Twiolation 1IN B mesons

F. Martinez-Vidal,
IFIC University of Valencia-CSIC

50 Years of CP violation, July 10-11, 2014

Queen Mary University of London

Outlook

What it’s and what it isn’t time reversal T

T violation with-quantum entangled B mesons
BaBar T violation analysis PRL 109, 211801 (2012)
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» Time reversal T is a symmetry transformation that changes a physical
system 1nto another with an inverted sense of time evolution
v Changes the sign of v and p, keep r unchanged
v' In the dynamical equations of motion corresponds formally to replace t — —t¢

» In classical mechanics, this corresponds to substituting for each
trajectory = r(¢) the trajectory r = r(—¢), 1.e. moving along the given
trajectory with the opposite velocity at each point

’m Jvi=0 “[ m t —vi=0 T invariant
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» In quantum mechanics, Wigner’s time reversal transformation
Ty )=y () =y (-1)
keeps Schrodinger eq. invariant and has four fundamental consequences:
v' The T operator is antiunitary. Guarantees commutation rule [r;,p,]1=i0,|
v" T does not have observable and conserved eigenvalues
v’ For a plane wave, W (I,t) = g/ (Pr-Eh , we have W*(r, —t) = e/ :
1.e. plane wave with —p , so T transformation is referred as | MOTION REVERSAL

v" Operators under T transformation change as O, = TOT ' =07 .

» Motion reversal symmetry implies I> i) =|p,.s,)
. . . <f| = p ,S

(/1818)P=I{ir IS¢ | /)P ey VIR
DETAILED BALANCE ya T mirror 4

i | fo)=|-p,.=s))
e.2. a(0T) + Mg (0T) — 2TAL(5/27) + p(1/27) <: (ir|=(=p,.—s,
t T i i

T violation < 0.5 per mil




» T violation is not the time asymmetry in the behavior of complex systems

C ) ARROW OF TIME

Nature of Thermodynamics (Eddington)

Time 1s asymmetric with respect to the amount of disorder (entropy) in an isolated system

v Thermodynamic irreversibility is associated to the irreversibility of the initial
conditions for systems with large number of dof (larger for more disordered states)

» In particle physics, decays are time asymmetric processes

v Pol+..4n vs. 1+...4+n > P

v' Unfeasible to make a fundamental test of T in unstable systems?



PRL 93, 131801 (2004)
T ' [ T T

» a— bvs.b— aindecay

2400_ ' «— BOOKHT |

v CP violation in B — Kr observed by B factories % PUEN os

f{Ea—*F:];—’-f[Er—?i_:} = 200~ _ ‘ -
v’ Arises from interference between m -

: : B Krm~ A\
penguin and tree decay amplitudes y o=t o
W 01 0 ol

- 0 . - a AE (GeV)
B - K*n~, Ry K~n* - BY, R,
B> K™ n™, R CPT K*'nr~ - B", R

e

v" But, the T transformation not defined for a decaying state
—> Reversal of the exponential decay law!

v" This imbalance in time has to do with initial conditions rather than dynamics:
we have to choose an nitial time earlier so that the production enters

e'e” — V(45) €«>BB €> [K 7 |[X]
THERMODYNAMIC IRREVERSIBILITY




> a— bvs.b— ain mixing (B® — B? vs. B%— B?)  Kabir, PRD2, 540 (1970)

v" Flavor mixing asymmetry is both T and CP violating and independent of time

—0 —0
_ CPT B I'(B - BH-T(B" > B

CPJ' \ I'(B — B)+T(B" > B)
B — BO A =T, |/ M, [sing, ~—(AL'/Am)tan g,

¢, =arg(-M,,/T'},)

v’ Arises from interference between

Mixing Initial state interaction
B’ >< B B B v" Expected very small
A=(-0.040£0.006)%
M, | Nierste, arXiv:1212.5805
W v’ Sensitive to NP
B’ t t B’ B’ B
-




T violation in mixing? (cont’d)

» Most precise single measurement
PRL 111, 101802 (2013) ?

x 102
v Partially reconstructed B — D* [ v g 4000 [
decays to identify the flavor at € 3000
decay time S
y E 2000 |
v" Kaons to tag the B flavor at s
production time o ;
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» T violation matching (by CPT) the observed indirect CP violation?

