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We estimate, in a large class of scenarios, the sensitivity to new physics in Bd and Bs mixings
achievable with 50 ab−1 of Belle II and 50 fb−1 of LHCb data. We find that current limits on new
physics contributions in both Bd,s systems can be improved by a factor of ∼ 5 for all values of the
CP violating phases, corresponding to over a factor of 2 increase in the scale of new physics probed.
Assuming the same suppressions by CKM matrix elements as those of the standard model box
diagrams, the scale probed will be about 20TeV for tree-level new physics contributions, and about
2TeV for new physics arising at one loop. We also explore the future sensitivity to new physics in
K mixing. Implications for generic new physics and for various specific scenarios, such as minimal
flavor violation, light third-generation dominated flavor violation, or U(2) flavor models are studied.

I. INTRODUCTION

Before the impressive results from the B factory exper-
iments, BaBar and Belle, the simple picture of Kobayashi
and Maskawa for the origin of the CP violation [1] ob-
served in K decays was not confirmed experimentally.
The BaBar and Belle results showed that the SM de-
scription of the flavor sector is correct at the order one
level. However, in most flavor-changing neutral-current
processes, new physics (NP) can still contribute at least
at the level of 20–30% compared to the SM.
Many extensions of the SM receive stringent con-

straints from data on flavor changing processes and CP
violation, and may give observable effects as the sensi-
tivity improves. The mixings of the four neutral mesons,
K, D, Bd, and Bs, provide particularly strong bounds.
For each neutral-meson system, contributions generated
by new heavy degrees of freedom can be described by two
real parameters. For example, in low-energy supersym-
metry B mixing receives contributions (besides the SM
box diagrams with W bosons and top quarks) from box
diagrams with winos and stops or gluinos and sbottoms.
The magnitudes and phases of such contributions depend
crucially on the mechanism of supersymmetry breaking
and the origin of flavor symmetry breaking.
However, the extraction of NP contribution to meson

mixing is entangled with the determination of the SM
parameters, in particular the CKM elements. It is not
enough to measure the mixing amplitude itself, only the
combination of many measurements can reveal a devia-
tion from the SM. In this paper we perform such a fit, tak-
ing into account the latest expectations for future LHCb
and Belle II measurements, and anticipated progress in
lattice QCD, in order to investigate the sensitivity to NP
in neutral-meson mixing in the near future.

In most of this paper, we consider the well-defined sce-
nario where no deviations from the SM predictions are
observed. This allows us to explore the expected progress
in constraining NP in the mixings of neutral mesons in
an unambiguous way. An illustration of the prospects to
reveal a possible NP signal is given in the last section.

II. NEW PHYSICS IN MESON MIXING

In a large class of NP models the unitarity of the CKM
matrix is maintained, and the most significant NP effects
occur in observables that vanish at tree level in the SM. In
the SM CKM fit, the constraints come from (i) ∆F = 1
processes dominated by tree-level charged current inter-
actions, and (ii) ∆F = 2 meson mixing processes, which
only arise at loop level. Therefore, it is simple to mod-
ify the CKM fit to constrain new physics in ∆F = 2
processes, under the assumption that it does not signif-
icantly affect the SM tree-level charged-current interac-
tions [2]. Within this framework (for a review, see [3]),
we can parameterize the NP contributions to the Bd,s

mixing amplitudes as

Md,s
12 = (Md,s

12 )SM ×
(

1 + hd,s e
2iσd,s

)

. (1)

Until the first measurements of α and γ around 2003, it
was not known if the SM gives the leading contribution
to Bd –Bd mixing [4, 5] (similarly, for Bs –Bs mixing,
the LHCb constraint on sin 2βs was needed).
The motivation for the above parameterization is that

any NP contribution toM12 is additive, and using Eq. (1)
one can easily read off both the magnitude and the CP
violating phase of the total NP contribution. In particu-
lar, for a NP contribution to the mixing of a meson with

http://arxiv.org/abs/1309.2293v3
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2003 2013 Stage I Stage II

