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Measurement of sin 23 in tree-dominated B decays and ambiguity
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The meal recent reanlts from the B-factories cn Che Bime-dependent & F asymmetries messured in B%decays
mediated by b — ofs quark-transitions are reviewed, The Standard Medd mierpretation of the realls in terms of
the parameter sin 207 keada to a jowr-fold ambaguily oo the anitarity beangle 3 which can be recdoced 1ooa bweeiold
ambiguily by memauring the sign of the parameler cos 23, The resulis on cos 23 obiained =0 far are reviewsd,

L. INTRODICTION

Within the Standard Model, quark flavor-
mixing is described by the 3 33 umtary Cakabbo-
kobayashi-Maskawa [CKEM) matnx [1).  The
sioe of OF  viclation carmied by the CEKM ma-
irix 1= gquantified by the imaginary part of the
apex, @4 i —1T':':+':,"‘ of the unitanty trian-
gle. Consirainks on the parameter sin2d  (F
'.1.r-:'|.'|.r|l:-|—?"-l-p_l:l can b= abtained Fom the mea-
surement of fime-dependent decay mtes of neo-
iral H-mescns inko OF sigensiates fop medi-
aledd by b — eoe quark transibicns, The time

dependent rate asymmetry between B and BY

b
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where the parameter © s used by the Baffan

collaboration and A by the Belle collaboration.
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ithe ©'F eigenvalue of the fnal state, is a phase—

The parameter A, given by gop o bemg

conventicr-independent quantiby which contains
possible sources of O P viclation oo mixing (| §| #
1 ] i A 1
13, direct C 1 vialation I|TJ'—"—| # 11 and O°F vic-
her
laticm in the inberference belwe=n decay with and
without mixing (%A # 01, In the 89 — 57 gys-

) ) i s
tem, to o very pood approximation f- = ik

F A ]
and C'P-viclabion o mixing s expecksd to be
small, which 2 confirmed by the expenmental

consbranbs: |§| — 1 = 00015 +0003 2], For the

decay B/ B —(ce 1K/ K", the dominant ampli-
tude is a bree-mediated b — ecs quark-bransiticn,
There are alao conbnibutions fram penguin ampli-
tudes. In the case of the o and -penguin, the
CRM phazes are equal or almest egqual, respec-
bively, to the tree-decay phase (2 V_, V11, Only
in the case of the a-gquark penguin the CRM phose
(o Vi, Va | differs significantly from the fres am-
phitude.  Heowever, it 12 doobly- Calabbe sup-
pressed with respect 1o the tree amplitude, Ao
additicnal effect comes from O P-vialabicon in the
K°— K" sysbem, however which changes the rela-
tives phase by anly 2 amall amount. Henee, for the
P asvmmmetry, one expecis io a very good ap-
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2. MEASUREMENTS OF =in24
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ple af 630 I, This resulis in a som of 10 B8
events wrtten io tape. Boih experomente have
updated ther sin 23 analyses recently [3,4]

Al the B-facicries, the 745 rescoance 15 pro-
duced ine¥e collimions wath asymmetrne eleckron
and pomitron beam energies resulting inoa boost
lactor af S+ 0.56 at PEP 11 and 4= 0425 at
KEKEB, respectively. The T{457 decaye i about
0% of the cases o neotral H-meson s, pro-
duced in a coherent quantum staie. The bme
dependent ©F asymmetry s measured by deter-
mining the decay-time diflerence Af beiwesn the
decay af cne H to a OF egenstate (Hep) and
the decay of the cther & meson | Hog) bo Ravoor-
'!i[J-E!i.‘iIiI: final states, These Anal states are nob re
constructed exclusively and the favor of By, 1
determined | ::L.'I.Eq'-e*rl"l -::-n|3.' an a statistical basis
ko determinimg the sign of the charge mamly from
high-energy leptons, and kaone and low-enengy pr-
cns mubually stemming from 59 decays, The hg-
ure of merit far Lhe li!EFirlE pt-.rF::-rmnn-::r.- is |.§i'.ﬂ:-.r|
by the qualhity lactor ©F el —3x rJ.'_..Iu:
where -t in ihe I:|.|.;|'|1'I'i|1gI -e'-lH-:'i-::-m::.' and 108 the
mistag fracticn i tagging category o0 0 en-
larges the etatistical uncertanby of the decay-
rate asymenetry measurements and has been mea-
sured by BABAR (Balle) io ba O = (304 £ 0.3%
(i = (200 £ 1.0%) The decay-time diflerence
Ad s estinated from the distance between the
two B-cdecay vertices Az in the beam-direction
z. Due to the Tl:"I.E'_I baovst, Az can be measured
with eufficient precision by means of sthoon werbes
detectore. The AVErage Aroin of crder A0 e al
Beealle sanied bk 250 pen ab BAHAR. The Az rese-
lutian 15 deminatied |:-}I thes Hiuu wesr beoe resol ution
and 15 of crder 190 gm,

The most recent HABAR analysis [3] was per-
formed om a sample of 348 » 109 BE events.

