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and the search for deviations from the Standard Model

Precision studies of neutron decay
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Improving the accuracy of measurements
and trends in the neutron lifetime
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Experimental results for the neutron lifetime since 1990 from [8], discrepancy between 2005 [9] and
2000 [10] data, new magnetic trap results (marked in green) which are decisive [11-14]. New beam
experiment [15].
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Experimental results of neutrino asymmetry of neutron decay B

Measurement of the antineutrino escape asymmetry
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FIG. 2. Schematic of aSPECT. Only the most important elec-
trodes are shown. The magnetic field is oriented in vertical direction
(blue lines). The whole setup is under ultrahigh vacuum conditions.
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Improved determination of the f-v, angular correlation coefficient @ in free
neutron decay with the aSPECT spectrometer
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We report on a precise measurement of the electron-antineutrino angular correlation (a coefficient) in free
neutron beta decay from the aSPECT experiment. The a coefficient is inferred from the recoil energy spectrum
of the protons which are detected in 47 by the aSPECT spectrometer using magnetic adiabatic collimation with
an electrostatic filter. Data are presented from a 100-day run at the Institut Laue Langevin in 2013. The sources of
systematic errors are considered and included in the final result, We obtain @ = =0.104 30(84) which is the most
precise measurement of the neutron a coeflicient to date, From this, the ratio of axial vector to vector coupling
constants is derived giving [4] = 1.2677(28).




The description of experimental results within the framework of the V-A version of the
theory turns out to be unsatisfactory, since it cannot be represented by a single value of
the parameter 1=G, /G,
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The observed discrepancy can be analyzed within the framework of a model
taking into account right-hnanded currents. In the simplest left-right
manifesto of the model, mixing of left w; and right Wy vector bosons is
considered, and for flavor states , and mass states W; W, ,we can write:

+ . + [3] M. A. B. Beg, R. V. Budny, R.N. Mohapatra,
WL — COS é/ @Sln é/j Wl and A. Sirlin, Phys. Rev. Lett. 38, 1252 (1977),
+ : 1 [4] B. R. Holstein and S. B. Treiman, Phys.

Wp SiIng’ CoS¢g 5 Rev. D 16, 2369 (1977),
[5] P. Herczeg, Phys. Rev. D 34, 3449 (1986),

I X1 6] P.H , Prog. Part. Nucl. Phys. 46, 413
where ¢ is the mixing angle of the current states W and 522)01) erczeg, Frog. Fart. Rucl. Fhys

Wg , and § is the ratio of the squares of the masses of the
states Wy and W5 . 5 = (My/M,)?
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V-A variant of the theory
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Expansion in § and ¢ of order no higher than two can be represented by the
following expressions
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The decay of a neutron within the model of mixing left
and right vector bosons can be successfully described
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Optimal values of the parameters 6 and { obtained by the y2 method using

experimental neutron decay data for a, A, Band 7

for the most accurate experimental data
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Final result of the analysis

As a result of the analysis, it was found that there are indications of the existence of a right
vector boson with mass and mixing angle

Mucsma B QUAS. 2024. T. 22, My, = 3041%¢ GeV
Ne 1(258). C. 134-145 R

{ =-0.039+ 0.014
OU3NKA SJTEMEHTAPHbBIX HACTUL,

N ATOMHOIO AAPA 2025. .
T. 56, Bbin. 3. C. 1405-1426 5 — 0070 + 0010

AHAJIUN3 9KCIEPUMEHTAJIBHBIX TAHHBIX
PACITAJIA HEUTPOHA HA BO3MOXKHOCTbh
CYIECTBOBAHHSA ITPABOI'O BEKTOPHOI'O

BO30OHA 1
A.11. Cepebpos', O. M. XKepebuos, A. K. Domun,

P.M. Camotinos, H.C. Bydanos

[etepGyprekuit HHCTHTYT snepHoil pusuku uM. Bb.I1. KoncranTutosa
HauuoHanbHoro uecenoBatenbeKoro uentpa «Kypuatosekuit HHCTHTYT», Tatunna, Poccus

posenex anaau3 nocaeHux HauGojee TOUHBIX IKCMEPHUMEHTANbHLIX NaHHLIX pacnaga HeiTpo-

Ha Ha BO3MOXH 1eCTBOBaHHSA npmoro BeKTOpHOro 6osoHa Wir. B pesyabrate aHanusa o6-

PyeHo T yKasaHHe Ha cyulec BaHHe MPaBoro BEKTOPHOro Gosona W, R C Maccofi
Mwg ~ 3 M CMeUHBaHHA C \\/ ¢=-0034+ Illll{ "<)Tn'r pesy . C ONHOH
TOPOHbI, 1BaTh KaK BBI30B K 3KCIIe| ;x MeHTanbHOM (H3HKe Ha KO Aepax, rae

or
yKa3sbiBaeT Ha He0OXOAWMOCTh MpoBe, J eHHSA ('Lu Goee T(lml,l\ H3Me| p(\mm pacnana Hel HTme H ero
TEOPeTHYeCKOro aHan13a
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Why resonance Wy

was not detected in collider experiments?
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Why resonance Wy, was not detected in collider experiments?

