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The presence of a sizab®P-violating phase iB-Bs 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 differAdtebetween theBg 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
B—J/y[—1"1"1¢[ =KK™ ] decay products. We list the formulas needed for the angular analysis in the
presence of both a ne®@P-violating phase and a sizablel’, and propose methods to remove a remaining
discrete ambiguity in the new phase. This phase can therefore be determined in an unambiguous way.
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[. INTRODUCTION correction to a non-zero standard model prediction for the
The rich phenomenology of nonleptorBcdecays offers  mixing-inducedCP asymmetry, which involves the poorly
various strategies to explore the phase structure of thknown phaseg=arg(—Vy,Viy/ (VepVeg)). TO extract the
Cabibbo-Kobayashi-MaskawdCKM) matrix [1] and to  new physics here additional information on the unitarity tri-
search for manifestations of physics beyond the standardngle must be used. In thBg system, however, the new
model[2]. Concerning the latter aspe@P violation inBs-  physics contribution is a correction to essentially zggp
Bs mixing is a prime candidate for the discovery of non- Indeed, the discovery of new physics through a non-

standard physics. In the first place tBgB; mixing ampli-  Standard CP-violating phase inBs-Bs mixing may be
tude is a highly CKM-suppressed loop-induced fourth orde,athevable before the LHCb-BTeV era, in run Il of the Fer-
weak interaction process and therefore very sensitive to nefilab Tevatron.
physics. Moreover in the standard model the mixing-induced Bs-meson decays into finél P eigenstates that are caused
CP asymmetries in the dominaBt decay modes practically by b—ccs quark-level transitions such aBs—DJ D,
vanish, because they are governed by the tiny phas&/ %) orJ/ ¢, are especially interestifd—9]. The » and
arg(— Vi Vi (VepVEY). It does not take much new physics 7' mesons in Be—J/¢y{") can be detected through
to change this prediction: already a fourth fermion n—vyy and n'—p%y, w7 7, or throughnp— 7" 7 7°
generatioh can easily lead to a sizeable néP-violating  [10]. These modes require photon detection. In the case of
phase inB.-B, mixing [4]. It is further possible that there Bs—J/¢{—171"]1¢[ =K K], which is particularly inter-
are new flavor-changing interactions which do not stem fronSting forB-physics experiments at hadron machines because
the Higgs-Yukawa sector. The phases of these couplings af¥ its nice experimental signature, the final state is an admix-
not related to the phases of the CKM elements and thereforéire of different CP eigenstates. In order to disentangle
induce extraCP violation. An example is provided by ge- them, an angular analysis has to be perforified12. Ex-
neric supersymmetric models in which new flavor-changingP€rimental attention is also devoted to three-body final states
couplings come from off-diagonal elements of the squar{13]. Bs-meson decays triggered by the quark deday
mass matri{5]. While such new contributions are likely to — cud can likewise access@P-specific final state, e.g., via
affect alsoB4-By mixing, they appear in thB, system as a BSHDOCP+[HK+K‘]KS, with a likewise negligibly small
CP-violating phase in the standard model. The key point
here is that there are many different decay modes which all

*Email address: dunietz@fnal.gov contain the same information on the pursued new
"Email address: Robert.Fleischer@desy.de CP-violating phase¢. Furthermore, additional information
*Email address: Ulrich.Nierste@cern.ch on ¢ can be gained from analyses that require no tagging.
This scenario is still possible, though somewhat disfavored byUntagged studies determingos¢$| and are superior to
electroweak precision daf8]. tagged analyses in terms of efficiency, acceptance and purity.
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However, they require a sizeable width differendd’| be- b uct s
tween theBg mass eigenstates. On the other hand, from
tagged analysesuch asCP asymmetriessing can be ex-

tracted, if the rapidBBs-Bg oscillation can be resolved. Both
avenues should be pursued and their results combined, be-
cause they measure the same fundamental quantities.

If we denote the standard model and the new physics

contributions to theBs-Bs mixing amplitude withSgy, and
Syp. respectively, then the measurement of the mass differ- s uct b
ence Am in the B system determine$Ssy+ Syel. The

knowledge of bottAm and theBs-B; mixing phaseg then
allows to solve for both the magnitude and phaseSg. _
Information on¢ is especially valuable, ifSgy| and|Sye| ~ The time evolution of theBs-Bs system is governed by a
are comparable in size ardn agrees within a factor of 2 or  Schralinger equation:

3 with the standard model prediction.

The purpose of this paper is twofold: we first identify d (| Bs(t)) '\ (| Bg(t))
useful measurements and show how the information from im( — ):( —ig)( _— )
different decay modes and different observables can be com- | Bs(1) ) | Bs(1) )
bined in pursuit of a statistically significant “smoking gun”
of new physics. Second we show how tBe-B, mixing  With the mass matriM = MT and the decay matrik=T".
phase can be identified unambiguously, without discrete am€re| Bs(t) ) denotes the state of a meson produced Bs a
biguities. The outline is as follows: after setting up our no-at timet=0, with an analogous definition f¢iB4(t) ). The
tation in Sec. Il we consider untaggeq decays and discuss off-diagonal elementM ;,=M3; andI';,=1I"3; correspond to
various methods to determineos¢| in Sec. Ill. TaggedBs BB, mixing. In the standard model the leading contribu-
decays are discussed in Sec. IV, whereas Sec. V shows hayéns to M,, andI';, stem from the box diagram in Fig. 1;
to resolve the discrete ambiguity if. Finally, we conclude T, originates from the real final states into which b

in Sec. VI. and Bg can decay. It receives contributions from box dia-
grams with lightu and ¢ quarks. Sincd’;, is dominated by
Il. PRELIMINARIES CKM-favored tree-level decays, it is practically insensitive
to new physics. On the other harid,, is almost completely
In this section we define the various quantities enteringnguced by short-distance physics. Within the standard
the time evolution oBs mesons and their decay amplitudes. model the top quarks in Fig. 1 give the dominant contribu-
We clos_ely follow the n_o_tatlon of the BaBar-Bopk]. Some tign to Bs-gs mixing. This contribution is suppressed by
of the discussed quantities depend on phase conventions r powers of the weak coupling constant and two powers

enter physical observables in phase-independent combingf IV, |=0.04. Hence new physics can easily compete with

tions [14]. Since this feature is well understood and exten-the standard model and possibly even domindte. If the

non-standard contributions id ;, are unrelated to the CKM
Ynechanism of the three-generation standard model, they will
affect the mixing phase

FIG. 1. B&-B, mixing in the standard model.

©)

touch this issue where necessary.
We choose the following convention for ti&P transfor-
mation of meson states and quark currénts:
Ppm=argMy,.

— R ) -1_
CP|Bs)=—|Bs), CPaLy,bL(CP)""=—b y*q.. With our convention(1) the standard model prediction is

1
@) du=arg(Vp Vo).
) The mass eigenstates at tie 0, | B_ ) and| By ), are
Hence theCP eigenstates are . . =\
linear combinations of Bs) and| Bg):
| B(Saven>:i(| B.)—|B.)), and lighter eigenstate: | B, Y=p| Bs)+q| Bs)
V2
) heavier eigenstate: | B, )=p| Bs)—q| B),
| BS)=—=(IBs)+|By)). 2
P2 with |p|2+|q[2=1. (4)
We denote the masses and widths of the two eigenstates with
*Metric g,,,=(1,-1,—1,—1). M_ 4 andT'_  and define
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+ _ 2
po b et Mu—M,. AT=T,-T.. Adr 2 M
B 2 1+
)
. 2|m7\f 2Re)\f
While Am>0 by definition,AT" can have either sign. Our Alf=——— and Aypr=———
1+[Nl? 1+|N)?

sign convention is such thatI’>0 in the standard model.
By examining the eigenvalue problem df—il'/2 we find (10

that the experimental informationAm>I" model- |t tis acp eigenstateCP| f )=+ f), then A%#0 or

independently implief 15| <|M,|. By expanding the eigen- , mix . C apmichined dif 5o
values andy/p in T /Mo, we find Acp# 0 signalsCP violation: a non-vanishingd cp implies

|A¢|#|A¢|, meaning directCP violation; ATX measures
mixing-inducedCP violation in the interference oB;— f
andBs— f. The third quantity, 4, , plays a role, ifAT is

sizeable. The three quantities obey the relation

a ) )
1_5}' (6) | AR+ | AR+ [ Asr[2=1.

