
GLUE BALLS , Q UARKS , AND THE POMERON-f 

J an W. DASH 
Centre de Physi que Theorique , CNRS 

3 1 , Chemi n Joseph Aiguier  
F-13274  MARSEI LLE CEDEX 2 ,  FRANCE 

ABSTRACT 

I present three i ss ues rel a ted to s-channel uni tari ty whi ch argue i n  
favor of  the P-f i denti ty model o f  di ffracti on o f  Chew , Rosenzwei g ,  and Chan , 
and whi ch argue agai nst the tradi ti onal P+f model . These are ( 1 )  The vi ol a ti on 
of two component dual i ty i n  modern P+f fi ts , ( 2 )  Threshol d effects due to 
strangeness , charm ,  and baryon production ( fl avori ng) , and ( 3 )  Quark-l oop renor­
mal i zation of the QCD gl uebal l ,  consi stent wi th observed hadron mul ti p l i ci ti es 
and domi nant short range orde r .  I a l so revi ew P -f i denti ty phenomenol ogy . 

Je vous presente des con s i derati ons ayant pour ori g i ne 1 ' uni tari te dans 
l a  vo i e  s , qui favori sent le mode l e  de di ffracti on i ncorporant 1 ' i denti te P-f 
et qui posent des probl emes ai gus pour l e  model e  a deux composantes P+f . 
Seront trai tes ( 1) l a  dua l i te a deux composante s ,  ( 2 )  l es probl emes l i es aux 
seui l s  pour l a  producti on de parfums ( fl avori ng ) , et ( 3 )  1 ' un i tari sati on de l a  
g l ueba l l de QCD,  d ' une fa�on compati b l e  avec l es mul ti p l i c i tes de hadrons 
observees et avec 1 ' o rdre a courte portee . Je rappel l e  aussi  l a  phenomenol ogi e  
basee sur 1 ' i denti te P-f .  
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I • r nTRODUCTI ON 

I t  has become habi tual  to associ ate the concept of di ffracti on wi th 

the two component Pomeron ( P )  + f mode l . The Harari -Freund l) notion of two­

component dual i ty and the theoreti cal poss i bi l i ty of quark l ess exci tati ons 

(QCD g l uebal l ,  dual cl osed stri ng )  i s  often c i ted as evi dence for the separate 

exi stence of a Pomeron and f. The Pomeron , dual to the background , is supposed 

to be the gl ueba l l  or cl osed stri n g .  The f, dual to resonances , is supposed to 

be nearl y exchange degenerate , i deal l y  mi xed , and p l anar .  More recently a di ffer­

ent i dea has deve l oped ,  due to Chew , Rosenzwe i g  
2 ) , Chan 3 ) , and others , ca l l ed 

the "Pomeron-f i denti ty " .  Here there is on ly  one h i gh - l yi ng trajectory- the P-f.  

The P-f trajectory goes through the f-meson and is curved in t in a manner 

whi ch i nvol ves the trans i t i on to a nearly pl anar ampl i tude at timel i ke t from 

a domi nantl y cyl i ndri cal ampl i tude at t = 0. These b10 schemes cl earl y di ffer 

i n  concept , and my purpose here wi l l  be to contrast them on a phenomenol ogi cal 

l e vel . The crucia l  aspect wi l l  be s-channel un i tari ty . 

I 11i l l  focus on three poi nts whi ch a rg ue strongly i n  favor of the 

P-f i de nti ty and agai nst the tradi ti onal P+f model 4 ) 
( 1 ) .  Two component dual i ty ,  i n  contrast to the s i tuati on i n  1969 , i s  

badly v i o l ated . Typical l y  the f pol e amp l i tude from P+f modern fi ts i s  dual 

to the re sonances pl us  one- hal f the backgrou n d .  

( 2 ) .  T h e  P-f i denti ty i s  qui te successful i n  descri bi ng data . I t  not 

on ly has passed a l l  i mportant phenomenol ogical  tests ( i ncl udi ng several speci fi c  

cha l l e nges di rected agai nst i t ) , but i t  works better than the P+f model i n  one 

very i mportant respect.  The poi nt can on l y  be seen i f  one tri es to bui l d  up the 

di ffracti ve ampl i tude us i ng s -channel uni tari ty . Cal l ed "f l a vori ng" 5 ) ,  the 

effect i s  due to the succes s i ve exci tati on of parti c l e s  wi th di fferent quantum 

numbers ( fl avors - strangeness , charm ; and baryon numbe r) i n  i nel astic  states . 

Wi thi n a domi nant short range order pi cture , as exi sts at current energi es , these 

threshol d effects must " renormal i ze the Pomeron " .  Th i s  means that the bare 

Pomeron sea 1 i ng 1 aw changes from s � ( t) 
to s 0( ( t) 

wi th 0( > � i n  a we 1 1 -
defi ned way , both mathemati cal l y  and phenomeno l og i cal l y .  

Fl avori ng renormal i zati on i s  anal ogous t o  the change i n  the sca l i ng l aw 

on ei ther s i de of a thresho 1 d for exc i ti ng a new quantum n umber i n  e + 
e -_.. hadrons .  

The detai l s  are di ffere n t ,  but
'
the effects are just  a s  dramati c .  

Actual l y ,  the "co rrect "  theory o f  di ffracti on , bui l t  up as i t  i s  by 

uni tari ty , must be consi stent wi th the obse rved mu l ti p l i ci ties  < ni ) ( i  = KR , 
BB , . . .  ) of i nd i vi dual speci es of -hadron s .  That i s ,  fl a vori ng i s  not so much 
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a compl i cati on as a constrai nt on any model of di ffracti on that c l a i ms to be 

righ t .  

