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OUTLINE

Motivation: Observed matter/antimatter asymmetry in the Universe
Origin and nature of neutrino masses

Beyond the Standard Model Physics — role of Heavy right-handed neutrinos?

Torsion in Space-time Geometry — Basic concepts

Early Universe CPT & Lorentz symmetry Violation possibility
induced by Torsion Backgrounds

Evolution from Early Universe to current epoch

— compatibility with current phenomenology

Torsion Quantum Fluctuations in (Quantum Gravity) Path Integral
& (right-handed) Neutrino Majorana mass generation through
“chiral anomalies”

Conclusions & Outlook
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Genericieconcepts

e Leptogenesis: physical out of thermal equilibrium
processes in the (expanding) Early Universe that
produce an asymmetry between leptons &
antileptons

* Baryogenesis: The corresponding processes that
produce an asymmetry between baryons and
antibaryons

* Ultimate question: why is the Universe made only
of matter?
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NEUTRINOS ST LEPTIOGENESIS

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

* Tiny CP violation (O(103)) in Labs: e.g. KOK

e But Universe consists only of matter

T>1GeV




NEUTRINOS ST LEPTIOGENESIS

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

* Tiny CP violation (O(103)) in Labs: e.g. KO [_<O

e But Universe consists only of matter

np —NpB nB —NpB
np +npg S

~ — (8.4. — 8.9) x 1011] T>1GeV

Sakharov : Non-equilibrium physics of early Universe, B, C, CP violation é
[t’ ‘]

‘ np —nNp but not quantitatively in SM, still a mystery
Assume CPT



Sakharov’s Conditions for Matter/Antimatter Asymmetry in the Universe

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

A=antipartic|e CP . X
Rates I 4T

(i) Out of Equilibrium Lepton Asymmetry (Leptogenesis) =2 Baryon Asymmetry via
B-L conserving (SM) processes

(ii) Directly generated out of equilibrium Baryogenesis



ELECTROWEAK THEORY & FERMION # NON-CONSERVATION

Classical conservations of EW theory: B, L_, L., L

Quantum Anomalies:

9,8 = 8,JF = L TvF

3‘21,7[' ,LLIJFHT" —|_ DT(].) pal‘t

Allowed Processes (change of B by multiples of 3)

bosons < bosons + 9¢ + 3/ ‘ | L, — B/3 Conserved

(three quantities)

BUT: .
OBSERVED NEUTRINO ‘ t'_'i CtOTSLethedn Lone quantity)
FLAVOUR OSCILLATIONS =total Lepto

If neutrinos Majorana ‘ L violated, No conserved numbers



OBSERVED CP VIOLATION UNLIKELY TO EXPLAIN

BARYON ASYMMETRY IN THE UNIVERSE

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

, T ,
(awT)* (M) exp (-22), T < My,
I~

aw (awT)* log(1/aw), T 2 Mspn,

o, = SU(2) fine structure “constant’’



OBSERVED CP VIOLATION UNLIKELY TO EXPLAIN
BARYON ASYMMETRY IN THE UNIVERSE

Kuzmin, Rubakov, Shaposhnikov

Rate of B violation in Early Universe
T 4 Jﬁ-’fs ph 7 ﬂ"fsph T {: '1'{ f’
(awT) — ] €XP\| —— 3 ~ “¥gphs

aw (awT)* log(1/aw). T

o, = SU(2) fine structure “constant’’

I~

Sphaleron Mass Scale
(M,,/a,) = height of energy
Barrier separating SU(2) vacua
with different topologies



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. I > H (Hubble)) for B non conserv. occurs only for:

‘Tsph(ﬂlj_j) <T < (ﬂﬁf)aﬂ-’fpg ~ 1012 CeV

BAU could be produced
this way only when

Tspn(mpr) €
mpyg €

sphaleron interactions

1 30, 1 90] GeV freeze out, ie.

100,300]GeV T ~ T,



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\ - Compute CP

Violation Effects

Tsph(mp) € [130,190]GeV —
mip € :100, 300]GGV ?":;:::for




Within the Standard Model, lowest CP Violating structures

dep = :3111(‘5'12)5111("5"23)*“3‘1”(6'1:"'}'3i

(m? —m?)(m? — m?2)(m? . 2

m2)(mi — m2)(mi — m3)(m? — m3)

Kobayashi-Maskawa CP Violating phase

Shaposhnikov D =1Im Tr [M%M%MuMd]

~ D ‘ np —ng np —npg _
cp = qpn—20 ~ — (8.4. — 8.9) x 10~ 1!
O f 0 71z ~ 10 << s 175 s ( ) X

Tspn(mp) € [130,190]GeV



Within the Standard Model, lowest CP Violating structures

dep = sin({?lg)ﬁil](&?gg)ain({?lg):‘::i

(m? — m?)(m? — m?2)(m? 2 2V (m? 2 (m? 2)

m2)(ms — m?2)(mi — m3)(m? — m?

