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My personal experience:

Exposed to Discrete Symmetries C(harge sonjugation),

P(arity = spatial reflexion) and T(ime reversal)

and CPT theorem from relativistic quantum field theory books, like
Bjorken and Drell and others

Influenced my future research, and | came back to this by looking at
potential violations of the CPT theorem in microscopic models of
(quantum) gravity and string theory

and related phenomenology

| learnt quantum mechanics in my third year from Prof. Hadjioannou,
and | did get to know, through spoudasthrio and courses given there,
my friends and collaborators G. Diamandis & V.G. Georgalas, from
whom, like Prof. Hadjioannou | learned a lot.
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| would also like to mention that | did my BSc Thesis with the late Prof.
Ktorides, from whom | also learnt a lot on quantum field theory

but the strong influence of what Prof, Hadjioannou taught me has
followed me in my subsequent years. | have always considered myself
as one of his students, respected him a lot, and | expressed to him
many times my gratitude; he knows, | hope, how much | like him and
respect him as a scientist and person and | feel particularly honoured
and happy today that | can express my gratitude publically on this
pleasant occasion!

Thank you Prof. Hadjioannou for what you taught
me and the ethos” you TRASNMITTED TO ME

1 am truly grateful for this, and wish you the best !!
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1. Motivation — background information on
matter-antimatter asymmetry in Standard Model
— go beyond to reproduce observed baryon asymmetry....

II. why CPT Violation (CPTV) in early Universe?

I11. A string-inspired model with spontaneous CPT
Violation in the early universe due to Kalb-Ramond
axions > matter-antimatter asymmetry:

from early epochs to present day

IV. Conclusions-Outlook
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- 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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Sakharov’s Conditions for Matter/Antimatter Asymmetry in the Universe

C=charge conjugation
P = spatial reflexion ¥ — —& X

=
A=antipartic|e CP : Y : Z

Rates T #T

(i) Out of Equilibrium Lepton Asymmetry (Leptogenesis) > Baryon Asymmetry via
B-L conserving (SM) processes

(if) Directly generated out of equilibrium Baryogenesis



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
[TLB —Nnpg ng —npg

— ~ — (8.4 —8.9) x 1011]T> 1 GeV
np +npg S

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

- Assume
np —NRB  but not quantitatively in SM, still a mystery CPT
invariance



Within the Standard Model, lowest CP Violating structures

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

2 V2 (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
Source of Baryon

Topn(myr) € [130,190]GeV | %q| Asymmetry in
| .
The Universe



Beyond the Standard Model

o Several Ideas to go beyond the SM (e.q.
GUT models, Su ersymimelry, extra
dimensional models’ ebe.) -7 to find
EXTRA SOURCES OF C?P VIOLATION
within CPT variont effective field
theories



Beyond the Standard Model

o Several Ideas to go beyond the SM (e.q.
GUT models, Su ersymimelry, extra
dimensional models’ ebe.) -7 to find
EXTRA SOURCES OF C?P VIOLATION
within CPT variont effective field
theories

e THIS TALK: TRY EXOTIC SCENARIOS
WITH (SIMPLIFIED) MODELS OF
CPT VIOLATION IN EARLY UNIVERSE ¢
Consistency with stringent current
conskrainks must be ensured



Part II
CPT Violation
THEORY



C, P, T are Broken. Why Not CPT?

ry 3 Lev Okun hep-ph/0210052v1

3

1

CPT mnemonic cube

Point O: C even, P even, T even =2 CP, PT, TC, CPT even
1: C odd, P even, T even, 2> CP odd, PT even, CT odd, CPT odd
2: Ceven, Podd, Teven = CP odd, PT odd, CT odd, CPT odd
3: Ceven, Peven, Todd - CP even, PT odd, CT odd, CPT odd
4: C odd, Podd, Teven - CP even, PT odd, CT odd, CPT even
etlc

Mnemonic cube rule: (C, P, T) : + (=) even (odd) | _
0(+9+7+)a 1(—1+9+)7 2(+>—a+)> 3(+a+,_)a 4(_7_3+)7 5(+a_a_)a 6(_7+9_)> 7(_7_3_)