The reason that I have s o  s trongly emphasi zed thi s poi nt here i s  that 

the P-f i denti ty i s  in fact cons i s tent wi th thi s  i mportant aspect of uni tari ty 

and s hort range orde r .  F l avori ng i s  a necessary 

phenomenol ogy 5 ) . I n  contra s t ,  the tradi ti onal 

thi s tes t .  

i ngredi ent i n  a s uccessful P - f  

P+f model mos t  probably fai l s  

( 3 ) . The l as t  poi nt i nvol ve s  the common i dea o f  the associ ati on of 

a g l  ueba 1 1  at o<. i<= 1 with the Pomeron separate from the f . I wi 1 1  argue 

tha t ,  on the contrary ,  the exi s tence of an o1 i<= 1 gl uebal l i n  quark l e s s  QCD 

does not i mply the s tandard P+f scheme . I ndee d ,  I shal l argue that once q uark­

l oop uni tari zation of such an object i s  i ncl ude d ,  the P-f i denti ty is favored 

over the P+f mode l . The t-channel content of the Pomeron-f i s  made of qq . 

Any pos s i bl e  t-channel g l ue content of the output Pomeron wi 1 1  be s hown to be 

neg l i gi b l e . 

I I  . THE FAI LURE OF TWO COMPONENT DUAL I TY 

The reason why the s i tuati on now i s  di fferent from what i t  used to be 

i s  the di s covery that total cross  secti on s  ri se . Roughly,  ri s i ng <J means 

that the P part <J
P 

ri ses , i . e .  cS p decreases as we go to l ower energ i e s . 

But then the f part 0-
f 

= cS - <S"p i s  bi gger at l ower energies  that i t  

woul d  be i f  Cfp were con stant .  The bi gger <i f now tends to be too h i g h  to 

average the re sonances . 

I n  Fi g .  1 I exhi bi t the experi mental I
t = 0 'ff N ampl i tude 

ImA ' + ( V ,  0) correspondi ng to the re sonance s ,  and al so to the resonances 

pl us one-hal f the background . Here ImA '
+ ( v ,  O) = �( v 2- m

2 )'/• (t; + rr c. 1f 11+p n-p 
where 11 = E

l ab . Al s o  p l o tted are the t = 0 abs orpti ve f pole amp l i tudes 

taken from several " conventi onal " P+f publ i s hed fi ts 6 ) performed after 1g74 _ 
By a "conventi onal " fi t I mean that the P i s  basi cal l y  a pol e p l us smal l cuts 

at t = 0 , cons i stent  wi th domi nant short range orde r .  Al though the authors of 

these fi ts di ffer i n  thei r ph i l osophy toward exchange degeneracy , the res u l t s  

are qui te uni form . I t  i s  c l e a r  tha t ,  i ns tead of averagi ng t h e  res onances , the 

.f actual ly averages the re sonances pl us one-hal f of the background , in contra­

di ction to the i dea of two component dual i ty .  
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The fa i l ure of the P+f model to sati sfy i ts own "postul ate " i s  not 
shared by the P-f i denti ty .  A model dependent te st of two-component dual i ty 
wi thi n the P-f i denti ty of the fo rm Im T ( p l anar) � ( Im ( resonances)/ , 
Im T ( cy l i nder) � <rm ( background)> has been performed . The reader i s  referred 
to Re f .  ( 4 )  for a descri pti on of thi s as wel l as more detai l s  fo r the P+f case . 

I I I  . THE P-f IDENT I TY 

The P-f i dentity i s  based on a speci fi c rea l i zation of Venez i ano ' s  
topol ogi cal expans i on ? )  . To the p l anar + cyl i nde r l evel , the I t = O ,  C = + 
amp l i tude T can be wri tten as T = TP l  + TCyl as i n  the P+f model . I n  
contras t ,  howeve r ,  t h e  parti al  wave ampl i tude T .  on ly  h a s  o n e  h igh  lyi ng pole 
i ns tead of two . (Thi s statement wi l l  be refi ned � n a moment when we di scuss 
fl avori ng ) . The pl anar f , a pole  in T� 1 at j = o( P l

-:= i ,  i s  shi fted upward 
by the cyl i nder amp l i t ude accord i ng to the part i al wave equation 

( 1 )  

The cyl i nde r kernel Cj i s  taken a s  a nons i ngu l ar function o f  j 
near j 1 . Thi s i s  qui te sens i bl e .  In Regge mode l s  3 ) , the l eadi ng Cj s i ngu­
l ari ty i s  a Regge-Regge cut at j � 0 , as shown bel ow : 

THE NONS I NGULAR CYL I N DER  KERNEL  Cj OF EQ . 

Upon i terati ng eq . ( 1 ) , the Cj kernel changes the di recti on of ci r­
cul ati on of the q uark l oops between nei ghbori ng p l anar ampl i tudes . That i s ,  the 
cyl i nder kernel produces trans i t i ons between the "back " and " fron t"  of the cyl i n­
der on whi ch qu ark l oops ci rcul ate i n  opposi te di recti on s .  Note that every t­
channel cut ( verti cal l i ne )  on the cyl i nder cuts through q uarks . Pi ctori al l y  Tj 
i s  g i ven by the i terati on 
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THE PARTIAL WAVE AMPLI TUDE Tj OF THE P-f I DENTI TY 

The sol uti on of eq . ( 1 ) i s  e l ementary , 

( 2 ) 

The fact that Cj i s  nons i ngul a r near j = 1 means that there i s  onl y  one h igh  
lyi ng pol e ,  the P-f .  Thi s i s  the  P-f  i denti ty 2 ) . 

I V  . FLAVORING 

I next di scuss fl avori n g ,  whi ch as menti oned earl i e r ,  p l ays a most 
important rol e  i n  di stingu i s h i ng the P-f i denti ty from the conventi onal P+f 
model . Here I can only menti on the h i g h l i ghts ; the reader i s  referred to 
re f .  5 for a compl ete re v i ew .  

The bas i c  i dea fol l ows the ol d observati on that the ri se i n  () seems 
corre l ated wi th the ri se of BB producti on , wh i ch i s  an obvi ous threshol d-l i ke 
effect.  Thi s same sort of behavior  i s  al s o  observed for KR producti on , though 
at somewhat l ower energ i es { the effecti ve threshol d i s  around s = 30 GeV2 ) .  
Charm and pos s i b l e  other new fl avors c l early wi l l  a l s o  exh i b i t  such behavi or at 
l a rge s , though at pre sent energies  these effects are negl i g i b l e .  The experi ­
mental fact that the mu l ti pl i ci ti es < ni) (i = KR ,  BB , . . .  ) exhi b i t  strong 
threshol d- l i ke behavi or produces the fl avori ng effect on di ffract i on through 
s -channel uni tari ty . 

