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Spin-Statistics Theorem: The pioneers

Fierz 1939:
First formulation

Pauli 1940:
More Systematic formulation

His Exclusion Principle (1925)
is a consequence of
spin-statistics theorem

Schwinger 1950:

More conceptual argument

making clear the underlying assumptions
(discussed in and of relevance to the talk)




Spin-Statistics Theorem: Basic concepts

In quantum theory: two indistinguishable particles, occupying two separate
points, have only one state, not two.

A physical state is described by a wavefunction. Two different wavefunctions are
physically equivalent if their absolute value is equal. Hence, under exchange of
identical particles positions, two particle wavefunction may pick up a phase.

Spin-Statistics Theorem: The wave function of a system of identical integer-spin
particles has the same value when the positions of any two particles are swapped.
Particles with wave functions symmetric under exchange are called bosons.

The wave function of a system of identical half-integer spin particles changes
sign when two particles are swapped. Particles with wave functions
antisymmetric under exchange are called fermions.

Consequence: Wavefunction of two identical fermions is zero, hence two
identical fermions (i.e. with all quantum numbers the same) cannot occupy the
same state- PAULI EXCLUSION PRINCIPLE (PEP).

In quantum field theory, Bosons obey commutation relations, whilst
fermions obey anticommutation ones.



Spin-Statistics Theorem: Basic assumptions

The proof requires the following assumptions:
(1) The theory has a Lorentz-invariant Lagrangian & relativistic causality.
(2) The vacuum is Lorentz-invariant (can be weakened).

(3) The particle is a localized excitation. Microscopically, it is not attached
to a string or domain wall.

(4) The particle is propagating (has a not-infinite mass).

(5) The particle is a real excitation, meaning that states containing this
particle have a positive-definite norm & has positive energy.

NB: spinless anticommuting fields for instance are not relativistic invariant

ghost fields in gauge theories are spinless fermions but they have negative norm.

In 2+1 dimensional Chern-Simons theory has anyons (fractional spin)

Despite being attached to a confining string, QCD quarks can have a spin-statistics
relation proven at short distances (ultraviolet limit) due to asymptotic freedom.



Spin-Statistics Theorem: (Schwinger’s) Proof

Object of interest for generic fields:

G(z) = (0|¢(—z)¢(z)[0).

Rotation matrix of spin polarization of the field by 1T : R(ﬂ')

STEP | : Formulate a quantum field theory in Euclidean space time where path
integral makes rigorous sense, in this case: spatial Lorentz transformations are
ordinary rotations, but Boosts become also rotations in imaginary time,

and hence a rotation by 1T in (x (space) -t (time)) plane in Euclidean
space-time is a CPT transformation in the language of Minkowski spacetime.
CPT transformation, if well defined, takes states in a path integral into their

conjugates so
| (01 R (x)$(~2)|0)

must be positive-definite at x=0 according to positive-norm-state assumption (5)
of the spin-statistics theorem. Propagating states, i.e. finite mass, implies that
this correlator is non-zero at space-like separations. You need relativity to
define space-like intervals of course, hence the Lorentz invariance (LI)
assumptions (1) + (2).



STEP Ill: . LI allows fields to be transformed according to their spin, and such that:

(0|RR¢(z)Rp(—2)|0) = £(0|¢(—z)Re(z)|0)

where + is for Bosons (integer spin) and — for fermions (half-integer spin).

STEP lll : USE CPT INVARIANCE (which is equivalent to also assuming
well-defined CPT operator and which in Euclidean space-time is equivalent to
rotational invariance) to equate the rotated correlation function to G(x), hence

(0[(Ro(x)9(y) — #(y)Ré(x))[0) =0

for integer spins, and

(0| Ré(z)9(y) + ¢(y)Rop(2)|0) = O

for half-integer spins.

NB: The theorem essentially implies that: since the operators are spacelike separated,
a different order can only create states that differ by a phase. The argument fixes the
phase to be —1 or 1 according to the spin. Since it is possible to rotate the space-like
separated polarizations independently by local perturbations, the phase should

not depend on the polarization in appropriately chosen field coordinates.



Part Il
Spin-Statistics Theorem
Violation
if
CPT Violation?



CPT Theorem

Schwinger 1951 Liders 1954 J S Bell 1954 Pauli 1955 Res Jost 1958



) In Quantum Field Theory
CPIT Theoremires quantum mechanics

Conditions for the Validity of CPT Theorem A
P:i——% T:t——tT), C¢(q)=1(-q)
CPT Invariance Theorem : Schwinger, Pauli,
(i) Flat space-times Luders, Jost, Bell
(i) Lorentz invariance revisited by:
(iii) Locality Greenberg,
(iv) Unitarity Chaichian, Dolgov,

Novikov, Tureanu ...

(ii)-(iv) Independent reasons for violation



CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem : Kostelecky, Bluhm, Colladay,

EI) L orents in\;ariance Potting, Russell, Lehnert, Mewes,
(i) : Diaz , Tasson....
7 Standard Model Extension (SME)

(iv) Unitarity

(ii)-(iv) Independent reasons for violation

—f (. —f —f
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Lorentz & CPT Lorentz & CPT
Violation Violation



STANDARD MODEL EXTENSION

V.A. Kostelecky, R. Bluhm, D. Colladay, R. Lehnert, R. Potting, N. Russell,[asson

In this case Lorentz symmetry is violated and hence CPT, but no quantum decoherence or unitarity
loss. CPT well-defined operator, does not commute with Hamiltonian of the system.

