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CP violation study using the b — cud transition

Recent results:
Combined BaBar + Belle analysis of B - D& h° (2015)

Combined BaBar + Belle analysis of B - D®h° D —» Kdn+r™
(2017 preliminary)

Model-independent analysis of B - D®Wh? D° —» Kdn* 7~ with Belle
data (2016)
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Prospects for measurement of the angle ¢, in b — cud at
LHCb and Belle 11
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Determination of the CKM angle @,

Time-dependent interference between T
decays w/ and w/o oscillation 05 Ei S TN
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A CP-specific final state f provides 5

sensitivity to sin(2
Y (2¢1) The value of sin(2¢,) 1s measured

precisely in b - ccs (B —» J/YK?, ...)
transitions:
sin(2¢1) poces = 0.691 + 0.017

Tagging of the initial BY flavor is
necessary
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Measurement of B? decay vertex is

: . Tri tr biguity: 2 — 2
needed for time-dependent analysis rigonometric ambiguity: 2@, = T = 2@y
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Features of the b = cud transition

A complementary and theoretically

clean approach to access ¢4 e e
The B® - D2,h° (h° = % 1), w) decays (B = J/WKS) (B® » D°h%)
are dominated by tree amplitudes and /
are not sensitive to most of physics b > Veb S, \ / b > Vep >
beyond standard model (BSM)

7~
A sizable deviation in the CP vV
asymmetry of B® - D2, h° decays from
b — ccs would indicate BSM ; Voo
Time-dependent Dalitz analysis of the > >
B°® - DK%, D% - Kdn*n~ decays can be W™ s
employed to measure cos(2¢,) and to ) cd

resolve the trigonometric ambiguity.
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The Belle and BaBar experiments

Cherenkov cnt.
n=1.015~1.030

SC solenoid
15T

CsI(TI)
16X,

TOF counter
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en\\ ; i Drift Chamber

8 GeV e g™ L\
) | 4 1 cell +HC/C2H6
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— < ik ,<}\ gl
B N k\\j‘b’”r,
Si vtx. det. n/ K, detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe

The Belle experiment:
Operation period: 1999 — 2010

1.04 ab™! integrated luminosity
772 % 10° BB pairs

1.5 T Solenoid

Electromagnetic

Calorime Instrumented

Iron Yoke

Cerenkov-
DetectQr A

Silicon Vertex Detector

Drift Chamber

The BaBar experiment:
Operation period: 1999 — 2008
541 fb~! integrated luminosity
471 x 10° BB pairs
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Time-dependent measurements
at an asymmetric B-factory

Az =~ vBcAt . .
[e———>] Flight distance Az = 200 um
I | Bsig = f Vertex resolution o(Az) = 130 um
€ & | ~ 800
_ —¢ > Correct flavor tagging for ~ 80% events
T ( 1 S) | | > Boost factor:
| | Belle By = 0.425 =
Btag%Xl,XK,XA,... BaBarﬁy:0_56 E
/ \ Time-dependent B decay rate
P . 1 _lAt
BO s BO BY B° s f g(At) = 7. ¢ ™8 (1 + gq[A sin(AmAt) — B cos(AmAt)]) _
/ “ \ B =
éO ) f q = *1 denotes the initial flavor of signal B meson é
o B" = f Standard model predicts A = —7n¢ sin(2¢,) and B = 0 for a CP-
7 specific final state with CP parity 7y 6




Combined BaBar + Belle analysis of
B (0 N D (*) h() New approach: the first combined

analysis of BaBar and Belle data

Signal modes

160 — T T T 160 — T
CP-even modes: 10} (a) BABAR i 40} (b)Belle
DCPT[O and Dcpn Wlth DCP — KSQTCO, Ks(v)(l) ‘}‘Jﬁimp o Signal yield
. 2100} >
Dcpw with Dgp = KQm° = 2
0 i K- 3 P :
D;pm® and Dpn with Dep — KK £ ol g BaBar: 508 + 31
S 2 Belle: 757 + 44
CP-odd modes: 2 .
DCPTL' 0, Dcpn and D°w with DCP - KTK~ O Em m w6 5 5@ 5% 5@ 5
% 0 " . 0.0 My (GeVic?) M. (GeV/ic?)
Diprt® and Dgipn with Dep = K¢m
Background Main kinematic variables

