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Abstract

The first LHC results seem to disfavour, from the point of view of naturalness, any constrained
MSSM realization with universal conditions at the SUSY-breaking scale. A more motivated
scenario is given by split-family SUSY, in which the first two generations of squarks are
heavy, compatible with a U(2)3 flavour symmetry. We consider this flavour symmetry to
be broken at a very high scale and study the consequences at low energies through its RGE
evolution. Initial conditions compatible with a split scenario are found, and the preservation
of correlations from minimal U(2)3 breaking are checked. The various chiral operators in
∆F = 2 processes are analyzed, and we show that, due to LHC gluino bounds, the (LL)(RR)
operators can not always be neglected. Finally, we also study a possible extension of the
U(2)3 model compatible with the lepton sector.

1 Introduction

In the past years, weak scale supersymmetry (SUSY) has possibly been the best motivated
paradigm as an extension for the Standard Model (SM).

The most popular realization of SUSY has been the Minimal Supersymmetric Standard Model
(MSSM), usually studied through its constrained form, the CMSSM. Based on models of grav-
ity mediated SUSY-breaking, the CMSSM has only a few additional parameters, defined at a
unification scale, MGUT. The parameters of the model would then be evolved down to a SUSY-
decoupling scale, MSUSY, through the use of renormalization group equations (RGE). One of the
main consequences of this approach is that the soft SUSY-breaking terms would acquire a flavour
structure compatible with the Minimal Flavour Violation (MFV) ansatz [1].

The current lack of SUSY signals at the LHC have forced the theoretical community to start
stepping way from this simple realization of SUSY, and consider more complex scenarios that could
still preserve all of its virtues, but at the same time avoid the current experimental constraints.
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One such scenario is that of hierarchical soft sfermion masses [2–7], where the first two generations
are heavy enough to avoid the current bounds, but the third generation is light enough to mitigate
the naturalness problem, and still give us a chance to observe a signal in the near future.

Given such a scenario, one can question if a MFV flavour structure is as well motivated as
in the CMSSM. In fact, it is difficult for MFV to provide such a split layout, especially for very
hierarchical masses. Thus, it is of interest to study frameworks similar to MFV, but that can
accomodate soft masses that are not degenerate. This motivation is further encouraged by the
existence of a small tension between CP-violation (CPV) observables in ∆F = 2 observables in
the K and Bd sectors, which MFV is unable to solve [8–11]. By stepping away from MFV, one
would hope that the new framework would ameriolate this tension, and give us further insight on
the flavour structure of the MSSM itself.

Such a framework was found in [12], based on a U(2)3 flavour symmetry applied on the quark
sector, broken in a minimal way by spurion fields1. The framework successfully solved the flavour
tension, predicting rather light third generation and gluino masses, as well as a somewhat large
CPV phase on the Bs sector. The phenomenological consequences in the quark sector were
expanded in [13–15], and the neutrino and slepton sector were considered in [16]. A non-minimal
realization of the framework was also studied in [17].

Nevertheless, all of these works considered the U(2)3 symmetry to be directly applied at the
electroweak scale, while the typical expectation is for this symmetry to be broken at a very high
scale. This leads to several questions to be pondered. First of all, it is unclear if the running
of the MSSM parameters would preserve the virtues following from the assumption of a minimal
breaking of the U(2)3 symmetry, analysed in the previous literature. Moreover, the type of initial
conditions required to achieve the split scenario are not evident, especially after applying the LHC
bounds on the gluino mass and trying to mitigate the naturalness problem as well as possible.

In this work, we attempt to answer these questions. To this end, in Section 2 we analyze the
RGE behaviour of the minimal U(3)3 framework defined in [12]. We begin by analyzing a CMSSM-
like parameter space in Section 2.1, and defining two Benchmark points of interest. We follow the
evolution of the mixing in Section 2.2, and evaluate how well the features of the symmetry are
preserved in Section 2.3. Section 2.4 is devoted to understanding the importance of each effective
operator in the ∆F = 2 analysis, at the scale where SUSY decouples. Finally, in Section 3, we
consider a deviation from the U(2)3 framework worked out in [16], which was found necessary in
order to reproduce the neutrino sector.

2 U(2)3 in the Quark Sector

As mentioned in the introduction, in most works studying the U(2)3 framework [12–15], the flavour
structures are taken directly at a low scale, of the order of the TeV. Here, on the contrary, we are
interested in the possibility that both supersymmetry and the flavour symmetries are broken at a
very high scale, that we take to be MGUT ∼ 1016 GeV.

We follow a three step procedure. In the first step, we define what our initial conditions shall
be at MGUT. The fermion Yukawa couplings are determined from their electroweak values [20,21],

1Examples of U(2)3 being applied on non-SUSY scenarios can be found in [18, 19].
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running them to the unification scale. For the sfermions, we assume the soft masses to follow the
structures outlined in the Appendix, in particular, Eqs. (29)-(31). We choose a common mass for
all the squarks in the first two generations, mheavy , and a common mass for the third generation,
mlight. In general, we shall refer to the splitting ρ = (m2

heavy − m2
light)/m

2
heavy instead of mlight,

such that ρ = 0 is the totally degenerate case, while ρ = 1 corresponds to maximal splitting. The
A-terms follow a flavour structure similar to that of the Yukawas, but the different O (1)s lead to a
non-diagonal structure, shown in Eq. (32). We assume the A-terms to be connected with the first
two generations masses, so we take a universal A0 ∼ mheavy. This is done with the intention of
enhancing stop mixing, such that an appropriate value for the Higgs mass is obtained. Moreover,
we typically expect the leading soft scale, and so A0, to be related with mheavy and that mlight

can be obtained through some subleading mechanism (for an example, see [12]).
Regarding the other soft parameters, we use a common value for the Higgs soft masses mHu

=
mHd

= m0, that can be different from both the light and heavy sfermion masses. We also consider
a unified gaugino mass M1/2, and, for definiteness, we fix tanβ = 10. Thus, in our scan, the
variable parameters shall be:

M1/2, mheavy , ρ, m0, A0, xi, γi , (1)

where xi and γi represent the O (1) parameters and phases shown in the Appendix. Notice that
A0 shall actually be the product of mheavy and an O (1) parameter.

