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We discuss the significance of events containing rapidity-gaps in high- 

energy scattering processes, in particu1a.r in e+e- a,nnihilation and/or W, 2 

decays. We compute explicitly the fraction of events containing rapidity- 

gaps in e+e- - - + qqqq and eSe- + qqgg processes at low jet-pair invariant 

mass limit. These events follow a distinctive sin’ 6’ distribution in the jet-pair 

scattering angle. Similar processes are ca.ndidate backgrounds for important 

Higgs and W+W- scattering physics a.t the SSC and LHC. 
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In soft and hard diffraction processes we encounter events containing “rapidity- 

gaps”, i.e., regions of longitudinal phase space containing no produced particles. 

These events are commonplace in hadron-hadron collisions but rare in e+e- an- 

nihilation into hadronic final states. This is a consequence of the fact that many 

initial-state angular momenta are allowed in the former case, but not in the latter. 

In addition, in the case of e+e- annihilation, the color separation of the produced 
; e4 

. . 

colorTtriplet quark and antiquark requires a mechanism which fills in the gap [l]- 

at least most of the time. Nevertheless, there must be exceptions. For example, the 

decay rate for 2 + ~7r is small but non-vanishing a.t all energies, and it produces 

a splendid rapidity gap. 

In this paper we study what seems to be the most probable pa.rton-level mech- 

anisms for producing rapidity-gaps in eSe- annihilation and/or 2 decay processes. - 

While.small rapidity-gaps may be produced via. random fluctuations, we are inter- 

ested here in mechanisms intrinsic to QCD that use the concept of color screening 

[2]. We have recently learned that such mechanisms were first studied twelve years 

ago by J. Randa [3], and his paper contains the central ideas of this one. In the 

-intervening years since R.anda’s work the context has changed, and there are new 

reasons to reconsider Randa’s mechanisms, the most important of which is the 

existence of LEP and SLC. 

. -- 

In Fig. 1 we depict two Feynman diagrams of these processes. Consider, for 

instance, the process indicated in Fig. l(a). In the center-of-mass frame, the quark 

and antiquark in the upper pair are produced in almost the same direction in space 

to tl@eft, and similarly the lower pair is produced collinearly to the right. The 
- 

color algebra analysis revea.ls that 88.9% of the time these qij pairs are produced 
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in color-singlet states. Under these circumstances, the two ultrarelativistic small 

color-dipoles of this early-time configuration recede from each other at nearly the 

speed of light. Because of time-dilatation, their spatial growth is slow, and by the 

time they have matured to a size of order one fermi, they are too far apart to 

interact [1,4]. A similar situation happens with the qtj and gg pairs in Fig. l(b), 

alt;h_ough the color algebra is less favorable in this case - only 12.5% of the time 

do these jet pairs form separate color-singlet states. 

We find that in e+e- annihilation and Z-decays, these events are expected to 

be rare but to occur at a.n observable ra.te. An experimental search for them is of 

interest for several reasons: 

l... If gap-events are found at a rate larger tha.n expected, say, in Z-decay, it can 

‘-be. new physics: 
. 

z--+x+x, 

X,x -t ha.drons , 
(1) 

with X a colorless object of low enough ma.ss to be relativistic and produce 

the rapidity-gap: in practice mx 5 5 - 10 GeV is sufficient to produce a 

good gap. 

2. Rapidity gaps plus jets in hadron-hadron collisions may provide important 

new-physics and QCD signatures. A prime example [5,6] is the case of 

p p --+ Higgs + X , (2) 

where the underlying subprocess is (Fig. 2) 

W+W- --f Higgs -+ W+W- - - 
+ 4444 * 

2 
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These events are very distinctive and can be defined by even a simple de- 

tector. Some possible backgrounds to this process are indicated in Fig. 3a 

and Fig. 3b. A good understanding of the background processes is needed 

in order to extract the underlying Higgs physics. Therefore, experience from 

e+e- phenomenology will be valuable in calibrating the situation there. 

-&-Rapidity gap events should be statistically distinguishable from random fluc- 

tuation of other jet events. Unlike two-jet events, where there is a uniform 

production of final state hadrons per unit rapidity between the two jets, 

for large-gap events we expect few or no hadron fragments to be produced 

between the two color-singlet clusters [7]. The measurement of gap events 

. . ..lprovides an important and non-trivia.1 test of the conventional ansatz that 

Chadron production follows the color flow of the colored objects. 

