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FLAVOUR PHYSICS AND CP VIOLATION

Robert Fleischer
CERN, Geneva, Switzerland

Abstract

The starting point of these lectures is an introduction &weak interactions
of quarks and the Standard-Model description of CP viatgthere the cen-
tral réle is played by the Cabibbo—Kobayashi—-Maskawa imatrd the corre-
sponding unitarity triangles. Since ti&meson system will govern the stage
of (quark) flavour physics and CP violation in this decadsyiitbe our main
focus. We shall classifyB-meson decays, introduce the theoretical tools to
deal with them, investigate the requirements for non-vang CP-violating
asymmetries, and discuss the main strategies to exploradidion and the
preferred avenues for physics beyond the Standard Modeit&s. eThis for-
malism is then applied to discuss the status of importafictory benchmark
modes, where we focus on puzzling patterns in the data thatdizate new-
physics effects, as well as the prospectsBedecay studies at the LHC.

1 INTRODUCTION

The history of CP violation, i.e. the non-invariance of theak interactions with respect to a com-
bined charge-conjugation (C) and parity (P) transforrmatgnes back to the year 1964, where this phe-
nomenon was discovered through the observatioli;of+ 77~ decays [1], which exhibit a branching
ratio at thel0—2 level. This surprising effect is a manifestationimdirect CP violation, which arises from
the fact that the mass eigenstatégs of the neutral kaon system, which shoW$—K° mixing, are not
eigenstates of the CP operator. In particular, Afyestate is governed by the CP-odd eigenstate, but has
also a tiny admixture of the CP-even eigenstate, which magydérough CP-conserving interactions
into ther ™7~ final state. These CP-violating effects are described byolt@ving observable:

ex = (2.280 +0.013) x 1073 x €™/4, (1.1)

On the other hand, CP-violating effects may also arise tyrext the decay-amplitude level, thereby
yielding direct CP violation. This phenomenon, which leads to a non-vanghialue of a quantity
Re(e’ /ek ), could eventually be established in 1999 through the NA4BRN) and KTeV (FNAL)
collaborations [2]; the final results of the correspondingasurements are given by

, ] (147 +£22) x 107% (NA48[3)])
Relek/ex) = { (20.7 £2.8) x 1074 (KTeV [4]). (1.2)

In this decade, there are huge experimental efforts todurikplore CP violation and the quark-
flavour sector of the Standard Model (SM). In these studies,main actor is the3-meson system,
where we distinguish between charged and nedraiesons, which are characterized by the following
valence-quark contents:

BT ~ub, B} ~cb, Bj~ céB, BY ~ sb,
B~ ~ab, B; ~é¢b, Bj~db, B~ 3b.

C

(1.3)

In contrast to the chargeB mesons, their neutral counterpa#s (¢ € {d, s}) show — in analogy to
K°-K" mixing — the phenomenon d#)—B;’ mixing. The asymmetrie*e~ B factories at SLAC and
KEK with their detectors BaBar and Belle, respectively, cany produceB™ and Bg mesons (and



their anti-particles) since they operate at #hgLS) resonance, and have already colleat?d0®) BB
pairs of this kind. Moreover, firsB-physics results from run Il of the Tevatron were reportedhriithe
CDF and DO collaborations, including al&)™ and B? studies, and second-generatiBadecay studies
will become possible at the Large Hadron Collider (LHC) atRDE in particular thanks to the LHCb
experiment, starting in the autumn of 2007. For the moreadtsfuture, anet—~ “superB factory”

is under consideration, with an increase of luminosity bytaupwo orders of magnitude with respect
to the currently operating machines. Moreover, there aaagto measure the very “rare” kaon decays
K+ — rtvwandKy, — v, which are absent at the tree level in the SM, at CERN and KIPRRC.

In 2001, CP-violating effects were discoveredBrdecays with the help aB; — J/1Ks modes
by the BaBar and Belle collaborations [5], representindfittse observation of CP violation outside the
kaon system. This particular kind of CP violation, which isriow well established, originates from
the interference betweeR9-BY mixing and B} — J/¢Ks, B} — J/¢Kg decay processes, and is
referred to as “mixing-induced” CP violation. In the summé&R004, also direct CP violation could be
detected inB; — =T K* decays [6], thereby complementing the measurement of @emvalue of
Re(ek /ek ).

Studies of CP violation and flavour physics are particulartgresting since “new physics” (NP),
i.e. physics lying beyond the SM, typically leads to new searof flavour and CP violation. Further-
more, the origin of the fermion masses, flavour mixing, CRation etc. lies completely in the dark and
is expected to involve NP, too. Interestingly, CP violatiaffers also a link to cosmology. One of the
key features of our Universe is the cosmological baryon asgtry of O(1071%). As was pointed out
by Sakharov [7], the necessary conditions for the generatfcsuch an asymmetry include also the re-
quirement that elementary interactions violate CP (andvogel calculations of the baryon asymmetry
indicate, however, that the CP violation present in the Sirseto be too small to generate the observed
asymmetry [8]. On the one hand, the required new sources ofi@&tion could be associated with
very high energy scales, as in “leptogenesis”, where newiGlRting effects appear in decays of heavy
Majorana neutrinos [9]. On the other hand, new sources ofiGgtin could also be accessible in the
laboratory, as they arise naturally when going beyond the SM

Before searching for NP, it is essential to understand fisstpicture of flavour physics and CP
violation arising in the framework of the SM, where the CétlnibKobayashi—Maskawa (CKM) matrix —
the quark-mixing matrix — plays the key réle [10, 11]. Theresponding phenomenology is extremely
rich [12]. In general, the key problem for the theoreticdakipretation is related to strong interactions,
i.e. to “hadronic” uncertainties. A famous example i&g/c k), where we have to deal with a subtle
interplay between different contributions which largencel [13]. Although the non-vanishing value
of this quantity has unambiguously ruled out “superweaktais of CP violation [14], it does currently
not allow a stringent test of the SM.

In the B-meson system, there are various strategies to eliminateatironic uncertainties in the
exploration of CP violation (simply speaking, there are yn&decays). Moreover, we may also search
for relations and/or correlations that hold in the SM butldauvell be spoiled by NP. These topics will be
the focus of this lecture, which is complemented by the dedit lectures on the experimental aspects
of K- and B-meson decays in Refs. [15] and [16], respectively. Thearmiik as follows: in Section 2,
we discuss the quark mixing in the SM by having a closer loothetCKM matrix and the associated
unitarity triangles. The main actors of this lecture — #hanesons and their weak decays — will then
be introduced in Section 3. There we will also move towarddiss of CP violation and shall classify
the main strategies for its exploration, using amplitudatiens and the phenomenon Bﬁ—Bg mixing
(¢ € {d,s}). In Section 4, we illustrate the former kind of methods byihg a closer look at clean
amplitude relations betweeB™ — K*D and BX — DX D decays, whereas we discuss features of
neutral B, mesons in Section 5. In Section 6, we address the questioovof\i? could enter, and then
apply these considerations in Section 7 to fyactory benchmark mode8Y — J/¢Ks, BY — ¢Kg
and BY — 77~. Since the data for certaif — 7K decays show a puzzling pattern for several
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Fig. 1: CP-conjugate charged-current quark-level intémagrocesses in the SM.

years, we have devoted Section 8 to a detailed discussidnsof® — 7K puzzle” and its interplay
with rare K and B decays. In Section 9, we focus én— d penguin processes, which are now coming
within experimental reach at thB factories, thereby offering an exciting new playgroundnafly, in
Section 10, we discusB-decay studies at the LHC, where the physics potential oBheneson system
can be fully exploited. The conclusions and a brief outloakgiven in Section 11.

For detailed discussions and textbooks dealing with flaypdwysics and CP violation, the reader
is referred to Refs. [17]-[21], alternative lecture notas be found in Refs. [22, 23], and a selection
of more compact recent reviews is given in Refs. [24]-[2@)e Data used in these lectures refer to the
situation in the spring of 2006.

2 CP VIOLATION IN THE STANDARD MODEL

2.1 Weak Interactions of Quarks and the Quark-Mixing Matrix

In the framework of the Standard Model of electroweak irttoas [27, 28], which is based on the
spontaneously broken gauge group

SB

SU@)L x ULy 28 U(1)em, (2.1)

CP-violating effects may originate from the charged-auiriateractions of quarks, having the structure
D—-UW". (2.2)

HereD € {d,s,b} andU € {u,c,t} denote down- and up-type quark flavours, respectively, edser
the W~ is the usualSU (2)1, gauge boson. From a phenomenological point of view, it iepient to
collect the generic “coupling strengthy; p of the charged-current processes in (2.2) in the form of the
following matrix:

. Vud Vus Vub
Vekm = | Vea Ves Vo |, (2.3)
Viae Vis Vu

which is referred to as the Cabibbo—Kobayashi—-Maskawa (Ckistrix [10, 11].

From a theoretical point of view, this matrix connects thecebweak statesd’, s’,v’) of the
down, strange and bottom quarks with their mass eigenstdtesb) through the following unitary
transformation [27]:

d/ Vud Vus Vub d
s = Vea Ves Vo |- s |- (2.4)
v Via Vis Vi b

ConsequentlyVcx is actually aunitary matrix. This feature ensures the absence of flavour-chgngin
neutral-current (FCNC) processes at the tree level in the &id is hence at the basis of the famous
Glashow-lliopoulos—Maiani (GIM) mechanism [29]. We shraliurn to the unitarity of the CKM matrix



in Subsection 2.6, discussing the “unitarity triangles’ wk express the non-leptonic charged-current
interaction Lagrangian in terms of the mass eigenstatesaaipy in (2.4), we arrive at

dp
ﬁ%?: —% ( uL, CL, EL )’}/“ VCKM SL W; + h.C., (25)
b

where the gauge coupling is related to the gauge groui/(2),., and theW,ST) field corresponds to the
charged’ bosons. Looking at the interaction vertices following fr{rb), we observe that the elements
of the CKM matrix describe in fact the generic strengths efdlssociated charged-current processes, as
we have noted above.

In Fig. 1, we show theD — UW ™ vertex and its CP conjugate. Since the corresponding CP
transformation involves the replacement

Vup 5 Vi, (2.6)

CP violation could — in principle — be accommodated in the Skdiwgh complex phases in the CKM
matrix. The crucial question in this context is, of coursbgether we may actually have physical complex
phases in that matrix.

2.2 Phase Structure of the CKM Matrix
We have the freedom to redefine the up- and down-type quadsfielthe following manner:
U — exp(i€y)U, D — exp(i{p)D. 2.7

If we perform such transformations in (2.5), the invariantéhe charged-current interaction Lagrangian
implies the following phase transformations of the CKM rmaglements:

Vup — exp(iu)Vup exp(—i€p). (2.8)

Using these transformations to eliminate unphysical phasean be shown that the parametrization of
the generalV x N quark-mixing matrix, wheréV denotes the number of fermion generations, involves
the following parameters:

%N(N_n + %(N—l)(N—2):(N—1)2. (2.9)

Euler angles  complex phases

If we apply this expression to the case/®f= 2 generations, we observe that only one rotation
angle — the Cabibbo angle: [10] — is required for the parametrization of the 2 quark-mixing matrix,
which can be written in the following form:

Ao cosfc  sinfc
Vo = < —sinfc  cosf¢ ) ’ (2.10)

wheresin fc = 0.22 can be determined froti — w/ decays. On the other hand, in the cas&of 3
generations, the parametrization of the corresponding3 quark-mixing matrix involves three Euler-
type angles and a singt®mplexphase. This complex phase allows us to accommodate CPieiolat
in the SM, as was pointed out by Kobayashi and Maskawa in 197B [The corresponding picture is
referred to as the Kobayashi—-Maskawa (KM) mechanism of GRwon.



In the “standard parametrization” advocated by the Partizhta Group (PDG) [30], the three-
generation CKM matrix takes the following form:

—i513

c12€13 512€13 s13€
. B 5 5
Vekm = | —S12023 — €12523513€"°1% 1223 — $12523513€"°18 $23C13 , (2.11)
i i
512823 — €12€23513€"1%  —C12823 — $12C23513€"°  ca3ci3

wherec;; = cost;; ands;; = sin6;;. Performing appropriate redefinitions of the quark-fielcigds,
the real angle#,,, 6-3 and 6,3 can all be made to lie in the first quadrant. The advantageisf th
parametrization is that the generation labelg = 1,2,3 are introduced in such a manner that the
mixing between two chosen generations vanishes if the sjporeding mixing anglé;; is set to zero. In
particular, forfss = 613 = 0, the third generation decouples, and the 2 submatrix describing the
mixing between the first and second generations takes the fam as (2.10).

Another interesting parametrization of the CKM matrix wasgmsed by Fritzsch and Xing [31]:

SuSdC + Cucad€ ™ sycqc — cuSqe ™ sys
Vekm = | cusqe — sucqe™  cucqc + susqe™™ cus | . (2.12)
—S84S —CqS Cc

It is inspired by the hierarchical structure of the quarksmapectrum and is particularly useful in the
context of models for fermion masses and mixings. The chenatic feature of this parametrization is

that the complex phase arises only in the 2 submatrix involving the up, down, strange and charm
quarks.

Let us finally note that physical observables, for instanBeviblating asymmetrieggannotde-
pend on the chosen parametrization of the CKM matrix, i.gela be invariant under the phase trans-
formations specified in (2.8).

2.3 Further Requirements for CP Violation

As we have just seen, in order to be able to accommodate C&iwviolwithin the framework of the
SM through a complex phase in the CKM matrix, at least threeggions are required. However, this
feature is not sufficient for observable CP-violating effecTo this end, further conditions have to be
satisfied, which can be summarized as follows [32, 33]:

(mi —m2)(mi —mi)(mZ —m)(mj —m3)(mi —m3)(m3 —m3) x Jop # 0, (2.13)
where
Jep = [IM(Via VigVigVig)l (i # 4, a # B). (2.14)

The mass factors in (2.13) are related to the fact that th@i@Rting phase of the CKM matrix
could be eliminated through an appropriate unitary trams&tion of the quark fields if any two quarks
with the same charge had the same mass. Consequently, direafriCP violation is closely related to
the “flavour problem” in elementary particle physics, andra@ be understood in a deeper way, unless
we have fundamental insights into the hierarchy of quarksesand the number of fermion generations.

The second element of (2.13), the “Jarlskog paramefgp’[32], can be interpreted as a measure
of the strength of CP violation in the SM. It does not dependhmnchosen quark-field parametriza-
tion, i.e. it is invariant under (2.8), and the unitarity 6etCKM matrix implies that all combinations
Im(Via VjsVi5V5s )| are equal to one another. Using the standard parametrizatithe CKM matrix
introduced in (2.11), we obtain

2 .
Jop = 512513523€12€23¢]3 Sin d13. (2.15)

The experimental information on the CKM parameters implies = O(107°), so that CP-violating
phenomena are hard to observe. However, new complex cgaire typically present in scenarios for
NP [34]. Such additional sources for CP violation could beedied through flavour experiments.
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Fig. 2: Hierarchy of the quark transitions mediated throalgarged-current processes.

2.4 Experimental Information on |Vexknm|

In order to determine the magnitud@3; | of the elements of the CKM matrix, we may use the following
tree-level processes:
Nuclear beta decays, neutron decaysV,,q|.

K — 7lv decays= |Vys|.

v production of charm off valencé quarks=- | V4.

Charm-taggedV decays (as well ag production and semileptonib decays)= |V,s|.
e Exclusive and inclusivé — ¢/ decays= V).

e Exclusive and inclusivé — ulv decays= |Vy;3|.

e ¢ — blv processess> (crude direct determination ofy;|.
If we use the corresponding experimental information, tiogewith the CKM unitarity condition, and
assume that there are only three generations, we arrive &iltbwing 90% C.L. limits for theV;;| [30]:

) 0.9739-0.9751 0.221-0.227 0.0029-0.00¢45
|Vekm| = 0.221-0.227 0.9730-0.9744  0.039-0.044 . (2.16)
0.0048-0.014  0.037-0.043 0.9990-0.9992

In Fig. 2, we have illustrated the resulting hierarchy of strengths of the charged-current quark-level
processes: transitions within the same generation aremgeddy CKM matrix elements (1), those
between the first and the second generation are suppressaNdyfactors of O(10~1), those between
the second and the third generation are suppressé by 2), and the transitions between the first and
the third generation are even suppressed by CKM factof3(ab—2). In the standard parametrization
(2.11), this hierarchy is reflected by

512 =0.22 > 593 = O(1072) > s13 = O(1072). (2.17)

2.5 Wolfenstein Parametrization of the CKM Matrix

For phenomenological applications, it would be useful teeha parametrization of the CKM matrix
available that makes the hierarchy arising in (2.16) — andtilated in Fig. 2 — explicit [35]. In order
to derive such a parametrization, we introduce a set of neanpeters )\, A, p andn, by imposing the
following relations [36]:

S12 = A =022, s93 = AN?, sy3e 018 = AN (p — in). (2.18)

If we now go back to the standard parametrization (2.11), lstein anexactparametrization of the CKM
matrix as a function of (and A, p, n), allowing us to expand each CKM element in powers of the kmal
parameten. If we neglect terms of)(\*), we arrive at the famous “Wolfenstein parametrization”][35

A 1— 12 A AN (p—in)
Vekm = —A 1— A2 AN? + 0\, (2.19)
AN(1 —p—in) —AN 1



which makes the hierarchical structure of the CKM matrixMeansparent and is an important tool for
phenomenological considerations, as we will see througthase lectures.

For several applications, next-to-leading order coroeatiin A play an important réle. Using
the exact parametrization following from (2.11) and (2,1Bey can be calculated straightforwardly by
expanding each CKM element to the desired accuracy[86, 37]:

Ve =1— %A2 - é/\4 + O(/\6)7 Vius = A+ O(A7)> Vub = A/\S(p - ’“7)7

V= A+t %A2A5 [ = 2(p+in)] + OO,

1A4(1 +4A%) + O(\%), (2.20)

1
Ves =1 — X% =
2 8

1
Vi = AN + O, Vig = AN [1 ~(p+in) (1 - §A2)} L o),

Vie = —AN2 + %A(l —2p)\t —in AN + O(\5), Vi =1- %AW +O(\%).

It should be noted that
Vip = AN (p — i) (2.21)

receivedby definitionno power corrections in within this prescription. If we follow [36] and introduce
the generalized Wolfenstein parameters

ﬁzp(l—%v), 77577<1—%/\2>, (2.22)
we may simply write, up to corrections 6f(\7),
Via=AXN(1—p—if). (2.23)
Moreover, we have to an excellent accuracy
Vs =X and Vi = AN2, (2.24)

as these quantities receive only corrections atthend\® levels, respectively. In comparison with other
generalizations of the Wolfenstein parametrization foumthe literature, the advantage of (2.20) is the
absence of relevant correctionsitg, andV,;, and thatl,, andV,, take forms similar to those in (2.19).
As far as the Jarlskog parameter introduced in (2.14) iseroral, we obtain the simple expression

Jop = A6A4%, (2.25)

which should be compared with (2.15).

2.6 Unitarity Triangles of the CKM Matrix
The unitarity of the CKM matrix, which is described by

Vekn * Vexm = 1 = Vorm - Veku (2.26)

leads to a set of 12 equations, consisting of 6 normalizatiah6 orthogonality relations. The latter can
be represented as 6 triangles in the complex plane [38]aglhg the same aredAA = Jcp [39]. Let
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Fig. 3: The two non-squashed unitarity triangles of the CKIsitnix, as explained in the text: (a) and (b) correspond to the
orthogonality relations (2.29) and (2.32), respectiviiyAsia, the notationy: = 3, ¢2 = « and¢s = +y is used for the angles

of the triangle shown in (a).

us now have a closer look at these relations: those desgribaénorthogonality of different columns of

the CKM matrix are given by

—_——— —— —\—
oM on)  oW)
Vusvu*b + VcchT) + V;fs‘/;lk) = 0 (2.28)
—— —— ——
O(\%) O(A\2) O(A\2)
~ 0, (2.29)

VuaVa, +VedVa+ ViaViy
N—— S—— SN——

(ptin) AX3

—AN3 (1—p—in)AN3

whereas those associated with the orthogonality of difterews take the following form:

ViaVed + VasVes + VapVeo = 0 (2.30)
om0 o)
VeaVia + VesVis + VaVp = 0 (2.31)
ont) o) o)

VeaVea +VaVis+ ViV = 0. (2.32)

(1—p—in)AN3 —AN3 (p+in) AN3

Here we have also indicated the structures that arise if vodyahe Wolfenstein parametrization by
keeping just the leading, non-vanishing terms. We obsératednly in (2.29) and (2.32), which describe
the orthogonality of the first and third columns and of thet finsd third rows, respectively, all three
sides are of comparable magnitud\*), while in the remaining relations, one side is suppressédl wi
respect to the others by factors G{\?) or O(\*). Consequently, we have to deal with oryo non-
squashed unitarity triangles in the complex plane. Howeagwe have already indicated in (2.29) and
(2.32), the corresponding orthogonality relations agrik @ach other at tha? level, yielding

[(p+in) + (=1) + (1 — p—in)] AN3 = 0. (2.33)

Consequently, they describe the same triangle, which isliyseferred to ashe unitarity triangle of the
CKM matrix [39, 40].

Concerning second-generatidgtidecay studies in the LHC era, the experimental accuradyowil
so tremendous that we will also have to take the next-toihgaakder terms of the Wolfenstein expansion
into account, and will have to distinguish between the uityt#riangles following from (2.29) and (2.32).

8



Let us first have a closer look at the former relation. Inatigdierms ofO(\°), we obtain the following
generalization of (2.33):

[(p+i77) + (=1) + (1 — p — i7)] AN® + O(\T) = 0, (2.34)

wherep andq are as defined in (2.22). If we divide this relation by the allerormalization factord\>,
and introduce

A2\ 1|V
Ry =1\/p”+7 ( 2)A . (2.35)
_ — 1| Vig
Ry = 1—2)2 2= _|=2 2.36

we arrive at the unitarity triangle illustrated in Fig. 3.(d} is a straightforward generalization of the
leading-order case described by (2.33): insteatbof), the apex is now simply given bip, ) [36].
The two sides?, andR;, as well as the three angles and~, will show up at several places throughout
these lectures. Moreover, the relations

Ry,
1—)\2/2
are also useful for phenomenological applications, siheg tmake the dependencesyadind s explicit;

they correspond to the phase convention chosen both indhdad parametrization (2.11) and in the
generalized Wolfenstein parametrization (2.20). Findflye take also (2.18) into account, we obtain

013 =17- (2.38)

Vip = AX® ( ) e, Vig=ANRe (2.37)

Let us now turn to (2.32). Here we arrive at an expressionistraiore complicated than (2.34):

AN+ O\ =0.

