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In pursuit of new physics with Bs decays
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The presence of a sizableCP-violating phase inBs-B̄s mixing would be an unambiguous signal of physics
beyond the standard model. We analyze various possibilities to detect such a new phase considering both
tagged and untagged decays. The effects of a sizable width differenceDG between theBs mass
eigenstates, on which the untagged analyses rely, are included in all formulas. A novel method to find this
phase from simple measurements of lifetimes and branching ratios in untagged decays is proposed. This
method does not involve two-exponential fits, which require much larger statistics. For the tagged decays,
an outstanding role is played by the observables of the time-dependent angular distribution of the
Bs→J/c@→ l 1l 2#f@→K1K2# decay products. We list the formulas needed for the angular analysis in the
presence of both a newCP-violating phase and a sizableDG, and propose methods to remove a remaining
discrete ambiguity in the new phase. This phase can therefore be determined in an unambiguous way.

DOI: 10.1103/PhysRevD.63.114015 PACS number~s!: 13.25.Hw, 12.60.2i
th

a

n-

de
ne
e

a
s

on

om
a

fo
-
in
ar
o

the
y

ri-

n-

r-

d

h

e of

use
ix-

le

tes

int
all

ew

ing.

rity.
b

I. INTRODUCTION

The rich phenomenology of nonleptonicB decays offers
various strategies to explore the phase structure of
Cabibbo-Kobayashi-Maskawa~CKM! matrix @1# and to
search for manifestations of physics beyond the stand
model@2#. Concerning the latter aspect,CP violation in Bs-
B̄s mixing is a prime candidate for the discovery of no
standard physics. In the first place theBs-B̄s mixing ampli-
tude is a highly CKM-suppressed loop-induced fourth or
weak interaction process and therefore very sensitive to
physics. Moreover in the standard model the mixing-induc
CP asymmetries in the dominantBs decay modes practically
vanish, because they are governed by the tiny ph
arg„2VtbVts* /(VcbVcs* )…. It does not take much new physic
to change this prediction: already a fourth fermi
generation1 can easily lead to a sizeable newCP-violating
phase inBs-B̄s mixing @4#. It is further possible that there
are new flavor-changing interactions which do not stem fr
the Higgs-Yukawa sector. The phases of these couplings
not related to the phases of the CKM elements and there
induce extraCP violation. An example is provided by ge
neric supersymmetric models in which new flavor-chang
couplings come from off-diagonal elements of the squ
mass matrix@5#. While such new contributions are likely t
affect alsoBd-B̄d mixing, they appear in theBd system as a

*Email address: dunietz@fnal.gov
†Email address: Robert.Fleischer@desy.de
‡Email address: Ulrich.Nierste@cern.ch
1This scenario is still possible, though somewhat disfavored

electroweak precision data@3#.
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correction to a non-zero standard model prediction for
mixing-inducedCP asymmetry, which involves the poorl
known phaseb5arg„2VtbVtd* /(VcbVcd* )…. To extract the
new physics here additional information on the unitarity t
angle must be used. In theBs system, however, the new
physics contribution is a correction to essentially zero@6#.

Indeed, the discovery of new physics through a no
standard CP-violating phase in Bs-B̄s mixing may be
achievable before the LHCb-BTeV era, in run II of the Fe
milab Tevatron.

Bs-meson decays into finalCP eigenstates that are cause
by b̄→ c̄cs̄ quark-level transitions such asBs→Ds

1Ds
2 ,

J/ch (8) or J/cf, are especially interesting@7–9#. Theh and
h8 mesons in Bs→J/ch (8) can be detected throug
h→gg and h8→r0g, p1p2h, or throughh→p1p2p0

@10#. These modes require photon detection. In the cas
Bs→J/c@→ l 1l 2#f@→K1K2#, which is particularly inter-
esting forB-physics experiments at hadron machines beca
of its nice experimental signature, the final state is an adm
ture of different CP eigenstates. In order to disentang
them, an angular analysis has to be performed@11,12#. Ex-
perimental attention is also devoted to three-body final sta
@13#. Bs-meson decays triggered by the quark decayb̄

→ c̄ud̄ can likewise access aCP-specific final state, e.g., via
Bs→DCP1

0 @→K1K2#KS , with a likewise negligibly small
CP-violating phase in the standard model. The key po
here is that there are many different decay modes which
contain the same information on the pursued n
CP-violating phasef. Furthermore, additional information
on f can be gained from analyses that require no tagg
Untagged studies determineucosfu and are superior to
tagged analyses in terms of efficiency, acceptance and pu

y
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However, they require a sizeable width differenceuDGu be-
tween theBs mass eigenstates. On the other hand, fr
tagged analyses~such asCP asymmetries! sinf can be ex-
tracted, if the rapidBs-B̄s oscillation can be resolved. Bot
avenues should be pursued and their results combined
cause they measure the same fundamental quantities.

If we denote the standard model and the new phys
contributions to theBs-B̄s mixing amplitude withSSM and
SNP, respectively, then the measurement of the mass dif
ence Dm in the Bs system determinesuSSM1SNPu. The
knowledge of bothDm and theBs-B̄s mixing phasef then
allows to solve for both the magnitude and phase ofSNP.
Information onf is especially valuable, ifuSSMu and uSNPu
are comparable in size andDm agrees within a factor of 2 o
3 with the standard model prediction.

The purpose of this paper is twofold: we first identi
useful measurements and show how the information fr
different decay modes and different observables can be c
bined in pursuit of a statistically significant ‘‘smoking gun
of new physics. Second we show how theBs-B̄s mixing
phase can be identified unambiguously, without discrete
biguities. The outline is as follows: after setting up our n
tation in Sec. II we consider untaggedBs decays and discus
various methods to determineucosfu in Sec. III. TaggedBs
decays are discussed in Sec. IV, whereas Sec. V shows
to resolve the discrete ambiguity inf. Finally, we conclude
in Sec. VI.

II. PRELIMINARIES

In this section we define the various quantities enter
the time evolution ofBs mesons and their decay amplitude
We closely follow the notation of the BaBar-Book@1#. Some
of the discussed quantities depend on phase conventions
enter physical observables in phase-independent comb
tions @14#. Since this feature is well understood and exte
sively discussed in the standard review articles@1#, we here
fix some of these phases for convenience and only bri
touch this issue where necessary.

We choose the following convention for theCP transfor-
mation of meson states and quark currents:2

CPu Bs &52u B̄s &, CPq̄LgmbL~CP!2152b̄LgmqL.
~1!

Hence theCP eigenstates are

u Bs
even&5

1

A2
~ u Bs &2u B̄s &), and

u Bs
odd&5

1

A2
~ u Bs &1u B̄s &). ~2!

2Metric gmn5(1,21,21,21).
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The time evolution of theBs-B̄s system is governed by a
Schrödinger equation:

i
d

dt S u Bs(t) &

u B̄s(t) &
D 5S M2 i

G

2 D S u Bs(t) &

u B̄s(t) &
D ~3!

with the mass matrixM5M† and the decay matrixG5G†.
Hereu Bs(t) & denotes the state of a meson produced as aBs

at time t50, with an analogous definition foru B̄s(t) &. The
off-diagonal elementsM125M21* andG125G21* correspond to

Bs-B̄s mixing. In the standard model the leading contrib
tions to M12 and G12 stem from the box diagram in Fig. 1
G12 originates from the real final states into which bothBs

and B̄s can decay. It receives contributions from box di
grams with lightu andc quarks. SinceG12 is dominated by
CKM-favored tree-level decays, it is practically insensiti
to new physics. On the other hand,M12 is almost completely
induced by short-distance physics. Within the stand
model the top quarks in Fig. 1 give the dominant contrib
tion to Bs-B̄s mixing. This contribution is suppressed b
four powers of the weak coupling constant and two pow
of uVtsu.0.04. Hence new physics can easily compete w
the standard model and possibly even dominateM12. If the
non-standard contributions toM12 are unrelated to the CKM
mechanism of the three-generation standard model, they
affect the mixing phase

fM5argM12.

With our convention~1! the standard model prediction i
fM5arg(VtbVts* )2.

The mass eigenstates at timet50, u BL & and u BH &, are
linear combinations ofu Bs & and u B̄s &:

lighter eigenstate: u BL &5pu Bs &1qu B̄s &

heavier eigenstate: u BH &5pu Bs &2qu B̄s &,

with upu21uqu251. ~4!

We denote the masses and widths of the two eigenstates
ML,H andGL,H and define

FIG. 1. Bs-B̄s mixing in the standard model.
5-2
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G5
1

tBs

5
GH1GL

2
, Dm5MH2ML , DG5GL2GH.

~5!

