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CKM blind spot: Probing b-column rescaling with kaons
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Cabibbo—Kobayashi—-Maskawa unitarity triangle constraints are insensitive to new physics scenarios in
which the b column is uniformly rescaled. This is because B physics data overconstrain the angles of the
(bd) unitarity triangle, but only calibrate its normalization. We identify this flat direction and derive model-
independent constraints on the rescaling. We find that |e | already constrains the rescaling at the same level
as the direct measurement of the b-column normalization, with current data allowing for O(4%) deviations.
Projected inputs promote the kaon sector to be the leading probe. A toy model employing mixing with a
vectorlike up-type singlet provides a proof of principle for a possible UV realization.

DOI: 10.1103/hynj-9y11

I. INTRODUCTION

Increasing precision in kaon measurements and pros-
pects for further kaon data allow us to probe scenarios
about which we have so far been agnostic. While the
picture arising from the B physics flavor program is
beautifully consistent (up to a few curious anomalies), it
remains to be seen whether or not constraints from another
flavor sector fit into the same paradigm, dictated by the
Cabibbo—Kobayashi-Maskawa (CKM) mechanism. As has
been demonstrated in the literature (see, for example,
Refs. [1-5]), there exist viable new physics (NP) models
that discriminate between kaons and B mesons, and can
significantly alter kaon observables without distorting B
meson constraints. Here we argue that not only can NP be
tucked away in yet-to-be-measured kaon parameters, but
that deviations from the Standard Model (SM) could
actually be hiding in B-sector parameters.

We first note that the well-known CKMfitter plot [6] of
constraints in the (p,#) plane is almost entirely insensitive
to an overall rescaling of the b column of the CKM matrix,

Vil =V -a i=u,c,t. (1)
This follows from the fact that the (p,#) plane depicts the
modulus and argument of the normalized CKM ratio [7,8],

_ Vud VZb =

p+in). 2
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Therefore, the consistent picture of the overlaid B physics
constraints on the CKMfitter plot would be unchanged by
such a rescaling. The insensitivity of the (p, ) plane to the
inputs A and A reflects two directions the traditional fit does
not probe: variations of 4, connected to first-row normali-
zation and the Cabibbo anomaly, and a uniform rescaling of
the b-column, under which Eq. (2) is exactly invariant and
which is the subject of this work.

This blind spot can be phrased in terms of known
constructions: the universal unitarity triangle [9], built
from sin2f, Am,/Amg, and |V,,|/|V.p|, consists exclu-
sively of phases and ratios and is therefore exactly invariant
under the rescaling of Eq. (1). Normalization-type B-sector
quantities, on the other hand, are all proportional to the
product of the Wolfenstein parameter, A, and the scale
factor, i.e.,

vell, vell < A - a, (3)

and similarly Amg, Am, (A - a)?. Since Wolfenstein A
and the scale factor a appear only in this combination, B
physics alone cannot disentangle their contributions. Only
quantities sensitive to the overall normalization of the b
column, requiring |V| input, or a comparison with a
second flavor sector, can probe a. Precision kaon mea-
surements have begun to provide exactly this information.
As shown in Ref. [10], the CKM sensitivity of precision
kaon observables enters through a single rephasing-invari-
ant combination, enabling CKM determinations indepen-
dent of the B sector. Contrasting the two determinations,
which the SM CKM paradigm relates by unitarity, is the
basis of the analysis below.

In the following, we first study the model-independent
constraints on effective CKM column rescaling due to row
and column normalization, as well as within the SM
effective field theory (SMEFT), in Sec. II. The heart of
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the analysis is presented in Sec. III, in which we investigate
to what extent this scenario is probed by existing and
prospective kaon constraints. In Sec. IV, we present an
example NP realization, using a toy model where effective
nonunitarity of the CKM matrix is achieved by mixing of
the left-handed quarks with a vectorlike (VL) SU(2) singlet
state. We conclude in Sec. V.