Kobayashi-Maskawa CP Violating phase

Shaposhnikov D =1Im Tr [M%/M%Muj\/ld]

S ~ % ~ 1077 << Zi lgi ~ 25 - "5 _ (8.4.—8.9) x 107!
This CP Violation
I'= Tsph Cannot be the

~ Source of Baryon

Tspn(mp) € [130,190]GeV 9.9 Asymmetry in
e The Universe



Role of Neutrinos?

e Several Ideas to go beyond the SM (e.g. GUT

models, Supersymmetry, extra dimensional
models etc.)

 Massive v are simplest extension of SM

* Right-handed massive v may provide
extensions of SM with: extra CP Violation



SM Extension with N extra right-handed neutrinos

_ _ ~  M; _
L =Lgy + N;z‘@Hf}*“N; — F. i L . Nio — ?I NFNI + h.c.




SM Extension with N extra right-handed neutrinos

L — LS_-HI-I + jirf?:@#ﬁf:#i rf - Fﬂj E&j\rj’i’:} —

A

ff— T T
! NiNt +h.c.

I

Right-handed
Massive Majorana
neutrinos

§

Leptons



SM Extension with N extra right-handed neutrinos

Mp -
! NiNj +h.c.

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

!

Higgs scalar SU(2)

Dual: T . LAk




SM Extension with N extra right-handed neutrinos

vMSM

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

For Constraints 1

(compiled v oscillation data) Yukawa couplings

on (light) sterile neutrinos cf.: Matrix (/= 1, ...N=2 or 3)
Giunti, Hernandez , ... ’

N=1 excluded by data

;ﬁf;&rj’ —I— }.] C.

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

1% MSM Boyarski, Ruchayskiy, Shaposhnikov

M;
! NiNj +h.c.

L =1L SM T+ ﬂ_rrf'iﬂ# ’:r-"“' N} — Fﬂ_ i En :Mj "lr-'{‘ —

L I

Yukawa couplings
Matrix (/= 1, ...N=3)



SM Extension with N extra right-handed neutrinos

1% MSM Boyarski, Ruchayskiy, Shaposhnikov
T - L NT T r 7 _-'1_{}' T AT
L = LS_M -+ *-'1\'[10”"{ P\-‘j — Fﬂ.j L&j\"jl}') — 2 ﬂ'j'i T+ h.c.

L I

Yukawa couplings _ _
Matrix (/=1,2,3) F =Ky fa KR,Jr

fo=diag(fi, fo, f3), Kp=Kp.P.,, Kpg' =Kg'P;
S . 3 i3 Majorana
Pa — diag(elal 9 62023 1) ) Pfﬂ — dlag(e“ 13 62.,_2’ 1) phases

Mixing
1 0 0 CL13 0 spize cri2  sSpiz O
Ki;=| 0 cr23  sr23 0 1 0 ) —sp12 criz O )
0 —sr23 crag —sr13€°L 0 CL13 0 0 1

cri; = cos(fr;;) and sp;; = sin(fr;;).



SM Extension with N extra right-handed neutrinos

vMSM

T - T T r 7 _-'1_{}' T AT
L =Lgy + iﬁ\'j’.&@”’jr"#ﬂ'j — F. i L . Nro — 5 j\-}* 1 + h.c.

L I

Majorana masses <j Yukawa couplings _ ~
to (2 or 3) active Matrix (N=2 or 3 ) F =Ky fy KRJr
neutrinos via seesaw

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




= . 11—.{ T T
L =Lgy + f\'ji@ PN — mr o 5 NeN7 4+ h.c
Minkowski,
Light Neutrino Masses through see saw Yanagida,
Mohapatra, Senjanovic
1
= —MP—|MPt
My M

Mp =F, v
v={(¢) ~ 175 Gev Mp < M




This talk: novel ways of
Mass generation via
Torsion Quantum fluctuations

= N
L =Lgy + ;Firj?:@ N — F.p L&:\jf'} % ‘Nr + h.c.
Minkowski,
Light Neutrino Masses through see saw Yanagida,
Mohapatra, Senjanovic
1
= —MP—|MPt
My M

Mp =F, v
v={(¢) ~ 175 Gev Mp < M




‘ Thermal Properties ‘

Two distinct physics cases:
(i) M, >M,, =0(100) GeV
&

(i) M, <M,



- Independent of
Thermal Leptogenesis M, > M,,, Initial Conditions

@T >>Teq
Heavy Right-handed Majorana N, enter equilibrium atT=T,, =5M,> T, =3M,

Lepton number Violation

Out of Equilibrium Decays W4 2B

@ 1-Loop Q|
N; — Hy, Ho decay sph
Produce Lepton asymmetry
P Fukugita, Yanagida,
TN
/ Kuzmin, Rubakov,
N I’ Shaposhinkov




- Independent of
Thermal Leptogenesis M, > M, Initial Conditions

@T >>Teq
Heavy Right-handed Majorana neutrinos enter equilibrium at T = Teq > Tiecay

