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Pion production in NN collisions
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The recently proposed irreducible tensor formalism for hadron scattering and reactions is extended to pion
production inN N collisions and a form akin to that of Wolfenstein for eladtibl scattering is derived together
with exact partial wave expansions for the amplitudes. Explicit formulas are derived for spin observables
relevant to differential as well as total cross section measurements employing a polarized beam on a polarized
target which are currently of experimental interest.

PACS numbgs): 13.75.Cs, 25.16:s, 21.30.Cb, 25.40.Ve

The study of pion production ipp collisions near thresh- ables of current experimental interest in terms of the irreduc-
old has attracted considerable attentitr 19 thanks to ad- ible tensor amplitudes connecting initial and final channel
vances in new technology during this decdd€]. As the  spin states.
reactions involve only a few lowest order final state partial ~Introducing the Jacobi coordinates in the final state char-
waves at threshold, which in turn limit the initial partial acterized by an invariant mas4’ of the NN system and
waves through conservation of total angular momentum, an@osorbing all the relevant phase space and other factors, the
are characterized at the same time by large momentum trang1atrix M in spin space foNN— NN may be expressed in
fers, these studies are expected to reveal rare facets of shde form

range spin-dependent interactions involving the nucleons. On 1 Si+s,
the_ theoretical S|de,_ the calculations follow_lng Koltun and M= ; (S\(s;,s)-MN(s;,8)), (1)
Reitan[20] underestimatef21] the cross section by about a st 15=0 \=[s;—s

factor of 5, while the models of Schillaci, Silbar, and Young o _ _
[22] or Lee and Matsuyamn|@3] were found to be inadequate v_vheresi ,S¢ denote the _|n|t|al and final channel spins, respec-
to account for the datp4]. To bridge the gap between ex- tively. The same notations as [48,49 are used, where the
periment and theory, several mechanisms have been invokédeducible tensor operatosS) (s ,s;) of rank \, which ef-
[23-46 such as the exchange of heavy mesong,» or  fect transitions froms; to s;, are defined. The irreducible
two pions, or the off shell extrapolation of the vertex form tensor approach was outlined 48] for hadron scattering
factor apart from effects due tA channel and other low and reactions involving two body final states. The irreducible
lying nucleon resonances beyoadand final state interac- (€NSor amplitudesv,(s; ,s;), for the reactionNN— NN
tion. While the CEOBEM calculationg38] with final state ~ Which involves a three body final state, are now given by
interactions between nucleons account well for the cross sec-
tions near threshold with substantial contributions fram MA(si,s)= D Ml cvi 1o (E,W)

. . . p\2f 90 ;. Ya I(l¢spiglisi =
exchange, the more recent computatip#§] using a chiral febbededhi
power counting approach led to estimates which were found ~ ~ L NERNY
to be considerably smaller than the data. Such models are X((YilpoeYi@) @Yy (p)),, (@)
likely to be tested more incisively by the rapidly increasing. ; ¢ th ial i litud
data on spin observables. Moreover, as a majority of th nj erms o € h_pz:]r 1a V\llavel refc lon afmlir)]l ud es
calculations deal with only the lowest partial waves, theyMl(Ifo)if;liSi(E’W)’ which comp ete;_/ take care C_) the de-
may have to be upgraded to include higher partial waves t@endence on the c.m. ener@yat which the reaction takes
be able to account for the data on spin observables. place, while the angular dependence is solely governed by
~ The purpose of this Rapid Communication is to present am(Y,f(pf)®Y|(q))Lf®Y|i(pi))Z. Herep;=p;p; ,ps= p:p; de-
irreducible tensor formalism fdiN— NN, which inciden-  note, respectively, the initial and final momenta associated

:erlﬁf] Ieﬁ]d?;fminOG;XEES;QEk?:g&?ﬁ;};g;g'ﬁ“:ﬁnsﬁﬁ;eS with the relative motion of the nucleons ange- q(i denotes
g P the pion momentum in c.m., while the geometric factgys

[47]. .Such a phgnomgnologlca_l framework, based purely on o explicitly given by
invariance considerations and involving only a small number

of terms, can be expected to facilitate a model independent — (43 i (= 1) ST
analysis of spin observables along with the differential and 9a=(4m=(0) (=1 T ]
total cross sections. These amplitudeta Wolfenstein are X[s¢] ™ *W(lisiLese ;) M)W(sl¢jl5j¢Ls), (©)

also shown to have precise partial wave expansions which
further enable in depth discussions at near threshold enewhere « denotes, collectively, a={l,l;,L,Si,jf.],
gies. We also present explicit expressions for spin obsery;,s;,\}. At energiesE near threshold, the orbital angular
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momentuml carried by the pion is limited to low valuds
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M=A+ B(Tl' 0'2+(0'1+ 0'2)U+(0'1_0'2)V

