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Direct photon production in 77 collisions 
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The production of a hard photon balanced by a jet in the reaction 7+ 7~jet + 7+ X is shown to offer a good probe of the hadronic 
structure of the photon at e+e - colliders. The cross section for pZf > 1.5 GeV ranges from ~ 0.3 pb at PEP to ~ 1 pb at TRISTAN 
to ~ 6 pb at LEP 200. For x/s~ 150 GeV, the study of this process will yield important information on the gluon density inside 
the photon, about which very little is known experimentally at present. 

In recent papers  [1,2] we s tudied the product ion  
of  two high-pv jets  in almost-real  77 collisions [3] .  
The idea was to use these processes, which can be 
s tudied at the existing e+e - colliders TRISTAN [ 1 ] 
and LEP [ 2 ], to extract information on the quark and 
gluon content  of  the photon.  At present,  the former  
has been s tudied exper imenta l ly  [ 4 ] via deep inelas- 
tic scattering (DIS) ,  only in the region x > 0 . 0 5  and 
Q2 < 100 GeV 2, while a lmost  nothing is known about  
the latter. In format ion  on the par ton densit ies 
~ ' (x ,  Q2), with ~ ' -  (q~, GY), could then be used to 
sharpen predic t ions  for photoproduc t ion  experi- 
ments  at fixed targets [ 5,6 ] or  at HERA [ 7 ] as well 
as for photon  in i t ia ted  cosmic air  showers [ 8 ]. 

The main  advantage  of  s tudying je t  product ion  in 
real 77 collisions ra ther  than the "classic" DIS pro- 
cess [4] where at least one of  the two photons  is far 
off-shell lies in the fairly large cross sections, which 
are O ( ~  100 pb)  for TRISTAN energy ( x / s = 6 0  
GeV)  and p x = 3  GeV. the d isadvantage  is that  the 
only kinemat ic  variables that  are avai lable  are the 
t ransverse momen ta  and rapidi t ies  of  the two "high- 
PT" jets. Since the cross sections become uninterest-  
ingly small  for pT( je t )>/  I0 GeV, hadronisa t ion  ef- 
fects could be sizeable. Note  that  these events con- 
tain up to two specta tor  jets  (see below) in add i t ion  
to the two high-px jets,  with nontr iv ia l  colour flow 
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between spectator  and hard jets. In addi t ion,  the di- 
rect process 77-~qq gives a large potent ial  back- 
ground to the processes that  probe the hadronic  
structure of  the photon. 

Both these two problems are al leviated if  we re- 
place one of  the two high-pT jets  by an isolated pho- 
ton. In this letter we therefore study direct  photon  
production in quasi real ~q, collisions at e+e - colliders: 

e + e - - , e + e - 7  je t  + X ,  ( 1 ) 

where the hard jet  balances the PT of  the outgoing 
photon.  We are interested in no-tag events, where the 
outgoing e + and e -  are not detected. Note that  in 
leading order  this hard scattering necessarily in- 
volves the quark or gluon content  of  at least one pho- 
ton. It should be noted here that  inclusion of  the pro- 
cess 77- 'qqY would be double counting. I f  we require 
the emi t ted  photon to (a lmos t )  balance the trans- 
verse m o m e n t u m  of  one of  the jets, the exchanged 
quark has to be (a lmos t )  on-shell. The correspond-  
ing coll inear divergence has to be absorbed in the dis- 
t r ibut ion function qI(x,  Q2). The process 7),~q~17 
would therefore only contr ibute  if  we require two 

high-pv jets. This leaves us with the contr ibut ions  de- 
picted in fig. 1: The "single resolved" process of  fig. 
1 a, where one of  the photons Compton-scat ters  off a 
quark within the other  photon,  and the two "double  
resolved" contr ibut ions  of  fig. lb,  where the hard 
processes are qq-- 'g7 and gq--'Tq, respectively. We 
note here that  this last process provides  an impor tan t  
tool [9] for constraining the gluon content  o f  had- 