(2.39)
If we divide again byA\3, we obtain the unitarity triangle sketched in Fig. 3 (b), venéne apex is given
by (p,n) andnotby (p, 7). On the other hand, we encounter a tiny angle

oy = N =0(1°) (2.40)

H1 _ %2 (1= \)p—i(l —/\2)17}4—{—1 + (% —p) A2 —in)\z}—l—{p—l—in}

between real axis and basis of the triangle, which satisfies
v =7+, (2.41)

where~ coincides with the corresponding angle in Fig. 3 (a).

Whenever we will refer to a “unitarity triangle” (UT) in thelffowing discussion, we mean the
one illustrated in Fig. 3 (a), which is the generic geneadion of the leading-order case described by
(2.33). As we will see below, the UT is the central target &f ¢éixperimental tests of the SM description
of CP violation. Interestingly, also the tiny angle can be probed directly through certain CP-violating
effects that can be explored at hadron colliders, in pdeticat the LHC.

2.7 The Determination of the Unitarity Triangle

The next obvious question is how to determine the UT. Thexdveo conceptually different avenues that
we may follow to this end:

() In the “CKM fits”, theory is used to convert experimentaitd into contours in thg—7; plane. In
particular, semi-leptonié — (i, clv, decays and3{—-B{ mixing (¢ € {d, s}) allow us to de-
termine the UT side®;, and R;, respectively, i.e. to fix two circles in the<; plane. Furthermore,
the indirect CP violation in the neutral kaon system desttibysx can be transformed into a
hyperbola.



b SN 2f

05 -

I"I b 1< 12—
% £ -
= 0 FE— .
\ n
VJ_.‘V o\ E
Wi 0.8
=
b | o
0.5 0.6 —
B ! 0.4
il | 02
| Srams- o
1 | ClUTg
1 0 0 0 1 15 2 L

Fig. 4: Analyses of the CKMfitter and UTfit collaborations [4tP].

(i) Theoretical considerations allow us to convert meaments of CP-violating effects iB-meson
decays into direct information on the UT angles. The mostyment example is the determina-
tion of sin 23 through CP violation inBY — J/Ks decays, but several other strategies were
proposed.

The goal is to “overconstrain” the UT as much as possiblehéfature, additional contours can be fixed
in the p—7 plane through the measurement of rare decays.

In Fig. 4, we show examples of the comprehensive analysdsedfT that are performed (and
continuously updated) by the “CKM Fitter Group” [41] and tHdTfit collaboration” [42]. In these
figures, we can nicely see the circles that are determineddhrthe semi-leptoni®& decays and thex
hyperbolas. Moreover, also the straight lines followingnirthe direct measurement «h 25 with the
help of BY — J/1Ks modes are shown. We observe that the global consistencyyigwed. However,
looking closer, we also see that the most recent averagsifo23),, k. is now on the lower side, so that
the situation in theg—7 plane is no longer “perfect”. Moreover, as we shall discassetalil in the course
of these lectures, there are certain puzzles inBHactory data, and several important aspects could not
yet be addressed experimentally and are hence still esbgninexplored. Consequently, we may hope
that flavour studies will eventually establish deviatiorai the SM description of CP violation. Since
B mesons play a key rdle in these explorations, let us nex¢ hastoser look at them.

3 DECAYS OF B MESONS

The B-meson system consists of charged and neufrahesons, which are characterized by the va-
lence quark contents in (1.3). The characteristic feat@itb®neutralB, (¢ € {d, s}) mesons is the
phenomenon oBg—Bg mixing, which will be discussed in Section 5. As far as the kvdacays ofB
mesons are concerned, we distinguish between leptonidleggomic and non-leptonic transitions.

3.1 Leptonic Decays

The simplestB-meson decay class is given by leptonic decays of the Knd— /¢v,, as illustrated
in Fig. 5. If we evaluate the corresponding Feynman diagnam arrive at the following transition

amplitude:
2

o Ja _ -
Tji = = 2Vi [y (1 = 35)v.] lﬁ] (0]a°(1 = 75)b1B7), (3.1)
w

Dirac spinors hadronic ME
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Fig. 5: Feynman diagrams contributing to the leptonic deBay— £u,.

wheregs is the SU(2), gauge couplingV,; the corresponding element of the CKM matiixand 3 are
Lorentz indices, and{yy denotes the mass of th& gauge boson. Since the four-momentérthat is
carried by theV satisfiesk? = M% < M3,, we may write

9ap 9aB _ 8Gr
— — = - 0B 3.2
whereGF is Fermi’s constant. Consequently, we may “integrate dweW¥ boson in (3.1), which yields
G N _ _
Ty = \/_gvub [ty (1 = v5)vu] (O[aya(l — 5)b| B7). (3.3)

In this simple expressiomall the hadronic physics is encoded in thedronic matrix element

(O]aya(l —75)b|B™),

i.e. there are no other strong-interaction QCD effects dfdetailed discussion of QCD, see Ref. [43]).
Since theB~ meson is a pseudoscalar particle, we have

(0uyab|B™) =0, (3.4)

and may write

<0|a’7a75b|B_(Q)> = 1fBqa, (3.5)
where f5 is the B-mesondecay constantwvhich is an important input for phenomenological studies.
order to determine this quantity, which is a very challegdiask, non-perturbative techniques, such as
QCD sum-rule analyses [44] or lattice studies, where a nigalezvaluation of the QCD path integral is
performed with the help of a space-time lattice, [45]-[4#E required. If we use (3.3) with (3.4) and
(3.5), and perform the corresponding phase-space integsatve obtain the following decay rate:

2
- _ Gt 2 2 2
F(B — gV[) = S_WMBmZ 1-— M—% fB‘Vub’ N (36)
where Mz and m, denote the masses of tHeé~ and /¢, respectively. Because of the tiny value of
|Vus| o< A% and a helicity-suppression mechanism, we obtain unforélyaery small branching ratios of
O(1071%) andO(10~7) for £ = e and/ = p, respectively [48]. The helicity suppression is not effexct
for ¢ = 7, but — because of the requiredeconstruction —these modes are also very challenging drom
experimental point of view. Nevertheless, the Belle expent has recently reported the first evidence
for the purely leptonic deca$3~ — 7~ ,, with the following branching ratio [49]:

BR(B~ — 7 7,) = [1.06+8;§§ (stat)t018 (syst)} x 1074, (3.7)

which corresponds to a significance of 4.2 standard dewigtiosing the SM expression for this branch-
ing ratio and the measured valuesaf, Mg, m., and theB-meson lifetime, the product of the-meson
decay constanfz and the magnitude of the CKM matrix elemeW,;| is obtained as

FolVasl = [7.7851 33 (stat)*§ 58 (syst)| x 107 GeV. (3.8)
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Fig. 6: Feynman diagrams contributing to semileptdfc— D™ (7)o, decays.

The determination of this quantity is very interesting, aswledge of|V,;| allows us to extracyp,
thereby providing tests of non-perturbative calculatiohthis important parameter.

Before discussing the determination|®f,;| from semileptonicB decays in the next subsection,
let us have a look at the leptonig-meson decay)™ — p*v. Itis governed by the CKM factor

Ved| = [Vus| + O(N) = AL + O(AY)], (3.9)

whereasB~ — u~ v involves|V,,,| = A3R,. Consequently, we win a factor 6f(\*) in the decay rate,

so thatD™ — ptv is accessible at the CLEO-c experiment [50]. Since the spmaeding CKM factor

is well known, the decay constalfi,+ defined in analogy to (3.5) can be extracted, allowing amothe
interesting testing ground for lattice calculations. Tketo recent progress in these techniques [51], the
“guenched” approximation, which had to be applied for maynyears and ingnores quark loops, is no
longer required for the calculation ¢f,+. In the summer of 2005, there was a first show down between
the corresponding theoretical prediction and experimtietiattice result of p+ = (201 +3+17)MeV

was reported [52], while CLEO-c announced the measurenfefyy0= (222.6 + 16.7f§;§) MeV [53].

Both numbers agree well within the uncertainties, and ithélinteresting to stay tuned for future results.

3.2 Semileptonic Decays
3.2.1 General Structure

SemileptonicB-meson decays of the kind shown in Fig. 6 have a structuréginadre complicated than
the one of the leptonic transitions. If we evaluate the gpoading Feynman diagram for the— ¢
case, we obtain

2
g — e ga — D
Ty = — 22V [Ugy™(1 — v5)v0] 2762 (D*]ey" (1 — ~5)b| BY) - (3.10)
8 K2 — M2,

Dirac spinors hadronic ME
Because of? ~ M3 < M3,, we may again — as in (3.1) — integrate out tieboson with the help of
(3.2), which yields

G —
Ty = 7;‘/% [y (1 = 75)0,] (D¥ [eva (1 — 75)b| B7), (311)

whereall the hadronic physics is encoded in the hadronic matrix eléme

(DF|eva(l —75)b|By),
i.e. there arao other QCD effects. Since the) and D" are pseudoscalar mesons, we have

(D* |evaysb| BY) = 0, (3.12)
and may write

Mg — Mp,

(D*(k)|evab| Bi(p)) = Fi(q%) + Fo(q?) (T) Ga, (3.13)

M% — M3
on (M),

12



whereq = p — k, and theF} o(¢?) denote theform factorsof the B — D transitions. Consequently,

in contrast to the simple case of the leptonic transitioes)jikeptonic decays involvevo hadronic form
factors instead of the decay constdiat. In order to calculate these parameters, which depend on the
momentum transfey, again non-perturbative techniques (QCD sum rules, &tétc.) are required.

3.2.2 Aspects of the Heavy-Quark Effective Theory

If the massmg of a quark@ is much larger than the QCD scale paramétgep = O(100 MeV) [43],
it is referred to as a “heavy” quark. Since the bottom androhguwarks have masses at the level eV
andl GeV, respectively, they belong to this important categéiy/far as the extremely heavy top quark,
with m; ~ 170 GeV is concerned, it decays unfortunately through weakaste®ns before a hadron can
be formed. Let us now consider a heavy quark that is boundéarsihadron, i.e. a bottom or a charm
qguark. The heavy quark then moves almost with the hadronsvelocity v and is almost on-shell, so
that

p’é = mqgut + k", (3.14)

wherev? = 1 andk < mg is the “residual” momentum. Owing to the interactions of tieavy
quark with the light degrees of freedom of the hadron, thedues momentum may only change by
Ak ~ AQCD1 andAv — 0 for AQCD/mQ — 0.

It is now instructive to have a look at the elastic scattepngcessB(v) — B(v') in the limit of
Aqcp/my — 0, which is characterized by the following matrix element:

T BB B) = €07 0)(0 + o, (3.15)

Since the contraction of this matrix element with — v’)* has to vanish because g, = b, and
byt = by, N0 (v —1'), term arises in the parametrization in (3.15). On the othadhthel /M factor
is related to the normalization of states, i.e. the rightehside of

1 _ _ 1
———(B ’><B —):2U02w353 5 — 3.16
(B0 (1802 ) = 2 Cr) s - ) (316)
does not depend al/ . Finally, current conservation implies the following naimation condition:
£ v =1)=1, (3.17)

where the “Isgur—Wise” functio(v’ - v) doesnotdepend on the flavour of the heavy quark (heavy-quark
symmetry) [54]. Consequently, fdqcp /mep . — 0, we may write
1
MpMp
and observe that this transition amplitude is governed kérheavy-quark limit — bpnehadronic form
factor¢ (v’ - v), which satisfieg (1) = 1. If we now compare (3.18) with (3.13), we obtain

(D(V)|eovabol B(v)) = €' v)(v +v)a; (3.18)

Mp + Mp
F(P?) = —/——L2 3.19
1(q%) 9 MDMBg(w) ( )
2\/MDMB 14w

Fy(¢?) = 3.20

with ) ) )

o _ Mp + Mg —q
w=uvp-vg = oMM, (3.21)

Similar relations hold for thé8 — D* form factors because of the heavy-quark spin symmetryesine
D is related to theD by a rotation of the heavy-quark spin. A detailed discussibthese interesting
features and the associated “heavy-quark effective ti¢IQET) is beyond the scope of these lectures.
For a detailed overview, we refer the reader to Ref. [55], mtaso a comprehensive list of original
references can be found. For a more phenomenological discuslso Ref. [56] is very useful.
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3.2.3 Applications

An important application of the formalism sketched abovthes extraction of the CKM element|.
To this end,B — D*¢ decays are particularly promising. The correspondingaatebe written as

dr

T GEK (Mg, Mp«, w)F(w)? [V |?, (3.22)
whereK (Mg, Mp-,w) is a known kinematic function, anfl(w) agrees with the Isgur—-Wise function,
up to perturbative QCD corrections and,cp/my, . terms. The form factoF'(w) is a non-perturbative

quantity. However, it satisfies the following normalizaticondition:

F(1) = na(as) |1+ mi + m% L O /mi)] | (3.23)
wheren 4 (o) is a perturbatively calculable short-distance QCD faaod theAgcp /my, . corrections
vanish[55, 57]. The important latter feature is an implication afide’'s theorem [58]. Consequently, if
we extractF'(w)| V| from a measurement of (3.22) as a functionwodind extrapolate to the “zero-recoll
point” w = 1 (where the rate vanishes), we may deterniiig|. In the case ofB — D/u decays,
we haveO(Aqcp/me ) corrections to the corresponding ratE/dw atw = 1. In order to determine
|V, inclusive B — X ¢ decays offer also very attractive avenues. As becomes ab¥iom (2.24)
and the considerations in Subsection 216,| fixes the normalization of the UT. Moreover, this quantity
is an important input parameter for various theoreticatwations. The CKM matrix elemeni/|
is currently known with2% precision; performing an analysis of leptonic and hadran@ments in
inclusiveb — clv processes [59], the following value was extracted fromAhfactory data [60]:

[Vep| = (42.0 £0.7) x 1073, (3.24)

which agrees with that from exclusive decays.

Let us now turn taB — w/, plv decays, which originate froh — u/o quark-level processes,
as can be seen in Fig. 6, and provide acces¥ fg. If we complement this CKM matrix element with
|Ves|, we may determine the sidg, of the UT with the help of (2.35). The determination |&f,;| is
hence a very important aspect of flavour physics. Sincertlaad p are “light” mesons, the HQET
symmetry relations cannot be applied to he— 7/, pf modes. Consequently, in order to determine
|Vup| from these exclusive channels, the corresponding healigttbform factors have to be described
by models. Animportant alternative is provided by inclesilecays. The corresponding decay rate takes
the following form:

— N\ G%"VubP 5 Qg )\1 - 9)\2

whereA; and\, are non-perturbative parameters, which describe the hexdnmatrix elements of certain
“kinetic” and “chromomagnetic” operators appearing witlthe framework of the HQET. Using the
heavy-quark expansions

A1 — A2
Zmb

A1+ 3\
M3

Cy MB*:mb—I—IX—
Zmb

MB:mb—I—fX— 4+ ... (326)

for the B*)-meson masses, wheke~ Aqcp is another non-perturbative parameter that is relatedeto th
light degrees of freedom, the paramekgrcan be determined from the measured values of\ihg.).

The strong dependence of (3.25) o1 is a significant source of uncertainty. On the other hand, the
1/m§ corrections can be better controlled than in the exclusase ¢3.23), where we have, moreover,
to deal with1/m? corrections. From an experimental point of view, we havettoggle with large
backgrounds, which originate frolm— ¢/ processes and require also a model-dependent treatment.
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Fig. 7: Feynman diagrams of the topologies characterizimglaptonicB decays: trees (a), QCD penguins (b), and electroweak
penguins (c).

The determination ofV,;| from B-meson decays caused by- u/v quark-level processes is therefore
a very challenging issue, and the situation is less favdardtan with|V,,|: there is a b discrepancy
between the values from inclusive and exclusive transt{6d]:

Viplina = (44 4+0.3) x 1072, |[Viplexel = (3.8 £ 0.6) x 1073, (3.27)

which has to be settled in the future. The error| B/ is dominated by the theoretical uncertainty
of lattice and light-cone sum rule calculations Bf — © and B — p transition form factors [62, 63],
whereas folV,;|inc €Xperimental and theoretical errors are at par. Using theeseaof|V,,| and |V,
given above and = 0.225 4+ 0.001 [64], we obtain

Rirl — (.45 4 0.03, R = 0.39 4 0.06, (3.28)

where the labels “incl” and “excl” refer to the determinaisoof|V,,;| through inclusive and exclusive
b — ulyy transitions, respectively.

For a much more detailed discussion of the determinationd’gf and |V,;|, addressing also
various recent developments and the future prospects, feetre reader to Ref. [12], where also the
references to the vast original literature can be found.tBerexcellent presentation is given in Ref. [56].

3.3 Non-Leptonic Decays

3.3.1 Classification

The most complicated decays are the non-leptonic transitions, which are metliayeé — ¢; g2 d (s)
quark-level processes, with, ¢2 € {u,d, ¢, s}. There are two kinds of topologies contributing to such
decays: tree-diagram-like and “penguin” topologies. Téitel consist of gluonic (QCD) and elec-
troweak (EW) penguins. In Fig. 7, the corresponding leadirder Feynman diagrams are shown. De-
pending on the flavour content of their final states, we magsihab — ¢; g2 d (s) decays as follows:

* g1 # q2 € {u, c}: onlytree diagrams contribute.
* q1 = q2 € {u, c}: treeandpenguin diagrams contribute.

e ¢1 = ¢2 € {d, s}: only penguin diagrams contribute.
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Fig. 8: Feynman diagrams contributing to the non-leptdgjc— D+ K~ decay.

s
U

O,
b c

Fig. 9: The description of the — dus process through the four-quark operatdy in the effective theory after thB” boson
has been integrated out.

3.3.2 Low-Energy Effective Hamiltonians

In order to analyse non-leptoniB decays theoretically, one uses low-energy effective Ham#ns,
which are calculated by making use of the “operator produpkesion”, yielding transition matrix
elements of the following structure:

(F[Heali) = GTACKMZ@ HF1Qu(m) ). (3.29
The technique of the operator product expansion allows sgparate the short-distance contributions
to this transition amplitude from the long-distance onelsictv are described by perturbative quantities
Cr(p) (“Wilson coefficient functions”) and non-perturbative apities (f|Qx(w)|7) (“hadronic matrix
elements”), respectively. As befor€r is the Fermi constant, whereasxky; is a CKM factor andu
denotes an appropriate renormalization scale. Jhare local operators, which are generated by elec-
troweak interactions and QCD, and govern “effectively” tezay in question. The Wilson coefficients
Cx(p) can be considered as scale-dependent couplings relateel tertices described by tldg,.

In order to illustrate this rather abstract formalism, letonsider the decal) — D' K —, which
allows a transparent discussion of the evaluation of theesponding low-energy effective Hamilto-
nian. Since this transition originates fromba— cus quark-level process, it is — as we have seen in
our classification in Subsection 3.3.1 — a pure “tree” decay,we do not have to deal with penguin
topologies, which simplifies the analysis considerablye THading-order Feynman diagram contributing
to BY — DTK~ can straightforwardly be obtained from Fig. 6 by substitgtf and», by s and,
respectively, as can be seen in Fig. 8. Consequently, thenlequrrent is simply replaced by a quark
current, which will have important implications shown heloEvaluating the corresponding Feynman
diagram yields

2
~ ZViVa[57" (1 = 5)ul [/fwl [ev*(1 — ~5)b] (3.30)

Because of? ~ m? < M7, we may — as in (3.10) — “integrate out” th& boson with the help of
(3.2), and arrive at

Gr oo o .
Het = 75Vuchb [Savu(l = ¥5)ua] [cm’“‘ﬂ —75)b5]

G
\/E s Veb(Batta)v-a (Cabg)vn = \/7 Vs VerO2 (3.31)

16



.3 s
- u
W S O
b m c b c

Fig. 10: Factorizable QCD corrections in the full and effiextheories.
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Fig. 11: Non-factorizable QCD corrections in the full anteefive theories.

wherea and3 denote the colour indices of thd/(3)c gauge group of QCD. Effectively, obr— cus
decay process is now described by the “current—currentfab@eO-, as is illustrated in Fig. 9.

So far, we neglected QCD corrections. Their important imEatwofold: thanks tdactorizable
QCD corrections as shown in Fig. 10, the Wilson coefficiépticquires a renormalization-scale depen-
dence, i.eCy(n) # 1. On the other handjon-factorizableQCD corrections as illustrated in Fig. 11
generate a second current—current operator through “mperaxing”, which is given by

O1 = [8a7u(1 — ¥5)ug] [eg7" (1 — 75)bal - (3.32)

Consequently, we eventually arrive at a low-energy effeddamiltonian of the following structure:
GF .«
Hegr = %Vus‘/cb [C1(p)O1 + Ca(1) O] . (3.33)

In order to evaluate the Wilson coefficierd§ (1) # 0 andCa (1) # 1 [65], we must first calculate the
QCD caorrections to the decay processes both in the full théer with W exchange, and in the effective
theory, where théV is integrated out (see Figs. 10 and 11), and have then tosxtite QCD-corrected
transition amplitude in terms of QCD-corrected matrix ebets and Wilson coefficients as in (3.29).
This procedure is called “matching” between the full andeffective theory. The results for the, ()
thus obtained contain terms of Iqg/Myy ), which become large fon = O(my,), the scale governing
the hadronic matrix elements of tli¢.. Making use of the renormalization group, which exploits th
fact that the transition amplitude (3.29) cannot dependhenchosen renormalization scalewe may
sum up the following terms of the Wilson coefficients:

o [log <Mi>r (LO), a” [log (Lﬂn_l (NLO), .. (3.34)

w My
detailed discussions of these rather technical aspectsectound in Refs. [66, 67].