Lepton number Violation ¥

@ 1-Loop
N;— Hv, Hv

Out of Equilibrium Decays 4. <

T ~ Tgecay ~ Tsph .«

Produce Lepton asymmetry

Equilibrated electroweak
B+L violating sphaleron
interactions

Fukugita, Yanagida,

Kuzmin, Rubakov,
Shaposhinkov



Independent of

@T >>Teq

Thermal Leptogenesis M, > M, ‘ r Initial Conditions

Heavy Right-handed Majorana neutrinos enter equilibrium at T = Teq > Tiecay

Lepton number Violation ._aut_n.LEa.uilib.zium_Decays 4 _

@ 1-Loop T " #
2 P
Ny — L=H1L1L¢¢+ H.c. sph
where
Equilibrated ¢
B+L violating i ) ' ] ( ) la, Yanagida,
interactions Ve Vu Vr
IL = ’ y n, Rubakov,
Le JL ip'JL LT,L shinkov
— UDServea paryomn ASymimetry

In the Universe (BAU)



- Independent of
Thermal Leptogenesis M, > M, Initial Conditions

@T >>Teo|
Heavy Right-handed Majorana neutrinos enter equilibrium at T = Teq > Tiecay

-

Lepton number Violation
@ 1-Loop

N;— Hvy, Hy

Out of Equilibrium Decays 4. <

1"~ Tgecay > Tsph <

Produce Lepton asymmetry

Equilibrated electroweak

B+L violating sphaleron Fukugita, Yanagida,
interactions
Independent of Initial Kuzmin, Rubakov,
Conditions Shaposhinkov

Observed Baryon Asymmetry
In the Universe (BAU)



- Independent of
Thermal Leptogenesis M, > M, Initial Conditions

@T >>Teq

Heavy Right-handed Majorana neutrinos enter equilibrium at T = Teq > Tiecay

Lepton number Violation
@ 1-Loop

N;— Hv, Hv

Out of Equilibrium Decays 4. < '

1"~ Tgecay > Tsph <

Produce Lepton asymmetry

Equilibrated electroweak

B-L . .
i : Fukugita, Yanagida,

!3+L wol.:mng sphaleron conserved 8 8

interactions

Independent of Initial Kuzmin, Rubakov,

Conditions ShaPOShlnkOV

Observed Baryon Asymmetry
In the Universe (BAU)
Estimate BAU by solving Boltzmann equations Pilafsis,

for Heavy Neutrino Abundances Buchmuller, di Bari et al.



. Ashaka, Shaposhnikov...
‘ Thermal Properties ‘

(ii) |\/|I < |V|W (electroweak scale), e.g. M,= O(1) GeV

$

Keep light neutrino masses in right order , Yukawa couplings must be:

For ~ ‘/’”’-‘;mM’ ~4x 1078 II‘

Baryogenesis through coherent
oscillations right-handed singlet fermions

Akhmedov, Rubakov, Smirnov



(ii) M, <M, (elect ACliO

. Ashaka, Shaposhnikov...
‘ Thermal Properties

.\t
on d

_«yn coherent
115 right-handed singlet fermions

Akhmedov, Rubakov, Smirnov



> IDEA:
A /.Q
Instead of preserving
CPT, can we have (in v MSM)
CPT Violating backgrounds
s in Early universe >
@a@iﬁ@‘s@ Efficient Leptogenesis >
c»;";%ﬂ Baryogenesis through
‘ B-L preserving sphalerons?



Can we maintain ¥ MSM as a basis but use
Geometrical origin of extra CP Violation >
Lorentz Violating Torsionful Geometries

Also:

Geometrical Origin of Right-Handed Neutrino
Masses used in ¥ MSM (to give via Seesaw
masses to the light (active) SM left-handed
neutrinos)

Torsion Fluctuations in (Quantum Gravity)
path integral



P:7— -2, T:t——tT), Ciy(g)=v(—q)

Laws of Physics (field theory Lagrangian) invariant under
the action of the antiunitary transformation CPT at any order if:

CPT Invariance Theorem : Schwinger, Pauli,

(i) Flat space-times Luders, Jost, Bell

(i) Lorentz invariance revisited by:

(iii) Locality Greenberg,

(iv) Unitarity Chaichian, Dolgov,
Novikov...

(ii)-(iv) Independent reasons for violation



:ONDITIONS FOR CPT VIOLATIO

CPT Invariance Theorem :

(l) gcondleE-

( Lorera mariarce >
(iii) LoCatity

(iv) Unitarity

Kostelecky , Potting, Russell,
Lehnert, Mewes, Diaz ....
Standard Model Extension (SME)

(z’fy“VM — mf)wf + ap@f’y“wf + bﬁﬂfv“fwf + ...

\ \

Lorentz Lorentz & CPT
Violation Violation

(ii)-(iv) Independent reasons for violation



Torsion-background -
induced SME with
CPTV &

Lorentz Violation




STANDARD MODEL EXTENSION

Kostelecky et al.

o
|
b | =

i;/_/l“’é—)v]l/ — ¢M¢ M =m+a,y" +b,ysy" + %H“""Gm,

ALy

Fp = yv +C,,[vyl1 +d[.llly5yl1 +el,l + if\vys + %g O’A#

+ Gauge Sectors

Bolokhov, Pospelov 0703291.

o3 o — O3 (0=

Contributions to Matter & Gauge sectors - Complete classification
Of dimension five Operators (gauge invariance requirement)



STANDARD MODEL EXTENSION

Kostelecky et al.