1—1—0 (At) o FBO (At) g
—>f g

L. (AD+T, (A1) :
=S, sin(AmAt)—C , cos(AmAt) g

v' Arises from the interference in decay
with and without mixing

— B
¥ K

=

\./

mixing




Y(4S) decay yields a P-wave, anti-
symmetric entangled state of B mesons

i) = 1/V2[B°(t:)B°(t2) — B°(t1)B°(t2)]

(9.0 GeV)

» The state of the 15 B to decay at ¢, dictates the state of the other B, which decays at ¢, > ¢,

4 )

Flavor tag
B decay to I~ X or K~ X projects B = B tag
B decay to /* X or K* X projects B = B tag
\_ J

|B%) = |bd) B°) = |bd)
£t Cleanest £~
_0 KT o best K~

i i’ etc. etc.
b




Y(4S) decay yields a P-wave, anti-
symmetric entangled state of B mesons

i) = 1/V2[B°(t1)B°(tz) — B°(t)B°(t2)
= 1/V2[B4(t1)B_(t2) — B_(t1) B (t2)]

» The state of the 15 B to decay at ¢, dictates the state of the other B, which decays at ¢, > ¢,

Bernabeu & Baiiuls, PLB464, 117 (1999)
Wolfenstein, Int. Jour. Mod. Phys. E8, 501 (1999)
Quinn, J. Phys. Conf. Ser. 171, 012001 (2009)

4 CP tag

B decay to J/wK, projects B, oc [B? + arg(A/A)B°] = B_ tag (“B-0dd”)

B decay to J/yK, projects B_ oc [B? — arg(A/A)B°] = B, tag (“B-even”)
J

(9.0 GeV)

\_
B < < C -
W I/ |B°) = |bd) |B°) = |bd)
C 0 —0
B’ ] K K
> Ka Kg > Kl(j Kg 9 K]?
d > 4 d Same flavor content



JHEPOS (2012) 064
» The states B, and B_ have the properties that PRD89, 076011 (2014)

A
) =N (189 + 315

A
) =N (189 - 515)

A = (J/p K°|D|B°) A = (J/v K°|D|B°)
» In absence of wrong-strangeness B decays,
(JKOD|B®) = (JAKOD|B% =0
and assuming CP invariance in kaon mixing  |K9) = Nk (px|K°) — qx|K°))
(px=qy ), valid to O(1073) IK?) = Nk (pr|K°) + qx|K?))

(JWKY|D|By) = (JJWK2|D|B-) = 2pg NNk A
(J/K2D|BL) = (JWKYD|B_) = 0.

> For B? and BY, require absence of wrong-flavor B decays, i.e. B (B?)
cannot decay into [~ X (/" X))




JHEPOS (2012) 064
» The states B, and B_ have the properties that PRD89, 076011 (2014)

A
B ) =N (|Bﬂ} — E'Eﬂ}) Cannot decay to J/ywK, but can to J/yK,

B_)=N <|Bﬂ'} _ iLﬁﬂ}) Cannot decay to J/wK, , but can to J/yK
' A

A = (J/v K°|D|B?) A = (J/y K°|D|B°)
» In absence of wrong-strangeness B decays,
(JKOD|B®) = (JAKOD|B% =0
and assuming CP invariance in kaon mixing  |K9) = Nk (px|K°) — qx|K°))
(px=qx), valid to O(10-3) IK}) = Nk (pr|K°) + x| K?))

(JWKY|D|By) = (JJWK2|D|B-) = 2pg NNk A
(J/K2D|BL) = (JWKYD|B_) = 0.

> For B? and BY, require absence of wrong-flavor B decays, i.e. B (B?)
cannot decay into [~ X (/" X))




» Therefore, the “tagging states” B, and B_ are defined as the orthogonal
states to the states B+ and B i defined through the filter imposed by the
decay at ¢, to J/wK and J/wK, (“decaying states”), 1.e.