0370-2693/91/$ 03.50 © 1991 - Elsevier Science Publishers B.V. ( North-Holland ) 425 



Volume 257, number 3,4 PHYSICS LETTERS B 28 March 1991 

jet 
/ x  

* crossed e-~--->'~/~< ---~e- ~ jet 

Y 

(o) 

q g 
Y 

e 

g q 
Y 

e 

.crossed 

jet ~ e+ 

jel 

+ crossed 

(b) 

Fig. 1. The Feynman diagrams (left) and final state topologies 
(right) of the process of eq. (1). Single- and double-resolved 
contributions are shown in (a) and (b). Note that the spectator 
jet of the single-resolved process could also emerge in the direc- 
tion of the e- beam. 

tons via direct photon product ion in hadronic colli- 
sions. Fig. 1 also shows the final-state topology of  the 
two classes of  contributions. Each resolved photon 
produces a spectator jet, summari ly  denoted by " X "  
in eq. ( 1 ), which tends to go down the beam pipe. 

The general expression for the cross section can be 
written as 

yl,max .V2.max 

d°" =2pT f dY' f dY2 
dpT 

--yl,max V2,min 

X ~ l f y / e ( X l ' m i n ~ q Y ( X l , Q  2 ,] 
1 

f 
Xl,min 

1 
d x  2 /X2,min" ~ d6" 

Y2,min 

(2) 

where Yl and Y2 are the rapidities of  the two outgoing 
hard particles and x~ and x2 are the Bjorken-x vari- 

ables for the partons inside the photons. The integra- 
tion boundaries are given by 

Yl . . . .  = I n [  1/xx +x/( 1/x 2 - 1 )] , (3a)  

J22,mi n = - In [2/XT - -exp(  --y~ ) ] , (3b)  

Y2 . . . .  = In [ 2/xT - exp (Yl) ] , (3c) 

X ! , m i n  ~" I X T  [ exp (Yl) + exp (Y2) ] , ( 3d ) 

X2,mi n = ½xx[exp( - y ,  ) + e x p ( - Y 2 )  ] , (3e) 

where xx = 2pT/x~SS. The Mandelstam variables for the 
hard process are given by 

g = SX 1 ,min X2,min , ( 4a ) 

[=  -- ½£(1 +x/1  -4p2/g) ,  (4b)  

with fi = - d -  [. Note that both signs in eq. (4b)  have 
to be included, since the photon and the jet are phys- 
ically distinguishable. Alternatively one can fix the 
sign in eq. (4b)  and add the [*-~fi exchanged version 
to the square of  the matrix element dS/d[.  For the 
single resolved process one has to either replace 
0V(Xb Q2) or 0V(x2, Qa) with 6( 1 - - X l , 2 ) .  Finally, for 
completeness we list the three relevant matrix ele- 
ments  [ 9 ]: 

d6"(yq-~Yq) 27ra2 4 { d U'~ 
(5a)  d[  - ~5 eq~, ~ ~ } '  

d6"(q~l-'yg ) 8nac~s 2 ( /  t )  
d[  - 9• 2 eq ~ + , (5b)  

d6"(gq-,yq)d[ - n°~°Zs 2 ( g 3 g  2 eq ti ~ )  ' (5c) 

Notice that, even though the single resolved matrix 
element (5a)  is suppressed by a factor a/o~s com- 
pared to the processes (5b)  and (5c),  the two contri- 
butions are in fact of  the same order in coupling con- 
stants, since the parton densities inside the photon 
are [ 10] of  order c~/as. 

In eq. (2)  we have used the Weizsticker-Williams 
or the effective photon approximat ion [ 11 ], where 
the cross section for process (1)  is calculated as a 
convolut ion of  real "H cross sections with the flux fac- 
tors fv/e [ 12 ]. We have used for these functions the 
form given in ref. [ 12], since this includes "finite 
te rms"  in addit ion to the leading logarithms, and has 
been shown [ 13 ] to describe both, total and differ- 
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ential cross sections for lepton pair  product ion  in 77 
collisions to bet ter  than 5%. 

