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A b s t r a c t 

W e give a n o v e r v i e w of j e t p h y s i c s in d e e p l y ine la s t i c s c a t t e r i n g a t H E R A . T h e p r o b l e m of j e t 
def in i t ions , t h e sca le d e p e n d e n c e of j e t c ross sec t ions a n d s o m e a p p l i c a t i o n s a r e d i s c u s s e d . 

R e s u m e 

N o u s d o n n o n s u n e v u e d ' e n s e m b l e d e l a p h y s i q u e des j e t s en diffusion p r o f o n d e m e n t i n e l a s t i q u e 
a H E R A . Le p r o b l e m e d e l a de f in i t ion d e s j e t s , l a d e p e n d a n c e d ' eche l le d e s s e c t i o n s efficaces d e 
p r o d u c t i o n et q u e l q u e s a p p l i c a t i o n s s o n t d i s c u t e s . 

1 . I n t r o d u c t i o n 

T h e phys ics of j e t s a n d h a d r o n i c f inal s t a t e s in 
deep ly ine las t i c s c a t t e r i n g is a p r o m i s i n g s u b j e c t a t 
H E R A . E x p e r i m e n t a l r e s u l t s for j e t p r o d u c t i o n h a v e 
b e e n r e p o r t e d b y b o t h t h e H I [1] a n d Z E U S [2, 3] 
c o l l a b o r a t i o n s . O w i n g t o t h e l a r g e access ib le r a n g e in 
Q2 a n d xB) t w o i m p o r t a n t q u a n t i t i e s ( a m o n g o t h e r s ) 
c a n b e m e a s u r e d : t h e r u n n i n g c o u p l i n g c o n s t a n t ocs(fi^) 
a n d t h e g l u o n d e n s i t y T h e c lass i f ica t ion 
of h a d r o n i c f inal s t a t e s a c c o r d i n g t o t h e n u m b e r of 
j e t s a n d t h e i d e a t h a t e x p e r i m e n t a l l y o b s e r v e d j e t s 
m a y b e ident i f ied w i t h specific p a r t o n c o n f i g u r a t i o n s 
def ined b y j e t a l g o r i t h m s a l low for a d i r ec t c o m p a r i s o n 
of e x p e r i m e n t a l d a t a w i t h t h e o r e t i c a l p r e d i c t i o n s . 
P a r t i c u l a r l y i n t e r e s t i n g a r e ( 2 - f l ) j e t even t s* , b e c a u s e 
on t h e p a r t o n level , in p e r t u r b a t i v e Q C D , t h e lowes t -
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f £ is the m o m e n t u m fraction carried by the incident parton , 
and \iT and /j,f are the renormal izat ion a n d factorizat ion scales , 
respectively. 
X i.e. events consist ing of two j e t s in the current region a n d one 
jet in the target fragmentat ion region. 

o r d e r p r o c e s s for t h e s e e v e n t s is of G(as), a n d b e c a u s e 
t h e l o w e s t - o r d e r d i a g r a m w h e r e t h e g l u o n d e n s i t y c o m e s 
in is of t h e t y p e t h a t g ives r ise t o t h i s p a r t i c u l a r f inal 
s t a t e . 

