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1 Introduction

The rich phenomenology of non-leptoni¢ decays offers various strategies to explore the phase
structure of the Cabibbo—-Kobayashi-Maskawa (CKM) maffjixgnd to search for manifestations
of physics beyond the Standard Modgl [2]. Concerning thedatspect, CP violation if3,—B,
mixing is a prime candidate for the discovery of non-stadgdysics. In the first place thé,—B,
mixing amplitude is a highly CKM-suppressed loop-inducedrth order weak interaction process
and therefore very sensitive to new physics. Moreover inStendard Model the mixing-induced
CP asymmetries in the dominaBt decay modes practically vanish, because they are govegned b
the tiny phaserg(—V,, V5 /(V,V)). It does not take much new physics to change this prediction:
already a fourth fermion generatfpnan easily lead to a sizeable new CP-violating phasB.in
B, mixing [A]. It is further possible that there are new flavetianging interactions which do not
stem from the Higgs-Yukawa sector. The phases of these ioggphre not related to the phases
of the CKM elements and therefore induce extra CP violatimexample is provided by generic
supersymmetric models in which new flavour-changing cagiglicome from off-diagonal elements
of the squark mass matrik|[5]. While such new contributiars likely to affect als@3,—B,; mixing,
they appear in th&, system as a correction to a non-zero Standard Model predifdr the mixing-
induced CP asymmetry, which involves the poorly known phase arg(—V,V.5/(VaVy)). To
extract the new physics here additional information on thigarity triangle must be used. In thg,
system, however, the new physics contribution is a cowadb essentially zerd][6].

Indeed, the discovery of new physics through a non-stan@Regliolating phase ilB3,—B, mix-
ing may be achievable before the LHCb/BTeV era, in Run-lhef Fermilab Tevatron.

B,-meson decays into final CP eigenstates that are causéd-byecs quark-level transitions
such asB, — D D7, J/¢n" or J/v ¢, are especially interesting][[1-9]. Theandr,’ mesons in
B, — J/¢¥n") can be detected through— ~v andy’ — p°y, 7*7 1, or throughy — 7F7~7°
[LQ]. These modes require photon detection. In the cagk ef J/i¢)[— IT17] p[— K+ K], which
is particularly interesting foB-physics experiments at hadron machines because of it®Rrjpesi-
mental signature, the final state is an admixture of diffe@ eigenstates. In order to disentangle
them, an angular analysis has to be perfornjied[[11, 12]. Erpetal attention is also devoted to
three-body final state$ J[L313,-meson decays triggered by the quark deeay cud can likewise
access a CP-specific final state, e.g.Bja— D2y, [— K"K ~]Kg, with a likewise negligibly small
CP-violating phase in the Standard Model. The key point Isetteat there are many different decay
modes which all contain the same information on the pursesd@P-violating phase. Further-
more, additional information on can be gained from analyses that require no tagging. Unthgge
studies determingcos ¢| and are superior to tagged analyses in terms of efficiencgpaance and
purity. However, they require a sizeable width differenté’| between thé3, mass eigenstates. On
the other hand, from tagged analyses (such as CP asymmeitieéscan be extracted, if the rapid
BB, oscillation can be resolved. Both avenues should be puranddheir results combined,

1 This scenario is still possible, though somewhat disfasdiny electroweak precision da& [3].
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because they measure the same fundamental quantities.

If we denote the Standard Model and the new physics conimibsito theB,—5, mixing am-
plitude with Sgy; and Syp, respectively, then the measurement of the mass differAmecén the B,
system determingsSsy + Sxp|. The knowledge of boti\m and theB,—B, mixing phasep then
allows to solve for both the magnitude and phasgxgf. Information ong is especially valuable, if
|Ssm| and|Sxp| are comparable in size andm agrees within a factor of 2 or 3 with the Standard
Model prediction.

The purpose of this paper is twofold: we first identify usehgasurements and show how the
information from different decay modes and different oliables can be combined in pursuit of a
statistically significant “smoking gun” of new physics. $ad we show how thé3,—B, mixing
phase can be identified unambiguously, without discretagunties. The outline is as follows: after
setting up our notation in Secti¢h 2 we consider untaggedecays and discuss various methods
to determing cos ¢| in Section[B. Tagged®, decays are discussed in Sectibn 4, whereas Sdgtion 5
shows how to resolve the discrete ambiguityirFinally, we conclude in Sectidn 6.

2 Preéiminaries

In this section we define the various quantities enteringithe evolution of B, mesons and their
decay amplitudes. We closely follow the notation of #r-Book [[]]. Some of the discussed
quantities depend on phase conventions and enter phybsah@bles in phase-independent combi-
nations [I}4]. Since this feature is well understood andresttely discussed in the standard review
articles [1], we here fix some of these phases for conveniand@nly briefly touch this issue where
necessary.

We choose the following convention for the CP transfornmatd meson states and quark cur-
rentsf

CP‘ BS> = —‘Fs>, CPGL’V,ubL (CP)_I = —EL’}/HQL. (1)

Hence the CP eigenstates are

1 - a, _ 1 yel
‘B;aven>_E(‘BS>_‘BS>)7 and ‘Bg ) = ﬁ(|Bs>+|Bs>)- (2)
The time evolution of thé3,—B, system is governed by a Schrodinger equation:
. d IBS(t)>)_( _'£>(|Bs(t)>)
i (mmy) = 0r-13) (150) ©

with the mass matrix// = M and the decay matriX®’ = I'". Here| B,(t)) denotes the state
of a meson produced asfa, at timet = 0, with an analogous definition fdrB,(¢) ). The off-
diagonal elements/,, = M3, andl'y, = '}, correspond td3,—B, mixing. In the Standard Model
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b u,c,t S

S u,c,t b

Figure 1: B,—B, mixing in the Standard Model.

the leading contributions td/;, and Iy, stem from the box diagram in Fi} 1T, originates
from the real final states into which bofh, and B, can decay. It receives contributions from box
diagrams with light: andc quarks. Sincd';, is dominated by CKM-favoured tree-level decays,
it is practically insensitive to new physics. On the othendhal/;, is almost completely induced
by short-distance physics. Within the Standard Model tipegoarks in Fig[]1 give the dominant
contribution toB,—B, mixing. This contribution is suppressed by four powers efitreak coupling
constant and two powers of;,| ~ 0.04. Hence new physics can easily compete with the Standard
Model and possibly even dominalé;,. If the non-standard contributions fd,, are unrelated to
the CKM mechanism of the three-generation Standard Moldey, will affect the mixing phase

Op = arg Mis.

With our convention[{1) the Standard Model predictiomis = arg(V;,V,%)?. B
The mass eigenstates at time 0, | B;, ) and| By ), are linear combinations of3, ) and| B, ):

lighter eigenstate: | B ) = p| By ) + q| B, )

heavier eigenstate:| By ) = p| B, ) — q| B, ), with |p|2 + |q|* = 1. (4)
We denote the masses and widths of the two eigenstates\yjth andI';, ; and define
1 r r
1—‘:—:711_2'— L7 Am:MH—ML, AF:FL_FH (5)
7'B5

While Am > 0 by definition, AI" can have either sign. Our sign convention is such fiat> 0 in
the Standard Model. By examining the eigenvalue problei efiI" /2 we find that the experimental
informationAm > I" model-independently implie$';;| < |M;2|. By expanding the eigenvalues
andq/pin 'y /Mo, we find

Am = 2|M|, AT = 2Tplcosé  and L — —giow [1-%] 6)
p

2metricg,, = (1,—1,-1,-1)
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Here the phase is defined as

M M ,
2 |22 g (7)
1—‘12 1—‘12
In () we have kept a correction in the small parameter
r
= | sin ¢, (8)
12

but neglected all terms of ord€¥, /M7 and do so throughout this paper. Sincean hardly exceed
0.01 we will likewise set it to zero in our studies &f, decays into CP eigenstates and only briefly
discuss a non-zer@in sect[3.4.

