
VOLUME 78, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 24 MARCH 1997

metric
thout

2300
B-Factory Physics from Effective Supersymmetry

Andrew G. Cohen,1 David B. Kaplan,2 François Lepeintre,2,3 and Ann E. Nelson3
1Department of Physics, Boston University, Boston, Massachusetts 02215

2Institute for Nuclear Theory 1550, University of Washington, Seattle, Washington 98195-1550
3Department of Physics 1560, University of Washington, Seattle, Washington 98195-1560

(Received 8 October 1996)

We discuss how to extract non-standard-model effects fromB-factory phenomenology. We then
analyze the prospects for uncovering evidence for effective supersymmetry, a class of supersym
models which naturally suppress flavor changing neutral currents and electric dipole moments wi
squark universality or smallCP violating phases, in experiments at BaBar, BELLE, HERA-B, CDFyD0,
and LHC-B. [S0031-9007(97)02730-0]
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The principle of naturalness implies that physics b
yond the standard model must be present at or below
“ ’t Hooft scale” 4pmW ygw , 1 TeV [1]. In the next
few years several experiments will probe flavor chang
neutral currents (FCNC) andCP violation in theB sys-
tem, providing both new tests of the standard model (S
and potential clues to new physics up to energies n
1000 TeV. These experiments may be the first to p
vide evidence for physics beyond the SM. New phys
in rare decays ofB mesons and in studies ofCP violation
in theBd andBs systems can originate from: two non-S
phasesud,s in theDB  2 operators forBd,s mixing; new
phases in theDB  1 b ! d and b ! s hadronic tran-
sitions (“penguins”); disagreement betweenCP violation
in theB system ande in the kaon system; or departure
DmBd and/orDmBs from SM predictions.

In this Letter we show that all of the above effects a
likely to occur and may be measurable in a class of t
ories recently proposed by three of us, called “effect
supersymmetry” [2]. Effective supersymmetry is a ne
approach to the problem of naturalness in the weak inte
tions, providing an experimentally acceptable suppress
of FCNC and electric dipole moments (EDMs) for the fir
two families while avoiding fine tuning in the Higgs se
tor. In such a theory nature is approximately supersy
metric above a scalẽM, with 1 ø M̃ & 20 TeV. Unlike
the minimal supersymmetric standard model (MSSM) [
however, most of the superpartners have mass of ordeM̃
and only the Higgsinos, gauginos, top squarks, and l
handed bottom squarks need be lighter than the ’t Ho
scale. FCNC and EDMs for light quarks and leptons
small even for largeCP violating phases in supersymme
try breaking parameters, due to approximate decouplin
the first two families of squarks and sleptons. BelowM̃,
the effective theory does not appear supersymmetric,
is nevertheless natural, because of substantial cancella
in quadratically divergent radiative corrections.

The superpartner spectrum of effective supersymm
can result from new gauge interactions, which are resp
sible for supersymmetry breaking and which couple m
strongly to the first two families than the top quark a
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up-type Higgs. These new interactions could also expla
the fermion mass hierarchy and the absence of observeB
andL violation.

We have computed the possible effects onB factory
physics from the light gauginos, Higgsinos, and top an
bottom squarks. We find different and larger effec
are possible than in the MSSM with squark universali
[3,4] or alignment [5]. Nonuniversal masses for th
third generation of squarks and sleptons have also be
considered in [6,7], and the effects of nonuniversal mass
and new phases for the third generation of squarks onCP
violation in B physics have been considered previously,
the context of grand unified theories [8,9]. However, th
earlier work did not take the first two squark generation
to be very heavy, and so EDMs andeK were assumed to
constrain newB physics possibilities.

B-factory experiments will be able to distinguish the e
fects of the standard model Cabbibo-Kobayashi-Maska
(CKM) phases [10],
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from the effects of new physics (such as supersymmet
box and penguin diagrams) [11]. With these definition
(and without other assumptions such as CKM unitarit
there are twoidentities,

a 1 b 1 g  p ; v  g 2 g0 2 d . (1)

Note thatv . O s1023d requires both CKM nonunitarity
and new physics inK-K mixing. If the 3 3 3 CKM
matrix is nonunitary due to mixing with undiscovere
heavy quarks, it must be true thatv & 0.2. CKM unitarity
also constrainsjdj , 0.03.

We first consider the effects of new physics throug
DB  2 operators. Many of the time dependent asym
metries resulting from the interference betweenB0-B0

mixing and decay intoCP eigenstates [12] are cleanly
© 1997 The American Physical Society
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predicted in the standard model as a function of the CK
parameters [13]. While the direct decay amplitudes in T
ble I will be dominated by SM physics, theCP violating
asymmetries which result from interference between m
ing and decay are sensitive to gauginos, Higgsinos, a
squarks through box diagrams which can produce no
standardDB  2 effects. This new physics may be pa
rametrized by two phasesud , us,

ud,s ;
1
2

arg

µ
kBd,sjH

full
eff jBd,sl

kBd,sjH
SM

eff jBd,sl

∂
, (2)

whereH
full

eff is the effective Hamiltonian including both
standard and supersymmetry (SUSY) contributions, a
H