J e t de f in i t ions s h o u l d fulfil t h e fo l lowing t h r e e 
c r i t e r i a : 
(i) t h e def in i t ion s h o u l d b e g iven in t e r m s of 
e x p e r i m e n t a l l y o b s e r v a b l e q u a n t i t i e s , 
(ii) i t s h o u l d b e a p p l i c a b l e in t h e o r e t i c a l c a l c u l a t i o n s in 
t h e f r a m e w o r k of p e r t u r b a t i v e Q C D (i .e . i t h a s t o b e 
in f ra red - sa fe a n d s h o u l d b e eas i ly f o r m u l a t e d in t e r m s 
of L o r e n t z - i n v a r i a n t q u a n t i t i e s ) , a n d 
(iii) i t s h o u l d b e we l l - su i t ed for t h e p r o c e s s u n d e r con 
s i d e r a t i o n , e .g. a d a p t e d t o t h e e x p e r i m e n t a l s i t u a t i o n . 
A l g o r i t h m s w h i c h a r e p r e s e n t l y u s e d a r e of t h e follow
ing t y p e s : 
(a ) S t e r m a n - W e i n b e r g - t y p e a l g o r i t h m s b a s e d o n e n e r g y 
a n d a n g l e c u t s [4], 
(b ) a l g o r i t h m s b a s e d o n cones in p s e u d o r a p i d i t y a n d 
a z i m u t h a l a n g l e (for a n ove rv i ew , see [5]), 
(c) c lu s t e r a l g o r i t h m s of t h e J A D E - t y p e [6], 
(d ) fc^-type a l g o r i t h m s [7, 8] . 
A l g o r i t h m s f r o m (a) a n d (b ) a r e s u i t e d for e + e ~ a n d p p 
col l iders , b e c a u s e t h e y a r e a d a p t e d t o specific f r a m e s 

mailto:Dirk.Graudenz@cern.ch


F i g u r e 1. Feynman diagram giving rise to an initial state 
singularity 

of re fe rence . In d e e p l y ine l a s t i c e p s c a t t e r i n g , t h e 
C M f r a m e of t h e Q C D s u b p r o c e s s is n e i t h e r i d e n t i c a l 
w i t h t h e l a b o r a t o r y s y s t e m n o r r e l a t e d t o t h i s f r a m e 
b y a b o o s t a l o n g t h e b e a m ax i s a l o n e . A L o r e n t z -
i n v a r i a n t j e t de f in i t ion s c h e m e is t h e r e f o r e p r e f e r a b l e , 
b a s e d on a l g o r i t h m s of t y p e (c) a n d ( d ) . P r e s e n t l y 
ava i l ab le n e x t - t o - l e a d i n g o r d e r ( N L O ) c a l c u l a t i o n s a r e 
b a s e d o n m o d i f i c a t i o n s of t h e J A D E a l g o r i t h m , k?-
t y p e a l g o r i t h m s a r e c o n s t r u c t e d s u c h t h a t even t h e 
finite p a r t s of t h e j e t s t r u c t u r e f u n c t i o n s f ac to r i ze in t h e 
s a m e w a y a s t o t a l l y inc lus ive s t r u c t u r e f u n c t i o n s like 
d o . T h i s p r o p e r t y a l lows for a r e s u m m a t i o n of t e r m s 
~ log E%IQ2 a n d ~ l o g t / c t l * [7]. N o t h e o r e t i c a l N L O 
c a l c u l a t i o n s for j e t c ross s e c t i o n s a r e ye t a v a i l a b l e for 
fey-type a l g o r i t h m s , so we r e t u r n t o t h e d i s cus s ion of 
t h e J A D E - t y p e a l g o r i t h m s . 

C o m p a r e d t o j e t phys i c s in e + e ~ a n n i h i l a t i o n , t h e r e 
is a n a d d i t i o n a l c o m p l i c a t i o n in e p s c a t t e r i n g . O n e 
of t h e i n c o m i n g p a r t i c l e s is s t r o n g l y i n t e r a c t i n g a n d 
t h u s i t s r e m n a n t s give rise t o a n a d d i t i o n a l j e t . In t h e 
p e r t u r b a t i v e p i c t u r e , t h i s is r e l a t e d t o p a r t o n s e m i t t e d 
f r o m t h e i n c i d e n t p a r t o n c a u s i n g a n i n f r a r e d s i n g u l a r i t y 
in t h e co l l inear p h a s e - s p a c e r eg ion (see F i g . 1, p2 
col l inear t o pT). 

