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The suppression of flavor and CP violation in supersymmetric theories may be due to the mechanism
responsible for the structure of the Yukawa couplings. We study model independently the compatibility
between low-energy flavor and CP constraints and observability of superparticles at the LHC, assuming a
generic correlation between the Yukawa couplings and the supersymmetry breaking parameters. We find
that the superpotential operators that generate scalar trilinear interactions are generically problematic. We
discuss several ways in which this tension is naturally avoided. In particular, we focus on several
frameworks in which the dangerous operators are naturally absent. These frameworks can be combined
with many theories of flavor, including those with (flat or warped) extra dimensions, strong dynamics, or
flavor symmetries. We show that the resulting theories can avoid all the low-energy constraints while
keeping the superparticles light. The intergenerational mass splittings among the sfermions can reflect the
structure of the underlying flavor theory, and can be large enough to be measurable at the LHC. Detailed
observations of the superparticle spectrum may thus provide new handles on the origin of the flavor

structure of the standard model.
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I. INTRODUCTION

The origin of the flavor structure is one of the deepest
mysteries of the standard model (SM). In the absence of the
Yukawa couplings (and neutrino masses), the standard
model respects the following flavor symmetry':

Ghnwor = UGY
=UB)y X U@B)y X UB)p X UB), X UQB)g.
(1)

Is this symmetry a mere artifact of the low-energy
Lagrangian, or is it (or its subgroup) physically realized
at high energies and spontaneously broken to produce the
Yukawa couplings? If the latter, what is the fundamental
flavor group Giayer ( C GSM ), and how is it broken? In
the standard model, these questions can be explored only
through the observed pattern of masses and mixings of the
quarks and leptons, making it difficult to arrive at conclu-
sive answers.

Theories beyond the standard model may provide addi-
tional clues to address the puzzle of flavor, since the new
physics sector may contain new information on flavor. In
supersymmetric theories, for example, supersymmetry
breaking parameters for squarks and sleptons may carry
such information. It is, however, not obvious how much
new information one can expect. In supersymmetric theo-
ries, generic weak scale values for the supersymmetry
(SUSY) breaking parameters

les-lg’fmr contains hypercharge, baryon number, and lepton

number. Out of the five U(1) factors, only hypercharge and
baryon minus lepton number are anomaly free with respect to
the standard model gauge group.
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(m%p)ij ~ méusw (af)ij ~ Mgysy, (2)

lead to flavor changing neutral currents far in excess of
current experimental bounds. Here, (m%b),-j (®=0,U,D,
L, E) and (as);; (f = u, d, e) represent scalar squared
masses and trilinear interactions, respectively, i, j = 1, 2,
3 are generation indices, and mgygy is a parameter of order
the weak scale. A common solution to this problem is to
assume flavor universality

(m3);j = 8;; or <K mysy 3)

(as)ij = (yp)ij or <K mgysy,

at a scale M where the supersymmetry breaking parameters
are generated [1-5]. Here, (y f),- ; are the Yukawa matrices.
This assumption, however, greatly reduces the flavor in-
formation encoded in low-energy supersymmetry. A non-
trivial flavor structure can still be found in the low-energy
squark and slepton masses due to renormalization group
evolution below M. This structure, however, does not carry
any information on flavor beyond Yukawa couplings ®
have, although it does allow us to explore some of these
couplings that cannot be probed in the standard model [6].
In addition, the size of the relevant flavor nonuniversality is
typically so small that most of the interesting parameters
can be probed only indirectly through low-energy flavor
and CP violating processes.

In this paper we study the question: is there a natural and
generic framework for supersymmetry which is suffi-
ciently “flavorful,” i.e., which allows us to obtain more
detailed information on flavor through measurements of
superparticle masses and interactions at the LHC? This is
not trivial because such a framework must satisfy stringent
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constraints from flavor and CP violation while the devia-
tion from universality must be sufficiently large to be
experimentally observable. In particular, in order for the
flavor information to be extracted at the LHC, superpar-
ticles must be light enough to be produced at the LHC,
making it more difficult to satisfy the bounds from the low-
energy flavor and CP violating processes.

While it is not too difficult to consider an ad hoc devia-
tion from universality that is measurable at the LHC and
not excluded by the low-energy data, an important question
is if there is a theoretically well-motivated setup which
naturally produces measurable effects that are consistent
with the low-energy experiments and encode information
on the origin of flavor. In a previous paper with Papucci, we
studied a simple setup in which flavor changing interac-
tions in the supersymmetry breaking parameters are scaled
by factors associated with the Yukawa couplings [7]. We
showed that such a setup can avoid all the low-energy
constraints, while giving interesting flavor signatures at
the LHC. This clearly illustrates that there is an interesting,
natural stage between Eqgs. (2) and (3). In fact, there have
been many models proposed to address the problem of
flavor changing neutral currents, in which flavor violation
in the supersymmetry breaking parameters is somehow
related to the Yukawa couplings [8-21].2 While many of
these models require rather special structures or setups to
avoid all the current experimental bounds, the analysis of
Ref. [7] suggests that the minimal structure needed to
obtain a consistent framework for flavor signatures at the
LHC may, in fact, be much simpler.

In this paper we study the tension between LHC observ-
ability and constraints from low-energy flavor and CP
violation in generic supersymmetric theories in which the
structure of the supersymmetry breaking parameters is
correlated with that of the Yukawa couplings. An interest-
ing general point emphasized in Ref. [7] (see also [23]) is
that among the operators giving supersymmetry breaking
parameters, a class of operators in the superpotential

W""XQZU]HM, XQiDde, XLiEde, (4)

generally leads to a strong tension. Here, X represents a
chiral superfield whose F-term vacuum expectation value
(VEV) is responsible for supersymmetry breaking. We first
elucidate this point, and define what we call the super-
potential flavor problem. We emphasize that the problem is
general and does not depend on any particular theory of
flavor. In fact, this problem is part of a more general
problem associated with left-right propagation of sfer-
mions, which is also discussed in detail.

We then discuss how the problems described above can
be solved. We present several possibilities that can avoid

The possibility of having large flavor violation in the super-
symmetry breaking parameters which is not related to the
Yukawa couplings was recently discussed in theories with an
extended R symmetry [22].
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the stringent constraints from left-right sfermion propaga-
tion without suppressing the operators of Eq. (4). We also
present simple frameworks in which the operators of Eq.
(4) are naturally absent. These frameworks can be com-
bined with many theories of flavor, including theories with
(flat or warped) extra dimensions, strong dynamics, or
flavor symmetries. We perform detailed studies of the
constraints from low-energy flavor and CP violation within
these frameworks, and find that they can naturally avoid all
the constraints while preserving the observability of super-
particles at the LHC. We also find that the intergenerational
mass splittings among sfermions can show a variety of
patterns depending on the details of the underlying flavor
theory, allowing us to gain additional handles on the origin
of flavor at the LHC.

The organization of the paper is as follows. In Sec. Il we
discuss constraints from low-energy flavor and CP viola-
tion arising from left-right propagation of sfermions. We
emphasize the model-independent nature of the problem
associated with the operators of Eq. (4), but also discuss
additional stringent model-dependent constraints. In
Sec. III we discuss possibilities to avoid these constraints.
In particular, we present simple frameworks in which the
operators of Eq. (4) are naturally absent. In Sec. IV we
study constraints from flavor and CP violation, including
ones arising from left-left and right-right sfermion propa-
gation, in these frameworks. We also analyze the size of the
intergenerational mass splittings among sfermions, and
find that they can differ significantly from the flavor uni-
versal case. Prospects for observing these features at the
LHC are discussed in Sec. V. Finally, discussion and con-
clusions are given in Sec. VL.

II. THE SUPERSYMMETRIC LEFT-RIGHT
FLAVOR PROBLEM

The flavor problem in supersymmetric models is typi-
cally phrased such that generic supersymmetry breaking
parameters, Eq. (2), lead to excessive flavor and CP vio-
lation at low energies. This, however, neglects the possi-
bility that the physics responsible for the observed Yukawa
couplings also controls the pattern of the supersymmetry
breaking parameters. Here we argue that there is a generic
tension between weak scale supersymmetry and low-
energy flavor and CP violation even if we take this possi-
bility into account. Throughout the discussion, we assume
that CP violating effects not associated with flavor, e.g.,
those arising from a nontrivial phase in the Higgs sector,
are adequately suppressed. We also assume that the strong
CP problem is solved.

A. Flavor (non)universality in the operator language

We begin our discussion by listing all the operators in
the supersymmetric standard model (SSM). In the gauge
sector, the relevant operators are
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[dze—wAawA + He,
%)
0,,: fdzﬁnAMWA“Wﬁ + H.c,,

where A = 1, 2, 3 represents the standard model gauge
group, U(1)y, SU(2),, and SU(3)¢, and O,, and O, give
the gauge kinetic terms and the gaugino masses, respec-
tively.> Here, X is the supersymmetry breaking superfield,
(X) = 6?Fy, and M characterizes a scale at which super-
symmetry breaking effects are mediated to the SSM sector.
Since Fy/M sets the scale for superparticle masses, we
consider Fy/M = O (TeV). In the minimal supersymmet-
ric standard model, the Higgs sector operators are given by

0, f d*0zZyHH, (6)

Xtx
0., /d4¢9KH WHTH,

(7
0, : | de XH*H+H
IS nHM .C.,
4 xt
0 ,: /d 0nMﬁHqu + H.c.,
- ®)
X
0, fdb?x,, H,H, + H.c,
O sucra: fd40)\HHqu + H.c, 9)

where H = H,, H,. The operators O, give the kinetic
terms, while the rest provide the supersymmetric mass, u,
and the holomorphic and nonholomorphic supersymmetry
breaking squared masses, b, m%, and m%,d, for the Higgs
doublets.* The last operator is relevant only in the context
of supergravity. In nonminimal models, e.g., in models
with extra gauge groups and/or singlet fields, the set of
operators in Eqgs. (5)—(9) is extended.

The operators described above (or their extensions in
nonminimal models) do not introduce flavor violation.
Flavor violation may arise when we introduce matter fields.
With matter fields, we can write operators

0, fd‘*e(Zq)),-jq),chj, (10)

*We define an operator O to be the entire term that appears in
the Lagrangian, including the coefficient.
“Here we have neglected the tree-level superpotential operator
f d>0uoH,H,; + H.c. In order to have weak scale values for u
and b, the coefficient of this operator must be suppressed: wy <
O (TeV).