II. CONSTRAINTS FROM CKM
NORMALIZATION AND EFT

A. Row and column normalization constraints

Measurements of CKM magnitudes constrain the scaling
scenario of Eq. (1). The strongest normalization constraint
arises from the b column, which satisfies the relation

f ff ff
VSR + VP + [V = a2, )
Using the Particle Data Group (PDG) values for the
measured elements, we arrive at

—0.063 < (1 - a)zlvcff‘z < 0.044 at 2o. (5)
ib

This bound is controlled by the uncertainty on the mea-

sured |VSf|, currently at the level of 2.7% [11]. The

determination is dominated by experimental systematics

in the single-top cross-section measurement, with an

irreducible theory/parton-distribution-function (PDF) com-

ponent entering through the predicted cross section [12].
From row unitarity, we have the relations

Visl?). (6)

Applied to the three rows, i = u, c, ¢, only the first row
yields a meaningful constraint. However, first row unitarity
is in significant tension with current measurements, and
scaling of the b column does not help within existing
bounds. Although, in principle, the effective CKM matrix
of Eq. (1) could have been useful for explaining the
Cabibbo anomaly, we find that we would need |1 —a| 2
0.73 in order to alleviate the tension significantly, in
contradiction with the upper bound of Eq. (5). This is
driven by the smallness of |[V™*|? compared to the first
row deficit. Therefore the NP scenarios we study leave the
Cabibbo anomaly untouched.

Ve [P =a*(1=Vig* -

B. EFT analysis

In the context of the SMEFT, NP is described by higher
dimensional operators of the SM fields,

L= LSM+;ZAM (7)

At dimension six, the relevant operators in the Warsaw
basis are [13]

(O4),, = i@ D) (Fir'FY).
(O5),; = i@ Dy (Fiour"FY).
(Opp);; = &' D,) (Fir" ). (8)

where ' = Q, L and f = u, d, ¢. The modifications to the
Z and W boson couplings to fermions are given by

. 1 v
f (1) 4 ~0)
(AgL)ij E(C(/)F + C )u A2’
1 v?
(Agh)y =5 (Cor)ij pa-
2
3 v
(AUL); = (€5 9)
A

In Eq. (9), (AgZR) denote the corrections to the neutral
current couplings of the left- and right-handed fermions to
the Z boson, where the plus (minus) sign in Ag{ corre-
sponds to fermions of weak isospin —1/2(+1/2). The
deviation in the charged current couplings to the W boson is
given by (AU{). The scaling of the CKM b column
corresponds to turning on (AU?),, via the Wilson coef-

ficients (C((;;) ib-
As is evident from Eq. (9), any modification of the
charged current couplings unavoidably results in a modi-

fication of the neutral current couplings as well, since AUf
is induced by Ct(ﬁ ; which appears also in Ag{. Moreover, it
can explicitly be seen that Ag{ can vanish when
C((;; =F CS}, but not simultaneously for up-type and

down-type quarks. We can formulate this statement via
the sum rule,

(AUL),; = (Ag]);;
i.e., a sizable modification to the CKM must appear either
in the up-type, or the down-type couplings to the Z boson
(or both). Current bounds impose [14—16],

~ (Mg (10)

[(AgL)p| < O(107%),
I(Ag;),| S0.09 at 95% C.L., (11)

for the flavor diagonal couplings, and [17]
‘(AgL)ut.ct| < 0(10_2)? (12)

for the third generation up-type flavor off-diagonal cou-
plings. Given the nearly 2 orders of magnitude between the
allowed deviations in the diagonal couplings to bb vs 17, in
the next section we focus on models where the deviation in
the down-type neutral current is structurally canceled,
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1 3
(C((/;Z))bb = _(Cg/;g)g)bb» (13)

and the neutral current deviation is pushed to the up sector.
Then, a model inducing CKM b-column rescaling, as in
Eq. (1), corresponds to

(AUD)y = (a=1) - Vy, (14)
resulting in

|1—al-|V,| fortt
|1—al-O(2?) forct. (15)
|1—al-O(2*) forut

(Ag7) | =1(1=a)|-|Vip| =

The rough bounds of Eqs. (11) and (12) then translate into
the model-independent bound

11— al,, <0.09. (16)

The correlation between charged-current (CKM) and Z;
coupling deviations underlying Eq. (16) was first derived in
the context of models with exotic quarks in Ref. [18]. The
analogous correlation for down-type singlets, with tree-
level flavor-changing neutral currents (FCNC), was studied
earlier in Ref. [19]. Equation (10) expresses the same
correlation model independently at dimension six. The off-
diagonal bound of Eq. (12) translates into the subleading
constraint, |1 —a| <0.2. A dedicated SMEFT global-fit
analysis is beyond the scope of this work.

