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Very energetic photons at HERA 
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We show that very energetic photons in the backward direction can be produced in deep inelastic Compton scattering at HERA. 
Assuming a fixed energy of 9 GeV for the initial photons and 820 GeV for the protons a high rate is found for the production of 
final photons with a transverse momentum equal to 5 GeV/c and energy between 40 GeV and 300 GeV. These energetic photons 
arise mainly from the scattering of the soft gluonic constituents of the initial photon with quarks from the proton. They are 
produced in the backward direction in coincidence with a photon beam jet of energy ~ 9 GeV in the forward direction. 

The deep inelastic Compton (DIC)  process 

~{p~{X, ( 1 ) 

with the transverse m o m e n t u m  of the final-state pho- 
ton larger than say 5 GeV/c,  is the simplest type of 
photoproduction which can be measured at the ep 
collider HERA. Several effects arising from the had- 
ronic interaction of photons in this process have been 
studied in the literature. The contributions contain- 
ing the structure and fragmentation functions of the 
photon have been included in analyses based on the 
order c~s calculation [ 1-4 ] as a background to the ba- 
sic subprocess 

7q-~Tq (2) 

(see fig. 1 ). In ref. [ 5 ] these leading-logarithmic con- 
tr ibutions have been considered with respect to a 
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Fig. 1. The Feynman diagram for the 7q-"/q Born subprocess. 

study of the structure of the photon at HERA. A more 
detailed investigation which incorporates a study of 
the fragmentation of the final-state partons into pho- 
tons is presented in our recent papers [6,7 ]. The cross 
section for the DIC process (1) at the ep collider 
HERA has been calculated [6,7 ] with the simplify- 
ing assumption that the initial photon has a fixed en- 
ergy of 9 GeV and this leads to a 7P centre-of-mass 
energy squared of Svp--- 30 000 GeV 2. In addition, ref. 
[7] provides some estimates of the production rate 
for the DIC process in the ep collision based on a more 
realistic t reatment of initial photons, based on the 
equivalent photon approximation. We studied the 
Born contr ibut ion (eq. (2) ), the O (c~s) corrections 
to the process and the c~c~ S and c~ 2 leading-logarith- 
mic subprocesses which arise if one of the initial or 
final photons or both photons in process ( 1 ) interact 
with the constituents of the proton not directly but 
via their constituents, i.e. like hadrons. The two most 
important  subprocesses of this type are shown in figs. 
2 and 3. The hadronic interaction of photons with 
the protons dominate at low and medium p~; that is 
for 5 < p ~ <  15 GeV/c  [6,7]. This is due to the fact 
that in this range ofpW the photon can be probed to 
very small xv, down to ~ 0.003 at pTr = 5 GeV/c  and 
~0.03 at p ~ =  15 GeV/c.  Note that the proton is 
probed similarly in this region ofpTr. 

In this note we would like to discuss a particular 
feature of the DIC process at HERA, namely the pos- 
sibility of the production of very energetic photons 
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Fig. 2. The Feynman diagram for the qVgP~yq subprocess. 

Fig. 3. The Feynman diagram for the g~qP~yq subprocess. 

in the backward direct ion with respect to the incident  
photon (or  e lectron) .  The energy of  final photons  
may be more than one order  of  magni tude  larger than 
the energy of  the init ial  photons.  In fig. 4 we show the 
maximum of  the final-state photon energies E~ which 

can be acquired at a par t icular  scattering angle in the 
ep labora tory  frame. At an angle of  30 ° with respect 
to the electron direct ion the photon  energy is ~ 10 
GeV, at 90 ° it is 5 GeV and at about  177 ° it is ~ 110 
GeV. The invar iant  cross section for the DIC process 
is large for backward scattering at these angles and 
energies; for example,  for E~ ~ 110 GeV, it is approx-  
imately  2 p b / G e V  2. 

In order  to unders tand bet ter  this effect which is 
due to the boost  in the ep coll ider HERA we discuss 
the features of  the simple QED Compton  process. It 
is well known that the e lementary  Compton  process 

y e - , y e  (3)  

is domina ted  at high energies by the backward (with 
respect to the incident  photon)  scattering. The rele- 
vant  matr ix  element  squared is 

