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Outline

s Introduction
s  Experiment overview

s Some recent highlights
« 1st direct observation of T-Reversal violation (TRV) in B-mesons
* CP violation (CPV) measurements in B-mesons
> CPV in B°-mixing
- Time-dependent Dalitz plot analysis of B° - (pm)°
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Introduction to
CP and T Violation
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CP and T Violation in the SM

Only source CPV in SM from CKM mechanlsm

Weak states CKM Matrix Mass states W
/ Vus Vs [Id Vag
G > ud us Yub (> et a9
-.-" B ' ' 7 5 g ="y
9 ) = | *ed I’cs I’cb '5>
/ i
_b>_ | Vtd st ftb_ _b>_ d_.g‘b
s V., 4 parameters, 3 real and a complex phase that introduces CPV in SM
s V., 1S unitarity: 6 unitarity relations illustrated by 6 triangles. o =-arg(7;,7,, /7,,7..)
Of particular interest for B and B is: B=-arg(V Vg ! ViVog)
Unitatiry Triangle (UT) y==agl b Ve ea)
" % * won B—TN, PT,
V:rbvmf + V{‘E*Vn! + V!E'V!:f =0 . P PP

CKM and TRV
s CPT conservation: CPV implies TRV B,D..K
4 CKM is only source of TRV in SM o

\II’II."-\- '-.'

¢bV cd
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Experiment overview
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BABAR Dataset

[

7 Runs over the course of 9 years | Over 500 submitted/published papers:
4 CPV, CKM angles: a, B,y

s Semi-Leptonic B decays: |V _|, [V_|

Bakar

- PEP Il Delivered Luminosity: 553.48/flp  «errrererrermmmmmsnmm iy

BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb

Off Peak Luminosity: 53856 M/ ] d D-D mixing

500

s B-Bmixing: |V |

400—

Integrated Luminosity [fb]

1 & Precision measurements, rare decays of B,
300l Meessummsyes o ] charm hadrons, 1
1 a Spectroscopy, discovery of new states
| R /S ] a4 QCD
1 & Limits on new physics (NP)
100 T - 30 publications in 2012
OH | (e MR ~471x10° BB (0.5 x Belle)
s & S S ~690x10° cc
~500%10° 1*1”

~1.2x10°8 Y(3S) ( 7 x Belle+CLEO)
~98x10° Y(2S) (10 x CLEO)
~18x10° Y(1S) (from Y(2S) - T Y(1S))
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Experimental Issues

[ PRERSn S LEELEE LA s ons S O BRC = s L LR et oo

= Small S/B ratio, mostly continuum (e‘e —qq, g=b) background.
= Use kinematical and event-shape variables to discriminate:

Beam-energy substituted mass Energy difference Event topology
\/ E %) AE = E E (multivariate
beam p beam methods)
3 4o P et~ 15 MeV ]| i
& acoool Correctly ] §m -
asoool- - T 4doooo- m
& <om] reconstructed E g | ]
~ =00t BB events R Phaatat .
£ 20000 ] § 20000 T
o :::jc 2.5 MeV/c? E - ]
sooof- ] oo N
D 521 522 623 524 525 52 527 630 528 &3 02z ©is ©1 ©0s © 005 Ol 015 02
Mg (GeV) AE (GaV)
1 3 8
S o E R
~ 1=z _ ; 3 a I + e
§ '™ Combinatorial 1 % : c
(I 3 L
=t Background E ool i
20 = -
g.E 521 522 523 524 525 526 527 528 529 5—.3 %2 I-éHS -(;1 -0.0;.5 l-cl oos  od D.I'IS 0.2
Mes (GaV) AE (GeV) ,“fJet-structure)
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Observation of T-reversal
Violation in B-meson decays
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Time Reversal Violation
_______ - o .

s Time reversal is a discrete symmetry ~. c
« Exchanges |in> and |out> states, t — -t T\L .
 No evidence of direct TRV in stable systems (e.g. EDM) A < -

or in unstable system m\ C

 CPV observation [J T violation
* Does expected T-violation balance CPV exactly? [] test of CPT
e Can we observe direct T violation?
s TRV in decays, e.g. (B’ - K'm) # I'(K't - B?)
« Strong interaction will swamp the feeble weak process

s TRV in mixing, e.g. R(KOt=0 ~€e'Tv_)# R(Kotzo_, eTv_) |CPLEAR, PLB 444 (1998) 43

