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_ Helicity amplitudes of NN-scattering

For identical spin i particles under Lorentz and P-,T- invariance:
spin non-flip 1 (Sjt) =< ++4+ |M|++ >
double spin-flip ¢9(s,t) =< + + |[M| — — >
spin non-flip ¢3(s,t) =< + — |ﬂrf| 5 R
double spin-flip ¢4(s,t) =< + — |[M| — + >
single spin-flip ¢5(s,t) =< + + | M| + +— >.
For non-identical (pn) nucleons one has 6 amplitudes,
T-reversal non-invarinace provides two additional amplitudes.

All spin-observables of NN elastic scattering are described in terms of ¢,

do/dt = N[|¢1|” + |da|” + |01]° + 04| + 4|05,
An ~ Im[(¢1 + ¢ + ¢3 — ¢d4)05]

ANy ~ 2|¢5|° + Re(didz — ¢304)




__ Helicity amplitudes of NN-scattering

Number of linearly independent non-zero spin observables:
single-spin (asymmetries A;, polarizations F;) — 2
double-spin (A;;, ...) — 12

triple-spin — 9

four- spin — 2

Complete polarization experiment

for pp-elastic requires 9 independent observables.

PWA GWU is performed for pp-elastic up to 3.8 GeV/c (SAID
webpage:http://gwdac.phys.gwu.edu.

R.A. Arndt, |.l. Strakovsky, B.L. Workman PRC 56, 3005 (1997);
PWA for pn- elastic — up 1.2 GeV/c

Concerning SPD NICA, above 3 GeV/c do/dt and mainly Ay (up to 50 GeV/c)
and Axn,CpLr (up to 6 GeV/c, 12 GeV/c ) are measured. Data on double-spin
observables Dy, Ky are rather poore in the region of forward angles.

Parametrizations (fit) of the pp- data:

Regge: W.P. Ford, J.W. Van Orden, Phy.Rev. C87 (2013) 014004;

A. Sibirtsev et al. Eur.Phys.J. A 45 (2010) 357,

Eikonal: S. Wakaizumi, M. Sawamoto,Prog. Theor. Phys. v.64 (1980) 1699



__ Helicity amplitudes in Regge formalism

A systematic analisys of pp elastic scattering from COSY-EDDA, SATURNE, GZS ANL
A. Sibirtsev, J. Haidenbauer, H.-W. Hammer et al. EPJA 45 (2010) 357

W, py foy as Regge exchanges and the Pomeron for P, from 3 GeV/c up to 50 GeV/c.
Isospin structure and G-parity relations allow to obtain the pp-, pn- and pn elastic
amplitudes from the pp amplitudes (J.R. Pelaez, 2006):

d(pp) = —Puw — Gp + O, + Pay + 0P
(ﬁ{;ﬁp) — {'-I’L'u.? - q'j'l:l,ﬂ + ':ng % 'i’ﬂg I @P
o(pn) = —du + ¢p + 5, — oy + 0P
O(ﬁnj = @y — ‘?j'p T q'f]fg - (-'Jjﬂg + Qp
However, not all available data

(Gﬁ;,ﬁ.ﬁ CLL? 055'? CLJL DNN, DS‘S, DL;-;, f‘fhr;\,r, &UT, Htc;*h,r‘q... measured b},r‘ ANL at 6
GeV/c, and some at 12 GeV/c) were included into the fit.
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R- real-to-imaginary part ratio. A problem with antip-p theory: no zero

Ratio
.o

0.5f
A. Sibirtsev et al, EPJA (2010) b PP

-1 " P | a P |
1 10 10°
p (Gev/c)
Fig. 16. Ratio of the real-to-imaginary parts of the forward
amplitudes for pp (triangles, solid line) and pp (squares, dashed
line), respectively. The data are taken from the PDG [32].



Js=13.4;18.4; 30.4; 44.7(GeV);

[§]

do/dt (mb/GeV2)

O.V. Selyugin, PRD 91 (2015)

high-energy general
structure model (HEGS)
model

do/dt (mb/GeV?2)
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O.V.Selyugin, PEPAN letters, 13 (2016) 116

Fy) (0) ~V=t/Gm) =t/ (Gm3) V=t/Gm}).