At present  only two paramet r i sa t ions  [6,14] of  
par ton densit ies inside the photon  exist. Since the 
paramet r i sa t ion  of  ref. [ 14 ] is val id for AQCD = 400 
MeV, we will use this value throughout .  As discussed 
in some detail  in ref. [ 1 ], the "asympto t ic" ,  DO par- 
amet r i sa t ion  of  ref. [6] then has to be augmented  by 
some "hadron ic"  cont r ibut ion  in order  to describe 
existing DIS da ta  [ 15 ] on the e lectromagnet ic  struc- 
ture function F~  of  the photon;  we add a contr ibu-  
t ion inspired by the vector  meson dominance  model  
( V D M ) ,  as discussed in ref. [ 1 ]. We use Q2=p2 both 

in the par ton  densit ies  and in ce~. Notice that, unlike 
in hadronic  collisions, the choice o f  a larger Q2 scale 
will tend to increase the cross section, since ~' (x, Q2) 
has a componen t  that  increases logari thmical ly  
[10,14] with Q~. E.g., for x / s = 6 0  GeV and PT=2  
GeV, the predic t ion  of  the D G  paramet r i sa t ion  [ 14] 
for the single-resolved cont r ibut ion  increases by 
~ 2 5 %  if  we use Q2=g,  while the double-resolved 
cont r ibu t ion  remains  a lmost  unchanged. Finally,  
since the cross section is sizeable only forpx  not much 
larger than the charm mass, we use Nr= 3 massless 
f lavours everywhere; the charm cont r ibut ion  can be 
computed  from 77--,ce)', but  will in general have a 
different topology from the contr ibut ion of  the lighter 
flavours, as there is no large ( logar i thmic)  enhance- 
ment  for col l inear  cC product ion.  

In figs. 2a, 2b we present  results for the transverse 
m o m e n t u m  spectrum of  the produced  photon  at 
x / s =  60 GeV, for the two paramet r i sa t ions  discussed 
above. We have restr icted ourselves to the region 
Pv>  1.5 GeV since for even smaller  values of  the 
transverse momentum,  QCD predic t ions  clearly be- 
come unreliable.  We see that  the two parametr isa-  
t ions make very s imilar  predic t ions  for the double  re- 
solved cont r ibut ion  from qcl initial  states, as well as 
for the single resolved contr ibut ion.  This is not sur- 
prising, since the V M D  component  in the DO + VMD 
paramet r i sa t ion  has been normal i sed  [ 1 ] such that 
F~ ,  which is directly p ropor t iona l  to the quark den- 
sities, is very s imilar  for the two parametr i sa t ions  for 
Q2= 5 GeV 2. Notice  that the unphysical  x-~0 diver-  
gence of  the " a sympto t i c "  DO paramet r i sa t ion  in- 
creases the single resolved cont r ibut ion  only by 10% 
even at the lowest Px of  1.5 GeV. The reason is that, 
al though in principle values of  Bjorken-x as low as 
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Fig. 2. The transverse momentum spectrum at x/s= 60 GeV, for 
the parametrisation of ref. [ 14] (a) and the sum of the "asymp- 
totic" parametrisation of ref. [6 ] and a VMD inspired soft part 
(b), as described in the text. Results are for AQcD=400 MeV, 
Nf= 3 flavours and Q2 =p~, in the effective photon approxima- 
tion of ref. [12]. The long-dash-dotted and short-dash-dotted 
curves represent the two double-resolved contributions with qCl 
and qg initial states, see fig. 1. The short-dashed, long-dashed and 
solid curves show the total double- and single-resolved contribu- 
tions and the sum of both, respectively. All calculations are in 
leading order, so that the transverse momenta of the high-pv jet 
and the outgoing photon are equal and opposite. 