String theory (non supersymmetric) — Tachyonic instabilities, coupling with tensorial fields (gauge
ETC], — < ."—1;_,-, }?é 0 . = T‘”’l"'“n ::"?é 0 s

Spontaneous breaking of Lorentz symmetry by (exotic) string vacua MODIFIED DIRAC EQUATION in
SME: for spinor i reps. electrons, quarks etc. with charge g

1 .
('IIT'LL.D'LL — .ﬂ-"f — fI—_“n:".u — I.F.j'“ﬂl"r;.ﬂl"#b — _EH_HL.'JI—LU + 'I.C”UHJ'“.DV ‘|_ 'id:”unlr'ﬁnlr'“ﬂy}'ﬂ} =0

[ L
where Dy = 8y — AL TY —qA,.
CPT & Lorentz violation: a, , b, . Lorentz violation only: ¢y . dyw . Hyw.

NB1: : mass differences between particle/antiparticle not necessarily.

NB2: In general a,, b, ... might be energy dependent and NOT constants (c.f. Lorentz-Violation
due to quantum space time foam, back reaction effects); ALSO in stochastic models of QG
| ) (ay ,by) =0, (aga,) #0, {(bya,)#0, (byb,} # 0, etc ... much more suppressed

effects




CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem :

(i) Flat space-times Barenboim, Borissov, Lykken
(ii ' iance PHENOMENOLOGICAL

i) Locality models with non-local
(iv) Uni mass parameters

(ii)-(iv) Independent reasons for violation

S = /d41? U(z)idy(x) + % /dg.’r /dtdt'zﬁ(t,x)t 1t’ (', x).



CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem :
(i) Flat space-times
(i) Lorentz invariance

(iii
< (iv) Unitarity >

(i)-(iv) Independent reasons for violation
s J.A: Wheeler

e.g. QUANTUM SPACE-TIME

FOAM AT PLANCK SCALES '




CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem : Hawking,
(i) Flat space-times Ellis, Hagelin, Nanopoulos
Srednicki,

(i) Lorentz invariance . .
(i - Banks, Peskin, Strominger,
<](iv) Unitarity > Lopez, NEM, Barenboim...

(ii)-(iv) Independent reasons for violation

QUANTUM GRAVITY INDUCED DECOHERENCE
EVOLUTION OF PURE QM STATES TO MIXED
AT LOW ENERGIES

LOW ENERGY CPT OPERATOR NOT WELL DEFINED

cf. w-effect in EPR entanglement




CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem : Hawking,
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NB: Deccherence & CPTV

May induce quantum decoherence

Decoherence meties of propagating matter and
that S intrinsic CPT Violation
asympletic aehstty in the sense that the CPT
makrix of

operator © is not well-defined >

iow—ehergj matter : e
a beyond Local Effective Field theory

p = Tr|v) (Y| 3
Pout — $IOin @pin — pout
S ”; g gt fOwelldefined $—1 — @—1gg—1

can show that
exisks !

s - = !
g _ i [ Hit INCOMPATIBLE WITH DECOHERENCE !

Hence O ill-defined at low-energies in VVald (79)
QG foam models



A THEOREM BY R. WALD (1979): If $§ £ S ST, then CPT is violated, at least
in its strong form.

PROOF: Suppose CPT is conserved, then there exists unitary, invertible operator ©
. ©p,,, = pour  acting on density matrices p = Tr |[y><y|

Pout = $ Pin — eﬁt’n =% e_lr_ﬂnut — ﬁin - 9_1$ e_lﬁnut'

Butp,,, =9%p,,. hence : 5, =07 8071 $ 7,

LT

BUT THIS IMPLIES THAT $ HAS AN INVERSE- © '$0~', IMPOSSIBLE
(information loss), hence CPT MUST BE VIOLATED (at least in its strong form).

NB1: IT ALSO IMPLIES: © =$ © ' $ (fundamental relation for a full CPT
invariance).

NB2: My preferred way of CPTV by Quantum Gravity Introduces
fundamental arrow of time/microscopic time irreversibility...

NB3: Effective theories decoherence, i.e. (low-energy ) experimenters do not

have access to all d.o.f. of quantum gravity (e.g. back-reaction effects...)
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CPT symmetry without CPT invariance ?

But....nature may be tricky: WEAK FORM OF CPT
INVARIANCE might exist, such that the fundamental “arrov
of time” does not show up in any experimental

measurements (scattering experiments).

Probabilities for transition from 1 =initial pure state to
¢ =final state

Py — ¢) = P07 '¢ — 01)

where 0: Hin — Hout, H= Hilbert state space,
Op =0pf', 6" =—0"' (anti — unitary).

In terms of superscattering matrix $:
st =07's0™!

Here, © is well defined on pure states, but $ has no inverse,
hence $ T £ $~* (full CPT invariance: $= SST, $" =$71).




CPT symmetry without CPT invariance ?