The phase is physical and convention-independentif= 0, CP violation in mixing vanishes.
In the Standard Modeb = ¢, — arg(—TI'y2) is tiny, of order 1%. This is caused by two effects:
first, I'1» is dominated by the decay — ces and (V,,V%)? is close to theB,—B, mixing phase
arg(VyV;5)?. Second, the small correction4eg(—T'y5) involving V,,, V%, is further suppressed by a
factor ofm?/m?. In the search for a sizeable new physics contributiop tikese doubly Cabibbo-
suppressed terms proportionalifp,V.*, can safely be neglected, as we do throughout this paper.

For aB, decay into some final stagg we introduce théA B| = 1 matrix elements

Ar = (f| Bs) and Ay = (f| Bs).
The key quantity for CP violation reads
q Ay
Ap = = —. 9
f p Ay ©)

The time evolution formulae and the expressions for the @magetries in the forthcoming sections
can be conveniently expressed in terms of

w L= ~ 2Im ) 2Re )\,

RV L+ A L+ A
If fisa CP eigenstat&;P| f) = +| f), then AL =£ 0 or A% # 0 signals CP violation: a non-
vanishingA&r implies|A;| # |A;|, meaning direct CP violationdZX measures mixing-induced
CP violation in the interference d8, — f andB, — f. The third quantity,AAr, plays a role, if
AT is sizeable. The three quantities obey the relation

mix __

op = and Aar = —

(10)

.12 .12 2
AL+ Az + [Aarf = 1.

The time-dependent decay rdtéB;(t) — f) of an initially taggedB; into some final stat¢ is
defined as
1 dN(Bs(t) = f)

DB = ) = 5= g (11)
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Quark decay| Hadronic decay | Remarks

b —ec5 | By — ¢
By — Y K®K®
By — po¢
By —ym
By — onf
By — 4 fo CP-odd final state
By — Xc0¢ CP-odd final state
By, — DWW+ D= D+ D; is CP-even
By — D®*T D= or DHOD)0 non-spectator decays,

DD is CP-even
b—vtud | By — K¢D"O [— ¢Kg, p°Kg, KK orntm]

Table 1: Some CKM-favoureB, decay modes into CP-specific final states. Henepresentd /v

or ¢)(2S). Decays into two vector particles or into three-body finatess with one or more vector
particles require an angular analysis to separate the €éRfewvm the CP-odd component. The final
statesDZ D:F are dominantly CP-eveli [IL6] (see sétt. 3).

Here B,(t) represents a meson at proper titnagged as &, att = 0; dN(Bs(t) — f) denotes the
number of decays aB,(¢) into the final state’ occurring within the time intervdt, ¢ + dt]; N is
the total number of3,’s produced at tim¢ = 0. An analogous definition holds fdi( B, (t) — f).
By solving the Schrodinger equatidd (3) usiflg (6), we cad firese decay rates [15]:

2
1+ |)‘f| 6—Ft

L(By(t) — f) = Ny |As]? 5

Al't , Al't .
X [cosh — + AL cos(Amt) + Aar sinh — ASE sin (Am t)] ,(12)
_ 1+ |
DB1) = 1) = A 142 L (1 gy e
ATt ATt

X |cosh —~ Agp cos(Amt) + Aar sinh

2

— AZE sin(Am t)} . (13)

HereN; is a time-independent normalization factor.

A promising testing ground for new physics contributiongig are decays into CP eigenstates
triggered by the quark decdy— ccs. Table[]l summarizes such CP-speciicdecay modes. To
estimate the size of the small Standard Model predictionsider first the decay amplitudds]17]:

2
Af,Zf 0.8 [1 + (ﬁ) ap em eiml . (14)
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Hence the weak phase factd?, which is associated with the quantitye®, is strongly Cabibbo-
suppressed by two powers of the Wolfenstein parameter |V,| ~ 0.22 [[§]. The “penguin
parametert, ¢’ measures — sloppily speaking — the ratio of penguin- todiagram-like topologies
and is loop-suppressed. Since new-physics contributmtisesse decay amplitudes have to compete
with a tree diagram, they are not expected to play a significzla. A detailed discussion for a
left—right-symmetric model can be found ifj [9]. Since we mterested in large “smoking gun”
new physics effects il3,—B, mixing, we account for the Standard Model contributionshinit
the leading order of and set{4;| = |A;|, neglecting direct CP violation. With the weak phase
bezs = arg(Vy,V5) one then finds

_ ibezs 15
1 nre (15)

Heren; denotes the CP parity of: CP| f) = n¢| f). In Table[]l we also included decay modes
driven by the quark level decdy— cud. The weak phase of these modes involves the phases of the
K andD decay amplitudes into CP eigenstates. The phases combing1g,V*,) +arg(V,4V.5 )+
arg(VysVy) = arg(Ve V), i.e. the same result as for— ces. With (@) and [Ip)\ ; reads

44y 9, (16)

Here we have identified the phase;(n; ;) = ¢u — 2¢.s With the phase defined in [[7). This is
possible, becauseg(—T'12) = 2¢2+O0(A?) and we neglect the Cabibbo-suppressed contributions.
The Standard Model contribution o= ¢gy + ¢np €qualspsy = —2nA2. Heren is the Wolfenstein
parameter measuring the height of the unitarity triangiec&our focus is a sizeable new physics
contributiongnp, We can safely negleetsy; and identify¢ with ¢xp in the following. That is, we
neglect terms of ordex? and higher. Using (16) the quantities [n}(10) simplify to

Adcilﬂ =0, 8{3‘ =nysin ¢ and Aar = —ny cos ¢. (17)

The corrections to[(17) from penguin effects can be foundLif].[ We next specify to the PDG
phase convention for the CKM matrik]19], in whialg(V.,V.%) = O(A°). Then we can sef, to
zero and identify

O = 0.
With this convention the mass eigenstates can be expressed a
1+ e 1— e
By) = — | B -~ | B2+ Ofa),
1— ¢ 1+ e
|Bi) = = —5— | B + —5— | B™) + Ola). (18)

Whenever we usB"and B4 we implicitly refer to this phase convention. If formulaedtving
Be"and B°% are used to constrain models with an extended quark sebtoptase convention
used for the enlarged CKM matrix must likewise be chosen suatarg(V,, V%) ~ 0.



3 Untagged Studies 7

3 Untagged Studies

3.1 TimeEvolution

Whereas the width differencAl" is negligibly small in theB, system, it can be sizeable féf;
mesons. This has the consequence that the untaggddta sample bears information on CP vio-
lation [20]. Further the width difference itself is sensaitito the3,—B, mixing phasep [P1], as we
can see from{6).

WhenB,’s andB,’s are produced in equal numbers, the untagged decay ratefdecays'" —
f reads

Llft] = T(Bs(t) — f) + T(Bs(t) — f)

= Ny [e T [(FI B)P + e |(f] B )] + O(a). (19)
= Ny |Af)? [1 + |Af|2] et {cosh ALt + sinh % AM} + O(a). (20)

Here the second expression is simply obtained by ad@inggd@)1B). In [I9) the same result is
expressed in terms of the mass eigenstates and nicely exhdw the decay is governed by two
exponentials. Usind (11) we can relate the overall norratin to the branching ratio:

Brlf] = %/Ooodt r[f, 1) (21)

I+ Aar AT/2
2 — (AL/2)?