While Dm.0 by definition,DG can have either sign. Ou
sign convention is such thatDG.0 in the standard model
By examining the eigenvalue problem ofM2 iG/2 we find
that the experimental informationDm@G model-
independently impliesuG12u!uM12u. By expanding the eigen
values andq/p in G12/M12, we find

Dm52uM12u,

DG52uG12ucosf and
q

p
52e2 ifMF12

a

2G . ~6!

Here the phasef is defined as

M12

G12
52UM12

G12
Ueif. ~7!

In Eq. ~6! we have kept a correction in the small parame

a5U G12

M12
Usinf, ~8!

but neglected all terms of orderG12
2 /M12

2 and do so through-
out this paper. Sincea can hardly exceed 0.01 we will like
wise set it to zero in our studies ofBs decays intoCP eigen-
states and only briefly discuss a non-zeroa in Sec. III D.

The phasef is physical and convention-independent;
f50, CP violation in mixing vanishes. In the standar
model f5fM2arg(2G12) is tiny, of order 1%. This is
caused by two effects: first,G12 is dominated by the deca
b→cc̄s and (VcbVcs* )2 is close to theBs-B̄s mixing phase
arg(VtbVts* )2. Second, the small correction to arg(2G12) in-
volving VubVus* is further suppressed by a factor ofmc

2/mb
2 .

In the search for a sizeable new physics contribution tof
these doubly Cabibbo-suppressed terms proportiona
VubVus* can safely be neglected, as we do throughout
paper.

For a Bs decay into some final statef, we introduce the
uDBu51 matrix elements

Af5^ f u Bs & and Āf5^ f u B̄s &.

The key quantity forCP violation reads

l f5
q

p

Āf

Af
. ~9!

The time evolution formulas and the expressions for theCP
asymmetries in the forthcoming sections can be convenie
expressed in terms of
11401
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A CP
dir 5

12ul f u2

11ul f u2
,

A CP
mix52

2Iml f

11ul f u2
and AD G 52

2Rel f

11ul f u2
.

~10!

If f is a CP eigenstate,CPu f &56u f &, then A CP
dir Þ0 or

A CP
mixÞ0 signalsCP violation: a non-vanishingA CP

dir implies

uAf uÞuĀf u, meaning directCP violation; A CP
mix measures

mixing-inducedCP violation in the interference ofBs→ f

and B̄s→ f . The third quantity,AD G , plays a role, ifDG is
sizeable. The three quantities obey the relation

uA CP
dir u21uA CP

mixu21uAD G u251.

The time-dependent decay rateG„Bs(t)→ f … of an ini-
tially taggedBs into some final statef is defined as

G„Bs~ t !→ f …5
1

NB

dN„Bs~ t !→ f …

dt
. ~11!

HereBs(t) represents a meson at proper timet tagged as aBs
at t50; dN„Bs(t)→ f … denotes the number of decays
Bs(t) into the final statef occurring within the time interval
@ t,t1dt#; NB is the total number ofBs’s produced at time
t50. An analogous definition holds forG„B̄s(t)→ f …. By
solving the Schro¨dinger equation~3! using ~6!, we can find
these decay rates@15#:

G„Bs~ t !→ f …5Nf uAf u2
11ul f u2

2
e2Gt

3Fcosh
DGt

2
1A CP

dir cos~Dmt!

1AD G sinh
DGt

2
1A CP

mix sin~Dmt!G , ~12!

G„B̄s~ t !→ f …5Nf uAf u2
11ul f u2

2
~11a!e2Gt

3Fcosh
DGt

2
2A CP

dir cos~Dmt!

1AD G sinh
DGt

2
2A CP

mix sin~Dmt!G . ~13!

HereNf is a time-independent normalization factor.
A promising testing ground for new physics contributio

to fM are decays intoCP eigenstates triggered by the qua
decayb→cc̄s. Table I summarizes suchCP-specificBs de-
cay modes. To estimate the size of the small standard m
predictions consider first the decay amplitudes@17#:

Af ,Āf}F11S l2

12l2D ape
iue6 igG . ~14!
5-3
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TABLE I. Some CKM-favoredBs decay modes intoCP-specific final states. Here,c representsJ/c or
c(2S). Decays into two vector particles or into three-body final states with one or more vector pa
require an angular analysis to separate theCP-even from theCP-odd component. The final statesDs

6Ds*
7

are dominantlyCP-even@16# ~see Sec. III!.

Quark decay Hadronic decay Remarks

b̄→ c̄cs̄ Bs→cf

Bs→cK (* )K̄ (* )

Bs→cff
Bs→ch
Bs→ch8
Bs→c f 0 CP-odd final state

Bs→xc0f CP-odd final state
Bs→Ds

(* ) 1Ds
(* ) 2 Ds

1Ds
2 is CP-even

Bs→D (* ) 1D (* ) 2 or D (* ) 0D̄ (* ) 0 non-spectator decays,DD̄ is CP-even

b̄→ c̄ud̄ Bs→KSD̄ (* )0 @→fKS , r0KS , KK̄ or p1p2]
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Hence the weak phase factoreig, which is associated with
the quantityape

iu, is strongly Cabibbo-suppressed by tw
powers of the Wolfenstein parameterl.uVusu.0.22 @18#.
The ‘‘penguin parameter’’ ape

iu measures—sloppily
speaking—the ratio of penguin- to tree-diagram-like topo
gies and is loop-suppressed. Since new-physics contribut
to these decay amplitudes have to compete with a tree
gram, they are not expected to play a significant role.
detailed discussion for a left–right-symmetric model can
found in@9#. Since we are interested in large ‘‘smoking gun
new physics effects inBs-B̄s mixing, we account for the
standard model contributions within the leading order ofl

and setuĀf u5uAf u, neglecting directCP violation. With the
weak phasefcc̄s5arg(VcbVcs* ) one then finds

Āf

Af
52h fe

2ifcc̄s. ~15!

Here h f denotes theCP parity of f: CPu f &5h f u f &. In
Table I we also included decay modes driven by the qu
level decayb→cūd. The weak phase of these modes
volves the phases of theK andD decay amplitudes intoCP
eigenstates. The phases combine to arg(VcbVud* )
1arg(VudVus* )1arg(VusVcs* )5arg(VcbVcs* ), i.e., the same

result as forb→cc̄s. With Eqs.~6! and ~15! l f reads

l f5
q

p

Āf

Af
5h fe

2 if. ~16!

Here we have identified the phase arg(h fl f)5fM22fcc̄s
with the phasef defined in Eq.~7!. This is possible, becaus
arg(2G12)52fcc̄s1O(l2) and we neglect the Cabibbo
suppressed contributions. The standard model contributio
f5fSM1fNP equalsfSM522hl2. Hereh is the Wolfen-
stein parameter measuring the height of the unitarity trian
Since our focus is a sizeable new physics contributionfNP,
we can safely neglectfSM and identifyf with fNP in the
11401
-
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following. That is, we neglect terms of orderl2 and higher.
Using Eq.~16! the quantities in Eq.~10! simplify to

A CP
dir 50, A CP

mix5h f sinf and AD G 52h f cosf.
~17!

The corrections to Eq.~17! from penguin effects can be
found in @17#. We next specify to the Particle Data Grou
~PDG! phase convention for the CKM matrix@19#, in which
arg(VcbVcs* )5O(l6). Then we can setfcc̄s to zero and iden-
tify

fM5f.

With this convention the mass eigenstates can be expre
as

u BL &5
11eif

2
u Bs

even&2
12eif

2
u Bs

odd&1O~a!,

u BH &52
12eif

2
u Bs

even&1
11eif

2
u Bs

odd&1O~a!. ~18!

Whenever we useBs
even andBs

odd we implicitly refer to this
phase convention. If formulas involvingBs

even and Bs
odd are

used to constrain models with an extended quark sector,
phase convention used for the enlarged CKM matrix m
likewise be chosen such that arg(VcbVcs* ).0.

III. UNTAGGED STUDIES

A. Time evolution

Whereas the width differenceDG is negligibly small in
theBd system, it can be sizeable forBs mesons. This has the
consequence that the untaggedBs data sample bears infor
mation onCP violation @20#. Further the width difference
itself is sensitive to theBs-B̄s mixing phasef @21#, as we
can see from Eq.~6!.

When Bs’s and B̄s’s are produced in equal numbers, th
untagged decay rate for the decayBs

un→ f reads
5-4
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G@ f ,t#5G„Bs~ t !→ f …1G„B̄s~ t !→ f …

5Nf@e2GLtu^ f u BL &u21e2GHtu^ f u BH &u2#1O~a!

~19!

