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Discrete Symmetries

e Space, time translation &
orientation symmetries are all
continuous symmetries

— Each symmetry operation associated

with one or more continuous parameter

e There are also discrete symmetries
— Spatial sign flip ( x,y,z = -x,-y,-z) : P
— Charge sign flip (Q = -Q) : C
— Time sign flip (t = -t) : T

e Are these discrete symmetries
exact symmetries that are
observed in nature!?

— Is the assignment of the label (anti)
particle a convention or not!

— Is there a fundamental difference
between left-handed and right-handed?

Quantity
Space vector
Time
Momentum
Spin
Electrical field

Magnetic field




Discrete Symmetries

e Space, time translation &
orientation symmetries are all
continuous symmetries

— Each symmetry operation associated

with one or more continuous parameter

e There are also discrete symmetries
— Spatial sign flip ( x,y,z = -x,-y,-z) : P
— Charge sign flip (Q = -Q) : C
— Time sign flip (t = -t) : T

e Are these discrete symmetries
exact symmetries that are
observed in nature!?

— Is the assignment of the label (anti)
particle a convention or not!

— Is there a fundamental difference
between left-handed and right-handed?

In particle physics:

P|e[>=|e,;
Plr®) = —|=°)
Pln) = +|n)
C|eL‘>= e/
Clu)=|u
Cld)=|d

Cle®) = +[=°)

note: the definition of a ‘left handed’ particle will follow in ‘a few slides’ time



Reminder: Charge conjugation

e For a spinor |
w — u(p)e—’tpx
the following spinor

e = Cyp* = (Cu)e ™™™ (1)

Is also a solution of the Dirac equation:

r?

(@ —m)pe = P (=puy* —m)Cu* = 0 (2)
Iff the matrix C' is chosen in such a way that
— 0 =C0")” (3)
(and also C? = 1)

e One possible solution: choose all gamma-matrices imaginary.
Then C' = 1 and charge conjugation = complex conjugation
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Reminder: Charge conjugation

e The corresponding matrices have the form:

0 0 0'2 1 iO‘B 0
’Y - 0_2 O ) ’Y - O ,1:0_3
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Chirality

e Define
V5 = 1Y0Y17Y273

e Using +¢ = 1 and v? = —1 as well as anti-commuting properties of
~v-matrices, we find that (ivov1v273) (iv0717273) = 1

e Notice that from (3) we find that v}, = —C~,C and as a result

X ok k%

Vs =(—=9)Y01 7573
=(—1)(=C0C)(=C1C)(=C2C)(—C3C) (4)
= — C0

e Consequence: 5 is imaginary in the Majorana basis (where C = 1)

e Consequence: if v5 is real (e.g. in the Weyl basis) then

{15:Ct =0 (9)
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P—- and C-conjugations together

e How do C and P operate combined?

e Let ¢ be right-chiral fermion, i.e.

Y5VR = YR (6)

e Charge conjugated fermion (¢ 5)¢ = (Cv})

e What is the parity of charge-conjugated fermion?
«\ EQ9-(4) « %\ EQ. * * c
15(C3) 22 —C(ivn) 22 —Clastn)* = —Cobh = —(vr)

e Let’s understand this in different basises:

— Weyl basis: ~5 is real matrix and this is a consequence of Eq. (9)
— Majorana basis: 5 is imaginary and this is just a consegeuence
of the complex conjugation

Alexey Boyarsky PPEU 2015 7



Spin and charge conjugation

e Recall that the operator of spin % is given by:

1 . 1 .
2 = gez‘jkhja ’Yk] = ZGijk’Yj’Yk (7)

demonstrate, that X3; form so(3) algebra
e In particular X, = 2v172
e Let ¥4 = 1¢ and let y¢ = (Cy*) be charge conjugated spinor
e One sees that charge conjugation leaves spin unchanged

2 ¢ 2571’72C¢ = 50(—0710)(—0720)10 = C(§’Y1’Y2¢)

1 1 (8)
=0(S.4)" = 509" = 54
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Helicity of particles

e Charge conjugation leaves spin and momentum changed.
Therefore helicity (i.e. the sign of projection of spin onto
momentum) is not affected by C:

— Left-helical particle “, Left-helical antiparticle
— Right-helical particle < Right-helical antiparticle
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CPT theorem

“Any Lorentz-invariant local quantum
field theory is invariant under the
combined application of G, Pand T”

G. Luders,W. Pauli (1954); J. Schwinger (1951)

Assumptions:
|. Lorentz invariance

2. “principle of locality”

Consequences:

I. Relation between spin and statistics: fields with
integer spin commute and fields with half-
numbered spin anticommute; Pauli exclusion
principle

2. Particles and antiparticles have equal mass
and lifetime, equal magnetic moments with
opposite sign, and opposite quantum
numbers



Is parity conserved in nature?
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The B-1 puzzle

Observation of something(s) which decay
to two pions and three pions, but whatever
decays (now known as K%), has, in both
decays, the same lifetime, mass, spin=0...

In 1953, Dalitz argued that since the pion
has parity of -1,

* two pions (*) would combine to produce —» ;9

a net parity of (-1)(-1) = +1,

* and three pions (*) would combine to
have total parity of (-1)(-1)(-1) = -1.

Hence, if conservation of parity holds,
there are two distinct particles with parity
+1 (the ‘0’) and parity -1 (the ‘T’)(**).

But how to explain the fact that the mass
and lifetime are the same?

1(JP) = %(07)

K+ DECAY MODES

K~ modes are charge conjugates of the modes below.

Scale factor/

Mode Fraction (I';/T) Confidence level
Hadronic modes

rtr0 (2113 +0.14 )% s=1.1

070 (173 004 )% 5=12

rtate ( 5576+0.031) % 5=11

Citation: S. Eidelman et al. (Particle Data Group), Phys. Lett. B 592, 1 (2004) (URL: http://pdg.Ibl.gov)

(*) produced in the decay of a spin=0 mother



PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTUOBER 1, 195606

Question of Parity Conservation in Weak Interactions*

T. D. LeE, Columbia University, New York, New York
AND

C. N. YaNG,T Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

ECENT experimental data indicate closely iden-

tical masses' and lifetimes® of the 8+ (=K.s*) and
the 7+(=K.4*) mesons. On the other hand, analyses’
of the decay products of r* strongly suggest on the
grounds of angular momentum and parity conservation
that the 7+ and 6* are not the same particle. This poses
a rather puzzling situation that has been extensively
discussed.*

One way out of the difficulty is to assume that
parity is not strictly conserved, so that #+ and 7+ are
two different decay modes of the same particle, which
necessarily has a single mass value and a single lifetime.
We wish to analyze this possibility in the present paper
against the background of the existing experimental
evidence of parity conservation. It will become clear
that existing experiments do indicate parity conserva-
tion in strong and electromagnetic interactions to a
high degree of accuracy, but that for the weak inter-
actions (i.e., decay interactions for the mesons and
hyperons, and various Fermi interactions) parity con-
servation is so far only an extrapolated hypothesis
unsupported by experimental evidence. (One might The Nobel Prize in Physics 1957
even say that the present 6—7 puzzle may be taken as

an indication that parity conservation is violated in n hei L. L. f th lled .
weak interactions. This argument is, however, not to or their penetrating investigation of the so-called parity

be taken seriously because of the paucity of our present laws which has led to important discoveries regarding
knowledge concerning the nature of the strange par- the elementary particles"
ticles. It supplies rather an incentive for an examination
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The Exprimental (Re)Solution...