I n  genera l uni tari ty constrai nts are ve ry di ffi cul t to i mp l ement.  
Here we are fortunate . The exi stence of domi nant s hort range order at present 
energies  al l ows us to concl ude that the domi nant producti on amp l i tudes are mul ti ­
peri pheral , probably i n  cl uste rs .  Now any mul ti peri pheral model with � ki nema­
ti cs properly treated conta i n s  tmi n effects for producti on of KR  , BB , . . .  

442 



pai rs . Independent of detai l s ,  one al ways obta i ns partia l  wave ampl i tudes of the 
fol l owing ( strong-coupl i ng )  form S )  : 

[ " 2 -b Kj 2 -bBj J- I  T j = � j j - <1.. - g K e - g8 e - . . . ( 3 )  

The decaying  exp ( -bj ) exponenti al s are j ust the k i n d  that ari se from 
the Froi ssart-Gri bov formu l a  due to threshol ds i n  s-channel di sconti nui ti es at 
l n  s = b. These terms do two thi ngs . They produce smooth threshol d modi fi cati ons 
of cross secti on behavior  (wh i ch , contrary to l ore need not be osc i l l atory ) .  
They al so renormal i ze the Pomeron ( j -pl ane descri pti on ) . Denote 

A 
= unfl avored pomeron P 

A 
Tj = Tj ( gK = g8 = 0 ) . 

/\ /\ 
i ntercept . L P = pole i n  Tj J 

where 

cl. = fl avored Pomeron P i ntercept ( P  = l eadi ng pole  i n  Tj ) 

f\ 
The unfl avored P i s  bui l t  up from pion producti on a l one . I t  i s  a pole i n  the 
" unfl avored"  p arti al  wave amp l i tude Tj . It 1 s  an a uxi l i ary , though extremel y  
useful object . The fl avored Pomeron P i s  the l eadi ng po le  i n  the ful l partia l  
wave ampl i tude Tj . I t  i s  the bare Pomeron of the  Reggeon Fi e l d  Theory .  The 
reader shoul d note careful l y  that there are no "energy dependent trajectori es " .  

A 

""- and e>< are numbers ( or at t f 0 functi ons of t ) . Further the fl avored 
i ntercept « is ca l cu l ated from knowi ng the unfl avored i ntercept � and the thres­
hol d parameters which are fi xed  by data . 

Now by ( a )  expandi ng Tj i n  a seri es i n  gk , g8 ; or ( b )  by 
pi cki ng up the pol e s  of Tj i n  the Sommerfe l d-Watson transform , one i s  l ead to 
two compl ete l y  eq ui valent descri pti ons of ..!I:__. 

" 
� 

s oi.-1  � + z= 
i =K , B ,  . . .  

g� f . (s )  9 ( l n s - b . ) + 1 1 1 

() = f""" 00 ( 4 )  
f3 o( -1  22 ( comp l ex pole  terms ) o r  s + 

1"; 1  
" 

� Note that at l ow s , er i s  gi ven s imp ly  by the unfl avored P scal i ng 
°" - 1  l aw s . A t  h i g h  s , Cf i s  g i ven s i mp l y  by the fl avored P scal i ng l aw 

sOI. - l  . Th i s  i s  the fl avori ng renorma l i zation of the ( bare )  Pome ron . Thi s  i s  
shown pi ctori a l l y  be l ow for the s i mp l e  case o f  one XX fl avori ng threshol d : 

443 



- -- -- ---- - - --

5xx 

OC - 1 
s 

0- -... ... x x  
_ ... 

s 

FLAVORING RENORMAL I ZATION EFFECT ON CS- BY XX PRODUCTION 

Here s _ i s  around BNL ( FNAL) energies  for KR ( B B )  producti on , 
xx 

and i s  determi ned by the experimental poi nt  at whi ch XX production " takes off " .  

I s tress aga i n  that the fl avori ng renormal i zati on o f  the Pomeron i s  

not model dependent .  I t  occurs because ( 1 ) threshol d- l i ke behavior  of KR, BB , . . .  

producti on exi sts , and ( 2 )  domi nant short range order i n  rap id i ty exi s ts .  

The exi s tence of fl avori ng  i n  hadron scatteri ng i s  rather l i ke the 

�ow-fami l i ar i dea that the famous rati o R in e+e- anni hi l ati on approximate ly 

obeys one scal i ng l aw ( !  Q� ) be l ow the threshol d for exc i t i ng a new fl avor 

and a di fferent scal i ng l aw ( �' Q� ) above that threshol d ,  wi th a comp l i cated 

transi t i on reg i on in between ( e . g .  the 'If fami l y  at the charm threshol d ) . 

Of course there are dynamical  di fference s .  I n  hadron phys i cs the exci tati on 

threshol ds are k i nemati cal l y  del ayed . Moreover baryon number counts as a "fl avor" 

because no q2 -ii> <><> argument  is around to break up the qqq system . P i cto­

ri al l y  e+e- � h fl avori ng due to a new XX fl avor exci tati on l ooks l i ke 
th i s  : 
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The sea 1 i ng 1 aw change from 'L Q� to :[ / qf i n  R i s  ana 1 ogous 
to the fl avori ng renormal i zation of the bare Pomeron scal i ng l aw from s� to 
s « i n  hadron-hadron scatteri ng . 

Numeri cal ly ,  fl avori ng i n  hadron-hadron scatteri ng i s  a very important 
effect . A detai l ed analysi s yie l ds 5 l 

A 
o<. - o( z 0 . 2  ( 5 )  

A s  we shal l see i n  the next secti on thi s  has q u i te important conse-
q uences . 

V . P-f I DENTITY PHENOMENOLOGY 

Here I s ha l l l i st i mportant phenomenol ogical resul ts wi thi n the P-f 
i denti ty framework , concentrati ng only on t �  0 phys i cs .  