5Nf uAf u2@11ul f u2#e2Gt

3H cosh
DGt

2
1sinh

DGt

2
AD G J 1O~a!. ~20!

Here the second expression is simply obtained by add
Eqs.~12! and~13!. In Eq.~19! the same result is expressed
terms of the mass eigenstates and nicely exhibits how
decay is governed by two exponentials. Using Eq.~11! we
can relate the overall normalization to the branching ratio

Br@ f #5
1

2E0

`

dtG@ f ,t# ~21!

5
Nf

2
uAf u2@11ul f u2#

G1AD G DG/2

G22~DG/2!2
1O~a!. ~22!

Conforming with@19# we have normalized the event coun
ing to NB1NB̄52NB , so that Br@all#51. Using Eq.~22! we
rewrite Eq.~20! as

G@ f ,t#52Br@ f #
G22~DG/2!2

G1AD G DG/2
e2Gt

3Fcosh
DGt

2
1sinh

DGt

2
AD G G1O~a!. ~23!

Now Eq. ~23! is our master equation for the time evolutio
of the decay of an untaggedBs sample. If G51/tBs

is
known, one could perform a two-parameter fit of the dec
distribution to Eq.~23! and determineDG and AD G . The
latter determinesf through Eq.~17!, if f is a CP eigenstate
from a CKM-favored decay. In practice, however, most d
come from short times withDGt!1, and one is only sensi
tive to the productDG•AD G :

G@ f ,t#52Br@ f #Ge2GtF11
DG

2
AD G S t2

1

G D G1O„~DGt !2
….

~24!

We return to this point in Sec. III C.

B. The width difference DG and branching ratios

The mass matrixM12 and the decay matrixG12 provide
three rephasing invariant quantities:uM12u, uG12u and the
relative phasef. In Eq. ~6! we have related the two observ
ablesDm andDG to uM12u, uG12u andf. Interestingly, it is
possible to find a third observable, which determinesuG12u
and thus encodes additional information. We define

DGCP[2uG12u52 (
f PXcc̄

@G~Bs→ f CP1!2G~Bs→ f CP2!#.

~25!
11401
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Here Xcc̄ represents the final states containing a (c,c̄) pair,
which constitute the dominant contribution toDGCP stem-
ming from the decayb→cc̄s. In Eq. ~25! we have decom-
posed any final statef into its CP-even andCP-odd compo-
nent,u f &5u f CP1 &1u f CP2 & and defined

G~Bs→ f CP6!5Nf u^ f CP6 uBs&u2

5
u^ f CP6 uBs&u2

u^ f uBs&u2
G~Bs→ f !.

Nf is the usual normalization factor originating from th
phase-space integration. In order to prove the second eq
ity in Eq. ~25! we start from the definition ofG12:

G125(
f

Nf^ Bs u f &^ f uB̄s&

5
1

2 (
f

Nf@^ Bs u f &^ f uB̄s&1^ Bs u f̄ &^ f̄ uB̄s&#. ~26!

In the second equation we have paired the final stateu f &
with its CP conjugateu f̄ &52CPu f &. In the next step we
tradef for f CP1 and f CP2 and use theCP transformation

^ f CP6 uB̄s&57e2ifcc̄s^ f CP6 uBs&,

wherefcc̄s5arg(VcbVcs* ) is the phase of theb→cc̄s decay
amplitude, which dominatesG12. Then Eq.~26! becomes

2e22ifcc̄sG125 (
f PXcc̄

Nf@ u^ f CP1 uBs&u22u^ f CP2 uBs&u2#

5 (
f PXcc̄

@G~Bs→ f CP1!2G~Bs→ f CP2!#.

~27!

Interference terms involving both ^ f CP1 uBs& and
^ f CP2 uBs& drop out when summing the two term

^ Bs u f &^ f uB̄s& and^ Bs u f̄ &^ f̄ uB̄s&. In Eq. ~27! both sides of
the equation are rephasing-invariant. An explicit calculat
of G12 reveals that the overall sign of the left-hand si
~LHS! of Eq. ~27! is positive, which completes the proof o
Eq. ~25!.

Loosely speaking,DGCP is measured by counting th
CP-even andCP-odd double-charm final states inBs de-
cays. We specify this statement in the following and rel
DGCP to measured observables in Sec. III C 2. Our formu
become more transparent if we adopt the standard phase
vention with arg(VcbVcs* ).0 and use theCP-eigenstates de
fined in Eq.~2!. With u Bs &5(u Bs

even&1u Bs
odd&)/A2 one eas-

ily finds from Eq.~27!:

DGCP52uG12u5G~Bs
even!2G~Bs

odd!. ~28!

Here the RHS refers to the total widths of theCP-even and
CP-odd Bs eigenstates. We stress that the possibility to
late uG12u to a measurable quantity in Eq.~25! crucially de-
5-5
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pends on the fact thatG12 is dominated by a single wea
phase. For instance, the final stateK1K2 is triggered byb

→uūs and involves a weak phase different fromb→cc̄s.
Although K1K2 is CP-even, the decayBs

odd→K1K2 is
possible. An inclusion of such CKM-suppressed modes i
Eq. ~27! would add interference terms that spoil the relati
to measured quantities. The omission of these contribut
to G12 induces a theoretical uncertainty of order 5% on E
~28!.

In the standard model the mass eigenstates in Eq.~18!
coincide with the CP eigenstates~with BL5Bs

even) and

DGSM5DGCP . The effect of a non-zeroBs-B̄s mixing
phasef reducesDG:

DG5DGCPcosf, ~29!

while DGCP52uG12u is not sensitive to new physics. From
the calculatedG12 we can predict to which extentG(Bs

even)
exceedsG(Bs

odd) and this result does not change with t
presence of a non-zerof.

The theoretical prediction forDGCP is known to next-to-
leading order in bothLQCD/mb @22# and the QCD coupling
as @23#. It reads

DGCP

G
5S f Bs

245 MeV
D 2

@~0.23460.035!BS20.08060.020#.

~30!

Here the coefficient ofBS has been updated tomb(mb)
1ms(mb)54.3 GeV ~in the MS scheme! and f Bs

is theBs

meson decay constant. Recently the KEK-Hiroshima gro
succeeded in calculatingf Bs

in an unquenched lattice QCD
calculation with two dynamical fermions@24#. The result is
f Bs

5(245630) MeV. BS parametrizes the relevant ha

ronic matrix element, withBS51 in the vacuum saturation
approximation. A recent quenched lattice calculation h
yielded BS50.8760.09 @25# for the MS scheme. A similar
result has been found in@26#. This analysis, however, calcu
lates DG after normalizing Eq.~30! to the measured mas
difference in theBd-B̄d system. This method involvesuVtdu,
which is obtained from a global CKM fit and thereby reli
on the standard model. Since the target of our analysis is
physics, we cannot use the numerical prediction forDG of
@26#. At present, studies ofBS are a new topic in lattice
calculations and we can expect substantial improvem
within the next few years. With these numbers one fin
from Eq. ~30!

DGCP

G
50.1260.06. ~31!

Here we have conservatively added the errors from the
lattice quantities linearly.

SinceDGCP is unaffected by new physics andDGCP.0,
several facts hold beyond the standard model:~i! There are
more CP-even thanCP-odd final states inBs decays.~ii !
The shorter-lived mass eigenstate is always the one with
larger CP-even component in Eq.~18!. Its branching ratio
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into a CP-even final statef CP1 exceeds the branching rati
of the longer-lived mass eigenstate intof CP1 , if the weak
phase of the decay amplitude is close to argVcbVcs* . For
cosf.0 BL has a shorter lifetime thanBH , while for
cosf,0 the situation is the opposite@21#. ~iii ! Measure-
ments based on the comparison ofbranching ratios into
CP-specific final states determineDGCP rather thanDG.
Such an analysis has recently been performed by the ALE
Collaboration@27#. ALEPH has measured

2Br@Ds
(* )1Ds

(* )2#50.2620.15
10.30 ~32!

and related it toDGCP . For this the following theoretica
input has been used@16#:

~i! In the heavy quark limitmc→` and neglecting certain
terms of order 1/Nc ~whereNc53 is the number of colors!
the decayBs

odd→Ds
6Ds*

7 is forbidden. Hence in this limit
the final state inBs

un→Ds
6Ds*

7 is CP-even. Further inBs
un

→Ds*
1Ds*

2 the final state is in anS-wave.
~ii ! In the Shifman-Voloshin~SV! limit mc→` with mb

22mc→0 @28#, DGCP is saturated by G(Bs
un

→Ds
(* ) 1Ds

(* ) 2). With ~i! this implies that in the considere
limit the width of Bs

odd vanishes. ForNc→` and in the SV
limit, 2G(Bs

un→Ds
(* ) 1Ds

(* ) 2) further equals the parton
model result forDGCP ~quark-hadron duality!.