(B |BL) = (B_|BL) = 0

» The precise exchange of initial and final states with identical boundary

conditions must guarantee

Basis of “tagging states” = Basis of “decaying states”

Requires (B_|By) = 0

» This happens when |A/A| = 1 , i.e. single weak decay amplitude and
CPT symmetry in the decay to J/wK?

b < «—°C h— 8 ¢
Wé< J/W W% T coon
c corrections are
BO BO C corrections are
Cabibbo

S 4
Ko KO suppressed O(A%)
d— ——d d— > d

All these conditions are excellent approximations for B —J/yK"

@




Foundations of the T violation experiment
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Define processes of interest and their T-transformed counterparts

Reference (X,Y) T-Transformed JHEPO8 (2012) 064
BB, (£,J/¢K}) B.—B (J/PKLF)
‘E_gg —+ B_ ('e_ ’ J/ "ng) B- - ‘EEE (J/ ”ng"e-l-) ...and similar for
ﬁ EEG — By (€7, J/"»"Kﬁ) By = -E_?D (J/"PK.E:e ) | CPand CPT
B = B_ (€r,J/yK3) B_ =B (J/YK., L")
Jh K Jj K Jh K? Jj K
i
In total we can build: i B, — B’ B" — B_ B_— B
v’ 4 independent T comparisons " i
v 4 independent CP comparisons X i
v 4 independent CPT comparison: !
|
T implies comparison of: D B = B_ B_— B
v" Opposite At sign
v Different CP reco’d states
\\/ Opposite flavor states
+10 0

Expected distributions



Integrated Luminosity [fb™]

530 fb! recorded in the 9 years of operation T(nS) resonances
bbb

¥

Recorded Luminosity
Recorded Luminosity Y(4s)
Recorded Luminosity Y(3s)

D i
944 G446 10,00 1022 1034 1037 105 1058 LoA2

o = =
As of 2008/04/11 00:00 -
°0 = [=54KeV , BB |
A H

- R R | threshold {

_ B@Bar . 14.5 fbt , |

i o sf 4! [=32KeV , ]
500— PEP Il Delivered LUMINOSity: 55348/l w-orrvseveersssseeessssnesssvnes s i i _ 30 2 fb'l 1

— BaBar Recorded Luminosity: 531.43/tb — e . '1 Tyis= nb : ] ]

n BaBar Recorded Y(4s): 432.89/fb - N [ = R

i BaBar Recorded Y/(3s): 30.23/fb i " i fa [=20KeV | 430 fpL

| BaBar Recorded Y(2s): 14.45/fb _| | ! H :'! :i i Uv|i=4nh I r_lnH v
400 — Off Peak Luminosity: 53.85/tb — Nost ol ,r‘ L p" s i e

- | -._11 '+ ." "u '“’ hﬁ"ﬂ H“’*._._'i__*__- :

- Delivered Luminosity m %’ T!: I.S:J I 1]‘.125:' .TI:-E:I i i TT‘H. 5:'

300 gic;gidwmimsnyv{zs’ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, __ M ass {Gevﬁ:Z)
: 54 fot Off-Y/(nS)
. 4 fb! above Y(4S)
D00l -
- i ‘ ~ 470x10° BB
100 a0 . ~ 45 tb! 40 MeV below the Y'(4S)
L | ~ 6 ~=
- ] 69()><106 cC )
TS i (T =~ S00x10% '
O & 9 e o+ & & & @ ~ 121x10°6 Y(3S)
& & & & & & & & S

~ 99x106 Y(2S)



. . R
» Select B candidates using beam-energy econstructed modes

: : Category Decay(s)
Q =]
substituted mass and energy difference 5 KO BY 5 T/ KO
£ B° — (25)K°
mes = \/Efc';eﬁum2 - |ﬁ§|2 AFE = EE T Egeam s B° — anK.g
;cco ccK' BY — JhH K?
» Background rejection relies on vetoesto Bfiay BY = D*n(p,a,)
. Thioh cfatictics 0 T /oty T *0
B backgrounds and event shape variables (high statistics) | B — J/p K-
¢ i licht K Cross-check BT — JhWyp KT
o suppress continuum lighter quarks sample B+ s p(28)K+
ceK*E, Jhp K+ | Bt — Jhap K*+
PRD 79, 072009 (2009)
N x10°
i > 1000-
> - . .
%’ 20001 ; e 2 40
= B — JyK! < >
: 7]
== B — y(2S)K! g B — JyK! S 30
+— 0 h
5 B —x Ks 2 500 d
s 10001~ @ 20
- =
U
5 10
0 0 !
52 522 524 526 5728 0 20 40 60 52 522 524 526 5.28
mg (GeV/c?) AE (MeV) mg (GeV/c?)