Dominant source of background . 2 .
.. — — 2 -
originates from e*e™ - qq, q € {u,d, s, c} My, = \/(Ebeam) (pB) * denotes the e*e

center-of-mass frame
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Flavor-specific decays like B~ —» D0~ AE = E};

— E*
Less than 8% of the signal beam
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Combined BaBar + Belle analysis of
EO (*) hO PRL 115, 121604 (2015)

\ (a)BABARr = +1 4B Tag 1(b) BABAR oy = —1
4B° Tag

Time—dependent B decay rate
g(At) < 1 + g[Asin(AmAt) + B cos(AmAt)]

Events / 1 ps

= —1n¢sin(2¢,) and B = 0 for a CP-specific final state of

/
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4 Maximum likelihood fit of the At distributions N
sin(2¢,) = 0.66 + 0.10 (stat.) + 0.06 (syst.)
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Raw asymmetry
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No significant direct CP violation found: . “F

B = —0.02 + 0.07 (stat.) + 0.03 (syst.) - ¥

\_ J g
/ wf t
Main systematics sources Observation of CP : S
: . . Z 08F =
Peaking background (0.049) violation at 5.40 E E.a- %
At resolution functions (0.020) confidence level E_E:: ] -

& =08 1

\ Vertex resolution (0.015) ) r—— ::1 ttzpsf 4 6 8-8 —6 —4 2.1 t?ps}ﬂ 16 8 8




Combined BaBar + Belle analysis of
B% - D™ARO with D® - Kon*m-

The method The D° —» K2n*n~ decay model

Time-dependent Dalitz analysis The model is obtained

enables to extract both sin(2¢;) from flavor-tagged

and cos(2¢,) [Bondar, Krokovny, ete” - cc (D** - DOxn?) 3.0 S—

Gershon PLB 624, 1 (2005)] data ~ 95l Freliminay

Variation of the (unknown) D° The model includes 14 L:?, 2ol

decay amplitude phase over the intermediate two-body ) L5 A ]

Dalitz plot provides the sensitivity resonances T Lot \

A (phenomenological) D° decay The K-matrix and LASS [_J | .

amplitude model is required to parametrizations are 00 05 10 15 20 25 3.0 2

predict the phase used to model the mmr and Micga= (RS) (GeV'/c%) §
Km S-waves =

N©
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Combined BaBar + Belle analysis of
B° - D™WARO with D° - Kr*

Signal modes

: 600 P P —
D(*)Oh()? Wlth Prellmmar,f ’ Preliminary '
R inn® > yy, n->yy,ntn n° 500 i - 1 900 v ,
and w — 7m0 @400 Red: Signal % 5
= | ©
*0 0.0 S
D - D1t %" 010{] ‘g
—300 1< S
£ £100 | 2.
$ 200 1g | &
Background 2 E L ke
Similar to the B® — Dé’;,)ho case 00 iy T
0 y 0 S R EE T | _._: () Loz b
] ] 525 52T 5.2 —0.1 0.0 0.1 8 —4 0 4 8
Main variables M, (GeV/c?) AE (GeV) NN,
5=
M,. — modified M, S
: BaBar: 1129 + 48 S
AE — energy difference Signal yield from 3D fit: S
NN}, — neural net response Belle: 1567 + 56
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Combined BaBar + Belle analysis of
B% - D™ARO with D® - Kon*m-