T h e f a c t o r i z a t i o n p r o p e r t i e s of Q C D t a k e c a r e of t h i s 
s i n g u l a r i t y : al l co l l inear s i n g u l a r i t i e s f r o m t h e i n i t i a l 
s t a t e c a n b e a b s o r b e d in a p r o c e s s - i n d e p e n d e n t w a y in 
u n i v e r s a l p a r t o n d i s t r i b u t i o n f u n c t i o n s . A c o n s e q u e n c e 
for j e t p h y s i c s is t h a t a r e s o l u t i o n c r i t e r i o n m u s t b e 
g iven w h i c h specifies w h e n a p a r t o n e m i t t e d f r o m t h e 
i n c i d e n t p a r t o n classifies a s a n a d d i t i o n a l j e t : t h e p r o t o n 
r e m n a n t h a s t o b e i n c l u d e d in t h e j e t de f in i t ion . A 
c o m p l i c a t i o n in t h e case of a col l ider e x p e r i m e n t is t h a t 
m o s t of t h e r e m n a n t j e t s i m p l y d i s a p p e a r s in t h e b e a m 
p i p e w i t h o u t b e i n g seen b y t h e d e t e c t o r . T h e m o d i f i e d 
J A D E ( m J A D E ) a l g o r i t h m is def ined in t h e fo l lowing 
w a y [9]: 
(1) def ine a precluster of l o n g i t u d i n a l m o m e n t u m pr 

given by t h e m i s s i n g l o n g i t u d i n a l m o m e n t u m of t h e 
e v e n t , 

(2) a p p l y t h e J A D E c lu s t e r a l g o r i t h m t o t h e set 
of m o m e n t a { p i , . . . ,p n >Pr}> w h e r e p i , . . . , p n a r e t h e 
m o m e n t a of t h e vis ible h a d r o n s in t h e d e t e c t o r . T h e 
r e s o l u t i o n c r i t e r i on is $ij — 2pipj > c M 2 . H e r e M2 is a 
m a s s sca le a n d c is t h e r e s o l u t i o n p a r a m e t e r (c « 0 .02) . 
I n t h e case of a t h e o r e t i c a l c a l c u l a t i o n , pr is d i r ec t l y 
g iven b y t h e m o m e n t u m f r ac t i on of t h e p r o t o n n o t 
c a r r i e d b y t h e i n c i d e n t p a r t o n , a n d p i , . . . , p n a r e t h e 
m o m e n t a of t h e p a r t o n s in t h e f inal s t a t e . I n t h e 
fo l lowing, we c h o o s e W 2 , t h e s q u a r e d t o t a l h a d r o n i c 
ene rgy , a s t h e m a s s sca le M 2 , s ince t h e p r o t o n r e m n a n t 
is i n c l u d e d in t h e j e t de f in i t ion . 

B a s e d o n a specific j e t de f in i t ion s c h e m e , Q C D 
c o r r e c t i o n s t o t h e l e a d i n g o r d e r ( L O ) p roces se s c a n 
b e c a l c u l a t e d . A n ove rv i ew will b e g iven in t h e n e x t 
s ec t i on . I n S e c t i o n 3 we d e s c r i b e t w o a p p l i c a t i o n s : T h e 
m e a s u r e m e n t of t h e r u n n i n g s t r o n g c o u p l i n g c o n s t a n t 
o ^ ( / i 2 ) a n d t h e d e t e r m i n a t i o n of t h e g l u o n d e n s i t y 
fgit) A*/) v i a j e t r a t e s . T h e p a p e r closes w i t h a s u m m a r y 
a n d c o n c l u s i o n s . 

