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51 YEARS OF-VROLATION

Onjuly 10 1964 Cronin, Fitch,
Christenson andurlay
submitted a paper to Phys. Rev
Lett. announcing the discovery
of CP violation in the weak
decays of neutrakaons

The Nobel Prize in Physics 1980

James Cronin, Val Fitch

Share this: IR 2 O
The Nobel Prize in Physics
1980

Val Logsdon Fitch
Prize share: 1/2

James Watson Cronin

Prize share: 1/2

The Nobel Prize in Physics 1980 was awarded jointly to James
Watson Cronin and Val Logsdon Fitch “for the discovery of violations
of fundamental symmetry principles in the decay of neutral
K-mesons™

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*

J. H. Christenson, J. W. Cronin,I V. L. Fitch,I and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,° meson. Several previous experiments have
served®s? to set an upper limit of 1/300 for the
fraction of K,°’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the K.3 decay
leads to a distribution in m* ranging from 280

MeV to ~536 MeV; the K|, 3, from 280 to ~516; and
In this measurement, K.° mesons were pro- the K72, from 280 to 363 MeV. We emphasize




CRSYMMETRY BREAKING

BY PARTICLE CONTENT IN SM

Progress of Theoretical Physics

PTP is predecessor journal of Progress of Theoretical and Experimental Physics (PTEP)

Institution: Universidad de Yalencia Sign In 85 Personal Subscriber

Dxford Journals » Progréss of Theoretical Physics » Volume 49, Issue 2 » Pp. 652-657,

CP-Violation in the Renormalizable Theoryv of [=
Weak Interaction

Makoto Kobayashi and Toshihide Maskawa
+ Author Affihations

Recened Seprermber |, 1972

In a framework of the rencrmali zable theory of weak interaction,
problems of CP-violation are studied. It is concuded that no realistic
mmadels of CF-violation exist in the quartet scheme without introdudng
any other new fields. Some possible models of CF-violation are also
discussed.

Copyright (c) 1973 Progress of Theorencal Fhysics

@ The Nobel Prize in Physics 2008
Yoichiro Nambu, Makoto Kobayashi, Toshihide Maskawa
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The Nobel Prize in Physics
2008

© The Nobel Foundation
Photo: U. Montan

Toshihide Maskawa
Prize share: 1/4

Photo: University of © The Nobel Foundation

Chicago

Yoichiro Nambu

Photo: U. Montan

Makoto Kobayashi

Prize share: 1/2 Prize share: 1/4

The Nobel Prize in Physics 2008 was divided, one half awarded to
Yoichiro Nambu “for the discovery of the mechanism of spontaneous
broken symmetry in subatomic physics”, the other half jointly to
Makoto Kobayashi and Toshihide Maskawa “for the discovery of the
origin of the broken symmetry which predicts the existence of at
least three families of quarks in nature”.

Photos: Copyright @ The Nobel Foundation




CRVIOLATION IN STANDARD MODEL

0 In the Standard Model, charged weak interactions among quarks
are codified in a 3 X 3 unitarity matrix: the CKM Mixing Matrix.

U The existence of this matrix conveys the fact that the quarks which participate
to weak processes are a linear combination of mass eigenstates
U The unitarity conditions can be
represented by triangles in the
complex plane.
U For the B-Bbar system, the unitarity
triangle is given by

VudVap + VedVeb + ViaVip = 0

U Flavour Mixing and CP-Violation are
described with high precision in the SM.
The best measured CP-phase is

S =sin(2 b) =0.682 £ 0.019




THE CP ANGLES OF THE UNITARITY TRI

B, - "y"KL,S[ b- cC s]
b=(215%¢) or b =(685:%)
b
C v,v. B cod2b6)?

