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INTRODUCTION

✗ The quark mixing is pretty much the identity:
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✗ The flavor structure of the SM is very peculiar
✗ Strong hierarchy in the masses of the SM fermions:

11. CKM quark-mixing matrix 15

η̄ = 0.348 ± 0.014 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =




0.97427± 0.00015 0.22534 ± 0.00065 0.00351+0.00015

−0.00014

0.22520± 0.00065 0.97344 ± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046



 , (11.27)

and the Jarlskog invariant is J = (2.96+0.20
−0.16) × 10−5.

Figure 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region. This consistency gets noticeably worse if B → τ ν̄ is included in the fit.

11.5. Implications beyond the SM

The effects in B, K, and D decays and mixings due to high-scale physics (W , Z, t, h in
the SM, and new physics particles) can be parameterized by operators made of SM fields,
obeying the SU(3)×SU(2)×U(1) gauge symmetry. The beyond SM (BSM) contributions
to the coefficients of these operators are suppressed by powers of the scale of new physics.
At lowest order, there are of order a hundred flavor-changing operators of dimension-6,
and the observable effects of BSM interactions are encoded in their coefficients. In the
SM, these coefficients are determined by just the four CKM parameters, and the W ,
Z, and quark masses. For example, ∆md, Γ(B → ργ), and Γ(B → Xd&

+&−) are all
proportional to |VtdV

∗
tb|

2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130]
by (zij/Λ2)(qiγ

µPLqj)
2 (for recent reviews, see [131,132]). It is only known since the

measurements of γ and α that the SM gives the leading contribution to B0 –B0

mixing [6,133]. Nevertheless, new physics with a generic weak phase may still contribute
to neutral meson mixings at a significant fraction of the SM [134,127]. The existing
data imply that Λ/|zij |1/2 has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for
D0 –D0 mixing, 500TeV for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132].

(Some other operators are even better constrained [127].) The constraints are the
strongest in the kaon sector, because the CKM suppression is the most severe. Thus, if
there is new physics at the TeV scale, |zij | # 1 is required. Even if |zij | are suppressed
by a loop factor and |V ∗

tiVtj |2 (in the down quark sector), similar to the SM, one expects
percent-level effects, which may be observable in forthcoming flavor physics experiments.
To constrain such extensions of the SM, many measurements irrelevant for the SM-CKM

fit, such as the CP asymmetry in semileptonic B0
d,s decays, Ad,s

SL , are important [135]. A
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INTRODUCTION
✗ Low energy New Physics comes with a FCNC/CP problem:
✗ In the SM, only 3 angles an 1 phase are left in the renormalizable 
Lagrangian (the W vertex), accounts very well for all the flavor 
transitions and CP violation

✗ No reasons why the coefficients should be flavour diagonal, 
✗ All the quark rotation angles (and phases) matter  
✗ This typically requires ⇤ > 105 � 106 TeV

✗ Generic new physics can be captured within an effective field 
theory prescription

Leff = LSM +
CO

⇤d�4
Od
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ij



HORIZONTAL SYMMETRIES
✗ Horizontal symmetries put quarks in representations of some 
Abelian or non-Abelian symmetry which consequently is 
spontaneously broken at a scale somewhat lower than the UV scale.
✗ Generates small order parameter that controls the size of  Yukawa 
couplings 

✗ Simplest model: A single U(1) symmetry Froggatt + Nielsen ’79

Lf = H

✓
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✗ Horizontal symmetries put quarks in representations of some 
Abelian or non-Abelian symmetry which consequently is 
spontaneously broken at a scale somewhat lower than the UV scale.
✗ Generates small order parameter that controls the size of  Yukawa 
couplings 

Hierarchical eigen- 
values and angles!
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PROBLEMS OF U(1) MODELS
✗ What does this imply for supersymmetry ?
✗  A general problem of U(1) models is that the suppressions tend 
to cancel out in the soft terms:

✗ Not so small off-diagonal terms 
✗ Diagonal terms completely unsuppressed: uncontrolled splitting
✗ Bounds on first two generation squarks > 100 TeV
( Note:  this is also inconsistent with light stops because
 RG evolution will typically drive those tachyonic)
✗ Still many parameters

K � |X|2 cij ✏|Xi�Xj | Q̄iQi

Arkani Hamed 
et al ’97
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✗ Make the third generation a total flavor singlet (top Yukawa!).

h�i
⇤

=

✓
0
✏�

◆
h�i
⇤

= ✏� Barbieri, Dvali, Hall ’95
Barbieri, Hall, Romanino, ’96 

Yij =

0

@
0 Y12 0

�Y12 Y22 Y23

0 Y32 Y33

1

A
✗ up and down sectors work 
in the same way (               )           
(suppression factors 
are not displayed here...)

