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CP asymmetry in flavour-specific B decay$
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| first discuss the phenomenology @f (¢ = d, s), which is the CP asymmetry in flavour-
specificB, decays such aB; — X{*v, or B, — D . af, can be obtained from the time
evolution ofanyuntaggedB, decay. Then | present recently calculated next-to-leadnuigr
QCD corrections ta:g., which reduce the renormalisation scheme uncertaintigsfiiantly.
For the Standard Model we predict = —(5.0+£1.1) x 10~ *andaf, = (2.140.4) x 107°. As

a by-product we determine the ratio of the width differencénie B; system and the average
By widthto AT 4/Ty = (3.0 & 1.2) x 10~2 at next-to-leading order in QCD.

1 Preliminaries

The time evolution of theés,; — B, system is determined by a Schrodinger equation:

By(t d By(t
dt \ |Ba(t)) 2 ) \|Ba(t))
which involves two Hermitiag x 2 matrices, the mass matriX“¢ and the decay matrik?. Here

By(t) and B,4(t) denote mesons which are tagged as,eand B, at timet = 0, respectively.
By diagonalisingl/¢ — iI"?/2 one obtains the mass eigenstates:

Lighter eigenstate: B, ) = p|BY) + q|BY).
Heavier eigenstate: |B, ;) = p|BYy) — q|BY) with [p[* +1[¢*=1.  (2)

We discuss the mixing formalism faB,; mesons, the corresponding quantities Ryr— B,
mixing are obtained by the replacemeht— s. The coefficients; andp in Eqg. (@) are also
different for the B; and B, systems. The3,; — B, oscillations in Eq.[{ll) involve the three
physical quantities$M 3|, [T'Y,| andgy = arg(—M% /T'Y,) (see e.g. [1]). The mass and width
differences betweeR, ;, and B, ; are related to them as

AMy = Mj—Mj = 2|Mp|, ATy = T -Ty = 2[[h[cosga,  (3)

“Talk presented at the Moriond conferenceilactroweak Interactions and Unified Theories, 2004




whereM¢, T4 and Mg, T'%, denote the masses and widthsif;, and B, i, respectively.
The third quantity to determine the mixing problem in Edj.igl)
My AM,

d  _
ag = Im

tan ¢g4. 4)

ad is the CP asymmetry iflavour-specificB; — f decays, which means that the decays
By — fandB; — f (with f denoting the CP-conjugate final state) are forbidden [2ktMe
consider flavour-specific decays in which the decay ampditud = (f|B,) and A = (f|B.)

in addition satisfy

Al = A7 (5)
Eq. (8) means that there is no direct CP violatioBBin— f. Thena is given by

o T(But) = )~ T(Balt) — T)
" 7 T(Bult) — )+ T(Balt) = )

Note that the oscillatory terms cancel between numeratbid@nominator. The standard way
to access, usesB; — X /{7, decays, which justifies the nansemileptonic CP asymmetry
for af. In the B, system one can also uég — D, 7' to measure;,. Yet, for example, EqL6)
does not apply to the flavour-specific dec#ys— K7~ or B, — K~ =, which do not obey
Eq. (3).

ad measure€P violation in mixing Other commonly used notations involve the quantities
lq/p| or ep; they are related taf, as

(6)

d
Reep ag

q S S
- - % T+lelP 4 0
Hereez = (1 +¢q/p)/(1 — q/p) is the analogue of the quantity in K°— K° mixing. Unlike
af it depends on phase conventions and should not be used. {@)&mnd future equations we
neglect terms of ordefud. ).

af. is small for two reasons: First'{,/Md,| = O(mi/M3Z,) suppressesd to the per-
cent level. Second there is a GIM suppression factdfm? reducinga, by another order of
magnitude. Generic new physics contributionsitg M/¢, (e.g. from squark-gluino loops in su-
persymmetric theories) will lift this GIM suppressiod;, is further suppressed by two powers
of the Wolfenstein parameteyr ~ 0.22. Thereforea?, andaf, are very sensitive to new CP
phases [1, 3], which can enhaneg| and|a;,| to 0.01. |aZ| can be further enhanced by new
contributions ta'%,, which is doubly Cabibbo-suppressed in the Standard Model.

The experimental world average faf is [4]

af, = 0.00240.013.

