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Parity-even time reversal violation (TRV) in the nucleon-nucleon interaction is reconsidered. The
TRV p-exchange interaction on which recent analyses of measurements are based is necessarily also
charge symmetry breaking (CSB). Limits on its strengfhrelative to regulap exchange are extracted
from recent CSB experiments in neutron-proton scattering. The rgsuit 6.7 X 1073 (95% C.L.)
is considerably lower than limits inferred from direct TRV tests in nuclear processes. Properties
of a; exchange and limit imposed by the neutron electric dipole moment are briefly discussed.
[S0031-9007(97)03205-5]
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Investigations of time-reversal violation (TRV) orders Since chargeg is the lightest meson meeting the con-
of magnitude above the weak interaction scale and thustraints (ii) and (iii) above, it provides the longest range
necessarily of nonweak origin continue to enjoy popular{possibleP-even TRV one boson exchange interaction be-
ity in nuclear and nucleon-nucleon physics [1-8]. tween nucleons. Following [3] most recent analyses of

Since otherwise its presence would long have beew-even TRV in nuclear systems are therefore based on
detected in experimental investigations of parity violation,the p-exchange interaction proposed in Refs. [12,15].
TRV above the weak interaction level must be parity However, according to (iii) &@-even TRV p-exchange
even. This imposes severe restrictions on the possibleucleon-nucleon interaction is necessarily CS odd as well
ways a TRV interaction can be constructed. IndeedasT odd, and thus invariant under combined application
contrary to the case of a parity-odd TRV interactionof both these symmetry operations. It is the main purpose
which naturally arises in the term of QCD, no “natural” of this paper to analyze the consequences of this fact
implementation ofP-even TRV is possible [2,9-11]. and assess the limits imposed on the strength of this

Also in an effective theory at the hadronic level, parity interaction by recent experimental measurements and
conservation imposes restrictions which render most ofheoretical analyses of charge symmetry breaking (CSB)
the experimental searches fBreven TRV rather elusive. in neutron-proton scattering.

For boson exchange interactions in the nucleon-nucleon TRV p-exchange interactior—The starting point is the
system these constraints were analyzed in Ref. [12]. Th&-even TRVp~NN coupling (effective Lagrangian)

main features, deduced for on-shell amplitudes, are the . 8pK — .
following: —ig, —2?‘/1 bouq” (7 X pH)y, (1)

(i) P-even TRV is restricted to partial waves with total \whereas is the nucleon mass andthe momentum of the
angular momentund = 1. (emitted) p meson. TRV is implemented by the isospin
(ii) Total angular momentum zero exchange (an®r  strycture which contains only chargsts and is odd under
o, etc.) cannot contribute. charge conjugatiorC. With the corresponding regular

(i) Natural parity exchanged) must be charged and coupling
necessarily contains the nucleon-nucleon isovector charge K
exchange operatd@i(r; 5 — 71 75 ) = (71 X 7,)* and gp¢<m iy UMVCI")(? - P 2)
thus cannot contribute in the: or pp system [13].

Restrictions due to parity conservation are found alsé)gfegt?;?ms the TRV Born amplitude or momentum space
directly in elastic scattering of nucleons on a spin zerd 2
nucleus_: A_fter decomposition into angl_JIgr momentum V;FRV(q) -3, 2P (7 % f)
and parity eigenstates the scattering matrix is diagonal and M my + 14l
thus symmetric and automatically time-reversal invariant. X i((pr + pi) X §) - (51 — &) ()

the nucleon-nucleon level is suppressed in nuclei since fhitial and final state relative momenta, respectively, and
is ineffective in the interaction of single nucleons with > _ ps — p;. Fourier transformation then yields the

the spin zero core [14]. This ineffectiveness, emphasize orresponding TRV configuration space potential

already in Ref. [15] has recently been verified also for VIRV = 5 o2 (70 X 2V - (61 — &
processes in heavy nuclei governed by the statistical o ) g”g";(Ti R
model [3,4], for which high sensitivity has long been Mo e '""r< 1 1 > @)
claimed, as well as in other calculations [5,7,8]. M? Amr \myr = mir?)
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In these equationg, = 2.79 is the usualpNN cou- tudes(yd|T|aB) [20,21] are used. All#-even)T-odd
pling constant and;, parametrizes the relative strength and CS-odd effects are contained in oReeven combina-
of the TRV coupling. For definiteness of the definition tion N of single-spin-flip helicity amplitudes defined by
of g, « is identified in the TRV interaction with its vector
do(rgnl}nance valug = uy = 3.7, the anomalous isovector N =1/8(+ + 71+ =) = (= =Tl = +)
nucleon magnetic moment, though a larger value is pre- +(+ +|T| = +) = (= = IT| + =)
ferred in the strong nucleon-nucleon interaction.