Maximum likelihood fit of the At distributions 50 \\\\ & = /
sin(2¢,) = 0.80 £+ 0.14 (stat.) + 0.06 (syst.) + 0.03 (model) i s / 4 Go
= 301 3 % /]
cos(2¢4) = 0.91 + 0.24 (stat.) + 0.09 (syst.) + 0.07 (model)| 5 . . 7 ;,}j Ao
I T ) ~
0 ) 4 = 4o
Q= (22.5 + 4.4 (stat.) + 1.2 (syst.) + 0.6 (model)) m;i N\ LS ., =
PN g
-30 —-20 =10 O 10 20 30 40 50 60 70 80 90 Ao
3 (degrees) N
Main SyStematiCS sources First evidence for : : : : S
50 KT o 7o
Possible fit bias cos(2¢,) >0@3.70 0]\ \.jg\ 5 f =
. - \-;: N ; Preliminany 60
Vertex reconstruction Direct exclusion of é 30} \:E‘Q \\ 8 N ~
At resolution function the 27d solution @ 7.30 ' ¥} | = N £ " S
: : MRS N 3 N <
Signal purity . N ” 2
V Observation of CP 91.0:6.8':6;3—'6.4—6.'2 00 05 04 06 05 1o 12 11018 =
Background At p.d.f.s violation @ 5. 10 oe(26)
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Model-independent analysis of
B% - D™WARO with D® - Kon*m-

The binned Dalitz plot approach
Dalitz plot 1s divided into 16 regions [Gir1 et al. PRD 68, 054018 (2003)]

Three parameters K;, C; and S; are defined for the i*" region:

K; — probability of D° meson decay into the i*" region
C; and S; — cos and sin of the decay amplitude phase difference between D° and

- ) [ = w 5 - o

L D~
D° queraged over the i™" region 057 . TN S
05 1 15 2 25 3 =

m?(K2x*) (GeV?/c’) -

gi(At) x U; + q[A; sin(AmAt) — B; cos(AmAt)]
Ui=Ki +K_;, A=K —K_,
B; = 2\/K;K_;(S; cos(2¢1) + C;sin(2¢,))

The parameters C; and S; have been measured in coherent decays of D°D°
pairs in CLEO experiment [PRD 82, 112006 (2010)]

—
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The equal-phase Dalitz plot partitioning increases sensitivity to ¢ R ———
[Bondar, Poluektov Eur. Phys. J. C47, 347 (2006); C55, 51 (2008)] B

*  Model Expectation
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Model-independent analysis of
B% - D™WARO with D® - Kon*n-

CLEO Collaboration
PRD 82, 112006 (2010)

Signal modes yeo 3% .
, , e B° - DOn” gt BY —» D970
D°h°, with h® in s | S 80
=120 s
n% = yy, g | “
r — 0 £100F 60
n—-yy,nmmn, i i
! +. - 80~ P
7 > ylymtn
w-ntr , ’
. a0k ﬁt } % H#} % Hﬂﬂ {:} d
D*Oho — DOT[O Wlth 20;__{&__Li _______ i _1-5:_ — Statistical
D*O - DOTCO E .‘*\.\‘Sﬁ R C TL‘::; Expectation
h* in t° — YyY,n = vy : 5. 5. ﬁ)lbce(Ges\.//(s:Z) -1.0 05 0 , 0.5 1.0
Main variables The parameters of Dalitz plot Signal yield
M,. — beam-energy constrained mass C; and S; from CLEO-c (external input) 962 + 41
AE — energy difference K; from B~ - D~ decays
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Model-independent analysis of
B% - D™ARO with D® - Kon*m-

< 30
Maximum likelihood fit of the At distributions g 25

9V
1

sin(2¢;) = 0.43 + 0.27 (stat.) + 0.08 (syst.)
cos(2¢;) = 1.06 + 0.33 (stat.) ¥242 (syst.)