|Vud| 0.9738 ± 0.0004 0.97425 ± 0 ± 0.00022 id id

|Vus| (Kℓ3) 0.2228 ± 0.0039 ± 0.0018 0.2258 ± 0.0008 ± 0.0012 0.22494 ± 0.0006 id

|ǫK | (2.282 ± 0.017) × 10−3 (2.228 ± 0.011) × 10−3 id id

∆md [ps−1] 0.502 ± 0.006 0.507 ± 0.004 id id

∆ms [ps−1] > 14.5 [95% CL] 17.768 ± 0.024 id id

|Vcb| × 103 (b → cℓν̄) 41.6 ± 0.58 ± 0.8 41.15 ± 0.33 ± 0.59 42.3 ± 0.4 [17] 42.3 ± 0.3 [17]

|Vub| × 103 (b → uℓν̄) 3.90 ± 0.08 ± 0.68 3.75 ± 0.14 ± 0.26 3.56 ± 0.10 [17] 3.56 ± 0.08 [17]

sin 2β 0.726 ± 0.037 0.679 ± 0.020 0.679 ± 0.016 [17] 0.679 ± 0.008 [17]

α (mod π) — (85.4+4.0

−3.8
)◦ (91.5 ± 2)◦ [17] (91.5 ± 1)◦ [17]

γ (mod π) — (68.0+8.0

−8.5
)◦ (67.1 ± 4)◦ [17, 18] (67.1 ± 1)◦ [17, 18]

βs — 0.0065+0.0450

−0.0415
0.0178 ± 0.012 [18] 0.0178 ± 0.004 [18]

B(B → τν) × 104 — 1.15 ± 0.23 0.83 ± 0.10 [17] 0.83 ± 0.05 [17]

B(B → µν) × 107 — — 3.7 ± 0.9 [17] 3.7 ± 0.2 [17]

Ad
SL × 104 10 ± 140 23 ± 26 −7 ± 15 [17] −7 ± 10 [17]

As
SL × 104 — −22 ± 52 0.3 ± 6.0 [18] 0.3 ± 2.0 [18]

m̄c 1.2 ± 0 ± 0.2 1.286 ± 0.013 ± 0.040 1.286 ± 0.020 1.286 ± 0.010

m̄t 167.0 ± 5.0 165.8 ± 0.54 ± 0.72 id id

αs(mZ) 0.1172 ± 0 ± 0.0020 0.1184 ± 0 ± 0.0007 id id

BK 0.86 ± 0.06 ± 0.14 0.7615 ± 0.0026 ± 0.0137 0.774 ± 0.007 [19, 20] 0.774 ± 0.004 [19, 20]

fBs [GeV] 0.217 ± 0.012 ± 0.011 0.2256 ± 0.0012 ± 0.0054 0.232 ± 0.002 [19, 20] 0.232 ± 0.001 [19, 20]

BBs 1.37 ± 0.14 1.326 ± 0.016 ± 0.040 1.214 ± 0.060 [19, 20] 1.214 ± 0.010 [19, 20]

fBs/fBd
1.21 ± 0.05 ± 0.01 1.198 ± 0.008 ± 0.025 1.205 ± 0.010 [19, 20] 1.205 ± 0.005 [19, 20]

BBs/BBd
1.00 ± 0.02 1.036 ± 0.013 ± 0.023 1.055 ± 0.010 [19, 20] 1.055 ± 0.005 [19, 20]

B̃Bs/B̃Bd
— 1.01 ± 0 ± 0.03 1.03 ± 0.02 id

B̃Bs — 0.91 ± 0.03 ± 0.12 0.87 ± 0.06 id

TABLE I. Central values and uncertainties used in our analysis (see definitions in Ref. [10]). The entries “id” refer to the
value in the same row in the previous column. The 2003 and 2013 values correspond to Lepton-Photon 2003 and FPCP 2013
conferences [4]. The assumptions entering the Stage I and Stage II estimates are described in the text.

qiq̄j flavor quantum numbers due to the operator

C2
ij

Λ2
(q̄i,Lγ

µqj,L)
2 , (2)

one finds that

h ≃ 1.5
|Cij |

2

|λt
ij |

2

(4π)2

GFΛ2
≃

|Cij |
2

|λt
ij |

2

(

4.5TeV

Λ

)2

,

σ = arg
(

Cij λ
t∗
ij

)