For the exploration of CP violation, the class of non-leptald decays that receives contributions
both from tree and from penguin topologies plays a key rbiethis important case, the operator basis
is much larger than in our example (3.33), where we consitlarpure “tree” decay. If we apply the
relation

szrvub + cht”‘/cb + V;fj:‘/tb =0 (T € {dv S}), (335)
which follows from the unitarity of the CKM matrix, and “ingeate out” the top quark (which enters
through the penguin loop processes) andiihéoson, we may write

2 _ 10
> ViV {Z Ce(n) Q)+~ Cr(p) QZ}] : (3.36)
k=1

k=3

Ge
Heff = —=
=

J=u,c
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Here we have introduced another quark-flavour lgbel{u, c}, and thlef can be divided as follows:
e Current—current operators: _
@ = (adohv-alsba)von (3.37)
Q2 = (Taja)v-A(jsbg)v-a-
e QCD penguin operators:

Q3 (Taba)v-n 24 (7595 )v-A
Q) = (Tabp)vea Xy (T390 v-A (3.38)
Q5 = (Taba)v-a 2y (T3q5)v+A '
Qs = (Tabp)vea 2y (T5a0)ven-
e EW penguin operators (thg, denote the electrical quark charges):
Qb = 3(Fabalvea Yy eq (T5as)ven
Ry = %(_abﬁ)v A g g (Tda)v+a (3.39)
Qy = g( aba)ven Xy eq (T3a5)v-A
To = 5(Tabglv-a Xy €q (T300)v-A-

The current—current, QCD and EW penguin operators areecklat the tree, QCD and EW penguin
processes shown in Fig. 7. At arenormalization spate O(m;,), the Wilson coefficients of the current—
current operators aé; (1) = O(1071) andCy (1) = O(1), whereas those of the penguin operators are
O(10~2) [67, 66]. Note that penguin topologies with internal chammd up-quark exchanges [68]
are described in this framework by penguin-like matrix edais of the corresponding current—current
operators [69], and may also have important phenomenabgonsequences [70, 71].

Since the ratiax/a, = O(10~2) of the QED and QCD couplings is very small, we would expect
naively that EW penguins should play a minor rdle in corigumar with QCD penguins. This would
actually be the case if the top quark was not “heavy”. Howesiace the Wilson coefficierity increases
strongly withm,, we obtain interesting EW penguin effects in seveBallecays:B — K¢ modes are
affected significantly by EW penguins, wherdas— ¢ and B, — 7%¢ transitions are evedominated
by such topologies [72, 73]. EW penguins also have an impbmapact on theB — 7K system [74].

The low-energy effective Hamiltonians discussed abovéyappall B decays that are caused by
the same quark-level transition, i.e. they are “univers@bnsequently, the differences between the vari-
ous exclusive modes of a given decay class arise withindnmdlism only through the hadronic matrix
elements of the relevant four-quark operators. Unforeelgathe evaluation of such matrix elements is
associated with large uncertainties and is a very chaltgntask. In this context, “factorization” is a
widely used concept, which is our next topic.

3.3.3 Factorization of Hadronic Matrix Elements

In order to discuss “factorization”, let us consider oncerente decay3) — DT K~. Evaluating the
corresponding transition amplitude, we encounter thedradrmatrix elements of thé), , operators
between thé K~ D | final and the BY) initial states. If we use the well-know$iU (N¢) colour-algebra
relation

| 1
T 75 - 5 <5a5557 - N—Céaﬁé-y(S) (340)

to rewrite the operataP,, we obtain

(K~ D*[Hea| BY) = 7 Ve | a1 (K~ D¥|(5attaven (@3bg)v-a| BY)
+2C (K™D |(50 Tagug)v-n(Cy Ty bs)v-a !Bc%] ; (3.41)
with
a] = Cl/NC + Cy ~ 1. (342)
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It is now straightforward to “factorize” the hadronic matglements in (3.41):

<K_D+’(§aua)V—A(éﬁbﬁ)V—A‘Bc%‘fact
= (K7| [Bavu(1l = v5)ual [0)(D| [Egv*(1 — v5)bs] | BY)
_ ; (BD)(qr2 2 a2
= ifK x  Fy7TU(My)  xo (Mp— Mp), (3.43)
N _—

S——— . ;
decay constant B — D form factor kinematical factor

=0. (3.44)

(K~ D |(5a Ti up o (@ T bs)v-al B =
The quantitya; is a phenomenological “colour factor”, which governs “agl@llowed” decays; the
decayBY — DK~ belongs to this category, since the colour indices ofthemeson and th&J-D+
system run independently from each other in the correspgnéading-order diagram shown in Fig. 8.
On the other hand, in the case of “colour-suppressed” mdoemstanceB) — 7% DY, where only one

colour index runs through the whole diagram, we have to déhltiwe combination
ag = Cy + Cy/Nc ~ 0.25. (3.45)

The concept of factorizing the hadronic matrix elementsooffguark operators into the product
of hadronic matrix elements of quark currents has a lon@hig75], and can be justified, for example,
in the largeN¢ limit [76]. Interesting recent developments are the follogy

e “QCD factorization” [77], which is in accordance with thedopicture that factorization should
hold for certain decays in the limit ofy, > Aqcp [78], provides a formalism to calculate the
relevant amplitudes at the leading order akgcp/my, expansion. The resulting expression for
the transition amplitudes incorporates elements botheh#ive factorization approach sketched
above and of the hard-scattering picture. Let us considecayd3 — M; My, whereM; picks
up the spectator quark. M}/, is either a heavylp) or a light (r, K) meson, and/; a light (r, K)
meson, QCD factorization gives a transition amplitude efftillowing structure:

A(B — M;M,) = [“naive factorization] x [1 + O(as) + O(Aqep/ms)] - (3.46)

While theO(«;) terms, i.e. the radiative non-factorizable correctioms) lse calculated systemat-
ically, the main limitation of the theoretical accuracyginates from the&)(Aqcp/ms) terms.

e Another QCD approach to deal with non-leptonitmeson decays — the “perturbative hard-
scattering approach ” (PQCD) — was developed independenfRQ], and differs from the QCD
factorization formalism in some technical aspects.

e An interesting technique for “factorization proofs” is pided by the framework of the “soft
collinear effective theory” (SCET) [80], which has recealva lot of attention in the recent lit-
erature and led to various applications.

e Non-leptonicB decays can also be studied within QCD light-cone sum-rupecgehes [81].

A detailed presentation of these topics would be very texi@ind is beyond the scope of these lectures.
However, for the discussion of the CP-violating effectsh@B-meson system, we must only be familiar
with the general structure of the non-leptoriicdecay amplitudes and not enter the details of the tech-
niques to deal with the corresponding hadronic matrix etgmelet us finally note that thB-factory
data will eventually decide how well factorization and thewnconcepts sketched above are actually
working. For example, data on the — 77 system point towards large non-factorizable corrections
[82, 83], to which we shall return in Subsection 8.2.
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3.4 Towards Studies of CP Violation

As we have seen above, leptonic and semilept@iimeson decays involve only a single weak (CKM)
amplitude. On the other hand, the structure of non-lepttraitsitions is considerably more complicated.
Let us consider a non-leptonic decBy— f that is described by the low-energy effective Hamiltonian
in (3.36). The corresponding decay amplitude is then giwsiolkows:

A(B — f) = (f|Her| B)

| v { S aanio i + Y e | @.47)
j=u,c
Concerning the CP-conjugate procdss— f, we have
A(B — f) (fIHLIB)
Z VJTV;Z{ZCk )(FIQYT()|B) +ZCk ) FIQ (1 )!B>} (3.48)
j=u,c k=3

If we use now that strong interactions are invariant undertr@fsformations, inseCP)*(CP) =
both after thg f| and in front of the B), and take the relation

CP)QI(CcP) = QI (3.49)
into account, we arrive at

A(B — f) — eilecp(B)—¢cp(f)]

Z VirV; {ch N F1QY ()| B) +/i0k )(f1Q% (1 )|B>} (3.50)
j=u,c
where the convention-dependent phases B) and¢cp(f) are defined through
(CP)|B) = e°cPP|B),  (CP)|f) = P f). (3.51)
Consequently, we may write
AB — f) = eT¥1A;1]e 4 72| Ay|et? (3.52)
AB — f) = ellocpBI=ocpl] [e=ier| 4y |ei® 4 e7ie2|A,]ei®2] (3.53)

Here the CP-violating phases; » originate from the CKM factors/;;V};,, and the CP-conserving
“strong” amplitudes|A; 2|e?12 involve the hadronic matrix elements of the four-quark apans. In
fact, these expressions are the most general forms of amjeptomic B-decay amplitude in the SM,
i.e. they do not only refer to thAC' = AU = 0 case described by (3.36). Using (3.52) and (3.53), we
obtain the following CP asymmetry:

Ay = DB=D-TB—]) |AB =P~ |AB - )P

IB—f)+0(B—f) [AB—= P +]AB— f)]?
2|A1||A2| sin(51 — 52) Sin(ng — (pQ)

— . 3.54
AL T 214y || Ao cos(81 — a) cos(pr — p2) T | A2 (3:54)

We observe that a non-vanishing value can be generatedytintba interference between the two weak
amplitudes, provided both a non-trivial weak phase difieesp; — 2 and a non-trivial strong phase
differenced; — 9, are present. This kind of CP violation is referred to as ‘©it€CP violation, as it
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originates directly at the amplitude level of the considedecay. It is theB-meson counterpart of the
effects that are probed through RE/<) in the neutral kaon systefand could recently be established
with the help ofB; — nT K* decays [6], as we will see in Subsection 7.3.

Sincey; — o is in general given by one of the UT angles — usually the goal is to extract this
guantity from the measured value.d¢:p. Unfortunately, hadronic uncertainties affect this deiieation
through the poorly known hadronic matrix elements in (3.4 prder to deal with this problem, we may
proceed along one of the following two avenues:

() Amplitude relations can be used to eliminate the hadranatrix elements. We distinguish be-
tween exact relations, using pure “tree” decays of the kd— K*D [84, 85] orBf — DD
[86], and relations, which follow from the flavour symmesrief strong interactions, i.e. isospin or
SU(3)r, and involveB ) — 7, 7K, K K modes [87].

(i) In decays of neutraB, mesons, interference effects betwdéga—Bg mixing and decay processes
may induce “mixing-induced CP violation”. If a single CKM @ifitude governs the decay, the
hadronic matrix elements cancel in the corresponding CRamtries; otherwise we have to use
again amplitude relations. The most important exampledsidtayB) — J/1Kg [88].

Before discussing the features of neutfal mesons ancBg—Bg mixing in detail in Section 5, let us
illustrate the use of amplitude relations for clean extoms of the UT angley from decays of charged
B, and B, mesons.

4 AMPLITUDE RELATIONS
41 BT - KED

The prototype of the strategies using theoretically cleaplaude relations is provided bg* — K+ D
decays [84]. Looking at Fig. 12, we observe tifsit — K+D® and BT — K+D° are pure “tree”
decays. If we consider, in addition, the transitiBri — DY K+, whereDY denotes the CP eigenstate
of the neutralD-meson system with eigenvaluel,

1 _
DY) = 5 [ID%) +1D%)]. (4.1)

we obtain interference effects, which are described by
V2ABY — K*DY) = ABY - K*D% + A(BT - K*D°) (4.2)
V2A(B~ - K~DY) = A(B~ — K~ D°) + A(B~ — K~D°). (4.3)

These relations can be represented as two triangles in thpler plane. Since we have only to deal
with tree-diagram-like topologies, we have moreover

ABT - KTD% = AB~ — KDY (4.4)
ABT - KTD% = A(B™ — K D% x 27, (4.5)

allowing atheoretically clearextraction ofy, as shown in Fig. 13. Unfortunately, these triangles are
very squashed, sind@t — K1 DY is colour-suppressed with respect®d — K+ D0:

1 |Vub| a2
~ — X — = 0.4x0.3=0(0.1), 4.6
NVl * s 01, ¢

A(Bt — K*tDY)
A(B+ — K+DO

B A(B™ — K_DO)
| AB- — KD

where the phenomenological “colour” factors were intrastili Subsection 3.3.3.

In order to calculate this quantity, an approriate low-ggesffective Hamiltonian having the same structure as (386
used. The large theoretical uncertainties mentioned iti@et originate from a strong cancellation between theriioumions
of the QCD and EW penguins (caused by the large top-quark)raagdshe associated hadronic matrix elements.
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B+

Fig. 12: Feynman diagrams contributing®™ — K+ D° andBT — K+ D°.

A(Bf — K*+DO) V2AB,; — K~DY)

A(Bf — K*tD% = A(B; — K~D")

Fig. 13: The extraction of from B* — K*{D° D° D%} decays.

Another — more subtle — problem is related to the measureof@R(B+ — K+ D). From the
theoretical point of viewp? — K ~¢*v would be ideal to measure this tiny branching ratio. Howgver
because of the huge background from semileptéhitecays, we must rely on Cabibbo-allowed hadronic
DY — fyg decays, such agwy = 7K, pt K, ..., i.e. have to measure

B+ — K+DO [—> fNE] (47)
Unfortunately, we then encounter another decay path itedmefinal stateK ™ fxg through
BT — K™D [— fxg], (4.8)

where BRB*T — K+ DY) islarger than BR Bt — K+ D) by a factor of©(10?), while D° — fxg is
doubly Cabibbo-suppressed, i.e. the corresponding biragpehtio is suppressed with respect to the one
of DY — fxg by a factor ofO(10~2). Consequently, we obtain interference effects)gl) between
the decay chains in (4.7) and (4.8). However, if two différBnal statesfng are consideredy can

be extracted [85], although this determination is then nimrelved than the original triangle approach
presented in [84].

The angley can be determined in a variety of ways through CP-violatifigces in pure tree
decays of typeB — D® K®*) [89]. Using the presenB-factory data, the following results were
obtained through a combination of various methods:

(62F3%)°  (CKMifitter collaboration [41]),

* *) — 49
Moo { (65 4+ 20)°  (UTfit collaboration [42]) (4.9)

Here we have discarded a second solution giveady + |, ;- in the third quadrant of thg—,
plane, as it is disfavoured by the global fits of the UT, andhgydata for mixing-induced CP violation in
pure tree decays of typB; — D* =T, D**7x T, ... [90]. A similar comment applies to the information
from B — 7, 7 K modes [91].
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;@ P
x A|Vip| w

Fig. 14: Feynman diagrams contributing®™ — D D° andB* — DI D°.

A(BH — DFDY) V2 A(B; — D; DY)

A(BF — D¥D% = A(B; — D;D")

Fig. 15: The extraction of from B — D {D° D° DY} decays.

42 B - DD
In addition to the “conventional’B- mesons, there is yet another species of chafgedesons, the

B.-meson system, which consists Bf ~ cb and B, ~ be. These mesons were observed by the CDF
collaboration through their decady,” — J/¢¢* v, with the following mass and lifetime [92]:

Mp, = (6.40 +0.39 +0.13) GeV, 75, = (0.467515 4+ 0.03) ps (4.10)

Meanwhile, the DO collaboration observed thg — .J/v 1™ X mode [93], which led to the following
B. mass and lifetime determinations:

Mp, = (5957013 £0.34) GeV, 75, = (0.4487032% +0.121) ps, (4.11)
and CDF reported evidence for tiig" — J/17* channel [94], implying
Mp, = (6.2870 £ 0.0048 + 0.0011) GeV. (4.12)

Since run Il of the Tevatron will provide further insightgonB,. physics and a huge number Bf
mesons will be produced at LHCDb, the natural question of lexplore CP violation with chargef.
decays arises, in particular whether an extraction wiith the help of the triangle approach is possible.
Such a determination is actually offered BY — D¥ D decays, which are th8,. counterparts of the
BF — K*D modes (see Fig. 14), and satisfy the following amplitudetiehs [95]:

V2A(BY — DfDY) = A(BFY — DFD°% + A(BY — D+D° (4.13)
c s + c s c s
V2A(B; - D:D°%) = A(B. — D;D° + A(B. — D-DY), (4.14)
c s + c s c s
with
ABf = DfD% = A(B; — D;D" (4.15)
A(Bf — DD = A(B; — D;D°) x 27, (4.16)

23



b W q b u,c,t q
Fig. 16: Box diagrams contributing 8037 mixing in the SM ¢ € {d, s}).

At first sight, everything is completely analogous to g — K*D case. However, there is an im-
portant difference [86], which becomes obvious by compgatie Feynman diagrams shown in Figs. 12
and 14: in theBF — D D system, the amplitude with the rather small CKM matrix elatié,, is not
colour-suppressed, while the larger elemgptcomes with a colour-suppression factor. Therefore, we
obtain

~ LVl a1
MVa| a2

~0.4x3=0(), (4.17)

A(B;" — D;’DO)
A(B;’_ — D;_DO)

_ |A(BZ — D7 DY)
- |A(BZ — D5 DY)

and conclude that the two amplitudes are similar in size.ohtrast to this favourable situation, in the
decaysB — K*D, the matrix element,;, comes with the colour-suppression factor, resulting in a
very stretched triangle. The extractiomofrom the B — DF D triangles is illustrated in Fig. 15, which
should be compared with the squashiggl — K D triangles shown in Fig. 13. Another important
advantage is that the interference effects arising fldtnD° — =+ K~ are practically unimportant for
the measurement of BB — DF D°) and BRB} — D} DY) since theB.-decay amplitudes are of
the same order of magnitude. Consequentlyffie— DF D decays provide — from the theoretical point
of view — the ideal realization of the “triangle” approactdieterminey. On the other hand, the practical
implementation still appears to be challenging, althoughaited experimental feasibility studies for
LHCDb are strongly encouraged. The corresponding brandaithigs were estimated in Ref. [96], with a
pattern in accordance with (4.17).

5 FEATURES OF NEUTRAL B MESONS
5.1 Schibdinger Equation for B)-BJ Mixing

Within the SM, BB mixing (¢ € {d, s}) arises from the box diagrams shown in Fig. 16. Because of
this phenomenon, an initially, i.e. at time= 0, presenth-meson state evolves into a time-dependent
linear combination o) and BY states:

|By(t)) = a(t)|By) +b(1)|By), (5.1)
wherea(t) andb(t) are governed by a Schrddinger equation of the followingfor
a(t) \ _ g (o0 ) Z[( M? M@\ i (T T (e ) g
b(t) o) )~ |\ a9 om0 ) T2\ rlgr bty )

mass matrix decay matrix

The special formH,; = Hy, of the HamiltonianH is an implication of the CPT theorem, i.e. of the
invariance under combined CP and time-reversal (T) tranmstions.

It is straightforward to calculate the eigenstd@é‘% and eigenvaluesg‘j) of (5.2):

BY) = ——— (1BY) + o,|BD)) (5.3)

A/ 1+ [oyg?
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i )
A9 = (ng) - 5r8”) + (Ml(g) - f%’%’) ag, 4)

where
G AP e O 4 rr P
Qg€ = @3 @0 D (55)
4| My |2 + 175 | 4\M12 HF ]smé@M/F
Here we have written
Z@(CI) Z@(q)
My = e )], T = ryg), se) = el - efl, (5.6)

and have introduced the quantity € {0, 1} to parametrize the sign of the square root in (5.5).

Evaluating the dispersive parts of the box diagrams showfign 16, which are dominated by
internal top-quark exchanges, yields (for a more detailedussion, see Ref. [17]):

G M i(m—
Ml(g)_ 1F2 2W773 quB BBq (thth) So(ﬂft)e( ¢CP(B‘1)), (5.7)

where ¢cp(B;,) is a convention-dependent phase, which is defined in anatw@®.51). The short-
distance physics is encoded in the “Inami-Lim” functisif(x; = m?/M3,) [97], which can be written
—to a good approximation — in the SM as [98]

(5.8)

1.52
So(a:t):2.40><[ e } ,

167 GeV

and in the perturbative QCD correction factpg = 0.55 + 0.01 [99], which doesnot depend on
q € {d,s}, i.e. is the same foB,; and B, mesons. On the other hand, the non-perturbative physics

is described by the quantitiefs;, Bl/ 2 involving — in addition to the5, decay constanfp, — the “bag”

parametet3, , which is related to the hadronic matrix elemén|(bg)v_a (bg)v_a|BY). These non-
perturbative parameters can be determined through QCDrslentalculations [100] or lattice studies.
Concerning the latter analyses, the front runners are nguenmched calculations with 2 or 3 dynamical
guarks. Despite tremendous progress, the results stiirsubm several uncertainties. For the analysis
of the mixing parameters discussed below [101], we use tigodgarameters from the JLQCD [102]
and HPQCD [103] lattice collaborations:

fe. By’ o = (02150, 01979 13) GeV
> 1/2 _ +0 003 (5.9)
which were obtained for two flavours of dynamical light (“@6in”) quarks, and
~1/2
IB.Bg, (HP4IL)QCD (0.244 £ 0.026) GeV (5.10)
fu.BY, 2\ = (0.295 £ 0.036) GeV, '

* |(HP4-JL)QCD

where fp, comes from HPQCD (3 dynamical flavours) a&;l;q from JLQCD as no value for this
parameter is available from the former collaboration [104]

If we calculate also the absorptive parts of the box diagraniksg 16, we obtain

) = O(m2/m?) <« 1. (5.11)
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Consequently, we may expand (5.5)IIE%) /M{?. Neglecting second-order terms, we arrive at

(@) 1 -i(040, i) (5.12)

F12
vy

1
1+ -

: sin 607

M/T

Oéq:

The deviation ofla,;| from 1 measures CP violation iBg—Bg oscillations, and can be probed
through the following “wrong-charge” lepton asymmetries:

q 12

D(BO(t) — - vX) +T(BYt) — (+vX)  |ogl*+1 MY

Ag

T(BO(t X)) —T(Bt X 4_ (q)
R T A

Because ofl"\?| /| M{2| o m2/m? andsin 5@53[)/F o m2/mZ, the asymmetryd?) is suppressed by a
factor of m2/m? = O(10~%) and is hence tiny in the SM. However, this observable may berred
through NP effects, thereby representing an interesingeofor physics beyond the SM [105, 106].
The current experimental average for thgmeson system compiled by the “Heavy Flavour Averaging
Group” [61] reads as follows:

AD = 0.0030 £ 0.0078, (5.14)

and does not indicate any non-vanishing effect.

