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L OUTLINE

I. Motivation - Insufficient CP Violation induced matter-
antimatter asymmetry in Standard Model
- must go beyond to reproduce observed baryon asymmetry....

Il. Exotic scenarios: CPT Violation in early Universe?
(a) Lorentz Violating Background (flux) fields
& Baryogenesis through Leptogenesis
- matter-antimatter asymmetry of correct value:
-> evolution from early epochs to present day — current bounds

(b) Quantum Gravity Decoherence (QGD):
strong(?) in early Universe > CPT generator ill-defined

lli(a). Novel QGD-CPT Violating effects (w-effect) in entangled states
of particles, e.g. neutral mesons - bounds: O, B- factories searches

IlI(b). Connection to Baryogenesis (specific QGD models)

IV. Conclusions-Outlook



IS THIS CPTV ROUTE WORTH FOLLOWING? ....

CPT Violation

AngelzFlinyz.com

Construct microscopic models with strong CPT Violation

in Early Universe (due to background fields or

quantum gravity), but weak today... Fit with all available data... :-;\
in particular current stringent constraints = scale back in time ({/ \I
Estimate in this way matter-antimatter asymmetry in Universe >
Does it agree with the expected phenomenological value ? ==
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IS THIS CPTV ROUTE WORTH FOLLOWING? ....

time Baryogenesis @ T, : direct CPTV
or through {bi(T,)} parameters
Leptogenesis first @ T'p, > T require correct
phenomenology
scale with T
(concrete
model)

N N
— CPT Violation parameter(s) {bi(Ty)}= {b'o}
.. J  {bi;}: current-epoch bounds (experiment) check with expt
J— bounds

Construct microscopic models with strong CPT Violation
in Early Universe (due to background fields or —
quantum gravity), but weak today... Fit with all available data... /2 2\
in particular current stringent constraints > scale back in time | b 1 |

Estimate in this way matter-antimatter asymmetry in Universe .

~n— " 4

Does it agree with the expected phenomenological value ? _



Part |
- Motivation:
Matter-Antimatter
Asymmetry
in
the Standard Model




STANDARD MODEL INCOMPATIBLE
WITH BARYOGENESIS

» Matter-Antimatter asymmetry in the
Universe j> Violation of Baryon # (B), C & CP

» Tiny CP violation (O(10-3)) in Labs: e.qg. KOI_{O

* But Universe consists only of matter

[nB —nNp np—Np _ (8.4 — 8.9) x 1()11]T>1Gev

ng +npg S

Sakharov : Non-equilibrium physics of early Universe, B, C, CP violation

jl> nR —NB  but not quantitatively in SM, still a mystery
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OBSERVED CP VIOLATION UNLIKELY TO EXPLAIN
BARYON ASYMMETRY IN THE UNIVERSE

Kuzmin, Rubakov, Shaposhnikov

Rate of B violation in Early Universe

M. \7 M. ;
(awT)? (Tph) exp (—Tph) , 1T 5 Mgpn,
I~

Thermal Equilibrium (i.e. ' > H (Hubble)) for B non conserv. occurs only for:

BAU could be produced
this way only when

sphaleron interactions

Tsph(mH) & 130, 190]GeV freeze out, i.e.
mpy € [100,300]GeV T ~ T,

‘Tsph(ﬂlj_j) <T < (ﬂﬁf)aﬂ-’fpg ~ 1012 CeV
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OBSERVED CP VIOLATION UNLIKELY TO EXPLAIN

BARYON ASYMMETRY IN THE UNIVERSE

Kuzmin, Rubakov, Shaposhnikov
Rate of B violation in Early Universe

M. \7 M. ;
(awT)? (Tph) exp (—Tph) , 1T 5 Mgpn,
I~

BAU COULD BE PRODUCED @ ‘T ~ Tséh\ 4 : Compute CP
Violation Effects

Tsph(mH) € [130,190]GeV Use CKM

Matrix for

LHC Expts (2012) m,, = 126 GeV T>T.,




Within the Standard Model, lowest CP Violating structures

dop = Hill(ffr'12)5111[93;3)5i11(91;3]::iil

2 Vf e 2 .

(m? —m2)(m? — m2)(m2[m?2) (m3 2 2) (m?

— '5'”3;][?”-5 — ??1;{)[???; — i'?’?-ﬁr;]

Rubakov, Kuzmin, Shaposhnikov, Kobayashi-Maskawa CP Violating phase
Gavela, Hernandez, Orloff,Pene

2 2
- D =1Im Tr [J\/!u,f\/ld,f\/lu,y\/ld]

. I i np —Np Np—Np —11
CP 1n—20 ~ = (8.4 —8.9) x 10
5ff.-"1f - T12 ~ 10 << np +ng S ( )

This CP Violation
[~ Tsph Cannot be the

Tsph(mH) € [130,190]GeV - Source of Baryon

4.9 Asymmetry in
LHC Expts (2012) m,, = 126 GeV | The Universe



Beyond the Standard Model

« Several Ideas to go beyond the SM (e.g. GUT
models, Supersymmetry, extra dimensional models
etc.) — to find EXTRA SOURCES OF CP
VIOLATION within CPT invariant effective field

theories



Beyond the Standard Model

« Several Ideas to go beyond the SM (e.g. GUT
models, Supersymmetry, extra dimensional models
etc.) — to find EXTRA SOURCES OF CP
VIOLATION within CPT invariant effective field

theories

- THIS TALK: TRY EXOTIC SCENARIOS WITH
(SIMPLIFIED) MODELS OF Q

CPT VIOLATION IN EARLY UNIVERSE ?
Consistency with stringent current
constraints must be ensured



Part II
CPT Violation
THEORY



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



CPT Theorem

Conditions for the Validity of CPT Theorem

P:Z— -7, T:t——tT), Cy(g)=(—g)

1 >f, T f>i
CPT Invariance Theorem : Schwinger, Pauli,
A quantum field theory Luders, Jost, Bell

lagrangian is invariant
under CPT if it satisfies
(i) Flat space-times

(i) Lorentz invariance
(iif) Locality

(iv) Unitarity



CPT Theorem

Conditions for the Validity of CPT Theorem

P:Z— -7, T:t——tT), Cy(g)=(—g)

CPT Invariance Theorem : Schwinger, Pauli,
A quantum field theory Luders, Jost, Bell
lagrangian is invariant revisited by:
under CPT if it satisfies Greenberg,

(i) Flat space-times Chaichian, Dolgov,
(i) Lorentz invariance Novikov, Fujikawa,
(iii) Locality Tureanu ...

(iv) Unitarity

(ii)-(iv) Independent reasons for violation



CPT VIOLATION

Conditions for the Validity of CPT Theorem

PT Invariance Theorem :
Flat space-times
Lorentz invariance
Locality

V) Unitarity

PT V well-defined as Operator ©
does not commute with Hamiltonian
[O.H]#0



CPT VIOLATION

Conditions for the Validity of CPT Theorem

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

(i

(ii)-(iii) CPT V well-defined as Operator ©
does not commute with Hamiltonian

[O.H]#0
.g. Quantum Gravity decoherence 2> A

°T operator may not be well defined (Wald)
- consequence for Entangled States (Bernabeu, NEM, Papavassiliou, ...)




CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem : Kostelecky, Bluhm, Colladay,

(i) =i )
. ) ) Potting, Russell, Lehnert, Mewes,
This Talk Eiii) Loreqtz invariance Diaz , Tasson....
J

(iv) Unitarity Standard Model Extension (SME)

(ii)-(iv) Independent reasons for violation

—f (. —f —f
L300 (979, = my )of + au vl + b, 6 e 4

v N

Lorentz & CPT Lorentz & CPT
Violation Violation

[O,H]#0




Simplest ideas on
CPT Violation (CPTV)
do not work for
Baryogenesis

X
e



CP T VIOLATION IN THE EARLY UNIVERSIE

Assume CPT Violation was
strong in the Early Universe

ONE POSSIBILITY:

particle-antiparticle mass differences

[O,H]#0

0 # HO|m) — O©H|m) = HO|m) — mO|m)

m #£m

GENERATE Baryon and/or Lepton ASYMMETRY
through CPT Violation

physics.indiana.edu

( |[m> = mass eigenstate
O] )



Equilibrium Distributions different between particle-antiparticles
Can these create the observed matter-antimatter asymmetry?

