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BAU - Baryon Asymmetry of the Universy (WMAP+COBE): n,—n

B ~10
A. Sakharov conditions. Nexp = =10"" >ng, ~

New source of CP-violation (or T-violation under CPT) is required 7

beyond the SM

Experiments for search of CP- violation:
*Permanent EDM of neutron, neutral atoms, p,d, 3He, leptons.

*Neutrino sector, Ocp phase in PMNS matrix, lepton asymmetry via B-L conservation to BAU
Both are T-violating and P-parity violating (TVPV) effects

Much less attention was paid to T-violating P-conserving (TVPC) flavor conserving effects

first considered by L. Okun and J. Prentki, M.Veltman, L. Wolfenstein (1965 ) to
explain CP violation in kaons, do not arise in SM as a fundamental interaction.

Experimental limits on TVPC effects are much weaker then for EDM

EFT: Available experimental restrictions to EDM put no constrains on TVPC ( for scenario “B”) for EDM
A. Kurylov et. al. PRD 63 (2001) 076007 -> in contrast to ( scenario “A”) 2 R.S. Conti, I.B. Khriplovich, PRL
68 (1992) 3262

e>next slide




— EDM and TVPC interactions

J.Engel, P.H. Framton, R.P. Springer, PRD 53 (1996) 5112:

1 1
Ls+——Ls+ L+ ...

Lypw = L4+ A A2 A3
TV PC TV PC TV PC

The lowest-dimension flavor conserving TVPC interactions have d = 7

/R.S. Conti, 1.B. Khriplovich, PRL 68 (1992)/.

These new TVPC can generate a permanent EDM in the presence of a PV SM
radiative corrections.

J.Engel et al.: g, ~ 10°°

M.J. Ramsey-Musolf, PRL 83 (1999): - Apype > 150 TeV

A.Kurylov, G.C. McLaughlin, M.Ramsey-Musolf , PRD 63(2001)076007:

EDM at energies below Ay pe

1 M M?
3{, O.h 5 + _.BT CT’ 3
ATVP(“’ ATVPF ATVPC

the first contrb. fromTV PC

d = [5C5

C'y are a priori unknown coefficients , 3, calculable quantities from loops, M < Apypc
- dynamical degrees of freedom




TVPC scale and EDM

Scenario "A":
P-parity invariance is restored at some scale u < Apy pe

C'5, Cs ( both TVPV) vanish at tree level in EFT. The first
contributions to the EDM arise from C'; operator

g, ~10"

ATVPC > 150 TeV
"Scenario “B":

P-parity invariance is restored at i1 > Ay pe

C'5, Cs ( are both TVPV) do not vanish at tree level in EFT.
The EDM results do not provide direct constraint on the d =7
operator, i.e. on the TVPC effects.

No constraints on TVPC within the " B"-scenario
(see also B.K. EI-Menoufi, M.J. Ramsey-Musolf, C.-Y. Seng, PLB 765

(2017) 62; right-handed neutrino and 3-decay of polarized n)




— Direct experimental constraints on TVPC

e Test of the detailed balance 2" Al(p, a)**M g and **M g(a, p)*" Al,
A = (04ir — Oinw) [ (Cair + Tiny) < 5.1 X 1073 (E.Blanke et al. PRL 51 (1983)
355). Numerous statistical analyses including nuclear energy-level

fluctuations are required to relate to the NN T-odd P-even interaction
(J.B. French et al. PRL 54 (1985) 2313) ar < 2 x 1073 (g, < 1.7 x 1071).

e 77 transmission through tensor polarized ' Ho (P.R. Huffman et al. PRC
55 (1997) 2684)

A=(o,—0c ))(os+0_)<12x 107"
ar <7.1x 107 (or g, < 5.9 x 1072)

e Elastic pn and 7ip scattering, AP, PP, A", P"; CSB (A = A" — AP)
(M. Simonius, PRL 78 (1997) 4161)

ar < 8 x 107 (org, <6.7x 10_3)

See S. N. Vergeles, N.N. Nikolaev, Yu.N. Obukhov, AYu. Silenko, O. Teryaev, UFN 66 (2023) 109




Search for T-invariance violation in
doble polarized p-d and 3He-d scattering

Null-test signal of Time-invariance Violating Parity Conserving (TVPC)
effects is a total cross section of double polarized pd-, *Hed-, dd- scattering

with one colliding particle being vector polarized (p®,) and another one
tensor polarized (P,,).