5.2 Mixing Parameters

Let us denote the masses of the eigenstates of (5.2%@/ ("heavy”) andMﬁq) (“light™). It is then
useful to introduce

M, = M = M9, (5.15)
as well as the mass difference
AM, = MP — M =2/M2| > o, (5.16)
which is by definitionpositive While B3-BY mixing is well established and
AMy = (0.507 & 0.004) ps~* (5.17)

known with impressive experimental accuracy [61], onlydodwounds o\ M, were available, for many
years, from the LEP (CERN) experiments and SLD (SLAC) [10#]the spring of 2006 A M, could
eventually be pinned down at the Tevatron: the DO collalmmatported a two-sided bound

17ps~t < AM, < 21ps™! (90% C.L.) (5.18)

corresponding to a 24&signal atA M, = 19 ps~! [108], and CDF announced the following result [109]:

AM, = {17.31+8:i’g(stat) + 0.0?(syst)] ps~ L. (5.19)

The decay widthd\? andT{? of the mass eigenstates, which correspond{§’ and M%),
respectively, satisfy
(@) pla)*
4Re|[M P12
AT, =T\ -1 = [ N33 ) , (5.20)

whereas

T

r,=-4--L - Tl (5.21)
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There is the following interesting relation:

ATy 3 m? B i
Iy - 250(x¢) (M%) zq = —0(1077) x 24, (5.22)
where
_AM; [ 0771£0.012 (¢ =d)
S U { O(20) (q=s) (5.23)

is often referred to aﬂneBg—Bg “mixing parameter? Consequently, we observe that'; /Ty ~ 1072
is negligibly small, whileAT's /T’y ~ 10~! may be sizeable. In fact, as was reviewed in Ref. [110], the
state of the art of calculations of these quantities is gagfollows:

|ATq|

AT
= (3+1.2) x 1073, |AT]
'y

Ly

= 0.12 £ 0.05. (5.24)

Recently, the first results fakI's were reported from the Tevatron, using tBg — .J /¢ channel [111]:

(5.25)

|ATs| [ 0.657023 +£0.01 (CDF [112])
T, 0.24%535700%  (DO[113))

It will be interesting to follow the evolution of the data fthis quantity.

In Subsections 7.1 and 10.1, we will give detailed discussiaf the theoretical interpretation of
the data for the3)—B{ mixing parameters.

5.3 Time-Dependent Decay Rates
The time evolution of initially, i.e. at = 0, pure B- and B)-meson states is given by

1BY()) = £P ) BY) + ag £V () BY) (5.26)
and
1BY(1) = aiqfiq><t>132> + £98)|BY), (5.27)
respectively, with
F0(0) = 5 e e (5.28)

These time-dependent state vectors allow the calculafieéheocorresponding transition rates. To this
end, it is useful to introduce

169 @) = i {Q—F(Lq)t 4o T g Tt cos(AMqt)} (5.29)
0D (1) g0 (1) — % [e—ri‘”t e Ty 2ie_thsin(AMqt)} : (5.30)
as well as 0@ A(BY = f) o A(BY — f)
g}(:l) — ¢ O, T ‘(1) 7 5}‘1) — ¢ ©uy A(Bg) 7 (5.31)
Looking at (5.7), we find
@S\(Zz = 7 + 2arg(Vy; Vip) — ¢cr(By), (5.32)

Note thatAT', /I, is negative in the SM because of the minus sign in (5.22).
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and observe that this phase depends on the chosen CKM anda&® gnventions specified in (2.8) and
(3.51), respectively. However, these dependences areltemh¢hrough the amplitude ratios in (5.31),
SO thatgj(f’) andggq) areconvention-independewbservables. Whereag enters the functions in (5.28)
through (5.4), the dependence on this parameter is caddel{®.29) and (5.30) through the introduction
of the positivemass differencé\ M, (see (5.16)). Combining the formulae listed above, we eadiyt
arrive at the following transition rates for decays of @i, i.e. att = 0, presenth or Bg mesons:

=) ~
N(BY () = f) = |89 ) + 17 Pl ()* — 2Re{ e[ g 1)g (1) }| Ty, (5.33)

where the time-independent ritg corresponds to the “unevolved” decay amplituAi@Bf; — f), and
can be calculated by performing the usual phase-spaceatitats. The rates into the CP-conjugate final
statef can straightforwardly be obtained from (5.33) by makingshbstitutions

Iy — Tp &9 — 5](;”. (5.34)

5.4 “Untagged” Rates
The expected sizeable width differendd’; may provide interesting studies of CP violation through
“untagged” B; rates (see Ref. [111] and [114]-[117]), which are defined as

(L(Bs(t) — )) =T(BJ(t) — )+ T(B(t) — [), (5.35)

and are characterized by the feature that we do not disshduétween initially, i.e. at time= 0, present
B? or BY mesons. If we consider a final statgo which both aB? and aBY may decay, and use the
expressions in (5.33), we find

(T'(Bs(t) — f)) o [cosh(AT4t/2) — Aar(Bs — f)sinh(ATt/2)] e <t (5.36)
with
2Ret|”
1+ (&7

We observe that the rapidly oscillatiny)/,¢ terms cancel, and that we may obtain information about
the phase structure of the observa@jlsé, thereby providing valuable insights into CP violation.

Following these lines, for instance, the untagged obsésaiifered by the angular distribution of
the B, — K*tK*~, K*YK*Y decay products allow a determination of the UT anglerovidedAT, is
actually sizeable [115]. Untaggd8;-decay rates are interesting in terms of efficiency, acoegetand
purity, and are already applied for the physics analyseseatévatron. Later on, they will help to fully
exploit the physics potential of thB,-meson system at the LHC.

5.5 CP Asymmetries

A particularly simple — but also very interesting — situatiarises if we restrict ourselves to decays of

neutral B, mesons into final statethat are eigenstates of the CP operator, i.e. satisfy taéoel
CP)If) = £[f)- (5.38)

Consequently, we ha\{éq) — ¢ in this case, as can be seen in (5.31). Using the decay ratgS8),
we find that the corresponding time-dependent CP asymnwetiyen by
L(By(t) = f) —T(By(t) — f)
L(BY(t) — f) +T(BY(t) — f)
AL (B, — f) cos(AMyt) + ABX(B, — f) sin(AM,t)
cosh(AT't/2) — Aar(By — f) sinh(ALt/2) '

Acp(t) =

(5.39)

28



with

atim, - =T i, g2 2 (5.40
q = ) q = : .
1+ ¢l 1+ €87
Because of the relation
) A BO 2 A BO £\12
A%'E(Bqﬁf)z‘ (Bg = /)" = |45, = /)| (5.41)

|A(BY — fI? + [AB) — )P’

this observable measures the direct CP violation in theyd&ga— f, which originates from the inter-
ference between different weak amplitudes, as we have s8rbid). On the other hand, the interesting
newaspect of (5.39) is due td% (B, — f), which originates from interference effects betwézh-5?
mixing and decay processes, and describes “mixing-induc@dviolation. Finally, the width difference
ATy, which may be sizeable in thE,-meson system, provides access4®r (B, — f) introduced in
(5.37). However, this observable is not independent fpﬁgﬁ(Bq — f)and “C“,L"(Bq — f), satisfying

(A58, - )+ [ABEB, — D]+ [AarB,— 0] =1 (5.42)

In order to calculate‘}q), we use the general expressions (3.52) and (3.53), whéter(f) = +1
because of (5.38), anttp(B) = ¢cp(B,). If we insert these amplitude parametrizations into (5810
take (5.32) into account, we observe that the phase-cdovedépendent quantitycp(B,) cancels, and
finally arrive at

) +ip1] A, |01 +ip2| A | 192
@ _ i, | € Aret + T2 | Agle
§f =TFe '™ [e‘i‘/’1|A1|ei‘51 e Ay | (5.43)
where
_ sy ) 128 (¢=d)
¢q = 2arg(Vy, Vi) = { _96y (g =) (5.44)

is associated with the CP-violating we&k—BY mixing phase arising in the SMi andé refer to the
corresponding angles in the unitarity triangles shown @ Bi

In analogy to (3.54), the caclulation éﬁq) is — in general — also affected by large hadronic un-
certainties. However, if one CKM amplitude plays the domingle in theB, — f transition, we
obtain 4 4
e+z¢f/2|Mf|eu5f

e—i¢f/2|Mf|ei6f

g](cq) =F e_i¢q [ =F e_i((bq_qbf)’ (545)

and observe that the hadronic matrix elemiédif %7 cancels in this expression. Since the requirements
for direct CP violation discussed above are no longer sadistlirect CP violation vanishes in this impor-
tant special case, i.435(B, — f) = 0. On the other hand, this i®tthe case for the mixing-induced
CP asymmetry. In particular,

WX(B, — f) = £sin¢g (5.46)

is now governed by the CP-violating weak phase differenee ¢, — ¢ and is not affected by hadronic
uncertainties. The corresponding time-dependent CP agyimtakes then the simple form

D(By(t) = f) —T(By(t) = )
D(BY(t) — f)+T(BY(t) — f)

= +sin ¢ sin(AM,t), (5.47)
AT4=0

and allows an elegant determinationsaf ¢.
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B — 7r (isospin), B — pmw, B — pp

0_50
Ry (b — u, cliy) Ry (By—B, mixing)

B — 7K (penguins) By — Kg (Bs = ¥ : ¢s = 0)
B;t o KED B, — ¢Kg (pure penguin)
By — K*OD 3 only trees
B - DED

()T .
Bq — Di :2 P t+28 only trees
Bs — DK™ @ v+ ¢s

Fig. 17: A brief roadmap oB-decay strategies for the exploration of CP violation.

6 HOW COULD NEW PHYSICS ENTER?

Using the concept of the low-energy effective Hamiltoniamsoduced in Subsection 3.3.2, we may
address this important question in a systematic mannef:[118

e NP may modify the “strength” of the SM operators through néwrsdistance functions which
depend on the NP parameters, such as the masses of chasgjnass, charged Higgs particles
andtan 3 = vo /vy in the “minimal supersymmetric SM” (MSSM). The NP particiesy enter
in box and penguin topologies, and are “integrated out” asdithboson and top quark in the SM.
Consequently, the initial conditions for the renormali@atgroup evolution take the following
form:

Cp — CM + ONF. (6.1)

It should be emphasized that the NP pie@%D may also involve new CP-violating phases which
arenotrelated to the CKM matrix.

¢ NP may enhance the operator basis:

{Q1} — {QM. Q'Y (6.2)

so that operators which are not present (or strongly suppd@sn the SM may actually play
an important role. In this case, we encounter, in genetsfy mew sources for flavour and CP
violation.

The B-meson system offers a variety of processes and strategidgbd exploration of CP violation
[12, 119], as we have illustrated in Fig. 17 through a coitecof prominent examples. We see that
there are processes with a vetijferentdynamics that are — in the SM — sensitive to #aeneangles
of the UT. Moreover, rard3- and K-meson decays [120], which originate from loop effects i &M,
provide complementary insights into flavour physics andregdting correlations with the CP-B sector;
key examples ar®@ — X,v and the exclusive mode8 — K*vy, B — pvy, as well asB, 4 — putpu~
andK+t — ntup, K, — v,

In the presence of NP contributions, the subtle interplayvéen the different processes could
well be disturbed. There are two popular avenues for NP teréné roadmap of quark-flavour physics:

° Bg—Bg mixing: NP could enter through the exchange of new particles in thedgrams, or
through new contributions at the tree level. In general, veg mrite

MY = MEM (14 kge'™), (6.3)
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Fig. 19: The dependence gf on o, for values of¢>qNP varied betweernt10° (lower curves) and:170° in steps ofl0°: the
curves for)° < o, < 180° and180° < o, < 360° correspond to positive and negative values@Sf’, respectively.

where the expression fdr[féSM can be found in (5.7). Consequently, we obtain

AM, = AMP + AMYP = AMPM |1+ ket (6.4)
b = b 0 =g +arg(l+ rge’), (6.5)

with AMZM and g™ given in (5.16) and (5.44), respectively. Using dimensicarguments
borrowed from effective field theory [121, 122], it can be whathat AMNY /AMPM ~ 1 and

oy" /3™ ~ 1 could — in principle — be possible for a NP scalgp in the TeV regime; such a
pattern may also arise in specific NP scenarios. Introducing

_| AM,
Pa =AM

= \/1 + 2kq cOS 0 + K2, (6.6)

the measured values of the mass differenkég, can be converted into constraints in NP parame-
ter space through the contours shown in Fig. 18. Furtherticonts are implied by the NP phases

gzquP, which can be probed through mixing-induced CP asymmettigsugh the curves in the
o4—+4 Plane shown in Fig. 19. Interestingly, is bounded from below for any value of™ # 0.
For example, even a small phds%ﬂ = 10° implies a clean lower bound af, > 0.17, i.e. NP
contributions of at most 17% [101].

e Decay amplitudesNP has typically a small effect if SM tree processes play thmidant role.
However, NP could well have a significant impact on the FCN&we new particles may enter in

penguin or box diagrams, or new FCNC contributions may ewegdnerated at the tree level. In

fact, sizeable contributions arise generically in fielddietical estimates withyp ~ TeV [123],
as well as in specific NP models.

Concerning model-dependent NP analyses, in particularyYS8¢8narios have received a lot of attention;
for a selection of recent studies, see Refs. [124]-[129&nEes of other fashionable NP scenarios are

left—right-symmetric models [130], scenarios with extimensions [131], models with an ext#& [132],
“little Higgs” scenarios [133], and models with a fourth geation [134].
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Fig. 20: Feynman diagrams contributing®j — J/¢ K° decays.

The simplest extension of the SM is given by models with “mmai flavour violation” (MFV).
Following the characterization given in Ref. [135], the 8ax-changing processes are here still governed
by the CKM matrix — in particular there are no new sources fBr\ilation — and the only relevant
operators are those present in the SM (for an alternativeitiefi, see Ref. [136]). Specific examples
are the Two-Higgs Doublet Model 11, the MSSM without new stes of flavour violation anean 3 not
too large, models with one extra universal dimension anditiglest little Higgs models. Due to their
simplicity, the extensions of the SM with MFV show severatretations between various observables,
thereby allowing for powerful tests of this scenario [13X]systematic discussion of models with “next-
to-minimal flavour violation” was recently given in Ref. [8B

There are other fascinating probes for the search of NP. iapoexamples are th®-meson
system [139], electric dipole moments [140], or flavourkzimg charged lepton decays [141]. Since
a discussion of these topics is beyond the scope of thesgdecthe interested reader should consult
the corresponding references. Let us next have a closerabpkominentB decays, with a particular
emphasis of the impact of NP.

7 STATUS OF IMPORTANT B-FACTORY BENCHMARK MODES
7.1 Bg — J/¢YKg
7.1.1 Basic Formulae

This decay has a CP-odd final state, and originates fremccs quark-level transitions. Consequently,
as we discussed in Subsection 3.3.1, it receives contritmitioth from tree and from penguin topologies,
as can be seen in Fig. 20. In the SM, the decay amplitude cae tewritten as follows [142]:

A(BY — J/pKs) =\ (A5 + A7) + AP AF + 0 AL, (7.1)

Here the
A =y, v (7.2)

are CKM factors,ACT' is the CP-conserving strong tree amplitude, Whileﬂgédescribe the penguin
topologies with internag quarks ¢ € {u,c,t}), including QCD and EW penguins; the primes remind
us that we are dealing withia— 3 transition. If we eliminate now\P through (3.35) and apply the
Wolfenstein parametrization, we obtain

A(BY — J/YKg) « [1 - A%e”e”] : (7.3)
where , y
‘ R AL — A
i — < b ) P~ 2p ] (7.4)
ae — / ! 7 .
1—-X2) | AS + AG — AL
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is a hadronic parameter. Using now the formalism of Subse&i5 yields

é‘(d) +€_i¢d

WKs = (7.5)

1+ A2qeWetiy

1+ >\2ae“96_”]

Unfortunately,ae’, which is a measure for the ratio of the) — J /1 Ks penguin to tree contributions,
can only be estimated with large hadronic uncertaintiesvéver, since this parameter enters (7.5) in a
doubly Cabibbo-suppressed way, its impact on the CP-ifigjatbservables is practically negligible. We
can put this important statement on a more quantitativesdasimaking the plausible assumption that
a=0(\) = 0(0.2) = O(\), where) is a “generic” expansion parameter:

AS(B, — J/YKs) = 040X (7.6)
ADX(B, — J/YKs) = —singg+O0RX) D —sin28+0N). (7.7)

Consequently, (7.7) allows an essentiallgandetermination ofin 25 [88].

7.1.2 Experimental Status

Since the CKM fits performed within the SM pointed to a largkigeofsin 23, B — J/1 Kg offered

the exciting perspective of exhibitingrge mixing-induced CP violation. In 2001, the measurement of
ADX(B; — J/1Ks) allowed indeed the first observation of CP violatmutsidethe i -meson system
[5]. The most recent data are still not showing any signatifct CP violation int — J/1¥ Kg within

the current uncertainties, as is expected from (7.6). Theptiworld average reads [61]

AdL(By — J/PKs) = 0.026 £ 0.041. (7.8)
As far as (7.7) is concerned, we have

. _mix [ 0.7224£0.040 £0.023 (BaBar [143])
(sin28)yxs = —Acp (Ba — J/YKs) = { 0.652 £ 0.039 + 0.020 (Belle [144]), (7.9)

which gives the following world average [61]:
(sin283)pxs = 0.687 & 0.032. (7.10)

In the SM, the theoretical uncertainties are genericallgeeied to be below the 0.01 level; signifi-
cantly smaller effects are found in [145], whereas a fit pented in [146] yields a theoretical penguin
uncertainty comparable to the present experimental sydiemrror. A possibility to control these un-
certainties is provided by thB? — .J/+)Kg channel [142], which can be explored at the LHC [147].

In Ref. [121], a set of observables to search for NP coniobstto theB — J/¢K decay
amplitudes was introduced. It uses also the chaf@éd— .J /. K+ decay, and is given by

with . N
_ [BR(BT — J/¢K*+) +BR(B™ — J/YK™)]| [TBY
Apic = [ BR(BY) — J/¢¥KO) + BR(BY — J/KO) ] [TBJ ’ (712)
and )
Dy = 3 [A%iE(Bd — J/YKg) + AH(B* — J/q/)Ki)} . (7.13)

As discussed in detail in Refs. [119, 121], the observabigg and D, are sensitive to NP in the
I = 1 isospin sector, whereas a non-vanishing valu@gj( would signal NP in the = 0 isospin
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sector. Moreover, the NP contributions with= 1 are expected to be dynamically suppressed with
respect to thd = 0 case because of their flavour structure. The most reéefactory results yield

Byx = —0.035+0.037, Dy =0.010+0.023, D = 0.017 + 0.023. (7.14)

Consequently, NP effects 6f(10%) in thel = 1 sector of theB — J/¢ K decay amplitudes are already
disfavoured by the data fd#, x andD,, .. However, since a non-vanishing value‘[@i x requires also a
large CP-conserving strong phase, this observable stileleroom for sizeablé = 0 NP contributions.

7.1.3 A Closer Look at New-Physics Effects

Thanks to the new Belle result listed in (7.9), the averagésia 2.3), x, went down by abouto, which
was a somewhat surprising development of the summer of 2D68sequently, the comparison of (7.10)
with the CKM fits in thep—7 plane does no longer look “perfect”, as we saw in Fig. 4. Lehage a
closer look at this feature. If we usedetermined from non-leptoniB — D) K () tree modes an,
from semileptonic decays, we may calculate the “true” valig with the help of the relations

Ry sin~y 1 — Rycosvy

sin 8 = , cosfB= , (7.15)
\/1—2Rbcosw+R§ \/1—2Rbcosv+R§
which follow from the unitarity of the CKM matrix; the UTfit \ae
~ = (65 + 20)° (7.16)
in (4.9) and the inclusive and exclusive valuegfin (3.28) yield
Binel = (26.7£1.9)°,  foxal = (22.9 & 3.8)°, (7.17)
which can be converted into
sin 28ina = 0.80 & 0.04,  sin 23|exe = 0.71 4 0.09. (7.18)
Consequently, we find
S = i), —sn2s - { D108 (1)

and see nicely the discrepancy arising for the inclusiverdgnation of|V,;|. As discussed in detail

in Ref. [101], Ry is actually the key parameter for this possible discrepamitly the SM, whereas the
situation is remarkably stable with respectytorhere are two limiting cases of this possible discrepancy
with the KM mechanism of CP violation:

e NP contributions to thé8 — J/¢ K decay amplitudes;
e NP effects entering through)—B9 mixing.

Let us first illustrate the former case. As the NP effects amith= 1 sector are expected to be
dynamically suppressed, we consider only NP infthe 0 isospin sector, which implieS,, x = D,k =
0, in accordance with (7.14). To simplify the discussion, wsume that there is effectively only a single
NP contribution of this kind, so that we may write

A(B] — J/YK") = Ag [1 + voe"(A”‘f’O)} = A(B* — J/YK™). (7.20)

Here vy and the CP-conserving strong phasg are hadronic parameters, wheregsdenotes a CP-
violating phase originating beyond the SM. An interestipgafic scenario falling into this category
arises if the NP effects enter through EW penguins. This kihtilP has recently received a lot of
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Fig. 21: The situation in thsz—DiK plane for NP contributions to thB — J/¢ K decay amplitudes in the = 0 isospin
sector for NP phasegy = —90° (a) andgpo = +90° (b). The diamonds with the error bars represent the averaigée
current data (for the inclusive value of (7.19)), where&srthmbers correspond to the valuesaf anduvy.

attention in the context of th® — 7K puzzle, which we shall discuss in Section 8. Also within the
SM, whereg, vanishes, EW penguins have a sizeable impact orBthe J/¢) K system [148]. Using
factorization, the following estimate can be obtained {83]

i [SM
voe 0| A —0.03. (7.21)

In Figs. 21 (a) and (b), we consider the inclusive value afg},.and show the situation in th&, x—

D;Z . plane forgy = —90° and¢y = +90°, respectively. The contours correspond to different \@ahfe

vg, and are obtained by varyindy, between)® and360°; the experimental data are represented by the

diamonds with the error bars. Since factorization gi¥es= 180°, as can be seen in (7.21), the case

of ¢g = —90° is disfavoured. On the other hand, in the case®ft= +90°, the experimental region

can straightforwardly be reached Ay not differing too much from the factorization result, altiyin

an enhancement afy by a factor ofO(3) with respect to the SM estimate in (7.21), which suffers

from large uncertainties, would simultaneously be reqlireorder to reach the central experimental

value. Consequently, NP contributions to the EW penguitoseould, in principle, be at the origin of

the possible discrepancy indicated by the inclusive valug d9). This scenario should be carefully

monitored in the future.

Another explanation of (7.19) is provided by CP-violating Nontributions taB%-BY mixing,
which affect the corresponding mixing phase as in (6.5)hab t

ba =20+ ¢3F. (7.22)
Assuming that the NP contributions to the— J/:) K amplitudes are negligible, (7.10) implies
g = (43.4+25)° Vv (136.6 £2.5)°. (7.23)

Here the latter solution would be in dramatic conflict witle BKM fits, and would require a large NP
contribution toBJ-BY mixing [122, 149]. Both solutions can be distinguished tiyio the measurement
of the sign ofcos ¢4, Where a positive value would select the SM-like branchngsin angular analysis
of the By — J/¢[— (¢~ K*|— 7’ Kgs] decay products, the BaBar collaboration finds [150]

cos g = 2.727050 +0.27, (7.24)

thereby favouring the solution arourdd = 43°. Interestingly, this picture emerges also from the first
data for CP-violating effects iB; — D®)*7F modes [90], and an analysis of the— 7, 7K system
[83], although in an indirect manner. Recently, a new methas been proposed, which makes use of
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the interference pattern il — Kqrt 7~ decays emerging from; — D=° and similar decays [151].
The results of this method are also consistent with the Shhatoa negative value @bs ¢4 is now ruled
out with greater than 95% confidence [89].

