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Neutrons: since 1932 they make 50% of mass in our bodies ...

&

The Neutron Neutrons are closely mass degenerate with the proton

Decay Problems . . . .
REMEES  (in the SM n = udd, p = uud) since B is conserved in the SM, n and
AEEEEEN p both are Dirac particles with B = 1)

Neutrons are stable in basic nuclei but decay in free state: n — pev,
. and decay also in (8~ unstable) nuclei
. and can be even born in (8% unstable) nuclei: p — netv,

Introduction

Fermi V-A Theory — Standard Model T f:“—~| "
Gv = Gr|Vud|, GF =G, + CKM mixing V:{:.-..

Neulron decay

% Plgv —gar®)y*n ve(1 —’YS)VHe + h.c. via weak
interaction
gv=1(CVC) & ga~1.2(PCAQ) udd
n

Yet, we do not know all its secrets in depth ...



Standard Model SU(3) x SU(2) x U(1) and CKM mixing

&
The Neutron d
e B P ), VWi Vekm | s
Zurab Berezhiani b L
. Vud Vus Vub
Introduction VCKM — Vcd VES Vcb 3 ~ 3 unitary
Vo Vi Va
First row  |Vigl? 4+ [Vus? + [Vwp|? =1 ... |Vip? ~107°

Cabibbo universality:  |V,g|?> + |Vis|? =1 cos?d¢ + sin*fc = 1
. is testable at the present experimental accuracy

Semileptonic K¢3 decays (K—plv) : £ (0)|Vys| = 0.21654(41)

Vs

f,
v | 7 = 0.27599(38)

fox

Leptonic K2 decays (K /7 ratio):
f+(0) and fx/f from Lattice QCD

|Vig| — from neutron decay and n <+ p transitions (3%) in nuclei
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The neutron
lifetime enigma

Geoffrey L. Greeneis 2 profescor o physics . the Uriversty
ofTenessee, withajcint appointment at the Ok Ridge National |
LaboratorysSpalation Neutron Source: He has been sudying.

the propertes fthe neuton o mre than 40 years, J

Peter Geltenbort s

sienisahelsiu " ¥
Laue-Langvinin Greoble Fance wherheuses i+ 78
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Two precision experiments disagree on how long
neutrons live before decaying. Does the discrepancy reflect
measurement errors or point to some deeper mystery

By Geoffrey L. Greene and Peter Geltenbort
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par
Two main types of experiments are under way: bote  Resolving thediscrepancy s vial o answering  number
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The neutron
lifetime enigma

How the neutron lifetime can be measured?

Fillwith

ing through th rap,
urethe number of
oftime. This measurement s thedecay

Tuap = ior  Neutron total decay width (neutron disappearance)

Theam = F,,__lmeg neutron S-decay width (counting produced protons)

rﬁ = ot X BI‘(H — peﬁ) — Ttrap < Theam
In SM Br(n — p) =1 two methods must give same results!

Invisible decay channel 7 Tirap = Theam X Br(n — per)
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Neutron Lifetime Measurements

Beam method average* (blue zone): ©Beam method
g95 | 888021 seconds O Bottle method
z
§
g 0 ‘
ta ? é é
k= Uncertainty —
= ° &
S 880 . Q
S [
3 :
= 8159 Bottle method average (green zone):  Disagreement
879.6 + 0.6 seconds
870 : ; y
1990 1995 2000 2005 2010 2015

Year of Experiment

Quest for New Physics?

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 definitive con-
firmation 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.




Neutron — mirror neutron oscillation
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eck ending
PRL 96, 081801 (2006) PHYSICAL REVIEW LETTERS 3 MARCH 20

Neutron-Mirror-Neutron Oscillations: How Fast Might They Be?

