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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 ar&mp, close to the present bound, signific&@® violation in D°-D° mixing, and shifts
of the order of a few percent in vario@P asymmetries ifB® andB, decays. In contrast, the modifications to
radiativeB decays, ta:'/e and toK— wvv 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.
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I. INTRODUCTION bounds was taken into account.
The framework of alignment has a strong predictive

Quark-squark alignmerfQSA) is a mechanism that sup- power also for the mixing angles related B3-B° mixing,
presses supersymmetric contributions to flavor changin@.-B. mixing andb— Xy decays. We analyze these predic-
neutral current processes via small mixing angles in flavotions in Sec. IV. The implications foK physics—'/e and
changing gaugino couplingd,2]. The alignment could be K— mvv decays—are discussed in Sec. V.
precise enough that the models are viable without requiring - Another basic assumption made in the literature is that the
any squark degeneracy. Alignment occurs naturally in albnly restriction on the soft supersymmetry breaking terms
models with Abelian horizontal symmetries that induce thecomes from the selection rules related to the small breaking
observed hierarchy in the Yukawa couplings. However, toof the horizontal symmetry. In particular, it was assumed that
achieve small enough mixing angles in the gaugino couthere is no degeneracy among squark masses, that is,
plings that are relevant tAmy andey , one has to carefully Am?/m?=((1). This assumption may, however, be ques-
choose the symmetry and the charge assignments. tioned. It is perhaps more plausible that this situation holds at

Existing models of alignment use holomorphic zeros ina high energy scale, where the soft supersymmetry breaking
the down quark mass matrix to achieve small enough mixingerms are induced. But then, renormalization group evolution
angles between the first two generations. In Sec. Il we reexRGE would give a universal contribution to squark masses
amine the allowed structures for this mass matrix. We provénd lead to some degree of degeneracy. In Sec. VI we exam-
that there is a single structutthat is, a unique set of holo- ine various aspects of “high energy alignment:” we estimate
morphic zerosthat gives phenomenologically viable mixing the size of the effect and its consequences for the constraints
angles. The unique structure bf¢ gives this framework a ©n mixing angles and for model building.
strong predictive power: We are able to derive both lower Future prospects for finding evidence for the alignment
and upper bounds on the parametric Suppression of the S[]’Jechanism or fOI’ eXCIUding |t are discussed in Sec. VII.
persymmetric mixing angles.

The most interesting prediction of models of quark-squark [l. SUPERSYMMETRIC MIXING ANGLES
alignment is that the mass difference in the neuiralystem,
Amg, should be close to the experimental bout.more
refined version of this statement is given in Sec) Further-
more, D%-D® mixing could beCP violating. While recent

The size of supersymmetric flavor violation depends on
the overall scale of the soft supersymmetry breaking terms,
on mass degeneracies between sfermion generations, and on
the mixing angles in gaugino couplings. Within the frame-

analyses suggest that the standard model contribution %ork of alignment, mixing angles play a significant role. For

AmD. could also_ be IargE3]_, CP violation in the mixing will most of our purposes here, we can make the approximation
provide unambiguous evidence for new physics. Recently,

there has been much progress in the searcidfsD® mix- that the mixing betweew, , the superpartners ,Of the left-
ing. No signal has been found, and the bounds on the mixin§@nded quarks, argk, the superpartners of the right-handed
parameters have improved. In Sec. Ill we examine the impliduarks, is small. Then there are four relevamxt3® mixing
cations of these improved bounds on the viability of QSAMAtrices in the quark-squark sector, which we denote by
models. It is important here that the experimental results offL :Kg.K{ andKg.

D%-DY mixing are analyzed allowing foE P violation. We Consider, for example, the matrix elementg);; which
thus use the results of Re#4] where the impact of weak parametrize thg—(d,);—(d.); couplings. Given the down
(and strong phases on the interpretation of the experimentalquark mass matrix in the interaction bad?, we define the

0556-2821/2002/68)/03500712)/$20.00 66 035007-1 ©2002 The American Physical Society



YOSEF NIR AND GUY RAZ

diagonalizing matricesy? and V&, according to

viMava=diag my,mg,my).

1)

Given the the mass-squared matrix for thesquarksM?2¢ ,

we can obtain the diagonalizing mati :
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d

d ppd d ppd
M{3M33 +M ;M35

Yiz=
' M2+ M2

(6)

Then the relevant contributions to the matrix elements are

given as follows:

d d.,d
(V) = Y12+Y11Y2f
Tdiy 2dTdt _ g 2 2 2 ) == =
VIMiLVL _dlaqmal’maz’mas)' @) ygz |yg2|2
Then we have ygf dx,d dw |, dx

Kd=vavdt, 3

(VD)1= =

d%
22 Y22

N Y1i1Yi2 Ya1Yes .

dx
Y22

()

In this section we derive predictions for the flavor changingTo sufficiently suppress these mixing angles while providing
elements of th&$, matrices in the framework of alignment. acceptable values for the down quark masses, the following

A. The down quark mass matrix

If the only suppression of supersymmetric flavor violation

is related to alignment, then the constraints frigMK® mix-

ing (Amyg andeg) require that the relevant supersymmetric
mixing angles are much smaller than the corresponding

CKM angle:

[(KD) 1], [(KR) 12 <[ Vi =\ (4)

In models where alignment is induced by an Abelian hori-
zontal symmetry, such a situation can be achieved by havin

holomorphic zeros in the down quark mass matrix.

