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Quark-squark alignment reexamined

Yosef Nir and Guy Raz
Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 18 June 2002; published 23 August 2002!

We reexamine the possibility that the solution to the supersymmetric flavor problem is related to small
mixing angles in gaugino couplings induced by approximate horizontal Abelian symmetries. We prove that, for
a large class of models, there is a single viable structure for the down quark mass matrix with four holomorphic
zeros. Consequently, we are able to obtain both lower and upper bounds on the supersymmetric mixing angles
and predict the contributions to various flavor changing neutral current processes. We find that the most likely
signals for alignment areDmD close to the present bound, significantCP violation in D0-D0 mixing, and shifts
of the order of a few percent in variousCP asymmetries inB0 andBs decays. In contrast, the modifications to

radiativeB decays, to«8/« and toK→pnn̄ decays are small. We further investigate a new class of alignment
models, where supersymmetric contributions to flavor changing processes are suppressed by both alignment
and RGE-induced degeneracy.

DOI: 10.1103/PhysRevD.66.035007 PACS number~s!: 12.60.Jv
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I. INTRODUCTION

Quark-squark alignment~QSA! is a mechanism that sup
presses supersymmetric contributions to flavor chang
neutral current processes via small mixing angles in fla
changing gaugino couplings@1,2#. The alignment could be
precise enough that the models are viable without requi
any squark degeneracy. Alignment occurs naturally in
models with Abelian horizontal symmetries that induce
observed hierarchy in the Yukawa couplings. However,
achieve small enough mixing angles in the gaugino c
plings that are relevant toDmK and«K , one has to carefully
choose the symmetry and the charge assignments.

Existing models of alignment use holomorphic zeros
the down quark mass matrix to achieve small enough mix
angles between the first two generations. In Sec. II we re
amine the allowed structures for this mass matrix. We pr
that there is a single structure~that is, a unique set of holo
morphic zeros! that gives phenomenologically viable mixin
angles. The unique structure ofMd gives this framework a
strong predictive power: We are able to derive both low
and upper bounds on the parametric suppression of the
persymmetric mixing angles.

The most interesting prediction of models of quark-squ
alignment is that the mass difference in the neutralD system,
DmD , should be close to the experimental bound.~A more
refined version of this statement is given in Sec. III.! Further-
more, D0-D0 mixing could beCP violating. While recent
analyses suggest that the standard model contributio
DmD could also be large@3#, CP violation in the mixing will
provide unambiguous evidence for new physics. Recen
there has been much progress in the search forD0-D0 mix-
ing. No signal has been found, and the bounds on the mix
parameters have improved. In Sec. III we examine the im
cations of these improved bounds on the viability of QS
models. It is important here that the experimental results
D0-D0 mixing are analyzed allowing forCP violation. We
thus use the results of Ref.@4# where the impact of weak
~and strong! phases on the interpretation of the experimen
0556-2821/2002/66~3!/035007~12!/$20.00 66 0350
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bounds was taken into account.
The framework of alignment has a strong predicti

power also for the mixing angles related toB0-B0 mixing,
Bs-Bs mixing andb→Xg decays. We analyze these predi
tions in Sec. IV. The implications forK physics—«8/« and
K→pnn̄ decays—are discussed in Sec. V.

Another basic assumption made in the literature is that
only restriction on the soft supersymmetry breaking ter
comes from the selection rules related to the small break
of the horizontal symmetry. In particular, it was assumed t
there is no degeneracy among squark masses, tha
Dm2/m25O(1). This assumption may, however, be que
tioned. It is perhaps more plausible that this situation hold
a high energy scale, where the soft supersymmetry brea
terms are induced. But then, renormalization group evolut
~RGE! would give a universal contribution to squark mass
and lead to some degree of degeneracy. In Sec. VI we ex
ine various aspects of ‘‘high energy alignment:’’ we estima
the size of the effect and its consequences for the constra
on mixing angles and for model building.

Future prospects for finding evidence for the alignme
mechanism or for excluding it are discussed in Sec. VII.

II. SUPERSYMMETRIC MIXING ANGLES

The size of supersymmetric flavor violation depends
the overall scale of the soft supersymmetry breaking ter
on mass degeneracies between sfermion generations, an
the mixing angles in gaugino couplings. Within the fram
work of alignment, mixing angles play a significant role. F
most of our purposes here, we can make the approxima
that the mixing betweenq̃L , the superpartners of the left
handed quarks, andq̃R , the superpartners of the right-hande
quarks, is small. Then there are four relevant 333 mixing
matrices in the quark-squark sector, which we denote
KL

d ,KR
d ,KL

u andKR
u .

Consider, for example, the matrix elements (KL
d) i j which

parametrize theg̃2(dL) i2(d̃L) j couplings. Given the down
quark mass matrix in the interaction basis,Md, we define the
©2002 The American Physical Society07-1
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diagonalizing matrices,VL
d andVR

d , according to

VL
dMdVR

d†5diag~md ,ms ,mb!. ~1!

Given the the mass-squared matrix for thed̃L squarks,M̃LL
2d ,

we can obtain the diagonalizing matrixṼL
d :

ṼL
dM̃LL

2dṼL
d†5diag~md̃1

2 ,md̃2

2 ,md̃3

2
!. ~2!

Then we have

KL
d5VL

dṼL
d† . ~3!

In this section we derive predictions for the flavor chang
elements of theKM

q matrices in the framework of alignmen

A. The down quark mass matrix

If the only suppression of supersymmetric flavor violati
is related to alignment, then the constraints fromK0-K0 mix-
ing (DmK and«K) require that the relevant supersymmet
mixing angles are much smaller than the correspond
CKM angle:

u~KL
d!12u,u~KR

d !12u!uVusu5l. ~4!

