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The tensor-Pomeron model is applied to low-x deep inelastic lepton-nucleon scattering
and photoproduction. We consider c.m. energies in the range 6-318 GeV and Q? < 50 GeV?. In
addition to the soft tensor Pomeron, which has proven quite successful for the description of soft
hadronic high-energy reactions, we include a hard tensor Pomeron. We also include f,-Reggeon
and a,-Reggeon exchange. The sum of these latter exchanges turns out to be particularly relevant for
real-photon-proton scattering at c. m. energies in the range up to 30 GeV. The combination of all
these exchanges permits a description of the absorption cross sections of real and virtual photons on
the proton in the same framework. In particular, a detailed comparison of this two-tensor-Pomeron
model with the latest HERA data for x < 0.01 is made. Our model gives a very good description of
the transition from the small-Q? regime where the real or virtual photon behaves hadronlike to the
large-Q? regime where hard scattering dominates. Our fit allows us, for instance, a determination
of the intercepts of the hard Pomeron as 1.3008 fgﬁ), of the soft Pomeron as 1.0935 fgg), and of the
/> plus a, Reggeons. We find that in photoproduction the hard Pomeron does not contribute within
the errors of the fit. We show that assuming a vector instead of a tensor character for the Pomeron
leads to the conclusion that it must decouple in real photoproduction and in the DIS structure

functions.

DOI: 10.1103/PhysRevD.100.114007

I. INTRODUCTION

In this article we will be concerned with the structure
functions of deep inelastic electron- and positron-proton
scattering (DIS). They are given by the absorptive part of
the forward virtual Compton amplitude, that is, the ampli-
tude for the elastic scattering of a virtual photon on a
proton. The high-energy, or small Bjorken-x, behavior of
these structure functions has first been observed exper-
imentally in [1,2] and has since then been a subject of
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extensive experimental and theoretical research; see e.g.,
[3] for a review.

It is not our aim here to address the various theoretical
approaches to the small-x structure of the proton. We shall
concentrate on a particular aspect of the approach based on
Regge theory. In Regge theory, elastic hadron-hadron
scattering is dominated, at high energies and small angles,
by Pomeron exchange. The same applies to total cross
sections which, by the optical theorem, are related to the
forward scattering amplitudes. For reviews of Pomeron
physics see [4-7]. In the application of Regge theory the
Pomeron has often been assumed to be describable as a
vector exchange. For example, the two-Pomeron approach
to low-x DIS introduced in [8—10] makes use of two vector
Pomerons, a hard one and a soft one. However, the
assumption of a vector character for the Pomeron has
problems, as we shall also demonstrate again in the present
paper. In [11] it has been argued that in general the
Pomeron should be a tensor Pomeron, that is, an exchange
object which can be treated effectively as a rank-2
symmetric tensor. In the present study we use a two-

Published by the American Physical Society
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Pomeron model with two tensor Pomerons, a hard one and
a soft one, instead of two vector Pomerons.' With this
model we perform a fit to the available data for photo-
production in the center-of-mass energy range 6 < /s <
209 GeV and to the latest HERA data for low-x deep
inelastic lepton-nucleon scattering for center-of-mass ener-
gies in the range 225-318 GeV and for x < 0.01. As we will
see, the exchange of a tensor Pomeron involves for the
virtual photon y*-Pomeron coupling two functions which
are in essence related to the y*-proton cross sections o7 and
o, respectively. It is a special aim of our investigations to
fit with our model simultaneously o7 and o;. Given the
large kinematic range and the quality of the experimental
data a successful fit using tensor Pomerons will therefore be
a nontrivial result.

In [11] the tensor Pomeron was introduced for soft
reactions and many of its properties were derived from
comparisons with experiment. Further applications of the
tensor-Pomeron concept were given for photoproduction of
pion pairs in [13] and for a number of exclusive central-
production reactions in [14-22]. In [23] the helicity
structure of small-|7| proton-proton elastic scattering was
calculated in three models for the Pomeron: tensor, vector,
and scalar. Comparison with experiment [24] left only the
tensor Pomeron as a viable option. In the present paper we
go beyond the regime of soft scattering to DIS. In accord
with [8] we shall now consider two Pomerons, but of the
tensor type: a soft one, [;, which is identical to the tensor
Pomeron of [11], and a hard one, P,. From fits to the
structure functions of DIS, going down in Q? to photo-
production (Q* = 0), we shall be able to extract the
properties of P, and P; and their couplings to virtual
photons. Since we shall consider data going down in c.m.
energy to around 6 GeV we shall also include f, Reggeon
(f2r) and a, Reggeon (a,r) exchange in the theoretical
description. Following [11], the f,x and a,x exchanges will
also be treated as the effective exchanges of symmetric
tensors of rank 2.

