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Introduction

Everything can be explained by the Standard Model !

... but there should be more than one Standard Models
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Bright & Dark Sides of our Universe

ΩB ' 0.05 observable matter: electron, proton, neutron !

ΩD ' 0.25 dark matter: WIMP? axion? sterile ν? ...

ΩΛ ' 0.70 dark energy: Λ-term? Quintessence? ....

ΩR < 10−3 relativistic fraction: relic photons and neutrinos

Matter – dark energy coincidence: ΩM/ΩΛ ' 0.45, (ΩM = ΩD + ΩB)

ρΛ ∼ Const., ρM ∼ a−3; why ρM/ρΛ ∼ 1 – just Today?

Antrophic explanation: if not Today, then Yesterday or Tomorrow.

Baryon and dark matter Fine Tuning: ΩB/ΩD ' 0.2
ρB ∼ a−3, ρD ∼ a−3: why ρB/ρD ∼ 1 - Yesterday Today & Tomorrow?

Baryogenesis requires BSM Physics: (GUT-B, Lepto-B, AD-B, EW-B ...)

Dark matter requires BSM Physics: (Wimp, Wimpzilla, sterile ν, axion, ...)

Different physics for B-genesis and DM?

Not very appealing: looks as Fine Tuning
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Visible vs. Dark matter: ΩD/ΩB ∼ 1 ?

Visible matter from Baryogenesis
B (B − L) & CP violation, Out-of-Equilibrium
ρB = nBmB , mB ' 1 GeV, η = nB/nγ ∼ 10−9

η is model dependent on several factors:

coupling constants and CP-phases, particle de-

grees of freedom, mass scales and out-of-equilibrium

conditions, etc. • Sakharov 1967

Dark matter: ρD = nXmX , but mX = ? , nX = ?

nX is model dependent: DM particle mass and interaction strength

(production and annihilation cross sections), freezing conditions, etc.

Axion

Neutrinos

Sterile ν′

Mirror baryons

WIMP

WimpZilla

ma ∼ 10−5 eV na ∼ 104nγ - CDM

mν ∼ 10−1 eV nν ∼ nγ - HDM (×)
mν′ ∼ 10 keV nν′ ∼ 10−3nν - WDM

mB′ ∼ 1 GeV nB′ ∼ nB - ???

mX ∼ 1 TeV nX ∼ 10−3nB - CDM

mX ∼ 1014 GeV nX ∼ 10−14nB - CDM
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Dark Matter from a Parallel World

Our observable particles: (Best of the possible Worlds ....)
G = SU(3)× SU(2)× U(1) ( + SUSY ? + GUT ? ... )
electron, nucleons (quarks), neutrinos, gluons, Higgs
QED photon/long range, QCD gluons/confining, Weak W ,Z/short range
... matter vs. antimatter (CP + B/B-L violation ... )
... existence of nuclei, atoms, molecules .... life.... Homo Sapiens !

Dark matter: a parallel sector ? (Best of the possible Dark Worlds ...)
G ′ = SU(3)′ × SU(2)′ × U(1)′ ? ( + SUSY ? GUT ′? Seesaw ?)
... dark matter (CP + B′/B′-L′ violation ... ) ?
... existence of dark nuclei, atoms, molecules ... life ... Homo Aliens ?

Call it Yin-Yang (in chinise, dark-bright) duality

describes a philosophy how opposite forces are ac-
tually complementary, interconnected and interde-
pendent in the natural world, and how they give rise
to each other as they interrelate to one another. E8×E ′8
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SU(3)× SU(2)× U(1) + SU(3)′ × SU(2)′ × U(1)′

G × G ′

  

Regular world Mirror world 

• Two identical gauge factors, e.g. SU(5)× SU(5)′, with identical field
contents and Lagrangians: Ltot = L+ L′ + Lmix

• Mirror sector (L′) is dark – or perhaps grey? (Lmix → portals )

• MM is similar to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions (T ′/T � 1)

• G → G ′ symmetry (Z2 or Z LR
2 ): no new parameters in L′ spont.

broken?

• Cross-interactions between O & M particles
Lmix : new operators – new parameters! limited only by experiment!
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SU(3)× SU(2)× U(1) vs. SU(3)′ × SU(2)′ × U(1)′

Two possible parities: with and without chirality change

fermions and anti-fermions :

qL =

(
uL
dL

)
, `L =

(
νL
eL

)
; uR , dR , eR

B=1/3 L=1 B=1/3 L=1

q̄R =

(
ūR
d̄R

)
, ¯̀

R =

(
ν̄R
ēR

)
; ūL, d̄L, ēL

B=–1/3 L=–1 B=–1/3 L=–1

l CP

Twin antifermions/fermions :

q′L =

(
u′L
d ′L

)
, `′L =

(
ν′L
e′L

)
; u′R , d ′R , e′R

B′=–1/3 L′=–1 B′=–1/3 L′=–1

q̄′R =

(
ū′R
d̄ ′R

)
, ¯̀′

R =

(
ν̄′R
ē′R

)
; ū′L, d̄ ′L, ē′L

B′=1/3 L′=1 B′=1/3 L′=1

l CP

LYuk = FLY F̄Lφ + h.c. L′Yuk = F ′LY
′F̄ ′Lφ

′ + h.c.

Z2: L(R)↔ L′(R ′): Y ′u,d,e = Yu,d,e B+B′ → −(B+B′)

Z LR
2 : L(R)↔ R ′(L′): Y ′u,d,e = Y ∗u,d,e B+B′ → B+B′ Z LR

2 = Z2×CP
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– Sign of baryon asymmetry (BA)?

Ordinary BA is positive: B = sign(nb − nb̄) = 1
– as produced by (unknown) baryogenesis a la Sakharov!

Sign of mirror BA, B′ = sign(nb′ − nb̄′), is a priori unknown!

Imagine a baryogenesis mechanism separately acting in O and M sectors!
– without involving cross-interactions in Lmix

E.g. EW baryogenesis or leptogenesis N → `φ and N ′ → `′φ′

Z2: → Y ′u,d,e = Yu,d,e i.e. B′ = −1
– O and M sectors are CP-identical in same chiral basis! O=left, M=left

Z LR
2 : → Y ′u,d,e = Y ∗u,d,e i.e. B′ = 1

– O sector in L-basis is identical to M sector in R-basis! O=left, M=right

In the absence of cross-interactions in Lmix we cannot measure sign of BA
or chirality in weak interactions of M sector – so all remains academic ...