Calculation of the cross-section in the left-right model
For left resonance
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[5] P. Herczeg, Phys. Rev. D 34, 3449 (1986),

17

[44] E. Boos, V. Bunichev, L. Dudko, M. Perfilov, Phys. Lett. B 655, 245 (2007)



Why resonance

Wy was not detected in collider experiments?

Calculation of the cross-section in the left-right model
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Why resonance

Wy was not detected in collider experiments?

Comparison of the calculation results with experimental data for the Tevatron experiment at
Fermilab from publication [45] and for the ATLAS experiment [46] at CERN.
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Data from experiments with nuclear superallowed
0+ - 0+ transitions and the unitarity of the CKM matrix

PROBLEM OF UNITARITY OF THE CKM MATRIX

20



3030

3080}

Zt (s)

a0

3080

3080

Superallowed 0+ — 0% nuclear 8 decays: 2020 critical survey, with implications

for Vg and CKM unitarity

1. C. Hardy®" and L. S. Towner

Cyelotron Institute, Texas A&M University, College Station, Texas 77843, USA
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A new critical review of all half-life, decay energy, and branching ratio
measurements associated with 23 superresolved 0+ — 0+ is presented. Their
average Ft combined with the muon lifetime yields the up-down quark
mixing element of the Cabibbo-Kobayashi-Maskawa matrix, Vud = 0.97373
+ 0.00031. This is one standard deviation lower than our 2015 result, and its
uncertainty has increased by 50%. This is not a consequence of any shifts in
the experimental data, but of new radiative correction calculations. The
lower Vud now leads to a higher voltage in the top-row unitarity test in the
CKM matrix.

This result is given in the last row of Table XVII: where the unitarity sum is
[Vu|2 = 0.9985(6), indicating a violation of 2.46 unitarity.
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Data [Vus| from PDG
Vs = 0.2243(8)

|Vl from PDG (CKM quark-mixing matrix)

]H* iy gy
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T T T T T T
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Year

The third element of the top row, [Vub|, is very small
and has almost no effect on the unitarity test. Its value
from the Particle Data Group (PDG) evaluation is:

Vub)| = (3.94 + 0.36) x 10-3

V™' 33 yunrapHOCTH

marpunbl CKM

punit — J1 — V2 — V2 =0.97452(18).

However, the matrix element V_ud”00 of

0"+—0"+ beta decays differs

Vil = 0.97367(32)

Vunlt

00

= 8.6+107%(2.40)
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PROBLEM OF UNITARITY OF THE CKM MATRIX

The difference Vud between the matching values from neutron decay and CKM
unitarity and the Vud value from 0+-0+ transitions is 2.6 sigma

0,9760

Dependence of the quark mixing matrix

element Vud on A , calculated using the SM

formulas from neutron decay, from experiments

with Fermi-superallowed nuclear transitions 0+

- 0+ and from the unitarity of the SCM matrix
oo using Vus measurements [18].

0,9755
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0,9745

|Vud|

0,9740

0,9735 —

0,9730

0,9725—- AV,
_ " ud - 8.6+1074(2.6 O)
09720 —4%—F——F——TF—— 7T — 17— Vud
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The mixing scheme between left and right particles W7 and W5, , and between left and
right antiparticles W7 and W3.

=-1, P=-1,|CP=+1 C=+1, P= +1,|CP= +1 _
Wi—left particle (C = -1, P=-1),

@ ﬁpe @ ﬁpy CP=+1
" fo U:j - = Y %Is)" & W3 —right particle(C=-1, P=-1),

CP=+1
. @ Py p; W7 —left antiparticle (C=+1, P=+1), CP=+1
s=1 T ﬁsv gsg =1 Y ﬁsv ?Se W3 —right antiparticle (C=+1, P=+1),
7 P+ P, CP=+1

C=+1, P=+1 |CP=+1 C=-1, P=-1,|CP=+1 N _ N
AN W | co_sg Ering\( W

Wa INg cosd W

VM — vector mirror, AM — mirror of axial vectors. 24




The observed discrepancy can be analyzed within the framework of a
model taking into account right-handed currents. In the simplest left-
right manifesto of the model, mixing of left W/, and right Wy vector
bosons is considered, and for flavor states , and mass states w, W,

We can write:
W cos¢  ERsine\(wgt
we ) \@sing  cos¢ J\wit

where ¢ is the mixing angle of the current states

W, and Wy , and § Is the ratio of the squares of the
masses of the states W; and W,.