4. A detailed measurement of rapidity ga.p events provides a new test of pertur- 

bative QCD, where the argument of CY~ is controlled by the kinematics (see 

Eq. (10) below.) 

5. 1-n the limit where the invariant masses of the jet-pairs become small and fi- 

nite, one connects with the conventional analyses of exclusive (both invariant 

masses small) a.nd semi-exclusive (one sma.11, one large) processes [8]. For fi- 

nite invariant masses, the power-law behavior of the cross sections agree with 

perturbative QCD dimensional counting. 

An a.ppropriate tool for the analysis of multi-hadron final states is the so-called 

* ‘-lego*$ot [9], where the various produced ha.drons are described by their rapidity 
- 

y (or pseudorapidity I?), their azimuthal angle 4 and their transverse momentum 
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pt, all relative to a specified axis. The reference axis is often chosen to lie in the 

beam direction. 

In Fig. 4 we depict a typical lego plot for the process e+e- + qqqij shown in 

Fig. l(a). The hadronic fragments are produced around each color-singlet jet-pair, 

leaving a rapidity gap between the two clusters. The e+e- -+ qqgg process features 

a sii-ilar lego plot, with a gg-pair replacing one of the qq-pairs. 

From dimensional counting, the ratio of total ra.pidity gap events to the total 

hadronic events is expected to fall like 

R gap = ogap/gtot rv Qf (!$)(!g ) 
(4) 

where Mr and h!2 are the invariant masses of the jet-pairs and s the square of the 
F - -. 

total center-of-mass energy. The event rate of color-singlet jet-systems involving 

more quarks or final-state gluons are down by additional factors of CY,/S due to the 

presence of more gluon propa.gators. 

An important feature of rapidity-gap events is that physical quantities referring 

only to the global properties of the clusters are insensitive to the QCD hadroniza- 

tion process. The event rate for this process is thus computable from perturbative 

QCD. 

In the following we will neglect quark ma.sses and only consider the small 

_ invariant jet-pair mass limit: iMf, Mi << s. In this limit, the particles within each 

pair are essentially collinear. The kinematic va.ria.bles can be specified as indicated 

-^-in F&--l, where PI and P2 are the four-momenta of the jet-pairs, and 21 and 22 
- 

are the momentum fractions carried by a particular jet within each jet-pair. 
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We will perform our calculation for the Z-boson mediated case. The virtual 

photon mediated case can be readily obtained by reinterpreting the various param- 

eters in the formulae for the Z-boson mediated case (see Eq. (16) below.) 

It is convenient to introduce the following notation for the various weak charges 

involved in the matrix element computation. We define the two-component weak 

ch_a_rge of a fermion f to be: 

. . Qj = 
seceiylj - sin6wtanewQf 

-sinewtanewQf 7 (5) 

where 8~ is the weak angle, If the isospin and Qf the electric charge of the 

fermion f. Using this notation, the total e+e- annihilation cross section around 

the 2 resonance can be conveniently expressed as 
. ..- - 

&= ~ -. az = ” Q:Q”,&s 
. 3 (s - f&)2 + l-y!f; ’ 

with 

Q;=~Q;=~Q;+3~Q;-3.771 , 
f 1 Q 

(E = e, ~7; q = u, 4 c, s, b), 

Q~=Q;“+Qf”” , (7) 

(6) 

sib e2 1 
~W=qx=4asin2ew N- 29.3 ’ 

Mz, I’z = mass and width of the 2 boson. 

- We shall 1 a er t use this cross section to normalize the production rate of rapidity- 

gap events. Initial-state radiation induces a substa.ntial correction to the above 

result for oz [lo]. H owever, the same effect is present in rapidity-gap events; thus 
, ..- 

we &pect these effects to largely cancel when we consider the ratio of the cross 

sections. 
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The helicity-averaged squared matrix element for color-singlet jet-pair final 

states with two different quark flavors a and b is given by 

IMPm12 = (4) 2 (47r)*c~~~Q~ sin2 6’ 
(s - Al,)2 + IyLf; Q:&&@la) 

1 (8) 

where.6 is the scattering angle that the first jet-pair forms with the beam direction, 

and 

1 - x2 
qux2) = &- 

1 x2 * 

If the momentum squared of the exchanged gluon is considered as the natural scale 

for the strong coupling constant, then the coupling scales in Eq. (8) in the MS 

scheme’are given by (see Ref. [ll]) 

p: = e -5’3 (1 - z$r:2 s ) 

pz = e -5/3 (1 - x&cr s . 
(10) 

By studying rapidity-gap events over a range of kinematic regions, in principle we 

can test this hypothesis and study the running of the strong coupling constant. 

