DIRECT OBSERVATION OF

TIME REVERSAL VIOLATION

P. Villanueva-Pérez
[FIC - universitat de Valéncia-CSIC

Representing the BaBar Collaboration
BR =




Outline

Introduction

— TRV In stable and unstable systems
— Foundations of the analysis
Analysis Procedure

— Data sample

— Signal description and fitting strategy
— Systematic uncertainties and results
Summary and interpretation

— Contours

— Significance and asymmetries

Conclusions



J. P. Lees et al. Phys. Rev. Lett. 109, 211801 (2012)
PHYSICAL REVIEW LETTERS

5’4 Published two weeks ago!!
Observation of Time-Reversal Violation in the B" Meson System

1P Lees,] V. Pﬂircau,] V. Tisserand,] J. Garra 'T‘ia:n::n,2 E. 'l.':'rraug‘cs,2 A 13":113114::!,3’*’"th G. Eig«zn,4 B. Stugu,4 D.N. Bmwn,s
L.T. Kerth.” Yu.G. Kﬂlﬂmcmk}us G. ijc:h,s H. Koch.® T. Schroeder.® D. J. :*'z.s;gxcirs.;s.n::'nn:‘r C. HEEI[T}',T 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,'' J. W. Gary,"' F. Liu,'' O. Long,"" G.M. Vitug,"'
C. Campagnari,” T.M. Hﬂnng,]2 D. I"G::'ﬂi.'Ellslc‘_i,'i,]2 1.D. Rit::hman,]2 C.A. ’»“n«"«zst,l2 ALM. Eisner,” 1. Kmseherg,”
W.S. Lockman,'* A.J. Martinez,"” B. A. Schumm,'” A. Seiden,'” D.S. Chao,'* C.H. Cheng,"* B. Echenard, "

PABTICLE PHYSICS

Time’s arrow in B mesons

< 7 A f:\"-. -&. g T 3 A cornerstone of theoretical parti‘de physics —
. ? the idea that not all processes run in the same
way forwards in time as they do badcwards —
has been observed directly for the first time.
MMembers of the BaBar Coellaboration
trawled data from their experiment (pictured},
whichran at the SLAC National Accelerator
Laboratory in Menlo Park, California. from
1999 to 2008, The researchers identified
B-meson decay chains thatwere time reversals
ofeach other, and a comparison of the decay
rates revealed a strong asvmmetry. Earlier
experiments have caught hints of time-reversal
violation but failed to distinguish it deardy from
violations of other lundamental symme tries.
FPhys Rew. Lett. 103, 211301 {(2012)
For a longrer story on this research,
see go.nature.com/7253vei
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The arrow of time

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

ECO nO m i St Sep 1st 2012 | from the print edition

ysicstoday

roLLow us: [ Facesook g Twirer [ Rss 1 E-mart

Physics Today J Volume 65 f Issue 11 f Search and Discove

Previous Article | Next Article

TIME seems to flow inexorably in one direction. Superficially, that is because things deteriorate with age—

eens o , ings . Time-reversal asymmetry i particle
and this, in turn, is because there are innumerably fewer ways to arrange particles in an orderly fashion than x v
in a jumbled mess. Any change in an existing arrangement is therefore likely to increase its disorder. phVS]. cS h as f]ll a]lv b een C]. e Ell‘lV seen

Dig a little deeper, though, and time’s arrow becomes mysterious. A particle cannot, by itself, become.........

Bertram M, Schwarzschild
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INTRODUCTION



Time Reversal Violation (TRV)

 Time Reversal In stable systems p
» A non-zero value of a T-odd observable in a stationary state, -
e.g, dipole moment of an elementary particle or an atom. dﬁ“ P i
d
> In an oscillation a difference in the probability of a—b from " 5 d?
b—aatagiventime,eg., v, 2> v, Vs. v, >V, -
experiment proposed for the neutrino factories with muon 1 -
storage ring. ¢
Lt

* Time Reversal in unstable systems

' -t). discard
1. Reversal of motion (t—-t). 0dd ot
2. |in>—|out> exchange.

s Experimentally tricky!

CP violation T violation
mechanisms — — mechanisms

e Decay : CPT| * Decay

« Mixing * Mixing

* MixingxDecay | « MixingxDecay

—



TRV in unstable systems
» Decay TRV searches

B > K*n™, R, CPT K nt - BO, R,
CP 7 - €—> -
B > K n*, R,

Unable to perform the T test:

 Preparation of the initial state.

