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Absiract

Jet production processes responsible for scale-breaking effects in

the F; nucleon structure function are analysed in leading log
approximation. Resumming soft and virtual gluons to all orders in
ag introduces exponential Sudakov type form factors in all multijet
cross sections. Allowing for a confinement threshold in jet production
gives a steeper QF dependence between @° = 10 and 100 (GeV/c)?
than that previously predicted. As Q® ->00 the number of gluon jets
becomes Poisson distributed.
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The Q% evolution of structure functions has been calculated in
leading log {LL) approximation in several different ways: by use of
the Operator Product Expansion and Renormalisation Group Equations
_(0PE-RGE) {1.2], solution of coupled integro-differential equations
(3], or by summlng to all orders in Og certain classes of Feynman
diagrams [4, 5, 6_] The corresponding jet production has been
calculated to O(as) E’? B] and also to all orders in initial state
parton shower models [9, 10, iﬂ or by use of a 'let-Calculus’
algorithm [12]

The aim of the work reported here is to derive predictions for jet
production, within the LL approximation, directly from the ‘classical’
QCD strueture funetion evolution prediction [1 - 6] with the minimum
number of additional assumptions or parameters. It turns out that
this is possible by intreducing a suitable jet-resolution parameter:

£ =1 _ZMAK = gLJ'/(QL"— ‘g\LJ)

(where /S\i‘ is the effective mass of two partons i, j) and resumming
the pertirbation series in ag for the evolved quark density q(x, Q%)
to give the all orders contribution to an observable jet production
process. The parameter & is analogous to the y parameter used to
define jets in O(ag?} calculations of the process eTe™-> qqNg

(N = 0, 1, 2){13]. Tt plays exactly the same rdle as kyu/E in
discussions of radiatively corrected cross-sections in QED. The result
found gives, in the Bjorken limit @® ->¢0, x = const. or as 's; —> 0,
the QCD analogue of the Bloch-Nordsieck theorem of QED [_14]

Only the non-singlet part of the F; structure function of the nucleon
in LI, approximation is considered here. With the usual definition of
quark density functions:

(5,07 =2 ] 4001 + 56,8 o
9,

the LL result for q{x, Q%) is the solution of the Bethe-Salpeter
equation [4, 3, 6]: 1 QL

90,0 = 0,00+ 5‘%’ 'Eo{ @p(Z) ©
X

0

If q, P, p and p' are the 4 momenta of the virtual photon, target
nuecleon, interacting quark in the nucleon (assumed on-shell, with
vanishing transverse momentum)} and the interacting (space-like) quark
at the gqqy vertex, then the variables in (2) are defined as: 9

= GYnPy)y  z=CY2,) b= Pl

The choice of t as the argument of a is Just1f1ed in [4]
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Eqn (2) may be solved formally [15], or by iteration, to give:

OP = olfo + CLO@? Bﬂ—c— (%@)B&‘L)@ a};;,-'l- .
where @ denoctes the double convolution (including the factor
ag(t)/2m) in (2) and qo = q{x. Q°). Taking Mellin moments to
decouple the z integrals: !

.y
ol/(n)Qj‘) = gcjf(y)(,)l)ln Ax
o

and evaluating the multiple t integrals analytically, gives:

N
OL(mQS Cj(” ) » [bf)(h J (3)
N 2] N[

where b = 6/25 for 4- quark flavours and
[ I (QYRY/ 1 (9370 ]

The non- smgiet splitting functlon contains contmbutlons both
vii W
from virtual plus soft gluons Pq,,L and from hard glucons P%
H

Expressions for P e , B at 0(0‘9) have been derived in various
infra-red regularisation schemes and for a fixed value of a; by

Humpert and van Neerven [16). Factorising the quark mass singularity

at ‘scale Q% and renormalising ag in the i-loop approximation
with 4 quark flavours:

Lo (O =127 [[25 [ (G7R))

gives:
V5 S
z) = ol-2)& c :)’_] a
Eﬁ/( ) _Sd[ﬂnt 2 (42)
H
¢ 2
E"L(Z) = -f-_';- —L{—Z’Z—} 242, @D
= O Z > Zpax
where: & = ./S’\o /(Ql—ir g‘uj ; Ly = | — &

In (4) only the LL terms (which are independent of the method used
. . . : L

to regularise the infra-red divergences), are retained. s is the

effective mass of the ‘current jet' quark and radiated gluon. The

gluon is ’'soft’ if:

S <5,

.
and ig 'hard' if: ™ A
S >S5,

Taking the Mellin moment of (4b}:
Z max
L

H b ALt " JI

Py =b| 22 227 2 Jla-2)| @
(1/:}’ 3 2R 1+ { J:! J

If l—'Z 441 then:

bo| ! 42
P(I‘ﬁ ‘# hin-i)

™M

I(J-—-ang (5b)

Adding P (n) (n} using (4a), (5b) gives:

DL

E\ﬂ/(n} :% [%: -+ - ! ~QZ L]: 0’11 (8)

Y‘\[VHLU )f—'lj

S H
The resolution parameter ¢ cancels in the sum of P(n (n), P‘V}(n)
and (3), (6) give the familiar result f1-8 17] n

900,01 = 900,0.) [ ol (0)/4 0" @

The step from (3} to (¥) via (6) can be made alternatively by the
introduction of singular functions in the definition of Py, {z) ral

If this is done, however, the resolution parameter &, essential to
define physically meaningful jet cross sections, disappears from the
formalism.