But....nature may be tr|cky WEAK FORM OF CPT

INVARLAMEE ot P
Supporting ewdence for Weak CPT from Black-hole

of time

measulthermodynamics: Although white holes do not exist (strong

Z“’?a' CPT violation), nevertheless the CPT reverse of the most
=TIn

probable way of forming a black hole is the most probable

way a black hole will evaporate: the states resulting from
where
o, — |black hole evaporation are precisely the CPT reverse of

In terrl the initial states which collapse to form a black hole.

gt — 0~ 1go? In principle this
question can be

Here, O is well defined on pure states, but $ has no inverse, settied

hence $ T £ $~* (full CPT invariance: $= SST, $" =$71).

experimentally




CPT symmetry without CPT invariance ?

But....nature may be tr|cky WEAK FORM OF CPT
INVAPIAI\I/‘I_ L ~ B R ' A
of time

Supporting ewdence for Weak CPT from Black-hole

measulthermodynamics: Although white holes do not exist (strong

Probal CPT violation), nevertheless the CPT reverse of the most

¢ =fin

probable way of forming a black hole is the most probable

way a black hole will evaporate: the states resulting from

where

o, — |black hole evaporation are precisely the CPT reverse of

In tern the initial states which collapse to form ¢

$" — o g0

Here, © is well defined on pure states, but $ has no inverse,
hence $ T £ $~* (full CPT invariance: $= SST, $" =$71).

In principle this
question can be
settlied

experimentally




(L) 1f CPT ill-defined >
by effect (if due to
uantum Gravity
decoherence) > com‘:ef& of
antiparticle still well-

defined, but...

spin-stastistics theorem
violation?



STEP Ill: . LI allows fields to be transformed according to their spin, and such that:

(0|RR¢(z)Rp(—2)|0) = £(0|¢(—z)Re(z)|0)

where + is for Bosons.(integer spin) and — for fermions (half-integer spin).

STEP lll A\USE CPT INVARIANCE)(which is equivalent to also assuming
well-definethCPT operator anduich in Euclidean space-time is equivalent to
rotational invariance) to equate the rotated correlation function to G(x), hence

(0[(Ro(x)9(y) — #(y)Ré(x))[0) =0

for integer spins, and

(0|Ro(z)d(y) + ¢(y)Ro(x)|0) =0

for half-integer spins.

NB: The theorem essentially implies that: since the operators are spacelike separated,
a different order can only create states that differ by a phase. The argument fixes the
phase to be —1 or 1 according to the spin. Since it is possible to rotate the space-like
separated polarizations independently by local perturbations, the phase should

not depend on the polarization in appropriately chosen field coordinates.



(ib) If CPT ill-defined >
. spm—skastis&i;cs theorem
f - violakion? '

Pauli-Principle Violation?



The Vlolation of Pauli principle Experiment

(VIP(2))
:,, | w
B W . C. Curceanu et al. arXiv:1602.00867
¢ ,, 5 Found.Phys. 46 (2016) 263
s .- P 2"’ m\{ Pichler et al. arXiv:1602.00867
. “ %0 ..., 'ﬁ g PoS EPS-HEP2015 (2015) 570
o L £ ﬂ" \? Look for forbidden 2p = 1s spontaneous
e ff rf{"\ )d . transition in Copper (for electrons)
B )Y - 5 __ .

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

Normal (allowed) 2p - 1s transition with an energy of 8.05 keV for copper (left)
and non-Paulian (forbidden) transition with an energy of around 7.7 keV for copper (right).



The Vlolation of Pauli principle Experiment
(VIP(2))

i TR Py e C. Curceanu et al. arXiv:1602.00867
,‘5 Found.Phys. 46 (2016) 263
A R n,?f‘; = Pichler et al. arXiv:1602.00867
e SN o N ,‘:‘{‘ s PoS EPS-HEP2015 (2015) 570
B | "\ a‘.“q!&\""”
a At \\? Vi Look for forbidden 2p - 1s spontaneous
N e 1}} a‘ffi\ '\'.)41 . transition in Copper (for electrons)
bl e R,
[ .1 v‘-“ .
VIP result (2010 data ) for probability ~ 3° a7 10-2
of PEP violation in an atom 82 g =% X
2

Curceanu, C. et al.: J. Phys. 306, 012036 (2011)
Curceanu, C. et al.: J. Phys. Conf Ser. 361, 012006 (2012)
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SCIENCES

The parameter “B”

Ignatiev & Kuzmin model creation and destruction operators
connect 3 states

- the vacuum state
- the single occupancy state
- the non-standard double-occupancy state

through the following relations:

The parameter 8 quantifies the degree of violation in the transition
I1>—12>. ltis very small and for —0 we can have the Fermi -
Dirac statistic again.

WWW:OEAW.AC.AT/SMI




The Vlolation of Pauli principle Experiment

A PR C. Curceanu et al. arXiv:1602.00867
VO s D \5 ) Found.Phys. 46 (2016) 263
=0 A . 25 .,’ ’ 5D ¥ » — . -
TN T e Pichler et al. arXiv:1602.00867
L W el PoS EPS-HEP2015 (2015) 570
, “ '.'/ I
ANy : s L) 5~
FAY S A ]
W A ﬁ": ‘? X Look for forbidden 2p = 1s spontaneous
oAl & '\' ' & ALK ‘ ugn .
- B m._l:é_\& AR ’ transition in Copper (for electrons)
st B
VIP result (2010 data ) for probability ~ 3° a7 10-2
of PEP violation in an atom 32 g =% X
2

VIP2 : forsee improvement by at least 2 orders

of magnitude on this bound : < 10-31
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1E-24

