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�µ± § ´µ, ÎÉµ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨° dd → n3He ¨ dd → p3H,
¨§³¥·¥´´µ¥ ¶·¨ Ê£²¥ · ¸¸¥Ö´¨Ö ¢ ¸. Í. ³. θcm = 60◦ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¤¥°É·µ´-
´µ£µ ¶ÊÎ±  0,5Ä1,2 ƒÔ‚, ¤¥³µ´¸É·¨·Ê¥É ¸±¥°²¨´£µ¢µ¥ ¶µ¢¥¤¥´¨¥ dσ/dt ∼ s−22,
±µÉµ·µ¥ ¸²¥¤Ê¥É ¨§ ¶· ¢¨² ±¢ ·±µ¢µ£µ ¸Î¥É . � °¤¥´µ É ±¦¥, ÎÉµ ¤¨ËË¥·¥´Í¨-
 ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö dp → dp ¶·¨ Ê£² Ì · ¸¸¥Ö´¨Ö θcm = 125◦Ä
135◦ ¤¥³µ´cÉ·¨·Ê¥É ¸±¥°²¨´£µ¢µ¥ ¶µ¢¥¤¥´¨¥ ∼ s−16 ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  0,5Ä
5,0 ƒÔ‚. �É¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶ · ³¥É·¨§µ¢ ´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
³¥Ì ´¨§³  µ¡³¥´  ·¥¤¦¥µ´µ³.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ¶·µ¡²¥³ ¨³. ‚. �. „¦¥²¥¶µ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Uzikov Yu. N. E2-2004-217
Indication of Asymptotic Scaling in the Reactions
dd → p3H, dd → n3He and pd → pd

It is shown that the differential cross section of the reactions dd → n3He and
dd → p3H measured at c.m.s. scattering angle θcm = 60◦ in the interval of the
deuteron beam energy 0.5Ä1.2 GeV demonstrates the scaling behaviour, dσ/dt ∼
s−22, which follows from constituent quark counting rules. It is also found that
the differential cross section of the elastic dp → dp scattering at θcm = 125◦Ä135◦

follows the scaling regime ∼ s−16 at beam energies 0.5Ä5 GeV. These data are
parameterized using the Reggeon exchange.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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Nuclei and nuclear reactions at low and intermediate energies (or at long and
medium distances between nucleons rNN > 0.5 fm) are traditionally described
in terms of effective nucleonÄnucleon interactions which are mediated by the
exchange of mesons. In the limit of very high energies (s → ∞) and transferred
four-momenta (t → ∞) the perturbative quantum chromodynamics (pQCD) is ex-
pected to apply to explanation of nuclear reactions in terms of quarks and gluons.
At present, one of the most interesting problems in nuclear physics is an interplay
between the mesonÄbaryon and quarkÄgluon pictures of the strong interaction.
The main question is the following: At what values s and t (or, more precisely,
internal momenta q between nucleons inside of nuclei) does the transition region
from the mesonÄbaryon picture to quarkÄgluon one of nuclei set in?

A possible signature for this transition is given by the constituent counting
rules (CCR) [1, 2]. According to dimensional scaling [1, 2] and pQCD [3], the
differential cross section of a binary reaction AB → CD at high enough incident
energy for a given scattering angle θcm can be parameterized as

dσ

d t
(AB → CD) =

f(t/s)
sn−2

, (1)

where n = NA + NB + NC + ND and Ni is the minimum number of point-like
constituents in the ith hadron (for a lepton one has Nl = 1), f(s/t) is a function
of the scattering angle θcm. Existing data for many measured hard scattering
processes with free hadrons appear to be consistent with Eq. (1) [4]. At present,
in a nuclei sector only electromagnetic processes on the deuteron are found to be
compatible with the CCR. So, the deuteron electromagnetic form factor measured
at SLAC [5] and JLab [6] at high-momentum transfer Q2 > 4 GeV2 approaches
the scaling as