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)

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

e.g. for (Dirac) fermions: P: U(t,z) — ei‘sfyozp(t, —)
T r(tE) =iy v Ut (—t, Z)

C: Ye(t, ) = i’}’2 ’}’OET(taf)



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 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




CPT VIOLATION
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(i) Flat space-times Ellis, Hagelin, Nanopoulos
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<](iv) Unitarity > Lopez, NEM, Barenboim...
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QUANTUM GRAVITY INDUCED DECOHERENCE
EVOLUTION OF PURE QM STATES TO MIXED
AT LOW ENERGIES

LOW ENERGY CPT OPERATOR NOT WELL DEFINED




t, N ALt

May contaminate initially antis mmel:nc weutbral
meson M state bvj ngmme.&nc parts (w-effect)

CPT Invariance Theorem :
(i) Flat space-times

(i) Lorentz invariance

(iif) Locality Bernabeu, NEM,

(.M U4 Papavassiliou (04),...

LOW ENERGY CPT OPERATOR NOT WELL DEFINED
Ccf. w-effect in EPR entanglement :




CPT VIOLATION

Conditions for the Validity of CPT Theorem

CPT Invariance Theorem :
() Flat space-times Kostelecky, Bluhm, Colladay,

; ! ) ) Potting, Russell, Lehnert, Mewes,
I I @ (i) Lorentz invariance Diaz , Tasson....

E:c)) b(r’]?;':{y Standard Model Extension (SME)

(ii)-(iv) Independent reasons for violation



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




CPT VIOLATION

Conditions for the Validity of CPT Theorem

(.:PT Invarlance: Teorem : Kostelecky, Bluhm, Colladay,

; ) ) Potting, Russell, Lehnert, Mewes,
This Talk Loreqtz invariance Diaz , Tasson....

Cosmological gaaiagy Standard Model Extension (SME)
Implications iUl

CPTV &
dominace or
matter over
antimatterin § _ _
the Unithrse WMVH - mf)wf + auwfV%Df + bu¢f7u75¢f + ...

(Baryo-Lepto- / \

genesis) Lorentz & CPT Lorentz & CPT
el - Violation Violation

ndependent reasons for violation




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?

HE. ) — 1 m#m

B = @ w1 Sm = m — T
n=n—n=oy [ 7L [fE.m) - F(B.p)
E=yp*+m? E=/p*+m?

Assuming dominant contributions to Baryon asymmetry from quarks-antiquarks

np 2| Dolgov, Zeldovich
Br = " = —8.4-1072 (18m,dm, + 15mgomy) /T Dolgov (2009)

Ny = 0.2473  photon equilibrium density at temperature T



Pr = B —8.4-107° (18m,,dm,, + 15mgzomy) /T“2

Ny = 0.2473 Dolgov (2009)

Current bound —10
formotonant 0Mp < 8 X 10777 mg  ASACUSAColl. (2016)

proton mass diff. 5y < 710710 GeV ASACUSA Coll. (2011)
Reasonable to take: 5mq ~J 5mp ‘ Too small
BT=0

NB: To reproduce B(T:O) — 6 - 10_10 need
the observed

dmy(T =100 GeV) ~ 107> — 107° GeV >> ém,,



Br = Z—B = —-84-107° (18m, dm,, + 15mgdmy) /T2
y
Ny = 0.2473 Dolgov (2009)

Current bound —10
formotonant  0Mp < 8 X 10777 me  ASACUSAColl. (2016)

proton mass diff. 5y < 710710 GeV ASACUSA Coll. (2011)
Reasonable to take: 5mq ~J 5mp - Too small
BT=0

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 | £ /Q &
alone CANNOT REPRODUCE observed BAU =Y Y




But
CPT Violation (CPTV)
iIs associated

with many more

effects & parameters
to explore

in connection to -

Baryogenesis... 7‘?/;\ \
o

7

\\ //



STANDARD MODEL EXTENSION

Kostelecky et al.