« CPV and TRV cannot be distinguished
s TRV in interference between decays with and without mixing
* No motion reversal nor exchange of |in> - |out> states

Can we find processes that are achieved by T-reversal?
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TRV measurement: The idea

Us-g Einstein-PodoIsk);-Rosen éntanglement @ "Y(4S) Meth:d described in
to overcome the problem of irreversibility J. Bernabeu et al.
Y(4S) decay: use two sets of orthogonal states arXiv: 1203.0171 [hep-ph]
* Flavour eigenstates: B° andB° [ ||E: [BD” B(t,)- B"(4)B"(t, )]
« CP eigenstates: B_.. and B U HE ﬁ[ B.,.(t)B.,.(t,)- B, (t )B.,.(t, )]
We can tag

* Flavour eigenstate: e.g. use sign of prompt lepton in B%I*X;E"_)I‘X decays
« CP eigenstate: reconstruct final state J/L|JK0L or J/llJKOS which are CP+ and CP-,

respectively
Look for the following transitions
Reference (X,Y) = (tag,CP) T-transformed
BY = B (£, J/¢KY) B, — B” (J/yKJ,€T)
B =B (e, J/yKY) T BB (J/YK), €F)
B — B, (£+,J/$pK2) B, — B (J/YKJ,€7)
B - B_ (¢+,J/$KY) B_ — B (J/$K2, )
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The At measurement and flavour/CP tagging technique

[

i) = 1/v2[B°()B°(t) - BO(H)B°()] - BO v B

EPR entangled state BO

& (R, JJpKY)
Y(4$) .- 2 =
e g5
By = 0.56

@ BaBar g 4 \/) K T Mirror

Az = BycAt |e 6
[Az[= 250um \ . B> BY I

t At=tcp—ttag<0

\K*W B — E U
EPR “CP” entanglement (J/wKO E_)
i) = 1/v/2[B4 () B (t) - B_()Bs (t)] b
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TRV measurement: The measurement

¥ Timé-dependent deca;u/ rate (Af>0)

giﬁ(ﬁf)ﬂc e—l"irh +c05(AmA T) +5in(AmAT)]

8 {C,S} sets O T,CP,CPT violating parameters
{AC

« o =B°orB’
« B =JWK° or JYK®

T,CP,CPT’AST,CP,CPT}

Decays with B”and J/QK°_as reference

o x =sign of t,— ttag e.g. AS™_ = S'(I"X,JPK® ) — S(I'X,IIPK®) (similar of AC_)

4 |n total can built

 4independent T
comparisons

* 4 independent CP
comparisons

* 4 independent CPT
comparisons

s T implies
£ « Opposite At
« Different reco states

* Opposite flavour states
Al i 12

£+




Phys. Rev. Lett.
TRV measurement: Results on TRV ‘ 109,)'281182\1 (2?)12)]

------- g e R S R R R I |

¥ Asilmmetri_es of 4 transitions studied

A, (Ar) = ﬂér cns(ﬂmﬂ.fh%sin[ﬂmﬂr]

Dataset: |
471x10° MBB

[ 0
osk 1)B° - B,

------------- T conserved
— Best fit
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TRV measurement: Results on TRV ‘ Phys. Rev. Lett )J

109, 211801 (2012
- AST — _137+0.14+0.00
(AC"_,AS") (AC_AS) |AS; = L17+0.18+0.11
I - < ACE = 0.10+0.16 % 0.08
E— AC 0.04 £ 0.16 = 0.08
Lo Dataset:
0.5 |- _ \l 470x10° MBB
+L|j- Il' ° S ‘~
a Of b
0.5 L _ ” e No TRV
) [ SR DL R R R o

Time reversal violation with a significance of 14¢g!! (syst. included)
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TRV measurement: Results on CPV and CPTV ‘

Phys. Rev. Lett.
109, 211801 (2012

— e : : - | Dataset: |
CP violating parameters CPT violating parameters 471x10°MBB
a 1
Ego . ; BABAR preliminary /,:::‘“x N ..%E o;% BABAR preliminary
0.6 ;_ ('f f'//// - :‘:\f \\ 0'55_
PN NVEEGNNET S
eE =\
CE OO \Eﬂ\?‘i@ﬂ“si TN\ 0.2
ot wasnt NN of :“—Ir\ \
-0.2 ;_ - ‘B"T '8 \\‘*\C\i\\l\\\\\\\iis _J /) I -0.2;— \\\ . /
04f- /| NN ol e
08 \X\il | os[
0.8 f— _____ \\\\:: ] -os ;—
e TR B Y ey — G hs T s 0 s T 1s 2
AS, AScpr
ASEs = —1.30+£0.10+0.07 ASZpr = 0.16+0.20£0.09
AScp = 133+0.12+0.06 AS;pr —0.03 £ 0.13 £ 0.0
ACT 0.07 £ 0.10 £ 0.03 C;PI 0.15+0.17 = 0.07
WC-p = 0.08£0.09 £0.04 Copr = 0.031+0.14+0.08
s Clear evidence of CPV (16.60)
s No evidence of CPT violation (0.330).

