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DIFFRACTIVE JETS

K. Goulianos

The Rockefeller University
New York, NY 10021 USA

We review the properties of particle clusters produced in the processes
of single and double diffraction dissociation of protons at high energies:

ptp+rX+p

+on_ + neutrals (1)
pt+tp+X; +X; (2)

These clusters appear as jets close to the direction of the dissociating
protons and henceforth will be referred to as diffractive or forward jets.

Our review is organized as follows: After a brief introduction into
the phenomenology of diffraction dissociation, we discuss the production
cross sections of the diffractive states X, their multiplicity distribu-
tions, and the angular or pseudorapidity distributions of the dissociation
products. Throughout our discussion we emphasize the points that allow one
to predict the properties of diffractive jets at the SPS and Fermilab pp
Colliders (Vs = 540 and 2000 GeV, respectively).

I. PHENOMENOLOGY OF DIFFRACTION DISSOCIATION

The amplitude for single diffraction dissociation is presented sche-
matically in Figure 1.
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Fig. 1. Amplitude for diffraction dissociation of a hadron h on a
target particle a (schematic).




The excitation mass, M,, is related to the forward component of

the four-

versus l-x for pp »+ Xp at various values of s.

. . . = ok ok
o~ momentum transfer, q, , and to the Feynmani x variable, x Py /p“,max
of the recoil proton, as follows:
M 2 _ MhZ
x 4 -
la,| = m, =5 m (1-x) (3)
As the wave length associated with q, , A= 1/|q",, becomes larger than the
interaction radius, R & llmﬂ, one expects coherence or diffraction phenomena
to appear. Thus, the condition for inelastic diffraction is
1/]|q,| 2 R = = (4a)
qll 1111_r
M2 - 2 m
1-x=L—M“- < =% =0.15 (4b)
s m
P
As seen in Figure 2, the differential cross section, d?0/dtdx, which is
fairly flat in the central x region (not shown entirely in the figure),
increases rapidly with decreasing 1-x in the region 1-x < 0.15.
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~~ Fig. 2. The inclusive single diffraction dissociation cross section d%o0/dtdx

As the energy in-

creases, the low mass "resonance region" moves to smaller values of
l1-x while larger masses enter the diffraction region to form a 1/M 2
continuum [from K. Goulianos, Proc. XIIIth Rencontre de Moriond,

Vol. I (1978), pp. 457-459].




This increase is attributed to the setting in of the coherence condition

and, therefore, the peak at small 1-x is identified as "diffractive." The
higher the s-value, the larger the sz that fulfills the ocherence condition.
At the Fermilab pp Collider, Vs = 2000 GeV, the mass corresponding to

Mx2/s = 0.15 is My = 780 GeV ! . As larger mass states are produced diffrac-
tively, the overall diffraction dissociation cross section increases. At

Vs = 2000 GeV, about one-half of the inelastic cross section is expected to
be due to single and double diffraction dissociation.

The differential cross section

a2gh2

= £ a (50 M) )
dthx

h,a

depends weakly on s, is exponential in t, varies as 1/Mx2 and obeys factor-
ization and the finite mass sum rule. This behavior is consistent with the
hypothesis that diffraction dissociation is dominated by a triple-Pomeron
Regge type amplitude.

The phenomenology of diffraction idssociation is discussed in detail in
an article prepared by the authorll] for publication in Physics Reports. In

the next three sections we review the properties of diffraction dissociation
which are relevant to the understanding of diffractive jets.