We would like to argue that, for a large class of alignment

models based on Abelian horizontal symmetries, there is
unique structure for the down quark mass matrix which i
consistent with Eq(4) and with the known values of the
quark flavor parametergnasses and mixing angle's

conditions are necessafg]:

M 22: 0;

M,=0;

M3,=0 or M3;=M%,=0;
M$,=0 or M{;=0.

But not all the ways to satisfy these conditions can be real-
ized in models of Abelian horizontal symmetries. In particu-
Er, we will now prove that in a large class of models we can
ave neitheM%,=0 norM$,=0.
We consider models with Abelian symmetries of the type
(1) xXU(1)2X---XU(1),. EachU(1); subgroup is bro-

gken by a small parametes . It is convenient to express all

€'s as powers of\,e~\" (n;>0). We emphasize that
there is no loss of generality in doing so. Each matter super-
multiplet & carries horizontal chargeld;(®),i=1,... n.

mg 0 myVyp Here ® stands for any of the_quark doublet superfiel@ls
the singlet anti-up superfields, the singlet anti-down su-
M9~ 0 mg mpVep (5) . —- . .
perfieldsd; and the Higgs superfields, and¢,. We use the
0 0 Mp freedom that comes from the(1)y X U(1)g X U(1)pg Sym-
metry of the Yukawa sector to seH;(Q3)=H,;(¢,)
(The “~” sign here and below means that there is an arbi-= Hi(¢q) =0 without loss of generality. It is also convenient

trary coefficient of order one, which we do not write explic-
itly, in each entry. We will now prove this statement and
spell out our assumptions along the way.

In order that Eq.(4) is satisfied, we must have
[(V®)1,|(V8) 1] <\. These matrix elements can be ex-
pressed in terms of the entries M [2,7]. We define

M}
VIMS 2+ Mgy

MM~ MEMS,
IMS)J2+ M2

y?l =

Yidz =

For related studies, sé6,6].

to define an effective charge of a field(®)=23;n;H;(P).
Then the selection rules for the entriesMi(q=d,u) are as
follows:

(i) If, for all i,H;(Q;)+H;(a) =0 then
quk:<¢q>)\H(Qj)+H(ak)'

(ii) If, for somei,H;(Q;) +H;(q,) <0 thenM{,=0.

We assume thamn,/{¢,)=O(1), namely it is not para-
metrically suppressed. Then we must haveH;(us)
+H;(Q3)=0 for all i. We also must hava/lg3z m, which

2The alignment model of Ref9] takesm, to be parametrically
suppressed and therefore is not subject to our analysis. Similarly,
neither the mass matrix structures nor the phenomenological conse-
qguences proposed in Refd0,11] are possible in our framework.
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means that;(ds) +H;(Q3)=0 for all i. These two condi- latter can be written in terms of the effective charges:

tions together imply thak;(ds)=H,(us). Then it is simple |Vjj [~ \H@)=H@)I

to see that iM% =0, we necessarily have ald,=0. But _ _

if M3=MY=0 we would obtain|V.,|<\2. We conclude mdi/mdj~)\H(Qi)*H(di)’H(QJ)*H(dJ’),

that we must not hav3,=0 and that, therefore, we must _ _
haveM$,=0. But if M$;=M%=M4,=0 we would obtain my, /my, ~NHQUFH ZHQ) =),

|V,a| <\3. We conclude that we must not hai,=0 and J (10)

that, therefore, we must hawd$,=0. This completes the Th t the following boundierei <j):
proof to our statement that the only viable down quark mass en we get the following boundgerei=<)):
matrix within our framework and assumptions is that of Eq.

5). |V =1Vl

mqi

VYils 0 —.
| R I]| |V|J| mqj

o (12)
B. The supersymmetric mixing angles

In the framework of alignment one assumes that there are There are cases in which one can derive an upper bound
no fine-tuned relations betwee®(1) coefficients. This

) on|(V%)::| that is stronger than those in . These are
means that we can use E@) to estimate ((‘E)ij : |(Vi)is] 9 Ed.)

the cases when a related entry in the down quark mass matrix
is a holomorphic zero. For example, sirmglz 0, the upper
bound on (V)13 in Eq. (11), [(VR)1d=(my/my)/|Vyyl

~N\, is never saturated and a stronger bound holds. We now
derive this bound. Our starting point is the application of the
ﬁelection rule to this specific case,

(KD ~maf (VD) (VD)0 (8)

The uniqueness of the mass matki of Eq. (5) implies
that the parametric suppression of all entries of the diagona

izing matricesV‘EVR is known within our framework: n - B
(V) 14~ 2 2 nilFi@n—Hid), 12
5 3 7 7
LA 1 A0 A The source of the upper bound in Ed1l) is the inequality
VEN N1 AN Vg~ N1 A (9) ) )
3 2 7 4 — —_ — _
DD G| DD S| zlni|Hi(d1)—Hi(d3)|>21 ni[H;(dy)—H(d3)].