1E-25 Ramberg-Snow (1990)

N4 lead

S.R. Elliott et al. (2012)
VIP1-LNF (2006)
1E-27 O
M VIP1-LNGS (2011)

N4

1E-26

18-28 copper

18-29 VIP2

PEP violating parameter

1E-30

1E-31

1 E'32 | ) | ) | v | v ] )

Experiment




(E;L) Decoherence CPTV- en&a;sf\gtad Mesons

May induce quantum decoherence

Decoherence meti&s of propagating matter and
&gf“&d ¥ intrinsic CPT Violation
asva&o = RSy in the sense that the CPT
makrix of

operator © is not well-defined >

low-energy matter : et
= beyond Local Effective Field theory

p = Tr|) (Y]

i) = N | [Mo (K)) [T

May contaminate i.ui.!:i.attv ankisymmetbric neutral
meSon M state by symmeltic parts (w-effect)

Bernabeu, NEM, Hence O ill-defined at low-energies in Wald (79)
Papavassiliou, PRL(04) QG foam models > may affect EFPR
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Part 1li
Decoherence-Induced
CPT Violation
&

Entangled Neutral Mesons
w-effect



w-effect observables/current bounds

¢ Decays and the w Effect

Consider the ¢ decay amplitude: final state X at t; and Y at time t2 (f = 0 at the moment of ¢
decay)

T o S
1 2
Amplitudes:
A(X,Y) = (X|Ks)(Y|Ks)N (A1 + Az)
with
A, = E_:;{AL+Asjtfz[nxe_iaianfz _ nyﬂi&l&tfz]
Ay = w[e‘“‘S‘ _ ﬁxﬂye_“L‘]

the CPT-allowed and CPT-viclating parameters respectively, and nx = (X |K ) /(X |Kg) and
ny = (Y[KL)/(Y|Ks).
The “intensity” I(At): (At = t1 — t2) is an observable
| e Bernabeu, NEM,
ran =g [ aac )P Papavassiliou,...

At



w-Effect & Intensities.

1 _ _ o .
I(At) = - dt|A(nt a7 n )2 = (vt |f<;5)|‘*|f~.f|2|7q+_|2lf1 + 13 +112}

|At

—Tsat L o= TLat _ 9= (TSHTLIAL/2Z o5( AMAL)

I1(At) =
1(A) ' +T's

€
Iny _[? 2Ts
4 |w]

Ti2(At) = —
(A0 = "I AME  @ars T2 Iy

I(At) =

[mm(e—rsm sin(¢y_ — Q) — e TSHLIA 2500, — O+ ,&M&;j)

—(3Ts + r—;_,)(e—rsﬂ"* cos(¢pp_ — Q) —e TSHILIA2 (o, —Q+ &M.&tj)]

AM = Mg — Mg and n,_ = |, _|e*®+-.

NB: sensitivities up to |w| ~ 10~ in ¢ factories, due to enhancement by |74 | ~ 10~% factor.

Bernabeu, NEM,
Papavassiliou,...



w-Effect & Intensities.

1 _ _ o .
I(At) = - dt|A(nt a7 n )2 = (vt |Rs)|4|f\f|2|n+_|2l11 + 13 +112}

|At

I (AD) — “USAt 4 e TLAT _ 9= (TSHTLIAL2 co5(AMAL)

'y +Ts %
w|? e~TS2*  enhancement factor due to CP violation

I2(At) = n: |2 2rs compared with, eg, B-mesons

4

Ii2(At) = —
12(At) 4(AM)? + (375 + 'L

[mm(e—rsm sin(¢,_ — Q) —e” “2sin(gy_ —Q+ ,&M&;j)
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w-effect observables/current bounds

¢ Decays and the w Effect

Consider the ¢ decay amplitude: final state X at t; and Y at time t2 (f = 0 at the moment of ¢

decay)
S e O
1

N
-
]
[14]

At
I(At=0) # 0
if w-effect present

| e Bernabeu, NEM,
ran =g [ aac )P Papavassiliou,...

At

The “intensity” I(At): (At = t1 — t2) is an observable



w-Effect & Intensities.

/

a

At

Characteristic cases of the intensity I(At), with |w| =0 (solid line) vs T(At)
(dashed line) with (from top left to right): (i) \w| = n4_|, @ = o, — 0.16m, (ii)
wl=ns_|, = ¢s_ +0.95m, (iii) |w| =0.5/np_|, Q= ¢;_ +0.16m, (iv)

w| =150y, 2=¢._. At is measured in units of T7g (the mean life-time of
Kg) and I(At) in units of |C*|n,_|?|(x 7 |Ks)|*Ts.

Bernabeu, NEM,
Papavassiliou,...



w-Effect & Intensities.

—

-
Eh -‘-"‘-.H
- P
F e
" -

,

1 ,
a_8pL ¢
£

Current Limits (KLOE Coll.) on w-effect

. ' . ' .
[ b | [ %] [l (i3] m [
L]

—
[

+87
(1.1_5.3stat -

+4.8 N
(3'4—5.Ostat -

a
=)

[=] [=] [=]
[ )

Characteristic cases of the intensity I(At), with |w| =0 (solid line) vs T(At)
(dashed line) with (from top left to right): (i) |w| = . |, Q =¢,_ — 0.16m, (ii)
wl=ns_|, = ¢s_ +0.95m, (iii) |w| =0.5/np_|, Q= ¢;_ +0.16m, (iv)
w|=1.5n, |, Q2=¢. . At is measured in units of 75 (the mean life-time of
Kg) and I(At) in units of |C*|n,_|?|(x 7 |Ks)|*Ts.