II. DIFFRACTION DISSOCIATION CROSS SECTIONS

We discuss separately the single and double diffraction dissociation
cross sections:

A. Single Diffraction Dissociation Cross Section

The differential cross section for single diffraction dissociation of
protons on protons is given by

bont

By .. e ) | (5)

d?¢ A B,
-] SD

= 1+
dtaM 2 M 2
.4 X

where A = 0.68 + 0.05 mb, B = 36 * 8 GeV? and bSD/bez 2 2/3 to 1/2. At

Fermilab and ISR energies, the slope for single diffraction dissociation is
bsp & 7 (GeV/c)~™ -2, The average [t| of the diffractive states is thus
1/bgp = 0.14 (GeV/c)?, corresponding to pp = 380 MeV/c. At a beam momentum
of 30 GeV/c (ISR), the diffractive states are produced at an average angle
of A 13 mrad. At the Fermilab Collider, the average production angle will
be 0.3 mrad. Thus, the characterization of the particle clusters arising
from the dissociation of these states as "forward" jets is justified.

Integrating the differential cross section over t and sz (from
Miz = 1 GeV? to 0.1s) yields the total single diffraction dissociation cross
section

Osp ™ 0.68 &n(0.1s) mb (6)
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Fig. 3. Proton-proton cross sections as a function of laboratory momentum.
After subtraction of twice the single diffraction dissociation cross
section, as given by Eq. (6), the remaining rise of the inelastic
cross section with energy is small and consistent with the expected
contribution from double diffraction dissociation (see text).

Figure 3 shows Op, Oogs O4n and Oy, - 20gp for pp interactions. The total and
elastic cross sections have been %itted empirically[zl. The inelastic cross

section is obtained by subtracting the elastic from the total. Further sub-

traction of twice the single diffraction dissociation cross section from o4,

(each one of the two protons can dissociate) yields a cross section which

is fairly flat with energy over the entire range from 2 to 2000 GeV. As will
be shown in Section B below, the remaining rise of 04, ~ 20gp with energy is

consistent with being due to double diffraction dissociation. Thus, the non-
diffractive "hard core" of the pp cross section appears to be flat with

- energy and one may write the total cross section as

Op = 0, + Cug + ZOSD + %pp (7N

where 0. = 26.3 mb and Opp is the cross section for double diffraction dis-
sociation.



"_‘ B. Double Diffraction Dissociation Cross Section

The differential cross section for double diffraction dissociation may
be obtained from the cross sections for single diffraction dissociation and
elastic scattering using factorization:

g e | f,

%

g2 f fa
(g1f2)2 (f182)2

(f1£2)2

ddc d20'1 d202 /doeﬁ
dtdM; 2dM,2 dtdM;2  dtdM,?/ dt

(8182)°

(8)

Assuming ebt dependence for both single diffraction dissociation and elastic
scattering, integration of Eq. (B) yields
2
o 2 b
SD T SD
k=13 T7% (%)
el

—~ Opp = kG 3
el

For r = 2/3, k = 4/3 while for r = 1/2, k = ©, Because of the sensitivity of
the coefficient k on the value of r, the calculation of opp using Eq. (9)
has a large uncertainty. Since experimentally r § 2/3, a lower bound for ODD
may be obtained by using r = 2/3 or k = 4/3., At 200 and 2000 GeV/c, this
yields Opp # 1.4 and 2.8 mb, respectively, corresponding to a rise of 1.4 mb
between the two energies. This is close to the rise represented by the
dotted band in Figure 3, consistent with an energy independent hard core.

The double diffraction dissociation cross section may also be cobtained
from Eq. (7): opp = O - 0, - Oeg — 20gp. Since the hard core may increase
with energy, using O, = 26.3 mb gives an upper bound for Opp.- As examples,
we calculated Opp for the SPS and Fermilab Pp Colliders. We take op = 57
and 64 mb at JED- 540 and 2000 GeV, respectively, as predicted by the critical
Pomeron reggeon field theory[3]. Then
Ve = 540 /s = 2000
57.0 mb 64.0 mb
26.3 26.3
0.175 O 10.0 11.2
0.68 &n (0.1s) 7.0 8.8

