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Standard Model SU(3)× SU(2)× U(1)

Three fermion families:
LH doublets qLi = (uL, dL), `Li = (νL, eL) & RH singlets uR , dR , eR .

Weak eigenstates are not mass eigenstates

Lcc =
g√
2

(
u c t

)
L
γµW+

µ VCKM




d
s
b



L

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 is unitary

First row unitarity |Vud |2 + |Vus |2 + |Vub|2 = 1

... |Vub|2 ≈ 1.6× 10−5 Cabibbo universality: cos2 θC + sin2 θC = 1
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|Vud | from superallowed 0+ − 0+ decays
(pure Fermi transitions – gA independent)

Corrected ft-values: Ft = ft(1 + δ′R + δNS − δC ) – transition
independent
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Ft = 3072.07(72) s
Hardy & Towner, 2015

G 2
F |Vud |2 =

K

2Ft (1 + ∆R)

K = 2π3 ln 2
m5

e
= 8120.2776(9) 10−10 s

GeV4 GF = Gµ = 1.1663787(6) 10−5

GeV2

Short-distance (transition independent) electroweak corrections

Marciano Sirlin 2006: ∆R = 2.361(38) %
|Vud | = 0.97420(10)Ft(18)∆R = 0.97420(21)

Seng et al. 2018: ∆R = 2.467(22) %
|Vud | = 0.97370(10)Ft(10)∆R = 0.97370(14)
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|Vus | and |Vus/Vud | from Kaons

Semileptonic K→p`ν decays: f+(0)|Vus | = 0.21654(41)

The ratio of leptonic K/π decays:
∣∣∣ Vus

Vud

∣∣∣ fK±fπ±
= 0.27599(38)

vector formfactor f+(0) and decay constants fK/fπ from Lattice QCD
(2 + 1 and 2 + 1 + 1 simulations)

PDG 2018 refers to FLAG 2017 results for Lattice QCD and adopts
|Vus | = 0.2238(8)
|Vus/Vud | = 0.2315(10)
|Vus | = 0.97420(21) taking Marciano-Sirlin ’06 ∆R

Seng et al 2018 redetermination of ∆R :
|Vud | = 0.97370(10)Ft(10)∆R

= 0.97370(14)
New determinations of the ratio for kaon and pion decay constant
fK±/fπ± (FLAG 2019) and of the form factor relevant for
semileptonic decay f+(0) (Fermilab Lattice and MILC);

|Vus| = 0.22333(60) ,
∣∣∣ Vus

Vud

∣∣∣ = 0.23130(50)
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|Vus | determinations assuming CKM unitarity:
Old (PDG 2018) and New (after 2018)
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PDG 2018
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Pull (σ)

C :
B :
A :
A+B:

+1.0
+0.8
-1.2
-0.5

Pull (σ)

C :
B :
A :
A+B:

+3.9
-0.2
-3.6
-2.3

|Vud |2 + |Vus |2 = 1− |Vub|2 = 1
cos2 θC + sin2 θC = 1

... |Vub|2 ≈ 1.6× 10−5

A: |Vus | from K → π`ν (f+)
B: |Vus | from | Vus

Vud
| – K/π ratio

C: |Vus |=
√

1−|Vud |2 from 0+−0+

PDG 2018 based on:
A & B: FLAG 17

C: ∆R Marciano-Sirlin ’06

After 2018 based on:
A & B: FLAG 19 + MILC 19 + DiCarlo 19

C: ∆R Seng et al ’18
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Solution 1: extra quarks (b′, t ′): CKM 4 vs. CKM 3

××
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Vus

V
u
d CKM

|Vud |2+|Vus |2 = 1−|Vub|2

|Vud |2+|Vus |2 = 1−|Vub|2−|Vub′ |2 ... |Vub′ | ≈ 0.04 (� |Vub| ≈ 0.004)

Modifiying 3 family CKM to 4 families?

ṼCKM =




Vud Vus Vub Vub′

Vcd Vcs Vcb Vcb′

Vtd Vts Vtb Vtb′

Vt′d Vt′s Vt′b Vt′b′



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How to introduce 4-th family?

SM: 3 sequential chiral families:

LH isodoublets QLi =

(
uL
dL

)
i

and RH isosinglets
uRi
dRi

(i = 1, 2, 3)

– mass eigenstates are u, c , t and d , s, b.

4-th sequential chiral family QL4 =

(
t′L
b′L

)
uR4 = t′R
dR4 = b′R

– excluded !

(by the SM precision (S ,T ,U), LHC limits, Higgs 2γ decay)

A vector-like isodoublets QL4 =

(
t′L
b′L

)
QR4 =

(
t′R
b′R

)
.... useless !

(cannot give large enough |Vub′ | = 0.04)

Vector-like isosinglets
t′L
b′L

and
t′R
b′R

– can work

Mass terms Mb′Lb
′
R and/or Mt ′Lt

′
R M > 1 TeV or so ...
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How it works?

SOLUTION #1

• Forth vector-like quark d4L,R whose left and right components are both
SU(2) singlets involved in quark mixing:

... + hi�qLid4R + Md4Lb4R + h.c.

• dLim
(d)
ij dRj = (d1L, d2L, d3L, d4L)

0
BB@

hdv

m
(d)
3⇥3 hsv

hbv
0 0 0 M

1
CCA

0
BB@

d1

d2

d3

d4

1
CCA

R

• ṼCKM =

0
@

Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

1
A = V

(u)†
L Ṽ

(d)
L ;

• Ṽ
(d)
L is the 3 ⇥ 4 submatrix of V

(d)
L , V

(d)†
L m(d)V

(d)
R = m

(d)
diag .

• Since Vub0 ' hdvw/M , assuming |Vub0 | > 0.03 (95% C.L.) and hd < 1,
then M < 6 TeV.