7796 events, purity 87-96% 5813 events, purity = 56% ~ 166k events, purity 83%



» 8 time-dependent decay rates At =¢,, —t, ~ with model independent PDF:
Assumes AI'=0

a,ﬂ(| At]) o e {1+S§,ﬂ sin(Am,, | At )+ os(Am, | At])}

+ At > 0 (direct ordering, flavor tag) o flavorreco’d B { I"X, I"X }
— At < 0 (reverse ordering, B, tag) S CPreco’dB { K, K}

S and C probe interference in decay-mixing and in decay

» Max. likelihood fit to determine 8 pairs of S and C parameters from 4 samples
{I7X, "X} x{K,, K¢}

(> Determine differences of S and C parameters for transitions related by T-, CP- and )

CPT transformations:

AS:,AC, ASgp, AC;, AScpr», ACqp;

‘Y-:I\‘!\":I\ 1~ IJI'\I\__I\"Y_‘M-"Y-‘MI\-I A O + ya ~aa Q— ; N\ e A O ya ;, A Q—
violation in aecay-mixing: AdS, # O or g),)T #U Or A p # u')CPT or u')CP ZaWAYS P |

[> Challenge: time ordering unfolding ! ]




Signal parameters AS* and AC*

I K? Jj KO Jj K© I K

B" — B, B_ — BY
(+X AScpr

-
...-"‘...--..
'h
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Perfect

Detector

resolution

resolution

I'X K,

(A)

10

10

Heaviside step function

) «
gl*X,KL (_Atmle) XH(_NW)

B, tags

B_ — BY

10 0 10
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g, () xHA,,)
Flavor tags

B" — B.

-0 0 10

-0 0 0
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ACT P .

{}-5— Ar(At) = 2 cos(AmALt) 4+ As sin(AmAt) {}5— B_ R BD
£ e —f
% 0 + -
[_|
] -0.5
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é | | I
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al
P
8
-
=
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0- 0K

) T +% T T =
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- - ASE = S — St —1.37 £0.14 £ 0.06
T-violating parameters T e Ky et K
- _|_ —
ASp =8 o = S5 ko 1.174+0.18 £ 0.11
+ _ - +
ACT =C o0 = Cf 1o 0.10 £0.14 £ 0.08
+C|-S-q I kAC"; = Cj_,Kg Co o 0.04 +0.14 £ 0.08
95% . . NN
0.5 777 o o
o 88% N \
1"11 11'. ° 11 1.1'. \ 1.11 1.ILII
| \-., + b L Ill. i
O N (AST’AC;)' A .
. ! (0,0)=no violation
- Large significance for T violation |
‘hf"‘“l-_ | de-Tg | | | L | L | ‘\I-\“‘---._I

Results

-1

50 Years of CP Violation

0

T violation in B mesons

F. Martinez-Vidal

23



CP-violating parameters

+

Q
<]

Q.~
)

fASgp =S7 ., — Sh

—1.30 =0.11 = 0.07\

|

- ~
e ~
A S s /
RS . ™ !
- s~ |
e m——— ~ I |
- - N N
~ ~
N . a s |
P S “ A A

K TR NN N NS H\
AScp =87 o = S5 o 1:33£0.12£0.00 | R \\\
ACEy = CF o = Cf ey 0.0T£0.09 %003 O . +
ACop=C. ., —C ., 008£010£004 | [ o
1 i S (ASZP,ACZP)
A
+H O CP violati 1gnifi 1 t than for T violati
S (A} ACY) | CP violaton significance largest than for T viclation
05— P . - 0 1 Asi
: /_ﬁ . CP
- \ ‘ CPT-violating parameters
Un \4‘ (ASE,. — Spgo = Shoo 01620214 0.09
. (AS.»r, AC:, - o o -
crr>ACcpr) AScpr = Sy o = S o —0.0340.13 4 0.06
-0.5[ ACEpr = Cp o = C;,K% 0.14 £+ 0.15 £ 0.07
- — + — . iy
No sign of CPT Violation| | gACC‘PT Cory = O K 0-03 £0.12= 0'08)
-l 1 0 1 ]
AScpr