Op

oek
%p
%pp

Oan2
SD

%pp 4/3 5
el

6.5 9.2



Although the two methods of calculating Opp are in good agreement, we empha-
size that they are both subject to uncertainties. Only a measurement of o
along with 0,9 and Ogp, can yield the coefficient k of Eq. (9) and, given

s check the validitf of Eq. (7). Such a measurement has been proposed for
t e Fermilab Colliderl4

III. DIFFRACTIVE CHARGED MULTIPLICITY DISTRIBUTION

The charged multiplicity distribution of high mass diffractive n » Kt

and p* states is represented well by a simple Gaussian function that
depends only on the available mass M & - M, , peaks at n, = » where M
is in GeV, and has a peak to width ratio n,/D = 2 :

p wom 2 (nong)” (10)
=— = exp —
n 0 VIT D 2p2
n, -] ZM% (M in GeV)
no/D = 2

The normalization is such that at any value of M the sum of P over odd
values of n 1is unity (to within ~1%).

Figures 4 and 5 show fits
of <n> and D to compare with
tive values of n only. This
n, and the width down by Vv 6%,
and the <n>/D ratio is 2.2, in

of Eq. (10) to data. 1In calculating values
the data, one must sum over the physical posi-
shifts the average by n 4% above the value of 1
so that the average multiplicity is <n>= 2.08 M
agreement with the data.

The form (10) of the probability distribution implies that KNO-scaling
is satisfied; i.e., the product P, * <n> is a function of n/<n> only and not

a function of n. Indeed, Eq. (10) may be rewritten as
Y 2
. - (8 -2(l-n/n_)
P n, (") e o (11)
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Fig. 4. Average charged multiplicity and ratio of average to width as a func-

tion of available mass for hp + Xp (h=nt, K P ) [Refs. 5,6].
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KNO-scaling distribution for the data presented in Fig. 5. The
solid line represents the Gaussian function discussed in the text
(Eq. 11). The broken line is from a fit to the inclusive data
hp + anything (h=p,n~) [Refs. 5 and 6].
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Figure 6 shows P, * <n> versus n/<n> for ¢ p and pp diffractive data. Ignoring
the small difference between <n> and n,, function (11) represents the data
well. However, one observes that in contrast to the fully inclusive reactions
mp <+ anything and pp -+ anything whose KNO-scaling curve, also shown in Figure
6, is asymmetric and peaks at n/<n> = 0.8, the distribution for the diffractive
data is symmetric about the peak at n/<n> = 1,

For pp =+ anything, the average multiplicity is smaller than Z(Js-);5 (see
Fig. 7a), the <n>/D ratio decreases as the energy increases (see Fig. 7b),
and the KNO distribution, as mentioned above, is asymmetric about n/<n> = 1
(see Fig. 8). Nevertheless, Eq. (10) still provides a good description of
the data if applied separately to the two distinct sectors of the inelastic
cross section: the diffractive component, for which the available mass is
M =M, - My, and the non-diffractive "hard core" for which M = /s -~ 2Mp. The
solid curves in Figures 7 and 8, derived in this manner[6,7], are in excellent
agreement with the data.

-l LR 1 LI | 1 LIV !
/ -
(@) S /°
= , A -
= o pp —= anything / N
¢ pp — anything ’

o
T

(n
(AVERAGE CHARGED MULTIPLICITY)

0 ] 141 ] | ! a1 1

(& 2r -
~
”~~
c
~
1= -
0 ] p 1l ! Lt al ] L1l 1
1 10 100 1000

LABORATORY MOMENTUM (GeV/c)

Fig. 7. The average charged multiplicity and the ratio of the average to the
width as a function of p;,; for pp + anything and Pp + anything. The
solid curves were calculated using Eq.(10) at the appropriate avail-
able mass of the diffractive and non-diffractive components of the
inelastic cross section.
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Fig. 8. KNO-scaling distribution for charged particles in pp =+ anything.
The curve was calculated using Eq.(10) separately for the diffrac-
tive and non-diffractive components of the inelastic cross section.