In models where alignment is induced by an Abelian ho
zontal symmetry, such a situation can be achieved by ha
holomorphic zeros in the down quark mass matrix.

We would like to argue that, for a large class of alignme
models based on Abelian horizontal symmetries, there
unique structure for the down quark mass matrix which
consistent with Eq.~4! and with the known values of th
quark flavor parameters~masses and mixing angles!:1

Md;S md 0 mbVub

0 ms mbVcb

0 0 mb
D . ~5!

~The ‘‘; ’’ sign here and below means that there is an ar
trary coefficient of order one, which we do not write expli
itly, in each entry.! We will now prove this statement an
spell out our assumptions along the way.

In order that Eq. ~4! is satisfied, we must hav
u(VL

d)12u,u(VR
d)12u!l. These matrix elements can be e

pressed in terms of the entries ofMd @2,7#. We define

yi1
d 5

Mi1
d

AuM22
d u21uM33

d u2
,

yi2
d 5

Mi2
d M33

d 2Mi3
d M32

d

uM22
d u21uM33

d u2
,

1For related studies, see@5,6#.
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yi3
d 5

Mi3
d M33

d* 1Mi2
d M32

d*

uM22
d u21uM33

d u2
. ~6!

Then the relevant contributions to the matrix elements
given as follows:

~VL
d!125

y12
d

y22
d

1
y11

d y21
d*

uy22
d u2

,

~VR
d !125

y21
d*

y22
d*

1
y11

d* y12
d

y22
d*

2
y31

d* y23
d*

y22
d*

.

~7!

To sufficiently suppress these mixing angles while provid
acceptable values for the down quark masses, the follow
conditions are necessary@8#:

M12
d 50;

M21
d 50;

M31
d 50 or M23

d 5M32
d 50;

M32
d 50 or M13

d 50.

But not all the ways to satisfy these conditions can be re
ized in models of Abelian horizontal symmetries. In partic
lar, we will now prove that in a large class of models we c
have neitherM13

d 50 nor M23
d 50.

We consider models with Abelian symmetries of the ty
U(1)13U(1)23•••3U(1)n . EachU(1)i subgroup is bro-
ken by a small parametere i . It is convenient to express a
e i ’s as powers ofl,e i;lni (ni.0). We emphasize tha
there is no loss of generality in doing so. Each matter sup
multiplet F carries horizontal chargesHi(F),i 51, . . . ,n.
HereF stands for any of the quark doublet superfieldsQi ,
the singlet anti-up superfieldsūi , the singlet anti-down su-
perfieldsd̄i and the Higgs superfieldsfu andfd . We use the
freedom that comes from theU(1)Y3U(1)B3U(1)PQ sym-
metry of the Yukawa sector to setHi(Q3)5Hi(fu)
5Hi(fd)50 without loss of generality. It is also convenie
to define an effective charge of a field,H(F)5( iniHi(F).
Then the selection rules for the entries inMq(q5d,u) are as
follows:

~i! If, for all i ,Hi(Qj )1Hi(q̄k)>0 then

M jk
q 5^fq&l

H(Qj )1H(q̄k).

~ii ! If, for some i ,Hi(Qj )1Hi(q̄k),0 thenM jk
q 50.

We assume thatmt /^fu&5O(1), namely it is not para-
metrically suppressed.2 Then we must haveHi(ū3)
1Hi(Q3)50 for all i. We also must haveM33

d .mb which

2The alignment model of Ref.@9# takesmt to be parametrically
suppressed and therefore is not subject to our analysis. Simil
neither the mass matrix structures nor the phenomenological co
quences proposed in Refs.@10,11# are possible in our framework.
7-2
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means thatHi(d̄3)1Hi(Q3)>0 for all i. These two condi-

tions together imply thatHi(d̄3)>Hi(ū3). Then it is simple
to see that ifMi3

d 50, we necessarily have alsoMi3
u 50. But

if M23
d 5M23

u 50 we would obtainuVcbu!l2. We conclude
that we must not haveM23

d 50 and that, therefore, we mus
haveM31

d 50. But if M31
d 5M13

d 5M13
u 50 we would obtain

uVtdu!l3. We conclude that we must not haveM13
d 50 and

that, therefore, we must haveM32
d 50. This completes the

proof to our statement that the only viable down quark m
matrix within our framework and assumptions is that of E
~5!.

B. The supersymmetric mixing angles

In the framework of alignment one assumes that there
no fine-tuned relations betweenO(1) coefficients. This
means that we can use Eq.~3! to estimate (KL

d) i j :

~KL
d! i j ;max@~VL

d! i j ,~ṼL
d! j i #. ~8!

The uniqueness of the mass matrixMd of Eq. ~5! implies
that the parametric suppression of all entries of the diago
izing matricesVL,R

d is known within our framework:

VL
d;S 1 l5 l3

l5 1 l2

l3 l2 1
D , VR

d;S 1 l7 l7

l7 1 l4

l7 l4 1
D . ~9!

From Eq. ~8! we conclude that the values of the vario
entries inVL

d andVR
d given in Eq.~9! constitute lower bounds

on the corresponding entries in, respectively,KL
d andKR

d . In
other words, the parametric suppression of (KM

d ) i j is at most
as strong as that of (VM

d ) i j in Eq. ~9!.
We would now like to estimate the diagonalizing matric

for the squark mass-squared matrices. The selection rule
the diagonal block are simple:

~i! For the LL block, (M̃LL
2 ) jk;m̃Q

2 l( i 51
n ni uHi (Qj )2Hi (Qk)u

~for both down and up squarks!.