Consistent amount of T and CP violation

Alejandro Pérez,
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Alejandro Pérez,

Latest CPV results
in B-meson decays
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B decays and CP Violation

By stﬁdying CPVinB décays can ...
s Determine precisely Standard Model (SM) parameters

* In particular CKM matrix elements —y
s May show New Physics (NP) ‘BL,H> = P( Bﬂ>i % B }
s Test QCD at low-g° (form factors) |

A, =( f|H|B)
Three types of CPV . T 1 - < f‘ Hﬁu
s CPV.in decay [] F(BG—)f)i]_—(B — f) A—i;ffl ! /
—0 —(
s CPV in mixing O P[BO%B];:P(B _)BG) 21
P

—0

s CPVininterference 01 T'(B' (- B ) — £)(?) ;tf[_Bn (= B) = ()

B(_N'fﬁf oA A, =1
. P4 Im{2, =0
q/p 7o As
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CPV in B’- B° mlxmg (1)

¥ T|me independent CP asymmetry

o < MEE)NGE) LWPL o gip)  [remmeaions
st T NBB)+ N(B'BY) 1+|q/p modity SM
expectations

s Small effectin SM a>' (By) = (—4.1 £0.06) x 10~

s Usual approach through semi-leptonic B decays (high yield but
significant uncertainty from charge-asymmetry background)

s New approach

b .t d

 1° B? from partial reconstruction: B® - D**v
« 2" B’ tagged using charged kaons ~ S U B
BOEO - EO BO BU —LMM—B—
Bl
Y(4S T~ . .y
@ o= o N(D“'v,K")-N(D"(7.K
e /
__0&_:;1’:"—‘— — m— ‘4CP' = *_ + £ o - A
B0 N(D"t'v.K'|+N(D*(7 K
1 l /
0 t, At
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0 =o ‘ ArXiv: 1208.1282
CPV in B"-B" mixing (2) BABAR prellmlna

Dataset:
. . . 6
Partial reconstruction using onIy the Iepton 471X10 MBB

(e*,u*) and soft 1t from D* - D%t

Reco side
Kaon tagging: equal charge kaons from the
reco side mimicking a mixed event Az

distinguished using o e

Tag side
» Az = 2(l) — z(K) (in the Lab frame) ) .
- cos(8 ) (in the CM frame) y
Assume B° at rest in CM frame il 14x10° e\_/er_1ts selected
Compute missing mass from 4-momenta wo- BABAR preliminary

- ® Data
. — Fit Result
. mm Other Peaking
2 - N =V 2-(P P _._P\2 ' .
M v (Eheam ED* Ef) (PD$+PE) (PB PD#-: PE) | WW D - -
coof- N BB combinatorial
_ " continuum

difference

Entries / 0.2 GeV?

A extraction:
CP

- 4D binned fit to cos(8, ), Az, M® , p_on 8
samples (e°K*,u*K")

2
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CPVin B°-B° mixing (3)

ArXiv: 1208.1283J

« SM
—— B-factories
¥ Do, 9.0 fb '
DO, 10.4fb '
DO, 10.4fb !
LHCh 1.0f '
PR BT EEPEPE RSP AR
-4 -3 -2 -1

11||r||1||rr|]|[l||

'
, O

0o 1.2
ad (x10%)

BABAR prelimina
e e | Dataset: |
a Asymmetry measurement Continuum subtracted data | 471x10°MBB
@ 4000
o C (a) C (b)
0.36 © oo b o
(0 Oﬁiﬂ 17"‘0 32)% g;snoo E—iﬂiﬂs‘side K E
« 2000
1.78 - =
[ Iq/pl (029084118 x 1073 §owm)
x 102[
“ 0
s Consistent with SM expectations g f::: |
s Consistent with HFAG average %mm [
s Single most precise measurement! 5 s
o: B V1~ B V(-7
= 2 = E (e) Asymmetry
o — 08 ?J R e wmeprt u‘H#IlHJ.
% = o T T
e = o0 | f ~ BABAR prellmlnary |
o " o ‘11;10”;?5 s 25 o0 25 5 75 10 .
At(ps)