6 = (M1/M2)2

In this model, we consider W~ and
W* as particle and antiparticle
respectively, and as a consequence, the
mixing matrices for negative and
positive  bosons are Hermitian
conjugate, which explains the sign
reversal of the sines.

Extended left-right model with

CP-violation

In this scheme, we essentially introduce a difference in the interaction of (W~) and
(W), i.e. particles and antiparticles, which will lead to CP violation. 25




The mixing scheme between left and right particles W; and W5 ,

and between left and right antiparticles W7 and W3.
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Violation of CP invariance in baryons
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Mepexoa u—d 0 —— e N e s e
0,972 0973 0974 0975 0976 0977 0,978
VIJ
. W) ) o o
The discrepancy between the values | *ua and | "ua within the left-right

model is 2.00. And the deviation of their average value from unitarity is 0.4c. 27



An important consequence within the left-right model is the
difference in the strength of vector and axial-vector interactions
due to CP violation

00LRy2 NLR\?2
A, = gugm; gnm =(-3.2£1.6)-10°(2.00)
+ ud

p+v,->n+et + n+v,-op+e”

The reason for the emergence of baryon and lepton
asymmetry in cosmology.
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Violation of CP invariance in baryons has not yet been detected in laboratory conditions.
However, it is necessary to explain the baryon asymmetry of the Universe,
I.e. the excess of matter in it.

In 1967, A. D. Sakharov showed that for baryon asymmetry to appear in the Universe
three conditions must be met:

1. Violation of CP-invariance (asymmetry of the replacement of all particles with
antiparticles).

2.Non-conservation of baryon (quark) number.

3.Violation of thermodynamic equilibrium in the early Universe.

The mechanism for violating CP-invariance
has not yet been established.
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Analysis of CP-violation processes in K-meson decays within the extended left-
right model using the parameters 6 and

In connection with this circumstance, it is advisable to conduct an analysis of CP
violation processes in K-meson decays within the framework of the extended left-
right model, using the parameters § and ¢.

In the process of system oscillations k¢ K° may decay into a state

—_ _|_—
e 7TV S u,ct d
or in a state
L Wi (W) W (Wy)
e rTv
d ) ﬁ,z‘f §
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The weak interaction Hamiltonian in the case where only vector currents are present can be
represented in the same general form as for transitions |0* « Q|-

However, K-mesons are pseudoscalar_particles with spin and parity ()
so transitions K°K° are transitions | 0~ < 0~

Therefore, there is a change in sign before { compared to transitions [0 « 0*].

H) = €7, (Ca +C;7/5)v-7?7/ﬂK0
where with decay W,"(W,") the relationship is related
Cf +[Ca| =GE M (1+(5-¢))
with decay W, (W,) the relationship is related
=GV (1+(5+¢))

C. +les




CP-violating asymmetry in KO meson decays
Ao _ 1+(5-¢) ~(1+(5+¢)')
- 2(1+6%+¢7)
Using the values obtained earlier 0=0.07010) u ¢ =-0.039(14)
we obtain for the value A meaning:

A" =(55+2.1)x10°(2.60)] CL99.1% Prediction of the left-right
: model

with CP-violation

AP =(6.6i1.3i1.0)><10_3(46) Experiment (pdg)

T

~—200

This value is within the available accuracy and agrees with

the experimentally measured asymmetry.
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CP-violating asymmetry in the decay of neutral D mesons

It is interesting to note that the experimental value of CP-violating asymmetry in the decay
of neutral D mesons has a value quite close to the value of CP-violating asymmetry in the
decay of neutral K mesons.

(D, > KKz 7z")-T(D,>K K"z 7z")
2T

A" =(6.30+0.33) x107°| (pdg)

Ap, =

Table 2. Comparison of experimental results of direct CP-violating asymmetries for
K,K,, DD, and estimates within the left-right model in units of 10-3.

exp 6+ 1. , + 0.
A 6.6+1.6 |6.30+0.33 AT =26 =(5.5+2.1)x107°(2.60)
AR 55+21 | 5.5+2.1 - ﬂ

In both cases, the effect of direct CP-violation is described by the same formula and gives
the same result. Of course, the level of reliability does not give complete certainty, but it is at
least higher than 99%.




