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Parity nonconservation in the photodisintegration of the deuteron at low energy
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The parity-nonconserving asymmetry in the deuteron photodisintegratioth— n+p, is considered with
the photon energy ranged up to 10 MeV above the threshold. The aim is to improve upon a schematic estimate
assuming the absence of tensor, as well as spin-orbit forces in the nucleon-nucleon interaction. The major
contributions are due to the vector-meson exchanges, and the strong suppression of the pion-exchange contri-
bution is confirmed. A simple argument, going beyond the observation of an algebraic cancellation, is pre-
sented. Contributions of meson-exchange currents are also considered, but found to be less significant.
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I. INTRODUCTION PNC NN interactions, and quasielasted scattering(MIT-

Bates[10,11)), which indirectly involves these interactions,

Some interest, both experimental a_nd theoretical, h_as "$ave however raised a new interest for the study of PNC
cently been shown for the study of parity nonconservation in

the deuteron photodisintegration by polarized light. Histori—eI’-fec'{S n few-bc_)dy systerps. In what could_be a”go_lden age
. S ) - ... for these studies, the “Lobashov experiment” is again

cally, it was its inverse counterpart: the net polarization in evoked

radiative thermal neutron capture by protantp— d+7, S . :

which attracted the first attentigf]. The experimental study f While it seems that there is not much prospect for per

was performed by the Leningrad group, taking advantage Jerming the “Lobashov experiment” in the near future, the

new techniques measuring an intearated curint The  MVErSe process, on the contrary, could be more promising. In
nonzero oﬁarization obtaingea’ -1 %+O 45 % 1'[6&_% mo- this reaction,y+d— n+p, where a deuteron is disintegrated

. b . AR ’ by absorbing a circularly polarized photon, it is expected
tivated many theoretical calculations in the frame of StroNG ot near threshold. the PNC asymmeity) is equal to the
and weak interaction models knqwn in the 1976ee, for_ polarization in the “Lobashov experiment.” This last one can
instance, Refs[3-5]. The theoretical results were consis-

tently within the rangeP,=(2-5 x 108, which is smaller thus be tested from a different approach.

than the measurement by a factor of 30 or more in magnitud%alhf?rs?sgg Cmuggﬁybl)r) Ifzzlg]ettpe r?on tﬁgort)%(z)ltsc;rrlteegnr:%c;n

and, moreover, of opposite sign. The difficulty in understand—w ~3.22 MeV, which is 1 MeV above the threshold. In this

ing the measurement and, also perhaps, the novelty of th@%ergy domain, where the dominant regular transitiod is

techniques, which have been extensively used later on, led tt?1e result was ’vvithin the theoretical rangeRy. Later on

a special reference to this work as the “Lobashov experi—Oka extended Lee’s work, up .~ 35 MeV [15]. Thougr;

ment. . . the cross section still receives é\ contribution from té&
L-ater estimates W'.th modern.nucleon-nucle(NN) PO~ transition, the dominant contribution comes from tE&

tentials, b.Oth parity-conserving (PO and _parity- yansitions. This offers a pattern of PNC effects different

nonconservindPNO), give values ofP, roughly within the from the one at very low photon energy. It was found #at

same theoretical range as above. On the experimental Sid?nows a great enhancementay=5 MeV, mainly due fo

new results were reported in the early7 1980s by the samg,e pNC -exchange contribution. If such an enhancement
Leningrad grogp, glvmg_PysSX 10 6] ".’md. P, was observed in the experiment, it would provide an impor-
=(1.8+£1.8 X 10’ [7]. Practically, these results indicate an tant and unambiguous determination of the weakN cou-
upper limit of P,, which is not very constrictive. Since the ping constanthl. However, a recent schematic calculation
Leningrad group’s last report, the “Lopashov_expenment”of A, by Khriplovich and Korkin[14], partly suggested by
has long been forgotten by both experimentalists and thegsng f the present authors, showed a critical contradiction to

rists. Recent experiments, such as elagtip scattering Oka’s result, with a huge suppressionAf at the energies
(TRIUMF [8]) and polarized thermal neutron capture by pro- = — 3 pmev.

ton (LANSCE [9]), which directly address the problem of "o, the experimental side, a measurement of the asymme-

try A, in y+d—n+p was considered in the 1980s by Earle
et al. [15,16, but no sensitive result was reported. However,
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(BNL), TUNL, and SPring-8 show interest in such a mea- Il. FORMALISM
surement. It is therefore important to understand and im- pqr 5 photodisintegration of an unpolarized target, the
prove previous estimates. L asymmetry factor is defined as
In this work, we carefully reexamine thetd— n+p pro-
cess with two main purposes: A = 0+~ 0-
(1) To determine how the enhancement of tifecontri- 7 gitol

bution in Oka’s results will change when the calculation is ) .
completed with missing parity-admixed components in theVhereo., denotes the total cross section using riglet-)
final state, in particular in théP; channel. The role of this handed polarized light. By spherical multipole expansion, it
last one was revealed by the schematic estimate of[R4f.  could be expressed as