« The strong processes will swamp the feeble weak processes.

K*n~ - B, R,

L

—

. I\/Iixing TRV searches * Interference TRV searches
_, R0 CPT K0y 0 B
B0 - BO B — BO i decay
cpl' \ CPLEAR ' / \Afcp
K9 - KO KO iGK%VIdence decay A.fCP fCP
BO _ RO B0 — RO T J

_ CPV time dependent (TD) studies:
A test of CP and T simoultaneously. «  There are no exchanges t < —t and

If CP is conserved and T violated or lin >o |out >.
viceversa this observable is 0. « Assumes CPT invariance and AT = 0.



Foundations of the analysis

° Ingredients: M. C. Bafiuls and J. Bernabeu, Phys. Lett. B 464, 117
(1999): Nucl. Phys. B 590, 19 (2000).

* EPR entanglement produced by the decay of the Y(4.5).

i >= 1/V2[B°(t,)B°(¢t;) — B°(t1)B°(¢,)] B+} projected by | J/YK;
= 1/V2[B4(t1)B_(t;) — B_(t1)B4(t,)] B_

* Quantum Mechanics. Reference: Physical Process
Ar=t,—t, >0 (X,Y): Reconstructed Final States

Reference (X, Y) T-Transformed (X, Y)
B°— B, (I,JwK) B.— BY (JlyKq, I')
B°—= B (I, JlyKy) B.— B (Jly K, I
B°—» B, (I*,JwK) |B,— B° (JWKqgI)
B— B (I J/L|J Ks) B.—B% (JIWgK,I)

J/WKs




Foundations of the analysis

Entangled

Entangled

Identification

prOJeC’[S Inclusive B
meson flavor
Y(4S)

projects

reconstruction

Itis NOT
J/ly || the exchange
\ =2t
By ~ 0.56 (BABAR) ﬂ K,
~0.43 (Belle) -
projects

B

—+

BB,

reconstruction

Exclusive B-meson

Bernabeu, Martinez-Vidal and Villanueva-Perez

JHEP 1208 (2012) 064

B —">B°

Az = PycAt
< Az > ~250um (BABAR)



Foundations of the analysis

At ']
A ' \> :_/ B
B.—>B° T) B'—> B,

04

C

I Expected intensities for the current CP studies

T

1.0

C D
B—>B° .| Bl_spB +

L
1

Ty

In total we can build:

4 Independent T comparisons.
4 Independent CP comparisons.
4 Independent CPT comparisons.

B,—> B® /™I B%~—>B.

...............

T implies comparison of:

1) Opposite At sign.

2) Different reco states (J/YKg vs. J/PK)).
3) Opposite tag states (B° vs B9).




ANALYSIS
PROCEDURE



BaBar detector

1.5T solenoid

EMC
6580 Csl(TI) crystals

e* (3.1 GeV)

—
-

| Drift Chamber
AL i - 40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips

Asymmetric B-factory: E,, = 10.58 GeV e'e— Y'(4S) — BB
Performed a wide range of flavor physics results in B, Charm and t sectors

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
DISCRETE 2012
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Data Set

» 530 fb! recorded in the 9 years of operation

BaBar

PEP Il Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y (4s): 432.89/fb

500

BaBar Recorded Y(3s): 30.23/ib
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

400 —

Integrated Luminosity [fb™}]

300—

200

100

0]

T (nS) resonances

Decays used for the analysis:

* cCKs: B = J/ WK, B® > P(25)Ks, B® = xc1 K

« ¢cK;:B® - /YK,

* Bpiay: B = D*(p, ay), B® = J /YK
 Control sample ccK* and J/yK**, e.q.,
B*— J/YK™, BT - Y(2S)K™, BT - J[YK**

.a 15 I ~ i
g o threshold
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, / g i 14.5 fp-1 : resho |
1 9 s} §t  =32KeV ,
1 E | !} owsTnb 302fb7 | i
1T oa TR20KeV 430
E U5t + :‘-_- ; i-* uf ,:mi_ " : r=1ﬂ:l'|a"u"
] L L ¥ bl g et L]
1 | vas) | ves)  vps) """"""fa-ﬂs; J
_: EM 44 10000 1050 10534 1847 1084 1058 LbA2
e Mass (GeVi/c2)
54 bl Off-Y(nS)
4 fbt above Y(4S)
~ 470x10° BB (0.5xBelle)
~ 690x106 cc

~ 500x106 1+t~

u

1.2x108 Y(3S) (7xBelle+Cleo)
1.0x108 Y(2S) (0.5xBelle+Cleo)




