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HADRON SCATTERING IN AN ADDITIVE EIKONAL QUARK MODEL
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Total and differential cross sections for pp, pp, #*p, K*p and ¢ p at high energies are analysed in an additive
etkonal quark model. It 1s shown that the exceptionally small ¢ p slope contradicts the Chou-Yang model at present
energies but can be accounted for by a quark-quark potential with different ranges for different pairs of quarks. This
leads to smaller rms radii for hadrons than those derived from e.m. formfactors, implying that the constituent quarks
have formfactors. Predictions for hadron-neutron and strange and charmed hadron-nucleon scattering are derived.

The purpose of this letter is to extend the additive quark model, which has been quite successful in relating
total hadronic cross sections [1—3], to describe the differential cross sections as well. Our model, besides being
phenomenologically very useful, gives information on the structure of hadrons and on quark-quark interactions.
While the systematics of total cross sections 0, >0 >0, > 0,4, > 0k 5 > 0K *p > Oy, 2> 0y, could be simply at-
tributed to different strengths of quark-quark scattermg amphtudes a more complicated mechanism is necessary
to explain the identical inequalities among the forward slopes of differential cross sections, Bx, > B, > ... etc.

Unlike the usual additive quark model we assume additivity at the level of eikonals¥' rather than amplitudes
{4],i.e.

2N
XAB(s, b= Z) nd n® xA8Gs, b), (1)

where n is the number of quarks (antiquarks) of type i in particle A and NV 1s the number of flavours. This “addi-
tive e1konal quark model” could, for example, be justified using a potential model in etkonal approximation in
which case ng is given by

xiB,b)= [ dz [ &ry 0, () pp(ry) () TP, r =7 +1y). )

Here ph*2 is the density distribution of quarks in hadron h and I, i’.\B 1s the effective quark-quark potential, which
may also depend on the interacting hadrons, as will be discussed later. If we classify the quark eikonals similarly
to Lipkin [2]
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#! The eikonal x(s, b) 15 defined by the usual relation

doAB/ds = nl f¢~ b db Jo (bv — £)(1 — exp {—xAB(s, bY}I2.

+2 From now on we shall use the following subscripts: h — hadron, m — meson, b — baryon, a — annihilation, d — non strange,
¢ — charm,
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Xqd = Xuw = Xa» Xuu = Xdd =~ Xud = Xug = Xg»

Xsd = Xsa ™ Xeu T Xgu =X, Xed = Xgd = Xeu = Xgu = X ©)

and assume that y, dsc A€ independent of AB, we get immediately Lipkin’s sum rules but at the level of eikonals
instead of total cross sections. Unfortunately, the eikonal is rather difficult to calculate directly from experiment
[5]; in particular, do/ds must be known for large |¢| and with high accuracy. Therefore, instead of checking the
erkonal relations directly, we prefer to parametrize the eikonals and compare the resulting differential and total
cross sections with experiment.

Approximating the scattering amplitude, for simplicity, by a purely imaginary exponential, f = io*®t exp(Bz/2)/

(4/m), gives
0X (s 1

/%05, 8)|= =5 Be(Y), Y, =ON5/4Byp 4)

with g(Y) = (27, Y nd)/(Z;-, Y" /n3); here X (s, £) is the Fourter-Bessel transform of the eikonal. On the other
hand, from eq. (2) we get

K506, 0=5,0) Py 125G, 1), ©)
so that (1n case x,p & x,‘;‘B with one type of x U.)
B,p =} 8(Y,5) (V1) + 0P + RYY), (6)

where “~” denotes the 3-dim. Fourier transform (¢ = — A2), (r ) is the mean square radius of particle 4 and (R%)
=[] (r)d3r/ (1 (r)d3 r is a measure of quark-quark 1nteract10n range, In the high energy region, where Y y
= 0"0‘/] 47B < 1 for all hadronic reactions, g(Y) is a monotonic function, satisfying 1 = g(0) < g(¥) <g(1) = 1.368.

Applying (6) simultaneously to ¢p and pp and using g(Y\pp) 1.0, g(Ypp) > 1.18 and By, ~9.6 GeV~-2 (for
Prp = 50 GeV/c), gives

ve) =318, [8(F, ) —% By, lg(F )] +3RD - RD ~3(B, - 4.1 GeV?) +1RD — RD), (7)

where we used (R3;) = (R2)) = (R%) and (R2) = (R3d> R2) (see (3)) Hence, the Chou-Yang model [6] with con-
tact quark-quark mteractlon I__(r) < &(r) or, equivalently, (Rd) (R ) 0, would lead to negative (r » as long as
By, <4.1 GeV~2. Even the largest slope of B,,, =2.9 + 0.3 [8], deduced from photoproduction experxments up
to £, = 100 GeV, leads to a contradiction.