Zurab Berezhiani'* and Luis Bento®"
'D[part[mentu di Fisica, Universita di L’Aquila, 1-67010 Coppito, AQ, Italy
and Laboratori Nazionali del Gran Sasso, INFN, I-67010 Assergi, AQ, Italy
2Faculdade de Ciéncias, Centro de Fisica Nuclear da Universidade de Lishoa, Universidade de Lisboa,
Avenida Professor Gama Pinto 2, 1649-003 Lisboa, Portugal
(Received 12 August 2005; published 27 February 2006)

‘We discuss the phenomenological implications of the neutron (n) oscillation into the mirror neutron
(n'), a hypothetical particle exactly degenerate in mass with the neutron but sterile to normal matter. We
show that the present experimental data allow a maximal n-n" oscillation in vacuum with a characteristic
time 7 much shorter than the neutron lifetime, in fact as small as 1 sec. This phenomenon may manifest in
neutron disappearance and regeneration experiments perfectly accessible to present experimental capa-

bilities and may also have interesting astrophysical consequences, in particular, for the propagation of
ultra high energy cosmic rays.

The neutron
lifetime enigma



Z00)
<
The Neutron

Decay Problems
and New Physics

The neutron
lifetime enigma

Present situation ... four players in the game

Beam experiments (x2) Theam = 888.0 £ 2.0 s
Byrne et al. Europhys. L. 33 (1996); Yue et al. PRL 111 (2013)

Material traps (x6) Tmat = 880.1 £0.7 s

Mampe et al. JETP L. 57 (1993); Serebrov et al., PLB 605, 72 (2005);
Pichlmaier et al. PLB 693 (2010); Steyerl et al. PRL 63 (2012);
Arzumanov et al., JETP L. 95 (2012); Serebrov et al. PRC 97 (2018)

Magnetic traps  (x3) Tmagn = 878.8 £0.3 s

Ezhov et al., JETP L. 107 (2018); Pattie et al. (UCNT), Science 360
(2018); Gonzalez et al. (UCN7), PRL 127 (2021)

3.3 0 tension between Tyat /700 AT =23+07s

Trap (mat+magn) average 7., — 878.5 £ 0.5 s

4.5 ¢ tension between Theam/Tirap AT =95+21s

e SM itself predicts
Tn = Thspep = 878.7£15s agrees with 7., = 878505 s




Superallowed 0" — 0" nuclear transitions

’/;/ (pure Fermi — ga independent)

The Neutron

Decay Problems Corrected ft: Ft = ft(1 + 0k + dns — d¢) — transition independent
e Wy Pt
Hardy & Towner, 2015

Zurab Berezhiani

Ft =3072.07(72) s

N | 2020: — 3072.24(1.85) s
N ekl [ L
ifetime enigma 3070 gl :

"o . %Co K
3065 o l e G\2/ —_
3060 2.71' (1 + AR)
’ N A;Omic m:’ss nur:l:er(A)60 " ’ in SM GV = GF| V’Jd|

K =202 — 8120.2776(9) % Gr = G, = 1.1663787(6) 22~

Short-distance (transition independent) electroweak corrections
Marciano Sirlin 2006: Agr = 2.361(38) %
|Viua| = 0.97420(10) 7+(18)a, = 0.97420(21) = cosf¢

Seng et al. 2018: Ag = 2.467(22) %
|Vug| = 0.97370(10) 7¢(10)a,, = 0.97370(14)



Cabibbo Angle Anomaly:

’/7 Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714
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V24 V2 =1 [V,,)7~10°

PDG 2018 5
cos2fc +sin“fc =1

Zurab Berezhiani

e Pull (0) PDG 2018:
s & wi|  A&B: FLAG 17
AB: -05 C: Agr Marciano-Sirlin'06

Cabibbo Angle After 2018
anomaly ? ——C

D Post 2018:
., _P1@ A& B: FLAG'19 + MILC'19
_, B 02/ C: Apg Sengetal '18
A+B: -2.3

GanGam o o o% 05
Vl-ls
A(K—=103): K—smlv — |Vi|=sinbc
B (K — u2): K/mratio — |Vis/Vug| =tanfc
C (07 —07 transitions) : — | Vig| = cosfc
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"m K03
m Kpu2

B 5(0F - 0%) + i

=
S 0.973f
N
Cabibbo Angle —
anomaly ? 0.972¢
0.971
0.970} f :
0.222 0.224 0.226 0.228 0.230
| Vusl

If CKM unitarity is assumed — strong discrepancy between
A:|Vys| =sinfc  B: |Vis/Vug| =tanfc  C: | V4| = cosOc

Quest for New Physics at the scale of few TeV?
vector-like quarks, lepton flavor-changing gauge bosons, etc.