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York
AND

E. AMBLER, R. W. Havywarp, D. D. Hopprs, aAnp R. P. Hubpson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

Idea for experiment in
collaboration with Lee and
Yang: Look at spin of decay
products of polarized
radioactive nucleus

— Production mechanism involves
exclusively weak interaction




Parity & Spin



Parity & Spin

® A possible orientation
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Parity & Spin

® A possible orientation

® And another...



Parity & Spin

® A possible orientation
® And another...

® And another...



Parity & Spin

® A possible orientation
® And another...

® And another...
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Parity & Spin: Helicity

A possible orientation

H = +1 "Right Handed”

And another... @
@ @>

And another... \ /

Introduce projection of spin on

momentum, the helicity, to @ - @ L @

distinguish:

He ¢>/'\®

gl

S.P

Under parity transform H—-H

H = —1 7"Left Handed”

If parity conserved, no reason to 4
favour one Value Of H over another helicity assignment is not Lor::‘c;nil:\irianc for massive particles: an

observer can boost ‘past’ such that p changes direction.



Mme Wu’s Experiment : setup

S=1/2
«
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® How do you obtain a sample of :
¢0Co with spins aligned in one
direction, and compare to non-
aligned case!? SPECIMEN Ef: 'E HOUSING
e Adiabatic demagnitization of ¢°Co ==
in a magnetic field at very low LIQuID LiQuiD
NITROGEN HELRW

temperatures (~0.01 K!). Extremely
challensing in 1956!



Mme Wu'’s Experiment : setup

Electron
Counter

ﬂ \
Magnet / Magnet

® How do you obtain a sample of #9,,Co
¢0Co with spins aligned in one
direction, and compare to non-
aligned case?

® Adiabatic demagnitization of ©°Co
in a magnetic field at very low
temperatures (~0.01 K!). Extremely
challensing in 1956!



Mme Wu'’s Experiment : setup

Magnetic
field

® How do you obtain a sample of
¢0Co with spins aligned in one
direction, and compare to non-
aligned case?

® Adiabatic demagnitization of ©°Co
in a magnetic field at very low
temperatures (~0.01 K!). Extremely
challensing in 1956!

Magnet

60|

Electron
S=1/2 Counter

N
/ Magnet




Mme Wu'’s Experiment : setup

Magnetic
field

® How do you obtain a sample of
¢0Co with spins aligned in one
direction, and compare to non-
aligned case?

® Adiabatic demagnitization of ©°Co
in a magnetic field at very low
temperatures (~0.01 K!). Extremely
challensing in 1956!

Magnet

Electron
Counter

S=1/2

/ Magnet




Mme Wu’s Experiment : result

] [ I I T I T |
_ .20} B ASYMMETRY (AT PULSE —
Magnetlc z HEIGHT I10V)
field < . H| backward rate EXCHANGE
:‘—J G .10 wrt. unpolarized rate GAsl IN ]
<i-
x© g .X
Parity © .00~ *  t3 v
transformation :——f % X
_ 2| osoF ]
e 8 3 forward rate
Magnetic v 0.80 wrt. unpolarized rate |
field :
*°Co 070 I I S U S SR N
o] 2 4 (3 8 10 12 =t |6 18

TIME IN MINUTES

0Co polarization decreases as a function of time
as the temperature increases

® The counting rate in the polarized case is
different from the unpolarized case

® Changing the direction of the B-field
changes the counting rate!

® Electrons are preferentially emitted in the
direction opposite the ¢°Co spin!



Mme Wu’s Experiment : conclusion

] l I T 1 I I }
- .20 B ASYMMETRY (AT PULSE —
Magnetlc z HEIGHT 10V)
field g . H| backward rate EXCHANGE
w A .10 wrt. unpolarized rate GAsl IN 7]
x|
g o
Parity © .00~ *  t3 v
transformation /2 x
2| osoF ]
- Q
e 3|3 forward rate
Magnetic v 0.80 wrt. unpolarized rate |
field :
*°Co 070 S RN NN NN NN WSS R
o 2 4 6 8 10 12 —>» 16 I8
TIME IN MINUTES
0Co polarization decreases as a function of time
as the temperature increases
® The counting rate in the polarized case is ® Analysis of the results shows that
different from the unpolarized case data consistent with the emission
of only left-handed (i.e. H = -1)
electrons ....

® Changing the direction of the B-field
changes the counting rate!
® _.and thus only right-handed

® Electrons are preferentially emitted in the anti-neutrinos

direction opposite the ¢°Co spin!



Charge conjugation and CP
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From P to C,P and CP

wt
T
® |ederman et al.: Look at decay TT" = P* vy

u vy



u+

From P to C,P and CP

Lederman et al.: Look at decay TT" = p* vy

nt v, (L) VM(R)
O O <o

Pion has spin 0; Y,V both have spin 2
— spin of decay products must be oppositely aligned
— Helicity of muon is the same as that of neutrino.

Ul
=
+

wt

U l/u

nt u*



u+

From P to C,P and CP

Lederman et al.: Look at decay TT" = p* vy

m* v (L) v(R)
@ “O- O
. V(L) V.(R)
O O O

®  Pion has spin 0; Y,V both have spin 2
— spin of decay products must be oppositely aligned
— Helicity of muon is the same as that of neutrino.

Nice bonus: can also measure polarization of
both neutrino (TT" decay) and anti-neutrino (TT" decay)

Ul
=
+

wt

u vy

nt u*

N
y



C,Pand CP

v.(R)

nt v, (L)
—O O O
. VL)

Vu(R)



C,Pand CP

C broken, P broken, but CP appears to
be preserved in weak interaction!