=0 orl=1 at the most, where the resonarcenay enhance

the partial wave amplitudes. At beam energies that yield (o X 0p) W (010 07)% T2(1,1)), ©)
maximum pion momentum fractionsp& p{"®/m_c) of 7

=0.22,0.42, and 0.50, a recent analysig] shows that the Where

p-wave channel containing th& contributes less than one

tenth of the total cross section gt=0.22 and less than one 1

third of the total cross section at=0.42 and 0.50, while the A=T5(0,0, B=- ﬁTg(l,l), (10

nonresonantp-wave channel contributes less than 1% at
these energies. Conservation of parity implies that the sum- . :
mation ove?I ¢, andl; must be Iirﬁitedyto (E)nly those terms and the spherical components\of V, andW are given by
which satisfy 1)'i=(—1)'""'*1 while Pauli principle de-
mands further that-{ 1)"i™Sitli= —1=(—1)"1"S"% where

t; ,t; denote, respectively, the initial and final isospins of the
two nucleon system. In the casemp—d= ", it is clear that i
if.S¢.ts are limited toj;=s;=1t;=0 andl; can take only =ET,1L(1,1),
two valued ;= 0,2 corresponding to th®andD states of the

deuteron; moreovep; here denotes the Fourier component, ) ) ]

with respect to which integration has to be carried out taking t€ms of the irreducible tensor amplitudes
into account the bound state structure functions. TWufor
pp—dn7" may also be expressed in the same form as Eq.
(1), but with s limited to s;=1 and the simpler partial wave
expansion

U,=3[7.(1L0+7,(0D)], V,=3[7,(1,0-7,(0D],
(12)

1
W#

Th(N1h2)= 2 G(st,5 N 1, A )M (st,5),

S,

(12

which readily provide, through the use of Eq@g), (3), and

(8), explicit partial wave expansions for the amplitudes for

NN— NN which are akin to the Wolfenstein amplitudes in

the case of elastiblN scattering. Terms containing; — o,

and o1 X o, which are absent in the case NN scattering,

are present here in Eq9) since channel spin is not con-

(50 served inNN—NN7. We may also note that appropriate
combinations of these amplitudes, viz.,

for the irreducible tensor amplitudes in the spin space of the

two nucleons.

Defining 2x2 matriceso’)(n) in the spin space of the M (st ,s1)=4[s(] 2
two nucleons witm=1,2 through »

ML(Ls)= 2 DMl o (EXYI@OY (P, (4)

with g={l,l;,s;,j,\}, and

bB: \/§[)\][J](_ 1)|+IifJ+SiW(I 1siiN)

1

>

1:A2=

0 G(Sf vsi ;)\11)\2)7—2()\11)\2)1
(13
0/ ) — Loy —
ao(N)=1, og(n)=03(n), do in turn constitute the irreducible tensor amplitudes
M;‘L(.sf \Si), Whic.h.(_jirec_tly yield phy§ically interesting infqr-
mation on the initial singlet and triplet spin state contribu-
tions toNN— NN in polarized beam and polarized target
experimentg§14—18§.
If both the beam and the target are polarized, the initial

V2

whereo, 0,0, denote the Pauli spin matrices, and noting

(6)

o, (n)=F—=(ax(n)=iay(n)),

that spin state of theNN system is characterized by the density
matrix
1
S,)I(Sf,si):A ;_ G(st,Si:h1.02) (0N (1)@ 0™2(2))),, p'=7(1+01-P)(1+ 02 Py), (14
1:027
@) in terms of the beam and target polarizatidds and P,.
where the geometrical factors are explicitly given by Introducing the notations
3 3 S 0 1 1 — :
Po(n)=1, Pg(n)=P,,, P1;(n)= +E(ant|Pny),
G(st,Si M ) =3[SAsiIN MDYy & & sip. (8 (15)
N1 Ay A\

with n=1,2, and using already known propert[d8] of the
operators given by Eq7), we obtain the differential cross
section forNN— NN as

we may expresM, given by Eq.(1), in a form akin to that of
Wolfenstein[47] for elasticNN scattering. We have
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d?c 1 2 kytka where the asymmetries(1,0), A(0,1) and spin correlations
v = k -
pdQ 2 o ke A)(1,1) are given by
k k
X ((P(1) @ P(2)) B (ky ky), (16 Autks ke) =Bk k) /B5(0.0, (22

in terms of their spherical components.