III. CONTRASTING b5-COLUMN RESCALING
WITH KAON CONSTRAINTS

The scenario of CKM b-column rescaling is constrained,
model independently, by kaon physics measurements. This
is because kaon observables are sensitive to the fourth
power of the Wolfenstein normalization parameter, A, and
can be contrasted with B physics observables, which
always measure (A - a).

To be more concrete, kaon constraints are functions of a
single complex rephasing-invariant CKM combination,
identified in Ref. [10] as the natural complex variable
for kaon CKM analyses (there denoted by —R,,e” %),

— V;Fs th

Z - *
Vcs Vcd

=A224(1 =p) —in) + 0. (17)

The same rephasing invariant can be constructed out of B
physics observables (together with 4, which we treat as
precisely known and unaffected by the rescaling). One
choice of basis for the CKM employs the following
observable set:

{1V

eff
Vcb

1A= Vi) (18)

’

Since {|Vl, [Vusl, 7,4} is a complete set of rephasing
invariants, it can be used to construct the full unitary matrix.

In particular, kaon observables can be expressed via B
physics inputs. The B-sector construction of the invariant
takes the form (see Appendix for the derivation and an
alternative construction),

’

129 _ |yseffyseff| iy
B-phys. £f £ . N|Vf»b|/1 |Vbe|e
ZEPs (Ve | Vipl v d) = /1(1_%6/12)”

= A224((1=p) — i) + O(2°),
(19)

where A = A - a. Kaon observables can thus be contrasted
with the B-sector construction of the same invariant, lifting
the flat direction. We note that in the statistical analysis we
do not truncate at O(A°) but rather use exact expressions
constructed from the observables by building the unitary
matrix. The construction then satisfies (up to corrections of
relative order A%),

2B Vel [Vibly) = @ - 2. (20)
In the following we use the set of kaon observables,

{lex|.B(K" - nvp).B(K; — z°vi) and Acp (K — p ™)},
(21)

schematically proportional to the combinations [see explicit
expressions in Egs. (24) and (28)],
Im(Z)-Re(Z),

Im(Z)?+Re(2)2, Im(Z)? (22)

with current uncertainties
{4.6%,20%,NA}, (23)

where the third set has not been measured. The two
CP-violating modes share a single CKM dependence
[20-22], B(K; — 7°v0) x Acp(K = ptp~) < (ImZ)>.
With projected uncertainties of O(20%-30%) [23,24],
these future measurements would not compete with |eg]|
and B(K™ — zvp) in the one parameter rescaling sce-
nario, and we do not include them in the fit. Their
significance lies elsewhere: they complete the functionally
independent set of precision kaon CKM observables,
turning the kaon sector into an overconstrained CKM
determination of its own [10]. The analysis below therefore
focuses on the two measured modes—|eg |, which sets the
current bound, and B(K" — ztwp), which drives future
scenarios.

An important note on uncertainties: since kaon observ-
ables scale as (Z)2, they are sensitive to a to the fourth
power. A branching ratio measurement at the 5% level, for
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TABLE I. Inputs to the analysis: central values and uncertain-
ties used in the current-data fit (taken from the PDG, Ref. [11],
unless otherwise stated), and the projected uncertainties assumed
for the future scenarios. Correlations among inputs are neglected
throughout.

