
Vol. 31 (2000) ACTA PHYSICA POLONICA B No 10�11
THEORETICAL OVERVIEW OF CP VIOLATIONIN B-MESON DECAY�Robert Fleis
herDeuts
hes Elektronen-Syn
hrotron DESYNotkestr. 85, D�22607 Hamburg, Germany(Re
eived June 15, 2000)After a brief look at CP violation in kaon de
ays, a short overview ofCP violation in the B-meson system and of strategies to determine theangles of the unitarity triangles of the CKM matrix is given. Both generalaspe
ts and some re
ent developments are dis
ussed, in
luding B�
 ! D�s Dand B ! �K de
ays, as well as the Bd ! �+��, Bs ! K+K� system.PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw1. Introdu
tionThe non-
onservation of the CP symmetry, whi
h was dis
overed in1964 in neutral kaon de
ays [1℄, is one of the 
entral aspe
ts of modernparti
le physi
s, and is still one of the least well experimentally 
onstrainedphenomena. In parti
ular the B-meson system provides a very fertile testingground for the Standard-Model (SM) des
ription of CP violation. Thisfeature is also re�e
ted in the tremendous e�ort put in the experimentalprogrammes to explore B physi
s. The BaBar and BELLE dete
tors arealready taking data, HERA-B has seen its �rst events, and CLEO-III, CDF-II and D0-II will follow in the near future. Although the physi
s potential ofthese experiments is very ex
iting, it may well be that the �de�nite� answerin the sear
h for new physi
s will be left for se
ond-generation B-physi
sexperiments at hadron ma
hines, su
h as LHCb or BTeV [2℄.Within the framework of the SM, CP violation is 
losely related to theCabibbo�Kobayashi�Maskawa (CKM) matrix, 
onne
ting the ele
troweakeigenstates of the down, strange and bottom quarks with their mass eigen-states. As far as CP violation is 
on
erned, the 
entral feature is that � inaddition to three generalized Cabibbo-type angles � also a 
omplex phase is� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2633)
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22Fig. 1. The two non-squashed unitarity triangles of the CKM matrix. Here, � and� are related to the Wolfenstein parameters � and � through � � �1� �2=2� � and� � �1� �2=2� �, respe
tively [4℄.needed in the three-generation 
ase to parametrize the CKM matrix. This
omplex phase is the origin of CP violation within the SM. Con
erning testsof the CKM pi
ture of CP violation, the 
entral targets are the unitarity tri-angles of the CKM matrix. The unitarity of the CKM matrix leads to a setof 12 equations, 
onsisting of 6 normalization and 6 orthogonality relations.The latter 
an be represented as 6 triangles in the 
omplex plane, all havingthe same area. However, in only two of them, all three sides are of 
ompa-rable magnitude O(�3), while in the remaining ones, one side is suppressedrelative to the others by O(�2) or O(�4), where � � jVusj = 0:22 denotes theWolfenstein parameter [3℄. The two non-squashed triangles agree at leadingorder in the Wolfenstein expansion (O(�3)), so that we a
tually have to dealwith a single triangle at this order, whi
h is usually referred to as �the� uni-tarity triangle of the CKM matrix. However, in the era of se
ond-generationexperiments, starting around 2005, we will have to take into a

ount thenext-to-leading order terms of the Wolfenstein expansion, and will have todistinguish between the unitarity triangles shown in Fig. 1.2. A brief look at the K-meson systemAlthough the dis
overy of CP violation goes ba
k to 1964 [1℄, so far thisphenomenon has been observed only within the neutral K-meson system,where it is des
ribed by two 
omplex quantities, 
alled " and "0, whi
h arede�ned by the following ratios of de
ay amplitudes:A(KL ! �+��)A(KS ! �+��) = "+ "0; A(KL ! �0�0)A(KS ! �0�0) = "� 2 "0: (1)While " = (2:280 � 0:013) � ei�=4 � 10�3 parametrizes �indire
t� CP vi-olation, originating from the fa
t that the mass eigenstates of the neutralkaon system are not CP eigenstates, the quantity Re("0=") measures �dire
t�



Theoreti
al Overview of CP Violation : : : 2635CP violation in K ! �� transitions. The CP -violating observable " playsan important role to 
onstrain the unitarity triangle [5, 6℄ and implies inparti
ular a positive value of the Wolfenstein parameter �. In 1999, newmeasurements of Re("0=") have demonstrated that this observable is nonzero, thereby ex
luding �superweak� models of CP violation [7℄:Re�"0" � = ( (28� 4:1) � 10�4 (KTeV Collaboration [8℄),(14� 4:3) � 10�4 (NA48 Collaboration [9℄). (2)Unfortunately, the 
al
ulations of Re("0=") are very involved and su�er atpresent from large hadroni
 un
ertainties [10℄. Consequently, this observabledoes not allow a powerful test of the CP -violating se
tor of the SM, unlessthe hadroni
 matrix elements of the relevant operators 
an be brought underbetter 
ontrol.In order to test the SM des
ription of CP violation, the rare de
aysKL !�0�� andK+ ! �+�� are more promising and may allow a determination ofsin(2�) with respe
table a

ura
y [11℄. Yet it is 
lear that the kaon systemby itself 
annot provide the whole pi
ture of CP violation, and thereforeit is essential to study CP violation outside this system. In this respe
t,B-meson de
ays appear to be most promising.3. The 
entral target: the B-meson systemIn order to determine the angles of the unitarity triangles shown in Fig. 1,and to test the SM des
ription of CP violation, the major role is playedby non-leptoni
 B de
ays, whi
h 
an be divided into three de
ay 
lasses:de
ays re
eiving both �tree� and �penguin� 
ontributions, pure �tree� de
ays,and pure �penguin� de
ays. There are two types of penguin topologies:gluoni
 (QCD) and ele
troweak (EW) penguins. Be
ause of the large top-quark mass, also EW penguins play an important role in several non-leptoni
B-de
ay pro
esses [12℄.3.1. CP violation in neutral B-meson de
aysA parti
ularly simple and interesting situation arises if we restri
t our-selves to de
ays of neutral Bq-mesons (q 2 fd; sg) into CP self-
onjugate�nal states jfi, satisfying the relation (CP)jfi = � jfi. In this 
ase, the
orresponding time-dependent CP asymmetry 
an be expressed as
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aCP (t) � � (B0q (t)! f)� � (B0q (t)! f)� (B0q (t)! f) + � (B0q (t)! f)= 2 e��qt 24AdirCP (Bq ! f) 
os(�Mqt) +AmixCP (Bq ! f) sin(�Mqt)e�� (q)H t + e�� (q)L t +A�� (Bq ! f)�e�� (q)H t � e�� (q)L t� 35;(3)where �Mq � M (q)H � M (q)L is the mass di�eren
e between the Bq masseigenstates, and the � (q)H;L denote their de
ay widths, with �q � (� (q)H +� (q)L )=2. In Eq. (3), we have separated the �dire
t� from the �mixing-indu
ed�CP -violating 
ontributions, whi
h are des
ribed byAdirCP(Bq ! f) � 1� j�(q)f j21 + j�(q)f j2 and AmixCP (Bq ! f) � 2 Im �(q)f1 + j�(q)f j2 ; (4)respe
tively. Whereas the width di�eren
e ��q � � (q)H � � (q)L is negligiblysmall in the Bd system, it may be sizeable in the Bs system (for a re
ent
al
ulation, see [13℄), thereby providing the observableA�� (Bq ! f) � 2Re �(q)f1 + j�(q)f j2 : (5)Essentially all the information needed to evaluate the CP asymmetry (3) isin
luded in the following quantity [12℄:�(q)f = � e�i�q A(B0q ! f)A(B0q ! f) = � e�i�q Pj=u;
V �jrVjbMjrPj=u;
VjrV �jbMjr ; (6)where theMjr denote hadroni
 matrix elements of 
ertain four-quark opera-tors, the label r 2 fd; sg distinguishes between b! d and b! s transitions,and �q = � +2� (q = d)�2Æ
 (q = s) (7)is related to the weak B0q�B0q mixing phase. In general, the quantity �(q)fsu�ers from hadroni
 un
ertainties, whi
h are due to the hadroni
 matrix
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al Overview of CP Violation : : : 2637elementsMjr. However, if the de
ay Bq ! f is dominated by a single CKMamplitude, the 
orresponding matrix elements 
an
el, and the 
onvention-independent observable �(q)f takes the simple form�(q)f = � exp h�i��q � �(f)D �i ; (8)where �(f)D is a weak de
ay phase, whi
h is given by�(f)D = � �2
 for dominant b! uur CKM amplitudes,0 for dominant b! 