M=m+a,y"+b,ysy" + %H”"'Gw,

oS
|
lo_l.—-
=
]
.:_QJ-I
<=
|
|
=
<=

"=y"+cy+d"ysyp+e’ +if'ys + %g”‘”o,\ﬂ



STANDARD MODEL EXTENSION

Kostelecky et al.

L= BITR — My M= Car by
LV & CPTV
"=y"+cy+d"ysyp+e’ +if'ys + %g“‘”orw



Microscopic Origin of SME
coefficients?

Several "'Geometry-induced” examples:



Davoudiasl, Kitano, Kribs, Murayama, Steinhardt
Phys.Rev.Lett. 93 (2004) 201301 hep-ph/0403019

Microscopic Origin of SME
coefficients?

Several "Geometry-induced” examples:

LV & SUPERGRAVITY induced effects
cPTV - inthe Early Universe



Davoudiasl, Kitano, Kribs, Murayama, Steinhardt
Phys.Rev.Lett. 93 (2004) 201301 hep-ph/0403019

Microscopic Origin of SME
coefficients?

Several "Geometry-induced” exz

LV & SUPERGRAVITY induced effects
] CPTV MNo in the Early Universe



. . . Davoudiasl, Kitano, Kribs,
Gravitational BaryogeneSIS Murayama, Steinhardt

Quantum Gravity (or something else (e.g. SUGRA)) may lead
at low-energies (below Plnack scale or a scale M.) to a term
in the effective Lagrangian (in curved back space-time backgrounds):

B ol A )y 1 ,.
J — ¢z7 % W/d4fl’ — Standard Model

extension type

Term Violates CP but is CPT conserving in vacuo
It Violates CPT in the background space-time of an
expanding FRW Universe
. p3/2
R=—(1-3w)-— 2 =V3(1 -3w)(1 +w)—
Mz Mg
Energy differences between particle vs antiparticles =R /M? Dynamical CPTV
np R Calculate for
aryown Asymmek N — i i @T<T, ,
3 rYy Y L M2T various w in T, Degoupling T

Tp some scenarios



Microscopic Origin of SME
coefficients?

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

Axisymmetric Background

LV & . :

CcPTV . Geometries of the Early Universe |
Torsionful Geometries (including strings...)

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 Geometries LV only
Axisymmetric Background
LV & : — == ,
CPTV . Geemetries of the Early Universe i
. Torsionful Geometries (including strings.™

Eau?tv Universefedependent effects:
Llarge @ high T, low valUeEtocmg™
for coefficients of SME




STANDARD MODEL EXTENSION

Kostelecky et al.

_ _ B N
L= %11,[/[“’8“// — UMy M=m+a,y" + sH" oy,
LV & CPTV
"=y"+cy+d"ysyp+e’ +if'ys + %g“‘”orw



STANDARD MODEL EXTENSION

Kostelecky et al.

_ _ B N
L = %11’[/[‘”8”// — UMy M=m+a,y" + sH" oy,
LV & CPTV
"=y"+cy+d"ysyp+e’ +if'ys + %g“‘”o,\u

In Par!:icutam
Space.~!:£me.s wilth

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, deCesare,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, EPJ C73 (2013), 2359
. : ., John Ellis, NEM & Sarkar, PLB275 (2013), 407
Dirac Lagrangian (for concreteness, it pg cesare, NEM & Sarkar EPJ C75 (2015), 514
Bossingham, NEM, Sarkar arXiv:1712.03312

L=/=g(i¥7"Datp — mi))

D, = (80 — —WheaO . Gravitational covariant derivative
including spin connection

a
Guv = €, Tab €,

A A ‘
Whea = €bA ((9aec + I’A’.#e;’ef{) .