Quantity Value Current ¢ Projected o

B-sector/CKM

|ver 41.1x 1073 3% 1% [25]

|velt 3.82x 1073 5% 2% [25]

|V§£f 1.010 2.7% 1.5% [26]

siny 0.91 2.4% 0.6% [27]

sin 23 0.709 1.6% 1% [25]

|V,XV$,£f 41.5% 1073 2.2% 1% [28]
(from Amy)

[Via/ Vil 0.207 1.4% 0.5% [28]
(from Am,/Amy)

A=V, 0.2250 0.3% 0.3%

Kaon observables

lek| 2228 x 1073 4.6% [20] 3% (see text)

B(K*t — ztwp) 9.6 x 10711 20% [29] 10%,5% [30]

example, then translates into an O(1.25%) sensitivity to the
scale factor, a. Equation (19) also shows that the uncer-
tainties in the B physics determinations of the elements,
|veit], [Veif|, directly affect the ability to constrain a. The
current O(6%-8%) B physics uncertainty on ZB-Phys,
translate into O(3%—4%) uncertainty on a, and currently
dominate the bound set by |ex|.

We construct y? functions with the parameters
{IVesl, [Vunl, 7, (1 — a)}, using current figures for the kaon
observables of Eq. (21), together with the B-sector observ-
ables listed in Table I. We then profile over
{IVels [Vupl, 7}, evaluate the one-dimensional —Ay?
(1 —a) and extract the resulting 26 bounds on (1 — a).
We first present current and projected constraints from |eg|,
then turn to B(K* — z"vp) and future projections.

s

s

A. Current and future constraints from |eg|

The measurement of |eg| is sensitive to the following
combination [31,32]:

5 ﬂquur(xcvxt)>
ex|l x =ImZ| ReZ —A—m—-2, 24
| K| < ’7n$n<xcvxt) ( )

where Z is defined in Eq. (17), n, = 0.55(1 +=4.2%),
N = 0.402(1 £+ 1.3%), S,;.1(x., x,) are Inami-Lim func-
tions [31,33], and A= m =1 —I—%—l— O(2*). The ut
term is negative, S, = S(x.) — S(x.,x;) = —1.96 x 1073
[31], so the charm contribution enhances |egx| by ~30%.

Inserting the leading order form of Z, from Eq. (19), this
becomes

lex| x|V epViup|siny

nut‘sut(-xc’xt)
w (AVL P =VV, cosy—i—). (25)
( ’ brub nttstt(xc’xt)

We note that Eq. (25) inherits the (%) relative precision
of Eq. (19), while the numerical analysis uses exact
relations. We use the measured |ex| = (2.228 + 0.105) x
1073 [20] in the y? analysis, and find

~0.040 < (1 —a), <0.049 at 2. (26)

The resulting Ay? is plotted in Fig. 1 (left), along with the
analogous curve from the constraint on >_;|V;|?, as in
Eq. (4). The |eg| constraint is narrower than that from the
direct normalization, but is centered at (1 —a) > 0. It
therefore dominates the bound for (1 — a) < 0, while being
mildly weaker for (1 —a) > 0. The displacement reflects
the measured |eg| sitting slightly above the SM prediction
evaluated at Table I inputs. In the case of >_;|V;|?, the
preference for (1 —a) <0 is driven by the measured

central value for |V¢If|, which exceeds unity.
In terms of the CKM combination, [eg| tests
B physics  counterpart is

ImZ-ReZ, whose
approximately proportional to ZmZBPWs . ReZBphys
|Veit|2| Vet (4| Velf| — |velf] cosy) siny.  The uncertainty
dictating the sensitivity of Eq. (26) is dominated by the
errors on |V, |* Vsl |Ves|?|Vup|?>. Future reductions in
these uncertainties would constrain the parameter space
further. Once 6(|V |, |V.p|) drop below ~2%, the theory
uncertainty on |ex| becomes the limiting factor. For the
future projections we use the projected reduced uncertain-
ties as listed in Table L.