However, in the following we shall perform our calculation by treating cys as con- 

stant. 

Notice that, remarkably, the angular distribution of the two ha,dronic systems 

- has a sin2 6 law rather than the usual 1 + cos2 6’ distribution expected for spin l/2 

quarks. This follows because of helicity conservation and the fact that the hadronic 
_ .- 

syst&& are-effectively super-mesons produced with total spin-projection J, = 0 or - 

2. 
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S imilarly, a fte r  s u m m i n g  a n d  a v e r a g i n g  th e  hel ici t ies o f th e  var ious  init ial a n d  

fina l  p a r ticles, s y m m e tr iz ing th e  ro les  o f q tj a n d  g g  jet-pairs,  a n d  tak ing  in to a c c o u n t 

th e  i d e n tica l -par t ic le  n a tu r e  o f th e  two g l u o n s  ins ide  th e  co lor less g g  jet-pair ,  th e  

s q u a r e d - a m p l i tu d e  fo r  th e  p rocess  q tjg g  is g i ven  by  

; - -  I M p m A  =  3 ”~ ~ ~ ~ ~ 2 ~ ~ ~ ~ 2 2 e {G(x l )  +  G (x2)}  , 
z z z 

( 1 1 )  

. . w h e r e  

G (xl) =  ' 
x1(1  -a)  * 

N o tice  th a t th is  a m p litu d e  a lso  sha res  th e  s in2  6  law p o i n te d  o u t previously .  
. 

T h e  p h a s e  space  in tegra l  c a n  b e  exp ressed  in  te r m  o f th e  k i n e m a tic var iab les  -  -. 

M ~ ,M ~ ,2 1 ,x2  a n d  6 , w h e r e  A 4 1  a n d  A 4 2  a r e  th e  invar iant  masses  o f th e  first 

a n d  s e c o n d  jet-pair ,  respect ively.  T h e  di f ferent ia l  cross-sect ion h a s  th e  fo l l ow ing  

express ion  in  th e  smal l - invar ian t -mass lim it 

d a  =  8)r;  
2  

7 r  5 .s 
d M ,? d M ;dx ldx2d  cos  t9  . (13)  

S u m m ing  ove r  al l  poss ib le  flavo r  c o m b i n a tio n s  w e  o b ta in  

R,,-,,- -  ?! !?i%  -  
U Z  

!$ ( !?)’ !$ /- i $ ! !+x ldx2&os~  

s in2  f3 {F(Xi ,  X 2 )  +  F(52,  x i>  - z /had}  , 

(14)  

. -- a q q ,, _  1  cys 2  Q ; d  
& . + j g g  =  - - 

d M ,2  d M 2  
-5&y: .  . az  

s  (,) -$ j - - jdx’d ”“““““” 
-  

sin 2  6  {G(x l )  +  G (x2)}  , 
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where, at the Z-peak we have 

Nq G number of light quark flavors = 5 , 

(&fad - c Q; N 1.094 , 

i > C,Qq 2 
Phad - Nq c, Q; = o’080 ’ 

(15) 

and the summation is performed over the various quark flavors (u, d, c, s, and b.) 

Notice tha.t phad is effectively the correlation index of the wea.k-charge system of 

the quarks. 

For the virtual-photon-mediated case, we obtain similar expressions 

Rbqq = um9 
e -. a(e+e- t ha.drons) 

. 

R;ml = 
uw?g 

a(e+e- --f hadrons) 

dA4; dM” 
-Adzldz2d cos 6 

S S 

sin2 6 { F(xl, x2) + F(x27 x1) - 2piad} , 

dill; dM” 
(16) 

----2-daldx2d cos t9 
S S 

sin2 6 {G(q) + G(4) , 

where Nq is the number of light-qua.rk flavors, and the electric-charge correlation 

index is 

Piad - 
(c,&J2 

N,C,Q; = 

y,lo ;;; 1; ' 
9 7 

l/55 for Nq = 5 . 
(17) 

(Here Qq is the electric charge of the quark q, not to be confused with the two- 

component weak charge Qq.) 