But switching on cross-interactions, violating B and B′ – but conserving
say B+B′ as e.g. neutron–mirror neutron (n − n′) mixing: εnn′ + h.c.
Z LR

2 → B′ = 1 → n′ → n M matter → O matter
Z2 → B′ = −1 → n′ → n M (anti)matter → O antimatter
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Neutrino – mirror neutrino mixings
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B-L violation in O and M sectors: Active-sterile mixing

• A
M (`φ)(`φ) (∆L = 2) – neutrino (seesaw) masses mν ∼ v2/M

M is the (seesaw) scale of new physics beyond EW scale.

%L=2

l l

K K
G%L=2

K

N N

K
MM

l l

• Neutrino -mirror neutrino mixing – (active - sterile mixing)
L and L′ violation: A

M (`φ)(`φ), A
M (`′φ′)(`′φ′) and B

M (`φ)(l`′φ′)

%L=1,�%La=1

l l a

K Ka
G%L=1

Mirror neutrinos naturally sterile neutrinos: 〈φ′〉/〈φ〉 ∼ 10÷ 102

ZB and Mohapatra 95, ZB, Dolgov and Mohapatra 96
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Co-leptogenesis: B-L violating interactions between O and M worlds

L and L′ violating operators 1
M (`φ)(`φ) and 1

M (`φ)(`′φ′) lead to

processes `φ→ ¯̀φ̄ (∆L = 2) and `φ→ ¯̀′φ̄′ (∆L = 1, ∆L′ = 1)

%L=2

l l

K K
G%L=2

%L=1,�%La=1

l l a

K Ka
G%L=1

After inflation, our world is heated and mirror world is empty:
but ordinary particle scatterings transform them into mirror particles,

heating also mirror world.

• These processes should be out-of-equilibrium
• Violate baryon numbers in both worlds, B − L and B ′ − L′

• Violate also CP, given complex couplings

Green light to celebrated conditions of Sakharov
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Co-leptogenesis: Z.B. and Bento, PRL 87, 231304 (2001)

Operators 1
M (l φ̄)(l φ̄) and 1

M (l φ̄)(l ′φ̄′) via seesaw mechanism –
heavy RH neutrinos Nj with
Majorana masses 1

2MgjkNjNk + h.c.

Complex Yukawa couplings Yij liNj φ̄+ Y ′ij l
′
iNj φ̄

′ + h.c.

Z2 (Xerox) symmetry → Y ′ = Y ,
ZLR

2 (Mirror) symmetry → Y ′ = Y ∗
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Co-leptogenesis: Mirror Matter as Dark Anti-Matter

Z.B., arXiv:1602.08599

Hot O World −→ Cold M World

dnBL

dt + (3H + Γ)nBL = ∆σ n2
eq

dn′BL

dt + (3H + Γ′)n′BL = ∆σ′ n2
eq

σ(lφ→ l̄ φ̄)− σ(l̄ φ̄→ lφ) = ∆σ

σ(lφ→ l̄ ′φ̄′)− σ(l̄ φ̄→ l ′φ′) = −(∆σ + ∆σ′)/2 → 0 (∆σ = 0)

σ(lφ→ l ′φ′)− σ(l̄ φ̄→ l̄ ′φ̄′) = −(∆σ −∆σ′)/2 → ∆σ (0)

∆σ = ImTr[g−1(Y †Y )∗g−1(Y ′†Y ′)g−2(Y †Y )]× T 2/M4

∆σ′ = ∆σ(Y → Y ′)

Mirror (ZLR
2 ): Y ′ = Y ∗ → ∆σ′ = −∆σ → B > 0, B ′ < 0

Xerox (Z2): Y ′ = Y → ∆σ′ = ∆σ = 0 → B,B ′ = 0

If k =
(

Γ
H

)
T=TR

� 1, neglecting Γ in eqs → nBL = n′BL

Ω′B = ΩB ' 103 JMPlT
3
R

M4 ' 103J
(

TR

1011 GeV

)3
(

1013 GeV
M

)4
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Cogenesis: Ω′
B ' 5ΩB Z.B. 2003

If k =
(

Γ2

H

)
T=TR

∼ 1, Boltzmann Eqs.

dnBL

dt + (3H + Γ)nBL = ∆σ n2
eq

dn′BL

dt + (3H + Γ′)n′BL = ∆σ n2
eq

should be solved with Γ:

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

DHkL

xHkL

D(k) = ΩB/Ω′B , x(k) = T ′/T for different g∗(TR) and Γ1/Γ2.

So we obtain Ω′B = 5ΩB when m′B = mB but n′B = 5nB
– the reason: mirror world is colder
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Neutron – mirror neutron mixing
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B violating operators between O and M particles in Lmix

Ordinary quarks u, d ( antiquarks ū, d̄)
Mirror quarks u′, d ′ ( antiquarks ū′, d̄ ′)

• Neutron -mirror neutron mixing – (Active - sterile neutrons)

1
M5 (udd)(udd) & 1

M5 (udd)(u′d ′d ′)

%B=2
u

d

d d

d
u

G'B=2

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

Oscillations n→ n̄ (∆B = 2)
Oscillations n→ n̄′ (∆B = 1, ∆B ′ = −1) B + B ′ is conserved
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Neutron– antineutron mixing

Majorana mass of neutron ε(nTCn + n̄TCn̄) violating B by two units
comes from six-fermions effective operator 1

M5 (udd)(udd)

%B=2
u

d

d d

d
u

G'B=2

It causes transition n(udd)→ n̄(ūd̄ d̄), with oscillation time τ = ε−1

ε = 〈n|(udd)(udd)|n̄〉 ∼ Λ6
QCD

M5 ∼
(

100 TeV
M

)5 × 10−25 eV

Key moment: n − n̄ oscillation destabilizes nuclei:
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s

Present bounds on ε from nuclear stability
ε < 1.2× 10−24 eV → τ > 1.3× 108 s Fe, Soudan 2002
ε < 2.5× 10−24 eV → τ > 2.7× 108 s O, SK 2015
ε < 7.5× 10−24 eV → τ > 0.9× 108 s direct limit free n
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Neutron – mirror neutron mixing

Effective operator 1
M5 (udd)(u′d ′d ′) → mass mixing εnCn′ + h.c.