On the second step, we run all parameters down to a common decoupling scaleMSUSY ∼ 1 TeV,
following 2-loop MSSM RGEs [22]. As we are interested entirely in the RGE effects, we do not
consider threshold corrections. At this scale, we calculate the sfermion soft masses and mixings.

Once we are at the low scale, we proceed with the third step, which is to ask several require-
ments to be satisfied. First, we ask the absence of color/charge-breaking minima. In fact, the third
generations masses can acquire tachyonic values due to negative contributions from the running,
proportional to m0 at one loop and to mheavy at two loops [23]. On the contrary, M1/2 induces
a positive contributions to the running, pushing the sfermion mass towards positive values, while
the influence of the A-terms is weak. Thus, a balance between all contributions shall be required,
such that no sfermion masses become tachyonic. As we shall see, the tachyon bound can forbid
some scenarios with large splitting, ρ ∼ 12.

We also ask for correct radiative electroweak symmetry breaking (EWSB), ie. we demand that
at the low scale the µ parameter has a value such that the tapdole terms of the scalar potential
vanish. For this to be satisfied, it is usually sufficient to have m2

Hu
acquiring a negative value due

to the running. Thus, a large m0 shall be disfavoured, as it will imply that the initial value of
mHu

shall be too large in order to be driven negative from the running. Moreover, a small M1/2

is also indirectly disfavoured. This is due to the negative influence of the stop masses on mHu
.

Larger values of M1/2 shall give a larger positive gluino contribution to the stop masses, which in
turn shall provide a larger negative contribution to m2

Hu
.

In addition, we require LHC bounds to be satisfied. In particular, we demand the light Higgs
mass mh to be compatible with the latest ATLAS and CMS measurements, that is, we take mexp

h =

2Notice that, as we are taking a universal decoupling scale, the real edge of the tachyon bound is probably less
stringent than the one shown. As shown in [24], the early decoupling of the heavy first generations can prevent
some cases from becoming tachyonic.
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125.3± 0.6 GeV [25,26]. We calculate both mh and its theoretical error using FeynHiggs [27–30],
bounding the latter to be no larger than 3 GeV. We then ask mh to be within the 1σ range, which
in principle can allow masses as small as 123 GeV. We also check that all direct SUSY bounds are
satisfied (in particular, mg̃ > 1 TeV is the most relevant limit).

Moreover, an interesting feature of the U(2)3 model, in the flavour sector, is that it can improve
the CKM fit with tiny and correlated new contributions to ǫK and SψKS

[12,15]. The size of these
gluino-mediated effects depends on the function F0, defined as:

F0 =
2

3

(

gs
g

)4
m2
W

m2
Q3

1

S0(xt)

[

f0

(

m2
g̃

m2
Q3

)

+O

(

m2
Ql

m2
Qh

)]

, (2)

f0(x) =
11 + 8x− 19x2 + 26x log(x) + 4x2 log(x)

3(1− x)3
, (3)

with S0(xt) being the typical one-loop function of the SM to ∆F = 2 processes (for example,
see [31]). In the updated fit of [32], it was shown that, after the inclusion of LHCb data, the
U(2)3 contributions could be of the correct size to solve the flavour tension if 0.01 < F0 < 0.14,
and if the mixing was above a certain value3. As can be expected, the requirement on F0 can be
satisfed only if the g̃ and b̃L are not too heavy. We will mark this region with a special line in the
following plots.

Given all these constraints, we will concentrate on the regions with a soft spectrum at MSUSY

as natural as possible. In particular, as shown in the literature [3,33,34], a natural supersymmetric
theory requires that µ and the third generation masses to be light, and that the gluino must not
be too heavy. Note that this represents a tension with the value of the parameters required to
obtain a Higgs mass heavier than 120 GeV. Thus, we shall place ourselves in a middle ground,
searching for values of µ < 1 TeV, and at least one stop with mass mt̃1 < 1 TeV.

We are also interested in understanding the type of splitting one obtains after the running.
We shall be presenting our results in terms of:

ρlow
t̃,b̃

=
〈m2

sq〉 − 〈m2
t̃,b̃
〉

〈m2
sq〉

(4)

where 〈m2
t̃,b̃
〉 is the average mass squared for the stops or sbottoms, and 〈m2

sq〉 is the average mass

squared of the respective first two generations.

2.1 Spectrum

In our study we focus on two different scenarios. First, we shall take mheavy = 3 TeV, very close
to the experimental limit, such that it might be feasible to observe some signals from the first two
generation squarks in the near future. On the second scenario, we use mheavy = 8 TeV, and see
what consequences this has on the spectrum.