N,
= Sh1AL P [T+ 107 +0(a). (22)
Conforming with [IP] we have normalized the event countmd/; + Nz = 2N, so thatBr|all] =
1. Using (2R) we rewrite[(20) as

?— (AT/2)? ATt . Al't
h—— h—— . 2
T+ An AT/ e {COS 5 + sin 5 Aar| + O(a) (23)

Now (23) is our master equation for the time evolution of teeal of an untagge®, sample. If
I' = 1/7p, is known, one could perform a two-parameter fit of the decayidution to [Z2B) and
determineATl" andAxr. The latter determinesthrough [IF), iff is a CP eigenstate from a CKM-
favoured decay. In practice, however, most data come frant §imes withAI't < 1, and one is
only sensitive to the produdkI’ - Aar:

Llft) =2 Br(f]

T[f,f] = 2 Br[f] Te ™ [1 + % Anr <t - %)} +o((are?). (24)

We return to this point in sedt. 3.3.
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3.2 TheWidth Difference AT" and Branching Ratios

The mass matrixd/;» and the decay matrik;, provide three rephasing invariant quantitiesf;,|,
I'12| and the relative phasg. In (@) we have related the two observables: and AT to | M5,
IT'2| and¢. Interestingly, it is possible to find a third observable jebhdeterminesl’;»| and thus
encodes additional information. We define

Alcp = 2|T1s] = 2 >, [D(Bs — fepy) — [(Bs — fep-)]. (25)

feXcE

Here X represents the final states containin@.&) pair, which constitute the dominant contribu-
tion to Al'cp stemming from the decay— ccs. In (£3) we have decomposed any final staiato
its CP-even and CP-odd component,) = | fop+ ) + | fep— ) @and defined

_ [(fepx |Bs)P?
[(fIBs)?

N is the usual normalization factor originating from the prapace integration. In order to prove
the second equality i (R5) we start from the definition'of:

['(Bs — fops) = Ny [{ fopx | Bs)|? [(Bs — f).

T = 2N (BB = —ZNf[ (BN FIBS) +(BJD(TIBY] . (26)

In the second equation we have paired the final $tAfewith its CP conjugatéf) = —CP| f). In
the next step we tradgfor fcp, andfcp_ and use the CP transformation

( fops |Bs) = F ¥ ( fops | Bs),

whereg s = arg(V,;, V%) is the phase of the — ccs decay amplitude, which dominat€s,. Then
(Z6) becomes

e 2t [y = Z j\/f U<fcp+ \BS>|2 — |{ fep- ‘Bs>|2}

feXcE

= > [O(By — fops) — T(Bs — fop-)]. (27)

feXcE

Interference terms involving bothfcp., | Bs) and( fcp— | Bs) drop out when summing the two terms
(Bs|f)( f|Bs) and{ B, |f){ f|Bs). In [£7) both sides of the equation are rephasing-invariant
explicit calculation of”';, reveals that the overall sign of the LHS pf|(27) is positivhjetn completes
the proof of [Zp).

Loosely speakingAI'cp is measured by counting the CP-even and CP-odd double-ctirarm
nal states inB, decays. We specify this statement in the following and eelsf’'cp to mea-
sured observables in se€t. 3]3.2. Our formulae become mameparent if we adopt the stan-
dard phase convention witlrg(V,,V%) ~ 0 and use the CP-eigenstates defined[jn (2). With
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| By) = (| B"*") + | B))/v/2 one easily finds fron{(27):
Al'cp = 2|T'y5| = T (B®e") — T'(B%). (28)

Here the RHS refers to the total widths of the CP-even and @@P#) eigenstates. We stress
that the possibility to relatél’;,| to a measurable quantity ifi (25) crucially depends on the fac
thatI';, is dominated by a single weak phase. For instance, the fiat# Kt K~ is triggered
by b — wuus and involves a weak phase different fram— ccs. Although K+ K~ is CP-even,
the decayB®® — K+K~ is possible. An inclusion of such CKM-suppressed modes (B%)
would add interference terms that spoil the relation to meskquantities. The omission of these
contributions td’;, induces a theoretical uncertainty of order 5% [on} (28).

In the Standard Model the mass eigenstatef In (18) coinditlethre CP eigenstates (with;, =
B®® andATl'sy = AT'cp. The effect of a non-zer8,—B, mixing phasep reducesAT™:

A = Al'cp cos ¢, (29)

while AT'cp = 2|I'15| is not sensitive to new physics. From the calculdfggdwe can predict to
which extentl’ (B&®") exceedd (ijdd) and this result does not change with the presence of a
non-zerop.

The theoretical prediction fakI'cp is known to next-to-leading order in bottycp /m,, [B4] and
the QCD couplingy, [3]. It reads

Alcp _ < IB,

2
T 945 Mev> [(0.234 £ 0.035) Bs — 0.080 + 0.020]. (30)

Here the coefficient oBs has been updated ta, (m;) +m,(m;) = 4.3 GeV (in theMS scheme) and
fB. is the B, meson decay constant. Recently the KEK—Hiroshima groupesded in calculating
fB, inan unquenched lattice QCD calculation with two dynamfieathions [2#]. The resultigs, =
(245 £ 30) MeV. Bg parametrizes the relevant hadronic matrix element, Wigh= 1 in the vacuum
saturation approximation. A recent quenched lattice ¢afimn has yielded3s = 0.87 & 0.09 [PH]
for the MS scheme. A similar result has been found [n][26]. This analylsowever, calculates
AT after normalizing [(30) to the measured mass difference énBf-B, system. This method
involves|V,4|, which is obtained from a global CKM fit and thereby relies ba Standard Model.
Since the target of our analysis is new physics, we cannothes@&umerical prediction foAl’
of [2§]. At present, studies dBs are a new topic in lattice calculations and we can expectanhal
improvements within the next few years. With these numbeesfmds from [(30):

ATl'cp

= 0.12 = 0.06. (31)

Here we have conservatively added the errors from the twicdaguantities linearly.
SinceAl'¢p is unaffected by new physics add'«p > 0, several facts hold beyond the Standard
Model: i) There are more CP-even than CP-odd final statés idecays. ii) The shorter-lived mass
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eigenstate is always the one with the larger CP-even conmpamégfI8). Its branching ratio into a
CP-even final stat¢-p exceeds the branching ratio of the longer-lived mass etgenstofcp., , if
the weak phase of the decay amplitude is closegd/.,V.%. Forcos ¢ > 0 By has a shorter lifetime
than By, while for cos ¢ < 0 the situation is the oppositg J21]. iii) Measurements basedhe
comparison obranching ratiosnto CP-specific final states determidd’cp rather thanAI'. Such
an analysis has recently been performed by the ALEPH caitdiom [2T]. ALEPH has measured

2 Br[DW+ DM = 0.26707 (32)
and related it ta\I'cp. For this the following theoretical input has been ugedl:[16]

i) Inthe heavy quark limitn. — oo and neglecting certain terms of ordetV, (whereN,. = 3
is the number of colours) the dec&g?® — DF D:7 is forbidden. Hence in this limit the final
state inBY" — DZD:*¥ is CP-even. Further iB!" — D** Dz~ the final state is in an S-wave.

ii) In the Shifman—Voloshin (SV) limitn, — oo with m;, — 2m. — 0 [B8], AT'cp is saturated
by I'(BY" — D™+ D) =), With i) this implies that in the considered limit the width 5°4
vanishes. FolN, — oo and in the SV limit2I'(BY" — D™+ D)) further equals the parton
model result forAT'¢p (quark-hadron duality).

Identifying I'(B&e" — D+ D&)~) ~ ATl'cp andl'(B%% — DX+ D) =) ~ 0 we find:

2 Br[D*+ D] ~ Algp | L2050 1 coscbl _ Aler {1 o) (Eﬂ .

2T, - 2Ty r r

Thus the measurement if [32) is compatible with the thezakefirediction in [31). Fop = 0,
the expression used in Ref.J27], in which the Standard Maedehario has been considered, is
recovered. The term in square brackets accounts for thehfacin general the CP-even eigenstate
| Be®") is a superposition dfB;, ) and| By ). Itis straightforward to obtaid (B3): insertinig [18) into
(@) expresseE|[f, t] in terms of ['(B®®" — f) andT'(B° — f). After integrating over time the
coefficient of'(B*" — f) is just the term in square brackets [in](33).