Neutral kaons
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% Behavior of Neutral Particles under Charge Conjugation | ..
‘Zh {' M. GELL-MANN,* Department of Physics, Columbia University, New York, New York

T AND 4
)

¥

- A : A. Pais, Institute for Advanced Study, Princeton, New Jersey \:‘
(Received November 1, 1954) \

4

Some properties are discussed of the K a heavy boson that is known to decay by the process K'—»zt+7.
According to certain schemes proposed for the interpretation of hyperons and K particles, the K”possesses an
antiparticle K’ distinct from itself. Some theoretical implications of this situation are discussed with special
reference to charge conjugation invariance. The application of such invariance in familiar instances is
surveyed in Sec. I. It is then shown in Sec. II that, within the framework of the tentative schemes under
consideration, the K’must be considered as a partlcle mixture” exhibiting two distinct lifetimes, that each
lifetime is associated with a different set of decay modes, and that no more than half of allK”s undergo the
familiar decay into two pions. Some experimental consequences of this picture are mentioned.

Known:
-KO—= 11T

Hypothesis:
-K% is not equal to K°

Use C (actually, CP) to deduce:
l. K (K% is an ‘admixture’ with two distinct lifetimes
2. Each lifetime associated to a distinct set of decay modes
3. No more than 50% of K° will decay to two pions...



Neutral Meson Mixing

0 —o\ _ ( a(t)
U(t) =a(t) |K®) 4+ b(t) |[KO) =
875 t)|K”) + t‘ > (b(t)

U = HU
‘ot

-~ [ Mg 0
A= (0 e )

A

)




Neutral Meson Mixing

A

. —\ _ ( a(t)
U(t) =a )=

ﬂt) @‘K >+b(t)(K> ( b(t) )
Za\IJZH\I!

-~ [ Mg 0
P (0 i)

As (eventually) KO and K° decay, add an antihermitic part to the Hamiltonian

o ( Mk — 3Tk 0
0 My — ilg

d

Can identify [k as the decay width (=1/Tk)

*k *k F
£(|a\2—|—|b|2):—(a b )( dK I

0

) (%)



Neutral Meson Mixing

(t) = a(t) |K°) + b(t) [KO) = ( 210
0 ) ( 0 )
’La =

. [ Myg—iTg 0
H‘( 0" M- ik

)

A




Neutral Meson Mixing

. —\ _ ( a(t)
U(t) =a )=

ﬂt) @K >+b(t>(K> ( b(t) )
Za\p:H\D

o ( Mx—3iTx 0
0 My — iTg

ow consider the effect of CP symmetry

0
Pl % G KO RO

< 7T7T

I:]: MK—%FK A
A Mg — iTk

A




Neutral Meson Mixing

. —\ _ ( a(t)
U(t) =a )=
ﬂt) @‘K >+b(t>‘K> ( b(t) )
Za\p:H\D

o ( Mx—3iTx 0
0 My — iTg

ow consider the effect of CP symmetry'

P KO G KO RO

< 7T7T

I:]: MK—%FK A
A Mg — iTk

<% and K° are no longer eigenstates of H
heir sum (K) & difference (K7) are eigenstates...
ind Ki and K> have different masses and lifetimes

{0
f(o
V7l
Ky
My, = Mg +R(A)
Ix, = Dx—2I(A)

My — R(A)
Tk + 2Z(A)




Neutral Kaon Mixing

Ki and K3 are their own antiparticle, but
one is CP even, the other CP odd

Only the CP even state can decay into 2
pions

— |K;> (CP=+1) > izt (CP = -1 * -1 = +1)

The CP odd state will decay into 3 pions
instead

~ |Ky> (CP=-1) > s 7t (CP = -I*-1*-] = -])

There is a huge difference in available
phasespace between the two (~600x!) =
the CP even state will decay much faster

e Difference due to M(K% = 3M(T)

® A has a large imaginary component!

X Mg, = Mg+ R(A)
%‘ N FKl = FK - QI(A)

= Mg —R(A)
= Dk +2Z(A)




CP violation

Alexey Boyarsky

PPEU 2015

41



Designing a CP violation experiment

e How do you obtain a pure ‘beam’ of (CP-odd!) K, particles?

e Exploit that decay of K into two pions is much faster than decay of K3 into
three pions

- 1, =0.89 x 1010 sec
- T, =52 x 108sec (~600 times larger!)

e Beam of neutral Kaons automatically becomes beam of |K,> as all |K,> decay
very early on...

K1 decay early (into TTTT) Pure K, beam after a while!

Initial 50 —
and K©
beam




The Cronin & Fitch Experiment

coming

Essential idea: Look for (CP violating)
K, = 11T decays 20 meters away from
K% production point

James Cronin Vel Fich

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

J. H. Christenson, J. W. Cronin,} V. L. Fitch,f and R. Turlz

Decay of K, into 2 pions

WATEF
CERENK
COUNTE
REGION OF
OBSERVED DECAYS SCINTILLATORS
PLAN VIEW / MAGNET \
1 / \!

E COLLIMATOR ,;

Kg-*--------

e 0!
ssssssnnad '.""‘.’. %, "y

57 f1 TQ #— _/ MAGNET /
INTERNAL HELIUM BAG
TARGET SCINTILLATOR
CERENKO
Plot the angle between the coummv

momentum direction of two

Princeton University, Princeton, New Jersey
(Received 10 July 1964)
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CP is ‘a bit’ broken by weak interaction

THE MIRROR BID NI S££€M T
BE OPERATING PROPERLVY.

Nobel prize 1980:

“The discovery emphasizes, once again,
that even almost self evident principles

in science cannot be regarded fully valid
until they have been critically examined
in precise experiments.”
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How to construct a physics law that violates a symmetry just a tiny bit?

— Only 0.2% of K2 decays violate CP..

— Maximal (100%) violation of P symmetry “easily” interpretable/explained as
absence of a right-handed neutrino...



Baryon asymmetry of the Universe
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Observed matter—antimatter asymmetry

e Main questions: Why do the Earth, the Solar system and our
galaxy consists of of matter and not of antimatter?

e Why we do not see any traces of antimatter in the universe except
of those where antiparticles are created in collisions of ordinary
particles?

e This looks really strange, as the properties of matter and antimatter
are very similar.
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Baryon asymmetry of the Universe

There are two possibilities:

e Observed universe is asymmetric and does not contain any
antimatter

e The universe consists of domains of matter and antimatter
separated by voids to prevent annihilation. The size of these
zones should be greater than 1000 Mpc, in order not to contradict
observations of the diffuse ~ spectrum.

The second option, however, contradicts to the large scale isotropy of
the cosmic microwave background.

Thus, we are facing the question: Why the universe is globally
asymmetric?
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v—rays from antiproton annihilation

100 I IIIIII I I I IIIIII I I I

X
1
10
¢

. !