For each value of mheavy, we need to evaluate the interplay between the values of M1/2, ρ, m0

and A0 required to satisfy the bounds mentioned previously. We shall explain such an interplay
around the following two Benchmarks:

3This assumes |Vub| = (3.97± 0.45)× 10−3.
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Benchmark 1: M1/2 = 500 GeV, ρ = 0.5, mheavy = 3 TeV, m0 = 2.8 TeV, A0 = −mheavy ,

Benchmark 2: M1/2 = 1.1 TeV, ρ = 0.97, mheavy = 8 TeV, m0 = 2.5 TeV, A0 = −0.25mheavy ,

which, as we shall see, satisfy all our requirements. For each Benchmark, the value of A0 has been
chosen in order to maximize stop mixing without generating tachyons, such that the appropriate
Higgs mass is reproduced. The choice for the other parameters shall be made clear when examining
the surrounding parameter space.

In Figures 1 and 2 we show contours of µ, ρlow
t̃

and ρlow
b̃

on the upper, centre and lower rows,
and show the interplay between ρ and M1/2, m0 and mheavy on the left, centre and right columns,
respectively. The dark regions correspond to points where EWSB is not achieved, and the orange
regions have at least one tachyonic stop. We plot 1σ bounds on the Higgs mass as a dashed, green
line, and show the region satisfying the F0 constraint with a solid, red line.

Let us focus on the parameter space around Benchmark 1, which is shown in Figure 1. Here,
we find a strong upper bound on ρ due to tachyons and EWSB. To avoid this bound, one can
either increase M1/2, decrease m0 or increase mheavy . However, as the Higgs and the F0 bounds
act in opposite directions, the possible variations are strongly limited. Increasing either M1/2 or
mheavy shall improve the Higgs mass, but at the same time will worsen the value of F0. This
situation is even further constrained by the naturalness bound on µ < 1 TeV, which fixes a lower
bound on m0. Similarly, the Higgs and F0 constraints do not favour lower values of ρ.

Such constraints lead to values of µ around 500 GeV, and very specific splittings. In the stop
sector, we find ρlow

t̃
∼ 0.85, which leads to an average stop mass of about 1.2 TeV. Nevertheless,

as the stop mixing is large, we find the mass of the lightest stop to be lower than 500 GeV. On
the other hand, in the sbottom sector, we have ρlow

b̃
∼ 0.6, leading to an average sbottom mass

of 1.9 TeV. Notice that this setup involves a very mild splitting at the GUT scale, but can lead
to a larger splitting in the stop sector. This is actually favoured by the neutrino sector, which
was studied in a U(2)5 framework generated from the breaking of U(3)5 [16]. Nevertheless, the
splitting in the sbottom (and stau) sectors remains somewhat mild.

Let us turn now to Benchmark 2, shown in Figure 2. The motivation of this Benchmark is
to study a scenario with a much stronger splitting than in Benchmark 1. However, the tachyon,
Higgs and µ bounds force the value of M1/2 to be too large to satisfy the F0 constraint, having
values about one order of magnitude lower than what is preferred from the fit in [32]. Still, we
consider Benchmark 2 a useful comparison, which might become of interest if a stop signal is
observed in the upcoming data, with no corresponding gluino nor squark signal.

From Figure 2, we find that the splitting in the stop sector remains somewhat invariant. This
means that the positive RGE contribution to mt̃ from M1/2 cancels the large, negative RGE
contribution from the y2t Yukawa and the two-loop contribution from mheavy . However, in the
sbottom sector, the y2b contribution is not as large as that for the stop sector, so the splitting
is somewhat reduced. Still, we have and average stop mass of about 1.4 TeV (albeit with large
mixing), an average sbottom mass close to 2 TeV, and µ = 600 GeV.

One must admit that such a heavy spectrum is less natural than that in Benchmark 1. Even
though the µ parameter and the lightest stop mass are light enough, the gluino and the second
stop are much heavier. Nevertheless, as this scenario reproduces the Higgs mass much easily that
Benchmark 1, we still find this scenario attractive.
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Figure 1: Parameter space around Benchmark 1. We show contours for µ, ρlow
t̃

and ρlow
b̃

on the
top, centre and bottom, respectively. The dark regions correspond to no EWSB, while the orange
regions have a tachyonic stop. The green, dashed lines delimitate the regions within 1 sigma of
the Higgs mass, and the red, solid curve indicates the regions below which the flavour tension
could be solved. The blue dot represents Benchmark 1, which satisfies all constraints.
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Figure 2: Same as Figure 1, but for Benchmark 2. Notice that the evaluated parameter space
never satisfies the F0 constraint. The blue dot represents Benchmark 2, which satisfies all other
constraints.
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2.2 Mixing

Having found points in the parameter space leading to a split squark spectrum, we now turn to
the question of what is the behaviour of the mixing after the running. This is crucial in order to
understand if the results given in [12, 13] are modified if we take the flavour structures at MGUT

and then evolve them to the low scale.
When evaluating the method to track the RGE evolution of the mixing, one finds several

choices. First, it is possible to study the variation of the off-diagonals through the mass-insertion
approximation (MIA). However, as this framework provides a non-degenerate spectrum, it is
unclear if the MIA is appropriate. Second, one could track the evolution of the O (1) constants
shown in Eqs. (29)-(31), fitting the low-energy matrices into a U(2)3-like structure. We find this
procedure valid, but not particularly transparent nor informative. The third option is to build
objects directly related to the physical observables, such that the evolution can be connected with
the main results in [12, 13]. As one can relate these objects with the framework parameters, we
choose this approach.