If torsion then IF,, # I, A
B? = ¢%¢dg, (an;\ nge?eﬁ) < antisymmetric part is the

contorsion tensor, contributes



NEM & Sarben Sarkar, EPJ C73 (2013), 2359
: : ., John Ellis, NEM & Sarkar, PLB275 (2013), 407
Dirac Lagrangian (for concreteness, it pg cesare, NEM & Sarkar EPJ C75 (2015), 514
Bossingham, NEM, Sarkar arXiv:1712.03312

L= /=g (iv7* Dot — myn))

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

)

4

a b

g,UJV — 6,LL 7/]Cl,b 61/

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

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




Partlll

CPT Vlolatlon _
-m a Strmg-lnsplred
- Model of the
Early Universe




A non-trivial example of Torsion: String Theories
with Antisymmetbric Tensor Backgrounds

NEM & Sarben Sarkar, EPJ C73 (2013), 2359
John Ellis, NEM & Sarkar, PLB275 (2013), 407
De Cesare, NEM & Sarkar EPJ C75 (2015), 514
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 non-trivial example of Torsion: String Theories
with Antisymmetbric Tensor Backgrounds

NEM & Sarben Sarkar, EPJ C73 (2013), 2359
John Ellis, NEM & Sarkar, PLB275 (2013), 407
De Cesare, NEM & Sarkar EPJ C75 (2015), 514
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[M B,/p]

=0 d+H =0

Bianchi identity : {8 [J H Uvp




ROLE OF H-FIELD AS TORSION

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

Contorsion



ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
= iﬁ”bﬁﬂb
1 1 R
(4) 4. /—(__- p_ _ pvp
o I /d L Q(QRQR GH/WPH )
PART .
_ 4 . >}
B /d v g(foQR )
K2=8m G ” , ”
1_‘z/p — 1—‘up 7& l_‘pu

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

—3 \/5801) = \/—g GMVPUH“VP (Kalb-Ramond (KR) axion)




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

2 S — _
_ 4 e I A/
Sy = 5 /d ry/—q (’(j}f}“'Du?j} — ('D#w)q“w)
TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

— 1 be Wabpy = Waby + Krabu

Da — aa — Zwbcaa
contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)

4 Non-trivial contributions to B¥ F Hcab

d __ _abed A A o _u — K —
BY = ey, (Oued + Tyt T, = 4+ Sy, £ T

p
\_ J V3




FERMIONS COUPLE TO H —-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

Sy =5 [ d'ov=a (51D - (Do)

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

Sy D d* 1)~y ~° B,

Waby = Waby + I(abu

contorsion

K 1
Kape = 5 (Tcab — Tabe — Tbca)

Bd -~ EadeHbca

Non-trivial contributions to B¥ F Hcab
K

d __ _abed A T — —
B® = ¢ “epx (e Jei) I, = T4, + Th,
. J




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

=A A _2® 77N A A
FW=FW+e HW:FW—I—TW

T,ij ~Y G,ij b Cownstant

Sy D /d4x@’ya”y53a¢' constant BY




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,l/ =TI [Ny + Ellis, Nanopoulos

T,ij ~Y G,ij, b Cownstant

Sy D d* 1)~y ~° B, constant BY




In string theory a constant B? background is guaranteed by
exact conformal Field theory with linear in FRW time b =
(const ) t

Strings in Cosmological backgrounds

ds® = gfy(x)daf;“daf;’/ = dt* — a(t)?6;;dz" dz?
a(t) =1t
b = —lna(t) + ¢g

Hy,yp = eg(beuypof)ob(;r.)

Kac-Moody
algebra level

T ““internal” dims
central charge

Antoniadis, Bachas, Ellis, Nanopoulos



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-

&




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

=A A _2® 77N A A
FW=FW+e HW:FW—I—TW

T,ij ~Y G,ij b Cownstant

Sy D /d4x@’ya”y53a¢' constant BY




When db/dt = constant - Torsion is constant

Covariant Torsion tensor

)\

A —2® 7A  — A A
r, =0, +e?*H,, =1, +T°,
T,ij ~Y G,ij, b Cownstant
Sy D d* 1)~y ~° B, constant BY

LV & CPTV
L=Lipvdy—9oMy,  M=m+b, "

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



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

CPTYV Dispersion relations (B, = b, )

+ B5 — 2|

2N

E:\/ﬁ + m?