(2) To determine the uncertainty of Khriplovich and Ko-

rkin’s calculation in which very simple wave functions are 2 Ref%[FEJFMJsJ“ FMJFEJs]

used. A= = . (1)
It is straightforward to deal with pointl). In Ref.[14], a 7 > [F§J+ Ff,u]

nice and simple argument about the cancellation ofh‘]ge fi,d

contribution from the finaPP,, 3P;, and 3P, states along
with their parity-admixed partners was given. However, the, ~ ,
argument assumed the absence of tensor as well as spin-orfifluced EM form factors-y; andFy;,, with X andJ denot-
forces, which are important components of tiBl interac-  ing the type and multipolarity of the transition between a
tion. In order to address these two poilitsissing compo-  Specific initial(i) and final(f) states, are defined in the same
nents and simplicity of the wave functionsve elaborate our way as Refs[20,2]. They depend on the momentum trans-
calculation with the Argonne,g NN interaction model. We fer g, which equals to the photon energy, in this current

thus include théS,, Py, P4, °P,-°F; channels, deuterol  case. The form factorExJ5 vanish(and so does the asym-

state, and all t_h(_air planty—e}dmlxed ﬂartnﬁrs ConSiStently:f;/rhﬁ}‘netry) unless some PNC mechanism induces parity admix-
represent a minimal set of states that allows one to verify t . .
results of the schematic model, as well as to include the‘?ur?nS tzfiswv%?kfuvcgtfgr?s%ldr ;x;a:);llggtr)]recnug:ge’;t:sd up to

effect of the tensor and spin-orbit forces that manifest differ- o
ently in these various channels. We also include other chant0 M€V above the threshold. As the long wavelength limit

nels, whose role is less important however. As for Bie  (d 1)<<1 s a good approximation, the inclusion of only di-
operator, we employ the Siegert's theorgt8], which takes ~ Pole transitions, i.e.£1 andM1, is sufficient. This leads to
into account the contribution of some PC and PNC two-bodyl0 possible exit channels connected to the deuteron state by
currents. The small photon energy considered hese angular momentum considerations. Among thégg, via the
<12 MeV) justifies this usage. Since there is no theoremM1 transition, and®Pg, 3Py, 3P,-3F,, via theE1l transitions,
similar to the Siegert one for th#1 transition operator, dominate the cross section.
two-body currents have to be considered explicitly for both  The transverse multipole operators assume a full knowl-
the PC and PNC parts. Adopting the Desplanques, Doncedge of nuclear currents. This requires, besides the one-body
ghue, HolsteinrDDH) potential of the weak interactidii9], currentj from individual nucleons, a complete set of two-
the asymmetryA,, will be expressed in terms of the weak body exchange current&Cs i@, which is consistent with
7NN, pNN and wNN coupling constants, with corresponding the NN potential. These ECs are usually the sources of the-
coefficients indicating their relative importance. oretical uncertainties, because tN& dynamics is still not
This paper is organized as follows. In Sec. I, we reviewfully understood. While there is no alternative for the evalu-
the basic formalism underlying the calculation, which in-ation of Fy; the Siegert theorenil8] does allow one to
volves both one- and two-body currents. In Sec. Ill, we showtransform the evaluation dfg; into the one of charge mul-
the results and some discussions follow. Particular attentiotipole F¢;. The fact that the PGIN interaction does not give
is given to a comparison with earlier works and to new con+ise to exchange charges@¢l) removes most of the uncer-
tributions from PNC two-body currents. A simple argumenttainties related to exchange effects: knowledge of the one-
explaining the suppression of the pion-exchange contributiobody chargep® is sufficient for a calculation good to the
is also given. Conclusions are given in Sec. IV. The Appen-order of 1/ny.
dix contains expressions &l andM1 transition amplitudes In the framework of impulse approximation and using the
due to the PNC two-body currents considered in the preser8iegert theorem, one gets, for the deuteron photodisintegra-
work. tion (Es—-Ej=w,=q andJ;=1),

In this formula, the normal electromagne{EM) and PNC-

E -E 2 .
FE@==—\ 5351V J X209 Y22 1o ()|
N f XV X [[1(@9Y 1321 -JE019) = = =[S &xi|9) = - ——(E1D),  (2)
qv2J +1 X spim 3Vem g 2\6m ’
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(l) (Q)fl ’r—<‘]f|| dgx[J l(qX)Ylll(Qx)] J(l)(x)”‘]) =" /_<Jf||2 [exl X pi+ :U'|0'|]||‘] > - /q_<M 1(1)>|
V2J; 2\'677

3

where@&=e(1+77)/2 and gj=e(us*u,7{)/2 with us=0.88  body spin curren¢2nd line) is of higher order irg compared
anduw,=4.70;Y andY are the spherical and vector spherical with the Siegert ternglst ling, however, it is kept for com-
harmonics. In these expressions, the approximated results %f’eteness. As for the PNC-induced form factcﬁrg and
obtained by replacing the spherical Bessel functjgiux) 5
with its asymptotic form ag}—0, i.e., gx/3, at the long F(M)1 , one only has to replace either the initial or final state
wavelength limit and keeping terms linear in(the lowest by its opposite- parity admixtur(é3| or |3> and add afactor