I@w let us impose the gap conditions. We shall use the jet-pair direction as 
- 

the reference axis for measuring rapidities. Experimentally, this direction may be 
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i d e n tifie d  as  th e  thrust  axis [1 2 ] in  th e  co l l inear  lim it. T h e  rapid i t ies o f th e  var ious  

qua rks  a l o n g  th e  je t -pai r  axis h a v e  th e  fo l l ow ing  express ions  

ya  =  f ln(s/M,2)  +  i In  * 
(  >  

, 
-  1  

yi; =  f ln(s/M,2)  -  i ln  
(  >  

5 1  
l - -s1 ’ 

(18)  

L e t us  cons ide r  th e  case  o f a  s y m m e tric g a p  cut ( see  Fig. 4 ) ; th a t is, w e  wil l  in -  

te g r a te  o u t al l  g a p  e v e n ts w h e r e  th e  qua rks  a .n d  a n tiqua rks  b e l o n g i n g  to  di f ferent  

je t -pai rs  h a v e  rapid i t ies wi th a b s o l u te  va lue  la . rger  th a n  g /2 . D u e  to  th e  h a d r o n i z a -  

tio n  process,  th e  h a d r o n  f r a g m e n ts o f e a c h  q u a r k  jet a r e  c o n c e n trated wi th in a  circle 
_  

o f rad ius  -  0 .7  in  th e  l e g o  p lot  ( see  R e f. [5 - 7 ,9 ]). T h u s  th e  physical ly  o b s e r v e d  

g a p  is expec te d  to  h a v e  a  wid th  g ,E  cz g  -  1 .4  . A n  a n a ,lytica .l exp ress ion  c a n  b e  

o b ta i n e d  fo r  th e  p r o d u c tio n  r a te  o f rap id i ty -gap  e v e n ts wi th a  s y m m e tric g a p  cut 

RF-(g)  =  ; (?)” !? & i [ (2 -  2  In  2 ) 2  -  ( 2  In  2  -  1 ) 2 p h ,d ] exp ( -29 )  , 

( 1 9 )  
q q y g ( g )  =  i (F)” $ f [2 l n 2  -  l]exp ( -29 )  . 

- F r o m  th e s e  express ions,  w e  c a n  s e e  th a t th e  p rocess  q q g g  is s u b l e a d i n g  to  th e  

p rocess  q i jqq  by  a  factor  p q $ ‘g /@ qzyq  N  0 .1 5 9 . 

In  Fig.  5  w e  plot  th e  p r o d u c tio n  r a te  @ g :F =  P q :yq+rZ i ;yg  p e r  m i l l ion Z  e v e n ts, 
_  .- 

fo r  d - r ies  o f th e  s t rong  coup l i ng  constant  in  th e  r a n g e  0 .1 0  <  c rS  5  0 .1 5 . ( T h e  
-  

e ffect ive va lue  o f C Q  is s o m e w h a t l a rge r  th a n  c rm(Mf) d u e  to  th e  softer m o m e n ta  

9  
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carried by the virtual gluons. See Eq. (lo).) Notice that the gap condition 

automatically imposes a cut in the inva.riant masses of the jet-pairs 

Mf , M,2 5 exp( -9) s . (20) 

Thus the small invariant mass approximation is valid for large values of g. Inciden- 
-2 +- 

tally, the gap condition also eliminates the typical collinear divergences associated 
_. 

with jet events, because the quark and antiquark originating from the gluon prop- 

aga.tor are required to go in opposite directions a,cross the ga.p. Therefore the 

momentum squared of the virtual gluon is generally hard. 

N-ow let us relax the condition of requiring a symmetric gap cut. We compute 

next the rate of events where the particles of the one jet-pa.ir are separated from the 
c= - -. 

particles of the other jet-pair by a gap larger than g, independent of the location 

of the ga’p. The numerical result of Rgap = R,,-,,- + R,,-,, is plotted in Fig. 6 for 

various values of invariant mass cut: Ml, M2 5 MC. We expect the approximation 

of small invariant mass to break down around MCz0.3 ..s1j2. 