PHYSICAL REVIEW D 78, 095011 (2008)

Xtx
OK([,: ‘[d40(K(b)l]Wq)j-q)]’
¥ (1D
(an): ’[d40(nq>)ljﬁq);[-¢)j + H.C.,

@/\f: fdza(Af)qu)qu)RjH + H.C.,
. (12
0, : f POy PuPyH + He,

where ® = ®,;, &, with &, = Q, L and &y, = U, D, E
represents matter fields, i, j = 1, 2, 3 are generation in-
dices, and f = u, d, e corresponds to {®;, Oy, H} =
{0,U,H,},{0,D,H,}, {L, E, H;}. Here, Zg and kg are
3 X 3 Hermitian matrices, while 74, Ay and ; are general
complex 3 X 3 matrices. The operators O, give the ki-
netic terms, O, the Yukawa couplings, and O, O, and
O, . the soft supersymmetry breaking parameters.
Flavor universality is the assumption that

(Zo)ij» (na)ij =
(ff)ij & (/\f)ijy
forall® = Q, U, D, L, E and f = u, d, e, which leads to

supersymmetry breaking parameters of the form
(yf)ijr (14)

where (m3,);;, (a;),;, and (y;);; represent the scalar squared
masses, scalar trilinear interactions, and the Yukawa cou-
plings in the basis where the fields are canonically normal-
ized. In fact, the three conditions of Eq. (13) could each be
replaced by

(KcI))ij < (Zcp)ij,

(13)

(mgp)ij % 8 (agp)ij

(k)i < [mal?, [(n0)i;] < [m4l,
1(Zp)i;l << 1(Ap)i;mal,

since then the low-energy supersymmetry breaking pa-
rameters, generated by SSM renormalization group evolu-
tion, take approximately the form of Eq. (14).

Deviations from Egs. (13) and (15) generically lead to
flavor and CP violating effects. If the supersymmetry
breaking parameters take the flavor universal form at
some scale below the scale of flavor physics My, then
small deviations from universality are caused only by
SSM renormalization group evolution below that scale,
which do not provide much insight into the origin of flavor
at the LHC. On the other hand, if My =< M (or if the
mediation mechanism of supersymmetry breaking some-
how carries information on physics responsible for the
Yukawa structure), then we expect that the supersymmetry
breaking parameters have an intrinsic flavor nonuniversal-
ity, which contains information on the physics of flavor at
M. Of course, this deviation from universality cannot be
arbitrary. In order to satisfy all the constraints while keep-
ing superparticles within the reach of the LHC, the devia-

(15)
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tion must somehow be correlated with the Yukawa struc-
ture. This is, however, precisely what we expect if the
supersymmetry breaking parameters feel the physics re-
sponsible for the flavor structure.

B. Generic scalar trilinear interactions

We consider the case where M = M and flavor non-
universality in the operators of Egs. (10)—-(12) at My is
controlled by the physics responsible for the structure of
the Yukawa couplings. This provides a possibility of avoid-
ing the low-energy constraints without imposing flavor
universality, allowing us to probe the origin of flavor
through the superparticle spectrum. In general, correlations
between the structure of the Yukawa couplings and that of
the nonuniversality in the operators of Eqs. (10)—(12) are
model dependent. However, one class of operators, (9; . in
Eq. (12), is expected to have a structure similar to the
Yukawa couplings. This is relatively model-independent
because the matter and Higgs fields appear in (Q{f in
precisely the same way as in O, o which produces the

Yukawa couplings.
Suppose that the Yukawa couplings

vp)ij = ()lf)kl(z({)l/z)ki(Z;);/z)ljZ;[l/zr (16)

have a hierarchical structure as a result of some flavor
physics, for example, physics associated with spontaneous
breaking of a flavor symmetry or wave function profiles of
matter fields in extra dimensions. We then expect that the
scalar trilinear interactions generated by (ng,

_ _ nF
(ay)ij = _({f)kl(chi/z)ki(Zcplt/z)ljZHl/zHX’ (17)

also have a similar structure. Specifically, we can consider
that the Yukawa couplings take the form

Owij = &3, a)ij = 5?7)7, 0e)ij = &9, (18)
and that the observed structure for the quark and lepton

masses and mixings is generated by the “‘suppression
factors” E{J Here, j represents the ‘“‘natural” size of the
couplings before taking into account the origin of the flavor
structure; for example, we expect § = O(1) if the relevant
physics is weakly coupled, but it could be as large as of
O(41r) if strongly coupled. The scalar trilinear interactions
are then expected to take the form

~ Cu ZFX ~ EFX
(au)ij = 5ij7M ) (ad)ij =~ 5;3 M 19
_ e $Fx
(ae)ij = 5,’/ VA

where { again represents the natural size of the coeffi-
cients. Note that O(1) coefficients are omitted in the ex-
pressions of Egs. (18) and (19); for example, we expect that
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(ay);; is in general not proportional to (y,);; because of an
arbitrary O(1) coefficient in each element.

The structure of Egs. (18) and (19) is expected to appear
in most theories of flavor. A special case is when é’lfj
factorize as &f; = €g €y, €§Ij = €g,€p,, and &; = € €,
so that each matter field carries its own suppression factor.
This arises in many models of flavor, for example, in
classes of models with flavor symmetries or strong dynam-
ics. The important point is the similarity between the forms
of (y;);; and (as);;. This comes from the fact that matter
and Higgs fields appear identically in the two classes of
operators in Eq. (12).

The gaugino masses, which arise from O, as M, =
—2m4 giF v/ M, set the scale for the superparticle masses.
Assuming that the mediation mechanism produces unsup-

pressed (DQ, ie, (=~ n4, we then obtain (czf),~jz

E{J-M 4/ 83 at the scale M . Taking into account Eq. (18)
and SSM renormalization group evolution below M, we
can write the flavor nonuniversal part of the low-energy
scalar trilinear interactions as
ac dc
(au)ij = (yu)ijT, (ad)ij = (Yd)ijT,
o (20)
(ae)ij = (ye)ijTy
where ac, ay = O(M,) are characteristic mass scales for
these interactions associated with colored and noncolored
sfermions, and we expect ac = ay due to the structure of
the SSM renormalization group equations. We note again
that O(1) coefficients are omitted for each element of Eq.
(20), so that (ay);; is not proportional to (y,);; as a matrix.

C. The superpotential flavor problem

The flavor nonuniversality at the level of Eq. (20) can be
problematic. Flavor and CP violation can in general be
quantified by mass insertion parameters, which are ob-
tained by dividing the off diagonal entry of the sfermion
mass-squared matrix by the average diagonal entry in the
super-Cabibbo-Kobayashi-Maskawa (CKM) basis [24,25].
The mass insertion parameters obtained from Eq. (20) are

ac
(ng)ij = W (Md)ijy

dac
(01 R)i; = —5 (M,);;,
Y ym% ! C

21

a
(52R)ij =~ ﬁ (Me)ij,

for i # j, where mc and my are characteristic masses for
colored and noncolored superparticles, and we expect
mc = my. Here, (M,,);; = (y,);/{H,), My);;=a)ij{Hy),
and (M,);; = (v.);j(H,) are the quark and lepton mass
matrices in the original (not super-CKM) basis. The diago-

SNote that in our notation, the grand unified relations for the
gaugino masses correspond to n; = 1, = 73.
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nal elements, (B*ZR)I-,-, receive additional terms coming
from the sfermion left-right masses proportional to |u|
and the flavor universal contribution to (a,);; generated
by renormalization group evolution below M. However,
assuming there is no intrinsic CP violation associated with
supersymmetry breaking, these terms do not contribute to
the imaginary parts of (B{R)l-,-, which are relevant in the
discussion below. We thus find

ac sing,

Im((SZR).. ~ - (M )..’
12 ym% u’ii
a, SlIl
(84 )i =~ (M), (22)
C
ay sing,
m(aiR) ~— (M ).4’
12 ym§ e/l

where ¢, are the phases of the contributions to (B{R),»,-
from the flavor nonuniversal part of (a);;. Note that ¢, =~
O(1) is expected even if supersymmetry breaking does not
introduce new CP violating phases because these complex
phases arise generically from the Yukawa couplings when
going into the super-CKM basis.’

The theoretical estimate of Egs. (21) and (22) can be
compared with experimental constraints from low-energy
observables. The bound on the u — ey process [28] gives

1 m
e 2 e 2 -6 A
75\/|(5LR)12| +1(87g)ul> =4 X 10 (W)
(23)

The pu — e conversion and pu — eee processes also give
comparable bounds. The limits on the electric dipole mo-
ments (EDMs) of the electron [29], neutron [30], and
mercury atom [31] lead to

m
e <2x1077 ————Ei——>
(8¢ )1y | = 2 X 10 (200 2oy
(8% )y, | = 2 X 10 (600 < V)
(25)
d =1X10"
m(3E )| = 110 <600 Gev>’
(8% )y, < 4 X 10 ( )
500 Gev
(26)

Im(89,0)y1| < 4 X 10*7<7mC )

Hm(& ) 600 GeV
respectively. Here, the bounds of Egs. (23)-(26) are ob-
tained conservatively by scanning the ratios of the super-

5This may be avoided in certain models, e.g., models with
Hermitian Yukawa and scalar trilinear interaction matrices [26]
and those with spontaneous CP violation [27].

PHYSICAL REVIEW D 78, 095011 (2008)

particle masses in a reasonable range (see, e.g., [25,32]).7
The bounds from neutron and mercury EDMs are subject
to large theoretical uncertainties [33], and we have used
conservative estimates. The constraints from (€’/€)x and
b— sy also lead to bounds on [Im(89z)152,] and
[(84 x)23,321, but they are not as strong as the bounds above
when the left-right mass insertion parameters scale naively
with the quark masses.

We can obtain the bounds on the superparticle masses
using Eqgs. (21) and (22), with the approximation ac = mc¢
and ayn = my, which is sufficient for the level of analysis
here. Taking (M,),; =~m, =2 MeV and (M,);, = m, =
4 MeV, the neutron EDM bound of Eq. (25) leads to the
following bound on m:

2 ' 1/2
me = max{SOO Ge V(qu"”) 15 TeV(Smde> }
y y

27
whereas the mercury EDM bound, Eq. (26), gives

1/2
me = max{l 3 Tev(sm‘”“) 1.9 Te V(sm”) }
5 y

(28)

The bound on my depends on the assumption on the
charged lepton mass matrix. If we conservatively take
(M) =m, =05 MeV and (M)1p = (M,)y =
(memﬂ)l/2 =~ 7 MeV, we obtain

700 Ge V(SH;%) & } (29)

my = max{600 GeV—— 5 72
On the other hand, if the large neutrino mixing angle 6,
receives a significant contribution from the charged lepton
Yukawa matrix, we expect (M, ), = m,, tanf;, = 70 MeV,
giving a much stronger bound

2
700 Ge V(Sm%> } 30)
j

my = max{l 9 TeV—— 1/2,
In fact, this latter bound is expected to apply in the case
where &, factorizes: £f; = €, € , since then the large 1-2
neutrino mixing angle generically implies €, =~ €,,, lead-
ing to a large 1-2 element of the charged lepton mass
matrix of O(m,,).