Identifying G(Bs
even→Ds

(* ) 1Ds
(* ) 2).DGCP and G(Bs

odd

→Ds
(* ) 1Ds

(* ) 2).0 we find

2Br@Ds
(* ) 1Ds

(* ) 2#.DGCPF11cosf

2GL
1

12cosf

2GH
G

5
DGCP

G F11OS DG

G D G . ~33!

Thus the measurement in Eq.~32! is compatible with the
theoretical prediction in Eq.~31!. For f50, the expression
used in Ref.@27#, in which the standard model scenario h
been considered, is recovered. The term in square brac
accounts for the fact that in general theCP-even eigenstate
u Bs

even& is a superposition ofu BL & and u BH &. It is straight-
forward to obtain Eq.~33!: inserting Eq.~18! into Eq. ~19!
expressesG@ f ,t# in terms ofG(Bs

even→ f ) and G(Bs
odd→ f ).

After integrating over time the coefficient ofG(Bs
even→ f ) is

just the term in square brackets in Eq.~33!.
When using Eq.~33! one should be aware that the corre

tions to the limits~i! and~ii ! adopted in@16# can be numeri-
cally sizable. For instance, in the SV limit there are no mu
body final states likeDs

(* )D̄Xs , which can modify Eq.~33!.
As serious would be the presence of a sizeableCP-odd com-
ponent of theDs

(* ) 1Ds
(* ) 2 final state, since it would be

added with the wrong sign toDGCP in Eq. ~33!. A method to
control the corrections to the SV limit experimentally is pr
posed in Sec. III C 2. We further verify from Eq.~33! that the
measurement of Br@Ds

(* ) 1Ds
(* ) 2# determinesDGCP . Its

sensitivity to the new physics phasef is suppressed by an
other factor ofDG/G and is irrelevant in view of the theo
retical uncertainties.
5-6
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C. Determination of DG and zcosfz

There are two generic ways to obtain information onDG:
~i! The measurement of theBs lifetime in two decay

modesBs
un→ f 1 andBs

un→ f 2 with AD G ( f 1)ÞAD G ( f 2).
~ii ! The fit of the decay distribution ofBs

un→ f to the two-
exponential formula in Eq.~23!.

As first observed in@21#, the two methods are differentl
affected by a new physics phasefÞ0. Thus by combining
the results of methods~i! and ~ii ! one can determinef. In
this section we consider two classes of decays:

~i! flavor-specific decays, which are characterized byĀf

50 implying AD G 50. Examples areBs→Ds
2p1 and Bs

→Xl1n l ,
~ii ! the CP-specific decays of Table I, withAD G 5

2h f cosf.
In both cases the time evolution of the untagged sampl

Eq. ~23! is not sensitive to the sign ofDG ~or, equivalently,
of cosf). For theCP-specific decays of Table I this can b
seen by noticing that

AD G sinh
DGt

2
52h f ucosfu sinh

uDGut
2

.

Here we have used the fact thatDG and cosf always have
the same sign, becauseDGCP.0. Hence the untagged stud
ies discussed here in Sec. III C can only determineucosfu
and therefore lead to a fourfold ambiguity inf. The sign
ambiguity in cosf reflects the fact that from the untagge
time evolution in Eq.~23! one cannot distinguish, whethe
the heavier or the lighter eigenstate has the shorter lifet
~however, see Sec. V!.

In order to experimentally establish a non-zeroDG from
the time evolution in Eq.~23! one needs sufficient statistic
to resolve the deviation from a single-exponential decay l
see Eq.~24!. As long as we are only sensitive to terms line
in DGt andDG/G, we can only determineAD G DG from Eq.
~24!. AD G DG vanishes for flavor-specific decays and equ
2h fDGcosf for CP-specific final states. Hence from th
time evolution alone one can only determineDG cosf in the
first experimental stage. This determination is discusse
Sec. III C 1. Once the statistical accuracy is high enough
resolve terms of order (DG)2, one can determine bothuDGu
and ucosfu. Fortunately, the additional information from
branching ratios can be used to finduDGu anducosfu without
resolving quadratic terms inDG. The determination ofuDGu
and ucosfu is discussed in Sec. III C 2.

1. Determination ofG and DG cosf

Lifetimes are conventionally measured by fitting the d
cay distribution to a single exponential. Consider a de
which is governed by two exponentials,

G@ f ,t#1G@ f̄ ,t#

2
5Ae2GLt1Be2GHt

5e2GtF~A1B!cosh
DGt

2
1~B2A!sinh

DGt

2 G ,
~34!
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but fitted to a single exponential

F@ f ,t#5G fe
2G f t. ~35!

In Eq. ~34! we have averaged overf and itsCP-conjugatef̄ .
Of course the coefficients depend on the final state:A
5A( f ), B5B( f ). A maximum likelihood fit of Eq.~35!
converges to@31#

G f5
A/GL1B/GH

A/GL
21B/GH

2
. ~36!

We expand this to second order inDG:

G f5G1
A2B

A1B

DG

2
2

2AB

~A1B!2

~DG!2

G
1OS ~DG!3

G2 D .

~37!

In flavor-specific decays we haveA5B @see Eq.~23!#. We
see from Eq.~37! that here a single-exponential fit dete
minesG up to corrections of orderDG2/G2.

Alternatively, one can use further theoretical input a
exploit that GBs

/GBd
511O(1%) from heavy quark sym-

metry @29,22,30#. This relation can therefore be used to pi
point G in terms of the well-measuredBd lifetime. New
physics in the standard penguin coefficients of the effec
DB51 Hamiltonian only mildly affectsGBs

/GBd
@30#. The

full impact of new physics onGBs
/GBd

, however, has not
been studied yet.

With Eqs.~23! and ~34! we can read offA andB for the
CP-specific decays of Table I and findA( f CP1)/B( f CP1)
5(11cosf)/(12cosf) and A( f CP2)/B( f CP2)5(1
2cosf)/(11cosf) for CP-even andCP-odd final states,
respectively. Our key quantity for the discussion
CP-specific decaysBs

un→ f CP is

DGCP8 [2h fAD G DG5DGcosf5DGCP cos2f. ~38!

With this definition Eq.~37! reads for the decay rateGCP,h f

measured inBs
un→ f CP :

GCP,h f
5G1h f

DGCP8

2
2sin2f

~DG!2

2G
1OS ~DG!3

G2 D .

That is, to first order inDG, comparing theBs
un lifetimes

measured in a flavor-specific and aCP-specific final state
determinesDGCP8 . Our result agrees with the one in@21#,
which has found Eq.~38! by expanding the time evolution in
Eq. ~34! and ~35! for small DGt. Including terms of order
(DG)2, lifetime measurements in a flavor-specific dec
Bs

un→ f fs determine@31#

G fs5G2
~DG!2

2G
1OS ~DG!3

G2 D .
5-7
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This impliesG fs,G. Despite the heavy quark symmetry pr
diction GBs

/GBd
.1, a largeDG leads to an excess of theBs

lifetime measured inBs
un→ f fs over the Bd lifetime @31#.

From Eq.~37! one finds

GCP,h f
2G fs5

DGCP8

2 S h f1
DGCP8

G D 1OS ~DG!3

G2 D . ~39!

Hence for aCP-even (CP-odd! final state the quadratic cor
rections enlarge~diminish! the difference between the tw
measured widths. A measurement ofDGCP8 at run II of the
Tevatron seems to be feasible. The lifetime measuremen
the decay modeBs

un→J/cf has been studied in simulation
@32,33#. This decay mode requires an angular analysis
separate theCP-odd (P-wave! from the CP-even (S-wave
andD-wave! components. The angular analysis is discus
in Sec. IV B. With 2 fb21 integrated luminosity CDF ex
pects 4000 reconstructedBs

un→J/c@→mm̄#f events and a
measurement ofDGCP8 /G with an absolute error of 0.052
This simulation assumes thatG2(DG)2/(2G) @see Eq.~37!#
will be measured from flavor-specific decays with an ac
racy of 1% @33# and uses the inputDGCP8 /G50.15. When
combining this with other modes in Table I and taking in
account that an integrated luminosity of 10–20 fb21 is
within reach of an extended~up to 2006! run II, the study of
DGCP8 at CDF looks very promising. The LHC experimen
ATLAS, CMS and LHCb expect to measureDGCP8 /G with
absolute errors between 0.012 and 0.018 forDGCP8 /G
50.15 @34#. An upper bound onDGCP8 would be especially
interesting. If the lattice calculations entering Eq.~31! ma-
ture and the theoretical uncertainty decreases, an u
bound onuDGCP8 u may show thatfÞ0,p through

DGCP8

DGCP
5cos2f. ~40!

Note that conversely the experimental establishment o
non-zeroDGCP8 immediately helps to constrain models
new physics, because it excludes values off aroundp/2.
This feature even holds true, if there is no theoreti
progress in Eq.~31!.

