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Recently, the NN — NNn reactions with the formation of a spin-singlet NN
pair in the final state have received a renewed interest. Analyzes of the experi-
mental data obtained at COSY [1], CELSIUS [2] and LAMPF [3], employing the
largely model-independent approach of Ref. [4], show that the singlet channel is
strongly suppressed in the pp — pnnt reaction at proton kinetic energies between
300 and 800 MeV [5, 6, 7]. Direct measurements of the singlet channel in the
reaction pp — ppr® at RCNP [8] and CELSIUS [9] at 300 — 400 MeV indicate a
singlet-to-triplet (s/t) ratio of about 1% in collinear kinematics, which increases up
to ~ 10% as the cm scattering angle approaches 90°. The dominance of the triplet
state can be related to the excitation of a A-isobar in the intermediate state [7].

The measured pion production cross section in pp collision allows one to estimate
qualitatively the s/t ratio in the deuteron breakup reaction pd — {pn}p, when the
quasi-bound {pn} pair is observed in the final state interaction (fsi) region and the
second proton is detected at large cm scattering angle (8* > 90°). It is well known
that in backward elastic pd scattering pd — dp the triangle diagram of one-pion
" exchange with the subprocess pp — dr™ considerably contributes in the A-region
[10]. This mechanism describes well the energy dependence of the pd — dp cross
section at 6* = 180° and, in addition, explains the qualitative agreement between
the proton vector analyzing power A, from pp — drt and pd — dp, observed in
the A-region [11]. If one assumes that the triangle diagram with one-pion exchange
- dominates in the break-up pd — {pn}p at large scattering angles, one would expect
in this reaction a similar s/t ratio of a few percent, as observed in pp — pnz™.
For the A mechanism of the pd — pnp reaction, which dominates the one-pion
exchange triangle diagram, the product of spin and isospin factors yields a s/t ratio
of % [12]. In contrast, one should expect a higher s/t ratio of about % for the
_ one-nucleon exchange mechanism of the deuteron breakup [12]. It was suggested
in Refs. [12, 13, 14] to directly measure the singlet channel in the reaction pd —
(pp)(0°) +n(180°) with a pp pair of low relative energy Ep, = 0—5 MeV emitted in
forward direction and a neutron going backward. Due to a considerable suppression
of the A-mechanism in this reaction [12] other mechanisms, more sensitive to the
short-range structure of the deuteron, are expected to become important [15].
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Recent experimental data on the deuteron breakup reaction dp

= prp with
two outgoing nucleons in the fsi region were obtained at Saclay [6] at T, = 1.6
GeV in semi-inclusive kinematics and at Dubna [16] at T, = 2-5 GeV. Earlier, a
kinematically complete exclusive experiment had been performed at Space Radia-
tion Effects Laboratory (SREL) in Virginia [17] at a proton beam kinetic energy of
T, = 585 MeV, covering a region of low relative neutron-proton energy F,, =0—5
MeV outside of quasi-free pN-kinematic. A clear peak was observed in the five-fold
. cross section at Ey,, ~ 0. Using the Migdal-Watson approximation (18, 19], the
authors of Ref. [17] described the shape of the fsi peak by assuming a s/t ratio of
one third, which corresponds to the spin statistical weights of the singlet and triplet
states. A smaller s/¢ ratio of about 10% was obtained from the data of Ref. [6].
The difference is possibly related to the different cm scattering angles of protons
(60" ~ 90° in Ref. [17] and 6* ~ 180° in Ref. [6] ).

