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Investigations of inclusive production of hadrons with the
different quark structure in low-pT hadron-proton and hadron-nucleus
collisions revealed a number of sigmificant points related to the
quark-parton structure of hadrons (e.g., see +2/), Collisions be-
tween hadrons snd atomic nuclei seem to be the only way to obtain
information on the space~time picture of particle interactions and
production. Using the nucleus as a space~time analyser of collision
processes, one can get an estimation of such an important dynamic
parameter as the hadron formetion length E » Present theoretical
concepts easentially differ both in value and interpretation of this
parameter.,

A stendard version of the parton model (see for example /1/) im-
plies a short range character of the interaction in the rapidity
scale., After collision of incident hadron and a nucleon, some time
must elapse, and only then slow partons appear and wave functions
of hadrons, produced in tne interaction, are formed. Ther. the latter
became capable to interact with the other nucleons. The correspond=

ing formation length 1p increases with momentum p of hadron produced

1« p/p2 ,  where pZ - 0.5Gev? /7,

In QCD models /4/, on the contrary, the gluon exchange results
in a long-range character of the interaction in the rapidity scele.
After the primary interaction took place, coloured quarks fly a dis-
tance 1, before turning into colourless objects capable to interact.
Thig distence (the quark fragmentation 1ength) equals, for example,
1f ~ p/2s in the colour string model /5 « Here 3¢ i8 the energy per
unit of the string length. One can estimnate it using the slope of
the reggeon trajectories d'R ~ 0.9 Gev2

* =1/2%dy = 1GeV/fm.

Comparison of the quark fragmentation length in the colour
gtring model and the hadron formation length in the parton model
shows that they are of the same order only in the region of amall
valuea of the Feynman's x, < (xﬁ) 2 0.5 . The cases where one of
the hadrons produced carries large part of the initlial momentum
(xF — 1) correspond ic those rare fluctuations when hadronisation



finishes quickly owing to picking up & slow quark, instead vf a gra-
dual decrease of the colour string mass through consequent breaks.
This occurs at short distances '

P
1, =-:'3(1-1F), xp - 1, 1)

where p, 1s the incident hadron momentum.

This relation reflects the basic assumptions of the model, and
it means thet the leading quark is slowed down by the coloured string
with a force % = -dp/dt on the path 1, before its fragmentation
into a colourless object. The wuve function of the observed hadron
with the momentum p = PoXp is formed at larger distances of the
order of p/ ya.

Now, if the imitial momentum p, is large enough, 1f , according
to (1), will exceed the nucleus size at some X . Then the quark
fragmentation and final hadron formetion occur behind the nucleus.
Because of absorption of the incident hadron, only the front surface
of the nucleus works efficiently and the production cross section of
the obsgerved hadron 6 ~ ,\2/3, where A 18 the nucleus mass number.
At xp =1 1, = O, 6 ~ .\1/3 because of absorption of the pro-
duced hadron, too. A similar effect was observed at the momentum
P, = 100 GeV¥/c in inclusive reactions pPb —» pX, f*Pb ~= YK, but it
is diffaicult to interpret it becuuse of the diffraction dissociation
contribution

To clarify this and sowe other not well understood points in
dynamics of inclusive meson production, we have experimentally studi-
ed the reactions:

+

h +p = f +X (2)

h++A—>'l+X(r1_‘2r) (3)
(mte Y, k%, p; a4 = 0, Li, Be, Al, Cu) at the momentum 10.5 GeV/c
in the beam fragmentation region.

At this initiel momentum and at xp ~ 0.5, & ~ 1 GeV/fm the
value of 1! i8 close to dimensions of nuclei with A = 60.

The I'L-meson production reactions were chosen for the following
reasons:

(1) processes (2) and (3) occur with the change in quantum num-
bers; therefore there is no diffraction dissociation contribution;

(i1) practioally all -megor1 in this energy region are pro-
duced in the primary act, i.e.ythe yileld of -megons from decays
of heavier resonaences, which could distort the picture, is negligible;

(1ii) reactions (3) are sensitive to the ratio of neutron and
proton density on the nucleus surface, that allows its estimation.