~ii ! For the RR block of the down sector, (M̃RR
2d ) jk

;m̃D
2 l( i 51

n ni uHi (d̄ j )2Hi (d̄k)u.

~iii ! For the RR block of the up sector, (M̃RR
2u ) jk

;m̃U
2 l( i 51

n ni uHi (ū j )2Hi (ūk)u.
~We here allow for the possibility that the typical mas

squared scale is different for each of the three sectors
most cases we will assume that there is a single mass s
that characterizes all soft supersymmetry breaking terms

denote this scale bym̃.! The interesting point here is that on
can find upper bounds on the off-diagonal elements of
diagonalizing matrices in terms of the quark flavor para
eters, that is, the CKM angles and the quark masses.
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latter can be written in terms of the effective charges:

uVi j u;l uH(Qi )2H(Qj )u,

mdi
/mdj

;lH(Qi )1H(d̄i )2H(Qj )2H(d̄ j ),

mui
/muj

;lH(Qi )1H(ūi )2H(Qj )2H(ū j ).
~10!

Then we get the following bounds~herei< j ):

u~ṼL
q! i j u&uVi j u,

u~ṼR
q ! i j u&

1

uVi j u

mqi

mqj

. ~11!

There are cases in which one can derive an upper bo
on u(ṼM

q ) i j u that is stronger than those in Eq.~11!. These are
the cases when a related entry in the down quark mass m
is a holomorphic zero. For example, sinceM31

d 50, the upper

bound on u(ṼR
d)13u in Eq. ~11!, u(ṼR

d)13u&(md /mb)/uVubu
;l, is never saturated and a stronger bound holds. We
derive this bound. Our starting point is the application of t
selection rule to this specific case,

u~ṼR
d !13u;l(

i 51

n

ni uHi (d̄1)2Hi (d̄3)u. ~12!

The source of the upper bound in Eq.~11! is the inequality

(
i 51

n

ni uHi~ d̄1!2Hi~ d̄3!u>(
i 51

n

ni@Hi~ d̄1!2Hi~ d̄3!#.

~13!

For the upper bound in Eq.~11! to be saturated, Eq.~13!

should become an equality. That would imply thatHi(d̄1)
2Hi(d̄3)>0 for all i. As we mentioned before, we mus
haveM33

d .mb which means thatHi(d̄3)1Hi(Q3)>0 for all

i. The combination of the two requirements givesHi(d̄1)
1Hi(Q3)>0 for all i. But thenM31

d Þ0, in contradiction to

Eq. ~5!. The minimal extra suppression ofu(ṼR
d)13u compared

to the upper bound in Eq.~11! is by two powers of the larges
among the small parameterse i , that is,

u~ṼR
d !13u&

md

uVubumb
emax

2 , emax[max
i

~e i !. ~14!

In particular, if e i&l for all i, then u(ṼR
d)13u&l3. Together

with Eq. ~9!, we obtain

l7&u~KR
d !13u&l3. ~15!

Similar considerations apply to other supersymme
mixing angles. Within the up sector, the structure of the m
matrix is less restricted. The only strict requirements are t
the eigenvalues ofMu would be (mu ,mc ,mt) and that, given
that the Cabibbo mixing is not induced by the diagonaliz
7-3
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YOSEF NIR AND GUY RAZ PHYSICAL REVIEW D66, 035007 ~2002!
tion of Md, we should haveu(VL
u)12u5uVusu. ~In addition, we

must haveu(VL
u)13u&uVubu and u(VL

u)23u&uVcbu.! These re-
quirements are enough to find constraints on theu(KM

u )12u
mixing angles. The bounds on various mixing angles in
framework of alignment are given in Table I.

III. D PHYSICS

The most promising way to find evidence for quar
squark alignment is throughCP violation in D0-D0 mixing.
The best way to exclude a large class of alignment mode
by improving the bounds onD0-D0 mixing. The most im-
portant quantity here is the dispersive part of theD0-D0

mixing amplitude,M12
D . To constrain the supersymmetric fla

vor parameters, we need to find the phenomenolog
bounds on this transition amplitude. The analysis is
straightforward because the possible presence of st
phases and of weak phases in the relevant decay proc
complicates the relation betweenM12

D and the experimentally
measured parameters. A careful analysis was performe
Ref. @4# with the result3

uM12
D u<6.2310211 MeV~95% C.L.!. ~16!

In the next subsection we interpret this bound in the fram
work of supersymmetric models with quark-squark alig
ment.

A. Mixing angle constraints without squark degeneracy

Supersymmetric box diagrams with intermediate gaugi
and squarks contribute to neutral meson mixing. It is o

3In the literature, the effects of weak and strong phases on
interpretation of searches forD0-D0 mixing are often ignored. Con
sequently, a stronger bound is often quoted. See@4# for details.

TABLE I. Bounds on supersymmetric mixing angles in mode
of alignment. The estimates in powers ofl;0.2 refer to our evalu-
ation of the quark mass ratios in powers ofl and to emax

[ maxi(ei)&l. (‡) In viable models these mixing angles are set
be smaller than the formal upper bounds so that the phenom
logical bounds on the products (KL

q)12(KR
q)12 (q5u,d) are satis-

fied.

Mixing angle Lower bound Upper bound

(KL
d)12 VubVcb(;l5) Vusemax

2 (;l3)‡

(KR
d)12 md

ms
VubVcb(;l7)

md

msVus
emax

2 (;l3)‡

(KL
d)13 Vub(;l3) Vub(;l3)

(KR
d)13 md

mb
Vub(;l7)

md

mbVub
emax

2 (;l3)

(KL
d)23 Vcb(;l2) Vcb(;l2)

(KR
d)23 ms

mb
Vcb(;l4)

ms

mbVcb
emax

2 (;l2)

(KL
u)12 Vus;l Vus(;l)

(KR
u)12 mu

mc
Vus(;l4)

mu

mcuVusu
(;l2)‡
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purpose in this subsection to estimate the supersymm
contribution toM12

D in the framework of quark-squark align
ment models and to compare it to the experimental bo
~16!.