violating B and B ′ – but conserving B − B ′

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

ε = 〈n|(udd)(u′d ′d ′)|n̄′〉 ∼ Λ6
QCD

M5 ∼
(

1 TeV
M

)5 × 10−10 eV

Key observation: n − n̄′ oscillation cannot destabilise nuclei:
(A,Z )→ (A− 1,Z ) + n′(p′e′ν̄′) forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

For mn = mn′ , n − n̄′ oscillation can be as fast as ε−1 = τnn̄′ ∼ 1 s
without contradicting experimental and astrophysical limits.
(c.f. τ > 10 yr for neutron – antineutron oscillation)

Neutron disappearance n→ n̄′ and regeneration n→ n̄′ → n
can be searched at small scale ‘Table Top’ experiments
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Neutron – mirror neutron oscillation probability

H =

(
mn + µnBσ ε

ε mn + µnB′σ

)
The probability of n-n’ transition depends on the relative orientation
of magnetic and mirror-magnetic fields. The latter can exist if mirror
matter is captured by the Earth

(Z. Berezhiani, 2009)

2 2

2 2 2 2

2 2

2 2 2

( ) ( ) ( ) cos

sin ( ) sin ( )
( )

2 ( ) 2 ( )

sin ( ) sin ( )
( )

2 ( ) 2 (

B B B

B

P t p t d t

t t
p t

t t
d t

C

X X X X

U X X U X X

X X X X

U X X U

a

� � ¸

  ¯   ¯a a� �¡ ° ¡ °¢ ± ¢ ±�
a a� �

  ¯   ¯a a� �¡ °

�

¡ °¢ ± ¢ ±�
a�

�

Neutron disappearance in the presence of

where  = and - oscillation time

assymetry

2

1 1
2 2

det

)

( ) ( )
( ) ( ) cos

( ) ( )
B B

B collis B
B B

B B

N t N t
A t N d t

N t N t

X X

X N X N U

C�

�

a�

a a�

�
� ¸ k

�

   ;     

=  

22

B a
G

B
G

C
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Earth mirror magnetic field via the electron drag
mechanism

Earth can accumulate some, even tiny amount of mirror matter due
to Rutherford-like scattering of mirror matter due to photon-mirror
photon kinetic mixing.
Rotation of the Earth drags mirror electrons but not mirror protons
(ions) since the latter are much heavier.
Circular electric currents emerge which can generate magnetic field.
Modifying mirror Maxwell equations by the source (drag) term, one
gets B ′ ∼ ε2 × 1015 G before dynamo, and even larger after dynamo.

Such mechanism can also induce cosmological magnetic fields
Z.B., Dolgov, Tkachev, 2013



Can antimatter
be produced in

cosmos –
and (perhaps) in

laboratory?

Zurab Berezhiani

Summary

Introduction:
Dark Matter from
a Parallel World

Chapter I:
Neutrino - mirror
neutrino mixings

Chapter II:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
Neutron Stars

Neutron-
antineutron
oscillation

Chapter IV:
n − n′ and
Neutron Stars

Experimental Strategy

To store neutrons and to measure if the amount of the survived ones
depends on the magnetic field applied.

Fill the Trap with the UCN

Close the valve

Wait for TS (300 s ...)

Open the valve

Count the survived Neutrons

Repeat this for different orientation and values of Magnetic field.
NB(TS) = N(0) exp

[
−
(
Γ + R + P̄Bν

)
TS

]
NB1(TS)

NB2(TS)
= exp

[(
P̄B2 − P̄B1

)
νTS

]
So if we find that:

A(B,TS) =
NB(TS)− N−B(TS)

NB(TS) + N−B(TS)
6= 0 E (B, b,TS) =

NB(TS)

Nb(TS)
−1 6= 0
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A and E are expected to depend on magnetic field

E.g. assume B’=0.12 Gauss 
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Experiments

8 experiment were done at ILL/PSI, 3+1 by PSI group, 2+1 by
Serebrov group with 190 l beryllium plated trap for UCN
New experiments are underway at PSI, ILL and ORNL

Experimental installation search for n-n′ oscillation and 
some members of PNPI-ILL-PTI collaboration 
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Exp. limits on n − n′ oscillation time – ZB et al,
Eur. Phys. J. C. 2018
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Free Neutrons: Where to find Them ?

Neutrons are making 1/7 fraction of baryon mass in the Universe.

But most of neutrons bound in nuclei ....

n→ n̄′ or n′ → n̄ conversions can be seen only with free neutrons.

Free neutrons are present only in

• Reactors and Spallation Facilities (experiments are looking for)

• In Cosmic Rays (n − n′ can reconcile TA and Auger experiments)

• During BBN epoch (fast n′ → n̄ can solve Lithium problem)

− Transition n→ n̄′ can take place for (gravitationally) Neutron
Stars – conversion of NS into mixed ordinary/mirror NS
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Chapter IV

n − n′ and Neutron Stars
(and Mirror Neutron stars)

Z.B., Biondi, Mannarelli, Tonelli, arXiv:2012.15233

Z.B., arXiv:2106.11203
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Neutron Stars: n − n′ conversion

Two states, n and n′

H =

(
mn + Vn + µnBσ ε

ε m′n + V ′n − µnB′σ

)
n1 = cos θn + sin θn′, n2 = sin θn − cos θn′, θ ' ε

Vn−V ′n

Vn = 2πanb/mn ' ξa3 × 125 MeV ξ = nb/ns (ns = 0.16/ fm3)

EF ' ξ2/3 × 60 MeV, (V ′n < Vn, E ′F < E ′F )

nn→ nn′ with rate Γ = 2θ2η〈σv〉nb, σ = 4πa2

dN
dt = −ΓN dN′

dt = ΓN N + N ′ = N0 remains Const.

τε = Γ−1 = ε−2
15

(
M

1.5 M�

)2/3

× 1015 yr N ′/N0 = t/τε

for t = 10 Gyr, τε = 1015 yr gives M fraction 10−5 – few Earth mass

Ė = EFN
τε

=
(

1015 yr
τε

)(
M

1.5 M�

)
× 1031 erg/s NS heating – surface T
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Mixed Neutron Stars: TOV and M − R relations

gµν = diag(−gtt , grr , r 2, r 2 sin2 θ) gtt = e2φ, grr = 1
1−2m/r

Tµν = T 1
µν + T 2

µν = diag(ρgtt , pgrr , pr
2, pr 2 sin2 θ)

ρ = ρ1 + ρ2 & p = p1 + p2, pα = F (ρα)

dm
dr

= 4πr 2ρ → dm1,2

dr
= 4πr 2ρ1,2 m = m1 + m2

dφ
dr

= − 1
ρ+p

dp
dr
→ dp1/dr

ρ1+p1
= dp2/dr

ρ2+p2

dp
dr

= (ρ+ p)m+4πpr3

2mr−r2

(m1 6= 0,m2 = 0)in → (m1 = m2)fin r → r√
2
, mα → mα

2
√

2

0 5 10 15
0.0

0.5

1.0

1.5

2.0

R @ km D

M
�M

�

0 5 10 15
0.0

0.5
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�

√
2 rule: Mmax

mix = 1√
2
Mmax

NS Rmix(M) = 1√
2
RNS(M)
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Neutron Star transformation

dN
dt = −ΓN dN′

dt = Γ N + N ′ = N0 remains Const.