Neutron lifetime in SM: 7, — ga relation

4

The Neutron
Decay Problems
and New Physics

Gy from free neutron decay from 0t —0*
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G2 _ K/In2 G2 — K
Y Fara(14383)(1+ Ag) VT 2Ft(1+ AR)
(s Kadme 2 172.1(1.1 2.
a’\‘nomalyli:detai\s Ty = 7t 5 = o1 ( ? 8) s Czarnecki et al. 2018
Fn(l+3g2) 14 3g,

Gy and Ag cancel out (even in BSM Gy 75 GF|VL,d|, gA = —GA/GV )

ga = 1.27625(50) —» 7iheor =878.7+ (0.6 — 1.5) s ~ Tipap

ga — average from Percheo I /Il and UCNA experiments



Status of the four players in the game:

Updated Fig.7 of Belfatto, Beradze and Z.B, arXiv:1906.02714
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m,l ' } I i ! I material trap

f = magnetic trap

1.260

1.265 1270 1280 1.260 1.265 1270 1275 1.280

BN Tihcor = 8787+15s 7., — 8785 £ 055  (compatible)
anomaly in details Theam = 888.0+2.0 s (4.50_)

Tmat = 880.1 £0.7s 7Ty, = 877.8 £ 0.3 s (3.30 discrepancy)
So for 4 players we have  Tiagn < T < Tinat < Theam

Not only one neutron state n
— there should be also a nearly mass degenerate “sterile neutron” n’

From where "dark” n’ can come?
It can be ad hoc elementary particle casually degenerate with n ... or




SU@B) x SU(2) x U(1) + SU(3) x SU(2) x U(1)

2

!/
The Neutron G X G

Decay Problems Regular world Mirror world
and New Physics

Zurab Berezhiani Elementary Particles 29Ditis9 visinamsl3

rebrove  gnsixe

2
3
o
2
5
£
—

oot i e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical field
Sector contents and Lagrangians: Lot = £+ L' + Lumix

e Exact parity G <> G’: no new parameters in dark Lagrangian £’
e MM is dark (for us) and has the same gravity

e MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions: T'/T < 1.

e New interactions between O & M particles  Lmix

e G <> G’ can be softly broken: small splittings between Q and-M masses



Neutron — mirror neutron mixing

/}y Z.B. and Bento, PRL 96, 081801 (2006), hep-ph/0507031

e Neutron Effective operator ﬁ(udd)(u’d’d’) — mass mixing enCn’ + h.c.
orssoil  violating B and B’ — but conserving B — B’

and New Physics

Zurab Berezhiani

AB=1, AB'=—1

— AS 5 B
Parallel Mirror €= <n|(Udd)(u,d,dl)|n/> ~ % ~ (%) X 10 15 eV
Sector

Key observation: n — i’ oscillation cannot destabilize nuclei:
(A, Z) = (A—=1,2)+ n'(p’'e'V') forbidden by energy conservation
(In principle, it can occur Neutron Stars)

1:7_nﬁ/'\’151

If m, = m,, n— i’ oscillation can be as fast as ¢~
without contradicting experimental and astrophysical limits.

(c.f. 7w > 2.5 x 10® s for neutron — antineutron oscillation)

Search via disappearance n — i’ and regeneration n — @’ = n



n — n' mixing

- 7
e Neutron Mass mixing two states, n and n

Decay Problems m c m 0
and New Physics 1
! H= ! ’ — Hdiag =
erezhian € my, 0 m
. 2
m=cn—sn, m=sn+cn’ c=cosf, s=sinh tan29:2—§
20=my —m, — Am=my—mi=2Vm?+ €2

More generally: with transitional dipole moments and matter

by My + finB +V e+ R(B+B')+ pE+E)
e+R(B+B')+p(E+E") my + iy B +V’

Parallel Mirror

Sector

One could consider the case n = i (antineutron) - then

mi = my, s = —pn (CPT) and k,p =0 (Lorentz inv.) — Am=2e
- but exp. limits ¢! > 10® s (direct & nuclear stability) makes it unfit
For n’ # @ (mirror neutron) m, = m,, puy = fn can be guaranteed by
exact G <+ G’ parity — which allows transitional moments x, p # 0

