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Introduction




PAST FUTURE

» The dynamical laws of Physics have an intrinsic t — —¢ symmetry
Microscopic t symmetry, or T symmetry

» CP violation exists in the Standard Model or any extension of it
» All field theories with local Lorentz invariance have CPT symmetry

v Straightforward connection between CP violation and T violation

» Observed weak CP violation in K and B mesons

T should be violated as well in weak interactions
Can T violation be directly observed, independently of CP violation?



The Universe is expanding, even
accelerating

Compatible with the # symmetry in the
underlying laws of Physics (Lorentz
symmetry of general relativity)

Due to the 1nitial conditions of our
Universe (Inﬂatlon‘?)

v Consistent with uniform average (same
temperature) and its fluctuations in the
cosmic background radiation map

Macroscoplc t asymmetry,
or “arrow of time”

v Time is asymmetric with respect to the
amount of order in an isolated system
(Nature of Thermodynamics, Eddigton)

3000 BC to 2000BC | Today

v" Probably connected with the Universe ¢
asymmetry: the initial condition was
improbable (more ordered)

v" In particle physics, particle decays are an
example of time asymmetric process:

Mismatch between
P—>l+..+nand 1+...+n > P




Non-zero expected value of a T-odd observable for
stationary, non-degenerate states, like the permanent
electric dipole moment (EDM) of a particle (with spin)

v" Also violates parity, P
v EDM of the neutron or electron: ~ PDGLive.org
d, <2.9x1072° e-cm; d, = (0.7£0.7) x1072° e-cm

For a reactiona — b, P(a — b) # P(b — a), once the
initial conditions, namely a in one case and b in the
other, have been precisely realized!

v" Detailed balance when there are no spins

v’ With stable particles: v, — v, vs. v, — v, but needs
future facility with a long baseline

» With unstable particles: a— decay products vs. decay
products — a, very difficult or impossible




» Compare a — b vs. b — a in decay processes

v BaBar and Belle have observed large direct CP
violation in B —» Kn

Events / 30 MeV

v" Can we observe Kn — B ? -0.1 0 0.1
_ AE (GeV)
BU — K"‘ﬂ'_, R1 CPT K-t — EO, R1
S —>-
B - K n*, R, K*n~ - B° R,

—_

Preparation of the initial state difficult (unfeasible).

The strong process will swamp the feeble weak process, o(Kn—hadrons)>>c(Kn—B)
= Impossible rather than “merely” unfeasible.



» Compare a — b vs. b — a in mixing processes
v Mixing has been observed in K, B, and more recently in D neutral systems

K9 -5 KO cPT K% -5 K0 Kabir, PRD2, 540 (1970)
L — i
BY - BO B® - B¢
N
ED - KU I?D - KD
B0 - RgO B0 - Bo

v K0 — KO vs. KO — KO asymmetry observed by CPLEAR, PLB444, 43 (1998)
v" But, T and CP transformations lead to the same observation

O Can not diStinguiSh T and CP e.g. Wolfenstein, PRL83, 911 (1999);

Int. Jour. Mod. Phys. E8, 501 (1999)

O Not a direct observation of T violation [Wolfenstein, Quinn, Bernabeu]
v" The flavor mixing asymmetry is independent of time and requires AI'# 0

O Various criticisms in the interpretation of this observable

Gerber, and references therein, Eur. Phys. Jour. C 35, 195 (2004)



T violation picture (from PDG)

e electric dipole moment
1 electric dipole moment
1t decay parameters
transverse et polarization normal to plane of u
spin, et momentum
ol /A
F'/A
Re(d; = 7 electric dipole moment)
Ppin Kt — a0t Vi
Pt in K+ — p,"’ vy
Im(£) in KT — wup‘l' vy deray (from transverse 1
pol.)
asymmetry Ay in KO-K? mixing
Im(£) in Kfﬁ decay (from transverse (i pol.)
Ap(DF — KIK=rt77)
Ap(DY — KT K—xt7)
AT(DT — KIKErtn—)
p electric dipole moment
n electric dipole moment
n— pe” 7, decay parameters
B Ay Phase of g relative to gy,
triple correlation ccefficient D
triple correlation ccefficient R
A electric dipole moment

triple correlation coefficient D for L™ — ne™ v,
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<10.5 % 10728 acm, CL = 00%

(=0.1%0.9) %1019 ecm

(=2 +8) x 103

(—10 + 20) x 10—3
(2+7) x 1073

—0.220 t0 0.45 x 10~ 10 ecm, CL = 95%

(-1.7+25)x 103
(—0.6+1.9)x102
—0.006 + 0.008

/!