When using[(33) one should be aware that the correctionsetbrttits i) and ii) adopted in[[]6]
can be numerically sizeable. For instance, in the SV limgteéhare no multibody final states like
DD X,, which can modify[[33). As serious would be the presence iieable CP-odd component
of the D{* D~ final state, since it would be added with the wrong sighfap in 3). A method
to control the corrections to the SV limit experimentallpi®posed in secf. 3.3.2. We further verify
from ([@3) that the measurement 8f-[D{*+ D) -] determinesAT'cp. Its sensitivity to the new
physics phase is suppressed by another factor®F /T" and is irrelevant in view of the theoretical
uncertainties.

(33)

3.3 Determination of AT and | cos ¢|

There are two generic ways to obtain information/onh:
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i) The measurement of thB, lifetime in two decay modes" — f; andB!" — f, with

Aar(f1) # Aar(f2).
i) The fit of the decay distribution aB;" — f to the two-exponential formula ifi (23).

As first observed in[[21], the two methods are differentlyeaféd by a new physics phage# 0.
Thus by combining the results of methods i) and ii) one caarde@hee. In this section we consider
two classes of decays:

e flavour-specific decays, which are characterizedlby= 0 implying Aar = 0. Examples are
B, — D;n" andB, — X( "y,

e the CP-specific decays of Taljle 1, witthr = —7; cos ¢.

In both cases the time evolution of the untagged sample )nig2®t sensitive to the sign &I (or,
equivalently, ofcos ¢). For the CP-specific decays of Table 1 this can be seen byimgthat
|AT| ¢

ATt
Aar SinhT = — 1y | cos ¢| sinh 5

Here we have used the fact thial® andcos ¢ always have the same sign, becandép» > 0. Hence
the untagged studies discussed here in §edt. 3.3 can oriyndee| cos ¢| and therefore lead to a
four-fold ambiguity in¢. The sign ambiguity ircos ¢ reflects the fact that from the untagged time
evolution in (2B) one cannot distinguish, whether the heraet the lighter eigenstate has the shorter
lifetime (however, see sect. 5).

In order to experimentally establish a non-z&xd' from the time evolution in[(23) one needs
sufficient statistics to resolve the deviation from a sirgtponential decay law, s€e24). As long as
we are only sensitive to terms linearAi’ t andAI'/T', we can only determingar A" from (£23).
Aar AT vanishes for flavour-specific decays and equajs Al cos ¢ for CP-specific final states.
Hence from the time evolution alone one can only deterndiiiecos ¢ in the first experimental
stage. This determination is discussed in dect.]3.3.1. @wcstatistical accuracy is high enough to
resolve terms of ordeAT')?, one can determine botAI'| and| cos ¢|. Fortunately, the additional
information from branching ratios can be used to find'| and| cos ¢| without resolving quadratic
terms inATl'. The determination ofAT’'| and| cos ¢| is discussed in sedt. 3.8.2.

3.3.1 Determination of I' and AT cos ¢

Lifetimes are conventionally measured by fitting the dedatrithution to a single exponential. Con-
sider a decay which is governed by two exponentials,

Llf, ]+ Tf ¢
2

— Ae—rLt + Be—FHt

= ¢ |(A+ B) cosh % + (B — A)sinh % : (34)
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but fitted to a single exponential
Flf,t]=Tye st (35)

In (B4) we have averaged ovgrand its CP-conjugaté. Of course the coefficients depend on the
final state:A = A(f), B = B(f). A maximum likelihood fit of [3p) converges tp [31]

AT+ B/T'y
I AJT% + B/T% (36)
We expand this to second orderAi™:
B A—B AT 2AB (AI)? (AT)?
b=+ 24582 " Gspe 71 +O< ) (37)

In flavour-specific decays we have= B (see [ZB)). We see fror (37) that here a single-exponential
fit determined” up to corrections of ordehI™ /T2

Alternatively, one can use further theoretical input anpleitthatl's, /I's, = 1 + O(1%) from
heavy quark symmetn[]22,P9,]30]. This relation can theretme used to pinpoirit in terms of
the well-measured, lifetime. New physics in the standard penguin coefficieritthe effective
AB = 1 hamiltonian only mildly affect$'s, /T' 5, [BQ]. The full impact of new physics ong, /T'5,,
however, has not been studied yet.

With (Z3) and [34) we can read off and B for the CP-specific decays of Talle 1 and find
A(fep+)/B(fep+) = (1 + cos @) /(1 — cos ¢) and A(fep—)/B(fep-) = (1 — cos @) /(1 + cos ¢)
for CP-even and CP-odd final states, respectively. Our kantify for the discussion of CP-specific
decaysB." — fcp IS

ATtp = —npAar AT = AT cos¢ = Alcp cos® ¢. (38)
With this definition [3}) reads for the decay ratep ,, measured irBX" — fcp:

Al 5 (AD)? (AD)?

FCP,nf =1 + T]fT—Sln (bT + O ? .

That is, to first order iMAI', comparing theB:" lifetimes measured in a flavour-specific and a CP-
specific final state determinesl',,. Our result agrees with the one inJ21], which has found (38)
by expanding the time evolution i {34) ar[d](35) for small ¢. Including terms of ordefAr)?,
lifetime measurements in a flavour-specific deéd§ — fi, determine[[31]:

_ (AD)? (AD)?
I =T — 5T +O< T )
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This impliesI's; < I'. Despite the heavy quark symmetry prediction /I's, ~ 1, a largeAl leads
to an excess of thB, lifetime measured iB" — f;, over theB, lifetime [B1]. From (3}) one finds

AT AT AT')3
FCP,nf — Ffs = 2CP <T}f + %) + O <( FQ) ) . (39)

Hence for a CP-even (CP-odd) final state the quadratic davrescenlarge (diminish) the difference
between the two measured widths. A measuremertidf, at Run-II of the Tevatron seems to be
feasible. The lifetime measurement in the decay mBfle— .J/1)¢ has been studied in simulations
[B3,[33]. This decay mode requires an angular analysis taragpthe CP-odd (P-wave) from the
CP-even (S-wave and D-wave) components. The angular ém@dydiscussed in sedt. #.2. With
2 fb~! integrated luminosity CDF expects 4000 reconstrud®t — J/vy[— pupé events and
a measurement aAI';,, /I" with an absolute error of 0.052. This simulation assumesliha
(AT)?/(2I') (see [3]7)) will be measured from flavour-specific decays wittaccuracy of 19433]
and uses the inpukI';,, /T" = 0.15. When combining this with other modes in Taple 1 and taking
into account that an integrated luminosity of 10—20'fis within reach of an extended (up to 2006)
Run-II, the study ofAT'(,, at CDF looks very promising. The LHC experiments ATLAS, CMtila
LHCb expect to measur&I'i,, /" with absolute errors between 0.012 and 0.018¥6¢,, /T" = 0.15
[B4]. An upper bound of\I';,,, would be especially interesting. If the lattice calculagcentering
B1) mature and the theoretical uncertainty decreasespp@ribound onfATl'i,,| may show that
¢ # 0,7 through

Al'ep
ATl'cp

Note that conversely the experimental establishment ohazeooAl'(., immediately helps to con-
strain models of new physics, because it excludes valuésaobundr /2. This feature even holds
true, if there is no theoretical progress|[in](31).