From our calculation we can see that events with a three- or more-unit rapidity 

gap should be observable (recall that there are currently N 2 x lo6 Z-events at 

LEP). Physically these events would only have gaps of width N 1.6 or more due to 

-the smearing effect in the hadronization sta.ge. However, further study is clearly 

needed in order to separa.te rapidity-gap events from random fluctuations of non- 

gap events [13]. 

. -- 
$@rile we have concentrated on e+e- processes in this pa.per, there are other 

- 
processes where a search is appropriate. For exa.mple in ep collisions at HERA, 
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the process which we have computed has its analogue in the search for a transverse 

rapidity-gap in the photon fragmentation region (Fig. 7a). Note that more conven- 

tional gaps arise from diffractive mechanisms in ep collisions (Fig. 7b) and are not 

to be confused with this process. Also note that because the gap is produced while 

the photon is “small”, it is not affected by absorption corrections (the survival 

probability < ]Sl2 > discussed in Ref. [6]), p rovided the momentum partition of 

the leading “supermeson” is reasona.bly symmetric. This is not the case for the 

Drell-Yan process shown in Fig. 7(c), which may also be of interest. In such a 

process the considerations of this paper must be combined with those of Ref. [5,6], 

and further discussion of it is beyond the scope of this work. 

In summ.ary, we have computed the rapidity-gap event rate in e+e- annihilation 

process-and obtained the event fraction containing gaps for small jet-pair invariant 
. 

masses. We have shown that rapidity-gap events are a cla.ss of perturbatively- 

calculable processes of considerable interest for a variety of reasons. The mea- 

surement of rapidity-ga.p events allows us to search for new physics and to test 

perturbative QCD where the argument of oS is controlled by the kinematics, with 

large logarithmic corrections absent. It is also an interesting test of the ideas of 

color flow and color screening in the phenomenology of QCD fra,gmentation. 

_ ..- 
-G=-- - - 
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A C K N O W L E D G E M E N T S  

W e  th a n k  J a m e s  R a n d a  fo r  a  m o s t g rac ious  c o m m u n i c a tio n  r e g a r d i n g  h is  a n d  

o u r  work.  W e  a lso  th a n k  V a ler ie  K h o z e  a n d  P h il l ip B u r r o w s  fo r  h e l p fu l  d iscussions.  

This  work  was  s u p p o r te d  by  D e p a r tm e n t o f E n e r g y  c o n tract D E - A C O S -  

7 6 S m O 5 1 5 . 
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. FIGURE CAPTIONS 

1) Two leading mechanisms for producing gap-events in e+e- annihilation: (a) 

e+e- --+ qijqij, (b) e+e- -+ qijgg. The dashed lines indicate that the particle 

pairs are produced in color-singlet states; ~1 and x2 are the momentum 

fractions carried by one of the particles within each pair. The exchanged 

‘*-boson can be either a Z-boson or a virtual photon. 
: 

2) A possible channel of detecting Higgs signature in p p collision. The quark- 

antiquark pairs are produced in color-singlet states; thus, a gap structure is 

expected to be present. 

3) Some possible backgrounds to the process indicated in Fig. 2: (a) Genera- 

*ion of color-singlet jet-pairs through W+W- + 2 + qQqQ, (b) Pomeron- 
. 

Pomeron scattering, where the final-state Pomerons decay into color-singlet 

jet-pairs. 

4) A typical lego plot for a gap event a.ssocia,ted with Fig. 1. In principle the 

gap needs-not to be symmetric. The physically observed gap is expected to 

be 9eff N 9 - 1.4 due to hadronization effects. 

5) Number of rapidity-gap events per million Z-events, where the gap-cut is 

symmetric. The range of strong coupling constant considered is 0.10 5 cy, < 

0.15. 

6) Number of events containing ga.ps larger than g, independent of the location 

-<*the-gap. MC is the jet-pair invariant-mass cut. The range of strong coupling 

constant considered is 0.10 2 os 5 0.15. 
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. 
7) Some other processes exhibiting rapidity gaps: (a) Deep Inelastic Scattering 

experiment, (b) A background to the previous process through diffractive 

mechanism, (c) Drell-Yan processes. The event patterns in the lego plot are 

also presented. In (a), the event has been exhibited in extended phase space 

(see Ref. [9]). 
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