However, the fitting procedure described in Ref. [17] is rather ambiguous since
the absolute value of neither the triplet nor the singlet cross section is known and
was arbitrarily introduced. The s/t ratio can be deduced in principle from the
data, taking into account only the strong difference in shape of the singlet and
triplet peaks (see, for example, Ref. [1]). Unfortunately, the low resolution in Enyp
" and limited statistics in the peak do not allow one to effectively use this procedure
for the data of Ref. [17]. In this case the knowledge of the absolute value of the
triplet (or singlet) cross section is necessary in order to determine the s/t ratio.
The triplet cross section can be calculated in a model-independent way in terms of
the large angle proton-deuteron elastic scattering. Here we employ the approach
+ described in Refs. [4, 5, 6, 7] to determine the triplet cross section and on this basis
reanalyze the data of Ref. [17].

The SREL data are shown in Fig. 1 as a function of the detected proton mo-
mentum. At energies E,, of about 1 MeV the cross section is strongly influenced
by the np fsi. The shape of this peak is well described by the Migdal-Watson for-
mulae [18, 19], which take into account the nearby poles in the fsi triplet (¢) and



singlet (s) pn—scattering amplitudes
d(fs(t) = FSIS(t)(k) K |As(t)'2~ (1)

Here Ay is the production matrix element for the singlet (triplet) state, K is the
kinematical factor, and F'SIyy is the Goldberger-Watson factor [19]. The latter
can be written in the form

(2)
where i = s,t. The relative momentum in the pn system at the relative kinetic
energy E,, = k*/my is denoted by k, my is the nucleon mass. The parameters o
and 3 are determined by known properties of the on-shell N N-scattering amplitudes
at low energies: oy = 0.232 fm™!, oy = —0.04 fm ™!, 8, = 0.91 fm~!, B, = 0.79 fm™!
[20]. Important new information on the mechanism of pd — pnp and off-shell
properties of the NN system is hidden in the matrix elements Ay, in particular in
the ratio
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One can find from Egs. (1) and (3) the following parametrization for the full

singlet plus triplet cross section [7]

FSI,
gy = (1 +¢ FSI) do, @)

where do; is the triplet cross section. The second term in the brackets of Eq. (4)
corresponds to the singlet contribution.

Using the Fildt-Wilkin extrapolation [4], which relates the bound and the scat-
tering S-wave functions in the triplet state at short pn distances » < 1 fm, and
" by taking into account the short-range character of the interaction mechanism, one
can find a definite relation between the matrix elements of the pd — {pn},p and
pd — dp reactions [4, 6]. The triplet differential cross section in the laboratory

system can then be written as

by (pd — pn, 1 p2pd s f2(k? do
dp; dy d€2y 1673 pomg By |p3 En, — P2 - PrEo| dQ




where
2T my

PR = ok + od) (6)
is the Faldt-Wilkin factor [6], do/dQ* is the pd — pd cm cross section. In Eq. (5)
s denotes the squared invariant mass of the pd system, mq is the deuteron mass,
po is the beam momentum, E; and p; (¢ = 1,2,n) are the laboratory energy and
momentum of the i-th nucleon in the final state. The indices 1 and 2 refer to
the protons and the neutron is referred as n. The proton scattering angles in the
pd — {pn}p and pd — dp processes can be related to each other, if the difference
between the effective mass of the final {pn} system and that of the deuteron is
| disregarded, as suggested in Ref. [7]. The result presented by Eq. (5) should i) be
valid at low relative energies E,,, ii) be independent of the form of the N N-potential
and details of the large-angle pd-scattering mechanism, and iii) it automatically
includes the fsi effects in the triplet pn system. On the other hand, this method
cannot be used for small-angle pd-scattering since the NN-scattering and bound-
" state wave functions are very different at large NN distances, i.e. at low transferred
momenta.

