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Supersymmetric flavor models and theB— ¢pK g5 anomaly
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We consider the flavor structure of supersymmetric theories that can account for the deviation of the
observed time-depende@tP asymmetry inB— ¢Kg from the standard model prediction. Assuming simple
flavor symmetries and effective field theory, we investigate possible correlations between sizable supersym-
metric contributions td—s transitions and to flavor changing processes that are more tightly constrained.
With relatively few assumptions, we determine the properties of minimal Yukawa and soft mass textures that
are compatible with the desired supersymmetric flavor-changing effect and constraints. We then present explicit
models that are designédt least approximate)yto realize these textures. In particular, we present an Abelian
model based on a single(l) factor and a non-trivial extra-dimensional topography that can explaiCthe
asymmetry irB— ¢Kg, while suppressing other supersymmetric flavor changing effects through a high degree
of squark-quark alignment.
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[. INTRODUCTION the SM prediction is~O(1).?

In the standard modd€SM), the direct decay amplitudes  Supersymmetric extensions of the SM have new sources
for B—J/¢ Kg and B— ¢Kg have approximately no weak of flavor andCP violation and hence are good candidates for
phases in the Wolfenstein parametrization. Thus, @@  an explanation of this anomaly. Consider the soft supersym-
asymmetry in both decays is due to the weak phasB in Metry (SUSY) breaking masses for the down-type squarks,

— B mixing and hence is determined by s, avhereg is an ~t, 52\ gaug ~+ 2 gaug
angle of the unitarity trianglé.Recently, the asymmetric Lsost> dr(Mg)rr ~ dr+di (Mg~ dL
B-factories, BABAR and Be!le, announced that sph é.x- +[al(M2)9299 , + H.c]. (1.1)
tracted fromCP asymmetry inB— ¢K g decays[assuming

the Cabibbo-Kobayashi-Maskaw&KM) paradigm forCP  One may find the unitary transformatiobl,  andUp, _that

violation] is smaller by 2.¢ than the measurement usiig diagonalize the fermion Yukawa matrices
—J/ Kg decays—the world averages ard.39+0.41 and

0.734+0.054, respectively3]. The latter measurement of dPau9e= (Up);; dmass, (1.2
sin 2B is consistent with the result of a global fit to other
data. and apply these transformations to the squarks so that the

If this discrepancy persists, then it could be a signal ofquark-squark-gluino couplings are flavor diagonal. This de-
new physics. While the deca—J/¢ Ks occurs at tree fines the super-CKM basis a mass eigenstate basis for quarks
level in the SM, the amplitude foB— ¢Kg arises at one- in which the gluino couplings are also diagonal. The down
loop (since it involves ab— ssstransition. One therefore squark mass matrices in the super-CKM basis are given by
expects that new physics is more likely to affect the latter _ _
decay mode. Also, a new physics amplitudeBir B mixing (MDRFeM=Uf (MDHIE Vo, 13
cannotaccount for the anomaly since it will not change the
differenceof the two CP asymmetries. Hence, we require a where the subscriptdB represent either L, LR or RR. In
new physics contribution to the direBt— ¢K 5 decay ampli- ~ general, the squark mass matrices in the super-CKM basis
tude. This new physics amplitude) must be comparable to are not diagonal, and provide an origin for flavor changing
the SM amplitude andb) have a new®(1)CP violating  effects in the low-energy theory.
phase, since the experimen@P asymmetry is~0, while Flavor violation can be attributed to the “insertion” of an

off-diagonal element of one of these matridgghich con-
verts a squark of one flavor to that of another a squark
*Email address: kagashe@pha.jhu.edu propagator. If all the squark masses are of the same order and
"Email address: carone@physics.wm.edu the off-diagonal elements in these squark mass matrices are
Yn the SM, the deviation of th€ P asymmetry from sing in  small compared to the diagonal elements, then this “mass
B— ¢Ks (due to au-quark penguipis O(A%)~5%, where\
~0.22 is the Cabibbo anglesee, for example, Refl] and, for a
recent study, Refl2]); the deviation in the case &—J/ Kg is 2For recent model-independent studies of new physics effects in
smaller,0(\?) X ratio of penguin to tree amplitudes. this decay, see Reff4,5].
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specific examples. In a wide range of flavor models, one

— SR s does not expect large contributionsBe- ¢K g from (855

(52"3 )RR\A@*A s and (5‘;3) Lr- One might anticipate cﬁa) LL~\?, where\

E 5 by ~ ~0.22 is the Cabibbo angle, since the left-handed quark mix-
: s Vg ings are of that order. Moreover, thbl{)?2"%®terms and the