An examination of data from several other reactions, including e+e- -+
hadrons, led to the conclusion that the distribution represented by Eq. (10)
is universal, describing well all known hadronic charged multiplicities up
to and including the highest ISR energies (/s = 60 GeV). Small differences
in the multiplicities between certain reactions, such as between pp and Pp
at the ISR, which cannot be explained by the procedure of applying Eq. (10)
at the appropriate available mass of each identifiable component of the
inelastic cross section, may then be attributed to the difference in the
quark content of the initial states.

IV. DIFFRACTIVE PSEUDO-RAPIDITY DISTRIBUTION

The pseudo-rapidity of a particle produced in the dissociation of a
diffractive state X dis given by

1 + cos Gx

n, --i- 2n (12)

1~ cos®

X
where 65 is the polar angle in the center of mass of the state. The distri-
bution of the charged particles from an isotropic decay of a diffractive
state 1is

'dnc 2n, -
an = H nx =7 -N (13)

(enx + e-nx)2
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where n. is the total number of charged particles in the decay and N their
average pseudo-rapidity given by

- - 1
n=nM=-£n? _ (14)

The distribution represented by Eq. (13) is plotted in Figure 9. It is
very similar to a Gaussian function with a standard deviation

cnx = +0.7
Results[S] from the Pisa-Stony Brook experiment at the ISR (Figs. 10 and 11)
show that the pseudo-rapidity distribution for diffractive events of a given
multiplicity (corresponding to a given M,) is consistent with a Gaussian
function of width * 0.6 to * 1.0, and therefore consistent with Eq. (13).
This implies that the diffractive states do indeed decay isotropically. In
contrast, non~diffractive events, centered around T} = 0, have pseudo-rapidity
widths that are much larger than * 0.7, reflecting the limited transverse
momentum behavior of high energy collisions.

Figure 12 shows typical diffractive pseudo-rapidity distributions ex-
pected at the Fermilab Pp Collider (v/5=2000 GeV) under, the assumptions that
the average charged multiplicity is given by N, = 2 M;? and that the decay
is isotropic. Since the cross section for diffraction dissociation is
do/de = A/Mx (Eq. 5), it follows from Eq. (14) that do/dny = 2A = 1.36 mb/
(fny = 1); i.e., the diffractive masses are produced uniformly in rapidity
space. Figure 12 then implies that the diffractive charged multiplicities
increase as the rapidity decreases. Indeed, integrating over the entire
single diffraction dissociation cross section one obtains

dnc 25* -n/2 bSD tnin
Ty =1 e e (15)
n all M 2 3 ns

vhere the factor exp(bgptp;,) imposes a cut-off due to loss of coherence.
From Eqs. (3) and (14),

e = [ -

P\ s p

The expression in Eq. (15) has, therefore, a maximm at the value of n for
which n/2 + bgpym 2 e =4n 4 minimum, or at N = 1/4 £&n (8mp bgp). For

£ 10 (GeV c) '2. which is the diffractive slope expected at the SPS
Co?lider if bgp/beg = 2/3, the value of n at the maximum of the distribution
is =1.1. This value is not very sensitive to the value of s, since bgp is
expected to increase only logarithmically with s.

Figure 13 shows the distribution predicted by Eq. (15) for the SPS Col-
lider. 1In deriving Eq. (15), the width of the charged multiplicity distribu-
tion was neglected. At each mass M, the multiplicity was taken to be the
average value, ﬁk = 2 Mk% . Had we taken the multiplicity width into account,
the solid curve in Figure 13 would have been somewhat broader.

The dissociation of the "other" particle results in a curve identical to
that shown in Figure 13 but at negative values of pseudo-rapidity. Double
diffraction dissociation events are expected to have pseudo-rapidity distribu-
tions similar to that of Figure 13 but extending to both positive and negative
values of n.
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Fig. 9. Pseudo-rapidity distribution of charged particles from an isotropic,
decay of a diffractive state X of mass M for pp + Xp at (c.m.energy)=s.
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