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Time-reversal invariance violating but P-parity conserving (TVPC) effects will be tested at COSY

in proton-deuteron scattering at 135 MeV. A null-test signal for these effects provides an inte-

grated cross section for vector polarized proton and tensorpolarized deuteron. We use the Glauber

theory with accounting for full spin-dependence of the proton-nucleon scattering amplitudes to

calculate spin observables ofpd elastic scattering. The obtained results are in reasonableagree-

ment with existing data at energies 100-250 MeV. This provides a theoretical basis for estimation

of TVPC effects and possible false signals in the plannedpd scattering experiment.
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Spin observables and T-invariance Yu.N. Uzikov

1. Introduction

Symmetries associated with the inversion of the space (P) and time (T) are important for
understanding the properties of fundamental interactions. T-odd, P-odd effects arise in the Stan-
dard Model via CP violating phase in Cabibbo-Kobayashi-Maskawa matrix and the QCDθ -term.
Fundamental time-reversal-noninvariant parity-conserving (T-odd P-even) flavor-conserving inter-
actions do not arise in the Standard Model but can be generated by weakcorrections to T-odd P-odd
interactions. In such a case the relative strength of the T-odd P-even nuclear force with respect to
the T-even P-even one is too small (the ratio of the corresponding matrix elements isαT ∼ 2×10−6

[1]) and cannot be detected in present experiments. However, much larger intensity of TVPC in-
teraction is not excluded if this interaction is the low energy limit of some unknowninteraction
beyond the Standard Model [2].

T-violating P-conserving (TVPC) interactions between nucleons in terms ofboson exchanges
were considered in Ref. [3] where it was found that this interaction is restricted to partial waves
with total angular momentumJ ≥ 1; thus, the (pseudo)scalarπ-, σ -exchanges do not contribute.
The lowest mass meson allowed is theρ-meson. The TVPC NN-interaction potential for theρ-
meson exchange

V T
ρ = i

ḡρg2
ρκ

2m2
N

[τττ1× τττ2]z
1

m2
ρ +q2

(
[(p+p′)×q ] · (σσσ1 −σσσ2)

)
(1.1)

is the C-odd one. This interaction cannot contribute to thenn or pp systems because it contains the
nucleon-nucleon isovector charge exchange operator[τττ1× τττ2]z = 2i

(
τ+

1 τ−
2 − τ−

1 τ+
2

)
. In Eq. (1.1)

p (p′) is the initial (final) cms momentum,q = p−p′, σσσ i ( τττ i) is the Pauli spin (isospin) matrix,
mN and mρ are the masses of the nucleon andρ-meson, respectively,gρ (ḡρ ) is the ordinary
(TVPC) coupling constant of theρ-meson and nucleon;κ is the anomalous magnetic moment of
the nucleon. Theρ-meson is expected to dominate the TVPC NN interaction like theπ-meson
in the strong interaction. If theρ-meson does not contribute for some reasons, then the axialh1

meson is expected to dominate. However, due to larger mass of theh1 meson (mh = 1.17 GeV) its
contribution is of short-range type and, consequently, is less important due to NN-repulsive core
at short distances between nucleons. One should note that the most general structure of the TVPC
NN-potential contains 18 different terms [4].

Direct measurements and indirect estimation of the upper limit on TVPC-effectsgive the fol-
lowing results. Test of the detailed balance, the direct reaction27Al(p,α)24Mg and inverted reac-
tion 24Mg(α , p)27Al gave the overall experimental agreement uncertainty∆ = (σdir −σinv)/(σdir +

σinv)≤ 5.1×10−3[5]. Numerous statistical analysis of corresponding data including nuclear energy-
level fluctuations [6] gaveαT < 2×10−3. Experimental study of polarized neutron~n transmission
through aligned165Ho nuclei [7] gaveαT ≤ 7.1×10−4 (or ḡρ ≤ 5.9×10−2). Elastic scattering of
polarized protons on neutrons~pn and polarized neutrons on protons~np gaveαT ≤ 8×10−5 ( or
ḡρ < 6.7×10−3). Model-dependent analysis of T-odd P-even effects based on existing experimen-
tal estimations of the upper limit of the electric dipole moment (EDM) of the neutron and atoms
givesαT ≤ 1.1×10−5 ( or ḡρ ≤ 10−3) [8]. However, as shown in Ref. [9] for some scenarios of
EDM there are no constraints for TVPC effects. The aim of the double polarized pd-transmission
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experiment at COSY [10] is to improve the direct upper bound on TVPC effects obtained in [7] by
one order of magnitude.