: (1) f i
e e . ot e a1 o1 EL O o M1t lmentn et wi

_our conventions

culation, the identity relations are employed instead. Note . . .
that the one-body spin current is conserved by itself and not The nonvanishing matrix elements for the five dominant
exit channels are thus

constrained by current conservation. In E@g), this one-

@ 'S
(M1®) =L J drU" (*SUu(Sy), 4
LN
@)= [ rar T CPaIULCS) - 2UCOYI - [ rar U (DR, ®
2) Py
E1%)=2 [ 1 ar U CPoIUCS) - V2U,CO), ©

(Mg =i f dr{u ("S)Uu(°S) - 3u*<3Po>Dd<1P1)} =i \/g’“—m f dr U(*Po)Uy(*Py). (7
N
(3) Py
Wy _ L * 3 3ey . L3
(E1 >——\5 rdr U"(3Py)| Uy( sl)+\5ud( Dy) |, (8)
<M1£;1>>=—i;‘1—; f dr U*(3P1)Dd(1P1>—i“jE+ 12 f dr U (3P U4(3P,) dr U'(3spuy(®sy)
N
+its 312 f dr U'(®D,)U4(3Dy). (9)
\*’2mN

() 3P,-3F,:

(E1W)y = f f r dr{U*@Pz)[ud(Ssl) = ;Eud(aDl)] + 3#53u*(3F2)ud(3D1)}, (10)
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M1y = -i \/gr/:_; f dr|:U*(3P2)Dd(1P1) - \/ga*(lDz)Ud(ng)] +i \/gﬂsr;_’\‘llzj dr|:U*(3P2)Ud(3P1)

+ iD*@Dz)ud@Dl)} . (11)
V5

The results for the remaining five less important channelsonstructed from the PNC ECs and unperturbed wave func-
(®$,—%D,, Py, Dy, °D,) will be included in numerical tions(so we use a prime to remind us of the difference from
works. Ther-weighted radial wave functions for scattering parity-admixture contributions One special feature of PNC
and deuteron statels, andUy, along with their parity admix- ECs is that they do have exchange chargegf) [22].

tures, U and Uy, are obtained by solving the Schrédinger Therefore, one should include themﬁﬁ).
5

equations. The details can be found in Réfl]. As a last remark, we note one advantage of nuclear PNC
By taking the square of normal EM form facta8C re-  experiments in processes like photodisintegration or radia-
sponse functionor the product of normal and PNC-induced e capture. The real photon is “blind” to the nucleon ana-
ones(PNC response functignwe can directly compare EQs. noje moment, which could contribute otherwise to PNC ob-
(5a8—5h) in Ref. [13]. After removing factors due to wave- geryaples in virtual photon processes. Because Phigld
function normalizations, the differences are ~ T-even nucleon moment is still poorly constrained both theo-
(1) The parity admixture of the~scatter|rf§:1 state IS retically and experimentally, the interpretation of real-photon
included in our work: The admixturas(®S;) andU(®D,) are  processes, like the one considered here, is thus compara-
solved from the inhomogeneous differential equations withtively easier.
the source term modulated by(°P;). They are not orthogo-
nal to the deuteron state and thus should not be ignored. Il. RESULTS AND DISCUSSIONS
Actually, they are required to ensure the orthogonality of the
deuteron and théP, scattering states once these are allowed For practical purposes, we use the Argonng [23]
to contain a parity-nonconserving component. (Avig) and DDH [19] potentials as the PC and PNEN
(2) The terms involving the scalar magnetic moment argnteractions, respectively. In comparison with earlier works
different: Looking for instance at th#11 matrix element in the 1970s or the 1980s, a strong interaction model like
betweenU(3P,) and Dd(apl), the effectiveM1 operator is Av g Offers the advantage thgt the singlet-scattering length is
proportional touS+L/2. By the projection theorem(S) correctly reproduced, due to its charge dependence. Correct-

C ; ing results in this respect is therefore unnecessary.
:el}%[ ;g]elﬁzlggﬂsfzg?fr tiri];:\lgrlgﬁilg;:;rfd &c:qslzﬁ‘aistc:rnin The total cross section is plotted in Fig. 1 as a function of

front of the L ¢ the photon energy and labeled as “IA+Sieg.” Its separate
ront ortheL operator. . . . . contributions fromE1l andM1 transitions are also shown on
Both points involve the spin-conserving PNC interaction

which is dominated by the pion exchange. Therefore, ho’the same plotlabeled accordingly The M1 transition only

; g ) ominates near the threshold region; as the photon energy
”195? differences cha_nge the sen5|t|v.|t3P9fW|th respectt0  reaches about 1 MeV above the threshold, Eietransition
h_ will be elaborated in the next section.

. . I overwhelms. Away from the threshold, the calculated results
Now we discuss, in two steps, the extra contributions du

. : : eagree well with both experiment and existing potential-
to ECs when one tries to go beyond the impulse approximaz, - 1e1 calculations up to 10 MeY24]. Such a good agree-
tion together with the Siegert-theorem framework.