As the communication between the first two and the third generations is due to a U(2)Q
doublet, one would expect that the main deviation from MFV to be found in m2

Q̃
. This means

that, if we concentrate in ∆F = 2 processes, the main supersymmetric contribution would come
from (LL)2 operators. Thus, we shall concentrate here on the evolution of the mixing participating
in the latter operators, leaving the rest to be considered separately in Section 2.4.

From [12], we find that the gluino mediated contributions to (LL)2 operators depend on the
combination:

λ
(a)
i 6=j = (W d

L)ia(W
d
L)

∗
ja , (5)

where W d
L is the diagonalization matrix of m2

Q̃
in the basis of diagonal down quarks. In particular

the supersymmetric contributions to K, Bd and Bs physics (in the limit of ρ → 1) are given
respectively by

λ
(3)
12 = s2Lκ

∗cd , λ
(3)
13 = −sLκ

∗eiγL , λ
(3)
23 = −cdsLe

iγL , (6)

where sL = xL ǫ and κ ≈ cdVtd/Vts, with the remaining parameters defined in the Appendix. We
see that the only parameters not fixed by the CKM matrix are sL and γL, so the three objects are
expected to be correlated. In Section 2.3 we shall analyze how these correlations behave under
the RGE evolution, so for now it suffices to consider only the evolution of one of these objects.
We shall choose λ

(3)
23 .

Our procedure consists in the study of the evolution of λ
(3)
23 as a function of the renormalization

scale for the two Benchmarks identified in the previous Section, similarly to [35] for MFV. In
Figure 3 and 4 we plot separately the absolute value (on the left) and the phase (on the right) of

λ
(3)
23 in Benchmark 1 and 2, respectively. For the absolute values, we fix the parameter xL that

defines the mixing at MGUT and we make a numerical scan of the other mixing parameters of the
framework. We show with different colours three different values of xL, as indicated in Figure 3.
We also show with a lighter colour the case in which the phase γL is fixed equal to π/4. On the
contrary, in the plots of the phases, each colour represents a different initial value for γL, varying
all the other flavour parameters. Here, the lighter colour corresponds to xL = 1.
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Figure 3: The running of |λ
(3)
23 | (left) and Arg(λ

(3)
23 ) (right), in Benchmark 1. On the left, we show

xL = 2, 1, 0.5 in blue, green and red. In every region the lighter colour correspond to γL fixed to
π/4. On the right we fix γL = (−1 + 0.4n)π, with n = 0, 1, 2, 3, 4 in blue, red, green, gray and
magenta, respectively. The lighter regions correspond to xL = 1. In the first two plots the dashed
brown lines mark the region where the flavour tension can be solved. On the left, the region is
above the line, while and on the right it is between the two lines.

The main results are that, in general, the modulus and phase of λ
(3)
23 are relatively stable during

the running. This is more true in Benchmark 2 than in Benchmark 1, where the running effects
are stronger and the absolute values get a slight suppression. For the phases, we see a very mild
spread in Benchmark 1. Moreover, it is interesting to see that it is possible to obtain a sizable
phase even when starting from a real case at MGUT. This is due mainly to the influence of phases
in the trilinear parameters.

In each Figure, we also mark with a brown, dashed line the region where the mixing has
got the appropriate size in order to solve the flavour tension. In the previous Section, we have
outlined the region of the parameter space where the function F0 is large enough to solve the
tension. In particular, we showed that Benchmark 1 is within this region, while Benchmark 2
is not. Nevertheless, what really solves the flavour tension is the combination xF0, where x is
defined as x = s2Lc

2
d/|Vts|

2. In principle, it is possible to have a very small value of F0, but a very
large value of x, and achieve the same results as with moderate values of both parameters. In
contrast, it is possible to have an appropriate value of F0 and end with a too small or too big x.

For the absolute value, we have x & 3 in Benchmark 1, while x & 10 in Benchmark 2. The
dashed lines on the respective Figures show this lower bound. For Benchmark 1, we find that
values of xL of O (1) naturally reproduce the required mixing, as long as they are greater than

unity. On the other hand, for Benchmark 2, we require the initial value of λ
(3)
23 to be somewhat

large in order to obtain the minimum amount of mixing. Still, it is encouraging to note that the
needed initial value is not many orders of magnitude larger, such that it could be obtained at
MGUT through an accidental enhancement.

The phase of λ
(3)
23 also needs to acquire particular values. The correct values are delimited

by brown, dashed lines in the respective Figures. In both scenarios we see that, since the phase
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Figure 4: The running of |λ
(3)
23 | (left) and Arg(λ

(3)
23 ) (right), in Benchmark 2. Notation as in Fig. 3.

variation is not too stong, it suffices to choose γL(MGUT) ∼ γL(MSUSY).

2.3 Structure

So far, we have found regions within our parameter space satisfying all our requirements, with the
exception of Benchmark 2 satisfying the F0 constraint. We have also demonstrated that the λ

(3)
23

parameter is stable during the running and, for Benchmark 1, we have found that typical values
are effectively within the ballpark that can solve the flavour tension.