, (3)

where λt
ij = V ∗

ti Vtj and V is the CKM matrix. We used
NLO expressions for the SM and LO for NP, and ne-
glected running for NP above the top mass. Operators
of different chiralities have conversion factors differing by
O(1) factors [6]. Minimal flavor violation (MFV), where
the NP contributions are aligned with the SM ones, cor-
respond to σ = 0 (mod π/2).
Analogously, in K mixing, we choose to parameterize

NP via an additive term to the so-called tt contribution
to MK

12 in the SM. This is justified by the short distance
nature of NP, by the fact that in many NP models the
largest contribution to MK

12 arise mostly via effects in-
volving the third generation (“23–31” mixing), and more
practically, since this allows one to maintain a consistent
normalization for NP across the three down-type neu-
tral meson systems. In this paper, D-meson mixing is
not considered, due to the large uncertainties related to
long-distance contributions.

Comments are in order concerning our assumption of
neglecting NP in charged current b → u, c transitions. If
a NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modify-
ing decay distributions, such as the lepton spectrum in
semileptonic B decays. On the contrary, if NP has the
same chiral structure as the SM, it cannot be physically
separated in the determination of ρ̄ and η̄. In such a case,
the extracted values of these parameters will not corre-
spond to their SM values. This discrepancy will propa-
gate to the NP fit, and will manifest itself as a nonzero
value for hd,s [7], with a specific pattern for hd,s and σd,s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4, 8, 9]
with its extension to NP in ∆F = 2 [10] (for other stud-
ies of such NP, see Refs. [5, 11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ∆F = 2 whose measurements should be rein-
terpreted to include NP contributions (e.g. α, β, βs).
We consider 2003 (before the first measurements of α
and γ) and 2013 (as of the FPCP 2013 conference), and
two future epochs, keeping in mind that any estimate of
future progress involves uncertainties on both experimen-
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of ∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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FIG. 2. The past (2003, top left) and present (top right) constraints on hd − σd in Bd mixing. The lower plots show future
sensitivities for Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted curves
show the 99.7%CL contours.

as it may receive NP contributions unrelated to Bd and
Bs mixings in the general case considered in this section.
Figure 1 shows the evolution of the constraints on (ρ̄, η̄)

in the presence of NP in both Bd and Bs meson mixings,
for 2003, 2013, Stage I, and Stage II.1 The main con-
straints on ρ̄ and η̄ come from the tree-level inputs γ and
|Vub|, and also from the combination γ(α) = π − β − α
which is not affected by NP in ∆F = 2 [2]. This con-
straint is more precise than γ itself until Stage I, but of
similar precision by Stage II. The γ and γ(α) measure-
ment constraints are known modulo π, leading to a sign

1 Considering anticipated results from only one experiment, plots
similar to Fig. 1, and with a different parameterization, Fig. 2,
appear in Refs. [17, 22].

ambiguity in the determination of ρ̄ and η̄.2 The inter-
section of the γ, γ(α) and |Vub| constraints yields two
95.5%CL regions in Fig. 1 (yellow for positive ρ̄ and η̄,
mauve for negative ρ̄ and η̄) symmetric with respect to
the origin. This degeneracy is lifted by the addition of
the other experimental inputs, in particular Ad

SL, leading
to a single and small 95.5%CL region (in yellow) for ρ̄
and η̄. (In 2013, the degeneracy is only partially lifted:

2 In 2013, the combined constraint from the ππ, πρ and ρρ data
allows a second solution for α near 0, with a lower significance
than the SM solution in Table I [4]. This second solution is
shown as the negative-slope γ(α) wedge in Fig. 1, and is ruled out
once combined with the γ constraint. We assume that this low-
significance solution will disappear with more data by Stage I.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)

2|Bq〉 = (2/3)m2
Bq

f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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FIG. 4. The past (2003, top left) and present (top right) constraints on hd − hs in Bd and Bs mixings. The lower plots show
future sensitivities for the Stage I and Stage II scenarios described in the text, assuming measurements consistent with the
SM. The dotted curves show the 99.7%CL contours. For Stage I and Stage II, the white dashed curves indicate the 95%CL
contours obtained by setting theoretical uncertainties to zero.