: ) . oo ment shows the usefulness of the Siegert theorem, by which

F',rSt’ when PC(ZE)CS ar.e.mcluded, their contributioM ¢t of the two-body effects are included. Compared with
matrix elementsfF,,;, definitely needs to be calc_ulated. On the curve labeled as “IA,” the result of impulse approxima-
the other hand, as PC t(es>)<c':hange charges are higher order{p, one sees the increasing importance of these two-body
the nonrelativistic limitFZ is supposed to take care of most contributions asv, gets larger. On the contrary, becaudé
two-body effects, and the remaining contriputiAE(EZl) can  matrix elements are purely one-body, we expect our near-
be safely ignored. This argument also applies for the PNCthreshold results smaller than experiment by about {P%
induced form factors involving the PC ECs: one needs torhis discrepancy, originally found in the radiative capture of
considerFf\f)l but can leave ouAFgl) ) thermal neutron by proto¢the inverse of deuteron photodis-

Second, the inclusion of PNC ECs, to the first order inintegration, requires various physics such as exchange cur-

weak interaction, only affects the PNC-induced form factorsents and isobar configurations, to be fully explained. Here,

S =) . we qualitatively estimate a 5% error for the calculation of
The contr|but|orFM15 is calculated by using thiel1 operator Fy; near threshold.

When calculating the PNC-induced matrix elements with
'We also note that unlike our notatign,, is used to denote the the DDH potential, we use the strong meson-nucleon cou-
anomalous magnetic moments in REf3]. pling constants}gyn=13.45, g,nn=2.79, andg,nn=8.37;
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—— TA+Sieg| |

Coefficients x 102

FIG. 1. The total cross section as a function of the photon en-
ergy. The main result is the curve labeled as “IA+Sieg,” and the =~ o | ! . T
curves “E1” and “M1” showing contributions from corresponding S ! .l L cl .
transitions. The curve “IA” is the result of a pure impulse approxi- x 0.2 : ~e 03 1
mation calculation, where no two-body contribution is included. .E 0 3'_, S 6 ]
2 N
and meson massedn units of MeV): m =139.57, m, §'0~4‘|' S }
=770.00, andn,=781.94. The resulting asymmetry is then & osli T ]
expressed in terms of six PNC meson-nucleon coupling con- & i ~l
stantsh’s as -0.6[ 1
F1
A, =cht+ch0+ et + ch+ csh? +cghl, (12 R T T R T
7 i P P P ¢ o ooY {(MeYV)

where the six energy-dependent coefficienits ¢ show the

sensitivity to each corresponding coupling. It turns out that, FIG. 2. The energy dependences of “large” coefficientsc,,
for the energy range considered hecg,C4,C5>C;>C3,C6.  andcs (top pane) and “small” coefficientsc;, ¢z, andcg (bottom
This implies that the asymmetry has a larger sensitivity to theane) in the asymmetry parametrization, Ed2).

isoscalar and isotensor couplings than to the isovector ones.

The detailed energy dependences of these ‘large” angyn of the S P transition amplitude is suppressed, as it is
“small” coefficients are shown in Fig. 2. in this work.

In principle, these results are independent. In practice g, =2 235 MeV, which is very close to the disintegra-
however, they can be shown to depend on three quantitiegy, threshold, we get the asymmetry
reflecting the dominant role of the vario&— P neutron-
proton transition amplitudes at low energy. These amplitudes (th 0 ) 0 3
have some energy dependence, which is essentially detef®y = [~ 8.44,—17.65y+ 3.6, +O(cy,C3,C)] X 107
mined by the best known long-range properties of strong (14)
interaction models. They can therefore be parametrized by

their values at zero enerdyl,25,2§, including at the deu- sjng the DDH “best” values as an estimate, we obtained
teron pole. To a large extent, they can be used mdependentj{)((m)zz 53x 10°8. By detailed balancing, one expects that
of the underlying strong interaction model, quite in the spiritA@{h) ) ' th) ’observed in the

oo g . - equals the circular polarizatioR'
of effective-field theories that they anticipatealr]. _In the radiative thermal neutron capture by Toroton, given the same
case of the &;3 model employed here, they are given by

kinematics. Though our result does not exactly correspond to
the same kinematics as the inverse process usually consid-
ered(the kinetic energy of thermal neutronrs0.025 eV, it
agrees both in sign and order of magnitude with existing
M\ == 0.1251 ~ 0.10%,, + 0.1027, calculations ofP™ [3-5]. We also performed a similar cal-
culation for the [atter case with Ag and the result is

M\ = = 0.0431) - 0.02h),

myC=1.0231, +0.00h, - 0.02h;. (13

P ~[-8.780° - 17.41% + 3.3%2 + O(cy,C3,C¢)] X 107,
The largest corrections to the above approach occur for the ” [ P P ot OG5 Co]

PNC pion-exchange interaction which, due to its long range, (19
produces some extra energy dependence and siBabl®

transition amplitudes. They can show up when the contribuThis is very close to the result @&, quoted above.
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25 T T T T T T T T T ] TABLE I. The dominant PNC responses due to the pion ex-
change forw,, 10 MeV above the thresholgn units of 10°x h).
y . . .ﬂ-

w The central column is calculated by Eqd)—(11), while the right
= 201 T column by Egs(5a—(5h) in Ref.[13]. The symbolD denotes the
% deuteron state.

t; 1.5F 1
S Transitions Equation&4)—<11) Equations(5a—5h) in Ref.[13]
E Lor 1 %Py—D 0.449 -0.142
z‘ 3P, D -3.217 -4.383
05 ] ) 3.942 Not considered
0 3p2H5 -1.231 0.389
C . 1 PO S I— e — r—t ! } - —~
2 3 4 5 6 7 8 9 10 11 12 3p, D -0.142 0.045
o, (MeV) F,oD -0.151 0.048
, 3F,oD -0.019 0.006
FIG. 3. The asymmetry by using the DDH best values.
Total -0.371 -4.037