√
A(Q2) → Q−10, which is in agreement with the CCR. The

deuteron two-body photodisintegration cross section γd → pn demonstrates the
s−11 scaling behaviour in the data obtained in SLAC [7Ä9] at Eγ > 1 GeV,
θcm ≈ 90◦ and Jlab [10] at Eγ = 1Ä2 GeV for θcm = 89◦, 69◦ [11]. At
photon energy 3.1 GeV and scattering angle θcm = 36◦ there is no evidence
from the data [10] that the s−11 scaling has set in. A recently measured nearly-
complete angular distribution of the cross section of this reaction at energies 0.5Ä
3.0 GeV [12] demonstrates the s−11 behaviour at proton transverse momentum
pT > 1.1 GeV/c [13]. Meson-exchange models fail to explain the γd → pn
data at Eγ > 1 GeV (see, for example, [10] and references [3], [4], [9], and
[10] therein). Models based on quark degrees of freedom have recently become
quite successful in describing these data. Thus, the observed in Ref. [8, 11]
forwardÄbackward asymmetry is described within the QuarkÄGluon String (QGS)
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model [14] using a nonlinear Regge trajectory of the nucleon. Other quark models
applied to this reaction are reviewed in Ref. [15].

The dimensional scaling has been derived before the QCD is discovered. The
main assumption is an automodellism hypothesis for the amplitude of the binary
reaction with point-like constituents in colliding (and outgoing) particles and
high enough s and t [1]. The pQCD (and, consequently, the scaling behaviour
within the pQCD) is expected to be valid at very high transferred momenta,
which have not been reached yet in existing data for nucleon and deuteron form
factors [16, 17]. From this point of view the origin of the scaling behaviour
observed in the reactions with deuteron at moderate transferred momenta [5Ä12]
is unclear and is considered in some papers as a potentially misleading indicator of
the success of pQCD [15]. Moreover, the hadron helicity conservation predicted
by the pQCD has not been conˇrmed experimentally in the scaling region (see
Ref. [18] and references therein). On the other hand, in these reactions the
three-momentum transfer Q = 1Ä5 GeV/c is large enough to probe very short
distances between nucleons in nuclei, rNN ∼ 1/Q < 0.3 fm, where 0.3 fm is
a size of the constituent quark [19]. One may expect that nucleons lose their
individuality in this overlapping region and, therefore, six-quark (or, in general
case, multiquark) components of a nucleus can be probed in these reactions. In
order to get more insight into the underlying dynamics of the scaling behaviour,
new data are necessary, in particular, for hadronÄnuclei interactions.

In the present paper, we show that in hadron interactions with participation
of the lightest nuclei 2H, 3H and 3He the scaling behaviour given by Eq. (1)
also occurs, speciˇcally, at beam energies about 1 GeV if the scattering angle
is large enough. In order to estimate at what internal momenta qpn between
nucleons in the deuteron one should expect the scaling onset, we consider the
reaction γd → pn assuming that the one nucleon exchange (ONE) mechanism
dominates. Under this assumption the cross section is proportional to the squared
wave function of the deuteron in momentum space dσ ∼ |ψd(qpn)|2. We ˇnd
that qpn is larger than 1 GeV/c at the photon energy Eγ > 1 GeV and θcm = 90◦.
Furthermore, assuming for the reaction dd → p3H (or dd → n3He) that the ONE
mechanism dominates (Fig. 1, aÄb), we get dσ ∼ |ψd(qpn)|2 × |Ψh(qnd)|2, where
Ψh(qnd) is the overlap between the 3H(3He) and deuteron wave functions and
qNd is the NÄd relative momentum in 3H(3He). On this basis we ˇnd, for exam-
ple, at Td = 0.8 GeV and θcm = 90◦ the relative momenta qpn = 0.8 GeV/c and
qnd = 1.0 GeV/c. These values are close to those we have got for the γd → pn re-
action in the scaling region. Therefore, one may expect that the scaling behaviour
in the dd → n3He reaction occurs in the GeV region for large scattering angles,
θcm ∼ 90◦. In Fig. 2, aÄb, we show the experimental data from Ref. [20] obtained
at SATURNE at beam energies 0.3Ä1.25 GeV for the maximum measured scat-
tering angle θcm = 60◦. On the upper scale, the minimum relative momentum
in the deuteron for the ONE diagram is shown. One can see that at beam energies
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Fig. 1. The mechanisms of the reaction
dd → p3H: one nucleon exchange (aÄb),
Reggeon exchange (cÄd)