Perspectives for KLOE-2 : Re(w), Im(w) 2> 2 x 10-°

A di Domenico |




Disentangling w-effect from background

(Bernabeu, NM and Papavassiliou, hep-ph /0310180 (PRL 92) )

If CPT is broken via Quantum Gravity (QG) decoherence effects on $ SST, then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K° and K SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial
Entangled State in ¢ (B) factories |i > (in terms of mass eigenstates):

i > = A-r[[:|K5[E]|:HL(—E]|::-—|KL[E:|:K5{—E:I :-)

o = |w|e*?

+ w f Kg(k), Kg(—k) > —| K (k). K[ (—k) j::-:]]

NB! KsKgs or K, — K|, combinations, due to CPTV w, important in decay channels. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the
“wrong” (C(even)) symmetry state.

Experimental Tests of w-Effect in ¢, B factories... in B-factories: w-effect — demise of flavour tagging
(Alvarez et al. (PLE60T))

NB1: Disentangle w C'-even background effects ( ete™ = 2v = KDED}: terms of the type
K s K 5 (which dominate over K1, K1, ) coming from the ¢-resonance as a result of w-CPTV can be

distinguished from those coming from the ' = + background because they interfere differently with
the regular ' = — resonant contribution with w = 0.

NB2: Also disentangle w from non-unitary evolution (o = v ...) effects (different structures)
(Bernabeu, NM, Papavassiliou, Waldron NP B744:180-206,2006)



Disentangling w-effect from background

CPTV K K, wK;Kg terms originate from
®-particle , hence same dependence on
centre-of-mass energy s. Interference
proportional to real part of amplitude,

exhibits peak at the resonance.... ||-g g

Bernabeu, NEM,
Papavassiliou, PRL(04)



Disentangling w-effect from background

KsKs terms from C=+ background

no dependence on centre-of-mass energy s.
Real part of Breit-Wigner amplitude I
Vanishes at top of resonance, Interference
of C=+ with C=-- background, vanishes

at top of the resonance, opposite signature
on either side.....

P
iry

Bernabeu, NEM,

Papavassiliou, PRL(04) 45



Disentangling w-effect from background

CLEAR EXPERIMENTAL 1
DISTINCTION BETWEENTHE | P
TWO CASES T

Bernabeu, NEM,
Papavassiliou, PRL(04)



Disentangling w-effect from background

(Bernabeu, NM and Papavassiliou, hep-ph /0310180 (PRL 92) )

If CPT is broken via Quantum Gravity (QG) decoherence effects on $ SST, then: CPT operator © is
ILL defined = Antiparticle Hilbert Space INDEPENDENT OF particle Hilbert space.

Neutral mesons K° and K SHOULD NO LONGER be treated as IDENTICAL PARTICLES. = initial
Entangled State in ¢ (B) factories |i > (in terms of mass eigenstates):

i > = h-r[[:|KS{E]|:HL{—E]|}—|KL{EJ:H5{—EF :-)

o = |w|e*?

-+ w |I Kg(k), Kg(—k) > —| K (k). K[ (—k) j::-:]]

NB! KsKgs or K, — K|, combinations, due to CPTV w, important in decay channels. There is
contamination of C(odd) state with C(even). Complex w controls the amount of contamination by the

Experimental Tests of w-Effect in ¢, B factories... in B-factories: w-effect — demise of flavour tagging

(Alvarez et 2l (PLE607))  Bernabeu, Botella, NEM, Nebot (2016).

NB1: Disentangle w C'-even background effects ( ete” = 2v = KDE}: terms of the type

K s K 5 (which dominate over K1, K1, ) coming from the ¢-resonance as a result of w-CPTV can be
distinguished from those coming from the ' = + background because they interfere differently with
the regular ' = — resonant contribution with w = 0.

NB2: Also disentangle w from non-unitary evolution (o = v ...) effects (different structures)
(Bernabeu, NM, Papavassiliou, Waldron NP B744:180-206,2006)



B-systems, w-effect & demise of flavour-tagging
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B-systems, w-effect & demise of flavour-tagging

CP-type asymmetry of the form

B I()()(t) — ]()(‘)(t) . B Zoo — I(_)(_)
Acp(t) = Too(t) + Ioo(t) Acp = Too +Zog
Loy = C;? I,
= [t tuto 1 _ 2Re(@f(0)
L+ |wf )]

1

10 = [i+ s(a+-2) (a-02-2) (eﬁt +e)

CP para@eter CPTV parameter (QM) a =1AM/2 + Al /4

e = (€1 +€)/2 0 = € — €3




Equal-Sign di-lepton charge asymmetry At dependence

ALVAREZ, BERNABEU, NEBOT

* Interesting tests of the w-effect can be
performed by looking at the equal-sign di-

lepton decay channels
a first decay B — X (* and a second decay, At later, B — X'(*

Asl —

I(6F, 67 At —I(0- 6, At)

[(GRGN EY (GRENY)

w=0

— 4

Re(€)

1+ |ef? + O((Re €)?)