2 . Q C D c o r r e c t i o n s 

I n t h e l a s t few y e a r s , Q C D c o r r e c t i o n s i n N L O for j e t 
p r o d u c t i o n c ross s e c t i o n s h a v e b e e n c a l c u l a t e d . T h e 
case of ( 1 + 1 ) j e t s is t r e a t e d in d e t a i l in [10]. T h e N L O 
c o r r e c t i o n s t o ( 2 + 1 ) j e t p r o d u c t i o n for t h e d o m i n a n t 
t r a n s v e r s e p h o t o n he l ic i ty h a v e b e e n c a l c u l a t e d in [11, 
12, 13]. T h e r e m a i n i n g he l ic i ty c ross s ec t i ons c a n b e 
f o u n d in [14]. T h e ( 3 + 1 ) j e t c ross s e c t i o n on t h e B o r n 
level h a s b e e n d e t e r m i n e d in [15], a n d even t h e ( 4 + 1 ) 
j e t c ross s e c t i o n is k n o w n [16]. T h e r e a r e p r e s e n t l y t w o 
p r o g r a m s a v a i l a b l e w h i c h i n c o r p o r a t e N L O c o r r e c t i o n s : 
D I S J E T [17] ( t r a n s v e r s e a n d l o n g i t u d i n a l c ross s ec t ions , 
n o a r b i t r a r y a c c e p t a n c e c u t s poss ib l e ) a n d P R O J E T 
[18] (al l he l ic i ty c ross s e c t i o n s i n c l u d e d , a n even t r e c o r d 
a l lows for a r b i t r a r y a c c e p t a n c e c u t s ) . T h e n u m e r i c a l 
r e s u l t s p r e s e n t e d in t h e fo l lowing a r e b a s e d o n P R O J E T . 

F i g u r e 2 s h o w s t h e d e p e n d e n c e of t h e j e t c ross 
s ec t i ons in L O a n d N L O o n t h e j e t c u t c. T h e 
k i n e m a t i c a l p a r a m e t e r s a r e Ecu — 295 G e V , 0 .001 < 
xB < 1, 10 G e V < W < 295 G e V , 3.16 G e V < Q < 
1 0 G e V . T h e p a r t o n d e n s i t y is M R S set D ~ [19]. T h e 
Q C D c o r r e c t i o n s a r e m o d e r a t e a s l o n g a s c > 0 . 0 1 . 

F i x e d o r d e r p e r t u r b a t i o n t h e o r y i n t r o d u c e s a scale 
d e p e n d e n c e o n t h e r e n o r m a l i z a t i o n sca le \iT a n d 
f a c t o r i z a t i o n scale fif. T h e N L O cross s e c t i o n for e.g. 
t h e ( 2 + 1 ) j e t f inal s t a t e c a n b e w r i t t e n f o r m a l l y in t h e 
f o r m 
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T h e v a r i a t i o n of crNLO ( ^ 2 , fi2

f) w i t h $ a n d fxj is of 
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F i g u r e 2 . Jet cut dependence; "tr." and "long." stand for 
transverse and longitudinal contributions, respectively F i g u r e 4 . Scale dependence of the (2+1) jet rate 

F i g u r e 3 . Scale dependence of jet cross sections 

0[az

s). I t is t h u s e x p e c t e d t h a t t h e scale d e p e n d e n c e 
of t h e N L O resu l t is s m a l l e r t h a n t h a t of t h e L O r e s u l t . 

F i g u r e 3 s h o w s t h i s d e p e n d e n c e for piT = pQ) fif = 
pQ. T h e p a r a m e t e r s a r e Ecm — 295 G e V , 5 G e V < 
Q < 100 G e V , 10 G e V < W < 295 G e V , c = 0 .02 . T h e 
scale d e p e n d e n c e of t h e N L O re su l t is c lear ly r e d u c e d . 

T h e effect o n t h e ( 2 + 1 ) j e t r a t e # 2 + 1 = &2+1/^tot 

is d i s p l a y e d in F i g . 4 , w h e r e ( a ) , (b) a n d (c) s t a n d for 
Mr = p Q , P>f - Q] P>r - <2, fif - pQ] a n d fir = p Q , 
fjbf = pQ) r e spec t ive ly . 

3 . A p p l i c a t i o n s 

W e briefly d i scuss t w o i n t e r e s t i n g a p p l i c a t i o n s , t h e 
m e a s u r e m e n t of t h e s t r o n g c o u p l i n g c o n s t a n t a n d t h e 
d e t e r m i n a t i o n of t h e g l u o n dens i t y . 