= s by beperrererrss SR Yukawa couplings transform identically under flavor symme-

tries and are often “aligned,” i.e., are diagonalized by the
. same unitary transformations, so that thgg's are sup-
FIG. 1. Typical direct supersymmetric contributionsitessss  pressed. We therefore focus on the possibility that Bhe
transitions in the mass insertion approximation. — ¢Kg anomaly is explained by a large imaginary part of
, ) L . (5‘33)RR, the most likely solution if tag, the ratio of Higgs
insertion” approximation is accurate for computing SUSY vacuum expectation valué¥EVs), is order one(We do not
contributions to flavor_ changing neutral currel(llFs.:NC.’s). consider the case of large f@rin this paped. It is worth
In this case, convenient measures of flavor violation a'§\oting that the preferred regions of supersymmetry param-
given by the paramete{$] eter space that follow from the analyses in RéTs-10] de-
pend crucially on the renormalization of the Wilson coeffi-
cients in theAB=1 effective Hamiltonian. The results are
obtained numerically, cover only parts of the multidimen-
sional supersymmetry parameter space, and cannot be sum-
farized usefully in any simple analytic approximation. We

oy= (PP aa
Possible Feynman diagrams contributing directl)btesgs
transitions are shown in Fig. 1. It has been shown that flavo

V||0I_at|ohn (in gluwllo-mﬁ_clilated_ Fe_ynmﬁn d'agrmn fed:);1 therefore use the numerical results in Figs. 3 through 7 of
plain the anomaly while satisfying the constraints fr Ref. [9] as a basis for our investigation of more explicit

—sy,; correlation withBs—Bs mixing has also been dis- sypersymmetric models. In Sec. Il we study the properties of
cussed[7-10.% Since the new physics amplitude has to beminimal mass matrix textures that lead 6% re~1, and
comparable to the SM amplitude to account B #Ks  determine the correlation with othérparameters. In Sec. I
anomaly, it is clear that we need large flavor violatomg., e present explicit flavor models that approximate these tex-
855~1 with O(1) phase. tures.

In this paper we exploreorrelations between a large It is worth pointing out that our analysis is of interest even
SUSY contribution tdB— ¢Ks and the SUSY contributions i the current anomaly iB— ¢K g turns out to be a statistical
to other FCNC's. In a model independent analysis, the varifiyctuation. One possibility is that the SUSY contribution in
ous &'s can be treated as independent parameters and th@ b—s transitions is large, bu€ P-conservingso that the
stringent bounds from, for examplE-K and B-B mixing, CP asymmetry inB— ¢Kg is not affected. In this case, an-

may be satisfied by assumption. While this approach is imticipated improvements in the measuremenBgfB, mixing
portant as a first step, it is somewtat hog the nontrivial  have the potential of revealing the SUSY contribution. An-
flavor structure required of the theory strongly hints at someyther possibility is that the SUSY contribution is

underlying organizing principle. The use of flavor symme-c p.violating, but is smallin the amplitude for the deca§
tries and effective field theory presents a well-motivated and—>¢K and largein the amplitude forb—sy or in B B.
consistent framework in which the question of FCNC corre- ixingS This will result in a directCP asymmetry SinBS
lations may be addressed. Flavor symmetries explain/posp-1 '

dict the hierarchy of fermion masses and mixings while si_.—>X57 or a mixing-induced, time-dependeaP asymmetry

L n Bs—J/¢ ¢, which potentially can be detected in ongoing
multaneously constraining the flavor structure of soft SUS\Hor future experiments. Whether such effects are consistent

tberanalc()lfngLTSaYSS(:eoSn.trTiElIJSti(I)r:\;utrcr)] Iyz/lc(:all\(ljcs:,;nformatlon on the pat?/vi'gh the tight_ bounds os—d an_d b—d transitions in real-
LT . ) .. _istic models is also addressed in our approach.
While it is impossible to explore the space of possible
models in its entirety, we can focus on the typical properties
of successful models and let minimality guide us in finding

II. TEXTURE ANALYSIS

In order to obtain a large value f0r5§3)RR, one must
. _ either haveda) squark nondegeneracy and a large 2-3 rotation
For an earlier study of these effects, see Ret]. For other  on right-handedRH) fields from down-quark Yukawa diago-
SUSY and non-SUSY explanations, see R&g]. nalization, or(b) large off-diagonal terms in the squark mass
“The SM amplitude has a CKM suppressiorid) which roughly i i i ihilities i
matrix in the gauge basis. We consider these possibilities in

matches the suppression of the SUSY amplitude due to the fact th@l,  Of course. combinations ) and(b) are also possible
the superpartner masses are larger than/thtop quark masses. as we will see in Sec. III.