✏�, ✏�

Y u ⇠ Y d

✗ The quark rotations only depend on 4 angles (+4 phases)
✗ SUSY: Splitting of 1st and 2nd squark generation suppressed as ✏2�



PROBLEMS OF U(2) MODELS
✗ U(2) models make some striking predictions for quark dataIn this case one has ✏d ⌧ ✏3 and it follows that td ⇡ 0, cd ⇡ 1. As a consequence one obtains

the stronger predictions [17]

|Vus| ⇡
p

md/ms , |Vub/Vcb| ⇡
p

mu/mc , |Vtd/Vts| ⇡
p

md/ms , (3.5)

which only involve measured quantities. However our analysis shows that these predictions
do not follow alone from the zero textures in the Yukawa matrices but also require ✏d ⌧ ✏3,
or, equivalently, Y d

i2 ⌧ Y d
i3 (see also Ref. [18]).

Numerically one has, taking mass ratios at MZ and CKM elements from a global fit [26],
p

md/ms = 0.22± 0.02 ,
p

mu/mc = 0.046± 0.008 , (3.6)

|Vus| = 0.2253± 0.0007 , |Vub/Vcb| = 0.085± 0.004 , |Vtd/Vts| = 0.22± 0.01 , (3.7)

so that the relations in Eq. (3.5) work well except the second one. Turning to the more
general relations in Eq. (3.2), assuming positive interference (� = 0) and comparing with the
experimental values, we see that we need approximately td ⇡ 0.5 in order to account for the
discrepancy in the second relation in Eq. (3.5). This implies

p
cd ⇡ 0.95, leading to ⇠ 5%

corrections for the first and ⇠ 14% corrections for the third relation. We observe an interesting
correlation between the magnitude of the correction to the second relation in Eq. (3.5) which
goes as ⇠ td and the size of the right-handed rotation matrix element |V d

32| = sd (see App. A),
which has very important implications for the discussion of the FCNC e↵ects in Sec. 5.

In addition to the accurate relations in Eq. (3.5), in U(2) models one also gets predictions
which are valid only up to combinations of O (1) numbers

Vcb ⇠
p
mc/mt , md/ms ⇠ mu/mc , (3.8)

besides the SU(5) relations for the masses

mb ⇠ m⌧ , ms ⇠ mµ , md ⇠ me . (3.9)

Most of these predictions valid up to O (1) factors work pretty well, since

Vcb ⇠ 0.04 ,
p
mc/mt ⇠ 0.06 , (3.10)

mb/m⌧ ⇠ 2 , ms/mµ ⇠ 0.5 md/me ⇠ 5 . (3.11)

Only the second relation in Eq. (3.8) requires a large numerical factor O (20) (RG e↵ects
improve the agreement in the first relation in Eq. (3.8) [25]. One possibility is to have
|hu22hu33 � hu23h

u
32| ⇠ 4.5 (see A.5 and A.6), which is easy to achieve with moderate deviations

from huij ⇠ 1. This would indicate that yu/yc is accidentally small in our parametrization
while yd/ys is at its natural value. In fact this is exactly what we need in order to explain
the relative importance of the corrections to the exact relations in Eq. (3.5).

Notice that the U(2) relations in Eq. (3.4) imply that tan� is fixed to be large and another
order-of-magnitude prediction is made

mu/mt ⇠ md/mb , (3.12)

which does not work as well as the other relations, being o↵ by a factor O (120). The two
extra parameters that we have in the SU(2) ⇥ U(1) model therefore allow to accommodate
also small values of tan� and the di↵erent ratios mu/mt and md/mb.

7
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which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:
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p
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|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p

md/ms
p
cd , (3.1)

|Vub/Vcb| ⇡ |
p

mu/mc + ei�� td
p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p
md/ms

p
cd , (3.1)

|Vub/Vcb| ⇡ |
p
mu/mc + ei�� td

p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

� =

p
msmd

|Vcb|mb
⇡ 0.09

td = tan ✓d =
Y d
32

Y d
33

Roberts et al ’01
Dudas et al ’13



THE SU(2) X U(1) MODEL
✗ Giving up RH down hierarchy ⇒ correction to the exact relations

✗ The exact relations get corrected by 
the RH down 23 angle 
✗ Fit requires 
✗ SUSY: RH sbottom must be heavy!

td ⇡ 0.5
V d
R =

0

@
1 · ·
· cd sd
· �sd cd

1

A

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p
md/ms

p
cd , (3.1)

|Vub/Vcb| ⇡ |
p
mu/mc + ei�� td

p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p

md/ms
p
cd , (3.1)

|Vub/Vcb| ⇡ |
p

mu/mc + ei�� td
p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p
md/ms

p
cd , (3.1)

|Vub/Vcb| ⇡ |
p
mu/mc + ei�� td

p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

� =

p
msmd

|Vcb|mb
⇡ 0.09

td = tan ✓d =
Y d
32

Y d
33

Roberts et al ’01
Dudas et al ’13



THE SU(2) X U(1) MODEL
✗ Giving up RH down hierarchy ⇒ correction to the exact relations

✗ The exact relations get corrected by 
the RH down 23 angle 
✗ Fit requires 
✗ SUSY: RH sbottom must be heavy!

td ⇡ 0.5
V d
R =

0

@
1 · ·
· cd sd
· �sd cd

1

A

Only the two stops can remain truly light
⇒ Spectrum of Natural SUSY

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p
md/ms

p
cd , (3.1)

|Vub/Vcb| ⇡ |
p
mu/mc + ei�� td

p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p

md/ms
p
cd , (3.1)

|Vub/Vcb| ⇡ |
p

mu/mc + ei�� td
p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

which clearly displays the need for an anomalous U(1). One crucial ingredient in deriving
these relations in our case is the vanishing of the 13 element in the Yukawa matrices. There-
fore, models in which the 13 element is non-vanishing, with multiple SU(2) flavons with no
alignment, will violate the relations above.