My MH

) ) ) . ) 1 A
M=y’ +cdy+d"ysyp+e’ +ifys + 58"

oS
|
lo_l‘-—-
=
=
<=
|
=i

Lorentz & CPT - Violating

—_—
CPT: well-defined quantum operator [CPT ] H] # O

+ Gauge Sectors

| | Bolokhov, Pospelov 0703291.
OSI\I CH- OESI(C“U)I

pv..

Contributions to Matter & Gauge sectors - Complete classification
Of dimension five Operators (gauge invariance requirement)



Microscopic Origin of SME
coefficients?

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

Axisymmetric Background
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-Commutatiy. ries

Axisymmetric Background
~ Geometries of the Early Universe
Torsionful Geometries (including strings

Eavdv Universe 'T-cie.pnde.u!: e.é::
large @ high T, Low values today
for coefficients of SME



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

Ellis, NEM, Sarkar, de Cesare

In Spauce.-»l:i.mes wikh

Torsion



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

L=,/—g (zz,f—) Y* Db — m zﬁ@f;)

Gravitational covariant derivative
including spin connection

BY may be constant in a given frame A
Bi — eadeebA (80 e(’} + Pc);p e? eﬁ) In some (.torsionful) background
Geometries - SME



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

Gravitational covariant derivative
including spin connection

BY may be constant in a given frame A
In some (torsionful) background
Geometries > SME




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

L= /=g (i7" Dot — mi))
Gravitational covariant derivative

including spin connection

o.ab — %[,70,,,},1)]

a b L
whea = eba (Bael + 17 elek) . €u€vllab = Guv

L=Ls+Lr=+/—g¥ [(iv*0a —m) +v*7°Ba] ¥,

If torsion then I, # I,
B — eabedg, | (00 e I‘:},,,e?e’; <_ antisymmetric part is the
contorsion tensor, contributes



Fermions and Torsion

Gravity with Torsion contains wab — wzb _|_ Kﬁb

Antisymmetric parts in the spin connection: fH

—ab __ _a vb a _obyry _ _a_vb
w,"” =e,0,e”" +e,e”’ g, = ey e’

ab _ a b g-vp vp _ pu<: :
K# — euepK i K n = K 1 Contorsion tensor

. 1
L _ _ _
Torsion 717, 5 K%, = 5 (75, =T, =T, ,)

Torsion decomposes in vector, T, , axial vector S, and tensor g, parts

Curvature tensor in first order torsionful formalism

Raz,, = 20, w“?,] + 2w, de]



A non-trivial example of Torsion: String 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




A non-trivial example of Torsion: String 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

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

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 : H,ul/p — (9['u Bl/p]

Bianchi identity : [8[0H,uyp] —0—dxH = O}




ROLE OF H-FIELD AS TORSION

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT

1 1
(4) _ 4. /—(_— _p_ _ pup
ow 7 /dx 93— GHwe B
1 —
_ 4 . T ( _~
N /d v g(Q/{?R )
_ K _
T, = T¢ +—=H # TH,

L/ L/ L/
p p T3P

Contorsion



ROLE OF H-FIELD AS TORSION — AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT |~ — aﬂb a,ub,

/
S@ = / d4x\/Tg(iR— Ly HWP)

4-DIM
PART

k2 6
1
/7T )
v 2
ry, = It # TV,

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

i L L
_ 4 ,
Sy = §/d .l,\/—g(dryupuw — (D#z[})yuz[,;)
TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

— 1 be Wabpy = Waby + I(abu

Da — aa — Zwbcaa
contorsion

1
Kape = 5 (Tcab — Tabe — Tbca)

4 Non-trivial contributions to B* F Hcab

d bed A A _ _
B — €a ‘ €bA (80'60 + Paﬂe?ez) rlljp = rlljp + inl/‘p 7é Fﬁx/
_ y V3




FERMIONS COUPLE TO H-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE

(

So =5 [ dov=a (P D — (D))

TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

.Sw =,

d* 20y’ By

)

Bd -~ EadeHbca

Bd
\_

Kabc

Waby = Waby + I(aby,

contorsion

1
— 5 (Tcab — Tabc — Tbca)

Non-trivial contributions to B* F Hcab

— 2bcdg, | (an(’} . eﬁ)

.

—_ K —
¥, = T, +— T,



In string theory a constant B9 background is guaranteed by exact
conformal Field theory with linear in FRW time b = (const ) t

Antoniadis, Bachas, Ellis, Nanopoulos
Strings in Cosmological backgrounds
ds® = gfy(x)daf;“daf;’/ = dt* — a(t)?6;;dz" dz?
a(t) =1t
P = —lna(t) + @

Hy,yp = €2¢€uyp080b(ilT)

Central charge of uderlying world-sheet conformal field theory n E Z—|_

Kac-Moody

T “internal” dims
algebra level

central charge




Perturbatively we may also have such a constant B9 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