A .  THE DUAL UN I TARIZAT I ON PROGRAM OF CHAN 

The comprehensi ve dual uni tari zati on program of Hong-Mo Chan and 
col l aborators 3)  has al l been carri ed out within  the context of the P-f i den­
ti ty .  Thi s was not ,  however , recogn i zed at the outset . 

B .  TWO-BODY PHENOMENOLOGY 

( 1 ) . The fi rst major work i ncorporati ng the P-f i de�ti ty was �ef .  8 
whi ch contains  one of the two exi sti ng g l obal fits to a l l  0- i _,,,.. 0- i data 
at  and bel ow BNL energ ies . Thi s was done wi th  what i s  now recogni zed to be the 

A � � unfl avored bare Pomeron P , and the unfl avored P i ntercept <>< was taken at  
I\ 
ol. = 0 . 85 .  The exi stence of a separate i deal l y  mi xed "f"  was al l owed for i n  the 

A 
fi t ,  but i ts i ntercept was consi stent onl y  wi th a val ue of around zero . The P 
i ntercept bel ow one sol ves the eni gmati c "phase prob l em "  of absorpti on model s ,  
known to two-body phenomenol ogi sts , i n  an el egant way. Standard P+f treatments 
s uffer from the probl em that Regge-Regge cuts shou l d  van i sh in an exchange-dege­
nerate worl d ,  which g i ves i ncorrect phases if the P i s  a pol e around 1 p l us 
sma 1 1  cuts . 
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( 2 ) . Ri si ng cross secti ons above BNL energies are qui te consi stent 
wi th the P-f i denti ty and the above g l obal fi t .  As menti oned several times , 
fl avoring p l ays the key rol e .  The fl avored P has the cal cul ated i ntercept 
o< = l . 08 .  Usi ng the same fl avori ng i n  ir N , KN , and NN scatteri ng  produces 

the correct shapes  of a l l these cross secti ons through FNAL-ISR  energies  5 ) .  

( 3 ) . Spec i fi c  chal l enges to the P-f i denti ty have al l i gnored the 
crucia l  aspect of fl avori ng . These i ncl ude 5a ) the observed i ncreasi ng beha-
vi or of 2 () KN - cr-'1\" N and the rati o of forward real to i magi nary amp l i tudes9 ) . 

These data are wel l descri bed wi th i n  the P-f i denti ty ,  as shown i n  ref .  5 . 

( 4 ) . Inel asti c two body reacti ons have not been systematica l l y  analy­
zed ,  other than the 0- j+ � 0- j+ case . The asserti on lOa }  that K� produc­
tion poses a seri ous probl em for the P-f i denti ty has been reanalyzed by 
Tan , Tow , and Tran Than Van lOb ) and shown to be fal se . However a comp lete 
ana lys i s  of vector meson producti on as we 1 1  as reacti ons l i ke np � pn where 
di ffract i on enters through absorpti on sti l l  needs to be performed .  

C .  MULTIPARTI CLE  PHENOMENOLOGY 

( 1 ) . Mue l ler  analys i s  i s  di fferent i n  the P-f i denti ty because at 
A 

subenerg i es s i wh i ch are be l ow fl avori ng thresho�ds i t  i s  the unfl avoredA P A 
which control s the leadi ng si dependence as s i o< I n  aqditi on the P x P 
cut and unfl avored j � 0 s i ngul ari ti es can be present , as i n  the g l oba l 

8) """ 
fi t . Tri pl e-Regge pp _,,. pX and ir p  � Xp phenomenol ogy u s i ng tri p l e  PPP 

A A 
and 1T 1T  P terms was performed i n  ref .  1 1 ,  where the P was fi rst i ntroduced .  
The exi sti ng data were i ndeed cons i stent wi th th i s  descri pti on . However newer 
data exi s t  that shou l d  be analyzed , w i th appropri ate attention to fl avori ng 
renorma l i zat ion i n  subenergies . 

( 2 ) . The ri s i ng rap i d i ty p l ateau has been analyzed by Jones 12 ) , who 
concl udes that fl avori ng may be a key i s sue here too . F l avori ng can i ntroduce 
new Mue l l er coup l i ngs whi ch can make the ri�e of d u/dy occur at the same s 
as d" , i nstead of l ater .  Further work a l ong thi s  l i ne wou l d  be we l come . 

( 3 ) . Al l fl avori ng phenomenol ogy has been performed us i ng the 
pp � KKX , ppX tabu l ation 13 ) , assum i ng that the fl avori ng renorma l i zation 
i s  uni versal for ap scatteri ng ( a  = p ,  ir, K) as i t  shou l d  be i n  a short range 
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order framework . Thi s s hou l d  be checked expl i ci tly by tabu l ati ng 
etc . data . 

1T p ..,... KKX ' 

The overal l concl u s i on i s  that the P-f i denti ty ,  whi l e  not exhausti ­
vely tested , has passed al l major phenomeno l ogi cal tests as wel l as a number of 
mi nor tests . The P-f i dent i ty moreover has the advantage of be i ng consi stent 
wi th flavori ng .  

On the other han d ,  the l arge flavori ng effect i s  cl early i nconsi stent 
wi th the tradi t ional P+f pi cture , at least wi th i n  the conventional framework . 
For examp l e ,  the fl avori ng renormal i zati on of 0 . 2  requi red by the data for 

- - " 
KK and BB production wou l d  renormal i ze an unfl avored Pomeron P at one to 
a fl avored P with i ntercept 1 . 2 ,  whi ch i s  much too h igh  to fi t total cross 
secti ons . Conversel y ,  the comp l ex pol es in the fl avori ng-renormal i zed spectrum 
of T .  ( eq . ( 3 ) )  cannot approximate the f of the P+f mode l . Thi s  i s  because J 1 ( 1 ) the compl ex pol es are comp lex , and anyway nowhere near 2 , and ( 2 ) they 
conta i n  substanti a l  strange ss and diquark qq qq components , whereas the 
standard f i s  i deal ly  mi xed ; i . e .  i t  supposedl y  contai ns onl y  uu and dd 
components . 