Equal-Sign di-lepton charge asymmetry At dependence

ALVAREZ, BERNABEU, NEBOT

* Interesting tests of the w-effect can be
performed by looking at the equal-sign di-

lepton decay channels
a first decay B — X (* and a second decay, At later, B — X'(*

I(6F, 00 A — I(0— 0, Ar)
Asl —

[(GRGN EY (GRENY)

o = |wle™

w=0

— 4
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Equal-Sign di-lepton charge asymmetry At dependence

ALVAREZ, BERNABEU, NEBOT

* Interesting tests of the w-effect can be
performed by looking at the equal-sign di-

lepton decay channels
a first decay B — X (* and a second decay, At later, B — X'(*

IO e A — I 0 Ar) . Re(e) >
A = 1000 Ar)+1(0— 0~ Ar) (020_41+|g\2 TO((Ree))
O=oe? = [T A=0)~|of
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AS_, (At) asymmetry for short At << 1/T

As1 Agy
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Figure 2: Equal-sign dilepton charge asymmetry for different values of w;
(w| = 0 (solid line), |w| = 0.0005 (long-dashed), |w| = 0.001 (medium-
dashed), |w| = 0.0015 (short-dashed). When w # 0 a peak of height
Ag(peak) = 0.77 cos(2) appears at At(peak) = 1.12 |w| %, producing a dras-
tic difference with the w = 0 case, in particular in its time dependence.

Observe that the peak, independently of the value of |w|, can reach enhance-
ments 10 to 102 times the valiue of the asvmmetrvy when o = ()



0.006&

At observable

0.005

At observable
Expt.

0o.00g

| At observable

0.002

w ¢ )
| | n_goz EE)(r>t‘
| * At observable
’ - —1 | Expt. _
’ oo o o D-zAt o pu.luz 004 0.08 0.08 At
(a) |w] vs. AH(T71); for Q=0 (b) Q vs. At(I'1); for |w| = 0.001

Figure 4: Contour curves for £|dAy/dAt| = 0.1, the white area represents
the points where £|dAy/dAt| > 0.1, and hence the time variation would be

(expected to be) experimentally detectable. Notice the tiny dark line on the
left of each graph which represents the first peak of the asymmetry, where of

course the derivative also goes to zero. Fig. (a) plots |w| vs. At for a fixed
() = 0, observe that although to see the peak in A a very high At-resolution
is required, the region where the time variation is detectable might be more
accessible experimentally. Fig. (b) plots the phase 2 vs. At for a fixed value
of |w| = 0.001, note that disregarding the values of the phase around 7 /2
and 37 /2. the measurable region (white) is anite favoured in At.




EXPERIMENTAL LIMITS circa 2005

A" =0.0019+ 0.0105

—0.0084 < Re(w) < 0.0100

95%C.L




A (At) asymmetry for long At > 1/l

Asl
-04--: 0.01p:
L0311 0.005} ™ ‘
02} 2 ! 6 8 At ()
.01r -0.005¢
L e e e T T e . = — — — — .
0.5 1 1.5 2 AtlF)  -0.01°
(a) (b)
Region where asymmetry is Asymmetry plotted in the range
quasi-independent but w-effect including Am At ~ 21 - second

shifted peak due to quasi periodicity
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TIME REVERSAL TESTS
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INDEPENDENTLY OF CP VIOLATION

IN EPR ENTANGLED STATES



Testing Time Reversal (T) Symmetry independently of CP & CPT
in entangled particle states : some ideas for antiprotonic Atoms

Early results from Bernabeu,

CPLEAR, NA48 + Banuls (99)
+ di Domenico, Villanueva-Perez (13)

+ Botella, Nebot (16)

Direct evidence for T violation: experiment must show it independently of
violations of CP & potentially CPT

opportunity in entangled states of mesons, such as A

neutral Kaons, B-mesons; EPR entanglement crucial
Observed in B-mesons (Ba-Bar Coll) Phys.Rev.Lett. 109 (2012) 21180

Experimeh&&i Use initial (Ji>) EPR correlated state for flavour tagging
teqy: P . _ -
Strateqy i) = %{uwm\“) — |R%)[K®)) infer flavour (K° or K9)
'l by observation of
= 7§{|K+)|I{_) — |K_)|K,)} . flavour specific decay
(7t v or w{tw) of the
construct observables by looking at other meson

appropriate T violating transitions
interchanging in & out states, not simply being T-odd



Reference
Transition Decay products

T -conjugate
Transition Decay products

K’ — K., (6=, 7m) K, — K" (39, £+)
K’ — K_ (€-,3x9) K_ — K" (wmr, £1)
K’ — K, (€%, 7rm) K, = K’ (379, £7)
K’ — K_ (€+,37Y) K_— K (mm, £7)
Reference CP-conjugate
Transition Decay products | Transition Decay products
K= K. (£, 7m) K'— K. (£F,7m)
K’ — K_ (€—,37%) K’ — K_ (£+,3x9)
K’ — K. (€%, 7mr) K’ — K. (£, 7m)
K’ = K_ (€+,37Y) K’ — K_ (€-,3xY%)
Reference CPT -conjugate

Transition Decay products

Transition Decay products

(£, 7m)
(€-,3x9)
(€%, 7mr)
(£+,3x9)

K, - K"
K_— K°
K, -+ K"
K_—K°

(379, £7)
(77, £7)
(39, £%)
(7mr, £F)
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T-violation Observables in entangled Kaons