(6.6 = 1.6) x 103
—0.007 + 0.026

[b]
[b]
(5]

(—12 £ 11) x 10—3
(1+£7) %1073
(—14 £ 8) x 10—3

(€]

[4]
[4]

<054 x 10723 ecm

<0.29 x 1072% ecm, CL = 90%

(180.018 + 0.026)°
(-12+20)x10"4
0.008 + 0.016

<1.5% 10710 ecm, CL = 95%

0.11 £ 0.10

Observing directly “the weak arrow of time”

CPLEAR: PLB 444, 43 (1998)

Compares K’ — K° with K° — K°
Mixing rate.

* Related by T and CP.

* Not time-dependent.

* Various criticisms.

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

Triple products

F. Martinez-Vidal, IFIC-Valencia




» Large CP violation observed in the interference between mixing and decay

Raw Asymmetry Events /(04 ps) Raw Asymmetry Events /(0.4 ps)

in B mesons, measured precisely with golden channels

T+
—
&

| BO—J/pKs CP=-1 BO—JApKy CP=+1
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g: W BaBar decay Af.p
-300 ;_ I . —: .............................................................
200 — — e 1At/ Ty -
04 F | _ X [Sysin(Am,At) — Cpcos(AmyAf) ]}
ob SSmas g 4
02 j \k\*j:—fﬁ/ _ Cannot be interpreted as T violation:
04F x : : E Assume CPT invariance and AI' =0

At (ps) No exchanges t < — and in < out states

How could we directly observe T violation in this privileged system of Nature?
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T violation and entanglement:

.

strategy at a B factory

J




Banuls & Bernabeu, PLB464, 117 (1999)
» Quantum (EPR) entanglement at B factories

Y(4S) decay yields an entangled i) = 1/‘/E [Bo(tl)gu (t2) — En(tl)BO(tz)}
state of B mesons — 1/\/5 [B4(t1)B_(t2) — B_(t1) B (t2)]

v Antisymmetric wave function (P-wave particle system)
v" States 1 and 2 are defined by the time of their decay with ¢, <,
v" Can be expressed in terms of any linear combination of flavor eigenstates

v" Time evolution (including mixing) preserves only B°BY, or B,B_ terms TN
’___—_—_—__—_—_—_—__—_—_—_—_—_—_—_—_—_—_—__—- l".
: Flavor tag: e.g. B semileptonic decay to I X (/- X) projects B? (B?) \|
[ = B (BY) tag
o o N R S BN BN SN BN BN NN SN BN BN BN BN BN NN BN BN BN S B B ~_.

5 [ [ W [N [ NSNS (WS (WD TN LW (NI L (R [ (W[ L (DL ([ -

I CPtag: B decay to J/yK; projects B, ~1//7 [B+ B )

: = B_tag (“CP-0dd”) :

[ B decay to J/wKg projects B_ = N2 [B°=B° i

A =B, tag (‘CPeven) _________ J =

» Conclusion: ability to prepare a quantum state witho

destroying it (“tag’) , and then study its time evolutio



Entangled

By ~ 0.56
Y(4S

prOJects

e

Inclusive B
meson flavor
Identification

— |/ the exchange

12
ﬂ\ tlﬁ t2

projects

+

It is NOT

projects

o

\
\
\
Time ﬂ
reconstruction ]

Exclusive B-meson
reconstruction

projects
B 0

B’

Az';

b

B 5B




Completely reconstructed B

Inclusive reconstructed B: flavor identification (extract features to
determine b or b quark content)

g—

|B%) = |bd)
pu




flavor final state

_—e—— — —i. —_— e
Y(4S) * P ——
- B of opposite x CP final state
By ~ 0.56 (BABAR) s Opp B

— Az = BycAt _
(Az) ~ 250 um

v" In B factory CP violation canonical
analysis, we define

At=t,—t, =Az/pPyc

Signed decay time difference

v If At<0, we can exchange the roles of
the two B’s in above picture




Entangled

By ~ 0.56

Inclusive B
meson flavor
Identification

Y(4S

‘ prOJects

- — J/Y the exchange

0" t
B —lag ﬂ\ t=t,

It is NOT

projects

|

\
\
\
Time ﬂ
reconstruction ]

