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PRL 93, 131801 (2004)
T T I T T
- |

@ First Observation of Direct CPV : F(BHF)#F(B—JI)

«— BOOKT |
B'>K 1" |

r(B°>K m )-T'(B°>K m )

Events /30 MeV

- —— = -0.133+0.030+0.009
I'(R°-K m +I'(B°-K m )
PRL 93.131801

-U. | Uil
@ CPVininterference of mixing and clccay - _aEGY

— __ B —a
B - Jo vs B fop
sin(2B) = 0.666+0.031+0.013

PRD 79 (2009) 072009

@ Not Hct observed in mixing alone

(—0.05+0.56)%

B-Factories ICHEP 2012

BO)
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@ CPVis well established
@ CPT+CPV — T Violation

(1.a) Can we assert T Violation inclcpcnclcntly of CPT assuml:)tion ?
(1.b) Canwe test CPT inthe B system 7

a CPin mixing has not gct been observed
(2) Canwe imProvc wrt existing measurements ?

@ CP measurements Proviclc Prccise value for the CKM parameter 3

(®3) What can we say for the other CKM anglcs ?

Franco Simonetto Universita' & INFN Padova



G e\ UNIVERSITA

el Sl Y=l e

(5{1 ﬂ ,j;g DEGLI STUDI
Xy i yis)

\rasays/ DI PADOVA
s

PART I
Discovcring T-Violation
(and testing CPT)
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(@ v D ren? Measuremer?d of T Violation
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/ DI PADOVA

3 Idea"g compare two timc~corjugate processes

_|_

MBY 5> K'm ) vs MK

T — BO)

3 Unfeasible :

o ting effects

° swamped bg strong interactions

Franco Simonetto Universita' & INFN Padova
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@ n Practice, exploit EPR cntanglcmcnt in BB Production atY(4S)

e e — Y(48) - bb

Franco Simonetto Universita' & INFN Padova
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@ n Practice, exploit EPR cntanglcmcnt in BB Production atY(4S)

e e — Y(48) - bb

1 0 =0 > _ RO B° >
5 E(113 (t,)B°(t,)> — IB°(t,)B(t,)> )

3 Flavor taggecl by same means as CP ana|3ses :

s - —
— ¢ X ¢
- K X

_|_
— T(SO&X,

Franco Simonetto Universita' & INFN Padova
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e e - Y(4S) - bb

- —(B"(t,)B’(t,)> — IB(t,)B°(t,)> )

1
\E(IB

1
— E“B’L(tl)B_ (ty)> — 1B, (t,)B_ (t,)> )

@b, dccay to CP eigenstates

-

B,— J/iyK,

Franco Simonetto Universita' & INFN Padova
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- I PADOVA

e e — Y(48) - bb

- —(B"(t,)B’(t,)> — IB(t,)B°(t,)> )

1
\E(IB

1
— E“B’L(tl)B_ (ty)> — 1B, (t,)B_ (t,)> )

B | Perform 4 complementary tests:
P Yy

B,—
@ ... Plus tests of CPT and CP

Franco Simonetto Universita' & INFN Padova
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AN -

boosted Y (45) (By=0.56)
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(@@) U 7 Analysis in a netshell
N o;“:ﬁ‘i’”_i:;gb?

¢ 7 DI PADOVA
AN -

flavor tag : thisis a B’

cntanglcd state

thenthisisa B’

Franco Simonetto Universita' & INFN Padova
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e
LMY o
\Qg

cntanglecl state

cntangled state

thenthisisa B,

flavor tag: B’
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@) TV analysis steps

{”. DI PADOVA

@ Define At = t{flavor) -t(CP) —B'/B

@ Consider cight combinations (lavor x CP x sign of A1)

@ Fit each with EPR-motivated function B=K. /K,

(£AT) [1+S, ,sin(AmyAT)+C, ,cos(AmAT)]

— Heavgside s’ceP function

C+_aB fit parameters

ap ?
T-Violation :
CP-Violation :

CPT-Violation :

AS. = 2sin(2p)

Franco Simonetto Universita' & INFN Padova
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DI PADOVA

@ Define At = t(flavor) ~t(CP)

@ Consider eight combinations (flavor (a) x CP(B) x sign of A1)

a Fit each with EPR-motivated function

[{rd
o

Franco Simonetto Universita' & INFN Padova



i TV analysis steps ¢ redl data

S lhilS

DI PADOVA

Nrd
°
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i TV analysis steps ¢ redl data

i k(NS
N 'ﬁ—Jé’ DI PADOVA

ol P

NAAY”

@ Need to account for finite At resolution

@ Need to account for backgrouncl (mostlg forJ/PK)

'a) ~ 8000 signal evts 1000Lb) { ~ 6000 signal evts

B — J/yK{
B — yw(2S)K{
Benﬁg

B — J/yK!