Cqady + Csaly = (—0.79 + 0.17 + 0.09)%

DO0: PRD 84, 52007 (2011)

s _ ", 07.
0t = (~1.1240.74 £ 0.17)%
ad, = (+0.68 £ 0.45  0.14)%

ag = (—0.24 £0.54 = 0.33)%
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- 0 0
TD-Dalitz plot of B" - (pm)” (1)

s B> CPV measurement
s Dominant decay B? - p'1t not a CP-eigenstate
: - : - _ : - - Snyder and Quinn,
s Complicated isospin relations: isospin pentagon including PRDA8:2139 (1993)

B? . p'rt/p 1t/p°® and B* — p"m/p°mt amplitudes
s Time-dependent amplitude analysis assuming isospin symmetry

[1 permits in principle unambiguous measurement of a-UT

30

l: B’ ' n° (kin.) oy
—i O interference regs.  f:i* s

A(m'tm®) =f A(p* 1T)+fA(p ') +f A(p°’)
A(1't1't1't°)-fA(p 1T)+fA(p 1't)+fA(p°1't°)

%o Interference between ptt resonances is used
-' to disentangle weak and strong phases
= direct access to o N0 sin(2ee_ ) ambiguity

Rt ussssssssssmmmsrasd

PPttt

15 20
M2 n®) (GeV/c?)?
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TD-Dalitz plot of B° - (pe)’ (2) | s ey |

BABAR prelimina
s New measurement with full BaBar dataset —
s Direct CPV asymmetries _ omgoo o | BABAR
Y e -
A, = 0.09 5 +0.04 g
T (B 5 pmnt)+ (B = pta) s
T P&
r(B° - ptn—) -1 (B° —nt 5 B T e A S
A= DE 2em )oTE e ) 9940080 0
[(B® - p*+#=) + [(B® = p=n+) =
no direct-CPV is Ax®6.42 units from minimum 75
~ - .7 —0. —0.2! A:;; 0.2 0. 7 1
4 Scanona-UT 2#1-Cl

* Importantly, studies find that a-scan is not '

_ - ‘Isospin-unsconstrained ;"1, BABAR
robust with current Sj[atIStICS fIsospin-constrained "'.l Preliminary
> Secondary solutions may be favoured “°[ |
due to statistical fluctuations I At
- Problem disappears for higher S/B 0S| A
« Q2B parameters are reliable extracted : ‘.

* Analysis would benefit from increased
dataset from high-luminosity experiments

Alejandro Pérez, DIS 2013 Marseilles, France. Apr. 23th 2013



Conclusions

PR R S e e e T

BABAR last data collected in 2008, but collaboration still very active in producing
very important results

T reversal in B® d'BO , System is violated, supporting CPT invariance

« 1st observation of TRV (140)
» Clear evidence of CPV (16.60) and no evidence of CPT
New preliminary result of CPV in B°-B° mixing

1 — |g/p|=(0.29+0.847178) x 10~3| Single most precise measurement!

New preliminary result on a-UT from B° - (pm)°

* o-UT scan with current data not statistically robust. Analysis will benefit with
higher data samples

Stay tuned for more
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Nnrth Damping
[1. 1% GeV]

Paositron Return Line
l

PEP-ll: aB factory at SLAC

PEP Il
Low Energ}r

Rm?{g vl

Pos-'rtroln Source

Cross-Section (nb)
1.10

%gm:i Linac ) FE:;EIT I High Energy Bypass (HEB)
ﬁﬁt}g ;:VTW o e i ngﬁEEf'lg
: PEP |l Low Energy Bypass (LEB) Rlﬂg (HE
et LHEe
T(nS) resonances
=S8 I _
~ =
N el cesg 1 BB
n &7 : | 4Wesn
5 . 145! CLEO |
'E 15 4 [=32KeV :
£ 1! ow=Tnb 30201
+ Wt * ' " I=20KeV | 430 ! -
: ' y Owis=
AR ; L 4. -  [=20MeV
g Fo * -» | . iu‘ “M«L‘ - r‘ﬂ'“’ﬁ l.t PRI
~‘5"4 Y(1S)  Y2§) Y(38) | Ts) 1
g.“ 44 10.00 102 1034 1037 lﬂ_'li 1058 LGA2

Mass (GeV/c?d)

Alejandro Peérez,
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Important background for many
analyses e'e” - qq (q = u,d,s,c)
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BABAR Detector

Magnet of 1.5T

positive z axis

Y

Intrumented flux
return (IFR)

pn*'-Identification

Silicon Vertex Tracker (SVT) I

Decay vertex reconstruction
of tracks near from IP

e+
—

J Drift Chamber (DCH) I

charged particles tracks deviation
reconstruction: angles and
momentum measurements.