0.5Ä1.25 GeV the data perfectly follow
the s−22 dependence. (In this reaction
n = 6 + 6 + 9 + 3 = 24). In Fig. 2, the
dashed curve represents the s−22 depen-
dence with arbitrary normalization ˇtted
on the data with χ2

n.d.f. = 1.18. For the
ONE diagram in Fig. 1, b, which domi-
nates at θcm = 60◦, this region corre-
sponds to the internal momenta qpn =
0.55Ä0.85 GeV/c in the deuteron and
qpd = 0.60Ä0.94 GeV/c in the 3He (3H)
nuclei. Therefore, within this model the
probed NN distances in the deuteron
are less than rNN < 1/0.55 GeV/c =
0.35 fm. This regime, in principle, corre-
sponds to formation of the six-quark con-
ˇguration in the deuteron. At θcm = 90◦

the diagrams a and b in Fig. 1 are equiv-
alent and correspond to higher momenta qpn = 0.7Ä1.1 GeV/c and qpd = 0.80Ä
1.22 GeV/c for the same beam energies 0.5Ä1.25 GeV. Therefore, continuation
of measurements up to θcm = 90◦ is very desirable to conˇrm the observed s−22

behaviour.
In Fig. 2, cÄd, the pd → pd data obtained in different experiments [21Ä25]

at the c.m.s. scattering angle θcm = 127◦ versus the deuteron beam energy Td

are shown. This scattering angle corresponds to a region of the minimum in
the angular dependence of the differential cross section pd → pd, where the
contribution of the three-body forces (or non-nucleon degrees of freedom in
the deuteron) is expected to be best pronounced [26, 27]. One can see that at
low energies (< 0.25 GeV) the cross section falls very fast with increasing Td,
but the slope of the energy dependence is sharply changed at about 0.5 GeV.
Above this energy the cross section appears to follow the s−16 scaling behaviour.
(In the pd → pd, one has n = 3 + 6 + 3 + 6 = 18). We can show that a similar
result is valid at θcm = 135◦. However, the parameter χ2

n.d.f. is rather high for the
pd → dp data, χ2

n.d.f. = 4.3. Too high χ2
n.d.f. value can be, probably, addressed

to uncertainties in systematic errors, which are different in various experimental
conditions [25] and can hardly be under control. Therefore, new more detailed
data, preferably from the same experiment, are requested at energies Td = 1Ä
5 GeV. We notice that the discrepancy observed in [28] between the results of
the Faddeev calculations and measured unpolarized cross section of the pd → pd
at Tp = 0.25 GeV (i.e. Td = 0.5 GeV) (corresponding to Td = 0.5 GeV in the
dp → dp) presumably comes from the deuteron six-quark component, which is
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Fig. 2. The differential cross section of the dd → n3He and dd → p3H reactions at
θcm = 60◦ (aÄb) and dp → dp at θcm = 127◦ (cÄd) versus the deuteron beam kinetic
energy. Experimental data in (aÄb) are taken from [20]. In (cÄd), the experimental
data (�), (◦), (�), (�) and (•) are taken from [21], [22], [23], [24], and [25], respectively.
The dashed curves represent the s−22 (a) and s−16 (c) behaviour. The full curves show the
result of calculations using Regge formalism given by Eqs. (2), (3), (4) with the following
parameters: (b) Å C1 = 1.9 GeV2, R2

1 = 0.2 GeV−2, C2 = 3.5, R2
2 = −0.1 GeV−2;

(d) Å C1 = 7.2 GeV2, R2
1 = 0.5 GeV−2, C2 = 1.8, R2

2 = −0.1 GeV−2. On the upper
scales in (a) and (c), the relative momentum gpn (GeV/c) between nucleons in the deuteron
for the ONE mechanism is shown

not taken into account in [28], but, as seen from Fig. 2, c, starts playing in the pd
elastic scattering at this kinematics.