In addition to the uncertainties already described, the
bounds on m y derived above are subject to uncertainties
coming from O(1) coefficients in front of Eq. (20). Only
the square root of these coefficients, however, appears in
the bounds. For example, if we take the magnitude of these

"Here we consider the ranges mz/mé =2 and m? /mlg =3,
where mg;, mz, m,, and mj are the gfumo squark, weak gaugino,
and slepton average masses. These ranges are motivated by
renormalization group considerations with My well above the
TeV scale,e.g., Mp = 10'° GeV. The case of smaller M will be
discussed in Sec. IIT A.
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coefficients to be between 0.5 and 2, the bounds receive
unknown coefficients of 0(0.7-1.4), which do not signifi-
cantly affect the results. These bounds also scale with the
square root of the natural size of the scalar trilinear inter-
actions at M, (Z/m,)"/?, which we have set unity. In
addition, the bounds scale with the experimental limits
on the u — ey branching ratio, Br(u — ey), and the
electron, neutron and mercury EDMs, d,, d,,, and dy,, as

(BY(M — 67))—1/4, 31)

1.2 x 1071

d, -1/2 d, -1/2
(1.6 X 10727 ecm) ’ <2.9 X 10726 ecm) ’

( ng )_1/2
2.1 X107% ¢cm '

Therefore, if future experiments such as ones in Refs. [34—
41] improve the upper bounds on these (and other) quan-
tities, the lower bounds on m y increase accordingly.
The bounds of Egs. (27)—(30) place lower limits on the
superparticle masses, yielding a tension with the observ-
ability of supersymmetry at the LHC. In fact, the conser-
vative bound of Eq. (29) already gives strong constraints on
the superparticle spectrum for § = 1. In particular, in the
case that colored and noncolored superparticles do not
have a strong mass hierarchy at M > TeV, we expect
that mc = (2-4)my at low energies. This pushes up the
masses of colored superparticles beyond 1 TeV, and, in
many cases, beyond the reach of the LHC. The constraints
are even stronger if the large neutrino mixing angle 6,
receives a sizable contribution from the charged lepton
Yukawa matrix, as in Eq. (30). We call this generic tension
between low-energy flavor and CP violation and the ob-
servability of supersymmetry at the LHC the superpoten-
tial flavor problem, since it is caused by the superpotential
operators @{/- An important point, again, is that the prob-

(32)

lem is relatively model independent because the flavor
structure of (D{f is expected to be correlated with that of

0, , in wide classes of flavor theories.

5! 5t
LR)( -- "X RR
I,/ f \\\ II/ f \\\
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D. More general problem with left-right sfermion

propagation

The superpotential flavor problem provides a strong,
model-independent tension between weak scale supersym-
metry and low-energy flavor and CP violating observables.
This is, however, only one aspect of a more general prob-
lem associated with left-right propagation of the sfermions
in flavor and CP violating amplitudes.

Suppose that the superpotential flavor problem is some-
how solved, i.e., the operators O, -, are strongly suppressed.
There will still be the contributions to lepton flavor viola-
tion and EDMs associated with left-right propagation of
sfermions. First of all, there are flavor nonuniversal scalar
trilinear interactions generated by O, , , yielding (81 )i :

(i # j) and Im(5{R)i,-. These contributions must be suffi-
ciently suppressed. Moreover, even if they are small, lepton
flavor violation and EDMs are induced by diagrams that
use multiple mass insertion parameters (8-£R)ij, (B{L),-j,
and (S]ZR)U (see Fig. 1) [42], instead of a single insertion
of (S{R)ij. Since the diagrams depend on parameters

(5{,_),-1- and (8',7;R)ij, whose correlations with the Yukawa
couplings are model dependent, the tension caused by
these diagrams is not as model independent as the super-
potential flavor problem. Nevertheless, this provides strong
constraints on supersymmetric models in which the struc-
ture of the supersymmetry breaking parameters is corre-
lated with that of the Yukawa couplings.

One might naively think that because of the use of
multiple mass insertion parameters, the diagrams of
Fig. 1 are much smaller than those using a single (5{R)i -
This is, however, not always the case for the following
reasons:

(1) The left-right mass insertions used can be flavor

universal, Re(S{R),»,», since the necessary flavor/CP
violation can come from insertions of (8{ 1)ij and/or

(8% 0);i ;- This may enhance the contributions from
multiple mass insertion diagrams relative to single
insertion ones, especially for f = d, e, since the
flavor universal part of (87g);; is enhanced by
tanB = (H,)/(H,). [For f = e, it is also enhanced
by w/my, which is typically of O(mc/my).]

5in Oty
(5£L TS 5};3 6£R AT 6£R
/>< f X X F

\ 1 \
n, J I’aN J

fr ) A Ir
(a) (b)

fr A fr JL A Ir
() (d)

FIG. 1. Multiple mass insertion diagrams that lead to dangerous flavor and CP violating contributions. Here, f g, f.and A represent

fermions, scalars, and gauginos, respectively.
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(i) The sfermions propagating between two mass inser-
tions can be from a heavier generation. For diagrams
with triple mass insertions, for example, the states
propagating between mass insertions can be third
generation states, minimizing extra suppressions
arising from use of more mass insertion parameters.

In fact, these two ingredients can make the contributions

from the diagrams of Fig. | comparable or even larger than
those from the diagrams with a single insertion of (8{ R)ij
of Egs. (21) and (22).

To illustrate this point, suppose that Slf] in Eq. (18)
factorize, &} = €g €y, 810.’]. = €g,€p,, and & = €, €,
giving the Yukawa couplings (v,);; = Feg €y, (va)ij =
Jeg,€p,, and (Ve)ij = Ver, €, Suppose also that the flavor
nonuniversal part of the sfermion squared masses scale
naively with the € factors

(m(zp)ij = Eq>i5c1>,m§, (33)

where mg = m4Fx/M is the scale of supersymmetry
breaking parameters at M, which we assume to be the
same for colored and noncolored superparticles. The
mass insertion parameters generated by Eq. (33) are then

d mg
(67.)i; = (871)i; = EQierm_%,
5 5 (34)
m m
8L = €y €y —, 89.). =~ €p €p —,
( RR)!] U;®U; m(2: ( RR)I] D;€D; m(zj
5
(BZL)ij = (5ZL)ij = GL,GLjW,
N (35)

2

m

e ~ S
(6RR)U ~ €g€E,
my

where i # j, and we have included the mass insertion
parameters for the sneutrinos. On the other hand, the
dominant contribution to the flavor universal part of the
left-right mass insertion parameters are given by

1 tan
Re(d7p)ii = m_C(Mu)ii’ Re (8¢ )i = Mmz B(Md)ii,
C
tan
Re(87p)ii = #—ZIB(M iis (36)
my

where we have taken w = mc = my and tan8 = 1, and
assumed that flavor universal scalar trilinear interactions
(awa)ii = Vua)ime and (a,); = (y.)ymy are generated
by renormalization group evolution. [The expression of
Eq. (36) also applies to the case where S{j do not factorize.]

Consider, for example, the diagram of Fig. 1(c) with f =
u. This leads to the contribution to the up quark EDM that
scales with

(07 )13(87 r)33(8%r)31

_ (M), (@)4 (J’u~)§3

= . (37
ymc \nmc y
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which can be comparable to the dangerous contribution

that scales with (6Y%);; = (M,);,/9mc of Eq. (21) with

ac = mc. The diagram of Fig. 1(a) with f = e gives a

contribution to the u — e’y process that scales with

(Me)IZ mgﬁ/« ~
3

(07 0)12(80R)2 = S yei tanB,  (38)

which can also be dangerous because it could be compa-
rable to the contribution from (8¢ );, = (M,),/Imy of
Eq. (21) with ay = my;, especially for large tanS. These
examples show that the multiple mass insertion diagrams
may lead to flavor and CP violation at a dangerous level
even in the absence of flavor and CP violating (87 ); -

In practice, the constraints from multiple mass insertion
diagrams can be taken into account by considering the
effective left-right mass insertion parameters

(S{R,eff)ij = max{cd(aj;L)ik(‘S{R)kjr
ca(8] Q)i hpis> (81w (8] ey

01(5{R)ik(5£L)kk(5{R)kj}, (39)

and requiring that (&) Rreit)ij Satisfy the bounds of Egs. (23)
—(26) with (S{R),»j replaced by (8{R,eff)ij' Here, c; =
(0.5-0.8) and ¢, =~ (0.3-0.6) are numerical coefficients
arising from the difference of momentum integral func-
tions with various numbers of insertions. Once (81, ), ; and
(8£R)i ; are given, these constraints can be checked.

III. APPROACHES TO THE PROBLEM

In order to have a framework for weak scale supersym-
metry in which the LHC can provide additional insight into
the origin of the observed flavor structure, the supersym-
metric left-right flavor problem must somehow be ad-
dressed. The bounds associated with left-left and right-
right sfermion propagation must also be avoided, although
they are, in general, less stringent. To address the issue of
whether there are theories that naturally satisfy all these
constraints, we start by identifying classes of theories that
do not have the superpotential flavor problem, a robust part
of the supersymmetric left-right flavor problem. While it is
not automatic that these theories will be safe from low-
energy constraints or even solve the supersymmetric left-
right flavor problem, they provide frameworks with which
to build more detailed theories that can avoid all low-
energy constraints. The remaining constraints will be dis-
cussed in the next section.

A. General considerations

There are essentially two different directions to address
the superpotential flavor problem. One is to assume that the
operators (9;/, exist with their natural size, but the bounds

are somehow avoided. Barring accidental cancellations in
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the amplitudes for low-energy flavor and CP violating
effects, this includes the following possibilities:

(1) The bounds are given by Eq. (29), and the super-
particles are not too much heavier. If the superpar-
ticle masses satisfy mc = (2-4)my, the viable
parameter region is somewhat squeezed. The con-
straints are slightly relaxed if we allow the masses of
colored and noncolored superparticles to be of simi-
lar size, mc ~ my. Avoiding the bound of Eq. (30),
however, is still not easy.

(i) The intrinsic size of the Yukawa couplings is large,
¥ > O(1). In this case the bounds on m and m, are
not significant, especially in the case where the large
neutrino mixing angle 6, arises only from the neu-
trino mass matrix, Eqgs. (27)—(29). If the bound is
given by Eq. (30), the lower bound on my can be
relaxed to about 500 GeV by taking the largest
possible value of j = 44r. This constraint, however,
is still significant.

(iii) The gauginos are significantly heavier than the sfer-
mions. In this case the bounds of Eqs. (27) and (28)
and Egs. (29) and (30) are relaxed approximately by
a factor of (mg/mg)/~/2 and (m,/m;)/+/3, respec-
tively, with m¢ y now interpreted as the masses of the
sfermions. This situation can occur if M is close to
the TeV scale, and the masses of the sfermions at M
are suppressed by the dynamics generating the
Yukawa hierarchy, as in flavor models of
Ref. [16].® Note that we only need sfermions to be
accessible at the LHC to probe the origin of the
flavor structure.

These possibilities are certainly viable, especially given
uncertainties in our estimates. The tension between flavor
constraints and LHC observability, however, still exists. If
one of these possibilities is realized, and the superparticles
are within the LHC reach, we expect that . — e processes
and/or atomic and nuclear EDMs will be discovered in the
near future, for example, in the experiments of Refs. [34—
41], which expect to improve present bounds by several
orders of magnitude.

The other direction to address the superpotential flavor

problem is to consider that the operators @;f are somehow

suppressed. This includes the following possibilities:

(iv) The coefficients of the operators (ng (or at least
those of the 1-2 and 2-1 eclements of Cf)&)) are
accidentally suppressed. The required amount of
suppression is not strong if we adopt Eq. (29).
However, if we instead use Eq. (30), we need to
have  7/m4 =< 0.07§(my/500 GeV)?,  which
provides a strong bound on ¢/mn, for § =~ 1.

(v) The scalar trilinear interactions are exactly propor-

8M: needs to be low to prevent the scalar masses from
becoming comparable to the gaugino masses through SSM
renormalization group evolution.