2. Formalism

The total number of transition amplitudes ofpd elastic scattering is 36. The P-parity conser-
vation constraint leads to 18 independent amplitudes. The T-invariance requirement forpd → pd
leads to 12 independent amplitudes. The transition matrix elementM f i =< µ ′λ ′|M|µλ > taken be-
tween definite initial|µλ > and final|µ ′λ ′ > spin states involves the following transition operator
[11]

M = (A1+A2σσσ n̂)+(A3+A4σσσ n̂)(Sq̂)2+(A5+A6σσσ n̂)(Sn̂)2+A7(σσσ k̂)(Sk̂)+ (2.1)

A8(σσσ q̂) [(Sq̂)(Sn̂)+(Sn̂)(Sq̂)]+(A9+A10σσσ n̂)(Sn̂)+A11(σσσ q̂)(Sq̂)+

A12(σσσ k̂)
[
(Sk̂)(Sn̂)+(Sn̂)(Sk̂)

]
+

(T13+T14σσσ n̂)
[
(Sk̂)(Sq̂)+(Sq̂)(Sk̂)

]
+T15(σσσ q̂)(Sk̂)+T16(σσσ k̂)(Sq̂)+

T17(σσσ k̂) [(Sq̂)(Sn̂)+(Sn̂)(Sq̂)]+T18(σσσ q̂)
[
(Sk̂)(Sn̂)+(Sn̂)(Sk̂)

]
,

whereS is the spin-1 angular momentum operator,σσσ is the Pauli matrix and̂q=(p−p ′)/|(p−p ′)|,
k̂ = (p+p ′)/|(p+p ′)|, n̂ = [k×q] are unit vectors representing the directions of coordinate frame
axes:OX ↑↑ q, OZ ↑↑ k, OY ↑↑ n. In Eq. (2.1)A1÷A12 are T-even P-even amplitudes [12] and
T13÷T18 are TVPC amplitudes. Using those amplitudes we can obtain full set of spin observables.
The polarized elastic differential pd cross section can be written as [13]

(
dσ
dΩ

)

pol
=

(
dσ
dΩ

)

0

[
1+

3
2

pp
j pd

i C j,i +
1
3

Pi jAi j + ...

]
, (2.2)

where (dσ/dΩ)0 is the unpolarized cross section,Ai = TrMσiM+/TrMM+ andAi j are analyzing
powers,Ci, j = TrMSiσ jM+/TrMM+, Ci j,k = TrMSi jσkM+/TrMM+ are spin correlation parame-
ters andKi

j(d → p) = TrMS jM+σi/TrMM+, Ki
j(p → d) = TrMσ jM+Si/TrMM+, Ki

j(p → p) =
TrMσ jM+σi/TrMM+, Ki

j(d → d) = TrMS jM+Si/TrMM+ are spin-transfer coefficients,pp
j (pd

i )
is the vector polarization of the proton (deuteron),Pi j is the tensor polarization of the deuteron;
i, j = x,y,z

In general case the forward elasticpd scattering amplitude contains four independent ampli-
tudes if only T-even P-even interactions are included [14] and one more term, if the TVPC interac-
tion occurs [15]. Using the generalized optical theorem one can find thatthe totalpd cross section
for the case of strong and TVPC interactions has a form [15, 16, 17]

σ = σ0+σ1p p ·p d +σ2(p p · k̂)(p d · k̂)+σ3Pzz + σ̃ pp
y Pxz, (2.3)

the first four terms are P-even T-even and the last one is T-odd P-even. The cross sectioñσ is the
null-test signal for TVPC effects [18]. This observable is zero if TVPCinteraction is absent, and is
non-zero only in opposite case.

The TVPCpN scattering amplitude studied in Ref. [19] is the following

tpN = hN [(σσσ ·k)(σσσN ·q)+(σσσN ·k)(σσσ ·q)− 2
3(σσσN ·σσσ)(k ·q)]+

+gN [σσσ ×σσσN ] · [q×k]+g′N(σσσ −σσσN) · i [q×k][τττ × τττN ]z,
(2.4)
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wherek = p+p′. Hereg′- term corresponds to theρ-meson exchange (1.1) andh-term presents
the axialh1 meson exchange.

The pd elastic scattering within the Glauber model is described by the following transition
operator

M(q,s) = exp(
1
2

iqs)Mpp(q)+exp(−
1
2

iqs)Mpn(q)+ (2.5)

+
i

2π3/2

∫
exp(iq′s) [Mpp(q1)Mpn(q2)+ p ↔ n]d2q′

with on-shell elastic T-even P-even pN scattering amplitudes [12]

MpN(p,q;σσσ ,σσσN) = AN +CNσσσ n̂+C′
NσσσN n̂+BN(σσσ k̂)(σσσN k̂)+ (2.6)

+(GN +HN)(σσσ q̂)(σσσN q̂)+(GN −HN)(σσσ n̂)(σσσN n̂).