Generically G <+ G’ parity can be softly broken — n — n’ mass splitting.
Three situations for Am:

small (< few neV) - intermediate (few peV)  — 'large (~ MeV)
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Parallel Mirror

Sector

Free Neutrons: Where to find Them 7

Neutrons are making 1/7 fraction of baryon mass in the Universe.
But most of neutrons bound in nuclei .... where n — n’ is ineffective

n — n’ can take place for free neutrons but it might be suppressed by
some environmental factors (matter, magnetic field) or simply by some
mass splitting between n — n’

Free neutrons are present only in

e Reactors and Spallation Facilities (experiments are looking for)

e Cosmic Rays (n—n’ in TA /Auger) — Am~0and ¢ ' <100 s
e BBN epoch (injection n’ — 7 can help Lithium problem)

— Transition n — n’ can take place in Neutron Stars — conversion of NS
into mixed NS — limits e > 1s or ¢ ' <107°s (independent of Am)

— Underlying BSM physics of n — n’ can be at the origin of co-baryogenesis
in both O and M sectors, with Qg//Qs ~ 5
Sakharov conditions: AB,AB’ =1, CP + automatic out of equilibrium

For some parameters n — n’ can be relevant for neutron lifetime puzzle !




UCN experiments n — i oscillation:  very small Am

7

The Neutron Several experiments searched for n — n’ with the UCN traps.

Decay Problems
and|New|Physics Some show anomalies: non-zero asymmetries +B

Zurab Berezhiani

1 1
2 3 45 10 20 30 4050

Lifetime
anomalies and 0.5

o B’ (uT)

-

Ban... PRL 99, 161603 (2007); Serebrov... PLB 663, (2008); Altarev...
PRD 80 (2009); Bodek... NIM A611 (2009); Serebrov... NIM A611
(2009); Z.B. & Nesti EPJ C72 (2012); Berezhiani... EPJ C78 (2018);
Abel... PLB 812 (2021) — collected in N. Ayres et al. arXiv:2111.02794

Latter exp. can exclude e™* < 100s for Am/B’ up to 200 uT



Experiments with material traps B ~ 0.5 G

%
The Neutron Trap experiments store UCN for a time t and compare amount of survived

Decay Problems UCN with initial one:  Nsurv(t)/Nin = exp(—Tstt)

and New Physics

For determining 7, one has to subtract the UCN loss rates:
Tn_1 =Tt — Noss; Moss = <Plossfwall>-

For Am < 60 neV, n — n’ oscillation with P, ~ 107° between wall
collisions can contribute as ~ second in storage time

_ mp + unB € my >~ m, 0
H_< € mf,:m,,+26>—>< 0 m2:m1—|—Am>

Oo~¢/6 <1073 for B~05G (|unB| < 68) Py ~ 03

Lifetime

anomalies and

R st is measured for different fan linearly extrapolating to fyan — 0

n — n" UCN losses are subtracted (together with any regular losses)
P, < Ploss <2 x 107% from Serebrov '05 reporting 7, = 778.5+ 0.8 s
Other exps. estimate about twice as bigger Pi.ss and about 2 s bigger 7,,'s

Py =63 <107% ... for Am < 60 neV or so

Average of material trap experiments: Tmat = 880,1 + 0.7 s,



Experiments with magnetic traps: B ~1T

2

ek sutron Large surface magnetic field (~ 1 T with exponential gradient) reflects the

Decay Problems

and New Physics UCN of one polarization (10 G holding field prevents UCN depolarization)

Zurab Berezhiani

Also store UCN for a time t and compare amount of survived UCN with
initial one:  Nsury(t)/Nin = exp(—Tstt)

For determining 7,, UCN loss rates to be subtracted: 7, = sy — MNoss;

The UCN losses are estimated to be irrelevant: 0.2 s correction

o ma+pu.B € mf ~ m, 0
H_< € mf,:m,,+25>_>< 0 my=nm +Am

0p ~ ﬁ{tnBl > fp — resonant enhancement in magnetic field B~ 1T

Lifetime

anomalies and
n—n

with P, ~ 107¢ could give 1 =+ 2 s contribution to 7,
Magnetic trap 7,, in view of n — n’ possibility, can be underestimated.
Average of magnetic trap experiments: Tmagn = 877.8£03 s

T = Tinat > Tmagn  can be potentially explained by n — n’ losses
But Theam > Tmat cannot be explained !