The size of the contribution depends on the masses of
intermediate particles and on the mixing angles in
gaugino couplings to quarks and squarks. The interes
D0-D0 mixing lies in the fact that alignment models predi
the value of one relevant mixing angle:

u~KL
u!12u.l. ~17!

Herel[uVusu50.22 is the Wolfenstein parameter. The mi
ing angle (KL

u)12 gives the coupling of the gluino~or a neu-
tralino! to a left-handed up quark and a ‘‘left-handed’’ char
squark. Then one can calculate the contribution toM12

D in

terms of the three relevant masses,mg̃ ,m̃2 and m̃1 ~where
the latter are, respectively, the masses ofc̃L and ũL).

One often calculates the supersymmetric contributions
neutral meson mixing in the mass insertion approximat
~MIA !. This is equivalent to Taylor expanding around a co
mon squark massm̃q and keeping only the leading term i
Dm̃21

2 /m̃q
2 , where

m̃q5
1

2
~m̃21m̃1!,

Dm̃21
2 5~m̃2

22m̃1
2!. ~18!

@The particular choice ofm̃q in Eq. ~18! is explained in Ref.
@12#.# It is convenient to define the following dimensionle
quantity:

~dLL
u !12[

~VL
uM̃LL

2uVL
u†!12

m̃q
2

;~KL
u!12

Dm̃21
2

m̃q
2

. ~19!

In the second equation we assumed that the terms relate
(KL

u)13(KL
u)23 can be neglected and that, furthermore, the

agonal matrix elements, (KL
u) i i , are not parametrically sup

pressed. These assumptions are always valid in our fra
work of Abelian horizontal symmetries. The leadin
contribution in the MIA depends onmg̃ ,m̃q and (dLL

u )12.

The MIA result for the contributions toM12
D involving c̃L and

ũL is given by@13#

M12
D 5

as
2mDBDf D

2 hD

m̃q
2 F 11

108
f̃ 6~mg̃

2/m̃q
2!1

1

27

mg̃
2

m̃q
2

f 6~mg̃
2/m̃q

2!G
3@~dLL

u !12#
2, ~20!

where

f 6~x!5
6~113x!ln x1x329x229x117

6~12x!5 ,

e

o-
7-4
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FIG. 1. Constraints on flavor
changing mass insertions from
D0-D0 mixing as a function of the
gluino massmg̃ and of the average

squark massm̃q .
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for
f̃ 6~x!5
6x~11x!ln x2x329x219x11

3~12x!5 . ~21!

Similarly, one can find the contributions that are porportio
to @(dRR

u )12#
2,(dLL

u )12(dRR
u )12,@(dLR

u )12#
2,@(dRL

u )12#
2, and

(d LR
u )12(d RL

u )12. @Generalizing Eq.~19!, one definesd MN
q

[VM
q M̃ MN

2q VN
q†/m̃2.# Requiring that each of these contrib

tions separately is smaller than our bound~16! gives an up-
per bound on each of the (d MN

u )12 combinations. These

bounds are shown in Fig. 1. For example, withmg̃5m̃q
51 TeV, we find

~dLL
u !12&0.2. ~22!

Note that we do not take into account possible fine-tun
cancellations between the various contributions. Such c
cellations would allow weaker bounds. While this optio
goes against the spirit of our work, where we try to expla
small numbers by parametric suppression related to appr
mate symmetries and not by fine-tuning, one has to bea
03500
l

d
n-

xi-
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mind that it is not impossible that the bounds are violated
a factor of a few and accidental cancellation does take p
in Nature@14#.

How should we interpret constraints that are calcula
with the MIA within the framework of alignment? The an
swer is not simple for the following reason. Within models
alignment, the suppression of flavor changing (d MN

q ) i j

comes from the smallness of the mixing angles and not fr
squark degeneracy. Actually, in the spirit of alignment mo
els, where all couplings that are not suppressed by the
proximate horizontal symmetry are expected to be ofO(1),
one usually further assumes that there is no degene
among the relevant squarks, that is,

Dm̃21
2

m̃q
2

5O~1!. ~23!

But the MIA is an expansion inDm̃2/m̃2 ~and not ind).
Therefore it is not necessarily a good approximation
7-5
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YOSEF NIR AND GUY RAZ PHYSICAL REVIEW D66, 035007 ~2002!
alignment models. Reference@12# investigated the relation
between the MIA and exact calculations within alignme
models. The conclusion is that, in most of the parame
space, the MIA with the choice ofm̃q as in Eq.~18! is a good
approximation for the exact result. Thus, in the absence
any squark degeneracy, the constraints in Fig. 1 should
interpreted as an approximate upper bound on the mix
angle u(KL

u)12u. The approximation breaks only if there is
strong hierarchy between the two squark masses. If, on
other extreme, there is approximate degeneracy between
two squark masses, then the MIA constraint is~close to!
exact but it applies tou(KL

u)12u(Dm̃2/m̃2).