Tha ' FP-odd Fnal states (gop —1% uged
are .I'.:":'.-"E':'—Iri"_:lﬁ.'_g where oo Jh —
ete ™ ptu (B8 — ete, gt Jigwta”

%oy — Jfdmy, and 5, — KSR tn The £F-

even hnal stale H"-',."H':'—'J,.-'QH'E 15 also recon-
structed.  Compared to the high-poriky sample
}f:',"f'_ﬂ':'—hl:r'r_lh'g. thiz hnal etate =affere from a
signitheantly higher Background level,

In addition, the wvector-vector fnal  stake

BB — TR with K7 — K32 is used. A

recent angular analysis performed by BABAR Ands
an ellective O eigenvalue of o = 0050440033
[or this hnal stabe [3]. For the OF-add bnal
states the resalt s =in E_J FOF1E 4 0088 00,
for the final state 8" B — 0 /0K] it is sin 23

HOTIG £ 008, (ses T"il:. |_I. The= AveTage
af all modes including A"/ 5" JIGK M pe
FOFI0 & 003 e £ 0015, ,,.

The main systematie wnoerbainbies are doe bo the

sults i sin 27
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Figure 1. Mensured decay-time distributions

and corresponcding decy-rate asymmetries for the
BABAR =im 2% analysiz, a) and b)) CF odd Anals
states, o) and d) CF even boal stabe. The shaded
resfions represent the estimatbed] background con-
tribution. The solid {dazhed) curves represent the
fit projections in Af for B (B tags.

1P content of the background, the At resolution



Functions, the background in 8%/ B —J/ R,
the differences 0 the mistag ractions between
B" and B, and the knowledge of the event-kay-
event beam spob pesibion. For the fnal staie
I.'!Dln"ﬁ'-l—llré'l h"_:._:-: which has the highest purniy
192%), BilAr Bis s 20 and [A] sirmultanecusly
and hnds ©F = 0070400238, ,,.40.0] Er.u:- brans-
laking inta a 2 o deviniion from zera, The dom-
inank syslematic uneertamiy o this case (0,014
15 due to the interference between the suppressed
b — wed amphitude and the b — @id amplitude
fcr certam hadronic Mg, decays.

The Belle analysin [4] wses a sample of 532
millicn B events where only the C'FP-cdd B-
nal elate E':'_n".ﬁ:'—Jlu"l..'lF:_g and the OFPwswven b-
nal staie E:'l."ﬂt'—'..rl."lﬁ'ﬂ? are considered., Bedh
remulbs for the 5 and € coefficients are con-
sisbent:  min E:ﬁ.llll.rlll-ﬁ.'ﬂ-_lll-.:l PGSR 4 OUO3EE,, L
and sin E.'fl:.fln"q:.lh"'i:l FOGA] & 0087, .. e
spec] i'.-'el_'.-'. [ J.." ;."Hg | —001E 4+ 002 |“u] ane
I'.'.":..rln"r_'.lh"ij —0.045 4+ 0,035, The averages
between both resulis are: =0 E.J' — 02 4
0031, 20,017, and O = 001820021, &
0.014,,,. The domipank systemabic uncerbaintbies
cn sin2d come [rom the vertes reconstroction,
the resalubion function, the hurkgmunr] frackicm.
Havor tagging, and Lhe effect of the tag-side inier-
ference. The systemabic uncertainky on £, as in
the case of BABRAR. 1= dominated by the bag-side
interference I:U.[]:F_l.l.