<latexit sha1_base64="dgBkYXKAbeYmf2i7EjDzy3VXqoU="></latexit>
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Flavor Changing Neutral Currents (FCNC)

SOLUTION #1

Elements Constraint Process |Vub0 | = 0.04

|Vub0V
⇤
cb0 | < 5 · 10�5 K+ ! ⇡+⌫⌫̄ |Vcb0 | < 0.0013

|ImVub0V
⇤
cb0 | < 8 · 10�6 KS ! µ+µ�

|ReVub0V
⇤
cb0 | < 1.5 · 10�5 KL ! µ+µ�

|Vub0V
⇤
tb0 | < 4 · 10�4 B+ ! ⇡+`+`� |Vtb0 | < 0.01

|ReVub0V
⇤
tb0 | < 0.0001 B ! µ+µ�

|Vcb0V
⇤
tb0 | < 0.002 B0 ! Xsµ

+µ�

|ReVcb0V
⇤
tb0 | < 0.0006 B0

s ! µ+µ�
<latexit sha1_base64="TTo2Oj11d7jQ8LzJgU5R2RjefQ8="></latexit>

• The forth quark has tree level flavor-changing couplings with the Higgs
boson and with Z-boson. So for down quarks:

Lnc = �1

2

g

cos ✓W
Zµ

�
dL sL bL b0L

�
�µṼ

(d)†
L Ṽ

(d)
L

0
BB@

d
s
b
b0

1
CCA + diagonal

<latexit sha1_base64="NpAgPY0G+yUmuA8nnRWbxT6z7Lc="></latexit>
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t ′ vs. b′ – again FCNC)
SOLUTION #1

• Forth vector-like up-type quark u4L,R whose left and right components
are both SU(2) singlets involved in quark mixing:

... + hi�̃qLiu4R + Muu4Lu4R + h.c.

• ṼCKM =

0
BB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

Vt0d Vt0s Vt0b

1
CCA = Ṽ

(u)†
L V

(d)
L ;

• Ṽ
(u)
L is the 3 ⇥ 4 submatrix of V

(u)
L .

<latexit sha1_base64="yeHshkADUxflZjFeZKyGvvfqyPw="></latexit>

Elements Constraint Process |Vt0d| = 0.04

|V ⇤
t0dVt0s| 0.00012 D0 mixing |Vt0s| < 0.003

|ReV ⇤
t0dVt0s| 0.003 D0 ! µ+µ�

|V ⇤
t0bVt0d| 0.002 B0 mixing |Vt0b| < 0.05

|V ⇤
t0bVt0s| 0.01 B0

s mixing
<latexit sha1_base64="y3rrL1OvHGQQeb86yk9Jj16jOv0="></latexit>
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Solution 2: extra (leptonic) interactions: GF 6= Gµ

W

νe e L

µ L νµ

GF/
√

2 = g 2/8M2
W = 1/4v 2

w

vw = 174 GeV – EW scale

F

νe νµ

µ L e L

GF/
√

2 = g 2
H/8M2

F = 1/4v 2
F

vF ∼ few TeV – flavor scale

After Fierz transformation, the sum of diagrams gives the operator:

−4Gµ√
2

(νµγ
αµL)(eLγανe)

Gµ = GF + GF = GF (1 + δµ) δµ = GF/GF = (vw/vF )2 > 0

New interactions have positive interference with SM, i.e. Gµ > GF

|Vud |2 =
K

2G 2
FFt (1 + ∆R)

=
K (1 + δµ)2

2G 2
µFt (1 + ∆R)
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Gµ = GF (1 + δµ)

|Vud |new → |Vud |old × (1 + δµ)

and respectively |Vus | =
√

1− |Vud |2 − |Vub|2 is shifted down

... and |Vus | determined from K → π`ν decays moves up:

|Vus |new → |Vus |old × (1 + δµ)

while determination of |Vus/Vud | from ratio of K+ and π+ leptonic decays

remains invariant:

|Vus/Vud |new = |Vus/Vud |old

Chosing e.g. δµ = 7.5× 10−4, which corresponds to vF = 6.3 TeV
the situation of CKM unitarity changes to

××

0.220 0.222 0.224 0.226 0.228

0.9730

0.9735

0.9740

0.9745

0.9750

0.220 0.222 0.224 0.226 0.228

0.9730

0.9735

0.9740

0.9745

0.9750

Vus

V
u
d

A

B

C

A+B●●

●●

●●

●●

0.223 0.224 0.225 0.226 0.227 0.228

Vus

After 2018
with
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Standard Model: the Good, the Bad, the Ugly ...

• Weak eigenstates are not mass eigenstates;

• fermion mass matrices
m

(f)
ij = Y f

ijvEW

vEW = 174 GeV, can be diagonalized V
(f)†
L m(f)V

(f)
R = m

(f)
diag;

• all masses proportional to Higgs VEV;

• fermion mixing in charged currents is

VCKM = V
(u)†
L V

(d)
L UPMNS = V

(⌫)†
L V

(e)
L ;

• Yukawa couplings, and photon/Z couplings (V †V = 1), are diagonal in
mass basis: no flavour changing neutral currents at tree level;

• all flavour changing and CP-violation is originated from loop diagrams;

• no mixing in the right particles sector (unless right W bosons exist).
<latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="JsY2M/+G/6hlSBrAiTTvRkpSb8w=">AAAB5HicbZA7SwNBFIXvxldco8baZjAIVmHXRkvBxjKCeUBcwt3JTRwy+2DmrhBC/oCtlZ34ryz8L86uKTTxVB/nzHDvPXGuleUg+PRqW9s7u3v1ff+g4R8eHTcbPZsVRlJXZjozgxgtaZVSlxVrGuSGMIk19ePZbZn3n8lYlaUPPM8pSnCaqomSyM7qjJqtoB1UEpsQrqAFK42aX4/jTBYJpSw1WjsMg5yjBRpWUtPSfyws5ShnOKWhwxQTstGiWnMpzguLnImcjFBaVCb9/rHAxNp5EruXCfKTXc9K879sWPDkOlqoNC+YUlkOYqWpGmSlUe5+EmNliBnLzUmoVEg0yExGCZTSmYUrxHd1hOvHb0Lvsh06vg+gDqdwBhcQwhXcwB10oAsSxvACr5713rz3n9pq3qq/E/gj7+MbljKOsg==</latexit><latexit sha1_base64="ss3euLQ4xiaRHNJdEM8HiHlgwA8="></latexit><latexit sha1_base64="ss3euLQ4xiaRHNJdEM8HiHlgwA8="></latexit><latexit sha1_base64="jIeYJXlapnqKhfNZmIzdpnQ8yM4="></latexit><latexit sha1_base64="5cNolkWzRAV8vVSDcyS3vNpIWqA="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="Nr5xN2cFQwpVdjdu/VU+dtJVoGo="></latexit><latexit sha1_base64="5cNolkWzRAV8vVSDcyS3vNpIWqA="></latexit>

STANDARD MODEL
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Standard Model: the Good, the Bad, the Ugly ...MORE ABOUT #2

Hierarchy between quarks and CKM angles parametrized by ✏ ⇠ 1/20:

md : ms : mb ⇠ ✏2 : ✏ : 1 mu : mc : mt ⇠ ✏4 : ✏2 : 1

sin ✓q
12 ⇠ p

✏ ⇠ 4✏; sin ✓q
23 ⇠ ✏; sin ✓q

13 ⇠ ✏2

Hierarchy between charged leptons parametrized by same ✏ ⇠ 1/20:

me : mµ : m⌧ ⇠ k�1✏2 : k✏ : k

k ' 3 (factor O(1)).
<latexit sha1_base64="YlAR1i61FciGHAIdEbGLW64v6WA="></latexit><latexit sha1_base64="YlAR1i61FciGHAIdEbGLW64v6WA="></latexit><latexit sha1_base64="YlAR1i61FciGHAIdEbGLW64v6WA="></latexit><latexit sha1_base64="Q4DkGowGzWJXoY4ra6CzH/y2lnU="></latexit>

Technically natural: SM tolerates Yukawa hierarchy but cannot explain it.