V. Baryshevsky, Sov. J. Nucl. Phys. 38 (1983) 699; A.L. Barabanov, Yad.Fiz. 44 (1986) 1163.
Advantages:

e Not necessary to measure two observables (A, and P,) and determine their very small difference
(for T-invariance A, =P, ).
e Cannot be imitated by ISI@FSI.

To compare: EDM (electric dipole moment) of particles and nuclei is a signal of T- and P-violation.

Disadvantage:
e Requires to suppress / exclude the contribution of the P}




TIVOLI —exp. planned at COSY, T =135 MeV; P. Lenisa et al. EPJ Tech. Instr. (2019) 6

Arype = (T =T )/(TT+T7),

T (T~) - transmission factor for p? P,. > 0 (pbP,. < 0).
The goal is to improve the direct upper bound on TVPC by one
order of magnitude up to Apypo ~ 1070

. pd TRANSMISSION experiment
Previous Theory:

M. Beyer, Nucl.Phys. A 560 (1993) 895;
d-breakup channel only, 135 MeV;
Y.-Ho Song, R. Lazauskas, V.Gudkov, PRC

84 (2011) 025501, Faddeev eqgs., nd-scattering at 100 keV; pd at 2 MeV

We use the Glauber theory:
A.A. Temerbayev, Yu.N. Uzikov, Yad. Fiz. 78 (2015) 38;

M.N. Platonova, V.I. Kukulin, Phys. Rev. C 81, 014004 (2010)




TVPC NN interactions

TVPC (= T-odd P-even) interactions

The most general (off-shell) structure contains 18 terms P. Herczeg,
Nucl.Phys. 75 (1966) 655

In terms of boson exchanges :
M.Simonius, Phys. Lett. 58B (1975) 147: PRL 78 (1997) 4161

*J>1

* T, o-exchanges do not contribute

x T'he lowest mass meson allowed is the p-meson /I1¢(J7¢) =1t(1"7)/
Natural parity exchange (P = (—1)7) must be charged

The TVPC Born NN-amplitude

- 1
VIVPC _ gpk 5 : , )
J’GQU 71 X 7 “m? + |q)? (2)

xi(Py +pi) X ¢ - (01 — 72)
C-odd (hence T-odd), only charged p's. No contribution to the nn or pp.

qg=0Df— Di dissappeares at ¢ =0
« Axial hi(1170)-meson exchange I1¢(J7¢) = 0= (177) ...




T-invariance: < f|S|i>=<i.|S]|f; >

On-shell TVPC NN interaction t-operators (M.Beyer, NPA, 1993)

ton = h[(o1-p)(o2-q) + (o2 p)(o1-q) — (o1 02)(P-q)] +

hl—meson

+glor x o] - [ax pl(ri — 72). + g'(01 — 02) - i [a x pllry x T3]

abnormal parity OB E exchanges p—-n;; son
P=DPs P& 4=DPf — Di T:pi_)_pfﬂpf_)_pijp_)_pﬁq_)q

n=[gxpl—-n,oc——0o;
g'-term is T-odd due to:
< n,pllT1 X T2l:|p,n >= —i2, < p,n|[T1 X 2.0, p >= 2,

. . . N 7 str — AAstr
in contrast to strong interaction, MS", = MZ" .
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___ Collinear kinematics

Forward elastic pd scattering amplitude (P-even, T-even):

3Hed

& Map(0)ca = gilee” — (ke) (k)] + ga(ke) (ke”) +

igs{ole x €] — (gk)(k-[e x €} +ig(ok)(k-[e x ")+

M.P. Rekalo et al., Few-Body Syst. 23, 187 (1998)
. and plus T-odd P-even (TVPC) term
o+ gs{(o- kxel)(k-e”) + (o [k

Non-diagonal:

1 1

x e"])(k-e)};

< = > N = 0| MTVPC = -5 A =1>=iv20.