SStrictly speaking, the mass insertion approximation is no longer
valid in the presence of such large flavor violation. Instead, we
should use the mass eigenstate basis for both quarks and squarks.
This point has been emphasized in the present context in[Ref. For simplicity, we assume that in the gauge basis the off-
Since we are not concerned with a detailed numerical analysis itliagonal terms in the RH down squark mass matrix are
this paper, it will suffice to use the mass insertion approximation. small,

Large RH 23 rotation in down quark Yukawa matrix
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m2 0 0 appear in a symmetric or antisymmetric pattern. Motivated
dr by the minimality of these models and their success in main-
(M2)gauge_| 0 m2 0 2.1) taining the squark degeneracy that we require given our
@’RR R ' ' present assumptions, we combine @)like texture in the
0 0 m% 1-2 sector with Eq(2.2):
R
so that @3 rr~1 is obtained only from large rotation be- 0 A\° 0
tween strange and bottom quarks. Such a large mixing might Y~ \° A4 A 2.3

be motivated in grand unified theories as follojtS]: it is
possible that the large,- v, mixing required to explain the
atmospheric neutrino anomaly originates in the left-handed . o
(LH) charged lepton mass matrix. Since right-handed downGenerally, the (1,2) and (2,1) entries have contributions
type quarks and left-handed leptons are part of the sam@om symmetry breaking fields, flavons, that transform as
multiplet, largebg— Sg mixing is an immediate consequence. symmetric or antlsymmetnc tens_ors unde_r the flavor group.

The “minimal” quark texture which gives the desired Thus, unless symmetric and antisymmetric flavon VEVs are
phenomenology can be obtained as follows. We requirdine tuned, the (1,2) and (2,1) entries will be of the same
O(1) rotation in the 23 sector for RH down-type quarks SiZ€, namelyO(\°). These gntrles provide an origin for the
(with CP violation) to explain theB— ¢Kg anomaly. Also, ~Cabibbo angle, and also yield a down quark Yukawa cou-
the size of bottom and strange quark Yukawa coupling®ling of the right order, namely®.

0 Mexplig) A?

renormalized at a high scale at¥\?) and O(\%), respec- _To proceed further in correlating the large 2-3 rotation
tively. Thus, the “minimal” quark texture required in the 23 With other FCNC's, we obtain the form &fp . In general, it
block of the down quark Yukawa matrix is is difficult to analytically diagonalize 83 matrices. How-
4 4 ever, if the entries in the Yukawa matrices have a hierarchical
A A structure, then the matrices can be diagonalized perturba-
(Ya)2-3 block™ Nexpig) N2/ (2.2 tively by three successive rotations in the 2-3, 1-3 and 1-2

subspacesgsee, for example, Refl17]). Denoting the sines
Here, we use the notatiofis Y;;dy;dg;, Whered, anddg  Of the rotation angles bg5{", s{§" andsf{") for the RH
denote the left-handed and right-handed down-type quarkd-H) quarks, we have
(i, j are generation indicgésAlso, unless stated otherwise, _
there are unknow®(1) fluctuations in the coefficients of all ygiagonal_ (UDL)*YDUDR, (2.9
elements of Yukawa/mass matrices. Neglecting the first gen-

eration entries, which are typically small, the phas€3r?)

element can be “transferred” to th@,3) element by field where
redefinitions so that the2,3) element has to b®(\*) to get 1 0 0 1 0 R
the maximumCP violation. The (2,3) element cannot be 13
larger, or it would giveV,>\>2. Up~| 0 1 S5s 0 1 0
In order to study the implications of the large 2-3 RH 0 —-sR 1 “sR 0 1
rotation in'Y4 for other FCNC's, we need the texture in the = 13
1-2 block of Y4, which depends on whether the Cabibbo 1 s?z 0
ilrlﬂl.e originates Yy or in Y,. We analyze these cases in % _5?2 1 ol 2.5
0 0 1

