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• Physics Today 65(11), 16 (2012). 
 

      

“it would appear to be a true TRV effect” 



Outline 
• Introduction 

– Symmetries in the Laws of Physics 

– t-asymmetries vs. Time Reversal Violation 

– Time Reversal Violation searches 

• T Violation through the entanglement 
– Time Reversal Violation in the evolution on the B-mesons 

– T-transformed processes 

– Signal parameters 

• Data sample and fitting procedure 
– Data sample 

– Signal description and fitting strategy 

• Results and interpretation 
– Summary of results 

– Cross checks and validation 

• Conclusions 

 
    1 Marseille TRV Seminar P, Villanueva-Pérez IFIC-Valencia 



 

 

 

INTRODUCTION 



 

• Local Field Theories which are Lorentz  

     invariant and Hermiticity→ CPT invariant 

– Connection  CP ↔ T 

• T-Violation exists in SM. 

• T and CPT are described by ANTIUNITARY operators, 
introducing subtleties. 

• As we have observed CP-violation. How do we observe T-
violation? 

 

 

• Discard odd effect under t↔-t not necessarily T-violating. 

• t-asymmetries can occur in theories with exact T-symmetry. 

 

 

Symmetries in  the Laws of Physics 

CPT 

T 

CP 
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T – Violation means Asymmetry under the interchange 

• in          out states 

• t           -t 



 The universe is expanding and accelerating  

 

 This is perfectly compatible with laws of Physics being TR 

symmetric. 

 t-asymmetry is due to initial condition of our Universe: inflation? 

 Similar that in our Universe there is a privilege framework:  

    CMB radiation 

Asymmetry       t        -t    

• Time cannot run backwards         t-asymmetry in complex 
systems. 

• Nature of Thermodynamics 

 (Eddington) 

 

 

 
 

• Universe t-asymmetry: 

Macroscopic t and time arrow 

The TIME ARROW is a property 

of ENTROPY alone 

E.g. A vase falls and breaks into pieces, but it is not possible 

that the vase flies back and returns to its original situation 
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The ARROW OF TIME is NOT 

TIME REVERSAL VIOLATION 



• T. D. Lee proposed the following example: 

 

 

 

 

 

 
• Irreversibility character of P→1+…+n and 1+…+n→P 

     is not related T-violation. In fact it looks like it 

     prevents a real test of T-symmetry in unstable systems. 

 

 

 

 

 

 

 

 

 

From complex t to fumdamental T 
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 Imagine 1000 cars (particles) with fuel for 1000 

km, departing from the city center of Marseille. 

 Single rule (fundamental law): Drive straight away 

and at each intersection (collisions), chose 

randomly. 

 After 500 km, they return. 

 The process is time symmetric only until the first 

intersection. 

 Macroscopic t (whole trip) vs. Microscopic T (until 

the first intersection). 

Alice: I simply must get through! 

Doorknob: Sorry, you're much too big. Simply impassible. 

Alice: You mean impossible? 

Doorknob: No, impassible. Nothing's impossible.  



• A non-zero value of a T-odd observable in a stationary state, 
e.g, dipole moment of an elementary particle or an atom. 
– It can be generated by either: 

 

 

 

 

• In an oscillation a difference in the probability of a→b from 
b→a at a given time, P(a→b)(t)≠P(b→a)(t) , e.g.,  𝜈 𝑒 → 𝜈 𝜇  vs.  

𝜈 𝜇 → 𝜈 𝑒 experiment proposed for the neutrino factories with 

muon storage ring. 
 

Time Reversal Violation (TRV)  
in stable systems 

 Strong T-violation→ θ-term Єμνςσ  Fμν Fςσ [Peccei & 

Quinn],  

 Weak T- violation. 
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• Key points: 

 

 

 

 

 
 

• Possible searches 

 

A GENUINE and DIRECT evidence of TRV would mean an 

experiment that, considered by itself, clearly shows TRV 

INDEPENDENT of, and UNCONNECTED to, the results of CPV. 

TRV in unstable systems 
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T – Violation means Asymmetry under the interchange 

• in          out states   Experimentally tricky 

• t           -t    

• Decay 

• Mixing 

• Mixing×Decay 

CPT 
T 

CP 

CP violation 

mechanisms 

• Decay 

• Mixing 

• Mixing×Decay 

CPT 

T violation 

mechanisms 



• In this kind of searches we have to compare a→b vs. b→a in 
decay processes. 
– B factories (Belle and BaBar) have observed large direct CP violation in 
𝐵 → 𝐾𝜋 

 

 

 

• Can we perform a T test through the decay? 