One possibe way out is to assume that different palrs of quarks have dlfferent interaction ranges in particular
(R2) >2 (Rz) However, since (rz) ~3p p/g( pp) — % (Rd) =(0. 7)2 fm?2 -3 (Rd) a large (Rd) would lead toa
smaller rms radlus for proton than the one followmg from its e.m. formfactor, 6dF(¢)/dt|,~o = (0. 8)2 fm?. To ac-
count for the difference one has to assume that constituent quarks themselves have their own formfactors. Then
the observed e.m. formfactor of hadron £y, would be given roughly by the product @y Fy, (¢) = p(£) 20 Fy (1),
where Q, are the charges of the constituent quarks and Fq(t) are their e.m. formfactors. This point will be discus-
sed 1n more detail elsewhere [7].

To test this idea we use the following sumple parametrization of the density distribution and quark-quark effec-
tive potential

pp(r)y=m" 3 232 exp(—r2/r}), ®

I88(5, 1) = YABIN () exp(-r2R3(s)) + YA (INES(s) exp(~1/R2,,, ,(5). ©)

core
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Fig. 1. Schematic improvement of the successive steps of our Fig. 2. The differential cross sections for elastic scattering of
fitting procedure for o1t and Bls=_q 2 Gev?2. The experi- K*, n*, p and P on protons at py,p = 50 GeV/c. The curves
mental values of ot0t and B are given mn table 1, are the result of our best fit (step 5). The experimental data

are taken from ref. [11].

The corresponding eikonals are

X; 2 (5,0) = g2 () exp(-b*/RE) + ghb. | () exp(~b2/RZ ), (10)
where
VTR3,
gl{?B = 7AB)\ y an

¥ 2,2 2’
rA+rB+Rij

B2_.2 ,.2 . p2
Rij rA+rB+Rii’

and similarly for the core.
To explain the meaning and the role of different parameters in the above ansatz, we shall start by assuming
drastic simplifying relations among them and then relax some of these gradually, showing the improvement of the
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Table 1

The total cross sections atOt and the slopes B (calculated at ¢ = —0.2 GeVz) at plap = 50 GeV/c. The upper part of the table in-
cludes the input data, the lower one, predictions, The nomenclature of the charmed particles (except ¥) corresponds to the one
in ref. [19].

Reaction olft (mb) otSt, (mb) Ref. Bip (GeV'?) Bexp (GeV?) Ref.
Pp 43.99 4393+ 0.10 12 10.35 11.13 + 0.30 11
PP 38.23 38.20+ 0.05 12 9.38 9.61 + 0.15 11
P 24.14 24.06 + 0.06 12 8.13 7.92 £ 0.17 11
a*p 23.07 2311+ 0.06 12 7.92 7.74 £ 0.17 11
Kp 20.30 20.30 ¢ 0.10 12 7.49 7.26 + 0.37 11
K'p 18.06 18.06 + 0.08 12 6.98 6.86 + 0.45 11
¥ p 1.69 1.0-2.75 8-10 2.9 1.8-2.9 8-10
_ 43.88+ 0.21 12 10.16
pn 42.86 425 + 1.0 13
38.96 + 0.09 12

pn 38.23 38.26 + 0.25 13 9.38

- 19.86 + 0.16 12
Kn 19.18 19.41 £ 0.15 13 .25

N 18.66 + 0.14 12
K'n 18.06 18.31 ¢ 0.17 13 6.98
¢p 13.92 7.7-8.72 14 6.06 5.04-5.972 14
Ap 34.04 346 + 04° 15 8.75
An 34.04 340 + 04° 15 8.75
Ap 37.70 493 + 37°¢ 16 9.38
An 37,70 46 20 b 15 9,38
=p 34,04 340 = 1249 17 8.75
£n 34,04 300 « 1,29 17 8.75
D'p 13.87 7.18
DOp 15.07 7.50
Dp 12.65 6.83
F'p 8.16 5.46
Cp 28.59 8.49
s* 23.76 7.68
TOp 18.03 6.68
X4p 17.13 7.34
X?p 11.48 5.91

a Measured over piap = 4.6—6.7 GeV/e.
b Measured over pjap = 6—-21 GeV/e.

€ Measured over pjap = 4—14 GeV/e.

d Measured for piap, = 18.7 GeV/e.

fit as the number of parameters grows, We base our fit on 6 reactions, Pp, pp, 7*p and K*p, and for every one of
them we use 6 data points: 0'°t, B (with additional weight 9 to give B equal footing with gtot in the fit) and 4
points of do/dz.

In fig. 1 we 1llustrate the improvement of our fit by plotting o'°t and B together with )(2 for all fitting steps and
in fig. 2 the differential cross sections resulting from the final fit. Now, we shall shortly review successive approxi-
mations¥>,

+3 Note that the first two steps correspond to naive [1] and sophisticated [2] quark model, while the other 3 steps are the natural
extension of the former, indicated by experiment,
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Step 1 (2 parameters):
- - corc — TN
)\ij—?\,Ri].—R,Xij =0 for alli,j;

Yap= LTA =T =Ty =028 fm forall A B.