B ) 1 m #£m
a8 eXP[E—#/T]il )M = M — m
n=n-n=ay [ L [f(E.u) - F(E.0)]
E = /p?+m?2, E = /p? + m? Dolgov, Zeldovich
- - - Dolgov (2009)

Assume dominant contributions to Baryon asymmetry from quarks-antiquarks

m (T) ~ gT ‘ High-T quark mass >> Lepton mass



Equilibrium Distributions different between particle-antiparticles
Can these create the observed matter-antimatter asymmetry?

F(B, 1) = 1 m 7 m
B exp[(E— p)/T] =1 )M = M — m

n=n—n=oy [ 7L [fE.m) - F(B.p)

E=p*+m? E=p*+m?

Assuming dominant contributions to Baryon asymmetry from quarks-antiquarks

np ‘ Dolgov, Zeldovich
Br=—2 " = —8.4-1073 (18my,dm, + 15mgdmy) /T> Do,gov (2009)

Ny = 0.2473  photon equilibrium density at temperature T

Reasonable to take: 5mq ~ 6mp Dolgov (2009)




Br = "B _ ~84-1073 (18m,,0m,, + 15mgdmy) /T2 n., = 0.2473

Current bound dmy <7x 107" m,  asacusa coll. (2016)
for proton-anti
proton mass diff. C.L. 90%

Too small

NB: To reproduce B(T:O) — 6 - 1()_10 need
the observed

dmgy(T = 100 GeV) ~ 107° — 107° GeV >> dm,

CPT Violating quark-antiquark Mass difference | /o&
alone CANNOT REPRODUCE observed BAU | \_




But
CPT Violation (CPTV)
iIs associated

with many more

effects & parameters
to explore

in connection to -

Baryogenesis... 7‘?/;\ \
o

7

\\ //



STANDARD MODEL EXTENSION

Kostelecky, Bluhm, Colladay, Lehnert, Potting, Russell et al.

LV only
. 7 o D _ 1 zypv
L= %11//['”8”[/ — Yy My M =m+ayuy" +b,ysy" + sH" oy,
LV & CPTV
"=y"+cy+d"ysyp+e’ +if'ys + %g““’ow

LV only

Spontaneous Violation of Lorentz Symmetry
(LV coefficients are v.e.v. of tensor-valued field quantities )



Microscopic Origin of SME
coefficients?

Several "Geometry-induced’” examples:
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Microscopic Origin of SME
coefficients?

Several "Geometry-induced” examples:
Non-Commutative Geometries LV only

Axisymmetric Background
- Geometries of the Early Universe |
Torsionful Geometries (including strings...)

LV &
- CPTV

Early Universe T-dependent effects:
large @ high T, Low values today
for coefficients of SME



Microscopic Origin of SME
coefficients?

Several *"Geometry-induced” examples:
Non-Commutative-Geonet
=~AXisymmetric Background
4 Geometries of the Early Universe |
Torsionful Geometries (including strinas«"

LV&
- CPTV

Ean?l.v Universe AT-da?ﬁde.v\!: effects:
large @ high T, Low values today
for coefficients of SME



STANDARD MODEL EXTENSION

Kostelecky et al.

E — %lll-frvévll/ — &Mw M=m +auy %H#\!O’ﬂn
LV & CPTV
Fp = yv-}-(‘uvyﬂ +dl_“|y5yﬂ +el,l +ifl'y5 + %glﬂvoku

In particular,
Space~!:£me.s with

Torsion
CPTV Effects of different Space-Time-Curvature/
Spin couplings between fermions/antifermions

B. Mukhopadhyay, U. Debnath, N. Dadhich, M. Sinha, Lambiase, Mohanty,
NEM, Ellis, Sarkar, de Cesare, Bossingham



Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

£ = V=3 (197" Datp — m i)

D, = (60 — —wbcaabc) : Gravitational covariant derivative
4 including spin connection
_ ,a b .
Guv = €, Mab €, s — : [,Ya’,yb]

A A :
Whea = €bA (Baec + I‘we;{eﬁ,{) .

d abed A A o
B = €""“%epa (anc + Iy uee eﬁ)



Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

L= A\ (i'§5700a¢ — mz,/—}'d))

[ ,ya,y ,yc _ nab ,yc 4+ nbc ,ya . nac ’Yb . iedabc Y 75}
D, = (80 — 1wbca0bc> : Gravitational covariant derivative
4 including spin connection
_ ,a b .
Guv = €, Nab €, 50 — : [,),a’,yb]

A A
whea = € (Oael + I’.’.#e'gef.‘) :

d abed A A o
B® = €"“epy (Oaep + | A eh)



Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

L= A\ (i'§5700a¢ — mz,/—}'d))

[ ,ya,y ,yc _ nab ,yc 4+ nbc ,ya . nac ’Yb . iedabc Y 75}
D, = (80 — 1wbca0bc> : Gravitational covariant derivative
4 including spin connection
_ ,a b .
Guv = €, Nab €, 50 — : [,),a’,yb]

A A
whea = € (Oael + I’.’.#e'gef.‘) :

Standard Model Extension

type Lorentz-violating
coupling A
(Kostelecky et al.)




Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

L= /=g (iv7* Dot — myn))

D, = (80 — —wbcaabc> : Gravitational covariant derivative
4 including spin connection
a b
g,UJV — 6,LL 7/]Cl,b 61/ ab

A A /
whea = € (Oael + I’A’.yegeﬂ) :

For homogeneous and isotropic
d abed A A
B® = €""“epx (Gae; + Fauegeﬁ) Friedman-Robertson-Walker

geometries the resulting B* vanish



Dirac Lagrangian (for concreteness, it can be extended to Majorana neutrinos)

L= /=g (iv7* Dot — myn))

Gravitational covariant derivative
including spin connection

Can be constant in a given &
local frame in Early Universe
d abed A A«
B" =€ €bA ((%ec + Papec e’;) axisymmetric (Bianchi) cosmologies
or near rotating Black holes,



NEM & Sarben Sarkar, arXiv:1211.0968

Dirac Lagrangian (for concreteness, | John Ellis, NEM & Sarkar, arXiv:1304.5433
De Cesare, NEM & Sarkar arXiv:1412.7077
Bossingham, NEM & Sarkar, arXiv:1712.03312

L=,/—g (zz,f—) Y* Db — m zﬁ@f;)

D, = (8a — —wbcaabc> : Gravitational covariant derivative
! including spin connection

a b
Guv = €, Tab €,

A A '
Whea = €bA (Baec + I’,’.yege’;) .

If torsion then IF,, # I, A
B? = ¢%¢dg, (an:} I‘c’\me?eﬁ) < antisymmetric part is the

contorsion tensor, contributes



NEM & Sarben Sarkar, arXiv:1211.0968

Dirac Lagrangian (for concreteness, | John Ellis, NEM & Sarkar, arXiv:1304.5433
De Cesare, NEM & Sarkar arXiv:1412.7077
Bossingham, NEM & Sarkar, arXiv:1712.03312

£ = V=5 (i97° Dt — m )

D, = (80 — —wbcaabc> : Gravitational covariant derivative
including spin connection

1
4
__ b :
Juv = €, Nab €, 6% = L[y 4Y]

A A
whea = € (Oael + I’.’.#e'gef.‘) :

in string theory models
antisymmetric tensor
field-strength (H-torsion)
cosmological backgrounds lead to
constant B? in FRW frame




~ Partlla
'CPT Violation
-m a Strmg-lnsplred
- Model of the
Early Universe




A won-trivial example of Torsion: Skring Theories
with Antisymmelric Tensor Backgrounds

NEM & Sarben Sarkar, arXiv:1211.0968

John Ellis, NEM & Sarkar, arXiv:1304.5433

De Cesare, NEM & Sarkar arXiv:1412.7077
Bossingham, NEM & Sarkar, arXiv:1712.03312