Flux [photons em? s MeV™ st

107 — —
10* - -
+ COMPTEL
10° O Schonfelder et al. (1980)
¢ Trombka et al. (1977) | F<
O White et al. (1977) vl \
v
10-6 1 1 1 1 1 I 1 1 1 1 1 L1 1 I 1 1 i
1 10

Photon Energy [MeV]

Data and expectations for the diffuse ~-ray spectrum (upper curve d =
20 Mpc, lower curve d = 1000 Mpc)
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Antiprotons in the universe
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Example: antiproton-to-proton fraction in GeV: 10~7 — 103
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Positrons i1n the universe
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Example: positron-to-electron fraction in GeV: 0.02 — 0.2
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|IF THERE ARE NO ANTI-BARYONS NOW,
WHAT KIND OF ASYMMETRY THIS
IMPLIES IN THE EARLY UNIVERSE?
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Thermal history of baryon asymmetry

e The baryon asymmetry | Ap = ;275

today is very close to 1

e How did it evolve? What was its value in the earlier times?

e Any quark (actually, any particle) is present in the plasma if ' 2 m,,
because of the annihilation processes g+q¢ = v+~ (0rg+q = g+9)

annihilation of
symmetric background

Alexey Boyarsky
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Thermal history of baryon asymmetry

o At early times for each 10'° quarks there is 10 — 1 antiquark.

e Symmetric quark-antiquark background annihilates into photons
and neutrinos while the asymmetric part survives and gives rise
to galaxies, stars, planets.
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Sakharov’s conditions on the Big Bang

OLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

A. D. Sakharov
Submitted 23 September 1966
ZhETF Pis'ma 5, No. 1, 32-35, 1 January 1967

The theory of the expanding Universe, which presupposes & superdense initial state of
tter, apparently excludes the possibility of macroscopic separation of matter from anti-
tter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the
iverse is asymmetrical with respect to the number of particles and antiparticles

asymmetry). In particular, the absence of antibaryons and the proposed absence of

ryonic neutrinos implies a non-zero baryon charge (baryonic asymmetry). We wish to point

t a possible explanation of C asymmetry in the hot model of the expanding Universe (see [1])
making use of effects of CP invariance violation (see [2]). To explain baryon asymmetry,

propose in addition an approximate character for the baryon conservation law.

Three requirements for a universe with a baryon asymmetry:

I. A process that violates baryon number
2. Cand CP violation, i.e. breaking of the C and CP symmetries

3. | & 2 should occur during a phase which is NOT in thermal
equilibrium

Andrei Sakharov
“Father” of Soviet
hydrogen bomb
& Nobel Peace Prize
Winner



Sakharov conditions-I

e If baryon number is conserved, then in every process
Y1+ +-- = x1t+txet...
left hand side and right hand side contain equal number of (baryons
- anti-baryons)

e Experimentally we see that baryon charge is conserved in particle
physics processes.

e As a consequence proton (the latest baryon) is stable (proton
lifetime > 6.6 x 10 years for decays such as p — «° + e™ or
p — 7 + uT. This bound is 5 x 1023 times longer than the age of
the Universe

e The conservation of baryon number would mean that the total
baryon charge of the Universe remains constant in the process of
evolution.

e If initial conditions were matter-antimater symmetric — no baryon
asymmetry could have been generated
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Sakharov conditions-I

Problem. Taking the lower bound on the proton’s lifetime as its actual lifetime,
compute the amount of water one would need to observe 1 proton decay during
10 years.
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New interactions violating baryon number

e Postulate new interaction mediated but a massive gauge boson (X -
boson), transforming quarks to leptons: X — ¢ + ¢ (similar to W
boson in electroweak theory where W — e + 7,)

e As a consequence, the processes with X-boson exchange violate
the baryon number

e For example, the protons may decay.

N % The proton decays mediated by
P X-boson:

q NJ — p—et+ 7l

;I qm = p—=Ve+7T
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New interactions violating baryon number

The proton lifetime can be estimated as

2

—1 (aX) 5

T - ~|— ] m

p 2 p
Mz

(similar to muon decay):

2
-1 (OéW> 5
T ~ N\ —5 m
M 2 M
M,

Existing experimental bounds on the proton lifetime: 7, > 10°° yrs

gives Myx > 10'° GeV.

Yukawa couplings may violate C'P (Sakharov conditions).

However, this mechanism requires new physics at £ ~ Mx ...

Can we generate baryon number at lower energies?

YES!
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Quantum anomalies
(violation of classical symmetries at quantum level)
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Chiral symmetry

e Massless fermions can be left and right-chiral (left and right
moving):

- . . 7%0 Z(8t+0_36) wL .
(O =)y = (i(at—aﬁ) e ) (W) "

where 75¢R,L = :E@DR,L and Y5 = i70717273
e Two global symmetries: ¢;, — ey, and ¥r — ePYr

e According to the Nother theorem, one can define two independently
conserved charges that we call the number of left-movers N, =
[ d3z 1! 7, and the number of right-movers Nr = [ d3z .

Linear combinations of these charges are known as fermion humber N; + Nz
(current 1~*4)) and axial fermion number N — Ny (current 1~y ~s1p). Again,
both are conserved independently in the free theory
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Axial anomaly

e Gauge interactions respects chirality (D,, = 9,, + eA,). ..

(i(Dt _05’.13) " +05.5)> (51{;) =0

The symmetry v — €™ is gauged, but the Lagrangian seemingly still
preserves both global symmetries: v;, — ¢**, and ¥r — ePyp

e ...but the difference of left and right-movers is not conserved
anymore:

d(Np — Ng) 3, 5\ e? 3,72 =

... 1If one takes into account quantum corrections
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Reminder: Landau levels

e Recall: particle in the uniform magnetic field , parallel to = axis:
B =1(0,0,B)

e Take Dirac equation coupled to the gauge potential A= (0, Bz, 0)
e Conserved quantities: energy, momenta p,,, p.

e Take the square of the Dirac equation to get:

2
(—% + (eB:I; — py)2 - 2€Bsz> ¢ = (E2 - pg)gb (9)

Spin projection s, = +1

e The Lh.s. of (9) is just a Schodinger equation for the harmonic
oscillator with the frequency w = 2eB, whose origin is shifted by
+eB

e The energy levels of harmonic oscillators ¢, = w(n + 3), n > 0
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Reminder: Landau levels

e Therefore, the spectrum of Eq. (9) is given by

E? —p?=eB(2n+1) + 2s.eB (10)

e Spectrum has three quantum numbers:

> n=20,1,2...
> —o0 < p, < +00
> szzi%

e Consider n = 0. For s, = —1 the spectrum (10) becomes

E? =p?  massless 1-dimensional fermion (11)
for s, = +3 there is no massless mode

e For n > 0 there is no cancellation between eB(2n + 1) and 2s.eB
term
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Chiral anomaly explained

e Consider Landau levels:

E?>=p>+eB(2n+1)+2B-53

e Particles with B - § < 0 have

massless branches:

—p, move down along z-axis

o

e Dirac vacuum <« all states &£ < 0

p, MmMove up along z-axis

are filled:

> F =—p, <0=p-5<0-—left
particles

> F =p, < 0= p-5>0-right
particles
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Chiral anomaly explained

e Electric field £ = E creates right particle (because p.(t) = p.(0) +
eEt)

e For particles of the other chirality the situation is opposite: such
electric field destroys such particles (creates hole in the Dirac sea)

(a) \(b) /s @ /

e As a result;

— Total number of particles does not change
— Difference of left minus right appears — chiral anomaly!

e This only happens when E || B (proportional to E - B)
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Axial anomaly

e One can see this for example by computing the diagram with two

electromagnetic vertices and one axial current Adler, Bell,
Jackiw
Ay
AVAVAVAVAV
Y (75)
Ay
AVAVAVAVAV

e This diagram changes sign if we change all left particles into right
particles (Furry theorem). Therefore it is proportional to

triangular diagram = [62(—1) — 62(+1)}F(p, €1 €v)

e In general, any triangular diagram factorizes into some momentum
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Axial anomaly

integral, multiplied by

Anomaly cancellation condition =| | ) Q1 — )  e%Qr

left right

where e, er are gauge charges of left/right particles and @ ,, Qi are charges
with respect to the global symmetry

e Anomaly means that the notion of left and right chirality for
massless fermions is not gauge invariant

e What if current in the vertex is the gauge current? Anomaly of a
gauge symmetry renders theory inconsistent (non-unitary):

Oy ((%FW = j”) — 0 =0,3"

e Gauge anomaly cancels if charges of “vector-like” (for each fermion
er, = egr). For example, electrodynamic is vector like.
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U(l) model

Consider two Dirac fermions b = (b, br) and ¢ = (¢1,/r), charged
with respect to a gauge group U(1) in the following way:

The Lagrangian has the form
£ =b(§—5 A1 —5) )b+ mubb+ 2(+5 A(1 = 3) )€+ msle
— U(1) theory with chiral gauge group

This theory does not have gauge anomaly, as “anomaly
cancellation condition” is satisfied:

Q(br)’ +Q(lr)* — Q(br)’ — Q(LR)*> =0
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U(l) model

e At classical level the theory has two global U(1) symmetries:
b— e and (¢ — P/
with the corresponding Nother currents:
J=by"b 5 JN =y

you can think of corresponding conserved charges as analog of baryon and
lepton number

e Are these symmetries anomalous?

e Compute anomaly cancellation condition for J;":

CPHDFEx0-0x (1)~ 0* x 0= —¢® #0
br f bR R

= symmetry J;' is anomalous (same is true for J}')
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U(l) model

" In the theory with vector-like symmetries but chiral gauge charges |

these vector-like symmetries are anomalous!
(if both gauge interactions and symmetries are vector-like — there is no

| anomaly)
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To summarize: quantum anomaly

e Notion of chirality (left/right particles) may get incompatible with
requirement of gauge invariants in quantum theories.

e In this case the chirality (or the number of left minus right particles)
changes if one turns out field configurations proportional to £ - B.

e Anomalies in general appear when there is

> Chiral current in the background of vector-like gauge fields
> Vector-like current in the background of chiral gauge fields
> Chiral current in the background of chiral gauge fields
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Standard Model

FERMIONS

Leptons spin = 1/2

Electric
charge

Mass

Fl
lavor GeV/e

p._ electron
© neutrino

€ electron

<1x10-8

0.000511

The Standard Model summarizes the current knowledge in Particle Phy:
theory of weak and electromagnetic interactions (electroweak). Gravit;

matter constituents
spin = 1/2, 3/2, 5/2, ...

Quarks spin =12
Approx.
Mass
GeV/c?

Electric
charge

muon

M neutrino RG:0002

M muon 0.106

p_tau
7 neutrino

T tau

<0.02

1.7771

Spin is the intrinsic angular momentum of particles. Spin is
quantum unit of angular momentum, where i = .5

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

cs. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the u
y is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model

Structure within
the Atom
Quark

Size < 107 m

Nucleus
Size = 10714 m

e

Atom

Size = 1071%m

en in units of A, which is the

hi2n <1025 GeV s = 1.05x10734 J 5,

Electric charges are given in units of the proton’s charge. In 51 units the electric charge of

the proton is 1.60x10~'° coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in Gev/c? (ramemt-el

£ =mc2), where 1 GeV =
=1.67x1027 kg

109 eV = 1.60x107"7 joule. The mass of the proton is 0.938 GeV/c?

Neutron
and
Proton

Size = 1015

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in

size and the entire atom would be about 10 km across.

force carriers
spin =0, 1, 2, ...

BOSONS

Unified Electroweak spin = 1 Strong (color) spin =1

Electric
charge

Electric
charge

Mass
[

fame GeV/c2

Name

Color Charge

Each quark carries one of three types of

“strong charge,” also called “color charge.”

These charges have nothing to do with the

colors of visible light. There are eight possible

types of color charge for gluans. Just as electri-
interact by exchanging photons, in strong interactions color-charged par-

0 Leplcus‘ photons, and W and Z bosons have no strong

Quarks Confined in Mesons and Baryons
not isolate quarks and gluens; they are confined in color-neutral particles called
hadrons Tms inement (binding) results from multiple exchanges of gluons among the
color-char stituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quarl intiquark pairs (see figure below). The quarks and antiquarks then combine into
se are the particles seen to emerg

of hadrons have been obs
nature: mesons qg and baryons qgq
Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to resid
strong interactions between their color-charged constituents, It is similar to the residual elec

trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Baryons qqq and Antibaryons qqq e
nteraction

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Mesons qq

Mesons are bosonic hadrons.
There are about 140 types of mesons.

Str

Fundamental

Property Gravitational

Quark
content

Electric

Symbol  Name i Acts on: See Residual Strong

Interaction Note

Quark  Electric
content  charge

Mass.

Mass — Energy GeV/e?

