (e) that generate the operator O%.

Table C8. Relative strengths of the SMEFT operator Qy,
generated by diagram () for the various SU(2); models. The
overall normalization factor, which includes the loop function
and couplings, is not shown.

Model

Operator
1 11 1 v

Ora -1 1 -3/2 -3/2

Table C9. Relative strengths of the SMEFT operator Q;
generated by diagram (b) for the different SU(2); models. The
overall normalization factor, which includes the loop function
and couplings, is omitted.

SUQB). ¥, X, ¥y X,
A 1 3 1 1
B 3 1 3 3
SUQ2), ¥, X, v, X,
I 1 2 1 2
I 1 2 3 2
11 2 1 2 3
v 3 2 1 2
\% 3 2 3 2
\Y%i 2 3 2 1
\%ii 2 3 2 3
U(l)y ¥, X, A X,
i a a-1/6 @ a+1/2

we introduce the tensor y*, defined as:

K= (@ +ith)/2, -7/ V2, (- +it))2),

Ae{l,2,3}, (CDH

where 7' are the Pauli matrices:

T1201 T2:o-1 73:10.
1 0/ i 0)’ 0 -1

The tensors y* and y4™ govern interaction vertices in-
volving one doublet, one triplet, and one anti-doublet. In
all cases, the index 4 denotes the SU(2), index of the

triplet or anti-triplet field.

Model

Operator
1 11 11T v

Qu -1 -1 -3/2 =32

Table C10. Relative strengths of the SMEFT operator Qy,
generated by diagram (c) for the various SU(2); models. An
overall normalization factor, which includes the loop function
and couplings, is omitted.

Model

Operator
I I I v

Qu 1 1 3/2 32

To illustrate the application of the y* tensor, we con-
sider Model A-VII based on diagram (c) (see Table 1).
Since the scalars X, and X, have identical SM quantum
numbers in this model, we identify them as a single phys-
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Table C11.  Relative strengths of the SMEFT operators Q.
and Q) generated by diagram (d) in the different SU(2),
models. An overall normalization factor, including the loop

function and couplings, is omitted.

Table C13.  Relative strengths of the SMEFT operators Q)
and Q) generated by diagram (e) in the different SU(2),
models. An overall normalization factor, including the loop
function and couplings, is not shown.

Model Model
Operator Operator
I m 1v \% VI Vil VIII 11 I v \Y VI vl
Q}L’ -2 -3/4 1 0 -3/4 -9/8 0 -3/4 Q({,L’ 1 0 3/4 0 9/8 3/4 9/8
> 12 -14 0 172 1/4 /8  -1/2 172 Qg’ 0 1/2 -1/4 172 1/8 -1/4 1/8

Table C12. Relative strengths of the SMEFT operator Q,
generated by diagram (d) in the different SU(2); models. The
overall normalization factor, which includes the loop function

and couplings, is not shown.

Operator

Model

1 1I 1 v

QOu 1 -1 -3/2 -3/2

ical field (X, = X,). The explicit interaction Lagrangian,
including the full SU(2), structure, is then given by:

Lo\ V10X, +¢5L, ¥ X] + g5 V3 L,X, + g7 O, ¥1 X5

= 81100 XoX a0 + 85 Ly Y3 X3 (" g
+ g;\PSerp’X?l/\/;‘;;’ + gi* Q_so"Plcr’X;B' (/\,/B/+)a'zr’ 5 (Cz)

Table C14. Relative strengths of the SMEFT operators Q)
and Qf)) generated by diagram (f) in the different SU(2), mod-
els. The overall normalization factor, which includes the loop
function and couplings, is not shown.

Model
Operator
1T 11T v \'% VI VII
o) 12 -3/4 3/4 -3/4 -3/8 -3/4 3/8
& -172 -1/4 -1/4 -1/4 -5/8 1/4 -5/8

lq

where the Greek indices «,B,p,0 denote the SU(2),

doublet components 1 and 2.
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