Events / 2 MeV

N
o
o=

Events / 2 MeV/c?

a—
]
<

| )

2 522 524 526 528 60
Mg (GeV/ch AE (MeV)

Franco Simonetto Universita' & INFN Padova
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@ Need to account for finite At resolution

@ Need to account for backgrouncl (mostlg forJ/PK)

@ Needto account for dilution from wrong flavor tags

. Tag~categorg chenclcnt

» Use samplcs of Fu“g reconstructed flavor eigcnstatcs
(DO DOK,J/PKD* | etc.)

Franco Simonetto Universita' & INFN Padova



) U, TV : PESULTS

) DI PADOVA

Parameter Final result

AS: —1.37+0.14 £+ 0.06
1.17 +£0.18 + 0.11
0.10 + 0.16 + 0.08 ,
0.04 = 0.16 = 0.08 ' —

130 +0.10 £ 0.07 : T conserved
1.33 4+ 0.12 + 0.06 [ ———  DBesthit
0.07 = 0.09 = 0.03
0.08 = 0.10 = 0.04
0.16 = 0.20 = 0.09

—0.03+0.13 £ 0.06

0.15 + 0.17 + 0.07
0.03 +0.14 = 0.08
0.545 + 0,084 + 0.06

—0.660 = 0.059 = 0.04
0.011 & 0.064 = 0.05 S
1

—0.049 = 0.056 = 0.03 _ ' ASE
BaBar PRL 109, 211801 (2012)
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@‘j 7V KESULTES

{”. DI PADOVA

/ “'n

Parameter Final result

AS: —1.37+0.14 £+ 0.06
ASs 1.17 +0.18 + 0.11
NG 0.10 +0.16 = 0.08 '
ACT 0.04 £ 0.16 & 0.08 ' i
A5, —1.30 £ 0.10 £ 0.07 : T conserved
.l 133 012 % 0.06 [, Pestfit
W divn 3

First unambiguous

observation of

T-violation in B~P|195ics

with 14 0 significance

BaBar PRL 109, 211801 (2012)
Franco Simonetto Universita' & INFN Padova




DEGLI STUDI
DI PADOVA

@’ﬁ) R CPT-V : PESULTS

Q’.
/ “'n

Parameter Final result

AS: —1.37+0.14 £ 0.06
AS7 117 +0.18 £0.11 _
2 0.10 + 0.16 + 0.08 b -
AC 0.04 + 0.16 + 0.08 -
—1.30 £0.10 £ 0.07 S m— CPT conserved

1.33 +0.12 £ 0.06 ——  Bestht

0.07 + 0.09 + 0.03 > .

0.08 +0.10 +0.04 AT (ps)

0.16 = 0.20 = 0.09 . .
—0.03 + 0.13 + 0.06 CASG AC ey

0.15 + 0.17 + 0.07 - P

0.03 + 0.14 + 0.08

NG PP Y Y T T T T
0.545 £+ 0.084 + 0.06

(S

AScpr, ACcpr

| 1 1 | ‘ | 1 1 | ‘ | | 1 | | 1 | | |
-1 _ 0 1 )
ASEPT

BABAR PRL 109, 211801 (2012)
Franco Simonet?o Universita' & INFN Padova
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PART II
MIXING = INDUCED CPV
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PR
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QissindS/ DI PADOVA
s

2 CPVinmixingi{:: ?(Boﬁg))#?(g)_)]s%

a CP asymmctry IS usua”g measured througl': B scmilcptonic dccags :

P N(B°B°)-N(B°B°)  N(£7¢")—-N(£ ¢)
2 NB°BY)+N(B°B°) N(£7¢)+N(¢£¢)