Massless Gravitational multiplet of (closed) strings: spin 0 scalar (dilaton)
spin 2 traceless symemtric rank 2
tensor (graviton)
spin 1 asntisymmetric rank 2 tensor




A won-trivial example of Torsion: Skring Theories
with Antisymmelric Tensor Backgrounds

NEM & Sarben Sarkar, arXiv:1211.0968

John Ellis, NEM & Sarkar, arXiv:1304.5433

De Cesare, NEM & Sarkar arXiv:1412.7077
Bossingham, NEM & Sarkar, arXiv:1712.03312

Massless Gravitational multiplet of (closed) strings: spin 0 scalar (dilaton)
spin 2 traceless symemtric rank 2

raviton)
spin 1 asntisymmetric rank 2 ten)

KALB-RAMOND FIELD 5, = — B, ,

Effective field theories (low energy scale E << M) = gauge” invariant

BMV — B/W + 5’['“(9(%),/]

Depend only on field strength : HIU/P — 8[u B,/p]

Bianchi identity : {8 [J H Uvp

=0 d+H =0




ROLE OF H-FIELD AS TORSION

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1 1
(4) 4. /—(_—- p__ pvp
om0 /da” 9(2 3R = Huy H )
= /d4x\/ 2R )
K2=81T G 2/{

R(F) rﬁp — rﬁp + ﬁ Hll;lp # Fpu
generalised
curvature Contorsion



ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
= iﬁ“b 8“[)'
1 1 R
(4) 4 (- = v

som P /d v g(ngR GHWPHM p)

PART 1
= [ d*zv/—g(=—=R )

K2=8m G / <2K2

IN 4-DIM DEFINE DUAL OF H AS ¢
b(x) = Pseudoscalar

—3 \/5801) = \/—g GMVPUHMVP (Kalb-Ramond (KR) axion)




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

Sy = 5 / d*z\/—g (L V' Duth — (Dptb)y" ¢ )

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

— 1 Waby = Waby + Kab
Da _ aa o _wbcaa_bc M H H

1 contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)



FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

i - .
S¢ — § /d4;1’4/—g (?,I.-”}"“'Du?l) - f},#u{,,)

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

—_ 1 Wabu = Wab
_ b abp abpu
Da — aa — ZWD
contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

Sy = %/d‘lx\/—g (d_w“ﬁud) — 7“@[;)

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

—_ 1 Wabu = Wab
_ b abp abpu
Da — aa — ZWB
contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)
" Non-trivial contributions to B F '
d __ _abed A A o _u — —

\_ J




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

fl'

S0 =5 [ dov=a (P D - (D))

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

Sw = /d4CCBa @’ya’yg)w' wabu — Wabp + I(ab,u

contorsion
A !
Bd EadeHb Kabc — 5 (Tcab — Tabc — Tbca)

Non-trivial contributions to B¥ F Hca,b

B® = 3bcdg, | (an(’} . eﬁ)

\_ J

— K —
ry,, =T,,+ |




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

=A A _2® 77N A A
FW:FW+6 HW:PW—I—TW

T,ij ~Y G,ij b Cownstant

S¢ > /d4ﬂfBa, @’YG’Y%D' [constant B9 X b}




In string theory a constant
B background is guaranteed
by exact solutions

Covariant Torsion tensor with Iinear in
FRW time b = (const) t

When db/dt = constant - Torsion is constant

=A A 20 17N — A Antoniadis, Bachas
I py I [Ny T+ e Hu,u =TI [Ny + Ellis, Nanopoulos

ka ~ eijk b | Constant

S¢ > d4ﬂfBa, @’YG’Y%D' [Constant B9 X b}




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

—)\

A —20 1A — A A
D =17 +e - Hppy =17, + 17,
Tijk ~ €ijk b |Constant
S¢ = /d4ﬂfBa, @’YG’Y%D' [Constant B9 X b}
LV & CPTV
Lz%lll—/\/vév]ﬁ—lszw M5m+buy5vu A

Standard Model Extension type with CPT and Lorentz Violating background b0 =8¢



De Cesare, NEM, Sarkar, Eur.Phys.J. C75 (2015) 10, 514

NB:
Perturbatively we may also have such a constant B? background
in the presence of Lorentz-violating condensates of fermion
axial current temporal component

<0|J%|0>#0
at the high-density, high-temperature Early Universe epochs

Lagrangian : vacuum

1 1 + energy
L= Fg[—R — 5 (0uh)* = O+

;me—mm . fa BB O] + ..\.}

i = Stan_dar_d Mode_l O ( (8[))4)

fermionic species

higher derivative
terms in strings




De Cesare, NEM, Sarkar, Eur.Phys.J. C75 (2015) 10, 514 ’

NB:
Perturbatively we may also have such a constant B? background
in the presence of Lorentz-violating condensates of fermion
axial current temporal component

<0|J%|0>#0
at the high-density, high-temperature Early Universe epochs

Eqs of motion for pseudoscalar:

o (ﬁ[eww(aaz _EJ5%) ¢ 0((85)3) ]) — 0

b — <]5> — C <L1TA5L~~> — constant 7& () i# Majorana neutrinos

Condensate may be subsequently destroyed at a temperature Tc, <0 | J% |0> > 0
by relevant operators so eventually in an expanding FRW Universe forT < Tc
weak torsion today,

BO ~ b~ 1/a3(t) ~ T3 o

experimental limitst-

&



BO . (string) theory underwent a phase transition
@ T=T,=10°GeV, from B°= const = 1 MeV to :

(i) either B° =0

(ii) or B? small today but non zero
B ~b~1/a’(t) ~T°

By = ¢ T Cp =102 meV—2

B0 today = 0(10_‘“) meV

. Quite safe from stringent ‘BO‘ < 10~2eV
(@@ Experimental Bounds | B, — p, < 10~ GeV

\‘*».‘

—_



If Fermions are DIRAC (e.g. quarks, electrons)

DISPERSION RELATIONS OF FERMIONS ARE DIFFERENT
FROM THOSE OF ANTI-FERMIONS IN SUCH GEOMETRIES j

CPTYV Dispersion relations (B, = b, )

= _ 5
E—\/p + m? + B§ — 2|p| Bo
but (bare) masses are equal between particle/anti-particle sectors

Abundances of fermions in Early Universe, then, different from those of
antifermions, if B, is non-trivial, ALREADY IN THERMAL EQUILIBRIUM



If Fermions are DIRAC (e.g. quarks, electrons)

DISPERSION RELATIONS OF FERMIONS ARE DIFFERENT
FROM THOSE OF ANTI-FERMIONS IN SUCH GEOMETRIES j

CPTYV Dispersion relations (B, = b, )

= _ 5
E—\/p + m? + B§ — 2|p| Bo
but (bare) masses are equal between particle/anti-particle sectors

Abundances of fermions in Early Universe, then, different from those of
antifermions, if B, is non-trivial, ALREADY IN THERMAL EQUILIBRIUM

_ g 3 ( 1 1 )
—n = d — — 0

E+E




If Fermions are DIRAC (e.g. quarks, electrons)

DISPERSION RELATIONS OF FERMIONS ARE DIFFERENT
FROM THOSE OF ANTI-FERMIONS IN SUCH GEOMETRIES j

CPTYV Dispersion relations (B, = b, )

= _ 5
E—\/p + m? + B§ — 2|p| Bo
but (bare) masses are equal between particle/anti-particle sectors

Abundances of fermions in Early Universe, then, different from those of
antifermions, if B, is non-trivial, ALREADY IN THERMAL EQUILIBRIUM

But for Majorana fermions (their own antiparticles. situation is different...

cf below...



CP T VIOLATION IN THE EARLY UNIVERSIE

De Cesare, NEM & Sarkar arXiv:1412.7077
(Eur.Phys.J. C75 (2015), 514)

Bossingham, NEM & Sarkar arXiv:1712.03312
(Eur.Phys.J. C78 (2018) 10, 113)

Right-Handed Heavy Majorana Neutrinos

sl i
l
/
.//

physics.indiana.edu

Mechanism
For Torsion-Background-
Induced tree-level
Leptogenesis - Baryogenesis

Through B-L conserving
Sphaleron processes
In the standard model



SM Extension with N extra right-handed neutrinos

Non SUSY VMSM Boyarski, Ruchayskiy, Shaposhnikov

_ _ - M
L — L‘E,f_‘llf + ;mrrj ”JH ,:r__,u, B«rj — Fﬂf LL-E ;F\frj O — !

f\_'}"j 1 + h.c.




