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What it’s and what it isn’t time reversal T
T violation with quantum entangled B mesons
BaBar T violation analysisy
Summary



What it’s time reversal T

 Time reversal T is a symmetry transformation that changes a physical 
system into another with an inverted sense of time evolution
 Changes the sign of v and p, keep r unchanged
 In the dynamical equations of motion corresponds formally to replace t  t

 I l i l h i thi d t b tit ti f h In classical mechanics, this corresponds to substituting for each 
trajectory r = r(t) the trajectory r = r(t), i.e. moving along the given 
trajectory with the opposite velocity at each pointtrajectory with the opposite velocity at each point

( )dp F r

T invariant

T
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( )

dt
d


p F r

p FT ( )d
dt


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T violated
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T violated



 In quantum mechanics Wigner’s time reversal transformation

What it’s time reversal T (cont’d)
 In quantum mechanics, Wigner s time reversal transformation

k S h ödi i i t d h f f d t l

*
TT ( ) ( ) ( )t t t    

keeps Schrödinger eq. invariant and has four fundamental consequences:
 The T operator is antiunitary. Guarantees commutation rule 
 T does not have observable and conserved eigenvalues

[ , ]j k jki r p I

 T does not have observable and conserved eigenvalues
 For a plane wave,                                       , we have                                             ,

i.e. plane wave with –p , so T transformation is referred as

( ) /( , ) i Ett e   p rr  * ( ) /( , ) i Ett e     p rr 

MOTION REVERSALi.e.  plane wave with p , so T transformation is referred as

 Operators under T transformation change as                                  . 

MOTION REVERSAL

1 †
T T TO O O p g

 Motion reversal symmetry implies
T
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DETAILED BALANCE

,f ff p

DETAILED BALANCE

T ,f ff   p s
e g

T violation < 0.5 per mil 
T ,i ii   p se.g. 
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T i l i i h i i h b h i f l

What it isn’t time reversal T
T violation is not the time asymmetry in the behavior of complex systems

ARROW OF TIME

Nature of Thermodynamics (Eddington)

 Thermodynamic irreversibility is associated to the irreversibility of the initial

Nature of Thermodynamics (Eddington)
Time is asymmetric with respect to the amount of disorder (entropy) in an isolated system

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

 P 1+…+n  vs. 1+…+n  P
 Unfeasible to make a fundamental test of T in unstable systems?
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 Unfeasible to make a fundamental test of T in unstable systems?



T violation “in decay”?
 a → b vs b → a in decay a → b vs. b → a in decay

 CP violation in B  K observed by B factories

 Arises from interference between 
penguin and tree decay amplitudes

CP

 But, the T transformation not defined for a decaying state

CPT

But, the T transformation not defined for a decaying state
 Reversal of the exponential decay law!

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

0 0
(4 )               [ ][ ]B Xe BSe K     
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THERMODYNAMIC IRREVERSIBILITY
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 a → b vs b → a in mixing (B0  B0 vs B0 B0) Kabir PRD2 540 (1970)

T violation in mixing?
 a → b vs. b → a in mixing (B0  B0 vs. B0 B0) Kabir, PRD2, 540 (1970) 

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

CPT 

T
B0  B0 B0  B0

0 00 0

0 00 0

( ) ( )( )
( ) ( )

B B B BA t
B B B B

   

   TCP

B0  B0 B0  B0

( ) ( )B B B B   

12 12 12 12( ) | | / | | sin ( / ) tanA t M m      

 Arises from interference between
12 12 12                   arg( / )M   

 Expected very small

Nierste, arXiv:1212.5805

( 0.040 0.006)%A   

 Sensitive to NP
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 Most precise single measurement

T violation in mixing? (cont’d)
 Most precise single measurement

 Partially reconstructed B0  D* l 
d id if h fl

PRL 111, 101802 (2013)

decays to identify the flavor at 
decay time

 Kaons to tag the B flavor at Kaons to tag the B flavor at 
production time

0 38(0 06 0 17 )%A 
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0.38
0.32(0.06 0.17 )%A 

 



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

0 0( ) ( )
f

t t    tr
y0 / SB J K

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

0 0

0 0
CP,

( ) ( )
( )