Something not explained in the SM:

• Replication of fermion families;

• inter-family mass hierarchy (Yukawa hierarchy);

• weak mixing pattern: small angles for quarks, large angles for neutrinos;

• neutrino masses: very small (seesaw?), mass hierarchy yet unknown.
<latexit sha1_base64="efvXvdpS0weCW7kcL1bJo7SSPcA="></latexit>
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Family symmetries

In the SM fermion masses emerge from the Yukawa couplings:

Y ij
u ϕ̃QLiuRj + Y ij

d ϕQLidRj + Y ij
e ϕ `LieRj + h.c.

ϕ is the the Higgs doublet and ϕ̃ = iτ2ϕ
∗; i , j = 1, 2, 3 family indexes

`Li eRj
Y ij
e

ϕ

Fermion masses cannot emerge

without EW symmetry breaking

In the limit of vanishing Yukawa couplings Yu,d,e → 0 the SM acquires a

maximal global symmetry U(3)Q × U(3)u × U(3)d × U(3)` × U(3)e

One can consider SU(3) parts as gauge symmetries
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Family gauge symmetry SU(3)` × SU(3)R

Let us discuss the leptonic sector and gauge family symmetry

SU(3)` × SU(3)e

`Lα =

(
να
eα

)

L

∼ (3`, 1), eRγ ∼ (1, 3e)

α = 1, 2, 3 and γ = 1, 2, 3 are indexes of SU(3)` and SU(3)e

Fermion masses cannot emerge

only by Higgs VEV 〈φ〉 6= 0:

flavor symmetry must be broken also.

Flavons η1,2,3
α and ξ1,2,3

γ

(3 SU(3)` triplets & 3 SU(3)e triplets) `Lα eRγgij
Λ2

η(j)
α
ξ(i)
γ ϕ

Their VEVs break SU(3)` and 3 triplets of SU(3)e and induce fermion

masses via effective operators:
gij
Λ2 ξ

γ

i ηjαφ `LαeRγ + h.c.

Λ is the large cutoff scale and gij ∼ 1
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Breaking SU(3)` × SU(3)R

Flavon basis can be chosen so that 〈ηiα〉 = wiδiα and 〈ξiγ〉 = viδiγ

〈η1〉 =

 u1

0
0

 〈η2〉 =

 0
u2

0

 〈η3〉 =

 0
0
u3

 ; u3 ∼ u2 ∼ u1

〈ξ1〉 =

 v1

0
0

 〈ξ2〉 =

 0
v2

0

 〈ξ3〉 =

 0
0
v3

 ; v3 � v2 � v1

`Lα eRγgij
Λ2

η(j)
α
ξ(i)
γ ϕ

`Li eRj
Y ij
e

ϕ

Effective operators reduce to SM Yukawas: Y ij
e = gijuivj/Λ2
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Charged lepton and neutrino masses and mixing

Analogously for neutrinos

`Lα `Lβhij
Λ3

ϕ η(i)
α η

(j)
β ϕ

`Li `Ljhij
M

ϕ ϕ

Because of hierarchy pattern v1 : v2 : v3 ' ε2 : ε : 1,

the charged lepton mass hierarchy me : mµ : mτ ' ε̃ε : ε : 1:

Me '




g11εε̃ g12ε g13

g21εε̃ g22ε g23

g31εε̃ g32ε g33


× (u3v3vw/Λ2)

But because of democratic pattern u1 : u2 : u3 ' 1 : 1 : 1 the neutrino

(Majorana) mass matrix is democratic – large neutrino mixing angles!

Mν '




h11 h12 h13

h21 h22 h23

h31 h32 h33


× (u2

3v
2
w/Λ3)
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FCNC: SU(2)e gauge bosons ...
FLAVOR CHANGING NEUTRAL CURRENTS

Leff = � 1

4v2
2

(J(2))
2 � 1

4v2
3

(J3 +
p

3J8)
2 � 1

v2
3

7X

a=4

(Ja)2
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In SU(2)e gauge symmetry limit (v3 � v2):

• SU(2)e gauge bosons have equal masses;

• there are no FCNC thanks to CUSTODIAL SYMMETRY, no matter
if two families are mixed:

Leff = � 1

4v2
2

(eR⌧
a⇤�µeR)(eR⌧

a⇤�µeR)

= � 1

4v2
2

(eR1�µe1 + eR2�µe2
R)2 =

= � 1

4v2
2

(( ē µ̄ ⌧̄ )�µV (e)†

0
@

1 0 0
0 1 0
0 0 0

1
AV (e)

0
@

e
µ
⌧

1
A)2R

NO MIXING WITH 3rd FAMILY �! NO FCNC.

• Then constraints on masses are proportional to violation of custodial sym-
metry (corrections of order ✏ = v2/v3):

<latexit sha1_base64="jTalqQ64vjDbaSzzbRlAjp2C6sg="></latexit>
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FCNC: SU(2)e gauge bosons ...

FCNC & COMPOSITENESS LIMITS

LFV mode Exp. �i/�µ(�⌧ ) Main contribution to �i

�µ/⌧
Predicted value of �i

�µ/⌧

µ ! eee < 1.0 · 10�12 1
8

⇣
vEW

v2

⌘4 ��V ⇤
3eV3µ + V ⇤

2eV2µ✏
2
��2  1.1 · 10�13

⇣
2 TeV

v2

⌘4

✏420✏̃
2
20

⌧� ! µ�e+e� < 1.8 · 10�8 1
4

⇣
vEW

v2

⌘4 ��V ⇤
3µV3⌧

��2 �w

�⌧
= 6.2 · 10�9

⇣
2 TeV

v2

⌘4

✏220

⌧ ! µµµ < 2.1 · 10�8 1
8

⇣
vEW

v2

⌘4 ��V ⇤
3µV3⌧

��2 �w

�⌧
= 3.1 · 10�9

⇣
2 TeV

v2

⌘4

✏220

µ ! e� < 4.2 · 10�13 3↵
2⇡

⇣
vEW

v2

⌘4

|V ⇤
3eV3µ|2 = 3.1 · 10�15

⇣
2 TeV

v2

⌘4

✏420✏̃
2
20

⌧ ! µ� < 4.4 · 10�8 3↵
2⇡

⇣
vEW

v2

⌘4 ��V ⇤
3µV3⌧

��2 �w

�⌧
= 8.7 · 10�11

⇣
2 TeV

v2

⌘4

✏220
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LC = ± g2

(1 + �ef )⇤2
RR

ēR�µeRf̄R�
µfR

g2

4⇡
= 1
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⇤�
RR(eeee) > 10.2 TeV