SM
eff only includes the effects of the standard model b

diagrams.
With these definitions,CP violating asymmetries in

B processes measure the angles as indicated in Tab
These processes have been discussed in the SM in [
The measurements ofa 2 ud andb 1 ud are somewhat
influenced by penguin contributions, whose effects mu
be removed [15]. A subtle point is the presence ofv in
ACP for B0

d ! cKs. This arises since we cannot assum
the phase inK–K mixing is given by the SM analysis [9].
However, we do know, sinceeK is small, that the phase is
nearly the same as that inK decay, given by argVudV p

us.
Provided that penguin contributions to the decays

Table I can be removed,a 2 ud , b 1 ud , g, v, and
d 2 us may be extracted from experiments [9,16]. A
indicated in Figs. 1 and 2, with the additional assumpti
of CKM unitarity [10], knowledge ofVub can be used to
extracta, b, ud , d, andus independently.

We can estimate the sizes of these effects by compar
the superpartner contribution toDB  2 operators with the
standard model. Effective supersymmetry requires t
squarksQ̃3 and T̃ to have masses&1 TeV. These
mass eigenstates are mixtures of flavor eigenstates (wh
squark flavor, indicated by a lower case letter, is defin
by the gluino coupling to the corresponding quark) [2,17

Q̃3 ;
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TABLE I. CP asymmetries measured inB decays.

Decay Quark process ACP

B0
d ! p1p2 b ! uud sin2sa 2 udd

B0
d ! D1D2 b ! ccd 2 sin2sb 1 udd
B0

d ! cKs b ! ccs 2 sin2sb 1 ud 1 vd
B6 ! DCPK6 b ! cus, ucs g 2 v ;
B0

d ! DCPKp g0 1 d

B0
s ! cf b ! ccs sin2sd 2 usd

B0
s ! D6

s Kp b ! cus, ucs g0 2 d 1 2us
M
a-

x-
nd
n-
-

nd
x

e I.
4].

st

e

of

s
n

ing

he

ere
d
]

FIG. 1. Solid triangle corresponds to the CKM unitarit
condition VudV p

ub 1 VcdV p
cb 1 VtdV p

tb  0. The anglessa 2
udd and sb 1 udd are measured;a, b, and ud may then be
reconstructed from knowledge ofjVubj.

T̃ ; Zu
tT t̃ 1 Zu

cT c̃ 1 Zu
uT ũ . (4)

Here V is the CKM matrix, while theZ factors arise
from diagonalizing the squark mass matrix in the qua
mass eigenstate basis (we neglect left-right squark mixi
which is small in realizations of effective supersymmet
which have been studied to date [2,6]). TheZ matrices sat-
isfy

P
iu,c,t jZ

q
iT j2  1,

P
iu,c,t jZu

iT j2  1. Naturalness
imposes order of magnitude constraints on theZ factors:
to avoid fine tuning in the Higgs sector, we require

jZ
q
cT j, jZ

q
uT j, jZu

cT j, jZu
uT j &

1 TeV
M̃

, (5)

while naturalness of the squark mass matrix requires [1
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M̃

∂
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and similarly withu replaced byc.
The box diagrams with left-handed light squarks an

gluinos give [18]

H
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a2

s

36m2
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sZq
dBZ
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6.4 3 10212

GeV 2
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Vtd 1 Z

q
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(7)
where

Q1  b
a
L gmdaLb

b
L gmdbL ,

f1sxd 
11 1 8x 2 19x2 1 26 lnsxd 1 4x2 lnsxd

s1 2 xd3
,

Z
q
q0B ;

X
iu,c,t

ZiT Viq0 , q0 ; d, s, b ,

FIG. 2. Solid triangle corresponds to the CKM unitarit
condition VtbV p

ub 1 VtsV p
us 1 VtdV p

ud  0. The anglessg0 1
dd and sd 2 usd can be measured inBs decays whiled is
constrained by CKM unitarity.
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and we have evaluated the function atxg ; m2
g̃ym2

B̃ . 0.1.
Unless gluinos are significantly heavier than squar

charginos, and neutralinos (which does not occur
any realization of effective supersymmetry discussed
the literature [2,6]), box diagrams from chargino a
neutralino exchange produce a contribution suppres
by O sawyasd2 , 0.1 when compared with the gluino
boxes. Possible exceptions are the charged Higg
and charged Higgs boxes which are proportional tol4

t .
However, these have the same phase as the stan
model contribution.

From Eq. (7) we see that even TeV mass squarks
produce an order one effect onBd-Bd mixing, detectable
via a ud as large as6py2, or via a ratio for xsyxd

(wherexs,d ; DmBs,d yGBs,d ) which is well outside the SM
range. ForBs-Bs mixing the effects of the superpartne
box diagrams can be comparable to the SM contribut
only for rather light (,200 GeV) b squarks and gluinos
A measurement ofus larger than 0.2 would suggest th
gluinos and a squark are lighter than,400 GeV.