The described method to obtainDGCP8 can also be used, i
the sample contains a known ratio ofCP-even andCP-odd
components. This situation occurs e.g., in decays toJ/cf, if
no angular analysis is performed or in final states, which
neither flavor-specific norCP eigenstates. We discuss th
case below in Sec. III C 2 withBs

un→Ds
6Ds

(* ) 7. A measure-
ment of theBs lifetime in Bs

un→J/cf has been performed in
@35#, but the error is still too large to gain information o
DGCP8 . Note that the comparison of the lifetimes measu
in CP-even andCP-odd final states determinesDGCP8 up to
corrections of order (DG/G)3.

2. Determination ofzDGz and zcosfz

The theoretical uncertainty in Eq.~31! dilutes the extrac-
tion of ucosfu from a measurement ofDGCP8 alone. One can
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bypass the theory prediction in Eq.~31! altogether by mea-
suring bothDGCP8 and uDGu and determineucosfu through

DGCP8

uDGu
5ucosfu. ~41!

To obtain additional information onDG andf from the time
evolution in Eq.~23! requires more statistics: the coefficie
of t in Eq. ~24!, DGAD G /2, vanishes in flavor-specific decay
and is equal to2h fDGCP8 /2 in the CP-specific decays of
Table I. Therefore the data sample must be large enoug
be sensitive to the terms of order (DGt)2 in order to get new
information onDG and f. We now list three methods to
determineuDGu anducosfu separately. The theoretical unce
tainty decreases and the required experimental statistics
creases from method 1 to method 3. Hence as the colle
data sample grows, one can work off our list downwar
The first method exploits information from branching rati
and needs no information from the quadratic (DGt)2 terms.

Method 1.We assume thatDGCP8 has been measured a
described in Sec. III C 1. The method presented now i
measurement ofDGCP using the information from branching
ratios. With Eq.~40! one can then finducosfu and subse-
quently uDGu from Eq. ~41!. In the SV limit the branching
ratio Br@Ds

(* ) 1Ds
(* ) 2# equalsDGCP /(2G) up to corrections

of orderDG/G, as discussed in Sec. III B@16#. Corrections to
the SV limit, however, can be sizeable. Yet we stress t
one can control the corrections to this limit experimental
successively arriving at a result which does not rely on
validity of the SV limit. For this it is of prime importance to
determine theCP-odd component of the final statesDs

6Ds*
7

and Ds*
1Ds*

2 . We now explain how theCP-odd and
CP-even component of any decayBs

un→ f corresponding to

the quark level transitionb→cc̄s can be obtained. This sim
ply requires a fit of the time evolution of the decay to
single exponential, as in Eq.~35!. Define the contributions of
the CP-odd andCP-even eigenstate toBs→ f :

G~Bs
odd→ f ![Nf u^ f u Bs

odd&u2,

G~Bs
even→ f ![Nf u^ f u Bs

even&u2. ~42!

It is useful to define theCP-odd fractionxf by

G~Bs
odd→ f !

G~Bs
even→ f !

5
u^ f u Bs

odd&u2

u^ f u Bs
even&u2

5
^ f̄ u Bs

odd&u2

u^ f̄ u Bs
even&u2

5
xf

12xf
.

~43!

The time evolution (G@ f ,t#1G@ f̄ ,t#)/2 of theCP-averaged
untagged decayBs

un→ f , f̄ is governed by a two-exponentia
formula:

G@ f ,t#1G@ f̄ ,t#

2
5A~ f !e2GLt1B~ f !e2GHt. ~44!

With Eqs.~18! and ~19! one finds
5-8
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A~ f !5
Nf

2
u^ f u BL &u21

Nf

2
u^ f̄ u BL &u2

5
11cosf

2
G~Bs

even→ f !1
12cosf

2
G~Bs

odd→ f !

B~ f !5
Nf

2
u^ f u BH &u21

Nf

2
u^ f̄ u BH &u2

5
12cosf

2
G~Bs

even→ f !1
11cosf

2
G~Bs

odd→ f !.

~45!

With Eq. ~43! we arrive at

A~ f !

B~ f !
5

~11cosf!G~Bs
even→ f !1~12cosf!G~Bs

odd→ f !

~12cosf!G~Bs
even→ f !1~11cosf!G~Bs

odd→ f !

5
11~122xf !cosf

12~122xf !cosf
. ~46!

In Eqs.~45! and ~46! it is crucial that we average the deca
rates forBs

un→ f and theCP-conjugate processBs
un→ f̄ . This

eliminates the interference term̂Bs
oddu f &^ f uBs

even&, so that
A( f )/B( f ) only depends onxf . The single exponential fi
with Eq. ~35! determinesG f . Equations~37! and ~46! com-
bine to give

2~G f2G!5~122xf !DG cosf

5~122xf !DGCP cos2f

5~122xf !DGCP8 ~47!

up to corrections of order (DG)2/G. In order to determinexf

from Eq.~47! we needDGCP8 from the lifetime measuremen
in a CP-specific final state likeDs

1Ds
2 or from the angular

separation of theCP components inBs
un→cf. The correc-

tions of order (DG)2/G to Eq. ~47! can be read off from Eq
~37! with Eq. ~46! as well. Expressing the result in terms
G f and the rateG fs measured in flavor-specific decays, w
find

122xf52
G f2G fs

DGCP8
F122

G f2G fs

G G1OS ~DG!2

G2 D . ~48!

In order to solve forG(Bs
even→ f ) and G(Bs

odd→ f ) we also

need the branching ratio Br@ f #1Br@ f̄ #. Recalling Eq.~22!
one finds from Eqs.~44! and ~45!

Br@ f #1Br@ f̄ #5G~Bs
even→ f !F11cosf

2GL
1

12cosf

2GH
G

1G~Bs
odd→ f !F12cosf

2GL
1

11cosf

2GH
G .
~49!
11401
By combining Eqs.~43! and ~49! we can solve for the two
CP components:

G~Bs
even→ f !5@G22~DG/2!2#~Br@ f #1Br@ f̄ # !

12xf

2G2G f

5~12xf !~Br@ f #1Br@ f̄ # !G1O~DG!

G~Bs
odd→ f !5@G22~DG/2!2#~Br@ f #1Br@ f̄ # !

xf

2G2G f

5xf~Br@ f #1Br@ f̄ # !G1O~DG!.

From Eq.~28! we now find the desired quantity by summin
over all final statesf:

DGCP5G~Bs
even!2G~Bs

odd!

52@G22~DG/2!2# (
f PXcc̄

Br@ f #
122xf

2G2G f
~50!

52G (
f PXcc̄

Br@ f #~122xf !F11OS DG

G D G . ~51!

It is easy to findDGCP : first determine 122xf from Eq.~48!
for each studied decay mode, then insert the result into
~50!. The small quadratic term (DG/2)25DGCPDGCP8 /4 is
negligible. This procedure can be performed f
Br@Ds

6Ds*
7# and Br@Ds*

1Ds*
2# to determine the correc

tions to the SV limit. In principle theCP-odd P-wave com-
ponent of Br@Ds*

1Ds*
2# ~which vanishes in the SV limit!

could also be obtained by an angular analysis, but this
difficult in first-generation experiments at hadron collide
because the photon fromDs* →Dsg cannot be detected. W
emphasize that it is not necessary to separate
Ds

(* ) 1Ds
(* ) 2 final states; our method can also be applied

the semi-inclusiveDs
(* ) 6Ds

(* ) 7 sample, usingDGCP8 ob-
tained from an angular separation of theCP components in
Bs

un→cf. Further one can successively include tho
double-charm final states which vanish in the SV limit in
Eq. ~50!. If we were able to reconstruct allb→cc̄s final
states, we could determineDGCP without invoking the SV
limit. In practice a portion of these final states will b
missed, but the induced error can be estimated from the
rections to the SV limit in the measured decay modes.
comparingDGCP andDGCP8 one findsucosfu from Eq.~40!.
The irreducible theoretical error of method 1 stems from
omission of CKM-suppressed decays and is of or
2uVubVus /(VcbVcs)u;5%.

Method 1 is experimentally simple: at the first stage~re-
lying on the SV limit! it amounts to counting theBs

un decays
into Ds

(* ) 1Ds
(* ) 2. A first simulation indicates that CDF wil

be able to separate theBs decay modes intoDs
1Ds

2 ,
Ds*

6Ds
7 andDs*

1Ds*
2 @36#. The corrections to the SV limit

are obtained by one-parameter fits to the time evolution
the collected double-charm data samples. This sample
include final states from decay modes which vanish in
SV limit, such as multiparticle final states. No sensitivity
5-9
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(DGt)2 is needed. A further advantage is thatDGCP is not
diminished by the presence of new physics.