SM Extension with N extra right-handed neutrinos

Non SUSY VMSM Boyarski, Ruchayskiy, Shaposhnikov

_ _ - M
L — L‘E,f_‘llf + ;mrrj ”JH ,:r__,u, B«rj — Fﬂf LL-E ;F\frj O — !

L

Yukawa couplings _ _
Matrix (N=2or3) F =K; f;Kp'

f\_'}"j 1 + h.c.




SM Extension with N extra right-handed neutrinos

vMSM

Mrp -
! NiNj +h.c.

L m— L SAM + ﬂ_rrf'iﬂ# ’:r-"“' N} — Fﬂ_ i En :Mj "lr-'{‘ _

L

Minkowski,Yanagida,

Majorana masses Yukawa couplings  Mohapatra, Senjanovic
to (2 or 3) active

neutrinos via seesaw

Matrix (N=20or3)  gechter, Valle ...

1
m, = —ﬂ-fDE[ﬂ-fD]T |

ﬂ-fﬂ = F&-ﬂ-‘ MD << MI
v = (¢) ~ 175 GeV




CPTV Thermal Leptogenesis ‘

Early Universe  CPT Violation —
T > 10°%5 GeV Q.‘

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

N; — Hvy, Hy



CPTV Thermal | ; _ ;xgN - - (NeN + NN°) - NBy*N - VLN + hee

Early Universe  CPT Violation Y
T > 105 GeV Q.'A

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

N; — Hv, Hv



CPTV Thermal | ; _ 4N — ?”"(‘WN +NN¢) — NB+°N — YiLidN + h.c.

Early Universe  CPT Violation
T>10° GeV

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

N; — Hv, Hv

o

! One generation of

massive neutrinos N
suffices for generating
CPTV Leptogenesis;

Ay



CPTV Thermal | ; _ 4N _@rc;\r + NN¢) = NB+°N — YiLrdN + h.c.

Early Universe  CPT Violation
T>10° GeV

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

N; — Hv, Hv

e
<

! One generation of

massive neutrinos N
suffices for generating
CPTV Leptogenesis;

mass m free
to be fixed A



CPTV Thermal | » — NN — -7 (NoN + NN°) ~ BN (LN ) he

. . . i Constant H-torsion
Early lf‘),nlverse CPT VIOIatlon ‘."' (antisymmetric
T>10>GeV ! 2 tensor field strength
in string models)

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

QVI — Hv, HD

Produce Lepton asymmetry




CPTV Thermal | - _ ixyn - 7(NeN + NN°) - N}

i Constant H-torsi
cary Universe CPT Violationya, gy """
T>10° GeV ‘

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

QVI — Hv, HD

Produce Lepton asymmetry

Contrast with one-loop
conventional
CPV Leptogenesis
(in absence of H-torsion)

Fukugita, Yanagida,



CPTV Thermal | ; _ 4N — ?"” (N°N + NN°) — @ — Y:LidN + hec.

i = . Constant H-torsi
Early Universe  CPT Violationya, gy “* " ="
T>10° GeV '0 ]

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

QVI — Hv, HD

Produce Lepton asymmetry




CPTV Thermal | ; _ ;xgn — ?m(WN + NN¢) = NB+*N — YiLrdN + hec.

. . . : Constant H-torsion
Early Universe CPT Violation .} 1 Bo# 0 background

T> 105 GeV <Y
Lepton number & CP Violations @ tree-level * .
due to Lorentz/CPTV Background AL ~ 10~ 10 gi?lB\,:l‘tgzr?l);?lt:r:qs
— ., o '
QVI — Hv, HD

Produce Lepton asymmetry



Decoupling Temperature T : decay process out of equilibrium
@ which Lepton asymmetry is evaluated

[~H=1,66 ‘-Nl/Q,nP assume standard

cosmology

Y| [mp(Q?%+ Bg) for one generation

Tp >~6.2. 10_2‘)\[1/4 S of RH heavy neutrino

Q= \/BQ-I—m,\r .

Estimate: Total Lepton number asymmetry

(N Ny ¢O) _ (N Ny ¢0)

via solving the appropriate system of Boltzmann equations:




CPTV Thermal | 1 — iNyN — I (NeN + NN*) ~ NBy*N — iLxdN + h.c.

Constant H-torsion

Early Universe CPT Violation ‘.‘T B?# 0 background

T > 10° GeV <
Lepton number & CP Violations @ tree-level N/ B
due to Lorentz/CPTV Background ~ 10~ 10, 0 ~ 10—8

QVI_"HVv I—{D o -

Produce Lepton asymmetry Yk ~ 10—5

m > 100TeV —

BY ~ 1MeV
T ~m ~ 100 TeV




CPTV Thermal | ; _ 4N —

— (NN +NN) - NBy°N -

kakéj\f + h.c.

Early Universe  CPT Violation! 4

T >10° GeV

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background

QVI — Hv, Hb

Produce Lepton asymmetry

Constant H-torsion
B%# 0 background

A_L.NIO_

717

m

0~ 108

Yy ~ 107°
) m > 100TeV —

BY ~ 1MeV

Tp ~m ~ 100 TeV




CPTV Thermal | ; _ ;xgN - - (NeN + NN°) - NBy*N - VLN + hee

Early Universe CPT ViOIation ‘. ~ Constant H-torsion

08

BY# 0 background
T> 105 GeV < ¢ J
Lepton number & CP Violations @ tree-level B
due to Lorentz/CPTV Background AL ~ 10~ 10 0 ~ 1
N, — Hv, HvD -

Produce Lepton asymmetry

Equilibrated electroweak
B+L violating sphaleron interactions

é Environmental
e®@ Conditions Dependent

Al

B-L conserved

Observed Baryon Asymmetry

In the Universe (BAU)

Fukugita, Yanagida,




CPTV Thermal | ; _ 4N — 7"”(?;\: +NN¢) — NB+°N — YiLidN + h.c.

. . . _ Constant H-torsion
Early Universe CPT VIOIatlon ‘. BO# (0 background

T > 105 GeV <
Lepton number & CP Violations @ tree-level AL B
due to Lorentz/CPTV Background ~ 10~ 10’ 0 ~ 10—8

QVI — Hv, I-{D o -

Produce Lepton asymmetry Yk ~ 10—5

m > 100TeV —
BY ~ 1MeV

Observed Baryon Asymmetry TD ~m ~ 100 TeV
In the Universe (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

é Environmental
e®@ Conditions Dependent

B-L conserved

Estimate BAU by fixing CPTV background parameters
In some models this means fine tuning ....



BO . (string) theory underwent a phase transition
@ T=T,=10°GeV, from B°= const = 1 MeV to :

(i) either B° =0

(ii) or B? small today but non zero
B ~b~1/a’(t) ~T°

By = ¢ T Cp =102 meV—2

B0 today = 0(10_‘“) meV

. Quite safe from stringent ‘BO‘ < 10~2eV
(@@ Experimental Bounds | B, — p, < 10~ GeV

\‘*».‘

—_



CPTV Thermal | ; _ 4N — 7"”(?;\: +NN¢) — NB+°N — YiLidN + h.c.

. . . _ Constant H-torsion
Early Universe CPT VIOIatlon ‘. BO# (0 background

T > 105 GeV <
Lepton number & CP Violations @ tree-level AL B
due to Lorentz/CPTV Background ~ 10~ 10’ 0 ~ 10—8

QVI — Hv, I-{D o -

Produce Lepton asymmetry Yk ~ 10—5

m > 100TeV —
BY ~ 1MeV

Observed Baryon Asymmetry TD ~m ~ 100 TeV
In the Universe (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

é Environmental
e®@ Conditions Dependent

B-L conserved

Estimate BAU by fixing CPTV background parameters
In some models this means fine tuning ....