Using the “true” values of in (7.17), the value op; = (43.4 £ 2.5)° implies

NP
bq |
mc

= —(10.1£4.6)°, 2| = —(25£80)°; (7.25)

results ofp}’" ~ —10° were also recently obtained in Refs. [91, 152]. The contoufg. 19 allow us
now to convert these numbers into constraints indhex, plane. Further constraints can be obtained
through the experimental value &f),; in (5.17) with the help of the contours in Fig. 18, whexgis
introduced in (6.6). In addition to hadronic parameterg, M prediction ofA M, involves also the
CKM factor |V, V|, which can — if we use the unitarity of the CKM matrix — be exgsed as

|ViiVisl = [Vas|Ay/1 — 2Ry cos v + RY. (7.26)

The values in (3.28) and (7.16), as well as the relevant&piarameters in (5.9) and (5.10) yield then
paljgep = 097 £0.33705 (7.27)
pal@pisyqop = 0.75+0.25 +0.16, (7.28)

where the first and second errors are dug fand a small extent t&;) andeng/f, respectively [101].
These results are compatible with the SM vahje= 1, but suffer from considerable uncertainties.
In Fig. 22, we finally show the situation in the;—x4 plane. We see that the information about the
CP-violating phase, has a dramatic impact, reducing the allowed NP parameteespgnificantly.

The possibility of having a non-zero value of (7.19) couldcolirse just be due to a statistical
fluctuation. However, should it be confirmed, it could be due€P-violating NP contributions to the
BY — J/¢Kg decay amplitude or t&9—BY mixing, as we just saw. A tool to distinguish between these
avenues is provided by decays of the kisg — D7°, DY, ..., which are pure “tree” decays, i.e. they do
notreceive any penguin contributions. If the neuttainesons are observed through their decays into CP
eigenstated)., these decays allow extremely clean determinations oftttue™ value ofsin ¢4 [153],
as we shall discuss in more detail in Subsection 10.3. In viE{@.19), this would be very interesting, so
that detailed feasibility studies for the exploration a8, — D7°, D, ... modes at a supds-factory
are strongly encouraged.

7.2 BY — ¢Ks

Another important probe for the testing of the KM mechanisnoffered byBY — ¢Kg, which is a
decay into a CP-odd final state. As can be seen in Fig. 23,ginaties fromb — 3s3 transitions and
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Fig. 23: Feynman diagrams contributing®j — ¢K° decays.

is, therefore, a pure penguin mode. This decay is descrigatieblow-energy effective Hamiltonian
in (3.36) withr = s, where the current—current operators may only contribateugh penguin-like
contractions, which describe the penguin topologies witlrnal up- and charm-quark exchanges. The
dominant rdle is played by the QCD penguin operators [1B#wever, thanks to the large top-quark
mass, EW penguins have a sizeable impact as well [72, 158el6M, we may write

A(BY — ¢Kg) = AW AY + A& A 4\ 41 (7.29)

where we have applied the same notation as in Subsectio&litriinating the CKM factor/\gs) with the
help of (3.35) yields

A(BY — ¢Ks) [1 n A%ei@ei’q , (7.30)
where N
; A% — A
be'® = ( R 2) L Ntf,’] . (7.31)
1—A Ap — Ap
Consequently, we obtain
27,10 ,—iy
@ | —ib 14+ \“be'e
£¢>KS =+e 1 + \2bei®etiv (7.32)

The theoretical estimates bf*® suffer from large hadronic uncertainties. However, sitig parameter
enters (7.32) in a doubly Cabibbo-suppressed way, we oftftaifollowing expressions [148]:

AJE(Bg — ¢Ks) = 0+0()\?) (7.33)
BB (Ba — ¢Kg) = —singg+ O(N\?), (7.34)

where we made the plausible assumption that O(1). On the other hand, the mixing-induced CP
asymmetry ofB; — J/¢Kg measures alse- sin ¢4, as we saw in (7.7). We arrive therefore at the
following relation [148, 156]:

—(sin28) 41 = ABX(Ba — ¢Ks) = ABS(By — J/YKs) + O(\?), (7.35)

which offers an interesting test of the SM. Singg — ¢ K is governed by penguin processes in the SM,
this decay may well be affected by NP. In fact, if we assumeNifaarises generically in the TeV regime,
it can be shown through field-theoretical estimates thaNtReontributions td — sss transitions may
well lead to sizeable violations of (7.33) and (7.35) [1123]L Moreover, this is also the case for several
specific NP scenarios; for examples, see Refs. [126, 128 1629.

In Fig. 24, we show the time evolution of thig-factory data for the measurements of CP violation
in By — ¢Kg, using the results reported at the LP '03 [158], ICHEP '049][L&nd LP '05 [160]
conferences. Because of (5.42), the corresponding olidesvave to lie inside a circle with radius
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one around the origin, which is represented by the dashed.liThe result announced by the Belle
collaboration in 2003 led to quite some excitement in the momity. Meanwhile, the Babar [161] and
Belle [162] results are in good agreement with each othekliig the following averages [61]:

AIL(By — ¢Kg) = —0.09 +0.14, (sin 26) ¢k = 0.47 1+ 0.19. (7.36)
If we take (7.10) into account, we obtain the following reégat the counterpart of (7.19):
Spx = (sin20) gk — (5in203) e = —0.22 +0.19. (7.37)

This number still appears to be somewhat on the lower sideghly indicating potential NP contributions
tob — s5s processes.

Further insights into the origin and the isospin structufedN® contributions can be obtained
through a combined analysis of the neutral and chal§ed> ¢K modes with the help of observ-
ablesBx andDj;K [123], which are defined in analogy to (7.11) and (7.13), eetipely. The current
experimental results read as follows:

Bsx =0.00 £0.08, Dy = —0.03+£0.07, Dj = —0.06 % 0.07. (7.38)

AsintheB — J/} K caseByr andD,, probe NP effects in thé = 1 sector, which are expected to

be dynamically suppressed, Wheréz;;K is sensitive to NP in thé = 0 sector. The latter kind of NP
could also manifest itself as a non-vanishing value of (.37

In order to illustrate these effects, let us consider agagrcase where NP enters only in the- 0
isospin sector. An important example is given by EW penguimisich have a significant impact on
B — ¢K decays [72]. In analogy to the discussion in Subsectionwelmay then write

A(BY — ¢K®) = Ag [1+ 5o Bt = A(BT — ¢K™), (7.39)

which impliesByx = Dy =0, in accordance with (7.38). The notation corresponds tootie of
(7.20). Using the factorization approach to deal with thed@d EW penguin contributions, we obtain
the following estimate in the SM, where the CP-violating Nfagep, vanishes [83]:

X |SM
@Oeon
fact

~ —0.2. (7.40)

In Figs. 25 (a) and (b), we show the situation in M—DJK plane for NP phaseg, = —9O°~ and
oo = +90°, respectively, and various values®f, each point of the contours is parametrizedy <
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Fig. 25: The situation in thé‘(,)K—Dde plane for NP contributions to thB — ¢ K decay amplitudes in thé = 0 isospin

sector for NP phaseg, = —90° (a) andgpo = +90° (b). The diamonds with the error bars represent the averaigie

current data, whereas the numbers correspond to the vdlues and .

[0°,360°]. We observe that the central values of the current expetahdata, which are represented by
the diamonds with the error bars, can straightforwardly dmmmodated in this scenario in the case of
$o = +90° for strong phases satisfyings Ay < 0, as in factorization. Moreover, as can also be seen
in Fig. 25 (b), the EW penguin contributions would then havéeé suppressed with respect to the SM
estimate, which would be an interesting feature in view efdiscussion of thé — =« K puzzle and the
rare decay constraints in Section 8.

It will be interesting to follow the evolution of thé-factory data, and to monitor also similar
modes, such a8) — 7Kg [163] and BY — #'Ks [164]. For a compilation of the corresponding
experimental results, see Ref. [61]; recent theoreticabmadealing with these channels can be found
in Refs. [82, 83, 91, 165, 166]. We will return to the CP asyrtries of the BY — 7°Kg channel in
Section 8.

7.3 Bg — ata~
This decay is a transition into a CP eigenstate with eigelvall, and originates frondb — wud pro-
cesses, as can be seen in Fig. 26. In analogy to (7.1) and,(t28ecay amplitude can be written as

follows [167]: .
ABY — 7r77) = AD (A% + A%) + 2D A% + AP AL, (7.41)

Using again (3.35) to eliminate the CKM fact@i'd) = Viq4V};, and applying once more the Wolfenstein
parametrization yields

ABY —» ntn7)=C {e” — dew} , (7.42)
where the overall normalizatian and
c At
de” = Rib —Aﬁf A;ﬁ’ T ] (7.43)
are hadronic parameters. The formalism discussed in Stitnsé&cS then implies
(d) - iy e—i*y _ dei@
pbnm = —€ [m] : (7.44)

In contrast to the expressions (7.5) and (7.32) for Bfe— J/¢Ks and B} — ¢Kg counterparts,
respectively, the hadronic parametif?, which suffers from large theoretical uncertainties, does
enter (7.44) in a doubly Cabibbo-suppressed way. This ffieasuat the basis of the famous “penguin
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Fig. 26: Feynman diagrams contributing®®j — =+~ decays.

problem” in BY — #*7~, which was addressed in many papers (see, for instance-{188]). If the
penguin contributions to this channel were negligible,d.e- 0, its CP asymmetries were simply given

by

A%l}l;(Bd N 7T+7T_) = 0 (745)
WX(By —7tnT) = sin(¢g +2v) T sin(26 + 2y) = — sin 2a. (7.46)
2m—2

Consequently AR5 (B, — w7 ~) would then allow us to determine. However, in the general case,
we obtain expressions with the help of (5.40) and (7.44) effthm

A (By — ntn7) = Gi(d,0;7) (7.47)
BBy - 7trT) = Ga(d, 057, ¢a); (7.48)

for explicit formulae, see Ref. [167]. We observe that dtyuhe phases)y; and~ enter directly in the
B, — mtn~ observables, and nat. Consequently, sincg, can be fixed through the mixing-induced
CP violation in the “golden” mode3; — J/¢Kg, as we have seen in Subsection 7.1, we may use
By — mT ™ to probey.

The current measurements of tBg — 77~ CP asymmetries are given as follows:

- _ 0.09+0.154+0.04 (BaBar [174])
dir + _
Acp(By = mim) = { 0564+ 0.12 £0.06 (Belle [175]) (7.49)
i . 4030+£0.17+0.03 (BaBar[174])
AP (Ba—min) = { 4067+ 0.16 £ 0.06 (Belle [175]). (7.50)

The BaBar and Belle results are still not fully consistenttwagach other, although the experiments are
now in better agreement. In Ref. [61], the following avesgere obtained:

AL (By —ntr7) = —0.3740.10 (7.51)
WX(Bg — mtnT) = +0.50 £0.12. (7.52)

The central values of these averages are remarkably stalilme. Direct CP violation at this level
would require large penguin contributions with large Cls&ryving strong phases, thereby indicating
large non-factorizable effects.

This picture is in fact supported by the direct CP vioIationBig — 7~ KT modes that could be
established by th& factories in the summer of 2004 [6]. Here the BaBar and Belteilts agree nicely
with each other, yielding the following average [61]:

ABL(By — 7T KE) = 0.115 £ 0.018. (7.53)
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The diagrams contributing th — m~ K can straightforwardly be obtained from those in Fig. 26 by
just replacing the anti-down quark emerging from #iieboson through an anti-strange quark. Conse-
quently, the hadronic matrix elements enteriify — 7*7~ and B) — 7~ KT can be related to one
another through th&U(3) flavour symmetry of strong interactions and the additiorssuanption that
the penguin annihilation and exchange topologies cortiniguo B — 77—, which have no counter-
partin BY — 7~ KT and involve the “spectator” down quark in Fig. 26, play atijua negligible role
[176]. Following these lines, we obtain the following rédatin the SM:

2 - dir (B, s ~FKE
Hug = % (J}_I;) l:s((g;_} :ﬂz_i))] _ mdlr((Bi - j )) = H 4. (7.54)
75407 6.7 % 2.0
where \2
€= 1oy = 0.053, (7.55)

and the ratiof x/ f = 160/131 of the kaon and pion decay constants defined through
0|57avsu| KT (k) = ifika, {(Oldyaysulnt (k) = ifrka (7.56)

describes factorizabl8U (3)-breaking corrections. As usual, the CP-averaged bragdiaitios are de-
fined as

BR = % [BR(B — f) +BR(B — f)] . (7.57)

In (7.54), we have also given the numerical values followagn the data. Consequently, this relation
is well satisfied within the experimental uncertaintiesj @oes not show any anomalous behaviour. It
supports therefore the SM description of th8 — 7~ KT, B} — n"x~ decay amplitudes, and our
working assumptions listed before (7.54).

The quantitiesHgr emd]LIAdCilg introduced in this relation can be written as follows:
HBR = Gg(d,@;’y) = HAc(ijilg. (758)
If we complement this expression with (7.47) and (7.48), as&l (see (7.23))
¢q = (43.4 £2.5)°, (7.59)

we have sufficient information to determine as well as(d, #) [167, 176, 177]. In using (7.59), we
assume that the possible discrepancy with the SM descripg@.h9) is only due to NP inB)-BY
mixing and not to effects entering through tB§ — J/v Kg decay amplitude. As was recently shown
in Ref. [91], the results following front{gr and H Adis give results that are in good agreement with one
another. Since the avenue oﬁered]d)ﬁdlr is cleaner than the one provided BisR, it is preferable to
use the former quantity to determlney|eld|ng the following result [91]:

= (73.97%%)°. (7.60)

Here a second solution aroudd® was discarded, which can be exclueded through an analysie of
whole B — 7, m K system [83]. As was recently discussed [91] (see also RETS, [L77]), even large
non-factorizableSU (3)-breaking corrections have a remarkably small impact omthmeerical result in
(7.60). The value ofy in (7.60) is somewhat higher than the central values in (&) fully consistent
within the large errors. An even larger value in the ballpafl80° was recently extracted from the
B — n data with the help of SCET [178, 179].
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@)

(b)

Fig. 27: Examples of the colour-suppressed (a) and colbmead (b) EW penguin contributions to tie — 7 K system.

8 THE B — wK PUZZLE AND ITS RELATION TO RARE B AND K DECAYS
8.1 Preliminaries

We made already first contact with/a — K decay in Subsection 7.3, tH8) — 7~ K+ channel. It
receives contributions both from tree and from penguin ltmgies. Since this decay originates from a
b — 5 transition, the tree amplitude is suppressed by a CKM faxtdt, ~ 0.02 with respect to the
penguin amplitude. Consequent) — 7~ K is governed by QCD penguins; the tree topologies
contribute only at the 20% level to the decay amplitude. Hadure of the dominance of QCD penguins
applies to allB — 7K modes, which can be classified with respect to their EW pengomtributions

as follows (see Fig. 27):

(@) IntheBY — 7~ K* and BT — ntK" decays, EW penguins contribute in colour-suppressed
form and are hence expected to play a minor rdle.

(b) Inthe BY — 7°K® and B — K™ decays, EW penguins contribute in colour-allowed form
and have therefore a significant impact on the decay amplitedtering at the same order of
magnitude as the tree contributions.

As we noted above, EW penguins offer an attractive avenugRao enter non-leptoni® decays, which

is also the case for th8 — 7K system [180, 181]. Indeed, the decays of class (b) show dipgzz
pattern, which may point towards such a NP scenario. Thisifeeemerged already in 2000 [182],
when the CLEO collaboration reported the observation ofBfie— 7% K° channel with a surprisingly
prominent rate [183], and is still present in the most re@&aiar and Belle data, thereby receiving a lot
of attention in the literature (see, for instance, Refs7[E5d [184]-[188]).

In the following discussion, we focus on the systematicstato explore the B — w K puzzle”
developed in Refs. [82, 83]; all numerical results refethimmost recent analysis presented in Ref. [91].
The logical structure is very simple: the starting pointiigeg by the values of,; and~ in (7.59) and
(7.60), respectively, and by the¢ — 77 system, which allows us to extract a set of hadronic parasete
from the data with the help of the isospin symmetry of strartgractions. Then we make, in analogy to
the determination of in Subsection 7.3, the following working hypotheses:
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(i) SU(3) flavour symmetry of strong interactions (but taking factakile SU (3)-breaking correc-
tions into account),

(i) neglect of penguin annihilation and exchange topasgi

which allow us to fix the hadroni® — 7K parameters through thel? — 77 counterparts. Interest-
ingly, we may gain confidence in these assumptions througinal consistency checks (an example is
relation (7.54)), which work nicely within the experimeht@certainties. Having the hadroni¢ — 7K
parameters at hand, we can predict the—~ 7K observables in the SM. The comparison of the corre-
sponding picture with thé&-factory data will then guide us to NP in the EW penguin seétoolving in
particular a large CP-violating NP phase. In the final stepewplore the interplay of this NP scenario
with rare K and B decays.

8.2 Extracting Hadronic Parameters from the B — 7 System

In order to fully exploit the information that is provided lige whole B — 7w system, we use —
in addition to the two CP-violating3) — 77~ observables — the following ratios of CP-averaged
branching ratios:

BR(BT — 7™ n%) + BR(B~ — n~n?)
G—— =204+0.2 8.1
Ry~ lBR(BS — 7tr7) + BR(BY — 7ta-) 04:£0.28 ®.1)
BR(BY — 77 + BR(BY — «'7Y)
o= 2 = =0.58 £0.13. 8.2
Ftog [BR(Bg — mtn—) + BR(BY — 7t7-) 0-58£0.13 8.2)

The pattern of the experimental numbers in these expressiame as quite a surprise, as the central
values calculated in QCDF gavé&[™ = 1.24 andR{{ = 0.07 [184]. As discussed in detail in Ref. [83],
this“B — 7 puzzle” can straightforwardly be accommodated in the Shdugh large non-factorizable
hadronic interference effects, i.e. does not point towalasFor recent SCET analyses, see Refs. [179,
189, 190].

Using the isospin symmetry of strong interactions, we catewr
Rzir-ﬂ— :Fl(d797$7A77)7 gg :FQ(d707x>Aa/7)v (83)

where z¢*® is another hadronic parameter, which was introduced in.R8% 83]. Using now, in
addition, the CP-violating observables in (7.47) and (¥.4& arrive at the following set of haronic
parameters:

d= 052100 9= (146+79)°, 2 =0.96018 A = —(53+18)°. (8.4)

In the extraction of these quantites, also the EW penguicedfin theB — 77 system are included
[191, 192], although these topologies have a tiny impac3]1Bet us emphasize that the results for the
hadronic parameters listed above, which are consistehtthat picture emerging in the analyses of other
authors (see, e.g., Refs. [193, 194]), are essentialyn@ed serve as a testing ground for calculations
within QCD-related approaches. For instance, in recent RCID5] and PQCD [196] analyses, the
following numbers were obtained:

dlpqep = 0-237007,  +139° < Olpgep < +148°, (8.6)

which depart significantly from the pattern in (8.4) thatiwlied by the data.
Finally, we can predict the CP asymmetries of the deBay— 7%7°

A& (By — 797%) = —0.30103%,  ABX(Bg — n'n%) = —0.8770 5. (8.7)
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The current experimental value for the direct CP asymmstgiien as follows [61]:
A3 (By — 77%) = —0.2870%0. (8.8)

Consequently, no stringent test of the corresponding @tiediin (8.7) is provided at this stage, although
the indicated agreement is encouraging.

8.3 Analysis of theB — w K System

Let us begin the analysis of thB — 7K system by having a closer look at the modes of class (a)
introduced aboveB; — 7T K* and B* — 7% K, which are only marginally affected by EW penguin
contributions. We used the banching ratio and direct CP awtny of the former channel already in
the SU(3) relation (7.54), which is nicely satisfied by the currentagand in the extraction of with

the help of the CP-violating3; — =7~ observables, yielding the value in (7.60). TBg — 7T K+
modes provide the CP-violating asymmetry

_ BR(B* - 7tK% —BR(B~ — - K9)

dir + +
B K)= —— = (.02 +0.04 8.9
Acp(B™ — 7 K) BR(B+ — 7" K% + BR(B- — n~KY) ’ (8.9)
and enter in the following ratio [197]:
BR(BY — 7~ KT)+BR(B} — 7" K~) | 75+
R= _ = 0.86 = 0.06; 8.10
BR(B+ — 7T+KO) + BR(B_ — W_KO) TBg ’ ( )

the numerical values refer again to the most recent conilan [61]. The Bt — 7t K° channel
involves another hadronic parametgge’®, which cannot be determined through tBe— =7 data
[191, 198, 199]:

A(BY = 7 K®) = —P'[1+ pee™e™] ; (8.11)

the overall normalizatiot®’ cancels in (8.9) and (8.10). Usually, it is assumed that grampetep, e’
can be neglected. In this case, the direct CP asymmetry 3 Y@nishes, and? can be calculated
through theB — 7r data with the help of the assumptions specified in Subse8tin

R|sp = 0.96370:019. (8.12)

This numerical result ig.6¢ larger than the experimental value in (8.10). As was disiss
detail in Ref. [200], the experimental range for the dire@ &ymmetry in (8.9) and the first direct
signals for theB* — K* K decays favour a value @f around0°. This feature allows us to essentially
resolve the small discrepancy concerniRdor values ofp. around 0.05. The remaining small numerical
difference between the calculated valuefdBnd the experimental result, if confirmed by future data,
could be due to (small) colour-suppressed EW penguins,hndmiter R as well [83]. As was recently
discussed in Ref. [91], even large non-factorizaBlé(3)-breaking effects would have a small impact
on the predicted value a®. In view of these results, it would not be a surprise to seamarease of the
experimental value oR in the future.