Detector of
Cherenkov light (DIRC)

Charged particles ID
K/mt separation >2.5¢ until 4GeV/c?

I Electromagnetic calorimeter (EMC) I

Detection of v, e~ identification
and n°—vyy reconstruction, Measurements of Energy
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------- g e

CPV in B" = D*'D* (1)

R R e R A

In Cabibbo suppressed b - ccd transitions (like D**D* ),
the color allowed tree amplitude gets small contribution

from penguin diagrams

 The time-dependent (TD) CPV asymmetry is a

measurement of Sn = nsin(2p)

The same as b - (cC)s J/YK

Penguin contributions lead to few percent corrections as
predicted by models based on factorization and heavy

guark symmetry

PL B443, 354 (1998)
PRD61, 014010 (1999)

Large deviation of Sn from b - ccd and b - (cC)s

transitions (D*'D*” and J/YK)
Null test on new physics

PRD78, 033011 (2008)
PLB395, 241 (1997)
PRD77, 036004 (2008)

DIS 2013 Marseilles, France. Apr. 23th 2013

penguin
P "
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‘ Phys. Rev. D.
86, 112006 (2012)

CPV in B~ D*D* (2)

[

2 New analysis @ BaBar using partial Lepton or kaon tag Fully reconstructed D*
reconstruction of B° - D*'D*” decay BO“tag”

@ * 5X more statistics w.r.t previous analysis .,
using full reconstruction e P A— _
@ * Higher backgrounds, larger systematics
4 Selection:
. Btag flavour-tagged with lepton or Kaon

oo

E[] thPn

un-reconstructed D¥, use only slow pion
* One fully rec. D* and one partially rec.

using slow-1t(D** - D1t Time-dependent pdf
. . . , : —|Ad/7
« Kinematics consistent with a B° decaying B ¢! b :
to a D* and missing D° P’? - (Af) = —7-1 . [1 + StagSn Slﬂ(AlndAf)
g

* Main discriminant variable is the missing
D° reconstructed mass (m_) by StagC cos(AmdAt)],

s VV final state: mixture of CP-even/odd
* Due to partial reconstruction cannot do angular analysis to separate CP-even/odd
[1 measure average C and S parameters

- Use R_from fully reconstructed BaBar analysis (PRD79, 032002 (2009)) to relate
{CS}to{C S} C=CandS=S(1-2R)
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CPV in B’= D*'D* (3)

------- g e

R S e R e

B, tagged with Kaoﬁ ”

| a2 The measurement:;

‘ Phys. Rev. D.
86, 112006 (2012

| Dataset; |
471x10°MBB

| S=

| C=+0.15+0.09 £ 0.04
-0.34 £ 0.12 £ 0.05

| » Using R_=0.158 + 0.029 get

C.=+0.15+0.09 + 0.04
S, =-0.49 + 0.18 £ 0.07 £ 0.04(R )

Scp

0.2 =
- - ]
‘EJ B [ —
£ o 4
= B
= L i
(="
0.2 T
_8 _4 o 4 =
At (ps)
gt e . ff . 1T,
. D D SCP VS CCP E:KM e sin(2B*) =sin(2¢1) vs Cop=-Ap AEAC
SR T ! ' . PF:EUM'NARY Cop =-Ace PRELIMINARY
H - T T T
08 BaBar:! i 1
BaBarpart. rec : 1 A
i 0.4 i b—cc! A |
0.4 . Belle | - :
. Average Jhy w :
0.2 02 D'D B
D*" D ‘ 4
0 R N ————— @&y
0.2 § N
0.2 F i >
04 - : ( x;
04+
~0:6 L L L L L i : i :
-1 -0.8 -0.6 -0.4 -0.2 o} 0 0.2 04 0.6

si?{(séﬁe") = s1in(2¢e")
i 1

Alejandro Pérez, DIS 2013 Marseilles, France. Apr. 23th 2013

Agreement with previous
measurements

Agreement with SM
expectations
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