r CKM amplitudes. (9)3.1.1. The �gold-plated� mode Bd ! J= KSThe most important appli
ation of the simple formalism dis
ussed aboveis the de
ay Bd ! J= KS, whi
h is dominated by the b ! 

s CKMamplitude (for a detailed dis
ussion, see [12℄), implyingAmixCP (Bd ! J= KS) = + sin[�(2� � 0)℄ : (10)Another non-trivial predi
tion of the SM is vanishingly small dire
t CPviolation. Sin
e (8) applies with ex
ellent a

ura
y to Bd ! J= KS �the point is that penguins enter essentially with the same weak phase asthe leading tree 
ontribution � it is referred to as the �gold-plated� mode todetermine the CKM angle � [14℄. First attempts to measure sin(2�) throughthe CP asymmetry (10) were already performed [15℄:sin(2�) = 8<: 3:2+1:8�2:0 � 0:5 (OPAL Collaboration),0:79+0:41�0:44 (CDF Collaboration),0:93+0:64+0:36�0:88�0:24 (ALEPH Collaboration). (11)Although the experimental un
ertainties are still very large, it is inter-esting to note that these results favour the SM expe
tation of a positivevalue of sin(2�) [6℄. In the B-fa
tory era, an experimental un
ertainty of�sin(2�)jexp = 0:05 seems to be a
hievable, whereas se
ond-generation ex-periments of the LHC era aim at �sin(2�)jexp = O(0:005) [2℄. This tremen-dous experimental a