I , t / I  2= _ 2 e 4 ( u / s + s / u )  , (4)  

where s =  (pv-l-pe) 2 and u =  (py_p,y)2 are the usual 
Mandels tam variables.  It is obvious that  backward 
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Fig. 4. A polar plot for the DIC process in the ep laboratory system indicating the relationship between the max imum energies of  the 
final-state photons E~ and the angle at which they are emitted for Syp= 30 000 GeV 2 and pTr = 5 GeV/c. 
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Compton scattering, which corresponds to 0~ 180 ° 
(or u ~ 0), gives the largest contribution to the cross 
section for the eT scattering. The other interesting 
feature of the backward scattering in process (3) is 
that at high energies the photon and the electron in- 
terchange their energies during the collision. This is 
especially important if the initial electron possesses 
an energy much larger than the initial photon. In this 
case photons with energies much higher than the ini- 
tial photon energy can be produced in the backward, 
or in other words, the inverse Compton process. This 
fact has been used to produce e.g. 20 GeV photons in 
the scattering of ultraviolet photons off 30 GeV elec- 
trons [ 8 ]. It has been proposed also [ 9 ] that by scat- 
tering 1 eV laser photons off 1 TeV electrons will pro- 
duce an ~ 1 TeV photon beam by the inverse 
Compton scattering. The maximum energy is ob- 
viously obtained at 0= 180 °. In this case [ 10 ] 

Ev= leV ,  E e = I T e V ,  E'v=0.95TeV>>Ev. 
(5) 

The Compton process (2), where photons scatter 
off quarks is also dominated by backward scattering. 
The relevant matrix element squared is the same as 
in (4) with the charge of the electron being replaced 
by the charge of the quark but where s =  (p¥-t-pq) 2 and 
u = (P'v _ p v ) 2  are now the partonic Mandelstam vari- 
ables. However, this subprocess, unlike the Te~Te 
process, cannot proceed independently. It constitutes 
one of the many subprocesses of an inclusive had- 
ronic process of the type of deep inelastic Compton 
scattering ( 1 ). 

Now we will discuss the DIC process with the pro- 
duction of the photons with transverse momentum 
of 5 GeV/c, at the kinematics relevant to HERA (de- 
fined above) where the elementary as well as none- 
lementary aspects of photon interaction may be stud- 
ied. By elementary interaction we understand here the 
case where the photon directly participates in the hard 
subprocess, like for example in the subprocess (2), 
which we are going to consider now. 

The asymmetric nature of HERA's kinematics (9 
GeV photons and 820 GeV protons) seems to sug- 
gest that the final state photons arising from subpro- 
cess (2) would exhibit some of the characteristics of 
the Te collision described above. However, in this case 
the situation is very different. The QED hard cross 
section for the process (2) must be convoluted with 

the quark distributions in the proton which are peaked 
at small Xp. This prefers the scattering of (9 GeV) 
photons on quarks with lowest kinematically allowed 
energy (Xp~ 10-3). At the partonic level (in the Tq 
centre-of-mass system) this corresponds to 90 ° scat- 
tering and not 180 ° scattering as we would expect 
from the matrix element alone (eq. (4)) .  As a result 
the production of forward photons in the TP centre- 
of-mass system dominates in the DIC process ( 1 ). In 
the ep laboratory frame (see fig. 1 ) we find that the 
photons are still produced in the forward direction 
although at larger angles (~  50°-80 ° ) with only a 
moderate energy 

E~ = 6-7 GeV, ~ Ev = 9 GeV. (6) 

As has already been mentioned the process ( 1 ) may 
also occur via the nonelementary interaction of the 
photons. In this case photons interact indirectly 
through their constituents. The contributions arising 
from the nonelementary photon interactions are par- 
ticularly large for the production of final photons in 
the direction opposite to the incident photons [6,7]. 
Two important contributions to the DIC cross sec- 
tion are due to the following subprocesses (see figs. 2 
and 3): 

qVgp ~Tq ( 7 ) 

and 

gVqp~Tq , ( 8 ) 

where for convenience we add the superscripts which 
indicate the parent particles. The first one has very 
similar features to the subprocess (2) since the quarks 
are rather hard in the photons while the gluons in the 
proton are very soft. Photons coming from this sub- 
process are mainly produced in the forward hemi- 
sphere in the ep laboratory frame (0~ 50°-80 ° ). On 
the contrary the second subprocess (eq. (8))  may 
lead to very energetic photons in the final state and 
in this respect may be regarded as a hadronic ana- 
logue of the inverse Compton process (eq. (3))  de- 
scribed above. The matrix element for the process (8) 
is given by eq. (3) but with the change of the cou- 
pling constant and the charge. Again, we would ex- 
pect the backward scattering of the photon, i.e. small 
l u[, to dominate at the parton level. However, the 
contribution of this subprocess to the hadronic cross 
section for the DIC process, given by 
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Ed~: # dxqP(x,O 2) I dxvgY(xv'Q2)Eda' (9) 

is affected strongly by the fact that the gluons in the 
photon have a very soft distribution while the num- 
ber of  quarks in the proton at large xp is small. The 
competition of  these opposite tendencies results in the 
most preferred configuration corresponding to ap- 
proximately ouan° -2o',+4°° scattering at the parton level (in 
the partonic centre-of-mass system). In the ~fp centre- 
of-mass system this corresponds to backward scatter- 
ing of  the photons, 0~ 10°-70 °. In the ep laboratory 
frame these photons are boosted further in the back- 
ward direction (see fig. 4 ). Their energies range from 
40 GeV at 173 ° to 300 GeV at approximately 179 ° 
relative to the electron direction. The contribution of  
these events to the invariant cross section for the DIC 
process is large, of  the order of  a few p b / G e V  2 [ 7 ]. 