The warld averade compubed by the Heavy Fla-
yor ."||.1.'It:r.'|.|1'l'i||l:l L:rn:hur.'- I:HF."'I].I |E| s win 24 =
FORTA 4 0,023, = 0.01 211.--- where most af the
syalematic uncertaimtbies have boen breated a2 un-
carelated . Correlated arvor sources like the H-
hfstime, the mixing frequency Amy or the offect
of the tag-side imterference play only a minar rals
at this stage. This suggesia that on the time
scale of H0E, when an integrates lumimosity of
order 2 ab ™! is expected from BABAR and Bells
together, the tobal uncertainby on sin 28 wall Gall
below 0020, Theoretical sstimates lor the difler-
erce between Lhe measured 5 ccafficient and the
trus sin 29 value are of order 0.01 or beloaw |6].
The average value of BABAR and Balle for the oo
sine cosfficient s O = 001220017, 0004,
and hence consastent wikth zero as expected in Lhe
Standard Model at this level of precision. The

systematic uncertaimty 15 dominated by the ing-
side berference effect. Under the assumpiion
that both measurements have estimated their un-
certainties correcily and that the uncertaimiies
are Gavssian-like, the pevalue [denoted L by
HFAG 2] to Aod a deviabion hetwesn the fwo
!":-i.Fl-EriI'I'IEI:Ilﬂ- as |n.r|.§-r= as or |:1.r[.:ur than the one

obaerved 15 0.02,

3. MEASUREMENTS OF co=20

Sinee cnly the parameter sin 23 s measared,
there are four diferent solubions far 3 Two sce
lutions correspond b cca 203 = 0, F = 312" ar
a4 = 21.2° 4 1807, while the ones corresponding
tocos2d < 0 are J = BEE or 0 = BEE" + |80,
The comstraints an the unibanty toangle exclud-
(Zr e 7).

suggesting that @ = 21.2° 15 ihe correct solu-

ing 50 20 as an mpul result s 7

tion.  Howewer, this argument relies on the wa-
Licdity of the Standard Medel, If ane allows for
Mew Phyrics contributions m BY — gn Mg o
new phase, 20 = ntroduced, As o oresuli, the
measured parameter 15 san (204 20 0 and the new
degres of fresdoan imvalhidates the argument given
abowve, Oinly the measurement of a posibive sign ol
coa | 203 Eﬂu'.l allowe a restriction af the rl-::ﬁ-ﬁ-:ihll.‘
solutiona to G348 = 21 2% ar 48, = 21 .25 1501,
Even then the allowed space lor 3 and #a 1s quite
large and can only be reduced by adding other

experimental mputs (see eg, Bel. |T]0

3.1. BY/BO . F /K0

The hrst constramnts on eoe 23 have besn ob-
tained from a bime-dependent angular analysis
af the final etate B9/ B'—J/gK*°. Since this
15 a vector-veckbor made Bheres are three ampli-
tudes comtributing to this Bnal skabe; e OF-
even amplitudes, |Agle® and A =51, and a
O P-odd amplitude |4 |r"ﬂ- , where the &, repre-
sent strong phases. Thes sizes and relative strong
phases of these amplitudes can be measuresd from
Lhe '.111.|1'|'u|'.:|.r diatributicns Iu.-|-u=||.v described in the
transversity basis] of the decay products of the
.f.n"a.l and K™Y, The measured Limr.-r]epc-.rl-:!l:'rll
decay-rate asymmetry o the thres-dimensicnal
[.'-h:dr;r.- e af the t:unw:n-iL_'.r .'Lrlgh.-ﬂ- 15 senH-
tives to coa 200 due to the interference botwesn the



O Pyen amphitudes A and A, and the C°F-
add amplitude A . However, there s an ambigo-
ity 11 the sclution of ithe strong phase dilferenees
I:J_. -t d —da = (=&, A — 4] | resuli-
g in o egn ambigoty cos23 — — cos 23 which
sees ko epoil the coa 207 extraction.

Balan has [mrfm:rrli.".r.l such a lilne—d:-pundml
angular apalysis oo a sample of B8 x 10"
B8 pairs [B] and Bads wia2d LD &+
0.57 it + 0.14,5, and cos23 = +3.32 47008
027,00, When hxing sin25 = 0.73] as ther
best measured waloe, BiABAr Onds cos 20

= :!._ig‘,“ 0. 27,5, The sign ambaguity in

cos 20 has been resclved 0 BABARs analysis by
taking advaniage of the interference in the Ko
sysbem betwesn the Powave coming from the K0
decay and the underlving S-wave,

Belle has also perfeomed a bimedependent an-
!{u|nr annl_rni.-:- or u;:l.rn[:-h:- of 275 » 107 AR
pairs (9] and Fods sin 29 — 4024 £ 031, +
0.0, and cos2F = +0.56 £ 0,79, £ 0.11,,.
When fixing sin23 = 072, o3 = 087 &
0.7 e £0.12, , is Found. The sign ambiguity in
cos 20 has not been resclved. Instead, Belle uses
the theoretical argument of s-quark helicity con-
seryvibion [L0] to select the solution for the skrong
phass difference. Thia sclution =2 consistent with
BAFAR's ewperimental result on the strong phase
diff=rence and leads bo the pmiLi'.-'ve:- H-iF:1I for cos 23,