B. M 12
D with quark-squark alignment

In all models of alignment, Eq.~17! holds for the mixing
angle. In the class of models considered in this section,
~23! is assumed. In this class of models, the generic pre
tion is then that

~dLL
u !12;0.2 ~24!

to be compared with the experimental bound of Eq.~22! or,
more generally, with the constraints of Fig. 1~a!. The regions
of parameter space where the constraint on (dLL

u )12 is stron-
ger than 0.2 are disfavored. The regions where the const
is weaker are viable. We can make then the following th
statements:

~i! Models of quark-squark alignment wheremg̃ ,m̃q
*1 TeV are consistent with the experimental constrai
from D0-D0 mixing without any squark degeneracy.

~ii ! Conversely, models where both ofmg̃ and m̃q are
much lighter than 1 TeV are disfavored, unless there
some degeneracy between the first two generations
squarks.

~iii ! There is a narrow region in themg̃ ,m̃q plane where
various contributions toM12

D cancel against each other an
the supersymmetric particles could be very light without v
lating the bound. While exact cancellation is unlikely, o
should bear in mind that an accidental, approximate can
lation is possible and the TeV bound on the masses is
strict.

If supersymmetry is to solve the fine-tuning problem, s
persymmetric masses should be&TeV. The conclusion of
our discussion here is then that models without squark
generacy require thatuM12

D u is close to present experiment
bounds.

IV. B PHYSICS

B02B0 mixing and rareB decays, such as the radiativ
b→sg, are an excellent probe of supersymmetry@15,16#. In
this section we study the signatures of alignment in th
processes.

A. B0-B0 mixing

There are two important measurements that relate
B0-B0 mixing. First, the mass difference between the neu
B mesons is given by@17#
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DmB5~3.10760.112!310210 MeV. ~25!

Second, theCP asymmetry inB→cK decays is given by
@18,19#

acK50.7860.08. ~26!

The supersymmetric contributions toB0-B0 mixing can
be calculated along the lines described in Sec. III
The various contributions are proportional to@(d LL

d )13#
2,

@(d RR
d )13#

2, (d LL
d )13(d RR

d )13, @(d LR
d )13#

2, @(d RL
d )13#

2 and
(d LR

d )13(d RL
d )13. For each of these contributions, we fin

the value of the (d MN
d )13 parameter that would saturate th

experimental upper bound onuM12
B u from Eq. ~25!, uM12

B u
&1.7310210 MeV. The results of this analysis are shown
Fig. 2. For example, formg̃5m̃q51 TeV, we find that su-
persymmetric contributions would saturateDmB if at least
one of the following conditions is satisfied:

~d LL
d !13;0.2,

A~d LL
d !13~d RR

d !13;0.04. ~27!

We should now compare these results to the predicti
given in Table I:

~KLL
d !13;uVubu;0.004,

A~KLL
d !13~KRR

d !13&lAmd /mb;0.01. ~28!

We obtain the following approximate range for the sup
symmetric contribution toM12

B :

l4&U~M12
B !SUSY

~M12
B !EXPU&l2. ~29!

In particular, the supersymmetric contribution to theB0-B0

mixing amplitudeM12
B , and hence toDmB and toacK , is at

most a few percent.

B. Bs-Bs mixing

Within the standard model, the ratio between the m
differences in theBs andB0 systems,DmBs

/DmB , depends
on the CKM elements@up to SU~3! breaking effects of order
twenty percent#,

DmBs

DmB
;UVts

Vtd
U2

;
1

l2 . ~30!

Note thatDmBs
has not been measured yet and only a low

bound exists@17#,

DmBs

DmB
*30. ~31!

The prediction of alignment models can be read fro
Table I. The relevant ratios are
7-6
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FIG. 2. Constraints on flavor
changing mass insertions from
B0-B0 mixing as a function of the
gluino massmg̃ and of the average

squark massm̃q .
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~KL
d!23

2

~KL
d!13

2
;

1

l2 ,

max@~KL
d!23~KR

d !23#

max@~KL
d!13~KR

d !13#
;

1

l2 . ~32!

Based on these results, we conclude that the supersymm
contribution toBs-Bs mixing is at most of order a few per
cent. Such an effect is too small to be clearly observ
through a measurement ofDmBs

. However, the standard

model prediction for theCP asymmetries inBs decay tocf

~or in any otherb→cc̄s process leading to a finalCP eigen-
state! is of orderl2; these predictions can then be violated
a significant way.

C. b\Xg

Within our framework, the structure ofM̃LR
2q is similar to

that of Mq: the same holomorphic zeros appear in both, a
03500
tric

d

d

the same parametric suppression holds for the non-vanis
entries~though the coefficients of order one are, in gene
different!. Consequently, alignment models predict also
parametric suppression of the chirality-changing couplin

(d MN
d ) i j [(VM

d M̃ MN
2d VN

d†) i j /m̃2 with MÞN. These predic-
tions are given in Table II.

These predictions imply that the supersymmetric con
butions tob→Xsg are small in our framework. For example

with m̃;500 GeV, the prediction is (d LR
d )23;l5 while the

requirement, for the supersymmetric contribution to be s
nificant, is (d LR

d )23;l2. Thus the modificiation of the stan

dard model prediction is of order 1024. Even form̃ close to
mZ , the supersymmetric contribution is below the perce
level. Similar conclusions hold for theb→Xdg decay.

V. K PHYSICS

K physics have played an enormous role in shaping
thinking on supersymmetry breaking. The very idea of alig
7-7
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ment comes from the strong constraints on the soft su
symmetry breaking terms that follow from the smallne
of K0-K0 mixing. Future developments inK physics—
particularly«8/« andK→pnn̄ decays—are likely to test in
various ways the solutions that have been proposed to
supersymmetric flavor problem. As concerns«8/«, one may
hope that futuretheoretical developments will allow us to
tell whether indeed the standard model accounts for the m
sured value. As concerns the rareK→pnn̄ decays, in the
future the measurement of the charged (K6) mode might be
improved and the neutral (KL) mode might be measured
providing important information on supersymmetric flav
and CP violation. Whether deviations from the standa
model are found or not, the results will help in testing alig
ment.