Observed T violation as due to balance CP violation



ﬁ%tematic source 35;5 AST AC;S ACT
Interaction region 0.011 0.035 0.02 0.029
Flavor misID probabilities 0.022 0.042 0.022 0.022
At resolution 0.030 0.050 0.048 0.062
J/ Kg background 0.033 0.038 0.052 0.010
Background fractions and CP content 0.029 0.021 0.020 0.026
mpEs parameterization 0.011 0.002 0.005 0.002
['y and Amyg 0.001 0.005 0.011 0.008
CP violation for flavor ID categories 0.018 0.019 0.001 0.001
Fit bias 0.010 7 R 0.010
Al'g/Tg 0.004 0.003 0.002 0.002
PDF normalization 0.013 0.019 0.005 0.004

Qﬁl 0.064 0.112 0.08 OW

Effect of treating ccK¢ and J/ywK, as orthogonal states negligible



/ T-inv. constraints )

» Repeat the standard fit, applying constraints to the

arameters for T-conjugated processes
; gaidp CASi=AGE =D

: ST : : AS IP = AS iPT
» Difference in likelithood with the standard fit yields AC% — AC
the significance of T violation \ cP CPT )

H i~ - 7 : —
— —2 (11‘1 LNDTRV - 111 L) < ——

>
>.<t~~.7|l
|

. 8 degrees of freedom R AR RN

P
<
|

» Rescale -2AInL to account for A I AN \:_f_’_'_" —/
systematic uncertainties OS5z T S AN NN —
- -2AIn L | Significance Y e O S

-1 0 1 N

T 226 l4c AS;

CP 307 170
CPT 5 0.3c

CP and CPT significance estimated similarly
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Main principle for direct detection of motion reversal 1s in — out exchange
EPR entanglement at B factories allows a perfect exchange if:

(1) No wrong-strangeness B decays (2) No wrong-sign B decays

(3) Neglect CPV in kaon mixing 4) |A/AIF]
The BaBar analysis has measured four different motion reversal asymmetries
with B — J/wK? decays at significance of 14

Time-dependent detection of motion reversal, through states that are not CP
conjugate to each other

The measurements of the weak phase from T violating

parameters match those from CP violation arXiv:1302.4191 [hep-ph]

. Nucl.Phys.B868, 102 (2013)
The concept can be extended to other pairs of B, D and K mesons

Main limitation: identification of pairs of decay channels that project into states
orthogonal to each other

v' Flavor eigenstates, opposite CP eigenstates with same flavor content
v" A solution has been recently proposed Phys.Lett.B728, 95 (2014)



I = Physics: Particle Decays Point to an Arrow of Time

Movember 13, 2012 - . : i
" _ _ Time-reversal asymmetry in particle physics has finally been clearly seen
----- NN ¥ An experiment studying B meson deSSYS  peram M. Schwarzschild
“Rov B K makes a direct observation of ime-reversal N ) ) o )
: 12 :" 5 £ - K . T].le Log in Register Subscribe Digital & mobile
: \/ | viclaton without relying on assurmed X
£l )) £, relationships with other fundamental Economist

. 6 4 - symmetnes,
“p» - BY I

7~ . t World politics | Business & finance Economics Science & technology | Culture | Blogs |
W [Viewpoint on Phys. Rev. Lett. 109, 211801

X The arrow of time

Read Article | More v s Backward ran sentences...

To the relief of physicists, time really does have a preferred direction

RES EA RCH H IG H LIG HTS Sep 1st 2012 | from the print edition EiLike 323 W Tweet < 62
Selections from the -
scientific literature E, , .

