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Abstract. In many extensions of the standard model, new physics is possible to contribute significantly
to BY-B? mixing. We show that the effect of new physics, both its phase information and its magnitude,
can be isolated from measurements of C'P asymmetries in the semileptonic Bs transitions and in some
nonleptonic B, decays into hadronic C'P eigenstates. We also find that the rates of C P-forbidden decays at
the 7°(5S) resonance are not suppressed by the large Bs mass difference, thus they can be used to extract

the C P-violating phase of new physics in either B%-BY or K°-K° mixing.

1 Introduction

Recently some experimental efforts have been made to
measure the BY%-BY mixing parameter x, (corresponding
to the mass difference between two B, mass eigenstates),
which is anticipated to be very large in the standard model
(SM) [1]. This stimulates some theoretical or phenomeno-
logical interest for a more delicate study of the problem
of BY-B? mixing and CP violation (see, e.g., [2-4]). In
particular, the other BS—BS mixing parameter ys (corre-
sponding to the width difference between two B mass
eigenstates) is predicted to be about 0.1 within the SM, a
value making the measurement of untagged By data sam-
ples meaningful in the future experiments [2,5].

The B-BY mixing system is a good place for the ex-
ploration of new physics (NP) beyond the SM [6]. For
instance, observation of a sufficiently small x4, an asym-
metry between the semileptonic B? and Bg decays, or a
significant C P-violating signal in B? vs BY — ¢ modes
should imply the existence of NP in BY-B? mixing. In
most extensitions of the SM, NP is expected to contribute
only to the mass difference of By mesons [7]. Any NP does
not significantly affect the direct decays of By mesons via
the tree-level W-mediated channles, thus the total decay
width I" remains to amount to its SM value as a good ap-
proximation. However, the effect of NP can appear in both
zs and ys, and it may also give rise to a significant C'P-
violating phase, which is primarily vanishing in the SM.
Consequently it is possible to isolate NP in B%-BY mixing
through the measurement of x,, ys as well as C'P violation
in both semileptonic and nonleptonic B transitions.

Up to now, the possibility to extract the phase of NP
from CP asymmetries in some B, decays has been con-
sidered (see, e.g., [5,8]). In contrast, little attention has
been paid to determining the magnitude of NP in BY-B?
mixing, a crucial quantity for one to get at the specific
non-standard electroweak model. In this work we shall dis-
cuss a few instructive approaches towards the isolation of

NP in BY-BY mixing, both its phase information and its
magnitude.

The remaining parts of this paper are organized as
follows: in Sect.2 we describe a parametrization of NP
in different BY-BY mixing quantities. The NP effects on
CP asymmetries in semileptonic and nonleptonic decays
of Bs mesons are discussed in Sects. 3 and 4, respectively.
Section 5 is devoted to extracting the phase information
of NP from the CP-forbidden B?BY transitions. Finally
some concluding remarks are given in Sect. 6.

2 NP in B%-B? mixing

In the assumption of C'PT invariance, the mass eigen-
states of BY and BY mesons can be written as

[B1) = plB,) + dlB)),
|B2) = p|BY) — 4lBY), (1)
where p and ¢ are complex mixing parameters. In terms
of off-diagonal elements of the 2 x 2 B%-B? mixing Hamil-
tonian M — iI' /2, we express the ratio ¢/p as

¢ _ M — i7/2
D My — ilh2/2

The mass and width differences of By and Bs are de-
fined by Am = |m; — mg| and A" = |17 — I3, re-
spectively. Furthermore, we define m = (mq + ms)/2 and
I' = (I +I3)/2. Tt is also convenient to use the following
dimensionless parameters to describe B%-BY mixing:

Al

Am _ Ar

l‘SE?, ys:2F

(2)

(3)

The present experimental lower bound for z is s > 15
[1], implying that Am > AT or |Mis| > |I12| generally
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holds. Consequently one gets
Am = 2| M| (4)

to a high degree of accuracy. Then the width difference
AT reads [5]

_ 4Re(Mi2175)|
Am
= 2|I2| - | cos o , (5)

A

where ¢,, = arg(—Mi2/I12). In addition, calculations
based on the SM yields ys ~ 0.08 [3]. This value will al-
ways be reduced if B%-B? mixing receives C P-violating
contributions from NP (i.e., ¢y, # 0). Thus z,/ys > 102
is true both within and beyond the SM.