All

Gn:\’?: Flavor Electric Charge Color Charge Symbol  Name Spin

Particles experiencing: Hadrons

Quarks, Leptons Quarks, Gluons
w+ w- 20
0.8 1
104 1
1077 1

Electrically charged

Y

Particles mediating: Gluons

25

60
Not applicable
to hadrons

Graviton
(not yet observed) Mesons
1041
104

10736

Strength relative to electromag | 1018 m

Not applicable
for two u quarks a

B0 m to quarks

for two protons in nucleus

20

pp—> Z070 + assorted hadrons

W a5
Tl

The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

Matter and Antimatter
For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but r;ppnslte
ly neutral bosons (e.g., 2% v, and n = ¢Z, but not o

of
s) are their own antiparticles. 3 : N2

%

s,

€ 3\
A neutron decays to a proton, an electron,

An electron and positron o
(antielectron) colliding at high energy can

and an antineutrino via a virtual (mediating)

W boson. This is neutron b decay.

hadrons /

> ";‘,'uﬁ,‘ hadrol

This chart has been made possible by the generous support of:
U.S. Department of Energy
nce Foundation
y National Laboratory
ar Accelerator Center
American Physical Society, Division of Particles and Fields

BURLE INDUSTRIES, INC.

©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
tion of teachers, physi and educ Send mail to: CPEF, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720, For information on charts, text

materials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org

KO

Figures

These diagrams are an artist's conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas repres

the cloud of gluons or the gluon field, and red lines the quark paths.

N

Two protons colliding at high energy can
produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.

annihilate to produce B2 and B° mesons
via a virtual Z boson or a virtual photon.

PPEU 2015
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Gauge anomalies in the Standard Model

e BUT! in the SM electroweak interactions are chiral. If the notion of
chirality is not-gauge invariant — how SM can be consistent?

e There are many left and many right states in the SM. If you sum
them up — they cancel all anomalies

U(1) U(1) U(1)

AA A AI

U(l SU(2) U(l) SU(2 U(2) SU(3) U(ly SU(2) SU(3)
SU(2)
SU(3) SU(3) SU(2) SU(2) SU(2) U(3) SU(3) SU(3) grav. grav.

From Peskin & Schroeder [Sec. 20.2]
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Anomalous fermion numbers non-conservation

e Baryon number in the Standard Model:
1 _
J5 = §(fm”u + dy*d + other quarks)

where u = (up,ugr), etc. — vector like U(1) symmetry. Same is true for
the lepton number J

e However, only left-chiral components couple to the SU(2) gauge
field

e SU(2) gauge fields: three gauge components A%, a =1,2,3
e The non-conservation of baryon and lepton numbers is given by

3
NfQQ a Tuv
327’(’2 ZFMVFCILL

=1

0, = 0,J" =
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Anomalous fermion numbers non-conservation

where F,,, is the SU(2) field strength:

Fo, = 0,A% — 0,A% + gee AL AC

Fuv = LeuvapF? is the dual field strength (e,.q4 is the Levi-Civita tensor)

Problems: Recall that in the electrodynamics the electric and magnetic fields are
defined from the field strength F,, = 9,4, — 8,A, as E; = Fy, and H; =
e F7%, where i, j, k = 1,2, 3 are spatial indexes

e Show that the dual field strength tensor F,, = ie,..sF“ interchanges E
H,ie H; = Fy,and E; = e F*

e Showthat F,, F*" = F,,F*" = E* — H?

e Showthat F,, F*" = 4E - H

e Show that FWF’“’ is full 4-divergence, i.e. FWF“” = 0, K" where K" is some
4-vector
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Anomalous baryon number non-conservation

e The total baryon number non-conservation is given by

to

137
AB = / B Nfg/ dt/dvzg H,

t1

N; = 3 — number of || 9 - 2) coupling

. . 2
generations of fermions constant, Z— ~ %

a — Ta-1/a — Ta
&' = Fop Hi = o

e Recall that in U(1) theory

where we defined the Chern-Simons number

g’ PR
NCS = /dSZ'A B

9672

a very similar formula holds for non-Abelian SU(2) fields
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Anomalous baryon number non-—-conservation

 To generate non-zero baryon number in transitions from t; — ts, |
we need fluctuations of the SU(2) gauge that change Ncs:

B(ty) — B(t,) = Ny [NCS(tQ) _ NCS(tl)]

Immediate questions:

e If baryon number is not conserved in the Standard Model — why
proton is stable?

e How possible are the configurations with non-zero &, - H,?? How
often do they occur at T' = 0 and at high temperatures?

e AB o g? [ -H — £ -H o< & — energy density of the SU(2)
gauge field is oc £2 + H? x 9—12. What do they mean?
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Chern-Simons number

e Example: configuration with A(z) = Ao(sin(kz),cos(kz),O
has the magnetic field B = cwld = B(@) = kA(Z
e Magnetic energy density

1 B 1., .,
pB—x}E%OV/dV7—§k Ao

e lts Chern-Simons number density:

. 1 T D 2

e N¢s # 0 means that the field is “helical”

e Notice that we can send &£ — 0 and Ay — oo so that

ncs = const but pp — 0
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Space of all fields

— Configurations with ngs # 0 have same energy as vacuum (B = 0).
Arbitrary configuration of gauge fields has higher energy

e The same is true for the SU(2) + Higgs field system:

E
A
I
I
|
!
|
l >
n=—1 n=0 - n =1 Y
A, P A
e The height of this barrier is
2M
Evarrier ~ % £ 10TeV
aw
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Transitions with AN. #0

e At zero energy to change Ngs one needs to tunnel through the
barrier. The probability is given by

_A4m .
Punnel ~ € “w ~ 10 160

— therefore proton is stable

e At finite temperatures the rate of transition becomes unsuppressed:

( (aWT)4aW log(1/aw), T 2 Ebarrier
Eoarrier \ © Eoari
Pepn(T) = < (QWT)4 ( ;:ner) exp <_ ;:ner) 3 T < Ebarrier
47
exp (——) , T =0
\ aw

e Each fluctuation of SU(2) field with ANgs = 1 creates 9 quarks +
3 leptons violating both baryon and lepton number but leaving B— L
conserved
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Sakharov condition-li
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C- and CP—non-conservation

e C- and CP-symmetries change all charges including baryon
number:
Clp) =1p), Cn) = |n), C'le™) = [eT), etc.

e If these symmetries were conserved in the early Universe this
would mean that for any process, changing baryon number, there
IS another process, restoring baryon number. Namely, if

X1—|—X2—|——>Y1—|—Y2—|—
change baryon number by +1, then there is a process:
X1—|—X2—|——>Y1—|—Y2+

iIn which baryon number changes by —1 and their probabilities are
the same.
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CP non-conservation in the SM

e All CP-non-conservation effects in the SM are in the quark sector

e These are complex phases of Cabbibo-Kobayashi-Maskawa mass
matrix

e In analogy with neutrino mass matrix, one needs at least 3 flavours
to have a possibility for the presence of complex phase that cannot
be removed by field redefinition (CP-violation)

e There are two types of quark matrices: M, for “up-quarks” (u,c,t)
and M, for “down-quarks” (d,s,b). Up-sector can be made diagonal,
and the M, is non-diagonal in flavour space.

e Notice, that some elements of these matrices do not play role in
physical processes and can be reabsorbed in the redefinition of
fields
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CP non-conservation in the SM at T #0

e The lowest order in mass CP-non-invariant expression that is
invariant under all possible quark fields redefinitions is given by

Jop = Im Tr (MgM;*Mij) o mimim2m?2 sindop ~ 10* GeV'?