Let us now turn to theB™ — 7K+ and BY — 7°K° channels, which are th8 — 7K modes
with significant contributions from EW penguin topologi&he key observables for the exploration of
these modes are the following ratios of their CP-averagaddiing ratios [182, 191]:

BR(BT — 1K)+ BR(B~ — 'K ")
R.=2 — =1.01+£0.09 8.13
lBR(BJr — 7+K%) 1 BR(B- — 7~ K9) 8.13)

1 [BR(B) — 7" KT)+BR(B} — 7TK")
Ro= - i 2 )| —0.83+0.08, 8.14
> l BR(BY — n9K0) + BR(BY — n0K0) (8.14)
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Fig. 28: The current situation in thR,—R. plane: the shaded areas indicate the experimental anddSMnges, while the
lines show the theory predictions for the central valueefttadronic parameters and various valuegwith ¢ € [0°, 360°].

where the overall normalization factors of the decay amgét cancel, as in (8.10). In order to de-
scribe the EW penguin effects, both a parametewhich measures the strength of the EW penguins
with respect to tree-like topologies, and a CP-violatingg#y are introduced. In the SM, this phase
vanishes, an@ can be calculated with the help of tt#/(3) flavour symmetry, yielding a value of
0.69 x 0.086/|Vu/Vep| = 0.58 [201]. Following the strategy described above yields thefdng SM
predictions:

Relsm = 1.15 £0.05,  Ry|sm = 1.12 £ 0.05, (8.15)

where in particular the value @, does not agree with the experimental number, which is a restaifion

of the B — nK puzzle. As was recently discussed in Ref. [91], the intecoalsistency checks of the
working assumptions listed in Subsection 8.1 are curresulysfied at the level 025%, and can be
systematically improved through better data. A detailedyof the numerical predictions in (8.15) (and
those given below) shows that their sensitivity on nondeeable SU (3)-breaking effects of this order
of magnitude is surprisingly small. Consequently, it isyexciting to speculate that NP effects in the
EW penguin sector, which are described effectively thro(gly), are at the origin of thé8 — 7K
puzzle. Following Refs. [82, 83], we show the situation ie fR,—R. plane in Fig. 28, where — for
the convenience of the reader — also the experimental ramj¢ha SM predictions at the time of the
original analysis of Refs. [82, 83] are indicated through dashed rectangles. We observe that although
the central values oR,, and R, have slightly moved towards each other, the puzzle is asipmrhas
ever. The experimental region can now be reached withoutlareement aof, but a large CP-violating
phasep of the order of—90° is still required:

¢=09970%, ¢=—(94719)°. (8.16)
Interestingly,¢ of the order oH-90° can now also bring us rather close to the experimental rahgg, o
andR..

An interesting probe of the NP phaseis also provided by the CP violation iB) — 7°Ks.
Within the SM, the corresponding observables are expeoteditisfy the following relations [163]:

AdL(By—7°Ks) =~ 0, ABX(B;—n'Ks) ~ AZX(By— 1 Ks). (8.17)

The most recent Belle [162] and BaBar [202] measurementheasfet quantities are in agreement with
each other, and lead to the following averages [61]:

Adr(By—nKs) = —0.02+0.13 (8.18)
O (By—m'Ks) = —0.31£0.26 = —(sin28) 0. (8.19)
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Fig. 29: The situation in thel%i¥ (By — 7°Ks)-A%L (B* — #°K™) plane: the shaded regions represent the experimental
and SM1o ranges, while the lines show the theory predictions for gral values of the hadronic parameters and various
values ofg with ¢ € [0°, 360°].

Taking (7.10) into account yields
AS = (sin20) 0, — (sin 26) g = —0.38 +0.26, (8.20)

which may indicate a sizeable deviation of the experimgntaeasured value ofsin 23) 0, from
(sin2/3)y i, and is therefore one of the recent hot topics. Since theegyaleveloped in Refs. [82, 83]
allows us also to predict the CP-violating observables efBfi — 7°Kg channel both within the SM
and within our scenario of NP, it allows us to address thigdsgielding

ASE (By—nOKs)|sp = 0.06739 . AS|sy = 0.13 £ 0.05, (8.21)

Adlr (Bd—>7T Ks)|Np =0.01 tg%g, AS|NP =0.27 +8 83, (822)

where the NP results refer to the EW penguin parameters 168 ConsequentlyAS is found to be
positivein the SM. In the literature, values &S|sy ~ 0.04-0.08 can be found, which were obtained
— in contrast to (8.21) — with the help of dynamical approactiech as QCDF [166] and SCET [179].
Moreover, bounds were derived with the help of 81 (3) flavour symmetry [203]. Looking at (8.22),
we see that the modified parametégse) in (8.16) imply an enhancement &S with respect to the
SM case. Consequently, the best value$qof) that are favoured by the measurementsRgf. make
the potentialA% (B, — n° Ks) discrepancy even larger than in the SM.

There is one CP asymmetry of tlie— 7K system left, which is measured as
Adlr (BT — 79KF) = —0.04 £ 0.04. (8.23)

In the limit of vanishing colour-suppressed tree and EW péngppologies, it is expected to be equal
to the direct CP asymmetry of thB; — 7T KT modes. Since the experimental value of the latter
asymmetry in (7.53) does not agree with (8.23), the directvidRation in B* — 7°K* has also
received a lot of attention. The lifted colour suppressi@salibed by the large value af in (8.4)
could, in principle, be responsible for a non-vanishindeddénce between (7.53) and (8.23),

exp

=AY (Bt - 19K%F) — A(By — 7T KE) 2 —0.16 £ 0.04. (8.24)
However, applying once again the strategy described abieldsy
ASE (BT — 70K F)|gy = 0.04 7599, (8.25)
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so that the SM still prefers a positive value of this CP asytnynéhe NP scenario characterized by
(8.16) corresponds to .
A8 (BT — 70K *)|xp = 0.09 1920, (8.26)

In view of the large uncertainties, no stringent test is fed at this point. Nevertheless, it is
tempting to play a bit with the CP asymmetries of € — 7°K+ andB; — n°Kg decays. In Fig. 29,
we show the situation in thelx(B; — 7°Ks)-AdL (BT — 79K®) plane for various values of
with ¢ € [0°,360°]. We see that these observables seem to show a preferenaesfiivepvalues ofp
around—+90°. As we noted above, in this case, we can also get rather aabe experimental region
in the R,—R. plane. It is now interesting to return to the discussion ef &P effects in thed8 — ¢K
system given in Subsection 7.2. In our scenario of NP in thedgWguin sector, we have just to identify
the CP-violating phase, in (7.39) with the NP phase [83]. Unfortunately, we cannot determine the
hadronicB — ¢K parametersi, and A, through theB — =7 data as in the case of tHe¢ — 7K
system. However, if we take into account trzf}a{; = 180° in factorization and look at Fig. 25, we see
again that the case ef ~ +90° would be favoured by the data fdf, ;. Alternatively, in the case
of ¢ ~ —90°, Ay ~ 0° would be required to accommodate a negative valusgf, which appears
unlikely. Interestingly, a similar comment applies to tBe— .J/¢ K observables shown in Fig. 21,
although here a dramatic enhancement of the EW penguin péeam relative to the SM estimate
would be simultaneously needed to reach the central expatahvalues, in contract to the reduction of
g inthe B — ¢K case. In view of rare decay constraints, the behaviour ofthe ¢K parametei
appears much more likely, thereby supporting the assumpfier (7.59).

8.4 The Interplay with Rare K and B Decays and Future Scenarios

In order to explore the implications of the — 7K puzzle for rareK and B decays, we assume that
the NP enters the EW penguin sector throufhpenguins with a new CP-violating phase. This scenario
was already considered in the literature, where modelgeddent analyses and studies within SUSY
can be found [204, 205]. In the strategy discussed here,hibe-distance functiorC characterizing
the Z° penguins is determined through tlBe— 7K data [206]. Performing a renormalization-group
analysis yields Vo Ve
) — 235 geié i g Ll
C(q) =2.35 ge 0.82 with g=g¢q { 0,086 |-

Evaluating then the relevant box-diagram contributionshimn SM and using (8.27), the short-distance
functions

(8.27)

X =235@'—0.09 and Y =2.35g'® —0.64 (8.28)

can also be calculated, which govern the rAreB decays withvz and/* ¢~ in the final states, respec-
tively. In the SM, we have€' = 0.79, X = 1.53 andY = 0.98, with vanishingCP-violating phases. An
analysis along these lines shows that the valugyop) in (8.16), which is preferred by thB — 7K
observables?, ., requires the following lower bounds fof andY” [91]:

| X min & |Y |min = 2.2, (8.29)
which appear to violate th&5% probability upper bounds
X <195 Y <143 (8.30)

that were recently obtained within the context of MFV [20&Ithough we have to deal with CP-violating
NP phases in our scenario, which goes therefore beyond thé fkéifmnework, a closer look aB —

X010~ shows that the upper bound ¢ri| in (8.30) is difficult to avoid if NP enters only through EW
penguins and the operator basis is the same as in the SM. Migosslution to the clash between (8.29)
and (8.30) would be given by more complicated NP scenaribg [Jowever, unless a specific model is
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Quantity SM | ScenA| ScenB| Scen C| Experiment

Rn 1.12 | 0.88 1.03 1 0.83 £ 0.08

R. 1.15 | 0.96 1.13 1 1.01 =+ 0.09
Adr(B* —70K*) || 0.04 | 0.07 | 0.06 | 0.02 | —0.04+0.04
Al (By—7m'Kg) | 0.06 | 0.04 0.03 | 0.09 | —0.02+0.13
mix(By—n’Kg) || —0.82 | —0.89 | —0.91 | —0.70 | —0.31 & 0.26
AS 013 | 0.21 | 0.22 | 0.01 | —0.38+0.26

AA —0.07 | —0.04 | —0.05 | —0.09 | —0.16 & 0.04

Table 1: TheB — 7K observables for the three scenarios introduced in the text.

Decay SM | Scen A| ScenB| ScenC Exp. bound
(90% C.L.)

BR(KT — ntvi)/10~11 || 9.3 2.7 8.3 8.4 (14.775%0)
BR(Ky, — mv)/10~ 1! 4.4 11.6 27.9 7.2 <29 x10?

BR(KL, — mVete™)/1071 || 3.6 4.6 7.1 4.9 <28
BR(B — X,vr)/107° 3.6 2.8 4.8 3.3 < 64
BR(B, — ptp~)/107° 3.9 9.2 9.1 7.0 < 1.5 x 10?

BR(KL, — puFu )sp/1077 | 0.9 09 | 0001 | 06 <25

Table 2: Rare decay branching ratios for the three sceniatiogluced in the text. Th8, — p* 1~ channel will be discussed
in more detail in Subsection 10.5.

chosen, the predictive power is then significantly redudemt.the exploration of the NP effects in rare
decays, we will therefore not follow this avenue.

Using an only slightly more generous bound|&H by imposing|Y| < 1.5 and taking only those
values of (8.16) that satisfy the constraiit = 1.5 yields

q¢=048+0.07, ¢=—(93+17)°, (8.31)

corresponding to a modestippressiorof ¢ relative to its updated SM value 6f58. It is interesting to
investigate the impact of various modifications(gf¢), which allow us to satisfy the bounds in (8.30),
for the B — wK observables and rare decays. To this end, three scenaritsefpossible future
evolution of the measurements Bf and R. were introduced in Ref. [91]:

e Scenario Ag = 0.48, ¢ = —93°, which is in accordance with the currrent rare decay bounds a
the B — n K data (see (8.31)).

e Scenario Big = 0.66, ¢ = —50°, which yields an increase dt,, to 1.03, and some interesting
effects in rare decays. This could, for example, happerifitive corrections to th&) — 7~ K+
branching ratio enhanck, [208], though this alone would probably account for only @tiy%.

e Scenario Chere it is assumed thd&, = R. = 1, which corresponds tg = 0.54 and¢ = 61°.
Thepositivesign of ¢ distinguishes this scenario strongly from the others.

The patterns of the observables of the— nK and rare decays corresponding to these scenarios are
collected in Tables 1 and 2, respectively. We observe tleakth— 7vv modes, which are theoretically
very clean (for a recent review, see Ref. [209]), offer aipaldrly interesting probe for the different
scenarios. Concerning the observables ofhes 7K systemAgll'gx(Bd — 1V Kg) is very interesting:

this CP asymmetry is found to be very large in Scenarios A andtigre the NP phasg is negative.

On the other hand, the positive sign®fn Scenario C bringsA%x (B, — 7w Kg) closer to the data, in
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agreement with the features discussed in Subsection 8.3mifasscomment applies to the direct CP
asymmetry ofB* — 7OK*.

In view of the large uncertainties, unfortunately no de@imibnclusions on the presence of NP can
be drawn at this stage. However, the possible anomalieiiBth-~ 7K system complemented with
the one inB — ¢ K may actually indicate the effects of a modified EW penguinmewgith a large CP-
violating NP phase. As we just saw, rdkeand B decays have an impressive power to reveal such a kind
of NP. Let us finally stress that the analysis of ile—~ 77 modes, which signals large non-factorizable
effects, and the determination of the UT anglelescribed above are not affected by such NP effects.
It will be interesting to monitor the evolution of the compesmding data with the help of the strategy
discussed above.

9 ENTERING ANEW TERRITORY: b — d PENGUINS
9.1 Preliminaries

Another hot topic which emerged recently is the exploratidr® — d penguin processes. The non-
leptonic decays belonging to this category, which are ntedibyb — dss quark transitions (see the
classification in Subsection 3.3.1), are now coming withipegimental reach at th& factories. A
similar comment applies to the radiative decays origimptiomb — d~y processes, whereas— d¢+ ¢~
modes are still far from being accessible. THedactories are therefore just entering a new territory,
which is still essentially unexplored. Let us now have a@tdsok at the corresponding processes.

9.2 AProminent Example: B} — K°K?°

The Feynman diagrams contributing to this decay can berwadrom those foanO — ¢K° shown in
Fig. 23 by replacing the anti-strange quark emerging froeiithboson through an anti-down quark. The
BY — K°KY decay is described by the low-energy effective Hamiltomie(3.36) withr = d, where the
current—current operators may only contribute throughgpemlike contractions, corresponding to the
penguin topologies with internal up- and charm-quark erglea. The dominant rdle is played by QCD
penguins; since EW penguins contribute only in colour-sepged form, they have a minor impact on
BY — K°K?Y, in contrast to the case @&} — #K°, where they may also contribute in colour-allowed
form.

If apply the notation introduced in Section 7, make againafd@e unitarity of the CKM matrix
and apply the Wolfenstein parametrization, we may writeBfje—~ K°K° amplitude as follows:

A(BY — K°K®) = N A(Ap — Ap) |1 = prace™®eh], (9.1)
where

(9.2)

pKKeiBKK = Rb lAl{D — A%‘| )

AL — Ag,
This expression allows us to calculate the CP-violatingramegtries with the help of the formulae given
in Subsection 5.5, taking the following form:
ASE(Bg — K°K°) D1(prr, Ok ) (9.3)
G (Bg — K°K®) = Dsy(prk.0ki;7, da)- (9.4)

Let us assume, for a moment, that the penguin contributioesdaminated by top-quark ex-
changes. In this case, (9.2) simplifies as

prire?SE — Ry, (9.5)

Since the CP-conserving strong phége vanishes in this limit, the direct CP violation B — K°K°
vanishes, too. Moreover, if we take into account that= 25 in the SM and use trigonometrical relations
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Fig. 30: lllustration of the surface in thédis—AZ>—( B) observable space characterizing g — K°K° decay in the SM.
The intersecting lines on the surface correspond to consédmes ofpxx andfxx; the numbers on the fringe indicate the
value offkx, while the fringe itself is defined byxx = 1.

which can be derived for the UT, we find that also the mixindhiced CP asymmetry would be zero.
These features suggest an interesting test ob the d flavour sector of the SM (see, for instance, Ref.
[210]). However, contributions from penguins with interop- and charm-quark exchanges are expected
to yield sizeable CP asymmetries Bff — KK even within the SM, so that the interpretation of
these effects is much more complicated [211]; these cauiibs contain also possible long-distance
rescattering effects [212], which are often referred to@BV” and “charming” penguins and received
recently a lot of attention [213].

Despite this problem, interesting insights can be obtathealigh theB} — KK observables
[214]. By the time the CP-violating asymmetries in (9.3) €adl) can be measured, also the anglef
the UT will be reliably known, in addition to th89-BY mixing phasep,. The experimental values of
the CP asymmetries can then be converted jist@ andf gy, in analogy to theB — 77 discussion in
Subsection 8.2. Although these quantities are interestimmiptain insights into thé& — 7 K parameter
pee? (see (8.11)) througl®U (3) arguments, and can be compared with theoretical predstifan
instance, those of QCDF, PQCD or SCET, they do not provide thbynselves — a test of the SM
description of the FCNC processes mediating the dé&tay- K°K°. However, so far, we have not yet
used the information offered by the CP-averaged branchtig of this channel. It takes the following
form:

BR(B; — K°K°) = 16;7?\231 x D x [N3AAL2(B), (9.6)

where® x - denotes a two-body phase-space factdf,= AL — A%, and
(B) =1 — 2pgrx cos Ocre cosy + pic- (9.7)

If we now usep, and the SM value of, we may characterize the decBj) — K°K° —within the SM —
through a surface in the observable spacd#f, A% and(B). In Fig. 30, we show this surface, where
each point corresponds to a given valuen@f; andfgy . It should be emphasized that this surface is
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theoretically clearsince it relies only on the general SM parametrizatioff— K°K°. Consequently,
should future measurements give a value in observable spacshouldnotlie on the SM surface, we
would have immediate evidence for NP contributions te ds3 processes.

Looking at Fig. 30, we see théB) takes an absolute minimum. Indeed, if we kegp andf xx

as free parameters in (9.7), we find
(B) > sin® 7, (9.8)
which yields a strong lower bound because of the favouradiiyel value ofy. Whereas the direct and
mixing-induced CP asymmetries can be extracted from a tiapendent rate asymmetry (see (5.39)),
the determination of B) requires further information to fix the overall normalizatifactor involving
the penguin amplitudéltpc. The strategy developed in Refs. [82, 83] offers the folluyviwo avenues,
using data for
i) B — 7w decays, i.eb — d transitions, implying the following lower bound:

BR(By — KK )min = 25 x (139 1§38) x 1076, (9.9)

i) B — wK decays, i.eb — s transitions, which are complemented by tBe— = system to
determine a small correction, implying the following lowsund:

BR(By — KK )min = 25 x (136 243) x 107, (9.10)
Here factorizable5U (3)-breaking corrections are included, as is made expliciudh
2
=K _ f& 0.258 (9.11)
T 0.331 f§ ’ '

where the numerical values for tHie — K, 7 form factorsféK”r refer to a recent light-cone sum-rule
analysis [215]. At the time of the derivation of these boyritle B factories reported an experimental
upperbound of BRB; — K°KY) < 1.5x107% (90% C.L.). Consequently, the theoretit@her bounds
given above suggested that the observation of this chahpaldjust be ahead of us. Subsequently, the
first signals were indeed announced, in accordance with 4@ (9.10):

(1.197032 £0.13) x 107% (BaBar [216]),

(0.84£0.3+0.1) x 1070 (Belle [217]). (9.12)

BR(B; — K°K°) = {

The SM description 0B} — K°K? has thus successfully passed its first test. However, theriexental
errors are still very large, and the next crucial step — a oreasent of the CP asymmetries — is still
missing. Using QCDF, an analysis of NP effects in this chbmn@e recently performed in the minimal
supersymmetric standard model [218]. For further aspect8lo— KYK?, the reader is referred to
Ref. [214].

9.3 Radiativeb — d Penguin Decays:B — p~

Another important tool to exploré — d penguins is provided by — py modes. In the SM, these
decays are described by a Hamiltonian with the followingdtire [67]:

= G 2 ) 8
oo = X Z Vi [Z CLI+ > ckczz] : (9.13)
] =u,c k=1 k=3

Here theQ{fl2 denote th(? current—current operators, whereag)the, are the QCD penguin operators,
which govern the decag) — K°K" together with the penguin-like contractions@f?%, andQ74
contrast to these four-quark operators,

1
Qb5 = 5 5modio™ (1475) {ebiFluvs 9:T50,G } (9.14)
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are electro- and chromomagnetic penguin operators. Theimpertant contributions td — py orig-
inate fromQ{fl2 and Q‘%g, whereas the QCD penguin operators play only a minor réleontrast to
BY) — KK". If we use again the unitarity of the CKM matrix and apply thelf&hstein parametriza-
tion, we may write

A(B = py) = c, NP APL [1 - pme“’me—iv] , (9.15)
wherec, = 1/v/2 and 1 forp = p° andp*, respectivelyP/ = P/” — P#7, and

c =

(9.16)

, PP _ PPy
Opy — t
pr€ = Ry lptpfp“m]

Here we follow our previous notation, i.e. thﬁ” are strong amplitudes with the following interpreta-
tion: P27 andP?” refer to the matrix elements 87 _; C.Qu¢ andY 7 _, C1.Q5?, respectively, whereas
P corresponds te- 22:3 Cin. ConsequentlyP?” andP?7 describe the penguin topologies with
internal up- and charm-quark exchanges, respectivelyreas@®/” corresponds to the penguins with
the top quark running in the loop. Let us note that (9.15)reefe a given photon helicity. However, the
b quarks couple predominantly to left-handed photons in te & that the right-handed amplitude is
usually neglected [219]; we shall return to this point bel@omparing (9.15) with (9.1), we observe
that the structure of both amplitudes is the same. In anatogy %%, p,. e may also be affected
by long-distance effects, which represent a key uncegt@hz — py decays [147, 219].

If we replace all down quarks in (9.13) by strange quarks, lataio the Hamiltonian fob — sy
processes, which are already well established experithefGa]:

BR(B* — K**y) = (40.34+2.6) x 107° (9.17)
BR(BY — K*%y) = (40.1+2.0) x 1075, (9.18)

In analogy to (9.15), we may write

_ A3APE™Y , .
A(B— K™y)= —% [1+epmﬁ,e’9”ve_”}, (9.19)
where e was introduced in (7.55). Thanks to the smallnesg,ahe parametepK*,ye“’K*v plays an
essentially negligible role for thB — K*~ transitions.

Let us have a look at the charged dec#s — pty and B* — K** first. If we consider their
CP-averaged branching ratios, we obtain

2
HYL (9.20)

BR(Bi - Pi’Y) — (I)pv ng
BR(BE - K%) PET

P fery
where®,, and® k-, denote phase-space factors, and

2
oo = 1 —2ppy cos O,y cosy + pp, . (9.21)
K% ™ 1 4 2epgeen €08 ey cOsy + ezp%@/

SinceB* — p*~ andB* — K** are related through the interchange of all down and strangeks,
the U-spin flavour symmetry of strong interactions allows us fateethe corresponding hadronic am-
plitudes to each other; tHé-spin symmetry is asU (2) subgroup of the fulSU (3)r flavour-symmetry
group, which relates down and strange quarks in the sameeanasnthe conventional strong isospin
symmetry relates down and up quarks. Following these limesybtain

P =[Py (9.22)
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pmew’” = me,ewK‘W = pe?. (9.23)

Although we may determine the ratio of the penguin ampligy@. | in (9.20) with the help of (9.22) —
up to SU(3)-breaking effects to be discussed below — we are still lefih wie dependence gnandé.
However, keeping andé as free parameters, it can be shown I‘H@V satisfies the following relation
[220]:

Hpl > [1 — 2ecos®y + 0(62)} sin? 7, (9.24)

where the term linear iagives a shift of about.9%.