PHYSICAL REVIEW D 78, 095011 (2008)

tional to the Yukawa matrices, (ay);; = (y/);;, lead-
ing to vanishing flavor and CP violating mass
insertion parameters. This may be achieved, for
example, if (a;);; and (yy);; arise from a single
operator through the lowest and highest components
VEVs of X, (X) = X, + 0>Fy, with arg(Fy/X,) =
arg(M,). The large top quark mass, however, re-
quires that X, is close to the cutoff scale M,, and
the problem may be regenerated by higher order
terms in X,/ M..

(vi) The operators (94«]_ are suppressed by some mecha-
nism, / < 71,. This mechanism may or may not
operate in the regime where effective field theory is
valid.

Note that (iv), (v), and (vi) above can also be combined
with (i), (i1), and (iii) described before. For example, we
can consider a setup where Cf){f are suppressed by some
mechanism, (vi), and the natural size of the Yukawa cou-
plings, ¥, is large, (ii).

In the rest of this paper, we focus on the last possibility,
(vi), and see how much the situation will be improved. As
we discussed, we still need to address the more general
left-right flavor problem and the constraints from left-left
and right-right sfermion propagation, which we defer to the
next section. Here we present simple classes of theories in
which O , are naturally suppressed. In fact, this provides a
platform for the analysis of the more model-dependent part
of the flavor problem.

There are several possible ways that the operators @gf

can be suppressed. In fact, they may simply be absent at a
scale where the SSM arises as an effective field theory, as a
result of the dynamics of some more fundamental theory.
This is not unreasonable because (()!r are the only super-

potential operators associated with supersymmetry break-
ing, so if supersymmetry breaking is mediated to the SSM
sector by loop processes then these operators may be
absent. In the remainder of this section we discuss three
simple classes of theories for suppressing @;f. We classify

them according to the pattern of the supersymmetry break-
ing parameters obtained at M. The simple suppression of
(94_ described above can effectively be classified into the

first class, because it leads to the same pattern of the
supersymmetry breaking masses at M. There are clearly
many models within each class, and we explicitly discuss
some of them.

B. Framework I—Higgsphobic supersymmetry
breaking

We here present the first class of theories in which @gf

are naturally suppressed. A unique feature of the operators
O, : is that among the operators relevant to flavor violation,
Egs. (10)-(12), these are the only operators that contain
both Higgs fields, H, and the supersymmetry breaking
field, X. Therefore, if the theory does not allow direct
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FIG. 2. A schematic depiction of possible configurations of the matter, Higgs and supersymmetry breaking fields. The Higgs and
supersymmetry breaking fields are localized to separate but nearby points (left). In the case where all the matter wave functions are
spherically symmetric and centered around the same point o, the Higgs and supersymmetry breaking fields can be localized
(approximately) the same distance away from o (right). The gauge fields are assumed to propagate in the bulk.

coupling between H and X, a framework which we call
Higgsphobic supersymmetry breaking, then @gf are for-

bidden. The other operators O, A, can exist as long

Ko, N,
as couplings between ® and X and between @ and H are
allowed. A simple way of realizing this is to assume that H
and X are localized in different points in extra dimensions,
while @ have broad wave functions overlapping with both
H and X.°

Let us now focus on the extra dimensional way of
suppressing (ng described above. In theories with extra

dimensions, wave function overlaps between ® and H
control the size of the 4D Yukawa couplings [18,43,44].
This motivates a configuration where heavier generation
matter fields have larger wave function overlaps with the
Higgs fields. For example, if the widths of all the matter
wave functions are the same, then heavier generation fields
have wave functions peaked closer to the Higgs fields. On
the other hand, if all the matter wave functions are peaked
at the same point (separated from where the Higgs fields
reside), then heavier generation fields have wider wave
functions. A schematic depiction of these possibilities is
shown in Fig. 2.

The location of X cannot be arbitrary. If the X field is
localized to a generic point in the region where matter
wave functions are significant, the generated soft super-
symmetry breaking parameters have a random structure,
e.g., Eq. (2), leading to large flavor and CP violation. One
way of avoiding this is to localize X far away from wave
function peaks for all the matter fields, in which case flavor
violation in the low-energy supersymmetry breaking
masses arises only from loop effects across the bulk [18].
Another way is to localize X at a point close to where the
Higgs fields are localized [20]. In this case the tree-level
structure of the operators O, . is correlated with that of

the Yukawa couplings O, - since they are both controlled

Precisely speaking, in extra dimensional theories it is suffi-
cient to assume that the Yukawa couplings are allowed only in
places separated from the X field. The Higgs fields can be
delocalized in that case.

by the wave function values of the matter fields in the
region where the X and the Higgs fields reside. In the
case where all the matter wave functions are spherically
symmetric and peaked at the same point o, a similar
correlation can be obtained by localizing X to a point
(approximately) the same distance away from o as the
Higgs fields. In all these cases, flavor violation also arises
from loop effects across the bulk.

Some of the field configurations discussed above are
depicted schematically in Fig. 2. Note that while the figures
describe only three matter wave functions for illustrative
purposes, all Q;, U;, D;, L;, and E; fields can have distinct
wave functions. The geometry of the extra dimensions can
also be more general: the number of extra dimensions is
arbitrary, and the spacetime need not be flat. While the
scale of the extra dimensions, i.e., the scale of Kaluza-
Klein resonances, is, in principle, arbitrary, it is simplest to
consider it to be of order the unification scale, 1/R =
M, = 10'® GeV, to preserve the success of supersym-
metric gauge coupling unification in the most straightfor-
ward manner. In the case where H and X are localized in
the infrared region of warped spacetime, the scale can be
lower, 10 TeV < 1/R < M,;; (in which case gauge cou-
pling unification can occur through modified gauge cou-
pling running above 1/R, as in Ref. [45]). It is also possible
to consider the framework in the context of grand unifica-
tion in higher dimensions [46,47]. In the theories consid-
ered here, a natural scale for flavor physics is of order 1/R,
while a natural scale for supersymmetry breaking media-
tion is of order the (local) cutoff scale M., which we take to
be somewhat above 1/R.

One consequence of Higgsphobic supersymmetry
breaking is that the Higgs sector operators O,, ,, ., in
Egs. (7) and (8) are forbidden in the minimal setup. There
are, however, several ways to generate the desired u and b
parameters, which are discussed in Appendix A.

C. Framework II—Remote flavor-supersymmetry
breaking

We now consider the second framework. An essential
ingredient of this framework is a ‘“‘separation” between
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supersymmetry breaking and flavor symmetry breaking.
Consider a flavor symmetry Gy, that prohibits the
Yukawa operators O, ; in the unbroken limit. The SSM
Yukawa couplings are then generated through breaking of
Giiavor» Which we assume to be the origin of the observed
Yukawa structure [48]. An important point is that among
the operators relevant to flavor violation, Oz, ., ny.A,.¢, i
Egs. (10)-(12), O, . are the only operators that require both
Gayor breaking and supersymmetry breaking (see Table I).
Therefore, if we assume that the theory possesses Gyjayors
and that Gy, and supersymmetry are broken in different
sectors of the theory that do not directly communicate with
each other, a framework which we call remote flavor-
supersymmetry breaking, then the operators O, . are absent.

In the present framework, the Yukawa couplings are
generated through breaking of G- Assuming that the
breaking is caused by the VEV of a chiral superfield ¢, the
relevant operators are written schematically as

(n )ij
L~ f mz(Mi) ", 0pH + He,  (40)
ij *

where M. is the (effective) cutoff scale and (ny);; are
integers. In general, these operators could generate danger-
ous scalar trilinear interactions through supersymmetry
breaking. Here we assume that they do not generate sig-
nificant scalar trilinear interactions. The conditions under
which this is indeed the case are discussed in Appendix B
for the general case that Gy, is broken by the VEVs of
several fields ¢, (m=1,2,---).

A symmetry group G,y Needs to be chosen to avoid all
the low-energy flavor and CP violating constraints.
Suppose that Gy, Were a simple U(1) symmetry, whose
breaking controls the size of the Yukawa couplings. In this
case the Cabibbo angle, 6., would be reproduced by the
difference of the U(1) charges of Q; and Q,, g, and g,
as sinfy =~ €921 792 where € is the dimensionless U(1)
breaking parameter normalized to have a charge of —1, and
do, > 40, This, however, would lead to too large flavor
violation in  O,,, giving (8], )1p = (87,)x =
O(e921799) = O(sinf.), which needs to be smaller than
of order 1072(m/600 GeV) to avoid the bound from €.
(Here we have assumed nj = k¢ and a generic Yukawa
structure.) Similar conflicts between the Yukawa structure
and flavor violating processes also arise in other places.
One possibility of avoiding these bounds is to consider

TABLE I. Required symmetry breaking to write down opera-
tors in Egs. (10)—(12). The operators @, W require Gy, break-

ing, while O require supersymmetry breaking.

K, N {f
Operators 0;,, O, 0, 0, 0O,
Giiavor breaking ‘ | J \
Supersymmetry breaking J J J

PHYSICAL REVIEW D 78, 095011 (2008)

more elaborate Abelian charge assignments, for example,
under Gpgyor = U(1) X U(1) (see, e.g., [12]). Another,
perhaps simpler, approach is to consider a non-Abelian
Giiavor Symmetry under which (at least) the first two gen-
erations of quarks and leptons having the same standard
model gauge quantum numbers are in a single Gpayor
multiplet. This makes the relevant coefficients of O,
proportional to the unit matrix, significantly reducing the
problem.

Note that flavor violation in this framework can come
mainly from the operators O, (in the Ggyyor sSymmetric
field basis). Consider that Gy, 1s a sufficiently large
subgroup of SU(3)> = SU(3)y X SUB)y X SUB3)p X
SU3); X SUQ3)g so that all the three generations are
treated equally under Gy, In this case the sector break-
ing supersymmetry generates the operators O, and O, ,
but they are completely flavor universal

(Ma)ij & 8. 41)

Flavor violation, however, still arises at M because the
operators O receive flavor nonuniversal contributions
from the sector breaking Gy, or

(Zo)ij # 8ij. (42)

This situation is depicted schematically in Fig. 3. The
scalar squared masses and trilinear interactions in the basis
where the fields are canonically normalized are, therefore,
flavor nonuniversal at M.

A simple way of realizing the present framework is to
consider higher dimensional theories in which the bulk
flavor symmetry G,y and supersymmetry are broken
on separate branes. Note that Gy, can be broken on
multiple branes, which could help address the issue of
vacuum alignment, depending on Gy, and its breaking
pattern. If the relevant extra dimension is warped [49],
Gpavor and supersymmetry can be broken at the ultraviolet
and infrared branes, respectively. Through the AdS/CFT
correspondence, these theories have a 4D interpretation
that supersymmetry is dynamically broken by strong gauge
dynamics that have an approximate flavor symmetry.

(kp)ij * 8

4 N
SSM with Gavor

Ogm OZH’ OZ@(O( 1)
vor SUSY

O)\A JKHMH 15D

Ory (1), Oy (1)

OZ«I»(Qk 1)7 0/\f

G J

FIG. 3. The schematic picture of a remote flavor-
supersymmetry breaking theory with Gy, being a sufficiently
large subgroup of SU(3). Here, we have depicted only operators
relevant for the analysis.
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Exchanging the locations of supersymmetry and flavor
breaking is also an interesting possibility, which corre-
sponds to 4D theories in which nontrivial flavor structures
arise dynamically at low energies.