It is noticed that our expression @i‘yth) at very low en-
ergy, and therefore that one 8", contains a contribution , , _
¢, coefficient given in Fig. 2 This feature, which apparently asymmetry with the coefficier; being one or two orders of
contradicts the statement often made in the past that thi@@gnitude larger than our result. S
contribution is absent iP™, is due to the incorporation in 1S discrepancy could be illustrated by considering a
our work of the spin term in Eq2), which represents a case wherev,, is 10 MeV above the threshold. In the central
higher-order term irg. This correction also explains the dif- column of Table I, we list the pertinent ENC responses due to
ference in the behavior of thg coefficient with Oka’s result 1€ pion exchange among the five dominant exit channels. In
[13)]. the right column, we simulate what the outcome will be if

We note that, because thél transition dominates at the (he analytical results of Eqg5a«5g) in Ref. [13] are used,
threshold and we only use the impulse approximation for itd-€- With different factors involving.s and no parity admix-

matrix element, there should be approximately a -5% coriure of theP state as mentioned in Sec. Il. Comparing the
rection to A™ (also P™™) when two-body effects are in- totals from both columns, one immediately observes that the
Y Y ~

. ) ) simulated result is bigger by an order of magnitude. More
cluded inFy;. On the other hand, &g, is calculated using  jyspection shows that, while the changes of ghéactors do
the~Si,egert theorem, it should be reliable up to the correctioRter each response somewhat, the major difference depends
of F(E‘? from the PNC exchange charge@tl). on whether the big cancellation from tR@, admixture is

thén the photon energy gets larger, one can see immedidcluded or not. By adding contributions from other sublead-
ately that the asymmetry gets smaller. A prediction using thé"d channels, the total will be further downed by a factor of
DDH best values is shown in Fig. 3. In this figure, as soon ag-- Thus the overall difference is about a factor of 30.
the photon energy reaches 1 MeV above the threshold, the
asymmetry drops by one order of magnitude. Moreover, the _ ) o .
sign changes aroumjyz4 MeV. This implies that a higher B. Comparison with Khriplovich and Korkin’s work
sensitivity(~107°) is needed for any experiment targeting at  The vanishing of ther-exchange contribution in Khriplo-
the kinematic range away from the threshold. Our calculatiorvich and Korkin’s work[14] supposes that thgl transitions
is consistent with the work by Khriplovich and Korkjd4], = from the deuteron state to the different scattering states,
but is widely different from the one by OKHL3]. In the 3P, 3P,, and>P,, are the same, which implies that one ne-
following, we make a closer comparison with these worksglects both the tensor and spin-orbit components of the
and, then, present the results for the contribution of varioustrong interaction. As these parts of the force have large ef-
PNC two-body currents considered. fects in some cases, it is important to determine how the
above vanishing is affected when a more realistic description
of the interaction is used.

We first notice that the isoscalar magnetic operaiQf

The major difference comes from the pion sector. In Ref+L/2, can be written agJ+(1/2-ugL. As the operatod
[14], where the scattering wave functions are obtained frontonserves the total angular momentum, it follows thatEhe
the zero-range approximation and the deuteron is purely &ansitions from the deuteron state to tH&, and 3P, states
33, state, a simple angular momentum consideration leads twill be proportional tous—1/2, in agreement with Eqg7)
a null contribution from pions. Our result shows that theand (11). A similar result holds for thé’P, state. For this
more complex nuclear dynamics has only small correctionstransition, one has to take into account that $heperator
so the asymmetry is not sensitive Iné; However, it is not connects states that are orthogonal to each other, including

A. Comparison with Oka’s work
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the case where they contain some parity admixture. This urfor some contributions involving MECs. It is however no-
usual but interesting result was originally suggested by diced that some corrections involving the spin-orbit force, or
similar result obtained by Khriplovich and Korkin for tA&,  spin-dependent terms in thgl transition operator, which
and®P, stateg14]. They used it later on for the-exchange both contain an extr& factor in the above equation, could
contribution upon the suggestion of one the present authortead to a nonzero trace and therefore to a relatively large
Taking this property into account, one can check that thecorrection. Of course, the above cancellation relies on the
different us-dependent terms in E@9) combine so that the fact that no polarization of the initial or final state is consid-
quantity,us—1/2, can bdactored out. This explains the can- ered. Had we looked at an observable involving such a po-
cellation of the two largest contributions in Table |, 3.942 larization, like the asymmetry in the capture of polarized
and —-3.217, approximately proportional tqu1.76 and thermal neutrons by protons, the result will be quite differ-
—(ust1/2)=-1.38. ent. As is well known, this observable is dominated by the
Further cancellation is obtained when one considers ther-exchange contributiofi].