 

TRV searches in decays 
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𝐵0 → 𝐾+𝜋−, R1 

𝐵 0 → 𝐾−𝜋+, R2 

CP 
𝐾−𝜋+ → 𝐵 0, R1 CPT 

𝐾+𝜋− → 𝐵0, R2 

Unable to perform the T test: 

• Preparation of the initial state. 

• The strong processes will swamp the feeble weak processes. 



• Mixing has been observed in K, B, and more recently in D 
neutral systems. 
 

 

 

 

 
 

– This flavor mixing asymmetry is both T and CP violating (the two 
transformations lead to the same observation), and independent of 
time. 

– ∼ 4𝜎 of 𝐾0 → 𝐾 0 vs. 𝐾 0 → 𝐾0 asymmetry 

– This is the first direct evidence of T and CP violation. 
• This result has arisen controversy in the literature  

TRV searches in mixing 

𝐾0 → 𝐾 0 

𝐵0 → 𝐵 0 

𝐾0 → 𝐾 0 

𝐵0 → 𝐵 0 

𝐾 0 → 𝐾0 

𝐵 0 → 𝐵0 

𝐾 0 → 𝐾0 

𝐵 0 → 𝐵0 

CPT  

T CP 
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Kabir PRD2, 540 (1970) 

PLB 444, 43 (1998) 

Gerber, Eur. Phys. Jour. C35, 195(2004) 

Alvarez-Gaume et al, PLB 458 (1999) 

Wolfenstein, IJMP E8, 501 (1999) 

Test of Conservations Laws, PDG 2012 



TRV searches in interference 
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• B-factories have observed large CP violation in interference 
between mixing+decays of 𝐵0 → 𝐽/𝜓𝐾𝑆/𝐿  and 𝐵 0 → 𝐽/𝜓𝐾𝑆/𝐿 

this allows the determination of the CKM angle 𝛽. 

 

 

 

 

 

 

• The decay rate for 𝐵0or 𝐵 0at initial time decaying to a CP final 
states is 
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Within the SM 

and CKM: 
CKM angle (Vtd) 
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TRV searches in interference 
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CPV time dependent (TD) studies: 

• There are no exchanges 𝑡 ↔ −𝑡 and |𝑖𝑛 >↔ |𝑜𝑢𝑡 >. 

• Assumes CPT invariance and ΔΓ = 0. 

How can we observe T violation in this privilege Nature system? 

“impassible. 

Nothing's 

impossible”. 



 

 

T VIOLATION 

THROUGH THE 

ENTANGLEMENT 



• Quantum (EPR) entanglement at B-factories 
– The initial state can be written in any combination of B states 
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The decay as a filtering measurement 
ARISTOTELES “Virtue shines in the misfortunes” 

(4S) decay yields an 

entangled state of B mesons 

Bañuls  & Bernabeu, PLB464, 117 (1999) 

The INDIVIDUAL STATE of each neutral meson is NOT DEFINED BEFORE 

its collapse as a filter imposed by the observation of its orthogonal partner 

(TAG) 

Flavor tag:  e.g. B semileptonic decay to l+ X  (l- X) projects 𝐵0(𝐵 0 )   𝐵 0(𝐵0 ) tag 

CP tag:   𝐵+ decay to 𝐽/𝜓𝐾𝐿 projects   B- tag (“CP-odd”) 

 𝐵− decay to 𝐽/𝜓𝐾𝑆 projects   B+ tag (“CP-even”) 

𝐵+, 𝐵− are not necesarilly CP-eigenstates of the neutral B-system, only 

under certain phase convention  

J. B., F. M-V, P. V-P, JHEP (2012). 
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TRV in the evolution of the B-meson 

T mirror 



It is NOT 

the exchange 

t1       t2 

T 

t2 

0    

projects

B

Υ(4S) 

t1 

B    

projects

t1 

TagB 



Entangled 

J/ψ 

KS 

l

l

t2 

B    

projects

Υ(4S) 

t1 

0    

projects

B

t1 

TagB 0



J/ψ 

KL 

Entangled 



0B B


  0B B

βγ ~ 0.56 (BABAR) 
     ~0.43 (Belle) 

Δ𝑧 = 𝛽𝛾𝑐Δ𝜏 
< Δ𝑧 > ~250𝜇𝑚 (BABAR), 200𝜇𝑚 (Belle) 

Inclusive B 
meson flavor 
Identification 

Exclusive B-meson 
reconstruction 

Time 
reconstruction 
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TRV in the evolution of the B-meson 