If T-invariance takes the place (T13 = T14 = T15 = T16 = T17 = T18 = 0), then the following
relations are valid forpd-elastic spin observables [13]

Ap
y = Pp

y , Ad
y = Pd , (2.7)

Kz
x(~p → ~p) =−Kx

z (~p → ~p),

Kz
x(~p → ~d) =−Kx

z (~d → ~p),

Kz
x(~d → ~p) =−Kx

z (~p → ~d),

Kz
x(~d → ~d) =−Kx

z (~d → ~d),

whereAp
y (Ad

y ) is the vector analyzing power for the proton (deuteron) andPp
y (Pd) is the polarization

of the final proton (deuteron) in the case of unpolarized all initial particles. The relations (2.7) are
violated if the T-odd interaction is included. We estimated the magnitudes of violationof these
relations for the case of TVPC interaction given in Eq. (2.4) in the single scattering approximation
, i.e. for the first two terms in thepd interaction operator (2.5). Within this approximation theg′-
term gives zero contribution, because the matrix elements of isospin operator for this non-charge-
exchange transitions are zero. Theh- and g-terms give non-zero contribution due to non-zero
amplitudesT15 andT16 given in Ref. [11]

3. Results

The numerical results are obtained for the Cd Bonn deuteron wave function [20]. The pn
scattering amplitudes (2.6) are taken from the SAID data base [21]. The coupling constants entering
theh- andg- factors are unknown. Therefore, the estimations of TVPC effects were done in terms of
this unknown constants. Thus, for the axial mesonh1 this constant is the following dimensionless
ratio φh = ḡh/gh, where ¯g (gh) is the TVPS (ordinary) coupling constant of theh1 meson and
nucleon. Since the energy dependence of all TVPC effects forh term is similar to that forg-term
we consider here only theh-term.

The results of our calculations forpd → pd spin correlation coefficients at 135 MeV are shown
in Fig. 1. Some other results for differential cross section and analyzing powers at 135 Mev and
250 MeV can be found in Ref. [15]. These results show the capability of the Glauber model at
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Figure 1: Spin correlation coefficientsCxz,y (a), Cz,x (b), Cy,y (c), Cx,z (d) at 135 MeV versus the c.m.s.
scattering angle calculated within the modified Glauber model [15] without (dashed lines) and with (full)
Coulomb included in comparison with the data from [22].
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Figure 2: The integrated TVPC cross section and maximal values of the differential TVPC signals calculated
for theh-term versus the unknown coupling constant of the axial meson and nucleonφh = ḡh/gh: a) – the
ratio of the TVPC integrated cross sectionσ̃ to the integrated unpolarized cross sectionσ0, (b) – |Ap

y −Pp
y |,

c) – |Kx
z (p → d)+Kz
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z (p → p)+Kz

x(p → p)|.
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Figure 3: The TVPC cross section of the pd scattering for theh-term calculated in units of the unknown
coupling constant of the axial meson and nucleonφh = ḡh/gh as a function of the beam energy.

100-250 MeV in case of pure strong interaction between nucleons. We findalso that inclusion of
Coulomb effects improves agreement with the data in forward hemisphere [15] as it was found in
Faddeev calculations [23].

Therefore, the Glauber model with account of spin-dependence can be used as a theoretical
basis for calculation of TVPC effects inpd scattering. In Fig. 2 we show the results of calculation
of the ratioσ̃/σ0 as a function of theφh constant. We show also theφh-dependence of the values
|Ap

y −Pp
y | and|Kx

z +Kz
x |, taken at their maximal values in forward hemisphere. This values demon-

strate the deviation from the T-invariance relations given in Eqs. (2.7) as afunction of the constant
φh. One can see that this dependence is linear for all observables under discussion.

The energy dependence of the null-test observableσ̃ for theh-term is shown in Fig. 3. One
can see that beam energy about 100 MeV is more preferable to search for TVPC effects inpd
scattering than the∼ 1 GeV region.

At the beam energy of 135MeV we obtain for the integrated hadronic cross sections defined
by Eq.(2.3) the following results:σ0 = 78.5mb,σ1 = 3.7mb, that gives the ratior = σ1/σ0 = 0.047.
The goal of TRIC experiment is to get the upper limit of TVPC effects at the level of RT ≤ 10−6,
whereRT = σ̃/σ0. For non-zero vector polarization of the deuteronpd

y the term connected withσ1

could lead to a false effect in measurement ofσ̃ . In order to suppress this effect one should assume
pd

y σ1/σ̃ ∼ 10−1 that atRT ≤ 10−6 andr = 0.047 leads to restriction on the vector polarization of
the deuteronpd

y aspd
y ≤ 2×10−6 [15].

4. Conclusion

The null-test TVPC observable, which is not affected by final state interactions and does not
depend on dynamics assumptions, will be measured in double-polarizedpd scattering experiment
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[10] at 135 MeV. We show that the Glauber model at these energies allowsone to reasonably de-
scribe the differential cross section and spin observables of thepd elastic scattering in forward
hemisphere. Therefore, using the generalized optical theorem one canreasonably estimate the
integrated total cross section including the null-test observable (in units of unknown coupling con-
stants of the TVPC NN interaction). The integratedpd cross sectionsσ0, σ1, σ2, σ3 are calculated
that gives a definite restriction onpd

y in the planned experiment. Relations between differential
observables caused by T-invariance are considered and their violationby TVPC effects is studied
in comparison with the null-test observable.
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