3 Quark masses and mixings

In this section we discuss the predictions of our model for quark masses and mixings. The
model is defined at a high scale and any comparison with experimental data is subject to
renormalisation e↵ects. Such e↵ects give important corrections to small CKMmatrix elements
due to the large top quark Yukawa coupling [25], but not to their ratios and to the ratios of
the first two generations Yukawa couplings to the third one. Therefore, the scale dependence
of the predictions discussed in this section is negligible. It can only a↵ect the fit of the small
order parameters, which is anyway made with random O(1) coe�cients.

The diagonalisation of the Yukawa matrices given in the previous section by left and right
rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa
eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using
the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices
to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in
the standard form, with one physical phase. For the future calculation of the soft sfermion
masses, it is also important that the left and right rotations depend altogether on four phases,
which cannot be removed by phase redefinitions.

3.1 Predictions

Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses
and mixings, we discuss the predictions of the model that do not depend on the details of
that fit. Using the results in Appendix A one finds, in particular, the following relations:

|Vus| ⇡
p
md/ms

p
cd , (3.1)

|Vub/Vcb| ⇡ |
p
mu/mc + ei�� td

p
cd| , |Vtd/Vts| ⇡ |

p
md/ms + ei�

0
� td|pcd , (3.2)

where

td ⌘ tan ✓d ⌘ |hd32|✏d
|hd33|✏3

, � ⌘
p
msmd

|Vcb|mb
⇡ 0.09 , (3.3)

and �, �0 are phases that are given in Eq. (A.38). In deriving these results we have used that
✏0u ⌧ ✏2u (as confirmed by the fit), but made no assumption yet on the relative size of ✏d and
✏3. Notice that the relations in Eq. (3.2) do not involve any unknown O(1) factors but only
receive corrections of the order ⇠ ✏2u, ✏

0
u/✏u. At this point, it is interesting to notice that to

obtain the same Yukawa structure as in the U(2) models [17] one needs 2

✏d = ✏u , ✏3 = 1 . (3.4)

2Note, however, that in our case the flavon representations and vev’s are di↵erent, such that scalar masses
and FCNC e↵ects in traditional U(2) models are di↵erent from the ones one would get from our models in the
particular case (3.4). In particular, in our case the flavon vev’s can be bigger. In what follows, when we refer
to predictions of U(2) models and compare to the models in the present paper, we refer to the original class
of models in [17].

6

� =

p
msmd

|Vcb|mb
⇡ 0.09

td = tan ✓d =
Y d
32

Y d
33

Roberts et al ’01
Dudas et al ’13



FITTING THE QUARK DATA

Model ✏� ✏� tan� X� XQi, Ui XQ3, U3 XDi XD3

A 0.02 0.02 5 �1 1 0 1 1

B 0.1 0.2 5 �2 3 0 3 2

B

0
0.1 0.2 20 �2 3 0 2 1

C 0.2 0.1 50 �1 2 0 1 0

1

✗ An explicit fit to quark masses exhibits the following possibilities:
(Also impose here that the            commutes with           ) U(1)X SU(5)

Dudas et al ’13



FITTING THE QUARK DATA

Model ✏� ✏� tan� X� XQi, Ui XQ3, U3 XDi XD3

A 0.02 0.02 5 �1 1 0 1 1

B 0.1 0.2 5 �2 3 0 3 2

B

0
0.1 0.2 20 �2 3 0 2 1

C 0.2 0.1 50 �1 2 0 1 0

1

✗ The smaller the SU(2) breaking, the less important the subleading 
effects from soft terms ⇒ FCNCs dominated by quark rotations  

✗ An explicit fit to quark masses exhibits the following possibilities:
(Also impose here that the            commutes with           ) U(1)X SU(5)

Dudas et al ’13



✗ This is the case in model A
✗ Also benefits from                     (additional FCNC suppression)XDi = XD3

FITTING THE QUARK DATA

Model ✏� ✏� tan� X� XQi, Ui XQ3, U3 XDi XD3

A 0.02 0.02 5 �1 1 0 1 1

B 0.1 0.2 5 �2 3 0 3 2

B

0
0.1 0.2 20 �2 3 0 2 1

C 0.2 0.1 50 �1 2 0 1 0

1

✗ The smaller the SU(2) breaking, the less important the subleading 
effects from soft terms ⇒ FCNCs dominated by quark rotations  

✗ An explicit fit to quark masses exhibits the following possibilities:
(Also impose here that the            commutes with           ) U(1)X SU(5)

Dudas et al ’13



D-TERM DOMINANCE
Summary: would like to build a SUSY model with
✗ SU(2)xU(1) flavour symmetry
✗ Light stops (and light LH sbottom) => Naturalness 
✗ All other squarks heavy



D-TERM DOMINANCE
Summary: would like to build a SUSY model with
✗ SU(2)xU(1) flavour symmetry
✗ Light stops (and light LH sbottom) => Naturalness 
✗ All other squarks heavy

✗ A very natural way to realize this spectrum is assuming that the 
dominant contribution to the soft terms arises from D-terms of the 
flavour U(1)
✗ Quark masses: Only vanishing charges are the (s)tops, i.e.