Initial state N = N0, N ′ = 0 final state N = N ′ = 1
2N0

M1 =1.42 , M2 = 0

M1 =1.41 , M2 = 0.006

M1 =1.32 , M2 = 0.09

M1 =1.00 , M2 = 0.37

M1 = M2 = 0.66

0 2 4 6 8 10 12
0.0

0.5

1.0

1.5

R @ km D

Ρ
@1

0
15

g
�c

m
3

D

Quark stars: in strange quark matter (color-superconducting phase)
transition is not energetically farored. So Quark stars (which perhaps
are heavy pulsars with M ' 2M� or so) are insensitive to n→ n′.
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Neutron Stars: observational M − R

ω

Figure 4

The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)

(Guillot et al. 2013; Guillot & Rutledge 2014; Lattimer & Steiner 2014; Özel et al. 2015). The most

recent results are displayed as correlated contours on the neutron-star mass-radius diagram4 (see

Fig. 4).

Several sources of systematic uncertainties that can affect the radius measurements have been

studied, which we discuss in some detail below.

Atmospheric Composition. The majority of qLMXBs for which optical spectra have been ob-

tained show evidence for Hα emission (Heinke et al. 2014), indicating a hydrogen rich companion.

Although none of these spectra have been obtained for globular cluster qLMXBs, assuming that

sources in globular clusters have similar companions to those in the field led to the use of hydrogen

atmospheres when modeling quiescent spectra. There is one source among the six that have been

analyzed in detail, for which there is evidence to the contrary. There is only an upper limit on the

Hα emission from the qLMXB in NGC 6397 using HST observations (Heinke et al. 2014). Because

of this, this source has been modeled with a helium atmosphere and the corresponding results are

displayed in Fig. 4.

Non-thermal Component. Assuming different spectral indices in modeling the none-thermal

spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low

counts in the spectra do not allow an accurate measurement of this parameter; however, a range of

values have been explored in fitting the data.

Interstellar Extinction. Because of the low temperature of the surface emission from qLMXBs,

the uncertainty in the interstellar extinction has a non-negligible effect on the spectral analyses. Dif-

ferent amounts of interstellar extinction have been assumed in different studies (Guillot et al. 2013;

Lattimer & Steiner 2014). A recent study explored different models for the interstellar extinction

4The full mass-radius likelihoods and tabular data for these sources can be found at
http://xtreme.as.arizona.edu/NeutronStars.

www.annualreviews.org • Masses, Radii, and Equation of State of Neutron Stars 17
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Neutron Stars Evolution to mixed star
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Neutron Stars: mass distribution
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Figure 2

The most recent measurement of neutron star masses. Double neutron stars (magenta), recycled pulsars
(gold), bursters (purple), and slow pulsars (cyan) are included.

masses, from ≈ 1.1−2 M⊙. The differences between the neutron star masses in different categories

are also evident. To study and characterize the mass distributions of these different classes in more

detail, it is possible to use Bayesian statistical techniques on the currently available measurements.

In particular, the three different categories of sources, namely, the DNSs, the slow pulsars (i.e., the

small spin period pulsars and neutron stars with high mass companions, which are likely to be near

their birth masses) and the recycled pulsars (which include all MSPs and the accreting neutron

stars with low-mass companions) can each be modeled with Gaussian functions with a mean of M0

and a dispersion σ

P (MNS; M0, σ) =
1√

2πσ2
exp

[
− (MNS − M0)

2

2σ2

]
. (8)

Several studies have employed Bayesian techniques to measure the most likely values of the mean

and dispersion for these systems (Özel et al. 2012; Kiziltan et al. 2013). Fig. 3 shows the inferred

mass distributions for these different categories of neutron stars. The most likely values of the

www.annualreviews.org • Masses, Radii, and Equation of State of Neutron Stars 13

Figure 3

The inferred mass distributions for the different populations of neutron stars.

parameters for these distributions are: M0 = 1.33 M⊙ and σ = 0.09 M⊙ for the DNSs, M0 =

1.54 M⊙ and σ = 0.23 M⊙ for the recycled neutron stars, and M0 = 1.49 M⊙ and σ = 0.19 M⊙
for the slow pulsars. A recent study also raised the possibility of two peaks within the recycled

millisecond pulsar population, with the first peak at M = 1.388 M⊙ and a dispersion σ = 0.058 M⊙
and a second peak appearing at M = 1.814 M⊙ with a dispersion of σ = 0.152 M⊙ (Antoniadis et al.

2016).

Among these inferred distributions, the narrowness of the DNS distribution stands out.

While clearly not representative of neutron stars as a whole, as it was once thought

(Thorsett & Chakrabarty 1999), it probably points to a particular evolutionary mechanism that

keeps the masses of neutron stars in these systems in a narrow range. Recent discoveries, such as

the DNS J0453+1559 (Deneva et al. 2013), indicate that the range of masses in double neutron-star

systems may also be wider than previously believed: the recycled pulsar has a mass of 1.559(5)

M⊙, the heaviest known in any DNS (Martinez et al. 2015), while the companion has a mass of

1.174(4) M⊙, the smallest precisely measured mass for any NS (We infer that the companion is a

NS from the orbital eccentricity of the system, e = 0.11251837(5), which would not arise if it had

slowly evolved to a massive white dwarf star).

2.6. Maximum Mass of Neutron Stars

Finding the maximum mass of neutron stars is of particular interest in mass measurements because

of its direct implications for the neutron star equation of state and neutron star evolution. The

largest neutron star mass can rule out the equations of state that have maximum masses that fall

below this value. The current record holder on this front is J0348+0432 with a mass of 2.01±0.04M⊙
(Antoniadis et al. 2013).