Am:2|M12|,

AT =2|T';,Jcos¢ and %z —e 1M

The time-dependent decay ratdB¢(t)—f) of an ini-

Here the phase is defined as tially taggedBy into some final statéis defined as
M1, Mig 1 dN(Bg(t)—f)
S B I'B(t)—f)=——"7-—7-—. 11
T L€ 7) (Bs(t)—f) N, T (12)

HereBg(t) represents a meson at proper tintagged as 8,
at t=0; dN(B¢(t)—f) denotes the number of decays of
B4(t) into the final statd occurring within the time interval
2 sing, ®) [t,t+dt]; Ng is the total number oB{'s pro_duced at time
t=0. An analogous definition holds fdr(Bg(t)—f). By
solving the Schidinger equation(3) using (6), we can find
but neglected all terms of ord&¥,/M3, and do so through- these decay ratdd5]:
out this paper. Sinca can hardly exceed 0.01 we will like- 5
wise set it to zero in our studies Bf decays intadCP eigen- T (By(t)—F)=N;| A2 1+ o Tt
states and only briefly discuss a non-zarm Sec. |11 D. s fie 2

The phasep is physical and convention-independent; if
¢=0, CP violation in mixing vanishes. In the standard ATt :
model ¢= ¢y —arg(—I'y,) is tiny, of order 1%. This is X COShT+AdCIrF’COS(Amt)
caused by two effects: firsl;;, is dominated by the decay
b—ccs and (VpVE)? is close to theBgs-Bg mixing phase + Ayp SinhﬁJrAgg sinfAmt)|, (12)
arg(Vyp,Vis)2. Second, the small correction to argl1,) in- 2
volving V, Vi is further suppressed by a factormﬁ/mﬁ. 5
In the search for a sizeable new physics contributiorpto F(gs(t)—>f)=/\/f|Af|21+|)\f| (1+a)e 't

In Eqg. (6) we have kept a correction in the small parameter

these doubly Cabibbo-suppressed terms proportional to 2
VupVis can safely be neglected, as we do throughout this AT
t .
paper. S i
For aB, decay into some final stafe we introduce the x| coshs Acpcodamy
|AB|=1 matrix elements ATt
+ Ay sinh——— mXsin(Amt)|. (13

Ai=(f|Bs) and Kf:<f|§s>-

. o Here \; is a time-independent normalization factor.
The key quantity foICP violation reads A promising testing ground for new physics contributions
to ¢y are d_ecays int& P eigenstates triggered by the quark

q Kf decayb—ccs. Table | summarizes sudbP-specificBg de-
)‘f_ﬁ A_f ©) cay modes. To estimate the size of the small standard model
predictions consider first the decay amplitufi2g]:
The time evolution formulas and the expressions forGlie 5
asymmetries in the forthcoming sections can be conveniently A A 1+ apei iy (14)
expressed in terms of —\?

114015-3



ISARD DUNIETZ, ROBERT FLEISCHER, AND ULRICH NIERSTE PHYSICAL REVIEW B3 114015

TABLE I. Some CKM-favoredBg decay modes int€ P-specific final states. Here; represents/ ¢ or
#(2S). Decays into two vector particles or into three-body final states with one or more vector particles
require an angular analysis to separate@even from theC P-odd component. The final statBg D¥
are dominantlyC P-even[16] (see Sec. Il

Quark decay Hadronic decay Remarks
b—ccs Bs— iy
Bs— K FIK)
Bs—ydop
Bs—yn
Bs— 4y’
B.— yf, CP-odd final state
Bs— Xco¢ CP-odd final state
B.—D) D)~ D, D, is CP-even
B—D®) *D*) = or D*)0p (*)0 non-spectator decay®D is CP-even
b—cud B—KgD *)0 [ ¢Ks, p°Ks, KK or 77 7]

Hence the weak phase facter’, which is associated with following. That is, we neglect terms of ordef and higher.
the quantityape'o, is strongly Cabibbo-suppressed by two Using Eq.(16) the quantities in Eq(10) simplify to
powers of the Wolfenstein parameter=|V,4=0.22[18]. i i .

The “penguin parameter” ae'’ measures—sloppily ~ “Acp=0, Acp=7ising and Asp=—7;cose.
speaking—the ratio of penguin- to tree-diagram-like topolo- (17)
gies and is loop-suppressed. Since new-physics contributionﬁ1e corrections to Eq(17) from penguin effects can be
to these decay amplitudes have to compete with a tree di%und in [17]. We next specify to the Particle Data Group
gram, they are not expected to play a significant role. A(PDG) phase' convention for the CKM matrf19], in which
detailed discussion for a left—right-symmetric model can be '

* ) — 6 _ . )
found in[9]. Since we are interested in large “smoking gun” ZSNCbVCS) =O(\"). Then we can sebec to zero and iden

new physics effects iBs-Bg mixing, we account for the
standard model contributions within the leading ordemof du= .
and sefA;|=|A¢|, neglecting direcCP violation. With the

weak phaseb.z=arg(V.,V*) one then finds With this convention the mass eigenstates can be expressed

as
A o 1+¢€'¢ 1—¢'?¢
A—f= — pse?idecs, (15 |BL)=———|B"")———|BI)+0(a),
f
- : _ 1-¢€'?¢ 1+¢€'?
Here 7; denotes theCP parity of f: CP| f'>— 7 ). In 1By )=— | BEYen) + | B+ O0(a). (18)
Table | we also included decay modes driven by the quark 2 2

level decayb—cud. The weak phase of these modes in-
volves the ph f ndD mpli int€P . . .
olves the phases of t¢ andD decay amplitudes int@ phase convention. If formulas involving®'®" and B2 are

; ; *
T%?n(s\;at(\a;. +1;1e(v phf Sisar (c\;)m\t/)lne i ;0 t:egg\gua% e used to constrain models with an extended quark sector, the
9VuaVus) "9V us cd =arg(VepVey), 1€, phase convention used for the enlarged CKM matrix must

Whenever we us8¢®" and B2 we implicitly refer to this

result as forb— ccs. With Egs.(6) and(15) A\ ¢ reads likewise be chosen such that avg(V*)=0.
q Kf —i Ill. UNTAGGED STUDIES
)\f:—A_:ﬂfe I¢. (16)
P A A. Time evolution

Whereas the width differencAI" is negligibly small in

Here we have identified the phase ayg(() = b~ 2dbces the B4 system, it can be sizeable fB mesons. This has the

with the phasep defined in Eq(7). This is possible, because )
arg(—T'1,)=2d.+O0(\?) and we neglect the Cabibbo- consequence that the untagged data sample begrs infor-
suppressed contributions. The standard model contribution t§12tion onCP violation [20]. Further the width difference
b= b+ dnp €qualspsy= —27\2 Hereq is the Wolfen-  itself is sensitive to thés-Bs mixing phases [21], as we
stein parameter measuring the height of the unitarity trianglecan see from Eq(6).