Method 2. In the standard model the decay into aCP
eigenstatef CP is governed by a single exponential. If a se
ond exponential is found in the time evolution of a CKM
favored decayBs

un→ f CP , this will be clear evidence of new
physics@20#. To this end we must resolve the time evolutio
in Eq. ~23! up to order (DGt)2. At first glance this seems to
require a three-parameter fit to the data, becauseG@ f ,t# in
Eq. ~23! depends onG, DG and@throughAD G , see Eq.~17!#
on f. It is possible, however, to choose these parameter
such a way that one of them entersG@ f CP ,t# at order (DG)3,
with negligible impact. The fit parameters areG8 and Y.
They are chosen such that

G@ f CP1 ,t#52Br@ f CP1#G8e2G8t

3F11YG8tS 211
G8t

2 D1O~~DG!3!G .
~52!

Here we have considered aCP-even final state, for which a
lot more data are expected than forCP-odd states. With Eq
~52! we have generalized the lifetime fit method described
Sec. III C 1 to the order (DGt)2. A non-zeroY signals the
presence of new physics. The fitted rateG8 andY are related
to G, DG andf by

Y5
~DG!2

4G82
sin2f, G85G~12Y!1

cosf

2
DG. ~53!

Note that for ucosfu51 the rateG8 equals the rate of the
shorter-lived mass eigenstate and the expansion in Eq.~52!
becomes the exact single-exponential formula. After de
mining G8 andY we can solve Eq.~53! for G, DG andf. To
this end we need the widthG fs measured in flavor-specifi
decays. We find

uDGu52A~G82G fs!
21G fs

2YF11OS DG

G D G ,
G5G fs1

~DG!2

2G
1OS S DG

G D 3D
DGCP8 52@G82G~12Y!#F11OS S DG

G D 2D G ,
usinfu5

2GAY

uDGu F11OS DG

G D G . ~54!

The quantityDGCP8 , which we could already determine from
single-exponential fits, is now found beyond the leading
der inDG/G. By contrast,DG andusinfu in Eq. ~54! are only
determined to the first non-vanishing order inDG/G.

In conclusion method 2 involves a two-parameter fit a
needs sensitivity to the quadratic term in the time evoluti
11401
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The presence of new physics can be invoked fromYÞ0 and
does not require to combine lifetime measurements in dif
ent decay modes.

Method 3.Originally the following method has been pro
posed to determineuDGu @20,21#: The time evolution of a
Bs

un decay into a flavor-specific final state is fitted to tw
exponentials. This amounts to resolving the deviation
cosh(DGt/2) from 1 in Eq.~23! in a two-parameter fit forG
and uDGu. If one adopts the same parametrization as in
~52!, G8 and Y are obtained from Eq.~53! by replacingf
with p/2. The best suited flavor-specific decay modes at h
ron colliders areBs

un→Ds
(* )6p7, Bs

un→Ds
(* )6p7p1p2

andBs
un→Ds

(* )6Xl7n. Depending on the event rate in the
modes, method 3 could be superior to method 2 in terms
statistics. On the other hand, to find the ‘‘smoking gun’’
new physics, theuDGu obtained must be compared toDGCP8
from CP-specific decays to proveucosfuÞ1 through Eq.
~41!. Since the two measurements are differently affected
systematic errors, this can be a difficult task. First up
bounds onuDGu using method 3 have been obtained in@37#.

The L3 Collaboration has determined an upper bou
uDGu/G<0.67 by fitting the time evolution of fully inclusive
decays to two exponentials@38#. This method is quadratic in
DG as well. The corresponding formula for the time evol
tion can be simply obtained from Eq.~34! with A5GL and
B5GH .

D. CP violation in mixing and untagged oscillations

In the preceding sections we have set the small param
a in Eq. ~8! to zero.CP violation in mixing vanishes in this
limit. The corresponding ‘‘wrong-sign’’CP asymmetry is
measured in flavor-specific decays and equals

afs5
G„B̄s~ t !→ f …2G~Bs~ t !→ f̄ !

G„B̄s~ t !→ f …1G~Bs~ t !→ f̄ !
5a

for Āf50 and uAf u5uĀ f̄ u. ~55!

A special case ofafs is the semileptonic asymmetry, wher
f 5Xl1n. A determination ofa gives additional information
on the three physical quantitiesuM12u, uG12u and f charac-
terizingBs-B̄s mixing. MeasuringDm, DGCP , DGCP8 anda
overconstrains these quantities.

The ‘‘right-sign’’ asymmetry vanishes:

G„Bs~ t !→ f …2G„B̄s~ t !→ f̄ …50

for Āf50 and uAf u5uĀ f̄ u. ~56!

This implies that one can measureafs from untaggeddecays.
This observation was already made in@39#. It is easily veri-
fied from the sum of Eqs.~12! and ~13! that to ordera the
time evolution of untagged decays exhibits oscillations g
erned byDm. Sincea is small, one must be concerned
which accuracyuAf u5uĀ f̄ u holds in flavor-specific decays in
the presence of new physics. For example in left–rig
symmetric extensions of the standard model, sm
5-10



n
a

-
a

in

t

a-

y

-
ud
m

the

e
so-

be-
in-
alar

-
tion

ns
ibu-
an

as

atics

a-
wo

IN PURSUIT OF NEW PHYSICS WITHBs DECAYS PHYSICAL REVIEW D 63 114015
CP-violating corrections to the decay amplitude could eve
tually spoil this relation at the few per mille level. Further,
small production asymmetrye5NB̄ /NB21 also leads to os
cillations in the untagged sample. To first order in the sm
parametersa, e and uAf u/uĀ f̄ u21 one finds

afs
unt5

G@ f ,t#2G@ f̄ ,t#

G@ f ,t#1G@ f̄ ,t#
5

uAf u22uĀ f̄ u2

uAf u21uĀ f̄ u2
1

a

2

2
a1e

2

cos~Dmt!

cosh~DGt/2!

for Āf50 and uAf u'uĀ f̄ u. ~57!

For uAf u5uĀ f̄ u ande50 one recovers the formula derived
@39#. Note that the production asymmetry betweenBs andB̄s
cannot completely fake the effect of a non-zeroa in Eq. ~57!:
while both aÞ0 and eÞ0 lead to oscillations, the offse
from the constant term indicates newCP-violating physics
either inBs-B̄s mixing ~throughaÞ0) or in the studied de-
cay amplitude~throughuAf uÞuĀ f̄ u). The latter effect, which
is theoretically much less likely, can be tested inB6 decays
and can therefore be disentangled fromaÞ0.

The ratioDGCP /G<0.22 from Eq.~31! and the current
experimental limit Dm>14.9 ps21 @40# imply that uau
<0.01. CDF expects sufficiently many reconstructedBs

un

→Ds
(* )6p7 andBs

un→Ds
(* )6p7p1p2 events at run II after

collecting 2 fb21 of integrated luminosity to achieve a st
tistical error at the few permille level. From Eqs.~8! and~6!
we can relatea to uDGu, Dm andf:

a5
uDGu
Dm

sinf

ucosfu
.

Note, however, that the measurement of the sign ofa deter-
mines the sign of sinf. This reduces the fourfold ambiguit
in f from the measurement ofucosfu to a twofold one. It is
interesting that, at ordera, without tagging one can in prin
ciple gain information which otherwise requires tagged st
ies. Of course sinf can be measured more directly fro
tagged decays, as discussed in the forthcoming Sec. IV.

IV. TAGGED DECAYS

A. The CP-violating observables ofBs\Ds
¿Ds

À and JÕch „8…

For aBs decay into aCP eigenstatef the Bs–Bs̄ oscilla-
tions lead to the following time-dependentCP asymmetry:

aCP~ t ![
G~Bs̄~ t !→ f !2G~Bs~ t !→ f !

G~Bs~ t !→ f !1G~Bs̄~ t !→ f !

52
A CP

dir cos~Dmt!1A CP
mix sin~Dmt!

cosh~DGt/2!1AD G sinh~DGt/2!
. ~58!

Here the mass and width differenceDm and DG can be
found in Eq.~5! andA CP

dir , A CP
mix andAD G have been defined

in Eq. ~10!. We have set the small parametera in Eq. ~8! to
11401
-

ll

-

zero and will continue to do so. The final statesBs

→Ds
1Ds

2 , ch (8), c f 0 or xc0f in Table I areCP eigen-
states. TheirCP eigenvalueh f readshD

s
1D

s
25hch85hch

511 and hc f 0
5hxc0f521. With Eq. ~17! we then find

from Eq. ~58!:

aCP~ t !52
h f sinf sin~Dmt!

cosh~DGt/2!2h f ucosfusinh~ uDGut/2!
.

~59!