There are also some studies of a particular class of millisecond pulsars called black

widows (and their cousins redbacks) that have suggested higher neutron star masses (e.g.,

14 Feryal Özel and Paulo Freire
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Neutron Star Mergers

NS-NS merger and kilonova (GW170817 ?)
r-processes can give heavy *trans-Iron* elements

Mirror NS-NS merger is invisible (GW190425 ? Mtot = 3.4M� )

But not completely ... if during the evolution they developed small
core of normal matter or antimatter (depends on the mirror BA sign)
– their mergers can be origin of antinuclei for AMS-2
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Antimatter Cores in Mirror Neutron stars

(i) PSFðθ; EÞ [sr−1] represents the point spread function
(PSF) of the LAT, as a function of θ, the angular
distance to the source position, and E, the energy of
the photon;

(ii) ExpðEÞ [cm2 s] represents the exposure, i.e., the
product of the effective area and the observation
lifetime;

(iii) BðEÞ [MeV−1 cm−2 s−1 sr−1] represents the inter-
stellar and isotropic background model;

(iv) SðEÞ [MeV−1 cm−2 s−1 ] represents the spectrum of
the source;

(v) wðEÞ represents the weights introduced into the
analysis of 4FGL.

The exposure, PSF, and background intensity in for-
mula (2) vary as a function of the position in the sky. We
calculated the first two for the list of good time intervals and
set of IRFs used in 4FGL-DR2 using FERMITOOLS version
1.2.23. We also employ the background models from 4FGL-
DR2 (see Acero et al. [31] for more details on the method-
ology to construct the model). All maps are calculated in
Galactic coordinates with a resolution of ð0.125°Þ2, corre-
sponding to the resolution of the background model, and in
Hammer-Aitoff projection in order tominimize distortions at
high latitudes. The source spectrumSðEÞ is assumed to be the
p − p̄ annihilation spectrum from Backenstoss et al. [2]. In
order to approximately account for the source confusion
limit, the solid angle integral is computed up to the mean
angular distance between sources in the catalog in 4FGL-
DR2 θmax ¼ 1.5062° [30]. The weights are calculated
according to Appendix B in the 4FGL paper [21], which
requires one to calculate the number of background events
within the PSF of the LAT for each energy band. We use
model-based weights derived from the 4FGL-DR2 back-
ground model. The number of counts Nk from Eq. (B.4) of
4FGL thus becomes

NkðEÞ ¼
Z

2E

E
dE0ExpðE0ÞBðE0Þ

×
Z

θmax

0
2π sin θdθ

PSFðθ; E0Þ
PSFð0; E0Þ

: ð3Þ

The LAT sensitivity to an antistar signal can therefore be
expressed in the form of a sky map, where each pixel
represents the flux necessary to obtain TS ¼ 25 for a
pointlike source with a matter-antimatter annihilation
spectrum at this position. The resulting sky map is shown
in Fig. 2 and also available in machine-readable format at
the CDS.3 It is given in units of energy flux integrated in the
energy range from 100 MeV to 100 GeV to be readily
comparable to 4FGL-DR2. Since the main background is
given by Galactic interstellar emission, as expected, anti-
stars would be more easily observed outside the Galactic
plane, which tends to be the case for our candidates.
Our estimate of the sensitivity is not fully consistent with

the analysis used to build the 4FGL catalog, because the
p − p̄ spectrum is not among the spectral forms considered
for source detection. We calculated the sensitivity for a
pointlike source with a power-law spectrum of spectral
index 2.7, which is used for the detection of soft sources in
4FGL (see Table 3 in Ref. [21]). This does not entirely
match the case of interest either, i.e., a source with p − p̄
annihilation spectrum analyzed by assuming a power-law
spectrum. However, we can use the result to gauge the
impact on our limits on antistars. The sensitivity for a
power-law source of spectral index 2.7 is always better than
for the p − p̄ annihilation spectrum, with a median ratio
over the sky for the minimum detectable energy flux in

FIG. 1. Positions and energy flux in the 100 MeV–100 GeV range of antistar candidates selected in 4FGL-DR2. Galactic coordinates.
The background image shows the Fermi 5-year all-sky photon counts above 1 GeV (image credit: NASA/DOE/Fermi LAT
Collaboration).

3Available as Supplemental Material [32] and through CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via [33].

DUPOURQUÉ, TIBALDO, and VON BALLMOOS PHYS. REV. D 103, 083016 (2021)

083016-4

Antimatter production rate: Ṅb̄ = N0

τε
' ε2

15

(
M
M�

)2/3

× 3 · 1034 s−1

ISM accretion rate: Ṅb ' (2GM)2nis
v3 ' 1032

v3
100
×
(

nis
1/cm3

)(
M
M�

)2

s−1

Annihilation γ-flux from the mirror NS as seen at the Earth:

J ' 10−12

v3
100

(
nis

1/cm3

)(
M

1.5 M�

)2(
50 pc
d

)2 erg
cm2s d – distance to source

Alternative: Antistars – Dolgov & Co. but some difference:
– the surface redshift s expected ∼ 15÷ 30 % for the NS
– which should be absent for antistars (weak gravity)
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Getting Energy from Dark Parallel World

I argued that in O and M worlds baryon asymmetries can have opposite
signs: B > 0 i.e. B ′ < 0. Since B + B ′ is conserved, our neutrons have
transition n→ n′ (n′ is antiparticle for the mirror observer)
while n̄′ (part of M matter) oscillates n̄′ → n̄ into our antineutron

Neutrons can be transformed into
antineutrons, but (happily) with
low efficiency: τnn̄ > 108 s

dark neutrons, before they decay,
can be effectively transformed in-
to our antineutrons in controlla-
ble way, by tuning vacuum and
magnetic fields, if τnn̄′ < 103 s

... 3× 10−3 erg per every n̄′ → n̄

Two civilisations can agree to built scientific reactors and exchange
neutrons ... ... we could get plenty of energy out of dark matter !

E.g. source with 3× 1017 n/s (PSI) −→ power = 100 MW
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Asimov Machine

First Part: Against Stupidity ...

Second Part: ...The Gods Themselves ...

Third Part: ... Contend in Vain?