Nevertheless, we have not demonstrated that the U(2)3 properties are maintained after the

running. In principle, even if the F0 constraint is satisfied and we have the λ
(3)
23 parameter stable,

it is not evident that the full set of parameters shall evolve in a way that the correlations between
their contributions to the K, Bd and Bs sector are preserved. In particular, we know that the
relations in Eq. (6) that hold at MGUT are one of the main features of this framework. In order
to check whether these relations are followed throughout the running, we shall use the following
ratios:

λ
(3)
13

λ
(3)
23

=
κ∗

cd
,

λ
(3)
12

|λ
(3)
13 |

2
=

cd
κ

, (7)

which should remain valid for any value of the scale. The first ratio tests the correlations between
the Bd and Bs sectors, while the second ratio tests those between the K and Bd sectors. Thus, if
we find these ratios to hold within their theoretical errors, we shall consider the U(2)3 symmetry
to be preserved by the running.

We need to derive an approximate theoretical error for each ratio. For the absolute value of
both ratios, we have found they are held within NLO corrections dependent on the value of ρ,
which can lead to an error of at most 4%. For the phase, we find a fixed correction of the order
of ϕc = arg(cucd + susde

−iφ) ≈ 0.02. These considerations lead us to the following requirements

10



Figure 5: The two ratios used in order to test U(2)3, evaluated at MSUSY. We show Benchmark
1 (Benchmark 2) on the left (right). The dashed lines correspond to our estimated theoretical
uncertainty. We show results for xL = 2, 1, 0.5 in brown, magenta and blue, respectively.

in order to keep the U(2)3 symmetry:
∣

∣

∣

∣

∣

λ
(3)
13

λ
(3)
23

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

Vtd
Vts

∣

∣

∣

∣

(1± 0.04) , arg

(

λ
(3)
13

λ
(3)
23

)

= − arg

(

Vtd
Vts

eiϕc

)

± 0.02 , (8)

∣

∣

∣

∣

∣

λ
(3)
12

|λ
(3)
13 |

2

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

Vts
Vtd

∣

∣

∣

∣

(1± 0.04) , arg

(

λ
(3)
12

|λ
(3)
13 |

2

)

= − arg

(

Vtd
Vts

eiϕc

)

± 0.02 . (9)

We present our results in Figure 5. The left (right) column shows our results for Benchmark

1 (Benchmark 2), and the top (bottom) row shows the modulus and the phase of the λ
(3)
13 /λ

(3)
23

(λ
(3)
12 /|λ

(3)
13 |

2) ratio. We show in brown, magenta and blue the value of each ratio at MSUSY, fixing
xL = 2, 1 and 0.5, respectively. The main conclusion from all plots is that the RGE variation keeps
the ratios within our estimated theoretical uncertainties, so we can expect the U(2)3 symmetry
correlations to be preserved at all scales. Furthermore, we expect the correlations to be better
mantained the larger the value of xL, which is compatible with the requirement of a large xL
needed to solve the flavour tension.

The distribution of points in Figure 5 deserves an explanation, in particular for Benchmark
2, which shows a ring-like pattern. In this case, we find the pattern to be due to fixed RGE
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contributions, coming from the irreducible MFV terms and off-diagonal soft terms, which are
of the same order. Here, the only significant variable is the effective phase between the two
contributions, which is identical in all sectors, and shapes the rings.

In contrast, in Benchmark 1, we have an additional contribution from the RGEs coming from
the A-Terms, which are larger than in Benchmark 2. This additional contribution involves new
varying O (1) parameters and new phases, which spoil the ring-like pattern.

2.4 Evaluation of Operators leading to ∆F = 2 Processes

As mentioned previously, in U(2)3 supersymmetric frameworks, the main deviations from MFV
happen within m2

Q̃
. This suggests that the main contribution to ∆F = 2 processes should come

from (LL)2 operators, as other contributions would be strongly suppressed, usually by the masses
of the first or second generation quarks.

In this section, we compare the value of the different operators contributing to ∆F = 2
processes after the RGE evolution, in order to make sure this is the case. We shall use the
following basis for the effective operators:

HF
eff =

∑

i=1..5

CF
i QF

i +
∑

i=1..3

C̃F
i Q̃F

i , (10)

where F = K, Bd, Bs and:

QF
1 = (q̄αLγµq

′α
L )(q̄

β
Lγ

µq′βL ) , (11)

QF
2 = (q̄αR q′αL )(q̄

β
R q′βL ) , QF

3 = (q̄αR q′βL )(q̄
β
R q′αL ) , (12)

QF
4 = (q̄αR q′αL )(q̄

β
L q

′β
R ) , QF

5 = (q̄αR q′βL )(q̄
β
L q

′α
R ) . (13)

Here, the quarks q, q′ depend on the meson F . The Q̃F
i coefficients are equal to those without a

tilde, with the exchange L ↔ R.
The Wilson coefficients CF

i , C̃
F
i have been calculated in many works, either exactly [36,37] or

in the MIA [38,39]. In the following, we shall calculate the coefficients from the exact expressions,
but shall use the MIA to discuss our results. The (LL)2 contribution corresponds to the CF

1

coefficient. Similarly, the CF
2 and CF

3 coefficients correspond to the (RL)2 contributions, while
the CF

4 and CF
5 coefficients correspond to (LL)(RR) + (LR)(RL) contributions. Again, these are

related to C̃F
i by the exchange L ↔ R.