At the same time the data on inclusive production of Q -mesons
at near-by energies are quite scarce. In the bubble chamber experi-~
ments 9 only the relevant total cross gections were estimated; for
p=-Be interactions at 12 GeV/c¢ there are only p, ~distributions in a
limited region of small xp /19 3 the paper n (Tiip - interactions
at 16 GeV/c) deals with Q -meson production only together with charg-
ed perticles. The recent investigations gave a rather wide set
of ~meson yleld ratios in different beams, but there was no syste-
matic study of inclusive differential cross sections and thelr A~
dependence.

In this paper we present the new dauta on the ratios of inclusive
differential cross sectiens :—S(TD- TXV :_f.('n'p - ?X) and

-‘:—s—(ﬁ‘A-—?XV-gg'(ﬂ'D - x) F s their A-dependence ang interpreta~
tion. The results are based on the statistics of ~ 5°107 detected
- 24 decays. Earlier we have published 13 data on relative
yields of ~-megons in MYD- and K+D—internctions, using part of
the same statistics.

1. Measurements and Data Anelysis
A part of HYPERON~-spectrometer 714/ detectors (Fig. 1a) was

used for measurements. Gumma-quanta from decuys of ? ~meSons produc-
ed in interactions of the beam particles in the target T were detect-
ed in u Cherenkov 62-channel shower hodoscope detector SHD with an
uctive converter AC (Fig. 1b)., Elements of the SHD (10x10x35 cm3) and
AC (6x10x85 cm?) are made of lead glass TFI-000 (2.5 cm radiation
length). Proportional chambers PC and a scintillation hedoacope H
were used for recomstruction of secondary charged particle tracks.

7 PC H AC SHD
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Fig. 1a. Experimental facility.



Fig. 1b. Shower hodoscopic detector

with active converter.

A detailed description
of the design and basic cha-
racteristics of the SHD and
AC, calibration and monitor-
ing procedures and trigger
logic are given elsewhere
713,15/

During the experiment
3.4'109 M *-mesons passed
through the facility. Tablel
lists parameters of the
targets used and correspond-
ing W *-monitors.

In the data analysis only
the events with 2 2, 's
were considered. The average
J- —multiplicity in the se-
lected events was 2.13. The
effective mass M". , the
transversal momentum p_

and the Feynmen's variable xp = pll‘/(pu*)max were calculated for
each gy -pair. The value of (p""‘)ma_z

exchange reaction T

n =»

was determined from the charge
P . When calculating kinematic parameters,

the interaction point was found as the intersection of the beam track
with the secondary charged particles tracks. If the latter were not
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detected, the middle of the
target was regarded as the in-
teraction point.

After normalisation to the
monitor of T *-mesons and
Yempty/no target" background
gubtraction the number of
events ( gy -combinations) in

Fig. 2, An example of events
distribution over the invariant
mass of gy -pairs in the reac-
tion W'D —~ ;r + X. Detection
of s -pairs with a mass

<400 MeV/c? ig suppreased by
special trigger conditions
applied /13,15
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Table 1. Targets used, thelr characteristics, monitor of

M *-mesons
Target Mass Length A/ A 2/X, T *-monitors x
number A (cm) 108
H 1.01 27.5 0,038 0.032 715
D 2,01 275 6.083 0,036 562
Li 6,94 20,0 0.146 0.129 114
Be 9.01 2.5 0.061 0.071 125
5.0 0.123 0.142 87
10.0 0.246 0.283 53
Al 26.98 1.75 0.044 0.197 149
3.5 0.089 0.393 112
7.0 0.178 0.787 61
Cu 63.54 0.69 0,046 0.483 167
1.38 0.092 0.965 114
2.04 0.135 1.43 127
2,74 0,182 1.92 52
Empty cryo-
genic target 719
No target 273
)\0 - nuclear interaction length
X, - radiation lengih

o]

each (xp, P, )-intervsl was corrected for the detection efficiency
E“(xF, Py ) calculated by the Monte~Carlo method taking into account
the geometrical acceptance, trigger logic and the event reconstruc-

tion efficiency., Then ll‘.r

~distributions, integrated over the P, =

=0 ¢ 0.8 GeV/c were obtained for each xp-interval. A typical example
of such distribution is shown in Fig. 2.