A. «8Õ«

Direct CP violation in K→pp decays has now bee
measured with high accuracy~for a review, see@20# and
references therein!:

«8

«
5~1.7260.18!31023. ~33!

For

Im@~dLR
d !12#;l7S m̃

500 GeV
D , ~34!

~and/or for a similar magnitude of Im@(dRL
d )12#), the super-

symmetric contribution could saturate«8/« @21#. From Table
II we learn that the predicted size is

~dLR
d !12;l7S mb

m̃
D . ~35!

We learn that models of alignment cannot explain a la
deviation from the standard model prediction@8,22#. ~See,
however, Ref.@23# for a related model where the supersym
metric contribution is significant.! As mentioned above, ex
periments have determined«8/« rather accurately; the ques
tion of whether there is room~or even necessity! for a large
supersymmetric contribution can only be answered if the t

TABLE II. Predictions for supersymmetric chirality-changin
flavor-changing mass insertions in models of alignment. The e
mates in powers ofl;0.2 refer to our evaluation of the quark ma
ratios in powers ofl.

(d MN
d ) i j Prediction

(d LR
d )12 l7 (mb /m̃)

(d RL
d )12 l9 (mb /m̃)

(d LR
d )13 l3 (mb /m̃)

(d RL
d )13 l7 (mb /m̃)

(d LR
d )23 l2 (mb /m̃)

(d RL
d )23 l4 (mb /m̃)
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oretical determination of the relevant hadronic matrix e
ments improves in a significant way.

B. K\pnn̄

The measurement of BR(K1→p1nn̄) has been recently
improved@24#:

BR~K1→p1nn̄!5~1.5720.82
11.75!310210. ~36!

The supersymmetric contribution can saturate this rate
@25–28#

~dLL
d !12;l2 ~37!

@or if (dLL
d )13(dLL

d )23;l2#. Examining Table I, we learn tha
the relevant flavor changing couplings are much smaller.
conclude that models of alignment cannot explain a la
deviation from the standard model prediction@25#. This situ-
ation might actually be helpful in probing alignment: while
may be difficult to be convinced of new contributions at t
level of a few percent from a direct comparison betwe
DmB /DmBs

or acK and the standard model prediction, su
deviations can be probed by a violation of the stand
model correlations between these observables and thK

→pnn̄ decay rates@29,30#.

VI. ALIGNMENT AT HIGH SCALE

The starting point of most previously-studied models
alignment is the assumption that the flavor structure of
soft supersymmetry breaking terms is determined solely
the selection rules related to the approximate horizontal s
metry. When we consider, however, a high scale of sup
symmetry breaking, renormalization group evolution~RGE!
of squark masses may induce an approximate degenera
low scale. Our purpose in this section is to investigate t
effect and describe the phenomenological consequences

A. RGE-induced degeneracy

The RGE effects on the Yukawa matrices are small@31#,
so we need to consider only the soft supersymmetry brea
terms. For our purposes, it is sufficient to consider the o
loop RG equations in the limit where all Yukawa couplin
are set to zero@32#:

] tm̃a52
1

4p
baaam̃a ,

] t~M̃LL
2 ! i j 5

d i j

4p S 16

3
a3m̃3

213a2m̃2
21

1

9
a1m̃1

2D
2

m3/2
2

16p2
@~AuAu†! i j 1~AdAd†! i j #,

ti-
7-8
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] t~M̃RR
2u ! i j 5

d i j

4p S 16

3
a3m̃3

21
16

9
a1m̃1

2D
2

m3/2
2

8p2
~Au†Au! i j ,

] t~M̃RR
2d ! i j 5

d i j

4p S 16

3
a3m̃3

21
4

9
a1m̃1

2D
2

m3/2
2

8p2
~Ad†Ad! i j , ~38!

] tAi j
u 5

1

4pS 8

3
a31

3

2
a21

13

18
a1DAi j

u ,

] tAi j
d 5

1

4pS 8

3
a31

3

2
a21

7

18
a1DAi j

d ,

wheret52 ln(MS/Q),MS is the scale at which supersymm
try breaking is communicated to the MSSM, andb1,2,3

5(11,1,23). The Aq matrices are defined throughM̃LR
2q

5m3/2A
q^fq&. The important point to notice is that th

squark mass-squared matrices,M̃ MM
2q , get large universa

contributions that are proportional to the gauge coupling
Let us take, for example,MS'MGUT and setQ5mZ (t

.67). Then the weak scale parameters~unprimed! can be
written in terms of the high scale parameters~primed! as
follows @32#:

~M̃LL
2 ! i j 5~M̃LL

2 ! i j8 17d i j m1/2822m3/282@1.8~Au8Au8†! i j

11.7~Ad8Ad8†! i j #,

~M̃RR
2u ! i j 5~M̃RR

2u ! i j8 17d i j m1/28223.6m3/282~Au8†Au8! i j ,

~M̃RR
2d ! i j 5~M̃RR

2d ! i j8 17d i j m1/28223.4m3/282~Ad8†Ad8! i j ,
~39!

Ai j
u 53.7Ai j

u8 ,

Ai j
d 53.6Ai j

d8 .

Here m1/28 is the average gaugino mass at the GUT sc
Thus, RGE induces a universal contribution of order7

9 mg̃
2 to

the weak-scale squark mass-squared matrices. We used
the fact that the RGE of gaugino masses yieldsmg̃'3m1/28 .