( ) ( )
B fB f

f
B fB f

t t
A t

t t
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m
etS

sin( ) cos( )f fm t mC tS     

CP
 a

 Arises from the interference in decay 
with and without mixing

0 / LB J K / LB J K

mixing decay
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PRD 79, 072009 (2009)



Quantum (EPR) entanglement at B factories

(4S) d i ld P i(4S) decay yields a P-wave, anti-
symmetric entangled state of B mesons

e
-e

 4S
(3 1 GeV)

B
e

(9.0 GeV)
(3.1 GeV)

B
 The state of the 1st B to decay at t1 dictates the state of the other B, which decays at t2 > t1

Flavor tag
B decay to l X or K X projects B0  B0 tagB decay to l X or K X projects B0  B0 tag
B decay to l X or K X projects B0  B0 tag

Cleanest

2nd best

27

etc. etc.
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Quantum (EPR) entanglement at B factories

(4S) d i ld P i(4S) decay yields a P-wave, anti-
symmetric entangled state of B mesons

e
-e

 4S
(3 1 GeV)

B
e

(9.0 GeV)
(3.1 GeV)

B
 The state of the 1st B to decay at t1 dictates the state of the other B, which decays at t2 > t1

Bernabeu & Bañuls, PLB464, 117 (1999)

CP t

( )
Wolfenstein, Int. Jour. Mod. Phys. E8, 501 (1999)
Quinn, J. Phys. Conf. Ser. 171, 012001 (2009)

CP tag
B decay to J/KL projects B  [B0 + arg(A/A)B0]  B tag (“B-odd”)
B decay to J/KS projects B  [B0  arg(A/A)B0]  B tag (“B-even”)B decay to J/KS projects B  [B arg(A/A)B ]  B+ tag ( B even )

Cleanest0K
0

K
0 0K K 0 0K K
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,S LK K ,S LK K
Same flavor content



B+ and B states
JHEP08 (2012) 064

 The states B+ and B have the properties that
( )

PRD89, 076011 (2014)

 In absence of wrong-strangeness B decays,

and assuming CP invariance in kaon mixing 
( pK = qK ), valid to O(10-3)

 For B0 and B0, require absence of wrong-flavor B decays, i.e. B0 (B0) 
cannot decay into l X (l X )
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B+ and B states
JHEP08 (2012) 064

 The states B+ and B have the properties that
( )

Cannot decay to J/KS , but can to J/KL

PRD89, 076011 (2014)

y  S  L

Cannot decay to J/KL , but can to J/KS

 In absence of wrong-strangeness B decays,

and assuming CP invariance in kaon mixing 
( pK = qK ), valid to O(10-3)

 For B0 and B0, require absence of wrong-flavor B decays, i.e. B0 (B0) 
cannot decay into l X (l X )
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B+ and B states (cont’d)
 Th f h “ i ” B d B d fi d h h l Therefore,  the “tagging states” B+ and B are defined as the orthogonal 

states to the states           and         defined through the filter imposed by the 
decay at t1 to J/KS and J/KL (“decaying states”) i edecay at t1 to J/KS and J/KL ( decaying states ), i.e.

 The precise exchange of initial and final states with identical boundary The precise exchange of initial and final states with identical boundary 
conditions must guarantee 

Basis of “tagging states”  Basis of “decaying states” gg g y g

Requires

 This happens when                       , i.e. single weak decay amplitude and 
CPT symmetry in the decay to J/K0y y y 

Other CKM 
corrections arecorrections are 
Cabibbo
suppressed O(4)

513T violation in B mesons50 Years of CP Violation F. Martínez-Vidal

All these conditions are excellent approximations for B J/K0



l K 0B 0

Foundations of the T violation experiment
,l K

X
 4S



B 



0

/J 

-e e



LK
0B B

1t 2t   2 1t t
   0CP flavt t t
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l K 0B
Foundations of the T violation experiment

0,l K

X
 4S



B 



0

/J 

-e e



LK
0B B

1t 2tT mirror   2 1t t
   0CP flavt t t

  0t t t

,l K 

B

0B
   0CP flavt t t

XB

/J 
-e

 4S

e


0

SK 4S
B

 
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T-transformed processes
Define processes of interest and their T-transformed counterpartsDefine processes of interest and their T transformed counterparts