@, = (11.7 + 7.8 (stat.) + 2.1 (syst.))o

Main systematics sources

Uncertainties of C; and S; Direct exclusion of
(dominant) the 2nd solution @ 5. 10

At resolution function

Signal purity \/ The first model-independent

easurement of cos(2
Background At p.d.f.s measur (2¢1)

Uncertainties of K;
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Prospects for LHCDb and Belle 11

B° - D%zt~ Dalitz plane

/ Appropriate b - cuid processes \ / Model uncertainty Can\

8
— )0 limit future precise 7
B® - DéP) h° measurements. 0
5o 030 o 0 0+, — °
B® - D™Oh0 with D° - Ksm™m A model-independent 4
BO _ pU0_+ - approach should be 3 ~
cp employed ' _ 2 S
KEO - D(*)OTI:-I_T[_ with DO — KSQT[-'-T[_/ k / | ' 5 10 1 S

m?(n 1) (GeV?/ct)
/ The B? - D(OCP)”+7T_ decay \ / Estimates for the model-independent approach \

May have only charged final-state Belle II with 50 x (Belle data set) will be able to measure
particles the angle ¢, in b — cud transitions with precision below one
Accessible for LHCb degree
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LHCb with 70 X (run I data set) will be able to measure the
angle ¢, in B® > D(ypym*n~ decays with precision about 1.5°

AN /

Can be analyzed with the binned Dalitz
plot approach
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Conclusions

The b — cud transition provides theoretically clean and the
most precise approach to measure the cos(2¢;)

BaBar + Belle
cos(2¢4) = 0.91 £+ 0.24 (stat.) + 0.09 (syst.) + 0.07 (model)

cos(2¢,) = 1.06 + 0.33 (stat.)0%% (syst.) Belle model ind.

Study of the B® - D™ decays with the full BaBar and
Belle data sets resolved the angle ¢, ambiguity
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In the future, the angle ¢, can be measured in b — cud
transitions with precision below one degree in a model-
independent way
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The CKM CP violation mechanism

Lo — % (aLJ C_L) fL))/IMLVV[J,-I-VCKM (dLl SL bL)T + h.c.

/ The CKM matrix \ / The Unitarity Triangle \

The unitary matrix of quark mixing for
weak charged currents (Cabibbo,
Kobayashi and Maskawa, CKM)

d, Vud Vus Vub d
(S’) = Vcd Vcs Vcb <S>
b’ Via Vis Vin | \b

Four independent parameters

VuaVap ~ VeaVip

Can be parametrized with three Euler

@gles and single phase. / K VoaVos + V.V +1=0 /

D~
—
=)
%
<
ol
[a
©)
p—{




4.10.2017

Combined BaBar +Belle Analysis of B® — D h° decays

* TheD — Kn"n~ Dalitz model is directly obtained from flavor-tagged eTe~ — cc data.

Apo(m2 )= Y are® Ad(md ) + Agr_o(s) + Fi(5)
r#(Kw/7m)L—o T T T
Isobar model for Lz0 LASS K-matrix

60000

Preliminary Preliminary
251 i 72 50000 + Belle data
20} 1 Z a0000 - — Fit —

* The Dalitz model accounts for 14

Lo = (WS) (GeV? )

% . 18 intermediate two-body resonances.
LU e @ %zunun -
) u.a- ‘& W Z 1000 |

(.

II].[] |]f-_J ]III ]I-_l Q.II] Q.I-_J 3.0 I[|]I] 05 1.0 15 20 25 3.0 * The K_matrlx and LASS parameterizatlons
Mjq, (RS) (GeV/e') Micss (RS) (GeVV)/e! are used to model the mm and K1 S-waves.

14000 —
Preliminary

—T—T—
Preliminary 12000 |

Tooou

5000
= = 10000
= ERL + The D — K%z "z~ Dalitz model extracted
S oo 15 ol from ete™ — cc datais used to extract
2 2000 1E s sin(2B) and cos(2p) from the B decay
lIJI,[I ||f-_J I_IIJ l.I3 E,III '_J“I-.’l 4. If]I 005 L0 L5 20 25 30 Combinlng M+Belle data-

Mf‘:._,_ (WS) [TeV2 et M2, (GeVE /et
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