”Mit der Dummheit kämpfen Götter
selbst vergebens!” – Friedrich Schiller
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Neutron–antineutron oscillation

Neutron is a Dirac particle: mn n conserves B

Majorana mass of neutron ε(nTCn + n̄TCn̄) violates B by two units
comes from six-fermions effective operator 1

M5 (udd)(udd)

%B=2
u

d

d d

d
u

G'B=2

It causes transition n(udd)→ n̄(ūd̄ d̄), oscillation time τnn̄ = ε−1

ε ∼ Λ6
QCD

M5 ∼
(

1 PeV
M

)5 × 10−25 eV τnn̄ ∼ 109 s

ILL experiment: τnn̄ > 0.86× 108 s −→ ε < 7.7× 10−24 eV

Key moment: n − n̄ oscillation destabilizes nuclei:
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s

Nuclear stability bounds: Oxygen→ 2π – τnucl > 1032 yr (SK)
ε < 2.5× 10−24 eV → τ > 2.7× 108 s
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Anthrophic

Is the Universe Anthropic? multiverse...

or Anthropomorphic? has basic instincts ...

or Anthropophilic? has sapience and purposes ...

Neutron, proton, electron mass conspiracy: me < mn −mp etc.
– free neutron decays but it becomes stable when bound in nuclei

Taken Standard Model with all coupling constants fixed in UV,
sort of ”explanation” why MW ∼ 102 GeV

MW < 10 GeV −→ me > mn −mp hydrogen atom decays pe → nν

MW > 103 GeV −→ mn > mp + me + Eb only hydrogen, no nuclei
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Anthropic limit on n − n̄ mixing

Nuclear instability against
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s scales as

Scale of new physics unknown – but τnucl ∝ ε2 ∝ 1/M10 (ε ∝ 1/M5)

Present limit τnucl > 1032 yr implies
ε < 2.5× 10−24 eV −→ M > 500 TeV or so

M → M/3 (just 3 times less) would give τnucl → τnucl/310 ≈ 1027 yr

n̄n (n̄p) annihilation releases energy Eann = 2mnc
2 ≈ 3× 10−10 J

Then the Earth power = EannN�/τnucl ' 10 TW
.. the Earth radioactivity turns dangerous for the Life!

And (happily) the neutron is not elementary particle
– in which case it could have unsuppressed Majorana mass
It is composite n = (udd) of three quarks – its Majorana mass
can be induced only by D=9 operator 1

M5 (udd)2 with M � 200 TeV
Life is permitted due to the structure of SM
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Anthropic θ-term in QCD (a provocation)

Z.B., EPJ C 76, 705 (2016), arXiv:1507.05478

QCD forms quark condensate 〈qq〉 ∼ Λ3
QCD breaking chiral symmetry

(and probably 4-quark condensates 〈qqqq〉 not reducible to 〈qq〉2)

Can six-quark condensates 〈qqqqqq〉 be formed? B-violating
namely 〈(udd)2〉 or 〈(uds)2〉 causing n − n̄, Λ− Λ mixingsEur. Phys. J. C   (2016) 76:705 Page 9 of 10  705 

Fig. 4 Diagram generating the n–ñ mixing via baryon-violating six-
quark condensate ⟨uddudd⟩

A non-zero condensate ⟨uddudd⟩ would induce the
neutron–antineutron mixing, as shown on Fig. 4. One can
roughly estimate the mixing mass as ϵnñ ∼ B/(1 GeV)8,
simply taking scales of the neutron mass and residue and all
relevant momenta order 1 GeV and neglecting combinatorial
numerical factors. Hence, for compatibility with the experi-
mental limit, ϵnñ < 2.5 × 10−24 eV, this condensate must be
very fuzzy, with a mass parameter "B < 1 MeV or so. On
the other hand, it is believed that any condensate in QCD, if
it appears, must be characterized by the scale "QCD ∼ 100
MeV, as e.g. one has for the quark condensate ⟨q̄q⟩ ∼ "3

QCD.
Thus, we again encounter the problem of hierarchy, at least of
20 orders of magnitude, between the values "9

B and "9
QCD.

Formally, the theorem of Vafa and Witten [57] excludes
the possibility of baryon number violating condensates in
QCD. However, this theorem is based on assumptions which
leave some loopholes. Namely, the proof of Ref. [57] is for-
mally valid if all quarks are massive (in fact, one believes
that all light quarks u, d, s have masses of few MeV), and,
remarkably, if at the same time the vacuum angle # is exactly
zero.

Therefore, one can envisage that in some imaginable world
where the QCD vacuum angle is large, # ∼ 1, a baryon-
violating condensate ⟨uddudd⟩ could exist, withB ∼ "9

QCD.
In the absence of the axion mode which would relax# to zero,
it could be formed as a dynamical reaction of the system tend-
ing to decrease the vacuum energy∼ cos2 #"4

QCD associated
to non-zero #. Thus, one can envisage that it value depends
on the vacuum angle, B# = F(#)"9

QCD. According to the
Vafa–Witten theorem, B should vanish in the limit # → 0,
i.e. F(0) = 0, while for # ∼ 1 one could have B ∼ "9

QCD.
In addition, B# should be a periodic function of the vacuum
angle, and it is natural to assume that it does not depend on the
sign of #, F(#) = F(−#). These features are adequately
described by a prototype function F(#) = C sin2 #, with C
being a constant O(1).

In the real world, the vacuum angle might be non-zero:
we have only an upper limit from the experimental searches
of the electric dipole moment of the neutron, # < 10−10 or
so. Then the above estimation implies that the condensate

is suppressed by a factor #2 < 10−20, so that B = "9
B =

C#2"9
QCD < C × (1 MeV)9.

The baryo-majoron β should emerge, as a compos-
ite Goldstone mode of this condensate, ⟨uddudd⟩ =
B exp(iβ/ fβ), with fβ ∼ "B , exactly like the pions
emerge as the Goldstone modes of the quark condensate
breaking the chiral SU (2)L × SU (2)R symmetry, ⟨qq⟩ =
% exp(iτaπa/ fπ ), with % ∼ "3

QCD and fπ ∼ "QCD. The
majoron coupling constant betweenn and ñ states is related to
ϵnñ via a Goldberger–Treimann-like relation, gn = ϵnñ/ fβ .
Therefore, for fβ < 1 MeV, say with "B ≃ 200 keV, the
nuclear stability limits concerning both the values of the mix-
ing mass ϵnñ and the Yukawa coupling gn can be respected.