B- Y sin(ZD) =-0.65° 0.06 [Interference MixingNo mixing]
[Direct CPV]: Cp+p_ =-0.29° 0.05

B"- DK” [Direct CPV] and related transitions:
BaBarBelleLHCb Y g=(67°12)°

Ideal Experiment: From Entangled statégjual time Decays J /) KS,,D+,0'

i Phenomenology of CPV is different in K, D, B apddgays



RARE DEC/BA > >

LHCKCollaboration, PRL (2013) Penguin projected to a
> pseudoscalar
m=) Helicitysuppression
Proportionality with the
. - mass of the lepton
FCNC, CPV o
Latest disappointment :
U Prospects for new physics,  firstevidence forvery rare decay Be=pr
thinking on: LU g
- Origin ofBaryogenesis 2 o S e
- Essence of Dark Matter El ]
U Z-penguin can induce T L
NON DECOUPLING effects STy ut

o L] _— | , N
5000 5500 6000

providing information on EWSB: m,,- [MeV/cl
B(B] — ptp~) = (3271 5(stat) £5 5 (syst)) x 107°
0 b S/d SM: (3.23 £ 0.27) x 10°



By, BA AN [ DA SAA

U Box with the Penguin Vertex: Similar arguments for-denoupling,
U. dzi X y2 LINPLER2NIA2YIFfAGE G2 A
U The point is that the penguin MOT projected to a pseudsecalar

o , . BABAR, PRD (20128,:

B \vaLx » Br<4.7x 18, 90% CL

1

i For LHC detectors: Is Displaced Vertex enough ?

U Move the penguin away from thechannel
U Nondecoupling again
b W S

t BA K® AA

< Not proportional toA mass




TIME
REVERSAL
VIOLATION

Why 48 years

after CP Violatf

- G.DrexlirKarlsruh e
- V.RubakoWosco & -

The Economlst September 201




l_&bst v b s o / okme 5L 1./ Soar -

sasscumd  Time-reversal asymmetry m particle
rouow us: [ raccecor g BJres e physies has finally been clearly seen

>1964| CPV observed in th€ - K°’ands® - B°systems: unstable particle!
CPTTheorem"| TRV expected in these systems as well.

1998| CPLEAR’ U K° ngeddgCP&Texperimentallyidentical

L.Wolfensteinw®D® {{I OKa X X
<1999 "For a decaying state, itsr€verseisnot a physical state
=) "|mpossible” test of Bymmetry!?

=1999| Bypass to "Nd€50" by means of Quantum Entanglement

M.C.Bauls J.B., PLB (1999), NPB (2000); scrutinized by
L.Wolfenstein IIMP(1999); H. Quinn, JPCS(2009):

V.Rubakoy T.Nakada F.Bote nit woultabe g
_ _ atrue TRVef f e c
METHOCD J.B., AMartinezVidal, P. VillanuevBerez JHEP (2012)

EXPERIMEN BABAR Collaboration, PRL (2012): 14

PERSPECTI| EXxtensiorto any pair of decay channels ifpBysics?
>2012| TRV for Kdecays in DAPHNE.

CONCEP




THE CONCEPTUAL BASHE EXPERIME

PHYSICS LETTERS B

Physics Letters B 464 (1999) 117-122

CP, T and CPT versus temporal asymmetries
for entangled states of the B -system

M.C. Bafiuls *', J. Bernabéu >33

* IFIC. Centro Mixto Univ. Valencia - CSIC. E-46100 Burjassot (Valencia), Spain
® Theoretical Physics Division, CERN, CH-121] Geneva 23. Switzerland

Received 19 August 1999; accepted 1 September 1999

Editor: R. Gatto

|8 Selected for a Viewpoint in Physics wieek esidiy
PRL 109, 211801 (2012) PHYSICAL REVIEW LETTERS 21 NOVEMBER 2012

§

Observation of Time-Reversal Violation in the B® Meson System

The BaBar Collaboration
(Received 24 July 2012; published 19 November 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/yK? or czK? final states (referred to as B, or B ), allow
comparisons between the probabilities of four pairs of 7-conjugated transitions, for example, B° — B
and B — B, as a function of the time difference between the two B decays. Using 468 X 10° BB pairs
produced in Y(4S) decays collected by the BABAR detector at SLAC, we measure 7-violating parameters
in the time evolution of neutral B mesons, yielding AS; = —1.37 = 0.14(stat) = 0.06(syst) and AS, =
1.17 = 0.18(stat) = 0.11(syst). These nonzero results represent the first direct observation of 7" violation
through the exchange of initial and final states in transitions that can only be connected by a 7-symmetry
transformation.
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U A symmetry transformation, T, that changes one physical systern
Into anotherwith an inverted sense of time evolution
Is called Time Reversal.