The nonparametric theory uncertainty on |eg|, currently
at 4.6% [32], is composed of a perturbative part (3.0%,
dominated by the scale variation of the NNLO short-
distance factors 7, and #,,) and a nonperturbative part
(3.5%, dominated by the long-distance parameter k, =
0.94(2) and the lattice bag parameter B). With an
improved determination of the short-distance factors,
anticipated by the authors of Ref. [20], and continued
lattice progress on By and the long-distance contributions
[34,35], a reduction to the ~3% level assumed in Table I
appears realistic on the time scale of the other projections.

We find that, assuming a projected Gaussian error of 3%
on the determination of |eg|, and the reduced input
uncertainties detailed in Table I, the future sensitivity is
at the level of

|1 —alf¥ 5002 at 2. (27)

The projected Ay? curves are plotted in the right panel
of Fig. 1.
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FIG. 1.

1-a

Values of Ay” as a function of the deviation in the scaling of the CKM b column, (1 — a). In the left panel, the solid gray,
orange, and purple curves show the current bounds from 3, |V;,|?> (Eq. (5),

¢

,and B(K* — ztup), respectively. In the right panel,

the dashed and dotted curves are future projections under the assumptions detailed in Table I. Agreement with the SM is assumed for the
> 1Vis)? and |e| projected curves, while scenarios where the current slight excess in B(K* — zvp) persists are shown in dotted

purple, for uncertainties of O(5%, 10%).

B. Future reach of B(K* — n*vp)

The branching ratio for the decay K — zvb is being
measured by the NA62 Collaboration, proportional to [36],

B(K* - ntub) [(ImZ)Z + (ReZ—i— (;j{;) ) 2] . (28)

where Z is defined in Eq. (17), P,.=

(0.404 + 0.024)(0;?)‘4, and  X(x,) = 1.481 + 0.009.
This mode is dominated by the real part, with a charm-
induced offset. The current NA62 combined result [29],

B(K* - ntuvp) = (9.61]3) x 10711, (29)
to be compared with the SM  prediction,
B(K* = ztvp)™ = (7.73 £ 0.61) x 107", comes with
an O(20%) uncertainty, which translates into a 1o uncer-
tainty of O(5%) on the extracted (1 —a). In terms of
b-column rescaling this measurement is currently sublead-
ing compared to |eg| and would require an O(5%)
branching ratio uncertainty to significantly contribute. It
is interesting to note, that the current slight excess (~10)
compared to the SM prediction results in a preference for
positive values of (1 — a), as shown in Fig. 1, compatible
with the prediction of the vectorlike quark (VLQ) model of
Sec. IV. If the current central value persists with more data,
this would imply a preference for a value of (1 — a) = 0.05.
If, in addition, the branching ratio uncertainty were reduced
to 10%, within reach of the full NA62 dataset, the SM
would be disfavored at the 1.4¢ level; a further reduction to
5%—a HIKE-class experiment [30], beyond the expected
reach of NA62—would raise this to 2.66. These

hypothetical scenarios are shown in dotted purple in the
right panel of Fig. 1.

IV. A UV REALIZATION: MIXING WITH
VECTORLIKE SINGLETS

In the following we study specific realizations in terms of
NP toy models, resulting in the CKM b-column rescaling
of Eq. (1). We focus on mixing with VL SU(2) singlets, and
study the leading existing constraints. The aim of this
section is to present a proof of principle that the scenario
can be realized, rather than suggest a motivated NP theory.

The relevant features of the toy models discussed are the
following:

(i) Mixing of the SM left-handed quarks with VL
singlet fields results in mass eigenstates that are
mixtures of SU(2) doublets and singlets, thus alter-
ing their coupling to the W boson. Alignment with
the b quark mass eigenstate results in an effective
scaling of the b column of the CKM.

The same singlet-doublet mixing also results in
modified couplings to the Z boson. As shown in
Sec. II B, this is not specific to the VLQ models but a
realization of the general dimension-six relation of
Sec. IIB.

The unavoidable effect on Z couplings immediately rules
out sizable rescaling via the most straightforward model, in
which the b quark mixes with a VL. down-type singlet.
Constraints on deviations in the Zbb coupling are at the
order of 1073, Tree-level Z-mediated FCNCs and the
associated violation of CKM unitarity in models with a
down-type SU(2) singlet were analyzed in Ref. [19],
including their implications for neutral-meson mixing
and CP asymmetries.