: rojects
projects Exclusive B-meson Pro]
B, reconstruction B"
I | | |
I |
A A
B2 5B B 5B
At =+A7 Q<>



Define processes of interest and their T-transformed counterparts

Reference (X,Y)

JHEPOS (2012) 064

T-Transformed

B" = B, (¢,J/¢KY)
B = B_ (¢, J/yKD)

> ED — B-I— (E-I_: Jf"\ng)

N

B 5 B_

(£*, J/YK3)

B, —» B
B_ — B°
B, — BY
B_ — B°

(J/PKs, )
(J/YKp, 1)
(J/PKg, €7)
(J/YK7, )

In total we can build:

* 4 independent T comparisons

* 4 independent CP comparisons
* 4 independent CPT comparisons

T implies comparison of:

|) Opposite At sign

2) Different reco states (wKs v. wKr)
3) Opposite flavor states (B” v. BY)

(X,Y) 15 the reconstructed final states (tag, reco.)

...and
similar for

CP, CPT

M\
Tl M, H-
12
T N
. | :




Signal parameters AS* and AC*

8 Signal PDFs: g, ,(Ar)cce” {1+, ;sin(Am,A7)+C, , cos(Am,AT)}

N AT for "flavor tag" I - Kﬁxssumes AI'=0
—tcp flav — —AT for "CP tag" ae { ? }? ﬁe { s°? L}

Prediction from CPV . reference processes/parameters

Parameter

-SED Kl!l
M;'_ - S&] KI:I B\ol‘\'g o
&SJF P' - Sﬁnng Bﬂ KY : 1 - f""

B K S_ ug_

SCP = PHo 0’ VROKY
ASgpr = Spo yo 35#.1-:3
c_r+
'Bl;l

ﬁ.ﬂ; Bﬂ H,":' CI;' Ki

503? C;‘:_H KO G;“Kg
ACcpr = CEJ:',I{E Cooxg | O =0 70
Cyeng , - -

AC = Chyo-Corgs | O-
ACep = Ui ko~ Croa
ACgpr = GEP GI;':' EE

For T violation
In interference AS*#0, AS-} #0
In decay AC*#0, AC- #0

SLAC Seminar Observing directly “the weak arrow of time” F. Martinez-Vidal, IFIC-Valencia




JHEPOS (2012) 064

» Let’s call the state B_ as the one defined by the B decay to J/ynn
(J/yKg, K¢—nm) [a pure CP-odd final state]

> B. is the state orthogonal to B_, <l~3+ ‘B_> =0, defined by entanglement,
thus cannot decay to J/ynr, i.e.,(J/wzz|T B+> =0

» Since B and B, are linear combinations of flavor eigenstates,

B.)= 7\?{ EOH, B)=N. DBO>+5‘§°>} o= g;ZZ;jZ;

B°>—a

(B.|B)=N.N [1-as]=0=ad=1=05=0aif |a|-]

» Analogously, the state B, is defined by the B decay to J/yK, [a CP-
even final state at O(10-3)],

B.)=N- [\B")—ﬂ‘ﬁoﬂ, B.)= N{

(JIyK,|T|B")

B+ /3 B’ B = —
if>,6:1 ﬂ <J/V/KL\T‘B>




~ ~

D+ adlllu U+ ’ auu D— alil D_ 11 CLV\/ U L1LIV Ddlllv dlAailuvd 111 viUuuvl U Uuvllliiv
processes and their T—transformed counterparts, so S =-a

» It then follows that B, and B_are too orthogonal,
(B.|B.)=N.N_[1+a'f |=

» Property 1: B, and B_ are orthogonal linear combinations of flavor
eigenstates, not necessarily defined through CP final states

» Property 2: B, andB_states defined through the B decays to J/yK; and
Jhyrr final states are orthogonal 1ff

v We neglect the J/ynm component in Ve

ct compone
J/wK| final states, i.e. neglect CPV c JIy,y(2s), x.
in K°-K° mixing, O(10-) B%

v |a=| =1, i.e., there is no direct CPV
in the B decay to J/yK®
(one single weak decay amplitude)

Next largest amplitude (A2) has same weak phase
Other CKM corrections are Cabibbo suppressed O(A%)



Data sample
and fitting strategy




Integrated Luminosity [fb]

signal sample

530 fb! recorded in the 9 years of operation

BaBar

500
400
300

200

100—

o
il |

PEP Il Delivered LUmMiNoSity: 553 4B/ rrrrrrrrrmr s e
BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y (4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded ¥(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

