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LEPTON-HADRON CORRELATIONS TO O(oi) IN (2+1) JET PRODUCTION PROCESSES 
AT HERA 

T. Brodkorb and J. G. Korner 1 

./n6hhd fij.", Phv,iJ:., loha.nnu Gv.tenoerg-Uniller6itcit, Sta.udinger Weg 7, Po.tJa.r::.h 3980, D-6500 Ma.inz, 

Germa.ny 

E. 	Mirkes 

We give a qualitative ac"Count of some of the techn.ic~l features that go into the calcula.t.ion of the one-loop improved 

O(a;) (2+1 )jet production rat.es in deep inelast.ic scattering which was completed only recently. We present some 

nwnerical result.s on (2+1) jet production with an emphasis on lepton-hadron correla.tion effects by exhibiting the 

contribution of the longitudinal structure function. 

1. 	 Introduction 

At'the time of the meeting at Teupitz in April 

1992 HERA had not yet started to opera.te.This 

has changed in the meantime while this report is 

being written up as the first events have been 

registered at HERA in the beginning of June. 
While the subject of this talk does bear on HERA. 

physics the deep inelastic (== high Q2)' produc­

tion of (2+1 )-jet events tha.t we are concerned 

with will certainly not be one of the first physics 

items to be investigated a.t HERA. but will have 
to wait a.fe,w years until enough luminosity will 
have been collected at HER.A. # 1 . 

Looking ba.ck in time the discovery of bona 

Supporr.e~ in part by thc:BMFT I FRO under con-

t.ra,ct 06MZ730 
#1 	 Much higher effec~ive luminosity will be a.chieved 

(or (low Q2) quasi:"'real photoproductjon of jet.•. The 

theoretical interpre~ation of such events, however, i. 
more difficult., ,ince there i~ ~dded complication of 

the direct. &nd t.he resolved photon c()ntribut.ion to 

the <:ro.. section, which ~a.re hard t.o separate. 

fide 3-jet events at the e+ e- -collider PETRA 

was the big news in 1979 after PETRA.'s incep­

tion. These . 3-jet ev~nts and their production 

cnaracterist.ics had been predicted, to exist from 

OFD by a number of authors (1-3J due to hard 

gluon bremsstrahlung from the originally pro­

duced quark-,antiquark pair. A few years later 
the O(Q,) calculation of 3-jet production was 

one-loop improved by ca.lculatingthe 3-jet pro­

duction rate at 0(0:) [4,5). At a somewhat later 

stage these results were appended by c'alculat­

iog also lepton-ha.dron cO,rrelation effects (6-8J 
including parity violation [9]. ' 

Returning to deep inelastic scattering the cor­

responding 0(0,) calculation of the (2+1)-jet 
production rates was done as early as 1978 by a 

number of a.uthors (10-13]. It then took a num­
ber of years before first results were obtained 

on the 0(0;) improvement (14-17} of the ea.r­

lier O(Qs) results. For once there had been no 

pressing experimental need to undertake such a 

complicated theoretical calculation. The situa­
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tion changed, of course, as HERA drew closer to 

completion. As concerns exclusive three jet pro­

duction, we are in a better theoretical shape for 


HERA now in terms of higher order QeD calculI.':' 


tions than was the case b4Ck in 1979 when PETRA 


started to operate. 


2. Parton Model Calculation 

Compared to the e+ e- -case the \,computa,. Fig. 1. (2+1) 
\ 

jet prOduction in, deep inelflltic ~c(1ttering 

tionof one-loop corrected jet production rates 
dispersive and absorptive parts contribute toin deep inelasti'~scattering (DIS) is technically 
so-called T ....even and T-oddobservables.' Thismore involved. For once, one has a parton .in 
,structure' can readily be exhibited, by writing the initial state which brings in additional initial 
down the most general covariant expansion of state singularities due to collinear diverg,encies 

J 


the hadron tensor. One has: ' 
that have to be dealt with. Tree graph integra­


tions in phase space region~ close to these ini­
 H'Pe. ( M.)H 
f,I." = 1 ,gf,l."-7tial state singularities are more difficult to handle 


, than integrations close to final state singular.ides. + H,P""P" 

Also, the issue of lepton-hadron correlations has 
 + H3Plf,l.Pl" 

to be'dealt with from the very beginning in DIS, 


+ H.(PI/>Pl" + Pll/>P,,)whereas one can afford to study lepton-hadron 


correlation effects in the e+ e':7 -case as an entirel.Y 

(1)'

separate issue [6-9J. In this report we attempt to ' 


provide a qualitative description of some of the where i we have employed current conserved mo­

features of the calculation of one-loop corrected menta variables: Pf,I. =Pp._(Pq)ql/>/q'2 and PI I/> ~ 