I n L O , t h e ( 2 + 1 ) j e t r a t e # 2 + 1 is p r o p o r t i o n a l 
t o t h e s t r o n g c o u p l i n g c o n s t a n t a s . T h i s m a k e s 
# 2 + 1 a n i n t e r e s t i n g o b s e r v a b l e , if t h e h a d r o n i z a t i o n 
c o r r e c t i o n s c a n b e c o n t r o l l e d . I n a r ecen t p a p e r , t h e 
H I c o l l a b o r a t i o n h a s q u o t e d a va lue a , ( M | ) = 0 .123 db 
0.018 f r o m R2+1 [20], c o n s i s t e n t w i t h t h e c u r r e n t wor ld 
a v e r a g e . O n e of t h e m a j o r u n c e r t a i n t i e s of t h i s resu l t 
is t h e s y s t e m a t i c e r ro r f r o m t h e c o r r e c t i o n f ac to r s f rom 
t h e h a d r o n level t o t h e p a r t o n level . M o r e ref ined j e t 
a l g o r i t h m s w h i c h a r e b e t t e r a d a p t e d t o t h e e x p e r i m e n t a l 
s i t u a t i o n m a y i m p r o v e t h e s i t u a t i o n . 

In t h e a n a l y s i s , i t t u r n e d o u t t h a t t h e f o r w a r d 
d i r e c t i o n is n o t ye t well u n d e r s t o o d . C u t s o n t h e p o l a r 
a n g l e a n d t r a n s v e r s e m o m e n t u m were i m p o s e d in t h e 
H I a n a l y s i s in o r d e r t o r e s t r i c t t h e p h a s e s p a c e va r i ab l e s 
t o a r eg ion w h e r e t h e a p p l i c a t i o n of fixed o r d e r m a t r i x 
e l e m e n t s is j u s t i f i ed [21]. C u t s o n t h e ( 2 + 1 ) j e t va r i ab l e 
z a s u s e d by t h e Z E U S c o l l a b o r a t i o n in t h e i r ana lys i s of 
j e t c ross s ec t ions h a v e a s imi l a r effect [3]. 

A n o t h e r cha l l enge is a d i r e c t d e t e r m i n a t i o n of t h e 
g l u o n d e n s i t y v i a j e t r a t e s . I t h a s b e e n p o i n t e d o u t 
[22] t h a t t h e g l u o n d e n s i t y fg(£,p>2f) is n o t ye t well 
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if t h e q u a r k dens i t i e s fq a r e k n o w n . R e c e n t l y , first 
e x p e r i m e n t a l r e su l t s in L O h a v e b e e n o b t a i n e d [23]. A 
feasibi l i ty s t u d y in L O b a s e d o n a n even t g e n e r a t o r 
is ava i l ab le [24]. T h e a p p l i e d m e t h o d is b a s e d o n a 
d i rec t r e c o n s t r u c t i o n of t h e m o m e n t u m f r a c t i o n £ of 
t h e i n c i d e n t p a r t o n f rom t h e final s t a t e k i n e m a t i c s . 
U n f o r t u n a t e l y , t h i s s i m p l e a n d s t r a i g h t f o r w a r d m e t h o d 
b r e a k s d o w n in N L O , b e c a u s e t h e n £ is n o l o n g e r 
a n o b s e r v a b l e , d u e t o t h e r ede f in i t ion of t h e p a r t o n 
dens i t i e s a n d c o r r e s p o n d i n g f ini te s u b t r a c t i o n s . A 
m e t h o d w h i c h is a p p l i c a b l e in N L O a n d b a s e d o n t h e 
Mell in t r a n s f o r m is p r e s e n t l y u n d e r s t u d y [25]. 