)
%

KO B° — J/p KO
BY — (2S8)K?9
BU — XclK.g
| O B 2 T [OIC
Baav BY — D*n(p,ay)
(high statistics) | B — J/ip K*°

Control sample
ceK*, Jhp K**

BT — JW KT
Bt — ¢(2S8)K+
BT — Jhp K*+

r fuecdrores) (rd)

ole P

T(n.S) resonances

5 :
[=54KeV . BB |
of A ]
145 fod : threshold
LI I=31KeV I
'l ow=Tnb 302fb* , ]
0} i . A =20KeV | 430 fb
N T I e
[ . by . l-“. "“1 H"""l.ti__,__. j
Y(S)  Y2S)  Y3S) "":""""'rms; ‘
E.-u 46 10.00 10032 1034 1857 1054 LGsH L2
Mass (GeVic<)
54 fb-t OFf-Y(nS)
4 fb! above Y(4S)

~ 470x106 BB (0.5xBelle)
~ 690x10° cc
~ 500x10° 1+t~

121x10% Y(3S) (7xBelle+Cleo)
~ 99x10° Y(2S) (0.5xBelle+Cleo)




» Select B candidates using
v Beam-energy substituted mass ™mes = \/ Efeam” — [P 12

where Eg — E{;eam and p5 ~ 300 MeV/c §
Oy =0, ~10-50 MeV & 3
v Energy difference AE = E — E} ., A
v Choose best B candidates based on masses LlLIJ i
of daughters “ Mg = \/E;eam _p2
» Background rejection O\~ Cpogn ~ 2.7 MeV

v" Depends on B decay channel




Identical sample to that used in our most recent (canonical) CP violation
measurement with B—>ctK™? events, but excluding n K and J/AyK*(—Kr")

PRD 79, 072009 (2009)

rj; a) = 1000-b)

2 2000 =

> B — J/yK" A |

>3 B — yw(2S)K{ & B— J/yK]

S B— ) 1Kg LE 500+

LE 1000~ .

52 522 524 526 5.28 0 20 40 60
mg (GeV/c?) AE (MeV)

7796 events, purity 87-96% 5813 events, purity = 56%



Y

Overall procedure very similar to that followed in the most recent CP violation
study with B—>ccK™? decays PRD 79, 072009 (2009)

Use the By, sample to determine
At=t.,—t,, =+AT

Signed decay time difference

v Decay time difference resolution model and parameters

v" Wrong-flavor ID fractions
Perform simultaneous, unbinned ML fit to the 4 signal samples

(B%, B%) x (J[¥Kz, J[¢K?),
a p

v Normalization is common for B, B?, and At>0 and At<0

v" But independent for ccKg and J/ywK;

Signal and background probabilities defined as a function of mgq and AE
Sample composition and time-dependent background description 1dentical to
the CP violation analysis

v" 11 parameters allow for possible T and CP violation in background
But the signal model is quite different...
v Time ordering is the key!



» Signal PDF Step function  Resolution function Of = At —Af_,
[ \ ( \
[—[a’ ﬂ(At) oC g;; ﬂ(Atlme) xH(A, ) | QR(SF; 0, ) | Flavor tagged events (+)

_|_

g;, ﬁ(—Al‘ tme) XH(—AIM)J®p{(5I s Oy )} CP tagged events (-)

g, J(Ar)yoce {1+, sin(Am, A7)+ C, , cos(Am A7)}

» Fit has to unfold At >0 and At,, <0 events (mixed due to limited time
resolution), to obtain 8 sets of S, C parameters

(At > 0,At < 0) x (BY, BY) x (J/wK?, J/pK°)

» Flavor misID fractions w (not shown here) dilute the S,C parameters by a factor (1-2w)

» In practice, we directly fit to the T-, CP- and CPT-violating parameters
AS*, AC* AScp™, ACp* AScpr™, ACcpr™
» In canonical CP violation studies (assume CPT and AI'=0), one single S, C set




Results and
Interpretation




Results

. ASE =S, po = Sl 1370142006  osimf
1-violating parameters L s

ASy =S5 0 = S LIT 018+ 011 |  426in2p
A RS

g0 — Gl 010£014+008[ 0
b v g

ACT = O+ — O 0.04 4+ 0.14 4 0.08 _
ﬁbﬁ-q I T T Ve k) T e KD
05 95% . 0

r; F 68% " . IL-. .‘11.