C

where dcp is the CP-violating phase that can be measured from
kaon decays

e Notice that JCP/Tspoh ~ 1072Y, where T is a temperature of
sphaleron freeze-out — a number much smaller than the baryon
asymmetry (that we expect to be of the order 10~1V)
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Deviation from thermal equilibrium

e In thermal equilibrium any quantity is defined in a unique way
as a function of temperature and possibly a number of some
conserved charges @ or corresponding chemical potentials

e To any equilibrium process (changing C, CP, B, or any other
quantity) there is a reverse process, changing any charge in the
opposite direction. As a result for example, the total baryon charge
(B) will approach its equilibrium value B.,(T,Q,...) — a unique
function of T and values of other conserved charges.

e Notice, that if a model does not have any conserved charges (Q # 0,
than in equilibrium baryon number (also, lepton number or any other
guantum number will be equal to zero:

Density matrix o0 = e—H/T is CPT invariant (CPT theorem), while
any charge @ changes sign under CPT. Therefore in equilibrium

@ = (a3) = e(@T5) = 1 -05) = @ -
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Problems about thermal equilibrium

1. Estimate within the Fermi theory at what temperatures weak
interactions enter thermal equilibrium? At what temperatures they
go out of thermal equilibrium again?

2. At high temperatures (' > 100 GeV) one can speak about
unbroken SU(2) x U(1) electroweak symmetry. The interaction is

characterized by “weak oupling constant” ay = % ~ % Estimate,
at what temperatures typical electroweak reactions are in thermal
equilibrium? (Hint: use the analogy with the electromagnetic interactions)

3. Below temperatures T' <« 100 GeV electroweak symmetry is
broken and one can speak about electromagnetic interactions.
Estimate at what temperatures electromagnetic processes enter
thermal equilibrium. At what temperatures they go out of thermal
equilibrium again?

4. At temperatures T' < 100 GeV interactions of sterile neutrino with
other leptons can be described by the analog of Fermi theory (with
the “sterile Fermi constant” G = 0 x G, where 6§ ~ 10~°). At what
temperatures such sterile neutrinos enter thermal equilibrium and
go out of thermal equilibrium.
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Thermal equilibrium in the SM

e We saw that all the SM processes containing quarks (particle,
carrying baryon number) are in thermal equilibrium in the early
Universe down to temperatures ~ 1 MeV when proton and neutron
freeze-out. Therefore, they cannot be responsible for generation of
baryon asymmetry of the Universe?

e What are physical processes can violate thermal equilibrium
conditions?
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Phase transitions in the early Universe

PHASE TRANSITIONS IN THE
EARLY UNIVERSE
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Spontaneous symmetry breaking

v

a

Massive2 scalar
m A
V(e) = 7</52 + Z¢4

Spontaneous symmetry breaking
2
A
Vssn(0) = 50>+ 5¢' + Vo (12)

_ 2
Minimum at | ¢g = -

Alexey Boyarsky
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Problems: symmetry breaking

1. Expand the potential (12) around the true minimum ¢, and find the
mass of the particle. Notice that it is not equal to m?!

2. Generalize the potential (12) for the case of U(1) charged scalar
field with the charge g (i.e. ¢ is the complex field and gauge
transformation acts as ¢ — €% ¢)

3. Introduce the gauge field A, and write the kinetic term for the
charged scalar field ¢ (changing ordinary derivative 9, to covariant
derivative D, = 90, + ¢A,). Show that at the minimum of the
potential Vsgg the gauge field becomes massive. Find the mass
of the gauge field

4. Introduce the charged fermions, coupled to the field ¢ via Yukawa
interaction fiy@p. Show that when ¢ is at the minimum of the
potential (12) the Yukawa term becomes the Dirac mass term for
the fermion.
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Symmetry breaking at finite temperatures

e What happens with the system at finite temperatures (e.g. when
T4 ~ Vp)?

e Consider free energy per unit volume of the scalar field in the
homogeneous and isotropic Universe:

Veer(@, T') = Free energy/Volume

o At low temperatures Veee (0, T) ~ Vigr()

e The minimum of effective potential (¢)r is determined from the

2
usual condition of minimum 8VEF555¢’T) — 0 while 2 VEg;(f’T) > 0
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Effective potential

e What is the form of Viee(¢p, T)? Consider the situation when the
temperature is high T' > (¢)r. Qualitatively in this situation all the
particles have masses m(¢) « (¢)r and m(¢) < T. In this limit one
would expect that the change in free energy density (is given by)

2
Veere (9, T) = Vsgp(9) + T Z Ci m%(f)

all massive particles

e Then we have
Verr(¢,T) = (—A0” + aT?)¢” + Ao

where

1
1202

o (6M7,+3M2+6m?) — heaviest particles to which Higgs couples

o If T > \/gv then ¢ = 0 is the minimum of the system
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lst order phase transition

Proper treatment of quantum
corrections gives

Vo) -VO) Q2 2\ 42 3 4
b le I | a Ver=g;T7 = T5)6" —T6" + 2o
D: single minimum at ¢ = 0
symmetric phase
C: second (local) minimum appears at
¢ # 0. The distance between two
minima always finite!
0
N/ (l)’ B: Minimum at ¢ # 0 is a true
minimum  separate from the
metastable vacuum at ¢ = 0
by potential barrier

A: T = Os (bmzn — ¢O
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Phase transitions

Two main types of phase transitions:

e | order — Discontinuity of 2% o (¢)r (left).

e |l order — No discontinuity of (¢)r (right).

) b)

0
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First-order phase transition

Higgs phase
Higgs phase

symmetric
phase

Higgs phase
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2nd order phase transition

_ 2 A T
V() - V(0) Veer = —%ng n Z¢4 n T¢2
C B[ A
m
T, =2
VA

C: T > T, single minimumat ¢ =0
symmetric phase

B: At T < T. a minimum at ¢ #

0 appears, ¢ = 0 becomes

0 maximum. (¢)r = TEZTQ.