D. Framework III—Charged supersymmetry breaking

The final framework we consider is one in which X
carries a nontrivial charge of some symmetry, so that the
operators O, . are forbidden. (We assume that the Yukawa

couplings, O, ,» are allowed.) This symmetry should have

anomalies with respect to the standard model gauge group
so that the gaugino mass operators 0, can be written. (For
an example of this class of models, see [20].) An immedi-
ate consequence of this framework, which we call charged
supersymmetry breaking, is that the operators O, —and
0, are also forbidden. This class of theories, therefore,
has vanishing scalar trilinear interactions at the scale M."°

The operator O,,, which leads to the u parameter, may
or may not be forbidden, depending on the charge assign-
ments of X and H. An interesting point is that once we
choose the charge assignment such that O, is allowed, O,
is always forbidden. Assuming that the gravitino mass is
small, m3/, << mcy;, this implies that |b| < |u[?, solving
the supersymmetric CP problem associated with the Higgs
sector. In the case where (OM is not allowed, the u and b
parameters can be generated from Ogygra, as long as m5 ),
is of order the weak scale.

The framework of charged supersymmetry breaking is
compatible with many theories of flavor, including theories
with extra dimensions or flavor symmetries. For example,
it can be combined with the framework described in the
previous subsection. This will prohibit the operators
(QW77 o which would otherwise be there. Another interest-
ing way of obtaining the Yukawa hierarchy in this frame-
work is to generate it at lower energies by some strong
gauge dynamics [16]. This generates large anomalous
dimensions for ®, and, after canonically normalizing
fields, the Yukawa and supersymmetry breaking parame-
ters develop a hierarchy. Note that unlike Higgsphobic or
remote flavor-supersymmetry breaking, charged super-
symmetry breaking guarantees that the scalar trilinear

It is possible that the mechanism generating O A
f d20(lnX)WA“ ‘W4 + H.c. also generates other operators,
and O, of the form fa’“ﬁln(XTX)H H and
fd401n€XTX)CDJrCD + H.c., of similar size. In the minimal
case such as the one in Ref [20], O,, are generated by gauge
mediation and the other operators are suppressed (except for O,
and O, with (kg);; * (Z(I,),J) The scales of the M, and the
other supersymmetry breaking masses are comparable if (X) =
g AM /1677%. We here assume this structure: 0,4, are absent,
and the M, are of the same order as the characterlstlc scale of the
other supersymmetry breaking masses. If the symmetry is non-
hnearlfy realized on X at M, the operators O, =~ [d*0(X +
xt) o] ®; + H.c. are generlcally expected, leadlng to a spectrum
similar to the case discussed in Sec. III B.
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interactions vanish at M, which is necessary to prevent
reintroducing the superpotential flavor problem in models
of the type given in Ref. [16] [although the problem may be
avoided by making the gauginos much heavier than the
scalars, as discussed in (iii) in Sec. III A]. In these theories,
the scale for supersymmetry breaking mediation can be
high to naturally preserve gauge coupling unification, e.g.,
M = M, while the scale of flavor physics, M, can be
much lower as long as the mechanism generating the
Yukawa structure does not introduce large relative running
between the standard model gauge couplings. In these
models, the scale of flavor physics can be as low as 10—
100 TeV.

IV. SUPERPARTICLE SPECTRA AND LOW-
ENERGY CONSTRAINTS

In the previous section we have presented three classes
of theories in which (O{f are naturally suppressed. This,

however, is not sufficient to avoid all the flavor and CP
constraints while keeping superparticles light. The con-
straints from general left-right sfermion propagation dis-
cussed in Sec. II D, as well as those from left-left and right-
right sfermion propagation, must still be addressed. The
strongest constraints on left-left and right-right sfermion
propagation arise from € and the u — ey process, giving

[ mc
|Im(6LL/RR 12| =1X10" (m),

(43)
_ me
\/llm(éiL)lz(éﬁR)lﬂ =2Xx10 4(%)’
10 my \?
8¢ )| = 6 X 1074 (7N)
(871l tanB \200 GeV
(44)

. s 10 my 2
|(Oe)izl = 310 tan3 (200 GeV) ‘
Here, the bounds are obtained conservatively by scanning
the ratios of the superparticle masses in the same range as
that leading to Egs. (23)—(26) (see, e.g., [25])."' The
bounds from €y are obtained from the conservative re-
quirement that the supersymmetric contribution does not
exceed the experimental value of |eg ey, | =2.23 X 1073
[50]. The . — e process also leads to bounds on [(67,);;1
which provide similar constraints as the bound on [(8¢, ) ;5|
in the theories considered below.

In this section we perform general analyses on flavor and
CP constraints in the classes of theories discussed in
Sec. III, assuming that the Yukawa structure coefficients

Elf] factorize. This is possible because the supersymmetry

""Here, we have also scanned the region 0.3a;/a, <
M2/M3 <3a;/a; and 1 < u?/m¥ < 16, and required that
10% of the region evades the experimental constraints. If we
change these conditions, the bounds would change by a factor of
a few, but our conclusions would be unaffected.
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breaking parameters follow a definite pattern in each class
of theories, which, up to O(1) coefficients, is described by
a few free parameters.

A. Factorized flavor structure
In many of the theories discussed in Sec. III, the Yukawa
structure coefficients E{j take a factorized form: &} =
€o.€y,, €
€op, = €, without loss of generality. The Yukawa cou-
plings, Eq. (18), are then given by

d — e — =
ij = €g,€p,, and &G €L,€g,, where eg =

(ye)ij *)7€L,-€Ej~
(45)

(yu)ij =~ Jey, €up (yd)ij =~ ey, €p;

In fact, this factorization generically appears in models
with Abelian flavor symmetries and those with extra di-
mensions. Models with non-Abelian symmetries may also
obey this, for example, if the SU(3)¢ symmetry is broken
by three spurions, = (0,0, 6(1,3), 0, €g,, €9,), and
(€, €p,, €p,) for each ® = Q, U, D, L, E. The Yukawa
couplings of Eq. (45) lead to the following quark and
lepton masses and mixings

(mt’ mg,m,) = y<Hu>(6Q3 EU3’ €Q2 6U2» EQI eUl ))

(mb» mg, md) = j}<Hd>(€Qg €p,> €0,€Dp,, €0, €D, )’

(mT’ mp,’ me) = y<Hd>(EL3 €E3; ELZ GEZ, eLl EEI); (46)
52 2
y(H,)
(mVTr mV’U'r mVe) =~ M]\I: (6%31 6%2’ E%I)’
and
1 EQl/eQz EQ1/6Q3
VCKM = EQl/EQz 1 EQ2/6Q3 ’
€Q1/€Q3 €Q2/€Q3 1 (47)
1 €, /*EL2 €, /6L3
Vmns = le/ELz 1 €L2/6L3 )
€L, /'5L3 €L2/6L3 1

where we have included the neutrino masses through the
seesaw mechanism with the right-handed neutrino
Majorana masses W = MNeN[eNfNiNj, and Vg is the
Maki-Nakagawa-Sakata matrix describing lepton mixing,
while Vg is the usual quark mixing matrix.

The values of the € parameters are constrained by the
observed quark and lepton masses and mixings through
Eqgs. (46) and (47). They may also be constrained by
possible grand unification. In the analysis of this section
we use the following values for e€g,, inferred from the
quark and lepton masses and mixing run up to the unifica-
tion scale [51]:
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€, = 0.0035" 2
€g, = 0.035712a

ey, = 0.00152a, 1,

ey, =~ 0.045 120,

q’

q’

-1

ey, = 0.75 2a,

€9, = 0.7)7*1/201,,,

€p, = 0.0025 2a, ! tanp,
€p, =~ 0.0045 2a ! tanp,

(48)

€p, = 0.01572a,  tanp,

€., =~ 0.0025 /2a; tanp, g, = 0.00152a; 1,
€,, =~ 0.0085 /2a; tanp, €p, =~ 0.04512a; 1,

€, ~ 0.01)7*1/2a1 tang, €p, = ()‘7)7*1/2al—1’
(49)

where a,; are numbers parametrizing the freedoms un-
fixed by the data. We have chosen «,; so that SU(5) grand
unified relations, €, = €y, = €5, and €p. = €, are al-
most satisfied with @, = a; = 1. Note that the precise
numbers in Eqgs. (48) and (49) are not very important
because of unknown O(1) coefficients in the expressions
of the quark and lepton masses and mixings as well as the
bounds from low-energy flavor and CP violation. In addi-
tion, while we have used the data at M = M ,;;, using a
lower value of M would not qualitatively change the
results, as it would only change the numbers in Eqs. (48)
and (49) by additional O(1) factors.

B. Higgsphobic supersymmetry breaking

Higgsphobic supersymmetry breaking theories dis-
cussed in section III B give the following pattern for the
flavor-supersymmetry breaking parameters at Mp:

(mg)i; = {e €0, + (nhme)i; + APymg,  (50)

(ap)i =0 i(me, )k + O u(nae,)itms, (5D

where we have suppressed flavor universal contributions as
well as a possible difference between the colored and
noncolored superparticle mass scales. Here, mg is the
characteristic scale for supersymmetry breaking parame-
ters, (1¢);j = €q,€q, are complex 3 X 3 matrices, and Af-lj?
parameterize flavor violating effects arising from bulk
loops in higher dimensional theories discussed in
section III B. In flat space models, we typically find A;Ii’ =
g%/16a* = 0(1072) because they arise from bulk gauge
loops, where g represents the standard model gauge cou-
plings. The off diagonal components are smaller, A?;(i #*
j) < AP, since they arise through brane-localized terms
which are volume suppressed. On the other hand, in
warped space models where H and X are in the infrared
region, we expect A?} < €9, €0, since in the dual 4D
picture any couplings of a matter field to H and X, includ-
ing flavor violating loops in higher dimensions, are con-
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trolled by the anomalous dimension of the corresponding
strong dynamics operator, which provides a factor €g, for
each ®,."?