1‘ 1.|II . 'i‘l 11'. \'ﬁ 111 "lll.'|
0?‘1»‘\ ‘\\‘ (AST+9ACT+) :. LLLI !I; h

./ 1 (0,0)=no violation
0.5 e T
“-.__ 7 Large significance for T violation |

1 | | | 1L|""'=L_ ] -|-r-"'|'r | | | | | ] | \T\"‘\._I | ]

-1 0 1
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4O L -
o o b (ASep ACp )

CP-violating parameters < //

e L —
ASGp =S° =S . —130=011+007] % = \

g T lg NN I . \

B B R Can 1 L WAL LT
AScp =S g0 =S 133£0.124£0.06 \ RN WAL YN O\
; Ok oLy A ‘1 \ \

AClp = C_ KO~ L xo  0.07+£0.09+003 \ F ‘l‘ \\/ |

ACGp=C; o —Cr g 008£010£004| [~ w7 S ~_
0.5 T A(ASeptAC") \\':‘:-. _
L CP violation significance largest than for T violation
< - 1 0 1 .
0.5 N AS,,

- Vs \k CPT-violating parameters

“'.‘ | \ ! .
0 ARG =R A, + _ g-— + : 9
\\JI-/1 ASGpr = S5 o = Sy o 016 £0.21£0.09
- e ASopp = 5;1{% = St 4o —0.03£0.13£0.06
-0.51™ ACH,, = Crio = C;;,Kg 0.14 £0.15 £ 0.07
~ No sign of CPT violation ACGpr =Cf o —Cyl o 0.03£0.12£0.08
| | | | | | | | | | | ‘ | | 1 11 , L , =
! 1 0 ! +
AScpr

Observed T violation as due to compensate CP violation



YV VYV

Study using simulation data shows asymmetry parameters AS*,, AC*, are
unbiased and have Gaussian errors

Studies of data segmented by running period or flavor mode 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/yK** control samples yield asymmetry

parameters consistent with zero +(I_)I— 1 B—>ccK* used as J/yKq
— - - * +

Prrrmotor AT < [ | B> JyK**used as J/yK;
ACp 0.036 + 0.050 0.5 (AS;~AC,)
ACCpr | —0.0042 4 0.068 i e s
ACT —0.0405 + 0.073 - T (ASr7ACTY)
ACE, —0.0044 + 0.049 i
ACEpr —0.1586 £ 0.070 Or
ACT —0.0237 £ 0.073 -
AScp 0.088 + 0.054 I
AScpr —0.1035 £ 0.083 -0.5- 95%
AST 0.041 £ 0.089 I
ASE, 0.041 & 0.053 I
A*S‘(—lj_PT DOSD + 0086 . [ I [ [ [ 1
ASH 0.155 + 0.004 -1 1 0 1 2




Systematic uncertainties are evaluated similarly as in our last CP analysis

Systematic source 35;5 AST AC?,IJS

Interaction region 0.011 0.035 0.02
Flavor misID probabilities 0.022 0.042 0.022
At resolution 0.030 0.050 0.048
J/p K background 0.033 0.038 0.052
Background fractions and C'P content 0.029 0.021 0.020
mgs parameterization 0.011 0.002 0.005
['g and Amyg 0.001 0.005 0.011
C'P violation for flavor ID categories 0.018 0.019 0.001
Fit bias 0.010 0.072 0.013
Al'g/Ta 0.004 0.003 0.002
PDF normalization 0.013 0.019 0.005
Total 0.064 0.112 0.08

Effect of treating ccKg and J/wK; as orthogonal states negligible



Repeat the standard fit, applying constraints to the

parameters for T-conjugate processes

Difference in likelihood with the standard fit yields the

significance of T violation

sz
Av

CP and CPT significance can be estimated this way

-2 (1]_’1 LNDTRV — In L)

8 degrees of freedom

using appropriate constraints

Include systematics variations in significance

estimations

m? = —2(ln L(qj, 05) — In L(po)] /S:tat,j

Take max(m,?), scale significance by
[1+max(m?)]=1.61

T-inv. constraints

AST =ACE =0
ASE, = ASTor
ACcp = ACcpr

Significance
—2AIn L Signif.
T 2206 > 100
CcP 307 >100
CPT 5 0.330

(Includes systematics)