⇤�
RR(eeµµ) > 9.1 TeV

⇤�
RR(ee⌧⌧) > 5.5 TeV
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v3 > 40TeV
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Compositeness limits:

v2 > 2 TeV
<latexit sha1_base64="lTCRP3AAb2Xsl7kkVlg+0h9Vt0g=">AAACB3icbVDLSgNBEOyNrxhfqzl6GQyCBwm7QdCTBL14jJBEIQlhduzEIbMPZnqDYckH+BVe9eRNvPoZHvwXdzceNLFORVU3XV1epKQhx/m0CkvLK6trxfXSxubW9o69u9c2YawFtkSoQn3rcYNKBtgiSQpvI43c9xTeeKPLzL8ZozYyDJo0ibDn82EgB1JwSqW+XR73a+c11j3uEj5Q0sT2tNS3K07VycEWiftDKvUq5Gj07a/uXShiHwMSihvTcZ2IegnXJIXCaakbG4y4GPEhdlIacB9NL8nDT9lhbDiFLELNpGK5iL83Eu4bM/G9dNLndG/mvUz8z+vENDjrJTKIYsJAZIdIKswPGaFl2gqyO6mRiGfJkcmACa45EWrJuBCpGKc1ZX24898vknat6qb8+qRSv5gVA0XYhwM4AhdOoQ5X0IAWCJjAEzzDi/VovVpv1vtstGD97JThD6yPb4jvmK0=</latexit><latexit sha1_base64="lTCRP3AAb2Xsl7kkVlg+0h9Vt0g=">AAACB3icbVDLSgNBEOyNrxhfqzl6GQyCBwm7QdCTBL14jJBEIQlhduzEIbMPZnqDYckH+BVe9eRNvPoZHvwXdzceNLFORVU3XV1epKQhx/m0CkvLK6trxfXSxubW9o69u9c2YawFtkSoQn3rcYNKBtgiSQpvI43c9xTeeKPLzL8ZozYyDJo0ibDn82EgB1JwSqW+XR73a+c11j3uEj5Q0sT2tNS3K07VycEWiftDKvUq5Gj07a/uXShiHwMSihvTcZ2IegnXJIXCaakbG4y4GPEhdlIacB9NL8nDT9lhbDiFLELNpGK5iL83Eu4bM/G9dNLndG/mvUz8z+vENDjrJTKIYsJAZIdIKswPGaFl2gqyO6mRiGfJkcmACa45EWrJuBCpGKc1ZX24898vknat6qb8+qRSv5gVA0XYhwM4AhdOoQ5X0IAWCJjAEzzDi/VovVpv1vtstGD97JThD6yPb4jvmK0=</latexit><latexit sha1_base64="lTCRP3AAb2Xsl7kkVlg+0h9Vt0g=">AAACB3icbVDLSgNBEOyNrxhfqzl6GQyCBwm7QdCTBL14jJBEIQlhduzEIbMPZnqDYckH+BVe9eRNvPoZHvwXdzceNLFORVU3XV1epKQhx/m0CkvLK6trxfXSxubW9o69u9c2YawFtkSoQn3rcYNKBtgiSQpvI43c9xTeeKPLzL8ZozYyDJo0ibDn82EgB1JwSqW+XR73a+c11j3uEj5Q0sT2tNS3K07VycEWiftDKvUq5Gj07a/uXShiHwMSihvTcZ2IegnXJIXCaakbG4y4GPEhdlIacB9NL8nDT9lhbDiFLELNpGK5iL83Eu4bM/G9dNLndG/mvUz8z+vENDjrJTKIYsJAZIdIKswPGaFl2gqyO6mRiGfJkcmACa45EWrJuBCpGKc1ZX24898vknat6qb8+qRSv5gVA0XYhwM4AhdOoQ5X0IAWCJjAEzzDi/VovVpv1vtstGD97JThD6yPb4jvmK0=</latexit><latexit sha1_base64="NGHbBkPVtI5qOHMY51Bn8u6etIY=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKiQJEdIUGFImgog5SXFFvW+bIJp5wfultHRFY+gK+ghYoO0fIZFPwLtnEBCVONZna1s+NFUmg0zU9jZXVtfWOztFXe3tnd268cHHZ1GCsOHR7KUPU9pkGKADooUEI/UsB8T0LPm9xkfm8KSoswaOMsAsdn40CMBGeYSm6lOnUbVw1qn9kID5i0oTsvu5WaWTdz0GViFaRGCrTcypc9DHnsQ4BcMq0HlhmhkzCFgkuYl+1YQ8T4hI1hkNKA+aCdJA8/pyexZhjSCBQVkuYi/N5ImK/1zPfSSZ/hvV70MvE/bxDj6NJJRBDFCAHPDqGQkB/SXIm0FaBDoQCRZcmBioByphgiKEEZ56kYpzVlfViL3y+TbqNupfzuvNa8LpopkSNyTE6JRS5Ik9ySFukQTmbkiTyTF+PReDXejPef0RWj2KmSPzA+vgHuzJg/</latexit>



The CKM
unitarity

problem: A trace
of new physics at

the TeV scale?

Zurab Berezhiani

Summary

Is the CKM
unitarity
disappeared ?

Perhaps it is
dead: Who is
then the killer?

Perhaps not dead
but hidden
somewhere?

Neutron lifetime
puzzle:
trap–beam
anomaly

Neutrons
travelling to
parallel world?

Conclusions
(club of lonely
hearth )

FCNC: SU(2)` gauge bosons ...

LEFT-HANDED LEPTONS

SU(3)l ⇥ SU(3)e
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Muon decay from : Le⌫
e↵ = � 2GHp

2

P8
a=1

�
eL �µ �a

xa
eL

��
⌫L �µ

�a

xa
⌫L

�
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FCNC: SU(2)` gauge bosons ...