Given the vanishing value of the lower off-diagonal elements of Ad at the GUT scale, and
the very small MFV contribution from the running, the (RL)2 contributions are expected to be
the smallest. Next in the line come the (LR)2 contributions, which, although involving non-
negligible upper off-diagonal elements of Ad, also include an additional suppression proportional
to m2

b/m
2
heavy. This shall compete with the m2

q/m
2
b suppression commonly found in the (RR)2

contribution, where mq can be either the first or second generation quark mass, depending on
sector involved. Finally, the (LL)(RR) contribution should be the largest after the (LL)2, given
the relatively small suppression of the (LL) insertion. Thus, from the mixing point of view, we
would expect:

CF
2 ∼ CF

3 ≪ C̃F
1 ∼ C̃F

2 ∼ C̃F
3 ≪ CF

4 ∼ CF
5 ≪ CF

1 . (14)
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K

Bd

Bs

Figure 6: Ratios between CF
i , C̃

F
i and CF

1 coefficients. We show the ratios for the K, Bd and Bs

sectors in the top, centre and bottom panels, respectively. Benchmark 1 (2) is shown on the left
(right) column. The CF

i /C
F
1 ratios are shown in blue, red, green and magenta, for i = 2 . . . 5. The

C̃F
i /C

F
1 ratios are shown in brown, yellow and gray for i = 1 . . . 3. The shadowed regions mark

the areas where the ratios are larger than 10%.
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The results are very similar to our expectations, and are shown in Figure 6. Here, we show
the CF

i /C
F
1 and C̃F

i /C
F
1 ratios, for all possible coefficients, in the K, Bd and Bs sectors. The

coefficients are calculated at MSUSY, and for transparency are not evolved to the respective meson
scale. We find the hierarchies between Benchmark 1 and 2 are identical, with a smaller spread for
C̃F

2 and C̃F
3 in Benchmark 2, due to the additional suppression in A0 = 0.25mheavy.

In the Figure, the shadowed regions indicate values where the ratios exceed 10%, meaning they
should not be neglected. Surprisingly enough, we find that in the Bs sector the C4 coefficient can
be well within this region, and can actually become as much as ten times larger than C1, especially
in Benchmark 2. This might spoil the correlation between CP violation in the Bd and Bs sectors
and, more importantly, break the invariance of ∆Md/∆Ms with respect to the Standard Model
values.

We have found this unexpected behaviour to be due to the small value of the loop functions
for both Benchmarks, that can balance the suppression in the RR mixing. This can be better
understood by demanding the loop function in C1 to include an additional suppression of the
O (ms/mb) with respect to the loop function for the dominant (LL)(RR) contribution in C4. This
gives us:

∣

∣

∣
24x f6(x) + 66f̃6(x)

∣

∣

∣
< (ms/mb)

∣

∣

∣
504x f6(x)− 72f̃6(x)

∣

∣

∣
(15)

where x = m2
g̃/m

2
b̃L
, and the loop functions f6(x) and f̃6(x) can be found, for instance, in [39]4.

The region giving such a suppression is shown in Figure 7, where we can see that Benchmark 2
lies within it, while Benchmark 1 lies very close.

One finds that this small value in the loop function is actually due to the stringent bounds of
the LHC on the gluino mass. In fact, in order to avoid the suppression, and have C4 < 0.1C1, one
needs:

mb̃L
> 3.2 mg̃ , (16)

apart from O(1) coefficients. Considering the LHC limit ofmg̃ & 1 TeV, this bound is incompatible
with a split scenario in which the third generation is relatively light. In Benchmark 2, the gluinos
are heavier than in Benchmark 1, while the the sbottom are always around 2 TeV. Thus, the
enhancement in C4/C1 is usually stronger.

However, we have checked that the regions where the (LL)(RR) operators dominate are those
where the O (1)s of the (LL)2 are small. In these cases, the contributions to flavour shall always be
negligible, meaning that, if this framework can solve the flavour problem, the (LL)(RR) operators
shall contribute at about 10% of the total SUSY contribution.

3 U(2)3 as a broken subgroup of U(3)3

Recently, an extension of this framework for the lepton sector has been presented [16]. It was
found that, in order to reproduce the neutrino oscillation data, it was necessary to enlarge the

4In the mass-insertion approximation, one should actually use x = m2

g̃/〈m
2

d̃
〉, where 〈m2

d̃
〉 is the average down

squark mass [40]. Nevertheless, in a split scenario this does not always give an accurate result.
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Figure 7: Region where loop functions provide an additional suppression of O (ms/mb) on the
(LL)2 operator. Typical values of Benchmark 1 (2) are shown with the blue (red) dots.

symmetry to U(3)5, i.e. to restore MFV. A two-step breaking would then be carried out. In the
first step, we would have a breaking in two directions: one preserving O(3)L in the neutrino sector,
and another one preserving U(2)5 in the Yukawa sector. This would be followed by a sub-leading
hierarchical breaking of U(2)5, leading to the Yukawa matrices studied in this paper. At the
same time, this sub-leading breaking would be connected to the neutrino sector, reproducing the
observed neutrino oscillation parameters.

In this case, to introduce the U(2)L doublet, the embedding in U(3)5 would force the use of a
spurion transforming as an 8 of U(3)L. In U(2)5 language, this would have the effect of having, in
addition to the usual U(2)L doublet, a new spurion ∆L, transforming with the adjoint of U(2)L.
Both spurions would be contained in the same representation of U(3)L.