De Cesare, NEM & Sarkar arXiv:1412.7077

O (\ﬁ_g [€41pe (07D — EJ°7) + (9((35)3) ]) — 0
b= ¢ (J2Y = & (] 4°4h;) = constant # 0

i
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

b~ 1/a3(t) ~ T3

&



When db/dt = constant = Torsion is constant

Covariant Torsion tensor

—\ _
[, =T, +e?*H,, =1, +17,
Tijk ~ eijk b Covﬁn&
S¢ > d4$@’ya’y53a¢' constant B

A\

Standard Model Extension type with CPT and Lorentz Violating background b°




;:‘,Tdr5|on Paﬂknglfhd -
| mpluced 5
Matter/Antlmatter

gAsymmetry e




CPT VIOLATION IN THE EARLY UNIVERSE

Assume CPT Violation.
e.g. due to Quantum Gravity with torsion
fluctuations, strong in the Early Universe

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

physics.indiana.edu

Through B-L conserving
Sphaleron processes
In the standard model



CPTV Thermal Leptogenesis ‘

Early Universe  CPT Vjolation |4, ¢’
T> 105 GeV <

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

N; — Hvy, Hy



CPTV Thermal | c — iNgN - %(WN + NN¢) — NB+*N —YiLidN + h.c.

Early Universe  CPT Vjolation |4, ¢’
T> 105 GeV ¢ 3

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

N; — Hv, Hv



CPTV Thermal | ¢ — iNoN - “L(N"N + WN°) - r _YiTudN + he

Constant H-torsion

Early Universe  CPT Violation | 4.“
T>10° GeV .

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

QVI — Hv, FID




CPTV Thermal ‘ L =iN@N — %(T\EN + NN°) — —YiLidN + h.c.

I e o B C tant H-torsi
Early Unlverse CPT Vlolatlon ‘. “ onstan orsion
T>10° GeV e

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

QVI — Hv, HD

Produce Lepton asymmetry




CPTV Thermc{ L =iN@N — %(WN +NN°) — , —YiLxdN + h.c.

. . . Constant H-torsion
Early Universe  CPT Violation | ‘ R
T>10° GeV e Voo

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background 20 B
TOT 0
[AL = gg B <T'm

@I — Hu, I_{D

(] %)

TD >~m
Produce Lepton asymmetry m > 100 TeV
H=1/t~T
/ '12’ Yj, ~ 107°
Yiv? —2
Tr ~ 6.2 10—2 |Y| mP(Q2+Bg) My =~ m S 10 eV
b = =& N1/4 0

N ~ 102



CPTV Therm c = NN — 2oy + v )Y - VTN +he

Constant H-torsion

Early Universe  CPT Violation | —
T> 10° GeV 0', 0= vBy+m”
=" (355)

Lepton number & CP Violations @ tree-level
due to Lorentz/CPTV Background 20 B
TOT 0
{AL = 2;9 B <T m

QVI — Hv, HD

(] %)

TD >~m
Produce Lepton asymmetry m > 100 TeV
? Y ~ 1077
Y 2v?
m, ~ - <107%eV

m



CPTV Thermd c = ¥on — 2 (¥en + Tno) BN  iTad + he

Early Universe  CPT Violation € . —
T>10° GeV Y o= VEE
ny =e " (27;8)

Lepton number & CP Violations @ tree-level

due to Lorentz/CPTV Background

— 5N
N; — Hv, Hv P+ B
<I ) > T, ~ m
Produce Lepton asymmetry Yk ~ 10—5
Equilibrated electroweak
B+L violating sphaleron interactions B-L conserved L= Kzl—IL I, ¢¢+ H.c.
P Environmental
e@ Conditions Dependent where
- v, Yy Vv,
Observed Baryon Asymmetry I, = , ,
. e JL (M jL |7
In the Universe (BAU)




— M _ o
CPTV Thermd £=iNJN — —(N°N + NN°) - NB~+*N —YiLidN + h.c.

Early Universe  CPT Violation ‘.‘ i
<
due to Lorentz/CPTV Background

T>10° GeV
AL 1010 i Bo 10-8
QVI — Hv, I-{D o

Lepton number & CP Violations @ tree-level
Produce Lepton asymmetry

Vi ~107°
B-L conserved m > 100TeV —
BY ~ 1MeV

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

Equilibrated electroweak
B+L violating sphaleron interactions

é Environmental
‘o @ Conditions Dependent

JE—

/ /i\\ e.g. May Require
Estimate BAU by fixing CPTV background parameters a @ ) Fine tuning of

. . g [ ==\ =
In some models this means fine tuning .... |3 .

A

Vacuum energy



BO . (string) theory underwent a phase transition
@T=T,=10°GeV, to:

(i) either B°=0

(ii) or B? small today but non zero



If a small B’is Standard Model Extension type cou

present tOday Kostelecky, Mewes, Russell, Lehnert ...

1f due to H-torsion, it should couple universall (gravity)
to all particle species of the standard model (électrons’etc)

Very Stringent constraints from astrophysics on spatial ONLY components (e.g. Masers)

B, =b; < 107°'GevV  |B’| < 107%eV

Can it be connected smoothly with some form of temperature T dependence
to the B® of O(1 MeV) in our case, required for Leptogenesis at T=10> GeV ?