in terms of the irreducible tensors In the near threshold energy region, we may use the non-

1 relativistic form
Blkz(klykz):SZO (2s5¢+1) P2 2 P
= =2M+m+ —+ —+ —
) E=2M+m v av T 2m (23
X Z 2, G(st;AN";sis] kikak) for energyE, to relatep? with g°> whereM and m denote,
S8 =0 M respectively, the masses of the nucleon and the pion. More-
— 2 2\1/2 H H
N Y sk over, the energw=(q“+ m*)~'< of the pion is related to the
X(MA(sp,8)@M T (s1,5)),, (17 invariant massW of the two nucleon system through the

. - . . . relativistic relation
which are bilinear in the channel spin irreducible tensor am-

plitudesM’,(s; ,s;), whose complex conjugates’,(s;,s)* _ EP-W2Hm?
define w= 2E , (24)
A
M7 (st,s)=(—1)*M" (s;,5)*. (18 so that we may express
i i i 2M+m 1)
The geometrical factors in Eql7) are given by 02 py= . pf?'wdw 25

G(siiAN";siS] s Kikok)
We may now integrate Eq(16), with respect tod3p;

= pfzd p;dQ);. The angular integration may readily be carried
out using standard properties of the spherical harmonics to

=2(— MM Fs s — )kt g s IINIIN T[Ky]

1 1 g
2 2 [ H
yield
X[koJW(s/siN'Nksp)y &0 2 s/, (19 .
g

k, k, k d—Q=b8(0,0)+Pl‘b(1,0)+P2~b(0,1)— ﬁ(Pl. P,)b3(1,2)
where the 9} symbol ensures that contributions from terms i
with s;#s/ can arise only fok=1 whenk;=k,. Clearly, + —((P;XP,)-b(1,1)+ (P,®P,)%-b%(1,1)), (26)
the term withk;=k,=k=0 in Eq.(16) represents the unpo- V2
larized differential cross section

where 1§(0,0) denotes the unpolarized differential cross sec-

d?oq 1 _, tion (dag)/(dQ) and
dp;dq ~ 25000
1o (kg ko) = e 0 F(I"17 Ky Ky
1 I/( 1 2) 1677 ( 1 1,082 )
=0 D (25+1)> G(st;\\;s;s;;000) K
4Si:0 Sf:O A R
X[ 1CU"lk; vOv)Yn,(Q), (27)
X(—1) NN M (sp,8)% 20
(=0 Eu: | (S | 9 if we choose the axis alongp; . Further,
where the two terms witls;=0,1 represent the contribution - 1 .
of the two initial channel spin states, respectively. The coef- FA717 ke ke k)= A 2 Fal arlaar
ficients of (P*1(1)® P¥2(2))* when either ofk, ,k,, or both o
are nonzero define, respectively, the beam and target analyz- X G(stiAN";s;S] ;kqikok)
ing powersA(1,0),A(0,1) and the initial spin correlations L
A%(1,1). Thus X(—=1)" i e1'17;000)
d2o 420, X C(;1{17;000W(L¢l¢"I;17Ly)
= 1+P;-A(1,0+P,-A(0,1
d®pdQ  d3p;dQ 1 A(LO+P2-ADD) Le I, A
2 x{ L I N (28)
+ 2 (PLeP) AXLD) |, (1) "k
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with 1 T T T T A
Fa=9al sellHILALHIIN, (29)
08| ﬁ .
involves also the integrals A
a
2 J. 0.6 |- 7S -
laa’zgsfsf’ pfdprI(Ifsf)jf;Iisi(va)
IIM.%((O, ;))lzdgpf o
i’ ' L 4
XM (B W), (30) o &
(gse)is s 0
R B
whose estimation is facilitated through the use of &%). 02}t AA :
It is interesting to note that the differential cross section g =
for NN—dr is also expressible in the same form as ) 0O
with the simpler or & . . . ]
280.0 285.0 290.0 295.0 300.0