3 Vcrg tiny effects in the SM:

= (-4.1+0.6)-10
= (1.9+0.3)-10

(Lenz, Nierste, arXiv:1102.4274 (2011)):

@ Positive observation : DISCOVERY OF NEW PHYSICS

Franco Simonetto Universita' & INFN Padova
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7 DI PADOVA
@ CPVin mixingi{:: ?(50_)@)75 ?<§)—>BO)
@ CPasymmetry is usua”g measured througl': B scmilcptonic dccags :

NUARAAESNUAA
N LT)+N(L &)

@ Anew aPProach, Pioncreecl bg BABAR is here Prcsentcd:
o “Reco” It B : Partial reconstruction of B’ —£7 v ,D '
o “Tag’ 27 B use charged Kaons

N(B°B%)—N(B°

0,0
N(B°B°%)+N(B°B°

Franco Simonetto Universita' & INFN Padova



i B -2 D¥Y Partial Keconstruction
L=

2/ DI PADOVA
@ Use onlg ¢ and low momentum T, from the decag DD_ — n; E)

@ Assume B° atrest in Y (4S) frame ]55 ~()

@ GetD'fromm : P;D:f(P_;T)

3 Coml:)utc missing mass from four momenta difference:

/

x10°

| — Fit Result
M 2 — ? ? ? 2 | CP-eigenstates

\ % o ( B R D * o l) - Bl Other Peaking
| B D**

—@ W BB combinatorial
| ™ continuum

@ Largeevent yielcl

(5370+6)-10° Peaking Events

Franco Simonetto Universita' & INFN Padova



I .‘I?
“""_"“‘\0 UNIVERSITA 7 h Ka ‘ 7
@ﬁ j DEGLI STUDI (= (@) g] 43
’C'n s <~. DI PADOVA

a Kidentified using dE/dX & Cherenkov with high Purity

Franco Simonetto Universita' & INFN Padova
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3 Eclual charge Kaons also from the reco side,

mimick a mixed event .

Franco Simonetto Universita' & INFN Padova



{”. DI PADOVA

@"ﬁj 7The Kaon 7ag

/o,n

Tag-Side
Reco-Side

B Y Equal chargc Kaons also from the reco si

mimick a mixed event .
Tag -sndc

3 ScParatccl by: Reco-Side
o At=(Z, - 2,)/ (cBy) (inthe Lab) "

o cos(8,)(in Y(4S) rest frame)

M BN B A 1 i
i -08 -06 -04 -02 0 02 04 06 08

cos(6, )

Franco Simonetto Universita' & INFN Padova
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@ Observed asymmetries for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmctry and Pl’lgsical asymmctry:

Jgam,fwaq ~ AT AT Ay

Franco Simonetto Universita' & INFN Padova
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@ Observed asymmetries for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmctry and Pl’lgsical asymmctry:

'/ga&a,]ﬁ-jaq, = '/gﬁea—l_'gfﬁ_kﬂﬁﬁ

@ Kaons from reco side have ting contribution from mixing :

/‘fa.m,fc-mw ~ Apt A +X Ay

Franco Simonetto Universita' & INFN Padova
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@ Observed asymmetries for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmctry and Pl’lgsical asymmctry:

'/ga&a,]ﬁ-jaq, = '/gﬁea—l_'gfﬁ_kﬂﬁﬁ

@ Kaons from reco side have ting contribution from mixing :

/‘fa.m,fc-mw ~ Apt A +X Ay

@ Measure also single lepton asymmctrg (bc{:orc tagging) \
/gam,)ew ~ Ap,tX, Ay

Franco Simonetto Universita' & INFN Padova
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@ Observed asymmetries for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmctry and Pl’lgsical asymmctry:

'/ga&a,]ﬁ-jaq, = '/gﬁea—l_'gfﬁ_kﬂﬁﬁ

@ Kaons from reco side have ting contribution from mixing :

/‘fa.m,fc-mw ~ Apt A +X Ay

N
@ Measure also single lepton asymmctrg (bc{:orc tagging) :
/gam,)ew ~ Ap,tX, Ay
@ Constrained system:

determine J@& and main sources of systcmatic uncerl:aintg from the data

Franco Simonetto Universita' & INFN Padova
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a 4D binned fitto (AZ, cosB,, M/, PK)