(13

Fr(t)m E-q\./(dS) v(\;e\z/dcorlcluqe éhatgthe V‘thl_ltuets |0f theb vari(;)us For the upper bound in Eq11) to be saturated, E¢13)
entries iV, andVi given in Eq.(9) constitute lower bounds should become an equality. That would imply thét(d,)

on the corresponding entries in, respectiv&lﬁ, and Kg. In — . .

other words, the parametric suppressionlof,]oij is at most H‘(d%)BO for ?" . As we menﬂoned before, we must

as strong as that oMy);; in Eq. (9). haveMg;=m, which means thatt;(ds) +H(Qs) =0 for all
We would now like to estimate the diagonalizing matricesi- The combination of the two (rjequwe_ments gividy(d,)

for the squark mass-squared matrices. The selection rules forHi(Qs)=0 for all i. But thenMg;#0, in contradiction to

the diagonal block are simple: Eq. (5). The minimal extra suppression [¢¥/2),4 compared
(i) For the LL block, q’\"/lEL)jkw’n“.'é)\ELlnﬂHi(Qj)fHi(Qk)| to the upper bound in Eq11) is by two powers of the largest

(for both down and up squarks among the small paramete¢s, that is,

(i) For the RR block of the down sectorM&R)

_ _ ~ My
PR NS 4@ - Hi @ (VR [y e mammaxXe). (14
I
(i) For the RR block of the up sector, M) _
N’n“]a)\ElenﬁHi(uj)in(uk)\' In particular, if <\ for all i, then|(V%),3=\°. Together

(We here allow for the possibility that the typical mass- With EQ. (9), we obtain

squared scale is different for each of the three sectors. In )\7<|(Kd) |<)\3 (15)
most cases we will assume that there is a single mass scale =|{RRr)1g=A"

that characterizes all soft supersymmetry breaking terms and simjlar considerations apply to other supersymmetric
denote this scale by.) The interesting point here is that one mixing angles. Within the up sector, the structure of the mass
can find upper bounds on the off-diagonal elements of thenatrix is less restricted. The only strict requirements are that
diagonalizing matrices in terms of the quark flavor param-the eigenvalues d#1" would be (m,,m.,m,) and that, given
eters, that is, the CKM angles and the quark masses. Théat the Cabibbo mixing is not induced by the diagonaliza-

035007-3



YOSEF NIR AND GUY RAZ PHYSICAL REVIEW D66, 035007 (2002

TABLE I. Bounds on supersymmetric mixing angles in models purpose in this subsection to estimate the supersymmetric
of alignment. The estimates in powers)of 0.2 refer to our evalu-  contribution toM 1D2 in the framework of quark-squark align-

ation of the quark mass ratios in powers bf and 10 €max  ment models and to compare it to the experimental bound
= max(e)=A. (}) In viable models these mixing angles are set to(1¢).

be _smaller than the formal upper bounds so that the phengmeno- The size of the contribution depends on the masses of the
logical bounds on the product&{)o(Kg):» (q=u.d) are safis-  jytermediate particles and on the mixing angles in the

fied. gaugino couplings to quarks and squarks. The interest in
0.00 mixing lies i ; i
Mixing angle Lower bound Upper bound D"-D” mixing lies in the facF t_hat alignment models predict
the value of one relevant mixing angle:
(Kﬁ)lz Vubvcb(~)\5) Vusfrzna>&~)\3)i u
(KR)12 my , my &g |(KE) 12 =N. (17)
Evubvcb(w)\ ) memw&fv)‘ )
(KM 13 Vip(~\3) Vip(~2\%) Herer=|V,4=0.22 is the Wolfenstein parameter. The mix-
(K813 %V (~\7) my -\ ing angle K{)1, gives the coupling of the gluintor a neu-
m,  uP MpVyp < ma tralino) to a left-handed up quark and a “left-handed” charm
(Kg)za Ven(~2?) Vep(~\?) squark. Then one can calculate the contributiorvt, in
(KR)2s ULV Ms 2 ()2 terms of the three relevant masses,,m, and m; (where
(KYY M, mbv\;b (~\) the latter are, respectively, the masses,0fndu,).
(Kt)lz m ue m v One often calculates the supersymmetric contributions to
RI12 F”Vus(fv)\“) p= |\; |(~)\2)*t neutral meson mixing in the mass insertion approximation
C C usl

(MIA). This is equivalent to Taylor expanding around a com-
. mon squark mas'Eﬁq and keeping only the leading term in
. u _ e ~ ~

tion of M€, Weushould havé(V}") 14 U—|VUS|. (In addition, we Am2,/m2, where

must have|(V}')1d=|Vupl and [(V})24d=|Vcp|.) These re-

quirements are enough to find constraints on [{€};) 1] 1 . L

mixing angles. The bounds on various mixing angles in our Mg = E(mz"' m,),

framework of alignment are given in Table I.