(28

but (bare) masses are equ

9

i

3 _
/d p(1+eE/T

1_|_€E/T
E+FE

)70

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

CPTYV Dispersion relations (B, = b, )

+ B5 — 2|

2N

E:\/ﬁ + m?

2

but (bare) masses are equ

9

i

3 —_
/d p(1+eE/T

1+ eB/T
E+E

)70

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...



COSMOLOGICAL
CONSEQUENCES
of SME-type CPTV

_ . 'Matter-antimatter

- asymmetry in Universe
- -Lepto(Baryo)genesis =



CP T VIOLATION IN THE EARLY UNIVERSIE

De Cesare, NEM & Sarkar arXiv:1412.7077

(Eur.Phys.J. C75 (2015) 10, 514)

'
/i

physics.indiana.edu

Right-Handed Heavy Majorana Neutrinos

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

- _ _ - My -
L — Lt._,'_‘” —|— ;H\'.j'ifi"ll._i"lr"u;\-'.j — qu Ln}"‘;f@' — __}I :\-}:\-f —I— }.1.":'-,

=

Paschos, Hill, Luty , Minkowski,
Yanagida, Mohapatra, Senjanovic,

de Gouvea..., Liao, Nelson,
Buchmuller, Anisimov, di Bari...
Nanopoulos, Ellis, Dimopoulos,
March-Russell...

Akhmedov, Rubakov, Smirnoy,
Davidson, Giudice, Notari, Raidal,
Riotto, Strumia, Pilaftsis, Underwood,
Shaposhnikov ... Hernandez, Giunti...
Antoniadis, Kiritsis, Rizos, Tomaras,
Tamvakis...Leontaris, Vlachos...



SM Extension with N extra right-handed neutrinos

My _ﬁfﬂrf + h.c.

L =Lgy + :Firj?:@# ~HM Nt — For E&N;;E- —

L

Yukawa couplings
Matrix (N=2 or 3)

Majorana masses
to (2 or 3) active (light)
neutrinos via seesaw




SM Extension with N extra right-handed neutrinos

M,

L =Lgy + ﬁrjiﬂ N — F LL‘E:RI';I)

1

Majorana masses Yukawa couplings
to (2 or 3) active (light) Matrix (N=2 or 3)
neutrinos via seesaw

;ﬁf;&rj’ —I— }.] C.

= (¢) ~ 175 GeV

NB: Upon Symmetry Breaking
<®>=v # 0 - Dirac mass term

1 Minkowski,Yanagida,
m, = —MP —— [UD]T Mohapatra, Senjanovic
M;y Sechter, Valle ...

Mp=F.rv  Mp < My




CPTV Thermal Leptogenesis ‘

Early Universe  CPT Violation —
T >> 102 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 >> 102 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 >> 102 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 _@}N + NN¢) = NB+°N — YiLrdN + h.c.

Early Universe  CPT Violation
T >> 102 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;

mass m free
to be fixed &

various mechanisms
for generation of m
not discussed here



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

: . . : Constant H-torsion
Early U;llverse CPT Violation ‘."' (antisymmetric
T>>10° GeV ! 2 tensor field strength
in string models)

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

N — Hv, HvD [Bu = by 52]

Produce Lepton asymmetry




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

i Constant H-torsi
cary Universe CPT Violationya, gy """
T >> 102 GeV ‘

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

QVI — Hv, HD

Produce Lepton asymmetry

Contrast with one-loop
conventional
Leptogenesis

in absence of H-torsion

Fukugita, Yanagida,



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

: - . Constant H-torsi
Early Universe  CPT Violationf« g1 "
T>> 102 GeV 'o ]

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 — YiTidN + hec.

. . . , Constant H-torsion
Early Universe CPT VIOIatlon ‘ ‘T BO# (0 background
T >> 102 GeV <

_a

Lepton number & CP Violations @ tree-level

due to Lorentz/CPTV Background AL

—— ~10710

QVI_)HVv Hb -

Produce Lepton asymmetry




CPTV Thermal | ; _ ;xgn — ?m(FN + NN¢) — NB+°N — YiTidN + hec.