It is emphasized that the structure of the interaction AT ) ==+ T = =)
in Egs. (3) and (4) is completely fixed by the fact that +{(=+ T+ +) =+ —=IT| = =). (5)
the total exchanged system has natural parity= (—1)7 )
where J (>0) is the total angular momentum of the Its symmetry properties shoyld _be compared to those of
exchanged system [12]. In fact, the same TRV nnthe c_orrespondmg regular spin-flip amplitutis [2_0]_(the
interaction is obtained if the TRV coupling (1) is replaced'€lative minus sign between the two columns is imposed
by g,8,y.(7 X p*)*. Moreover, the same spin- by parity conservation in both cases Wh!le the second
isosp’ijn structure would be obtained for twoexchange 2@nd third lines have the opposite sign in the regular
since two pions are always in a natural parity state and the§mMPlitude Ms).  The symmetry properties of all other
also could not contribute if carrying total spin zero which N€licity amplitudes #/, ... M,) [20] are completely fixed
in the regular interaction gives their dominant contribution.PY Parity conservation. By convention the first helicity

Elastic neutron-proton scattering-The observables of refers to the neutron and the second to the proton on both
interest are the single-spin observablgs A?, P", and sides of the matrix elements. Taking this into account and

PP whereA denotes the analyzing power for neutrony ( 2diusting the normalization, the-exchange TRV Born
or protons(p) polarized perpendicularly to the scattering @MPlitude (3) translates into

plane andP the corresponding polarization of outgoing B g%x 2p?sing

nucleons for unpolarized beam and target. In the absence ~ N™°" = ig, . (6
: 47M m2 + 2p%(1 + cosf)

of TRV and CSB these observables are all equédl:= p

AP = p" = PP. T-odd effects are measured by’ = \yhereg is the center-of-mass scattering angle.

PP — AP and A" = P" — A" and CS-odd effects by  ysing the definition (5) the evaluation of the TRV and
AA = A" — AP. If time reversal and charge symmetry CSB asymmetn yields A = 4 Im(N*C)/o wherek is
are broken by a purely’-odd and CS-odd interaction the center-of-mass momenturx, = do-/d() stands for

as introduced above, i.e., in the absence of athyer the normalizing differential cross section, and
(CS-even)T-odd or (C-even) CS-odd effects, thef* —

n — _ AP _ no_
AP = PP - A" =0andAA = AT = AR SA o (M 4 My My M) = s (—H) + D)
Of course, CS is broken also otherwise, without vio- 2 2k
lation of TRI, by electromagnetic as well as quark mass (7)

effects which lead to a regular CSB contributidm ™!
to AA which is supposed to be understood and calcu
lable [16]. Thus the actually measured quantitis =
AAT™RU + A whereA is the contribution of the TR\and

in terms of the regular helicity amplituded; or dimen-
Sionless “Virginia” amplituded; [20,22].

In order to proceed with the analysis consider the partial
wave decomposition oV which contains only singlet-

CSB term of in_terest in the present context. triplet / = J transitions with/ # 0 [12]
Three experiments exist on CSB in neutron-proton scat-
tering whereAA was measured [17—-19]. Their results, 1 7
. : A = — +
together with theoretical predictions AlAT™R! [16], based N o) 2k J; (27 + DNsdio(6), ®)
on updated experimental and theoretical values collected
in Ref. [19] are listed in Table I. whered]y(6) is the appropriate Wigner rotation function

Analysis of limits org,.—In order to deduce the limits and N, are TRV and CSBI = J singlet-triplet partial
ong, listed in the last columns of Table I helicity ampli- wave transition amplitudes whose normalization will play

TABLE I. Summary of CSB experiments in elastip scattering, theoretical calculations of regular contributidns™!, and
ensuing limits for the TRV contributiodh. At 183 MeV the asymmetries are averaged over the angular range indicated, for the
others they are at the zero-crossing angle of the (average) analyzing power. The last three columns give thegyablsaioéd

from A using the bracketed sensitivitids o, = %) given in Table Il and corresponding 80% and 95% confidence limits.

Ty (MEV)  Oem (deg) AA[1074]  AAT™I[1074]  A[1074] g,[10*  Ig,l80%CL Ig,|195%C.L

183 82.2-116.1 348 =74 33 1.8 +74 20 + 83 =0.011 =0.017
347 72.8 59 =10 53 6+ 10 22 + 37 =0.0056 =0.0084
477 69.7 47 £ 23 55 -8+ 23 -27 £ 77 =0.011 =0.016
Weighted average of, and corresponding limits: 14 = 31 =0.0044 =0.0067
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no role. To lowest order in the TRV interaction and in the The final limit

absence of inelasticity they are real by unitarity [12] up to

a phase factoirexdi(67 + &7)] whered; and ) are the lg,| =67 x 107, 95% C.L. (12)

(experimentally known) singlet and triplet= J scattering

phases. Neglecting small inelasticities(% at 347 and  (|g,| = 4.4 X 1073, 80% C.L.) is obtained from the