I T T
Plant fertilization
protein found

Fertilization in flowering plants
is dependent on a protein that
is secreted by the eggcell and
activates incoming sperm.
Stefanie Sprunck at the
University of Re| in
Germany and her colleagnes
show that, in the model plant
Arabidopsis thaligna, the
arrival of sperm cells near

SLAL MTLACCELERATOH LAB,

the egg causes the release
of a protein they call EGG
‘CELL 1 (ECI1). This triggers
the redistribution of a second
protein — one linked to fusion
of the sex cells, or gametes —
from inside the sperm to the
sperm cell surface.

Sperm cells interacting with
mutant Arabidopsis eggs that
have faulty ecl genes failed

tofusebam.iﬂ']ep]am’s.poﬂen H ’ H - "
e Time’s arrow in B mesons versal viola

ion

These results suggest that EC1 A cornerstone of theoretical particle physics —  B-meson decay chains that were time reversals
controls gamete fusion. theidea that not all processes run in the same of each other, and a comparison of the decay - - .
Seience 338, 1003-1067 (2012) way forwards in time as they do backwards — rates revealed a strong asymmetry. Eadier 10OP A website from the Institute of Physics

has been ohserved directly for the first time. experiments have canght hints of time- reversal -
Mermbers of the BaBar Collaboration wviclation but failed to distinguish it clearly from

- trawled data from their experiment (pictured),  viclations of other fundamental symmetries. S I ' SW 0 r ' 0 I ' '

Carbondropin which ran at the SLAC National Accelerator Piys. Rew Letr. 109, 211801 (2012) ‘ -
snail shell shock Laboratory in Menlo Park, California, from For a lenger story on this research,

1999 to 2008, The researche rs identified see ganature.com’ 258vei = =
brs-syimming il Physics World reveals its top 10

breakthroughs for 2012
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Study using simulation data shows asymmetry parameters (AS;", AC;") are
unbiased and have Gaussian errors

Studies of data segmented by running period or flavor category are consistent

With appropriate constraints, obtain same S,C parameters as the latest BaBar CP
violation study PRD 79, 072009 (2009)

Fitting B—>ccK* and B— J/wyK** control samples yield asymmetry

parameters consistent with zero El.) - 1| B>ctK* used as J MK
ﬁammeter Value \ < [ |B—> J/\VK* *used as J/\VKL
AST 0.16 +0.09 0.5 (AS-.ACY)
ASE 0.04 £0.09 i AST AC
ACH —0.02 4 0.07 T (A5,AC7)
ACT —0.04 £ 0.07 o
ASE, 0.04 +0.05 I
ASZ, 0.09 + 0.05 i
ACE, —0.00 & 0.05 I
ACGp 0.04 4 0.05 -0.5 95%
ASE 0.03 £ 0.09 .
ASg pr —0.10 4 0.08 i
ACE_FPT —Dlﬂj:[:][)? _1 L [ [ N R N T N
QCE_PT —0.00 + U,W -2 -1 0 1 2




» T violation matching (by CPT) the observed indirect CP violation?

Could these results be interpreted as direct

400

200

04
0.2

-0.2

-0.4
300

200

Raw Asymmetry Events /(0.4 ps) Raw Asymmetry Events /(0.4 ps)

e R B S UIyK, o
I % ne=-1 -
C °B” tags 2 7
I n-\. y ]
- a E-D i
- '"E: e Sy weaa,
- o
= — e =
— ﬁ i >"Q =
: W s
= ) p=
3 : BaBar E
- ' : 0 : E
1 s s B> J/wK {C)f
= 'T'l =+1 -
E B s [ .
: E
= o
TR, Sl
5 0 | 3

At (ps)

detection of motion reversal violation?

No, because experimental analysis
invokes CP invariance in mixing (|q/p|=1
and z=0) and AI' =0

Yes, because data 1s well reproduced by

the this model, as confirmed by dedicated
ana]ysis PRL92, 181801 (2004)

Yes, since C, =0=| 4,/ 4, |[=1for |¢/p|=1

S;#0=>1Im4, =0
are compatible, within the Wigner-
Weisskopf framework, with CP with CPT
symmetry in decay, and CP with T
violation in decay w/ and w/o mixing

No, because there are no t — —¢ nor in —

out exchanges, 1.e. there 1s no motion
reversal in the transition
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» Select B candidates using ul