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

T >> 102 GeV pL B
Lepton number & CP Violations @ tree-level *
due to Lorentz/CPTV Background AL ~ 10~ 10
—— ., o '
QVI — Hv, HD

Produce Lepton asymmetry



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

[~H=1,66 ~N1/2,np assume standard

cosmology

Trn ~ 6.2 10_2 Y| mP(Qz + B§) for one generation
b =5 N1/4 0 of RH heavy neutrino

02 — m2, + B2 N/ =d.of. = 0(100)

Estimate: Total Lepton number asymmetry AL : (N — [=¢.)= (N — I¢)

i B
Solve .approprla’re sys’rgm of Boltzmann | Bossingham, NEM, Sarkar
Equations for heavy Right-handed neutrino -
arXiv:1712.03312
abundance and Lepton asymmetry




A LTOT

S

Bo

~ (0.008 — 0. 014)

@ T=Tp:

mn /Tp ~ (1.44 — 1.62).

For Higgs portal Yukawa |Y | = 0(10'51 Tp=10°GeV

NB: Uncertainties due
to approximate methods
(e.g. Pade) used

in solution

Bo

my

~ 1077 —10~%




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

\‘*».‘

—_



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

By = ¢ T3 Cp =10~%2 meV 2

Bo today = 0(10_“) meV

1B < 107 %eV
B;=b; < 1071 GeV

Quite safe from stringent

qQ @@ Experimental Bounds
S




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-

&




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 — ?m(‘,vj\r + NN°) = NB+*N — YiTxdN + hec.

. . . _ 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

QV[—,*HI/, 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

PR Environmental
e®@ Conditions Dependent

B-L conserved

= e.g. May Require
@\ Fine tuning of

Estimate BAU by fixing CPTV background parameter
Vacuum energy

In some models this means fine tuning ....

|\/</A§




ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
1 1 R
(4) __ 4 (- = v
som O T /d v g<2/<;2R GHWPHM p)
PART 1 _
= [ d'av=5(55T )
K2=8mr G

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

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




ROLE OF H-FIELD AS TORSION - AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1
1 1
4 4 [z
R ] |
_ 4 '
_ /d - /_ 2’{23 ) C(?nstantlf

b = const

K?=8mG need to be
cancelled by

bulk contrib.

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

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




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 so far

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




Eva peyalAo guxapiotw otov Kabnyntn pou
@. Xarlniwavvou yia oTi ue di1dage

Tou guxopual va €1val TTOVTO KOAA Kal va
EMTTVEEI ME TNV TTAPOUCIA TOU TOUG VEOUG
ETTioTnMOVEG

ETTiong TIG KOAUTEPEG EUXES MOV YIA
KaAgg NopTEC KAl EUTUXIOHEVN

TNV vea xpovia 2018 otov 1010

KOl TNV OIKOYEVEIO TOU



SPARES



* 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, :

B
dn,/dt +3Hn, — 2,g,z 2\, TO T3/duu f(E(By =0),u)
g d’p >
= C O(B i

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

dny 8 d3p~ 9
—— +3H = C O(B;
Y3y = 5 [ L+ o

\

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

A\




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

N
N B' 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



* Boltzmann Eqs. T. Bossingham, N.E.M., Sarkar

Y. = ng/s x=N, [t a~ t1/2

o T~al=ss~T°
Standard Cosmology at early eras (radiation era)
H ~T?/2 =m3 /222

z = myn/T
N/ H = Hubble parameter

Helicities
(=) _y(+) o _ v
L=Y"-Y. Yn = 5

Heavy RHN abundance
averaged over helicities

Lepton asymmetry

NB: RHN-Higgs portal Yukawa coupling Y| — |y|

my =2 m RHN mass



x*

Boltzmann Eqs.