LEFT-HANDED LEPTONS
• But also:

L⌫⌫
e↵ = �GHp

2

8X

a=1

�
⌫L �µ

�a

xa
⌫L

�2 Lee
e↵ = �GHp

2

8X

a=1

�
eL �µ

�a

xa
eL

�2

• Constraint comes from compositeness limits:

v` > 3TeV
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FCNC: SU(2)` gauge bosons ...

LEFT-HANDED LEPTONS

Considering SU(3)` gauge symmetry, if a symmetry between flavons ⌘
holds and

u3 = u2 = u1

then

• Gauge bosons have equal masses

• They do not mix, �a ! V †�aV is simply a basis redetermination of the
Gell-Mann matrices

• From Fierz identities for � matrices:

Leff = � 1

4v2
`

(eL �a �µeL)(eL �a �µeL) = � 1

3v2
2

(eL I �µeL)2

That is no FCNC, the global SO(8)` symmetry acts as a custodial symmetry.
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FCNC: SU(2)` gauge bosons ...

LEFT-HANDED LEPTONS

• In general case e.g. µ ! 3e decay:

�(µ ! eeē)

�(µ ! e⌫µ⌫̄e)
' 1

8
(�µC(r)|U⇤

3eU3µ|)2

r = 2u2
3/v2

` , |C(r)| < 1. |U3µ| and |U3e| can be almost as large as sin ✓C =
Vus.

• The experimental limits on other LFV e↵ects as e.g. ⌧ ! 3µ are much
weaker.

• Also in this case v` ' 6 TeV fullfill experimental constraints.
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Gauging SU(3)` × SU(3)e : but triangle anomalies ?

In SM SU(3)× SU(2)× U(1) anomalies are cancelled between quarks and

leptons inside a fermion family. But for the gauge SU(3)` × SU(3)e

`Lα =

(
να
eα

)

L

∼ (3`, 1), eRγ ∼ (1, 3e)

we have triangle anomalies, both for SU(3)` and SU(3)e

Easiest way to cancel family anomalies is to introduce opposite chirality

states of the same structure:

`′Rα =

(
ν′α
e′α

)

R

∼ (3`, 1), e′Lγ ∼ (1, 3e)

which transform as leptons of parallel sector SM′ SU(3)′×SU(2)′×U(1)′

So with flavor bosons of SU(3)` × SU(3)e interacting with both ordinary

(SM) and mirror (SM′) particles, flavor gauge anomalies are canceled

This also ealizes MFV paradigm Z.B. 1996, Z. B. and A. Rossi, 2001

Induces new FCNC phenomena like muonium disappearance: µ̄e → ē′µ′

(or K 0 → K 0′ conversion) – in difference to normal FCNC, such processes

have no custodial suppression and go in leading order GF ∼ 10−3GF
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Everything has the End... But the Wurstle has two ends:

Left and Right – or Right and Left ?

Fermions and anti-fermions :

qL =

(
uL
dL

)
, lL =

(
νL
eL

)
; uR , dR , eR

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

q̄R =

(
ūR
d̄R

)
, l̄R =

(
ν̄R
ēR

)
; ūL, d̄L, ēL

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

Twin Fermions and anti-fermions :

q′L =

(
u′L
d ′L

)
, 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

)
, l̄ ′R =

(
ν̄′R
ē′R

)
; ū′L, d̄ ′L, ē′L

B′=-1/3 L′=-1 B′=-1/3 L′=-1

(ūLYuqLφ̄+ d̄LYdqLφ+ ēLYe lLφ) + (uRY
∗
u q̄Rφ+ dRY

∗
d q̄R φ̄+ eRY

∗
e l̄R φ̄)

(ū′LY
′
uq
′
Lφ̄
′+ d̄ ′LY

′
dq
′
Lφ
′+ ē′LY

′
e l
′
Lφ
′) + (u′RY

′∗
u q̄′Rφ

′+d ′RY
′∗
d q̄′R φ̄

′+e′RY
′∗
e l̄ ′R φ̄

′)

Mirror Parity PZ2 (L,R → R, L): Y ′ = Y ∗ B − B ′ → B − B ′
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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

• Exact parity G → G ′: no new parameters in dark Lagrangian L′

• MM is dark (for us) and has the same gravity

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

• New interactions between O & M particles Lmix
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Since 1932, neutrons make 50% of mass in our bodies ...

Neutrons are stable in basic nuclei but decay in free state: n→ peν̄e
... and in some (β− unstable) nuclei
... or can be even created in other (β+ unstable) nuclei

Fermi V-A Theory – Standard Model (SM)

conserving baryon number

GV√
2
u(1− γ5)γµd νe(1− γ5)γµe + h.c.

GV√
2
p(1− gAγ

5)γµn νe(1− γ5)γµe + h.c.

GV = GF |Vud | (CVC) & gA ' 1 (PCAC)

Yet, we do not know well enough its decay features and lifetime
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|Vud | from free neutron decays

1.255 1.260 1.265 1.270 1.275 1.280

0.968

0.970

0.972

0.974

0.976

0.978

0.980

gA

V
ud

Märkisch

Mund

Brown

0+→ 0+

trapbeam

gA=1.27625±0.00050

τtrap=879.4±0.6

τbeam=888.0±2.0

G 2
F |Vud |2 =

=
K/ ln 2

Fnτn(1 + 3g2
A)(1 + ∆R)

Fn = fn(1 + δ′R)

β–asymmetry: gA = 1.27625(50)

|Vud |trap = 0.97327(32)gA(33)τtrap(10)∆R
= 0.97327(47)

... not yet competitive with 0+−0+:
|Vud | = 0.97370(10)Ft(10)∆R

= 0.97370(14)

τtrap is compatible with Ft-measurements
... and τbeam is incompatible

but β-ν asymmetry measurements: gA = 1.2677(28) Werner Heil talk
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τn vs. β-asymmetry

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 = 879.4± 0.6 s

0+−0+ decays:

G 2
V =

K

2Ft (1 + ∆R)

τn =
2Ft

Fn(1 + 3g2
A)

=
5172.0(1.1)

1 + 3g2
A

s

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 s ≈ τtrap
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Two methods to measure the neutron lifetime

diff erence of this size by chance alone is less than one part in 
10,000. We must therefore seriously consider the possibility that 
the discrepancy results from an unknown unknown—we have 
missed something important.

EXOTIC PHYSICS
AN EXCITING  explanation for the diff erence could be that it actually 
re  fl ects some exotic physical phenomenon not yet discovered. A 
reason to think such a phenomenon might exist is that although 
the bottle and beam methods disagree, other beam studies show 
good agreement among them selves, as do other bottle studies. 