Very large Am ~ MeV and neutron dark decay

7

Mn > my with m, — mj, = Am ~ 1 MeV

The Neutron
Decay Problems

and New Physics Z.B. talk at the INT Workshop, Seattle, Oct. 2017 — n’ = mirror neutron
hi Fornal and Grinstein, arXiv:1801.01124 — n’ is ad hoc elementary fermion

mp + B e+ w(B+ B') N mi + B Oua(B+ B')
e+ r(B+ B') mp, + py B’ Oun(B+B') my+puyB’

0 ~ 5 — induces non-diagonal transitional moment between mass
eigenstates ny and n: pipy ~ Ou, (even if kK = 0)

Hence ‘invisible’ decay(s) n — n’ +~(y')  (in reality n1 — n, decays)
2\ 2
T(n—n'y,v) = =poym (1 - = ) = 4a>x*m,(Am/m,)?

5
mn

Lifetime

anomalies and Branching Br(n'y) ~ 1072 can be obtained then for x = ppn /un ~ 107°

n—n

Trap method — the neutron total width: Td’ci = Ttot = Mvis + Minv
beam method — 3-decay width Tyis(n — ped) = 7L

78 (n — ped) = Theam — contradicts to 7, — ga relation

Same for the other possibility: n — n’ in traps with n’ annihilating with
mirror anti-gas captured in the Earth  Z.B. arXiv:1602.08599



Dark decay cannot solve trap-beam lifetime puzzle:

T, Vs. [-asymmetry

&

—1 —1 —1
The Neutron Ttrap — Mot = I—n—>p + T~ and Theam — rn—>p = Br(n—>P) X Tirap
el 7., = Br(n— p) X Theam i.e. Br(n—p) ~99%, Br(n—n') ~ 1%

and New Physics

Zurab Berezhiani

T
Markisch
[l

8951 7(g4) ,_Brown
Mynd) ga = 1.27625(50)
N { beam
[ [ ) 1 Theam = 888.0£2.0s
wi flyt t
frow Torap = 878.5 %+ 0.5 5
1260 1265 1270 1275 1.280
Lifetime
anomalies and 94
R 2 _ K/In2 _ 2 _ K
Gullree) = 7 misgaran = V(07 ~07) = smaiay
theor __ —1 2Ft - 51721(28)

e T Inoe T F(143g3) 14383

gy P — riheor = 878.7 £ 1.5 5 & Ty, — Br(n—n') < 0.2%

Minor possibility: Fierz term — tensor operators contributing (3 decays



Status of the Neutron Dark Decay
Z.B., LHEP 2, 118 (2019), arXiv:1812.11089

The Neutron
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and New Physics
hiani
. Cosmic y
’ m'y > my
Hydrogen unstable n' unstable -
o ;'37 5 938.0 93‘8 5 93‘9 0 93‘9 5 = 940.0
Lifetime m', [MeV]
anomalies and
/ / ro
n—n' Br(n — n'y) =0.01  Br(n— n’y) = Br(n — n'y") = 0.004

If my > mp+ me, DM decays n' — peb. (7 = 10',10',10'%, 10" yr)
DM decay 7 < 10 yr good for HO tension ZB, Dolgov, Tkachev 2015

If my < m,+ me, Hydrogen atom decays (7 = 10%,10%',10% yr)
electron capture e+p — n’+~ — unstable hydrogen?? can be interesting
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Lifetime
anomalies and
n—n

Oscillations in non-degenerate n — n’ system

Z.B., EPJ C 79, 484 (2019) arXiv:1807.07906

Consider n — n’ system with Am = m/, — m,, ~ 10? =- 103 neV
and € ~ (1 TeV/M)5 x 10710 eV