NB:

Perturbatively we may also have such a constant B9 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

O (\/——g [€41pe (07D — E.T°7) + (9((85)3) ]) _ 0
b— c(J2) =¢y J ;) = constant # 0
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

B ~b~1/d(t) ~ 10 o (8



De Cesare, NEM, Sarkar arXiv:1412.7077

BO . (string) theory underwent a phase transition
@ T=T,=10°GeV, from B°= const =1 MeV to :
B° small today but non zero, scales with scale factor

as g = const x T°

B() = Cp T3 CO = 10—42 1110\"'_2

Botoday = O ( 10~* ") meV

- Quite safe from stringent ’BO| < 10~2eV
@ @ Experimental Bounds B, =b; < 10731 QeV



De Cesare, NEM, Sarkar arXiv:1412.7077

A LV & CPTV background of kalb-Ramond H-Torsion generates
Matter-Antimatter Asymmetry (Leptogenesis) via

(Right-handed) neutrine CPViolating (bree-Level) decays

in the Eartz Oniverse

—_ M —— _— — _ -
E — 'i.N(?JV - TI(.NC.'\T + .'1\".'7\"(:) - .NB’}"S.'\T - YkLkd}.N + hC

—_

N;— Hv, Hv



orsion-Quantuml
Fluctuations &

Neutrino Mass
Generation




What About the Quantum Fluctuations of the H-torsion ?
Even in the absence of a non-trivial H-background

Physical Effect in Generating Majorana masses for neukrinos
via coupling to ordinary axion fields

£ = iNgN — %(mv + NN°) = NB+°N — YiIxdN + h.c.




What About the Quantum Fluctuations of the H-torsion ?
Even in the absence of a non-trivial H-background

Physical Effect in Generating Majorana masses for neukrinos
via coupling to ordinary axion fields

P,
L =iN@N|— %(%N +NN°¢) - NB+°N — YiLidN + h.c.
N “

Geometric origin
due to Torsion flcts




ANOMALOUS GENERATION NEM & Pilaftsis 2012
OF RIGHT-HANDED MAJORANA s 20 6ag
NEUTRINO MASSES THROUGH —

TORSIONFUL QUANTUM GRAVITY
UV complete string models ?

L aNomALous {E
MATERIALS |




Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

Fermions: g . _Z/dﬂ‘\/__gsuw,\’,#,}ﬁw: _Z/SA*JS

+ standard Dirac terms without torsion

S="T
d
Sd - %eadeTabc Tabc % HCCLb — Ecabd a b
conserved
Bianchi identity d*S =0 torsion ” charge
Q=[S

classical

Postulate conservation ot quantum level by adding counterterms

Implement d*S=0 via 5(d*S) cownstraint
> * lagrange multiplier in Path integral > b-field



Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

PR 3 _ 3
Fermions: Sy 5 _Z/d4\/_—95#¢7u75¢= _Z/SA*JS

+ standard Dirac terms without torsion

S="T
d
Sd e %eabchabc Tabc % HCCLb — Ecabd a b
conserved
Blanchi identity d*S =0 forsion " charge
Q=[S

classical

Postulate conservation ot quantum level by adding counterterms

Implement d*S=0 via 5(d*S) constrain
agrange wultiplier in Path integral > b-field




k2

/Dbexp[—z/ db A db+7db/\ J5+FJ5AJ5] |
b b

/DSDbexp /—S/‘\*S——S/\*J5 ( : )I/de*s]

multiplier field ®(z) = (3/ k2)1/2p(x).

_ (3.2/8)-1/2 _ MP
fo = (367/8) N



[o{oryl: [ sns-2snurs () Cody

/Dbexp[—z/ db A db+7db/\ J5+FJ5AJ5]
b b

C multiplier field ®(z) = (3/x2)'/2b(z):

fb — (3&2/8)_1/2 —



partial integrate

multiplier field ®(z) = (3/K2)1/2b().

— I$2 -1/2 _ 77 F



1/92
/DSDbexp /@s/\*s—%s/\*ﬁ (2%) bd*s]

1 5
= | Db ex [—z’/—db/\*db+ +—J /\J].
/ P 2 fb 2f7
partial integrate
Use chiral anomaly equation (ov\e.-»toop) in curved space-time:
e ~ 1

S __
Vul™ = g5 B Fw ~ 1530
= G(A,w).

V ~
R*PR oo

Hence, effective action of torsion-full QED

/ Db exp / db/\*db—fibG(A w)—I—EJSKS ]



/DSDbexp /—S/\*S—%S/\*Js (2%)]

— | Db ex —z' db A *db 4+ —db A J5+—J5/\J5.
/ P /2 fo 22 ]

partial integrate
Use chiral anomaly equation (ov\e.-»toop) in curved space-time:

e ~ 1

1927!'2 RIVPE R#VPU

v, JoH

|
|
1
<
E”‘J

I
«Q
>
S

bRR — bFF

coupling

35/355] .




Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

b(x)
19272 f;,

vpo D
RHVP Ruupa

s = /cﬂx\/fg [%(a,jb)2 +

1
_JSJS#.
+2f3 y +

+ Standard Model terms for fermions

SHIFT SYMIMETRY b(x) > b(x) + ¢

c R*PP R0 and c FFVE,,, total derivatives



Mavromatos, Pilaftsis arXiv: 1209.6387

ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)

b(m) RHVPO ﬁpupa

1
° = / Iov/=g [5(6“1’)2 1022,

| - 1 2
+ap il +7(0ub) (0#a) + 5(040)

—Yqla ("ZRC"/}R — JRIZJRC)] , |




Mavromatos, Pilaftsis arXiv: 1209.6387

ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)

b(m) RHVPO ﬁm/pa

1
° = / Iov/=g [§(a“b)2 " 10225,

1 1
+2_fb2J"5‘J5“ + 5(6“0,)2
)

Yukawa

neutrino fields



Field redefinition
b(z) — b'(x) = b(z) + va(zx)

so, effective action becomes

s= [ d'av=g 5@ + 3(1-?) @u2

1 b'(z) — va(z)
_JSJS# RpupaR
i f2 19272 f, ks

—Yqla (d) YR —YRYE )] : (

must have 1 otherwise axion field a(x) appears as a ghost = canonically
vl < normalised kinetic terms
Se= [ dtav=g[50u) - — 2R,
2 19272 fi 4 / — 2
]
—— o (3 n— Trvil) + 5 i
v1-— ’7 f b

CHIRALITY CHANGE



THREE-LOOP ANOMALOUS FERMION MASS TERMS

A~

a RR

ONE-LOOP

i
i
h LV i h Fel
/ ! P
GRAVITON AXIONI GRAVITON
i

ﬁ

vr  Yr (WrR)S (Wr)C

CHIRALITY CHANGE
N\ = UV cutoff

N 1 Yoy KTAS _ V3ya v k>A®
(16m2)2 19272fp(1 —~v2) 491528 74(1 — ~2)

Mp




SOME NUMBERS

A = 1017 GeV ]\f[R iSUat tI;e TeV
— 01 for y, = 103
A = 10'® GeV Mp ~ 16 keV,

Yo =7 = 1077



SOME NOMBERS
— 1017 GeV Mp 1s at the TeV
0.1 ) for y, = 1073

2 >
| I

A = 10 GeV Mp ~ 16 keV,
Ya =7y = 107°

" INTERESTING
WARM DARK MATTER
REGIME
Appr’opriate Hierarch’y for the other two massive
Right-handed neutrinos for Leptogenesis-Baryogenesis

& Dark matter cosntraints ‘can be arranged’
by choosmg Yukawa couplmgs




FINITENESS OF THE MASS

Arvanitaki, Dimopoulos et al.

MULTI-AXION SCENARIOS (e.q. string axiverse)

- 1 —
s = [d'zy=g |5 Y- (0w = M) +(0u) 0" ar)
i=1
1 n—1
2
—5 ; 5A/Ii,i+l Aidi+1 ] :

5]\/[32._{_1 < A/Ii]\/[i+l positive mass spectrum

for all axions

57 6—2 12

simplifying all mixing equals Mp ~ \,/gya 7R°A n(dﬂfa)n n<3
491528 4 (1 — 42)

V3yayk°(6MZ)*  (MZ)"°

T 49152v/8 74 (1 — A2) (M2)n-3

M

n>3J3



FINITENESS OF THE MASS

MULTI-AXION SCENARIOS (e.q. string axiverse)

n

s = [dtsy=g [% 3 (Buae)? = M2) +(8,5) (" a)

i=1

1 n—1
D) Z 5-’\/11'2,1-}-1 Qi Qi+1 ] :

i=1

5]\/[12’2._{_1 < ]\/_fij\li_{_l positive mass spectrum

for all axions

V3yay KPAST2(SM2)"

T T 49152VB 7A(1 — A2)
V3yayk°(6MZ)*  (MZ)"°
BT 01528 (1 — 42) (M2)"3
M, : UV finite for n=3 @ 2-loop independent of axion mass

simplifying all mixing equals Mp n<3J

n>3J3






CONCLUSIONS-OUTLOOK

* Reviewed theoretical models for TORSION-induced
Lorentz and CPT Violation in the Early Universe that may
play a role in generating matter-antimatter asymmetry in
the early Universe

e Stringent Bounds today, no observed effects of torsion
 Use models to link present bounds on CPTV parameters
to early Universe -
* Hopefully higher sensitivities in the future o~
e May be we observe something entirely unexpected...

* Quantum Fluctuations of Torsion (Quantum Gravity) =2
generate anomalous (right-handed) Majorana neutrino
masses beyond seesaw mechanism — truly geometrical
origin of neutrino masses









Microscopic Origin of SME
coefficients?