An interesting feature of the dynamical baryon violation
by the QCD can be that the order parameter "B could be dif-
ferent in vacuum and in dense nuclear matter, i.e. in nuclei or
in the interiors of neutron stars. In particular, in dense nuclear
matter spontaneous baryon violation could occur even if it
does not take place in vacuum. Or right the opposite, dense
nuclear matter could suppress the baryon-violating conden-
sates. In this case, the search of neutron–antineutron oscilla-
tion with free neutrons and nuclear decay due to the neutron–
antineutron transition becomes a separate issue. Namely,
it might be possible that the baryon-violating condensates
evaporate at nuclear densities and do not lead to nuclear insta-
bilities, while for free neutrons propagating in the vacuum
they might be operational.
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Vafa-Witten theorem: QCD cannot break vector symmetries ...
.. the prove relies on the absence of θ-term (i.e. valid for θ = 0)
Imagine world θ ∼ 1 where 〈qqqqqq〉 ∼ Λ9

QCD – bad for Life
– large n − n̄, Goldstone β inducing n→ n̄ + β in nuclei ...

Let us assume 〈qqqqqq〉θ ∼ F (θ) Λ9
QCD with

F (θ) smooth periodic even function: F (θ) ' cos θ ' θ2 + ...
Then for θ ∼ 10−10, 〈qqqqqq〉θ = θ2Λ9

QCD ∼ (1 MeV)9

– can such a fuzzy condensate be OK? Maybe in dense matter?
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Free neutron– antineutron oscillation

Two states, n and n̄

H =

(
mn + µnBσ ε

ε mn − µnBσ

)
Oscillation probability Pnn̄(t) = ε2

ω2
B

sin2 (ωB t), ωB = µnB

ωBt � 1 → Pnn̄(t) = 1
2 (ε/ωB)2 < (εt)2

(ωB t)2

ωBt < 1 → Pnn̄(t) = (εt)2 = (t/τ)2

for a given free flight time t, magn. field should be properly
suppressed to achieve ”quasi-free” regime: ωBt < 1
More suppression makes no sense !

Exp. Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ' 0.1 s, B < 100 nT

τ > 0.9× 108 → ε < 7.7× 10−24 eV

Pnn̄(t) = (t/τ)2 < 10−18 for n − n̄ tranistion probability

At ESS 102 times better sensitivity – down to ε ∼ 10−25 eV
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Can neutron be transformed into antineutron
... more effectively?

Small Majorana mass of neutron ε
2

(
nTCn + nCnT

)
= ε

2

(
nc n + n nc

)
≡ n − n̄ oscillation (∆B = 2)

Oscillation probability for free flight time t

Pnn̄(t) = (ε t)2 = (t/τnn̄)2 in quasi-free regime ωBt < 1

Present bounds on oscillation time τnn̄ = ε−1 are severe:
τnn̄ > 0.86× 108 s direct limit (free n) ILL, 1994
τnn̄ > 2.7× 108 s nuclear stability (bound n) SK, 2020 (this conf.)

Pnn̄(t) = t2

τ 2
nn̄

=
(

108 s
τnn̄

)2 (
t

0.1 s

)2× 10−18

Shortcult through mirror world: n→ n′ → n̄:
Experimental search to be tuned against (dark) environmental conditions

Pnn̄(t) = Pnn′(t)Pnn̄′(t) = t4

τ 2
nn′τ

2
nn̄′

=
(

1 s2

τnn′τnn̄′

)2 (
t

0.1 s

)4× 10−4

No danger for nuclear stability !

If discovered, a potential source of enormous free energy !



Can antimatter
be produced in

cosmos –
and (perhaps) in

laboratory?

Zurab Berezhiani

Summary

Introduction:
Dark Matter from
a Parallel World

Chapter I:
Neutrino - mirror
neutrino mixings

Chapter II:
neutron – mirror
neutron mixing

Chapter IV:
n − n′ and
Neutron Stars

Neutron-
antineutron
oscillation

Chapter IV:
n − n′ and
Neutron Stars

2× 2 = 4 !
Z.B., Eur.Phys.J C81:33 (2021), arXiv:2002.05609

4 states: n, n̄ : n′, n̄′ and mixing combinations:

n←→ n̄ (∆B = 2) & n′ ←→ n̄′ (∆B ′ = 2)

n←→ n′ + n̄′ ←→ n̄ ∆(B + B ′) = 0

n←→ n̄′ + n′ ←→ n̄ ∆(B − B ′) = 0

Full Hamiltonian is 8× 8:


mn + µ~B~σ εnn̄ εnn′ εnn̄′

εnn̄ mn − µ~B~σ εnn̄′ εnn′

εnn′ εnn̄′ m′n + V ′n + µ′ ~B ′~σ εnn̄
εnn̄′ εnn′ εnn̄ m′n + V ′n − µ′ ~B ′~σ


Present bounds on oscillation time τnn̄ = ε−1:
τnn̄ > 0.86× 108 s (free n), τnn̄ > 4.7× 108 s (bound n)

Pnn̄(t) = t2

τ 2
nn̄

=
(

108 s
τnn̄

)2 (
t

0.1 s

)2× 10−18
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Shortcut for n→ n̄ via n→ n′ → n̄

Consider case when direct n − n̄ mixing simply absent: εnn̄ = 0

Anyway, n→ n̄ emerges as second order effect via n→ n′n̄′ → n̄

Pnn̄ = Pnn′Pnn̄′

Pnn′ =
2ε2

nn′ cos2(β/2)

(Ω−Ω′)2 +
2ε2

nn′ sin2(β/2)

(Ω+Ω′)2 , Pnn̄′ =
2ε2

nn̄′ sin2(β/2)

(Ω−Ω′)2 +
2ε2

nn̄′ cos2(β/2)

(Ω+Ω′)2

where β is the (unknown) angle between the vectors ~B and ~B ′

Disappearance experiments measure the sum Pnn′ + Pnn̄′ ∝ ε2
nn′ + ε2

nn̄′

n − n̄ transition measures the product Pnn̄ = Pnn′Pnn̄′ ∝ ε2
nn′ε

2
nn̄′

From the ILL’94 limit Pnn̄ < 10−18 (measured at B = 0) we get

τnn′ τnn̄′ >
2× 109

Ω′2
≈

(
0.5G

B ′

)2

× 100 s2

E.g. τnn′ τnn̄′ ∼ 1 second is possible if B ′ ∼ 5 G
Limits become even weaker if ∆m > 0.1 neV
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Majorana Machine: how good the shortcut can be?