Fsr(s,t) = hsfq3F12(t)€_Bsfq2
Fo(s,t) = herqF2(t)e~ 07,

Fsr(b,t) = [, qdq/1(q,b) Fsr(s, ).
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O.V. Selyugin, Mod. Phys. Lett. A 27 (2012) 1250113
A problem with dispersion relations at 5-8 GeV/c.
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dG / dtdata. o dJ / dttheor—exp.
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To further development =5/s,€"";

of the HEGS model —
9<+/s <8000 GeV': S = 4,

n=980—3416;  0.00037 <|t|< 15 GeV’;
EB (S, t) _ them (t) (§)A1 ea'tln(§); F;B (S,t) _ h3GA (t)2 (§)A1 ea'/4tln(§);

FPGS,0=FG$,00A+R /N§ )] +FEG,0)(1+R, /3§ )]

FP (s,t);  a'(O)=(a,+kge"" )Ins.

A [ a'/4tin(s
FOde(Sﬂt):hOdd GA(t)z (S)Al 1—7’218 /M();

o

F+— s N=h f 2 ﬂl‘ M.Galynskii, E.Kuraev, JETP
( ’ ) sf q ( ) Letters (2012)






_ Glauber formalism

Elastic pd — pd transitions

1@((1? s) =
1 | j
exp (an - 8)Mp,(q) + exp (—5’“31 -8)Myn(q) +

b [ e (il 8) [ Myplan) Myn(a) + p 5 n] .

On-shell elastic pN scattering amplitude (T-even, P-even)

M,y = An+ (Cnyoi+ Cyos) -0+ By(oy - f{)(c:rg : f() +
+ (Gy — Hy)(o1-0)(02-0) + (Gy + Hy)(o1-§)(02 - 4)

M. Platonova, V. Kukulin, PRC 81 (2010) 014004:



__ Test calculations: pd elastic scattering at 135 MeV

A.A. Temerbavev. Yu N Uzikov. Yad. Fiz. 78 (2015) 38
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Data: K. Sekiguchi et al. PRC (2002); B. von Przewoski
See also Faddeev calculations: A.Deltuva, A.C. Fonseca, P.U. Sauer, PRC 71 (2005) 054005.
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Test calculations: pd elastic scattering at 1 GeV/
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2 — full set pN ampl,JH

S — full set pN ampl,JH, S—wave only
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T=12GeV -

10 20 30 40 50 60 70

D. Mchedlishvili et al. (ANKE@COSY) Nucl.Phys. A977 (2018) 14
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Yu.N.U, C. Wilkin, Phys. Lett. B793 (2019) 224,

R #2/3 is sensitive to spin-spin NN terms
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Figure 2: Difference between the predictions of the refined Glauber
model |10] without (R) and with (Rf) the NN spin-spin contribution
at 800 MeV expressed as a percentage of their average.
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Available experimental data set on the differential cross sections for the

elastic dp, dd and pd collisions in CM and Collider systems.

Colliding dTdT beams. Beam kinetic energy Ty: 25,5 GeV/u
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— Why search for Time-invariance Violating P-conserving Effects;

e The T- violating, P-violating (TVPV) effects arise in SM through
CP violating phase of CKM matrix and through the QCD 60— term.
EDM.

e T-violating P-conserving (TVPC) (flavor-conserving) effects
do not arise in SM as Fundamental interactions,

although can be generated through weak corrections to TVPV interactions

* Observed (in K, B") CP violation in SM leads to simultaneous violation of T-
and P-invariance.
Therefore, to produce T-odd P-even term one should have one additional
P-odd term in the effective interaction: g ~ M*G#sind ~ 1071

V.P. Gudkov, Phys. Rep. 212(1992)77
x ...much larger g is not excluded by unknown interaction
beyond the SM.
= Experimental limits on TVPC effects are
much weaker than for EDM.




T-even P-even
My(p.q.0.0y)

= Ay + Cyoi+ Clyoyn + By(ok)(o yk)
+(Gn + Hy)(0q)(onq) + (Gn — Hy)(on)(o yn)
T-odd P-even
ton = hyl(o-K)oy -q)+(on -K)o-q)
— 2oy -o)k-q)l/m’,
+gnlo x on]-[qx k][t — Ty]./m’

Null-test signal +8y(0 —on)-ilax kllT x Tyl/m).