✗ Other soft terms are generated by subleading F terms
✗ A typical hierarchy is 

Binetruy+Dudas ’96
Dvali+Pomarol ’96

XQ3 = XU3 = 0

m2
I = m2

DXI

mD = 15 TeV, mF = 4 TeV



D-TERM DOMINANCE
Summary: would like to build a SUSY model with
✗ SU(2)xU(1) flavour symmetry
✗ Light stops (and light LH sbottom) => Naturalness 
✗ All other squarks heavy

✗ A very natural way to realize this spectrum is assuming that the 
dominant contribution to the soft terms arises from D-terms of the 
flavour U(1)
✗ Quark masses: Only vanishing charges are the (s)tops, i.e.

✗ Other soft terms are generated by subleading F terms
✗ A typical hierarchy is 

Binetruy+Dudas ’96
Dvali+Pomarol ’96

XQ3 = XU3 = 0

m2
I = m2

DXI

mD = 15 TeV, mF = 4 TeV
@ high scale!



CONSTRAINTS FROM KAONS
we can obtain a simple estimate for �C4 as a function of the remaining free masses and
splittings, as well as the other parameters. Expanding Eq. (5.2) for large m̃dR one gets 7
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.

5.2 Constraints from µ ! e�

Another important e↵ect in these class of models is the contribution to BR(µ ! e�) through
the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
The result for the decay rate is
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and the loop function can be found at the end of Appendix B. Here the matrices ZR
E diagonalize

the slepton mass matrices, and are given by the corresponding fermion rotation matrices in
the limit where slepton masses are diagonal in the original basis (i.e. the diagonal D-term
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7Here we have neglected the term proportional to the phase ei↵d , since for typical values V d
23 ⇠ Vcb ⇡ 0.04

and td ⇡ 0.5, the second term in the last relation in Eq.(5.4) is subleading.
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the
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Barring some fine tuning of parameters, we then need to go to scales at least of the order
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
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F but instead by m̃2
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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Another important e↵ect in these class of models is the contribution to BR(µ ! e�) through
the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
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15

we can obtain a simple estimate for �C4 as a function of the remaining free masses and
splittings, as well as the other parameters. Expanding Eq. (5.2) for large m̃dR one gets 7

Im�C4 ⇡ 2

3
↵2
s

md

ms
|V d

23|2s2d sin 2↵̃12
�
m̃2

dR
� m̃2

bR

� log
⇣
m̃dR
mg̃

⌘
+ 1

4

(m̃dR)
4

⇡ 1.6⇥ 10�8

✓ |V d
23|

0.04

◆2✓
s2d
0.2

◆✓
sin↵12

0.5

◆�
m̃2

dR
� m̃2

bR

� log
⇣
m̃dR
mg̃

⌘
+ 1

4

(m̃dR)
4

(5.8)

where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
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Figure 1: Bounds on the masses of the gluino and the approximately degenerate right handed
down squark sector for various choices of the parameters. The region below each line is
excluded. The three lines correspond to di↵erent choices of the dominant 3-1 splitting, namely
m̃2

dR
� m̃2

bR
= (1.5, 2.5, 4.0 TeV)2. The remaining parameters are chosen as |V d

23| = 0.04,
sin(↵12) = 0.5 and s2d = 0.2. The decoupling of the gluino occurs outside the displayed range
of the gluino mass.

contributions are always proportional to a product of two rotation angles (V d
L,R)3i with i = 1, 2

and nicely demonstrate the supersymmetric GIM mechanism [30]: they vanish in the limit of
the (relevant for a given contribution) degenerate first two and the third generation squark
masses. Another interesting limit is the decoupling limit for the first two generations [31],
where they depend only on the third generation squark masses. It is interesting to observe
how the experimental bounds on the Wilson coe�cients result in the bounds for squark masses
as a function of the splitting between generations.

As already mentioned in Sec. 4, the e↵ect of the 1–2 splitting in (5.2) is often negligible.
As a rough estimate, if the splitting of the first two generation squarks is smaller than

�L
21 . 3 log

m̃2
D

m̃2
F

|V d
23|2 , �R

21 . �R
31t

2
d (5.6)

the corresponding terms become subleading. This is a common situation, in particular in
scenario A where the smallness of the SU(2) breaking results in �L,R

21 ⇠ O(10�4). However,
one should keep in mind that this is not always the case, and for some parameter choices in
the other scenarios in Tab. 2 they can become the dominant source of flavour violation.