Eqn (2) is a perturbation series in powers of ay. For real gluon
radiation the Nth term corresponds to the radiation of N gluons.
Taking into account the virtual and soft contributions at O(e)
the zeroth order quark density is modified by a 'K-factor”

%(“‘Q) q(n % 1K Ct(n)[H g (z,,g;;)[_] ()

(PN (]!
q , K indicate that q, K are evaluated up to O(a ). From (3),

(5b) hard gluon radiation gives the contribution:
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Eqns (8, 9} correspond to the observation of 2, 3 jets in the final
state when ¢ is used as a resolution parameter. Since q is positive
(it is proportional to F; which, in turn, is proportional to the
total virtual y proton scattering cross section) both (8} and (9),
which give different observed final states, must be positive. This

is always true for (9), but not always for (8). Choosing physically
sensible values of Q% Q¢% So and A (in GeV units):

QF = 200, Qo = 2.0, S = 4.0, A = 0.2
gives: ()

K = 057

so in this case (8) violates unitarity. In the Bjorken limit
Q* -> 20, n = const. or as S -> 0 the O(as) 2 jet’ cross

section is:
=16 QY Inin @
Eu 7% @ In

while the '3 jet' cross section is:
1A J Ql Ir\ If\ O L
OC 1/5 "

No meaningful jet cross section can therefore be defined at high Q®
if the perturbation series in (3) is truncated at O{a.).

The K-factor can however be calculated to all orders in ag by
summing to infinity the terms in (2) that contain N powers of
P:;; and no powers of P, . This gives :

41

=}

K = e;v}o (2!,&4’5)[_} (10)

Similarly summing to infinity over M all terms in (2) that contain M
powers of P~ and N powers of PH exactly the same K-factor (10}
iz found alsd for the N + 2 jet contribution. Unresolved soft and
virtual gluons are now included in the multijet contributicns to

q(n, Q%) to all orders in a¢ in LL approximation.

Teking into account confinement effects, it is however clear that
the jet resolution parameter & (which corresponds to the total
effective mass of all partons produced or scattered in the hard
quark phc—ton collision) must depend on the jet multiplieity. Roughly
speaking, if a ‘3 jet' event is resclved from ‘2 jets’ for § > S

then a ‘4 jet’ event will be distinguishable from a ‘3 jet’ event

only for ’S’\“, > 5, say for 30’ = 2 §. This implies that larger

values of £ are needed to define meaningful jet cross seclions as

N, the number of hard final state gluons, increases.
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The definition of a maultijet final state is arbitrary. Here a simple
‘minimal’ definition is used that permits an analytical solution to
be given for the ‘M-jet’ contribution to q(n, Q?). Choosing:

(N) A 2 ~
g = Y\{SD/(L}) -ﬁ—f\/fa)
then {7) may be re-written as a series in ‘resclved M-jet’
contributions:

e i, G = CLG\ZK[Z‘{M ”) -12-LE IJL (1)

( M—2)!
Notice that M here includes the current quark and target diquark
jets, so that M = N + 2. Eqn {11} is the main result of this
letter.

-13 (M-2}
1t e(H : , & are replaced in (11) by £ then (11)

becomes formally identical to (3). Eqns (3), {11) also have a
common asymptotic Hmit when InQ%/8 >> InM When QF -> Qp°
{ie. L -> 0) (3), (11) also give the same c{ (n, @%).

For non asymptotic Q® values (11) will predict a somewhat different
Q* evolution of the moments than (7). This is because the N
dependence of £ takes intc account threshold effecis in jet
production related to confinement. The evolution of the n = 1, 4, 8
moments as predicted by {11) for Q® = 2 (GeV/c)?,

S0 = 4 (GeV/c)? and A = 100 MeV/c is shown in Fig. la, b, c.

The 'asymptotic’ prediction given by (7) with the same values of
Qo®, A is shown for comparison. If can be seen that from

Q% = 10 to 100 (GeV/c)? (11) predicts a somewhat steeper decrease
with Q® of the higher n morents than (7). The '22 jel’ curve E is
already asymptotic in M, the number of jets, for Q® < 104

(GeV/e)?, while {7), (11) give essentially identical predictions,

for Q% > 100 {GeV/c)? for all the moments shown in Fig. 1.