Due to very high internal momenta q ∼ 1 GeV/c in the d � pn and
Nd � 3H (3He) vertices, calculations with the wave functions of the deuteron
and 3He (3H), obtained from the Schréodinger equation with conventional NN
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potentials, are likely unrealistic. Since in the reactions γd → pn, dd → 3H p
(or dd → 3He n) and pd → pd (in the backward hemisphere) an important
contribution comes from the mechanism of a baryon exchange, for numerical
estimations we apply here the Reggeon exchange formalism developed earlier
for the pp → dπ+ reaction at −t < 1.6 (GeV/c)2 [29] and the γd → pn at
Eγ > 1 GeV [14]. In this way one may estimate to what extent the observed
scaling behaviour in the dd → 3He n (dd → 3H p) and pd → pd reactions is con-
nected to that in the γd → pn reaction. The amplitude of the reaction dd → 3H p
can be written as

T = T (s, t) + T (s, u), (2)

where the ˇrst (second) term corresponds to the diagram in Fig. 1, aÄb, and the
sign plus is chosen due to the Bose statistics for the deuterons. The amplitude
T (s, t) is written in the Regge form:

T (s, t) = F (t)
(

s

s0

)αN (t)

exp
[
− iπ

2

(
αN (t) − 1

2

)]
. (3)

We use here the effective Regge trajectory for the nucleon from [29]:
αN (t) = αN (0) + α′

N t + α′′
N/2t2 with the parameters αN (0) = −0.5, α′

N =
0.9 GeV−2 and α′′

N = 0.4 GeV−4, so αN (m2
N ) = 1

2 , where mN is the nucleon
mass. The function F (t) is parameterized as [29]

F (t) =
C1 exp (R2

1 t)
m2

N − t
+ C2 exp (R2

2t), (4)

where the ˇrst term explicitly takes into account the nucleon pole in the t channel.
According to [29], the second term at R2 ≈ 0 is important at |t| > 1 (GeV/c)2,
which indicates presence of structureless conˇgurations in the deuteron (3He, 3H)
wave functions at short distances. The results of calculation are shown in Fig. 2, b
and parameters C and R2 are given in the caption. One can see fairly good
agreement with the data. For the reactions dd → n3He and dd → p3H, the
parameter R2

1 is lower in comparison with that used in [29] ( R2
1 = 3 GeV2) to

ˇt the pp → dπ+. Such a diminishing R2
1 is likely connected to a much more

intensive high-momentum nucleon component of the 3He(3H) wave function as
compared with the deuteron [30]. The increasing ratio C1/C2 can mean that
multiquark conˇgurations in 3He(3H) become more important at a given t as
compared with the deuteron. We also performed this analysis for the pd → pd
reaction and obtained good agreement with the data under minor modiˇcation of
the parameters R2

1 and C1/C2 (see Fig. 2, d).
In conclusion, the CCR scaling behaviour is observed in cross sections of

hadronÄnucleus reactions with the deuteron and 3He (3H) nuclei. This behaviour
sets in at energies about 1 GeV and large scattering angles, where high-momentum
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components of nuclear wave functions are required in a traditional discription.
To conˇrm this observation, more detailed data are necessary for these and other
exclusive reactions in the pd, dd, p3He collisions, probably, including meson
production.

I am thankful to V. I. Komarov, A. V. Kulikov, and V. V. Kurbatov for stim-
ulating discussions.
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