Now we assume that NP contributes to Am through
M5, which can be parametrized as

My = MR" + My = Mp' (1+2€¢)  (6)

with z = |MNF/MM| and 0 = arg(MNF /MPM). The ef-
fect of NP on I, is anticipated to be negligibly small,
hence Iy = I'™M and I' = I'M hold as a good ap-
proximation [6]. Since M3 and 'S are dominantly pro-
portional to the Cabibbo-Kobayashi-Maskawa matrix el-
ements Vi Vyi and Ve V5, respectively, ¢, = 0 turns out
to be an excellent approximation in the Wolfenstein phase
convention. The presence of NP in M5 modifies the SM

value of ¢,, in the following manner:
¢m = arg (1 + zeie)

zsinf ]

= arctan | ——
{1 + zcosf

(7)

The BY-B? mixing observables xs and ys, in the existence
of NP, read

2MV/1 + 22 4 22 cos b (8)

yf’M\/l

where %M and ySM are (in principle) calculable from the
SM. Finally, the ratio ¢/p can be expressed as

rs =

and

22gin% 0

L A 9
14 224+2zcosf’ 9)

Ys =

q (1+ze 1) + iydM/aiM
(1+ zeti9) + iySM/zSM

zsind ySM

1+22+2zcosf oM

~ e 120m {1 — (10)

in the next-to-leading order approximation. Note that ¢,,
is indeed a function of z and 6, as given in (7). Clearly
arg(q/p) = —2¢,, is a good approximation when we dis-
cuss C'P violation in nonleptonic By decays. The small
correction term in ¢/p, which is proportional to zsiné
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and y3M/23M s crucial for an asymmetry between the
semileptonic BY and BY transitions (see Sect. 3).

One can see, from (9), that y, < y>M is always true. In
contrast, s < ¥5M takes place only if § € [—7, —7/2] or
[7/2, 7], corresponding to the destructive interference be-
tween MY and MPM. Provided z > 1 (i.e., NP dominates
BY-BY mixing), we obtain z, ~ za5M and y, ~ y$™ cos6.
In this case, ¢/p = e 29 holds to a higher degree of
accuracy.

3 NP effect in semileptonic B, decays

Now we examine the NP effect on C'P violation in semilep-
tonic transitions of B; mesons. Assuming both the AQ =
AB rule and C' PT invariance, one is able to get the time-
integrated wrong-sign events of semileptonic By decays as
follows [9,10]:

2

1 1 q
N~ (BY) = - =
(BY) no[l_yg Hx?} ]p ,
_ 1 1 p|?
NT(BY) = - Z 11
( s) no 1_yg 1+$3 q ) ( )

where ng is a normalization factor proportional to the rate
of the right-sign semileptonic By decay. The C'P asymme-
try between the above two processes turns out to be

N*(BY) = N=(B) _ |pI* — laf*
NH(BY) + N=(BY)  Ipl* + l¢I*”

Agp, = (12)
apparently irrelevant to the mixing parameters x; and ys.

Such an asymmetry can also be obtained from the
same-sign dilepton events of coherent B?BY decays at the
7'(55) resonance, whose rates are given by [10,11]

L _ 14+ Cy? 1-C227q)?
00y __ S s
No (B = e |t~ e 1]
_ 14 Cy? 1-C227|p|
++ 0p0y ¢ s
NC (BSBS)_nC |:(1_y§)92 - (1+(E§)2 5 7(13)

in which C' (= +1) is the charge-conjugation parity of
the BYBY pair, and nc denotes the normalization factor
proportional to the rates of right-sign semileptonic decays
of BY and BY mesons. Obviously, we arrive at the same
CP asymmetry Agr:

NET(BIBY) — No—(BYBY) _ [pl* — ldl*
NEF(BIBY) + No™(BYBY) — Ipl* + laI*

(14)

for both C' = —1 and C = +1 cases.