In Fig. 1 we plot the bounds arising from imposing Eqn. (5.1) on (5.2) in the mg̃ and
m̃bR ' m̃dR plane, for various choices of the remaining parameters. In the Sec. 6 we will see
that a natural stop/gluino spectrum in the TeV range will imply a high scale vlaue of m̃F and
hence a splitting m̃2

dR
� m̃2

bR
slightly larger than 1 TeV. As is clear from the various lines, the

heavy squarks (i.e. the right handed down squarks and the first two generation left handed
down squarks) should have masses around 10 � 20 TeV. The bounds do not depend on the
much smaller 1-2 splitting, as in model A the hierarchies in Eq. (5.6) are very strong.

If we for simplicity set
m̃bL = mg̃ , m̃dL = m̃dR (5.7)
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
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Figure 1: Bounds on the masses of the gluino and the approximately degenerate right handed
down squark sector for various choices of the parameters. The region below each line is
excluded. The three lines correspond to di↵erent choices of the dominant 3-1 splitting, namely
m̃2

dR
� m̃2

bR
= (1.5, 2.5, 4.0 TeV)2. The remaining parameters are chosen as |V d

23| = 0.04,
sin(↵12) = 0.5 and s2d = 0.2. The decoupling of the gluino occurs outside the displayed range
of the gluino mass.

contributions are always proportional to a product of two rotation angles (V d
L,R)3i with i = 1, 2

and nicely demonstrate the supersymmetric GIM mechanism [30]: they vanish in the limit of
the (relevant for a given contribution) degenerate first two and the third generation squark
masses. Another interesting limit is the decoupling limit for the first two generations [31],
where they depend only on the third generation squark masses. It is interesting to observe
how the experimental bounds on the Wilson coe�cients result in the bounds for squark masses
as a function of the splitting between generations.

As already mentioned in Sec. 4, the e↵ect of the 1–2 splitting in (5.2) is often negligible.
As a rough estimate, if the splitting of the first two generation squarks is smaller than
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the corresponding terms become subleading. This is a common situation, in particular in
scenario A where the smallness of the SU(2) breaking results in �L,R

21 ⇠ O(10�4). However,
one should keep in mind that this is not always the case, and for some parameter choices in
the other scenarios in Tab. 2 they can become the dominant source of flavour violation.

In Fig. 1 we plot the bounds arising from imposing Eqn. (5.1) on (5.2) in the mg̃ and
m̃bR ' m̃dR plane, for various choices of the remaining parameters. In the Sec. 6 we will see
that a natural stop/gluino spectrum in the TeV range will imply a high scale vlaue of m̃F and
hence a splitting m̃2

dR
� m̃2

bR
slightly larger than 1 TeV. As is clear from the various lines, the

heavy squarks (i.e. the right handed down squarks and the first two generation left handed
down squarks) should have masses around 10 � 20 TeV. The bounds do not depend on the
much smaller 1-2 splitting, as in model A the hierarchies in Eq. (5.6) are very strong.

If we for simplicity set
m̃bL = mg̃ , m̃dL = m̃dR (5.7)
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we can obtain a simple estimate for �C4 as a function of the remaining free masses and
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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Another important e↵ect in these class of models is the contribution to BR(µ ! e�) through
the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
The result for the decay rate is
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7Here we have neglected the term proportional to the phase ei↵d , since for typical values V d
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and td ⇡ 0.5, the second term in the last relation in Eq.(5.4) is subleading.
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
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2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.
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Another important e↵ect in these class of models is the contribution to BR(µ ! e�) through
the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
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Figure 1: Bounds on the masses of the gluino and the approximately degenerate right handed
down squark sector for various choices of the parameters. The region below each line is
excluded. The three lines correspond to di↵erent choices of the dominant 3-1 splitting, namely
m̃2

dR
� m̃2

bR
= (1.5, 2.5, 4.0 TeV)2. The remaining parameters are chosen as |V d

23| = 0.04,
sin(↵12) = 0.5 and s2d = 0.2. The decoupling of the gluino occurs outside the displayed range
of the gluino mass.

contributions are always proportional to a product of two rotation angles (V d
L,R)3i with i = 1, 2

and nicely demonstrate the supersymmetric GIM mechanism [30]: they vanish in the limit of
the (relevant for a given contribution) degenerate first two and the third generation squark
masses. Another interesting limit is the decoupling limit for the first two generations [31],
where they depend only on the third generation squark masses. It is interesting to observe
how the experimental bounds on the Wilson coe�cients result in the bounds for squark masses
as a function of the splitting between generations.

As already mentioned in Sec. 4, the e↵ect of the 1–2 splitting in (5.2) is often negligible.
As a rough estimate, if the splitting of the first two generation squarks is smaller than
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the corresponding terms become subleading. This is a common situation, in particular in
scenario A where the smallness of the SU(2) breaking results in �L,R

21 ⇠ O(10�4). However,
one should keep in mind that this is not always the case, and for some parameter choices in
the other scenarios in Tab. 2 they can become the dominant source of flavour violation.

In Fig. 1 we plot the bounds arising from imposing Eqn. (5.1) on (5.2) in the mg̃ and
m̃bR ' m̃dR plane, for various choices of the remaining parameters. In the Sec. 6 we will see
that a natural stop/gluino spectrum in the TeV range will imply a high scale vlaue of m̃F and
hence a splitting m̃2

dR
� m̃2

bR
slightly larger than 1 TeV. As is clear from the various lines, the

heavy squarks (i.e. the right handed down squarks and the first two generation left handed
down squarks) should have masses around 10 � 20 TeV. The bounds do not depend on the
much smaller 1-2 splitting, as in model A the hierarchies in Eq. (5.6) are very strong.