SinceDG and cosf have the same sign@see Eq.~29!# we
could replace these quantities by their absolute values in
denominator of Eq.~59!. This displays that the ambiguity in
the sign of cosf cannot be removed by measuringaCP . Its
measurement determines sinf and leaves us with a twofold
ambiguity in f. Then we still do not know whether th
heavier or lighter mass eigenstate is shorter-lived. The re
lution of this ambiguity will be discussed in Sec. V.

B. The CP-violating observables ofBs\JÕcf and Ds*
¿Ds*

À

The situation in the decayBs→J/cf, which is very
promising forB-physics experiments at hadron machines
cause of its nice experimental signature, is a bit more
volved than in the case of the pseudoscalar-pseudosc
modesBs→Ds

1Ds
2 and J/ch (8), since the final state is an

admixture of differentCP eigenstates. In order to disen
tangle them, we have to make use of the angular distribu
of the decay products of the decay chainBs
→J/c@→ l 1l 2#f@→K1K2#, which can be found in
@11,12#. In that paper, also appropriate weighting functio
are given to extract the observables of the angular distr
tion in an efficient way from the experimental data. For
initially, i.e., at time t50, presentBs-meson, the time-
dependent angular distribution can be written generically

f ~Q,F,C;t !5(
k

O (k)~ t !g(k)~Q,F,C!, ~60!

where we have denoted the angles describing the kinem
of the decay products ofJ/c→ l 1l 2 andf→K1K2 by Q,
F andC. The observablesO (k)(t) describing the time evo-
lution of the angular distribution~60! can be expressed in
terms of real or imaginary parts of certain bilinear combin
tions of decay amplitudes. In the case of decays into t
vector mesons, such asBs→J/cf, it is convenient to intro-
duce linear polarization amplitudesA0(t), Ai(t) and A'(t)
@41#. WhereasA'(t) describes aCP-odd final-state configu-
ration, bothA0(t) and Ai(t) correspond toCP-even final-
state configurations. The observablesO (k)(t) of the corre-
sponding angular distribution are given by

uAf~ t !u2 with f P$0,i ,'%, ~61!

as well as by the interference terms

Re$A0* ~ t !Ai~ t !% and Im$Af* ~ t !A'~ t !%

with f P$0,i%. ~62!
5-11



rv

iza-
ns
s-

ISARD DUNIETZ, ROBERT FLEISCHER, AND ULRICH NIERSTE PHYSICAL REVIEW D63 114015
For our consideration, the time evolution of these obse
ables plays a crucial role. In the case of the observables~61!,
which correspond to ‘‘ordinary’’ decay rates, we obtain

uA0~ t !u25uA0~0!u2e2GtFcosh
DGt

2
2ucosfusinh

uDGut
2

1sinf sin~Dmt!G ~63!

uAi~ t !u25uAi~0!u2e2GtFcosh
DGt

2
2ucosfusinh

uDGut
2

1sinf sin~Dmt!G ~64!

uA'~ t !u25uA'~0!u2e2GtFcosh
DGt

2
1ucosfusinh

uDGut
2

2sinf sin~Dmt!G , ~65!

whereas we have in the case of the interference terms~62!:

Re$A0* ~ t !Ai~ t !%5uA0~0!uuAi~0!ucos~d22d1!e2Gt

3Fcosh
DGt

2
2ucosfusinh

uDGut
2

1sinf sin~Dmt!G ~66!

Im $Ai* ~ t !A'~ t !%5uAi~0!uuA'~0!ue2Gt

3Fsind1 cos~Dmt!

2cosd1 cosf sin~Dmt!

2cosd1 sinf sinh
DGt

2 G ~67!
11401
- Im $A0* ~ t !A'~ t !%5uA0~0!uuA'~0!ue2Gt

3Fsind2 cos~Dmt!

2cosd2 cosf sin~Dmt!

2cosd2 sinf sinh
DGt

2 G . ~68!

In Eqs. ~66!–~68!, d1 and d2 denoteCP-conserving strong
phases, which are defined as follows@11,12#:

d1[arg$Ai~0!* A'~0!%, d2[arg$A0~0!* A'~0!%.
~69!

The time evolutions~63!–~68! generalize those given in
@11,12# to the case of a sizeableBs-B̄s mixing phasef to
cover the pursued case of new physics. A further general
tion taking into account also the small penguin contributio
can be found in@42#. It should be emphasized that new phy
ics manifests itselfonly in the observablesO (k)(t), while the
g(k)(Q,F,C)’s are not affected.

We may use the same anglesQ, F andC to describe the
kinematics of the decay products of theCP-conjugate tran-
sition Bs̄→J/cf. Consequently, we have

f̄ ~Q,F,C;t !5(
k

Ō(k)~ t !g(k)~Q,F,C!. ~70!

Within this formalism, CP transformations relatingBs

→@J/cf# f to Bs̄→@J/cf# f ( f P$0,i ,'%) are taken into ac-
count in the expressions for theO (k)(t) andŌ(k)(t), and do
not affect the form of theg(k)(Q,F,C). Therefore the same
functions g(k)(Q,F,C) are present in Eqs.~60! and ~70!

~see also@43,44#!. The CP-conjugate observablesŌ(k)(t)
take the following form:
uĀ0~ t !u25uA0~0!u2e2GtFcosh
DGt

2
2ucosfusinh

uDGut
2

2sinf sin~Dmt!G ~71!

uĀi~ t !u25uAi~0!u2e2GtFcosh
DGt

2
2ucosfusinh

uDGut
2

2sinf sin~Dmt!G ~72!

uĀ'~ t !u25uA'~0!u2e2GtFcosh
DGt

2
1ucosfusinh

uDGut
2

1sinf sin~Dmt!G ~73!

Re$Ā0* ~ t !Āi~ t !%5uA0~0!uuAi~0!u cos~d22d1!e2Gt

3Fcosh
DGt

2
2ucosfusinh

uDGut
2

2sinf sin~Dmt!G ~74!
5-12
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Im $Āi* ~ t !Ā'~ t !%5uAi~0!uuA'~0!ue2Gt

3F2sind1 cos~Dmt!1cosd1 cosf sin~Dmt!2cosd1 sinf sinh
DGt

2 G ~75!

Im $Ā0* ~ t !Ā'~ t !%5uA0~0!uuA'~0!ue2Gt

3F2sind2 cos~Dmt!1cosd2 cosf sin~Dmt!2cosd2 sinf sinh
DGt

2 G . ~76!

Note that one can determine sind1,2, cos(d12d2), sinf, cosdi cosf, Dm and uDGu from Eqs.~63!–~76!. Using cos(d22d1)
5cosd1 cosd21sind1sind2 in Eq. ~66! and~74! one realizes that these equations are invariant, if the signs of cosf, DG, and
cosd1,2 are flipped simultaneously. Hence an overall twofold sign ambiguity persists and the sign of cosf remains undeter-
mined.

The time evolution of the full three-angle distribution of the products of the decay chainBs→J/c@→ l 1l 2#f@→K1K2#
provides many interestingCP-violating observables@12,42#. The expressions for three-angle angular distributions can
obtained by inserting Eqs.~63!–~76! into Eqs.~64! and ~70! of @12#.

The situation is considerably simplified in the case of the one-angle distribution, which takes the following form@11,12#:

dG~ t !

d cosQ
}„uA0~ t !u21uAi~ t !u2

…

3

8
~11cos2Q!1uA'~ t !u2

3

4
sin2Q. ~77!

Here Q describes the angle between the decay direction of thel 1 and thez axis in the J/c rest frame; thez axis is
perpendicular to the decay plane off→K1K2. With the help of this one-angle distribution, the observablesuA0(t)u2

1uAi(t)u2 and uA'(t)u2, as well as theirCP conjugates, can be determined. They provide the followingCP asymmetries:

@ uĀ0~ t !u21uĀi~ t !u2#2@ uA0~ t !u21uAi~ t !u2#

@ uĀ0~ t !u21uĀi~ t !u2#1@ uA0~ t !u21uAi~ t !u2#
5

2sinf sin~Dmt!

cosh~DGt/2!2ucosfusinh~ uDGut/2!
~78!

uĀ'~ t !u22uA'~ t !u2

uĀ'~ t !u21uA'~ t !u2
5

sinf sin~Dmt!

cosh~DGt/2!1ucosfusinh~ uDGut/2!
. ~79!