Following this breaking, we study the effects of the corresponding spurion ∆Q, transforming
as a 3 of U(2)Q, in the quark sector. This modification does not alter the Yukawa structure, and
affects only the (1− 2) block of m2

Q̃
. In particular, Eq. (25) in the Appendix is modified to

m2
Q̃

m2
Qh

= I +

(

cQ∆Q + cQv V
∗V T + cQu∆Y ∗

u∆Y T
u + cQd∆Y ∗

d ∆Y T
d xQ e−iφQV ∗

xQ eiφQV T −ρQ

)

. (17)

Note that, even without considering the leptonic case, it is of general interest to study if other
non-minimal breakings of U(2)3 can be compatible with low energy data. In this case, the addition
of the new spurion affects only the soft sector, and would be a further deviation from MFV with
new physics effects in the K sector. This is particularly relevant if the first two generations of
squarks are not too heavy.

The most important constraints in K sector come from ǫK and ∆MK , which can get an
additional contribution from gluino-mediated processes involving only the first two generation
squarks. This contribution is negligible in the minimal U(2)3 breaking, since the 1-2 mixing has
got a strong MFV suppression. On the contrary it can be sizable with the ∆Q spurion, for example
in Benchmark 1, where mheavy ≃ 3 TeV. In the following, we shall refer to the SUSY contribution
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Figure 8: The effects of the ∆Q spurion on K physics in Benchmark 1 (on the left) and 2 (on the
right). We show the ratios (ǫK)12/ǫ

exp
K as a function of the ∆Q elements, following Eq. (18). We

show in red (gray) the region where (ǫK)12 < 0.1 ǫexpK ((ǫK)12 < 0.01 ǫexpK ).

to ǫK coming exclusively from the ∆Q spurion as (ǫK)12.
5

For simplicity we first assume that all the elements of ∆Q are of the same size

∆Q = ǫ′
(

1 eiγ12

e−iγ12 1

)

, (18)

neglecting the contributions of the other spurions to the (1− 2) block.
In Figure 8 we show the contours for the ratio of (ǫK)12 on the experimental values, as a

function of ǫ′ and γ12 in Benchmark 1 (on the left) and 2 (on the right). We show in red the region
where the new contribution is bigger than 10% of the experimental value. This would mean that,
given a similar error in the SM prediction [42], the new effect cannot be neglected. The gray
regions, on the other hand, provide a contribution larger that 1%, and although not dangerous,
could be important in the solution of the flavour tension. We don’t show the contributions to
∆MK , that are always very small and provide no constraint.

The main result is that, if we want the new contributions to be smaller than 1%, we need
ǫ′ . ǫ2 (barring fine-tuning of the phase). As expected in the Benchmark 2, where the first two
generations are heavier, ∆Q can take somewhat larger values.

Another interesting case to consider is the one with the elements of ∆Q being of different sizes.
For example, we take the case:

∆Q =

(

0 ǫ′′ eiγ12

ǫ′′ e−iγ12 ǫ′

)

, (19)

5For a detailed analysis of the full contribution to ǫK in natural SUSY, see [41].
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Figure 9: The effects of the ∆Q spurion on K physics in Benchmark 1 (on the left) and 2 (on the
right).We show the ratios ǫK/ǫ

exp
K in function of the ∆Q elements as explained in Eq. (19). In red

the region where ǫK < 0.1 ǫexpK .

which is precisely the form of the spurion introduced in [16]. For simplicity, we fix the phase
γ12 = π/4 and again show the ratio of (ǫK)12 over ǫexpK as a function of ǫ′ and ǫ′′ in Figure 9. As
expected, the ratio is very small when both ǫ′ and ǫ′′ are small, and increases accordingly with
them. The impact of ǫ′ on (ǫK)12 is much smaller, as it enters with an additional suppresion
proportional to sd. For Benchmark 1, ǫ′′ . ǫ2 and ǫ′ . ǫ/5 assure that the contribution to ǫK shall
be lower than ∼ 1%, while for Benchmark 2 the bounds again are much milder. Notice, however,
there exists a region where the ǫ′′ contribution cancels the ǫ′ contribution. This interference
depends on the values of γ12 and αd.

Moreover, we note that the RGEs effects on 1-2 sector are very weak, and the values of ∆Q do
not change significantly during the running.

4 Conclusions

We have studied the running behaviour of a split-family SUSY framework based on a U(2)3 family
symmetry. As mentioned in the introduction, such a framework is motivated by the current lack
of experimental evidence for SUSY at the early runs of the LHC, and by the existence of a small
flavour tension between the K and Bd sectors. Nevertheless, it was not evident if the several
low-scale analyses of this framework were valid if the symmetry was actually broken at a large
scale.

In this work, we studied the U(2)3 framework through a CMSSM-like parameter space, and
understood the consequences on the low-energy spectrum. This was made clear through the use
of two benchmark scenarios, the first one having the heavy squarks slightly beyond the current
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reach of the LHC, and the second one having them considerably heavier.
Theoretical consistency, along with the requirement of reproducing the Higgs mass and solving

the flavour tension at the low scale, forced Benchmark 1 to have a very specific spectrum, with a
very light stop and somewhat heavier sbottoms. Here, we found that the evolution of the mixing
parameters was very mild, and required the relevant O (1) constants to be slightly larger than
unity in order to successfully solve the flavour tension. The correlations between the (LL)2 SUSY
contributions to K, Bd and Bs physics were found to be preserved, but it was found necessary
to check explicitly the magnitude of the (LL)(RR) contributions to Bs mixing, as it could easily
become of the same order of the (LL)2.

For heavier first generations masses, as in Benchmark 2, we found that in order to avoid
tachyons while keeping at least one stop light, it was necessary to use large gluino masses. This
spoilt the solution of the flavour tension, unless considerably large O (1) parameters were used
in the mixing. Although this scenario preserved better the relations between the (LL)2 SUSY
contributions to ∆F = 2 observables, we found the (LL)(RR) contribution for Bs to be even
larger than in the previous benchmark.