in the future, due to improvements in lattice results for
light quarks. Concerning |Vub|, it is reassuring that 2–3%
uncertainty should be obtainable from several measure-
ments: B → τν, B → µν, and B → πℓν semileptonic
decay. For Stage II, we assumed some additional modest
improvements in the lattice QCD inputs, which are im-
portant mainly to constrain the MFV-like regions, σ = 0
mod π/2. We studied the relative roles of the experi-
mental measurements and the lattice inputs at Stage I
and Stage II. In Fig. 4 the white dashed curves indicate
the 95%CL contours obtained by setting the theoreti-
cal uncertainties to zero, showing no correlation between
hd and hs. This is different from a realistic situation
(including theoretical uncertainties), in which case the
correlation between hd and hs in the Stage I and II pro-

jections in Fig. 4 is driven by our current choice of ratios
of Bd and Bs hadronic matrix elements as lattice inputs.
This may not reflect the way lattice results will improve
in the future, and correlations will affect the shape of the
allowed regions in those plots.

From the discussion in the introduction, one may think
that ρ̄ and η̄ are determined mostly by SM tree-level pro-
cesses (|Vub/Vcb| and γ from B → DK decays), while the
additional loop-level observables in the standard CKM
fit constrain the NP. In particular, ∆Md,s, sin 2βd,s, and
α would constrain hd,s and σd,s, while ǫK constrains hK

and σK . This simple separation of SM and NP has not
been possible yet, given the large uncertainty of γ com-
pared to the combination, γ(α) ≡ π − β − α, which is
independent of NP in the classes of models under con-
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sideration [2]. (Note that in the determination of α from
B → ρρ, ρπ, ππ, an isospin analysis is used to remove
the penguin contribution. To use this measurement to
constrain new physics in mixing, one has to assume that
NP conserves isospin, which holds in most scenarios, and
is strongly supported by data.) As one can clearly see
from Table I and Fig. 1, when the direct measurement of
γ becomes as precise as π− β − α in the future, the sep-
aration of the two sectors will be simpler to understand,
even in a combined SM+NP fit.
For our analysis, precise determination of CKM pa-

rameters from tree-level measurements is essential, as il-
lustrated in Fig. 1. Depending on future experimental
results, the tension between inclusive and exclusive |Vub|
(and |Vcb|) determinations might remain a cause for con-
cern [25]. The CKM part of our analysis also relies on the
expectation that the determination of γ will indeed reach
the 1◦ level. (For α, a comparison of the ρρ, ππ, ρπ re-
sults may help to constrain the effects of isospin breaking
and to reach the expected accuracy.)
One can see from Figs. 2 and 3 that recent LHCb mea-

surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold for Stage I and Stage II. At
Stage I, we will have hd,s

<
∼ 0.1 for generic NP phases,

with an improvement by an additional factor of more
than two at Stage II. This is not surprising, as the un-
certainties on β and βs will be comparable, and im-
provements in the determination of ρ̄ and η̄ from γ and
|Vub/Vcb| will affect the constraints on the two systems in
a similar way. It is also interesting to see that the MFV
regions (σd,s = 0 mod π/2) will be less constrained also
in the future. Figure 4 provides a different view of these
results, by showing the magnitudes of NP allowed in the
Bd vs. Bs systems.
The better than factor-of-four improvement in the sen-

sitivity to hd,s from the current constraints to Stage II,
more than doubles the energy range probed by these ob-
servables, and parallels the improvements in the high en-
ergy reach of the LHC, going from LHC7 to LHC14. If
NP contains the same CKM suppressions of ∆F = 2
transitions as those present for the SM contributions,
typical for models with nontrivial flavor structure in the
LHC energy range, the scales probed by the mixing con-
straints are

Λ ∼ 17TeV (Bd) , Λ ∼ 19TeV (Bs) . (4)

Here we used Eq. (3) with |Cij | = |λt
ij |, and the 95%CL

bounds, hd < 0.07 and hs < 0.06 from Figs. 2 and 3.
If, instead, we use |Cij | = 1 (corresponding to non-
hierarchical NP contributions), the probed scales are

