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1. Introduction to the Unitarity Triangle

According to Kobayashi and Maskawa [1], CP violation in thiarfslard Model (SM) is due to
a complex phase appearing in the quark mixing matrix, thalibabKobayashi-Maskawa (CKM)
matrix. Following Wolfenstein’s notation [2], the CKM matrcan be expressed in terms of the
four real parameters, A, p andn as

V=V VsVa | = A 1-22/2  AA? +0(A%). (1.1)
Vid Ms Vib A3(1-p—in) —AAZ 1

While the parameterad andA have been precisely known for a long time, the parameiers
and n were poorly measured until recently. The parameateas of particular interest, because if
n = 0 the Standard Model would not be able to explain CP violatibthe CKM matrix is unitary,
thenV ™V = 1. This implies six unitarity conditions that relate theei#ements of the matrix. The
condition that relates the first and third columns of the im&an be written as

ViV, VidVep

+1=0. 1.2
VedVy  VedVy, (1.2)

This equation represents a triangle in the compgex{ plane. This triangle, knows as the Unitar-
ity Triangle (UT), is depicted in figure 1.
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Figure 1: The Unitarity Triangle.

The study ofB andK meson decays allows us to perform a number of measurementseth
constraints in thed, n) plane. In the Standard Model all measurements must bestensi The
presence of New Physics could cause insconsistencies rite s the measurements sf 10%.
A redundant and precise set of measurements providingradmtstin the p,n) plane is therefore
essential to test the CKM mechanisn and probe for New Phbsigsnd the Standard Model.

2. The measurements

The main contributors to this physics program are the tw@grents at the asymmetric B-
factories,BABAR [3] and Belle [4]. Collectively, these experiments recatdie date over one billion
BB pairs ine"e interactions at thé&/(4S) resonance. The large data set and clean experimental
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environment allowed the B factories to measure all sidesaagies of the UT. The two Tevatron
experiment, CDF and DO, add important constraints fronr timgiasurement d8¢ mixing. In ad-
dition, several kaon experiments (e.g., KTeV, NA48, KLOE)yide complementary information
by measuring th€P-violating parametegx in K° decays.

2.1 CPviolation in B® decays

The angles of the UT can be determined through the measutahtre time depender@P
asymmetryAcp(t). This quantity is defined as
N(B°(t) — fcp) — N(BO(t) — fcp)

Acp(l) = N(Eo(t) — fep)+ N(BO('[) — fcp)’ @1

whereN(B°(t) — fcp) is the number oB° that decay into th€P-eigenstatefcp after a timet.
In general, this asymmetry can be expressed as the sum obiwpanents:

Acp(t) = S¢ sin(Ant) — Ct cog Amt), (2.2)

whereAmis the difference in mass betweBR mass eigenstates. The sine coeffici®nis related
to an angle of the UT, while the cosine coeffici€htmeasures direc@P violation.

When only one diagram contributes to the final state, thenedsirm in equation 2.2 vanishes.
As an example, for decays suchias» J/WK®, S; = —n; x sin 28, wheren; is theCP eigenvalue
of the final state, negative for charmoniunkKs, and positive for charmonium K . It follows that

Acp(t) = —n;sin 2B sin(Amt), (2.3)

which shows how the ang|@ is measured by the amplitude of the time depen@hasymmetry.
The measurement @fcp(t) utilizes decays of th&(4S) into two neutralB mesons, of which

one Bcp) can be completely reconstructed int€R eigenstate, while the decay products of the

other Bag) identify its flavor at decay time. The tintebetween the twd decays is determined

by reconstructing the twB decay vertices. ThEP asymmetry amplitudes are determined from an

unbinned maximum likelihood fit to the time distributiongoaeately for events tagged 88 and

BO.

2.2 Theangle 3

The most precise measurement of the aifyytef the UT is obtained in the study of the decay
B — charmoniumt K°. These decays, known as “golden modes,” are dominated leedavel
diagramb — cts with internalW boson emission (figure 2-a). The leading penguin diagram con
tribution to the final state has the same weak phase as thditgeam, and the largest term with
different weak phase is a penguin diagram contribution sagsed byO(A2). This make<s =0
in equation 2.2 a very good approximation.

Besides the theoretical simplicity, these modes also effperimental advantages because of
their relatively large branching fractions-{0~#) and the presence of narrow resonances in the
final state, which provide a powerful rejection of combimitbbackground.

TheCP eigenstates considered for this analysislaigKs, Y(2SKs, Xc1Ks, ncKsandJ /YK, .
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Figure 2. Feynman diagrams that mediate tB8 decays used to measure the anfjle a) B® —
charmoniumi- K%; b) penguin dominateB decays.