In our study we discuss further clear evidence against
the hypothesis that the Pomeron has vector character. We
show that a vector Pomeron necessarily decouples in real
Compton scattering. We also show that a vector Pomeron
can give only zero contribution to the electromagnetic
structure functions of DIS. A tensor Pomeron, in contrast,
gives nonvanishing contributions to real and virtual
Compton scattering and can successfully describe the data.

Our paper is organized as follows. In Sec. II we review
the kinematics of DIS and some general relations for the
DIS structure functions. In Sec. III our Ansatz for the
exchange of the tensor Pomerons and the Reggeons is

'Obviously, one could add further Pomeron exchanges
with various intercepts, or choose one Pomeron with a scale-
dependent intercept; see e.g., [12]. In the present study we will
consider only the two-Pomeron model.

introduced. The resulting expressions for the real and
virtual photon-proton cross sections are derived. The vector
Pomeron and its decoupling in real and forward-virtual
Compton scattering are discussed in Sec. I'V. Section V
presents the comparison of our tensor-Pomeron model with
experimental data. We discuss our findings in Sec. VL
Section VII gives our conclusions. Appendix A lists the
effective propagators and vertices for the two Pomerons and
for the f,p and a, Reggeons. In Appendix B we discuss the
formulas for the case of a vector Pomeron. In Appendix C we
present the parametrizations for the coupling functions
occurring in our approach. In Appendixes D, E, and F we
give details of our fit procedure and of the fit results.

II. KINEMATICS AND GENERAL RELATIONS
FOR STRUCTURE FUNCTIONS IN DIS

We want to consider electron- and positron-proton
inelastic scattering (Fig. 1)

e(k) + p(p) = e(K') + X(p'). (2.1)

The kinematic variables for the reaction (2.1) are standard;
see for instance [25]:

s=(p+k)?
qg=k-¥,
Q*=-¢

W2 =p?=(p+q)
pg_ W+ -m

l/: =
2m

’

m, P

% %
=3 = w2 2 2>
myy W=+ Q07 —my,
2 2 2
:p-q_W +0 —mpy

= 2
p-k s —my

y (2.2)

Furthermore, we define the ratio ¢ of longitudinal and
transverse polarisation strengths of the virtual photon

oo 200 —y) —y5(W2, 0)
L+ (1—y)* +y?8(W?, Q%)

(2.3)

where

me,Qz
W+ Q= m

5(W2, 02) = (2.4)

For given W? > m? and Q* > 0 the kinematic limits for y
and € are

2
1+ /1+25(W2, Q%)

0<y< (2.5)
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p(p)

FIG. 1. Deep inelastic lepton-proton scattering.

corresponding to

1>e>0. (2.6)
Clearly, for W? > m? the value y = 0 (¢ = 1) can only be
reached for s — oo0; see (2.2).

The reaction effectively studied in DIS is the absorption
of the virtual photon on the proton; see Fig. 1. The total y* p
absorption cross sections are related to the absorptive parts
of the virtual forward Compton scattering amplitude. In the
following, we shall therefore study the forward virtual
Compton scattering on a proton (see Fig. 2),

vi(a) + p(p.4) = 1) + p(p. 4).  (2.7)
The momenta are indicated in brackets and A, A €
{1/2,-1/2} are the helicity indices of the protons. We
define the amplitude for reaction (2.7) as

M (p.q)
: / dxe= (p(p. 1) [T (J4(0)1* (X)) p (. 2)).

(2.8)

2am »

Here m,, is the proton mass, T* denotes the covariantized
time-ordered product, and J#(x) is the hadronic part of the
electromagnetic current. The absorptive part of M~ (2.8),
averaged over the proton helicities, gives the hadronic
tensor and the structure functions of DIS,

p(p; A) p(p, N)

FIG. 2. Forward virtual Compton scattering on a proton.

1 1 y y .
W”D(P, ‘1) = 255/1/,12—1.[/\42!’,1(177‘]) - (fo{/(l?,(])) ]
XA

WV
— W, (v, 0%) (—gﬂ” + "qﬁ’ )

1 P-q
+—5 W (v, Q2)<P”— 3 (I”>
my q

(r-5te)

We shall also use the total y* p absorption cross sections
or and o; for transversely and longitudinally polarized
virtual photons. With e > 0 the proton charge and Hand’s
convention for the flux factor [26] these read

(2.9)

2zm
or(W?, Q%) =525 W, (1, 0%),
Wz—m?,
W2 02) — 2amy,
or( Q)—me

2 2
% |Ws (0. 0%~ ;Q

W, (.0%)|. (2.10)