3 × 10 3 can be probed at this value ofpT, the bulk of  
the cross section comes from much larger values of  x, 
due to the softness o f  the photon densi ty function 

f ~ / e "  

It should also be noted that  these contr ibut ions  are 
quite insensit ive to the f lavour structure of  the pho- 
ton. Here we have assumed an S U ( 3 )  symmetr ic  
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VMD contribution. Had we assumed this "soft"  con- 
tribution to q~ to be proportional to e 2, (which is true 
for the "asymptot ic"  contribution at medium and 
large x),  the single resolved " V M D "  contribution 
would only have increased by a factor of  ~ ,  once we 
require F vMD to be fixed by the data. This means that 
the total single-resolved contribution would have in- 
creased only by about 10%, which is hardly signifi- 
cant compared to the uncertainties due to the higher 
order QCD corrections, etc. 

In sharp contrast, the predictions for the two par- 
ametrisations for the double-resolved contributions 
for the qg initial state differ by a factor 2.5 or more 
at all PT values of  interest. This is due to the large 
gluon component of  the VMD part of  the D O + V M D  
parametrisation; in the DG parametrisation, G v is es- 
sentially only created radiatively [ 14,16 ]. Since the 
qg initial state dominates the total double-resolved 
contribution at least for P~r ~< 2.5 GeV, the difference 
in G v leads to a fairly large ( ~ 100%) uncertainty in 
this quantity, This uncertainty becomes somewhat 
smaller at larger p~r, since the qg initial state is rela- 
tively less important  at higher transverse momentum 
due to the softness of  GV(x). We also see from fig. 2 
that given an integrated luminosity of  a few hundred 
p b -  ~, at TRISTAN one can probe the single resolved 
process up to P~r ~- 5.5-6 GeV. The double-resolved 
contribution is in principle detectable for P~r ~< 3 (3.5) 
GeV for the DG ( D O + V M D )  parametrisation. 

In figs. 3a, 3b we show the results for the triple dif- 
ferential cross section da/dpTdyvdyj¢, at PT = 2 GeV, 
vie,= 0 and x/~ = 60 GeV. We again see that the two 
parametrisations make very similar predictions for 
the single-resolved and the qq initiated double-re- 
solved contributions, but differ quite strongly for the 
double-resolved qg-initiated contribution. We also see 
that this last contribution is somewhat more strongly 
peaked at the symmetric point Y~=Yje, (=0 in our 
example ), where the ,/-jet invariant mass is minimal; 
this is again a reflection of  the softness of  GV(x). 
However it is doubtful whether this rather small dif- 
ference will be useful for disentangling the two dou- 
ble-resolved contributions from each other. 

Potentially a more useful tool for this purpose could 
be the energy of  the spectator jet in the hemisphere 
opposite to the outgoing photon. This energy is pro- 
portional to ( 1 - x l  ), where x~ is the Bjorken-x of  the 
patton inside the initial-state photon that goes in the 
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Fig. 3. The tr iple different ial  cross section da/dpTdyjetdy~ at 

x/~ = 60 GeV, PT = 2 GeV and Yje, = 0, for DG (a)  and DO + VM D 
(b)  parametr i sa t ions .  Parameters  and nota t ion  are as in fig. 2. 

hemisphere opposite to the final-state photon. By re- 
quiring fairly large [Yvl, say lyvl >/1.5, we can force 
the Bjorken-x (x2) of  the parton in the other initial- 
state photon to be large (see eqs. (3d) ,  (3e) ) ;  the 
softness of  G ~ then implies that this parton will al- 
most always be a quark. In addition, it means that x~ 
will be small, i.e. ( 1 -x~  ) and hence the spectator jet 
energy will be large. Indeed we find that for [Yv[ >/1.5, 
the average energy of  this spectator jet is about 10- 
12 GeV for the qg-initiated contribution, but only 5-  
6 GeV for the qCl-initiated contribution. Unfortu- 
nately in both cases a good fraction of  this energy will 
go down the beam pipe; the question whether this 
factor o f  two difference in the average energies is de- 
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tectable therefore depends  crucially on the angular  
coverage of  the detector.  