The described method to obtaixl',, can also be used, if the sample contains a known ratio
of CP-even and CP-odd components. This situation occursredgcays ta//vy¢, if no angular
analysis is performed or in final states, which are neithe@otlaspecific nor CP eigenstates. We
discuss this case below in sect. 3.3.2 Wit — DI D®F, A measurement of the, lifetime in
B! — J/1¢ has been performed i [35], but the error is still too larggdm information oM\ I'¢p.
Note that the comparison of the lifetimes measured in CPrevel CP-odd final states determines
ATt up to corrections of ordgrAT/T')3.

= cos? ¢. (40)

3.3.2 Determination of |AT'| and | cos ¢|

The theoretical uncertainty i (31) dilutes the extractidn cos ¢| from a measurement akI';,,
alone. One can bypass the theory predictior] ih (31) alt@gdiir measuring botthI';, and|AT|
and determinécos ¢| through
ATp
| AL

= | cos @|. (41)
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To obtain additional information oAI' and¢ from the time evolution in[(23) requires more statis-
tics: the coefficient of in [24), A" Aar/2, vanishes in flavour-specific decays and is equal to
—nAl'Gp/2 in the CP-specific decays of Taljle 1. Therefore the data sampst be large enough

to be sensitive to the terms of ordekI' ¢)? in order to get new information oAT" and¢. We now

list three methods to determifAl'| and| cos ¢| separately. The theoretical uncertainty decreases
and the required experimental statistics increases frothadel to method 3. Hence as the collected
data sample grows, one can work off our list downwards. Tkerfiethod exploits information from
branching ratios and needs no information from the quatdfati™ ¢)* terms.

Method 1: We assume thaAI'i, has been measured as described in 3.3.1. The method
presented now is a measurementdf.p using the information from branching ratios. Wifh}(40)
one can then findcos ¢| and subsequenthAT’| from #3). In the SV limit the branching ratio
Br[D®*D®~] equalsAl'cp/(2I') up to corrections of ordeAT'/T", as discussed in sedf. B.2
[[L8]. Corrections to the SV limit, however, can be sizeabdet we stress that one can control the
corrections to this limit experimentally, successivelghang at a result which does not rely on the
validity of the SV limit.  For this it is of prime importance tetermine the CP-odd component
of the final stateD= D*F and D" D*~. We now explain how the CP-odd and CP-even component
of any decayB!" — f corresponding to the quark level transitibrn- ccs can be obtained. This
simply requires a fit of the time evolution of the decay to ayerexponential, as iff (B5). Define
the contributions of the CP-odd and CP-even eigenstatk te> f:

DB — f) = Ny (I BI*)P, DB = f) = Ny [(FIBINE. (42)

It is useful to define the CP-odd fractian by

2 — 2

(Bodd _, B B
(B ) _ B [ABE 3

F(Bgven_> f) B |<f| Bse"e”)|2 ‘<7| Bgven) 2 1— {L’f.

The time evolutionT'[f, t] + I'[f, t]) /2 of the CP-averaged untagged dedz§) — f, f is governed
by a two-exponential formula:

L[f, 1] +T[f,1]
2

= A(f)e "™+ B(f)e . (44)
With (L8) and [IP) one finds
A =21 B + 2017 B

~ 1+cosg
2

1 —cos¢

F(sten_) f) + 5

DB — f)
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B(F) = 22111 B + 2011 B

~ 1—cos¢

Ermee - )

+ ———T(B%% = f). (45)
With (#3) we arrive at

A(f) (14 cosp)I(Bg®" — f) + (1 —cos $)I'(B%Yd — f) 1+ (1—2x5)cos¢ (46)
B(f) (1 —cos¢)l (B2 — f)+ (1 +cosg)['(B%% — f) 1 —(1—2x)cose
In @3) and [4p) it is crucial that we average the decay rateBf" — f and the CP-conjugate
processBY" — f. This eliminates the interference teri°%|f)( f | B&e", so thatA(f)/B(f)
only depends om;. The single exponential fit witlf (B5) determinEs. Equations[(37) and (#6)

combine to give
2(T;—T)=(1—-2x;)Al cos¢p = (1 —2z4) Alcp cos’¢ = (1 —2x;) Algp  (47)

up to corrections of ordefAI')?/I". In order to determine; from (@7) we need\I';, from the
lifetime measurement in a CP-specific final state likeD; or from the angular separation of the
CP components iB"" — 1)¢. The corrections of ordgiAT")? /T to ([@7) can be read off fronf (B7)
with (Ag) as well. Expressing the result in termdgfand the ratd’;; measured in flavour-specific

decays, we find
Ff — Ffs Ff - Ffs} (AF>2
1—2z,=2-1 "5 |1 91 5 , 4
Ty ATL T +0 < I (48)

In order to solve fol (Be" — f) andl'(B%% — f)we also need the branching rafi | f]+ Br[f].
Recalling [2R) one finds from (#4) and [45):

Br(f] + Br[f] = Nﬁmﬁﬂlz$w+1;f¢

[1 — cos ¢ n 1+ cosq]
ol 2Ty |
By combining [43) and[{49) we can solve for the two CP comptsien

+T(B% — f) (49)

1—Z’f
or — Ty

D(BS™"— f) = [1* = (AT/2)*] (Br[f] + Br[f))

= (1) (Brlf)+ Br(f]) T+ O(AT)

Ly
o — I

DB — f) = [I? = (AT/2)°] (Br[f]+ Br[f])

=z (Br[f] + Br[f]) I' + O(AL).
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From (Z8) we now find the desired quantity by summing over adllfstatesf:
1-2 Xy

Alcp = T (BP*™) =T (B*) =2 [ = (AT/2)] 32 Brif) gp—

fEXcE

(50)

—or Y Brlf](1-24) [1 L0 (gﬂ . (5D
feXee I

It is easy to findAI'cp: first determinel — 2z, from (#8) for each studied decay mode, then in-
sert the result into[($0). The small quadratic tefxl’/2)?> = ATcpAl'p/4 is negligible. This
procedure can be performed 81D D:¥| and Br[D:* D?~] to determine the corrections to the
SV limit. In principle the CP-odd P-wave component®f[D** Dx~] (which vanishes in the SV
limit) could also be obtained by an angular analysis, bug hidifficult in first-generation experi-
ments at hadron colliders, because the photon ftéym— D,y cannot be detected. We emphasize
that it is not necessary to separate g+ D)~ final states; our method can also be applied to
the semi-inclusiveD "+ D*)F sample, using\I';,, obtained from an angular separation of the CP
components inB!" — ¢. Further one can successively include those double-chaiah States
which vanish in the SV limit into[(30). If we were able to restmuct allb — ccs final states, we
could determine\I'p without invoking the SV limit. In practice a portion of theBeal states will
be missed, but the induced error can be estimated from tmeatmns to the SV limit in the mea-
sured decay modes. By compariag'cp and AT, one finds| cos ¢| from (#Q). The irreducible
theoretical error of method 1 stems from the omission of C&iNbpressed decays and is of order
2|vubvus/(‘/cbvcs)| ~ 5%'

Method 1 is experimentally simple: at the first stage (redyon the SV limit) it amounts to
counting theBY" decays intoD(*)+D{)~. A first simulation indicates that CDF will be able to
separate thé3, decay modes int& D;, D:*DF andD;* D~ [Bg]. The corrections to the SV
limit are obtained by one-parameter fits to the time evolutd the collected double-charm data
samples. This sample may include final states from decay snwlieh vanish in the SV limit, such
as multiparticle final states. No sensitivitytal' ¢)? is needed. A further advantage is thsf cp is
not diminished by the presence of new physics.