In the SMeK significantly constrains the CKM matrix
However, eK could be dominated by the contributio
from supersymmetric particles, even if all superpartn
are as heavy as500 TeV. With ,20 TeV masses and
SUSY mixing angles of order the Cabibbo angle f
the first two families of squarks, consistency with t
observed value ofeK requiresCP violating SUSY phases
in the down and strange squark couplings to be less t
O s1y30d [2,5]. Note that suppressing this contributio
to eK does not preclude observing newCP violating
phases inB physics from effective SUSY. However,
is conceivable that an approximateCP symmetry renders
all phases (including CKM phases) small—in this caseCP
violating asymmetries inB decays would be too small t
be measured easily.

In either the MSSM or in effective supersymmet
DmBd

can receive a significant supersymmetric contrib
tion which has the same phase as the SM contribut
Thus the values ofa, b determined byB physics could
disagree with the values in the SM given byVub , DmBd

,
andeK , even ifud,s are too small to measure.

Effective supersymmetry may also have significa
effects throughDB  1 operators. Contributions to bot
the b ! d and b ! s penguins can be comparable
that of the SM but with different phases, provided glui
and third family squark masses are lighter than200 GeV.
The SM predictions for penguin operators and meth
for extracting their effects fromCP asymmetries has bee
extensively discussed [9,15,16,19]. In the standard mo
there is a large uncertainty in the prediction for the ph
of the b ! d penguin; however, the uncertainty in th
phase of theb ! s penguin is small if the CKM matrix is
unitary. Thus one can search for newCP violating phases
in penguin contributions to, e.g., theCP asymmetry in
BdsBdd ! fKS or BssBsd ! K0K

0.
Box and electroweak penguin diagrams involving s

perpartners can affect the rates, polarizations, and le
2302
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momentum distributions inb ! ss, dd,1,2, which can
also be tested inB factories. In the MSSM with uni-
versality, the only potential discrepancies larger than 5
arise through changes in the coefficientC7 [20] in the ef-
fective Lagrangian (we follow the notation of [21]). In
effective supersymmetry with small left-right squark mix
ing and heavy charged Higgs the corrections toC7 are
small. With a bottom squark lighter than,100 GeV and
gluino lighter than,200 GeV it is possible to change
the size and/or phase of the coefficientC9 by as much as
30%. If the bottom and/or top squarks, the weak gaugin
and thet charged slepton and/ort sneutrino have masse
,100 GeV, it is possible for box diagrams to change th
size and phase ofC9,10 (for the t lepton only) by a maxi-
mum ofO (10%).

TheB factories will also search for mixing andCP vio-
lation in theD0 system, which are both predicted to be ve
small in the SM (xD ; DmD0 yGD0 , 1024 1025, yD ;
DGD0 ys2GD0 d , 1022 1024, eD , 1024 1026) [22]. In
effective supersymmetry there can be significant con
butions toxD from both heavy squarks with masses,M̃
and from the lighter third family squarks, with compara
ble maximum possible size. For example, the box d
grams with a right-handed top squark and gluinos give
contribution

xD 
a2

s MDBDf2
D

54m2
T̃

GD
jsZu

uT Zu
cT dj2f1sxgd

ø 5 3 1024

√
1000 GeV

m2
T̃

!2 µ
fD

p
BD

200 MeV

∂2 µ
Zu

uT Zu
cT

0.0025

∂2

,

(8)

where again we have takenxg . 0.1. The current experi-
mental bound is (xD , 0.09) [23]. Charm decays will be
dominated by the SM contribution and so there are no s
nificant new contributions toyD . We conclude that unless
suppressed by flavor symmetries,D0-D0 mixing could be
much larger than in the SM, although substantially smal
than the current experimental bounds. The superpar
contribution may also have a different phase than the S
contribution. IfDmD0 andDGy2 turn out to be compara-
ble, eD could beO s1d, althougheD is difficult to measure
if D0-D0 mixing is very slow. In principleD0-D0 mix-
ing affects the extraction of the CKM parameterg 2 v

from B ! DCPK decays; however, such effects are su
pressed byxD , yD, and are negligible. However, even
eD is small,xD may be as large asO s1022d, and thenCP
violation in interference betweenD0 mixing and decays
might be detectable [24].

In summary, effective supersymmetry, with naturalne
and withM̃ , 20 TeV, allows for interesting new physics
for B factories. Effective supersymmetry shares with oth
supersymmetric models the possibility of nonstandard c
tributions toeK andBd-Bd mixing. Observable possibil-
ities which are precluded in other supersymmetric mod
(assumingR-parity conservation) includeO spy2d values
for the new physics parametersud andus, a 30% effect on
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B

the coefficientC9 which affectsb ! s,1,2 decays, and
large new phases inb ! s penguins. D0-D0 mixing is
likely to be much larger than in the standard model but ve
difficult to observe. Observation of largeus, nonstandard
phases inb ! s penguins, or significant deviation from th
SM in b ! sd, sd,1,2, would imply that gluinos and third
family squarks are lighter than,200 GeV, i.e., within near
term experimental reach.
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