Cabibbo angle from Y

A similar decomposition is valid fotlp . Given the texture
in Eq. (2.9, it is not hard to see thast,~O(\), sk
~0O(1) and thatis3 is very small® Expanding the RHS of
lows from Eqgs.(1.3) and(1.4) that (55,),, ~\. This is ruled Eq. (2.5, we get UDR)12~31R21 (UDR)21~ST2
out by the K—K mixing bound ¢, <0.1-0.04, for  +sRsR (Up,)as~S5; and Up )gr~ St sish, so that
squark masses 1 TeV [6]. Hence, to evade this bound, we (Up)120~\ and Up.)asa~O(1), as onemight expect.
need approximate degeneracy between first and second ge\;\‘/'haRt is’more interestiRn is the observation that
eration squarks. Models based on non-Abelian flavor sym- 9

metries with a2+ 1 representation structure for fields of the R . R.R

three generations have this feature. The simplest models of (UDR)31= ~S13 823512 (2.6

this type[for example, based on(®) symmetry[14,15 or

one of its discrete subgroups6]] also lead to the decompo-

sition 2® 2=3& 1, where the3 and 1 correspond to two-by-  Sstrictly speaking, although perturbative diagonalization cannot
two symmetric and antisymmetric matrices. As a result, theébe used in this case since 2-3 mixing@%1), it suffices for our
symmetry breaking entries in the 1-2 block ¥f tend to  semiquantitative analysis.

In this case, we haveL(DL)lzyzp)\ from the 12 rotation
among the LH down-type quarks. mﬁLaé mgL, then it fol-

035017-3



K. AGASHE AND C. D. CARONE PHYSICAL REVIEW D68, 035017 (2003

which is enhanced by the large 2-3 mixing. Using the aboveelatively light(a few 100 GeV to affectB— ¢Kg (see Ref.
values of the 3 rotations, we see that perturbative diagonafgy). Thus,xzmﬁ/mZEKl. Heavy squarks relax the bounds
ization gives Up_)s;~\. We have confirmed this expecta- o 55 whereas smalk tightens the bounds. As a result, the
tion by a numerical analysis, which also shows tHap ()s;  limits on &'s stay about the sani6]. Thus, the large contri-
has a phaséThus, we obtain the following significant result: putions tok — K andB— B are not alleviated if we are also
(Up)ai~ O(N) is a generic consequence of the minimal tex-to explain the anomaly of interest.
ture in Eq.(2.3), even though the 1-3 rotation defined by Eq.  These considerations lead us to the conclusion that we
(2.5 is small. must suppress the (2,1) entry of E@.3. For U(2)-like

Let us now estimate the relevaatparameters. In non- textures, with symmetric and antisymmetric contributions to
Abelian models with 2@ 1 representation structure, one ex- the upper two-by-two block of 4, this suggests a mild fine
pects thatmg_~n_, while mg_ and mg_ are of the same tuning is req_uire_d. We will construct an explicit model based
order but not degenerate. Then, usindp()spss~1 and ~ ©N this solution in Sec. IIl.
(UDR)31~)\ in Eq.(1.3), we find (6‘{2)RR~>\ (with no phasg
and (5‘23)RR~)\equ¢). On the other hand, the limits from
K—K and B—B mixing require Re6%,)rr=0.04 and For models in which the C_abibbo angle Qriginates{m
Re(8%)rr=0.1, respectively, for squark and gluino massegVe can we can choose a minimal block diagonal form for
~500 GeV[6]. Thus, the SUSY contribution tAmy is too Yq:
large with this texture, but there is no SUSY contribution to

Cabibbo angle from Y,

6
€k . The SUSY contribution tamg is borderline(i.e., com- A 0 0
parable to the experimental vajuend has arO(1) phase. Yg~| O A4 A (2.9
Thus, the time-dependen€P asymmetry inB—J/yKg 0 Mexpig) A2

measures a combination of angdeand the new phasé.

Clearly, our theory must be modified if the contribution to To generate the Cabibbo angle, we must introdudé,2
K—K mixing is to be sufficiently suppressed. One couldentry of the appropriate size ¥, :
entertain the possibility that the squarks of the first two gen-
erations are much heavier than the third; a squark mass spec- A8 A° O
trum of the formma’;Rzl TeV andrrrbR~ a few 100 GeV v~| 0 xndl 2.9

can still explain theB— ¢Kg anomaly[9]. To study this
case, one must work in the mass eigenstate basis for both the 0 0 1

quarks and squarks. Given the assumed form of E4d), the ) ) .