Concerning possibl&U (3)-breaking effects to (9.23), they may only enter this tinyrection
and are negligible for our analysis. On the other handSthi¢3)-breaking corrections to (9.22) have a
sizeable impact. Following Refs. [221, 222], we write

2 ) 2 73
[<I>mH7’t’? [MB—M,)] 2

| = 9.25
Dpeery | | PR M3 — M2, (9:23)

where( = F,/Fk- is the SU(3)-breaking ratio of theB* — p*~y and B* — K**+ form factors; a
light-cone sum-rule analysis givés' = 1.31 +0.13 [223]. Consequently, (9.24) and (9.25) allow us to
convert the measureB™ — K**~ branching ratio (9.17) into mwer SM bound for BRB* — p*7)
with the help of (9.20) [220]:

BR(B* — p™7)in = (1.02343]) x 107C. (9.26)

A similar kind of reasoning holds also for tHé-spin pairsB* — K*K r*K and B* —
K*K* 7t K*, where the following lower bounds can be derived [220]:

BR(B* = K*K)min = Zf x (169143} x107° (9.27)
BR(B* — K*K*)in = 25 x (0.68 T1}) x107°, (9.28)

with =* given in (9.11). Thanks to the most receBitfactory data, we have now also evidence for
B* — K*K decays:

(1.5+£0.54+0.1) x 1076 (BaBar [216])

(1.04£0.4+0.1) x 1075 (Belle [217]), (9.29)

BR(B* - K*K) = {
whereas the upper limit &f.3 x 1076 for B¥ — K*K* still leaves a lot of space. Obviously, we may
also consider thé3* — K*T K, pt K system [220]. However, since currently only the upper bound
BR(B* — pTK) < 48 x 1079 is available, we cannot yet give a number for the lower bound o
BR(B* — K**K). Experimental analyses of these modes are strongly ergedira

Let us now turn taBY — p°, which receives contributions from exchange and penguihan
lation topologies that are not presentij — K*%v; in the case oB* — p*y and B — K**+,
which are related by th&-spin symmetry, there is a one-to-one correspondence ofdgigs. Making
the plausible assumption that the topologies involvingsihectator quarks play a minor rdle, and taking
the factor ofc,o = 1/4/2in (9.15) into account, the counterpart of (9.26) is given by

BR(By — p")min = (051 5317) x 1075, (9.30)

At the time of the derivation of thiower bounds for theB — p~ branching ratios given above,
the following experimentalipperbounds 90% C.L.) were available:

1.8 x 107 (BaBar [224])
BR(B* — p™7) < { 2.2 x 1076 (Belle [225]) (9:31)
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0.4 x 10-6 (BaBar [224])
BR(B; — /’07) < { 0.8 x 107% (Belle [225]). (9:32)

Consequently, it was expected that the— p~y modes should soon be discovered at théactories
[220]. Indeed, the Belle collaboration reported recenily first observation df — dv processes [226]:

BR(B* — py) = (0.55032017) x 107° (9.33)
BR(Bs — p%y) = (1L17037082) x 107° (9.34)
BR(B — (p,w)y) = (1.34334010) x 107°, (9.35)

which was one of the hot topics of the 2005 summer confere@23§. These measurements still suffer
from large uncertainties, and the pattern of the centralesbf (9.33) and (9.34) would be in conflict
with the expectation following from the isospin symmetrywill be interesting to follow the evolution
of the data. The next important conceptual step would be thasorement of the corresponding CP-
violating observables, though this is still in the distantufe.

An alternative avenue to confront the data for the— pv branching ratios with the SM is
provided by converting them into information on the sile of the UT. To this end, the authors of
Refs. [221, 222] use also (9.25), and calculate the CP-cainge(complex) parametesa entering
pmewm = Ry [1 + da] in the QCDF approach. The corresponding result, which fies/ausmall im-
pact ofda, takes leading and next-to-leading order QCD correctiots account and holds to leading
order in the heavy-quark limit [222]. In view of the remarksoat possible long-distance effects made
above and thé-factory data for the3 — 77 system, which indicate large corrections to the QCDF pic-
ture for non-leptonicB decays into two light pseudoscalar mesons (see SubsecH#yrit8s, however,
not obvious that the impact ét: is actually small. The advantage of the bound following fr@24) is
that it is — by construction rotaffected byp,. ¢ at all.

9.4 General Lower Bounds forb — d Penguin Processes

Interestingly, the bounds discussed above are actualigaans of a general, model-independent bound
that can be derived in the SM fér— d penguin processes [220]. If we consider such a deBay; f,,
we may — in analogy to (9.1) and (9.15) — write

AB — fp) = AP [1 - gdeiede—”] , (9.36)
so that the CP-averaged amplitude square is given as follows
JAB = fa)l?) = |AY[* [1 = 204 cos 64 cosy + 03] - (9.37)
In general,p; andd,; depend on the point in phase space considered. Consequkatixpression
BR(B — f;) =78 [Z /dPS (|A(B — fd)|2>] (9.38)
Pol

for the CP-averaged branching ratio, where the sum runs m&sible polarization configurations of

fa4, doesnot factorize into|A((iO) |2 and[1 — 204 cos 0, cos v + 2] as in the case of the two-body decays
considered above. However, if we kegpand@, as free, “unknown” parameters at any given point in
phase space, we obtain

(AB — o)) > |AY? sin, (9.39)
which implies
BR(B — f) > 75 lz /dPS |A§l°>|2] sin? 7. (9.40)
Pol

54



In order to deal with the term in square brackets, we use-as penguin decay3 — f, which
is the counterpart oB — f, in that the corresponding CP-conserving strong amplitedesbe related
to one another through th&l/ (3) flavour symmetry. In analogy to (9.19), we may then write

L A0 o
AB— f)) = — ﬁ [1 + 69562956_”] : (9.41)
If we neglect the term proportional tan the square bracket, we arrive at
(0)2
BR(B — /a) > € lZPOI JdPS |Azl0)| ] sin? 4. (9.42)
BR(B — f;) Ypot JAPS[As7[?

Apart from the tinye correction, which gave a shift of abou®% in (9.24), (9.42) is valid exactly in the
SM. If we now apply theSU (3) flavour symmetry, we obtain

Seo [dPS|A) P su@y |
Spor [dPS 4172

(9.43)

Sincesin? ~ is favourably large in the SM and the decBy — f, will be measured before its —
d counterpart — simply because of the CKM enhancement — (Q#R)ides strong lower bounds for
BR(B — fq).

It is instructive to return briefly td3 — pvy. If we look at (9.42), we observe immediately that
the assumption that these modes are governed by a singlenphelicity is no longer required. Conse-
quently, (9.26) and (9.30) are actually very robust witlpees to this issue, which may only affect the
SU (3)-breaking corrections to a small extend. This feature erédting in view of the recent discussion
in [228], where the photon polarization i — py andB — K™~ decays was critically analyzed.

We can now also derive a bound for thé — K** K* p* K* system, where we have to sum in
(9.42) over three polarization configurations of the veati@sons. The analysis of tt#/(3)-breaking
corrections is more involved than in the case of the decagsidered above, and the emerging lower
bound of BRB* — K** K*)m ~ 0.6 x 1076 is still very far from the experimental upper bound of
71 x 1075, Interestingly, the theoretical lower bound would be restlioy~ 0.6 in the strictSU (3) limit,

i.e. would be more conservative [220]. A similar commentligsgto (9.9), (9.10) and (9.27), (9.28). On
the other hand, thé3 — p~ bounds in (9.26) and (9.30) would be enhanced~byl.7 in this case.
However, here the theoretical situation is more favouraliiee we have not to rely on the factorization
hypothesis to deal with th8U (3)-breaking effects as in the case of the non-leptonic decays.

Let us finally come to another application of (9.42), whichoffered by decays of the kind
B — wlt¢— and B — p¢te—. It is well known that thep,; terms complicate the interpretation of
the corresponding data considerably [147]; the bound ®f\ tests that are not affected by these con-
tributions. The structure of the— d¢*¢~ Hamiltonian is similar to (9.13), but involves the additébn
operators

o - _
Q9,10 = %(EE)V,A(dibi)V—A- (9.44)

Theb — s¢T¢~ modesB — K¢/~ andB — K*¢*t¢~ were already observed at tfiefactories, with
branching ratios at thé.6 x 1076 and1.4 x 1076 levels [61], respectively, and received considerable
theoretical attention (see, e.g., [229]). For the appboabf (9.42), the charged decay combinations
Bt — ntte— KTt~ andB* — pt¢t e, K*T¢+¢~ are suited best since the corresponding decay
pairs are related to each other throughthspin symmetry [230]. The numbers given above suggest

BR(B* — n¢t¢™), BR(BE — pTte7) » 1078, (9.45)

thereby leaving the exploration of thede— d penguin decays for the more distant future. Detailed
studies of the associatetl/(3)-breaking corrections are engouraged. By the timeRie— 7+ ¢/,
pT ¢ ¢~ modes can be measured, we will hopefully have a good picfuteese effects.
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It will be interesting to confront all of these bounds wittpeximental data. In the case of the non-
leptonicB; — K°K°, B* — K* K modes and their radiativB — p~ counterparts, they have already
provided a first successful test of the SM description of threasponding FCNC processes, although the
uncertainties are still very large in view of the fact that ave just at the beginning of the experimental
exploration of these channels. A couple of other non-leéptdacays of this kind may just be around the
corner. It would be exciting if some bounds were significantblated through destructive interference
between SM and NP contributions. Since the different detzgses are governed by different operators,
we could actually encounter surprises!

10 B-DECAY STUDIES IN THE LHC ERA: FULLY EXPLOITING THE B4z SYSTEM
10.1 In Pursuit of New Physics withA M

Concerning experimental information about this mass idifiee, only lower bounds were available for
many years from the LEP experiments at CERN and SLD at SLAC][18ince the currently operating
eTe™ B factories run at th&'(45) resonance, which decays inf), 4, but not intoB; mesons, the3;
system cannot be explored by the BaBar and Belle experimehtswever, plenty ofB, mesons are
produced at the Tevatron (and later on will be at the LHC [23&hich — very recently — allowed the
measurement A M, as summarized in (5.18) and (5.19). These new results vmerefthe hot topics
of the spring 2006, and have already triggered several phenological papers (see, e.g., [233]-[241]).

As in Section 6 and Subsection 7.1, we shall follow the armslysRef. [101]. In order to describe
possible NP effects, we parametrize them through (6.4) &%J.(The relevant CKM factor id/;: V.
Using once again the unitarity of the CKM matrix and inclglinext-to-leading order terms in the
Wolfenstein expansion as given in Ref. [36], we have

Vis

1
| =1 -5 (1= 2R, cos7) M4 o0h. (10.1)
cb

2

Consequently, apart from the tiny correction)f, the CKM factor forA M, is independent ofy and
Ry, which is an important advantage in comparison withjemeson system. The accuracy of the SM
prediction of AM; is hence limited by the hadronic mixing paramef@ngf. If we consider the ratio
ps introduced in (6.6) and use the CDF measurement in (5.19pbtgen

pslingep = 1.08T00%(exp)+ 0.19(th) (10.2)
pslmprayqep = 0745007 (exp)+ 0.18(th), (10.3)

where we made the experimental and theoretical errorsaiixplihese numbers are consistent with the
SM casep; = 1, but suffer from significant theoretical uncertainties,ietthare much larger than the
experimental errors. Nevertheless, it is interesting ti ribat the (HP+JL)QCD result is5 o below
the SM; a similar pattern arises in (7.27) and (7.28), thaaigthel o level. Any more precise statement
about the presence or absence of NP requires the reductibaagtical uncertainties.

In Fig. 31, we show the constraints in the—x plane, which can be obtained from with the
help of the contours shown in Fig. 18. We see that upper booivls < 2.5 arise from the measurement
of AM;. In the case of (10.3)7s would be constrainted to lie within the rangeé0° < o, < 250°.
Consequently, the CDF measurement\d¥/, leaves ample space for the NP parametgrandx,. As
in the case of thé3;-meson system discussed in Subsection 7.1, this situailbohange significantly
as soon as information about CP violation in tBgmeson system becomes available. We shall return
to this topic in Subsection 10.2.

*The asymmetrie™ e~ KEKB collider was recently also operated at fi€5S) resonance in an engineering run, allowing
the Belle experiment to take fir&, data [231].
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Fig. 31: The allowed regions (yellow/grey) in the—xs plane. Left panel: JLQCD lattice results (5.9). Right panel
(HP+JL)QCD lattice results (5.10).
It is interesting to consider the ratio &fAM/; and A M, which can be written as follows:

AMs Ps
AMg  pa

Vis

Via

Mp,

&2, (10.4)

where the hadroni6U (3)-breaking parameteris defined through

_ /5By

= N
deBBd

In the class of NP models with “minimal flavour violation” &s&ection 6, and Ref. [237] for a recent

analysis addressing also thel/; measurement), we haye/p, = 1, so that (10.4) allows the extraction
of the CKM factor|V;s /Viq|, @and hencéV,,|, as|V;s| is known —to excellent accuracy — from (10.1). The

advantage of this determination lies in the reduced theataincertainty o€ as compared tgp dB}B/d 2,
For the sets of lattice results in (5.9) and (5.10), we have

(10.5)

&inqep = 1.14£0.06701° (10.6)
Empranyqop = 121075055 (10.7)
Using the expression
1| Via| 11|V { 1 9 4
=—|—|==|—/—||1—-=(1-2 A A 10.8
Ry AR 2( Ry cosy) A+ O(\Y) ], ( )

we may convert the extracted value |t /V},4| into a measurement of the UT sidg. As we noted

in Subsection 9.3, another determinationfyfcan, in principle, be obtained from radiative decays, in
particular the ratio of branching ratid$(B — (p,w)y)/B(B — K*v), but is presently limited by
experimental statistics; see Ref. [242] for a recent aiglys

Alternatively, following Ref. [101], we may constrain thatio ps/p4 through the measured value
of AM,/AM,. To this end, we express — in analogy to (7.26) — the UT &g terms of R, and~:

Ry =\/1 - 2R cosy + RE, (10.9)

allowing the determination oR; through processes that are essentially unaffected by NiPrédulting
value of R; depends rather strongly enwhich is the main source of uncertainty. Combining then4)10
and (10.8), we obtain the following expression fay p,:

1 Mg, AM,
£2 Mp, AMy

% =A% |1 —2Rycosy + Rlﬂ [1 + (1 — 2Ry cos y)A\% + (’)()\4)}
d

(10.10)
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Fig. 32: The dependence pf/pq on-~ for the central values ah My s in (5.17) and (5.19). Left panel: JLQCD results (10.6).
Right panel: (HP+JL)QCD results (10.7). The plots are iygadependent of?,,.

In Fig. 32, we plot this ratio for the central values®df/; andAM; in (5.17) and (5.19), respectively, as
a function of the UT angle for the values of given in (5.9) and (5.10). We find that the corresponding
curves are nearly independent®f and thaty is actually the key CKM parameter for the determination
of ps/pq. The corresponding numerical values are given by:

. = LI (exp)E 0.35(y, Ry) T §32(6) (10.11)
Pd 1JLQCD
o — 0.997002(exp) £ 0.31(v, By) 395 (6). (10.12)
Pd |(HP+JL)QCD

Because of the large range of allowed values/ah (7.16), this ratio is currently not stringently con-
strained. This situation should, however, improve sigaifity in the LHC era thanks to the impressive
determination ofy to be obtained at the LHCb experiment. In fact, a statisacauracy ofga () ~
2.5° is expected at LHCb after 5 years of taking data [232].

Let us introduce a scenario for the year 2010 that is chaiaetebyy = (70 + 5)° and the
(HP+JL)QCD parameters in (5.10). We then find

Pl = 1.07 £0.09(y, Ry)T0%(¢) = 1.07 £ 0.12, (10.13)

Pd 12010
where we made the errors arising from the uncertainties arid£ explicit, and, in the last step, added
them in quadrature. Consequently, the hadronic uncegaiind those induced by would now be
of the same size, which should provide additional motivafior the lattice community to reduce the
error of¢ even further. Despite the impressive reduction of unaggtaiompared to the 2006 values in
(10.11) and (10.12), the numerical value in (10.13) woultlrgit allow a stringent test of whethex; / p4
equals one: to establish3ar deviation from 1, central values of /p; = 1.4 or 0.7 would be needed.
The assumed uncertainty gfof 5° could also turn out to be too pessimistic, in which case everem
progress would be needed from the lattice side to match theremental accuracy.

The result in (10.13) would not necessarily suggest thaetisano physics beyond the SM. In fact,
the central values gi; = 0.69 + 0.16 andps = 0.74 + 0.18 would both be smaller than 1, i.e. would
both deviate from the SM picture, although the hadronic taggies would again not allow us to draw
definite conclusions. In order to shed further light on thesesible NP contributions, the exploration of
CP-violating effects in the3,-meson system is essential, which can be performed withehedf the
“golden” decayB? — J/1¢.

102 BY — J/¢é

As can be seen in Fig. 20, the dec8y — J/v¢ is simply related taB% — .J/1 K through a replace-
ment of the down spectator quark by a strange quark. Constygube structure of thé? — .J/+)¢ de-
cay amplitude is completely analogous to that of (7.3). @nater hand, the final state B — .J /¢

58



hjf =(}35 R D
- = —— ~

0 N ~ SM or NN ]
. Hh =040 r >0 ]
at =0, = = . r ~ O b
S 0.1 é” 0.1 . -~ - ]
o Ry, =045 = r RN 1
% =0.2 = — ‘m -0.2 | >N B
C o ]
1, =050 b N
-0.3 'I!'_"'_ ) 03 [ ]
T R O TS O TS N Y NSNS MO B B
=0 60 70 ED 30 0.3 0.35 0.4 0.45 0.5

v [deg] R,

Fig. 33: sin ¢, for a scenario with flavour-universal NP, igh® = ¢}, as specified in Eq. (10.16), agg = 43.4°. Left
panel:sin ¢ as a function ofy for various values oRR;. Right panel:sin ¢ as a function ofR;, for various values ofy (solid
line: v = 65°, dashed linesy = (45°,85°)).

consists of two vector mesons, and is hence an admixturdfefeatit CP eigenstates, which can, how-
ever, be disentangled through an angular analysis ofBhe— J/y[— (¢~]¢[— KTK~| decay
products [111, 243]. The corresponding angular distridmugxhibits tiny direct CP violation, and allows
the extraction of

sin g5 + O(X) = sin ¢ + O(1079) (10.14)

through mixing-induced CP violation. Since we have= —25y = —2A%n ~ —2° in the SM, the deter-
mination of this phase from (10.14) is affected by hadromicastainties of)(10%), which may become
an issue for the LHC era. These uncertainties can be cadrulith the help of flavour-symmetry argu-
ments through thé&9 — J/1p° decay [244].

Needless to note, the big hope is that large CP violation éllfound in this channel. Since
the CP-violating effects iBBY — .J/v¢ are tiny in the SM, such an observation would give us an
unambiguous signal for NP [117, 245, 246]. As the situat@mrNP entering through the decay amplitude
is similar toB — .J/v K, we would get evidence for CP-violating NP contributionsZ%-5Y mixing,
and could extract the corresponding sizeable valug,dfLl17]. Such a scenario may generically arise
in the presence of NP withxp ~ TeV [119], as well as in specific models, including supersyatria
frameworks and models with extt& bosons (see Ref. [101] and references therein).

Thanks to its nice experimental signatu®) — .J/+¢ is very accessible at hadron colliders,
and can be fully exploited at the LHC. After one year of datdrig (which corresponds to 2 ),
LHCb expects a measurement with the statistical accuragy(sin ¢,) ~ 0.031; adding modes such as
Bs — J/vym, J/¢n" andn.o, ot (sin ¢s) =~ 0.013 is expected after five years [232]. Also ATLAS and
CMS will contribute to the measurementsfi ¢, expecting uncertainties at the 0.1 level after one year
of data taking, which corresponds to 10tb[247, 248]. In order to illustrate the impact of NP effects
on the quantity

sin ¢, = sin(—2X2Ry siny + ¢LF ), (10.15)

let us assume that the NP parameters satisfy the simplerelat
0d =05, Kd= Kg, (10.16)

i.e. that in particulais)’” = ¢F. This scenario would be supported by (10.13), although itld/aot
belong to the class of models with MFV, as new sources of CRtwm would be required. As we have
seen in Subsection 7.1, the analysis of Bfpdata for Ri*“! = 0.45 indicates a small NP phase around
—10° in the B, system. In the above scenario, that would imply the presehtge same phase in the
B, system, which would interfere constructively with the sh$# phase and result in CP asymmetries
at the level of—20%. CP-violating effects of that size can easily be detectadeat HC. This exercise
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Fig. 34: Combined constraints for the allowed region (yelgey) in theo,—xs plane throughAM; in (5.19) for the
(HP+JL)QCD results (5.10) and CP violation measurementsft panel: the SM scenari@in ¢s)exp = —0.04 £ 0.02.
Right panel: a NP scenario wiBin ¢s)exp = —0.20 £ 0.02. The solid lines correspond tws ¢s > 0, the dotted lines to
cos ¢s < 0.

demonstrates again the great power of Byemeson system to reveal CP-violating NP contributions
to B)—BY) mixing. The presence of a small NP phase could actually bsiderably magnified, as
illustrated in Fig. 33.

Let us finally also discuss the impact of CP violation measm@s on the allowed region in the
os—ks plane in our 2010 scenario. To this end, we consider two cases

i) (sin ¢g)exp = —0.04 £ 0.02, in accordance with the SM;
i) (sin ¢s)exp = —0.20 £ 0.02, in accordance with the NP scenario of Fig. 33.