PHYSICS LETTERS B 27 June 1991 

The largest angle at which photons may realistically 
be measured at HERA is about 176 o and in this case 
we may expect about 2000-3000 events per year with 

E~ ~ 110 GeV>> Ez= 9 GeV.  (10) 

In obtaining this number  of  events we assumed that 
the luminosity for the yp collision is one tenth of  the 
nominal luminosity for HERA. 

Note that at p~ = 5 GeV/c  the invariant cross sec- 
tion for the production of  photons in the backward 
direction in process ( 1 ) that results from the direct 
coupling of  photons to the constituents of  the proton, 
i.e. from eq. (2),  is two orders of  magnitude smaller 
than that due to the interaction o f  the nonelementary 
photons with the protons [6,7]. 

In fig. 5 we compare the contributions to the cross 
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Fig. 5. The cross sections da/dE '  7 for the D IC  process due to the sub-processes gY+qP~T+q  and q Y + g P ~ y + q  as a funct ion o f  the final- 
state photon energy E~, in the ep laboratory frame. Svp= 30 000 OeV ~ and P~r = 5 OeV/c.  In the calculation we used the MRSB' proton 
structure function [ 11 ], the Drees and Grassie photon structure function [ 12 ] and finally the Duke and Owens fragmentation [ 1 ] for 
the quark-to-photon fragmentation. The corresponding scattering angles are also indicated. 
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section d a / d E '  v for the DIC process from the two 
subprocesses described above in the ep laboratory 
frame. At the lower energies of final photons it is (7) 
that dominates while at higher energies (8) does, as 
expected. In this calculation we used the MRSB' pro- 
ton structure function [ 1 1 ], the Drees and Grassie 
photon structure function [ 12 ] and finally the Duke 
and Owens fragmentation [ 1 ] for the quark-to-pho- 
ton fragmentation. In refs. [6,7] we found that the 
broad peak in the invariant  cross section for the sub- 

process in (8) occurred at yV = _ 1.5 in the 7P centre- 
of-mass system which corresponds to an energy in the 
ep laboratory frame of ~ 110 GeV. 

In conclusion we note that at HERA in a tagged 
experiment corresponding to the fixed energy of pho- 
ton-pro ton  scattering we can expect a significant 
number  of very high energy photons produced in the 
backward DIC process due to a certain subprocess 
which results from the nonelementary behaviour of 
the initial-state photons. Simultaneously in the for- 
ward direction we expect to find the initial photon 
beam jet with an energy almost equal to 9 GeV, i.e. 
full energy of incident photons. Other subprocesses 
which lead also to the backward production of ener- 
getic photons have a photon which results from the 
fragmentation of a final-state parton and presumably 
these will be found accompanied by a jet (see ref. 
[7 ] ) .  Among them n°'s decaying into photons are 
expected. 

For a realistic estimate of the flux of high energy 
photons in the final-state in untagged experiments at 
the ep collider HERA we convolute the 7P calcula- 
tion with the equivalent photon approximation. Some 
results obtained in this manner  can be found in refs. 
[4,5,7 ]. They indicate that when integrated over the 
y spectrum in the ep collision the relevant cross sec- 
tions are still large enough to be observed at HERA. 
Using this approach we calculate the energy distri- 
butions d a / d E ' y  from subprocesses (7) and (8) con- 
tr ibuting to the process ep~eTX. As can be seen in 
fig. 6 also in these circumstances high energy photons 
are produced in the backward direction although with 
a somewhat lower rate than in the previous case with 
the fixed energy of the VP collision. 

To summarize, the observation of energetic pho- 
tons produced in the direction of the incoming pro- 
ton at HERA would be a clean signal of the nonele- 
mentary structure of photons in high energy 
interactions with hadrons. 
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Fig. 6. The same as in fig. 5 for the process ep~eyX at the colli- 
der HERA (E~-=30 GeV, Ep-=820 GeV). The energy spectrum 
of the initial-state photons is based on the equivalent photon ap- 
proximation (EPA):f(x) = (o~/2~) { [ 1 + ( 1 -x )  2 ] Ix} In q, where 
x = E~/Ee and q-= , . / ~  /2me. 
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