CPTV Thermal | ; _ 4N — 7”7(;\?;\: +NN¢) — NB+°N — YiLidN + h.c.

. . . . Constant H-torsion
Early Unlverse CPT VIOIatlon ‘ ‘ BO# (0 background
T > 10° GeV Py

Lepton number & CP Violations @ tree-level

due to Lorentz/CPTV Background AL 10 BO

—— ~10719 = ~1078

QVI — Hv, I-{D o -

Produce Lepton asymmetry Yk -~ 10—5

m > 100TeV —
BY ~ 1MeV

Observed Baryon Asymmetry TD ~m ~ 100 TeV
In the Universe (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

P Environmental
e®@ Conditions Dependent

B-L conserved

///‘;\\ e.g. May Require
Estimate BAU by fixing CPTV background parameters |,/ - @ Fine tuning of
¥ ,

In some models this means fine tuning .... \ ng ] Vacuum energy
A /



CPTV Thermal | ; _ 4N — 7”7(;\?;\: +NN¢) — NB+°N — YiLidN + h.c.

. . . . Constant H-torsion
Early Unlverse CPT VIOIatlon ‘ ‘ BO# (0 background
T > 10° GeV Py

Lepton number & CP Violations @ tree-level

due to Lorentz/CPTV Background AL 10 BO

—— ~10719 = ~1078

QVI — Hv, I-{D - -

Produce Lepton asymmetry Yk -~ 10—5

m > 100TeV —
BY ~ 1MeV

Observed Baryon Asymmetry TD ~m ~ 100 TeV
In the Universe (BAU)

Equilibrated electroweak
B+L violating sphaleron interactions

P Environmental
e®@ Conditions Dependent

B-L conserved

2.g. May Require
Fine tuning of

Estimate BAU by fixing CPTV background parameters d @ Y
acuum energy

In some models this means fine tuning .... '\‘ <
N

3
w



e.g. May Require
Fine tuning of
Vacuum energy

ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
1 1 R
(4) __ 4 (- p = v
som O T /d v g(QmQR 6HWPHM p)
PART 1 _
= [ d'av=5(55T )
K2=8mr G

IN 4-DIM DEFINE DUAL OF H AS ¢
b(x) = Pseudoscalar

—3 \/5801) = \/—g €pvpo HHPvP (7Kalb-Ramond (7KR2 axion)



e.g. May Require
Fine tuning of
Vacuum energy

ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
~ 50"b Db

1 1
4 4 v
wou 50 = [ deva(gaR = G ”>l
PART
L 4 String .f
= [ teT(GaR ) st

b = const
K2=81T G need to be

D3 brane cancelled by
bulk contrib.
BULK in brane models

b(x) = Pseudoscalar

—3 \/5801) = \/—g €pvpo HHPvP (7Kalb-Ramond (7KR2 axion)

IN 4-DIM DEFINE DUAL OF H AS



Bossingham, NEM, Sarkar, to appear

Alternatively: B? approximately constant
Add chemical potential g of fermions (e.g. quarks)

Eqs of motion for pseudoscalar:

o (\/Tg[ewg(avz G5 4 0((85)3) ]) — 0

Thermal (high T >m/10) average (Jg§) ~ —

Bo(2) = Bo(zp) 20 £ 30

V7 (= + 39

€

Boltzmann equation solutions for Leptogenesis

By(z) ~ (0.1399 MeV)z~%/2

-)

2.722¢,

_2.722g4 pmy

2 /.LB()T
0< 2= mN/T < 10

~ 1.0062 x 10—2?

2
s mpl

A

Consistent with current bounds

|BY|(today) < 107 2%eV




Part Il(b)

Quantum-Gravnty .
mduced Decoherence

intrinsic CPT VlOIatIOn




CPT VIOLATION

Conditions for the Validity of CPT Theorem

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

(i) L '
Iv) Unitarity

(ii)-(iv) Independent reasons for violation
o 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




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 E
LOW ENERGY CPT OPERATOR NOT WELL DEFINED




Decoherence & ill-defined CPT

Decoherence implies QG May induce quantum decoherence
H«:a& d of propagating matter and
Qs:jm[z?&o&nc dehs:iv intrinsic CPT Violati
B P ] of _|n rinsic jolation
iow—ehergj moakker : in the sense that the CPT

operator © is not well-defined

p = Trlih) (V| B
Pout — $IOin @pin — pout
G ”; 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



Decoherence & ill-defined CPT

May induce quantum decoherence

Decoherence meuas of propagating matter and
: E@o& Sl intrinsic CPT Violation
S G a s in the sense that the CPT
makrix of

operator © is not well-defined >

iow—evxer@i matter : Ll
beyond Local Effective Field theory

p = Tr|) (Y]

i) = N |[Mo(k)) [Mo(—R)) — [Mo(R)) [Mo(~F)) .

May contaminabke inikially antisymmetbric neuktral
meson M state by symmetric parts (w-effect)

Bernabeu, NEM, Hence O ill-defined at low-energies in VVald (79)
Papavassiliou (04),... QG foam models 2 may affect EFPR



NB: Including conventional CPTV (6) in the Hamiltonian |

Bernabeu, Botella, NEM, Nebot (2018) |

H|By) = pu|Bu), |Bu)=pu|BY) + qu|BY),

H|BL) = pr|Br), |Br) =pr|Bg) — q.|Bg). /\ﬁ

H (L) = (High (Low) mass states

(

\_

~
|Wo) o |BL)|Bu) — |Bu)|BL)

+w{01Bx)|Br) +|Bo)|Bu)] + (1= 0) 7| By)| Bur) = (1-+ )27 | B1) | Br) }

J

w-effect

CPTV in Hamiltonian




Decoherence & ill-defined CPT

May induce quantum decoherence

Decoherence meuas of propagating matter and
: E@o& Sl intrinsic CPT Violation
S G a s in the sense that the CPT
makrix of

operator © is not well-defined >

iow—evxer@i matter : Ll
beyond Local Effective Field theory

p = Tr|) (Y]

i) = N |[Mo(k)) [Mo(—R)) — [Mo(R)) [Mo(~F)) .

May contaminabke inikially antisymmetbric neuktral
meson M state by symmetric parts (w-effect)

Bernabeu, NEM, Hence O ill-defined at low-energies in VVald (79)
Papavassiliou (04),... QG foam models 2 may affect EFPR



Decoherence & ill-defined CPT

May induce quantum decoherence

Decoherence meuas of propagating matter and
: E@o& Sl intrinsic CPT Violation
S G a s in the sense that the CPT
makrix of

operator © is not well-defined >

iow—evxer@i matter : Ll
beyond Local Effective Field theory

Bernabeu, NEM, ill-efined at low-energies in  YVald (79)
Papavassiliou (04),... igls 2 may affect EPR




If CPT ill-defined -

tiny effect (if due to Quantum
Gravity decoherence) - concept of

antiparticle still well-defined,
but...

!