If we for simplicity set
m̃bL = mg̃ , m̃dL = m̃dR (5.7)
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Figure 3: Parameter region in the m̃F / tan� plane for fixed m̃D = 15TeV and M1/2 =
0.6TeV (left panel) and M1/2 = 1.0TeV (right panel). The contour lines correspond to the
masses of t̃1 (blue), ⌧̃1 (green) and h0 (red).

in a simple and economical way. It is clearly an interesting challenge to put these ideas on a
more firm theoretical footing.

From a theoretical viewpoint a continuous SU(2) is problematic, since after spontaneous
symmetry breaking it leads to massless goldstone bosons. In a string theory setup, there are
no obvious ways to obtain continuous non-abelian symmetries, whereas discrete nonabelian
symmetries are typically present and related to the geometry of the internal space [21] and/or
of the fluxes needed for generating chirality in realistic models [22]. Another potential possi-
bility would be to consider a gauged SU(2) with a gauge coupling small enough in order to
prevent non-universal D-term contributions to soft masses. Both options are worth further
exploration towards realistic UV completions. Here we limit ourselves to some remarks on
discrete symmetries.

The simplest discrete symmetries that do the job seem to be the groups D̃n, also called
D0

n in the literature. However, most renormalizable operators preserve SU(2) and typically
at renormalizable tree-level there are still massless goldstones. Most lower higher-dimensional
operators that break SU(2) ! D̃n preserve actually the continuous subgroup U(1) 2 SU(2)
and as such, there is still one massless goldstone. Finding higher-dimensional operators that
break also this Abelian subgroup and give mass to the goldstone is therefore necessary.

Moreover, the model should induce the structure of vevs that we need: large scalar vevs
for the flavons and alignment in the flavor space in order to provide successful fermion, scalar
mass matrices, A-terms and gaugino masses.

To summarize, the minimal setup that seems viable is based on supersymmetric models
with flavor symmetries U(1)X ⇥ D̃n, satisfying the following requirements:

• Supersymmetry is broken with D and F-terms, such that D > (F/M)2 (by a factor of
3� 5).

• The dynamics of the model generate appropriate vev’s and vacuum alignment.
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From a theoretical viewpoint a continuous SU(2) is problematic, since after spontaneous
symmetry breaking it leads to massless goldstone bosons. In a string theory setup, there are
no obvious ways to obtain continuous non-abelian symmetries, whereas discrete nonabelian
symmetries are typically present and related to the geometry of the internal space [21] and/or
of the fluxes needed for generating chirality in realistic models [22]. Another potential possi-
bility would be to consider a gauged SU(2) with a gauge coupling small enough in order to
prevent non-universal D-term contributions to soft masses. Both options are worth further
exploration towards realistic UV completions. Here we limit ourselves to some remarks on
discrete symmetries.

The simplest discrete symmetries that do the job seem to be the groups D̃n, also called
D0

n in the literature. However, most renormalizable operators preserve SU(2) and typically
at renormalizable tree-level there are still massless goldstones. Most lower higher-dimensional
operators that break SU(2) ! D̃n preserve actually the continuous subgroup U(1) 2 SU(2)
and as such, there is still one massless goldstone. Finding higher-dimensional operators that
break also this Abelian subgroup and give mass to the goldstone is therefore necessary.

Moreover, the model should induce the structure of vevs that we need: large scalar vevs
for the flavons and alignment in the flavor space in order to provide successful fermion, scalar
mass matrices, A-terms and gaugino masses.

To summarize, the minimal setup that seems viable is based on supersymmetric models
with flavor symmetries U(1)X ⇥ D̃n, satisfying the following requirements:

• Supersymmetry is broken with D and F-terms, such that D > (F/M)2 (by a factor of
3� 5).

• The dynamics of the model generate appropriate vev’s and vacuum alignment.
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MODEL BUILDING REQUIREMENTS

Two possible ways:
✗ Nonrenormalizable breaking                      (start with an SU(2) 
model + higher dim Kahler operators that break the Goldstone 
degeneracy and align the vev )
✗ Renormalizable breaking                      (add fields in nontrivial 
representations of      ), have constructed examples, but involved...

SU(2) ! D̃n

SU(2) ! D̃n

D̃n

✗ Continuous SU(2) symmetry is problematic (Goldstone modes)
✗ Discrete subgroups may be a way out
✗ The simplest groups that do not spoil the Yukawa texture are the 
dicyclic groups D̃n, n � 3 ( t1 = e

⇡i
n �3 , t2 = i�2 )
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Any physical observable can thus only depend on the four phases ↵12 (also through ↵̃12), ↵23

(also through ↵̃23), ↵u and ↵d. The CKM matrix VCKM = (V u
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The above form of the CKM matrix gives rise to the relations
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The eigenvalues and rotations for the charged lepton sector can be obtained by replacing
everywhere in the above the index d by e, with the exception of the phases, which in the
leptonic sector depend on the model of neutrino masses.