Generalized Optical theorem:

Tr(p; M k
. r(piM(0))

I _
T'rp; A7

a;

11



Total polarized cross sections pd

or 3He-d scattering

Otor = 00 + o1p? - P+ oo (p? - K)(PY-K) + 03P.. + Fpopept Pl

Y- Tz
T—even,P—even T—odd,P—even
with Null-test signal
47 7 201 + g9 47 I
gg — — = ———ImMm
0 2 3 1 X 93
4 Im( ) AT g1 — Go
o9y = ——Im(gs — g3), 03 = —
2 2 94 — 33),03 2 6
/Yu.N. Uzikov, J. Haidenbauer, PRC 87 (2013) 054003/
~ iy 2.
Ttope = — 5 I m=dgs

k 3
/Yu.N. Uzikov,A.A. Temerbayev, Phys. Rev. C 92 (2015)/

ISI@FSI effects are included yetinto g, = G,p¢
No interference of TVPC with T-invariant P-even terms.
True null-test for TVPC




___ Null-test signal in units of ¢, = TVPC constant. The S- and D- wave included.
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Yu.N. Uzikov, J.Haidenbauer, PRC 94 (2016) 035501
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TVPC signal in double polarized
3He-d scattering

e 3He—d has the %2+ 1 spin structure as in pd.

e Polarization of 3He in S-wave approximation caused solely by the
polarization of the neutron.

e 3He —d scattering within the Glauber model can be considered like p-d with
replacement of the pN-amplitudes by the p3He ones.

e Is the g’ —term of TVPC nonvanishing in the null-test signal in 3He-d?




p’He — p>He:

F=A+ Ayo(p)h + Azo ()i + As(o(p) - k)
+(As + Ag)(o(p) - q)(o(7) - q) + (A5 — Ag)(o(p) - )

+hen[(a(p) kK)o (1) - Q) + (o(7) - @)(a(p) - k) — = (o(7) - o(p))(q - k)]

(V]

Spin amplitudes in Gauber spin-dependent theory: T-even P-even A,,...

TVPC htau N, Btau N » g’tau N

M.N. Platonova, N.T. Tursunbayev, Yu. N. U., Phys-Atom.Nucl. 86 (2023) 6, 1267-1274
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THE MOST CUMBERSOME TASK:
spin matrix elements of products of pN spin-operators and
extraction of invariant spin amplitudes of N-3He scattering

My(p.q;0,0y)
= Ay + Cyoii + Clo v + By(ok)(o yk)
+(Gny + Hy) o qQ)(onq) + (Gy — Hy)(on)(o yD)

T-invariant P-conserving
TCPC pN amplitudes

q=(p-—p"), k=(p+p) and n= [k x q]

Double scattering “M,(q,)M\(q,) LoN = hyl(o K)oy -q)+ (on - K)o - q)

TVPC pN

— %{{TN . ﬂ'}(k ’ Q}Umfn

2

. KIlT — 7n1./m>
Triple scattering “M(q,)My(a,)My(q;) +enlo xon]-laxkllz IN]MK}HP

—|—g;u,(ﬂ' —Oy) -1 [q x K][T % TN]:X("”?J'

16



= l//ng”‘ . Antisymmetric full wave function of 3He
1
a __ ' ] " ' . . .
& —T(;( p"— " p')—spin—isospin

1 1 _
= Ta (a0 -, 0,);0 = +§ >, p = _5 > 52570
1

x"= ﬁ[al (. p; + o, 0,) =2 ey ]; >25~1

WxS — Ne‘cz(rf”zz*@z); Symmetic s3
F(”—%lS()<§“|f(*)|§“>' i i

— I q 1\q ) Single scattering
pN
3k, .
- 2m(k S0 S(Bg) <& LA@AG)|E > Do e
pN

F(3)

-2 (g [d?q"s(3q)S L )<c§ £ f(G) | &> Trplesc
T (k N)



