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The minimality of the Higgs sector does not help  to 
suppress FCNCs and  CP.
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FIG. 1: One-loop diagram for µ → eγ.
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FIG. 3: Annihilation diagram of NS .
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Mismatch between flavors Soft mass insertions



a flavor symmetry to suppress FCNCs,
and break  CP spontaneously to suppress CP

We use:

A SUSY model based on Q6 x Z4
Babu and JK, PRD71, 056006 (2005); and to appear.

2+1=3 structure except U

Im(δl
11)LR < 10−7 de < 10−27 e cm etc,etc

m = m01 YijAij = AYij

m0 , A , µ , Ma and B

H̃u,d
+ and H̃u,d

3

Φu,d
L

Φu,d
L " Hu,d

MSSM

Φu,d
H and Φu,d

−

TABLE I: Particle content of the Q6 model along with their transformation under Q6×Z4.

Q,L Q3, L3 U c, Dc, N c, Ec U c
3 , Dc

3, N
c
3 , Ec

3 Hu,d Hu,d
3 S S3 T T3 U

Q6 21 1+2 22 1−,1 22 1−1 21 1+,0 22 1+2 1+,0

Z4 −i −i + + i i − − + + +

2

SM singlet

Each sector, except U,  forms a  family 
with parents  + one child

SM non-singlet



Accidental permutation symmetries of  VHiggs
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Vacuum I:

Vacuum II:

.....

Two minima are physically different.

9 theory parameters for 
6 quark masses and 4 CKM parameters.

One sum rule among them
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FIG. 9: MS masses, for the 5 lightest quarks, from this pa-
per compared with the Particle Data Group’s current esti-
mates [29]. Each mass is quoted at its conventional scale:
2GeV for u, d, s (nf =3); mc for c (nf =4); mb for b (nf =5).

Particle Data Group’s 2009 values in Figure 9. Agree-
ment is excellent, but our uncertainties are much smaller
in every case, and by an order of magnitude for the
strange and light quarks.

Finally we note that the consistency between quark
masses from lattice and non-lattice analyses, and be-
tween couplings from heavy-quark correlators and Wil-
son loops provides further evidence that taste-changing
interactions in the HISQ and ASQTAD quark formalisms
are understood and vanish as a → 0. While early con-
cerns about the validity of these formalisms have been
largely addressed both by formal arguments [13, 30–34]
and by extensive empirical studies [8–11, 26, 35–39], it
remains important to test the simulation technology of
lattice QCD with increasing precision, given the growing
importance of lattice results for phenomenology.
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Appendix: Accelerated Fitting

In Section III B 2 we used a trick to simplify our fits by,
in effect, transferring fit terms from the fit function into
the errors of the fit data. This trick can greatly speed
up complicated fits. Here we present a formal deriva-
tion of this procedure for three increasingly complicated
situations.

A. Linear Least Squares—Exact Data

Assuming we know D values yi for a quantity y which
can be expressed as a power series in x,

y =
∑

n

cnx
n , (52)

we wish to obtain a best fit for the first F unknown coef-
ficients cn. The cn are then our random variables. If we
are able to make reasonable estimates for their means and
standard deviations σn, in the absence of additional in-
formation, maximizing entropy suggests a Gaussian prior
of

P (c) ∝ e−
∑

n c2n/2σ
2
n . (53)

For simplicity, we assume throughout that the cn are
uncorrelated and have a prior mean of zero; extending to
more general cases is straightforward.
If we knew all coefficient values, then the data yi would

be completely determined, with

P (y|c) ∝
D−1
∏

i=0

δ(yi −
∑

n

cnx
n
i ) . (54)

Bayes’ theorem

P (c|y) ∝ P (y|c)P (c) (55)

allows us to convert this into a distribution for c given
the data y.
If we are only interested in fitting a subset of coeffi-

cients cn<
with n < F , we integrate over the remaining

cn>
, giving

P (c<|y) ∝ e−
∑

n<
c2n<

/2σ2
n× (56)

[

∫

dc> δD(y −
∑

n

cnx
n) e−

∑
n>

c2n>
/2σ2

n

]

.

We replace the delta function by its Fourier representa-
tion, integrate over first the cn>

, then the Fourier vari-
ables, to obtain

P (c<|y) ∝ e−
∑

n<
c2n<

/2σ2
n× (57)

(det σ2
∆)

−1/2 e−∆y·(2σ2
∆)−1·∆y.

HPQCD, arXiv:1004.4285 [hep-lat]
and P.R.L.104: 132003, 2010. 