(i)

055058-5
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We therefore focus on a model where an up-type VL
field mixes with the left-handed up-type quarks. Consider
the addition of vectorlike quarks in the W~
(3,1,2/3) & (3,1,-2/3) representation. The relevant
Lagrangian terms are then

Loy D My¥P ¥g +my,Yrug + YO d¥r.  (30)

The mass terms for the up-type quarks now take the form

v v - -
ﬁ YMWMR + EYTMLWR + m\Pu‘PLuR + M‘[’\PLTR
] Ly oYY\
— () (2 AT () 31)
my, My Pr

where Y*, Y¥, and my,, My are Yukawa and mass matrices
in flavor space. The Lagrangian terms of Eq. (30) result in
left-handed up-type mass eigenstates that are mixtures of
SU(2) doublets and singlets.

We consider a single vector-like quark aligned with the
bottom quark mass eigenstate—the unique choice yielding
the uniform rescaling of Eq. (1)—i.e., mixing only with the
up-type SU(2) partner of the bottom, 7, = >, Vi u; ™.
The couplings to the W boson can be written in diagonal
form,

dTass

[y —— mass
_E(MLI W] st ) (32)

b[Lnass

where the up-type quarks are written in the interaction
basis. Diagonalizing first the 2 x 2 block of the mass matrix
involving # and ¥, as in Eq. (31), we can write

1, = cotr + 59, VP, (33)

where ¢y =cosf), and the angle 6, parametrizes the
biunitary diagonalization of the mass matrix. The charged
current interaction of the light states then has the form

d‘iﬂaSS
9 __,__ —
- T e W | S
\/i bTaSS
dIZlaSS
SR LGaAn) A W B D
2 CG bTaSS
b

Rotating to the up-type mass basis, we get an effective
CKM matrix,

(Vekm)ij = Vekm);;  for j # b,
(Ve = (Verm)ip - Co,- (35)

i.e. the entire b column is rescaled by a common factor, ¢y, .
The same singlet-doublet mixing modifies the neutral
current,

- 1 2 - 2
£Z D%Z’u |:[/L}/ﬂ[2 (z-gS%;) +lIJL}/”lPL <—§S%V>:| . (36)

Rotating to the mass basis and projecting onto the light
state, the coupling of t’L is shifted,

J / 1 2 1 2
I IL\SM __ 2 2 2
Agr=gp — ()" = (ECeb _§SW) - <§_§Sw>

2
= =555, (37)
Reexpressing 7, ~ ) ; Vi,ul;* in terms of mass eigen-
states, this shift induces the following deviations in the Z
couplings to the up sector:

ity 1 .
AQ(L = _Esghvibvﬂ;' (38)

This model exactly maps onto an EFT where ( C((;é)bb =

—(Cg%) »» at the matching scale. The bound from devia-

tions in the Zff coupling is a bound on %sgb =

(1=2cq,) + O(sgb), as in Eq. (11). We note that flavor-
changing Z,, Z,;, couplings are regenerated at one loop.
The former then contributes to s — dvv via tree-level Z
exchange, while |ex|, requiring two insertions, is essen-
tially unaffected.

We note that misalignments away from the #; direction
would modify this picture. Writing the single new mixing
direction as 7t = cos@? + singn |, the effective CKM
becomes VI = [1 — (1 — ¢, )R]V, so that b-column
rescaling is preserved up to corrections of relative order
sgb sing. A misalignment component along the up-quark
mass eigenstate is of particular interest, as it rescales the
first row and could, in principle, accommodate the
Cabibbo-anomaly  deficit for d, = (1-cy,) sin? g~
0.8 x 1073, with the correct (deficit) sign guaranteed by
unitarity of the enlarged matrix [37-39]. The cross terms,
however, open the (bd) unitarity triangle into a quadrangle
[19], with a fourth side of magnitude 2/d,d,|V 4|, where
d, = (1 —cy,) cos’ ¢ ~ (1 — a). For d, at the percent level
and d,, fixed by the Cabibbo deficit, this exceeds |V, V 4|
and is excluded by the observed closure of the unitarity
triangle, independently of the misalignment phase.
Simultaneous realization of both rescalings at observable
levels therefore requires two singlets, aligned with 7 and i,
respectively, in which case both rescalings are exact and
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independent. Finally, since the m?-enhanced contribution to
AT scales with the top admixture, misalignment reduces it
only in proportion to d,, itself, and does not alleviate the
oblique-correction tension at fixed b-column rescaling.
Beyond the model-independent constraints summarized
in Sec. II, this specific toy model induces deviations in
electroweak precision observables and is constrained by
collider searches. First, the VLQ heavy state is produced at
the LHC via single and pair production, and is subject to
collider bounds. Current bounds on QCD pair production
constrain the mass of the heavy state to be [40,41],

