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_ Why search for Time-invariance Violation?

Baryon Asymmetry of the Universe (BAU) — today:

WMAP + C_OBI_E, 2_003; Steigman.ZQI 2)

Sakharov: Three Requirements:

@ Baryon number violation

@ Violation of C and CP symmetries

@ Departure from thermodynamic
equilibrium

A. Sakharov; |JETP Lett, 5, 24

From talk by W.Karsch, PANIC-2014
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__ Motivation

e CP-violation in K- and B-meson physics = T-violation

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

e T-violating P-conserving (TVPC) (flavor-conserving) effects
do not arise in SM as Fundamental interactions,
but could be generated through weak corrections to T-odd P-odd interactions
* |.B. Khriplovich Nucl.Phys. B 352 (1991) 385: relative strength

of the T-odd, P-even nuclear force does not exceed oy ~ 2 x 1079

*x CP violation in SM leads to simultaneous violation of CP and P-invariance.
Therefore, to produce CP-odd P-even term one should have one additional
P-odd term in the effective interaction: g ~ M*G2sind ~ 10719

V.P. Gudkov, Phys. Rep. 212(1992)77
* ... much larger g is not excluded as the low energy limit of some
unknown interaction beyond the SM
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___ Time-invariance Violating Parity Conserving (TVPC) NN interactions

TVPC (= T-odd P-even) interactions 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 The lowest mass meson allowed is the p-meson /I¢(JFY) =0T (177)/
x Natural parity exchange (P = (—1)”) must be charged

The TVPC Born NN-amplitude

~ 1
VTVPC 9ok > 1
p gpzM[Tl 7-2] m%—i— |ﬂ2 ( )

xi|(py +pi) X q] - (01 — 52)
C-odd (hence T-odd), only charged p's. No contribution to the nn or pp.

q=Dr— D dissappeares at ¢ =0
Axial a1(1170)-meson exchange I¢(JX¢) =0-(177) ...

The most general structure contains 18 terms P. Herczeg, Nucl.Phys. 75 (1966) 655
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___Experimental constraints (direct and indirect)

e Test of the detailed balance 2" Al(p, )?**Mg and **M g(«, p)*" Al,

A = (04ir — Oinv) /(Cdir + Tinw) < 5.1 x 1073 (E.Blanke et al. PRL 51 (1983)
355) Is not simply related to the NN T-odd P-even interaction
Numerous statistical analyses including nuclear energy-level fluctuations
(J.B. French et al. PRL 54 (1985) 2313) ar < 2 x 1073

e 7 transmission through > Ho (P.R. Huffman et al. PRC 55 (1997) 2684)
ar <71 x107* (org, <5.9x 107?)
e Elastic pn and 7ip scattering, A?, PP, A", P";, CSB (A = A" — AP)
(M. Simonius, PRL 78 (1997) 4161)
ar <8x 107" (or g, < 6.7 x 107%)

e indirect from T-odd P-odd (EDM) ar < 1.1x 107 (or g, < x107?)
(W.C. Haxton, A. Horing, M.J. Musolf, PRD 50 (1994) 3422)

But Kurylov A., McLaughlin G.C., Ramsey-Musolf M., PRD
63(2001)076007: no constraints within the ”B”-scenario
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__ Motivation

e TRIC (D. Eversheim, B. Lorentz, Yu. Valdau. COSY proposal N 215):
p(p}) + d(P;.) transmission in the COSY ring

The goal is to improve the direct upper bound on TVPC by one
order of magnitude.

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,100 keV;

A.A. Temerbayev, Yu.N. Uzikov, Yad. Fiz. 78 (2015) 38; (Glauber theory)
Yu.N. Uzikov, A.A. Temerbayev, nucl-theor:1504.06601 (SPIN2014, Beijing,
20-24 October, 2014); to appear in Phys.Rev. C
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__ Phenomenology of the pd — pd transition

1+1 1—|—1
J— %_
2 2

(2 +1)%(25 + 1)? = 36 transition amplitudes
P-parity = 18 independent amplitudes
T-invariance = 12 independent amplitudes

At 0., =0 = 4 (for T-inv. P-inv.) + 1 (T- viol. P-inv.)
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__ Phenomenology of the pd — pd transition

Transition matrix element
< P, dN|M|pp,dX >= 5l Mua(p,p' o)elM g,

0{7 6 — x? y? Z
r — —r P-invariance:

Mﬂoz(_pa _p/7 0-) — Mﬂoz(pa p/7 0-)7
T-invariance:

Mso(p,p's0) = Mos(—p',—p, —0).
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___ Phenomenology of the pd — pd transition

a=p-p) k=(p+p)/, n=[kxq] -unitvect. (Z11k, X 114qY 11 )
M = (A; + Ayoi) + (A3 + Ayon)(SG)% + (A5 + Agonn)(Sn)? + A;(ok)(Sk) +
As(oq) [(Sq)(Sn) + (Sn)(Sq)] + (Ag + Aoon)(Sn) + A1 (0q)(Sq) +