Precise quark masses 
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from the ϕ and χ exchanges and those from the soft supersymmetry breaking terms,

where we assume that the later contributions can be freely chosen by varying the

aL, aR and Aij defined in (10) and (11). We find:

−0.018 <∼ φSM
s + φ∆

s
<∼ 0.012 and − 0.023 <∼ φ∆

s
<∼ 0.009. (45)

(If only the Higgs exchanges are taken into account, we find -0.015 <∼ φSM
s + φ∆

s
<∼

0.007.) So, if the evidence for a new phase (33) or (34) were confirmed, not only the

SM, but also the present supersymmetric model might run into a serious problem 6.

(ii) as
fs

Using (25) we next compute as
fs/a

SM,s
fs = sin(φSM

s + φ∆
s )/ sin φSM

s |∆s|. First we con-

sider only the contributions from the Higgs exchanges, where for a given cosβMd
H

we vary the Higgs mixing angle γd (16) and r = Md
−/Md

H so as to satisfy the con-

straints (44). The result is plotted in Fig. 1, where we varied cosβMd
H from 1.2 (the

smallest allowed value) to 2.6 TeV. The SM value (29) is between to blue vertical

lines. If all thre contributions are included, we find

−13 <∼ as
fs × 105 <∼ 7. (46)

(The experimental value is given in (32).)

(iii) (∆Γs/∆Ms) − as
fs

The prediction of (as
fs)/(afs)SM against (∆Γs/∆Ms)/(∆Γs/∆Ms)SM is plotted in

Fig. 2 (right). The contribution only from the Higgs exchanges is indicated by

black. In this area as
fs is mostly negative and its size may become one order of

magnitude larger than the SM value.

(iv) ∆s

The prediction in the Re(∆s) − Im(∆s) is plotted in Fig. 2 (left), where the cross

denotes the SM point. All the contribution are taken into account.

IV. CONCLUSION

We considered a supersymmetric extension of the SM based on the discrete Q6

family symmetry, which has been recently proposed in [19, 20], and investigated the

extra contribution to M12, which we denoted by Mnew
12 . We assumed that CP is

explicitly, but softly broken only by the b terms in the soft supersymmetry breaking

sector. Therefore, all other parameters of the model are real, which is consistent with

renormalizability [21]. There are two origins for the contribution to Mnew
12 ; from the

6 A similar conclusion has been reached in [27] for the MSSM with large tan β and the Minimal
Flavor Violation assumption.
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FIG. 2: The heavy Higgs (a) and higgsino (b) contributions to (δd
ij)LL.

where h̃u+
I = Uh,IJ h̃u+,dia

J , and

(M2F,dia
h )IJ = (m2

h,J ln m2
h,J/Q2)δIJ , (U †

h MF
h Uh)IJ = mh,JδIJ . (25)

MF
h is the mass matrix for the charged higgsinos.

Before we apply the results above we make few remarks. The infinite renormalization of

the soft scalar masses do not depend on the µ and A terms to all orders in perturbation

theory [43]. Therefore, the µ parameter dependence of the infinite part (and hence of ln Q)

in δ’s should be cancelled. However, the cancellation of the finite part is not exact. As we

see from (22) - (24), the insertions (δ)LL’s explicitly depend on µ parameters (M2
c and MF

h

also contain µ parameters). Keeping this in mind, we consider

D = µ2
1 ln m2

1/Q
2 + µ2

2 ln m2
2/Q

2 − (µ2
1 + µ2

2) ln m2
3/Q

2 (26)

in which the renormalization scale Q dependence exactly cancels. If all mi’s are of the same

size, D is small compared to the µ2’s. However, if there is a large SUSY breaking so that

the mass of a fermionic component (higgsino) differs from that of the bosonic component

(Higgs) by a large amount, D may become large. Moreover, there are terms in δ’s which,

instead of µ2, are proportional to the square of the soft scalar masses of the Higgs bosons,
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Mass of extra Higgions       extra Higgbosons

tree

one-loop

µ (1)

|Vus| = 0.22535 ± 0.00065

|Vcb| = (0.04082 ± 0.00045) × 1.015 (2)

(δd
23)LL " −3.0 × 10−2 ∆aq

L

+(0.05 − i 8.6) × 10−2

[
0.5 TeV

md̃

]2

(3)

MH (4)

∞ (5)

Im M q
12 (6)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (7)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (8)

(δij)LR ∼ A tems + µ tems µ′s (9)

∆Mq ∼ M−2
H (10)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(11)
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sl plane for the same parameter values as Fig. 4. We impose

only the constraint I with (62). The SM value • is obtained from (2) and (8). The recent experimental

values are, respectively, Ab
sl = −(9.57±2.51± 1.46) ·10−3 [6] and φ∆

s ∈ [−0.2,−2.8] [41] (φ∆
s ∈ [0,−1] [42]).

mixing and that the value of βs of the model is consistent with the recent CDF measurement

[42]. As for the same sign dimuon asymmetry Ab
sl we obtain values which are one order of

magnitude larger than the SM model value. Nevertheless, they are at least a factor of 5

smaller than the D0 measurement of the dimuon asymmetry [6].
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mixing and that the value of βs of the model is consistent with the recent CDF measurement

[42]. As for the same sign dimuon asymmetry Ab
sl we obtain values which are one order of

magnitude larger than the SM model value. Nevertheless, they are at least a factor of 5
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*Flavor symmetry with spontaneous CP can nicely 
suppress FCNCs and CP in SUSY models.