The pattern of Eqgs. (50) and (51) is essentially the one
discussed in Ref. [7] (for Aﬁ =< €g,€q,)- The left-left and

right-right mass insertion parameters generated by Eq. (50)
are

(81 )i = {<1+ Yoo + (A2 — AQfQ}
LL)ij eQ €0,€9, j €0, m% (52)

(8%r)ij = (81 1)ijlo—v>

27

(84,),; ~ {(1 + &, )€ €0, + (AL — A9) GQ}mC -

€9,

(5%R)ij = (5ZL)U|Q—»D,

§5¢.).. = (1 + €2 + AL Af }
(671)ij {( €L3)€Li6Lj ( )eL my’ (54)

(8%r)ij =

for i <j, and (8],);; = (8],); and (8kp)ij = (Sr)ji-
Here, we have retained only the diagonal components of
Alq;, AP = AP which is justified in most models, as dis-
cussed above. The left-right mass insertion parameters
given by Eq. (51) are

(62L)ij|L—>Ey

. v sin
(8t = (84,0, = egeu (e, + ) (55
mc
. v COS
(54 = () = co.en (e, + 5) ", (s6)
C
v COS
(Bip)ij = (57&);1' = GL,-EEI(G%j + G%i) P '8, (57)
N

where we have assumed that the renormalization group
effect makes mg — mc and my in the scalar trilinear
interactions for colored and noncolored superparticles,
respectively. Note that we have suppressed all the sublead-
ing terms as well as O(1) coefficients in Egs. (52)—(57).
One finds that (6£R)ij in Egs. (55)—(57) are typically
much smaller than those in Eq. (21) with acn = mcy for
Jj =1, 2, so that the left-right flavor violation caused by
this source is small. For the multiple mass insertion dia-

"?In these warped space models, the gaugino masses M, are
likely to be somewhat suppressed compared with mg, and a
flavor universal contribution to the scalar squared masses at M,
3m<1)|umv = M 4. is also expected. Using naive dimensional
analys1s in the dual 4D plcture we find M, =

g3 (N/167%)3*mg/7'/?, where N is the size of the strongly
coupled sector yielding H and X. This does not significantly
affect the analysis below in some parameter region, although the
top squarks may be somewhat heavy in these theories.
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grams discussed in Sec. II D, we find that the effective mass
insertion parameters of Eq. (39) for i, j = 1, 2, are given in
terms of

f o~ 2 5 A, Cam3
di; =~ max (eq,u + 6<I>R3)Ai3 -,
CN
4
2 2 N Cdms ® ® tymCmSt
(Eq)m + Eq)Ri)A3J m2 A LA3]RT;
CN CN
C,yv mc
2 2 2 2 2 2 G
(G(DU + E‘Dm)(e‘pu + 64’R3)€<I>L3 E¢‘R3 7[}’ (58)
CN
as
f . v
(6LR,eff)ij = €g, G(I)ij
2
c ymemgt
X max{d{, A‘I’L M’
J m3
CN
5 2
Ao, Caymcmglt . .
AifR I (i # j) (59)
meN
and
’ v
(B'I]:R,eff)ii = €, €Edy, —dlfl (60)
me i
Here,
S, D, )
A=A = A7)0, + €,
P { 1 for i < j (61)
= 2 2 . .
L G(DLj/E‘DLi for i > J
N T S ,
Ayt = (A7 = A0 + €5,
(62)

6, — {e(zbm/e?pm for i<j’

1 fori>j

((DL, q)R, mC,N’ t) = (Q; U’ mc, 1), (Q) D; mc, tanﬁ),

(L, E, my, tanB) for f = u, d, e, and we have assumed

€p, < €p, < €p, = O(1), tanB = O(1), and u = mc.

The values of (5£R,eff),-j above should be compared with

the “naive” (5{R)l-j in Eq. (21) with acn = mcx

v

mC,Nt‘

( LRnleC) = E<I>L, D (63)

Using Egs. (48) and (49) and AP < max{g?/1672, E%D,}’
and neglecting contributions sufficiently smaller than
(8LR naive)ij» the expressions of Egs. (59) and (60) for
moderate tanB = O(10) and y = O(1) become
2
Cqm
(5 Rett)lj = (5LR naive/ij max{(yf)33 ﬁ’
0 c mcmS

)

Lo i“ ’"Ct}. (64)
C,N
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(For larger ¥, we have additional potentially relevant con-
tributions of order Alc,Fmemit/ m% N inside the curly

brackets.) From this, we find that (&’ Lrett)ij €an in fact be

smaller than (87 LRnaive)ij» SO that the supersymmetric left-
right flavor problem can be solved. Natural values of
(6{R,eff),-j inferred from Eq. (64), however, are not very

much smaller than (5{ Rnaive)ij (typically no more than an
order of magnitude for f = e), so we can still expect
positive signatures in future search on flavor and CP
violation, e.g., in EDM experiments, in this class of theo-
ries. For larger tanf, it becomes increasingly difficult to
obtain (5{R,eff) < (6LR nalve)
e.g., tanB = 30, is disfavored.

We now consider constraints from left-left and right-
right sfermion propagation. Using Eqgs. (48) and (49) in
Egs. (53) and (54), the bounds of Egs. (43) and (44) give

2
0. 1(&) m_g’ (65)
eV/) m

ij» so that very large tanp,

2
(A2 —AD) +9x 10~ 4% <
y

600 GeV) m?
2
(AP — AD) + 2 x 107521 F
ya
4 (66)
2
m m
=9 % 10-2 7(;)_(;
2> 10 (600 GeV) m?

P
{(AQ A9) +9 % 10 4y}

. tan?B]1/2
X {(A? —AP)+2x1073 S } (67)
L)m_%

=9x 1074
710 <6OOGeV m2

atan’ B
y (68)
my )2 m%

200 GeV/) m}’

(AL — ALY+ 6 %1073

=2X107% — 10 <
tanf

2 m2
(AF = AE) +2 % 1073 — = 0.1 <7mN ) 7N

ja2 ~ 7 tanB\200 GeV/) m2’

(69)

where we have assumed €, = O(1). While there is an
O(1) coefficient omitted in front of each term, we still find

some tension in Egs. (66)—(68). For mg =~ my =
m¢/(2—4), for example, these bounds require
1 10 \2 m
— = 10? c ) 70
yaé (tanﬂ) (600 GeV 70
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tan2,8}1/2
2
ye (71)

—AD)+2x1073

(A2 — A?)W{(

m
=10 o)
(600 GeV
a’tan’B

(AL — ALy + 6 x 1075 2L 2
y (72)

<10 10 (—mN )2,
tan8 \200 GeV
at the order of magnitude level. The conditions of Egs. (70)

and (71) are satisfied in a wide parameter region, while the
condition of Eq. (72) requires

10 m 2
AL —Ab) <1073 <7N ) :
(A1 2) tanB \200 GeV

a/12<01 10 )3< my )2
y oo (tanB 200 GeV) "’
unless there is a strong cancellation. The first inequality
leads to a tension in theories with AP =~ g2/1672 =
0(1072), although it can be ameliorated by taking some-
what large my, e.g., my = 600 GeV(tanS3/10)'/2 or
smaller tanB. On the other hand, theories with A‘D eq)
have little tension, and taking somewhat small «; is enough
to avoid the bounds. Note that very large tanf is, again,
disfavored.

Finally, we discuss implications on the superparticle
spectrum. The intergenerational mass splittings between
the sfermions are controlled by Eq. (50), leading to

(73)

lmg, — m(D | = m§ max{A}, ‘I’i,/}' (74)

In particular, this gives

lm%, — m3, | =~ mgmax{Af, AY, e }, (75)
Im%, — m? | = mgmax{Af, A, f }, (76)
|mflk — m3 | = m§ max{Af, A%, 6%2}, (77)

which can lead to O(1) fractional mass splittings between
7g and &g, fig, and O(1073-102) fractional mass splitting
between fi, and ép. The signs of the splittings are arbi-
trary, so that, for example, 7 can be heavier than ég, fig.
Similar levels of intergenerational mass splittings are also
possible for other sfermions, although for squarks, split-
tings will be somewhat diluted by large flavor universal
renormalization effects by a factor of order m%/mg.

C. Remote flavor-supersymmetry breaking

The remote flavor-supersymmetry breaking scenario
discussed in Sec. IIIC can give a variety of patterns for
the supersymmetry breaking parameters, depending on
Giiavor and its breaking. In general, Gy, can be a product
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EEINT3

of a “three generation,” “two generation,” or ‘‘single
generation” symmetry acting on each ® = Q, U, D, L,
E. The first class corresponds to (a sufficiently large sub-
group of ) SU(3) acting on three generations (P, ®,, @;),
the second to (a sufficiently large subgroup of) SU(2)
acting on the first two generations (®,, ®,), and the third
to products of U(1) (or Zy) symmetries.

In the limit of unbroken Gg,,,,, the coefficients of the
matter supersymmetry breaking operators are given by

(na)ij = 8;mf, (78)

in the field basis where (Zy);; = 8,
the component of Gy, acting on ®;, the parameters «
and 7 exhibit the following pattern:

(Kr1>)ij = 5in?,

;- Here, depending o(r;

i

R R o)
for “three generation” symmetry,

T L
for “two generation” symmetry,

kP # kP E R P #E P #nd -

for “single generation” symmetry.

In any of these theories, our framework provides a solution
to the superpotential problem. To see if all the constraints
are avoided, we also need to study effects coming from
Gijavor Violation.

We now focus on the case where Gy, contains a “‘three
generation” symmetry for each ® = Q, U, D, L, E, e.g.,
Gpavor = SU(3)>. We also assume that Gy, is broken by
three  spurions, = (0,0, 6(1,3), 0, €p,, €p,), and
(e, €p,, €p,) for each ® = Q, U, D, L, E, which guar-
antees that 5{ ; take a factorized form. The operator coef-

ficients at M, in the field basis that naturally realizes Gy, or
are then given by

(K(p)ij ~ &+ (D-term),
(77<I>)ij =~ 6, (82)

(Z(D)U =~ 5;] + ')/E(I)ie(l)/,

where we have omitted O(1) coefficients that appear in
each (i, j) element of the second term of (Zg);;, in front of
the first term of (kg);;, and in front of the expression for
(ng);;- Here, y parametrizes the strength of the Gpyyor
breaking effect, which is suppressed by the volume of the
extra dimensions in a higher dimensional realization of the
scenario. (If the matter fields have nontrivial wave func-
tions and/or Gy, 1s broken on several different branes, y
can depend on D, i, j.) The second term of (kg); ;» denoted
as D term, arises if G, cOntains a continuous gauge
symmetry component (for My < M), but it is absent if
Giiavor 15 a global or discrete symmetry.
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After canonically normalizing fields, (Z);; = 8;;, Eq.
(82) leads to the following operator coefficients:

(kgp)i; = 6;;(1 + ')’E<21>I. + AP), &)
(na)i; = 6;(1 + 7’6%),,),

where we have diagonalized (Zy);; of Eq. (82) and then
rescaled fields so that the (Zg,);; become &;;. Here, the third
term of (kg);; parametrizes the possible D-term contribu-
tion (which is always flavor diagonal in this basis). This
contribution arises when a continuous gauged Gy, o Sym-
metry is broken by the VEVs of fields ¢, (m =1,2,--+)
which have supersymmetry breaking masses [52]. For
example, if Gp,, 1S broken by ¢, and ¢, whose trans-
formation properties under Gy, 1S Opposite, a D-term

contribution of order mél - m(zl52 generically arises, where

m?ﬁ represents the supersymmetry breaking mass squared

of ¢,,. While the D-term contribution is generically dan-
gerous in theories with a gauged flavor symmetry, in the
present framework the supersymmetry breaking masses of
¢,, are suppressed because of the separation between
Giiavor and supersymmetry breaking, so that the resulting
D-term contribution Afb is also suppressed. (This was
observed in Ref. [53] in theories with Gpyyor = U(1).)
The contribution is typically suppressed by a loop factor,
as well as by powers of the ratio of the compactification
scale, M., to the (effective) cutoff scale, M., in theories
with extra dimensions. We therefore expect AP =
(M./M,)" /167> < O(1072), where n is a model-
del:gendent integer which can in general depend on ® and
1.