Ay (ok) |(SK)(Sh)

_|_
[
=
[
x

T-even P-even: A; —~ Ay
( see M. Platonova, V.I. Kukulin,PRC 81 (2010) 014004)
T3 - Tis: TVPC

The polarized elastic differential pd cross section

do do 3 1

— ) = (=) |14 =p"piC;; + =P%A,, } 2

(dQ>poz (dﬂ)o[ +5pPiCii + 5 P iy + (2)
Cyy =TrMS,o,M*/TrMM*, ... (3)
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___ Collinear kinematics

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

oy Mos(0)e, = gilee” — (ke)(ke')] + g (ke) (ke”) +
igs{ole x "] = (ak)(k-[e x &)} +igi(ok)(k-[e x &)+ (4)

M.P. Rekalo et al., Few-Body Syst. 23, 187 (1998)
. and plus T-odd P-even (TVPC) term

-+ gs{(o- [k xe])(k-e) + (o [kxe)(k-e)}; (5)
Non-diagonal:
1 1 N
< ,u,: 5,)\,:O’MTVPC’,LL: _57)\: 1 >= Z\/§g5 (6)
Generalized Optical theorem:

TT(@M(O)) ﬁa (7)
Trp; 4"

Im
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___ Total polarized cross sections pd

A

Otot = 00 T o1p” - P¢ + o (p” - E)(Pd k) + OBPzg"" 5tvpcpgpgz

T'—even,P—even T—odd?;’—even
with
471'[ 291 —+ gs 47'('[
og=—Im o1 = ——Imgs,
0 2 3 , 01 2 93
4 4 g1 — g9
o9 = ——1Im(gs — o3 = —1Im :
2 I (94 93)7 3 2 6
/Yu.N. Uzikov, J. Haidenbauer, PRC 79 (2009) 024617; PRC 87 (2013) 054003/
~ iy 2
Otopec — _? ]m§g5 (8)

/Yu.N. Uzikov,A.A. Temerbayev to appear in Phys. Rev. C/
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— Null-test of T-reversal invariance

Measurement of total oy, in p — d scattering:
e a true null-test for T-invariance

e independent on dynamics
e FSI & ISl is yet included into "exact” F'(0)

Comments to " Nonexistence proof”:

"It is impossible to construct, in any reaction in atomic, nuclear, or particle physics, a

null experiment that would unambiguously test the time-reversal invariance

independently of dynamical assumptions”
F.Arash, M.J. Moravcsik, G.R. Goldstein, Phys.Rev.Lett. 54(1985) 2649

Proof holds for bilinear (~ | F;s|*) observables only
H.E. Conzett, Phys. Rev. C 48 (1993) 423

Transmission experiments are not included into that proof;
V.E. Bunakov, L.B. Pikelner, Prog. Part. Nucl. Phys. 39 (1997) 377
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_ Glauber formalism

Backround conditions for TRIC? Elastic pd — pd transitions

A

M<q7 S) —
1. 1.
exp (519 - 8)Myy(q) + exp (—5iq - 8)Mpn(q) +
? |
+27TB/2 /eXp (Zq/ ) {Mpp(Ql)Mpn<QQ) TPpn d2q/.

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

M,y = Ay + (Cyoy+Clyos)-ti+ By(oy - k) (o3 - k) +
-+ (GN—HN)(O'l'ﬁ)(dg'fl)+(GN—|—HN)(01'6])(0'2'(1)

M. Platonova, V. Kukulin, PRC 81 (2010) 014004
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___Test calculations: pd elastic scattering at 135 MeV

A.A. Temerbavev. Yu.N . Uzikov. Yad. Fiz. 78 (2015) 38

1000 g R
B C) :
__ 100 —
O = =
£, ey 1
g g ER
B ~ 5 —
© B - 5 m
1e full line- with Coulombin SS 3
= dashed - no Coulomb :
01 | | | | | | | | | | |
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O, [deg.]