NUMERICAL RESLUTS for p3He

Exp. data : D.K. Hasell et al., Phys.Rev. C34 (1986) 236

le+05 5 T T I T T 3 ! ! ! [ ! | ! !
p He . p3H6 156 MeV
- . B / 1x+2x+3x (mixed) T
156 MeV
10000 £ __
E E '/“ _____ SS+DS
; [/ ® N
& 1000 . SS+DS+TS = 05— ° / —
2 - ] o /
————— SS+DS .
el ] mi :’!
5 DS o /
= 100E = < L/ |
g ® ]
o R /
ok ©._ o __ /
= e""‘-@ _____ g / [
{ | . | . | .
50 100 150 200
0 deg | | ! | ! | I | | ! | I |
= 0 20 40 60 80 100 120 140
. 6 ,degr
M.N. Platonova, N.T. Tursunbayev, Yu. N. Uzikov, m
Phys.Atom.Nucl. 86 (2023) 6, 1267-1274
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NUMERICAL RESULTS p3He

Exp. data : D.K. Hasell et al., Phys.Rev. C34 (1986) 236

le+08

IIII.I.I.lII IIIII.Ili IIIIIIIII IIII.I.lIlI IIIII.lli IIIILI.I.II IIII.I.lIl] IIIII.lli IIIIII.LII L
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dc/d€2, ub/sr
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TVPC Null-test signal in 3He-d scattering

pd : Yu.N. U., J. Haidenbauer, PRC, 94 (2016)

~ I >
T AR R C R K K

\/7 Sizj{q —I—QS{ j(ij')][ C” }hp‘l'cp{q}{gn —
SSH(Q}Z[ druz(?‘}j[}(qr).

0 C' NS hrN »8:n  Pp3He-, n3He- elastic

e

s =2f dr u(r)w(r) jx(gr),
2 (q) 0 (ryw(r)jaiqr) Optical theorem:

o0

: 1 2 ~ 2.
8y () = — 73 ), drwnnan. o=—4ym EIm g.

YD) —f dr w(r)ji(qr)/(qr). AE — QRC[AlAE + (Ar; — A@)A%]E_
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g’ —term of TVPC in 3He-d.

Charge-exchange pn<->np:

(n,pllt x Tyl:lp,n) =—i2, (p,nl[t X Tyl;|In,p) =i2.

TVPC

3 3
He \ H 3He

3 3 3

H He H
<3Hen|¢'|3Hp >=—<3Hp|g'|3Hen > ) Q2
. 4o
Frepc(n®*He—>p3H) = Frepe(p®H->n3He) " ’
3He 3y
g’-term in *He-d vanishes like in pd 4




ENERGY DEPENDENCE OF the TVPC
NULL-TEST SIGNAL in 3He-d SCATTERING



| | | | | I |
0.1 3 hy E
: He-d i
- hN—TVPC at full TCPC: 1x+2x+3x -
- +=—+=—  DSinTVPC T
3 0.00] [ Yu.N.U., Platonova, JETP Lett. 118 (2023) 11,785 ...... TS in TVPC
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AT HIGHER ENERGIES /s =3-10GeV”

(s,1) . o
¢ai (s,1) = ﬂ-ﬂai (1) fl(( ( ))) i=p,0, az,pr;a =1-5; A.Sibirtsev et al., Eur.Phys. J. A 45 (2010) 357
ot
1+ Sl, exp[—iza(t)]| s () The Regge formalism for pp-helicity amplitudes
*fi (faS) — SiIl[7Z'Ol (t)] < ’ at proton beams momenta p,= 3-50 GeV/c
i 0

includes single- Pomeron exchange and
a.(t)=a +at, trajectories P, ®, f,,a,

Data on , Ay, A
ﬂli (t) = Cli eXp(bh.t), dG / dt N2 AANN

—
Do (1) = ¢y exp(D,t) —,
4m;,
Dy (1) = ¢;; exp(by2),
—
L. () = ¢, exp(bt) —,
4m;,

—1
2

IBSi(t) = Cy; eXp(bSit){4m } .