» Construct asymmetry for each of the four reference transitions

B° - B_ B° — B, B, — B B_ — B°
» For the 15 reference (and similarly for the other three)
Az (At H;—X,J/w KY (At) o 'H;i'; X,ceK?2 (At)
T — —
Ho-xapprg (A1) + s x,ceicg (A)
Signal region:
where 5.27<mp<5.29 GeV/c?
L B0 _y B |IAE|<0.010 GeV
<os. o -
n | Projection of the fit without T violation
HE J(AD) = Ho g (EADH(AL) [
y 0 e ,
» For perfect reconstruction, is - S [ _I
N -().5F Projection of the fit with T violation
AC
Ar(Al) = Tcos(A'mAt) R
i 0 2 4 6 8
Elapsed time (ps)

AS
+ 5 L sin(AmAt)
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A CPT

A CPT

(o B+ — B + ]L
it t %+
0i5: +++++ +++

-0.51
0o 2 4 6 8

At (ps)
B_ — BY

0.5
0 by by b, "'t[-: +++JF ——

-0.51
o 2 & 6

OF_JI*}_|_ —r ED
0:}*#“.%+ } +
-0.5r
S T S —
At (ps)
[ B- — B T
0.5




Summary




_ |
> g has measured for the first time <& 0.5F

YV VYV

T-violating parameters in the time

evolution of neutral B mesons, by

comparing conjugate processes that . 5

can only be achieved by T reversal, [ d,lre,cu?n Tha,n t,he N ﬂfer, o

ot CP 0 2 A 6 8

This novel approach does not need Elapsed time (ps)
CPT invariance to link T and CP violation
The significance of the effect exceeds 10c level

The result 1s consistent with CP-violating measurements assuming CPT
invariance

This 1s the first direct observation of Time Reversal Violation, in any system,
through processes that can only be related by a T transformation

This somehow closes the cycle of the CPT theorem...



Paper (arXiv:1207.5832v3 [hep-ex]) 1s now in press

PHYSICAL REVIEW LETTERS

Observation of Time-Reversal Violation in the BY Meson System
LPE LL‘CS,J V. P"ﬁ'ain:.amJ V. T“1ss+:ran+:j,J J. Garra 'I“1+::+::1,2 E. ’C‘rraugcs,2 A, 13":113114::1,'1"=L3h G. Eigcn,4 B. Stuguf' D.N. Brnwnf
L.T. Kerth.” Yu.G. Kﬂlﬂmcmk}:s G. L}fnchf H. Koch.? T. Schroeder.? D. I. Asgcirssnn,? C. Hcart}f,? T.S. Mattison,”
J.A.McKenna,’ R. Y. So,” A. Khan,® V. E. Blinov,” A.R. Buzykaev,” V. P. Druzhinin,” V. B. Golubev,” E. A. Kravchenko,”
A.P. Onuchin,” S.1. Serednyakov,” Yu. I. Skovpen,” E. P. Solodov,” K. Yu. Todyshev,” A.N. Yushkov,” M. Bondioli,"
D. Kirkby,"” A.J. Lankford,'"” M. Mandelkern,'” H. Atmacan,'' . W. Gary,"' F. Lin,"' O. Long,"' G.M. Vitug,"
C. Carﬂ.ltnagnari,JZ T.M. Hﬁng,JZ D. I(+:walslc*_i,fi,JZ 1.D. Ri~::hm.an,JZ C.A. ‘»“v’cst,JZ AL M. Eisncr,” 1. Krﬂscbcrg,”’
W.S. Lockman,'” A.J. Martinez,"” B. A. Schumm,'® A. Seiden,'” D.S. Chao,'* C.H. Cheng,'* B. Echenard,"*

(The BABAR Collaboration)

(Received 24 July 2012)

Although CP violation in the B meson system has been well established by the B factories, there has
been no direct observation of time-reversal violation. The decays of entangled neutral B mesons into
definite flavor states (B or BY), and J,r’t,ﬁr.‘q’_ or EEK‘_:. final states (referred to as BT or B7), allow
comparisons between the probabilities of four pairs of T-conjugated transitions, for example, B — B_
and B_ — B", as a function of the time difference between the two B decays. Using 468 > 10° BE pairs
produced in Y(45) decays collected by the BABAR detector at SLAC, we measure T-violating parameters
in the time evolution of neutral B mesons, yielding AS7 = —1.37 = (1 14(stat) + 0.06(syst) and AS; =
1.17 *= 0.18(stat) = 0.11(syst). These nonzero results represent the first direct observation of T violation
through the exchange of initial and final states in transitions that can only be connected by a T-symmetry
transformation.
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