The asymmetry between the tid distributions, clearly visible in figure 3 is a striking mani
festation ofCP violation in theB system. The same figures also display the correspondin@Paw
asymmetry with the projection of the unbinned maximum Ik&bd fit superimposed. The mea-
surements fronBABAR [5] and Belle [6] are averaged to obtain sz 0.678+ 0.026 [7]. This
measurement provides the strongest constraints ifahg) plane.

An independent measurement of the an@l¢hrough the study of B decays dominated by
penguin diagrams allows us to search for physics beyond tred&rd Model. In the SM, final
states dominated by — sss or b — sdd decays offer a clean and independent way of measuring
sin2f [8]. Examples of these final states apg®, n'K°, foK°, mK°, wK® KTK~KsandKsKKs.
These decays are mediated by the gluonic penguin diagrastréted in figure 2-b. In presence of
physics beyond the Standard Model, new particles such aslsyand gluinos, could participate
in the loop and affect the time dependent asymmetries [9].

A summary of the measurements/Afp(t) in penguin modes by thBABAR [10] and Belle [6]
experiments is reported in figure 4. The average of all thgp@modes, 6+ 0.05 [7], is about
20 away from the value of sif2 measured in the golden mode.

2.3 Theanglea

If the decayB® — mrt m~ were dominated by thb — u tree level diagram, the amplitude of
the time-dependent CP asymmetry in this channel would beaancheasurement of the parameter
sin2a. Unfortunately, the analysis is complicated by substatatributions from the gluonic
b — d penguin amplitudes to this final statd’(T| ~ 30%). As a result, in the fit to the time-
dependent CP asymmetry (equation 2.2) one has to fit for betkibe and the cosine terms. The
coefficient of the sine term is related to the anglef the UT through isospin asymmetry.

A similar measurement can be performed using the d8fay p™p~. This analysis is made
difficult by the fact that since the is a vector mesomp ™ p~ final states are characterized by three
possible angular momentum states, and therefore they peetex to be an admixture 6P = +1
andCP = —1 states. However, polarization studies indicate thaffitid state is almost completely



How well do we know the Unitarity Triangle? Gabriella Sciolla

240 T ) 8_

I R 21 2400

EZOG-— =B° tags J LD

et ] ©300

I:l_'él- = 7707 (D

ot iz 1 $200

8 o[ TR 1 5100

R 1w

S0 4 0

S 0]

3 [ -B° tags ] =

?9225:— =B° tags _: GE')

& , £

Pa P s vt

B od >

EON- M 7 <U()-

g oi; + ++

€.oq i -75 -5 25 0 25 5 75
B ° > athps] -EAt(ps)

Figure3: Measurements of sin®in the “golden modes” byBaBar(left) and Belle (right). Left plot BABAR):
a) time distributions for events tagged B% (full dots) or B® (open squares) i€P odd (charmoniunkKs)
final states; b) corresponding r@P asymmetry with the projection of the unbinned maximum itkebd
fit superimposed; c) and d) corresponding distribution€®even /@Ky ) final states. Right plot (Belle):
top) time distributions for events tagged B% (open dots) oB° (openfull dots) in charmoniurks final
states; b) corresponding ra@P asymmetry with the projection of the unbinned maximum likebd fit
superimposed.

longitudinally polarized, and therefore almost a p@f@ = 41 eigenstate, which simplifies the
analysis. Additional constraints are obtained by the suafdy — prrdecays.
Combining allBABAR and Belle results, we measue= (9273%7)° [18].

24 Theangley

The angley is measured exploiting the interference between the deBays> D*)OK (*)~
andB~ — D*% *)~ where bothD? and D° decay to the same final state. This measurement
can be performed in three different ways: utilizing decaly®anesons tdCP eigenstates [11],
utilizing doubly Cabibbo-suppressed decays of Ehmeson [12], and exploiting the interference
pattern in the Dalitz plot oD — Ksrr™ m~ decays [13]. Currently, the last analysis provides the
strongest constraint of the angje Combining all results fromBABAR and Belle, we measure
y= (6039)° [18].

2.4.1 Theleft side of the Unitarity Triangle

The left side of the Unitarity Triangle is determined by théio of the CKM matrix elements
[Vub| and |V |. Both are measured in the study of semi-leptdBidecays. The measurement of
IVeo| is already very precise, with errors of the order of 1-2% [The determination ofV,p| is
more challenging, mainly due to the large background confiogn b — cf/v decays, about 50
times more likely to occur thab — uév transitions.