Since our focus is a sizeable new physics contributiqg, WhenB{'s andBg's are produced in equal numbers, the
we can safely negleapsy and identify ¢ with ¢yp in the  untagged decay rate for the deddy'— f reads
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[[f,t]=T(Byt)— )+ (B(t)—T) Here X represents the final states containingcacy pair,
B oy 5t 5 which constitute the dominant contribution fd’cp stem-
=Nile ([ BL)I*+e H(f] Bu)I*]+ O(a) ming from the decayp—ccs. In Eqg. (25 we have decom-

(29 posed any final stateinto its C P-even andC P-odd compo-

nent,| f)=|fcp, ) +| fcp_ ) and defined

I'(Bs—fepe) =M feps |Bs)|?

feps |Bo)|?
e BIL o

2
Here the second expression is simply obtained by adding I{f[Bs)|
Egs.(12) and(13). In Eq. (19) the same resuilt s expressed 'n/\/f is the usual normalization factor originating from the

':jeer(rgs ?sf tho?/er?r?esti s Igt?;stZ;eSor?gr?tigllgelﬁjls?;(hIl[jslk;f) CVC:EW thShase-space integration. In order to prove the second equal-
yIsg y Xpor ) g H . ity in EqQ. (25) we start from the definition oF 5:
can relate the overall normalization to the branching ratio:

= N AP 1+ |N¢[2le

ATt ATt
X Cosh2—+sthAM +0O(a). (20

Br[f]:;foxdtr[f,t] 1) F12=Ef N Bs|f)( f|Bg)

1 _

N T Ay AT/ =5 2 MI(B|H)(T[B)+(Be[)(TBI]. (26)
:7|Af| [1+]n] ]m+0(a)- (22)

In the second equation we have paired the final stéte
Conforming with[19] we have normalized the event count- with its CP conjugate]| f_)z —CP| f). In the next step we
ing toNg+Ng=2Ng, so that Bfall]=1. Using Eq.(22) we  tradef for fcp, andf;p_ and use the&C P transformation
rewrite Eq.(20) as _
(fcps [Bg)= IeZiq}C&( fep= [Bs),

2= (AT/2)? |
I[ft]=2Bfl———==e ! _ 5N —
'+ Ay AT /2 where ¢ =arg(V Ve is the phase of the—ccs decay
ATt ATt amplitude, which dominateE;,. Then Eq.(26) becomes
X cosh2—+sinhTAM +0(a). (23

€ Ace

—9_2'¢°°SF12:f2X Nl feps BIP=[( fep- [Bs)I?]
Now Eq.(23) is our master equation for the time evolution
of the decay of an untaggeBs sample. If '=1/7g_is
known, one could perform a two-parameter fit of the decay _f;XCE[F(Bsﬁfcm)—F(Bs—ﬁcp—)]-
distribution to Eq.(23) and determineAl" and A, . The

latter determines through Eq.(17), if f is aCP eigenstate (27)
from a CKM-favored decay. In practice, however, most datdierference  terms involving  both( fep, [Bo) and
come from short times witAT't<1, and one is only sensi- (fep_ |Bs) drop out when summing the two terms

tive to the productAl’ Ay : (Bo|F)( f|BL) and( B, [T T[BL). In Eq. (27) both sides of
AT 1 the equation are rephasing-invariant. An explicit calculation
1+ TAM(t—F”JrO((AFt)Z). of I'y, reveals that the overall sign of the left-hand side
(24) (LHS) of Eq. (27) is positive, which completes the proof of
Eq. (25).
We return to this point in Sec. Il C. Loosely speakingAT'cp is measured by counting the
CP-even andCP-odd double-charm final states By de-
cays. We specify this statement in the following and relate
AT ¢p to measured observables in Sec. Il C 2. Our formulas
The mass matriM;, and the decay matriX'y, provide  become more transparent if we adopt the standard phase con-
three rephasing invariant quantitieviy), |I'1J and the  yention with arg{/.,V:)~0 and use th€ P-eigenstates de-
relative phasep. In Eq. (6) we have related the two observ- fined in Eq.(2). With | Bg)= (| B&") +| B°dd))/\/§ one eas-
ablesAm and AT to [My, |T's5] and ¢. Interestingly, itis iy finds from Eq.(27): s N
possible to find a third observable, which determifies)|

I'[f,t]=2Bf]le 't

B. The width difference AI" and branching ratios

and thus encodes additional information. We define AT cp=2|T'1) =T (BN —T'(B%%), (29
Here the RHS refers to the total widths of t@4>-even and
AT cp=2|T"1,|=2 I'(Bg—f —I'(Bs—fcp)]. ;
cp=2|l's2 fgg[ (Bs=fcps) ~1(Bs=Tep-)] CP-odd By eigenstates. We stress that the possibility to re-

(250 late|I';, to a measurable quantity in E(R5) crucially de-
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pends on the fact thdf,, is dominated by a single weak into a CP-even final statd.p, exceeds the branching ratio
phase. For instance, the final st&é K~ is triggered byb of the longer-lived mass eigenstate irftgp.. , if the weak
—uus and involves a weak phase different frdm-ccs. ~ phase of the decay amplitude is close to\agy¢s. For
Although K*K~ is CP-even, the decaB¥-K*K~ is Ccos¢>0 B_ has a shorter lifetime tham,, while for
possible. An inclusion of such CKM-suppressed modes int¢0s¢<0 the situation is the opposite21]. (i) Measure-
Eqg. (27) would add interference terms that spoil the relationments based on the comparison llanching ratiosinto
to measured quantities. The omission of these contribution§ P-specific final states determin&I'cp rather thanAT'.
to I'y, induces a theoretical uncertainty of order 5% on Eq.Such an analysis has recently been performed by the ALEPH
(28). Collaboration[27]. ALEPH has measured

In the standard model the mass eigenstates in(IE8).
coincide with the CP eigenstates(with B, =Bg"®") and

Al'gy=AT'cp. The effect of a non-zerdBs-Bg mixing
phase¢ reducesAT:

2BID{) DY) "]1=0.26"5:38 (32)
and related it toAT'cp. For this the following theoretical
input has been usdd6]:

(i) In the heavy quark limim.— < and neglecting certain
_ _ - _ terms of order M, (whereN.=3 is the number of colojs
while AT cp=2|T"1,| is not sensitive to new physics. From e decayB2¥ D D* * is forbidden. Hence in this limit
the calculated’;, we can predict to which extedt(B®)  the final state iBU" D D* * is CP-even. Further irBU"
exceedsI'(B¢™) and this result does not change with the _p* +p* ~ the final state is in aSwave.
presence of a non-zed. _ (ii) In the Shifman-Voloshin(SV) limit m;— o with m,

The theoretical prediction fokI'¢p is known to next-to- —2m.—0 [28], ATcp is saturated by TI'(BY

- . . ) S

leading order in bott\ gcp/m, [22] and the QCD coupling (<) +p () =) "wiith (i) this implies that in the considered

as [23]. It reads limit the width of B vanishes. FoN,— and in the SV

AT =AT cpcoSe, (29

AT fo 2 limit, 2I'(B"-D{) *D{*) ") further equals the parton
FCP:(245 li/l V) [(0.234+0.035Bs—0.080+ 0.020. model result forAT ¢p (quark-hadron duality
€ Identifying T'(BE*"»D*) *D*) ")=AT'cp and I'(B2%

B0 _pe)+pt)-)=0 we find
Here the coefficient oBg has been updated tom,(my)

+my(mp)=4.3 GeV (in the MS schemgandfg_is the B 1+cos¢ 1-cos¢

2B{DY) "D "]=ATcp

meson decay constant. Recently the KEK-Hiroshima group 2l 2I'y
succeeded in calculatinggs in an unquenched lattice QCD AT AT
calculation with two dynamical fermion4]. The result is = FCP (’)(?) . (33

fBS=(245i30) MeV. Bg parametrizes the relevant had-

ronic matrix element, wittBs=1 in the vacuum saturatlon Thus the measurement in E(2) is compatible with the

! : = . heoretical prediction in Eq.31). For ¢=0, the expression
yielded Bs=0.87+0.09[25] for_the MS s_cheme. A similar used in Ref[27], in which the standard model scenario has
result has been foundl [QG]. This analysis, however, calcu- been considered, is recovered. The term in square brackets
lates AT" after normalizing Eq/(30) to the measured mass ;.. nts for the fact that in general tBéd-even eigenstate
difference in theBy4-By system. This method involve¥,g|, | B&®") is a superposition ofB, ) and| By, ). It is straight-
which is obtained from a global CKM fit and thereby relies f5ward to obtain Eq(33): inserting Eq.(18) into Eq. (19)
on the standard model. Since the target of our analysis is NeWypressed[f,t] in terms of [(BE*"f) and I'(B%%f).
physics, we cannot use the numerical prediction Adr of After integrating over time the csoefficient N(Bevesn_)f) is
[26]. At present, studies oBg are a new topic in lattice just the term in square brackets in EG3) s
cqlcglations and we can expect substantial improvemen S When using Eq(33) one should be awére that the correc-
XgmnEth??’g)eXt few years. With these numbers one findsjong 15 the limits(i) and (ii) adopted i 16] can be numeri-

g- cally sizable. For instance, in the SV limit there are no multi-
body final states IikeDg*)DXS, which can modify Eq(33).
As serious would be the presence of a size&feodd com-
ponent of theD{*) *D{*) ~ final state, since it would be
Here we have conservatively added the errors from the twadded with the wrong sign tdI"cp in Eq. (33). A method to

Alcp

T =0.12+0.06.