(i) observable effects in entangled
(neutral) meson-states
w-effect



Part lli(a)
w-effect searches
in
Entangled Neutral Meson
Systems



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

\‘ [|1\'S:El. I\'Ll'—l_c'l > _‘I\'L,:FL I\'S-Z—E-

&

w || Kg(k) 1\.‘_:—1.—‘n > —| K, k). f\!_‘:f—"».—"

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

In a concrete

model of
space-time foam

CQ k4 .
, Ak = ( k (particle momentum transfer
Mg (my — mg)? Sl )

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|~104 ||, for 1>]|C| > 102 (natural)
Not far from sensitivity of upgraded meson factories ( e.g. KLOE2)

w]* ~




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

® .
® jString

@ @ D—-Particle

° | e

D3 brane Q@
@
BULK




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

PO IR I Gravitationally dressed
. . E quantum states viewed as
ol | quantum mechanically perturbed

O
propagation of matter

° |
/:jsmng — .~ string in curved background
o

@ b_particle interaction with metric

Recoil of massiv; Defect distorts

neighboring space-time on brane world
brane Q@

BULK




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

Apply non-degenerate perturbation theory to construct

gravitationally dressed’’ states from ‘k’T>(%)7 Val)“’) — 1,2
i) () . o C o . v (i
A.”] 7"- ‘A_lzl ‘L'.-!:' 1" fl.[f.' (i) "'!:'{G.J[E"E:'|HI 'IL:I'!]=J.I:}[ -
f-:.,:gt ot = Ey— I,

AN

H = —(7“10'1 -+ 79 0'2)/]5

FLAVOUR FLIP

ab a2 _ Perturbation due to
[(g VeV — 5t )(I) =it recoil distortion of space-time

goi < Ak;/Mp ® (flavour — flip)
Ak; =1k, << 1y >>=0,<< rir; >>= Ad;;




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

Apply non-degenerate perturbation theory to construct

“gravitationally dressed’ ’ states from k T>(i) k l)(i) i—1.9
) ? ) )

’

(3) (1. ;L,{z"a| Hy k@, l:}[i]
- E> — B,

I/‘j — —(7“10'1 -+ 79 0'2)/]5

[(gab V.V — mz) d—0 Perturbation due to

FLAVOUR FLIP

recoil distortion of space-time

goi < Ak;/Mp ® (flavour — flip)
Ak; =1k, << 1y >>=0,<< rir; >>= Ad;;




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

“gravitationally dressed”  states from |, ) . |k, l) j@': 1,2

. () . . e ;. il

£9,1) 0 = KO 1) + K90, 1)Ta® oy O (10| k0, )
| Es — E;

3 =

Apply non-degenerate perturbatlon theory to construct

ko the dressed state 1) = [T) and a — §3

Similarly for

o | I Dige -k lige — k. igg 1k T)gg =

LT_|]]|. 1) Ll|]|k,‘.||
||Et {H| k. ll"}][j'[ll_ 32 |‘J_|_|IEt *'I.[l:'| k. '-r:'{ (2) ”E[],]‘J
j][ll'["ll:.j:l|k 1[ll| k1 n'“f“hﬂ *1[H| ;L f

(i) fl .I.,{” HI k”] T
Fi—FEs




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

Apply non-degenerate perturbatlon theory to construct

“gravitationally dressed’”’

1) -

Similarly for [*7:1)"

v (1)

) (|, Hy K9, 1)

(i) —
3 B _E,

‘kiilll l>m + ‘.I.:ﬁ},'[y:i] ot

states from |]g,

@) (1, k0| Hy £, 1)
E, — B,

(i) _

X

the dressed state |1} = |T) and oo — [

1[12'

k. g |- ~ Ik igé: 1=k, 1) gz =
|H'”|L ILl'”MT”

k1) |- H;."][;m_;u + [k, 1Y =k, “{ ) — o))
+ AT =, oD@ |k, 1)) IL

A w-effect




Bernabeu, Sarkar, NEM
Phys.Rev. D74 (2006) 045014

D-particle recoil and entangled Meson States

. Apply non-degenerate perturbatlon theory to construct

1kl:i]’l>:i; _ ‘k“‘:'. l>[=':| N ‘k.,r,-h_[>lia'-] ol @ _ (i) {T"L'“”ﬁf i'i‘f':”al}“:'

“gravitationally dressed’”’

Similarly for [*"-D"

Bl =

O (1K) 1 19, )
Ey — E»s

states from £, ) . |k, l) ,1=1,2

X

Es —

the dressed state /1) = |1) and a — /4

oy NOREPNE
LAl = |k, L gc [ =k, Tr:'.;'{

k. T;'”I A |L 1'”| H”

A w-effect







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

eiSl

\,‘ [|1\'5:E). I\'Lf—l_:’u > _'I\'L:l-.:l. I\'S-Z—E‘- ‘::-)

\ ®=|w

£ KK, o LIKK
* KSKS »

w(|Kg(k), Kg(—k) > —|K(k), Kj(—k)

KLKL
In a concrete
model of
CQ L4 space-time foam
wl|? Ak = ( k (particle momentum transfer)

If QCD effects, sub-structur al mesons ignored, and
as if they were structyrefess particles, then for Mg ~ 1078 GeV
the estimate for w: | w|~104 ||, for 1>]|C| > 102 (natural)
Not far from sensitivity o aded meson factories ( e.g. KLOE2)




Current Measurement Status of w-effect \

\=\_ At=t2:t

4

Neutral Kaons

PLB 642(2006) 315
Found. Phys. 40 (2010) 852

KLOE result:

- e = (-1.650 0 044 ) x 107
C:SCU =( 1 7+2 ?)STAT + 1'25YST) % 10—4
0] <1.0x107 at 95% C.L.

Prospects KLOE-2 Re(w), Im(w) > 2 x10-°

Entangled state COVER PAGE RMP vol. 87 (2015) Entangled state
projects

Y(45) l -
\\\\ y “: 3 -+

Itis NOT
the exchange
=2t

projects

projects

AT =0
B ——B

Equal Sign Dilepton Asymmetry
(Alvarez, Bernabeu, Nebot, JHEP 0611 (2006)
087)

‘— 0.0084 < Re(w) < 0.0100

95%C.L‘

\ Novel signal from (f,g) <2 (g,f)
ﬂ (Bernabeu, Botella, NEM, Nebot
EPJC 77 (2017) 865)

(0.99 £ 1.98)102

Im (6)

Nautral B-mesons

Tm (w) £(6.40 £ 2.80)10 2




Part lll(b)
Connectlon to
Baryogenesns




Connection to Baryogenesis




A

Connection to Baryogenesis

Effective metric due to LV foam medium

R2
/ ds® = g,“,d:x:"d:z:" — (77;1:/ + h,“,)d:l:"da:" ’ hoi = (ugllo“)

Stochastic media

< U I >=0, < 'U.i”’U,j I >= 0'257;]' .




Connection to Baryogenesis

/

situation equivalenttoan 1 M,
induced chemical potental 2 4

Effective metric due to LV foam medium

ds® = Gupdrtdz” = (nu, + hyy)dztdz” | hoi = (u?lloa)

Stochastic media

< U I >=10 s < U; ”’Uj I >= 0'25,;]' ‘

Energy differences between matter-antimatter

2 .2 .

o 1M

< E>=+/p2+m?2+ P — — =22
p2+m2 2 gs

< E>=vp?+m?+

2\/p2+m2 2 gs

o® = pcpry > 0
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Connection to Baryogenesis

Effective metric due to LV foam medium

R2
/ ds® = Gupdrtdz” = (nu, + hyy)dztdz” | hoi = (u?lloa)

Stochastic media

< U I >=0, < U; ||Uj I >= 0'25,;]' .

Baryon asymmetry
in Universe

Energy differences between matter-antimatter

2 52 1 M
<E>=vypPi+mi+2Z ———H g%
2 .2 ;
< E>=vVp*P+m?2+ + = o
2\/])2-{-7712 298
d*p —
Anq: n—ﬁzgdof (27r)3[f(E3#)_f(Esﬁ)]




R1

D—particles
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Connection to Baryogenesis

Effective metric due to LV foam medium

R2
/ ds® = g“,,d:z,'"da:” — (77;11/ + h#u)dfﬂdmu ’ hoi = (U?IIU“)

Stochastic media

< U I >=10 s < U; ”’Uj I >= 0'25,;]' ‘

Baryon asymmetry
in Universe @ T,
212

& 3
s 15 9.(T"T

Energy differences between matter-antimatter

2 .2 .

o 1M
< E>=\p?+m?2+ L — —_ 252

p2+m2 2 gs

2 .2 .