(2+1)-jet production rates in DIS. Pl" - (Plq)qJl./q2 (t~e proto!)'s momentum is de..; 


Technically the physics of the lepton-hadron noted by P and the momentum of the observed 
correlations in ,DIS' is described by the contrac­ final hadron is pd. The absorptive contribution 
tionof the lepton tensor LJI." with the hadron proportional'to H5 has been slightly set a:side. In 

tensor Hf,l.II' When one of the hadronic final state the totally inclusive case, where no- final hadron 
momenta in the lepton scattering pr,ocess is mea­ momentum is measured,. one only. has the famil­
sured, the physic~ of lepton-hadron correlations iar dispersive contributions proportional to HI 
in the one-photon approximation is described andH, in·eq(l). In that context the structure 

. by altogether five' hadronic structure functio~s. . functions ate then denoted by the more faP1iliar 
They divide into the following pieces names "",1'1 and W,. 

In Fig. 1 we depict' the (2+ 1)-jet electro-' 
5 = 4(disp.) + l(abs.) 

production process e- (k) + P(P) ..... e- (k') + 
i.e. four dispersive' ,(disp.) and one absorptive jetl(Pl) + jet2(p:z) + remna-nt(Pr) where two jets 
(abs.) contribution. We note in passing that the and a remnant target jet are .produced. The 

http:H3Plf,l.Pl
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(2+1)-jetproductioncross section and the asso­

ci4lted lepton.;..hadron correlation effects can be 

calculated in the quark parton model using per­
turbatively calculated hard scattering cross sec: 
tions. To O(Q,) in QeD one populates only the 

dispersive structure ; functions Hll H2l H3 and 

H.. as there are no loop contributions to that 

order. As mentioned above the O(Q .. ) contribu­
tions to the structure functions and the lepton­

hadron correlation effects associated with them 

have been extensively studied in the literature 

(10-13,18-21 J. 
The absorptive contribution to Hs first come 

in at O(Q;') through the imaginary parts of the 
one-Ibop contributions. They have been investi­

gated in [17,22,23]. TechnicallYI the contrib.ution 

to the structure function 'Hs can. be obtained 

in two ways. In [22] Hs was computed by inte­
grating over the intermediate state contributions 

whereas in '[23} Hs was computed by taking the 
imaginary part of the one~loop contributions. AI.:. 

though both approaches should yield the same fi­
nal result due to unitadty there still remain some 

, discrepancies between the results of [22) and [23]. 

We now turn our attention to the O(Q;) cal­

culation on the four dispersive pieces HII H21 

H3 and HIc • At O(Q:) we have the following pro­

cesses that contribute to H J.l.1I (V denotes the off­
. shell gaug~boson): 

HJ.l.v(tree) : V'+q q+G+G 

V+q - q+q+q 


V+G - q+q+G 


V+q q+G 

V+G q-+-q (2) 


and the correspondil'l:g antiquark processes with 
q - q. In Figs.· 2 and 3 we show some of the 
contributing Feynman diagrams representing the 
tree graph al'!d one-loop contributions of the 

parton subprocesses V + q - q -+- G -I.. G and 

V +- q - q + G, reS'pectively. 

K.~, .•~.~~, ~.2
.~J ~ / .. ~i'~r-3. 

I 

...~.. !Fl3 .3 . ............. 

.. 

~2~ ........ 2 

u .. 
'-'~ l 

2 ~ 

'-'..:;",,""'a...:; 

Fig. 2. Tree gra.ph. contribution, to th.e proceu V +q(to)­
q(td'" G(t:d .... G(t3). 

Fig. 3. One-loop contribution.. to the proceu V .,..q(Po) ­

q(Pl) + G(P7). 

Note that the O(Q~) tree graph and one-loop 
matrix elements are required for the full hadron 
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tensor H~" and not only for the trace of the 
hadron tensor as in the first e+ e- -calculations 

[4,5). At Mainz we are in the fortunate situ~ 

ation that we can draw on a rich fundus of 
checked and rechecked 'O(Q~)matrix elements~ 
from corresponding O(a:) calculations done in 
the crossed processes e+ e .... - 3.....jets [8,26J and 

P+ p - ll(high PT) +X [24,25] including lepton­

ha.dron correlation effects. The crossing of the 
O(Q;) matrix elem,ents from the e+e--caseto 

DIS is straightforward for the tree graph contri- ' 
butions but requires a bit of care for the loop 

contributions [17,23]. 
The tree gr~ph contributions are integrated 

over the unresolved phase space regions which 
are 	(2+1)-jet like #~ As a resolution criteria we 
use the usual invariant mass cut, i.e. we define 

2the (2+1)-jet like region by $ij :5 y,m where 

$ij = (Pi + Pi)2 is the i~va.riant two~jet mass 
and m 2 is a typical mass sca.le of the process for 
which we choose the invariant mass squared of 
the ha.dronic final state W 2 • The tree graph in­

-tegrations are carried out up to O(y~) accuracy, 
i.e. the nonsingular pieces of the tree graph con~ 


tributions will be of the form 


A + BIn Ye + C,ln2 y, . 