My Z 1.5 TeV. (39)
For mixing of roughly 1-c¢y ~3s5 ~[Y*]*0?/
(4M3,) ~ 4%, this implies a Yukawa of order |Y¥|~ 2.4,
in the perturbative range. Single production bounds are
sensitive to the mixing angle directly, but result in sub-
dominant bounds for My = 1.5 TeV [42,43].

Second, the model breaks custodial symmetry and
generates a contribution to the oblique parameter 7' [44],

3

M,
2
AT~ W |:S9bM +259 my (log—t—l)} . (40)

At fixed mixing, the contribution grows with My, and at the
minimal allowed mass, My = 1.5 TeV, for a percent
deviation, %séh ~1—cg, = 1%, the contribution already
exceeds 3 times the uncertainty on the electroweak fit,
o(T) ~ 0.06 [45]. A known way around this is to embed the
VLQ in a custodially symmetric multiplet [46]. Concretely,
one completes the relevant fields into bidoublets of
SU(2); x SU(2)g, so that the new states fill out full
custodial multiplets. This construction protects both the
T parameter and the Zbb coupling, at O(v?/ M%), while the
CKM rescaling and corresponding deviation in up-type
neutral current couplings remain. A complete custodially
invariant model, including the resulting spectrum and
residual one-loop S and T contributions, is beyond the
scope of this work.

We note that with N up-type singlets the contributions
add approximately linearly in the small-mixing limit,
AT % ot 3 [sHM7F + 2s%m%(1og% —1)]. At fixed
total rescaling, (1 —a)~3>";s7, distributing the mixing
among N equal states dilutes the M.zl,—enhanced term by
1/N, but not the m?-enhanced term, which is fixed by the
total rescaling and dominates at the minimal allowed mass:
at My =1.5TeV and 1 —a = 1%, AT only decreases
from ~0.20 to ~0.16 in the large-N limit, and singlet
contributions are positive definite, precluding cancella-
tions. Custodial protection therefore remains the structural
solution.

The toy model thus demonstrates that the desired CKM
structure can arise in a UV completion, although a realistic

realization requires additional ingredients, such as custodial
protection. We note that the model above predicts
(I —a) > 0, since the scaling is controlled by a mixing
angle, ¢y, < 1. More generally, any scenario in which the
rescaling arises solely from mixing with vectorlike singlets
gives a < 1, since the effective CKM is then a submatrix of
a unitary matrix. In principle, models with vectorlike SU(2)
triplets or additional charged vector bosons with couplings
to the third generation can resultin (1 — a) < 0. We do not
study these further here.

V. CONCLUSIONS

The developing picture of precision kaon flavor mea-
surements is invaluable, not only for the measurement of
kaon parameters, but also for probing new physics in the B
sector, otherwise obscured. We identify a concrete blind
spot of the standard CKM analysis: a uniform rescaling of
the b column, Vit = -V,

We show that such a rescaling is nonetheless bounded,
model independently. Two different constraints dictate
the current allowed range, —0.040 < (1 —a) < 0.044,
at 2¢. The first, setting the upper bound, is the direct
measurement of the b-column normalization, ), |V |2,
resulting in —0.063 < (1 —a) < 0.044, limited by the
~2.7% uncertainty on |Veff| from single-top production.
The second constraint, setting the lower bound, comes
from the measurement of |ex|—a kaon observable
that the rescaling does not affect—dominated by the
uncertainties on o
comparison with the B sector. This constraint yields
—0.040 < (1 —a) <0.049.