3.2, BY/B0 — pi=10,;p(=i0p0

It haz besn proposed recently [11] that the
sign ol cos2d can alse be extracted from a
time-dependent Dalitz plot analysis of the de-
cay H'/RY — P9 pEEAEY where A7 denotes
a light neutral meson.  Thess color-suppressed
decay opologies are mediated by bres diagrams.
IF eme neglecis doubly-Clabibbs suppressed  dia-
grams, Lhe leading relesant quark transibions are
b — cud bor BY — DUERD and & — end
for BY — DPR0 respeciively.

between these amplitudes 12 obiaimed by recon-

I.I'IL!!"'T r!'!r\l:‘"‘:l'li.'ll'.

structing the newtral I3 mescas in the common
bnal state f.-'l-"]"ln'f.:":':':' —4 Hﬂ'r r (mw) We ns-
sume no O violation i ihe I}“]" j pire 5y~

|
-'F':mh'ﬁr' Lo | for the

5 o
- fl;mjh-';.,. - .i"l'l-}l_-:', 1 for the pi=an

tern and dencie [ -

P and -

decay amphitudes, respectively, Then, the time-
dependent 8 decay amplitudes are girven by

ﬂ.fE..I!I _'- 4 I:l::ﬂ-l:._"l?l'Ld . !l."Efl
— i (=10 e win | Amg - E0D)
ﬂ.fB:-HI _- el Amy - .I'l."E:l

— et (=115 in [(Amyg - E72),
where also direct C'F violation as well as P vio-
laticn i mixing in the neutrl & system has been
neglected. Here, po is the CF sigenvalue of &°
and € a5 the relative orbibal angular momentam
in the 14" system. Due to the interference
be=tween [, - and -

time-dependent decay-rate asymmetry allows us

cver the Dalitz plane, the

to extract simultanecusly sin 23 and coe 207 onee
the model for the Dalite plot amplitudes s Gxed,
A timedependent Dalitz plot analysia on a
sample of 380 million 58 pairs has been lirst per-
farmed by Belle [13] by reconatructing B9/B% —
DU with AP . pw and BU/EY —
DB 0L yeiph D0 00— 00 020 and A
=, 1. The measured Dalite plot is shown in

Tig. 2. A simultanecus At results i osin 24

078 £ DM £ 0.2, 0 posiee and cos 23
F1A7 DEE|EI’HI’"'&€:[#E.’F + Dalik).

In @ simlar BABAR analysiz cn a sample of 311
million B8 pairs, the decays BB — 0F OPRY
with b = =" p, o w and B9/ B" — D9y 0L
with D%/ 0 — O/ OPR" and A = 2%, n have
beten reconstructed [13], BABAR Aoda sin 29
FOLAG 0, 36 0 £ 0.0, 0 £0.07 parie: and cos 24
04 £ 05 e £ DL0B, £ 0B i, In this G
alac | A| has been determined and found bo be con-
siaztent with | [0.08 £ 0.08), This is as expecied
due to the smallness o the neglecked douahbly-
Cabiabbo suppressed treeamplitudes carcving a
different CRA phase with respect bo the domr-
nmant tres amplitudes, In principle, the neglected
amplitude could b taken inkbo account in the
analysis bub this s likely bo ke im[:-r.u:Lir.Jl 5ir|-:'-:-
LALE - PRy | Y
A ET — TR L
expected to be of crder 002, With |1.|E'|'||."r :I.'l.l15—

tics the FFECI.'HCHI an coe 2/ :rr||l.|'|1| he dominated

the ratio of amplitndes == | s

bw the systematie uncertainty on the Dalitz plot
miod=l which 1= alrea r.|3.' the 1'.1r[:;'t!=l -s_vul'.ﬂrl.'l.l:dr -
rar.
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Figure 2. Dalitz plot distribation m? rrl.i-.:r
Versus T r.l::i..._r_ ax measured in the Belle

Bty — p°y [0 analysis,

1.3. BY/B"—.D"+D"- K1Y

Ancther [:-.:-r:-:-:-i|1|-:' wiay to exbract sin 23 and
cos 20 mrnulbanecusly  hae been propossd  an
Rel. |[14] and has ithen been studied in more de
iail in Rel. [15]. The method vuses the final siaie
BUYR It D KL The timedependent €5

asymmetty 18 given by

At min 29, cos B3 qL.I'- cos S - E)
1

ar 205
2L i 2 4 pp——
iy} i

coa 2T ain (Lun - £

The J; areintegrals of hanctions of the amplitudes
A= ABY — DY D RY) and A = AF" —
I Ko over the half Dalitz space in the

variables &' MMse s gen and & mi:,. gt

Jna= [ UAR+-IAR e,

Ja J’V R AAY 1da, T,z }fr AAA e,

The parameter cos 203 can be mesured if Jo #
0. This could ke realized i a broad inbermediate
resomance conbributed, In this case, one expects
that J. becomes large.