The measurement efn ¢, implies a twofold solution for, and, therefore, also faiY*'. However, this
ambiguity can be resolved through the determination of itpe af cos ¢, which can be fixed through
the strategies proposed in Ref. [117]. In Fig. 34, we showsituation in thes,—«, plane* The dotted
lines refer to negative values @fs ¢s. Assuming that these are experimentally excluded, we &reili
strongly restricted regions, although could still take sizeable ranges, with upper bourgs= 0.5. In
the SM-like scenario, values of, around180° would arise, i.e. a NP contribution with a sigh opposite
to the SM. However, due to the absence of new CP-violatirectff the accuracy of lattice results would
have to be considerably improved in order to allow the exwawmf a value ofx,; incompatible with 0.
On the other hand, a measuremen{gfi ¢;)cx, = —0.20 & 0.02 would give a NP signal at th&) o

level, with kg > 0.2. A determination of: with 10% uncertainty requireﬁBsB}B/S 2 with 5% accuracy,
i.e. the corresponding error in (5.10) has to be reduced bytaif of 2.

Since our discussion does not refer to a specific model offi¢Rjuestion arises whether there are
actually extensions of the SM that still allow large CP-gtolg NP phases iB?—B? mixing. This is in
fact the case, also after the measuremenh 6f;. In Ref. [101], where also a comprehensive guide to
the relevant literature can be found, this exciting featuas illustrated by considering models with an
extraZ’ boson and SUSY scenarios with an approximate alignmentarkcand squark masses.

Let us now continue our discussion of tlig-meson system by having a closer look at other
benchmark processes.

10.3 Bs; — D¥K¥and By — D*n¥F

The decaysB, — DEKT [249] andB; — D*xT [250] can be treated on the same theoretical basis,
and provide new strategies to determinfd0]. Following this paper, we write these modes, which are
pure “tree” decays according to the classification of Sulised.3.1, generically a8, — D,u,. As

can be seen from the Feynman diagrams in Fig. 35, their degistic feature is that both Bg and a

“The closed lines agree with those shown in the right panelg@fF, as our 2010 scenario is based on the (HP+JL)QCD
lattice results.
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Fig. 36: Interference effects betwed) — D,a, and B — D, decays.

Bg meson may decay into the same final statei,. Consequently, as illustrated in Fig. 36, interference
effects betweelBg—Bg mixing and decay processes arise, which allow us to probedaé phase,, +
through measurements of the corresponding time-depexgeay rates.

Inthe case of = s,i.e. Dy € {D}, D", ..} andu, € {K*, K**, ...}, these interference effects
are governed by a hadronic paramekge’®s « Ry, ~ 0.4, whereR,, « |V,,/Ve| is the usual UT side,
and hence are large. On the other handgfer d, i.e. D, € {D*, D**,...} anduy € {n T+, p™, ...}, the
interference effects are described Kyes o« —\?R;, ~ —0.02, and hence are tiny. In the following,
we shall only conside3, — D,u, modes, where at least one of thg, u, states is a pseudoscalar
meson; otherwise a complicated angular analysis has torfemed.

The time-dependent rate asymmetries of these decays taksathe form as (5.39). It is well
known that they allow ¢heoretically cleardetermination of, + -, where the “conventional” approach
works as follows [249, 250]: if we measure the observalilé®, — D,u,) = C, andC(B, —
Dyu,) = C, provided by thezos(AM,t) pieces, we may determine the following quantities:

1- X2

(Corv =5 [Cot i) =0, (€)= [C-a] =1 X (10.17)

where(C,) allows us to extrack,. However, to this end we have to resolve terms entering akthe
level. In the case of = s, we haveX; = O(Ry), implying X2 = 0(0.16), so that this should actually
be possible, though challenging. On the other haxig,= O(—\2R;) is doubly Cabibbo-suppressed.
Although it should be possible to resolve terms(®fX ), this will be impossible for the vanishingly
small X3 = 0(0.0004) terms, so that other approaches toXix are required [250]. For the extraction
of ¢4 + ~, the mixing-induced observablé¥ B, — D,u,) = S, andS(B, — D,u,) = S, associated
with the sin(AM,t) terms of the time-dependent rate asymmetry must be measuinednalogy to
(10.17), it is convenient to introduce observable comlamst(S,).. Assuming thatX, is known, we
may consider the quantities

1+ X2
sy = (=Dt L1 (Sy)+ = +cos &y sin(pg +7) (10.18)
2X,
1+ X2
s. = (-t L1(S,)— = —siné, cos(¢g +7), (10.19)
2X,
which yield
. 9 1 2 2 2 _ 2\2 2
sin?(d +7) = 5 (1453 —s2) & V42 —s2)2 457, (10.20)
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implying an eightfold solution fop, +~. If we fix the sign ofcos ¢, through factorization, still a fourfold
discrete ambiguity is left, which is limiting the power fdre search of NP significantly. Note that this
assumption allows us also to fix the signsaf(¢, + ) through(S,) . To this end, the factof—1)~,
whereL is the D,u, angular momentum, has to be properly taken into account i§ha crucial issue
for the extraction of the sign &in (¢, + ) from B; — D** 7T decays.

Let us now discuss new strategies to explore CP violatiooutjin B, — D,u, modes, following
Ref. [90]. If AT is sizeable, the “untagged” rates introduced in (5.36)alls to measurelar(Bs —
Dsiis) = Aar, and Aar(Bs — Dsus) = Aar,. Introducing, in analogy to (10.17), observable
combinationsAar, )+, we may derive the relations

(Ss)+ (Aar,) -

tan(¢s + ) = — [m -+ {W] , (10.21)

which allow anunambiguousextraction ofg, + « if we fix the sign ofcos §, through factorization.
Another important advantage of (10.21) is that wentdb have to rely onO(X?) terms, asS;)+ and
(Aar,)+ are proportional toXs. On the other hand, a sizeable valuedf is of course needed.

If we keep the hadronic quantitie§, andd, as “unknown”, free parameters in the expressions for
the (S,)+, we may obtain bounds ap, + v from

|[sin(¢g +7)[ = [(Sg) 4|, |cos(dg + )| = [(Sg) - (10.22)

If X, is known, stronger constraints are implied by

[sin(dg +7)| = [s+],  [cos(dg +7)[ = |s-|- (10.23)

Onces ands_ are known, we may of course determigig+ ~ through the “conventional” approach,
using (10.20). However, the bounds following from (10.28)vide essentially the same information
and are much simpler to implement. Moreover, as discussddtail in Ref. [90] for several examples
within the SM, the bounds following from thB, and B; modes may be highly complementary, thereby
providing particularly narrow, theoretically clean rasder .

Let us now further exploit the complementarity between/je— Dg*HK— andBY — D)+
processes. Looking at the corresponding decay topologsgee that these channels are related to each
other through an interchange of all down and strange qu#&kssequently, applying again tlhi&spin
symmetry impliesi, = ag andd, = &4, wherea, = X, /R, andag = —X4/(\2R;,) are the ratios of the
hadronic matrix elements enteridg; and X, respectively. There are various possibilities to implete
these relations [90]. A particularly simple picture arifese assume that; = a4 andd; = J4, which
yields

sin ¢g — S'sin (;53:| $s=0° [ sin ¢g ]
tan~y = — =00 _ | 2% | 10.24
sy |:COS ¢g — S cos ¢ cos g — S ( )
Here we have introduced (5
S=-R [ d/ (10.25)
(Ss)+
with )
1—A 1
R:( ~ )[1+X§}’ (10.26)
whereR can be fixed with the help of untaggési rates through
_ <f_K ) [ I(BY - D am) + 1(BY — DY) ] (10.27)
f=) 0By — DYYTK-)) + (D(By — DK ) | '

Alternatively, we caronly assume that;, = J; or thata; = a4 [90]. An important feature of this
strategy is that it allow us to extract amambiguouwalue of+, which is crucial for the search of NP;
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first studies for LHCb are very promising in this respect [R5Another advantage with respect to the
“conventional” approach is that, 3 terms have not to be resolved experimentally. In particllgrdoes
nothave to be fixed, and, may only enter through &+ X2 correction, which can straightforwardly be
determined through untaggéeg} rate measurements. In the most refined implementation otrategy,
the measurement of ;/ X would only be interesting for the inclusion 6f-spin-breaking corrections
in ay/as. Moreover, we may obtain interesting insights into hadrgnasnics and/-spin breaking.

The colour-suppressed counterparts of the— D,u, modes are also interesting for the explo-
ration of CP violation. In the case of the; — DKy, Bs — Dn"), D¢, ... modes, the interference
effects betweerB)—B? mixing and decay processes are governed:py™: o« Rj. If we consider
the CP eigenstateB. of the neutralD-meson system, we obtain additional interference effeictisea
amplitude level, which involve, and may introduce the following “untagged” rate asymmg§tga]:

LBy — D1 fs)) = (T'(By — D_fs))

s = , (10.28)
T (U(By — D+ fs)) +{D(By — D_f,))
which allows us to constraif through the relation
| cosy| > |Fis_|. (10.29)
Moreover, if we complemer]ffj_ with
_lrafe g ot
(Sp)s =3 |+ 5%, (10.30)
whereS{* = A%X(B, — D f,), we may derive the following simple bekactrelation:
S
tany cos ¢, = l?’m;fishh + 11, (Sy,)— —singy], (10.31)
+_

with ny, = (—1)Lnésp. This expression allows a conceptually simple, theorlyickean and essentially
unambiguous determination 9f153]. Since the interference effects are governed by tygtarameter
xy,e% o —\2Ry in the case ofB, — D:+Kg1), By — D+m, Dy, ..., these modes are not as
interesting for the extraction of. However, they provide the relation

N1, (Sp)— =singg + O(a%,) = singg + O(4 x 107), (10.32)

allowing very interesting determinations @f with theoretical accuracies one order of magnitude higher
than those of the conventiona) — J/vKs and B — J/1¢ approaches [153]. As we pointed out
in Subsection 7.1, these measurements would be very inhteyes view of the new world average of
(sin 25)¢KS .

10.4 Bg — KTK— and Bg — ata—
The decayB? — KTK~ isab — 5 transition, and involves tree and penguin amplitudes, as th

BY — «t7~ mode [167]. However, because of the different CKM strugttite latter topologies play
actually the dominant role in thB? — KK~ channel. In analogy to (7.42), we may write

ABY - KTK™)=+/e( [em + 1d’ei@’} : (10.33)
€

wheree was introduced in (7.55), and the CP-conserving hadroniampeters’’ andd’¢’ correspond
to C andde®, respectively. The corresponding observables take thefotltowing generic form:

A (B, - KTK™) = Gy(d,0;7) (10.34)

OBy = KTK™) = Gy(d, 057, 6s), (10.35)
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Fig. 37: The contours in the—d(,) plane for an example with = d’ = 0.52, 0 = 0’ = 146°, ¢q = 43.4°, ¢ps = —2°,

v = 74°, which corresponds to the CP asymmett (B — nn~) = —0.37 and AZE (By — 77 ~) = +0.50 (see

Subsections 7.3 and 8.2), as well4$: (Bs — KTK ™) = +0.12 and ABS(Bs — KTK ™) = —0.19.

in analogy to the expressions for the CP-violatiBy — 7=~ asymmetries in (7.47) and (7.48). Since
oq = (43.4 £ 2.5)° is already known (see Subsection 7.1) aidis negligibly small in the SM —
or can be determined througB? — .J/1¢ should CP-violating NP contributions t8°-B° mixing
make it sizeable — we may convert the measured value$lf B, — ntr~), ABX(B; — ntn™)
and AYL (B, — KYK™), ABX(B, — K*K™) into theoretically clearcontours in they—d andy—d’
planes, respectively. In Fig. 37, we show these contourarf@xample, which corresponds to the central
values of (7.51) and (7.52) with the hadronic parametér8) in (8.4).

As can be seen in Fig. 26, the dec&{ — 7=~ is actually related ta3) — K™K~ through
the interchange o&ll down and strange quarks. Consequently, each decay topolmgyibuting to
BY — 77~ has a counterpart iB? — K+ K, and the corresponding hadronic parameters can be
related to each other with the help of thiespin flavour symmetry of strong interactions, implying the
following relations [167]:
d=d, 0=09. (10.36)

Applying the former, we may extragtandd through the intersections of the theoretically clead and
~—d' contours. As discussed in Ref. [167], it is also possibleegplve straightforwardly the twofold
ambiguity for (v, d) arising in Fig. 37, thereby leaving us with the “true” sodutiof v = 74° in this
example. Moreover, we may determi@@ndé’, which allow an interesting internal consistency check
of the second/-spin relation in (10.36). An alternative avenue is prodidewe eliminated and d’
through the CP-violating3; — 7«77~ and B, — KK~ observables, respectively, and extract then
these parameters andhrough thel/-spin relationd’ = 6.

As illustrated in Fig. 38, this strategy is very promisingrfr an experimental point of view for the
LHCb experiment, where an accuracy foof a few degrees can be achieved [147, 232, 252]. As far as
possiblel/-spin-breaking corrections ¥ = d are concerned, they enter the determination tifrough
a relative shift of they—d and~—d’ contours; their impact on the extracted valueydherefore depends
on the form of these curves, which is fixed through the mealsoibeervables. In the examples discussed
in Refs. [119, 167], as well as in the one shown in Fig. 37, #imeted value ofy would be very stable
under such effects. Let us also note thatlthepin relations in (10.36) are particularly robust sinagyth
involve only ratios of hadronic amplitudes, where 8/’ (3)-breaking decay constants and form factors
cancel in factorization and also chirally enhanced termslevaot lead tol/-spin-breaking corrections
[167]. On the other hand, the rati@ /C|, which equals 1 in the stri¢f-spin limit and enters th&-spin

relation
C/

C

G (Bs = KYK™)
A%if;(Bd — )

10.37
BR(B, —» KTK~) (10.37)

)
TBy

2 [ BR(B; — ntm™) ] TB,
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Fig. 38: Experimental LHCb feasibility study for the contsin the*y—d(” plane, as discussed in Ref. [252].

is affected byU-spin-breaking effects within factorization. An estimaféhe corresponding form factors
was recently performed in Ref. [253] with the help of QCD suwies, which is an important ingredient
for a SM prediction of the CP-averagétl, — K™K~ branching ratio [83]. Following these lines, the
prediction

BR(B;, - KTK™)=(35+7) x 107° (10.38)

was obtained in Refs. [83, 200] from the CP-averag®gd— =T KT branching ratio. On the other
hand, the CDF collaboration announced recently the observaf the B, — K+ K~ channel, with the
following branching ratio [254]:

BR(B;, — KTK™) = (334+5.7+6.7) x 1075, (10.39)

which is in excellent accordance with (10.38). For otheeré@nalyses of th8, — K+ K~ decay, see
Refs. [255, 256].

In addition to theB, — K*K~, By — n*n~ andB, — DfKT, By — D*rT strategies dis-
cussed above, also othgrspin methods for the extraction ¢fwere proposed, using, g, — J/¥Ks
or By(s) — D;(S)D;(S) [142], Bys) — KW K™ [119, 244], B, — K [257], of Byq) — J/4n
modes [258]. In a very recent paper [259], also two-body yiech charged3 mesons were considered.

10.5 Bg — ptp~ and Bg — putp—
Let us finally have a closer look at the rare deéy— p* 1 ~, which we encountered already briefly in
Subsection 8.4. As can be seen in Fig. 39, this decay arg);iteeson counterpaf) — n*p~ origi-
nate fromZ°-penguin and box diagrams in the SM. The corresponding loergy effective Hamiltonian
is given as follows [67]:

M :—ﬁ[L]V*V Yo(:)(5q)v—a(fis)y—a + h (10.40)

eff 72 | 2n sinZ Oy th VtqMy Yo (2t )(0q)v—-A(HH)V—A .C., .

wherea denotes the QED coupling arthy is the Weinberg angle. The short-distance physics is de-
scribed byY (x¢) = ny Yo(z¢), whereny = 1.012 is a perturbative QCD correction [260]-[262], and the
Inami-Lim functionYy(x;) describes the top-quark mass dependence. We observe hat@matrix
element(0|(bq)v_a|BY) is required. Since here the vector-current piece vanisteetheB; is a pseu-
doscalar meson, this matrix element is simply given by treageonstanyfz,. Consequently, we arrive
at a very favourable situation with respect to the hadroratrimelements. Since, moreover, NLO QCD
corrections were calculated, and long-distance contabatare expected to play a negligible role [260],
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Fig. 39: Feynman diagrams contributing® — p"u~ (g € {s,d}).

the Bg — T~ modes belong to the cleanest rdsedecays. The SM branching ratios can then be
written in the following compact form [37]:

BR(Bs — utpu )—4.1><10_9
) i) [ (]
: . 10.41
% [o 24GeV| [0.040] |1.5ps) |167GeV (10-41)
BR(By — pt )—1.1><10_10
N N e
: 10.42
% [0.20 Gev| |0.008) |15ps| |167GeV (10-42)

The most recent upper bounds (95% C.L.) from the CDF colktimr read as follows [263]:
BR(Bs; — ut ™) <1.0x1077, BR(By — pup~) <3.0x 1078, (10.43)
while the DO collaboration finds the following (95% C.L.) wgimit [264]:
BR(Bs — utpu™) <3.7x107". (10.44)

Using again relation (10.8) and neglecting the tiny cofoast entering at tha? level, we find that
the measurement of the ratio

arir e ~ e [ (2]

would allow an extraction of the UT sidB;. Since the short-distance functidn cancels, this deter-
mination does not only work in the SM, but also in the NP scesawrith MFV [137]. This strategy is
complementary to that offered by the rathal/, /A M, discussed in the context of (10.4). If we look
at this expression in the MFV case, whexgp, = 1, and (10.45), we see that the following relation is
implied [265]:

2
Via

Vis

(10.45)

BR(B, — ptp) _ [z] l%] {Mﬂ (10.46)

BR(By — ptp~) Bg, | LAMy

which holds again in the context of MFV models, including ®il. Here the advantage is that the
dependence o5,/ fs,)? cancels. Moreover, we may also use the data for the massetiiffiesA 1/,
to reduce the hadronic uncertainties of the SM predictidrike®B, — 11~ branching ratios [265]:

BR(B, — ptpu™) = (3.3540.32) x x107° (10.47)
BR(By — utp™) = (1.0340.09) x 1071, (10.48)

where (10.47) is another application of the recAmt/, measurement at the Tevatron [237].

The current experimental upper bounds in (10.43) and (J@#etstill about two orders of mag-
nitude away from these numbers. Consequently, shouldthe> n*n~ decays be governed by their
SM contributions, we could only hope to observe them at th€l[47]. On the other hand, since the

66



B, — p*u~ transitions originate from FCNC processes, they are semgitobes of NP. In particular,

the branching ratios may be dramatically enhanced in spdgi (SUSY) scenarios, as was recently
reviewed in Ref. [118]. Should this actually be the casesdia#ecays may already be seen at run Il of
the Tevatron, and the"e~ B factories could observ8; — uu~. Let us finally emphasize that the
experimental bounds oB; — 1~ can also be converted into bounds on NP parameters in specific
scenarios. In the context of the constrained minimal sypemsetric extension of the SM (CMSSM) with
universal scalar masses, such constraints were receittbaly discussed by the authors of Ref. [266].

11 CONCLUSIONS AND OUTLOOK

CP violation is now well established in the-meson system, thereby complementing the neutral
meson system, where this phenomenon was discovered mord@hgears ago. The data of thge™

B factories have provided valuable insights into the physicstrong and weak interactions. Concern-
ing the former aspect, which is sometimes only considereal lasproduct, the data give us important
evidence for large non-factorizable effects in non-lemdg-decays, so that the challenge for a reliable
theoretical description within dynamical QCD approactersains, despite interesting recent progress.
As far as the latter aspect is concerned, the descriptiorPofi@lation through the KM mechanism has
successfully passed its first experimental tests, in pdatichrough the comparison between the mea-
surement ofin 23 with the help of B} — .J/¢ Ky and the CKM fits. However, the most recent average
for (sin 23), K, is Now somewhat on the lower side, and there are a couple afgauin theB-factory
data. It will be very interesting to monitor these effectsjet could be first hints for physics beyond the
SM, as the data improve. Moreover, it is crucial to refine theasponding theoretical analyses further,
to have a critical look at the underlying working assumpdi@md to check them through independent
tests, and to explore correlations with other flavour probes

Despite this impressive progress, there are still regidribeoB-physics landscape left that are
essentially unexplored. For instanée;— d penguin processes are now entering the stage, since lower
bounds for the corresponding branching ratios that can beedein the SM turn out to be very close
to the corresponding experimental upper limits. Indeed hase now evidence for th8; — K°K?
and B* — K*K channels, and the first signals for the radiative— pv transitions were reported,
representing one of the hot topics of the summer of 2005. &hexles have now to be explored in much
more detail, and several other decays are waiting to be wixber

Another very interesting aspect of future studies is hemeson system. Although the mass
difference A M, could eventually be measured in the spring of 2006 at theti@vamany features of
B; physics are still essentially unexplored. Concerning tleasarement oA M, NP may actually be
hiding in this quantity, but is currently obscured by paréeneincertainties. The somking-gun signal
for NP in B9—B? mixing would be the observation of sizeable CP violatiorBfh— .J /¢ and similar
decays. Since there are various specific extensions of theyl8#e such effects arise (also when taking
the A M, constraints into account), we may hope that the LHC will dieifeem. Moreover, th&,-meson
system allows several determinations of the anghéthe UT in an essentially unambiguous way, which
are another key ingredient for the search of NP, and offenthédu tests of the SM through strongly
suppressed rare decays. After new results from run Il of #wvaffon, the promising physics potential of
the Bs-meson system can be fully exploited at the LHC, in particbiathe LHCb experiment.

These studies can nicely be complemented through the katensywhich governed the stage of
CP violation for more than 35 years. The future lies now oe @gcays, in particular on th§ ™ —
ntvw and K1, — 7°vo modes; there is a proposal to measure the former channet @ERN SPS,
and efforts to explore the latter at KEK/J-PARC in Japan.tti@mmore, flavour physics offers several
other exciting topics. Important examples are top-quaryss, theD-meson system, the anomalous
magnetic moment of the muon, electric dipole moments andlakeur violation in the charged lepton
and neutrino sectors.
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The established neutrino oscillations as well as the ecieléor dark matter and the baryon asym-
metry of the Universe tell us that the SM is incomplete, aretg extensions contain usually also new
sources of flavour and CP violation, which may manifest thedves at the flavour factories. Fortunately,
the LHC is expected to go into operation in the autumn of 200fis new accelerator will provide
insights into electroweak symmetry breaking and, hopgfalso give us direct evidence for physics
beyond the SM through the production and subsequent de¢®yR particles in the ATLAS and CMS
detectors. Itis obvious that there should be a very fruitftérplay between these “direct” studies of NP,
and the “indirect” information provided by flavour physitd.have no doubt that an exciting future is
ahead of us!
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