31)

lattice quantities linearly.

SinceAT ¢p is unaffected by new physics and >0,
several facts hold beyond the standard modglThere are
more CP-even thanCP-odd final states irBs decays.(ii)

control the corrections to the SV limit experimentally is pro-
posed in Sec. Il C 2. We further verify from E(B3) that the
measurement of BD{*) *D*) "] determinesAT'cp. Its
sensitivity to the new physics phageis suppressed by an-

The shorter-lived mass eigenstate is always the one with thether factor ofAT'/T" and is irrelevant in view of the theo-

larger CP-even component in Eq18). Its branching ratio

retical uncertainties.
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C. Determination of AT and |cosd)| but fitted to a single exponential

There are two generic ways to obtain information/oh: Cra
(i) The measurement of thB, lifetime in two decay Fif.t]=Tre 7. (35
modesBy"—f, andB¢"—f, with A, (f1) # Axr (). _
(i) The fit of the decay distribution @."— f to the two-  In Eq.(34) we have averaged ovéand itsC P-conjugatef.
exponential formula in Eq23). Of course the coefficients depend on the final stae:
As first observed if21], the two methods are differently =A(f), B=B(f). A maximum likelihood fit of Eq.(35
affected by a new physics phage#0. Thus by combining converges td31]
the results of method&) and (ii) one can determine. In

this section we consider two classes of decays: AT +BIT

(i) flavor-specific decays, which are characterizedfby f:A/F2+B/F2 : (36)
=0 implying Ay =0. Examples ar8;—Dg 7" and B - H
— X1y ; :

' We expand this to second order AT":

(i) the CP-specific decays of Table I, withd,= P
— 15 COS¢. 2 3

In both cases the time evolution of the untagged sample in Ff=F+A_ B £_ 2AB (AD) 10 (AT) .
Eq. (23) is not sensitive to the sign &I (or, equivalently, A+B 2 (a+B)2 T r?
of cosg). For theC P-specific decays of Table | this can be (37

seen by noticing that
AT ATt In flavor-specific decays we have=B [see Eq.(23)]. We
sinh — — .lcosa| sinh . see from EQ.(37) that here a single-exponential fit deter-
Asr sinh 71|cos¢| sinh— minesI" up to corrections of ordeAI'?/T"?,
Alternatively, one can use further theoretical input and
exploit thatT's_/T's =1+ O(1%) from heavy quark sym-

metry[29,22,30Q. This relation can therefore be used to pin-
point I in terms of the well-measure8, lifetime. New

Here we have used the fact that” and cosp always have
the same sign, becauad -p>0. Hence the untagged stud-
ies discussed here in Sec. IlIC can only deternjic@sd|
and therefore lead to a fourfold ambiguity ih. The sign . . - .
ambiguity in cosp reflects the fact that from the untagged physics in th_e st_andard penguin coefficients of the effective
time evolution in Eq.(23) one cannot distinguish, whether 2B=1 Hamiltonian only mildly affectd’s /I's, [30]. The
the heavier or the lighter eigenstate has the shorter lifetim&ll impact of new physics o’g /I'g , however, has not
(however, see Sec.)V been studied yet.

In order to experimentally establish a hon-z&xb from With Egs.(23) and(34) we can read offA andB for the
the time evolution in Eq(23) one needs sufficient statistics CP-specific decays of Table | and find(f-p,)/B(fcpL)
to resolve the deviation from a single-exponential decay law= (1+ cos¢)/(1—cosg) and  A(fcp_)/B(fep-)=(1
see Eq(24). As long as we are only sensitive to terms linear — cos¢)/(1+cos¢) for CP-even andCP-odd final states,
in AI't andAT'/T", we can only determingl, AT from Eq.  respectively. Our key quantity for the discussion of
(24). Ay AT vanishes for flavor-specific decays and equalsC P-specific decay8y"— fp is
— niAT'cos¢ for CP-specific final states. Hence from the
time evolu'tlon alone one can only detgrmmE cos¢ in the _ AT (p=— i Ay AT =AT'cos¢p=AT cpcos¢p. (38)
first experimental stage. This determination is discussed in
Sec. llIC 1. Once the statistical accuracy is high enough tq, . _——
resolve terms of orderAT")?, one can determine botAT’| With this d?ﬁm“on Eq.(37) reads for the decay ratéce.
and |cosd|. Fortunately, the additional information from Measured irBg—fcp:
branching ratios can be used to fiel'| and|cos¢| without
resolving quadratic terms iAT". The determination ofAT | AT¢p (AT)? ((AF)S)

and|cos¢)| is discussed in Sec. llIC 2. Fepyp=T+n— —sie or 9 2

1. Determination ofI" and AT cos¢
That is, to first order inAT, comparing theBg" lifetimes

measured in a flavor-specific andGP-specific final state
>(jeterminesAl"’Cp. Our result agrees with the one ja1],
which has found Eq.38) by expanding the time evolution in
L[f,t]+T[f,t] o o Eq. (34) and (35) for small AT't. Including terms of order
f:Ae L'+Be 'H (AT')?, lifetime measurements in a flavor-specific decay
B f(s determing[31]

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

ATt ATt
=e I (A+ B)coshz— +(B— A)sth ,

(AT)? (AT)®
) =T~ +(9( = )
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This impliesI'<I'. Despite the heavy quark symmetry pre- bypass the theory prediction in E(R1) altogether by mea-
dictionI's /I'g =1, a largeAl" leads to an excess of th ~ suring bothAT'¢p and|AT'| and determingcosd¢| through

lifetime measured inBS"— f; over the By lifetime [31]. ,
From Eq.(37) one finds AT¢cp

AT
Alcp(  ATCp (AT)3

Pepy =T | mt——|+O| =% |: (39 To obtain additional information oAT and ¢ from the time

evolution in Eq.(23) requires more statistics: the coefficient
of tin Eq.(24), AT" A, /2, vanishes in flavor-specific decays
and is equal to— 7;AT /2 in the CP-specific decays of
Table I. Therefore the data sample must be large enough to
ple sensitive to the terms of ordek['t)? in order to get new
information onAI' and ¢. We now list three methods to
determing AT’ | and|cos¢| separately. The theoretical uncer-
(%ainty decreases and the required experimental statistics in-
and D-wave com S greases from method 1 to method 3. Hence as the collected

ponents. The angular analysis is discusse .

) . 1 0 data sample grows, one can work off our list downwards.
in Sec. IVB. With 2 fb -~ integrated luminosity CDF ex- The fi o . . .