Taking |Mia| > |[I12] into account, one can obtain
Agy, &= Im(I'2/Mi2) as a good approximation. By use of
(10), we find that Agy, explicitly reads

2zsinf ySM

1+22+2zcosf oM~

Ast, ~ (15)

Within the SM (i.e., z = 0 and 6 = 0), Agy, is vanishingly
small. In view of the fact y5M/z%M ~ O(1072), we believe
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Fig. 1. Illustrative plot for changes of the semileptonic C'P

asymmetry Agy, with 6, where ySSM/xEM =0.05and z =0.5 or
z = 5 have been taken
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that the presence of NP in B%-B? mixing could enhance
the asymmetry Agy, to the level of 1072 — 1072, For the
purpose of illustration, we plot changes of Ag;, with the
C P-violating phase # by assuming 3>M /25M = 0.05 and
z=0.5 (or z =5) in Fig. 1. It is clear that Agr, may reach
the percent level for favorable values of 8 and z. Thus the
measurement of Agy, at the forthcoming B-meson factories
can provide some useful information or constraints on NP
in B%-BY mixing.

Finally it is worth emphasizing that reliable calcula-
tions of ny /2SM are crucial for probing any NP effect
through Asp. A detailed analysis of y5™/25M with up-
dated data can be found in [12].

4 NP effect in nonleptonic B, decays

Let us turn attention to the NP effect on C'P asymmetries
in some nonleptonic By decays into C'P eigenstates, such
as DYD;, D:*D; @ DI D:~, (¢¥¢)+ (ie., the CP-even
state of @) [4], v Ks and ¥ K. These transitions can be
used to extract the C' P-violating phase ¢,,, in most cases,
without ambiguities from hadronic matrix elements. They
are also favorable in view of the nearest experimental de-
tectability for weak decays of B, mesons at ete™ collid-
ers and (or) hadron machines. Obviously, ¢/p = e~ 12%m
should be an excellent approximation.

Due to B%-B? mixing, the time-dependent rates of B,
mesons decaying into a C'P eigenstate f can be written as
[10]

R[Bg,phys(t) - f]
e |14 |)‘f|2
2

nse cosh(ysI't) — ReAysinh(ysI't)

1—|Af|?
N |Asl

R[Bg,phys(t) — f]

cos(zsI't) — ImAysin(z,It)| ,
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—re |1+ |)‘f|2 ;
=nye — cosh(ysI't) — ReAysinh(ysI't)
1—|Af|?
- Jcos(xsft) + ImAgsin(z I't)| (16)

2

where n; denotes the normalization factor proportional

to |(f|Her| BY)|?, and A; stands for a rephasing-invariant
quantity defined by

6_12¢m M

We see that the x,-induced oscillations, anticipated to be
rapid in the SM, cancel in the rate of the flavor-untagged
data samples:

S(t) = RIBS puys (t) = f1 + RIB pays(t) = f1
= nfe_” [(1+ [Af]?) cosh(y,I't)
— 2Re)ssinh(y,'t)] .

)\f = (17)

(18)

In contrast, the ys-induced oscillations disappear in the
rate asymmetry between the flavor-tagged data sample:

'A(t) = R[Bg,phys(t) — f] - R[Bg,phys(t) — f] )
= nfe*” [(1 = |Af]?) cos(z,It)

— 2ImAysin(x,I't)] . (19)

Therefore, measurements of S(¢) and (or) A(t) allow one
to determine ReAs versus (1+|Af|?) and (or) ImA ¢ versus
(1—|A¢|?) in most cases, except the special situation where
Y, is vanishingly small (e.g., ys < 1072) due to NP and =
is considerably large (e.g., x5 > 50).