In contrast to theseCP-violating observables, untagged data samples are sufficient to determine the following quantit

@ uA0~ t !u21uAi~ t !u2#1@ uĀ0~ t !u21uĀi~ t !u2#52@ uA0~0!u21uAi~0!u2#e2GtFcosh
DGt

2
2ucosfusinh

uDGut
2 G ~80!

uA'~ t !u21uĀ'~ t !u252uA'~0!u2e2GtFcosh
DGt

2
1ucosfusinh

uDGut
2 G . ~81!
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Sincef is tiny in the standard model, a striking signal

new-physics contributions toBs–Bs̄ mixing would be pro-
vided by a sizeable sinf either from a fit of the tagged
observables~63!–~68!, ~71!–~76!, or from theCP-violating
asymmetries in Eq.~59!, ~78! and ~79!, or if the untagged
observables~80! and ~81! should depend ontwo exponen-
tials. Note that in Eq.~80! the coefficient of sinh(uDGut/2) is
always negative. Phrased differently, the coefficient of
exponential exp„2(G1uDGu/2)t… with the larger rate is al-
ways larger than the coefficient of exp„2(G2uDGu/2)t…. In
Eq. ~81! the situation is reversed. This feature can be use
an experimental consistency check, onceDGÞ0 is estab-
lished.

Let us finally note that the formalism developed in th
subsection applies also to the modeBs→Ds*

1Ds*
2 , where
11401
e

as

the subsequent decay of theDs*
6 mesons is predominantly

electromagnetic, i.e.,Ds*
6→Ds

6g. The corresponding angu
lar distribution can be found in@11,12#. The analysis of this
decay requires the capability to detect photons and appea
be considerably more challenging than that ofBs→J/cf,
which is one of the ‘‘gold-plated’’ channels forB-physics
experiments at hadron machines. HigherDs resonances ex
hibiting all-charged final states, for instanceDs1(2536)1

→D* 1@→Dp1#K, may be more promising in this respe
@44#. If photon detection is not possible, one can still dist
guishDs*

6’s from Ds
6’s through the energy smearing ass

ciated with the escaped photon@36#. Then one can use
the lifetime method introduced in Sec. III C 2 to find th
CP-odd fractionx „}uA'(0)u2

… and theCP-even fraction
12x „}uA0(0)u21uAi(0)u2… of the Ds*

1Ds*
2 data sample
5-13
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through Eq.~47!. If xÞ1/2 there are still non-vanishingCP
asymmetries, although they are diluted by 122x. The corre-
sponding formula for theCP asymmetry of this weighted
average ofCP-even andCP-odd final states can readily b
obtained from Eqs.~63!–~65! and Eqs.~71!–~73!:

G„B̄s~ t !→Ds*
1Ds*

2
…2G„Bs~ t !→Ds*

1Ds*
2
…

G„B̄s~ t !→Ds*
1Ds*

2
…1G„Bs~ t !→Ds*

1Ds*
2
…

5
2~122x!sinf sin~Dmt!

cosh~DGt/2!2~122x!ucosfusinh~ uDGut/2!
.

~82!

The same procedure can be done with theDs
6Ds*

7 data
sample or any other of the decay modes in Table I.

A complete angular analysis for the three-body decay
Table I is more involved than the analysis forBs→cf. For
example inBs→cKSKS , the KS pair does not necessaril
come from a vector resonance and could be in anS- or
D-wave or even have a larger angular momentum. In s
cases one might restrict oneself to a one-angle transve
analysis of @45# or even satisfy oneself with the dilute
asymmetries in Eq.~82!.

V. THE UNAMBIGUOUS DETERMINATION OF f

While sinf can be measured by conventional metho
this section shows that even sgn(cosf) can be determined
That determination is important for various reasons. It is
only necessary for a complete extraction of magnitude
phase of the new physics contributions toBs-B̄s mixing, f
must also be known to extract the CKM angleg from Bs

→Ds
6K7. Even if sinf is found to be consistent with zero

the determination of sgn(cosf) is necessary to distinguis
the standard model prediction cosf.1 from cosf.21. In
the advent of new physics, sgn(cosf) completes our knowl-
edge aboutf. There are several methods to extract cosf.

Method 1.The previous section revealed that angular c
relation studies ofBs→cf determine

cosd icosf. ~83!

Once sgn(cosdi) is known, sgn(cosf) follows immediately.
The former can be deduced from theory, once first-princi
calculations ofd i have progressed sufficiently@46#. Alterna-
tively, one can infer sgn(cosdi) from their SU~3! counter-
parts occurring inBd→cK* @→p0KS#,cr0,cv decays@de-
noted by sgn(cosd̂i)], as follows.

The angular correlations of thoseBd modes are sensitive
to @45,12#

cosd̂ i cos 2b̃.

By applying the SU~3! relation

sgn~cosd i !5sgn~cosd̂ i !,
11401
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the relative sign between cos 2b̃ and cosf can be deter-
mined, but not yet the absolute sign of cosf. That absolute
sign can be determined, since there are methods which
tract theBd-B̄d mixing phase 2b̃ unambiguously, even in
the presence of new physics@47–51#. In the absence of new
physics,b̃ equals the angleb of the CKM unitarity triangle.
In Ref. @52#, basically the same approach was used to de
mine the sign of cos 2b̃. However, in that paper it was as
sumed thatf is negligibly small, as in the standard mode
On the other hand, in method 1 we assume that 2b̃ is known
unambiguously, allowing the determination of cosf. Using a
theoretical input @46# to determine sgn(cosdi) as noted
above, the angular distribution of theBd→J/c
(→ l 1l 2)K* 0(→p0KS) decay products considered in Re
@52# also allows an unambiguous determination of 2b̃ in the
presence off5” 0.

Method 2.Consider certain three-~or n-! body modesf
that can be fed from both aBs and a B̄s , and where the
~2!

B-decay amplitude is a sum over a non-resonant contribu
and several contributions via quasi two-body modes. T
strong phase variation can be modelled by Breit-Wigners
is known, so that cosf can be extracted. Such a method w
suggested in determining cos 2a and cos 2b̃ in Bd decays
@51#.

An additional method can be found elsewhere@53#.

VI. CONCLUSIONS

In this paper we have addressed the experimental sig
tures of a non-vanishingCP-violating phasef in the Bs-
B̄s mixing amplitude. Sincef is negligibly small in the
standard model, but sizeable in many of its extensions
provides an excellent ground for the search of new phys
We have discussed the determination off from both un-
tagged and tagged decays inCP-specific Bs decay modes
triggered by the dominant quark level decaysb̄→ c̄cs̄ and
b̄→ c̄ud̄. From lifetime measurements in these modes o
can find the product of cosf and the width differenceDG in
the Bs system. The previously proposed methods to se
rately determineuDGu and ucosfu from untagged decay
modes require two-exponential fits to the time evolution
either flavor-specific orCP-specific decay modes. In bot
cases terms of order (DG)2 must be experimentally resolved
which requires a substantially higher statistics than neede
measureDGcosf. We have proposed a new method to me
sureuDGu anducosfu, which only requires lifetime fits to the
collected data samples with double-charm final states. T
method does not require sensitivity toO„(DG)2

… terms. It is
based on the observation that the measurement ofDG from
branching ratios discussed in@16# and performed in@27# is
almost unaffected by new physics. These branching ra
and DG cosf obtained from the lifetime fits allow one to
solve for uDGu and ucosfu. In this context we have stresse
that the lifetime measurements also allow one to determ
the size of the CP-even and CP-odd components of
Ds*

1Ds*
2 and Ds

6Ds*
7 final states. This is relevant for ex
5-14
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periments which cannot detect photons well enough
therefore cannot separate these components with ang
analyses. We have further mentioned that a non-zero p
f leads to tinyDmt oscillations in untagged data sample
This implies that in principle the measurement ofCP viola-
tion in mixing from flavor-specific decays does not requ
tagging.

For the tagged analyses we have generalized the form
for theCP asymmetries to the case of a non-zerof. Here we
have discussed in detail the expressions needed for the
gular analysis inBs→cf decays or other final states com
posed of two vector particles. Finally we have shown h
the discrete ambiguities inf encountered with the measur
ments of ucosfu and sinf can be resolved andf can be
determined unambiguously. This is important, even if sinf
is found to be consistent with zero, because it distinguis
the standard model casef.0 from the casef.p. If there
are new particles which couple to quarks with the sa
CKM elements asW bosons, there can be new contributio
-

,

ic

in

d

on
d

l.

.

,

s
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to the Bs-B̄s mixing amplitude with larger magnitude, bu
opposite sign than the standard model box diagram. In
case one encountersf.p. This situation can occur in multi-
Higgs doublet models and in supersymmetric models w
flavor universality. From a measurement ofDm alone the
contributions from the standard model and from new phys
to the Bs-B̄s mixing amplitude cannot be separated. T
new contribution can only be determined by combining t
measurements ofDm andf. Consider, for example, thatDm
is measured in agreement with the standard model pre
tion: the new physics contribution toBs-B̄s mixing then
varies between 0 and twice the standard model predictio
f is varied between 0 and6p.
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