sum of them-exchange contributions to the asymme#y
corresponding to the differe® states. Taking into account

the remark made in the previous paragraph, it can be checked C. Contributions of PNC ECs

that contributions from Eqs(7), (9), and (11) are propor- In Sec. I, the contributions of PNC ECs were summa-
tional to 2, 3, and -5 and 4, -3, and -1 for #® and®D1  fized in two additional PNC-induced form facto >) and
deuteron components, respectivelgssuming that théP  — 2 5

wave functions are the samds can be seen in Table I, the Fua,- NOW, we estimate these contributions by considering
dominant contributions, 0.449,0.728.942-3.21Y, and  only the dominant channefs,, 3Pq, 3P;, and3P,-3F,. As
-1.231 are not far from the relative ratios 2, 3, and -5,E1s connects states of the same parity, oty is allowed:;

expected for the’S; deuteron component. Possible depaf'therefore,lz(ES’; plays a more important role fok, near the

. . . 1
tclgr?]i)gr?gn?e ascribed in the first place to #ly deuteron y, esh0id. ON the other hant¥| 15 connects states of oppo-

The above cancellation calls for an explanation deepefit€ Parity, which requires the other four channels,F%fs
than the one consisting of the verification that the algebrai®as more impact o, at higher energies. The full set of
sum of different contributions cancels. An argument could be®NC ECs which is consistent with the DDH potential was
the following: In the conditions where the cancellation takesderived in Ref[22], Egs.(17)~(24). The whole evaluation is
place(the same interaction in th# states in particulara  straightforward, however tedious, so we defer all the analyti-
closure approximation involving spin and angular orbitalcal expressions in the Appendix and only quote the numeri-
momentum degrees of freedom can be used to simplify theal results here.
writing of the PNC part of the response function that appears With the same parametrization as Efj2), the additional
at the numerator of Eq1). Keeping only the factors of in- contributions to the asymmetry by PNC ECs, #as and
terest here, the interference termEf andM1 matrix ele- ~ M1s respectively, are

ments can be successively transformed as follows: ~ oy ) ,
AFE) = n0+ i, (17)

N 1\
5R“E<Ji|f'<ﬂs“>|-’(5” Oy . , : , : :
M 2 AR = ht + 2 h0+ ¢ by + ¢ hZ + ¢ hg,

Us*Dy) . o o
« {@sllud(ssl) + = =38 77 sZ)] (18
M v The detailed energy dependence of each coefficient is shown
X FIL(8" - g[S F3S)] n Fg. 4 s ”
3 The dominance oF(Elg near the threshold anElfv'l)5 at
o Tr{(ud@sl) + L_Dl)(g(s.f)h 32))5.f} =0. higher energies could be readily observed in these plots. We
V2 discuss their significances to the total asymmetry in the fol-
(16)  lowing.

For the case where the photon energy is 0.01 MeV above

The first line stems from retaining the isoscalar part of thehe threshold, onl)c(zsl) andcf’) are substantial. The former
magnetic operator proportional tpis—1/2)L (itis reminded  coefficient is about 20% of,, while the latter one is only
that theJ part does not contributeThe next line is obtained 294 of c,. By using the DDH best values, these contributions
by expressing the PC and PNC parts of the deuteron wavgive an asymmetry of about 1:410°°, which is a 6% cor-

function as some operator acting on a p|i§)) state. Once  rection. This is typically the order of magnitude one could
this transformation is made, it is possible to replace the sumexpect from the exchange effects.

mation over the deuteron angular momentum components, . (g
M, by the spin onesn,, which is accounted for at the third (Sés the energy gets larger, while the coefﬁmea&% and

line. The last line then follows from the fact that the trace ofCs  Keep stable, the coefficients associated With; matrix
the spin operatorS, possibly combined with &4S=2 one, elements grow linearly, roughly. The fastest growing one is

vanishes. A result similar to the above one can be obtaineo(f/), because the long-ranged pion exchange dominates the
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OS——T—TT T T T T T T earlier work addressing this energy domgiig] showed that
Ly ] the process could provide information on the PiIEN cou-

N pling constantht, which allows one to check results from
other processes involving this coupling. A later wqdd],
rather schematic, concluded that this contribution could be
05k 4 largely suppressed. Between these two extreme limits, the
question arises of what this contribution could be when a
realistic description is made, including in particular the ten-
sor and spin-orbit components of theN interaction. At first
sight, a sizable PNGr-exchange contribution could arise if
one assumes tensor-force effects of about 15% for each par-
tial contribution and no cancellation.

The complete calculation shows that the=xchange con-
tribution remains strongly suppressed after improving upon
the schematic model. Beyond making this observation, a
genuine explanation should therefore be found. When con-
sidering the asymmetnA,, an average is made over the
spins of initial and final states. Terms in the interference
effects of electric and magnetic transitions, whose spin de-
pendence averages to a nonzero value, are expected to pro-
duce a sizable contribution. This discards thexchange
contribution, which involves a linear dependence on the spin
operatorS, and tensor-force effects, which involve the prod-
uct of spin operators of the orders 1 and 2. The argument
applies to MECs too. A different conclusion would hold for
. an observable implying a spin polarization of the initial or
T BT R N final state. It thus appears some similarity between the rela-
6 7 38 tive role of various contributions here and that one empha-
o (MeV) . : : e

Y sized by Danilov for the inverse process at thermal energies:
o _the circular polarization of photonB, (equivalent toA,

FIG. 4. The energy dependences of PNC EC coefficients in th¢yerg s mainly dependent on the PNC isoscalar and isotensor
asymmetry parametrization: the top panel Sh@ﬁﬁ) in Eg. (17  contributions, while the asymmetry of the photon emission
and the bottom panel showéz’z’vsymof Eq. (18). with respect to the neutron polarization depends on the

mr-exchange contribution.