Note that in the field basis leading to Eq. (83) the
Yukawa couplings are still given by Eq. (45). The left-
left and right-right mass insertion parameters are then
given by

2
Y ~ 0 _ A0\ 0| M5
(5LL)U - {Y(l + ’)/EZQS)EQier + (Al Aj )G—Q]}m_%’

(S%R)ij =~ (BZL)iﬂQ—»U, (84)
€o.] mi

(84,);; = {y(] el )egeo, + (AL - A].Q)E—j}m—g,

(5%;;)” = (SZL)ijlg—»D: (85)

2
E€Er | m
(35,),) ~ {yu el )es e, + (AF A,L)—L'}—;,
EL_,- mN

(6%r)i; = (85 1)l -k (86)

131f different ¢, have different renormalizable interactions of
order A, AP =~ (A?/167%)*(m3,/ms)? can be generated through
anomaly mediation. This contribution is typically of order 10~*
or smaller.
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fori < j,and (8},);; = (8,);; and (8g)i; = (8kg);i- The
flavor and CP violating left-right mass insertion parame-
ters are given by

vsinfB

(3ZR)ij = (51’%1‘)%1‘ =~ ’)’GQ[fU.(fz. + 6%/) ,  (87)
J J Q} i mC
) v COs
(540 = (540 = veo.en (€, + )P (s8)
C
vcosfB

(82R)ij = (82L)7i = 'yeL,-EE,-(fij + E%i) (89)
We find that the mass insertion parameters of Eqgs. (84)—
(89) take the same form as those of Egs. (52)—(57) for y =
1, although the origins of A{ are different. Since 7y is
expected to be smaller than 1, the present class of theories
is at least as safe as Higgsphobic theories with AP =~
O0(1072) from the flavor and CP violation point of view.
Moreover, since we expect A?’ < O(107?) in most cases
due to power suppression of (M,./M,)", or even absent if
Gpavor 18 a global or discrete symmetry, the low-energy
constraints from flavor and CP violation generically give
little tension with LHC observability in the present class of
theories.

The intergenerational mass splittings between sfermions
have a similar formula to the Higgsphobic case

Im(zbi — méjl ~ m3 max{Ag’j, 'yeé”}. (90)

In particular, the right-handed sleptons have the splittings

Im%, —m3, | =~ mgmax{Af, Af, yej }, 91)
lm2, — m3 | = mgmax{A}, A%, yeg }, (92)
lm% = m3 | = mgmax{Af, A, yez }. (93)

The size of the splittings depends on the details of the
theory, specifically the size of A and y. We expect that the
fractional mass splittings between 7, and ég, fip and
between jig and & are at most of O(1) and O(1072),
respectively, and typically smaller by at least a factor of
a few because of the suppression by y and (M,./M..)".

In the above analysis, we have focused on the case that
Giiavor 18 the product of five ““three generation” symmetries
acting on Q, U, D, L, E. Similar analyses, however, can
also be performed in the case where (some of) Q, U, D, L,
E have only “two generation” or ‘‘single generation”
symmetries. In particular, in the case of a “two genera-
tion” symmetry, we expect that the conclusion on flavor
and CP violation does not change because the constraints
from the processes involving the third generation particles
are weak. The fractional mass splittings between the third
and first two generation sfermions in this case are expected
to be of O(1), without a suppression from y or (M,./M..)".
In the case of a ‘“‘single generation” symmetry, model by
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model analyses are needed. We expect, however, that the
model can avoid the constraints if it involves ‘“‘single
generation” symmetries only for some ®. For example,
we can consider only E has a ““single generation” symme-
try while the rest have “three generation” symmetries, e.g.,
Giiavor = SU(B) g X SU3)y X SUB)p X SUB), X U(1).
In this case the fractional mass splittings between 75 and
fir and between iz and €y are of the same order, and
presumably of O(1).

D. Charged supersymmetry breaking

If the supersymmetry breaking field is charged under
some symmetry, the operators O, are forbidden. In fact,
this charged supersymmetry breaking framework can be
combined with many flavor theories. To parametrize these
wide classes of theories, we somewhat arbitrarily take

(ne)i; =0, (94)

at the scale M. This parametrization accommodates many
theories of flavor, including ones based on extra dimen-
sions, strong dynamics, and ‘“‘three generation” flavor
symmetries. [In some of these theories, the flavor universal
part, i.e., the first term, of (kg);; is absent, but this does not
affect the analysis of flavor and CP violation.] This pa-
rametrization needs to be modified appropriately for other
types of theories, for example, those based on “two gen-
eration” or ‘“‘single generation” flavor symmetries.

The left-left and right-right mass insertion parameters
generated by Eq. (94) are

(kep)ij = 8;; + yep, €0, + 8;AP,

€. m2
(81 = {‘ye eo, + (A2 —A.Q)—Q’}—S,
LL/)ij 0:€0; J GQ_/. m% 95)

(B%R)ij = (‘SZL)ij|Q—>U,

€p | m?
310y = {veoeq, + (42 - a9 22,
LL/)ij 0:%0; j EQ‘/. m% (96)

(5§ie1e)ij = (6ZL)ij|Q—>D,

2
(31,0 = {res,er, + Ak - A )28,
' €, ) m 7

(8%r)ij = (870)ijl i~k

for l<_], and (S{L)l] =~ (5{L)/l and (3{313)11 = (611;1?)]'1"
while the flavor and CP violating left-right mass insertion
parameters are

(8 R)ij = (8,)5 = 0. (98)

The constraints from low-energy flavor and CP violation
are obviously not stronger than in the classes of theories
discussed in the previous two subsections for the same
values of y and A?. Note that while the flavor and CP
violating left-right mass insertion parameters are vanishing
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(up to the higher order effects from the Yukawa couplings),
we still have flavor and CP violating effects generated by
multiple mass insertion diagrams through the flavor uni-

versal part of (5{ )ij and through flavor and CP violating

(5{L’ #r)ij- Nontrivial flavor and CP violation, therefore,
can still be discovered in future experiments such as ones
in Refs. [34-41].

The intergenerational mass splittings between sfermions
are given by the formula in Eq. (90). The size of the
splittings is controlled by the parameters y and Af.b, which
are model dependent. In many models, y < O(1) and
A?’ < O(1072). We can, however, still expect that a variety
of patterns for the intergenerational mass splittings can be
obtained in this framework.

V. PROBING THE ORIGIN OF FLAVOR AT THE
LHC

We have seen that supersymmetry with a flavorful spec-
trum is consistent with bounds from low-energy flavor and
CP violating processes in a wide variety of models where
the superpotential flavor problem is solved. Furthermore,
the spectrum in these models can easily be light enough
that it will have a substantial production cross section at the
LHC. While it appears that the deviation from flavor
universality is small, especially in the first two generations,
the splittings are large enough that they can be significant
at the LHC. Consider the right-handed sleptons, which
from the structure of the SSM renormalization group equa-
tions are expected to be the lightest sfermions. If flavor
nonuniversality comes only from renormalization group
evolution, then the fractional mass splitting between ép
and fip is controlled by the muon Yukawa coupling, and is
expected to be of O(107%) for tanB = O(10). On the other
hand, the analysis in Sec. IV shows that the fractional mass
splitting from the contribution at My can be easily of
O(1072). The splittings between 7 and &g, fig will also
be larger than the renormalization group prediction in the
moderate tan regime. Furthermore, the contribution from
renormalization group flow has a definite sign, with the
mass ordering of the superparticles being anticorrelated
with that of the standard model particles, i.e., m; <
mg, < mg,. On the other hand, the contributions consid-
ered in Sec. IV could be positive or negative, and could
thus produce a spectrum which is unambiguously different
from flavor universality.

An interesting possibility considered in Refs. [7,12] is
the case where the lightest supersymmetric particle (LSP)
is the gravitino, and the next-to-lightest supersymmetric
particle (NLSP) is one of the right-handed sleptons. In the
case where the supersymmetry breaking scale is large, i.e.,
M is large, the lifetime of the NLSP is long enough that it
escapes the detector. A slepton NLSP will then appear as a
heavy charged stable particle, something quite spectacular
at the LHC. (Here we consider the case where R parity is
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conserved so that decay of the NLSP into only standard
model particles is forbidden.) Furthermore, the LHC will
usually produce squarks or gluinos, so NLSPs will gener-
ally be produced after a chain of decays. This cascade
decay must produce a slepton in conjunction with a lepton,
and because the NLSP is right-handed, the coupling to
neutrinos is strongly suppressed. Therefore, NLSPs will
be produced mostly with charged leptons that can be used
to measure the flavor content of the NLSP.

If we could observe the decay of the NLSP, we could
measure the flavor content of the NLSP more easily. In
particular, we could precisely determine, by observation of
flavor violating decays, if the flavor eigenbasis differs from
the mass eigenbasis for the sleptons. Flavorful models
including those discussed in Sec. III generically have this
property, so this is an interesting test of intrinsic flavor
nonuniversality. One way to measure decays of long-lived
NLSP sleptons is to build a stopper detector outside one of
the main LHC detectors, which would stop some of the
NLSPs and measure their decays [54]. If the NLSP has a
sufficiently long lifetime and a large number of decays are
observed in a stopper detector, then the flavor composition
of the NLSP can be measured very accurately.

While the scenario with a weak scale gravitino LSP has
an NLSP with lifetime much longer than the flight time in
the detector, the scenario can be extended to a much lighter
gravitino LSP or another extremely weakly interacting
particle, such as the axino. In fact, if the NLSP has a
lifetime of order ¢7 = O(100 wm-10 m), then there is a
clean signal of a nonminimum ionizing track with a kink
that turns into a minimum ionizing track [55].
Furthermore, an ATLAS study with the NLSP decaying
to photons showed that a substantial number of decays can
be measured if c7 =< 100 km [56], so it is conceivable that
the decay of an NLSP can be observed in the detector for a
large range of NLSP lifetimes. This kind of measurement
would allow us to study the decays of the NLSP and gain
knowledge on its flavor content.

We now focus on the case where the lightest neutralino
is lighter than all of the right-handed sleptons, although the
analysis also applies if all the superparticles promptly
decay to a different particle which escapes the detector.
In this case, the events are similar to well studied super-
symmetric missing energy events, but many interesting
studies of flavor violation can still be done. For example,
itmz, >m X0 My figs A natural spectrum in the models of
Sec. III given the O(1) mass splitting of the 7 from the
other sleptons, then the detectors can measure a fractional
mass splitting between & and fig as small as O(10™%)
[57]. This may help discriminate different classes of theo-
ries discussed in Sec. III. These and other studies could be
performed not only in the right-handed slepton sector, but
also with squarks and left-handed sleptons, which may
determine whether the different SSM fields transform
under different classes of flavor symmetries, as discussed
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in Sec. IV C. With a little luck, the LHC could discover a
smoking gun for intrinsic flavor nonuniversal effects in the
supersymmetry breaking sector, which may hint at the high
energy theory that gives rise to the standard model flavor
structure.

VI. DISCUSSION AND CONCLUSIONS

The problem of excessive flavor and CP violation aris-
ing from generic weak scale supersymmetry breaking pa-
rameters has been a guiding principle in searching for
viable supersymmetric theories. In particular, this has
been a strong motivation behind the search for flavor
universal mediation mechanisms of supersymmetry break-
ing. On the other hand, the puzzle of flavor already exists in
the standard model, and it is possible that the mechanism
producing the observed Yukawa structure is also respon-
sible for the suppression of possibly large flavor and CP
violation in supersymmetric theories. How natural is this
possibility? Is there any generic tension between the con-
straints from low-energy flavor and CP violation and the
observability of superparticles at the LHC, even if we take
into account the possibility of a correlation between the
structures of the Yukawa couplings and supersymmetry
breaking parameters?