ura
y raises the question of hadroni
 un
ertaintiesdue to penguin 
ontributions. An interesting 
hannel in this 
ontext isBs ! J= KS, allowing us to 
ontrol the � presumably very small � pen-guin e�e
ts in the determination of �d = 2� from Bd ! J= KS, and toextra
t the CKM angle 
 [16℄.
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ay Bd ! �+��If this mode would not re
eive penguin 
ontributions, its mixing-indu
edCP asymmetry would allow a measurement of sin(2�):AmixCP (Bd ! �+��) = � sin[�(2� + 2
)℄ = � sin(2�): (12)However, this relation is strongly a�e
ted by penguin e�e
ts, whi
h wereanalysed by many authors [17℄. There are various methods to 
ontrol the
orresponding hadroni
 un
ertainties. Unfortunately, these strategies areusually rather 
hallenging from an experimental point of view.The best known approa
h was proposed by Gronau and London [18℄. Itmakes use of an SU(2) isospin relation between the B+ ! �+�0, B0d ! �+��and B0d ! �+�� de
ay amplitudes, as well as their CP 
onjugates, whi
h
an be represented as two triangles in the 
omplex plane. Unfortunately,the Gronau�London approa
h su�ers from a serious experimental problem,sin
e the measurement of BR(Bd ! �0�0) is very di�
ult.Alternative methods to 
ontrol the penguin un
ertainties in the extra
-tion of � from Bd ! �+�� are very desirable. An important one for thee+�e� B-fa
tories is provided by B ! � � modes [19℄. Here the isospintriangle relations are repla
ed by pentagonal relations, and the 
orrespond-ing approa
h is rather 
ompli
ated. As we will see in more detail below,an interesting strategy for hadron ma
hines to employ the CP -violating ob-servables of Bd ! �+�� is o�ered by Bs ! K+K�, allowing a simultaneousdetermination of � and 
 without any penguin un
ertainties [20℄.3.1.3. The Bs-meson systemSin
e the e+� e� B-fa
tories operating at �(4S) are not in a positionto explore the Bs system, it is of parti
ular interest for hadron ma
hines.There are important di�eren
es to the Bd system: the B0s�B0s mixing phase�s = �2�2� = O(0:03) is negligibly small in the SM, and a large mixingparameter xs � �Ms=�s = O(20) is expe
ted. Moreover, the expe
tedsizeable width di�eren
e ��s provides interesting strategies to extra
t CKMphases from �untagged� Bs data samples, where the rapid os
illating �Mstterms 
an
el [21℄. Among the Bs ben
hmark modes are Bs ! D�s K�,allowing a theoreti
ally 
lean determination of the CKM phase 
� 2Æ
 [22℄,and Bs ! J= �. This de
ay o�ers interesting strategies to extra
t �Ms,��s and �s from the angular distribution of the J= [! l+l�℄�[! K+K�℄de
ay produ
ts [23℄. Sin
e Bs ! J= � modes exhibit, moreover, very smallCP -violating e�e
ts in the SM, they represent an interesting probe for new-physi
s 
ontributions to B0s�B0s mixing [24, 25℄.
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harged B-meson de
aysSin
e there are no mixing e�e
ts present in 
harged B-meson de
ays,non-vanishing CP asymmetries ACP would give us unambiguous eviden
efor �dire
t� CP violation in the B system. Su
h CP asymmetries arise fromthe interferen
e between de
ay amplitudes with both di�erent CP -violatingweak and di�erent CP -
onserving strong phases. In the SM, the weak phasesare related to the phases of the CKM matrix, whereas the strong phases areindu
ed by FSI pro
esses. In general, the strong phases introdu
e severetheoreti
al un
ertainties into the 
al
ulation of ACP, thereby destroying the
lean relation to the CP -violating weak phases.An important tool to over
ome these problems is provided by amplituderelations between 
ertain non-leptoni
 B de
ays. The prototype of this ap-proa
h, whi
h is due to Gronau and Wyler [26℄, uses B� ! K�D de
ays.If the D-meson is observed as a CP eigenstates, amplitude triangles 
anbe 
onstru
ed, allowing a theoreti
ally 
lean determination of 
. Unfortu-nately, these triangles turned out to be highly stret
hed, and are � from anexperimental point of view � not very useful to determine 
. Further di�-
ulties were pointed out in [27℄. As an alternative, the de
ays Bd ! K�0Dwere proposed [28℄ be
ause the triangles are more equilateral. But all sidesare small be
ause of various suppression me
hanisms. In another paper, thetriangle approa
h to extra
t 
 [26℄ was also extended to the B
 system [29℄.At �rst sight, here everything is 
ompletely analogous to B�u ! K�D.However, there is an important di�eren
e [30℄: in the B�
 ! D�s D system,the amplitude with the rather small CKM matrix element Vub is not 
oloursuppressed, while the larger element V
b 
omes with a 
olour-suppressionfa
tor. Therefore, the two amplitudes are similar in size! In 
ontrast tothis favourable situation, in the B�u ! K�D system, the matrix elementVub 
omes with the 
olour suppression fa
tor, resulting in a very stret
hedtriangle, while in the de
ays Bd ! K�0D, all amplitudes are 
olour sup-pressed. De
ays of the type B�
 ! D�D � the U -spin 
ounterparts ofB�
 ! D�s D � 
an be added to the analysis, as well as 
hannels, wherethe D�s - and D�-mesons are repla
ed by higher resonan
es. At the LHC,one expe
ts about 1010 untriggered B
 s per year of running. Provided thereare no serious experimental problems, the B�
 ! D�(s)D approa
h should bevery interesting for the 
orresponding B-physi
s programme.3.3. Probing 
 with B ! �K de
aysIn order to obtain dire
t information on 
, B ! �K de
ays are verypromising [31℄, and have re
eived a lot of attention during the re
ent years[32℄. Be
ause of the small ratio jVusV �ub=(VtsV �tb)j � 0:02, these modes aredominated by penguin topologies and are hen
e very sensitive to new-physi
s
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ontributions [33℄. Interestingly, already CP -averaged B ! �K bran
hingratios may imply highly non-trivial 
onstraints on 
 [34℄. So far, the studiesof these bounds have fo
used on the following two systems: Bd ! ��K�,B� ! ��K [34℄, and B� ! �0K�, B� ! ��K [35℄. Re
ently, it waspointed out that also the neutral de
ays Bd ! ��K� and Bd ! �0K maybe very interesting in this respe
t [36, 37℄.The B ! �K strategies to probe 
 make use of �avour-symmetry argu-ments (SU(2) or SU(3)), and rely, in addition, on dynami
al assumptions,
on
erning mainly the smallness of 
ertain res
attering pro
esses, su
h asB+ ! f�0K+g ! �+K0. The theoreti
al understanding of su
h FSI pro-
esses is poor at present [38℄. However, there are important experimen-tal indi
ators for possible large res
attering e�e
ts, e.g. B+ ! K+K0 orBd ! K+K�, and methods to in
lude them in the strategies to probe 
.In order to 
onstrain 
 through B ! �K de
ays, the key quantities areratios R(
;n) of CP -averaged bran
hing ratios, whi
h 
an be 
onstru
ted forthe �mixed�, 
harged and neutral B ! �K systems listed above. Employingthe theoreti
al ingredients sket
hed in the previous paragraph, we obtainR(
;n) = R(
;n)(
; q(
;n); r(
;n); Æ(
;n)); (13)where q(
;n) denotes the ratio of EW penguins to trees, r(
;n) is the ratio oftrees to QCD penguins, and Æ(
;n) is the CP -
onserving strong phase betweentree and QCD penguin amplitudes. Whereas q(
;n) 
an be �xed throughtheory, and r(
;n) with the help of additional experimental information, e.g.on BR(B� ! ���0), Æ(
;n) su�ers from large hadroni
 un
ertainties and isessentially unknown. However, we 
an get rid of Æ(
;n) by keeping it as a�free� variable, yielding minimal and maximal values for R(
;n):Rext(
;n)���Æ(
;n) = fun
tion(
; q(
;n); r(
;n)): (14)Keeping in addition r(
;n) as a free variable, we obtain another � less re-stri
tive � minimal value for R(
;n):Rmin(
;n)���r(
;n);Æ(
;n) = �(
; q(
;n)) sin2 
: (15)Sin
e values of 
 