Hamiltonian of (n4,n_,n’,, n"_) system (=& for 2 spin states)
decay width I, is the same for all states

mp — ’///nB’ 0 9 0
— 0 my + |MnB| 0 €
H = € 0 My 0 ’
0 € 0 My

m,=m,+Am, Qg=|p,B|=(B/1T) x 60 neV
In small magnetic field (B =~ 0) n — n’ mixing angles is 0y ~ z-.
n — n’ conversion probability is Py = 63 ~ 107° or perhaps larger
In large magnetic field, mixing increases for + or — polarization:

tan 29§ = Amz:‘iQB Resonance effect like MSW

maximal oscillation if Am+Qg — 0




Beam Experiments

The Neutron n — n’ conversion probability depends on magn. field in proton trap

Decay Problems
and New Physics
Np= Pl [ da[dvi(v)/v and Ny =PyL[, dafdvi(v)/v

Zurab Berezhiar
— N, + N, = Const.

Pnn =1- Pnn’
= / NEY: i _
n — pev and n" — p'e’'v’ decays have equal rates: 7, = 7
1
p"ap 0.050
0.100 N
0020 Lo
0.010 ”a‘
-
} g
D.E 0.001 Q? 0.010 /’I
o 0.005 III’
Lifetime {
anomalies and 10% 0002t |
n—n b
10 = 0.001
o 50 100 280 300 320 340 360 380 400
Am (neV)

100 -50
z[cm]

Ny = el Pl [y da [dv! N, = e, 7Pt [, da [ dv!)

N det
_ ([ &L No \ — P
o = (25) (8) = %




ORNL experiment

&

Testing this scenario via n — n’ — n in strong magn. fields

The Neutron

Decay Problems Difference of neutron counts between B=0and B=5T
and New Physics
7T magnet
BN aperture B,C aperture temt
(20 mm dia) \| (30 mm dia) 20 cm
T T e e == PR U PP
Im 3m 4m 5 m
I T——BCslits /.__-
Ny (10x10 mm?) Removable B,C beam-catcher
Beam guide polycarbonate B,C Slits (32 mm thick)
(25x25 mm?) attenuators (8x6 mm?) “He detector

B.C collimator

Lifetime
anomalies and
n—n

- p=10-1
UCN Traps

600 800 1000 1200
Am (nev)

For Am > 1 peV initial state in the beam is not n but the light eigenstate
m = cn — sn’ (heavier n, cannot be bounced by the walls of guide)
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Summary

Brief Summary

Significant discrepancies neutron lifetimes measured with different
methods: beam, material traps, magnetic traps

Maérkisch
sl
895 7(94) Brown
——
Mund
890, =
[ beam
885 ] {
saolf } I ! material trap i
1 I § = magnetic trap
375" L L L
1.260 1.265 1.270 1.275 1.280
2
Tmat = 880.1£0.7s  Tyagn = 877.8£0.3 s Theam = 888.0+£2.0s :
riheor — 87874155 Tmagn < ToP" < Tiat < Theam

Potentiality of general case with Am > peV and transitional moments is
not yet explored

b m, + jinB +V e+R(B+B)+ pE+E)
e+ R(B+ B')+p(E+E") my + iy B +V’



Some auxiliary slides

Summary
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Summary

New physics at TeV scale? extra quarks b, t/

Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714

0.9745

So.9740

0.9745

0.9740

0.9735

0.9730

0220 0.222 0.224
Vus

0.226

|Vud‘2+‘vu5|2+|vub|2 =1- 6(23KM

Vud Vus Vub
VCKM _ Vcd Vcs Vcb
Vie Vs Vi

Vig Ves Vb

0.228

Vub/
Vcb’
Vi
Virw

CKM
‘Vud‘z‘H Vus|2‘H Vub|2 =1

Extra vector-like quarks
b, t' or (t,b)
with masses of few TeV

6CK1\/I ~ ‘Vub" ~ 0.04

is not unitary!