T. Bossingham, N.E.M., Sarkar

RHN helicities Summed up system of Boltzmann for small B,/ (T orm, ) << 1

5 v (—)
my d¥Yn _ eq.(—) N eq,(=) (- pt
1685 = { ()N = I-h )Y( Ny (~h+ - N)
Y(+)
+ (N = ITh- )Y(+)e 7eqf(+)(l+h‘—>N)},

5 (—) (+)
my AL or _ o ea(-) D N ea) - IN
Sy g+ 2= OW S )Y( N (N = ITh™ )Y(”eq

Y )
T ~ea () 1+ L+
(v h —>N)Y( — - (I*h™ —>N)Y(+)eq)
1+
= N Ly Oy = 107050 8RB
N= 2 ’ b Al = w2eMp2?




* Thermally averaged equilibrium interaction rates

¥e:(I(N = I=ht) =44 (I~ht = N) = Afi(2)[1 +£1(2)]
YeUFN(N 5 ITh™) =42 (ITh= = N) = Afi(2)[1 —e1(2)]

z = mN/T
2,4
- 3|ly|*my
— 16(27()3 > <1 High temperature regime

A

fi(z) = 27%/3(0.2553 — 0.14472% 4 0.09572%)

2) =2 Bg 0.6062 — 0.306322
~ “my 0.2553 — 0.144722 4+ 0.095724

81(



* Boltzmann Egs. T. Bossingham, N.E.M., Sarkar

RHN helicities Summed up system of Boltzmann for small B,/ (T orm, ) << 1

dY,
d—N-I-P(z)YN:Q(z), z <1 £+J(z)£=H(z), z <1
2 dz
P(z) = a%'%/% (1 - 0.390922 + 0.27582*) J(z) = u221"3 (1 - 0.56682° + 0.37492*)

Q(z) = b2210/3 (1 — 0.566822 + 0.374924), H(z) = v22¥/3(1 — 0.238522 — 0.35382% ) Vv ()
_ 02213/3(1 — 0127722 — 1.406724) _ 82

2 = 00T2A4yPeMy o 2 _ 0.0362yP Myt _ o o0
168gnTM N H="Ragmmy
27,
b = 0-225;’|y|3 My ~ (0.0056 2 — 0.1041|y|*eMpBo i 3055&
168(2m)"mn - 84gymm% T my
—5
[yl ~ 10 2 _ 0.0470y2MyBy o Bo
mpy ~ 100 TeV I 2 N
g2 = 24104 gBo ) a0 Bo

84 mZempy my



* Boltzmann Egs. T. Bossingham, N.E.M., Sarkar

RHN helicities Summed up system of Boltzmann for small B,/ (T orm, ) << 1

BN PRI =Q(), z<1 L rIDL=HE), z<1

P(2) = a%2'°/*(1 - 0.30002? + 0.27582* ). o0 {66822 + 0.3749 24)
\

0.35382%) Vv (2)

Q(z) = b2210/3 (1 — 0.566822 + 0.37402
1.40672* ) — 5°

62|y|?e My
84g17rmN

~ 0.227.

2,0/
0.1041|y| e]\Iszo ~ 1.3055 Bo

%
84gnTm3; my

0.0479|y|2 M, B B
o2 = WI™MyiBo gos e

mpy ~ 100 TeV

84 m2empy my

52



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



Proof

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 |[p><y|

pout = $ pin — OP;, =$ O Py — Py = OIS O,

Butp,,, =9%p,,., hence: 5, =07'$071 $ 7,

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...)



Proof

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 ©
- ©Pin = pouwr  acting on density matrices p = Tr |[W><y|  CPT js antiunitary

pout = $ pin — P, =$ O Dy — Py =07 '$07'p,,,.  (duetoT)
when acting on |p>

Butp,,, =9%p,,., hence: 5, =07'$071 $ 7,

BUT THIS IMPLIES THAT $ HAS AN INVERSE- © '$0~', IMPOSSIBLE A
(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).
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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.
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hence $ T £ $~* (full CPT invariance: $= SST, $" =$71).
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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
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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 ¢
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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




NB: Decoherence & CPTV

Decoherence LmPLLe_s
Ehak
asvmy&o&c dehsi&v
makrix of
low-energy matter :

p = Tr|y){(¥|
Pout — $,Oin
$ £ 88T

SzeifHdt

May induce quantum decoherence
of propagating matter and

intrinsic CPT Violation

in tho-8

operator © is not well-defined >
beyond Local Effective Field theory

Opin = Pout
fOwelldefined $—1 — @—1gg—1

can show that
exisks !