The main conclusion for U(2)3 is that it does work as a flavour framework starting at a high
scale, preserving most of its virtues without any critical assumptions. From the perspective of
solving the flavour tension, this situation changes as the masses of the first two generations are
pushed beyond 3 TeV, as the tachyon bound requires heavier gluinos, which in turn spoil the
solution of the tension, and give the (LL)(RR) operators further importance.

Finally, we also considered a deviation from minimal U(2)3 breaking, motivated by the need to
reproduce neutrino oscillation data. This deviation could induce large contributions to observables
in the K sector, spoiling again the correlations. We found that, for both Benchmarks, as long
as the deviation was kept of order ∼ ǫ2, the new contributions could be generally considered
negligible.
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A U(2)3 Framework

In the U(3)3 framework of [12], the Yukawa matrices were constructed through the addition of
three spurions ∆Yu, ∆Yd and V , transforming adequately under the flavour symmetries. If the
Superpotential is written in the following convention:

Wq = QL Yu u
c
RHu −QL Yd d

c
RHd , (20)
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then the Yukawas acquire the following structure:

Yu = yt

(

∆Yu xt V
0 1

)

, Yd = yb

(

∆Yd xb V
0 1

)

, (21)

where everything above the horizontal dashed line has two rows, and everything to the left of the
vertical dashed line has two columns. The flavour symmetries would allow us to parametrize each
∆Yf spurion in terms of its eigenvalues λf1 , λf2 , and a complex mixing parameter sf e

iαf . The V
spurion would be described by a suppression parameter ǫ and complex couplings of O (1), xf e

iφf ,
with the important fact of having only three independent phases in total. In such a basis, a fit to
the CKM matrix performed in [12] yielded:

su = 0.095± 0.008 , sd = −0.22± 0.01 ,

s = 0.0411± 0.0005 , cos(αu − αd) = −0.13± 0.2 , (22)

where s ∝ ǫ. Thus, we can choose ǫ = λ2
CKM.

Similarly, the sfermion soft masses acquire their structure through the spurions. In this case,
the convention for the soft masses shall be:

Lsoft
q = Q̃∗m2

Q̃
Q̃T + d̃c†R m2

d̃
d̃cR + ũc†R m2

ũ ũ
c
R . (23)

In the unbroken limit, all mass matrices shall have the following structure:

m2
f̃
=





m2
fh

0 0
0 m2

fh
0

0 0 m2
fl



 , (24)

and we shall assume m2
fl
<< m2

fh
. Once we introduce the spurions, the structures of the squark

masses becomes:

m2
Q̃

m2
Qh

= I +

(

cQv V
∗V T + cQu∆Y ∗

u∆Y T
u + cQd∆Y ∗

d ∆Y T
d xQ e−iφQV ∗

xQ eiφQV T −ρQ

)

, (25)

m2
d̃

m2
dh

= I +

(

cdd∆Y †
d∆Yd xd e

−iφd∆Y †
d V

xd e
iφdV †∆Yd −ρu

)

, (26)

m2
ũ

m2
uh

= I +

(

cuu∆Y †
u∆Yu xu e

−iφu∆Y †
uV

xu e
iφuV †∆Yu −ρd

)

, (27)

where ρf = (m2
fh

−m2
fl
)/m2

fh
, and all ci and xi parameters are real, of O (1).

When the Yukawas are diagonalized, the soft matrices are rotated. We are interested in these
matrices in the basis where Yd is diagonal. Such change of basis involves a rotation in the (2− 3)
block, followed by a further rotation in the (1 − 2) block. For transparency, we shall write the
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structure of the soft masses after the first rotation, to leading order in ǫ:

(

m2
Q̃

m2
Qh

)

R23

= I −





0 0 0
0 x22 ǫ

2 −xL ǫ e
iγL

0 −xL ǫ e
−iγL ρQ − x33ǫ

2



 , (28)

(

m2
d̃

m2
dh

)

R23

= I −





0 0 0
0 0 −xD λd2 ǫ e

−iγD

0 −xD λd2 ǫ e
iγD ρd



 , (29)

(

m2
ũ

m2
uh

)

R23

= I −





0 0 0
0 0 −xU λu2 ǫ e

−iγU

0 −xU λu2 ǫ e
iγU ρu



 . (30)

Again, xi are real parameters of O (1). These shall be the parameters relevant for phenomenology.
In fact, the γL phase can be identified directly with that appearing in [12]. Notice that the
off-diagonals in m2

d̃
and m2

ũ are suppressed by the second generation quark masses.

Finally, we can apply the rotation in the (1− 2) sector, including any further rephasings:

(

m2
Q̃

m2
Qh

)

Yd

=





cd e
−i(δ−αu) sd e

−i(δ+αd−αu) 0
−sd e

iαd cd 0
0 0 1



 ·

(

m2
Q̃

m2
Qh

)

R23

·





cd e
i(δ−αu) −sd e

−iαd 0

sd e
i(δ+αd−αu) cd 0

0 0 1



 ,

(31)

with a negligible modification of m2
ũ and m2

d̃
.

The trilinear couplings follow a structure similar to that of the Yukawas. Their leading struc-
ture in the SCKM basis is:

(Af)Yf =





a1f1 0 a2sf e
iαf ǫ

0 a1f2 a2cf ǫ
0 0 a3



 yfA0 . (32)
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