Within the SM, ADID: ~ 1, )\(w¢)+ ~ ]., )‘UJKS ~ -1
and A\yg, ~ 1 hold as a good approximation. For these
decay modes, the strong or electroweak penguin contribu-
tions (dominated by the top quark in the loop) are sig-
nificantly suppressed in magnitude and do not give rise
to additional CP-violating phases [13]. Beyond the SM,
the NP appearing in B%-B? mixing is likely to simultane-
ously manifest itself in the loop-induced penguin ampli-
tudes. Generally we do not expect that the NP-enhanced
penguin contributions can be significant enough in those
B; transitions mentioned above [6], and a test of this as-
sumption is possible by detecting the deviation of |Af|
from unity in A(t). Here we assume |A¢| ~ 1 to hold even
in the presence of NP, for Bs — D D, (¥¢)4, v Ks and
1 Ky. Then we obtain

Re)\DjD; =~ Re>\(¢¢)+ ~ 7R€/\¢KS
~ Redyk, ~ cos(20m) ,
Il’Il/\D:rD; ~ IH?[/\W,@Jr ~ _Im/\IZ)KS

~ Im)\M(L ~ _Sin(2¢m) , (20)
where
1+ 2zcosf + 22 cos(20)
20m) = )
c08(20m) 14 224+ 2zcosf
2zsinf (1 0
sin(2g,) = Zombl 1 zcosd) (21)

1+ 224 2zcosf
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Fig. 2. Illustrative plot for the correlation between two observ-
ables ReA(yg), and ImA(yg), , where § € [—7, +n] and z = 0.5
(dark solid curve) or z =5 (solid circle) have been taken

Through this way, we can determine the phase informa-
tion of NP in B%-B? mixing. To illustrate the correlation
between two observables, e.g., ReA(y¢), and ImA(y4), , we
plot them in Fig. 2 by taking § € [—m,+x] and z = 0.5
or z = 5. Clearly the two-fold ambiguity in extracting ¢,,
from ReA(yg), = cos(2¢,,) can be removed if ImA(y¢), =
—sin(2¢,,) is also measured.

It is obvious that a determination of ¢, itself cannot
isolate the magnitude (z) and phase (0) of NP effects in
BY%-BY mixing. For this reason, combining the measure-
ments of Agy,, S(t) and (or) A(t) is useful to determine or
constrain z and 0 separately.

5 NP effect in C P-forbidden B°B° decays

If the expected large size of 5™ cannot be remarkably re-
duced by the contribution from NP in B%-BY mixing, then
a study of C'P-forbidden B?B? decays at the 7(59) reso-
nance will become interesting. The straightforward rea-
son is that the rates of such CP-forbidden transitions
are not suppressed by the largeness of x,, as we shall
show subsequently. The CP-violating signal may be es-
tablished directly from the observation of a C P-forbidden
decay mode itself other than the decay rate asymmetry,
thus neither flavor tagging nor time-dependent measure-
ments are necessary in practical experiments [9]. For a
B-meson factory running at the 7°(55) resonance, one will
have a chance to detect the typical C'P-forbidden channels
like (BYB%)c—11 — (WKs)(¢Kp) and (B°B%)c-_1 —
(vKs)(WKg) or (WKp)(¢KL), where C'P parities of the
initial and final states are opposite. For simplicity and il-
lustration, we concentrate only on the coherent decays of
(B°BY%)c—_1 events later on.

The time-independent rate of a (B°B%)c—_; pair de-
caying into the final state (f1f2) can be given by [9,10]

2

R(f1, f2) =nyo {H_SZEQ (14 [Ap, P Ag
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—2Re (/\fl )‘fz)]
2 + 22
14 22

—2Re (A A7)]}

where n,, is a normalization factor proportional to the
product of R(BY — f1) and R(B? — fo); and Ay, (1 =1
or 2) is defined like Ay in (17). In obtaining the above for-
mula, we have made a safe approximation: 1/(1 —y?) ~ 1
due to ys < ySM ~ 0.1. For those B, decays into hadronic
CP eigenstates via quark subprocesses b — (c¢€)s and
b— (ce)d, |As, | = |Af,| = 1 is expected to hold to a good
degree of accuracy. With the help of R(B? — vKg) ~
R(BY — ¢K|), one can calculate the following ratios of
two joint decay rates:

+ [Af 12+ Mgl

(22)

ik = R(DID; ,yKL)
YT R(DID; YKs) '
_ R($Ks, ¢Ks)
“K = RKs, oK) (23)

The results explicitly read

z? {kRe(,\DjD; Ay, )} +(2+22) |:17Re()\D:rD; Nk, )}

glK = )
x2 [1—Re(AD+DT /\u,KS)} +(2+22) |:1—Re()\D+D,)\TpKS):|
_ "c? sin2(2¢m—¢K)+(2+m§)si112 oK . 24
T 22c08%(2¢m —dK )+ (2+32) cos? o ( )
and
22[1-Re(A2 )]+ (2+0?)[1-Re(|Apx g )]
£2K = )

22[1-Re(hpreg Aprcp )| +2+22) [1-ReOpreg N e, )]

B 22 5in®[2(¢rm — P K )]
T 22 cos?[2(¢m —Px)[+(2+22)

(25)

where the phase parameter ¢x comes from K%-K9 mix-
ing in the final states of By — v Kg and vK: 20 =
—arg(qr /pK ). Within the SM, ¢k = 0 is an excellent ap-
proximation. However, the NP appearing in B%-BY mixing
is also likely to manifest itself in K°-K° mixing, leading
probably to a small C'P-violating phase ¢k (see, e.g., [8]).
One can see that the above two C'P-violating signals are
not suppressed by the largeness of zs. For x, > 15 [1], we
approximate (24) and (25) to

fix sin®(2¢m — dx) + sin® g
e cos2(2¢;m — K ) + cos? dg
sin?[2(¢p — dx)]
cos2[2(pm — dK)]+1°
Clearly the information on ¢,, and ¢ is extractable from

&ix and o If ¢ & 0 is further taken [8], then (26) is
simplified as

sin2(2¢)m)

1+ cos2(2¢m,) 27)

S1k = Sk =

which is a pure function of ¢,,.
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Fig. 3. Illustrative plot for the C P-violating signal {2k chang-
ing with z, € [1,30], where (¢m — ¢x) = 7/6 or 7/4 has been
taken

For the purpose of illustration, we assume ¢, — ¢ =
/6 or 7/4 to plot the change of &y with zs € [1,30]
in Fig. 3. We find that £k becomes close to its maximal
value only if x; > 10, for a definite input of ¢,, — ¢k
Hence such a C P-violating signal will be of particular ex-
perimental interest, provided NP introduces a significant
phase into B%-B? (or K%-K°) mixing.

6 Concluding remarks

We have studied some phenomenological possibilities to
isolate the NP effect in BY-B? mixing. If #3M (or y5M)
can be reliably evaluated and x4 (or ys) can be experimen-
tally determined, then significant deviation of x, /5™ (or
ys/ySM) from unity will be a clear signal of NP. In addi-
tion, NP in BY-BY mixing is likely to enhance the semilep-
tonic CP asymmetry Agy, to the level of 1072 — 1072.
The phase information of NP can be extracted from ei-
ther flavor-tagged or flavor-untagged data samples of By
decays into hadronic C'P eigenstates, or both of them, de-
pending upon the experimental sensitivity to the x4- and
(or) ys-induced oscillations. It is remarkable that the rates
of C P-forbidden BY B? transitions on the 7(55) resonance
are not suppressed by the largeness of =, and this feature
will be useful for measuring the CP-violating phase in
BY-BY (or K°-K°) mixing.
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Of course, the experimental feasibility of the above-
proposed measurements has to be studied in some de-
tail [12]. In particular, the complication to observe co-
herent BYBY decays at the 7°(5S) resonance, where co-
herent BYBY events can also be produced [12,14], should
be taken seriously. We hope that a systematic search for
various C P-violating signals in the B%-B? system will be
available in the future experiments of B-meson physics.
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