Infrared (IR) as well as collinear (M) divergen­

cies associated with the final partons' are can­
celled' against correspOnding IR/M divergencies 

of the o~e-Ioop contributions. The remaining 
collinear initial state divergencies are absorbed 

into the parton densities ("removed by renormal­
izing the parton densities") introducing a factor­
ization scale dependence M' into the parton den­
sities. The ultraviolet (UV) divergencies, finally, 
are, removed by UV renormalization which intro­

duces a renorma1ization scale dependence fJ.2 into 

#- 2 	 {3+1)-jet croll sections outside of the ,jugular phase 

space regions have been Itudi.ed in great detail in [19}. 

the strong coupling constant. We shall always use 
Q2 	for'both scales, i.e. M2 =fJ.2 =Q2: 

Let us now pause and dwell in more detaiLon 

tha.t one feature of jet production in DIS that is 
characteristic for DIS and which occurs in con­
nection with the initial state singularities., Con .. 

'sider first a final state singularity as e.g. drawn 

in ·Fig. 4(1.) which occurs whe~ Sij =S'12 = 
(tl 	+ t2)2 -0+, i.e. when the intermediate 
fermion goes on its mass shell from the time.... 

like region. The IR/M integration is ~est done in 
the ntime-like" (1,2) eMS. The IR/M integrations 

are, not very difficult and go as follows . .A:n anal~ 

ysi~ of the matrixelemen'ts in the limit $12 - ° 
shows that one can factor the Born term and re­
mains with a simple dou'bleintegration. The only 
piece which is potentially difficult and does not 

factorize the Born term is of the form 

(non-Born-tenn) x 

'I!' 

/ dcpsin- 2
, 11'(1 - 2(1 - t:) cos2 11') (3) 

o 

involving an azimuthal integration over the az2 

imuth cpin the (1,2) system with the 'n, =(4­
2£)~dimensiona.l integration measure sin - 2, 11'. ' 

Howev,er, the azimuthal averaging in eq(3) can 

,be seen to give a zero result. Remember that in 

the e+e:- -case one has only such "simple" final 
state singularities. 

In the case of an initial state singularity as 

e.g. drawn in Fig. 4(b) one would be interested 

in the limit Sij =$03 = (t3-tO)2 - 0_, i.e. when 
the intermediate fermion goes on mass shell from 
the space-like 'region. The" corresponding IR/K 

integration can no longer be done in the (0,3) 
system as it is space.-like. One has to perform 

the integrations in another time-like system as 
e.g. again the (1,2) eMS. However, in this case 
the integration limits in the azimutha.l integra­
tion eq(3) are no longer, [0, 7f] b,ut some general 

http:Itudi.ed
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(a) 

to 

Fig. 4. Fuusl (a) and initial (b) date ,inguia.ritlel. The 

dot on the antermediate Itate jerr,uon ,howl 'Which inter­

mediatLft4tc i, tcd:en to ib mall ,hell lamit. 

limits [CPl, !p:z] where the integration limits de­

pend in an intricate way on the boundaries of 

the jet resolution criteria. One thus remains with 

non-Born-term like contributions which, in ad­

dition, can no'longer be integrated analytically 
I 

by present methods. 

To get any further the integrations have to be 

done in a somewhat back-handed way involv.' 

ing both analytical and numerical integrations. 

In the first step one analytically integrates over 

the whole phase-space region including the sin­
gular (2+1)-jetregion. In the second step one 

numerically integrates over the complement of 

the (2+1)-jet region which is IA/Msafe since 
there are no singular regions in the complement. 
The difference of the two contribu~ions is the de­

sired (2+1)-jet tree gra.ph contribution. 

After this excursion into the in~ricacies of the 

IR/M tree graph integrations in the DIS case we 

are now ready to present some numerical results. 

Let us first write down the full five-fold'differen­

tialcross section distribution. One has (18J 

dupe 
.d:cd17dzdydX/2ir =[1 + (1 - 31)2] HU 

, +(2( 1 - y)] fiL 

+[2(1 - y) cos 2xl HT 
+[(2 - y)v'1=Y cos X] HI 

+[Y(1-y)sinxl Hs (4) 

w here we use the standard set of variables x = 
(;2/2Pq, xp = Q2/2poq, y = POq/poie, z '= 
POPl/POq with q= ie-ie', Q2 = _q'2 and Po =TIP, 
where TI is the proton '5 momentum fraction car­

ried by the parton that initiates the hard scat­

tering proceSSj S = (P + 1e)2 denotes the overall 

C.M. energy. 