. * 2 — 3 200 |-
v’ Beam-energy substituted mass ™Mes = \/ Efcam — IPBI?

where Eg — E} .., and ps =~ 300 MeV/c
Opp ~ O & 10-50 MeV
v’ Energy difference AE = Ef, — E} .
v Choose best B candidates based on masses

of daughters

» Background rejection

v" Depends on B decay channel
v" Veto dangerous or significant backgrounds

v" Suppress continuum u, d, s backgrounds using angular distributions (B
flight direction) and
event shape variables




» Construct asymmetry for each of the four reference transitions
B° - B_ B’ —» B, B, — B° B_ — B°
» For the 1% reference (and similarly for the other three)

+
%E X,J/p K9 (At) £+ X,ccK?$ (At)

AT (At) =
Ho- x50 K9 (At) + %g+x eK? (At)
Signal region:
where 5.27<mg<5.29 GeV/c?
~ P oB. AE| <0.010 GeV

< 0.5F
%iﬁ(ﬁﬂ = Hao p(£AL)H(AL)

 Projection of the fit without T; V|olat|on

....................... 1-------'
! Lol
» For perfect reconstruction, 1s 0 5_ Projection of the fi’c_v\jit—h T vic;'»Iatio
o ( A t) - C'-I+‘_ COS ( AmAt ) . I Fllip .6X Iofteln iIII OI.le tfmeI dirlect%onltha:n t}?e olthelr
0 2 4 6 8
ASy Elapsed ti
- sin(AmAt) apsed time gps)



T violation picture (from PDG)

e electric dipole moment
1 electric dipole moment
1 decay parameters
transverse e polarization normal to plane of u
spin, e™ momentum
ol /A
g'/A
Re(d; = 7 electric dipole moment)
Ppin Kt — «Ou+ Vi
Pr in K+t — ut v

<10.5 % 10728 ecm, CL = 90%
(=0.1=09) %1019 ecm

(-2 4 8)x103

(—10 + 20) x 103
(2+7)x1073

—0.220 to 0.45 x 10~ 10 ecm, CL = 95%

(—1.7+25)x 103
(—0.6 = 1.9)x 10—2

Im(£) in K+ — "J'I'Dp‘,_l_ vy decay (from transverse 1 —0.006 + 0.008

ol.
asymr:etr)y A7 in KO-K? mixing (6.6 = 1.6) x 10—3 —
Im(£) in HE',S decay (from transverse 1 pol.) —0.007 + 0.026
Ap(DF — KQKExt7m) [b] (—12 +11) x 10—3
Ap(D0 — KT K= 7t ) [b] (1£7)x1073
AP(DE — KQKErtrm) [b] (—14 £ 8) x 10~3

p electric dipole moment
n electric dipole moment

n— pe Vg, decay parameters

® Ay Phase of ga relative to gy, (€]
triple correlation coefficient D [d]
triple correlation coefficient R [d]

A electric dipole moment

triple correlation coefficient D for Z— — ne™ v,

<0.54 x 1023 ecm
<0.29 x 10~2° ecm, CL = 90%

(180.018 £ 0.026)°

(-1.2 £ 2.0) x 1074

0.008 + 0.016

<1.5% 10710 ecm, CL = 95%
0.11 £ 0.10

50 Years of CP Violation T violation in B mesons

EAR] ) ~4c signal

BABAR:
PRD(RC)81, 111103 (2010)
PRD(RC) 84, 031103 (2011)

Triple products

F. Martinez-Vidal

B



1.5T solenoid
DIRC (PID) EMC
144 quartz bars 6580 CsI(TI) crystals
11000 PMs

Drift Chamber
40 stereo layers

e (8'9 G eV) Silicon Vertex Tracker

Instrumented Flux Return 5 layers, double sided strips
iron / RPCs / LSTs (muon / neutral hadrons)

» Asymmetric B-factory at SLAC (DOE, Stanford): E_ = 10.58 GeV e'e”— Y(48) — BB

» General purpose detector in e*e” environment: precision tracking, photon/electron detection, particle
ID, muon/K; identification. Very stable over the 9 years of operation

» Performed a wide range of flavor physws results in B, Cham and t sectors. Now ~510 publlcatlons