VI . WHY THE POSS IBLE EXISTENCE OF A GLUEBALL W ITH I NTERCEPT ONE DOES NOT 
IMPLY THE P+f MODEL 

The major theoretical  moti vati on for the P+f pi cture has been taken 
from the poss i bi l i ty of new quark l ess  effects ; a g l uebal l i n  quarkless  QCD 
14 • 15 l or a cl osed stri ng i n  dual model s ,  whi ch coul d  produce a pol e with i nter­
cept one . It i s  important fi rst of a l l to remi nd the reader that thi s  pos s i bi l i ­
ty suggesti ve as i t  may be , i s  unproven 14 ) . However ,  what I wi sh  to poi nt out 
i s ,  eve� gi ven the exi stence of such an object , the demonstrati on of the stan­
dard P+f pi cture is by no means guaranteed . The gl ueba l l  concept , formul ated 
as i t  i s  in a worl d wi thout q uarks , vi ol ates uni tari ty . The i mpos i ti on of uni ta­
ri ty by addi ng quarks l oops can s ubstanti a l l y  modi fy what one mi ght naively 
bel i eve to be  the case . Speci fica l l y ,  I wi l l  s how that 

( 1 ) . The P-f i denti ty i s  i n  fact cons i stent wi th the exi stence of 
a g l ueba l l  i n  quark less  QCD , even wi th i ntercept one ; 

( 2 ) . The P-f i denti ty i s  not only a con s i stent resu l t  but the 
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preferred resu lt  over a pos s i b l e  P+f res u l t .  Th i s  wi l l  fol low on l y  from foter­
nal consi stency , short range order and the total parti c l e  mu l ti p l i ci ty < n > 
whi ch i ncreases roughly l i ke a l n  s , where a i s  a b i g  number ( a ;:::; 3) . 
The P+f model resu l ts general l y  i mply 16 ) part i c l e  mul ti pl i ci ties < n >  whi ch 
i ncrease l i ke f l n  s , where E is a sma l l number ( e . g .  E z 1/6 ) .  

I beg i n  by consi deri ng the standard p i cture for the QCD g l uebal l 
Pomeron , fi rst i ntroduced by Low and Nussi nov lS ) .  There are no quarks at thi s 
stage , other than the external quarks . ( Techni cal l y ,  the number of col ors Nc 
has been taken to i nfi ni ty ) : 

G l ue b a l l 

THE f-DOMINATED GLUEBALL POMERON I N  QUARKLESS QCD 

The two external quark l oops fi t on a cyl i nder topol ogi ca l l y  s i nce 
they ci rcul ate i n  oppos i te di recti ons . They produce a double p l anar f pole 
( f-domi nated res i d ues ) , and tr.ey exchange col ored gl uons to produce the g l uebal l. 
The two gl uons i n  the above drawi ng are only suggest i ve .  Actual 1y we expect the 
fu l l  content of quark l ess QCD to enter and , i n  an as yet unknown way , perhaps 
lead to the j-p l ane resul t 

with � * 

c .g l ue 
J 

11_ 
j - o( * 

( 6 ) 

or at l east someth ing  cl ose to one . The t-channel d i s conti nui ty 
away from the external q uarks cuts through on l y  g l ue .  

Now the s-channel di sconti nui ty of th i s  amp l i tude i s  obta i ned by 
consi deri ng the two gl uons i n  the fi gure as the s-channel di sconti nui ty l i ne .  
Cl early only two qq pai rs are present , and i n  fact each has a "mass"  on the 
order of s112 . Th i s  unphysi ca l  res u l t  i s  because the dynami cs has not yet been 
regarded as i ncl uding q uark l oops , whi ch produce qq pai rs i n  the s-channel 
uni tari ty sum. However ,  even at th i s  stage , one sees a h i nt  of what is to come . 
Any exp 1 i c it  gl ueba 1 1  ( associ ated wi th a t-channe 1 di sconti nui ty tha·c does not 
cut through quarks ) wi l l  produce � l arge rapi d ity gap and l ead to � l ack of 
.9..9. pai rs . Thi s wi l l  u l ti mately produce probl ems wi th hadron mul t ip l i ci ties for 
the P+f model , though not for the P-f i denti ty .  
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When quark l oops are added , the cyl i nder topol ogy wi l l  sti l l  domi nate . 
Thi s  i s  because h i gher order topol ogies generate j -pl ane cuts , which are sma l l  
effects . Because o f  short range orde r ,  there i s  a mu l ti peri pheral structure on 
the cyl i nder .  Movi ng al ong the cyl i nder ,  a p l anar amp l i tude wi th quark l oops 
ci rcu l ati ng i n  one di rection on the "back"  of the cyl i nder undergoes a tran s i ­
ti on by means of a "cyl i nder kernel " to another pl anar amp l i tude wi th q uark 
l oops ci rcul ati ng i n  the other di recti on on the "front" of the cyl i nder ( and 
conversely ) . I terati ons of p l anar-cyl i nder-p lanar . . .  transi ti ons  al ong the 
cyl i nder generate the mul ti peri pheral structure ,  consi stent wi th a j -p l ane 
pole  output . (Techni cal l y ,  nonsense zeros k i l l  the cuts ) .  So far I have done 
noth i n g  unconventi onal , and i n  fact I am mere ly  fol l owi ng Venez iano ' s  suggesti on 
that each of the ori gi nal h i gh "mass"  qq pai rs "decays " i nto a pl anar jet l? )  
To  go further I have to  speci fy the "cyl i nder kernel " .  