In decays of neutral K-mesons, the CP-violating lepton asymmetry was measured quite
accurately with the registration of decay products in the final state

F( K.— eUr‘v)—F( K.— e_7z+17)

F( K. — e+7z_v) +F( K. — e_7r+17)
1.0 —r
08 CP-violating
asymmetry
0&
WED)

0.4

nz

A =(3.32+0.06)x107°| (pdg)

This asymmetry A;"F is two times smaller than
AP The fact is that the effect of direct CP violation
is measured during the progress of the KK,
oscillation process over 10 periods of the lifetime of
the Ks-state, which is 0.86-101° s. And the effect of
CP violation in the final state is measured at the
lifetimes of the K -state, which is 5.4-10% s. By this
time, the effect associated with the K-state reduces.
Therefore, A7 /A; = 2 as shown in [48].
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CP-violating final-state asymmetry in neutral K-meson decays

F(KL —>e+7z_v)—F(KL —>e_7z+17)

A =

A =(3.32:+0.06)x10°

F( K. — e+7z_v)+F(KL —> e_7r+17)

Lepton asymmetry

While the CP-violating asymmetry from our comparative analysis

ViT and

V OOLR

Ap—n (\/ OOLR) i (\/unLR

00LRY2 _ A /NLRY2
WM ) =0Ma ) 35116).10%(2.00)

Another sign of baryon asymmetry
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Another sign of baryon asymmetry indicates that, apparently, the
condition of conservation of B-L, which is indicated in the famous
work of A.D. Sakharov [49, 50], is fulfilled.

Experimental results for CP-violating asymmetries in the final state in units of 10-3.

p—n Ky

AP —-32+1.6 |3.321+0.06

A®*P<Q 5 B>0 Ae*P >0 =) L<0
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Baryon-lepton asymmetry of the Universe and the left-right model of weak
interaction with CP-violation

In addition, the violation of both baryon
and lepton asymmetry is discussed, and the
conservation of the B-L difference is noted.

(quote)

"If the baryon-lepton asymmetry with
B # L arises at a temperature above the
range T = 10%2— 10* GeV ... then a state
will be established (with high precision) in
the low temperature region which
corresponds to the entropy maximum at
given constant value of B— L = const
(and under the condition of electric
neutrality)."”

Motion along
the line
B-L-C=const
o- Equilibrium

:qPoint /
S=max

>

/ // [

Figure from the article by A.D. Sakharov.
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Conseguences for cosmology

. The baryon-lepton asymmetry with B # L arises at a temperature above the
range T = 10°— 10* GeV due to mixing W, and W with CP-violation.

. Violation of the baryon number is possible in process of neutron-antineutron
oscillations during the hadronization of quarks.

Extension of SM by introducing right vector bosons WRJ—r and right neutrinos
(steril) is required. Right neutrinos (sterile) can be considered as candidates for
dark matter.

38



The nature of CP violation.

In our work, a left-right model of weak interaction with CP violation is
proposed at mixing W; and Wg, which indicates the nature of CP violation. In
this regard, it is important to note that A.D. Sakharov's work speaks of the
simultaneous formation of baryon and lepton asymmetry.

B-L is preserved.
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Prospects of the experiment
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SCIENTIFIC RESEARCH PROGRAMM
NEUTRON DECAY AT THE PEAK REACTOR
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Neutron decay

asymmetry

Magnetic trap

UCN

Gravitational
trap UCN

of a neutron

EDM
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Project of the installation for measuring neutron it kgl O
decay asymmetries at the PIK reactor topcnes S

p
nyuKa HeliTpOH i
Cnun-pavnnep 1, 2 eTekTop
Muorowenesoi
nonspusaTop Ha
SfaEpxa aywaec@?
) YcrpoWcreo
ANA U3MEpeHnA
- - - nonapusaunm
I\/I NpoToHHbIi HeWTpOHHOTO
anuracturing o € InStaliation P s
0cTpoBouHan
naatpopma o

Yerpoiicreo

«NEUTRON DECAY» o «.« P

Superconducting solenoid Cryostat




Testing of the installation at NIIEFA 31.05.24.
A current of 1050 A was introduced into the superconducting solenoid.
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Project of the installation for measuring

all three neutron decay asymmetries (a, A and B) at the PIK reactor

Proton detector

Electron detector

Proton detector

Electron detector

The planned increase in measurement accuracy by a factor of 3 will provide an
answer to the fundamentally important question about the discrepancy between

precision measurements of neutron decay and the Standard Model.
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Experiments will show what happens next
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Thank you
for your attention
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