SP&CC

@ Use also oPPositc sign K- /K to
imProve Precision

@ More than 100 free Paramctcrs:

o A, A, A, K-Rec fraction,
fraction of wrong tags (chatgc
dcpcndcnt), fraction of DCSC
Kaons, AZ resolution

Paramcfcrs,

Franco Simonetto Universita' & INFN Padova
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k¢ 7
G

(0.06+0.16"03%)%

BABAR Preliminarg

@ No Positive observation ‘

x 102

4000 |- BO Peak.
L =31 cP—eig.
3000 |-EE B+ Peak.
L Bl Combin.
2000 [ Contin.

1000 |

«182[ [ Source Alg/p|
2000 r I Peaking Sample Composition '_"iég x 103
Combinatoric Sample Composition | £0.39 x 1073
AT Resolution Model +0.60 x 10~3
Dtag fraction +0.11 x 10~3
Dtag AT distribution +0.65 x 10~3
Fit Bias 1358 x 1072
- CP-eigenstate description —

: s _3
VUS| | Bttt
E_TJr [P MRS - —1.78

(=]

—-10 -5 10 . —-10 -5 0 5 10
At(ps) At(ps)

Asymmetry

10
At(ps)

Franco Simonetto Universita' & INFN Padova
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A, = (0.06+0.16"23%)%

L =31 cP—eig.
B B+ Peak.
- Bl Combin.
:—- Contin.

| £, = (-0.05+0.56)%

Source Alg/p|

Peaking Sample Composition '_"iég x 103
Combinatoric Sample Composition | £0.39 x 1073
AT Resolution Model +0.60 x 103
Dtag fraction +0.11 x 10~3

Dtag AT distribution +0.65 x 1073

Fit Bias K oV ||

CP-eigenstate description —

++++ Jfﬁ Physical Parameters +0.28 x 103
AEE e s _+_++++ +# +++ | Tota.l T X 10_3

(=]

-5 0 5 10
At(ps)

Asymmetry

—1.78

10
At(ps)
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PART IZIZI

Measurement of a from B => TrTTTP
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/ “'n

@ Interference between mixing and clccag
would allow to compute sin 20 a-la sin2f3

a Tree & Penguin cliagram have
comParablc size. Their interference:

. introduces a strong Phasc difficult to

comPute

may induce a sizable amount of direct

CP violation

@ Time dcpcndent taggcd analysis across
the prDalitz Plot Pcrmits —in Principle —

an unambiguous measurement of o

Snyder- Quinn Phys.Rev. D 48,2139 (1993)

Franco Simonetto Universita' & INFN Padova
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BABAR has reccntlg uPdatccl its 2007 measurement:
a tothe full dataset (431 b, + 25%)
3 imProvcd tracking+ PID
3 rc~oPtimizccl selection rccluircmcnts

3 PerFormed a robustness stuclg to assess the reliabilitg with which the true

value o{: a can be extracted

Franco Simonetto Universita' & INFN Padova



T 7ime-Dependent PDF

DI PADOVA

Direct CPV

E_l‘&tUTlBD

+ 2
| A3 (At)]

[|__-1i”|2 + A2 F (|__-11,.-,7|2 - |1-T|2) cos(AmgAt)+

4TBD

2Tm [ET.-::--‘LL] sin(amdm)]
P

sin (20 )

fr AT + f_AT + foA°  for
[+ AT 4 f_AT 4 foA°  for

+ 0

p p p
Fr(m.8,) o< Fpizroy(m, 0x) + a e ¢ Fyyano) (m, 6,)

p(1700) is neglected

Franco Simonetto Universita' & INFN Padova
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3 USual tags From B (Tum) invariant mass and energy

BABAR signal simulation

o 15000

-

Ge
@
=]
8

—

00032 GeV

-

Events/0
3
2

“‘
- o

-
[are™

[=]

5.275 528 5285 01
mgg (GeV)

TMVA response for classifier: MLP |
_l $ Ijglr-idl LI I LI L L LI T 17T LI T 17T TT