I

g = f dqql[&f}“}(q) — V85 (q) — 452(q)
0

drm

4
+ «/Egsf)(q)wsizl(q)] [—Cp(@) hp+C (@) (8n — )]



C" = i + iq/2m(¢1 + ¢3)/2

Yu.N.U., A.A. Temerbayev, PRC 92 (2015) 014002;
Yu.N.U., J. Haidenabuer, PRC 94 (2016) 035501.

oot = 09 + o1p” - P14+ 03(p? - k) (P - k) + 03Ps; + Gropep PL.
. e 8 0 el T3

T'—even,P—even T'—odd,P—even



__ TVPC. The 5- and D- wave contributions-1

o777 T T

G/0, (mb)

| | | | | | |
600 800 1000
T (MeV)

| | | | |
-107g 200 400

Yu.N. Uzikov, J.Haidenbauer, PRC 94 (2016) 035501



— What can be done at SPD NICA?

e Measurement of spin observables (do/dt, AP, Af. A
pd — n{pp}., dd — dd, dd — {pp}, + {nn},.
Available Regge formalism for pp amplitudes at P, = 3 — 50 GeV/c (A. Sibirtsev et al.
2010; W.Ford, J.W. Van orden, 2013) can be used for calculation of these observables
within the Glauber theory. Comparison between data and theory will be a clean test
for the pp- and pn- elastic amplitudes.

A, C; ;) of pd- elastic,

Yy “ ]

e This Regge pp-formalism provides an access to p/N elastic, but actually was not
tested in double spin onservables at i) >4 GeV/c at ii) forward pp-scattering angles.
The necessary data on Ay, Ary. ... can be obtained at SPD NICA = test of the
pp-amplitudes, dispersion relations for p/N, p/N-data, study of “oscillation
effects”.

e New theoretical model for pN-elastic scattering amplitudes at NICA energies with

minimum free parameters will be developed (O.V. Selyugin) interpolating between 3
GeV and 10 TeV.

e Search of T-invariance violation in double polarized pd-, and dA- scattering at
energies corresponding to the early Universe was not yet performed. The elastic
(T-even) pN- amplitudes at SPD NICA energies are necessary to analyse data of the
dedicated experiment.



Since NN-forces are fundamental to nuclear
physics on the whole it is important to study
even their small components, such as spin-spin
forces and even at high energies... via the
amplitudes of the NN elastic scattering



Thank you for attention!
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— Planned experiments to search for CP violation beyond the SV

e Detecting a non-zero EDM of elementary fermion (neutron, atoms,
charged particles). The current experimental limit

d,| <2.9x%x 107%ecm

is much less as compared the SM estimation (B.H.J. McKellar et al. PLB 197 (1987)
1.4 x 107%ecm < |d.| < 1.6 x 107tecm

e Search for CP violation in the neutrino sector (613 # 0, then
generation of lepton asymmetry and via B — L conservation to get the

BAU).
Thouse are T-violating and Parity violating (TVPV) effects.

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




__Search for T-violation in other processes

e Search for T-violation in decays
A.G. Beda, V.P. Skoy, Elem.Chat. At. Yadr. 37 (2007) 1477
n — pev or triple nuclear fussion

Wi ~ Xsulk, x k,] + Rs, |k, X s

1) FSI with Coulomb
i) Not all T-odd correlations are related to the true T-invariance violation

e Total cross section of the nA interaction from forward nA scattering amplitude

f = A -+ p.inB(S o I) +pn0(8 . k) +pﬂ,pTD(S “ {k X ID -+
» ~ Y N— N d

e

strong PV ¥ Py
prEk-I)+p.prF(k-I)(s- k x 1)
Nm— N ~ g

PV TV P

T-odd correlations in forward elastic scattering (=in total cross section):

Three-fold (s - [k x I]) = TVPV
five-fold (k- I)(s- [k x I]) — TVPC
TRANSMISSION experiment!



— 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® —+ KY and KY — 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"
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.



— HOW TO MEASURE 7

This process is described by the transmission factor T(n):

T(n) = I(n) / 1(0) = exp(—( o1 pd n)) (5)
with: 1(0) - Intensity of the primary beam
I(n) - Intensity of the beam having passed n times the internal target
with density p and thickness d
OT - Total cross-section

pd - The areal target density

For the case of polarized particles ot has to be replaced by:

OT = Oy.xz T+ OLoss = Go(l + P}f Py, A}',xz) + OLoss (6)
with: o, - Unpolarized total cross-section

OrLess - LOSS cross-section, taking account of beam losses outside of the target
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AT =L T _ exp-(x )-exp-(x')

KT + + 7
PE T+ T exp-(x' )+ exp-(x) (7)
with: T -Transmission factor for the proton-deuteron spin-configuration
with PPy, > 0
i 1) -Transmission factor for the time reversed situation, 1.e.
PPy 0
v~ -Is the product of the factors (oT-pd:n) with respect to the
proton-deuteron spin-alignment
this gives:
‘ﬁT}f.xz = — tanh (G,;_, Ad n Py Py, A}f.xz) (8)
Is the argument of the tanh in equation (8) small, then:
ATyx:= —0spdnPy Py Ayss == 8 Ay (9)
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