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

Eau"hj Universe T-de.pendeh!: effects:
large @ high T, Low values today
for coefficients of SME



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 tensocrial fields (gauge
E‘TC], — < ."—fl.;_; :_*-_:.;é 0 . = T;_nl___“n ::"E'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 .
('i’:ll"u'_D'u' —_ ﬂ-"f - HH':_'” — Ih'ggﬂ.r::'lﬂ,r“' — _EHHUJ#U 'id:”unlr'ﬂnlr'uﬂv}'ﬂ? — D

where D), = 8, — ATT® —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




Non-commutative effective field theories

Moyal * products
f*g(x) = exp(5i0" 05 0y) f(2)g(y)

=y

0,,0M > 0

‘Zu = A, - %eaﬁAa@ﬁAu + Fﬂu)v
V=1 — L0 A,050. — 1
2 - ZF,UJVFMU

/IN _
D, = 0,4 —iqA —5iq0°7 Fopipy" Dy, i+ T4 Fop ot Dy o)

+%mq9aﬁFaﬁa¢
—2q0°F Fo Fa, F' + £q0°F FogF FH.

CPT invariant SME type field theory (Q.E.D. ) - only even
number of indices appear in effective non-renormalisable

terms. (Carroll et al. hep-th/0105082)




Non-commutative effective field theories

Moyal * products
f*g(x) = exp(5i0" 05 0y) f(2)g(y)

=y

0,,0M > 0

‘Zu = A, - %eaﬁAa@ﬁAu + Fﬂu)v
V=1 — L0 A,050. — 1
2 - ZF,UJVFMU

/Is — 1.7 ~ _
2 H
Dy = 0 — i Ayt L0 E T D+

+%mq9o‘ﬁFa6¢¢
—2q0°F Fo Fa, F' + £q0°F FogF FH.

CPT invariant SME type field theory (Q.E.D. ) - only even
number of indices appear in effective non-renormalisable

terms. (Carroll et al. hep-th/0105082)




STANDARD MODEL EXTENSION

Lorentz Violating Kostelecky et al.

iy, v — v My M = n buysy" + LHMa,,

) ) ) ) . ) 1 A
M=y’ +cdy+d"ysyp+e’ +ifys + 58"

L=

b | =

+ Gauge Sectors

Bolokhov, Pospelov 0703291.

o3 o — O3 (0=

Contributions to Matter & Gauge sectors - Complete classification
Of dimension five Operators (gauge invariance requirement)



Gravitational Baryogenesis DEERIEE), LOEnE, LT,

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 ofy ~AM ol 1 4
S = ¢z Y % AIQ d*z/—g(0,R)J* 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

3/2

. ‘ B B ' u'p
R = (1—3u)AP V3 (1—3w)(1+ )M3

Energy differences between particle vs antiparticles :i:R/l\[* . Dynamical CPTV



Gravitational Baryogenesis DEERIEE), LOEnE, LT,

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 ofy ~AM ol
JP = ¢z Y % ]\[2 d*x \/_. Standard Model

Non-conserved Baryon number extension type

Term Violates CP but is CPT conserving in vacuo
It Violates CPT in the background space-time of an
expanding FRW Universe

3/2

. ‘ B ' u'p
R = (1—3u)AP—\/_(1 3w)(1 + )M3

Energy differences between particle vs antiparticles :i:R/l\[* . Dynamical CPTV

LIKE A CHEMICAL
POTENTIAL FOR FERMIONS



Gravitational Baryogenesis DEERIEE), LOEnE, LT,

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 ofy ~AM ol
JP = ¢z Y % ]\[2 d*x \/_. Standard Model

Non-conserved Baryon number 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)~Ls = V3 (1 — 3w)(1 + w)2—
M2 M3
Energy differences between particle vs antiparticles :i:R/I\[* . Dynamical CPTV
5 A toy "B R Calculate for @T<T
ATOWN ASummmmerr ~ i i ’
j 'j v = AIET various wiin Tq= DegouplingT

Tp some scenarios



CPT VIOLATION IN THE EARLY UNIVERSE

Assume CPT Violation.
e.g. due to Quantum Gravity fluctuations,
strong in the Early Universe

physics.indiana.edu



CPT VIOLATION IN THE EARLY UNIVERSE

Assume CPT Violation.
e.g. due to Quantum Gravity fluctuations,
strong in the Early Universe

ONE POSSIBILITY:
particle-antiparticle mass differences

_ physics.indiana.edu
m #m '



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

(B, ) = 1 m 7 m
’ exp[E—,u/T]il dM = 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) ~U gT ‘ High-T quark mass >> Lepton mass



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

F(B ) = 1 m 7 m
(’“)_exp[E—M/T]il om=m—m
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



Br = "B _ _g4.1073 (18m, dm,, + 15mgdmy) /T“2
T
Ny = 0.2473 Dolgov (2009)

Current bound —1
for motomanti | 0y < 7+ 10 0 GeV  Asacusacoll. (2011)
proton mass diff.

Reasonable to take: 5mq ~J 5mp - TOOﬁ?_Iz)a”

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

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



Br = Z—B — —8.4-1073 (18m,dm, + 15mgdmy) /T?
R
Ny = 0.2473 Dolgov (2009)

Current bound —1
o e 5mp < 7-10 0 GeV ASACUSA Coll. (2011)
proton mass diff.

Reasonable to take: 5mq ~J 5mp ‘ TOOﬁ?_Iz)a”

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 | £ /0 &
alone CANNOT REPRODUCE observed BAU | \_ ~ /