The

-mesons number in each xp-interval for each target (or

for each target thickness if there were several of them) was deter-

mined by fitting an experimental M

F(

o

Iz

-gpectra to the function:

Nﬂ°. qio (ll“,) - N? -G? (n".) + N%& B’a‘(lln-)n

()
where Gm_ " (Mn,.) are Gguss distributions for peaks from % °- and
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-meson decays, RG (i r) is the gamma=-distribution describing the
non-resonant background. In a given xF-interval the fit* was carried
out similtaneously for all 13 M_. ~distributions (accordmgly to
the number of targets used, See Table 1). Parameters in Gu and
BG were not fixed but the same for all 13 spectra fitted.

Contributions from %°- and 7-peaks and a contribution of the
background had the form:

[+] o
Nﬁi.?.bs = a,) T L W exp(-p 7y /%, )

where A = H, D, Li, Be, Al, Cu '_ad'ld i corregponds to a measurc-
ment with a target thickness ;. ai 178 are free parameters.
X , 19 the radiation length of the material A. The exponential fac-
tor takes into account 4 -losses in the target. It was significant
only for Al- and Cu~targets. The perameter i was determined from
the normalized numbers of events in M __ ~histograms for targets of
different thicknesses (see Table 1). As one could expect, it did not
depend on A. In addition, nu xp-dependence was found. Thus, f} was
fixed for all targets and xF-:.utervals on its average value, fl =0.35.
A3 & result of the fit, values of free parameters a" ’7 sbe
were obtalned and the 7 ~me3on production cross sect:.on was comput--

ed as:
ﬁ(ﬁ*A_.?x) = consl.ia?,
Xk fa A
; L) T T L) T
- [ where A is the density,
t sl 'l ] A is the mass number. The
;'; data for ratios
"y
s . F N(um), 4
~2
= r |
k3 1
d 200 + ' Flg. 3. Ratio of differen-
= _.___ '}- tial crosa sections for
%'§m2 "'— 11950) \ , production of 9 -mesons on
4(15’32) a deuteron and a proton.
H A N 2
s as 0.7 08 a9 10 The dashed curve is the
X result of calculations
£ (Section 2.1).

By means of the computer code MINUIT /16/.
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Fig. 4u. Ratios of differential cross sections.

A
The dashed strnight lines show calculations in the Glauber's approach.
The 30lid curve shows the calculation with nllownnce for rescatterings.
The maximum ot Xp » 0.95 i3 due to the contribution of the charge
exchange reaction M 'n —e rzp .

R = _di(m'ﬁq-.?)() d_ﬁm*n_.vzx).where A = i, Be, Al, Cu.
le dxF

-



Zgble 2.

Ratios of inclusive differentiasl cross sections for

and the paramster of

? ~megon production

RI./p

R, (xp)

xp~interval & (xF)
1i/D Be/D Al/D Cu/D

0.57=0.62 1+7410.42 2.0140.21 2.00+0.20 3.08+0, 38 4.7610.55 0.403+0.049
0.62-0.66 1.91+0.38 240640, 36 2.7520.39 4.4410.69 6.15£1.00 0,41240.057
0,66=0,70 145240424 2.44+0.28 2.5410.34 5.49+0.78 7.01+1.18 0.52110.065
0,70-0.74 1.87x0.19 2.1640.28 2.4320.35 4.9340.70 6.9340.93 0,54040,053
0.74-0.78 2.2040.26 247240429 2.9240. 31 5.9640.70 8,59+0,98 0.541+0.046
0.768=-0.83 1.94+0.28 2.7120, 30 3.1240.32 5.910.71 9.21+1,16 0455440,052
0.8310.87 2,3740,38 2.3040.29 2.92+0.30 443740,60 8.8441.11 0.554+0.056
0.87-0.91 2.6440.41 34174032 2,9940.29 4.6440.63 8.86+1.09 0.4684+0.054
0.91-0.96 5.68+1.85 3.3540.40 3.211+0.36 5.80+0.80 10.3 +1.39 0.491+0.049
0496~1.00 23.1 152.4 3.5910.72 4,08+0.71 2.58+1.16 7.0242.08 -