It should be remarked that the curves in Fig. 1 showing the
contributions of £ M jets should not be interpreted directly in
terms of observable exclusive jet cross sections. This is because
the simple effective mass cuts given by am) do not take inte
account final state cconfigurations that are irresolvable because
two final state jets are almost parallel. Using a realistic
resolution criterion such as [13]:

> S L—.:J L J =12, M
will increase the relative contributions of smaller jet
multiplicities as compared to the curves shown in Fig. 1. Using the
analytical expression {11} as a starting peint such a

re-assignment of events into ‘truly observable' jet classes can
most conveniently be done by Monte-Carle methods.
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s ld(}ing the limit In Q3/Sp >> In M, In n of (11)
i - ln n for large n values [1]) the M-jet distribution
bevomes independent of n. In this limit:

Y
G"[\(m%X*'Nj)/\_» 61[0[-'&/—) (ﬂ)_ (12)
| N!

The number of gluon jets obeys a Poisson distribution with mean
value:

N =1L ]a [l (GINY] WO IR )] (13)
15 ’S)

For the case N = 0 the RHS of {12) reduces to the square of the
asymptotic Sudakov form factor of a gquark in QCD as derived by
Mueller [_-18]. From (12), the same Sudakov factor appears alse in
the N gluon-jel cross section. Coquereaux and De Rafael showed,
by sclution of a reneormalisation group eguation, that the same
asymptotic form factor occurs in the quark-quark elastic
scattering amplitude in LL approximation [19].

The Poisson distribution (12) is just that found by Blech and
Nordsieck [14] for the distribulion of N soft photons radiated
in potential scattering of an electren. In this case

N~ In{w/wo) -where w is the total energy of the N photons
and wy is an infra-red cut-off energy. In (12) as Q° -> O

or Sy -> 0 the contribution of any finite number of gluons to
the multigluon eross section vanishes. In [14] the N photon
radiation probability was found to vanish as wy ~-> 0. The
divergences encountered above, in the limil Q® ->00 | in

the terms in the perturbation series in powers of a, (3)

are analogous to those encountered in the wy -> 0 limit
when radiative corrections are evaluated using an

expansion in powers of a [14]. The parameter %o defines

the total effective energy radiated in gluons (regardless

of their number) just as o in [14] defines the total

radiated energy (regardless of the number of photons).

The suppression of low multiplicity jet contributions with
increasing Q% is evident in Fig. 1. This is due to the
increased probability of multi-gluon radiation as Q® becomes
larger.

If the limit gof.‘:Qz is considered, i.e. very hard jet
production, the K factors all tend to unity and there is no
Sudakov suppression. This limit is however of little
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experimental interest because of vanishingly small cross
sections near to purely kinematical boundaries.

The 3 jet contribution to the RHS of (11):
ATk o0 h {1
Y=g myK (g™ [J —12 18 lnE‘)L (15)
q(n, Q) =g MKET]dgrieieint

may be compared with that given by the prescription of Ref.[ 7],
where the 'Qf-evolved’ quark density is multiplied by the hard
scattering process cross section of X gl/e 3%)

3TaP

JOCPR 00[01 *l-lHne] (16

The hard gluon regien is defined in the same way in {15) and {16).
Comparing (15), (18) it can be seen that replacing the scale
invariant quark density q{n, Q®) by the 'evolved’ one

q{n, §%) does not properly take into account soft and virtual
gluon interference effects.

Considering the n =.1 moment where g(1, Q%) = q(l, Q%)
(Adler sum rule)} (18) gives a divergent contribution

af InQ? Inln@® as Q7 ~» ©O inconsistent with the total
structure function evolution given by (7}. On the other hand
{15} gives a vanishing contribution in the same limit (see
Fig. 1a} consistent with the Bloch-Nordsieck theorem.

In su.nmary, the effects of soft and virtual gluon interference on
observed jet cross sections in deep inelastic scattering may be
taken into account by multiplying the relevant hard scatlering
cross section by a factor K™ defined in (10). This is a
generalisation of the square of the Sudakov form factor for a
quark {18] for the case of a 2 jet cross section. The same or
similar factors are expected in all jet production cross sections
when soft and virtual gluon radiation effects are properly taken
into account. The ansatz of estimaling jet production by
multiplying a hard scattering cross section by Q%-evolved quark
densities does not predict correctly observable jet cross
sections in the case considered here. With the particular choice
of jet resclution parameter used in (11) the §Q* evolution of the
high n moments of the nucleon structure function is predicted
to be steeper in the range Q% = 10 to 100 {GeV/c)® than for the
asymptotic result (7).
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Figure Caption

"Fig. 1 a, b, c: @ evolution of the n = 1,4, 8 moments
of F; for the nucleen {non singlet part
only) between Q% = 2 and 10* (GeV/c)
A, B, C, D, E show the contributions of
2, £ 3, 4, 5, 22 jets (as defined in Eqn (11))
to the moments. ASYM is the asymptotic
prediction given by Eqn (7).
Qe = 2 (GeV/c), B = 4 (GeV/cB)?,
A = 0.1 GeV/e.

! should like to acknowledge useful discussions with BE. Gotsman,
J. Haissinski, F. Kapusta, J. M. Levy and L. Poggioli.
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