We now make the crucial assumption that the structure
the soft supersymmetry breaking terms atMS is solely deter-
mined by the horizontal symmetry. This assumption me
that, at the high scale, the following order of magnitude
lations hold:

m̃3/28
2
;m̃1/28

2
;~M̃ MM

2q ! i i8 ,

A33
u8;1, A33

d8;mb /^fd&. ~40!
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But then, at low energy, squark masses acquire approxim
degeneracy. The estimates of the supersymmetric mix
angles in Table I correspond in this case to the suppressio
the high-scaled i j parameters. But the weak-scaled i j param-
eters are now suppressed not only by the small mixing an
but also by squark degeneracy. Explicitly, the low energyd i j
parameters have the following RGE-induced suppress
factors with respect to their high energy values:

~d LL
d ! i j '0.25~d LL

d ! i j8 , ~ i j !5~12!,~13!,~23!,

~d RR
d ! i j '0.15~d RR

d ! i j8 , ~ i j !5~12!,~13!,~23!, ~41!

~d MM
u !12'0.15~d MM

u !128 , M5L,R.

In other words, if Eqs.~23! and~40! hold at the GUT scale,
we have at the weak scaleDm̃2/m̃2'1/4 (1/7) in thed̃L

sector (d̃R sector and first two up squark generations!. We
would like to emphasize the following three points:

~i! The milder suppression of (d LL
d ) i j depends on our

assumption that the scale that characterizes theA terms is
m3/28 . If it is smaller, the degeneracy becomes as strong a
the other sectors. The degeneracy would be similarly
hanced if theA matrices wereexactly proportional to the
corresponding Yukawa matrices.

~ii ! The results in Eq.~41! have been derived with tanb
5O(1). In the case that tanb@1, the suppression o
(d RR

d )23 becomes milder: (d RR
d )23'0.5(d RR

d )238 ~for tanb
;mt /mb).

~iii ! We used here, as an example,MS'MGUT. Lower
values ofMS correspond to weaker RGE effects and, the
fore, to a milder suppression of the flavor changing effec
For MS&109 GeV, there is effectively no degeneracy an
the phenomenology is the same as in the discussion in
vious sections, where alignment is the only source of s
pression of flavor changing couplings.

B. Phenomenological consequences

The RGE-induced suppression of the flavor changingd i j
parameters in the high scale models has important phen
enological consequences. Before we list the phenomenol
cal implications of this class of models, let us point out th
the predictions are here somewhat sharper. This is due to
fact that, given our assumption~40!, we can estimate

x[
mg̃

2

m̃2
;

9

7
. ~42!

Again, we used here as our exampleMS'MGUT. This
leaves essentially a single free parameter, say,m̃, in any
given model in this class.

~i! D0-D0 mixing: Eq. ~24! is now replaced~for MS
'MGUT) with

~dLL
u !12;0.03, ~43!
7-9
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to be compared with the constraints of Fig. 1~along the
curvemg̃ /m̃;1.1). We can make the following statement

~a! There is no region of parameter space that is dis
vored by the experimental upper bound onuM12

D u. In particu-
lar, the scale of squark and gluino masses could be as lo
300 GeV. This is true for a supersymmetry breaking scale
low as MS;1014 GeV: for MS*1014 GeV our framework
predicts (d LL

u )12&0.05 which, as can be seen in Fig. 1, is t

upper bound form̃q;300 GeV.
~b! For m̃;1 TeV, the supersymmetric contributions

uM12
D u are a factor ofO(50) below the experimental bound

Given the expected experimental sensitivity of future exp
ments, it will be impossible to exclude models of high-sc
alignment based on non-observation ofD0-D0 mixing.

~c! For m̃;300 GeV, the supersymmetric contribution
to uM12

D u are a factor ofO(3) below the experimental bound
It is then possible thatD0-D0 mixing will be observed in the
future.

~ii ! B0-B0 mixing: Eq. ~28! is now replaced with

~d LL
d !13;0.001,

A~d LL
d !13~d RR

d !13&0.003, ~44!

to be compared with the constraints of Fig. 2. We can m
the following statements:

~a! The supersymmetric contribution toB0-B0 mixing is
smaller by a factor of at least 10 compared to the low-sc
models of similar squark and gluino masses. In particular,
m̃;1 TeV, the modification to the standard model pred
tion for acK is below the percent level.

~b! The fact that, in this class of alignment models, lig
@that is, O(300 GeV)# squark masses are allowed, mea
that the maximal supersymmetric contributions could
comparable to the maximal low-scale model predictions.
deed, withm̃;300 GeV and large tanb @to give minimal
suppression of (d RR

d )13#, the supersymmetric contributio
could be ofO(0.1) of M12

B . This could lead to observabl
modifications ofacK .

~iii ! K0-K0 mixing: the constraints from«K ~assuming
CP violating phases of order one in the supersymmetric m
ing matrices! are given in Fig. 3. For example, withmg̃

5m̃51 TeV, we obtain

~d LL
d !12&831023,

A~d LL
d !12~d RR

d !12&631024. ~45!

Given Eq. ~41!, these constraints can be translated in
bounds on the supersymmetric mixing angles,

~KL
d!12&l2,

A~KL
d!12~KR

d !12&l3. ~46!
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This is to be compared with the bounds (KL
d)12&l3 and

A(KL
d)12(KR

d)12&l5 that apply in low scale models of align
ment.

Models of alignment are constructed to satisfy theDmK
and «K constraints. What we have just learned is that
models of GUT-scale alignment, the constraints on the m
ing angles~46! are milder. The question then arises wheth
this situation has significant consequences for model bu
ing.