Ill. D PHYSICS Ami=(mi—m?). (19)

The most promising way to find evidence for quark-
squark alignment is throug@ P violation in D0-DO mixing.
The best way to exclude a large class of alignment models i
by improving the bounds od%-D° mixing. The most im-
portant quantity here is the dispersive part of D8&-D°

[The particular choice or'f“nq in Eq. (18) is explained in Ref.
[312].] It is convenient to define the following dimensionless
guantity:

- . 5 : : (VEM2ZUveT Am3
mixing amplitude M 7,. To constrain the supersymmetric fla- (89 ) o= — et (KUY (19)
vor parameters, we need to find the phenomenological mé mé

bounds on this transition amplitude. The analysis is not

straightforward because the possible presence of strong the second equation we assumed that the terms related to
phases and of weak phases in the relevant decay procesggd'),4(K\"),; can be neglected and that, furthermore, the di-
Complicates the relation betWeMlDz and the experimentally agonal matrix e|ementsK¢J)ii , are not parametrica”y Sup_
measured parameters. A careful analysis was performed ifressed. These assumptions are always valid in our frame-
Ref. [4] with the resulft work of Abelian horizontal symmetries. The leading

|M?2|$6.2>< 107! MeV(95% C.L). (16) contribution in the MIA depends omafnq and (&) 12-

The MIA result for the contributions th 2, involving ¢, and
In the next subsection we interpret t'hIS bound in the fra}meﬁL is given by[13]
work of supersymmetric models with quark-squark align-

ment. 5 2 2
o _osMoBolomo| 1y oo 1Mo, 2co
A. Mixing angle constraints without squark degeneracy 12 an 108 ¢ g d' " 27 an 6\ g
Supersymmetric box diagrams with intermediate gauginos
persy g gaug X[(8tD)1)% (20)

and squarks contribute to neutral meson mixing. It is our

where

3In the literature, the effects of weak and strong phases on the
interpretation of searches f&x°-D° mixing are often ignored. Con-
sequently, a stronger bound is often quoted. [Bédor details.

6(1+3x)Inx+x3—9x%—9x+ 17
6(1—x)° ’

fe(x)=

035007-4



QUARK-SQUARK ALIGNMENT REEXAMINED PHYSICAL REVIEW D 66, 035007 (2002

FIG. 1. Constraints on flavor
changing mass insertions from
DO-DP mixing as a function of the
gluino massny and of the average
squark massny,.

3 J 06 ":_ : .. s 06
g [TeV] fig [TeV]
(©) |62 r12| [0 12] @ |y/(6¢12) (Bz12)
_ 6X(1+x)INx—x3—9x%+9x+1 mind that it is not impossible that the bounds are violated by
fe(X)= 3(1-x)5 : (2)  afactor of a few and accidental cancellation does take place

in Nature[14].
Similarly, one can find the contributions that are porportional How should we interpret constraints that are calculated
0 [(8%9122 (6" 1o 8% 12, [ (8R) 1212 [ (8%) 12 and  With the MIA within the framework of alignment? The an-
(5918 &) 1o. [Generalizing Eq(19), one definess &,  SWer is not simple for the following reason. Within models of
)1 2 ’ : i ing 9 Y..
=V M2 vi/m?2] Requiring that each of these contribu- ahgnme}nt, t:;]e supﬁressmr} tﬁf flavor chalnglnéd,\;(,\,),“
tions separately is smaller than our boudé) gives an up- comes rom the smainess ot Ine mixing angies and not from

2 squark degeneracy. Actually, in the spirit of alignment mod-
per bound on each of thes(yy):, combinations. These els, where all couplings that are not suppressed by the ap-

bounds are shown in Fig. 1. For example, Witl;=My  proximate horizontal symmetry are expected to be6t),
=1 TeV, we find one usually further assumes that there is no degeneracy
among the relevant squarks, that is,

(811)12=0.2. (22)
Note that we do not take into account possible fine-tuned Am3,
cancellations between the various contributions. Such can- 2 =0(1). (23
cellations would allow weaker bounds. While this option q

goes against the spirit of our work, where we try to explain o
small numbers by parametric suppression related to approxBut the MIA is an expansion il\m?/m? (and not in §).
mate symmetries and not by fine-tuning, one has to bear iherefore it is not necessarily a good approximation for
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alignment models. Referen¢é?2] investigated the relation Amg=(3.107£0.112 X 10 1° MeV. (25)
between the MIA and exact calculations within alignment

models. The conclusion is that, in most of the parameteBecond, theCP asymmetry inB— /K decays is given by
space, the MIA with the choice ofi, as in Eq.(18) isagood  [18,19

approximation for the exact result. Thus, in the absence of

any squark degeneracy, the constraints in Fig. 1 should be ayk=0.78+0.08. (26)
interpreted as an approximate upper bound on the mixing
angle|(K{),4. The approximation breaks only if there is a ; . .
strong hi(Lerarchy between the two squark masses. If, on thlge calc_ulated alqng _the lines desc_nbed n dSec.ZIIIA.
other extreme, there is approximate degeneracy between tH&'€ ,ranous cc()jntnbungns are p(rjoport2|onal [td°5 LL)213] ,
two squark masses, then the MIA constraint(@ose to  L(9 rR)1al" (6 (1)13(8 rR) 13, [(6 (R)1al%) [(6 r1)1al” @nd

The supersymmetric contributions 8P-B° mixing can

~ ~ d d N )
exact but it applies t(KY) 1,/ (AMZm2). (0 Lr)13(0 RL) 13- Fcci)r each of these contributions, we find
the value of the § )13 parameter that would saturate the

B. M2, with quark-squark alignment experimental upper bound dM?,| from Eq. (25), M3

: . <1.7x10°1° . [ i [
In all models of alignment, Eq17) holds for the mixing 1.7<10" " MeV. The results of this analysis are shown in

angle. In the class of models considered in this section, Ed/19- 2- For example, fomg=m,=1 TeV, we find that su-
(23) is assumed. In this class of models, the generic predid®€rSymmetric contributions would saturaieng if at least

tion is then that one of the following conditions is satisfied:
(5"LJL)12~0_2 (24) (5 EL)13~0'2!
to be compared with the experimental bound of E2p) or, (8 9)13(8 8g)13~0.04. 27

more generally, with the constraints of _Fl(_:(a)L Thg regions We should now compare these results to the predictions
of parameter space where the constraint 6f] ;5 is stron- iven in Table I

ger than 0.2 are disfavored. The regions where the constrairit

is weaker are viable. We can make then the following three (K& )15~ Vyp|~0.004,
statements:

(i) Models of quark-squark alignment whenaa,%q K K Y <A V/ma/m.~0.01 28
=1 TeV are consistent with the experimental constraints Ve L1 KrR)1s Vmg /my=0.01. @8
from D%-D mixing without any squark degeneracy. We obtain the following approximate range for the super-

(i) Conversely, models where both afy and m, are  symmetric contribution tV3,:
much lighter than 1 TeV are disfavored, unless there is
some degeneracy between the first two generations of (|\/|§2 suUs )
— | =\".
(M3)™®

squarks. = (29

(iii) There is a narrow region in theyg ,%q plane where

. . . D T _
various contributions td, cancel against each other and || particular, the supersymmetric contribution to B&B°

fht?nsu?ﬁ rs;gmrr}ztrl\(/:vﬁﬁrtlcl)((es (;oul?] be”vgr)r/]hight m:(h?m VIr:)'mixing amplitudeM ?2, and hence tdmg and toa , is at
ating the bound. e exact cancellation is u ey’oe[postafewpercent.

should bear in mind that an accidental, approximate cance
lation is possible and the TeV bound on the masses is not ——
strict. B. Bs-Bg mixing

If supersymmetry is to solve the fine-tuning problem, su-  Within the standard model, the ratio between the mass
persymmetric masses should k€TeV. The conclusion of differences in théB; and B° systemsAmg_/Amg, depends
our discussion here is then that models without squark des, the CKM elementbup to SU3) breaking effects of order
generacy require thgM?P)| is close to present experimental twenty percent
bounds.

2 1
~

IV. B PHYSICS

AmBSN‘ Vts (30)

Amg V_td

B°—BY mixing and rareB decays, such as the radiative
b— sy, are an excellent probe of supersymmét$,16. In Note thatAmBs has not been measured yet and only a lower
this section we study the signatures of alignment in thes®ound exist§17],
processes.
Amg

S

0_R0 miyi
A. BY-B"” mixing Amg

= 30. (31

There are two important measurements that relate to
B°-B® mixing. First, the mass difference between the neutral The prediction of alignment models can be read from
B mesons is given bj17] Table I. The relevant ratios are
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i i i i i i i i i i ; ; i ; i i
02 04 08 08 1 12 14 16 18 02 04 06 08 1 12 14 16 18

g [TeV] fiig [TeV]

@) (85151, 810 ) |y/GE01) @hrs)

FIG. 2. Constraints on flavor
changing mass insertions from
B°-BY mixing as a function of the
gluino massng and of the average
squark massn,,.

12 14 16 . . 04 06 08 1.2 14

g [TeV] g [TeV]
(©) |0% 13|, 0% 1] @ | (6% r13) (8% 13)
(Kﬁ)§3 1 the same parametric suppression holds for the non-vanishing
I entries(though the coefficients of order one are, in general,
(KD)1s differeny. Consequently, alignment models predict also the

maf (K9),o(KS) 1 parametric suppression of the chirality-changing couplings,
A : 2l 523] = 32 (Ui =(VaMZ VD /m? with M#N. These predic-
max (K)13(KR)1a] * tions are given in Table Il.

. These predictions imply that the supersymmetric contri-
Baseq or'w these reéultg, .we ponclude that the supersymmet%tions tob— Xgy are small in our framework. For example,
contribution toBs-Bg mixing is at most of order a few per-

cent. Such an effect is too small to be clearly observed"”th _m 500 GeV, the prediction 'S_‘S(LR)Z?» ) A _Wh'le the )
through a measurement dfmg . However, the standard requirement, for the supersymmetric contribution to be sig-
s 1

model prediction for th&€€ P asymmetries ifBg decay toy ¢ nificant, is (6 {g)zs~A". Thus the mod|f|C|at|on~of the stan-
(or in any othetb— ccs process leading to a fin@l P eigen- dard model prediction i§ of ord(_ar 1_6. Eyen form close to
staté is of order\2; these predictions can then be violated in Mz the supersymmetric contribution is below the percent

a significant way. level. Similar conclusions hold for the— X4y decay.
C. b—Xy V. K PHYSICS
Within our framework, the structure (fﬂf% is similar to K physics have played an enormous role in shaping our

that of M9: the same holomorphic zeros appear in both, andhinking on supersymmetry breaking. The very idea of align-
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TABLE II. Predictions for supersymmetric chirality-changing, oretical determination of the relevant hadronic matrix ele-
flavor-changing mass insertions in models of alignment. The estiments improves in a significant way.
mates in powers of ~0.2 refer to our evaluation of the quark mass

ratios in powers oh . B.K—mvy
- The measurement of BR("— " vv) has been recentl

(8 )i Prediction improved[24]: ¢ ) y
(8 {R)12 A (my/m)
(8 B2 A (m,/m) BR(K"— 7" vv)=(1.57 55 x 10710 (36)
(8 fR)13 A8 (m,/m)

d 7 -~
(52“)13 AT (M T) The supersymmetric contribution can saturate this rate if
(0 LR)23 A2 (my/m) [25-29
(8 Rz A (M, /m)