A. Sibirtsev et al, EPJA (2010)

0_6 T T T T T T | T 06 I I I I
pp PP
: b, = 4.8 GeV/c : Plap = 45 GeVie
0.4+ ® Abshire 1974 (5.15) ] 0-41 C-) gglrgg;[‘e:r? Zgao )

o Parry 1973 (5.15)
O Parry 1973 (4.4)

05

t (GeV)
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GTVPC CONCLUSION AND OUTLOOK

® Is a true null-test observable, not generated by ISI&FSI, analog of
EDM (=null-test signal for TVPV).

e T ,—dependence of the o,,-(°He-d) for hy and gy type is calculated
within the Glauber theory at 0.1-1.2 GeV using SAID data. Estimations
are done at p;=3-50 GeV/c using Regge parametrizations for pN.

® 3He-d does not contain the g’- type of TVPC.

e TVPC in dd scattering is in progress

® How to measure at SPD?

Precessing polarization of the beam & Fourier analysis
N. Nikolaev, F. Rathman, A. Silenko, Yu. Uzikov, PLB 811 (2020) 135983)



THANK YOU FOR YOUR
ATTENTION!



Decomposition of the pd total X-section (k = collision axis)

Otot =00 + OTT [(Pd : Pp) — (Pd : k) (Pp : k)} PC TT

+ oby (PP k) + apby (P - k) PV single spin at NICA
+ opy (PP K) T ki by PV tensor
+ opvpy (k- [P x PP]) TVPV

TVPC + orvpec kam.nE-nlfr-ngk'r . (TRIC PI"OPOSGI in JUB“Ch)
A?'!HT”'I'H E'fll?"P[l)A"’T' — fzj.'l',?: P;() o Ty: P}‘)

13

N. Nikolaev, F. Rathman, A. Silenko, Yu. Uzikov, PLB 811 (2020) 135983

The main idea: precessing polarization of the beam in horizontal plane & Fourier analysis
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__ Time-Reversal Violation in the Kaon and B" Meson Systems __

e CP-violation in K- and B-meson physics (under CPT) = T-violation

e | violation in the K-system:

K" — K" and K - K"

Difference between probabilities was observed

A.Angelopoulos et al. (CPLEAR Collaboration) Phys. Lett. B 444
(1998) 43.

These channels are connected both by T- and CP- transformation!

e Direct observation of T-violation in

B~ B_and B. — B B =ctKy
connected only by T-symmetry transformation
(There are three other independet pairs)

J.P. Lees et al. (BABAR Collaboration) PRL 109 (2012) 211801

The results are consistent with current CP-violating measurements
obtained invoking CPT-invariance

We will focus on TVPC flavor conserving effects.
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The T-invariance:
THT ' =H.,
then the S-matrix
—iH(ta—t)

S = lim lim =exp
t1—o0 to—00

transforms as
TST ' =8,
or T7'S*T =S&. Therefore ( T is antilinear)
< f,Si>=< f T 'STTi>=<Tf STTi>*=< fp,STip >*
In other words, the T-invariance:
< f|S|i >=<ip|S|fr >

(See, S.M. Bilen'kii, L.I. Lapidus, R.M. Ryndin, Usp. Phys. Nauk. 95 (1968) 489
J.R.Taylor, Sattering Theory. Quantum theory of Nonrelativistic collisions, N-Y, 1972)

Sy = St 33



Test calculations: pd elastic scattering at 135 MeV

A.A. Temerbavev. Yu. N _Uzikov. Yad. Fiz. 78 (20157) 38

= .
o
0 20 40 60 80
1000 g
. 100
e E
E b
c 10
3 S
D -
= . e
Le full line - with Coulomb in SS 3
E dashed - no Coulomb ]
0 ] i | | | | | | | | | | | |
0 10 20 30 40 50 60

Bc_m_[deg.]

Data: K. Sekiguchi et al. PRC (2002); B. von Przewoski

-0.4 -

-0.6

o=
[
=

E)C_m_[d eq.]

et al. PRC (2006)

See also Faddeev calculations: A.Deltuva, A.C. Fonseca, P.U. Sauer, PRC 71 (2005) 054005.
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