3 : T (MeV)
("I tkakok) = 7— 20 bgbg My o (E)
T B FIG. 1. The integratefM 3(0,1)|2 as a function of the bombard-
i . - ing energy from existing data of Réfl] (denoted by squargsRef.
X M|'1;|i’si’(E) C(lI"1";000 [4] (denoted by trianglgsand Ref,[6] (denoted by circles
X C(IiI{1{;000G(1;A\";s;s{ ; kikok)

ized target (up, down, left, right, forward, backward
(3D Clearly, ¢(0,0,0)=04+ 0, denotes the unpolarized cross
section, whileo(1,1,0)= — o+ 1/3(0y), Where o,0; de-
instead of that given by Eq28). The simpler partial wave note, respectively, the singlet and triplet contributions.
amplitudesM|y;, ¢ (E) in Eq. (31) may themselves be con- At threshold forNN— NN, it is clear thatWw=2M and
sidered as we may also set=1;=0. Considering, in particulapp
—ppm° for which t;=t;=1, which in turn implies thas;
Mfluisi(E):f d3Pf| ;)25|f(pfz)Mf(|f1)1;|isi(E,W), Ji=L=0andli=5=1=1, so that
f—Y
(32 :
1 I 312\ 0
Mg(0,1) = —=(47)**Mg(00)0:14 E, W) (35

V3

WhereS,f(pf), I;=0,2 denote the deuteron structure func-

tions for the S and D states, respectively, and the
i . .

M'('fl)li'iSa(E’W) on the right hand side of Eq32) denote is the only irreducible tensor amplitude which contributes to

off-shell partial wave amplitudes falN—NN7 extended  the reaction, if we choose thmaxis along the beam. This can
down to the invariant masg/<2M corresponding to the pe expected14] to be valid for bombarding energies up to

mass of the deuteron. about 300 MeV. Therefore one can study empirically the

Integrating Eq(26) with respect tad() readily yields the  energy dependence of this amplitude from the existing mea-
total cross section surements of the total cross secti@gf as shown in Fig. 1.
Without loss of generality, one may choom%(o,l) to be

o=0(0,0,0— i(r(l,l,O)Pl- P,+ \/350(1,1’2) real gnd po_sitive an_d determine the o_ther irr_educible tensor

\/§ 2 amplitudes in magnitude as well as in relative phase with

L respect toM§(0,1). As the bombarding energy increases,
X ((P1®P,)% (pi®p;)?), (33) irreducible tensor amplitudes

with a(kq,k,,k) being given by

. i(4m? .
1 M, (1,0= 3 {Mg(11)0:06 E;\W) Y1, (Pr)
o(ky Ky, K) = MTF(O,k;klkzk). (34) ) )
7 ~MZ112:2d EW) (Y2(P)@Yo(P)E],  (36)

Clearly Eq.(39) is equivalent to Eq(1) of Bilenky and Ryn-

din[50]. However, their further analysis is of limited validity ith |=0/;=1, start contributing in addition to Eq35).
[51], applicable only wherP; andP, are collinear with the  The|=1|,=0 partial wave amplitude is absent since it can-
axis of quantizatiom which has been chosen alopg This  not simultaneously satisfy the requirements of the Pauli prin-
is particularly to be noted in view of the current capability ciple and parity conservation. At energies up to 400 MeV the
[14,17] of carrying out experiments employing 12 possible only other irreducible tensor amplitudes that are expected to
combinations of a polarized beatap, down with a polar-  contribute topp—pp#° are
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(4m)3 _ is possible to set; as zero if we select events wittV
M2(1,1)= > (— 1T IW(LL 5L g) =2M (i.e., events with maximum pion c.m. momentug.
V3 LT The cross section measured as a function of the pion ahgle
: - would then provide a clear insight into the relative contribu-
x[—W(llLfl;J)\)Mll(ll)jf;ll(E,W) p g

tion of higher partial wavet=2 asE increases. It would be
- AL ~ interesting to study this experimentally.
X((YVa(p) @Y (@) ®Ya(Pi))y, Finally, it may also be mentioned that in contrast to Egs.
FW(BLLL; MM 1y a1 EW) (35) and(36), the irreducible tensor amplitudes
1 f’ 1

X ((Y1(p)@Y1(a) @ Ya(p)1)), 37 M3(St,S1) = 85, 505 sMA(S) (39)

with I=1;=1 andA=0,1,2. However, one would require

data at the double differential level for the cross section af0r €lasticNN scattering[52], where channel spin is con-
well as the spin observables to be able to determine empirﬁerved. Consequently, it is not possible to detect the singlet-

o N Pk triplet entanglement present in the initial state through elastic
cally the bilineardM*(s;,s))®M " (s¢,s/)), and hence the

scattering, while it is possiblgs1] to do so employindNN
irreducible tensor amplitudeMt(l,O) andM;(l,l), indi- —>NN7r.g P 5] ploying\

vidually.
Even at still higher energies where additional partial wave Two of us(G.R. and P.N.D.acknowledge, with thanks,
amplitudes have to be included in E@35), (36), and(37) it  the support of C.S.I.R(India).
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