In classical mechanics, this corresponds to substituting
for each trajectoryi = 7 (t) the trajectory’ = r (—t), to moving
along the given trajectory with the opposite velocity at each point.

W¢V =0 =0
""T"'m

m

lV T

s M/‘W




TIME REVERSAL INVARIANCE ?

u If the original trajectory is dynamically possible, it is not
necessary, in general, that the time reverse trajectory be ¢
for the same dynamics.

U One would need that the equation of motion remains
iInvariant in form under theransformation

t- -t, r- 1, p- -p
In our elementary example, one would need to neglect
velocitydependent friction
d p - F(
dt

U A direct evidence of a TRV Effaoeans
the measurement of separategenuine TRV Asymmetry
In a single experiment, independent of CPV or CPT Invari

CS dp _ FCC
) INVARIANT gt V) VIOLATED



SYMMETRIES IN THE LAWS OF PH

U In Quantum Mechanics, there is an operatoyithplementing the
T-symmetry acting on the states of the physical system, such that

oy L Coe L N
U, rU =r, U, pU; =-p, U, sUS =-5
By considering theommutator [I;, Px ] =1>0 |
the operator U4 must be ANTUNITARY:

UNITARYfor conserving probabilities, ANTor complex conjugation

ANTIUNITARITY introduces many intriguing subtleties:

S- f Yefs- SJTf- Ui

T - Violation means Asymmetry under

Interchange 1IN = out states

U Similarly for ANTIUNITARY CPT which needs
not only iIn— out, but also,f - f,i , In transitions.



WHAT IS -TRANSFORMATION EXPERIMENTA

The problem is in the preparation and filtering of the appropriate init
and final meson states for atést

Entangledstate Entangled state

‘ projects p rOJectc
B 0
1(4S) / 34 S)
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S, nCASYMMETRY PARAMETEFR
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EXPERIMENTAL RESULTS

Parameter Final result SM expected val.
—  AST —1.374+0.14 + 0.06 1.36
AS 1.17 +£0.18 £ 0.11 1.36
ACT 0.10 +0.14 £ 0.08 0.
AC 0.04 +£0.14 + 0.08 0.
—  ASZ, —1.30 £0.11 £ 0.07 -1.36
AScp 1.33 +£0.12 £+ 0.06 1.36
ACH 0.07 +0.09 + 0.03 0.
ACT 0.08 +0.10 £ 0.04 0.
—  ASK 0.16 + 0.21 & 0.09 0.
ASgpr —0.03 +0.13 £ 0.06 0.
ACipr 0.14 4+ 0.15 + 0.07 0.
ACqpr 0.03 +£0.12 + 0.08 0.
S;!Kg 0.55 + 0.09 £ 0.06 0.68
S+ ko —0.66 + 0.06 £ 0.04 -0.68
i S
Cl o 0.01 4+ 0.07 + 0.05 0.
iy
C. —0.05 £+ 0.06 + 0.03 0.

(+ K9




T-RAWASYMMETRIES & SIGNFICAN

- i a) L b
< 05 < s )




This Discovery was made possible thanks to the

spectacular quantum properties of EBRangledstates

d¢KS NBIFIfAGE 2F (g2

than the sum of two separate B local realitie

The appropriate preparation of initial and final meson stat

based on:
1) Entanglement

2) The two decays as Filtering Measurements




PROSPECTS

AForthe K°- K systemin DAPHNE.