JHEP08 (2012) 064

…and similar for 
CP and CPT

In total we can build:
 4 independent T comparisons
 4 independent CP comparisons4 independent CP comparisons
 4 independent CPT comparisons T

T implies comparison of:
 Opposite Δt sign
 Diff CP ’d Different CP reco’d states
 Opposite flavor states 

216516T violation in B mesons50 Years of CP Violation F. Martínez-Vidal
Expected distributions



530 fb-1 recorded in the 9 years of operation

BaBar data sample
530 fb 1 recorded in the 9 years of operation

14 5 fb-1

430 fb-1

30.2 fb-1

14.5 fb 1

430 fb

54 fb-1 Off-(nS)54 fb Off (nS)
4 fb-1 above (4S)

≈  470106  BB
≈  45 fb-1 40 MeV below the ϒ(4S)
≈  690106 cc
≈  500106 
≈  121106  (3S)
≈ 99106 (2S)≈  9910 (2S)
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BaBar signal sample
Reconstructed modes

 Select B candidates using beam energy

sa
m
pl
e

 Select B candidates using beam-energy 
substituted mass and energy difference

sig
na
l s

 Background rejection relies on vetoes to 
b k d d h i blB backgrounds and event shape variables 

to suppress continuum lighter quarks

PRD 79, 072009 (2009)

7796 events, purity 87–96% 5813 events, purity ≈ 56% ≈ 166k events, purity 83%
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 8 ti d d t d t ith d l i d d t PDF

T violation analysis steps
t t t 8 time-dependent decay rates                           with model independent PDF:

| |(| |) {1 sin( | |) cos( | |)}t
d dg t e m t m tS C  

          

  CP flavt t t
Assumes =0  

,, ,(| |) {1 sin( | |) cos( | |)}d dg t e m t m tS C            

 t > 0 (direct ordering, flavor tag) 
t < 0 (reverse ordering B tag)

 flavor reco’d B { lX , lX }    
 CP reco’d B { K K }

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

 t < 0 (reverse ordering, B± tag)       CP reco d B { KL , KS }

 Max. likelihood fit to determine 8 pairs of  S and C parameters from 4 samples
{ lX , lX }   { KL , KS }

 Determine differences of S and C parameters for transitions related by T-, CP- and 

CPT transformations:CPT transformations:

For T violation in decay mixing:

,           ,           ,T T CP CP CPT CPTS C S C S C          
or or0 0 orS S S S S S            

 Challenge:  time ordering  unfolding !

For T violation in decay-mixing: or or0  0   orT T CP CPT CP CPTS S S S S S       
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Signal parameters S± and C±

0S S S   0 0 ,,
0

SL
T B KB K

S S S   
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Time ordering unfolding
Heaviside step function

,
H( )( )

L
truel X K trueg tt

  ,
( )

Ll X K
H t 

,
( ) H( )

L
trul X K e trueg t t

  

Heaviside step function

Flavor tagsB± tags
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T asymmetries
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Results

T i l iT-violating parameters  

68%

95% 95%
68%

68%

( )S C  

(0,0)=no violation

( , )T TS C  ( , )T TS C  

Large significance for T violation
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Results (cont’d)

CP-violating parameters  ( , )CP CPS C  

( , )CP CPS C  

CP violation significance largest than for T violation( , )CPT CPTS C  

CPT-violating parameters  

( , )CPT CPTS C  

No sign of CPT violation

21
Observed T violation as due to balance CP violation
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Systematic uncertainties

Eff t f t ti cK d J/ K th l t t li iblEffect of treating ccKS and J/ψKL as orthogonal states negligible
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Significance of T violation

 Repeat the standard fit, applying constraints to the 
parameters for T-conjugated processes

 Difference in likelihood with the standard fit yields  
the significance of T violationthe significance of T violation

 Rescale -2lnL to account for 
systematic uncertainties 

-2ln L Significance
T 226 14T 226 14

CP 307 17
CPT 5 0.3

CP  and CPT significance estimated similarly 

19225

C 5 0.3
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Summary

 Main principle for direct detection of motion reversal is 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/A|=1 