orresponding to Rexp(
;n) < Rmin(
;n) or Rexp(
;n) > Rmax(
;n), whereRexp(
;n) denotes the measured value of R(
;n), are ex
luded, (14) and (15) implyan allowed range for 
. Although it is too early to draw de�nite 
on
lusions,it is interesting to note that the most re
ent CLEO results on R(
;n) are infavour of strong 
onstraints on 
, where the se
ond quadrant, i.e. 
 � 90Æ,
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h a situation would be in 
on�i
t with the standard analysisof the unitarity triangle, yielding 38Æ � 
 � 81Æ [6℄.The observables R(
;n) imply also 
onstraints on Æ(
;n), where the presentCLEO data are in favour of 
os Æ
 > 0 and 
os Æn < 0, whi
h would be in 
on-�i
t with the theoreti
al expe
tation of equal signs for 
os Æ
 and 
os Æn [37℄.If future data should 
on�rm this �puzzle�, it may be an indi
ation for new-physi
s 
ontributions to the EW penguin se
tor, or a manifestation of largenon-fa
torizable SU(3)-breaking e�e
ts. In order to distinguish betweenthese possibilties, detailed studies of the various patterns of new-physi
se�e
ts in all B ! �K de
ays are essential, as well as 
riti
al analyses ofpossible sour
es for SU(3) breaking. As soon as CP asymmetries A(
;n)CP inBd ! ��K� or B� ! �0K� are observed, we may go beyond the boundsand may determine 
 and Æ(
;n). The physi
s potential of B ! �K de
aysis very interesting and plays a 
entral role for the B-fa
tories.3.4. Extra
ting � and 
 from Bd ! �+�� and Bs ! K+K�There are interesting strategies to extra
t CKM phases with the helpof U -spin-related B de
ays, where all down and strange quarks are inter-
hanged with ea
h other [39℄. A parti
ularly interesting one is provided bythe de
ays Bd ! �+�� and Bs ! K+K�, allowing a simultaneous deter-mination of � and 
 [20℄. This new strategy is not a�e
ted by any penguintopologies � it rather makes use of them � and does not rely on 
ertain�plausible� dynami
al or model-dependent assumptions. Moreover, FSI ef-fe
ts, whi
h led to 
onsiderable attention in the 
ontext of the determinationof 
 from B ! �K de
ays, as we have noted in Subse
tion 3.3, do not lead toany problems. The theoreti
al a

ura
y is only limited by U -spin-breakinge�e
ts, whi
h vanish in the fa
torization approximation in the present 
ase.This strategy is ideally suited for LHCb (�
 = O(1Æ)) [2℄, and is also verypromising for CDF-II [40℄. Con
eptually similar approa
hes are provided byBs(d) ! J= KS or Bd(s) ! D+d(s)D�d(s) de
ays [16℄.4. Con
lusions and outlookThe phenomenology of non-leptoni
 B de
ays is very ri
h and providesa fertile testing ground for the SM des
ription of CP violation. As a by-produ
t, interesting insights into hadroni
 physi
s 
an be obtained. There isno doubt that an ex
iting future � the B-physi
s era of parti
le physi
s �is ahead of us. Hopefully, it will shed light on the physi
s beyond the SM.
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