The most dramatic result would be if the ‘‘naive’’ align
ment,

u~KL
d!12u;uVusu;l, u~KR

d !12u;
md

msuVusu
;l, ~47!

were sufficient to satisfy theK0-K0 constraints. If this were
the case, then no holomorphic zeros would be required
the analysis of both model building and the phenomenolo
cal consequences of alignment would change considera
What we learn from Eq.~45! is, however, that this is not the
case. One could imagine that the parametric suppres
gives u(KL

d)12u;l and that an accidental suppression
O(6) would make (d LL

d )12 consistent with the bound~45!.
But then the second constraint would imply (d RR

d )12

&531025, a factor ofO(103) below the naive suppression
We conclude that the RGE-induced suppression in the G
scale models is not enough to allow viable models that e
ploy no holomorphic zeros.

Under these circumstances, the milder constraints in
~46! do not give a significant simplification for model build
ing. In particular, relaxing the bound on (KL

d)12 from l3 in
low-scale models tol2 in high scale models makes no di
ference at all. The point is that holomorphic zeros suppr
(KL

d)12 compared to its naive value~47! by at leastemax
2 .

Assuming, as we do in this work, thatemax&l, the conse-
quences for model building of thel3 and l2 bounds are
identical. On the other hand, the milder bound
A(KL

d)12(KR
d)12, l3 instead of l5, does allow horizontal

charge assignments that would not be viable in low sc
models.

We conclude that models of GUT scale alignment ha
phenomenological consequences that may be very diffe
from low scale alignment. The difference in model buildin
~in the framework of Abelian horizontal symmetries! is,
however, of limited significance.

VII. CONCLUSIONS

We analyzed questions of model building and of pheno
enological implications in the framework of quark-squa
alignment. In models of alignment, three ingredients pla
role in suppressing the supersymmetric contributions to
vor changing neutral currents:

~i! Approximate horizontal symmetries naturally suppre
off-diagonal entries in both quark and squark mass matric
This alignment of mass matrices induces small mixi
angles in gaugino couplings.

~ii ! Supersymmetry requires that the Yukawa couplin
7-10
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FIG. 3. Constraints on flavor
changing mass insertions from
K0-K0 mixing as a function of the
gluino massmg̃ and of the average

squark massm̃q .
e
in

ng
ar
.
ng

iq
rk

ap

y
th
-
rk
s
th
ic

the
er-

ire
. If
f
m-
t

ng

tal

of
an-
re-
are holomorphic. In combination with the horizontal symm
tries, zero textures may be required by holomorphy, open
up the possibility of a very precise alignment.

~iii ! The running of the soft supersymmetry breaki
terms may induce approximate degeneracy among squ
even if there is no degeneracy in the high energy theory

On the model-building side, we have made the followi
two main points:

~a! Under a few reasonable assumptions, there is a un
phenomenologically viable structure for the down qua
mass matrix. In particular, four holomorphic zeros must
pear,M12

d 5M21
d 5M31

d 5M32
d 50.

~b! The possibility that a certain degree of degenerac
induced by RGE somewhat relaxes the constraints on
required alignment. Still, ‘‘naive’’ alignment where, for ex
ample, the supersymmetric mixing angles for doublet qua
and squarks have the same parametric suppression a
corresponding CKM angles, is not viable. Consequently,
same holomorphic zeros must play a role and the compl
tions of model building are not simplified.
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On the phenomenological side, we would like to make
following points regarding the future prospects for discov
ing or excluding the idea of quark-squark alignment:

~a! Alignment models without squark degeneracy requ
that uM12

D u should be close to present experimental bounds
the bounds onD0-D0 mixing are improved by an order o
magnitude, such models will be disfavored. Note that to i
prove the bound onM12

D by an order of magnitude, it is no
necessarily required to improve the bound onDmD by a
similar factor. A mild experimental progress in constraini
each ofx[DmD /G,fD ~the relevant weak phase! andd ~the
relevant strong phase! might give a significantly improved
bound onuM12

D u.
~b! The supersymmetric contribution to theB0-B0 mixing

amplitudeM12
B is at most a few percent of the experimen

value. Experimentally, bothDmB andacKS
can be measured

with an accuracy better than a few percent. The question
whether a deviation of order of a few percent from the st
dard model predictions can be convincingly signalled is
7-11
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lated to the theoretical accuracy of the predictions. Given
hadronic uncertainties in the calculation ofDmB , it will be
impossible to have a convincing signal for this new con
bution from the measurement of the mass difference. On
other hand, the hadronic uncertainties in the standard m
relationacK5sin 2b are smaller than a percent. It is still a
open question whether the value of 2b, constrained by othe
measurements, can be determined with the required a
racy.

~c! The supersymmetric contribution to theBs-Bs mixing
amplitudeM12

Bs is at most a few percent of the experimen
lower bound. Again, it would be difficult to have a convin
ing signal for this new contribution from the measurement
the mass differenceDmBs

. On the other hand, the standa

model predicts small@O(l2)# CP asymmetries inBs decays
to final CP eigenstates that involve theb→cc̄s quark sub-
process, so that the deviation can be significant.

~d! The supersymmetric contributions toK→pnn̄ decays
v

y

l.

l.
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are small. Thus the correlations between these decay r
and various observables related toB0-B0 mixing, that are
cleanly predicted by the standard model, may be violated

We conclude that the observation ofCP violation in
D0-D0 mixing and shifts ofO(l2) from the standard mode
predictions forCP asymmetries inB0 andBs decays are the
best possible clues for alignment. On the other hand, gi
the possibility of RGE-induced approximate degeneracy
will be difficult to exclude the idea of alignment if no devia
tions from the standard model are observed. Stronger c
straints on such deviations will simply translate into strong
lower bounds on the scale where alignment holds.
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