The BABAR collaboration has performed soch
an analysis |[16]. In the invariank mp.es ge spec
trum there s o 4.6 o evidence for the [37,025305)
narrcw width resonance. In addition, thers s ey-
idence for a broad structure below 2.0 GeV /e
(Fig. 3). The resulis of the time-dependent anal-

n —
L .
L

= (s
AURES

]

o} )
=

T

T 0.1

L)

m X |

(ENNER) o
- tigt
o .++||I t++ i

mil K.) (GeVic?)

Figures A, The me s g distribubion as msasared

in the BABAR H"-'.."E'I—.f.]" 0*~ K2 analysis.

yuis are J. 005 06 £ 0.18,,,, £ 0.07,,,. be
ing consistent with the presence of a broad res-
onance in the D*F KT system, L0,/ J;ein 23
FO.10+£0.24,,,, £ 0.06,,,, and 20,5/ Jocos2F
038 £ 024,00 £0.05,,.. In Rel. [15], 1k haa been
predicted thal the sign of Jeg s posibive whach
would lead to a posibive sign [or cos 23,

An anteresting gquestion s the nature of the

broad structure m bhe mpes o spectiom,. Be
sides the 1) (2535 resonance o second JF =14
sbibes is l.':-i.[:-"‘-c'll:'ll. A [:-c.-ﬁsi|:|-e= candidate for this
sbabes iz Ehe fg 0 246G0] which hewsvar lies Ralow



Tahl= |
Conhdence level to exclude cos 20y < 0,
Mode HaBds Belle
H—d ik BE Mot quantified
B — pllbypiengd  goog 0% 3%

Mot measured

B—Ir+ D KD 04%

Lthe 1= Hg threshald, In thia case, the natare of
this possikle broad rescmance 1= unclear,

A4, Summary of cos 23 determinations
The analyses reviewed here have nob extracted
a conhidence level ae a lonchion of @ Instead,
the B—J/gK* PABAr analysis [B] has calcu-
lated 5 pvalue [or coe 2y < O, whers 85 cor-
responds to the walue cbiamed from the the pre-
cise sin 20 measurement. For cos20 < 0 the p-
value 15 srnall I:U.['IG'E-}. Hewwever, sines the BdBAR-
measured cos 20 value Les ouiside the physical
region, aleo the prvalue for coe 28 = 012 small
(5. 741, For this reason, alse the lik=lihood ratio
b l."I_.r? b2 has been considered whers by is the
probabality density functicn value for the mes-
sured coa 20 valoe 1l the true value s £ cos 280
This lile=lihcod ratio has then been interpreted in
the framework of Ti.'l.ynﬂi:l.rl slatlistics |::-:,I BELT I'rIiI:IE'
equal a-praor probakibities for the twe hypothe
e, cos 200 < 0 and cos 20 = 0, and denated a
combidenee level, The other analyvses discussed in
this resview fallowed this procedure and the conb-
dence levels abtained are summanzed in Takle 1.
An average of all cos 23 measurementa a2 be-
yvond the scope of this review. In some cases
the results have central vwalues cutside the phys-
wal region and large asymmetre uneertamties
which makes an average cumbersame, The inter-
p'ri::l.'l.li-::m af the H'-'I.I'HD—.I'.]" o Fl."_'::- result re
hies cn o theoretical assumption which reguires
Further mmvestigaticn, mcluding the wnderstand-
ing of the Dalitz plot structure The system-
abic uncertainty due to the Dalitz plot model in
B Y — D0 e shenld he reduced sinee
muore skatistics will come in the future. Thiz chan-
nel provides a good cppartunity to check whether
sin 21 15 measured to ke the sames o oa g’-::--::-c! iy
prosamation in b—ees and b—ecwd transitions.

Besides the above quantitative dificuliies, the
qualitabive results sugeesi that the prefered salo-
tiom s F4-8p = 21 2% o _'.I'-I fg=21.2° 4 180°, in
agreement with the Standard Meodel. This bod-
ing removes hall of the possible range in the New
Physice parameter 20,
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