Λ ∼ 2× 103TeV (Bd) , Λ ∼ 5× 102TeV (Bs) . (5)

Equation (4) implies that LHCb and Belle II will probe
new particles with CKM-like couplings with masses, M ,
in the 10–20TeV range if they contribute at tree level
(i.e., Λ ∼ M), and in the 1–2TeV range if they enter

with a loop suppression (i.e., Λ ∼ 4πM). Considering
color factors, RGE effects, etc., which can differ for other
operators, one sees that these constraints are in the ball-
park of gluino masses explored at LHC14 [26].

IV. INCLUDING NEW PHYSICS IN K MIXING

Next, we consider the neutral kaon system, in addition
to Bd and Bs. We only include the constraint from ǫK ,
since there are large uncertainties in the long-distance
contribution to ∆mK (for the same reason, we do not
study D-meson mixing). Figure 5 shows the evolution of
the constraints on NP in K mixing. Larger values of hK

for certain values of the CP -violating phase will still be
allowed, even at Stage II. Due to the presence of only one
observable, ǫK , constraining two parameters, hK and σK ,
such “throats” cannot be eliminated. They correspond
to the values for which the imaginary part of the NP
contribution vanishes, that is σK ∼ π−βSM or π/2−βSM,
where βSM is the value of the true CKM β angle shown in
Figure 1. In the 2013 plot, the two additional branches
with low p-values correspond to the less favored second
solution for the CKM parameters ρ̄ < 0, η̄ < 0.
NP contributions as large as 30% of the SM tt contribu-

tion will be allowed in the future, even in the MFV case,
as can be seen by considering the σK = 0, π/2 values
in the Stage II plot in Fig. 5. Note that the improve-
ment from Stage I to Stage II is much less significant
than the one from the current status to Stage I. Indeed,
despite the almost factor-of-two improvement on the un-
certainty on BK and the improvements on ρ̄ and η̄, other
parameters entering ǫK are not expected to have similar
improvements, as shown in Table I. This includes the un-
certainty associated with higher-order terms in the OPE
emphasized in Ref. [27], and higher-order QCD correc-
tions discussed in Refs. [28, 29] (in particular for the cc
contribution).
In many scenarios with TeV-scale NP, the constraints

from kaon mixing provide the strongest constraints to
date, especially for the case of chirality-flipping left-right
(LR) operators, due to chiral enhancements in the matrix
elements and stronger QCD running. This situation will
be maintained in the Stage II era as well, with compara-
ble constraining power for non-LR NP, and a significant
advantage of the kaon system over the Bd,s systems in
constraining chirality-flipping operators. Furthermore,
if NP is decoupled from the weak scale and carries un-
suppressed flavor violation (e.g., intermediate-scale split
supersymmetric scenarios [30]), the kaon system will pro-
vide the most stringent probe (or the first place where a
deviation can be observed), since it carries the strongest
CKM suppression in the SM.
We next consider more specific NP scenarios, where

the contributions to the different neutral-meson systems
are correlated. In the MFV case mentioned in Sec. II,

hd = hs = hK , 0 = σd = σs = σK (mod π/2) . (6)
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FIG. 5. The past (2003, top left) and present (top right) constraints on hK − σK in K mixing. The lower plots show future
sensitivities for the Stage I and Stage II scenarios described in the text, assuming measurements consistent with the SM. The
dotted curves show the 99.7%CL contours.

Figure 6 shows the p-values for the real (positive or neg-
ative) h ≡ hd exp(2iσd) in 2003, 2013, Stage I, and
Stage II.