 The BaBar analysis has measured four different motion reversal asymmetries 
with B  J/K0 decays at significance of 14

 Time dependent detection of motion reversal through states that are not CP 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 The measurements of the weak phase from T violating                         
parameters match those from CP violation

 The concept can be extended to other pairs of B, D and K mesons

arXiv:1302.4191 [hep‐ph]
Nucl.Phys.B868, 102 (2013)

 Main limitation: identification of pairs of decay channels that project into states 
orthogonal to each other
 Flavor eigenstates, opposite CP eigenstates with same flavor content
 A solution has been recently proposed Phys.Lett.B728, 95 (2014)
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T violation in the media



BackupBackup



 Study using simulation data shows asymmetry parameters (ΔS ± ΔC ±) are

Cross checks
 Study using simulation data shows asymmetry parameters (ΔST , ΔCT ) 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/ψK*± control samples yield asymmetry 
parameters consistent with zero BccK± used as J/ψKS

B J/ψK* ± used as J/ψKL

( , )T TS C  
( ) ( , )T TS C  

68%
95%
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Indirect T violation?
 T violation matching (by CPT) the observed indirect CP violation?

0 / SB J K

 T violation matching  (by CPT) the observed indirect CP violation?
Could these results be interpreted as direct 

detection of motion reversal violation?S

 No, because experimental analysis 
invokes CP invariance in mixing  (|q/p|=1 

detect o o ot o eve sa v o at o ?

and z = 0) and  = 0
 Yes, because data is well reproduced by 

the this model, as confirmed by dedicated

0 / LB J K

the this model, as confirmed by dedicated 
analysis

 Yes, since
PRL92, 181801 (2004)

0 | / | 1 for | / | 1ff fC A A q p   / LB J K

are compatible, within the Wigner-
Weisskopf framework with CP with CPT

0 Im 0f fS   

Weisskopf framework, with CP with CPT 
symmetry in decay, and CP with T 
violation in decay w/ and w/o mixing

 N b h i No, because there are no t  –t nor in –
out exchanges, i.e. there is no motion 
reversal in the transition
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The four independent CP asymmetries
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The four independent CPT asymmetries
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Signal and backgrounds

 Select B candidates using
 Beam-energy substituted mass 

where                          and

*~ 10 50 MeV 
B

E E
   

 Energy difference
 Choose best B candidates based on masses 

B

of  daughters
 Background rejection

 d d h l
~ ~ 2.7 MeV 

ESm beam 
 Depends on B decay channel 
 Veto dangerous or significant backgrounds 
 S ti d b k d i l di t ib ti (B Suppress continuum u, d, s backgrounds using angular distributions (B 

flight direction) and 
event shape variablesp
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 Construct asymmetry for each of the four reference transitions

T asymmetries
 Construct asymmetry for each of the four reference transitions

 F th 1st f ( d i il l f th th th ) For the 1st reference (and similarly for the other three) 

Signal region:
where

22

g g
5.27<mES<5.29 GeV/c2

|E| < 0.010 GeVB0  B

Projection of the fit without T violation 

 For perfect reconstruction, is Projection of the fit with T violation

Flip 6 often in one time direction than the other

Elapsed time (ps)

p

p (p )
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T violation picture (from PDG)

~4 signalCPLEAR ~4 signal
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The BaBar detector

DIRC PID)
144 quartz bars

11000 PMs

1.5T solenoid EMC
6580 CsI(Tl) crystals

11000 PMs

e+ (3.1 GeV)

Drift Chamber
40 stereo layers

e- (8 9 GeV)
Instrumented Flux Return

iron / RPCs / LSTs (muon / neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips

e- (8-9 GeV)

 Asymmetric B-factory at SLAC (DOE, Stanford): Ecms = 10.58 GeV
 General purpose detector in e+e- environment: precision tracking, photon/electron detection, particle 

ID muon/K identification Very stable over the 9 years of operationID, muon/KL identification. Very stable over the 9 years of operation
 Performed a wide range of flavor physics results in B, Cham and sectors. Now ~510 publications

3325229Observation of time reversal violation in B mesons with BaBarUCR Colloquium F. Martínez-Vidal