@ NN to rejectjet-li‘(c (udsc) 0 o ound

continuum backgrouncl

a Still largc amount of residual

UR-fow (S8): (0.0, 0.0)% (0.0, 0.01%

backgr OUﬂd

MLP response

@ Fit (see below) estimates :
2900 +100 signal events

46700+200 continuum backgrouncl events

Franco Simonetto Universita' & INFN Padova
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Dalitz variables maPPcd toa square domain :

TUTU invariant mass

N

min
TrLgy — 11
m’ = L arccos (2 0 "0 — 1)
w T

max __ .-.Imin
0 Mg

6 = =6 hclicitg angle

1
0

=

Franco Simonetto Universita' & INFN Padova
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DI PADOVA

Dalitz variables maPPcd toa square domain :

Correctly Reconstructed Signal MC
1

TUTT invariant mass

min
R l mﬂ—mﬂ 0.8
m’ = —- arccos (2 X i 1)

0.6

U— %90 helicity angle % on

0.2

@ Data model:

1 1

2 Sigpal , BB background (MC)

0.8

o Continuum (sidebands, data collected below oo

Y(‘1‘S> thf'CSl"lOld) 048

Franco Simonetto Universita' & INFN Padova
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@ 6-Dfit (m_AE,NN,At,m',0) Pchormccl inthe U,] formalism (26 param.) and then maPPcd
into the Phgsical quantitics .

' Good overall agreement:
4

CH TR
m, (GeV/c?)

Franco Simonetto Universita' & INFN Padova
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3 Observe direct CP violation from the asymmctrics:

_D _ _
A+_:I‘(B — p wt)—=I(BY - ptx7)
pT

. 097°%%4+0 04
T(B” = p—nt) + (B = ptx—) 0-09-0.06+£0.0

_ r(B° = pTa™) —T(BY = p~ =) +0.04
AT —0.12+0.
PT 7 (B - pta—) + T(B° — p—nt) 0.1220.08 005

A o tocn
il S onthc?é%CLcontour

_1-||||I||||I|||

TN T TN N O T A
-1 =075 050 025 0 025 0.50 075

451

1

Franco Simonetto Universita' & INFN Padova



@w} E;glmé;}a‘gl ( eSé(/ tS (2 ) . a

{”. DI PADOVA

/ “'n

@ parameter scan to get AX* Proﬁlc and 1-CL Plot

g UTFITtm,pp,pm: x=91£6°

@ result clisagrcc with World Average ( B—>Tut, B—>pp )

Franco Simonetto Universita' & INFN Padova
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@ parameter scan to get AX* Proﬁlc and 1-CL Plot

a o a
UTFITm,pp,pm: x=91+6 : . Bpp (WA) I Combined

7 --- B—mx (WA) e CKM fit

@ result disagree with WA ( B->Tut, B->pp )

@ confirms bias observed in Prcvious analgsis by BaBAr & Belle

Franco Simonetto Universita' & INFN Padova
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@ parameter scan to get AX* Proﬁlc and 1-CL Plot

g UTFITtm,pp,pm: x=91£6° 4 1.0

0.8

0.6f

0.4}

@ result disagree with WA ( B—=>1ut, B->pp )
@ confirms bias observed in Prcvious analgsis by BaBAr & Belle

a toy MC : due to small S/N, sccondarg minima are often favored
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Four years after end running, BABAR has still
glamour results on CP/T-Violation:

http:/ /www.economist.com/node/21561111

@ First uncontroversial evidence of T-Violation = e \

, L 4 | / -j, !
in the B-meson system ‘

@ Most Precisc measurement of mixing~inducecl
CP-Violation

@ Direct CP-Violation on B->pmassessed at
96% CL

Franco Simonetto Universita' & INFN Padova
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P + _F —|ﬁ.t|,-"'r

c=(t+ec7)/2,
AC =(cT —¢7)/2,
ar S=(ST4+87)/2
X [1 4+ Qtag(S + AS) sin(AmgAt) Bl T
AS = (8T —s7)/2.

—Qtag(C + AC)cos(AmgAt)] .