gauge and mass bases for the Squarks are the same; ﬂN@te that the e|genvalues Mt' are in the correct ratio fOI’ the

quark-squark-gluino coupling in the mass basis is then givetP-type quarks, namely, Ix*::\°. If we were to follow the
by same non-Abelian ansatz described earlier, we would also

expect am®(\%)(2,1) entry inY,,. However, this would lead
g@masyty, ), dmass 2.7 to an up quark Yukawa coupling of ordkfP, about a factor
! R of 25 too large. The fine tuning required to fix this problem is
. I , . much greater than what we needed to adequately suppress
Dominant contributions to FCNC’s come from Feynman dia-ihe flavor changing problems in our previous example. So it
grams involving the exchange of the lighk. From Eq. is more natural in this case to assume that the (2,1) entry in
(2.7), we see that its couplings thands quarks are given by v is absent, and to discard our assumption that the underly-
(Up)ai~A (with a phasgand Up_)s,~1 (with a phasg  ing theory is non-Abeliaff;unwanted SUSY FCNC’s must

respectively. Box diagrams involving the exchangdgfind  then be suppressed by a suitable quark-squark alignment. We
a gluino generate & P-conservingAS=2 4-fermion opera- Wil show in Sec. IIl that this can be achieved in Abelian
tor with coeﬁicientoc)\zlrr% , and aAB=2 4-fermion op- mo_dels with multiple 1) factqrs @ _Ia N|r-Se|be,rg[19]),

) o R ) or in a new class of models involving fewer(1)’s and a
erator with a coefficient of the same order, but with a phasengntrivial extra-dimensional topography.
It is easy to see that this is equivalent to havim,()rr From the texture off4 and the form of the squark mass
~\ and thus gives too large a contribution A, and a  matrix in Eq.(2.1), we see that the first generation is decou-
large C P-violating contribution toB— B mixing, just as be- pled from the second and third in the down sector. Thus,
fore. there are no SUSY contributions t-K and B-B mixing,

If one, on the other hand, tries to makél the quarks even if the three down-type squarks are not degenerate.
heavier then a TeV, than one must take the gluino mass to be

80f course, the underlying symmetry could still be non-Abelian
7 : - .
We work in the ?a3|s where the quark masses are real and thgut of a more complicated form than we have assumed, e.g., prod-
CKM matrix, i.e.,Uy Up has the standard form given in the Re- ucts of simple non-Abelian factors. We do not consider this possi-
view of Particle Physic§18]. bility here.
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However, since{y )1\, some mild degeneracy between lows us to achieve a viable phenomenology using only one
flavor U(1) factor. An interesting feature of our model is that

m;, andmz may be required to satisfy the bounds BAD
L L texture zeros can occur in non-holomorphic terms, such as

mixing. the soft scalar masses, as a consequence of extra-dimensional
S _ locality. This leads to somewhat different scalar mass matrix
B. Large 2-3 mixing in RH down type squark mass matrix textures exact zero entries for the off-diagonal elements in-
In this case, the “minimal” texture for the down_type VOlVing the dOWnsquark, where they otherwise would be fi-
squark mass matrix in the gauge basis is nite but small. In our model and those of Rg9], (859 rr is
due to a large RH 2-3 rotation in the down quark Yukawa
1 0 0 matrix andlarge 2-3 mixing in the down squark mass matrix.
(M )gaugeoc 0 1 exgio) |, (2.10 In the non-Abelian example, we will show how &2) flavor

0 . L model may tf modified to provide for the desited mix-
X —i¢) ing; largeK-K mixing can be avoided provided that a mild

where, for simplicity, we have assumed that the off-diagonafin€ tuning is allowed.

elements involving down squarks are small. In the discussion

that follows immediately below, we assume that large 2-3 A. An extra-dimensional Abelian model
mixing is present only in the supersymmetry breaking sector
of the theory. However, it should be pointed out that in mostG

realistic models, the form of E¢2.10 suggests that the symmetric standard model with one additional fiesddthat

entire 2-3 block is flavor group invariant, and tisatandbg has U1) charge+ 1. We assume that the ratio of the VEV of

gag e the se;me ﬂt?vt?]rtﬁha;gﬁs In th'j cafste one ex;t)ects Iar% to the ultraviolet cutoff of the effective theory;, is
mixing from bo e Yukawa and soft mass matrices, a pproximately given by the Cabibbo angle,

illustrated in the first model of Sec. lIl.
If the Cabibbo angle comes from the down sector, then as (¢)

before we need degeneracy ol and my and hence a M—f=)\%0.22. (3.2

non-Abelian flavor symmetry. Given our previous assump-

tions on the symmetry or antisymmetry of the upper two-by-We assume tha¥l; is generically well below the fundamen-

two block of Y4, we expect generically thathp )1221-N.  tal gravitational scalé!, and thatM; sets the mass scale for