2 Measurement ofag,

2.1 Flavour-specific decays

We first discuss the flavour-specific decays without direct/©Ration in the Standard Model.
First note that the “right-sign” asymmetry vanishes:

D(By(t) = f) = T(B,(t) = ) = 0. (8)



Since we are hunting possible new physics in a tiny quamtiyshould be concerned whether
Eqg. (3) still holds in the presence of new physidsurther no experiment is exactly charge-
symmetric, and the efficiencies fét — f andB — f may differ by a factor ofi + 6.. One
can use the “right-sign” asymmetry in E@] (8) to calibratefoth effects: In the presence of a
charge asymmetr§,. one will measure

wi = DB =)= (+8NB0 ~T) AP o
ST T(By(t) = )+ (L+0)0(By(0) = ) AP+ A2 2
Instead of the desired CP asymmetry in Edj. (6) one will find
go. _ L(Ba(t) = f) = (1+0)T(Ba(t) = f) _ ey
T T = )+ O OTBal) ) T e ¢o

Thusd, and the direct CP asymmettyA ;|* — [A5]*) /(| A|* + | A5[*) enter Eq.[(B) and EG{1O0)
in the same combination ang, can be determined. Above we have kept only terms to first
order in the small quantities— [A|*/|Af[?, d. andag.

It is well-known that the measurement df requires neither tagging nor the resolution of
the B,—B, oscillations [2]. Since the right-sign asymmetry in Eq.\(8hishes, the information
onaf, from Eq. [®) persists in the untagged decay rate

Llft] = T(By(t) = f) + T(By(t) = f). (11)

At a hadron collider one also cannot rule out a productionmesgtry j, = Ngq/NBq -1
between the numbetisfgq andNg, of B,'s andB,’s. An untagged measurement will give

d (1) = Clfot] = A+ 6)UFot] o, af  af,+0, cos(AM,¢)
ot C[f, t]+ (1 +0.)T[f, ] right 1 9 2 cosh(AT';t/2)

(12)

The use of the larger untagged data sample to deteradirseems to be advantageous at the
T(45) B factories, wheré, = 0. Then the time evolution in Eq_{IL2) contains enough infor-
mation to separatef. from aigﬁt ag’e,(t = 0).

Egs. [6)[®) and{10) still hold, when the time-dependetdsare integrated over The
time-integrated untagged CP asymmetry reads| dof = |Z7|, 0 = 6, = 0):

o _ JSdCf ] =T el ay -yl
A = SOOI 2 2oL (43)

wherex, = AM,/T'y, y, = AL'y/(2T;) andI'y is the average decay width in ti& system. In
particular a measurement of does not require to resolve the ragij — B, oscillations. In
Y (4S) B factories a common method to constrajnis to compare the numbé¥, , of decays
(Ba(t), Ba(t)) — (f, f) with the numberV__ of decays tdf, f), typically for f = X{*u,.
Then one finds, = (N, — N__)/(Nyy +N__).

We next exemplify the measurement«f from time-integrated taggef;, — f decays,
having f = X/*v, in mind. This approach should be feasible at the Fermilalaffea. We

bDirect CP violation requires the presence of a CP-consgpitase. In the case &f; — D~ ¢+, this phase
comes from photon exchange and is small. Also somewhatieedtscenarios of new physics are needed to get a
sizeable CP-violating phase in a semileptonic decay. Thus bne needs to worry abdut;| # |A7| only, once

af is probed at the permille level.



allow the detector to be charge-asymmetdics£ 0) and also relax Eq[5) tpd ;| ~ \X?\. Let
Ny denote the total number of observed decays of meson taggBgd @tstimet = 0 into the
final statef. FurtherN; denotes the analogous number for a meson initially taggedis
The corresponding quantities for the deca#8$t) — f andB,(t) — f are N7 andﬁf. One
has

W /0 “atT(BUt) — 1), N o (1+43.) /0 T T(BUt) — )

with the same constant of proportionality. The four asymast

N; — N+ N;— N

f 576c ? 5766 S
=~ = Opight N7 = Oyight + Qg
Nf—i-Nf & Nf—|-N? &
Ny—N 1—y?  a N+ — N+ 1—y?  a
Nf+Nf 1+l’s 2 N?—FN? 1+JJS 2

then allow to determine;, and(1 — y2)/(1 + z2). In the second line of Eq_{14) terms of order
as, /x> have been neglected. (Of course the last asymmetry i Byjigtddundant.)