So far we have focussed on the centre-of-mass 
energies relevant for the TRISTAN collider. What  are 
the prospects  of  s tudying this process at o ther  e+e - 
colliders,  past  or  future? To answer this question,  we 
show in fig. 4 the cross section (2)  integrated over  
the region PT> 1.5 GeV as a function of  xfs. We see 
that  about  100 events of  this type might have been 
detected by each PEP and P E T R A  experiment ;  recall 
that  the historic first measurement  o f  F~  by the 
PLUTO Col labora t ion  [ 17] was based on just  111 
events. However ,  a lmost  all the events would have 
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Fig. 4. The cross section for process ( 1 ) integrated over the re- 
gion pT~< 1.5 GeV as a function of the e+e - centre-of-mass en- 
ergy ~ .  Predictions using the DG and DO+VMD parametris- 
ations are shown in (a) and (b) respectively. Parameters and 
notation are as in fig. 2. 

had pr~< 3 GeV; it is not clear to us how efficiently 
such events would have been triggered. On the other  
hand, prospects  for LEP-200 certainly look very 
bright. Assuming that  several hundred  p b - J  will be 
accumulated  at x / s - - 2 0 0  GeV (which is necessary 
[ 18 ] if  one wants to search for Higgs bosons with 
masses up to Mz) ,  each LEP group could accumulate  
O (1000)  events, and the p;~ spectrum could be stud- 
ied up to p~- -~ 10 GeV. 

Notice  finally that  the difference between the two 
parametr i sa t ions  becomes more p rominen t  at higher 
energies. There are two reasons for it. The double-  
resolved contr ibut ion  increases more rapidly with 
,v/s than the single-resolved one, due to the addi-  
t ional  convolut ion with a soft d is t r ibut ion function, 
see eq. (2) .  In addi t ion,  for ~ > ~  80 GeV, the single- 
resolved process begins to become sensitive to the re- 
gion x~<0.05 where qV(x) is not constra ined by the 
current  data. However,  due to the unphysical  x ~ 0  
divergence of  the DO distributions,  which were never 
in tended to be used in this region, we believe that  the 
predic t ion  of  the D G  parametr i sa t ion  for this contri-  
but ion will be closer to the truth. 

We close our  discussion with some remarks con- 
cerning possible backgrounds.  These can only occur 
i f  some part  of  the event is ei ther  not seen at all or 
mismeasured.  Backgrounds o f  the first k ind would be 
annihi la t ion  events with one or two jets  going down 
the beam pipe, and an addi t ional  je t  and a photon 
with roughly equal and opposi te  t ransverse momen-  
tum. Such backgrounds occur at order  oP, whereas 
the signal is of  order  oP. However,  the signal cross 
section also contains  a factor ~ In 2 (s/4m 2) ~_ 500 at 
x / s = 6 0  GeV, and a factor ~ln(pZ/A2)~-3 from 
products  of  0V-functions and C~s. Fur thermore ,  to ze- 
roth order  in c~s the background can contain  only two 
jets,  one of  which has to go down the beam pipe. We 
are interested in events where both the second je t  and 
the photon  have fairly small PT; one can then easily 
convince oneself  that  ei ther the je t  or the photon  has 
to emerge at large rapidi ty  lYl > In (x /s /2pT)  = l n (  1 / 
xT). We can therefore get rid of  this background,  at 
least in principle,  by s imply requiring that ]Yl,2] < 
In( 1 /xx) ,  which reduces the single-resolved signal by 
less than 10% and effects the double-resolved signal 
even less. In practice one might  have to t ighten the 
cut on the je t  rap id i ty  somewhat  as it might  be diffi- 
cult to measure it precisely at the small PT values rel- 
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evant  to us. However  the background will domi-  

nantly have lYje, I > I n ( l / x - r )  and [YvI < l n ( 1 / X v ) ,  
since this is s imply a back-to-back two-jet event  with 
soft photon  emission,  while for the signal the two 
rapidi t ies  have equal dis t r ibut ions.  In par t icular  the 
configurat ion Yjet ~ 0, s tudied in fig. 3, should be al- 
most free of  this background.  Note that  a lmost  half  
of  the total  signal for p~i > 1.5 GeV has [Yjetl -%< 1. 