However, unlike our earlier exampleUg )3; can be very all the operators contributing to the flavor structure of the

small[see Eq.(2.6)] since we no longer need af(1) 2-3 theory. The W1) f:harge assignments of the matter fields are

RH rotation in the quark sector. Using Eql.3 and 9iven as follows:

Up )12z A, We get
(Uogizzr-h, we ge E~Q~(-3-2 0), L~D~(-3-2-2),

In this model we assume the horizontal flavor symmetry
=U(1); theparticle content is that of the minimal super-

[(Md)supeFCKMhSN)\X[(M gaugeJ23' (2.11 U~(-5-2, 0, Hy,Hp~0. (3.2

resulting in (533)'?R~)‘ (with a phasg and largeB-B mix- vy awa textures originate as higher-dimensional operators
ing as before. Sincelp,)s; and Up )3, can be small and iy q1ying the MSSM matter fields and powers @)/ M.
Mg, ~Ms, is implied by the non-Abelian flavor symmetry, The model described thus far is not viable since the Cabbibo
we can checKusing Eq.(1.3)] that (5(1’2)RR and henceK-K angle r_eceives an unsuppressed contributior_w from the diago-
mixing can be small, unlike our earlier example. nalization of the down quark Yukawa matrtes one can

If the Cabibbo angle originates in the up-quark sectorVerify from the explicit form forYq), leading to 63,)..
then the off-diagonal entries of, involving the down quark ~\; this exceeds the bounds frokP-K° mixing and e if
can be small or zero. Assuming further that the down squarkuperparticle masses are a few hundred GeV.
mass matrix is as in Eq2.10, we see that the down quarkis ~ We now consider a possible non-trivial, extra-dimensional
decoupled from the bottom and strange quarks so that thetepography for the model. We assume that there are two

are no SUSY contributions t§-K andB-B mixing. extra spatial dimensions, compactified on the orbifold
(SY2,)?. We take the compactification radii to be the same,
Ill. MODELS namely R, so that fixed points exist at

(0,0), (0#7R), (7#R,0) and @R, wR). The space can be

In this section we will consider simple Abelian and non- described as a rectangle, with fields confined either to cor-
Abelian models that can account for the discrepancy in theers(fixed points of botr/Z, factors, sides(fixed point of
measured value of sinR Our Abelian model will realize the one S!/Z, facton, or defined everywhere(the six-
Yukawa textures in Eq€2.8) and(2.9) by construction, just dimensional bulk We choose to localize our fields as shown
as the well-known alignment models of REf9]. However, in Fig. 2. In addition, we assume that the unknown, high-
unlike these models, we rely on localization in extra dimen-energy dynamics that is responsible for generating
sions rather than holomorphy to achieve an appropriat®l;-suppressed operators is localized at fixed points of both
quark-squark alignment for the lighter generations. This al-S'/Z, factors.
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worth noting that a choice dl; closer toM, may lead to

U, Q. exponentially suppressed, though non-negligible, interac-
tions between fields at isolated fixed points, due to the ex-

change of string states. Such effects are not relevant here
U, © H H given our choice of scales, but could be of interest in similar

flavor models.

B. A non-Abelian example

QZ U3 Q3

D. D Non-Abelian flavor symmetries resolve the supersymmet-
2 3

ric flavor problem by maintaining a sufficient degree of de-
FIG. 2. Extra-dimensional topography for the Abelian model. 9€neracy among squarks of the first two generations. Theo-

Corners represent fixed points, sides represent fixed lines, and thi€s of fIavpr based on () symmetry assume 2+1
interior represents the entire bulk. representation structure for the three generations, and a two-

stage symmetry breaking

Given this construction, the separation of fields at isolated
fixed points prevents Yukawa couplings involving these
fields in the four-dimensional theory, after dimensional re-
duction. For the couplings that do remain, one must gener- ) _
ally take into account volume suppression fact@mes, pow- wher_e the W1) fgctor represents phase rotations on fields of
ers of the ratioR"1/M;) that, to varying degrees, suppress the'flrst generatlon, and wheeeande’ are _small_parameters
the effective four-dimensional interactions. In our model wedefined in analogy to Eq3.1). For a Qeta|!ed discussion of
will assume thaR~ 1~ M; so that these factors a¢&(1) and models based on (@) symmetry and its d_|screte sub_groups
do not alter the analysis. Moreover, we will taRe* to be ~ We refer the reader to Ref§14—16. While conventional
sufficiently large so that only the physics of the zero moded’(2) models provide an elegant theory of fermion masses,
of the MSSM matter fields will be relevant to the low-energy they do not generally lead to the large 2-3 down quark mix-
phenomenology. Finally, a minor technical point: for MSSM ing of interest to us here. In this section we present a mini-
matter fields that are confined to 5D subspaces of the 6[_g1al modification thgt yields the desired re_s_ult while preserv-
bulk, we allow for the introduction of chiral-conjugate mirror ing most of the desirable feature of the origingPUmodels.