: small  to suppress EDMs
: large  to suppress FCNC

Large SUSY breaking in the extra Higgs sector

Large loop effects to large CP in the B mixing 

Conclusion

*

|Vus| = 0.22535 ± 0.00065

|Vcb| = (0.04082 ± 0.00045) × 1.015 (1)

(δd
23)LL " −3.0 × 10−2 ∆aq

L

−(0.28 + i 8.7) × 10−2

[
0.5 TeV

md̃

]2

(2)

MH (3)

∞ (4)

Im M q
12 (5)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (6)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (7)

(δij)LR ∼ A tems + µ tems µ′s (8)

∆Mq ∼ M−2
H (9)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(10)

1

µ (1)

|Vus| = 0.22535 ± 0.00065

|Vcb| = (0.04082 ± 0.00045) × 1.015 (2)

(δd
23)LL " −3.0 × 10−2 ∆aq

L

−(0.28 + i 8.7) × 10−2

[
0.5 TeV

md̃

]2

(3)

MH (4)

∞ (5)

Im M q
12 (6)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (7)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (8)

(δij)LR ∼ A tems + µ tems µ′s (9)

∆Mq ∼ M−2
H (10)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(11)
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smaller than its real part. This is a good news, because CP violation in the first generation

of quarks is very small, while CP violation in the third generation may be large. This is a

consequence of the hierarchical structure of the Yukawa couplings as one can see from (27)

and (35). We have not included the one-loop corrections to δRR, because due the smallness

of the Yukawa couplings in the down-quark sector they are very small compared with the

tree-level contributions. For the left-right insertions we find

(δd
12)LR ! 1.9(Ãd

1 − Ãd
2) × 10−5

[

0.5 TeV

md̃

]

+ (2.9 − i 0.11) × 10−4

[

0.5 TeV

md̃

]2

,

(δd
21)LR ! (−2.2Ãd

1 + 1.7Ãd
2) × 10−5

[

0.5 TeV

md̃

]

− (2.9 − i 0.11) × 10−4

[

0.5 TeV

md̃

]2

,

(δd
13)LR ! (1.0Ã

′d
1 + 4.0Ã

′d
2 ) × 10−5

[

0.5 TeV

md̃

]

− (2.1 − i 0.09) × 10−4

[

0.5 TeV

md̃

]2

,

(δd
31)LR ! 5.8Ãd

2 × 10−4

[

0.5 TeV

md̃

]

− (4.2 − i 0.17) × 10−3

[

0.5 TeV

md̃

]2

, (53)

(δd
23)LR ! 1.4Ã

′d
2 × 10−4

[

0.5 TeV

md̃

]

− (1.0 − i 0.04) × 10−3

[

0.5 TeV

md̃

]2

,

(δd
32)LR ! −2.3Ãd

2 × 10−2

[

0.5 TeV

md̃

]

+ (1.7 − i 0.07) × 10−2

[

0.5 TeV

md̃

]2

,

where the first terms come from the A terms, and the second ones are from the µ terms

(16), and Ãd’s in (53) are dimensionless free parameters. The imaginary part of the (1, 1)

element of δLR is strongly constraint by EDMs [18, 20]. The A-term contributions are real

(because of the CP invariance of the original theory), while the µ term contributions are

complex (because spontaneous CP violation generates complex µ terms). We find, using

(16),







Im(δd
11)LR = 3.7

Im(δu
11)LR = 1.3

× 10−6 ×
[

0.5 TeV

md̃

]2

, (54)

which are of the order of the upper bound [18].

C. Mixing of the neutral mesons and new CP phases

We now apply our results (51) and (53) to the mixing of the neutral meson systems. Here

we assume that the tree-level contributions to the mixing coming from the heavy neutral

Higgs boson exchange are small. In [10, 11, 27] it has been found that if their masses are

larger than several TeV in the present model, then FCNCs and CP are suppressed. In the

present case with the parameters given in Table II, the mass of the lightest flavor-changing

neutral Higgs boson is 5.7 TeV, and so the assumption may be justified. The total matrix