B SUSY Contributions to Flavor Observables

The new SUSY contributions to FCNC processes due to squark-gluino loops have been cal-
culated in the literature in terms of the flavor-changing unitary matrices ZU,D appearing at
the gluino vertex in the notation of Ref. [35]
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U )

†uL + ũ⇤R �̄ (ZR
U )

†uR + d̃⇤L �̄ (ZL
D)

TdL + d̃⇤R �̄ (ZR
D)

TdR + h.c. (B.1)
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This angle parametrizes the all-order corrections in ✏d/✏3, which typically is not a very small
expansion parameter. The twelve angles present in a general set of quark rotations are thus
reduced to only four, given by the free parameters |V u,d

23 | and |V u,d
32 |. This is due to the three

textures zeroes and the relation Y12 = �Y21 in the Yukawas, which indeed remove eight real
degrees of freedom. Below we will see that the phase structure is also greatly simplified,
as there are only four phases that can be physically relevant. Matching this to the degees
of freedom in the CKM matrix, we see that we have one angle and three phases as free
parameters.

The left-handed phases matrices can be chosen to bring the CKM matrix to the standard
PDG form with one physical phase, while the right-handed ones render the diagonal Yukawas
real and positive. This gives
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0

@
ei(↵̃12+↵d

12) 0 0
0 1 0
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with
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and we used the fact that under the rotations V̂ u,d
L,R the eigenvalues have phases given by

argmt = arg hu33 , argmc = arg hu12 + ↵u
12 , argmu = �2↵u

12 + argmc (A.24)

argmb = arg hd33 , argms = arg hd12 + ↵d
12 , argmd = �2↵d

12 + argms. (A.25)

For later use, we will also make the definitions

↵u ⌘ argmt � argmc � ↵u
32 � ↵u

23 (A.26)

↵d ⌘ argmb � argms � ↵d
32 � ↵d

23

= ↵d
13 � ↵d

23 � ↵d
12 (A.27)

Finally we can mutliply our rotations V̂ u,d
L,R by phases P 0I

R , P 0
L from the left without any

physical e↵ect (as we can absorb these phases by a redefinition of the original fields q0, u0,
and d0). Using this freedom, we can bring the quark rotations to their final form:
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SQUARK MASS MATRICES
The full D-term squark mass matrices are

that X10 +X� � 0, the Kähler potential for Q can be given as follows:
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!
+ · · · ,

where · · · denote operators which break the SU(2) symmetry down to a discrete subgroup
D̃n

6. The last operator has an additional suppression factor, as otherwise it will be removed
by a holomorphic field redefinition of Q3. One finds the Kähler metric
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The soft mass terms are found by expanding the Kähler potential in Eq. (4.3) to linear order
in hDHi and going to canonical normalization using the Kähler metric Eq. (4.4). One obtains
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The U sector works in the same way. For the D sector we assume |X5̄ �X3|  |X�|, leading
to

K � |Da|2 + |D3|2 + zd11
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6There are several such operators. One example, for the case of the discrete subgroups D̃n (see e.g. Ref. [27]
for the group theory), is |Q1|2|�1|2 + |Q2|2|�2|2. We have checked that their e↵ects is to redefine coe�cients of
some of the operators in what follows, without changing our conclusions. Consequently, we will ignore writing
explicitly such operators in what follows.
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where we have defined X53 = X5̄ �X3. Note that unlike the Q and U sectors, the z23 term
scales with a power of � rather than �†. One finds the Kähler metric
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After going to canonical normalization one obtains the soft mass terms:
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In principle the whole Kähler potential in Eq. (4.3) and Eq. (4.6) can be multiplied by
X†X, giving rise to F term contributions to the soft masses with identical scalings with
✏�,�, but with an additional suppression m̃2

F /m̃
2
D. However, there are a few cases where the

F terms can be relevant. First notice that the leading D term contribution vanishes for
(m̃2

I,D)33, I = q, u, resulting in an additional suppression ⇠ ✏2�, ✏
2
�, as is explicit in the above

expressions. This suppression, for small flavon vev’s, is bigger than the one from the hierarchy
m̃2

F ⌧ m̃2
D. In particular this means that the stop, the right handed stau and the left handed

sbottom masses are mainly due to F terms. Second, in the particular case X3 = X5, all
the diagonal elements (m̃2

d,D)ii are degenerate and one has to take into account the splitting
induced by the F terms. We then only need to consider the F term contributions