One can reconcile A-B-C  but flavor-changing, precision tests ....
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Summary

Gr # GH‘ ?  flavor gauge bosons at TeV scale
Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714

vy

Gr/V2 = g?/8M2, = 1/42 Gr/V2 = gi/8M5 = 1/4v%
Ve = 174 GeV — EW scale vr ~ few TeV — flavor scale

After Fierz transformation, the sum of diagrams gives the operator

4G, _ Vi
T;(VM’Y po)(@ave) Gu = Gr+Gr = Gr(1+0,) 0, = <v]:

New interaction has positive interference with SM, i.e. G, > Gr

Vil = K  K(146,)?
Wl T 2G2FE(1+ AR)  2G2Ft(1+ Ag)

Other possibilities e.g. modifying W /v vertex discussed (Crivellin et al.)

y



Neutron—antineutron oscillation

4

The Neutron

iiasoul  Majorana mass of neutron e(n” Cn+ A’ Ci) violating B by two units

and New Physics

RN comes from six-fermions effective operator ks (udd)(udd)

AB=2
u U
d T~

It causes transition n(udd) — A(Zidd), oscillation time 7,5 = €~

A 5
e~ =R~ (L) X107 eV 15~ 10%s

ILL experiment: 7p5 > 0.86 x 108 s — € < 7.7 x 107%* eV

Key moment: n — i oscillation destabilizes nuclei:
AZ)-(A-1,nZ2)—-(A-2,Z/Z—-1)+7's

1

Summary

Nuclear stability bounds - Oxygen— 27 — T > 1032 yr (SK)
€<25x107# eV — 7>27x10%s



Anthropic limit on n — n
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The Neutron
Decay Problems

and New Physies Scale of relevant new physics is unknown — but € oc M~

Zurab Berezhiani

Nuclear instability time against
(AZ) - (A-1,0,Z) - (A—2,Z/Z—1)+7's scales as
Tnucl X e ox M~10
Present limit € < 2.5 x 1072* eV (T > 1032 yr)  implies
M > 500 TeV or so
M ~ 100 TeV (just factor of 5 less) would give 7,0 > 10%° yr
.. the Earth (any planet) radioactivity turns dangerous for the Life!

Summary And (happily) the neutron is not elementary particle — in which case
it would be allowed unsuppressed Majorana mass

But it is composite n = (udd) of three quarks

— its Majorana mass can be induced only by D=9 operator #(udd)2
Life is allowed by the structure of SM



Anthropic QCD 6-term (provocation)

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

The Neutron
Decay Problems

s QCD forms quark condensate (gg) ~ /\?QCD breaking chiral symmetry
R (and probably 4-quark condensates (Ggqq) not reducible to (Gq)?)

Can six-quark condensates (ggqqqq¢* " = "2 ™ Tt
namahs /e 2\ ar /(1de)2) U

glue

Vafa-Witter! theorémit QCD cannot breals vettorssymmetrias ...

.. but the prove relies on the absence of f-term (i.e. valid for § = 0)
Imagine world 6 ~ 1 where (gqqqqq) ~ /\?QCD — bad for Life

— massless Goldstone 8 inducing n — A + 3 transition in nuclei ...
Let us assume (gqqqqq)e ~ F(6) Aycp

F(0) being smooth periodic even function: F(0) = F(—0) = C6? + ...
(99999q)e = C92/\?QCD ~ C x MeV® for 6 ~ 10710

— can such a fuzzy condensate be OK? Maybe in dense matter?

Summary



Summary
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The Neutron

Decay Problams Puzzles are emerging related to the neutron decays
and New Physics — If true, they may trace to new physics at TeV scale
Aurab Bereahian (new measurements + accurate lattice simulations are needed ...)

e Cabibbo angle anomaly (neutron 8-decay vs. Kaon decays)
e Neutron lifetime anomaly (trap vs. beam)

Despite apparent vicinity, the two puzzles are different ...

— Mechanisms that could settle Cabibbo angle anomaly
(vector-like quarks or flavor gauge bosons at the TeV scale, etc)
do not explain the trap/beam lifetime discrepancy

— it requires some additional channel of the neutron disappearance

Dark decay n — n’ + X increasing the total decay width is disfavored

Dark oscillation n — n’ (enhanced in magnetic field + n’ — p’e’?’) is OK
. can be excluded by the regeneration (shining thru the absorber)
experiment n — n’ — n at the ORNL

Summary

Search for baryon violation: n— i (AB=2)orn—n' (AB=1)
and related processes is an attractive business
(the key for the universe baryon asymmetry, portal to DM and more ...)
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