14

Input Input

fK (159.8 ± 1.4 ± 0.44) × 10−3 GeV fBd
0.194 ± 0.032 GeV

fBs 0.240 ± 0.040 GeV

MK 0.497648 ± 0.000022 GeV ∆M exp
K (0.5292 ± 0.0009) × 10−2 ps−1

Ms 5.3661 ± 0.0006 GeV ∆M exp
s 17.77 ± 0.10 ± 0.07 ps−1

Md 5.27950 ± 0.00033 GeV ∆M exp
d 0.507 ± 0.005 ps−1

md(2GeV) (5.04 +0.96
−1.54) × 10−3 GeV ms(2GeV) 0.105 +0.025

−0.035 GeV

md(mb) (4.23 +1.74
−1.71) × 10−3 GeV ms(mb) 0.080 ± 0.022 GeV

mb(mb) 4.20 ± 0.07 GeV

TABLE III: Parameter values used in the text (see also Ref. [50]). For the calculations in the text we use

only the central values. fK ,MK,d,s,∆M exp
K,d,s are from [48]. fBs

belongs to the conservative sets of [7] (see

the references therein), and fBd
is obtained from fBs

/ξ with ξ = 1.24. md(2GeV) and ms(2GeV) are from

[48], while those at mb are taken from [47].

and consider the observables ∆Mq, ∆Γq and the flavor specific CP-asymmetry aq
sl in terms

of the complex number ∆q = |∆q|eiφ∆
q , where q = d, s, and

∆Mq = 2|MSM,q
12 | · |∆q| , ∆Γq = 2|Γq

12| cos
(

φSM
q + φ∆

q

)

,

aq
sl =

|Γq
12|

|MSM,q
12 |

·
sin

(

φSM
q + φ∆

q

)

|∆q|
. (59)

The SM values are given e.g. in [7], in which the results of [30–34] are used:

2 MSM,d
12 = 0.56(1 ± 0.45) exp(i0.77) ps−1 ,

2 MSM,s
12 = 20.1(1 ± 0.40) exp(−i0.035) ps−1 ,

∆ΓSM
d = (26.7 +5.8

−6.5) × 10−4 ps−1 , ∆ΓSM
s = 0.096 ± 0.039 ps−1 ,

(60)

where the errors are dominated by the uncertainty in the decay constants and bag parame-

ters.

We use the central values of (7), (8) and Table III for our calculations, while requiring

the constraints

0.6

0.8







<
∆Md,s

∆M exp
d,s

<







1.4

1.2
,

2|MSUSY,K
12 |

∆M exp
K

<







2

1

I

II
(61)

and

ImMSUSY,K
12√

2∆M exp
K

< εK = 2.2 × 10−3 , (62)
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(r = ∆m2
21/∆m2
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where φν is an independent phase.

3. |(VMNS)13| " me/
√

2mµ " 3.4× 10−3

|(VMNS)23| " 1/
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2− (me/
√

2mµ)2 = 1/
√

2−O(10−5)

4. The prediction of < mee >
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2. m2
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23 = (1+2t212+t412−rt412)

2

4t212(1+t212)(1+t212−rt212) cos2 φν
− tan2 φν

(r = ∆m2
21/∆m2

23, t12 = tan θ12)

where φν is an independent phase.

3. sin2 θ13 = 1
2(me/mµ)2 " 10−6

sin2 θ23 = 1
2 + O((me/mµ)2)

|(VMNS)13| " me/
√
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4. The prediction of < mee >
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2

4t212(1+t212)(1+t212−rt212) cos2 φν
− tan2 φν

(r = ∆m2
21/∆m2

23, t12 = tan θ12)

where φν is an independent phase.

3. |(VMNS)13| " me/
√

2mµ " 3.4 × 10−3

|(VMNS)23| " 1/
√

2 − (me/
√

2mµ)2 = 1/
√

2 − O(10−5)

4. The prediction of < mee >

(SU(3)C × SU(2)L × U(1)Y )
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Dirac phase
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            symmetry

< 0.020

Mu , Md =





0 cu,d 0

cu,d 0 bu,d

0 b′
u,d au,d





, MD =
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(WMAP :<∼ 0.17 eV)
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Neutrino sector:

Almost maximal mixing 
of the atm. neutrinos



1. Inverted neutrino mass spectrum, i.e., mν3 < mν1 ,mν2 .

2. m2
ν2

/∆m2
23 = (1+2t212+t412−rt412)

2

4t212(1+t212)(1+t212−rt212) cos2 φν
− tan2 φν

(r = ∆m2
21/∆m2

23, t12 = tan θ12),

where φν is an independent phase.

3. δ = arg(Y ν
4 ) − φν = −φν .

4. sin θ13 " me/
√

2mµ " 3.4 × 10−3 and tan θ23 " 1 − (me/
√

2mµ)2 = 1 − O(10−5).

5. Prediction of < mee >.

tan θ12 = 0.68, ∆m2
21 = 6.9 × 10−5 eV2 and ∆m2

23 = 2.5 × 10−3 eV2.

sin2 θ12 = 0.3 and ∆m2
21 = 6.9 × 10−5 eV2

∆m2
23 = 1.4, 2.3 and 3.0 × 10−3 eV2
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