As the m-exchange contribution to the asymmetpy,
turns out to have a minor role, we can concentrate on the
. h\‘?ector—meson ones. At the low energies considered here, it is
deuteron wave function and theexchange. . expected that these contributions depend on two combina-

For the case where the photon energy is 10 MeV aboV‘t:’lons of parameters entering the description of the RBI@I

the thresholdg!?’, ¢?”, andcS®) are substantial. The first PO) NN interaction. They are the zero-energy neutron-proton
coefficient is about 50% (Ifl, and the latter two combined is Scattering amp"tudes in thE=0 andT=1 (_;I']ar‘||"|e|s}\I and
about 16% ofc,. The extremely large correction tg canbe  \_ In terms of these quantities introduced by Danildy
simply explained. The cancellation which affects the singlesee also later works by MissimgR5], Desplanques and
particle contribution[see Eq.(16)] does not apply to the Missimer[26], and Holstein[27]), the discussion could be

tWO-bOdy one. By using the DDH best values, all Contribu-simp|er_ The asymmetry is found to vary between
tions due to PNC ECs give an asymmetry of about 3.7

X 10711, which is a 5% correction. The reason why large A, =0.70m\, — 0.17m\ at threshold
effects from individual meson exchanges lead to an overall
small correction is due to the cancellation between pion an@nd
heavy-meson exchanges: the DDH best values have opposite
signs for the pion and heavy-meson couplings. This conclu-
sion, however, depends on the sign we assumed fog the
coupling.

Coefficients x 103

CoefTicients x 103

O3, 0 0
2 3 4 5

matrix elements. Comparativelgfzzl) has a smaller slope due
to less overlap between the effective ranges pertinent to t

A,=-0.03M\ +0.022n\ at w,=12 MeV,

thus evidencing a change in sign which occurs arouwnd
=5.5 MeV for both amplitudes. Depending on low-energy
properties and, thus, on the best-known properties of the
IV. CONCLUSION strong interaction, the place where the cancellationApf
occurs sounds to be well established. It roughly agrees with
The present work has been motivated by various aspectghat can be inferred from the analytic work by Khriplovich
of the PNC asymmetrA, in the deuteron photodisintegra- and Korkin[14]. Not much sensitivity to PNC ECs is found.
tion, especially in the few-MeV photon-energy range. AnAn experiment should therefore aim at a measurement at
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energies significantly different, either below or above. and isotensor couplings that is little constrained by other
The goal for studying PNC effects is to get information onprocesses. This explains that expectation®\piup to 107
the hadronic physics entering the PN interaction. This  near threshold could be suggested in recent works on the
supposes that one can disentangle the different contributiorisasis of a phenomenological analyglel,28,29. Measuring
to each process. We notice that the combination of paranthis asymmetry could therefore be quite useful to determine a
etersk; and\ appearing in the expression Af, is orthogo-  poorly known component of PNGIN interactions. On the
nal to that one determining PNC effects in most other protheoretical side, the present work should be completed by the
cesses, especially in medium and heavy nuclei. The study afontribution of further parity-conserving exchange currents,
the present process is therefore quite useful. Another obsebut also by higher Imhy-order corrections from the single-
vation, which is not totally independent of the previous oneparticle current and, consistently, from both PC and PNC
concerns the isotensor contribution. This one is especiallgxchange current§30]. Though they are not expected to
favored in the present process, while it is generally sup€hange the main conclusions reached here, they could be
pressed in processes involving a roughly equal number afequired to obtain from experiments more accurate informa-
protons and neutrons with either sg28]. The present pro- tion on PNCNN forces.
cess is therefore among the best ones to get information on
the isotensorpNN coupling constant. We, however, stress
that this supposes the isoscalar parts could be constrained
well by other processes. In a meson-exchange model of the C.-P. L. would like to thank R. Schiavilla, M. Fujiwara,
PNC interaction, these are represented by the isospBlbr  and A. I. Titov for useful disussions. C.H.H. gratefully ac-
andwNN coupling constants. One could add that the relativeknowledges the hospitality of the Laboratoire de Physique
sign of these two contributions is the same, in a large rang8ubatomique et de Cosmologie, where part of this work was
of the photon energyw,=3 MeV), as in many other pro- performed. The work of C.H.H. is partially supported by
cesses. It however differs at small photon energies, where th€orea Research Foundatio(Grant No. KRF-2003-070-
asymmetry involves a combination of the various isoscalacc00015.

ACKNOWLEDGMENTS

APPENDIX: NONVANISHING MATRIX ELEMENTS OF PNC ECS FOR DOMINANT TRANSITIONS

In this section, we summarize the analytical expressions of the noﬁgérandhlf(,\f

lead to the numerical results in Sec. Il C.