— peo 1M
< E>=+\p*+m?+ i) 2

2\/p2+m2 2 gs

Ang M, 45 o2
S 9s G« (TD) TD

ATL(T < TD) =




IS THIS CPTV ROUTE WORTH FOLLOWING? ....

i
me Baryogenesis @ T : direct
CPTV
or through {bi(T,)} parameters
. . ’ D
Leptogenesis first @ T'p > T phenomenology?
ZE scale with T
(concrete
model)
— CPT Violation parameter(s) {b'(To)}= {b'e}
. v  {blg}: current-epoch bounds (experiment)

Construct microscopic models with strong CPT Violation

in Early Universe (due to background fields or =
quantum gravity), but weak today... Fit with all available data... (2 2
in particular current stringent constraints - scale back in time | b 1 |
Estimate in this way matter-antimatter asymmetry in Universe . _ _
Does it agree with the expected phenomenological value ? _



®-factories Current Limits - Baryogenesis?

k2 A k?
2 _ 2 Ag=A; —Ap=¢8%— . 0<A <1
|w| i a2 2=AL—Ap=¢§ M R(L)
s A (Tz'>_=_ 0_, (rir;) = A_L(R) Oij
|w| =§ (1 — m-2)2 A'f% k.
U; = gs""iﬁ

) o
X > O-<O---=> ----0- < Y 0’ = g3 ARL) 3
® t| ® S, t% & MS

Evolution of o? with the cosmic temperature T can lead to interesting
phenomenology on Baryogenesis models through such QG effects by tests
of QGD CPTV w-effect in current era :

2
Scaling with Temperature T k ~ /3T my o” ~ 395 M2 A (r) -0
for low T-dependence of A

T<m,~Gev U<A<L 40 hds on details

of QG model



®-factories Current Limits - Baryogenesis?

k2 A k?
2 _ 2 Ag=A; —Ap=¢8%— . 0<A <1
|w| i a2 2=AL—Ap=¢§ M R(L)
\ \ A (Tz'>_=_ 0_, (r; "“j) = A_L(R) dij,
|w| =§ (1 — m-2)2 ]w]% k.
U; = gsriﬁ

® o 3

X D<= ---=> -+ -\—< Y 0% = g*A —
> °o 0" 0 RV

Evolution of o? with the cosmic temperature T can lead to interesting
phenomenology on Baryogenesis models through such QG effects by tests
of QGD CPTV w-effect in current era :

0 0 T2 (7’2) = A
Scaling with Temperature T [ Lk ~ T =95 32 A (r) = 0

for high

T>m,~GeV 0<A <1 T-dependence of A

depends on details
of QG model
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®-factories Current Limits - Baryogenesis? ‘ o ><“>

2 2 ,
w|? = k™ Ao Ag=Ap — Ap = &2 ljg /
(my —mg)? Mg .
4 (ﬁ') = 0, (”'i Tj) o
w|? = &2 : -
(m1 — m2)2 M3 z
S -
X> f:‘ff"O' "‘>' _t;- “'< Y 0” = g5 AR(L) e

®
Evolution of o? with the cosmic temperature T can lead to interesting

phenomenology on Baryogenesis models through such QG effects by tests
of QGD CPTV w-effect in current era :

Scaling with Temperature T Lk ~ T =95 32 A (r) = 0

D-particles in brane models A ' . T3
if dark-matter like: X Nd—particles—density ™




Neutral Kaons in ®-factories

Re(w) = (—1.6757 . £0.45s) x 1074

—2.1stat

Im(w) = (=1.7737 00 £ 1.265s¢) x 1074

—3.0stat

]ml — m2] ~ 10_15 GeV

k~1GeV

Atoday < 10_38

w[* ~




Neutral Kaons in ®-factories

_ k?
Re(w) = (_I'Gig:(l)stat i0'4S}'5t) x 10 ’ ‘w|2 - ‘m m ‘2 A
1 — M2
Imw) = (L7588 0 £ 1.200) x 1074 : " =6
= A r) =
My —ma| ~ 1071 GeV K~ 1GeV "

D-particle induced Baryogenesis

Scaling with Temperature T
in D-particle foam model

D-particles = dark-matter like -

Atoday < 10738

p
3
A o Nd—particles—density ™ T}

An(T <Tp) = an, ~ M, 4502 e.g. for quarks Tp= 100 GeV
S 9s 9«(Tp)Tp An(T = 100 GeV) ~ 10717
T2 .
o2 = g? A ) An~ 0'451\943 Tp A(Tp) T,~ 100 GeV
A1oo cev M 1 2 )
© 8 28 M
Atoday - gs 1.3GeV <10 p ® ~ 4.5 x 1017 GeV
T=100GeV \3 S _
~ ( 0 ) ~ 10 Consistent perturbative
Teypg = 0.2meV

\_

/

string model !




Neutral Kaons in ®-factories

2
Re(w) = (—1.6757 . £0.45s) x 1074 w|? ~ i A
my —mo|?
Im(w) = (=1.7737 00 £ 1.265s¢) x 1074
<T2\
]ml — m2] ~ 1071 GeV k~1GeV M\
i . Aioday < 10799 &0 c©
D-particle induced Baryogenesis
Scaling with Temperature T \9 a
in D-particle foam model A “e .ctes—density
D-particles = dark-matte- - oge i
An(T < T-° “\ev 1507 e.g. for quarks T, = 100 GeV
“ 9s 9+(Tp)Tp An(T =100 GeV) ~ 10717
Js
~ T,~ 100 GeV
“MQA ‘An 0454 Tp A(Tp) b e
Do gev =~ M 1 o)
e s 28 M
Atoday Ty 13GeVX1O ® ~ 4.5 x 1017 GeV
oda S . gS

T =100GeV 3
~ ( 0 ) ~ 10* Consistent perturbative
Teypg = 0.2meV

\_ Y, string model !




V. CONCLUSIONS

CPT Violation (CPTV) due to (strong) quantum fluctuations in space-time at
early eras or LV early Universe Geometries (with background flux fields)

is a possibility and may explain the observed matter-antimatter asymmetry in
the cosmos, consistently with current-era bounds of CPTV
One framework for early universe CPTV: Standard Model Extension (SME)

A string-inspired model of the Early Universe entailing CPT and Lorentz
Violation due to Kalb-Ramond-axion- modified background geometries —

Consistent phenomenology in current era
...to explore further, in connection with Early Universe

Cosmology - CMB polarization etc

Quantum Gravity Ficts in early Universe might be strong >

Decoherence of quantum matter

CPT operator in effective theory ill-defined

-> affects EPR entangled states - current bounds from meson
factories 2> explore link with early Universe in concrete models of

space-time foam from string/brane theory
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Current Measurement Status of w-effect

. PLB 642(2006) 315
KLOE result: 5,4 phys. 40 (2010) 852

-2.1STAT

R =(~1.65 5 %0455 )x10™

oty

Sw = (=175 0 £12557) X107

w|<1.0x107 at 95% C.L.

=\_ At=t2:t 3

Neutral Kaons cts KLOE-2 Re(w), Im(w) > 2 x 10



w-Effect & Intensities.

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

|At

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

I'p +I's %
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)
—(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 (PRL 04), ...



Current Measurement Status of w-effect

COVER PAGE RMP vol. 87 (2015)

Entangled state

Entangled state

projects

projects Equal Sign Dilepton Asymmetry

(Alvarez, Bernabeu, Nebot, JHEP 0611 (2006)
‘— 0.0084 < Re(w) < 0.0100 95%C.L

the exchange
. it = i :
projects — projects
—0

B_ B

= . t ] .
B —Tagging ﬂ\ Itis NOT = ﬂ
Ks

EO At B_ B7 Ar 3 l_;o

Neutral B-mesons



Current Measurement Status of w-effect

Re(€)

I(0+, 0 At)—1(£— 0~ ,At) 5 .
Ag = : ' =4 O((Re €)? = 0
= M) T A gy 1t fep T O (REE)) W= |wle™#0
Ay l
: : = At(r) 1
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0.8 e~ r
ll, \
1/ \\ \ Q =0 Agi(Atpear) = 0.77cos(L2)
0.6'.’ \ \ -
11/“ \ AN
: i \\ N
- Sao S~ »=0.005 Equal Sign Dilepton Asymmetry
0.2 TS sa o — 0.003 (Alvarez, Bernabeu, Nebot, JHEP 0611 (2006)
J o e ®=0001 | 0.0084 < Re(w) < 0.0100 05%C.L
| w=0