Banuls, Bernabeu (1999)

Bernabeu, di Domenico,
Villanueva-Perez 2012

Bernabéu, Botella, Nebot
JHEP 1606, 100 (2016)
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Hence, in view of recent T Reversal Violation measurements
exploiting the EPR nature of entangled Kaons

we may measure directly T violation, independently of CPT,
and CP - novel tests of CPT invariance

But there are subtleties
associated with
w-effect & EPR:
limitations

in flavour tagging

New bounds on w-effect
from B-Bar systems

Bernabeu, Botella, NEM, Nebot to appear \

H|By) = pu|Bu), |Bu) = pu|Bg) + qu|Bg),
H|BL) = pr|BL), |Br) =pL|Bg) — qr|Bg)-

|Wo) < |BL)|Bu) — |Bu)|BL)
w{e[lBH)IBL)+IBL)IBH>] (1—9) |BH)|BH>—(1+9)p |BL>|BL)}
w-effect

- . . 6 — Hy—Hyy
CPTV in Hamiltonian W —hL



Relevance to antiprotonic atoms? preliminary ideas...

entangled (EPR correlated) Kaons can produced
by s-wave annihilation in antiprotonic atom

coherent decays of
neutral kaons
— 0 v (4] have been considered
( pp ) —>» K K . in the past as
s a way of measurement
of CP ¢'/e

Bernabeu, Botella, Roldan (89)

In view of recent T Reversal Violation measurements
exploiting the EPR nature of entangled Kaons

we may use antiprotonic atoms to

measure directly T violation, independently of CPT,

via coherent decays of Kaons from the annihilation?



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW =- initial state:

1¥) = [k, YD 1=k, D@ — 1k, DD =k, D@ + £ 1k, DD =k, D + ¢ |k, VD =k, [) P

NB: £ = —£ : strangeness conserving w-effect (|[Kp) = 1) . |Ks)=11).).

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ {p;, (Ap:) =0, (Ap;Ap;) # 0)

‘27,4
|_1|2 ¢k
M#(my — ma)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~ *|¢|. For
1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 1077,

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW =- initial state:

W) = 1k, 1Y =k, ) — 1k, D =k, P £ ke, YD =k, )P+ & R, 1)WY =, [)P

" . strangeness consemgng w-effect (|Kp) =1|T) . |[Ks)=1l).).

n recoil D-particle stochastic modelf (momentum transfer: Ap; ~ {pq, (Api) =0, (Ap;Ap;) # 0)

2 Ii:gfﬂil
| | ”2 2
Mp(mi1 — ma)

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~ *|¢|. For
1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 1077,

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...
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A BT ' tions of particle-probes with specific space-time defects (e.g.
R @ ane theory); Use stationary perturbation theory to describe

state - medium effects like MSW =- initial state:

o
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BULK nenta of the order of the rest energies |w| ~ 10~*|¢|. For

1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 1077,

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



* Neutral mesons no longer indistinguishable particles, initial
entangled state:

\‘ [|1\':_::El. I\'Ll‘—l_c’: > —'1\—1‘.!‘?1. I\'S-:—E-

&

- = |o

w(|Kg(k), Kg(—k) > —| K, (k), Kj(—kK)

&xg KoK, {% LKL
A::% KsKs ® KsKs »
K. K, K Ky

|w|2 ~ Sl Ap ~ (p (kaon momentum transfer)
M%G(ml—mg)z ’

If QCD effects, sub-structure in neutral mesons ignored, and D-foam acts

as if they were structureless particles, then for Mg ~ 1078 GeV

the estimate for w: | w|~10* ||, for 1> || > 102 (natural)

Not far from sensitivity of upgraded meson factories ( e.g. KLOE2)
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w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW =- initial state:

W) = 1k, 1Y =k, ) — 1k, D =k, P £ ke, YD =k, )P+ & R, 1)WY =, [)P

NB: £ = —£ : strangeness conserving w-effect (|[Kp) = 1) . |Ks)=11).).

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ {p;, (Ap:) =0, (Ap;Ap;) # 0)

2 Ii:gfﬂil
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NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~ *|¢|. For
1 > ¢ > 1072 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A. Di Domenico home page) :
Re(w), Im(w) — 2 x 1077,

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW =- initial state:

W) = 1k, 1Y =k, ) — 1k, D =k, P £ ke, YD =k, )P+ & R, 1)WY =, [)P

NB: £ = —£ : strangeness conserving w-effect (|[Kp) = 1) . |Ks)=11).).

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ {p;, (Ap:) =0, (Ap;Ap;) # 0)

" S
w|? ~ — .
Mp(mi1 — ma)

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~ *|¢|. For
1 > ¢ > 102 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
onstra ssaificantly in upgraded facilities.

Perspectives for KLOE-2 at DA®NE-2 (A) Di Domenico home page) :
e(w), Im(w) — 2 x 10772,

NB: w-Effect also generated by propagation through the medium, but with time-dependent
(sinusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...



w-Effect order of magnitude estimates I

(Bernabéu, Sarben Sarkar, NM, hep-th/0606137 )

Theoretical models using interactions of particle-probes with specific space-time defects (e.g.
D-particles, inspired by string/brane theory); Use stationary perturbation theory to describe
gravitationally dressed 2-meson state - medium effects like MSW =- initial state:

W) = 1k, 1Y =k, ) — 1k, D =k, P £ ke, YD =k, )P+ & R, 1)WY =, [)P

NB: £ = —£ : strangeness conserving w-effect (|[Kp) = 1) . |Ks)=11).).