2.2 Anydecay

Sinceq/p enters the time evolution @nyneutral B, — f decay, we can use any such decay to
determinez{,. The time dependent decay rates involve

(/]
(f

In Eq. (1.73)-(1.77) of [1AI'(B,(t) — f),T(B,(t) — f),T(B,(t) — f)andl'(B,(t) — f) can
be found for the most general case, including a non-2drg. For the untagged rate one easily
finds

ovl

q

|By)

Af =

g

IR

q
L[f,t] e Tal { [1 + %1 [COSh % + A%T sinh ﬁ} —
aq . .
O (A% co(AM, 1) + A" sin(AM, 1) } (15)
with
2
dir _ 1 |)\f|2’ mix __ _m and AAF = —M . (16)
L+ [Af| 1+ [Ay] 1+ [As]

Hence one can obtairf, from the amplitude of the tiny oscillations in EG.{15), on¢€" and
A™x gre determined from thes A M, ¢ andsin A M, ¢ terms of the time evolution in the tagged
B,(t) — f decay. Iff is a CP eigenstate}?” and A™* are the direct and mixing-induced CP
asymmetries. For example, By — J/¢ Kg one has\; = — exp(—2i3) + O(as), SO that one
can setd¥™ = 0 and A™* = —sin(24) in Eq. (IB). The flavour-specific decays discussed in
the previous section correspond to the special ase 0.
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Figure 1: Leading order contribution I - (left) and a sample NLO diagram (right). The crosses derfteetere
AB = 1 operators describing tH& -mediated decay. The full set of NLO diagrams can be found in [6].

3 QCD corrections toag,

af, = ImT9,/M{, is proportional to two powers of the charm mass A theoretical prediction
in leading order (LO) of QCD cannot control the renormalmatscheme ofn.. Therefore
the LO resultaf, suffers from a theoretical uncertainty which is not only @umt also hard to
quantify. While next-to-leading order (NLO) QCD correct#oto M, are known for long [5],
the computation of those ¢!, has been completed only recently. The LO and a sample NLO
diagram are shown in Figl 1. The NLO result for the contribativith two identical up-type
guark lines (sufficient for the prediction &T',) has been calculated in [6] and was confirmed
in [7]. The contribution with one up-quark and one charmsguae was obtained recently
in [7] and [8]. In order to comput&?, one exploits the fact that the massg of the b-quark
is much larger than the fundamental QCD sc&lg:p. The theoretical tool used is the Heavy
Quark Expansion (HQE), which yields a systematic expanefohi, in the two parameters
Aqep/my andag(my) [9]. T'Y, and MY, involve hadronic “bag” parameters, which quantify the
size of the non-perturbative QCD binding effects and arécdit to compute. The dependence
on these hadronic parameters, however, largely cancefsdfo

Including corrections of ordet, [6—8] andAqcp/ms [7, 8, 10] we predict [8]

sin 3

t

(12.0 £ 2.4) + <2 S]i%nﬁ - Si2§ﬁ> 02+ 0.1)1 .

al = 107

Here( is the angle of the unitarity triangle measured in the CP asgtry of B, — J/¢ K. If

(p,m) denotes the apex of the usual unitarity triangle, tRer=s /(1 — p)? + 7% is the length
of one of its sides. For the Standard Model fit to the unitarnigngle with = 22.4° 4+ 1.4°
andR; = 0.91 + 0.05 [11] one finds:

af, = —(5.0+11)-107*

The impact of a future measurementsgfon the unitarity triange is shown in F{g. 2. The result
for the B, system is

af, = (120+£24)-107* |V’ Rysin 8 = (2.1+£0.4)-107°.

From Eq. [B) one finds thakl',/AM, = —Re(I'{,/M{,). This ratio was predicted to NLO
in [6] for the B, system. With the new result of [7, 8] we can also prediti,/AM,. Due to
a numerical accident, the Standard Model prediction forrétie A",/ A M, is essentially the
same forg = d andq = s:

AT,
— 9 — (4.0+1. 1073
T (4.0 6) x 1072,

ATy

—% =(3.04+1.2) x 107°. (17)
[y
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Figure 2: Constraint in thep(#) plane fromag.. Area between solid pair of curves: NLO, for the casgs=
—5 x 10~* (left) andad, = —1073 (right). Area between dashed curves: LO &gr = —5 x 10~%. The current
best fit to the unitarity triangle [11] is also shown.

The precise values for the quark masses, “bag” factorsianded for our numerical predictions
can be found in Eq. (7) of [8].

We close our discussion with a remark about thesystem. It is possible that new physics
contributions render thé, — B, oscillations so large that a measurement\a¥/, will be
impossible. In general such new physics contribution wite the CP phase, and suppress
AT, in Eq. (3). Different measurements Afl"; can then determinecos ¢,| despite of the
unobservably rapid,— B, oscillations [12]. A measurement of the signugf o sin ¢, (which
will then be enhanced, unlegs)/, is extreme) through e.g. Eq._{13) will then reduce the four-
fold ambiguity in¢, from the measurement ¢€os ¢,| to a two-fold one.
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