(At) = (1 £ Apx)

Franco Simonetto Universita' & INFN Padova



i Dalitz Andlysis : scan for a
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@ Information about the unitarity triangle angle « is extracted in a likelihood scan
based on our final U/ fit results and full stat+syst covariance matrix

@ Perform a x2 minimization at each value of a from (0 — 180) degrees using

2 _ [Vdata _ Vscan]T (Cdata)—1 [Vdata _ Vscan]

XCI:' sCan

@ The variables that float in these fits are actually the tree and penguin amplitudes
which are related to the p amplitudes by:

TTe '™ 4 pt
T—e '@ 4 P~
Tﬂe—z‘a —}—PO
T—etie 4 p—
Ttetie 4 pt
TO0e+ia 4 po
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The CP-Llear case

DI PADOVA

PLB444 43,1998

3 Timc-integratccl asymmetrg

@ requires AT (K)#0

@ Not unambiguous interprctation as T-violation (coulcl also be mixing~
induced CPV):

Wolfenstein [PRL83,911,(1999); Int.Journ.Mod.Phys.E8,501,(1999)]

Gerber, and references therein, Eur. Phys. Jour. C 35, 195 (2004)
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Unsrh 7=V in the PDG

DI PADOVA

e electric dipole moment <10.5 % 10728 gem, CL — 00%
it electric dipole moment (—0.1=049)x 10719 ecm
pt decay parameters

transverse ' polarization normal te plane of g (—2£8) = 102

spin, e I momentum

af /A (—10 4 20) = 10—3

/A (2+7) <103
Re(d, = 7 electric dipule moment}) —0.220 tv 0.45 x 10719 ecm, CL = 95%
Ppin K+ — aOutuy, (—1.7+25) x 10~3
Ppin Kt — phuy (—0.6 = 1.9) x 1072 CPLEAR: PLB 444, 43 (1998)
Im(g) in KT — rop‘i'yp: decay (from transverse 1 —0.006 + 0.008 Con]pﬂres KD —3 ED with EG —3 KU

pal.) Mixing rate.

asymmetry Ap in KO- mising kﬁr.ﬁ- L1.6) = m—’-l
Imi£) in Kﬂs decay (from transverse jr pol.) —0.00F + 0.026 * Related h}f T and CP.
AT(DE — KLKEr+am) (—12+ 11) x 103 « Not time-dependent.
Ap(D? — Kt K= xta) (1£7) %1073 « Various criticisms.
AT(DE — KOKE 7 (—14 + 8) x 10~3
p electric dipole moment < 054 ¥ 10—23 ecm

n electric dipole moment <0.29 » 102> ecm, CL = 90%

n— pe~ T, dacay parameters BADAR
h f elative t 180.018 £ 0.025)% ;
2V Phase of g4 relative to gy ( > PRD(RC)81, 111103 (2010)
triple correlation coefficient D (—1.2L20)= 10— PRD(RC) §4. 031103 (2011)
triple correlation coefficient R 0.008 + 0.016 e
A electric dipole moment <1.5% 10710 acm, CL = 95%

triple correlation coefficient D tor = — ne™ 7, 0.11 L 0.10

Triple products
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i s, Dilepton Asymmetry @ colliders

\'?/ n«n:ﬁ"l Q?
sy

@ DO claims large unexPcctcd asymmetrg
in cclual charge dilcpton B dccags at
ICHEP 2010

3 Lifetime analgsis . effect connected to

"HEDO A,

55 miXiNg

-« Standard Model

E_—B Factory W.A.
@ DO and LHCb then measure asymmetry I @DE BD, p X

I|II|I\I\|II\I| IIIIIIIIIIII

in the rates of B _—> D(’*)s MV clccays 0.04.0.03.0.02.001 0 0.01

| DO dimuon,

3 These measurements are consistent
both with the SM and with DO clilcpton
rcsul’cs

- DO D"y, Dsp,10.4 fb "

| Bands corresponcl

04 - to centralvalues 1o
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3 Two-levels systcm evolution:

-d(Eq)_[(Mfl ﬁﬁl*)_f(f‘?l Fﬁl*)] (Eq)
B,) = l\mg »i ) 2\rgy 1% )/\B,

@ Mass eigcnstates are related to flavor cigcnstates bg the relation:

0 0
1B, > = - (B >=—IB >)

@ Where
I'y,
#, Y sin ¢

12

@ We havc:
+1.8 -3

1-(0.3,, )10

1+(0.2+2.8)-10 ~
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