[



RD/D(xF) = ——-[JI'D—-? /—(u P ~—= ?X) , )
(st 0.8 GeV/c)
and
= A*D — nX
RA(XF) = ?/ —(@'D ? ), (5)

where 4 = Li, Be, 41, Cu,are given in Table 2 and in Fig. 3 ond 4.
We give ratios of crogs sections on nuclei to those on deuterium
(not on hydrogen) because of approximately equal proportions of pto-
tons and neutrons in deuterium and nuclei.

The indicated errors were calculated from the errors of parame-
ters aA? estimated in the fitting prgcedure

Ratios R, were parametrised (X °/NDF = 0.9 in average) by the
relation )

Ry (xg) ~ a%G®) 6)

The o (xp)} values are given in the last column of Table 2 ond in
Pig. 5.
2. Discuggion

Further we will restrict
ourgelves to the following
questions:

(i) why the ratio (4)
shows a strong xF-dependence
at xp 2 0.9 ;

(1i) what can be said about
validity of relation (1) and
the value of the parameter a ;

(iii) what is the explana=~
tion for increase in ratios
(5) when xp grows.

Pig. 4b. Results of calcula=~
| 1 tions of Rp, (xp), described
in sections 2.2 and 2.3.




2.1. Ratio Ry,

Obviously, the crouss section of the reaction f'N = nX ig
insensitive to the type of the target nucleon at large missing masses
M., and RD/p(xF) —= 2, In the region of nucleon resgonances excitation,
on the contrary, the cross sectlons on the neutron and proton differ

significantly. At the limit
v ! @ -'aso-aaz' xp == 1, for instance, charge
X E exchange reaction on the pro-
town is forbidden by the charge

oo +_—<|> -_f'__"_*-h*___}_—{—: conse ~vation law. The croas

d (X:)

o8l

ot 1 section for the process

o2t
: N . R Fig. 5.0( xp) in the paramet-
a8 az? o8 09 10 risation RA(J[F) ~ 4 Flxp

RN = nX &t large Xp can be described by a two-reggeon graph

(Fig. 6), corresponding io the A,-reson exchange. Then, ome can pre-
sent the ratio Rl)/p’ ignering the inelastic shislding in the deuteron,
in the form:

2 en)
2% g
iy, () = et i1 7
D/p TF hop s
2
0ot (")
wrere s' = s{(1-z,), and s is the c.m. totul enerpv squared.
o 02 Tomtn e Fig., 6. Dasic twoe-reggeon
- graph for descripiion of the

1
t
= ;A-KE ! /;J/ inclusive proceas T*H —» nX
A, — B! Ly P ?
- nt Xp > 1. .
==

N X N ! N

Since there are no detz on 642V , the xp-dependence of the
ratio (7) can be illustrated with T* instead of Ay, becnuse
they have similar quantum numbers. The resulis of this estimation

gt r Gitn .
using the datn on ot and ﬁtot are shown with the dashed
o
line in Fig. 3. The observed incrense at Xy > Cu9 jg rostly due to

excitation of the N(1400)-re:=onence.

2.2, Pragmentation Lengih 1, and Tl'arameter ae

In spite of proton-neutron cross section difference, since the
number of neutrons and protons in nuclei is approximately the same,

10



one can aonalyse nucleus-to-deuterium ratio (5) in terms of averaged
cross section on the nucleon both for total and differential cross

sections. Then

da§ 67 ¥ = _d_sr‘*‘ X)-A
Ex_,_-(" A —m er) = dxF(nN——-rz VoA i), 8)

where the effective number of nucleons in a nucleus depends on the
fragmentation length 1f :