Method 2: In the Standard Model the decay into a CP eigensfateis governed by a single
exponential. If a second exponential is found in the timdwan of a CKM-favoured decay." —
fcp, this will be clear evidence of new physi¢s]20]. To this erelmust resolve the time evolution
in 23) up to order( AT )2, At first glance this seems to require a three-parameter fhealata,
becausé’[f, t] in (Z3) depends ol, AI" and (through4ar, see [[I]7)) om. It is possible, however,
to choose these parameters in such a way that one of thens e, t] at order(ATl’)?, with
negligible impact. The fit parameters dreandY’. They are chosen such that

/

T[feps,t] = 2 Br[fepy) Te T [1 +Y It (—1 + %) + 0 ((Ar)?’)] : (52)
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Here we have considered a CP-even final state, for which adot hata are expected than for CP-
odd states. Wit ($2) we have generalized the lifetime fitrmeétdescribed in se¢t. 3.B.1 to the order
(AT t)%. A non-zeroY signals the presence of new physics. The fitted FandY are related to
I', AT and¢ by

(AT)?
- AT"2

cos ¢
2

sin? ¢, I'=T(1-Y)+ AT. (53)

Note that for| cos | = 1 the ratel” equals the rate of the shorter-lived mass eigenstate and the
expansion in[(32) becomes the exact single-exponentiaiflar. After determinind” andY we

can solve[(d3) fol’, AT' and¢. To this end we need the widif, measured in flavour-specific
decays. We find

an = 2Ty [0 ()] 1= e G o ((F))

r 2’ r

AT, = 2[' =T(1-Y)] [Ho((%)z):, sing| = 2LV [1+O<%>}(54)

The quantityAI'i,,, which we could already determine from single-exponefiitigyl is now found
beyond the leading order iAT'/T". By contrastAI' and|sin ¢| in (E4) are only determined to the
first non-vanishing order ilAI"/T".

In conclusion method 2 involves a two-parameter fit and needsitivity to the quadratic term
in the time evolution. The presence of new physics can bekewdéromY # 0 and does not require
to combine lifetime measurements in different decay modes.

Method 3: Originally the following method has been proposed to deteerAl'| [2Q,[21]: The
time evolution of aB." decay into a flavour-specific final state is fitted to two expuia¢s. This
amounts to resolving the deviation @fsh(AT'¢/2) from 1 in (Z3) in a two-parameter fit fdr and
|AT|. If one adopts the same parametrization af ih (B2ndY” are obtained fron{ ($3) by replacing
¢ with 7/2. The best suited flavour-specific decay modes at hadromeddliareB" — D)+ 7T,
BY" — DWErFatr—andBY — DM X ¥y, Depending on the event rate in these modes, method
3 could be superior to method 2 in terms of statistics. On therdhand, to find the “smoking gun”
of new physics, theAI'| obtained must be compared ., from CP-specific decays to prove
| cos ¢| # 1 through [4]L). Since the two measurements are differenfidetEfd by systematic errors,
this can be a difficult task. First upper bounds|dd’| using method 3 have been obtained[if [37].

The L3 collaboration has determined an upper bguxid /I" < 0.67 by fitting the time evolution
of fully inclusive decays to two exponentials [38]. This mmed is quadratic iMAI' as well. The
corresponding formula for the time evolution can be simgyamned from [(34) withA = I';, and
B =Ty.
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3.4 CPViolation in Mixing and Untagged Oscillations

In the preceding sections we have set the small paramete(@) to zero. CP violation in mix-
ing vanishes in this limit. The corresponding “wrong-sigdP asymmetry is measured in flavour-
specific decays and equals
['(B,(t —T(B,(t) — f _ _
o = LBH =N =TBOH=F) _ for A;=0 and |4/ =[A5. (55)
[(By(t) = f) + T(Bs(t) — f)
A special case afy, is the semileptonic asymmetry, whefe= X/*v. A determination of: gives
additional information on the three physical quantitiég,|, |I";2| and ¢ characterizingB,—B,
mixing. MeasuringAm, Al'cp, Al't,p anda overconstrains these quantities.
The “right-sign” asymmetry vanishes:

[(B,(t) — f) = T(Bs(t) — f) = 0 for A;=0 and |Af|=]|A7]. (56)
This implies that one can measurg from untaggeddecays. This observation was already made
in [B9]. It is easily verified from the sum of (].2) anfl [13) thatordera the time evolution of
untagged decays exhibits oscillations governed\y. Sincea is small, one must be concerned to
which accuracyA;| = |Z?| holds in flavour-specific decays in the presence of new phystor
example in left—right-symmetric extensions of the Stadddodel, small CP-violating corrections
to the decay amplitude could eventually spoil this relatibthe few per mille level. Further, a small
production asymmetry = Nz/Np — 1 also leads to oscillations in the untagged sample. To first
order in the small parametetse and|A;|/|A7| — 1 one finds

aunt _ F[fv t] - F[za t]
S T[]+ T(f
_ | Af[? — [A7]? a a+e cos(Amt)
AR+ R 2 cosh(AT't/2)

for A;=0 and |Af = [Af. (57)

For |A;| = [A7| ande = 0 one recovers the formula derived [n][39]. Note that the potida
asymmetry betwee, and B, cannot completely fake the effect of a non-zerin (57): while
botha # 0 ande # 0 lead to oscillations, the offset from the constant termaatBs new CP-
violating physics either iB3,—B, mixing (througha # 0) or in the studied decay amplitude (through
|Af| # \X?D. The latter effect, which is theoretically much less likelan be tested if8* decays
and can therefore be disentangled fran# 0.

The ratioAlcp /T < 0.22 from @1) and the current experimental linditm > 14.9 ps~! [AQ]
imply that|a| < 0.01. CDF expects sufficiently many reconstruct8fl’ — D®*7F and BY" —
DWEr¥r+r~ events at Run-Il after collecting 2 fh of integrated luminosity to achieve a statistical
error at the few permille level. Frorf](8) ar{dl (6) we can retate |AL'|, Am and¢:

|AT'| sin¢
a=—— :
Am | cos ¢|
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Note, however, that the measurement of the sigm @étermines the sign afn ¢. This reduces the
four-fold ambiguity ing from the measurement ofos ¢| to a two-fold one. It is interesting that,
at ordera, without tagging one can in principle gain information whiatherwise requires tagged
studies. Of coursein ¢ can be measured more directly from tagged decays, as destusshe
forthcoming sectiof]4.

4 Tagged Decays

4.1 TheCP-Violating Observablesof B, — D} D and J/+ n")

For aB, decay into a CP eigenstafethe B,—B, oscillations lead to the following time-dependent
CP asymmetry:

acp(t) = ['(By(t) — f) — T(By(t) — f) _ AL cos(Am t) + ABE sin(Am t) (58)
T DB — f)+D(B(¢) — f) cosh (AT't/2) + Aarsinh (AT'/2)°

Here the mass and width differencen and AT can be found in[{5) andldy, A% and Aar have
been defined i (30). We have set the small paramdte(@) to zero and will continue to do so. The
final statesB, — D D7, ¢ n"), ¥ f, or x.o¢ in Table[1 are CP eigenstates. Their CP eigenvajue
reads)+ p- = Nyy = Mgy = +1 aNAd0y 5, =0y, = —1. With ([L4) we then find from[(38):

ngsin ¢ sin(Amt)
cosh (AT t/2) — ny| cos | sinh (|AL| t/2)

acp(t) = — (59)

SinceATI andcos ¢ have the same sign (s€¢€](29)) we could replace these qeattitheir absolute
values in the denominator of (59). This displays that the igmity in the sign ofcos ¢ cannot
be removed by measuring-p. Its measurement determingia ¢ and leaves us with a two-fold
ambiguity ing. Then we still do not know whether the heavier or lighter meigenstate is shorter-
lived. The resolution of this ambiguity will be discussedSectiorp.