The Hi, (i = U,L, T,l,S) are the five helie­

ity structure functions that describe p.c. one­

photon-exchange (2+1)-jet production (U:un­
polarized transverse; L: longitudinal; T: trans­

verse interference; I: transverse-longitudinal in­

terference; 5: imaginary part of the transverse­

longitudinal interference part). The five helicity 

structure' functions Hi can be linearily relatep to 

the .covariant strutture functions defined in eq(l) 

[23]. After azimuthal averaging we remain with' 

the unpolarized transverse and longi~udinal con· 

tributions Hu and HL. One has 

::::: [1 + (1 - y)2]J1u 

+ [2(1 -y)]HL (5) 

= t[1, + (1 - y)2]Hg 

(6) 

where we have introduced the "metric" struc­

ture function Hg = -gp.., Hp.., = 4Hu -2HL in 

eq(6) #3, The 0(0;) (2+1) jet production rate 

#3 In [161 we have used the not.ation HUT := H' for 
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'Ie = 0.04 
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o . 85 O. 9 0 • 9S T 

5.5" 

5­

4.5r 

g-c'ontribution 

I 

I~' 5: 
I 

Fig. S. Thrult di,trihtion,: O(a.) (a.) o.nd. O(a~). (6) Fig. 6. O(a~) metric d.i,tributio"" upa.rated intI) quo.ri: 


metric contrihution.. o.nd O(a,,) (d.) o.nd O(a~) (e) lon~' (q) o.nd gluon ( G) initio.ted contribution,_ 

gitudinol con.trihutio1u. 


corresponding to H, and HL have been calcu­
lated in [14,15} and [16,171, respectively. 

Let us now turn to our numerical results. In 

Fig. 5 we show the differential' thrust distribu­
tion for (2+1) jet production #4. We have taken 

2Yc = 0.04 for the cut variable, m = W2 and 

ha.ve limited the invariant jet mass by' 4GeV* 


from below. The lower limit of the 'Q2 integra­


tions is 4 GeV2. In order to exhibit the strength 

of the longitudinal contributionHL we sepa:­

rately plot the contribution of the metric (upper 

two curves (a) and (b») and longitudinal (lower 

two curves (d) and (e») -structure functions H t 


, and HL. The O(Q:) corrections toHL are quite 

large over the whole thrust range arid amount to 


4­

/' 
". 

L-contribution 

"""". 
".. 
0.75 O.S 0.S5 0.9 0.95 T 

the met.ric: structure funct.ion. We prefer the present 

notation replacing HUT in [161 by H,. 
#4 .For the definition of the thrUst variable and a discu... . Fig. 7. O(a~) longit'4dina.1 di,tributionl upa.rGted into 

sion of 0(12,) thrust distributioN' see [2]. qua.ri: (q) a.nd gluon (G) lnitia.ted contrihution,. 
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~ 50%.'The O(o~) corrections to H, are s~aller 

and are largest for large thrust value.s r~ 20%). 
The longitudinal contribution is smaller than the 

metric contribution for large thrust values by 

about 50% . .At smalier thrust values the 0(0;) 
corrected longitudinal and metric contributions 

are of equal size. All in all, the longitudinal c.on­

tribution is somewhat smaller than the metric 
contribution but is certainly not negligible. 

In· Figs. 6 and 7 we break down the 0(0:) 
quark and gluon contributions to the metric and 
longitudinal .contributions. Whereas the quark 
and gluon contributions to Hg are approximately 

equal (Fig. 6) thegluon contribution to HL is 
clearly dominant. 

3. 	Summary 

In this report ,we have given a qualitative ac­
count and some numerical results on the O(Q;) 
calculation of the deep inelastic leptoproduction 
of (2+1) jets empQasizing the importance of the 
longitudinal contribution. The present investiga­

tion stands only.at the beginning of what will be 

an extended experimental and theoretical effort 

to study high Q2 jet physics at HERA. What re­

mains to b~ done on the theoretical side are the 
inclusion of parity-viola.ting effects that arise e.g.­
in the charged current interactions~ One needs 
to do more numerical studies on the sensitiv­
ity of the results on the choice of renormaliza­
tion and factorization sCilles with an eye on op­

timizing these choices. Further one wants to in­

vestigate the dependence of. the 'results on var­
ious available parametrizations of parton distri­
butions and on different jet definition schemes. 
Finally one wants to extend the present calcula­
tion to compute the high Q2 single jet inclusive 
cross section at O(Q;). 
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