These two leading probes are complementary, dominated
by independent inputs on two different experimental tracks.
The direct bound on the b-column normalization is pinned
to o(|Vel]), whose single-top determination is theory/PDF
and systematics limited. Kaon constraints, on the other
hand, rely on contrasting (V;V,4)/ (Vi V.4) with B-sector
combinations, subject therefore to o(|V|) and o(|V<I|),
which are expected to significantly reduce with lattice
QCD advancements, provided the tension between inclu-
sive and exclusive determinations is resolved A significant

ub >
and y will directly tlghten kaon constraints on thls CKM

blind spot. With projected B physics uncertainties at
O(1%), the |eg| bound becomes theory gated. Further
progress then requires improvement in the theory inputs to
the |ex| prediction (the short-distance factors, #,;,7,,, and
the lattice inputs, Bg and «,.). Improving on the bound from
> [VET2) by contrast, requires progress on single-top
systematics and on the PDF uncertainty of the predicted
Ccross section.

While |eg| sets the bound, B(K* — ztwp) is the mode
that could turn the blind spot into a signal. The current
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NAG62 central value sits ~1o above the SM prediction. If
this excess persists as the uncertainty shrinks, it would
develop into an intriguing hint of new physics. Beyond
its magnitude, the sign of a future deviation would itself
be informative, as it discriminates between UV scenarios.
Any model in which the rescaling arises solely from
mixing with vectorlike singlets predicts (1 —a) > 0,
since the effective CKM is then a submatrix of a unitary
matrix. Realizing (1 —a) < 0 requires new states with
their own W couplings: vectorlike SU(2) triplets,
or a NP vector sector. A percent-level measurement of
(I —a) <0 would therefore disfavor the entire class
of weakly coupled fermionic-mixing models, while
(I — a) > O—the sign currently preferred by the B(K™ —
mtuvp) central value—is consistent with the minimal
singlet scenario of Sec. I'V.

More broadly, this exercise demonstrates that con-
trasting precision CKM determinations across flavor
sectors is a powerful null test of the Standard Model.
With recent and expected advancements in precision
kaon physics, we may still be able to probe sizable
inconsistencies in the CKM—the data could yet surprise
us, and kaon physics could become a discovery channel
once more.
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APPENDIX: DERIVATION OF ZB-phys:

We use the following expressions for B physics observ-
ables in terms of Wolfenstein parameters and the scale
factor, a:

(1) the angles,
1\ 2
nl(-3£2)] o
. _ dV g _ ’1(1 _p) 4
sin2f = AT 0=+ 7 + O(1),
ViaVi,

_ Vud V;b
V(:d Vr-h

ViV \
Re(_ d ub)

VeaVyy,

(A1)

ot
o
=]
3
I
=

(i) and the magnitudes,

VeI =AR-a-+ O(F),

[VER|=AR /P +i*-a+O(2),
Amgox |V Vi P = (AR 2 ((1-p)*+7%)-a*+ O(2),
Amx|V  VEIT2=A2%a? + O(2°),
Amg/Amgex|V g/ Vs> =227 +(1-p)*) +O(2*).
(A2)
The above observables can be used to construct a basis for
the entire CKM matrix. For illustration, below are the

approximate expressions for two choices of the CKM basis.
First, using the complete set, (|V<if|, |Veif|, v, 1), we have

’

VP = v Vil er

V;Fsvtd B-phys. — ZB-phys.
ViVea A1 =127
= A2N(1=p) — i) + O(A°),  (A3)
withA=A-a.
An alternative construction, using (|V VeI, |V,,/V
B, 1) as a basis for the CKM is,
ZB_phys. ~ |VZS V?£f|2|vfd/vﬂ|e_lﬁ
A1 =122
=AVH(1=p) — i) + O°).  (A4)
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