Suppose that the cyl i nder kernel is chosen as Cj , the nons i ngul ar 
functi on of eq . ( 1 ) . Then the multi peri pheral equati on for the cyl i nder ,  wi th 
the p lanar amp l i tude added , i s  exactly eq . ( 1 ) . Every t-channel cut goes through 
quark s .  S i nce eq . ( 1 ) i s  the equati on that generates the P-f i dent i ty ,  I have 
shown my fi rst c l a i m .  THE POMERON-f I DENTITY � CONS I STENT W ITH THE EXISTENCE 
OF � GLUEBALL .!Ji QUARKLESS QCD.  What has happened i s  that the uni tari zati on of 
thi s g l uebal l has been chosen in such a way as  to produce the P-f i denti ty .  
Speci fi ca l l y ,  the u n i tari zati on of the cyl i nder turns the double  p l anar f pol e  
due t o  the f-domi nated res i dues o f  the ori gi nal g l uebal l Pomeron i nto a p l anar 
f pol e wi th a negati ve resi due , whi ch cancel s the p l anar f i n  T�1 . Tech­
ni cal l y ,  one shou l d  take note of the fact that i t  i s  the phys i cal  s-channel 
di s conti nui ty whi ch bui l ds up the phys i cal j -p l ane amp l i tude through the 
Froi ssart-Gri bov formul a .  Because the non-uni tari zed and uni tari zed cyl i nder 
di s conti nui t ies are di fferent ( conta i n i ng two qq pai rs and many qq pai rs , 
respecti ve ly ) , the non-uni tari zed gl ueba l l  parti al wave amp l i tude i s  di fferent 
from the phys i ca l  parti a l  wave amp l i tude Tj . Thus there are i mportant detai l s  
wh i ch must depend on the quark l oop dynami cs , l i ke the above negati ve resi due 
p l anar pole i n  the cyl i nder .  Another examp l e  i s  fl avori ng , whi ch I have argued 
must occur and i s  c learly a quark-mass  dependent effect . Those who wou l d  l i ke 
to use col or confi nement to argue that the l eadi ng cyl i nder j -pl ane pole i nter­
cept shoul dn ' t  change much under uni tari zati on have a bui l t- i n  argument for 
sayi ng that the P-f i ntercept shou l d  be around one . I do not bel i eve that 
argument is a-pri ori reasonabl e ,  s i mp l y  from the above observati on regard i ng 
the Fro i s sart-Gri bov formul a .  Therefore I must re ly on counti ng arguments l i ke 
those of H .  Lee and Venezi ano or the more sophi sti cated computer cal cul ati ons 
of Chan et a l . 3) to say that the output P-f i ntercept shou l d  be around one , 
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the detai l s  bei ng fi xed by the necessi ty of be i ng cons i s tent wi th both l ow 

energy BNL data S) and with  fl avori ng S )  as descri bed i n  the previ ous secti on 

on P-f phenomenol ogy . 

So far I have shown that one can have the QCD g l uebal l i n  one l i mi t , 

the nonun i tari zed quark l ess l i mi t ,  and the P-f i denti ty i n  the real  worl d 
once q uarks are added .  I wi l l  now argue that thi s i s  i n  fact the most reason­

able sol uti on . Whi l e it is formal ly  poss i b l e  to construct sol uti ons that l ook 

rather l i ke the P+f model , I wi l l  show that somethi ng a lways goes wrong -
part i c l e  mul ti p l i c i ti es are too sma l l ,  the f does not have the p roperti es 

that wou l d  be expected i n  the P+f model , short range order is v io l ate d ,  or 

double  counti ng errors are commi tted . 

To construct a sol uti on that l ooks l i ke the P+f model i s  at fi rst 

gl ance easy . I n stead of choos i ng the cyl i nder kernel as the non s i ngu l a r  Cj 
kernel wh i ch generates the P-f i denti ty ,  one chooses to have the poss i bi l i ty 
that some tran s i t i ons between p l anar ampl i tudes on the cyl i nder take p l ace 

through the i ntermedi ary of g l uebal l tran s i t i ons across the appropri ate sub­

energ ies , l eadi ng to t-channe l cuts through g l ue .  To avo i d  confu s i on i n  termi ­

nol ogy ,  I wi l l  cal l these tran s i ti ons subgl uebal l trans i ti ons . By cons i stency , 

the parti a l  wave projecti on of each subgl ueba l l trans i t i on i s  just  Cj
gl ue 

wi th i ts pol e at j = o{x • The re l evant part i a l  wave equati on i s  now 

T · J 
T .  = T� l 

J J 
P l  + T j ( g Cj 

Upon i terati on T .  J 

.......__..., 

) ( + 
......--... 

g l ue + gg l ue Cj ) Tj 

now l ooks l i ke thi s 

Subglueba l l  [ �· 
THE AMPL ITUDE Tj OF THE S INGULAR EQUAT I ON ( 7 )  

( 

I t  i s  tri v ia l  to see that Tj i ndeed has two h i g h  l y i ng pol e s .  

( 7 )  

The g l uebal l has been i terated through subgl ueba l l tran s i ti ons i nterspersed 

between non s i ngu l a r  Cj trans i t i ons , and the  resul t is  j ust a sp l i tti ng of  
the  two i nput g l uebal l and p l anar pol es to form two output pol es that  one 

may be tempted to cal l the P and f. Thi s  possi bi l i ty ,  rai sed by a number 
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of outhors , i s  formal ly  s imi l ar to the o l d  Schi zophrenic  Pomeron model of Chew 
and Sn ider 18) . We now poi nt out the probl ems associ ated wi th thi s poi nt of 

• v i ew .  

P+f PROBLEM ONE  : THE  HADRON MULTI PU C ITY I S  TOO SMALL I F  ol. * = 1 .  

Suppose that the g l uebal l - and subgl uebal l - i ntercept of. �  i s  one 
(or  around one ) . The problem , as h i nted at before , i s  that each subgl ueba l l  
transi ti on requi res a l ot o f  phase space . G i ven the total cross sect i on 

ol - 1  tJ" :::: 13 s , i t  i s  easy to  see that the average number of subgl ueba l l  
transi ti ons < nsgb ) sati sfies 

< nsgb ) � ( o<  - o( * )  l n  s < l/10 ln s ( 8) 

where I have used the experimental i nformati on that o<. < l . 1 .  Thus at 
present energ ies , i nternal cons i stency and the total cross secti on requi res 
there to be mostly only one ( ! )  subgl ueba l l , which generates a l arge rap i d i ty 
gap across the enti re ki nemati c reg i on .  Thus , l i ttl e phase space i s  avai lable 
to produce qq pai rs on ei ther s i de of the subgl ueba l l  trans i ti on .  This  means 
that the hadron mul ti p l i ci ty < n > i s  much too smal l ,  i . e .  < n > ;::>;::. <= l n  s 
where E < <  3 , the experimental val ue . 