Additional particularly interesting scenarios are those
in which the dominant effects are mediated by the third
generation, motivated by the natural stabilization of
the electroweak scale, and those in which the approxi-
mate horizontal U(2)3 symmetry of the SM, induced by
mu,c/mt ≪ 1 and md,s/mb ≪ 1, also applies to the NP
contributions [31, 32]. In the first case, the NP contribu-
tion to kaon mixing is attained via mixing with the third
generation, and is therefore related to those in Bd and
Bs mixings. In a fundamental theory representing this
scenario the mixing parameters Cij in the kaon sector,
similar to Eq. (2), will be the product of those entering
the Bd- and Bs-mixing expressions, up to small correc-

tions. Therefore, there is a correlation among the phases,

σK = σd − σs . (7)

On the other hand, the magnitudes of the NP contribu-
tions, hK,d,s also depend on the typical mass scale, cou-
pling constants, and kinematic function, represented by
Λ in Eq. (2). Thus, in general, 3rd generation mediation
in the kaon system does not imply a relation between
hK and hd,s. The constraint on such models is shown in
Fig. 7, for the future Stage II scenario. Mild correlations
between the limits on the magnitudes of NP in Bd,s and
K mixings arise due to the relations on the CP phases σi

described above, and to a lesser extent via ρ̄ and η̄. The
plot is easily understood: the largest NP contribution in
Bd,s mixing is allowed for σd,s ∼ 0 (mod π/2), which is
allowed for sufficiently small hK

<
∼ 0.6. The presence of
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FIG. 7. Correlations between limits on NP in K, Bd and
Bs mixing, at “Stage II”, in classes of models where flavor
violation in K mixing proceeds dominantly via the third gen-
eration: σK = σd −σs, while hK,d,s are kept free. The dotted
curve shows the 99.7%CL contour.

the “throats” in Fig. 5 allow larger values for hK for the
non-U(2)3 case, but at the price of not allowing σs,d ∼ 0
(mod π/2), hence the (small) reduction in the allowed
magnitude of NP in the Bd,s sector. This effect can be
more pronounced, if the actual future data agrees less
well with the SM, than assumed in this paper.

In the case of the minimal U(2)3 class of models [33],
the NP contributions to Bd and Bs should be equal. Fur-
thermore, minimality implies that the bulk of the NP
contribution in the kaon sector is controlled by the same
spurions as in the Bd,s sectors via 3rd generation media-

tion, “23–31”. Therefore, one has

hB ≡ hd = hs , σB ≡ σd = σs , σK = 0 . (8)

The constraints on such scenarios are shown in Figs. 8
and 9. In Fig. 8 the minimal U(2)3 scenario is shown
in the hB − σB plane. While the 2003 and 2013 fits
show interesting patterns arising from the combination of
the Bd,s constraints, the future projections for the U(2)3

models look very similar to Figs. 2 and 3.
The correlation between the limits on the magnitudes

of NP in Bd,s and K mixings in the minimal U(2)3 case
is shown in Fig. 9 in the hK–hB plane. Similar consider-
ations as in Fig. 7 apply here. As can be seen in Fig. 5,
the constraint σK = 0 limits the size of hK

<
∼ 0.25.

In the case of generic U(2)3 models, which allow ad-
ditional NP contributions in the kaon system unrelated
to those in the Bd,s systems, hd = hs and σd = σs are
maintained, but the correlation with the K systems is
lost. Therefore, the constraints in Fig. 9 no longer apply,
while those in Fig. 8 are still valid.
Constraints on NP in K mixing will improve if lattice

QCD gives a precise SM calculation of ∆mK [34]. For
Re(MK

12) in the SM, the ratio of the tt and cc contribu-
tions is about 0.5%, so a 1% calculation of ∆mK could
exclude hK

>
∼ 2. Lattice QCD progress may also reduce

the uncertainty in the higher order terms in ǫK discussed
in Ref. [27], improving the overall constraints. Due to
its unpredictability, we do not include possible improve-
ments in this term (κǫ) in our Stage I and II fits. Even
assuming a much reduced uncertainty of ηcc, ±0.2 in-
stead of ±0.76 at NNLO now (see Ref. [35]), would only
improve the bounds on hK shown in Fig. 5 slightly; e.g.,
at Stage II for σK = 0, from hK < 0.31 to hK < 0.24.
In certain classes of models, improvement in sensitivity

compared to Fig. 5 can also arise from future measure-
ments of K+ → π+νν̄ and KL → π0νν̄ [36]. These
decays are also sensitive to NP in s → d penguins, which

can be parameterized by another magnitude h
(∆S=1)
K and

phase σ
(∆S=1)
K ; thus the difference of the number of ob-

servables vs. NP parameters will not change. However,

in certain well-motivated scenarios, σ
(∆S=1)
K = σK [12],

or h
(∆S=1)
K ∼ 0, and in such cases including future data

on these rare decays will improve the sensitivity to NP.