(8112~ \? 37
ment comes from the strong constraints on the soft super-
symmetry breaking terms that follow from the smallness o
of KO-K° mixing. Future developments i physics— [Of 'f(5EL)13(5EL)23~7\2]-_Examlnlf_19 Table I, we learn that
particularly s’ /s andK—mrv;decays—are likely to test in the relevant flavor changlng_couplmgs are much smaller. We
various ways the solutions that have been proposed to th on_clu_de that models of alignment cannot explam a large
supersymmetric flavor problem. As concerlge, one may eviation from the standard quel p".ad'Ct@ﬂ' Th'sl situ-
hope that futuretheoretical developments will allow us to ation might actually be helpful in probing alignment: while it

tell whether indeed the standard model accounts for the med- 2 be difficult to be convinced qf new contrlt_)utlons at the
— ) evel of a few percent from a direct comparison between
sured value. As concerns the rafe— wvv decays, in the

Amg/Amg_or a, and the standard model prediction, such
future the measurement of the charg&d-j mode might be d ?t' Bs ‘/’t')( bed b iolati pf the standard
improved and the neutralk() mode might be measured, evialions can be probed by a violation of the standar

providing important information on supersymmetric flavor model_correlatlons between these observables andKthe

and CP violation. Whether deviations from the standard — 7vv decay rate$29,30.
model are found or not, the results will help in testing align-

ment.
VI. ALIGNMENT AT HIGH SCALE

A g'le The starting point of most previously-studied models of
Direct CP violation in K— 7 decays has now been alignment is the assumption that the flavor structure of the
measured with high accuradfor a review, seg20] and soft supersymmetry breaking terms is determined solely by

references therejn the selection rules relaf[ed to the approximate horizontal sym-
metry. When we consider, however, a high scale of super-
g’ symmetry breaking, renormalization group evoluti@GE)
;=(1-72i 0.18x10°3. (33 of squark masses may induce an approximate degeneracy at
low scale. Our purpose in this section is to investigate this
For effect and describe the phenomenological consequences.
| S N m 34 A. RGE-induced degeneracy
M58 12)~N| 555 Gy (34) -

The RGE effects on the Yukawa matrices are sij@l,
(and/or for a similar magnitude of |[r(15?eL)1ﬂ): the super- SO we need to consider on]y_the so.ft.supersymm_etry breaking
symmetric contribution could saturaté/e [21]. From Table ~ terms. For our purposes, it is sufficient to consider the one-
Il we learn that the predicted size is loop RG equations in the limit where all Yukawa couplings
are set to zer32]:

baaam,,

my
<6ER>12~V(T). (35) P
m tha A
We learn that models of alignment cannot explain a large
deviation from the standard model predictif®22]. (See, 5. 116 1
. 2\ _ Y ~2 ~2 ~2
however, Ref[23] for a related model where the supersym WML =7 5 asMz+3a,my+5 a;my
metric contribution is significantAs mentioned above, ex- 4m\ 3 9
periments have determined/e rather accurately; the ques- m2
tion of whether there is roortor even necessijyfor a large __ 3
supersymmetric contribution can only be answered if the the- 1672

[(AUA"T);+ (AIATT), T,
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16 .. 16 _ But then, at low energy, squark masses acquire approximate
(9t(MRR)|1 E( 3 a3m§+ 9 almi) degeneracy. The estimates of the supersymmetric mixing
angles in Table | correspond in this case to the suppression of
the high-scaley;; parameters. But the weak-scalg param-

m3
3/22(A“TA”)IJ , eters are now suppressed not only by the small mixing angles
8 but also by squark degeneracy. Explicitly, the low enefgy
parameters have the following RGE-induced suppression
a2y = Sij 16a Mt - 4 Z aam? factors with respect to their high energy values:
t RRij — 477 3 33 9 1t
] (60D5~0258 ), (i1)=(12,(13),(23),
3/2
— S (ATAY, (39) ; P
La (0 rR)j=~0.156 gr)ij, (1])=(12),(13),(23), (41)
3 '
(?tAiL}:E 33T a2t 150 1A (6 mm)12~0.1858 yw)12, M=L,R.

118 3 7 In other words, if Eqs(23) and(40) hold at the GUT scale,
GA = 4W(3a3+ Sazt g )Af‘l , we have at the weak scaltm?m?~1/4 (1/7) in thed,
sector ER sector and first two up squark generatipnd/e

wheret=2 In(Ms/Q), Mg is the scale at which supersymme- would like to emphasize the following three points:

try breaking is communicated to the MSSM, aidg 5 (i) The milder suppression of({,);; depends on our

=(11,1-3). The AY matrices are defined througﬁlfg assumption that the scale that characterizesAthterms is

=mz,A% ). The important point to notice is that the my,. If it is smaller, the degeneracy becomes as ;trpng as in
the other sectors. The degeneracy would be similarly en-

hanced if theA matrices wereexactly proportional to the

corresponding Yukawa matrices.

(ii) The results in Eq(41) have been derived with tah
=0O(1). In the case that taB>1, the suppression of
(6 &r)23 becomes milder: § &5)23~0.5(5 )45 (for tans
~m;/my).