The value of the differential cross section do/dQ2* in Eq. (5) at T, = 590 MeV
and 6* = 92.7° amounts to (304:33((:;‘21))) pb/st [21]. The SREL experiment [17]
was carried out at almost the same scattering angle (63 = 93.95° for E,, = 0). Other
* available data [22, 23] give larger values for the pd — dp cross section under similar
kinematic conditions. Therefore, in order to estimate an upper limit for the s/t ratio
we use here only the data from Ref. [21]. As one can see from Fig. la, the triplet
cross section calculated using Eq. (5) (dashed line) overshoots the experimental
points in the central region around Ey, ~ 0, but agrees with the data for Epp, >3
MeV. However, a sizable effect arises from averaging of the theoretical results over
the experimental angular acceptance and resolution of the spectrometer. In order
to take these into account, we have carried out a five-dimensional integration of the
cross section from Eq. (5) with Gaussian distributions, where smearing parameters

o = 2.55° for the polar angles and o,/p = 0.015 for the momentum p were used

~ in accordance with Ref. [17]. For the azimutal angles ¢; and ¢, the averaging was
carried out in the interval A¢ = £0.4° with a rectangular distribution.
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After smearing we obtain good agreement both in the shape and in absolute
value between one data set (Fig. 1a) and a pure triplet contribution of the final n
pair with a x* = 0.7. A small singlet contribution, corresponding to ¢ = 0.02, does
not contradict the data (x* = 0.9), whereas larger values ¢ = 0.05 (x2 = 1.8) and
¢ =0.10 (x*® = 4.6) result in too large a cross section in the vicinity of E,, = 0. The
other data set (Fig. 1b), obtained at a different magnetic field setting, shows also
dominance of the triplet contribution and allows a small singlet fraction: ¢, x)=
(0.0, 2.4,), (0.02, 2.1), (0.05, 2.3), (0.10, 4.0). However, in this case the x? becomes
worse. Under assumption of ¢ = %, made in Ref. [17], the absolute value of the
cross section in the region around E,, = 0 results by a factor 2.5 - 3 too high
compared with the data.

The accuracy of the approximation by Eq. (5) is estimated in Refs. 4, 5,6, 7]
+ and [14] to be better than 5% for E,p, < 3 MeV. This error arises from variations
of the bound and scattering NN wave functions at short distances for low Enp.
The error of the pd — dp input is ~ 9% [21]. The systematic uncertainties in the
measured dos, are not given in [17], here we assume them not to exceed 10%.
Combining all uncertainties given above, the dogys in Eq. (4) is uncertain within
15%. If the measured cross section given in Fig. la is scaled by factors ranging
from 0.85 to 1.15, our x*(¢) analysis shows that the resulting ¢’s for minimum y?

range from +0.035 to —0.03 with the corresponding uncertainties A¢ ranging from

+0.065 ,  +0.04
~0.055 1O Z0.0357

few percent, and thus are substantially smaller than the spin-statistical factor of %
assumed in Ref. [17].

The matrix element squared |M|* shown in Fig. 3 was obtained in Ref. [17]

respectively. This implies that ¢ and A¢ are both of the order of a

by dividing the raw data point by point by a Monte Carlo E,, energy distribution,
that includes the phase space factor. By this procedure the authors of Ref. [17]
minimized the effects from averaging over the detector acceptance. In contrast to
the production matrix element |A|, defined by Eq. (1), the complete matrix element
| M| contains the fsi. The authors of Ref. [17] found that the spin-statistical fraction



of the singlet of % describes the measured data. However, the experimental data
contain considerable uncertainties. Therefore, according to our calculations, they
~ do not constrain the singlet fraction strongly enough. As can be seen from Fig. 3,
values ¢ = 0.05 and 0.30 allow one to fit the experimental data equally well (x* = 1.4
and x* = 0.9, respectively ), if the absolute value of the matrix element |M|?, not
given in Ref. [17], is treated as a free parameter. The small value of ¢, which we
found from the cross section, is compatible with the value ¢ = 0.19 fg:fz, resulting
from our analysis of the x(¢) distribution for the |M|? data.