Backgrounds and B characterization

Veto significant/potentially dangerous B decay backgrounds
— Depends strongly on B decay channel under study

Suppress continuum e*e"—qq (gq=u,d,s,c) background using
— Angular distribution: B flight direction ‘
— Event shape variables: /

* Background: “jetty”
e Signal: almost at rest

Characterize B candidates using

—_ ; . _ 42 "y
Beam constrained mass: Mgs = 1/ Er2  — lpgl?
* B mesons produced almost at rest
E: =E. .. P ~300MeV/c

e Resolution ~3 MeV dominated by beam energy spread
— Energy difference: AE =Ej — E/__,
* Energy of B candidate almost equal to half beam energy
* Resolution ~10-50 MeV depends on neutrals in final state
Select best B candidates (based on invariant masses of daughter particles)



cCcK; and J/WK; samples composition

ccK¢; sample J/YK; sample
N§ a) - 1000-b)
. >
S 2000 ~
= B— I/\yK -
== B— \;;(2S)KO &
5 B—y K 2
LE 1000_—
O :
52 522 524 526 5728 0 20 40 60

mg (GeV/c?) AE (MeV)

7796 events 5813 events
Purity: 87% to 96% Purity: ~56%



Signal parameters

8 Signal PDFs: g, (A7) ce™ *{1+S, ;sin(Am;A7)+C; , cos(Am,A7)}
{+Ar for "flavor tag"
At =tep Ty, =
—At for "CP tag"

Q € {Bua Eu}i B € {ng KE}

o~ Prediction from CPV . reference processes/parameters
Paramester Value
S 07 ASZpr
QSEE = S[‘f'ﬁi— S;:I“E ~1.4
el , ¢
S_u ‘Iu L e 0.7 T+
ASy =8, o~ Sgose | 14
2ap = bﬁﬂlkg- bBﬂxg ‘Kl?-ﬂ\~ o
F A5cer = Sqo 0~ Spogp | 00
Cpo xo 0.0 \
ACT = Cho o~ 'f:l;ﬂ.icg 0.0
ACH = Cly o Carg | 00 ASH
ACcpr = Crpgp- Cpogg | 00 L
Co xe 0.0 - /=
ACT =Cyyo-Coga | 00
ACGp = O g Cpoy | 00
ACgpr = Cppo g~ Cpoga | 0.0
L o
For T Violation
in the interference AS*;#0, AS— #0 J/Ttb‘r{g J/"!)Kg J/ 'ubKE.
in the decay AC*#0, AC-; #0

DISCRETE 2012 P. Villanueva-Pérez IFIC-Valencia 13




Signal model

Signal PDF

Fit has to unfold At

Ha’ﬁ(At) oc g;,ﬁ (At,.) >

+

g;, Vi (_Attrue) X ®

g ,(Ar)oce” ¥ {1+S’  sin(Am,A7)+C’

true

>0 and At

Step function  Resolution function

R(dt;o,))

o[

true

to obtain 8 sets of S, C parameters

R(St o)

\_

J

2 At (At > 0,At < 0)

X| 2 flav (B° B% | X

Flavor tagged events (+)

ot = At — At

true

CP tagged events (-)

cos(Am,A7)}

<0 events (mixed due to limited time resolution),

2 CP (Kg, K;)

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
AScpr*, ACcpr*

In canonical CP violation studies (assume CPT and Al'=0), one single S, C set

AScp*, ACcp*




Fitting strategy

* From the B;,, sample we extract the time resolution
parameters and the wrong flavor ID fractions which
are exported to the CP (ccKs, ] /WK;) sample.

« Perform simultaneous unbinned ML fit to BY, B°,
ccKe, and J /Y K; for At > 0 and At < 0 events.

 Normalize PDF simultaneously for B, B%and
At > 0 and At < 0 and independently for ccKs,

J/YK,.

« QObtain the 8 sets of S, C parameters, and from these,
define T, CP and CPT violating parameters AS, AC.