A more dangerous class of  backgrounds might arise 
form events with energetic jets going down each beam 
pipe, and a gluon "min i j e t "  balancing the photon.  
Due to the softness of  the minijet ,  the corresponding 
cross section would be of  the same order  as that  for 
the q~lY events, but  cannot  be removed  by a s imple 
rapidi ty  cut. Notice,  however,  that  colour flow in this 
background is different  from the one in the double-  
resolved signal events from qg-initial states, which are 
dominan t  at the TRISTAN energies and beyond.  
Since the presence of  the (outer  fringe o f )  the jets  
going down the beam pipes can presumably  be de- 
tected even if  the je t  energy cannot  be measured,  this 
type of  events would not be a background to the sin- 
gle-resolved signal. 

An entirely different  k ind of  background can arise 
from product ion  of  jets  in yy collisions. Note  that  the 
corresponding rates are [ 1 ] about  100 t imes higher, 
for given PT and x/s, than for our  direct  photon  sig- 
nal. However,  at pp coll iders the rat io between jets  
and direct  photon rates is very similar;  nevertheless 
a clean direct  photon  signal could be detected [ 19 ] 
once isolat ion cuts were applied.  We see no reason 
why these cuts should be less efficient in yy collisions. 

In summary  we have discussed a new class of  Y7 
reactions,  which have a hard,  isolated photon  in the 
final state. The cross section is large enough to be in- 
teresting once an integrated luminosi ty  o f  O(100  
pb -~ ) has been accumulated,  which is not  unusual  
for e+e - colliders.  We found that  at TRISTAN ener- 
gies and below the single-resolved cont r ibut ion  dom-  
inates which is basically Compton  scattering off the 
quarks inside the photon.  This cont r ibut ion  is free of  
annihi lat ion backgrounds once mild  cuts against large 
rapidi t ies  are applied.  We emphasize  that  the exist- 
ing da ta  on F3 allow us to make an absolute predic- 
t ion for this cont r ibut ion  which for , , / s ~ 8 0  GeV 
should be precise to within (20 -30 )%;  in contrast ,  
all the other processes involving the par ton  content  
of  the photon suffer from O(100%)  uncerta int ies  

most ly due to the unknown gluon content  o f  the pho- 
ton [ 1,2,5,7,8 ]. At energies higher than 80 GeV, con- 
t r ibut ions  from the unknown region x~< 0.05 become 
impor tant ,  unless we restrict ourselves to higher P~r- 

Uncer ta in t ies  are again very large for our double-  
resolved contr ibut ions,  which are domina ted  by the 
Q C D  Compton  process gq - ,  7q. The cross section for 
this contr ibut ion increases more rapidly with , ~  than 
the single-resolved contr ibut ion;  in addi t ion  annihi-  
lat ion backgrounds are more dangerous.  However,  
these backgrounds fall with x/s, so that  the double-  
resolved contr ibut ion  might be detectable at TRIS-  
TAN and beyond.  Since this contr ibut ion  could play 
a crucial role in pinning down the gluon content  of  
the photon,  in analogy with the role played by direct  
photon experiments  at hadron accelerators [9,19 ], we 
urge our exper imental  colleagues to search for this 
contr ibut ion.  
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the DESY theory group for their hospitality. Her work 
was part ial ly suppor ted  by the Board for Research in 
Nuclear  Sciences, India. 
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