. e first method exploits information from branching ratios
pects 4000 reconstructdd"—J/y{ —nulé events and @ g needs no information from the quadratidit)? terms.
measurement oAT'¢o/I" with an absolute error of 0.052. Method 1.We assume thaAT'L, has been measured as
This simulation assumes tht-(AT')?/(2T') [see Eq(37)]  described in Sec. I11C 1. The method presented now is a
will be measured from flavor-specific decays with an acCumeasurement akI'¢p using the information from branching
racy of 1%[33] and uses the inpubl'c/I'=0.15. When ratios. With Eq.(40) one can then findcos¢| and subse-
combining this with other modes in Table | and taking into quently |AT| from Eq. (41). In the SV limit the branching
account that an integrated luminosity of 10-20 ¥bis  (atio BID{) *D*) ~] equalsAT ¢p/(2) up to corrections
within reach of an extende@p to 2006 run I, the study of ot orderAT/T, as discussed in Sec. Ill[26]. Corrections to
Al'cp at CDF looks very promising. The LHC experiments the Sv limit, however, can be sizeable. Yet we stress that
ATLAS, CMS and LHCb expect to measutel'¢p/I' with  one can control the corrections to this limit experimentally,
absolute errors between 0.012 and 0.018 fF:./I"  successively arriving at a result which does not rely on the
=0.15[34]. An upper bound om\T' ., would be especially validity of the SV limit. For this it is of prime importance to
interesting. If the lattice calculations entering E§1) ma-  determine the&C P-odd component of the final statBg DX *
ture and the theoretical uncertainty decreases, an uppehd D! "D~ . We now explain how theCP-odd and

=|cosg|. (41)

Hence for aCP-even (CP-odd) final state the quadratic cor-
rections enlargddiminish) the difference between the two
measured widths. A measurementF ;. at run Il of the

Tevatron seems to be feasible. The lifetime measurement i
the decay mod®;"— J/¢ has been studied in simulations
[32,33. This decay mode requires an angular analysis t
separate th&€ P-odd (P-wave from the CP-even S-wave

bound on[AT | may show thaip+ 0,7 through CP-even component of any dec®;"—f corresponding to
, the quark level transitiob— ccs can be obtained. This sim-

AFCP:CO§¢ (40) ply requires a fit of the time evolution of the decay to a
AT ¢p ' single exponential, as in E@35). Define the contributions of

the CP-odd andC P-even eigenstate tB;— f:
Note that conversely the experimental establishment of a

non-zeroAT ., immediately helps to constrain models of (B )= A|(f| B2)?,
new physics, because it excludes valuesgpofiround /2.
This feature even holds true, if there is no theoretical (B )= A4 |(f| BE®|2, (42)

progress in Eq(31).

The described _method to obtaa_d‘ép can also be used, if |t is yseful to define th& P-odd fractionx; by
the sample contains a known ratio ©@P-even andC P-odd
components. This situation occurs e.g., in deca i odd odd\|2 /| goddy|2
no aﬁgular analysis is performed or i?\ final statg,usvbhich are res =" = [CF185™) = <f_| Bl K )
neither flavor-specific noEP eigenstates. We discuss this [(BEe"-f)  [(f| B2 |(f]| B2 1—X;
case below in Sec. IllC 2 witB!""~D_-D{*) *. A measure- (43)
ment of theB; lifetime in BY"— J/ ¢ has been performed in _

[35], but the error is still too large to gain information on The time evolution ['[f,t]+I'[f,t])/2 of the CP-averaged
AT ¢p. Note that the comparison of the lifetimes measureduntagged decaﬁ‘s‘“—ﬁ,f_is governed by a two-exponential
in CP-even andC P-odd final states determin@sl’., up to  formula:

corrections of order AT'/T)3.

- Lf.4+ ITF A
2. Determination of|AT'| and |cos ¢| —5  —AlhHe U+B(fe . (44)

The theoretical uncertainty in E¢31) dilutes the extrac-
tion of |cos¢| from a measurement &fT'., alone. One can  With Egs.(18) and(19) one finds
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N N, —
AD=F (1 BOIP+ (T BU)P

_ 1+cos¢

5 [(BL-f)+

N N, —
B(f)="5|(f| Br)I+ 5 (] Bu)I?

1—-cos¢
_TI‘

With Eq. (43) we arrive at

1—cos¢
— r

1+cos
(B )+ ——— ’

S

(Bodd*)f)

(B2 1),

(49)

A(f)  (1+cos$)T (B f)+(1—cosg)T'(BX-f)

B(f)  (1—cos¢)I(BE®"f)+(1+cose)[(BX- 1)

S
_1+(1—2xf)cos¢
~1—(1—2x4)cos¢ "

In Egs.(45) and(46) it is crucial that we average the decay
rates forB"— f and theC P-conjugate procesB:"— f. This
eliminates the interference terrB2%|f)( f |BE"®", so that
A(f)/B(f) only depends on. The single exponential fit
with Eq. (35) determined’;. Equations(37) and(46) com-

bine to give

2(T'i—T)=(1-2x;)AT cos¢
=(1—2%;) AT cpcos ¢
=(1-2x)Alcp

(46)

(47)

up to corrections of orderAT')?/T". In order to determine;

from Eq.(47) we needAT';, from the lifetime measurement
in a CP-specific final state likedJ D or from the angular
separation of the€ P components iB"— y¢. The correc-
tions of order AT")?/T to Eq.(47) can be read off from Eq.

PHYSICAL REVIEW D 63 114015

By combining Eqs(43) and (49) we can solve for the two
CP components:

1—x¢
2I'—T¢

[(BS® f)=[T2—(AT/2)?](Br{ f]+Br[f])

=(1—x;) (B f]+Br f])) T+ O(AT)

Xg

(B2 f)=[T2—(AT'/2)?](Br[ f]+ Br[f_])zr_r
f

=x;(Br[f]+Br[ f])[ + O(AT).

From Eq.(28) we now find the desired quantity by summing
over all final states:

AT cp=T(B&"®) —TI'(B2%)

1_2Xf
=2[1"2—(AF/2)2]f§C€Br[f]zr_rf (50)
AT
=20 >, Br[f](1-2x) 1+O(T) . (51)

Itis easy to findAT'cp: first determine * 2x; from Eq.(48)

for each studied decay mode, then insert the result into Eq.
(50). The small quadratic termAI"/2)?=AT cpAT (pl/4 is
negligible. This procedure can be performed for
Br[D ;D% *] and BfD} *D¥ ~] to determine the correc-
tions to the SV limit. In principle th& P-odd P-wave com-
ponent of BfD} *D¥ ~] (which vanishes in the SV limit
could also be obtained by an angular analysis, but this is
difficult in first-generation experiments at hadron colliders,
because the photon froB — Dy cannot be detected. We
emphasize that it is not necessary to separate the
D) *D) - final states; our method can also be applied to
the semi-inclusiveD{*) *D{*)* sample, usingAT'(p ob-
tained from an angular separation of @¢& components in
B{"—¢. Further one can successively include those
double-charm final states which vanish in the SV limit into

(37) with Eq. (46) as well. Expressing the result in terms of gq. (50). If we were able to reconstruct ai—ccs final
I’y and the ratd’; measured in flavor-specific decays, we states, we could determin&l'cp without invoking the SV

find

I'i—Ts

=T

1-2x;=2 1-2

!

CcP I

(AT)?

In order to solve forl(BE"®"f) and I'(B%%-f) we also

need the branching ratio Br]+Br[f]. Recalling Eq.(22)

one finds from Eqs(44) and (45)

l1+cos¢p 1—cosgo

B f]+Br[f]=T(B&"*"f)

2, 2I'y
1—cos¢ 1+cos¢
+ (B f
(Bs ) ANy 2y

(49

limit. In practice a portion of these final states will be
missed, but the induced error can be estimated from the cor-
rections to the SV limit in the measured decay modes. By
comparingAT' cp andAT (., one finds|cos¢| from Eq. (40).
The irreducible theoretical error of method 1 stems from the
omission of CKM-suppressed decays and is of order
2|VupVus/ (VepVed | ~5%.