The above common value ry, for all hadrons, correspondmg to a rms radius /) = /1.5 rh 0.34 fm, is chosen as
large as possible within the limits imposed by B #*  These assumptions leave us with 2 parameters only, R and A,
but already at this stage the quark counting rule at the eikonal level, xy;, =2 xmp> 8ives a splitting of both o't and
B [4] into common values for mesons and baryons.

Step 2 (4 parameters). Allow for different ranges of quark 1nteractlons according to classification (3): R, >Ry
> Rg. In particular, the inequality R, > R4 leads to pp > pp, n~ p > atp, K~ p > K'p for both o't and B. Note
that although A 1s still common for all quarks, the corresponding g’s will split, g, > g4 > &,

Step 3 (5 parameters). The observation that atot is always smaller whereas ot°t is always larger than
experiment (see fig. 1) lead us to introduce a phenomenologlcal parameter 7, > Ym = 1. This parameter
is responsible for the difference between effective quark-quark couplings in meson-baryon and baryon-baryon
scattering and could be attributed to the dependence of quark interactions on velocity and different velo-
city distributions of quarks within mesons and baryons. If this is the case then 7 should approach unity as s > oo,
The additional parameter -y;, improves the fit enormously (compare x in fig. 1).

Step 4 (7 parameters). Although the above 5 parameter fit leads to very good results for ¢'°t and B, the theore-
tical differential cross sections show a prominent dip at too low values of ¢ (=~ — 1GeV? ) for all 6 reactions. By in-

troducing a core term, with R, . i <R;;, we can push the dip to larger values of ¢. For mmphclty we add only 2
new core parameters: common coupling A°°™® and a common ratio & = Rmre a/R2 gore d /Rd core S/R2 and
assume 7core = ’Y ’YI(.‘;)IC =

Step 5 (7 parameters, r,,, # r,,). The calculated baryon (meson) slopes are always smaller (larger) than the ex-
perimental values, This implies in our model that baryons have larger radii than mesons. Unfortunately, due to the
limited range in ¢ of present pp and Pp data, from which no conclusion about the existence or position of the dip
may be drawn, our fit is not very sensitive to the change of r;, and ry,. Therefore, we repeated step 4 with some-
what arbitrarily fixed values r, = 0.24 fm and r,, = 0.32 fm. This gives an excellent agreement with all present data
(see figs. 1, 2 and table 1). As we checked, the dip in pp can be pushed to larger momentum transfers by changing
parameters r;, 7, and a without substantial worsening of other reactions. The values of parameters obtained are:
R, =0.81 fm Ry =0.73 fm,R; = 0.62 fm, A = 0.0156 GeV, y, = 1.318, 2 =0.119, AET¢ = 0,121 GeV. Note that
A couphngs are real which corresponds to purely absorptive quark-quark potential.

For yp the experimental data have large uncertainties [8—10]: 1.25 £+ 0.2 <B,,, <2.9%0.3 GeV~2 and
1 < o' < 3 mb. To estimate the one additional charmed quark parameter, R, we used Byp=29GeV™ 2, Then

f,?t is predicted to be 1.69 mb and R = 0.30 fm.

Finally, we list in table 1 predlctlons for the total cross sections and slopes for several reactions and compare
them with experiment when possible. Note the remarkable agreement with the experimental neutron data: less
than 2% deviation from Fermilab data [12] and even better agreement with Serpukhov data [13]. Unfortunately,
the hyperon-nucleon scattering is measured only up to p,;, = 21 GeV/c so that direct comparison is not possible.
However, the rough agreement is visible if one remembers that Ap and An decrease faster with energy than Ap
and An, due to the strongly varying annihilation channel dd and Tu. The predictions for charmed particles are in-
tended only as rough estimates.

We conclude that the additive eikonal quark model describes successfully the different hadron scattering data.
Our good fit shows implicitly that the quark model relations (3) are well satisfied within mesons and baryons res-
pectively and indicates the necessity of breaking of simple additwvity by introducing some additional difference be-

+* The distribution o, for different quarks should be unequal if some quarks are much heavier than the others (e.g. charmed quark).
Nevertheless, we use a universal py, for simplicity,
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tween mesons and baryons (7, parameter). The interpretation given to the various parameters has important im-
plications for the quark dynamics and the structure of hadrons. To gain a deeper understanding of this model we
used it also to study the energy dependence of hadronic interactions. The results will be discussed elsewhere [18].

It is a pleasure to thank Dr. F. Gutbrod, Prof. H. Joos, Dr. M. Krammer, Dr. M. Kuroda and Dr. T. Walsh for
very fruitful discussions.
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