) A-

o ser Z BrEN 1
2 T inet | 4zt0(B 2 inel_{ 471 0(B.
Agyl¥e) -5; bS-dzg(b,:.) 1 - ':‘ dz g('ﬁ,z) - ':‘ jdz g(b.Z') . 9)
-ao - z+lf(xF)

llere b is the impact parameter, % is the coordinate along the

T+
momentum of the incident M '-meson; ﬁi?lgl = 5’;.11}:1 % 20 mb are
the total inelastic cross sections for interactions of - and Tt f

mesons with a nucleon. The nucleer density (b,2) is chosen in H
Woods-3axon's form. Parameters of g (3, Z) for various nuclei are !
given in the paper 17/. At 1, == O expression (9) turns into the
usual Glauber's formula for the effective number of nucleons and
RA(xF) = const. Fig. 4b shows the results of calculations for RA(XF)
at A = 64 (a copper target), where the strongest Xp-dependence is
expected. The results are represented for several values of & (® == o
corresponds to Glsuber's case). One can see that at & 2 3 GeV/fm
for xp > 0.6 (the kinematic region covered) calculated Ry, is
practically independent of Xp « This reflects the fact that for
® =3 GeV/fm and Xp = 0.6 lr < 1.4 fm and it is smaller than the :
mean distance between the nucleons. A3 the data for RCu does not re- '
veul any decreasing as Xp grows, one can conclude that the quark
fragmentation length does not manifest itself at our energy, i.e.,
2 = 3 GeV/fm.
This reault seems to be important, since the obtained lower 1limit
for s 1is noticeably higher than the value & = 1 GeV/fm for the
static string.' The difference probably reflects the fact that the
coloured objects are slowed down not only by the string temsion, but
also by the gluon bremsstirahlung when colour is exchanged. The last
leads to an effective increase in 3 .,

The confidence level I’xz (s = 3 GeV/tr) = 8%, while sz (% =
=1 GeV/fm) =~ -0 %

11



We note that this lower limit agrees with the value & x3 GeV/fm
obtained from the data on lazrge-p.r hadron pair production and J/w
hadroproduction on nuclei 4

As it was shown, the leadins quark fragmentation length is small
and one can expect that ratios R,(xp) should be constant in the xp-
region considered and equal to Agpe/2, Where A, is determined by
formula (9) with 1, = 0 (horizontal dashed lines in Fig. 4a). The
data are seen to disagree with this gimple description.

We performed calculations, based on the triple-reggeon approach,
for taking into account the corrections to the ratios RA' arising
from the posgible rescattering of the particle produced:

™ — L,N_—I?X

OGN —= A% N — ?X

The result for RCu is shown in Fig. 4a with solid line., The
agreement with the data is rather poor, too.

3. Why do ratios RA(:‘F) BToW up as Xp increases

In the previous paragraph we have ignored cross section differ-
ence for the ~megon production on the proton and neutron and have
used the averaged cross section. On the other hand, our data (see
Fig. 3 and discussion in Section 2.1) show considerable difference
between those cross sections at large xp .

The fact that the value of o in parametrisation (6) differs
much from unity (<e) = 0.50 + 0,02, Fig. 5) indicates that the pro-
cess T*s == nX takes place on nuclesoas in the nuclear periphery,
where some abundance of neutrons over protons is expected. The prob-
lem of neutron "haln" has been under discussion for a long time (see
the review 719/ )s According to some estimations 19 s the neutron-to-
proton surface denaity ratio

H = ¢n/ %p (10)

called the neutron halo factor, is quite large for neutron-abundant
nuclei: H = 2 ¢ 5,
To egtimate influence of the halo, we write down the cross
gection for the process IT*A — ?x in the form:
AN A-t
ma?x) Sa :§az —(qm--zx)gn(bz) r S p‘?x)gp(b,z 1- Gi:*‘ (1)

12



where T( -b-) is the nucleus profile function, and the relevant den-
gsities are normalised in a usual way:

Sd 3 gnm

A —1,

where 2 is the nuclear charge. From (11) we get for ratios (5)
with allowance for (10) and (4)

Agger (12)

To calculate RA(xF) according to (12), we used our data on RD/P(xF)
and choose H=4., The result is shown in Fig. 4b. The agreement with
the data seems quite satisfactory in the whole xF-region covered.
There 18 at least one more posgible reason for the growing
RA(XF) at Xp > 1« In the glven considerations we did not teke into
account corractions for inelastic shielding which makes the nucleus
more transparent for hedrons. Thoge corrections are usually swall
(< 100) in total croas sections, but allowsnce for them can appreci-
ably decrease the probablility of the fast hadron's absorption in the
nuclear matter « This effect will be considered in a Separate

paper.