Method 1 is experimentally simple: at the first stage
lying on the SV limiy it amounts to counting thB_" decays
into D*) *D{*) ~_ A first simulation indicates that CDF will
be able to separate thBg decay modes intoD D ,
D! “DJ andD’ "D¥ ™ [36]. The corrections to the SV limit
are obtained by one-parameter fits to the time evolution of
the collected double-charm data samples. This sample may
include final states from decay modes which vanish in the
SV limit, such as multiparticle final states. No sensitivity to
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(AT't)? is needed. A further advantage is theFp is not  The presence of new physics can be invoked fdo#0 and

diminished by the presence of new physics. does not require to combine lifetime measurements in differ-
Method 2.In the standard model the decay intoCP  ent decay modes.

eigenstatd ~p is governed by a single exponential. If a sec- Method 3.0Originally the following method has been pro-

ond exponential is found in the time evolution of a CKM- posed to determin@AT’| [20,21: The time evolution of a

favored decaB:"— fcp, this will be clear evidence of new BY" decay into a flavor-specific final state is fitted to two

physics[20]. To this end we must resolve the time evolution exponentials. This amounts to resolving the deviation of

in Eq. (23) up to order AT't)2. At first glance this seems to cosh@I't/2) from 1 in Eq.(23) in a two-parameter fit fof’

require a three-parameter fit to the data, becdydet] in and|AT|. If one adopts the same parametrization as in Eq.

Eq.(23) depends of', AT and[throughA, 1, see Eq(17)] (52, I'" andY are obtained from Eq53) by replacing¢

on ¢. It is possible, however, to choose these parameters iwith /2. The best suited flavor-specific decay modes at had-

such a way that one of them entéifsfp,t] at order AT')3,  ron colliders areBY"—D*)* 7+, BI"~D*) =7 7t 7™

with negligible impact. The fit parameters afé and Y.  andBY"—D{*)*X|* ». Depending on the event rate in these

They are chosen such that modes, method 3 could be superior to method 2 in terms of
statistics. On the other hand, to find the “smoking gun” of
I[fepy t]=2Bfep T e "t new physics, théAT'| obtained must be compared Ad";p
. from CP-specific decays to provécose¢|#1 through Eq.
| 1+YT't| =14 — +O((AI‘)3)}. (41). Sinc_e the two measurements are differently a_ffected by
2 systematic errors, this can be a difficult task. First upper

(52) bounds orAT’| using method 3 have been obtained 37].
The L3 Collaboration has determined an upper bound

Here we have considered@P-even final state, for which a |AT|/I'<0.67 by fitting the time evolution of fully inclusive
lot more data are expected than ©oP-odd states. With Eq. d€cays to two exponentigl88]. This method is quadratic in

(52) we have generalized the lifetime fit method described il®1" @s well. The corresponding formula for the time evolu-
Sec. I1IC1 to the order AT't)2. A non-zeroY signals the 10N can be simply obtained from E¢34) with A=T"_ and

presence of new physics. The fitted riteandY are related B=T.

tol', AT and ¢ by
D. CP violation in mixing and untagged oscillations

(AT)? ) cos¢ In the preceding sections we have set the small parameter
Y= AT "2 s, T'=T(1-Y)+ 2 Al (53 ain Eq. (8) to zero.CP violation in mixing vanishes in this
limit. The corresponding “wrong-sign"CP asymmetry is
Note that for|cos¢|=1 the ratel'’’ equals the rate of the Measured in flavor-specific decays and equals
shorter-lived mass eigenstate and the expansion in(&y. — —
becomes the exact single-exponential formula. After deter- _F(Bs(t)_’f)_F(Bs(t) f)—a

miningI"" andY we can solve Eq53) for I', AT" and¢. To afs_r(gs(t)_q)Jr [(Bg(t)—f)
this end we need the width;; measured in flavor-specific
decays. We find for A=0 and |Aq=|A{. (55)

[
|Ar|:2\/(r'—rfs)2+rf2$v{1+o

f=XI"v. A determination ofa gives additional information
on the three physical quantiti¢s 5|, |I';) and ¢ charac-

E” A special case 08y is the semileptonic asymmetry, where
F 1

(AT)? AT\3 terizing Bs-Bs mixing. MeasuringAm, AT'cp, AT ¢panda
=T+ or +0 T overconstrains these quantities.
The “right-sign” asymmetry vanishes:
AT\2 _ _

AT p=2[T"-T(1-Y)]|1+0O T) ” I'(Bs(t)—f)—TI'(Bs(t)—f)=0
for Ar=0 and |A=]|Ad. 56
W AT f Al =| Al (56)
|sing|= |AT| 1+o T/| (54) This implies that one can measwag from untaggeddecays.

This observation was already made[89]. It is easily veri-
The quantityAT ., which we could already determine from fied from the sum of Eqs(12) and (13) that to ordera the
single-exponential fits, is now found beyond the leading orfime evolution of untagged decays exhibits oscillations gov-
der inAT/T. By contrastAl" and|sin¢| in Eq.(54) are only ~ €rned byAm. Sincea is small, one must be concerned to
determined to the first non-vanishing orderAm/T . which accuracyA¢|=|A7 holds in flavor-specific decays in
In conclusion method 2 involves a two-parameter fit andthe presence of new physics. For example in left—right-
needs sensitivity to the quadratic term in the time evolutionsymmetric extensions of the standard model, small
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CP-violating corrections to the decay amplitude could evenzero and will continue to do so. The final stat®s
tually spoil this relation at the few per mille level. Further, a =D D_, ¢7{"), ¢fo or xee in Table | areCP eigen-
small production asymmetry=Ng/Ng—1 also leads to os-  states. TheilCP eigenvalues; readsypp-= 7, = 7,,
cillations in the untagged sample. To first order in the small_ 3

parameters, e and|A;|/|Af]—1 one finds

LLHO-TI [AlP-[AR? a

CT[RUHTIR ] |AR+|A2 2

unt__
fs

a+e cogAmt)
2 coshAT't/2)

for A;=0 and |A¢~|Aql. (57

For |A¢|=|Afl ande=0 one recovers the formula derived in
[39]. Note that the production asymmetry betwdrand B,
cannot completely fake the effect of a non-zaro Eq. (57):
while both a#0 and e#0 lead to oscillations, the offset
from the constant term indicates né®P-violating physics
either inBs-B; mixing (througha+0) or in the studied de-
cay amplitude(through|A¢| # |A7l). The latter effect, which
is theoretically much less likely, can be testedBifh decays
and can therefore be disentangled fram 0.

The ratioAT'-p/I'<0.22 from EQq.(31) and the current
experimental limit Am=14.9 ps! [40] imply that |a]
<0.01. CDF expects sufficiently many reconstruc@yl
—D®* 77 andB"-D*)* 77 7+ 7~ events at run Il after
collecting 2 fb! of integrated luminosity to achieve a sta-
tistical error at the few permille level. From Ed8) and (6)
we can relatea to |AT'|, Am and ¢:

_|AT| sing
&= Am |cosé|

Note, however, that the measurement of the siga déter-
mines the sign of sig. This reduces the fourfold ambiguity
in ¢ from the measurement dEos¢| to a twofold one. It is
interesting that, at ordea, without tagging one can in prin-

+1 and 7,¢,= 7,,4= —1. With Eq. (17) we then find
from Eq. (58):

7t SiN ¢ sin(Amt)
~ cosiAT't/2)— | cose|sinh(|AT[t/2)
(59

acp(t)=

Since AI" and cosp have the same sigisee Eq.(29)] we
could replace these quantities by their absolute values in the
denominator of Eq(59). This displays that the ambiguity in
the sign of cosp cannot be removed by measuriagp . Its
measurement determines girand leaves us with a twofold
ambiguity in ¢. Then we still do not know whether the
heavier or lighter mass eigenstate is shorter-lived. The reso-
lution of this ambiguity will be discussed in Sec. V.

B. The CP-violating observables ofB,—J/ ¢ and DX *D*~

The situation in the decays—J/¥¢, which is very
promising forB-physics experiments at hadron machines be-
cause of its nice experimental signature, is a bit more in-
volved than in the case of the pseudoscalar-pseudoscalar
modesBs—DJ D andJ/¢7!"), since the final state is an
admixture of differentCP eigenstates. In order to disen-
tangle them, we have to make use of the angular distribution
of the decay products of the decay chaiBg
—J Y[ =117 ][ —-KTK™], which can be found in
[12,12. In that paper, also appropriate weighting functions
are given to extract the observables of the angular distribu-
tion in an efficient way from the experimental data. For an
initially, i.e., at time t=0, presentBs-meson, the time-
dependent angular distribution can be written generically as

f(@,@,xp;t)=2k 0®(t)g®(O,D, V), (60)

ciple gain information which otherwise requires tagged studwhere we have denoted the angles describing the kinematics

ies. Of course sip can be measured more directly from
tagged decays, as discussed in the forthcoming Sec. IV.