There are at l east three examp l es of thi s  of which I am aware . 
The fi rs t i s  the Schi zophren i c  Pomeron model 18 ) , where the subg l ueba l l formal ly 
i s  a l ogari thmi c cut near j = 1 .  Many cal cul ati ons were done , typi cal l y  produc­
i ng < n) / l ns � i 18 • 19 ) . A second exampl e  i s  the QED - based model of 
Cheng , Wu , and Wa l ker 20 l . Here the g l uebal l is composed of two photon s .  
Hence o<.. � = l ,  there are two hadrons between each subgl ueba 1 1  , o( = 1 .  08 , 
and so < n ) / l ns ;;::; 1/6 . A thi rd exampl e  16 ) i s  the phenomenal ogy done 
by Pi nsky and Snider 2 1 ) , who fi t <r usi ng eq . ( 7 ) wi th g = O .  If we take 
one parti cl e between subgl uebal l transi ti ons , then < n >  / l ns � 1/ 7 .  
I n  this  l ast examp l e  the subgl uebal l i ntercept was we l l  be l ow one ( 0(  * = 0 . 85 ) , 
but even so the parti c le  mul ti p l i ci ty i s  too smal l .  F i na l l y ,  Nussi nov ' s  
"dressi ng-up of the Pomeron " 15 ) i s  al so gi ven by eq . ( 7 ) , but as he di d not 
bother to cal cul ate mul ti p l i ci ties , he di d not see the probl em .  

Thi s <n> prob l em shows that the t-channel uni tari ty content o f  the 
Pomeron cannot conta i n  any s�nfui pure-g l ue component i f  o<.* � 1 ,

- ;sis 
the case for the P+f model . I nstead , the t-channel content of di ffracti on 
must be made up predomi nate ly of quarks , as is t he case i n  the P-f i denti ty .  
Ca l cul ati ons 3 )  show that n o  ( n )  di ffi cul ties are encountered i n  the P-f 
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i denti ty .  

P+f PROBLEM TWO : The f DOES NOT LOOK L I KE THE f OF THE P+f MODEL .  

Th i s  problem ari ses under the fol l owi ng hypotheses . One i magi nes , 
that regardless of the poss i b l e  val ue c(.K = 1 of the ori gi nal gl uebal l ,  
the subgl ueba l l i ntercept i s  not 1 , but l ess than one . Thi s may occur , 
because there may be add i t i onal renorma l i zation effects of the quark l ess 
QCD gl uebal l due to quark l oops whi ch are not cut by the s-channel di sconti ­
nui ty 22 ) , and so have not been exp l i ci tl y�c l uded so far .  How b i g  thi s 
effect can be i s  a matter of conjecture i n  one sense , but we can be pretty 
sure from the above argument about mul t ip l i ci ties  that i f  the subgl ueba l l real ly  
exists as a separate cyl i nder kernel i ts i n tercept r.;ust be  oi....,,_ < i· Sti l 1 eq . ( 7 ) 
generates two pol e s .  Now , howeve r ,  the Pomercn i s  mostly the shi fted pl anar f 
shi fted usi ng Cj as i n  the P7f i denti ty and i s  �ostly made up of quarks i n  
the t-channel , whi le  the putati ve output "f"  wi l l  have a l arge g l ue compo­
nent 17) 

However ,  an "f"  wi th a l a rge gl ue component has al l the wrong 
properti es . The f of the P+f mode l i s  supposed to be pl anar and i dea l ly 
mi xed to a good approx i mation . However gl ue i s  i nherently a cyl i ndri cal concept 
and a fl avor s i ng l e t .  It i s  a l so worth poi nti ng out that an output "f"  i nter­
cept near i woul d ,  under the ci rcumstances , be acci dental . Actua l l y  i t  i s  
qu i te unl i kely s i nce the i nput pl anar pole  i n  T .P 1 a t  i wi l l  repel any 
output pol e  i n  Tj we l l  away from i J 

I n  fact I bel i eve that the only sensi b le  resu l t of thi s k i nd i s  an 
output gl uebal l trajectory , after qua rk mix i ng , wi th i n tercept bel ow zero . 
Thi s  i s  then qui te cons i stent wi th the P-f i denti ty .  

P+F PROBLEM THREE SHORT RANGE ORDER IS V IOLATED OR MULTI PLE COUNT I NG ERRORS 
ARE COMMITTED .  

These errors are t o  be found i n  at l east  two papers 23 • 24) 
Fi rs t ,  i magine that what I have cal l ed a "subgl ueba l l  " ,  composed only 

of g l ue ( and perhaps uncut quark l oops ) is  actual ly  an i ntermedi ate quant i ty 
l i ke a b i g  "g l ueba l l  resonance " whi ch " l ater"  decays i n to quark pai rs wh i ch 
appear i n  the s-channel uni tari ty sum. Such a "decay" wi l l  of course have to 
be mul ti peri pheral and cyl i ndri cal topol ogi cal l y  i n  order to reta i n  s hort 
range order .  Hence , "subgl ueba 1 1  decay" i s  i ndi sti ngui sh  ab le  in character 
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from the mul ti peri pheral cyl i ndri cal structure whi ch came from the ori gi nal 
gl ueba l l and on wh ich  I have been bas i ng the whol e di scuss i on .  Thus one obta i ns 
noth i ng new by l etti ng subgl ueba l l s  "decay" . I f  subgl uebal l s  "decay" i nto 
i terates of Cj then al l fi nal states are obtai ned by i terati ng Cj , and 
th i s  s i mply produces eq . ( 1 ) and the P-f i denti ty.  If subgl ueba l l decays 
al so i ncl ude g l ue ( a s  "sub-subgl ueba l l s " ) , one merely  obtai ns eq . ( 7 ) as generat­
i ng a l l fi nal states . Hence there i s  real l y  noth ing  to di scuss ; the earl ier  
treatment is  comp l ete .  