1)5 for the five dominant channels which

-
LES)
As discussed in Sec. I, an exchange charg®@) should contribute to this form factor. According to RE22], the p
exchange does generate one:

h2
PhesoniéX;T1,12) = ZegpNN< h(p) - 2_\%)(7'1 X w0y~ o) - V[, (ra)f,(ro)], (A1)

with fy(r)=exp(—myr)/(4=r) andr,;=|x—r;|. The S, state is the only open exit channel and it gives

2
(E15) = 895%”(@ - 2—'1%)<lsorfp<r>|3sl>d, (A2)

p

where(f|F(r)|i)q denotes the radial integrdidrU”(f)F(r)U4(i) and the subscriptd” refers to the deuteron state.

="
2.Firy)
As the four allowed exit channef®,, *P,, and®P,—3F, are spin- and isospin- triplet, the nonvanishing PNC ECs, which
satisfy the spin and isospin selection rules, are

PP (XiT1,r0) = —Q’P—e4mNNh,§fp(r)(T§ 7)o+ o)[(L+7D)8P(x—1)]+ (1 2), (A3)
N

fo . _ ZC€0uNN 1 z_ _z 3y _

Jpair(X;T1,12) = am hyfo(N(T1=7)(o+ o)[(1+7) P (x -]+ (1 = 2), (A4)
N

. -e h? .
JnesoniX;F1,F2) = %(hg - 2_\%>(71 X 1) V{i[Vio, + Uéllvzafp(rxl)fp(rxz)] - p (o X V)0, + olo,
N /

X Vot () (ra) ]t + (1< 2), (A5)

065502-9



C.-P. LIU, C. H. HYUN, AND B. DESPLANQUES PHYSICAL REVIEW &9, 065502(2004

g -e T
T ol XiT 1) = —‘%%uhi(n X 1)V X VI (1) fa(re)] + (1 2). (A6)
Velll,

Note that one additional strong meson-nucleon coupling congjant, appears in EqLA6). This could be constrained by the
p— m+vy data. For the numerical calculation, we quote the nungpey=0.585 as given in Ref31]. The matrix element

(M 1;2’)) can be written as a sum of the contributions from each EC as

a1 h? 1
N _ 1 1 0_ kS 1
(M1 ) = legpNthXl+ gunnn, Xo + gpNN(hp 2_\1,%))%1 + mpgpNngﬂT’yhﬂ'X41 (A7)
and for each exit channel, the quantitiég 4 are
) °Pg
2( 3 3 1 3
X1=‘§ (CPylrf ,(r)] Sl>d+,_§< Polrf ,(r)[°D1)g |, (A8)
\J
2( 3 3 1s 3
X2:§ CPolrf o(r)] S_L>d+_5< Polrf,(N[*Dy)g |, (A9)
\’
8 3 3
st‘g (1 + 2u,)CPolrf ,(N)°Spq
1 3 3 2 3 3
+?(1_M0)< P0|rfp(r)| Dl>d__< P0|rfp(r)| >d
\ m,
\2
= —CPIrf, (1D )a | (A10)
o
X 42 3P| f1(N]3Sa = V23Rl fL (N*D pal; A1l
4_3(m§—m,27)[< ol o (DPSa = V2P| (N[°Dpl; (A1)
2 %P
1
Xy = T§[<3P1|rfp(r)|3sl>d - N’E<3P1|rfp(r)|3D1>d], (A12)
\’
1
Xo=- T§[<3P1|rf o(N[¥SDa = \'E<3P1|rfw(")|3D1>d], (A13)
v
4 3 3
X3:T§ (1 = ) CP[rf (N)[°Spg
v
5 3 3 2 3 3Q(+)
- \2(1_Mv)< P1|rfp(r)| Dl>d__< Pl|rfp(r)| >d
m,
~
2\!’2 -
+ _<3P1|rfp(f)|3D(1 )>d:| , (A14)
m,
42 ( ,
Xy = - = (3Pf. (1)
4 V/é(mi_mi) < l| 7Tp( )| SZ|.>d
1
+ ?<3P1|f;p(r)|3D1>d)i (A15)
V2
(3) *P,=%F,
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Xlzg CPyIrf (1) Sl>d_?< Plrf (r)] Dl>d_?< Falrf,(N*D gl (A16)
’g 2 ’E 3 J’é
A% \ \
Xp=- §(<3Pz|rfw(r)|381>d - ?<3P2|rfw(r)I3D1>d - ?<3F2|rfw(r)|3D1>d> , (A17)
4 ’g 2 ’E 2 4 rE
k \ + N _
%o _((1 = 1) PN ()380g = =21 = 4 ) (PoIrt (D) *D1)g = —CPolrt (DS )+ = =CPlrf, (1) 'D )
3 > m, 5m,
[a =
3V3 613 .
- ?(1 + ) RN (1) *Dy)g + 5F<3F2|rfp(r)|3Dg. )>d> , (A18)
p
—_ 4\*1’% 3 f’ 3 1 3 f’ 3 3\/5 3 f, 3
4= 3(mi—me) ( P2| ’n'p(r)| Sl>d_$< P2| 7Tp(l’)| Dl)d"'?( F2| 7Tp(r)| Dal, (A19)
where
d L+1
25+1 (Hy = (_ _ _) 25+
| J > dr r | J>
d L
25t1 Oy = (_ + _) 25+ Y
| J > dr r | J>
and

d
fr(r) = a[fw(r) - f,(n].
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