In this paper we have studied, in a model-independent
way, the question of compatibility between the low-energy
flavor and CP constraints and the observability of a non-
trivial flavor structure in superparticle spectra at the LHC.
We have seen that there is a model-independent tension
arising from the superpotential operators (9{/_ leading to

scalar trilinear interactions. In particular, the constraint
from the u — e7y process pushes the mass scale for non-
colored superparticles my relatively high. Under the as-
sumption of a factorized flavor structure, my should be of
order a TeV or larger for a natural size of Cf)(f. Assuming

the usual hierarchy between colored and noncolored super-
particle masses, this pushes up the masses of colored
superparticles beyond several TeV, making supersymmetry
unobservable at the LHC. Similar, though somewhat
weaker constraints also arise from the bounds on the
electron, neutron, and mercury EDMs. In fact, these ob-
servables also constrain flavor violation arising from other
operators through multiple mass insertion diagrams.

We have discussed several ways in which these stringent
constraints are naturally avoided. They include relaxing the
mass hierarchy between colored and noncolored superpar-
ticles, making the fundamental strength of the Yukawa
couplings strong, and making the gaugino masses larger
than the scalar masses. We have also presented simple
frameworks in which the dangerous operators (OQ are
naturally absent. Since these operators are special, they
can be absent in the low-energy effective theory. We have
considered separating the Higgs and supersymmetry break-
ing fields (Higgsphobic), separating supersymmetry and
flavor symmetry breaking (remote flavor-supersymmetry
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breaking), and assigning a nontrivial charge to the super-
symmetry breaking field (charged supersymmetry break-
ing). These frameworks can be combined with a variety of
flavor theories, including ones with (flat or warped) extra
dimensions, strong dynamics, or flavor symmetries. In fact,
we can consider many variations of flavor models using the
basic setups discussed in this paper. The mediation scale of
supersymmetry breaking, M, and the scale for flavor phys-
ics, Mg, can vary by many orders of magnitude in these
theories.

We have performed detailed analyses on the constraints
from low-energy flavor and CP violation in the frame-
works described above. We have shown that the con-
straints, including ones arising from multiple mass
insertion diagrams and left-left and right-right sfermion
propagation, can be avoided in natural parameter regions
while keeping the superparticles light. Expected sizes of
flavor and CP violation, however, are not too much smaller
than the current bounds, so signatures in future search on
flavor and CP violation are not eliminated. The intergen-
erational mass splittings among sfermions in these theories
can show a variety of patterns depending on the underlying
mechanism responsible for the structure of the Yukawa
couplings. For example, if SSM multiplets belonging to
different representations of the standard model gauge
group have different flavor symmetry structures, then it
will show up in the spectrum of superparticles. In general,
it is significant that the spectrum of superparticles contains
information on left-handed and right-handed fields sepa-
rately, while the Yukawa couplings contain only ‘‘prod-
ucts” of them.

While the size of the fractional mass splittings directly
generated by the physics of flavor at M is not necessarily
very large, e.g., of O(1072) or smaller for the first two
generations, they are large enough to significantly affect
the phenomenology at the LHC. This is because the inter-
generational mass splittings generated by the standard
SSM renormalization group evolution are typically very
small, so that additional mass splittings can give large
effects on the structure of the intergenerational superpar-
ticle spectrum. Moreover, because the signs of the inter-
generational mass splittings caused by effects at My are
arbitrary (at least from the low-energy effective field theory
point of view), these additional splittings can change the
mass ordering among different generation sfermions. In
particular, this can make a third generation sfermion heav-
ier than the corresponding first two generation sfermions,
which can drastically affect the signatures at the LHC. We
find it very possible that the intergenerational mass split-
tings of the size implied by the classes of theories dis-
cussed in this paper will be measured at the LHC.

The LHC will start running this year, and it is expected
to give us meaningful data on TeV scale physics as early as
next year. If supersymmetry is found, it will not only
provide an explanation for the stability of the gauge hier-
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archy and a potential dark matter candidate, but it will also
allow for a substantial number of new flavor measure-
ments. While there are many viable supersymmetric mod-
els which are flavor universal, we have shown that there are
also many nonuniversal models which avoid the stringent
low-energy constraints. If supersymmetry is in fact flavor-
ful, then its discovery at the LHC could shed new light on
the longstanding mystery of the flavor pattern in the stan-
dard model.
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APPENDIX A: u AND b IN HIGGSPHOBIC
SUPERSYMMETRY BREAKING

In minimal Higgsphobic supersymmetry breaking, the
operators (OKH,,,H, wb 10 Egs. (7) and (8) are forbidden. The
o and b parameters are then generated only by the operator
Ogycra through supergravity effects [58], giving

)le3/2

_ )\H|m3/2|2
(Zy, ZHd)l/z’ a

@ 2T (A1)

m=

where mj3), is the gravitino mass. The nonholomorphic
supersymmetry breaking masses are vanishing, m}, =
m%,d =0, at the scale M. The expressions of Eq. (Al)
imply that the gravitino mass should be of order the
weak scale to use this contribution. The w and b parame-
ters of Eq. (A1) also lead to dangerous CP violation at low
energies unless arg(ms/,) = arg(M,), providing an addi-
tional constraint on the setup. In the context of the higher
dimensional models of Sec. III B, a weak scale gravitino
mass is obtained if M, = My, or if there is an additional
supersymmetry breaking field X’ that does not couple to
the SSM field and has Fy = Fy(Mp/M..).

It is possible to extend the minimal Higgsphobic setup
by introducing fields B which directly couple with both H
and X. In higher dimensional models, these B fields propa-
gate in the bulk, and integrating them out can generate the
operators O, , ., in the low-energy effective field the-
ory below 1/R. The operators O,, can still be absent by
arranging the interactions of B appropriately, for example,
by suppressing the couplings of B with matter fields. With
these extensions, the generated Higgs sector parameters
need not take the form in the minimal setup. In particular,
the gravitino mass need not be of order the weak scale, and
its phase need not be aligned with that of M 4. The require-
ment from suppressing CP violation, instead, constrains
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the representations and interactions of the B fields. For
example, if the exchange of B generates u but not b, and
the contribution from Eq. (Al) is negligible, then the
problem of CP violation disappears.

APPENDIX B: (a;);; IN REMOTE FLAVOR-
SUPERSYMMETRY BREAKING

In remote flavor-supersymmetry breaking, the Yukawa
couplings are generated through breaking of Gyyyor-
Suppose that the breaking is caused by the VEVs of several
chiral superfields ¢,, (m = 1,2, --+). The Yukawa cou-
plings are then generated from operators of the form

X

M4’
£ fdz ij ()} C{(""'m}W@Li‘DRjH + H.c.,
(BI)
as
Moo
Ol = {(’%}C«nf)m} YU (B2)

where ®;;, ®p;, H, and ¢,, are canonically normalized,
M. is the (effective) cutoff scale, (n f) are integers with
(ny)ij = X,u(ns)7;, and ¢, ¢ is the lowest component VEV
of ¢,,. The sum Z{(nf);';} runs over all possible choices of
integers (ny)} consistent with Gy, invariance, and
Cllnyyny are O(1) coefficients in front of each term. Here,
we have included the chiral compensator field C =1 +
6>m3/, which encodes supergravity effects [59].

The operators of Eq. (B1) may generate dangerous
scalar trilinear interactions. These are given by

(nr)m

l’l(b

M("f)z/

D S

{(np)ii}

<Joms = S 52} @

(af)ij =

where F is the F-term VEV of ¢,,. This shows that even
with Fy = 0, the scalar trilinear interactions are gener-
ated, which for mj;,, = O(mc, my) lead to (ap); =

(v¢)ijmc,N» and are thus dangerous [60].'* More generally,
if some of the ¢,, are stabilized using supersymmetry
breaking effects (e.g., if these fields are flat directions lifted

"Our language here is different from that used in Ref. [60], in
which the F-term VEV of a field is defined including a super-
gravity contribution so that the effect described here is viewed as
arising from the F-term VEVs of the fields ¢,,.
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by higher dimension operators), we obtain F /¢, ¢ =
O(max{ms,, my}) with m, being the scale for the super-
symmetry breaking masses of ¢,,, and we obtain a con-
tribution of order (as);; = (vy);; max{ms,, m,}.
The contribution to (a,);; described above, however, is
suppressed if one of the following conditions is satisfied'>:
(a) The gravitino mass and the F-term VEVs for ¢,, are
all small, m, = max{ms,, Fy, /¢, o} < mcy. In
this case, the effect of Eq. (B3) is suppressed by a
factor of m,/mc y., giving (844 i = (M, g)imq/m¢
and (8¢5);; = (M,);;m,/m¥.
(b) The dimensions of the operators in Eq. (B1) are the
same for all i, j = 1, 2, 3, i.e., (ny); = ny, for f =
u, d, e, and Fy /¢, o < mcy with arg(ms),) =
arg(My) (or (ns);; = ny and Fy /¢, are nearly
equal with their phases aligned with those of
m3 5, My). In this case, (ay);; is almost proportional
to (y);; as a matrix, giving a negligible contribution
t0 (8] )i
(c) The VEVs of ¢,, are stabilized in the supersymmet-
ric limit. In this case, we obtain (¢,,) = ¢,, oC, since
any supersymmetric mass must be accompanied
with C, leading to Fy /¢, 0=ms3,. Equation

SWhile completing this paper, Ref. [61] appeared, which
discusses the issue considered in this Appendix. Their main
solution corresponds to our (c) below. They also discuss the
case (b).

PHYSICAL REVIEW D 78, 095011 (2008)

(B3) then gives (a f),»j =0, and the effect dis-

appears.'
We find it simplest to stabilize ¢,, supersymmetrically, (c),
although we also leave the possibility open to (a) or (b). (In
fact, the experimental bounds may be avoided with one of
the above conditions satisfied only for i, j = 1, 2.) Note
that the consideration here applies to any field that appears
in front of ®;,®g;H in the superpotential, and whose
lowest component VEV gives a significant contribution
to the Yukawa couplings.

The issue of scalar trilinear interactions generated by the
F-term VEVs of C and the fields appearing in front of
®,,®g;H, in fact, exists in wider classes of theories. For
example, in theories where the hierarchical Yukawa cou-
plings are generated by wave function profiles of the matter
and Higgs fields in extra dimensions, including ones dis-
cussed in Sec. IIIB, there are generally moduli fields
appearing in front of ®;;®g;H. These moduli fields must
satisfy condition (a) or (c) [option (b) is typically not
available]. We assume that one of these conditions is
satisfied when discussing the classes of theories in Sec. I1I.

'®There is still an effect from the chiral compensator field at a
loop level (anomaly mediation) [62]. This effect, however, does
not lead to flavor or CP violation at a dangerous level. There
could also be higher order corrections suppressed by powers of
Mg/ @0, Where m represents generic supersymmetry breaking
masses in the Gy, breaking sector. These corrections are also
negligible unless the scale of flavor physics is close to the TeV
scale.
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