3. Conclusionsg

. (i) The lower limit for the value of the effective coefficient
of the coloured triplet string tension % > 3 GeV/fm is obtained. This
value exceeds the eatimation for the static string, but agrees with
a few relevant estimations * . Leading quark fragmentation
length at un energy of about 10 GeV 1s small, and hadron-nucleus
interactiona can be deacribed in Glauber's approach.

(i1) Increase of RA(xF) at xp > 0.5 can be obtainea if one
assumed a congiderable neutron abundance on the nuclear periphery
with the halo factor H = 4.

Finally, the authors express their gratitude to Yu.D.Prokoshkin
for support and attention, to N.P.lloshkov, 5.P.Zhunin,
and M.V.Tikhonov for great agssistance in producing detectors and
asgembling the whole facility.
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Suyagse T.C. wu gp. E1-86-129
JKCNEPUMEHTANBHOE UCCNefosaHMe A=3asMCHMOCTH MHKNO3UBHOrO Obpasosanna
7-mesonos npn 10,5 MaB/c

NpeacTaanery IKCNEPUMEHTANLHME PE3YNLTATH ANA OTHOWEHHA HMHKNO3IUBHBIX

UMaNeHHX C i POMAEHWA 7 =ME30HOB HA NPOTOHE, KEATOHE u RApax
dao . da

. = —— D . — * .

Dop rrm (7 nX) dlp(trp 7X)

R, -2 (ma . gx 3% (wp X). A Li,Be,AlCu

A d*'r L . le LRI 1, B B

npu umiynece 10,5 F3B/c B obnacTu gparmeHtaumd nywka Ip > 0,5, Pp <
20,8 IaB/c, nonyuyeHHse Ha OCHOBE CTATUCTUKW = G510  p-Me30HMOS, 3aperucT-
pUPOAAHHIA NO WX PACNAAAM HA ABA y-KBaHTA. CrenervoR noxaszartens @ B napas
MeTpudaumn R, - AP} yano mewmeTom ¢ % . Cpeanee 3nauenwe a paBHo
G,50+0,02. NonyyeHO OrpaHWYEHWE Ha BefiMYMHY IPHEKTUBHOIO KOIPPUUMEHTA Ha~
TAKEHVA CTPYHH MoflenH uyBeTHw» CTPpyH, » - 3 TaB/mm. HabGnipaemw pocr
Ry ¢ Iy momHO OBBACHHTH NPEANONOMEHMEM O HANWUMW B RAPAX HEWTPOHHOro rano
« paxTopom H = L.

Pabora swnonHeHa 8 flaGopatopun AagepHmx npoGnem OMAU.
i dy6ua 1986

Mpenp 063 C] yTa P

Bitsadze G.S5. et al. E1-86-129
A-Dependence of 7-Meson Inclusive Production at 10.5 GeV/c

The experimental results are presented for ratios of 7-meson inclusi-
ve differential cross sections in 10.5 GeV/c ='p-, n'D- and =" A~ collisions

LI -'d’xLFln*D . 8K -;g—r(n"p . %

R, -:—;'ru"a . nx»,-‘:“'rtn*o - nXi.

in the beam fragmentation reglion, The results are based on the statistlcs
of = 5'10‘ detected n +» 2y decays. It is shown that the power « in the
parametrisation R, ~ AR? does not change significantly with xp and
1ts mean value js 0,50¢0.02. The lower limit i35 obtained for the effective
coefficient of string tension in the colour string model, x o 3 GeV/fm.
The observed growth of R, with z . can be explained by an assumption of a
neutron halo with the factor H = 4 in the nuclei.

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

Prepsint of the Joint Institute for Nuclear Research. Dubma 1986
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