Imagine, for example, that in addition to the regular beta de -
cay, neutrons decayed via some previously unknown process that 
does not create the protons sought in beam experiments. The bot-
tle experiments, which count the total number of “lost” neutrons, 
would count both the neutrons that disappeared via beta decay 
as well as those that underwent this second process. We would 
therefore conclude that the neutron lifetime was shorter than 
that from “normal” beta decay alone. Meanwhile the beam exper-
iments would dutifully record only beta decays that produce pro-
tons and would thus result in a larger value for the lifetime. So 
far, as we have seen, the beam experiments do measure a slightly 
longer lifetime than the bottles. 

A few theorists have taken this notion seriously. Zurab Berezhi-
ani of the University of L’Aquila in Italy and his colleagues have 

suggested such a secondary process: a free neutron, they propose, 
might sometimes transform into a hypothesized “mirror neutron” 
that no longer interacts with normal matter and would thus seem 
to disappear. Such mirror matter could contribute to the total 
amount of dark matter in the universe. Although this idea is quite 
stimulating, it remains highly speculative. More defi nitive con-
fi rmation of the divergence between the bottle and beam meth-
ods of measuring the neutron lifetime is necessary before most 
physicists would accept a concept as radical as mirror matter. 

Much more likely, we think, is that one (or perhaps even both) 
of the experiments has underestimated or overlooked a systemat-
ic eff ect. Such a possibility is always present when working with 
delicate and sensitive experimental setups.

WHY THE NEUTRON LIFETIME MATTERS
FIGURING OUT WHAT WE MISSED  will of course give us experimental-
ists peace of mind. But even more important, if we can get to the 
bottom of this puzzle and precisely measure the neutron lifetime, 
we may be able to tackle a number of long-standing, fundamen-
tal questions about our universe.

First of all, an accurate assessment of the timescale of neutron 
decay will teach us about how the weak force works on other parti-
cles. The weak force is responsible for nearly all radioactive de  cays 
and is the reason, for instance, that nuclear fusion occurs within 
the sun. Neutron beta decay is one of the simplest and most pure 
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Diff erent Techniques, 
Diff erent Results

Scientists have tried  two main techniques to measure the average 
neutron lifetime: the “bottle” and the “beam” methods. The various 
bottle measurements over the years tend to agree with one an -
other within their calculated error bars, as do the beam measure-
­x³îäÍ�5�x�ßxäø§îä��ß¸­�î�x�îÿ¸�îx`�³�Ôøxäj��¸ÿxþxßj�̀ ¸³���`îÍ�
The discrepancy, about eight seconds between the bottle and 
UxD­�DþxßD�xäj�­Dā�³¸î�äxx­�§�¦x�­ø`�j�Uøî��î��ä�ä��³���`D³î§ā�
larger than the measurements’ uncertainty, which means the 
divergence repre sents a real problem. Either the researchers have 
underestimated the uncertainty of their results, or, more exciting, 
î�x�l���xßx³`x�Dß�äxä��ß¸­�ä¸­x�ø³¦³¸ÿ³�Ç�āä�`D§�Ç�x³¸­x³¸³Í�

E X P E R I M E N T S

The Bottle Method
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examples of a weak force interaction. To calculate the details of 
other, more complex nuclear processes involving the weak force, 
we must fi rst fully understand how it operates in neutron decay.

Discerning the exact rate of neutron decay would also help 
test the big bang theory for the early evolution of the cosmos. 
According to the theory, when the universe was about one second 
old, it consisted of a hot, dense mixture of particles: protons, neu-
trons, electrons, and others. At this time, the temperature of the 
universe was roughly 10 billion degrees—so hot that these parti-
cles were too energetic to bind together into nuclei or atoms. 
After about three minutes, the universe expanded and cooled to a 
temperature where protons and neutrons could stick together to 
make the simplest atomic nucleus, deuterium (the heavy isotope 
of hydrogen). From here other simple nuclei were able to form—
deuterium could capture a proton to make an isotope of helium, 
two deuterium nuclei could join together to create heavier heli-
um, and small numbers of larger nuclei formed, up to the ele-
ment lithium (all the heavier elements are thought to have been 
produced in stars many millions of years later). 

This process is known as big bang nucleosynthesis. If, while 
the universe was losing heat, neutrons had decayed at a rate that 
was much faster than the universe cooled, there would have been 
no neutrons left when the universe reached the right tempera-
ture to form nuclei—only the protons would have remained, and 
we would have a cosmos made almost entirely of hydrogen. On 

the other hand, if the neutron lifetime were much longer than the 
time required to cool suffi  ciently for big bang nucleosynthesis, 
the universe would have an overabundance of helium, which in 
turn would have aff ected the formation of the heavier elements 
involved in the evolution of stars and ultimately life. Thus, the 
balance between the universal cooling rate and the neutron life-
time was quite critical for the creation of the elements that make 
up our planet and everything on it. 

From astronomical data we can measure the cosmic ratio of 
helium to hydrogen, as well as the amounts of deuterium and other 
light elements that exist throughout the universe. We would like to 
see if these measurements agree with the numbers predicted by big 
bang theory. The theoretical prediction, however, depends on the 
precise value of the neutron lifetime. Without a reliable value for it, 
our ability to make this comparison is limited. Once the neutron 
lifetime is known more precisely, we can compare the observed 
ratio from astrophysical experiments with the predicted value 
from theory. If they agree, we gain further confi dence in our stan-
dard big bang scenario for how the universe evolved. Of course, if 
they disagree, this model might have to be altered. For instance, 
certain discrepancies might indicate the existence of new exotic 
particles in the universe such as an extra type of neutrino, which 
could have interfered in the process of nucleosynthesis. 

One way to resolve the diff erence between the beam and bot-
tle results is to conduct more experiments using methods of com-
parable accuracy that are not prone to the same, potentially con-
founding systematic errors. In addition to continuing the beam 
and bottle projects, scientists in several other groups worldwide 
are working on alternative methods of measuring the neutron 
lifetime. A group at the Japan Proton Accelerator Research Com-
plex (J-PARC) in Tokai is developing a new beam experiment that 
will detect the electrons rather than protons produced when neu-
trons decay. In another very exciting development, groups at ILL, 
the Petersburg Nuclear Physics Institute in Russia, Los Alamos 
National Laboratory, the Technical University of Munich and the 
Johannes Gutenberg University  Mainz in Germany plan to use 
neutron bottles that confi ne ultracold neutrons with magnetic 
fi elds rather than material walls. This is possible because the neu-
tron, though electrically neutral, behaves as though it is a small 
magnet. The number of neutrons accidentally lost through the 
sides of such bottles should be quite diff erent from that of previ-
ous measurements and thus should produce quite diff erent sys-
tematic uncertainties. We fervently hope that, together, continu-
ing bottle and beam experiments and this next generation of 
measurements will fi nally solve the neutron lifetime puzzle. 