AExtensiorto any pair of decaychannelsn B-Factories
1. dTheoreticat Asymmetryin termsof initial and finalmesonstates

S(BA By vs. S(TH\ TB)

2. Taginitial statefrom first decayto” f " in aMesonFactory
“€A .| RO r\@
\B,f>u6Af\E3>-AfB>[J |
usingEntanglemenbf orthogonalstates B, ; - B, ;
TaggedFilteredby the decayto" f "

3. Aftertime-evolution seconddecayandReferenceB, Y B ‘
i.e., Experiment(f,, f,) < Theory(B,,B )
4. Treversetransition B’ Y B, ,
Whichisthe decaychannelsuchthat: Given' " ,$ f :‘ B, f-> =B/, >’?
dTheortogonality probleme ¥lavourand CReigenstatesrivileged

AlternativeA Bypasso 4 <=>NewReferencen 3: (B. ;,B _ ;)




IS EPEENTANGLEMENT APPLICABL

i Existing and Proposddsts of separate CP, T, CPT symmeinies
transitions based on EHEhtanglementmposed by Particle Identity:

K°,K  are two states of identical particles.
U The two states connected by C, so th&€+ P : permutation
operation].

U In neutral meson factorieg?- «° produced lecay
J=1 S=0G» L= C=— P =-, antisymmetricwave function «»

Timeevolution (includingthe Mixing k°- K°) preserves<°k termsonly.

==) Perfectfor tagging FlavourTag CPTag- X

( Whatif theK® K Identityislost?
Thetwo particle systemwould not satisfythe requirementCP = +.

In perturbationtheory; if still J=1, C5
i) =|antisymmeric) + w| symmetric—, | the . -effect

=) Timeevolution . K°K®terms.—. Demiseof tagging



THE -EFFECT

(i Loosing thex®, K" IdentityX

U In some Quantum Gravity models, matter propagation in topologi
non-trivial spacetime vacuasuffers a possibless of guantum
coherence2 Niecaherence @

U Originated by spacgéme foam backgrounds? [Wheeler, Ellis et al.]

The matter quantum system is an open system, interacting with th
GSYDANRYYSY(Gé 2F ljdzZa= idzy 3INI DA
unitarity for low-eneray observers

Not a welldefined Smatrix between asymptotic states
= The CP-bperator is NOT wellefined [Walg

U It should be disentangled from the case of effective theories for
Lorentzviolation,in which CPT breaking meathﬁf[ CPTY nao

U Thenew CPT + A 2 Ed A2y 0S Yy AGAYUNRY
ANNBOSNEABAt AGeRSTAYSBREGTNRY

1) amodified singleK® - K" evolution: parameterizationILindblad.
2) forentangledKaonstates in as -factory, the - -effect




. -EFFECT OBSERVABLES

u Consider thes -decayamplitude [J.B. Mavromatos Papavassiliou

[A. DiDomenicg
A(XY)= XK OV N(A + ) Y
Al — e'i(/L+/s)t/2[hX e'iD/Dt/Z _ hYeiD/DtIZ] >t1+0 ------------- t 2—><

A = M/{e—i/st _ hXhYe—i/,_t] XK, 3

1

* aX|Kd

0 Strateqgy
Choosea channelsuppressedy' QaxXy=Y =o'u” Z / forbiddere

==> Enhancecffects. /| ' +| )

U Intensity

| (Dt) 2 % ;i di A(X,Y) |2

for \wf=|hA,_| §
W= f+' ) 016,(7 2 4 B g T;(yS)




MEASUREMENT OFEFFECT

U KLOE [Obomeniceet al.] obtained the first measurement of the

- -parameter  Rew) =(-1.6 3] ° 0.4,,)x10*

Im(w) =(- 1.7 fg;gwf 1.23y59>dO'4
U Atleastone order of magnitudeimprovementis expectedwith KLOE2 at
the upgradedDAs NE. I(nt)
U Alldecoherenceeffects includingthe . -
effect, manifestas a DEVIATORM the QM
predictionof the correlationl (" + -, + -;
nt=0)=0.Hencethe reconstructionof events
in the regionnearni Figcrucial—svertex
resolution
U In Bfactories there isno suchprivileged

channel nt(ve
i With currentlyavailabledatafrom BABAR

and BELLHE)e CPVsemileptoniccharge ; . n

: . ) Monte Carlosimulationof I( + -,
asymmetry in equalsigndilepton channel -+ - t), with the KLOEesolution
|(I+ |1+; nt), givesthe bounds[Alvarez,J.B.,Nebpt * fys andwith the expected

nodnnym) )Wr()m(}gab 95%CL KLOR2 resolution” pt £ 0.3Ys

} |- | <1.0 x 16°at 95% CL