72 N (iii) We used here, as an exampMg~Mgyt. Lower
(MED=(MEi +76mip—migl LAAT AT, values ofMg correspond to weaker RGE effects and, there-
+1.7(AY A’ T)ij], fore, to a milder suppression of the flavor changing effects.
For Mg=10° GeV, there is effectively no degeneracy and
Ut Al the phenomenology is the same as in the discussion in pre-
(MR = (Mg R)ij 79 Mifz—3.6map( A TAT ) vious sections, where alignment is the only source of sup-
pression of flavor changing couplings.

squark mass-squared matrlceM,MM, get large universal
contributions that are proportional to the gauge couplings.

Let us take, for examplayl g=M gyt and setQ=m, (t
=67). Then the weak scale parametéuaprimed can be
written in terms of the high scale parametépimed as
follows [32]:

(MER)j = (MER) + 7 8mif— 3. 4msH A TAT),;
39
(39 B. Phenomenological consequences
AU 3. 7A|lj ) The RGE-induced suppression of the flavor changing
parameters in the high scale models has important phenom-
enological consequences. Before we list the phenomenologi-
cal implications of this class of models, let us point out that
the predictions are here somewhat sharper. This is due to the
fact that, given our assumptidqd0), we can estimate

d d’

Here m;,, is the average gaugino mass at the GUT scale

Thus, RGE induces a universal contribution of oréeré to

the weak-scale squark mass-squared matrices. We used here

the fact that the RGE of gaugino masses yiettfs=3m;,. X
We now make the crucial assumption that the structure of

the soft supersymmetry breaking termsva is solely deter-

mined by the horizontal symmetry. This assumption mean#\gain, we used here as our examplés~Mgyr. This

that, at the high scale, the following order of magnitude re{eaves essentially a single free parameter, sayjn any

Il
ERER

!
o

(42)

lations hold: given model in this class.
P (i) DO—D'0 mixing: Eq. (24) is now replaced(for Mg
M~ m1/2 (MM ~Mgy7) With
Ag3~1, Afy=mp/{ba). (40) (89)1,~0.03, (43
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to be compared with the constraints of Fig.(dlong the This is to be compared with the bound&f);,<\° and
curvem(_;,/ﬁ~1.1). We can make the following statements: \/(KaL)n(KaR)lzs A% that apply in low scale models of align-
(@) There is no region of parameter space that is disfament.

vored by the experimental upper bound|d>,4h?2|. In particu- Models of alignment are constructed to satisfy they

lar, the scale of squark and gluino masses could be as low @d e constraints. What we have just learned is that in
300 GeV. This is true for a supersymmetry breaking scale agodels of GUT-scale alignment, the constraints on the mix-
low as Mgs~10" GeV: for Mg=10* GeV our framework ing angles(46) are milder. The question then arises whether
predicts ¢ {')12=0.05 which, as can be seen in Fig. 1, is thethis situation has significant consequences for model build-
upper bound fom,~300 GeV. Ing.

(b) For m~1 TeV, the supersymmetric contributions to The most dramatic result would be if the “naive” align-
D ) ment,
M7, are a factor ofO(50) below the experimental bound.
Given the expected experimental sensitivity of future experi-
ments, it will be impossible to exclude models of high-scale (K1 ~[Vad ~N, [(KD) g~
alignment based on non-observationdt-D° mixing.
(c) For m~300 GeV, the supersymmetric contributions
to |M5’2| are a factor ofo(3) below the experimental bound.
It is then possible thad®-D° mixing will be observed in the

N, @)
mS|VUS| '
were sufficient to satisfy thig °-K? constraints. If this were
the case, then no holomorphic zeros would be required and
the analysis of both model building and the phenomenologi-

future. cal consequences of alignment would change considerably.
(i) B®-BY mixing: Eq. (28) is now replaced with What we learn from Eq45) is, however, that this is not the
case. One could imagine that the parametric suppression
(6 9)15~0.001, gives |(KY)1J]~\ and that an accidental suppression of
O(6) would make ¢ E,_)lz consistent with the boun@5).
(8 9)15(6 $2)13=0.003, (44) But then the second constraint would implys £r) 1o

=5X10 >, a factor of©(10%) below the naive suppression.

éNe conclude that the RGE-induced suppression in the GUT-

scale models is not enough to allow viable models that em-
: —_— 0 R0 miving i ploy no holomorphic zeros.

(&) The supersymmetric contribution &'-B" mixing is Under these circumstances, the milder constraints in Eq.

smaller by a ffactor of at |east 1(.) compared o the !ow-scali%) do not give a significant simplification for model build-
models of similar squark and gluino masses. In particular, fo . . 3
ing. In particular, relaxing the bound orh(ﬂ)lz from \* in

m~1 TeV, the modification to the standard model predic'low-scale models ta.2 in high scale models makes no dif-
tion for a, is below the percent level. . ference at all. The point is that holomorphic zeros suppress
(b) The fact that, in this class of alignment models, |'ght(KE)1z compared to its naive valuei7) by at |eaSt€fnax-

[that is, O(300 GeV)| squark masses are allowed, meanSAssuming, as we do in this work, that,, <\, the conse-

ggﬁ] tgfabﬁgaﬁn;ﬁé r?]l;pe,feﬁnf;n?g'c;goggé%ft'?gz-c‘i%urlg Ibne_quences for model building of the® and \? bounds are
P Xl W Prediclions. INigentical. On the other hand, the milder bound on

deed, wit_hm~300d GeV and large taf [to give minimgl [(KD)1(K%) 15 A% instead of 5, does allow horizontal
suppression of & gg)isl, the supersymmetric contribution cparge”assignments that would not be viable in low scale

could be of©(0.1) of M%,. This could lead to observable models.

modifications ofa, . We conclude that models of GUT scale alignment have
(i) K°-K® mixing: the constraints frone, (assuming phenomenological consequences that may be very different

CP violating phases of order one in the supersymmetric mixfrom low scale alignment. The difference in model building

ing matriceg are given in Fig. 3. For example, withng  (in the framework of Abelian horizontal symmetrjets,

=m=1 TeV, we obtain however, of limited significance.