However ,  ref . ( 23) imagi nes al l ot *  :::: 1 subg l uebal l decays to occur 
nonmul tiperipheral ly , and so i rreduc i bly wi th respect to Cj i terati ons . 
Th i s  i s  accomp l i shed techn ica l l y  wi th the a i d  of a "mi n imum rap i d i ty l ength " 
whi ch stretches across the subgl uebal l ,  and i s  i ntroduced to avo i d  doubl e 
counti ng . Doub l e  counti ng i s  i ndeed avoi ded . Howeve r ,  because each subg l uebal l 
uses up so much phase space , the assumed nonmu l ti peri phera 1 subgl ueba l l  decay 
i mmedi ate ly resul ts i n  a l l  fi nal states bei ng domi nated by non-mul ti peri pheral 
confi gurati ons . But nonmul ti peri pheral fi nal states are tantamount to domi nant 
l ong range orde r ,  viol ati ng the data . 

A second ( and re l ated ) way that short range order can be vi ol ated 
i s  not to recogni ze that topo l og ies  of  h i gher order than the cyl i nder generate 
j -p l ane cuts . These h i gher order topol ogies are a l so respon s i b l e  for produc i ng 
al l the correct analyti c i ty properti e s  of mul ti parti c l e  ampl i tudes , but domi nant 
short range order ( and the topol ogi cal  expan s i on ) tel l s  us that these are sma l l  
effects a t  current energ i es . Cl early , i f  one i s  i nvesti gating the properti es 
of the bare Pomeron pol e  before addi ng cuts ( as  we are ) , one shoul d make sure 
not to i ncl ude these hi gher topol ogi es . 

I cl ose wi th a di scuss i on of mul ti p l e  counti ng errors . These occur 
under the fol l owi ng s i tuati on . Imagi ne starti ng wi th fi nal states on the cyl i n­
der ,  al l generated by Cj i terati on . As I have sai d ,  th i s  produces eq . ( 1 ) and 
the P-f i denti ty . However ,  ref . ( 24 ) effecti ve ly tries to reorganize these 
fi nal states � if they ori gi nated from e>t* � 1 subgl ueba l l decays , whi ch 
makes eq . ( 7 ) and a P+f sol uti on l ook rel evant .  The point i s ,  th i s  i denti fi ca­
ti on cannot be done uni quely ,  and mul ti p l e  counti ng errors are thus commi tted . 
Techni cal l y ,  ref . ( 24 ) di vi des  C .  i nto contri butions from l ow and h i gh rap i di -J 
ty gaps i n  i ts defi ni ng Froi ssart-Gri bov i ntegral , but thi s  does not prevent 
the mu l ti pl e  counti ng errors . The poi nt i s  s i mp l e .  A nons i ngul ar equati on 
l i ke eq . ( 1 ) cannot generate sol uti ons to a s i ngul ar equati on l i ke eq . ( 7 ) 
regardless  of how one tri es to rearrange thi ngs . 
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SUMMARY OF SECT ION V I  

There may i ndeed be  a g l uebal l i n  quark l ess QCD  wi th i n tercept one . 
However,  because of uni tari ty the fi nal resul t for the di ffracti ve amp l i tude 
can be di fferent from what one might  expec t .  I have argued that after uni tari ­
zati on due to quark l oops that  a poss i bl e  res u l t  -and the most p l aus i ble res u l t­
i s  the P-f i denti ty ,  and not the tradi t i onal P+f mode l . 

VI I .  CONCLUS IONS 

QCD may or may not provi de the fundamental theory of strong i nter­
acti ons . Unfortunate ly ,  present techniques precl ude a rea l i st i c  QCD cal cul ati on 
of di ffracti on scatteri ng .  Regardl ess , the u l t i mate character of di ffract i on 
must pass  the test of uni tari ty . Whi l e  thi s i s  notori ously di ffi cul t to i ncor­
porate , a major step forward has been taken with the topol ogi cal expansi on .  

I have argued that the model o f  di ffracti on best cons i stent wi th 
uni tari ty is the Pomeron-f identi ty mode l . The quark l oop un itari zati on of 
a QCD g l ueba l l  i s  forma l ly consi stent wi th the P-f i dent i ty .  Phenomenol ogi ­
cal ly , the P-f i denti ty i s  i n  good shape . An especi al ly  i mportant poi nt i n  
th i s  regard i s  the fl avori ng renorma l i zati on o f  the P-f , wh i ch ari ses from 
the requi rement of cons i stency through uni tari ty wi th i ne l asti c producti on 
of part i c l es wi th di fferent quantum numbers . 

The P+f model , though steeped i n  tradi t ion , suffers from three 
major fl aws . These are ( 1 ) Modern P+f fi ts strongly viol ate two component 
dual i ty ,  ( 2 )  The usual  P+f model i s  i ncompa t i b l e  wi th fl avori ng , and 
( 3) Quark-l oop uni tari zation of a QCD g l uebal l probably cannot produce the 
P+f model (wi th the P conta i n i ng g l ue i n  the t-channel ) and be consi stent 
with  short range order and wi th observed hadron mul ti p l i ci ti e s .  

have concentrated i n  thi s paper o n  the short range order amp l i tude , 
whose j -pl ane projecti on i s  pol e  domi nated . J-pl ane cut correcti ons , provi ded 
by the Reggeon Fiel d Theory ,  are sma l l effects at access i bl e  accel erator ener­
gies . At superasymptoti c  energies  where l ocal scal e s ,  l i ke the fl avori ng 
sca les , become neg l i gi b l e  the RFT scal i ng l aws cou l d  become appl i cabl e .  
However,  we shoul d avo i d  comp l acency . H i nts o f  b i g  surpri ses a t  cosmic  ray 
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energies exi s t .  I t  may be that a l l present concepts of di ffracti on scatteri ng 
are rel evant only i n  a l imi ted energy reg ime 25 ) 
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