4.2 The CP-violating Observablesof B, — J/v ¢ and D** D*~

The situation in the decayg, — .J/¢ ¢, which is very promising forB-physics experiments at
hadron machines because of its nice experimental signasuasebit more involved than in the case
of the pseudoscalar—pseudoscalar mags~ DF D7 and.J/v¢ 1", since the final state is an ad-
mixture of different CP eigenstates. In order to disentatigem, we have to make use of the angular
distribution of the decay products of the decay ch@in— J/¢[— [*T17] ¢[— K+ K], which can

be found in [TL[T2]. In that paper, also appropriate werghfunctions are given to extract the
observables of the angular distribution in an efficient wanT the experimental data. For an ini-
tially, i.e. at timet = 0, presentB,-meson, the time-dependent angular distribution can betemnri



20 In Pursuit of New Physics witl, Decays

generically as
f(0.2,9:1) =32 0W (1) g(6, 0, ), (60)
k

where we have denoted the angles describing the kinemdtibs decay products of /¢) — 71~
and¢g — KTK~ by ©, ® and¥. The observable®™*)(¢) describing the time evolution of the
angular distribution[(§0) can be expressed in terms of reanaginary parts of certain bilinear
combinations of decay amplitudes. In the case of decaystiiovector mesons, such &% —
J/¢ ¢, it is convenient to introduce linear polarization ampdiés Ay (t), A;(t) and A, (¢) [£T].
WhereasA | (t) describes a CP-odd final-state configuration, batft) and A (¢) correspond to CP-
even final-state configurations. The observabil€sd(t) of the corresponding angular distribution are
given by

[Ap(F with  f e {0, ], L}, (61)
as well as by the interference terms
Re{A5(t)Ay(t)} and Im{A}(t)AL(t)} with fe€{0,][}. (62)

For our consideration, the time evolution of these obsdeglays a crucial role. In the case of the
observableq (61), which correspond to “ordinary” decaggatve obtain

|Ag(t)[* = |Ap(0)|*e™™ |cosh At | cos ¢| sinh |A2F|t + sin ¢ sin(Amt) (63)
|A(t)]> = |A(0)]*e™"" |cosh Art | cos ¢| sinh% + sin ¢ sin(Am ) (64)
|AT| ¢

+ | cos ¢| sinh

|AL(t)]? = |AL(0)]%e lcosh Al't — sin ¢ sin(Am t)] , (65)

2
whereas we have in the case of the interference tdrms (62):

Re {A5(t) A (1)} = [40(0)] |4)(0)] cos(dz — 61) e

|AT|t
2

« lcosh ALt | o5 | sinh + sing sin(Am t)] (66)
tin (A} (01 AL (0)} = | A4,(0)] | AL (0)] ™

x [Sin 5y cos(Amt) — cos6y cosé sin(Amt) — cosdy sin ¢ sinh %} 67)
Im {AG(1) AL ()} = [Ao(0)]|AL(0)] e~

X [sin dy cos(Amt) — cosdy cos ¢ sin(Amt) — cosds sin ¢ sinh %} (68)
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In (£8)—(68).0: andd, denote CP-conserving strong phases, which are definedassdL] [12]:
oy = arg{ A (0)"AL(0)}, 6, = arg{A4e(0)" AL (0)}. (69)

The time evolutions[(63)f(8) generalize those giver[T [[41 to the case of a sizeable,—B,
mixing phasey to cover the pursued case of new physics. A further genataliz taking into
account also the small penguin contributions can be fouff@h It should be emphasized that new
physics manifests itsetfnly in the observable®*)(¢), while theg®)(©, ®, ¥')’s are not affected.

We may use the same angles® andV to describe the kinematics of the decay products of the
CP-conjugate transitioB, — .J/¢ ¢. Consequently, we have

7(0,8,9:t) =S 0" (1) g¥(0,®, ). (70)
k

Within this formalism, CP transformations relatilg — [/ ¢]; to By — [J/v ¢]; (f€{0,], L})

are taken into account in the expressions for@he (¢) ando™ (t), and do not affect the form of
the ¢*)(©, ®, ¥). Therefore the same functions” (0, ®, ¥) are present in[(§0) and (70) (see

also [43[4}4]). The CP-conjugate observaifit¥ (t) take the following form:

ATt ATt
— |cos¢|sinh| |

[Ag(1)]? = | Ap(0)|%e™ -COSh — sin ¢ sin(Am t)_ (71)

[Ay)* = 41 (0)[Pe™" |cosh Al't |A§|t

— | cos ¢| sinh — sin ¢ sin(Amt) (72)

AL (t)]* = |AL(0)]2e"" [cosh% + | cos @| sinh |Ag|t + sin ¢ sin(Amt)] (73)

Re {Ag(t)A) ()} = [Ao(0)] |Ay(0)] cos(dz — 1) ™"

AL ¢
2

X lcosh At | cos ¢| sinh — sin ¢ sin(Am t)] (74)

Im { A} ()AL (t)} = |4 (0)] [AL(O)] ™™

ATt

X |— sindy cos(Amt) + cosdy cos ¢ sin(Amt) — cosdy sin ¢ sinh T}GS)

Im {A ()AL ()} = [Ao(0)] [AL(0)[ €™

X {— sin ds cos(Amt) + cosdy cos ¢ sin(Amt) — cosdy sin ¢ sinh %}(76)
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Note that one can determing d; o, cos(d; — d2), sin ¢, cos J; cos ¢, Am and|AL'| from [©3)-(79).
Usingcos(dy — d1) = cos d; cos do + sin 07 sin 0, in (68) and [7W) one realizes that these equations
are invariant, if the signs afos ¢, AI', andcos ¢, » are flipped simultaneously. Hence an overall
two-fold sign ambiguity persists and the signco§ ¢ remains undetermined.

The time evolution of the full three-angle distribution bktproducts of the decay chalf, —
J/Y[— IT17]¢[— KTK~] provides many interesting CP-violating observable$ [22, 4 The
expressions for three-angle angular distributions carbaimed by inserting (§B-F6) into Egs. (64)
and (70) of [1R].

The situation is considerably simplified in the case of the-angle distribution, which takes the
following form [[L1,[12]:
dl'(t)
dcos©

3 3
o (Ao + A1) %) 3 (14 cos®>O) + |AL(t)? 2 sin? @ . (77)
Here © describes the angle between the decay direction oftrend thez axis in the.J /¢ rest
frame; thez axis is perpendicular to the decay planeof- K+ K~. With the help of this one-angle
distribution, the observablés,(t)|> + |4 (t)|* and| A, (t)|?, as well as their CP conjugates, can be
determined. They provide the following CP asymmetries:

[Ao(t) + A (0)P] ~ [I40@P + 140 _sing sin(Am) 78)
@ + [ 0] + [ A0 + A4y (1)[2]  cosh(AT't/2) — [ cos @[ sinh(JAT|/2)
AL = AL sin ¢ sin(Amt) (79)

AL ()2 +|AL(t)]2  cosh(AT't/2) + | cos ¢| sinh(JAT|t/2)

In contrast to these CP-violating observables, untaggedsdanples are sufficient to determine the
following quantities:

(146 + |4y (1) 2] + [[Ae () + [y ()]

— | cos ¢| sinh (80)

= 2 [[A(0)]* + |4y (0)"] 7 [COSh 5 |AP|t]

AL+ [AL@®)]? = 2|AL0) e lcosh Alt + | cos ¢| sinh (81)

|AT| t]
Sinceg is tiny in the Standard Model, a striking signal of new-plegsiontributions td3,—5, mixing
would be provided by a sizeablen ¢ either from a fit of the tagged observablgg (63) F (68), (71) —
(78), or from the CP-violating asymmetries [n](59),](78) &A8), or if the untagged observables
(B0) and [8]1) should depend bmo exponentials. Note that ifi (BO) the coefficientofh(|AT'|¢/2)

is always negative. Phrased differently, the coefficiehefexponentiadxp(—(T" 4 |AT'|/2)¢) with
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the larger rate is always larger than the coefficientsgf( —(I" — |AT'|/2)¢). In 1) the situation is
reversed. This feature can be used as an experimental mortsisheck, oncAl™ # 0 is established.