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

o
D
T

Oc_m.[deg.]

et al. PRC (2006)

See also Faddeev calculations: A.Deltuva, A.C. Fonseca, P.U. Sauer, PRC 71 (2005) 054005.
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Test calculations-11: nd elastic scatterine at 135 MeV

I | I | I | I | I I I I I | I
04r pa-pd a | ooC b) 7]
02 135 MeV 4 04k ]
> Q=== s | oL _
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Curves: the modified Glauber model; A.A. Temerbayev, Yu.N.Uzikov, Yad. Fiz. 78 (2015) 38
Data: von B.Przewoski et al. PRC 74 (2006) 064003
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___ T-odd P-even NN interactions and o1y pc

tpny = flp[(o' -p)(oy,-q)+ (0, P)o-q) — (0, 0)P- Q)l‘|‘

WV
al—meson

+9pl0 X 3] - [a X P+ g,(0 — 0) ila x pllT1 X Ta]. +(p < n)

\ &

VO
p—meson

Glauber transition operator:

O(o,04,0,)=U(0)+V,(0) 0, + V(o) 0, +Wi; () (0niOpj + Tnjopi)

VS=0,p—meson

/ XU ,0W,dPr = USy + VSSY + (Wi; {S;, 9,3 — W) S + ... (9)
is diagonal for the beam proton spin, whereas
1 1 ~
<H =5 N = 0| FTVPC| ) = —5A=1>= iv2g. (10)

Therefore, for ¢’

~

g5 =10
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___TVPC. Double scattering mechanism

Single scattering mechanism gives zero contribution to o
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___TVPC. Energy dependence. Coulomb contribution

ik

SN

" da S (@) C(@) (hy — g0) + O (@) (hn — gu)], C(a) = Cp + =1

10 I

Orypc /@, [Mb]

10° [~

0 200 400 600 800 1000
T [MeV]
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__TVPC. The S- and D- wave contributions

10 I

Orypc /@, [Mb]
o

i S, ,
- / dashed - S
- / dashed-dot - s-d
./ dotted - d
B /I thick full -total

_10-1 | | | | | | | | | | | | | | | | | | | | |
0 200 400 600 800 1000

T [MeV]

Yu. Uzikov

Almaty, 30 June, 2015




__ Total polarized T-even P-even pd cross sections and restrictions to Pj

A

Oror = 00 + o1p” - P4+ 09(p? - k) (P - k) 4 03 P.. + 5'/[?5sz (12)

To = 135 MeV:
oo = 78.5mb, 01 =3.7mb, 09 =12.4mb, 03 = —1.1mb

91 0.047

o))

The goal of TRIC: dRp < 1079, where

d
then from 2" ~ 107" and Ry < 1076 = P, <2 x 10

The deuteron vector polarization has to be adjusted to be zero in the atomic beam
source
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_ T-INVARIANCE P-INVARIANCE

P _ pDp d __ pd
Ab— P AT P
In Madison frame:
K% = K%cosf — K*sin#,
K;l = K cosf + K sin#;

TrMM~ TrMM~

Ka:<p N p) _ TrMazMJrax’ Kf(p . d) _ TrMazMJer,

TrMM~

K, (p—p)=—-K(p—p),

(
KZ(p—d)=—K"(d— p),
(

TrMM~

K (d—p)=—K"(p— d),

Ki(d—d)=—K(d— d),

Ka:<d _)p) _ TTMS,ZM“L%, Kf(d . d) _ TrMSzM“LSx.

(13)

(14)
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/

A, =P, K = -K*?

z

lo-4§ T T ||||||| T T TTTTTT T T ||||||| E 10-2§ T T TTTTTT T T T TTTIT T T ||||||| E
- pd a) - b)
5_ 135 MeV ] 3_ 7]
o 10 F H— 10°F =
= F 10> E
g - :Q<> . -
= 10°F NS E
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_F o 1- d
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< 1 F .
+ 10°g = * 10°F =
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__ SUMMARY

® 04 IS @ true null-test observable. Not affected by ISI&FSI,
no dependence on dynamics assumptions. Will be measured
by TRIC. 54, and uncertainties can be reasonable estimated
within the Glauber model

e Integrated polarized pd cross sections o1, 09, 03 are calculated =

control of some experimental uncertainties, essential restriction on p?

-

e The p-meson contribution to oy,,. vanishes...

e The Coulomb interaction does not lead to divergence of the null-test
observable o;,.!

o ¢, = G1/G < 0.001 +0.002 for 5/0og < 1076
or |[K¥'(p—d) + K7 (d—p)| <107
or [AP — PP| <3 x 1077,

o 777
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_ Sources for false effects

Involved Spins: %2+1 - "% +1

AO,XX AD,YY A!‘J,ZZ AO,XY AO,YZ AD,){Z

E
EB'
>
N

Ax,xx Ax,w A}(,zz Ax,xv Ax,vz Ax,xz

| |1
>
>
?‘b
:
Z (K|

Avxx Ayvyy Avzz Av,xv Av,vz Ay xz

£
6]

>
N
N

AZ,XX AZ,YY AZ,ZZ AZ,XY AZ,YZ AZ,)(Z

s
EP

Line cancels because of : Protonspinflip
P P, negligible for protons

Quantity cancels because of AR A

From talk by D. Eversheim, ECT, (Trento, October, 2012)

Yu. Uzikov Almaty, 30 June, 2015