In recoil D-particle stochastic model: (momentum transfer: Ap; ~ {p;, (Ap:) =0, (Ap;Ap;) # 0)

v2 7.4
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M#(my — ma)?

NB: For neutral kaons, with momenta of the order of the rest energies |w| ~ 10~ *|¢|. For
1 > ¢ > 102 not far below the sensitivity of current facilities, such as DA®NE (c.f. Experimental
Talk (M. Testa)). Constrain ¢ significantly in upgraded facilities.

Perspectwea for KLOE-2 at
—— 2% 107°

me page) :

NB: w-Effect also generated by propagation through the medium, but with time-dependen
jnusoidal) w(t)-terms, can be (in principle) disentangled from initial-state ones...







- ATHEORETICAL MODEL OF SPACE-
TIME FOAM INSPIRED FROM NON-
CRITICAL STRING THEORY

D-PARTICLE (DO-BRANE)
FOAM

(Ellis, NM, Westmuckett, Nanopoulos, Sarkar)



D-particle Foam Models

Bulk
‘\
/ Open strings
L / D—pal ticles
o
) DEFECT
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. 1 VELOCITY
Bulk closed
string

Brane world

Consistent supersymmetric
D—particle foam models
can be constructed

No recoil, no brane motion=
Zero vacuum energy,

unbroken SUSY

recoil contributions to
vacuum energy

Broken SUSY




D-particle Recoil & LIV models
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Logarithmme conformal field theoryv dezscribes the impulze at stage (II)



D-particle Recoil & the w-effect




D-particle Recoil & the w-effect
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D-particle Recoil & the w-effect

(901)2 k2 — 900 (glle + m2)

Qg = Qm =rol + rioy + raoa .ﬁ} = —(rio1 + rao2) X
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red 0

time = 0 (Impact) tHme = (0

e < 0

Logarithime conformal field theory describes the impulsze at staze (I1)

g{:ll = gm =rgl + rio1 + raoca
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w-effect as discriminant of space-time foam models
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IS THIS CPTV ROUTE WORTH FOLLOWING? ....

) ¥

CPT Violation

AngelzFliny 2, com

Construct Microscopic (Quantum) Gravity models with

strong CPT Violation in Early Universe, but

maybe weak today... Fit with all available data...

Estimate in this way matter-antimatter asymmetry in Universe.




CONCLUSIONS-OUTLOOK

o QUANTUM GRAVITY « Concrete examples from
DECOHERENCE MAY LEAD string/brane theory
TO ILL-DEFINED CPT early universe w-effect &
OPERATOR > baryon-asymmetry
® NON’TQIVIAL EFFECTS ON ...to explore
SPIN-STATISTICS
THEOREM-> VIOLATION OF
PAULI EXCLUSION ....LOOKING FORWARD TO
PRINCIPLE EXCITING NEW RESULTS
o w-effect in entangled  FROM EXPERIMENTS
neulral meson states LIKE KLOE2, VIP2
- Vsmolking quin
evidence o ?ki.s type
of CPTV
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Other beyond Local EF T Effects-
QG-induced ecoherence

. . . . - -1
Quantum Gravity (QG) may induce decoherence and oscillations K~ — K

= could use

Lindblad-type approach (one example) (Ellis, Hagelin, Nanopoulos, Srednicki, Lopez, NM):

Oep = ilp, H] + §Hp

where
—I —140 —ImI"12
— =4 —T —2ReM 2
Haog = <
—ImIy2 2RelM 2 —T
—Rel'yo —2ImM, - oM
and
0O 0 0 0
SHL, — 0 0 0 0 |
' 0O 0 —2a -—2p
0 0 —-28 -2
positivity of p requires: a, v > 0, ay > B2,

«x, 3, violate CPT (Wald : decoherence) & CP: C'P = g3 cosf + o2 8in#,

—Rel'19
—2ImM 2
—adM
—I

[6Hy3, CP] #0



Neutral Kaon Entangled States

« Complete Positivity ‘ Different parametrization
of Decoherence matrix (Benatti-FIoreanini)
(in o, 3.~ framework: o« = v, 3 = 0)

FROM DA<NE :

KLOE preliminary (A. Di Domenico Home Page, (c.f. Experimental Talk (M. Testa)). )
http: / /www.romal.infn.it /people/didomenico /roadmap /kaoninterferometry.html

a = (_10 i1

31lstat

e 9_.;_\.,.1) x 1077 GeV ,

8 = (3 T_:; 2 + 1.8 J x 10719 GeV |

stat —

v = (—0.41% 0 £ 12050 ) x 1072 GeV

NB: For entangled states, Complete Positivity requires (Benatti, FLoreanini) o V.0 = 0, one
independent parameter (which has the greatest experimental sensitivity by the way) v |

with L = 2.5 fb~': v — +£2.2_,.¢ x 107%! GeV ,
Perspectives with KLOE-2 at DAJP®NE-2
v — +0.2. x 107 %! GeV

(present best measurement 7y = (1 3+% Zstat + O-4syst) 10721 GeV
(KLOE)