IV. TAGGED DECAYS
A. The CP-violating observables ofB.—~DZXD_ and J/ "

For aBg decay into aCP eigenstatd the B;—B oscilla-
tions lead to the following time-depende@® asymmetry:

I'(Bg(t)—=f)—I'(Bg(t)—f)

I'(Bg(t)—f)+T'(Bg(t)—f)

AL cog Amt) + AT sin(Amt)

= CoSHATU2) + Ay sinh(ATt2)” O

acp(t)=

Here the mass and width differendem and AT" can be
found in Eq.(5) and A%5, AZX and A, - have been defined
in Eq. (10). We have set the small paramegein Eq. (8) to

of the decay products af/ y—1*1~ andp—K* K™ by 0,

® and¥. The observable® ¥(t) describing the time evo-
lution of the angular distributiori60) can be expressed in
terms of real or imaginary parts of certain bilinear combina-
tions of decay amplitudes. In the case of decays into two
vector mesons, such &—J/ ¢, it is convenient to intro-
duce linear polarization amplitudeés(t), Aj(t) andA, (t)
[41]. WhereadA | (t) describes & P-odd final-state configu-
ration, bothAq(t) and A(t) correspond taCP-even final-
state configurations. The observabl@$9(t) of the corre-
sponding angular distribution are given by

|Ai(1)|?2 with fe{0],L}, (61)
as well as by the interference terms
Re{A7 (D)A|(1)} and IM{AT(1)A, (1)}
with  fe{0]}. (62
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For our consideration, the time evolution of these observ-
ables plays a crucial role. In the case of the observdbibs

which correspond to “ordinary” decay rates, we obtain

5 S ATt |AT|t

|Ao(t)[?=]Ag(0)]%e~ " coshz— |cos¢|smh—
+sin¢sin(Amt)} (63

ATt |AT|t

|A(D)]2=|A(0)[%e~ cosh——— |cos¢|sth
+sinqbsin(Amt)} (64)

[t

ATt
|A, (1)|?=|A,(0)]%e” cosh—+|cos¢|smh|—

—sing sinflAmt) |, (65)

whereas we have in the case of the interference t¢6®)s

Re{A5 (1)A|(1)}=|A(0)[|Ay(0)|cog 5,— 5y)e "

PHYSICAL REVIEW B3 114015
Im{A5 (DA, ()} =[Ao(0)[|A (0)[e~""
X | sin 8, cog Amt)
—C0S68, CoS¢ sin(Amt)

_ ATt
—C0S&, sm¢smh7 . (68)

In Egs. (66)—(68), §; and 8, denoteCP-conserving strong
phases, which are defined as follojid,12:

si=argA(0)*A (0)},  d=arg{Aq(0)* A, (0)}.

(69

The time evolutions(63)—(68) generalize those given in

[11,17 to the case of a sizeab®,-B; mixing phase¢ to
cover the pursued case of new physics. A further generaliza-
tion taking into account also the small penguin contributions
can be found if42]. It should be emphasized that new phys-
ics manifests itselbnly in the observable® ¥(t), while the
g®(®,d,¥)’s are not affected.

We may use the same angl®s ® and¥ to describe the
kinematics of the decay products of tld-conjugate tran-

ATt ATt
X |cosh——— |cos¢|sth sition Bs— J/¢¢p. Consequently, we have
+sin¢ sin(lAmt) (66) (0,0,7;H)=> 0W(1)gW(@,d,W). (70)
K
Im{AT (DA, (D} =|A(0)]|A, (0)]e”" o _ , ,
Within this formalism, CP transformations relatingBg
x | sins, cog Amt) —[J s to Bg—[Ilpp]; (fe{0],L}) are taken into ac-
count in the expressions for ti@2®(t) and ©™(t), and do
— 0S8, cOS SiN(Amt) not affect thke form of th@(k)(G),(b,\If).. Therefore the same
functions g¥(®,®,¥) are present in Eqs60) and (70)
o IAFt (see also[43,44)). The CP-conjugate observable®®(t)
~cosoysing sinh— } ©®7) " take the following form:
|
_ T ATt _ ATt )
|Ag(1)|2=|Ao(0)|2e~ It coshz——|cos¢|sth—sm¢sm(Amt) (71)
— S ATt ATt ,
|A(D)[?=|A)(0)|%e tcosh2——|cos<;5|sth—smq&sm(Amt) (72)
— 2 — ATt _ ATt )
|A, (D)]*=]A (0)]?e !t coshz—+|cos¢|sth+sm¢>sm(Amt) (73
Re{AS (1A} =|Ao(0)||A(0)] cog 5,— s1)e ™
ATt _|Aarfe
X coshT—|cos¢|sth—sm¢sm(Amt) (74)
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Im {AF (DAL (D)} =|A(0)[|A,(0)[e "

ATt
X | —sind; cod Amt) + coséd; cos¢ sinlAmt)—cosés,; sinqbsinhT (75)
IM{AF (DA (D)} =]Ag(0)||A,(0)]e "
[ _ ATt
X| —sin &, cof Amt) + cosd, cos¢ sifflAmt) —cosé, sm¢smh7 . (76)

Note that one can determine sip,, cos@;—3&,), sing, coss cosé, Am and|AT'| from Egs.(63)—(76). Using cos,— &)
=C0Sd; C0ss,+sin d;sind, in Eq. (66) and(74) one realizes that these equations are invariant, if the signs @f,ebE, and
cosd; , are flipped simultaneously. Hence an overall twofold sign ambiguity persists and the signdofemmsins undeter-
mined.

The time evolution of the full three-angle distribution of the products of the decay &haind/ ¢ —|"17 ][ =K K]
provides many interesting P-violating observable$12,42. The expressions for three-angle angular distributions can be
obtained by inserting Eq$63)—(76) into Eqgs.(64) and (70) of [12].

The situation is considerably simplified in the case of the one-angle distribution, which takes the followind. 1ot}

dI'(t)

3 3
Toosg * (AoDI2+ [ AD]P)5 (1+cog®) + |A, (1)|2SsirfE. -

Here ® describes the angle between the decay direction ofl thand thez axis in theJ/ rest frame; thez axis is
perpendicular to the decay plane @f—K*K~. With the help of this one-angle distribution, the observalkeg(t)|?
+|A|(1)]? and|A, (1)|?, as well as theiCP conjugates, can be determined. They provide the follov@Ryasymmetries:

LIAGD) 2+ A 21— [[Aot) 2+ [AD)[Z] —sing sin(Amt) 78
(A 2+ Ay T+ Ag(D) 2 +]A(1)|2]  COSHATY2) —|cos[sinh(|AT|t/2)
ALOP-[AL M sin¢ sin(Amt) 79

A, (1)|2+]|A, ()| COSHATt/2)+[cosg|sinh(|AT[t/2)”

In contrast to thes€ P-violating observables, untagged data samples are sufficient to determine the following quantities:

_ _ ATt ATt
[Ao(D2+ A [PT+ Aot 2+ [A(D)]2]=2[|Ag(0) |2+ |A(0)[?]e ™ cosh2——|cos¢|sinh|T| (80)
— _ AT't ATt
[A, (D]2+]A, (1)|?=2|A, (0)]?e cosh2—+|cos¢|sth . (81)