To improve the sensitivity to the s/t ratio using the extrapolation theorem of
Ref. [4, 6], the ratio of the pd — pnp and pd — dp cross sections has to be
established better by a measurement of both reactions in the same experiment.
A new measurement of the ﬁaf — pnp reaction at the ANKE spectrometer of the
proton synchrotron COSY-Jiilich will put more stringent limits on the s/t ratio by
" detecting both protons in the forward-forward or forward-backward directions at
beam energies T, = 0.5 — 2.5 GeV [15].

In conclusion, by comparing the pd — pnp cross section at 585 MeV with that
of pd — dp on the basis of scattering theory, we found that the final state spin-
triplet contribution is dominant allowing a singlet contribution of a few percent.
. This result is in agreement with existing experimental data on the s/t ratio in the
reaction pN — pN7 and supports the dominance of the triangle diagram with the
subprocesses pN — pN 7 in the reaction pd — pnp.

The authors would like to thank C. Wilkin for helpful remarks. Two of us (Yu.
U. and V. K.) gratefully acknowledge financial support and warm hospitality at IKP
~ of Forschungszentrum Jiilich. This work was supported in part by the Heisenberg-
Landau program and BMBF grant KAZ 99/001.
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Figure 1: Experimental cross section (points) of the pd — pnp reaction from Ref.
[17] at beam energy 585 MeV and proton laboratory scattering angles 6; = 41°,
-y = 61° as function of the proton momentum in comparison with our calculations.
a) The pure triplet contribution calculated with corrections taking into account the
experimental resolution (full line) and without (dashed), as explained in the text.
The upper scale shows the relative energy (in MeV) of the pn-pair for §; = 41°. b)
The same observable as in a) but for another magnetic field setting, compared with
calculations including the corrections for different s/t ratios ¢ = 0.0 (full line), 0.02
(dashed), and ¢ = 0.05 (dotted).
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Figure 2: The squared matrix element, as obtained in Ref. [17], for arbitrary
normalization is well described by ¢ = 0.05, x> = 1.4 (full line ) and ¢ = 0.30
x? = 0.9 (dashed).



References
[1] V. Abaev et al., nucl-ex/0105002.
[2] A. Betsch et al. Phys. Lett. B446 (1999) 179.
[3] J. Hudomalj-Gabitzch et al., Phys. Rev. C 18 (1978) 2666.
[4] G. Faldt and C. Wilkin, Physica Scripta 56 (1997) 566.
5] G. Fildt and C. Wilkin, Phys. Rev. C 56 (1997) 2067.
(6] A. Boudard, G. Fildt and C. Wilkin, Phys. Lett. B389 (1996) 440.
(7] Yu. Uzikov and C. Wilkin, Phys. Lett. B511 (2001) 191.
[8] Y. Maeda, N. Matsuoka and K. Tamura, Nucl. Phys. A684 (2001) 392c.
[9] R. Bilger et al. Nucl. Phys. A (in press).

[10] N.S. Craige, C. Wilkin, Nucl. Phys. B 14 (1969) 477; V.M. Kolybasov,
N.Ya. Smorodinskaya, Yad. Fiz. 17 (1973) 1211; A. Nakamura, L. Satta, Nucl.
Phys. A 445 (1985) 706.

[11] E. Biegert et al. Phys. Rev. Lett. 41 (1978) 1098.
[12] Yu.N. Uzikov, nucl-theor/0006067; JINR preprint E-2000-149, Dubna, 2000.
[13] O. Imambekov, Yu.N. Uzikov, Sov. J. Nucl. Phys. 52 (1990) 862.

[14] A.V. Smirnov and Yu.N. Uzikov, Yad. Fiz. 61 (1998) 421; Phys. At. Nuc. 61
(1998) 361.

[15] Beam time request to COSY proposal N° 20 (1999), spokesman V.I. Komarov,
available from www.ikpd215.ikp.fz-juelich.de:8085/doc/Publications.html.

[16] L.S. Azhgirey et al., Yad. Fiz. 61 (1998) 494.