• In B factory CP violation canonical 

analysis, we define 

 

 

 

• If t<0, we can exchange the roles of 

the two B’s in above picture 

    /CP flavt t t z c

Signed decay time difference 

    2    25 IVICFA, Nov. 2012 

  t Expected t distribution, e.g. J/yKL, l + X 
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TRV in the evolution of the B-meson 



• asdfas 
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T-conjugated processes 

 

 

     Define processes of interest and their T-transformed counterparts      
JHEP08 (2012) 064 

Discard odd effect  

t↔-t 
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Signal parameters 
, ,, ( ) {1 sin( ) cos( )}d dg e mS C m     

           

 for "flavor tag"

 for "CP tag"
CP flavt t t






    



     Assumes =0      



DATA SAMPLE AND 

FITTING 

PROCEDURE 



DIRC (PID) 

144 quartz bars 

11000 PMs 

1.5T solenoid  EMC 

6580 CsI(Tl) crystals 

Drift Chamber 

40 stereo layers 

Instrumented Flux Return 

iron / RPCs / LSTs (muon / neutral hadrons) 

Silicon Vertex Tracker 

5 layers, double sided strips 

e+ (3.1 GeV) 

e- (9 GeV) 

• Asymmetric B-factory: Ecms = 10.58 GeV 

• Performed a wide range of flavor physics results in B, Cham and  sectors 

• General purpose detector in e+e- environment: precision tracking, photon/electron detection, particle 

ID, muon/KL identification. Very stable over the 9 years of operation 

    3 

BaBar detector 
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≈  470106  BB (0.5Belle) 

≈  690106 cc 

≈  500106    

≈  1.2108  (3S) (7Belle+Cleo) 

≈  1.0108  (2S) (0.5Belle+Cleo) 

 530 fb-1 recorded in the 9 years of operation 

   430 fb-1  

   30.2 fb-1  

   14.5 fb-1  

 54 fb-1 Off-(nS)  

   4 fb-1 above (4S) 
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BaBar data set 

Reconstructed modes 

s
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p
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BaBar data set 

Marseille TRV Seminar 

• Select B candidates using 

 Beam-energy substituted mass         

where                         and 

  Energy difference 

 Choose best B candidates based on   

 masses of  daughters 

 

• Background rejection 

 Depends on B decay channel  

 Veto dangerous or significant backgrounds  

 Suppress continuum u, d, s    

 backgrounds using angular    

 distributions (B flight direction)     

 and event shape variables 

~ ~ 2.7 MeV 
ESm beam 

*~ 10 50 MeV 
B

E E
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𝑚𝐸𝑆 and ΔE for the signal sample  

𝑐𝑐 𝐾𝑆 sample 𝐽/𝜓𝐾𝐿 sample 

7796 events 

Purity: 87% to 96% 

5813 events 

Purity: ~56% 

     Identical  sample to that used in our most recent (canonical) CP violation 

measurement with 𝐵 → 𝑐𝑐 𝐾 ∗ 0events, but excluding cKS and J/yK*0(KSp0) 

PRD 79, 072009 (2009) 

Marseille TRV Seminar 



    21 P, Villanueva-Pérez IFIC-Valencia 

Fitting strategy 

Marseille TRV Seminar 



RESULTS  

AND 

INTERPRETATION 
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Fit results 

REF. 

T   

CPT   

CP 
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T contours 

Marseille TRV Seminar 

(ST
,CT

) 

(ST
,CT

) 

(0,0)=no violation 

Large significance for T violation 
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CP and CPT contours 

Marseille TRV Seminar 

No sign of CPT violation 

CP violation significance largest than for T violation 

(SCP
,CCP

) 

(SCP
,CCP

) 

Observed T violation as due to compensate CP violation 

     CP-violating parameters      

     CPT-violating parameters      



• Study using simulation data shows asymmetry parameters ΔS±
T, ΔC±

T  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 

• Fitting B𝑐𝑐 K± and B J/ψK*± control samples yield asymmetry 
parameters consistent with zero 
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Cross checks 

Marseille TRV Seminar 

B𝑐𝑐 K± used as J/ψKS 

B J/ψK* ± used as J/ψKL  
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Systematic uncertainties 

Marseille TRV Seminar 

Effect of treating 𝑐𝑐 KS and J/ψKL as orthogonal states negligible 

Systematic uncertainties are evaluated similarly as in our last CP analysis 



 Let’s call the state      as the one defined by the B decay to J/ypp 

(J/yKS, KSpp) [a pure CP-odd final state] 

      is the state orthogonal to     ,                   , defined by entanglement, 

thus cannot decay to J/ypp, i.e., 

 Since     and      are linear combinations of flavor eigenstates,  

 