Assuming e.g. τnn′ τnn̄′ = 100 s and B ′ = 0.5 G, we see that

ILL94-like measurement at B = 0.45 G (or B = 0.49 G) would give

Pnn̄ ' sin2 β × 10−15 (or Pnn̄ ' sin2 β × 10−12)

To maximalize n − n̄ probability, one has to match resonance with
about 1 mG precision: we get

Pnn′(t) =
(

t
τnn′

)2

cos2 β
2 , Pnn̄′(t) =

(
t
τnn̄′

)2

sin2 β
2

and

Pnn̄(t) = Pnn′(t)Pnn̄′(t) = sin2β
4

(
t

0.1 s

)4( 100 s2

τnn′τnn̄′

)2

× 10−8

Practically no limit from nuclear stability
E.g. 16O decay time predicted ∼ 1060 yr vs. present limit ∼ 1032 yr !
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Majorana Machine: how effective n→ n̄ can be?

simulations for n − n̄ experiment with
t = 0.1 s (` = 100 m as ILL) and t = 0.02 s (` = 20 m)

P
ro

b
ab

ili
ty

    𝑃
௡
ത ௡

– and perhaps a chance for free energy ?

E-mail: zurab.berezhiani@lngs.infn.it
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In Astrophysics

Neutrons are making 1/7 fraction of baryon mass in the Universe.

But neutrons bound in nuclei cannot oscillate into mirror twins.

n→ n̄′ or n′ → n̄ conversions can be seen only with free neutrons.

But free neutrons are present only in

• Reactors and accelerators (challenge for τnn′ < 103 s)

• In Cosmic Rays (fast n′ → n can solve UHECR puzzles)

• During BBN epoch (fast n′ → n vs Lithium problem ?)

− Transition n→ n′ can take place for (gravitationally) bound n
in Neutron Stars
+ many implications for pulsars and GW from NS-NS or NS-BH
mergers
— n̄′ → n̄ n mirror neutron stars visible by γ-emission
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Back to trap-beam problem: τn vs. β-asymmetry

Updated Fig.7 from Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020)

▲

▲

▲

■
■

1.260 1.265 1.270 1.275 1.280

875

880

885

890

895

gA

τ

beam

trap

τ(gA)

Märkisch

Mund

Brown

Free neutron decay:

G 2
V =

K/ ln 2

Fnτn(1 + 3g2
A)(1 + ∆R)

gA = 1.27625(50)

τbeam = 888.0± 2.0 s

τtrap = 878.5± 0.5 s

0+−0+ decays:

G 2
V =

K

2Ft (1 + ∆R)

τn =
2Ft

Fn(1 + 3g2
A)

=
5172.1(1.1→ 2.8)

1 + 3g2
A

s Czarnecki et al. 2018

GV and ∆R cancel out even in BSM GV 6= GF |Vud | : gA = −GA/GV

gA = 1.27625(50) −→ τ theorn = 878.7± (0.6→ 1.5) s ≈ τtrap
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280 300 320 340 360 380 400
0.001

0.002

0.005

0.010

0.020

0.050

Δm (neV)

θ
0

τ theorn = 878.7± 1.5 s τtrap = 878.5± 0.5 s (compatible)
τbeam = 888.0± 2.0 s (4.5σ)

τmat = 880.1± 0.7 s τmagn = 877.8± 0.3 s (3.3σ discrepancy)

So experimentally we have τmagn < τ theorn→p < τmat < τbeam

which is possible in n − n′ oscillation scenario So far so Good!
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Dark matter Factory ?

If my hypothesis is correct, a simple solenoid (magn. field ∼ Tesla)
can be an effective machine transforming neutrons into DM neutrons

With good adiabatic conditions 50 % transformation can be achieved

-100 -50 0 50 100
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0.001

0.010

0.100
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P
n
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n det

p trap

Ptr
nn′ ≈ π

4 ξ ' 10−2
(
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v

)(
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) (
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) (
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)
ORNL experiment via n→ n′ → n in strong magn. fields
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Cabibbo Angle Anomaly

A B

C

0.222 0.224 0.226 0.228 0.230

0.970

0.971

0.972

0.973

0.974

0.975

0.976

Figure 1: The updated plot of Ref. [2] for the data (2) in Vus�Vud plane, and 1�, 2� and 3�
contours (green circles) of their fit without restricting by the unitarity condition (1) which
is traced by the black solid curve. The projections on |Vus| axis show the values |Vus|B and
|Vus|C obtained from the unitarity.

to other existing anomalies. [MK: New joining sentence:] Modifications can be broadly grouped
into three categories: modifications of four-fermion contact operators, modifications to the
leptonic W vertex, or modifications of the hadronic W vertex.

[MK: Merging Zurab + Claudio 4 lepton operator]

Four fermion operators There are several four fermion operators in the SMEFT which
can a↵ect the determination of the Fermi constant or directly alter semi-leptonic decay rates,
which have been summarised in [15].

Starting with four lepton operators, the severe constraints from the Michel parameter,
muonium–anti-muonium oscillations and the upper bounds on LFV processes lead to the
conclusion that the only viable solution to the CAA proceeds via a modification of the SM
operator Q2112

`` with a Wilson coe�cient C2112
`` ⇡ �(8 TeV)�2. Simple models generating

this contribution via a singly charged scalar have been recently proposed in the literature [16,
17, 18]. This possibility was also raised in [2], discussing a generic flavour changing boson,
which can be induced by gauge bosons of chiral inter-family symmetry (a concept which
can be also related to the origin of the fermion mass hierarchy and minimal flavor violation
[19, 20, 21, 22] – namely, the chiral family symmetry SU(3)2 separately acting on left and
right leptons can be broken at the scale of few TeV without violating the LFV limits and the
SM precision tests [2, 23].) All these possibilities act to interfere constructively with the SM
in muon decay such that the true Fermi constant GF is slightly smaller than the parameter
Gµ measured from the muon lifetime. We note that while this type of solution resolves the
tension between A/B determinations with C, but it can only slightly alleviate the tension
between A and B themselves. [MK: Do we want to note this generally? We have to modify L vs R

quark coupling to fix Kl3 and Kmu2 right?]

Thinking instead about 2-quark–2-lepton operators, only Q
(3)1111
`q is able to give a sizable

BSM e↵ect in � decays via interference with the SM and the CAA requires C
(3)1111
`q ⇡

2

If CKM unitarity is assumed – strong discrepancy between
A: |Vus | = sin θC
B: |Vus/Vud | = tan θC Unitarity excluded at > 3σ
C: |Vud | = cos θC
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