’
€ €

U(2)—U(1)—nothing, (3.5

fields with opposite parity under the appropri@tefactor so We assume the flavor growpy=U(2) X U(1)g, with the
that chiral zero modes can be obtained. three generations of matter fields again embeddeg-irl
Given the constraints of symmetry and geometry, we find€Presentations of the () factor, and the symmetry break-
the following textures for the Yukawa matrices: ing pattern given in E¢(3.5). The additional U(1y factor is
assumed to break at the first of the two symmetry-breaking
AN 0 AN 0 0 scales in Eq(3.5), and is therefore associated with a small

parameter of size. Conventional W2) models involve sin-

4 2 4 4
Yo O AT AT Y~ 0 AT AT @33 glet, doublet and triplet flavon fielda®?, ¢? and S*°, that

0 0 1 0 A2 2 obtain a pattern of VEVs that are consistent with E45). In
) ) ) our model, we make the unconventional choiees\?, €’
While these are the same as in Rgf9] (by constructiop, ~\8, and
the soft mass squared matrices are somewhat different:
6
1 0 0 100 @(0>\>@~(0)
_ 6 1 1
szNmz 0 1 )\2 ’ szNmz 0 1 1 , Mf A 0 Mf A
2
0 A2 1 01 1 s) xﬁxﬁ) .
1 2% 0 My 1A% 0 (30
mi~m?[ \* 1 0. (3.9

Unlike the usual ) model, the first generation fermions
get their Yukawa eigenvalues primarily from the (1,1) entry

As f ¢ hanai d f the symmetric flavon rather than the off diagonals. Note
S far as strangeness changing processes are concermed, Yligy yhq)\ 6 entries in the symmetric flavon are completely

model yields a remarkable level of quark-squark alignment; ; : s .
notice that there are no 1-2 down quark rotatioms either consistent with Eq(3.5); in the effective theory below the

. ) B first symmetry breaking scale, these entries correspond to
left-or right-handed fields and no 1-2 entries in elthané or y y g ¥

2 ) - ) fields with differing charges under the intermediatél)J
mp . The model provides the desiréd(1) 2-3 right-handed gy mmetry acquiring ordee’ VEVs. All the entries are con-

down-quark mixing ‘Q’ith an irremovable phates well as  sjstent with the dynamical assumption that a given flavon
large 2-3 mixing inmp), and like other models of this type || either get a VEV of the same size as a symmetry-

predicts D°-DO° mixing near the experimental limit. It is breaking scale, or no VEV at all. In addition, we introduce

0 0 1
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the following additional flavons with a nontrivial U(#)
charge, indicated by a subscript: 1400 - .
D-D Mixing Bound (Abelian Model)
() (0} (o) o (0D o oy .
M¢  \N2)7 My M ' ' S o )
e
Complete U2) representation of the matter fields can be as- 3
signed different U(1) charges. We assign a U@gharge of = 1%
—1 to the right-handed up-quark superfields of the first two @
generations and-1 to the right-handed down quark super- B
field of the third generatioh.We then obtain the Yukawa 0T KK Mixing Bound (Non-Abelian Model) |
textures
A& A% 0 N 2B\° 0 800 1 |
| | | |
Yo~ RS Yo~ 05° 08" A, 150 160 170 180 190 200
0 A\ 1 0 \? \? Gluino Mass (GeV)
(3.8
FIG. 3. Typical bounds on the squark masses of the light two
and the soft scalar masses generations, assuming that unspecified order one coefficients are
exactly 1, and the gluino is light enough to produce a significant
(R S S b effect inB— ¢Ks.
mé~m2 \10 C0+)\4 A2 , - - |
8 2 the neutral lepton sector in non-Abelian models with a 2
A AT G +1 re tation struct f the struc-
presentation structure, as a consequence of the struc
12 10 10 ture of the right-handed neutrino mass matrix and the non-
Cot A A A linearity of the seesaw mechanism. Non-Abelian models of
m6~m%~ A0 CotA* N2 |, (3.9 the type we discuss here can in principle be generalized
A 10 A2 Cs along these lines. We refer the interested reader to[R6}.