V. SUMMARY AND OUTLOOK

We studied the anticipated future improvements in the
constraints on NP in Bd, Bs, and K mixings. We found
that if no NP signal is seen, the bounds on hd and hs

will improve by about a factor of 5. This corresponds
to probing NP at scales more than a factor of two higher
than currently (for a fixed set of couplings). Interestingly,
compared to the allowed regions to date, we expect the
MFV-like regions, σ = 0 (mod π/2), to be nearly as
strongly constrained as those with generic NP phase in
the future. Our results for the future sensitivity to a NP
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FIG. 8. The past (2003, top left) and present (top right) constraints on U(2)3 scenarios, where hB ≡ hd = hs, σB ≡ σd = σs.
The lower plots show future sensitivities for the Stage I and Stage II scenarios described in the text, assuming measurements
consistent with the SM. The dotted curves show the 99.7%CL contours.

contribution given by Eq. (2) in Bd and Bs mixings at
Stage II are summarized in Table II. For K mixing, the
large hK regions in Fig. 5 complicate the interpretation
in terms of NP scales. If we assume that lattice QCD will
exclude hK > 2 as discussed in Sec. IV, we get sensitivity
up to 3 TeV (0.3 TeV) at tree level (one loop) for CKM-
like couplings, and up to 9 × 103 TeV (7 × 102 TeV) at
tree level (one loop) for non-hierarchical couplings.

So far in this paper we assumed that future measure-
ments agree with the SM predictions. However, future
data can not only set better bounds on NP, they may
also reveal deviations from the SM. This is illustrated in
Fig. 10, where we set ρ̄, η̄, hd,s and σd,s to their cur-
rent best-fit values (allowing for NP in ∆F = 2), and
performed a fit assuming for all future measurements the
corresponding central values, but uncertainties as given

in Table I for Stage II. While any assumption about pos-
sible future NP signals includes a high degree of arbitrari-

Couplings
NP loop Scales (in TeV) probed by

order Bd mixing Bs mixing

|Cij | = |VtiV
∗

tj | tree level 17 19

(CKM-like) one loop 1.4 1.5

|Cij | = 1 tree level 2× 103 5× 102

(no hierarchy) one loop 2× 102 40

TABLE II. The scale of the operator in Eq. (2) probed by
Bd and Bs mixings at Stage II (if the NP contributions to
them are unrelated). The impact of CKM-like hierarchy of
couplings and/or loop suppression is indicated.
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FIG. 9. Correlations between limits on NP in K and Bd,s mixing, at “Stage II”, in minimal U(2)3 models. This fit corresponds
to hd = hs ≡ hB , σB ≡ σd = σs, and σK = 0. The dotted curve shows the 99.7%CL contour.

ness, Fig. 10 may give an impression of the sensitivity to
reveal a deviation from the SM.

Similar predictions could be made for many other
higher dimension flavor-changing operators. The ∆F = 1
observables dominated by one-loop contributions in the
SM probe different NP contributions. Such analyses have
been performed for b → sγ, b → sℓ+ℓ−, etc. [37]. The
progress for the constraints imposed by some of these ob-
servables, especially those corresponding to not yet ob-
served processes, will be greater than those for Bd and Bs

mixings studied in this paper. This example is particu-
larly interesting, as many NP models do predict an effect
which may be observable in the coming decade. Further-
more, ∆F = 2 generically provides the strongest con-
straints for high-scale models with unsuppressed flavor
violation, while still providing competitive constraints for

lower scale NP (where flavor transitions are parametri-
cally suppressed as in the SM). Finally, the significant
improvements on the bounds in the h− σ planes for Bd

and Bs mixings give an impressive yet conservative il-
lustration of the anticipated future progress coming from
the LHCb upgrade and the Belle II experiment.
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