Let us finally note that the formalism developed in this sghea applies also to the mode, —
DT D=, where the subsequent decay of thg“-mesons is predominantly electromagnetic, i.e.
D** — D#*~. The corresponding angular distribution can be foundTh2). The analysis of this
decay requires the capability to detect photons and appebesconsiderably more challenging than
that of B, — J/4 ¢, which is one of the “gold-plated” channels fBrphysics experiments at hadron
machines. HigheD, resonances exhibiting all-charged final states, for ircgtdn,; (2536)" —
D*t[— Dr*] K, may be more promising in this respet][44]. If photon détects not possible,
one can still distinguistb**’s from D=’s through the energy smearing associated with the escaped
photon [3B]. Then one can use the lifetime method introduneskect.[3.3]2 to find the CP-odd
fractionz (x | A (0)|?) and the CP-even fraction— = (o< |A4y(0)|* +]A;(0)[*) of the D:* D~ data
sample through[(47). It # 1/2 there are still non-vanishing CP asymmetries, althougi #ne
diluted by1 — 2z. The corresponding formula for the CP asymmetry of this Wweid average of
CP-even and CP-odd final states can readily be obtained B8)n({E%b) and[(41)£(T3):

I
I

(t) = Dy D:™) = I(Bs(t) — D D:™)
(t) = Dzt D) + I(By(t) — Dt D)

B,
B,

—(1 — 2x) sin ¢ sin(Amt)
cosh(AT't/2) — (1 — 2x) | cos ¢|sinh(|]AT|¢/2)

(82)

The same procedure can be done with fheD:F data sample or any other of the decay modes in
Table[].

A complete angular analysis for the three-body decays ireldlis more involved than the
analysis forB, — ¢. For example inB;, — ¢ KsKg, the Kg pair does not necessarily come
from a vector resonance and could be in an S- or D-wave or esa dlarger angular momentum.
In such cases one might restrict oneself to a one-anglevieesity analysis of[[45] or even satisfy
oneself with the diluted asymmetries [n}(82).

5 TheUnambiguous Deter mination of ¢

While sin ¢ can be measured by conventional methods, this section shatsversign(cos ¢) can

be determined. That determination is important for varicasons. It is not only necessary for
a complete extraction of magnitude and phase of the new ghygsintributions ta3,—B, mixing,

¢ must also be known to extract the CKM angldrom B, — D¥KT. Even ifsin ¢ is found to

be consistent with zero, the determinationséjn(cos ¢) is necessary to distinguish the Standard
Model predictioncos ¢ ~ 1 from cos ¢ ~ —1. In the advent of new physicsign(cos ¢) completes
our knowledge about. There are several methods to extragto.
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Method 1. The previous section revealed that angular correlatiotieswof B, — ¢ determine
cos 0; CoS ¢. (83)

Oncesign(cos d;) is known, sign(cos ¢) follows immediately. The former can be deduced from
theory, once first-principle calculations &f have progressed sufficiently J46]. Alternatively, one
can infersign(cos d;) from their SU(3) counterparts occurring By — ¢V K*[— 7°Kg], 10" Yw
decays [denoted byign(cos 4;)], as follows:

The angular correlations of thog& modes are sensitive tp [12] 45]

cos g@ cos 25.

By applying the SU(3) relation
sign(cos ;) = sign(cos &;),

the relative sign betweers 23 andcos ¢ can be determined, but not yet the absolute sigrof.
That absolute sign can be determined, since there are neettioidh extract theB,—B,; mixing
phase23 unambiguously, even in the presence of new phydics[[47-81the absence of new
physics,3 equals the anglg of the CKM unitarity triangle. In Ref[[§2], basically theraa approach
was used to determine the signeok 25. However, in that paper it was assumed ih& negligibly
small, as in the Standard Model. On the other hand, in methae hssume thatj3 is known
unambiguously, allowing the determination @fs ¢. Using a theoretical inpuf [#6] to determine
sign(cos d;) as noted above, the angular distribution of thg — J/¢(— [T17)K*(— 7°Ky)
decay products considered in RdF][52] also allows an ungmthis determination of3 in the
presence oH # 0.

Method 2: Consider certain three- (o1-) body modesf that can be fed from both &, and

a B,, and where the(B)s -decay amplitude is a sum over a non-resonant contributihsaveral
contributions via quasi two-body modes. The strong phas&tian can be modelled by Breit-
Wigners and is known, so thabs ¢ can be extracted. Such a method was suggested in determining
cos 2 andcos 23 in B, decays[H]1].

An additional method can be found elsewhéré [53].

6 Conclusions

In this paper we have addressed the experimental signaifieeison-vanishing CP-violating phase

¢ inthe B,—B, mixing amplitude. Since is negligibly small in the Standard Model, but sizeable in
many of its extensions, it provides an excellent groundHiergearch of new physics. We have dis-
cussed the determination ofrom both untagged and tagged decays in CP-speBifalecay modes
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triggered by the dominant quark level decays- ¢cs andb — cud. From lifetime measurements
in these modes one can find the product@f¢ and the width differencé\l’ in the B, system.
The previously proposed methods to separately deterfiiié and | cos ¢| from untagged decay
modes require two-exponential fits to the time evolutionitifex flavour-specific or CP-specific de-
cay modes. In both cases terms of or¢laif")> must be experimentally resolved, which requires a
substantially higher statistics than needed to meaAlireos ¢. We have proposed a new method
to measuregAT’| and | cos ¢|, which only requires lifetime fits to the collected data séswith
double-charm final states. This method does not requiretsétysto O((AI@')?) terms. It is based
on the observation that the measurement\®f from branching ratios discussed inJ16] and per-
formed in [2T] is almost unaffected by new physics. Thesadinang ratios and\I cos ¢ obtained
from the lifetime fits allow one to solve fgAT'| and| cos ¢|. In this context we have stressed that the
lifetime measurements also allow one to determine the siteedCP-even and CP-odd components
of D** D~ and D= D:7 final states. This is relevant for experiments which canet¢ct photons
well enough and therefore cannot separate these compamémemngular analyses. We have further
mentioned that a non-zero phaséeads to tinyAm ¢ oscillations in untagged data samples. This
implies that in principle the measurement of CP violatiomixing from flavour-specific decays
does not require tagging.

For the tagged analyses we have generalized the formuldled@P asymmetries to the case of
a non-zerap. Here we have discussed in detail the expressions needédefangular analysis in
B, — ¢ decays or other final states composed of two vector partiEleslly we have shown how
the discrete ambiguities inencountered with the measurementswk ¢| andsin ¢ can be resolved
and¢ can be determined unambiguously. This is important, evem ib is found to be consistent
with zero, because it distinguishes the Standard Model gase0) from the case) ~ . If there
are new particles which couple to quarks with the same CKivhelgs adV bosons, there can be
new contributions to th&,—B, mixing amplitude with larger magnitude, but opposite sigart the
Standard Model box diagram. In this case one encountersr. This situation can occur in multi-
Higgs doublet models and in supersymmetric models with flavaiversality. From a measurement
of Am alone the contributions from the Standard Model and from pleysics to the3,—B, mixing
amplitude cannot be separated. The new contribution can lmnidetermined by combining the
measurements akm and¢. Consider, for example, thatm is measured in agreement with the
Standard Model prediction: the new physics contributio®Bte 3, mixing then varies between 0
and twice the Standard Model predictiongifs varied between 0 andr.
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