Fill with 
neutrons

Count #1

#1

#2
#3

Time

Time

Number 
of neutrons 

observed

Number of 
neutrons going 

through trap

Measured slope

Neutron beam 
(known intensity)
passes through

Count the number of decays within the time interval
Trap

+ – +

ProtonElectrodes

Count #2
Count #3

The Beam Method
In contrast to the bottle method, the beam technique looks not for neutrons 

but for one of their decay products, protons. Scientists direct a stream 

¹��´yùïà¹´å�ï�à¹ù���D´�y¨y`ïà¹®D�´yï�`�ÚïàDÈÛ�®Dmy�¹��D�®D�´yï�`���y¨m�
and ring-shaped high-voltage electrodes. The neutral neutrons pass right 

through, but if one decays inside the trap, the resulting positively charged 

protons will get stuck. The researchers know how many neutrons were in 

the beam, and they know how long they spent passing through the trap, 

so by counting the protons in the trap they can measure the number of 

neutrons that decayed in that span of time. This measurement is the decay 

rate, which is the slope of the decay curve at a given point in time and 

which allows the scientists to calculate the average neutron lifetime.
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τtrap = τ theorn neutron total lifetime is as predicted by SM

τbeam > τ theorn neutron decay not always produces a proton (at
least in beam experiments) – some neutrons decay in invisible
channel – when magnetic field is large (∼ few Tesla)
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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 ∼
(

10 TeV
M

)5 × 10−15 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 – talk of Mannarelli)

Even if mn = mn′ , n − n̄′ oscillation can be as fast as ε−1 = τnn̄′ ∼ 1
s, without contradicting experimental and astrophysical limits.
(c.f. τnn̄′ > 2.5× 108 s for neutron – antineutron oscillation)

Neutron disappearance n→ n̄′ and regeneration n→ n̄′ → n



The CKM
unitarity

problem: A trace
of new physics at

the TeV scale?

Zurab Berezhiani

Summary

Is the CKM
unitarity
disappeared ?

Perhaps it is
dead: Who is
then the killer?

Perhaps not dead
but hidden
somewhere?

Neutron lifetime
puzzle:
trap–beam
anomaly

Neutrons
travelling to
parallel world?

Conclusions
(club of lonely
hearth )

Oscillations in non-degenerate n − n′ system

Consider n − n′ system with ∆m = m′n −mn ∼ 102 ÷ 103 neV
and ε ∼ (1TeV/M)5 × 10−10 eV

Hamiltonian of (n+, n−, n′+, n
′
−) system (± for 2 spin states)

decay width Γn is the same for all states

2

quarks [18]. Then, modulo O(1) coe�cients depending
on the Lorentz structures of these operators, one has

" ⇠
⇤6

QCD

M5
⇠
✓

1 TeV

M

◆5

⇥ 10�10 eV . (6)

The above sit-quark operators can be induced e.g. by
seesaw-like mechanism suggested in Ref. [18] which in-
volves extra color triplet scalars with mass MS and heavy
Dirac Fermions N with mass MN , so that the cuto↵ scale
is given as M ⇠ (M4

SMN )1/5, modulo Yukawa coupling
constants. The scale M of order TeV makes interest-
ing this scenario for testing at the LHC. Respective ex-
perimental limits on extra fields and their couplings are
discussed in Ref. [19].

In the following we assume that n and n0 have a tiny
mass splitting �m = mn0 �mn ⇠ 10�7 eV which can be
positive or negative (Cf. the neutron mass itself is mea-
sured with the precision of few eV.) With mass gap being
so small, n�n0 transition is not e↵ective for destabilizing
the nuclei [18], but it will a↵ect n�n0 oscillation pattern
for free neutrons. In particular, the limits of Refs. [22]
from experimental search of n � n0 oscillation obtained
by assuming �m = 0 are no more strictly applicable.

Such a splitting can occur if Z2 is spontaneously broken
e.g. by a scalar field ⌘ which is odd under Z2 symmetry,
⌘ ! �⌘, coupled to O and M Higgses as �⌘(�†���0†�0),
which possibility can be also related to asymmetric post-
inflationary reheating between two sectors [23]. The di-
mensional coupling constant � can be tiny, without con-
tradicting to any fundamental principles. Thus, if �h⌘i
small enough, a tiny di↵erence would be induced between
the O and M Higgs VEVs. Since the Yukawa couplings
in two sectors are equal, then also O and M fermions will
have slightly di↵erent masses.

Alternatively, there is also a possibility that Z2 is exact
and mn0 = mn, but e↵ective splitting ⇠ 10�7 eV between
the energy levels of n and n0 is due to environmental
reasons induced e.g. by some long range 5th forces with
radii comparable to the Earth radius or solar system.
Then this splitting should be e↵ective at the Earth while
somewhere in cosmic voids it could be vanishingly small.
Such 5th forces can be related light baryophotons of each
sector [24] and so the Earth/sun would induce the force
repulsive for the neutron which e↵ect is equivalent to
�m > 0. Instead, e↵ective �m < 0 can occur due to
di↵erent graviton/dilaton couplings between O and M
components in the context of bigravity theories [25].

3. Evolution of n � n0 system is described Schrödinger
equation id /dt = H where  = ( +

n ,  �
n ,  +

n0 ,  
�
n0)

stands for wavefunction of n and n0 components in two
(±) polarization states, and 4⇥4 Hamiltonian H depends
on the matter background and magnetic fields. In the fol-
lowing we neglect the presence, if any, of M matter and
magnetic field at the Earth. Since the neutron experi-
ments are performed in perfect vacuum conditions, we
neglect also the neutron coherent scattering and absorp-
tion by ordinary medium. In uniform magnetic field B

the spin quantization axis can be taken as the direction
of B and Hamiltonian acquires a form

H =

0
B@

mn � |µnB| 0 " 0
0 mn + |µnB| 0 "
" 0 mn0 0
0 " 0 mn0

1
CA , (7)

µn = �6.031 ⇥ 10�8 eV/T being the neutron magnetic
moment. Let us consider first the case of vanishingly
small magnetic field, B = 0. As far as we are inter-
ested in average oscillation probabilities, it is convenient
to consider the evolution in the basis of mass eigenstates
where H0 becomes diagonal:

 ±
1 = c0 

±
n + s0 

±
n0 ,  ±

2 = �s0 
±
n + c0 

±
n0 , (8)

with c0 = cos ✓0 and s0 = sin ✓0, where ✓0 is nn0 mixing
angle in vacuum being the same for both ± polarization
states, tan 2✓0 = 2"/�m. In this way one takes into
account also possible decoherence e↵ects in n � n0 oscil-
lation since the mass eigenstates do not oscillate but just
propagate independently. The physical sense is trans-
parent: producing a neutron n with ± polarization is
equivalent to producing mass eigenstates  ±

1 and  ±
2 re-

spectively with probabilities c2
0 and s2

0. Since  ±
1 inter-

act as n or n0 respectively with probabilities c2
0 and s2

0,
and  ±

2 interact as n or n0 with probabilities s2
0 and c2

0,
then the average probability of finding n after a time t is
Pnn = c4

0 + s4
0 = 1 � 1

2 sin2 2✓0, and that of finding n0 is

Pnn0 = 1 � Pnn =
1

2
sin2 2✓0 = 2

"2

�m2
. (9)

Here �m = �m
p

1 + (2"/�m)2 = �m/ cos 2✓0 is the
mass gap between the eigenstates (8). As far as "⌧ �m,
we have �m ⇡ �m, cos ✓0 ⇡ 1 and sin ✓0 ⇡ ✓0 ⇡ "/�m.
In addition, since in real experimental situations the neu-
tron free flight time between interactions is small, t ⌧ ⌧� ,
we have neglected the neutron decay and corresponding
overall factor exp(���t) in these probabilities.

In the case of non-vanishing magnetic field the Hamil-
tonian eigenstates become:

 ±
1B = c±

B 
±
n + s±

B 
±
n0 ,  ±

2B = �s±
B 

±
n + c±

B 
±
n0 (10)

with c±
B = cos ✓±

B and s±
B = sin ✓±

B . But now nn0 mixing

angles ✓±
B depend on polarization:

tan 2✓±
B =

2"

�m ± ⌦B
. (11)

where ⌦B = |µnB| = (B/1 T) ⇥ 60.31 neV. Hence, in
large magnetic fields, when ⌦B becomes comparable with
�m, one of the oscillation probabilities P±

nn0 = 1
2 sin2 2✓±

B
(+ or � depending on the sign of �m) will be resonantly
amplified, a phenomenon resembling the famous MSW
e↵ect in the neutrino oscillations.

4. Trap experiments store an initial number of the UCN,
count the amount of neutrons survived for di↵erent times

m′n = mn + ∆m, ΩB = |µnB| = (B/1T)× 60 neV

In small magnetic field (B ≈ 0) n − n′ mixing angles is θ0 ≈ ε
∆m .

n − n′ conversion probability is Pnn′ ≈ θ2
0 ∼ 10−6 or perhaps larger

In large magnetic field, mixing increases for + or − polarization:

tan 2θ±B = 2ε
∆m±ΩB

Resonance effect like MSW
maximal oscillation if ∆m ± ΩB → 0
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Beam Experiments

n − n′ conversion probability depends on magn. field in proton trap

Nn = Ptr
nnL
∫
A
da
∫
dv I (v)/v and Nn′ = Ptr

nn′L
∫
A
da
∫
dv I (v)/v

Pnn = 1− Pnn′ −→ Nn + Nn′ = Const.

Both n→ peν̄ and n′ → p′e′ν̄′ decays have equal rates.
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Ṅp = epΓβP
tr
nnL
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∫
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v , Ṅα = eαv̄P
det
nn

∫
A
da
∫
dv I (v)
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=
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Experiments with material traps

Trap experiments store UCN for a time t and compare amount of
survived UCN with initial one: Nsurv(t)/Nin = exp(−Γstt)

For determining τn, one has to subtract the UCN lregular ss rates:

τ−1
n = Γst − Γloss; Γloss = 〈Plossfwall〉.

In experiments with material traps (magnetic field is small).
Γst is measured for different fwall linearly extrapolating to fwall → 0

In fact, limit Ploss < 2× 10−6 comes from Serebrov 2005

which reports τn = 778.5± 0.8 s

Other trap experiments estimate about 2 times bigger Ploss and
about about 2 s bigger lifetimes.

I take Pnn′ = θ2
0 ≤ 10−6 .... but for ∆m > 60 neV larger θ0 are allowed

(This could explain anomalous UCN loses in Beryllium and graphite traps)

Average of material trap experiments: τmat = 879.4± 0.6 s,
the UCN n→ n′ losses are subtracted (together with regular losses)
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Experiments with magnetic traps

Large surface magnetic field (∼ 1 T with exponential gradient)
reflects the UCN of one polarization
(and about 10 G holding field protects the UCN from depolarization)

Also store UCN for a time t and compare amount of survived UCN
with initial one: Nsurv(t)/Nin = exp(−Γstt)

For determining τn, estimate the UCN loss rates and subtract them:
τ−1
n = Γst − Γloss;

The UCN losses are estimated to be almost irrelevant: about 0.2 s
correction But losses per scattering are not measured and only
depolarisation rate is controlled:
On the other hand, Γloss = 〈fscatPnn′〉 with Pnn′ ∼ 10−6 would give
1÷ 2 s correction.

Magnetic trap τn, in view of n− n′ possibility, can be underestimated.

Average of magnetic trap experiments: τmagn = 877.8± 0.7 s ,

where the UCN n→ n′ losses are not subtracted ...
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τSMn = 878.7± 0.6 s τbeam = 888.0± 2.0 s (4.4.σ)
τSMn = 878.7± 0.6 s τtrap = 879.4± 0.6 s (compatible)

τmat = 880.0± 0.7 s, τmagn = 877.8± 0.7 s (2.3σ discrepancy)

So experimentally we have τmagn < τmat = τn = τβ < τbeam

this is possible in my scenario So far so Good!
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Adiabatic or non-adiabatic (Landau-Zener) conversion ?
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R(z) =
(
d lnB/dz)−1 – characterises the magnetic field gradient at

the resonance
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Dark matter Factory ?

If my hypothesis is correct, a simple solenoid with magnetic fields ∼
Tesla can be very effective machines that transform neutrons into
dark matter.

Simple experiments could test this

Adiabatic conditions can be improved and 50 % transformation can
be achieved

Ptr
nn′ ≈ π

4 ξ ' 10−2
(

2 km/s
v

)(
P0
nn′

10−6

) (
Bres

1 T

) (
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)

ZB, “‘Neutron lifetime puzzle and neutron-mirror neutron oscillation”,
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Thank You ...

It’s wonderful to be here
It’s certainly a thrill
You’re such a lovely audience ...

I hope you have enjoyed the show
I’m sorry but it’s time to go
It’s getting very near the end
I’d like to thank you once again
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