(m̃2
I,F )23 = dI23 ✏�✏

X10+X�
� m̃2

F , I = q, u

(m̃2
I,F )33 = dI33 m̃

2
F , I = q, u, d (4.9)

with other O(1) coe�cients dI . All other F term contributions can be neglected.
Let us pause a moment and discuss the various e↵ects of the flavour breaking terms in

the Kähler potential. First of all, we have checked that the o↵-diagonal terms present in
Eqs. (4.5) and (4.8) give only non-leading contributions to the exact rotation matrices diag-
onalising squark masses. Thus, a very good approximation, neglecting the LR contribution,
the squark mass matrices are diagonal in the original basis. The natural basis choice is then
to perform rotations only on the fermion fields to diagonalise Yukawa matrices, so that the
flavour changing e↵ects will appear in the quark-squark-gluino vertices, controlled by the lat-
ter rotation angles. A splitting of the squark masses of the first two generations, introduced
by the non-diagonal Kähler terms, renders the FCNCs sensitive to the large 12 rotation angles
of the quark sector, which for exactly degenerate first two generations drops out. For ✏� in
the range 0.02 to 0.2, as obtained from the fit in the previous section, these e↵ects are often
subleading to the e↵ects generated by the splitting between between the first two and the
third generation. A detailed analysis of various e↵ects is presented in the next section.
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Q and U sectors

D sector



CONSTRAINTS FROM KAONS

we can obtain a simple estimate for �C4 as a function of the remaining free masses and
splittings, as well as the other parameters. Expanding Eq. (5.2) for large m̃dR one gets 7
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where we took ↵s(µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the

quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason
is that the 3–1 splitting is not set by m̃2

F but instead by m̃2
D (as X3 6= X5). Moreover, the

2–1 degeneracy is also less exact due to the much larger SU(2) breaking, ✏� ⇠ 0.1 � 0.2.
Barring some fine tuning of parameters, we then need to go to scales at least of the order
of m̃bR ⇠ O(100 TeV). Given that these models also require generally large tan�, such
hierarchies can easily run into problems of RG induced tachyonic masses for squarks and
sleptons. We will quantify this statement in the next section.

5.2 Constraints from µ ! e�

Another important e↵ect in these class of models is the contribution to BR(µ ! e�) through
the exchange of neutralinos and right-handed staus. This process is enhanced by the presence
of large RH rotation angles in the 1–3 and 2–3 slepton sector. For the calculation of the decay
rate we use the general results of Ref. [32]. We then expand the neutralino mixing matrices in
(mW /Mi), (mW /µ), neglect LR mixing and restrict to the exchange of a right-handed stau.
The result for the decay rate is
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and the loop function can be found at the end of Appendix B. Here the matrices ZR
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7Here we have neglected the term proportional to the phase ei↵d , since for typical values V d
23 ⇠ Vcb ⇡ 0.04

and td ⇡ 0.5, the second term in the last relation in Eq.(5.4) is subleading.
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5.1 Constraints from ✏K

The strongest constraints on the sfermion masses in this model come from ✏K mediated by
squark-gluino exchange. In our phenomenological analysis, we take the gluino mass in the
range (1.5�3) TeV. Since the bounds on the squark masses scale inversely proportional to
the gluino mass, the quoted bounds can vary by a factor of two. For simplicity we use as an
estimate the bounds on the relevant Wilson coe�cients from Ref. [28], at the scale of the soft
masses. For the bound on the left-handed sbottom only �C1 is relevant (see Appendix B).
Since it is proportional to the product of the left-handed rotations, which are small in the
model (of the order of the corresponding CKM matrix elements), it is not surprising that the
bound on the left-handed sbottom is weak; for the gluino mass of 1.5 TeV it is generically
below 1 TeV (it depends on the assumed values of the phases). This means that a necessary
condition for natural supersymmetry is consistent in this model with the flavour data and we
take in the following stops and the left handed sbottom to be in the TeV range. Large rotation
angles entering into the Wilson coe�cients are the right-handed rotations in the (2,3) sector,
so we expect non-trivial bounds from C̃1 and C4. Although in the latter case, one angle in
the product is left-handed and small, the much stronger experimental bound on C4 than on
C̃1 , makes C4 (corresponding to the LLRR amplitude in the mass insertion language) the
most relevant coe�cient for our discussion. The imaginary part of C4 is bounded by [28]

�3.0⇥ 10�12

TeV2  ImC4  4.7⇥ 10�12

TeV2 . (5.1)

We will now turn to the analysis of the FCNC bounds in our model guided by the general
structure of the soft squark masses, as given by Eqns. (4.5), (4.8) and (4.9). We calculate the
supersymmetric contribution to the Wilson coe�cient C4 in the basis in which both quark
and squark masses are diagonal. Since in model A both 1-2 and 1-3 splittings are small, we
expand the masses in Eq. (B.7) around the common values and use unitarity of the rotations.
One obtains
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where xL,Ri = m2
diL,R

/m2
g̃ and �A

i1 = xAi /x
A
1 � 1 for A = L,R. The loop functions f4, f̃4 are

defined in [29] and given explicitly in Eqn. (B.28). The details of the calculation can be found
in App. B. The flavor suppression is encoded in the following quantities, defined as
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The product relevant for Eq. (5.2) is given by

�̃d,LL12 �̃d,RR
12 = � md
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c2d e

�2i↵̃12 . (5.5)

The case of exactly degenerate first two generations corresponds to the limit �L,R
21 = 0.

Due to the unitarity of the rotation matrices that diagonalise the Yukawa matrices, those
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7For a thorough discussion of Kaon mixing in natural SUSY see e.g. Ref. [28].
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Using unitarity of the rotations, one can cast the C4 coefficient as 

Keeping only the 
dominant splitting