[17] T. Witten et al., Nucl. Phys. A254 (1975) 269; M. Furic et al., Phys. Lett.
47B (1973) 241.

[18] K.M. Watson, Phys. Rev. 88 (1952) 1163; A.B. Migdal, Sov. Phys. JETP 28
(1955) 3.

[19] M.L. Goldberger and K.M. Watson, Collision Theory (John Wiley, N.Y.) 1964.
[20] R. Machleidt, Phys. Rev. C 63 (2001) 024001.

[21] J.C. Alder et al., Phys. Rev. C 6 (1972) 2010.

[22] E.T. Boschitz et al., Phys. Rev. C 6 (1972) 457.

(23] M.G. Albrow et al., Phys. Lett. 35B (171) 247.

Received by Publishing Department
on November 5, 2001.

10



V3uxos 10.H. u ap. E4-2001-236
OTHOLIEHHEe CHHIVIET-TPMIUIET B peaklMH pa3Bajia AeHTpoHa
pd — pnp upu sHepruu 585 MaB

OKCnepuMEHTaNIbHBIE [JaHHblE II0 SKCKIIIO3MBHOH peakuuu pd — pnp
npu 585 MbaB neMOHCTPUPYIOT Y3KHH NHK B 00JacTH B3aHMMOIEHCTBUA IPO-
TOH-HEHTPOHHOM Iaphl B KOHEYHOM COCTOSHUM. PaHee Ha OCHOBe (heHOMEHOJIOTH-
4ecKoro aHanMs3a hopMbl 3TOTO MMKa MHPEAIonarajoch, YTO BKJIaJ KOHEYHOTO
CIUH-CHUHIVIETHOTO PR-COCTOSHUSA B HaOMIONaeMOe CE4eHHE COCTABIISIET OfHY TPETh.
ITyrem cpaBHeHMs aGCONIOTHON BENMYMHBI U3MEPEHHOIO CEYEHHs YIPYroro mpo-
necca pd — pd Ha OCHOBE 3KCTPANOIILHOHHON TeopeMbl DanaTa—YWIKHHA 0Ka-
3aHO, YTO JaHHbIC pd — pnp MOTYT OBITb OGBICHEHBI NPEUMYLIECTBEHHBIM BKJIa-
IOM CIIMH-TPUIUIETHOTO KOHEYHOIO COCTOSIHHS, a IPUMECh CHHIVIETa COCTaBiIseT
HECKOJIBKO IPOLIEHTOB. MasocTh BKJIafa CHHITIETa COBMECTHMA C CYLIECTBYIOLIUMH
JaHHBIMM O peakuvu pN — pNT ¥ JOMHHUDYIOLIEH POJIbI0 MEXaHH3Ma OXHOIUOH-
HOro oOMeHa B peakuuu pd — pnp.

Pa6ora BeimonHeHa B JlaGoparopuu snepHbix mpoGiem um. B.ILJIxemernosa
OWsIN.

Ipenpunt O6beANHEHHOTO HHCTUTYTA SAEPHBIX HccenoBanuil. {y6Ha, 2001

Uzikov Yu.N. et al. E4-2001-236
Singlet-to-Triplet Ratio in the Deuteron Breakup Reaction
pd — pnp at 585 MeV

Available experimental data on the exclusive pd — pnp reaction at 585 MeV
show a narrow peak in the proton-neutron final-state interaction region. It was
supposed previously, on the basis of a phenomenological analysis of the shape
of this peak, that the final spin-singlet pn state provided about one third of the ob-
served cross section. By comparing the absolute value of the measured cross sec-
tion with that of pd elastic scattering using the Fildt—-Wilkin extrapolation theo-
rem, it is shown here that the pd — pnp data can be explained mainly
by the spin-triplet final state with a singlet admixture of a few percent. The small-
ness of the singlet contribution is compatible with existing pN — pNn data
and the one-pion exchange mechanism of the pd — pnp reaction.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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