Complete results

CPT

Parameter Final result SM expected val.
AST —1.37 £0.14 + 0.06 —14
AS 1.17 +£0.18 £ 0.11 1.4
ACT 0.10 +0.14 + 0.08 0.
AC 0.04 £ 0.14 + 0.08 0.
ASZy ~1.30 £ 0.11 + 0.07 ~14
AS;p 1.33 +0.12 4+ 0.06 1.4 cp
ACH, 0.07 £ 0.09 4 0.03 0.
ACT 0.08 & 0.10 4 0.04 0.
ASpr 0.16 4 0.21 & 0.09 0.
AS —0.03 £ 0.13 4 0.06 0.
AC 0.14 £0.15 £ 0.07 0.
ACpr 0.03 £0.12 + 0.08 0.
S ko 0.55 £ 0.09 £ 0.06 0.7 ]

ot KO —0.66 & 0.06 4 0.04 —0.7

LTS = REF.
Cpi ko 0.01 £ 0.07 & 0.05 0.

o ﬁE —0.05 + 0.06 + 0.03 0.




Systematic uncertainties

Systematic source AS;

misID flavour 0.02 0.02
At resolution function 0.02 0.05
Outlier’s scale factor 0.01 -0.01
Mg Pparameters 0.01 0.00
AE parameters 0.02 0.02
K; systematics 0.03 0.03
Differences between B¢pand By, 0.02 0.02
Background effects 0.03 0.04
Uncertainty on fit bias from MC 0.01 0.08
Detector and vertexing effects. 0.01 0.04
AT # 0 effects 0.00 0.00
External physics parameters 0.00 0.01
Normalization effects 0.01 0.01
Total Systematics 0.06 0.11

Similar procedure to B. Aubert et al. PRD 79, 072009 (2009)



SUMMARY
AND
INTERPRETATION



Interpretation of the results

BABAR PRL 109, 211801 (2012)
Expected £1.4

—1.37 +£0.14 4+ 0.06
1.17£0.18 £0.11
0.10 £0.14 4+ 0.08

Jrcl)ﬁ— | =— o —Cooy 0.04+40.1440.08
*,\ \\ \\ ) ? o
3
r’ /"--\‘\ \\ \\
' v Ng > X
@AST,ACT) ™
® \“10 I T
N o ! ‘l ; X
O \_ \\ \\\ l‘ :26 ‘|l30 “l
\ \\ \\\ ,’ 1 1 AG
%, . 1 i \
'
... 1
0.5(= T
-‘lb- A | |
-1 | | | |
-1

Large significance for T violation AST



—1.30 =0.11 = 0.07

\\\\\
\\\\\
\\\\\\\

- Ta -
’ ~ . n
1.33 £0.12 £ 0.06 L RS
S NN u
. . ! . J P N ~ s ) \ \
\\\\\\
\\\\\\

0.07 £0.00 £ 0.03 SN
0.08 £0.10 = 0.04 ‘ o l.
l -0.5 \\\‘\ el ”f (ASCP ’ACCP )

= [ . CP violation significance larger than for T violation |

. |
— 4 -
. ~
.. ’ A
’ -, -~ N -
> ~ N
' . ~
’ ~ \

i ’ Wi v

! \

ASE,

0.16 £0.21 = 0.09
—0.03 =0.13 £ 0.06

0.14 =0.15 = 0.07
0.03 £0.12 4= 0.08

1 1 1 1 | | | | 1 1 | | 1 | | | 1 | | |

Observed T violation as due
to compensate CP violation



Significance of T violation

. We obtain the likelihood value of the fitto S, C ngfjrijme
for the 8 independent samples (Standard Fit). Asi - 8
T —
. We repeat the fit, reassembling the parameters for ASE, = ASE
T-conjugated processes, to forbid T violation. ASSp = AS5pr
. Significance of T violation evaluated from the ACFE =0
difference of the likelihood values. ACy =0
Raw asymmetries and fit projections can be now ACGp = ACCpr
d P ACop = ACopr

plotted in the standard way.

Ay®=-2(InL

Av =8
. CP, and CPT significance is evaluated similarly.

—InL)

No_T Violation

Using Gaussian approximation, we evaluate the change of likelihood in 1o systematic

variation.
m: =—2[InL(q;,0,)—InL(p,)]/s;

stat,
. We take the max{m;?} and we divide our significance (s2) by (1+ max{m;})



Asymmetries

« Example of asymmetry building for T-Violation:

H ;(At) is the intensity for each sample with At>0 and
all experimental effects. ~ 0. /,

H™ (A)—H® (AD) -
A (At) = A il ~@cosAmAt+®sinAmAt
=

Ho \ (AD+H, | (At) N \2 ]

Where:

H> 5(At)=H_ (*At)H(At) | Assuming no experimental effects

We build an asymmetry for these four reference
transitions:

BP+B. BB, B.-B" B_=B



T raw asymmetries +
significance

Significance test

—_

st =226 [14

O
s 307 B1660
2 0.330

SNocPT = S

Stat. and
Syst.
Av=8



CONCLUSIONS



Conclusions

We have measured T-violating parameters in the time
evolution of neutral-B mesons.