Since ¢ is tiny in the standard model, a striking signal of the subsequent decay of tBE = mesons is predominantly
new-physics contributions t8.—B, mixing would be pro-  electromagnetic, i.eD¥ “— D y. The corresponding angu-
vided by a sizeable si either from a fit of the tagged lar distribution can be found ifil1,12. The analysis of this
observable$63)—(68), (71)—(76), or from theCP-violating  decay requires the capability to detect photons and appears to
asymmetries in Eq(59), (78) and (79), or if the untagged be considerably more challenging than thatBaf—J/¢¢,
observableg80) and (81) should depend omwo exponen-  which is one of the “gold-plated” channels fd-physics
tials. Note that in Eq(80) the coefficient of sinhAI'[t/2) is  experiments at hadron machines. Higliey resonances ex-
always negative. Phrased differently, the coefficient of thenibiting all-charged final states, for instand;(2536)"
exponential exp— (I'+ |AT'|/2)t) with the larger rate is al- —D**[—D#"]K, may be more promising in this respect
ways larger than the coefficient of exp(I'—|AT'|/2)t). In  [44]. If photon detection is not possible, one can still distin-
Eq. (81) the situation is reversed. This feature can be used aguishD? ~’s from D 's through the energy smearing asso-
an experimental consistency check, onkE+#0 is estab- ciated with the escaped photd36]. Then one can use
lished. the lifetime method introduced in Sec. IIC2 to find the
Let us finally note that the formalism developed in this CP-odd fractionx (=|A, (0)|?) and theCP-even fraction
subsection applies also to the moBg—~D? "D} ™, where  1—x (x|Ag(0)|*+|A|(0)|?) of the D¥ "D~ data sample
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through EQ(47) If x+1/2 there ar_e still non-vanishir@P the relative sign between Cogand cosp can be deter-
asymmetries, although they are diluted by 2x. The corre-  mined, but not yet the absolute sign of goshat absolute
sponding formula for theCP asymmetry of this weighted sign can be determined, since there are methods which ex-
average ofCP-even andC P-odd final states can readily be tract theBd—gd mixing phase 2 unambiguously, even in
obtained from Eqs(63)—(65) and Eqs(71)—(73): the presence of new physip47—51. In the absence of new
— _ _ physics,8 equals the angl@ of the CKM unitarity triangle.
I'(By(t)—D3 "D )—T'(Bg(t)—~Ds 'D5 ") In Ref.[52], basically the same approach was used to deter-
['(Bg(t)—=D* "Df )+TI'(B(t)—DX"D%") mine the sign of cos@2 However, in that paper it was as-
L—2)si (A sumed thatp is negligibly small, as in the standard model.
= —(1=2)sin$ sin mt) ‘ On the other hand, in method 1 we assume th&iknown
coshAT't/2) — (1—2x)[cos¢|sinh(|AT [t/2) unambiguously, allowing the determination of ¢adUsing a
(82)  theoretical input[46] to dgtermir]e sgn(ca$) as noted
above, the angular distribution of theBy—J/¢
The same procedure can be done with DED* " data (—1717)K*%(—7°Kg) decay products considered in Ref.

sample or any other of the decay modes in Table I. [52] also allows an unambiguous determination @f i the
A complete angular analysis for the three-body decays irpresence oip+0.
Table | is more involved than the analysis B¢— i¢. For Method 2.Consider certain threetor n-) body modesf

example inBs— KKs, the Kg pair does not necessarily that can be fed from both B and aB,, and where the

. (

come from a vector resonance and could be inSaror  B_gecay amplitude is a sum over a non-resonant contribution
D-wave or even have a larger angular momentum. In suchnqg several contributions via quasi two-body modes. The
cases one might restrict oneself to a one-angle transversityong phase variation can be modelled by Breit-Wigners and
analysis of[45] or even satisfy oneself with the diluted s known, so that cog can be extracted. Such a method was
asymmetries in Eq(82). suggested in determining cos2and cos B in By decays

[51].
V. THE UNAMBIGUOUS DETERMINATION OF ¢ An additional method can be found elsewhgs8].

While sing can be measured by conventional methods,
this section ;hqws 'thgt even sgn(¢()sqan be determin_ed. VI. CONCLUSIONS
That determination is important for various reasons. It is not
only necessary for a complete extraction of magnitude and In this paper we have addressed the experimental signa-
phase of the new physics contributionsBgB; mixing, ¢  fures of a non-vanishing P-violating phase¢ in the Bs-
must also be known to extract the CKM angjefrom B B; mixing amplitude. Sincep is negligibly small in the
— D¢ K. Even if sing is found to be consistent with zero, standard model, but sizeable in many of its extensions, it
the determination of sgn(c@$ is necessary to distinguish Provides an excellent ground for the search of new physics.
the standard model prediction c¢s-1 from cosp=—1. In  We have discussed the determination¢ffrom both un-
the advent of new physics, sgn(aps completes our knowl- tagged and tagged decays @P-specific Bs decay modes
edge aboutp. There are several methods to extract ¢os  triggered by the dominant quark level decdys-ccs and
Method 1.The previous section revealed that angular cory, _,cud. From lifetime measurements in these modes one

relation studies oBs— /¢ determine can find the product of cas and the width differencal in
the Bg system. The previously proposed methods to sepa-
COS6;COSp. (83 rately determine|AT’| and |cos¢| from untagged decay

modes require two-exponential fits to the time evolution of
Once sgn(co8) is known, sgn(cog) follows immediately. either flavor-specific oiIC P-specific decay modes. In both
The former can be deduced from theory, once first-principleases terms of ordeA(”)? must be experimentally resolved,
calculations ofs, have progressed sufficient¢6]. Alterna-  which requires a substantially higher statistics than needed to
tively, one can infer sgn(ca%) from their SU3) counter- measureAI’cos¢. We have proposed a new method to mea-
parts occurring irBy— yK*[— 7m°K ], ¥p°, o decaygde-  sure|AT| and|cosd|, which only requires lifetime fits to the

noted by sgn(co&)], as follows. collected data samples with double-charm final states. This
The angular correlations of tho@ modes are sensitive Method does not require sensitivity @((AT)?) terms. It is
to [45,12 based on the observation that the measuremetlofrom

branching ratios discussed 6] and performed if27] is
almost unaffected by new physics. These branching ratios

€osd; cos 28. and AT’ cos¢ obtained from the lifetime fits allow one to
_ _ solve for|AT'| and|cosd|. In this context we have stressed
By applying the SUB) relation that the lifetime measurements also allow one to determine
the size of theCP-even and CP-odd components of
sgn(coss;) =sgr(cosd,), D! "D andD.D? " final states. This is relevant for ex-
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periments which cannot detect photons well enough angy the BS_§S mixing amplitude with larger magnitude, but
therefore cannot separate these components with angulgpposite sign than the standard model box diagram. In this
analyses. We have further mentioned that a non-zero phas@se one encountegs= . This situation can occur in multi-

¢ leads to tinyAmt oscillations in untagged data samples. Higgs doublet models and in supersymmetric models with
This implies that in principle the measurement@P viola-  flavor universality. From a measurement &fn alone the
tion in mixing from flavor-specific decays does not requirecontributions from the standard model and from new physics

tagging. to the B¢-Bs mixing amplitude cannot be separated. The

For the tagged an.alyses we have generalized the formulfh%w contribution can only be determined by combining the
for the CP asymmetries to the case of a non-zeéxdHere we measurements afm and . Consider, for example, thatm

have discus_sec_j in detail the expressions needed for the a- 05q e in agreement with the standard model predic-
gular analysis inBBs— ¢ decays or other final states com- . . - =
ion: the new physics contribution tB,-Bg mixing then

posed of two vector particles. Finally we have shown ho . : o
the discrete ambiguities ih encountered with the measure- varies b_etween 0 and twice the standard model prediction, if
¢ is varied between 0 and 7.

ments of|cos¢| and sing can be resolved ang can be
determined unambiguously. This is important, even if¢in
is found to be consistent with zero, because it distinguishes
the standard model cagk=0 from the casep= . If there I.D. and U.N. thank Farrukh Azfar, Stephen Bailey, Harry
are new particles which couple to quarks with the sameCheung, Petar Maksimovic, Matthew Martin, Hansr@er
CKM elements a8V bosons, there can be new contributionsMoser and Christoph Paus for illuminating discussions.
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