Neutral B-mesons



Current Measurement Status of w-effect

1(6+,6+,Ar) — (£ ,0-,AY) Re(¢) ?)
A =4 O ((Re €)? i0
= M) I A |y~ T jep T (Ree)) mummp w = Jwie# 0
Ag) l
0.01y, ,.
2 N AmAt ~ 21 (At ~ 8.2 D),
0.005} . '
..... . ]
R
, Equal Sign Dilepton Asymmetry
-0.005 > (Alvarez, Bernabeu, Nebot, JHEP 0611 (2006)
. ! ~0.0084 < Re(w) < 0.0100 95%C.L

Neutral B-mesons




Current Measurement Status of w-effect ]
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1(f, 1) :fodrouf, to; g, 1 + 10| T |%0) [ = ‘Ffﬁrg)e"“{%?’[f, gl
+€LLf, glcos(AMt) + L[ f, gl sin(AM1)}

Observables  C[f,g] = ?:{; i 2 and S[f,g] = ‘;i)[[j{ i ;’]],
h ? h )
1
Cle*, g — Clg, £] = - TG {[xSe F2(C; — 1) F xC, SgIRe ()

+xRg[Cy + 1]Im (w)) x =41 ~0.77

COVER PAGE RMP vol. 87 (2015) Entangled state
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. ﬂ K, th;‘;z;ilge ﬂ “ Novel signal from (f,g) €= (g,f)
projects kel projects (Bernabeu, Botella, NEM, Nebot (2018))
B_ B
B % ,p B2 B Im () (0.99 + 1.98)10“2
I +(6.40 + 2.80)10 4
Neutral B-mesons m (w) ( )




Current Measurement Status of w-effect ]

AT’

|
=)

1(f, 1) :fodrouf, to; g, 1 + 10| T |%0) [ = ‘Ffﬁrg)e"“{%?’[f, gl
+€LLf, glcos(AMt) + L[ f, gl sin(AM1)}

€L, 8] SN, 8]
Observables Clf, gl= d S[f, e]= )
Uo81= ot e ¢ S8 = o
1
S[e*, g1 + S[g, £5] = = (x/z)z{[xcg +x(1 - S7) F2Cg S, IRe ()

+ Ro[x S, F 2]Im (w)}. x =41 ~0.77

COVER PAGE RMP vol. 87 (2015) Entangled state

Entangled state

projects Ll Pf;g‘ects Equal Sign Dilepton Asymmetry
R / Y(@s éz / ’ (Alvarez, Bernabeu, Nebot, JHEP 0611 (2006)
:\A", \ %t \A,KL\ ‘— 0.0084 < Re(w) < 0.0100 95%C.L‘
! RN
N Tl
. ﬂ K, th;‘;z;ilge ﬂ “ Novel signal from (f,g) €= (g,f)
projects kel projects (Bernabeu, Botella, NEM, Nebot (2018))
B_ B
B % ,p B2 B Im () (0.99 + 1.98)10“2
I +(6.40 + 2.80)10 4
Neutral B-mesons m (w) ( )




Im(#)

Current Measurement Status of w-effect
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* Proper Treatment through solving Boltzmann Eqs.
T. Bossingham, N.E.M., Sarkar

Boltzmann equation in presence of CPTV & LV Background B,

RHN Helicity specific A, :

g Bo . 3
_ 2 —_ =0
dn,/dt +3Hn, 72 2\, 7 T /duuf(E(Bo ), u)

8 d’p 2
_8n3/E(BO7-éO)C[f]+O(BO)

Summing over RHN Helicities 2 . A, =0 (for small B,/T << 1) :

dny g dp - 2
—— +3Hny = C O(B;
Y3y = s [ SLeun+omd




* Proper Treatment through solving Boltzmann Eqs.
T. Bossingham,v N.E.M.,v Sarkar

Boltzmann equation in presence of CPTV & LV Background B,

RHN Helicity specific A,
dn,/dt +3Hn, — ‘ /duu f(E(By = 0), u)

C[f1+ O(B})

87:3 E(Bo ;e 0)

Summing over RHN Helicitie@ (for small B,/T << 1) :

e —

dn d3p - _ =2 2 2
— +3Hny = frf Pétfi+omy| * VP +m? + B} + 2051 By

\ F:\/ﬁQ—I—mQ—i—Bg—Q\ﬂBO

But still modified due to B,—Dependence
of Energy-Momentum dispersion E(p, B,)




* Proper Treatment through solving Boltzmann Eqs.
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Boltzmann equation in presence of CPTV & LV Background B,

RHN Helicity specific A,
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* Proper Treatment through solving Boltzmann Eqs.
T. Bossingham, N.E.M., Sarkar

Y. = ng/s

Ye4q : Thermal Equilibrium
Z = my /T Distributions (at high T)

Standard Cosmology at early eras (radiatonera) T ~ g~ ! = s ~ T3 a~ t1/?

Hubble rate H ~T?/2 =m3 /222

o . Y('—) Y(+)
Averaged (over helicities) heavy (right-handed) P — N Ty
neutrino abundance N 5 -

. L=Y. Y T S
Lepton Asymmetry ! I+ [ = Yz(—_) _ yl(j) — z[y,_ — Y,+],

S
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* Proper Treatment through solving Boltzmann Eqs.
T. Bossingham, N.E.M., Sarkar

Yo = ng/s

Ye4q : Thermal Equilibrium
Z = my /T Distributions (at high T)

Standard Cosmology at early eras (radiatonera) T ~ g~ ! = s ~ T3 a~ t1/?

Hubble rate H ~T?/2 =m3 /22>

PP : Y(—) Y(+)
Averaged (over helicities) heavy (right-handed) Vo — N + Iy
neutrino abundance N 5 -

: E — }_/_ o 1_/ A _ _
Lepton Asymmetry [ I+ [ = yl(_—) _ y}j’ — 2[}',_ — Y,+],

(—) (+) (=) (+)
(-) (+) ?=Y’ Y =Y
ALTOT Y Y L 1= > 5 N




* Proper Treatment through solving Boltzmann Eqs.

/Heavy (right-handed) neutrino abundance

' (») (A) -
dyy’ [ eq, (%) + TN 0 Y= Yy
zHs — I =— (N—I"h™) y P I~ht - N)
i | e - Y YT
[~ Y()') Y()w) Y -
ya M (N ITh™ _.,eq,(A) 1+ — I+ h—
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i Y(A) Y v,
+ |y PN = vk =S P p0 5 Ny
i YI(V)L),eq Y‘fk),eq Y;’g ]
- ) y &) y® oy o1
\ e VhO)Y(g aq —VTYER - N YZZ]J
B b ho -
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Proper Treatment through solving Boltzmann Eqs.

/Heavy (right-handed) neutrino abundance

yed- (N < I=ht)

yeq’(+)(N PN l+h_)

Y(l) Y(A)

(2) (A) -
dyy’ yea- MO (N 5 |t I e Y= Y
N q.(%) + [ !
- h+ -

+ [y‘"”(’”(N = W) e PR > N
0 |

-




* Proper Treatment through solving Boltzmann Eqs.

/Heavy (right-handed) neutrino abundance

(2) (A) -
dyy’ q.(2) +_IN ) (- p+ Y= Y
zHs iz — Al = _H: ‘ (N—=T"h") s (A) eq yHAThT — N) (A).eq y€4

yed- (N < I=ht)

yeq’(+)(N PN l+h_)

+ [y ® v = 5% Yy’ eq. () (= 1,0 YsY Y1)
\ - o sl
/ Lepton Asymmetry: Y( ) y ) \
ZZHS% +4] = —2[ ¢¢.(=)(N < I—h™") l Y( Yeq Y}(V]—v),eql
Y(+) (+)
. _ (N o 1+h_)[ Y,‘;’ eq Yf(;iv) eq ” y




AL T OT ,complete
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S my

at freezeout temperature

I'=Tp: mpy/Tp >~ (1.44—-1.77)

. 2arl 2 assume standard
'>H = 1 66 T aAO[ f/ P cosmology
2 2
Th ~6.2.102 Y| [mp(82° + By) for one generation
b= N1/4 Q of RH heavy neutrino

Qz\/B§+m§v. Vi ~ 107°
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