To conclude this section, we point out that the models we

Here, since the first two generation squarks are degeneraﬂé‘j‘ve c_onstructed can be tested in future collider exp_eriments
we have explicitly shown thé(1) coefficients in the diag- aSSuming that these models are .relevant for_(?xplaln!ng the
onal entries(the c,,cs’s are different forQ,U,D). Also, B— ¢Kg anomaly. Both. models .|nvglve_3|gnlf|cant rlght-
while we generally show only the order i of a given handed down squarl_< mixing, W_hlch implies that the gluino
Yukawa entry, we have displayed some of the order one coMass must be relatively light, in the 150-200 GeV mass
efficients inY,4. This is to illustrate that with a mild2(\)  fange, based on the numerical results in Fig. 3 of R&f.
fine tuning betweerA) and(S) we can obtain the Cabibbo Using the off-diagonal sqqark masses predm;ed in each of
angle from the down quark Yukawa matrix while sufficiently ©Ur models, we may obtain lower bound estimates on the
suppressing its 21 entry, thus avoiding the flavor changingnass of first two generation squarks, frdRD and K-K
problems discussed in Sec. Il. mixing constraints. These are shown in Fig. 3, assuming a
Finally it is worth pointing out that the similarity between common mass for all squarks of the first two generations.
the down quark and charged lepton mass hierarchies suggeM#hile there is uncertainty in the order one coefficients in
that under the flavor group~D andE~Q or L~Q and  such predictions, we can conclude qualitatively that the dis-
E~D, where ~ indicates identical flavor charge assign- covery of very light squarks of the first two generation would
ments. Detailed differences in the mass spectrum can be agisfavor the models discussed in this section.
commodated using the freedom to adjust order one coeffi-
ci_ents. _The firs{second choice implie_s large LHRH) 2-3 IV. CONCLUSIONS
mixing in the charged lepton sector, independent of whether
the theory has any grand unified embedding. The bi-large We have considered the detailed flavor structure of super-
neutrino mixing that is favored by the current data mustsymmetric theories that can give large contributionsbto
therefore partly originate from the neutral lepton sector.—s transitions. We have focused on the possibility that such
While we do not explicitly investigate this issue here, it is theories may explain the discrepancy between the value of
worth pointing out that Aranda, Carone and Me§tig| have  sin 28 measured irB— ¢Kg and B—J/ ¢ Kg decays. With
shown that bi-large neutrino mixing can arise entirely fromrelatively few assumptions, we have isolated minimal, pre-
ferred textures for the Yukawa couplings and the soft
supersymmetry-breaking masses. In the case where the
We follow the usual convention that all matter fields are embed-Cabibbo angle originates in the down quark Yukawa matrix,
ded into left-handed chiral superfields. Our charge assignments agve argued that the need for squark degeneracy among the
ply to these fields. first two generations suggests an underlying non-Abelian fla-
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vor symmetry with 2@ 1 representation structure. However, cussed. We showed how the minimal2y model, which

in a wide class of these models with symme8iand anti- normally does not have any large mixing angles, may be

symmetricl dimensional representations, the required, largenodified with the help of an additional(1) factor to yield

2-3 mixing is correlated with Cabibbo-like 1-2 and 1-3 right- textures of the desired form. In addition, we presented a new

handed mixing angles. This leads generically to unwantedype of alignment model with the desired properties that is

flavor changing effects, given the requirement that som&ased on a single @) factor and a non-trivial extra-

elements of the superparticle spectrum must be light to cordimensional topography for the matter content. If tBe

tribute non-negligibly to the processes of interest. We argue~ $Ks anomaly turns out to be real, or if large deviations

that non-Abelian models of this type may provide a viablefrom SM predictions are seen in other- s transitions, these

solution to the sin® anomaly providing that a mild fine models represent relatively minimal realizations of the de-

tuning of parameters is allowed. On the other hand, if thesired flavor structure of the MSSM and provide a framework

Cabibbo angle originates in the up quark Yukawa matrix, thdor investigating the correlation between a variety of flavor

same non-Abelian ansatz leads to a value for the up quarkhanging process in both quark and lepton sectors.

mass that is too large. Barring more complicated non-

At_)elian constructio_ns, the desired phe_nomer)ology seems in ACKNOWLEDGMENTS
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