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

(6 0)1,=8x107%, VIl. CONCLUSIONS

We analyzed questions of model building and of phenom-

V(8 [1)12( 8 Rr)12=6X 1074 (45 enological implications in the framework of quark-squark
alignment. In models of alignment, three ingredients play a

Given Eg. (41), these constraints can be translated intorole in suppressing the supersymmetric contributions to fla-

bounds on the supersymmetric mixing angles, vor changing neutral currents:
(i) Approximate horizontal symmetries naturally suppress
(KE)lZS \?, off-diagonal entries in both quark and squark mass matrices.
This alignment of mass matrices induces small mixing
angles in gaugino couplings.
VKD 1 KR) 12=N°. (46) (i) Supersymmetry requires that the Yukawa couplings
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(a) |02 L 12|, |6% ga2| (b) |‘/(¢$‘I’1L12) (6% R12) FIG. 3. Constraints on flavor

changing mass insertions from

K°-KO mixing as a function of the

gluino massng and of the average

squark massng .

02 04 06 08 1 12 14 16 18 02 04 06 08 1 12 14 16 18

fiiq [TeV] fiig [TeV]
© L gsal oo @ |y/0Lar) @)

are holomorphic. In combination with the horizontal symme-  On the phenomenological side, we would like to make the
tries, zero textures may be required by holomorphy, openindpllowing points regarding the future prospects for discover-
up the possibility of a very precise alignment. ing or excluding the idea of quark-squark alignment:

(i) The running of the soft supersymmetry breaking (a) Alignment models without squark degeneracy require
terms may induce approximate degeneracy among squarkgat|MP,| should be close to present experimental bounds. If
even if there is no degeneracy in the high energy theory. . \,5nds orD°-D° mixing are improved by an order of

On the model-building side, we have made the fOHOWingmagnitude, such models will be disfavored. Note that to im-

two main points: D . .
(&) Under a few reasonable assumptions, there is a uniqLﬁ?:rOVe the bound oMy, by an order of magnitude, it is not

phenomenologically viable structure for the down quarkn.ec.essarlly requw_ed to improve the bound_AmD by a
mass matrix. In particular, four holomorphic zeros must alo_S|m|lar feftor. A mild experimental progress in constraining
pear,M%,=M%=Md=M%=0. each ofx=Amp /T, ¢bp (the relevant weak phasend s (the
L . .relevant strong phagemnight give a significantly improved
(b) The possibility that a certain degree of degeneracy IsBound on|MD|
induced by RGE somewhat relaxes the constraints on th 12- ) o =5 ..
required alignment. Still, “naive” alignment where, for ex-  (0) The s%pgrsymmetrlc contribution to tB4-B mixing
ample, the supersymmetric mixing angles for doublet quark@mplitudeMy; is at most a few percent of the experimental
and squarks have the same parametric suppression as tf@lue. Experimentally, bothmg anda . can be measured
corresponding CKM angles, is not viable. Consequently, thavith an accuracy better than a few percent. The question of
same holomorphic zeros must play a role and the complicavhether a deviation of order of a few percent from the stan-
tions of model building are not simplified. dard model predictions can be convincingly signalled is re-
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lated to the theoretical accuracy of the predictions. Given thare small. Thus the correlations between these decay rates
hadronic uncertainties in the calculation dfmg, it will be  and various observables related B3-B® mixing, that are
impossible to have a convincing signal for this new contri-cleanly predicted by the standard model, may be violated.
bution from the measurement of the mass difference. On the We conclude that the observation GfP violation in
other hand, the hadronic uncertainties in the standard modgj°-p0 mixing and shifts ofO(\2) from the standard model
relation a,/,K:Sin 2,8 are smaller than a percent. It is still an predictions forCP asymmetries |rBO and BS decays are the
open question whether the value g8 2constrained by other pest possible clues for alignment. On the other hand, given
measurements, can be determined with the required accthe possibility of RGE-induced approximate degeneracy, it
racy. _ will be difficult to exclude the idea of alignment if no devia-
(c) The supersymmetric contribution to tBg-Bs mixing  tions from the standard model are observed. Stronger con-
amplituder; is at most a few percent of the experimental straints on such deviations will simply translate into stronger
lower bound. Again, it would be difficult to have a convinc- lower bounds on the scale where alignment holds.
ing signal for this new contribution from the measurement of
the mass differencAmBS. On the other hand, the standard

model predicts smallO(\?)] CP asymmetries iBs decays ACKNOWLEDGMENTS
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process, so that the deviation can be significant. ported by the Israel Science Foundation founded by the Is-
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