~10% at 477 MeV) the dependence Afong, due to the  weighted average of the three values f§y extracted

TRV p-exchange interaction (3) can therefore be written from the three CSB measurements in Table I. This
limit is considerably lower than those obtained so far

A=g, Z a;K;(0) = gpf(a), ©)  from the analysis of nuclear processes [3-7]. It is also
. /=1 slightly better than the constraints obtained from atomic
whereK (a) = > ;- a;K;(0) and electric dipole moments (EDM's) [3,4]. Only the limit

— —i(85+8}) /pBomy _ Borm ~1073 due to the neutron EDM obtained in Ref. [4] is
ay = Re(N;e "IN /NFOm) = Ny /NF - (10) lower numerically though its dependence on the elusive
is the ratio between the exact first order amplitude  parity violating NN coupling constany, [25] renders
calculated from the TR\p-exchange interaction [e.g., in it somewhat uncertain [4].
distorted-wave Born approximation (DWBA)] and the cor- How reliable are the theoretical calculations on which
responding amplitud&/F°™ obtained in Born approxima- this limit is based? The only appreciable uncertainty of
tion. All the kinematics, known strong amplitudes, andthe calculation ofA as a function o, presented here lies

phases are contained in in the somewhat crude estimate @f which could (and
20 (—1V1 (2T + 1 should) be improved by explicit calculations of the matrix
K;(0) = Sp (27 )\/wz - 10Mw) elements. More subtle are the theoretical predictions of
Mo JJU +1) AA™! which have to be subtracted from the experimen-
X diy(6) Re[e—i(ﬁﬁé})c(g)], (11) tal values forAA in order to deduce experimental limits

on A. In order to assess their reliability several aspects

wherew = (m2/2k?) + 1 andQ;(w) is the usual associ- should be noted: The neutron being uncharged, the main
ated Legendre function of the second kind arising from thesontributions are from the electromagnetic interaction be-
partial wave projection of the Born amplitude (&), = 1 tween proton and the magnetic moment of the neutron, the
accounts for the reduction in the matrix elements due th-p mass difference in the usual Boson exchange interac-
strong short range repulsion between the nucleons (whiction, andp —  mixing. Only the latter has some in-
is not expected to change the sign). herent uncertainty stemming from the extrapolation of the

Numerical values of the coefficients; for angles and  mixing parameter off the mass shell. Fortunately, how-
energies of available CBS experiments [17-19], evaluateglyer, this affects only the analysis of the 183 MeV mea-
with phase parameters and amplitudes obtained from [235yrement [18]. The others are, at the angles measured,
are listed in Table Il together with the corresponding val-essentially insensitive to this contribution and thus to its
ues fork (a) = A/g,. The 183 MeV results are averaged yncertainty [19,26]. Since the limit (12) is dominated by
over the angular range of the measurement as the expethe 347 MeV result it is therefore not affected by this un-
mental valueAA [24]. In order to exhibit the sensitivity certainty. An uncertainty of 10%, say, mAT™®! leads to
to short range correlations between neutron and praion, an overall systematic error of 0.0020 in the avergge
is varied between 1 and/2 while the others are kept fixed extracted. Added in quadrature this increases the error of
ata; = 1. Note the disproportionate sensitivity &z, by a factor of 1.2 and the final upper limits to 0.0077

on «; due to destructive contribution of the higher partial (950 C.L.) and 0.0051 (80% C.L.). Careful scrutiny of
waves. Since the lowest partial waves that contribute arghe calculations oA A™! in view of the present analysis

p waves,a; = % is considered to be adequate rather thafyould clearly be desirable.

% which would be adequate forwaves in similar situa- Finally, it is reiterated that the structure of the inter-
tions. The bracketed entries in Table Il are therefore usedction analyzed is unique up to radial lgd dependence
for the determination of limits og,. [12]. Any total natural parity 4 = (—1)’] exchange

TABLE Il. CoefficientsK, for the partial wave contributions th and sensitivitieX = Alg, = > ,=1a;K; of A on g, calcu-

lated as indicated with reduction factass = 1, % and% for the lowest contributing partial wave = 1, anda; = 1 for J > 1.

The case withe; = 1 is the strong phase modified Born approximation result. In the last column the unmodified Born approxi-
mation result is given for comparison, demonstrating the importance of including the right phases. The bracketedzeﬁvtrilg)s (

are used for the extraction of limits g, in Table I.

T (MeV) Oy (deg) K, K> K3 Ky K@ =1 K =12 Ka =13 K
183 82.2-116.1 0.1679 0.0082 —0.0027 —0.0001 0.173 [0.089] 0.061 0.317
347 72.8 0.7921 -0.1132 —0.0205 0.0065 0.665 [0.269] 0.137 1.195
477 69.7 0.9833 —0.1776 —0.0303 0.0154 0.789 [0.297] 0.133 1.440
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