INCOMPATIBLE WITH DECOHERENCE !

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



1f CPT ill-defined >
tiny effect (f due to Quantum
Grravity decoherence) > concept of
antiparticle s&gtt well-defined,
uk...

(L) observable effects in entangled
(heutral) meson-states

(it) spin-statistics theorem
violation? > e.q. VIP2 Expt



Decoherence & CPTV

May induce quantum decoherence

Decoherence meti&s of propagating matter and
: &gf“&d ¥ intrinsic CPT Violation
o LA g 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(R)) [Mo(~F)) — [Mo(k)) | Mo(~F))

+w(IMo(R)) [Mo(~R)) + [Mo(R)) |Mo(~)))]

May contaminate ihi(:iattv ankisymmetbric neutral
meson M state by symmettic parks (w-effect)

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



Including conventional CPTV (6) in the Hamiltonian |

Bernabeu, Botella, NEM, Nebot EPJC 77 (2017) 865 |

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 & CPTV

May induce quantum decoherence

Decoherence mei.i,es of propagating matter and
&g”;ﬁﬁd ¥ intrinsic CPT Violation
asvmpﬁo = RSy in the sense that the CPT
makrix of

operator © is not well-defined >

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

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

Bernabeu, NEM, Hence O ill-defined a#f6W-energies in —<&ld (79)
Papavassiliou (04),... QG foam models @ may affect EPR



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




STANDARD MODEL EXTENSION

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

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
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STANDARD MODEL EXTENSION

Kostelecky et al.

L= %iq}rvém/, — UMY M =m+auy* +byysy* + L H™ oy,
+L;
"=y"+cy+d"ysy+e’ +if ys + %g“‘“aw
MT
£r > 2050001 gy 4+ he

MF



Bertolami, Colladay, Kostelecky, Potting
Phys.Lett. B395 (1997) 178-183
hep-ph/9612437 & hep-ph/9706216

Microscopic Origin of SME
coefficients?

Several "Geometry-induced” examples:

SME structures in string theory with spontaneous

LV & LV induce matter asymmetry in the Early Universe
CPTV '
AT
L:I S < >I.( O)L—H(lao) L’+ h.c.

MF*
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coefficients?

Several "Geometry-induced” examples:

SME structures in string theory with spontaneous

LV & LV induce matter asymmetry in the Early Universe
CPTV ;
tensors _-
v.e.v.#0 T _
| BEe *3,2 (1) (i) + hc.
T string scale

<T> ™~ (772'1 / M )l M
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Microscopic Origin of SME
coefficients?
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Ng —Nng =
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STANDARD MODEL EXTENSION

V.A. Kostelecky, R. Bluhm, D. Colladay, R. Lehnert, R. Potting, N. Russell
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SM Extension with N extra right-handed neutrinos

vMSM

o _ ~ A
L = Lgy + Ny 'fﬂ,u Ny — F L .Nro —

I _
! NiNj +h.c.

From Constraints {}

(compiled v oscillation data) Yukawa couplings N N
on (light) sterile neutrinos:  Matrix (N=2 or 3) F=K; f; Kp'
Giunti, Hernandez ...

N=1 excluded by data

Model with 2 or 3 singlet fermions works well in reproducing Baryon Asymmetry
and is consistent with Experimental Data on neutrino oscillations

Model with N=3 also works fine, and in fact it allows one of the Majorana
fermions to almost decouple from the rest of the SM fields, thus providing
candidates for light (keV region of mass) sterile neutrino Dark Matter.



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.