These parameters have been measured:
— Directly: without exp. connection to CP and CPT.

— Genuinely: exchanging in-states and out-states.

We observe a large deviation of T Invariance at 140
level.

Our result Is consistent with CP-violating
measurements assuming CPT Invariance.

This constitutes the first direct observation of Time
Reversal Violation (not related to CP), in the
evolution of the neutral-B mesons.
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(S*, C*) parameters and CP asymmetries

A 1 B C D
S_BO,KL ’C-BO,KL OGE \ SEO,KL ’C+BO,KL S-BO,KS ’C_BO,KS O‘G_ \ S+EKS ’C+BO,KS
s—e B | s T Bes g
Cp
E A F G
B—> B0 | B*—> B, B,—> B /™ B—> B. - (B° tag)
| + + S_ ’C- T +
S_BO,KL ’C_BO,KL /o S BOWKL C okl POKS T BOLE » S BOKS
D" . B o ’CBO,KS
JJb K| I Ky
A E CP implies comparison of:
B CP = 1) Same At sign.
c ) 2) Same reco states (only J/PKg or J/PK,).
D H 3) Opposite tag states (B° vs BY).




(S*, C*) parameters and CPT asymmetries

1.0

A S B c o D
B.—>BO | By B, B.—sB I BL-sB .
. 3 | CPT

E opl F G H

B—> B0 B>—>B, B,—> B0 /| BB

3 J/l]J KL 1 -1 J/LiJ) KS 1 3
A D CPT implies comparison of:
B CPT C 1) Opposite At sign.
Fo ) 2) Different reco states (J/¥Ks vs. J/PK,).
H E 3) Same tag states (only B? or B9).




Fitting Fit results (Control

ccK* as JIyKq
Data Sample) JIPK* as JpK,
Parameter Value 2" 1: ” AS, AC;
AC 0.036 = 0.050 R R AS*., AC*
Cp 0.5+ T T T
AC —0.0042 + 0.068 e
ACs —0.0405 4+ 0.073 -
ACE —0.0044 £+ 0.049 Uy
ACEor —0.1586 + 0.070 L
ACT —0.0237 £ 0.073 -0.5F
AAS‘EP 0.088 j: 0.054 B .

C -| 10, 20 2D regions (68.3%, 95.4%
ASgpr | —0.1035 £ 0.083 P el (08.3%, 954%)
AST 0.041 £ 0.089 * . Y aes
ASE, 0.041 = 0.053 4 ‘ !

o+ : 45T Ex
45‘? 0.155 &+ 0.094 5 ~p 0% opT

y— = ¢ 3 -

B0 K0 0.025 £ 0.032 i Q) i

Cho ko 0.038 = 0.031 : :

S 0.5F 0.5

51;0 KO —0.0072 £ 0.038 : :
S-é-o RO —0.0002 + 0.038 2L ] 0 1 ASE: -1 05 0 O.SASéP:




CP raw asymmetries(CP
Data Sample)

______________ No CP violation
— Experimental data

Signal region:
5.27<m<5.29 GeV/c?
|E| <0.010 GeV

6 I BB % - B,—> B°
< 0.5 < 0.5_~ + fﬁ#ﬁ—‘#—?\_ _g#
ot Wil BELE 3 .
-0.5F ¥ i +
0 L
At (ps)
= B —-B (oW B.— BO

i

< 0.5 1. L < 0.5/
Of%%;g ﬁfi&#ﬁj#jL g

AAAAAAAAAAAAAAA




CPT raw asymmetries(CP | — Mo CPT violation

— Experimental data

Data Sample) Signal region:

5.27<m<5.29 GeV/c?
|E| <0.010 GeV




(S*, C*)-(AS*, AC*) parameters: approx.
expected values

(AS*, AC*) parameters

S+BO,KS 0.7 C+BO,KS 0.
S_BO,KS -0.7 C_BO,KS 0.

AS+T -1.4 AC+T 0.

AS™ 1.4 AC™ .. 0.
AS+CP -1.4 AC+CP 0.
AS™ -p 1.4 AC™ p 0.
AS+CPT 0. AC+CPT 0.
AS™ cpr 0. AC™ qpr 0.

E.g. T is violated:
If  AS*#0, AS; #0— T is violated in the interference
If AC*#0, AC; #0— T is violated in the decay