4 . S u m m a r y a n d C o n c l u s i o n s 

W e h a v e g iven a br ie f ove rv i ew of j e t phys i c s in 
deep ly ine las t i c e l e c t r o n - p r o t o n s c a t t e r i n g w i t h s o m e 
e m p h a s i s on n e x t - t o - l e a d i n g o r d e r Q C D c o r r e c t i o n s . 
T h e c o r r e c t i o n s s tab i l i ze t h e t h e o r e t i c a l p r e d i c t i o n s w i t h 
r e spec t t o scale v a r i a t i o n s a n d a l low for a n e x p e r i m e n t a l 
d e t e r m i n a t i o n of s c a l e - d e p e n d e n t q u a n t i t i e s . 

T h e N L O p r e d i c t i o n s h a v e a l r e a d y b e e n u s e d for a 
d e t e r m i n a t i o n of t h e r u n n i n g s t r o n g c o u p l i n g c o n s t a n t 
as(jir) a t H E R A . A m e a s u r e m e n t of t h e g l u o n d e n s i t y 

m N L O for £ > 0 .01 b y m e a n s of j e t r a t e s 
s eems t o b e feasible a s well . 

I t w o u l d c e r t a i n l y b e d e s i r a b l e t o h a v e N L O 
p r e d i c t i o n s for j e t c ross s ec t ions b a s e d o n o t h e r j e t 
def in i t ion s c h e m e s , such a s t h e & j - s c h e m e a n d c o n e 
a l g o r i t h m s , a s well . A s c a n eas i ly b e seen , t h e 
m J A D E a l g o r i t h m r e s t r i c t s t h e access ib le r a n g e in t h e 
m o m e n t u m f r ac t i on £ of t h e i n c i d e n t p a r t o n t o va lues 
l a rge r t h a n t h e j e t c u t c, if t h e m a s s scale u s e d for t h e 
j e t def in i t ion is W2. I n o r d e r t o b e sens ib le t o t h e g l u o n 
d e n s i t y a t s m a l l £, o t h e r j e t de f in i t ions h a v e t o b e u s e d . 
Moreove r , e v e n t - s h a p e v a r i a b l e s for e p s c a t t e r i n g s h o u l d 
be c o n s i d e r e d a s well . 

F r o m a phys i c s p o i n t of v iew, t h e f o r w a r d (i .e . 
p r o t o n ) d i r e c t i o n dese rves f u r t h e r s t u d y . J e t p r o d u c t i o n 
in th i s r eg ion is n o t ye t well u n d e r s t o o d , a n d i t is u n c l e a r 
w h e t h e r fixed o r d e r m a t r i x e l e m e n t s c a n d e s c r i b e t h e 
s i t u a t i o n a t al l . A s t u d y w i t h even t g e n e r a t o r s s h o w s 
t h a t t h e p r o b l e m p r o b a b l y s t e m s f r o m t h e emis s ion of 
p a r t o n s f rom t h e i n c i d e n t p a r t o n , m o d e l l e d b y a n in i t i a l 
s t a t e p a r t o n shower . M o r e o v e r , t h e f r a g m e n t a t i o n of t h e 
t a r g e t r e m n a n t j e t is p o o r l y u n d e r s t o o d a n d c o n t r i b u t e s 
t o t h e p r o b l e m . 

A c k n o w l e d g e m e n t s 

I t is a p l e a s u r e t o t h a n k t h e c o n v e n e r s of t h e w o r k i n g 
g r o u p o n H a d r o n i c F i n a l S t a t e s a n d t h e o r g a n i z i n g 
c o m m i t t e e . 
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c o n s t r a i n e d f o r 0 . 0 1 < £ < 0 . 1 . P rec i se ly in t h i s r eg ion 
j e t c ross s ec t i ons a r e sens i t ive t o t h e p a r t o n d e n s i t i e s . 
A n e x p e r i m e n t a l a n a l y s i s is t he r e fo r e w o r t h wh i l e . T h e 
g l u o n d e n s i t y fg c a n b e r e c o n s t r u c t e d f r o m 