Notice that (¢p)r x VI.—T —

starts from 0 at T' = T, (unlike
the 1st order P.T.)

A: T =0, dmin = ¢o
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Phase transitions

In the presence of the temperature, the potential for the field ¢ can
change:

Vere(0,T) = A [(ZL + Qb; (1;2 - Uz)]

- I>T.

vo) [~ [ T

o] T=T <T.
o — T<T,

- T=0
¢

T. =20 ! ' -

Fromhttp://www.phys.uu.nl/~prokopec

Alexey Boyarsky PPEU 2015 97


http://www.phys.uu.nl/~prokopec

2nd order phase transition

— T>Tc

A

y
©) ot

- T<T.

Back to Sakharov
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First-order phase transition

Higgs phase
Higgs phase

symmetric
phase

Higgs phase
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First—-order phase transition

B is not conserved

B=0
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BAU in the SM

e In the SM all the conditions seems to be satisfied:

— CP is violated
— Baryon number may not be non-conserved: it can be created

from lepton number by non-perturbative processes active at high

temperature
— There may be phase transitions (EW, QCD).

e However, experimental bounds on the SM parameters show that
this does not happen!
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Leptogenesis

e Sphaleron processes violate B + L but do not affect B — L charge.

o If at 7" > Tson you generate non-zero lepton number via some
process (so that B — L becomes # 0) . ..

e ...then sphalerons will “transform L into B” (so that, for example, in
the SM plasma one gets B = (B — L) and L = —21(B — L))

Khlebnikov & Shaposhnikov, “The Statistical Theory of Anomalous Fermion Number
Nonconservation” Nucl. Phys. B308 (1988) 885-912

This class of scenarios is called
LEPTOGENESIS
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Sterile neutrinos and leptogenesis

There exist three classes of leptogenesis scenario related to sterile
neutrinos:

Thermal leptogenesis: Fukugita & Yanagida’86
Works for My ~ 102 GeV

Resonant leptogenesis: Pilaftsis, Underwood’04-'05
Works for My, =~ My, ~ My and |My, — Mn,| < My, N,

Leptogenesis via oscillations: Akhmedov, Smirnov & Rubakov’98

Asaka &Shaposhnikov’05
Works for My, =~ My, < My and |My, — Mn,| < My, N,
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The main idea of thermal leptogenesis

o “Sufficiently heavy” sterile neutrinos can decay into left leptons +
Higgs

Fig. from Strumia & Vissani

e Due to their Majorana mass these decays break lepton number
(N—-L+Hand N — L+ H)

e Decay rate I';,; o< |F|*My

e Tree level decay of Ny — L + H (the first graph):

_|F|PM,
8
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The main idea of thermal leptogenesis

— complex phase does not contributes, so not satisfied 2nd
Sakharov condition

e Need to take into account loop effects (graphs 2 and 3)

e The resulting ng oc 1073|F|* = |F|* ~ 1077 = | My ~ 10'? GeV

e Such sterile neutrinos would add corrections to the Higgs mass of
the order of |F|2M3% ~ 10'* GeV” > M2 . — gauge hierarchy

iggs
problem!
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Resonant leptogenesis

e Can lighter sterile neutrinos provide leptogenesis?

e Yes! but still ng o |F|? and one needs to compensate smaller
Yukawas (the smaller is the mass, the smaller are the Yukawa couplings)

e If masses of two sterile neutrinos approximately equal, then in

the last diagram the production of lepton number is enhanced by
ertot

(My — M3)?2 +T%,

e Leptogenesis possible for My ~ Myy!
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Leptogenesis via oscillations

Akhmedoyv,
Smirnov,

e As My decreases, the Majorana nature of particles plays lesser ¢ ..o 98

role. Can one get a leptogenesis for My < Tpn
Asaka,

Shaposhnikov
e Recall, that sphalerons (SU(2) gauge configurations) convert '05

lepton number stored in left lepton doublets into the baryon
number.

e Can it be that total lepton number = 0 but is distributed between
sectors:
Lepton # of left v = —Lepton # of N; £ 0

sterile neutrinos are Majorana particles, so for them role of lepton number is
played by helicity

e Need at least two sterile neutrinos with My, ~ My,
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Leptogenesis via oscillations

1)

2)

3)

4)

Need to choose at least two sterile neutrinos that do not
thermalize until Ty,

e At T > m, thermalization goes via Higgs exchange N +t <> v + t or

H+ N+v,...
o|F | f}
® I'therm ~ —- -5 compares to H(T)atT., ~ 5My.

e Therefore, if My < My — particles not thermalized until sphalerons freeze-

out

Sterile neutrinos are produced (e.g. via H — N + v)
no lepton number is any sectors so far!

Sterile neutrinos oscillate into each other in the CP-violating way
recall, that we can have CP-phases in the Yukawa matrix of sterile neutrinos!

This generate some effective “lepton number” in sterile (and,
therefore, in active) sectors
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Leptogenesis via oscillations

o The frequency oscillation between two neutrinos with masses M; ~
M is given by

MP — M3 MyAM(T)
En T

Wosc ™

o If wosc > H(Tspn) — many oscillations had occurred by the time of
sphaleron freeze-out and lepton number is “washed out”

o If wose < H(Tspn) — essentially no oscillations had occurred and
lepton number in the sterile sector did not have time to develop

e Optimal condition:

T2
= (M. MyAM(T))

*

Wosc ™~
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Leptogenesis via oscillations

Canetti &
Shaposhnikov
7 [1006.0133]

106

1000

AMy[eV]

10° (6p_, 2 )

0.001

M[GeV] T

e Mechanism works down to My ~ 1 MeV

e Roughly AM (Tspn) ~ matm (11\?;\/)

e This leptogenesis do no have to stop at 7' ~ Tgn. Lepton
asymmetry continues to be generated below sphaleron freeze-

out
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Baryon asymmetry in the Universe

e Sterile neutrinos with the masses from 1 MeV to 10'? GeV can be
responsible for generation of baryon asymmetry of the Universe
through leptogenesis

e Heavy particles (My ~ 10'? GeV) would lead to the gauge
hierarchy problem

e Almost degenerate particles with the masses from My ~ My, can
produce baryon asymmetry through either resonant leptogenesis
(Majorana nature of particles plays crucial role) or via coherent
CP-violating oscillations — total lepton number is non-zero but the
active neutrinos acquire an effective lepton number

e The latter mechanism allows for lepton asymmetry to be generated
below the sphaleron freeze-out temperature. Therefore, it is
possible that nr > np in such models

Alexey Boyarsky PPEU 2015 111