 

 

 

 Analogously, the state       is defined by the B decay to J/yKL [a CP-

even final state at O(10-3)],  

 

 

0  B B

/ 0ypp  J T B

  *1 1 | | 10  if B B N N             

0 0
0 0

,   B N B B B N B B    
      
      

0

0

/

/

J T B

J T B

ypp


ypp


0 0
*0 0

,   B N B B B N B B    
      
      

0

0

/

/

L

L

J K T B

J K T B

y


y


| | 1if  

JHEP08 (2012) 064 

B

BB

B
B

B

   19     2     27 P, Villanueva-Pérez IFIC-Valencia Marseille TRV Seminar 

Orthogonality of the 𝐵+ and 𝐵− states  



      and     , and      and      have to be the same states in order to define 

processes and their T-transformed counterparts, so 

 It then follows that     and     are also orthogonal, 

 

 

 Property 1:     and     are orthogonal linear combinations of flavor 

eigenstates, not necessarily defined through CP final states 

 Property 2:      and    states defined through the B decays to J/yKL and 

J/ypp final states are strickly orthogonal iff  

 We neglect the J/ypp component in  

 J/yKL final states, i.e. neglect CPV  

 in K0-K0 mixing, O(10-3) 

 ||=||=1, i.e., there is no direct CPV 

 in the B decay to J/yK0 

 (one single weak decay amplitude) 

 

Neglects CPV in K0-K0 mixing, O(10-3)  

*  

* *1 0B B N N     
    

Next largest amplitude (2) has same weak 

phase. Other CKM corrections are Cabibbo 

suppressed O(4) 

B B B B

B B

B B

B B
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Orthogonality of the 𝐵+ and 𝐵− states  
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Significance determination 

Marseille TRV Seminar 

 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 

 

 

 

 CP  and CPT significance can be estimated this way  

using appropriate constraints  

 Include systematics variations in significance 

estimations 

 

 

 Take max(mj
2), scale significance by 

[1+max(mj
2)]=1.61 
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Building raw asymmetries 
• Construct asymmetry for each of the four reference transitions 

 

• For the 1st reference (and similarly for the other three)  

 

  

•  where 

 

 

 

• For perfect reconstruction, is 

 

 

 

Projection of the fit with T violation  

Projection of the fit without T violation  

Signal region: 

5.27<mES<5.29 GeV/c2 

|E| < 0.010 GeV 



T raw asymmetries + 
significance 

𝐵 0 → 𝐵− 

𝐵 0 → 𝐵+ 

𝐵+ → 𝐵0 

𝐵− → 𝐵0 
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Stat. and 

Syst.  

Δν=8 
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CONCLUSIONS 



 Observed t-Asymmetries, like the Arrow of Time, are not T-violation. 
 Genuine  TRV test requires: t↔-t && in↔out states 

 

 EPR-entanglement at B offer a unique opportunity to test fundamental 
asymmetries. 

 BaBar has measured for the  first time T-violating  parameters in the time 
evolution of neutral B mesons, by comparing conjugate processes that can 
only be achieved by T, not CP , exploiting EPR entanglement. 

 This observed effect can uniquely be attributed to TRV, without invoking 
CP violation or CPT invariance. 

 The  significance of the effect exceeds 10σ level. 

 The result is consistent with CP-violating measurements if we assume CPT 
invariance. 

 These measurements constitute the first direct observation of Time 
Teversal Violation, in any system, through processes that can only be 

related by a T transformation. 
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Conclusions 

Marseille TRV Seminar 
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BACK-UP 



CP raw asymmetries(CP 
Data Sample)  

 No CP violation 
  Experimental data 

Signal region: 
5.27<mES<5.29 GeV/c2 

|E| < 0.010 GeV 
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CPT raw asymmetries(CP 
Data Sample)  

 No CPT violation 
  Experimental data 

Signal region: 
5.27<mES<5.29 GeV/c2 

|E| < 0.010 GeV 
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The arrow of time 
To the relief of physicists, time really does have a preferred direction       
 

Sep 1st 2012 | from the print edition  

 

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

and this, in turn, is because there are innumerably fewer ways to arrange particles in an orderly fashion than 

in a jumbled mess. Any change in an existing arrangement is therefore likely to increase its disorder. 

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







PHYSICS WORLD REVEALS ITS TOP  

BREAKTHROUGHS FOR 2012 

Time-reversal violation 

Majorana fermions CERN discovers Higgs-like boson 