Two approaches, inclusive and exclusive, can be used tontieg|V|. In inclusive analy-
ses ofB — X,fv, theb — cfv background is suppressed by cutting on a number of kinealatic



How well do we know the Unitarity Triangle? Gabriella Sciolla
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Figure 4: BaBar and Belle measurements of “sif2in the penguin dominated channels. The narrow
yellow band indicates the world average of the charmoniuk? final statest10.

variables. This implies that only partial rates can be diyeameasured, and theoretical assump-
tions are used to infer the total rate and exti&gs|. The theoretical error associated with these
measurements is 8%. Averaging all inclusive measurements from Brd34r, Belle, and CLEO
experiments we determirfey,| = (4.31+0.1740.35) x 102 [7], where the first error is experi-
mental and the second theoretical.

In exclusive analysesV,p| is extracted from the measurement of the branching fra&ien
’v. These analyses are usually characterized by a good $igoldfround ratio, but lead to
measurements with larger statistical errors due to the riiedl dranching fractions of the mode
studied. In addition, the theoretical errors are also ladige to the uncertainties in the form factor
calculation. Both experimental and theoretical errorseapected to decrease in the future, making
this approach competitive with the inclusive method.

2.4.2 Theright side of the Unitarity Triangle

The right side of the Unitarity Triangle is determined by thto of the CKM matrix elements
[Via| and|Vis|. This ratio can be determined with sma# @%) theoretical uncertainly from the
measurement of ratio of tf& andB? mixing frequencies. ThBY mixing parameteAmy has been
measured very precisely by many experiments [7]. Bfienixing parametefAms, which escaped
detection for many years due to the difficulty in detectirggviéry fast oscillations, was recently
measured by the Tevatron experiments [14, 15]. At the TematheB2 mesons are exclusively
reconstructed in their hadronic or semileptonic decayirfftavor at production time is inferred
by tagging the flavor of the othd@ hadron produced in the opposite hemisphere, or by looking at
the sign of fragmentation kaons produced in the same hegtigpiThe time between production
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and decay of th&2 mesons is then determined from the measurements of thedfdbstBs meson
and the distance between the interaction point andthreeson decay vertex.

The value ofAms measured by CDF i617.774 0.10+ 0.07) ps~1. Combining this measure-
ment with the world average fdmy, one can extraditq/Vis| = 0.2060+ 0.0007exp) F 3958 theo).

An independent determination fq/Vis| can be obtained by the measuring the ratio of the
branching fraction8F (B — py)/BF (B — K*y). Recent measurements of the braching fractions of
BF (B — py) from BABAR [16] and Belle [17] yieldVtq/Vis| = 0.201+ 0.016(exp) + 0.015(theo).

The comparison between the two independent measuremefug Afs|, shown in figure 5,
allows for an independent test of the Standard Model.
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Figure5: Comparison between the measurements of the right side &fftfeom B® mixing (yellow band)
and fromBF (B — py)/BF (B — K*y) (green band) from reference [19].

2.4.3 Measurement of &

Kaon physics contributed the first constraint in tiwen) plane with the measurement of the
parametegy in the study ofCP violation in neutral kaon decays. The parameiers defined as

2 1
& ~ §\n+-! + 5\'700\ (2.4)
where
‘ _A(KL—>T[+Tr) . BF(KL—>T[+7T_) TKg (2 5)
T = AKs ST T, BF (Ks — 1) '
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and

S
. BF(Ks— 10m0)’ (2.:6)

_AKL— 1% [BF(KL— o) Tk

The 2006 PDG world average, including the latest measureneéthe neutral kaon branching
fractions from KTeV, NA48 and KLOE, i$sx| = (2.232+0.007) x 10~ [20]. While the exper-
imental accuracy on this measurement is remarkable (0B );orresponding constraints on the
(p,n) plane are not very stringent, mainly due to the theoreticakertainties in the calculation of
the bag parametdy from Lattice QCD.
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Figure 6: Constraints on the apex of the Unitarity Triangle resulfirmgn all measurements.

3. SUMMARY AND CONCLUSION

Precise and redundant measurements of the sides and ahitedJmitarity Triangles provide
a crucial test ofCP violation in the Standard Model. The constraints on then( plane due to
the measurements described in this article are illustratéigure 6. The comparison shows good
agreement between all measurements, as predicted by ther@ttanism.

The accuracy of the mesurements is now approaching a fevemqtercThis is the level of
precision needed for detecting O(0.1) effects expectenh few Physics. Additional data from
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the B factories, results from new-generation flavor expents, and progress in theory especially
lattice QCD, will be key to observing physics beyond the 8tad Model in the flavor sector.
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