III. STRUCTURE FUNCTIONS IN THE
TENSOR-POMERON APPROACH

We shall now assume that for large W2, and respec-
tively small x, the virtual Compton amplitude (2.8) is
dominated by the exchange of the two Pomerons, P, and
Py, plus the f, and a,z Reggeons; see Fig. 3. In order to
calculate the diagram shown there we need the effective
propagators for P, and P; as well as the vertex functions
P;pp and P;y*y* (j = 0, 1), and the analogous quantities
for f>r and a,p. Our Ansdtze for these quantities are listed
in Appendix A. It is now straightforward to calculate the
analytic expression corresponding to the diagram of
Fig. 3. Since all four exchanges are tensor exchanges,
the resulting expressions have a similar structure. We find

7(q) Y,:(q)

Po, P1, for, azr

p(p, A) p(p, X)

FIG. 3. Low-x forward virtual Compton scattering with ex-
change of the soft (I?,) and hard (°;) Pomeron plus the f,; and
ar Reggeons.
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2am, M (p.q) = Y g ¢ T (g q)i AP R (W2, 0)a(p. A)iTS " (p. pulp.2)

=0.1 K
Jj=

[ g T ) (g, q)ial s (W2, 0)a(p, 2T (p. pu(p,d) + (For = ae)]

Let us now discuss the contribution of the Reggeons
for and a,g. These charge conjugation C = +1
Reggeons have practically the same trajectory but the
Jfar couples much more strongly to the proton than the
arg; see [4,11]. In the following we shall assume, as in
[11], the same trajectory for the f,z and a,z. We can
then treat the f,z and a,x contributions together, and we
shall denote the sum of the two as the R, contribution.
It is expected that in Compton scattering on the proton
the f,p contribution will be much larger than the a,;
contribution; see [4]. To disentangle the f,r and ayz
contributions we would need good data on the absorp-
tion cross sections for real and virtual photons on
neutrons in addition to those on protons. Of course,
the assumption of identical trajectories and, in parti-
cular, identical intercepts for the f,p and a,z is not
necessary. It would be straightforward to generalize our
formalism to the more general case and to treat these
two Reggeons as separate contributions with different
parameters.

(3.1)

With the expressions from Appendix A we obtain

./\/l%(p 5/1’1 Z ”W(C] -q)
j=0,1,2
- bj(QZ) 2t (q.~q)]
X (—i3ﬁj,,p)(—iW25£;-)€f 2W2 (4p1<p/) _gK/Im%)‘

(3.2)

The meaning of the quantities occurring here and in the
following is summarized in Table I. The detailed behavior
of the y*y* coupling functions is not predicted by the
model. They are assumed to be smooth functions of Q* and
will be parametrized with the help of spline functions. Note
that quantities with indices j = 0, 1, and 2 always refer to
the hard Pomeron, the soft Pomeron, and the sum of the f5p
and a,p Reggeons, respectively. The tensor functions
Ok (1 =0, 2) are defined in (A13) and (A14). Using
(2.9) we get from (3.2)

(3.3)

1 )
W (p.q) = 2m, W2 j:OVL23ﬂ],,p(W2a;) i COS( 6/)
qﬂql/ é 2 4 2 _ 2 L)
X g+ [6;(Q*)(4(p - 9)* —2¢°m3)
q , P4 , A
(- -t osio).
such that
1
2
Wi 0%) = 2zm,, w2,

j=0,1,2

and

30 (V21605 (e ) Q) 40+ 20%03) ~20°0, (@) 4(p- 0+ )] G

Wi(v. 0%) = 300 (W2 05 36, )40°8,(07). (35)
27rW2] -~ pp
Writing W, (3.4) in terms of the variables Q% and W? we get

(W? —m3)? e (7 3 20° | QXQ +2mp)

2\ __ P . 250\€; - (N2 P

Wi(v, 0%) 7427rm,,W2 1:20,1,23ﬂ]pp<w @) cos(zej){bJ(Q )[l—sz_m%—k W2 =)

_ 28 (N2 2Q2 Qz(Q2 + m%):| }

20%;(0 )[1+W2—m%,+ W2 | f (3.6)
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TABLE I. Notation for the parameters of our Ansafz with hard and soft Pomeron and R, (f,z plus a,z) Reggeon exchange. The
propagators and vertices containing these parameters are given in detail in Appendix A.

Hard Pomeron P, Soft Pomeron P, Reggeon R |
Intercept ay(0) =1+ ¢ a1(0) =1+ ¢ a(0)=14¢,
Slope parameter Q) a a
W? parameter &, & &
pp coupling parameter Popp Bipp Popp

y*y* coupling functions

ay(Q?). by(Q?)

a,(0%), b,(0?)

From (3.5) and (3.6) we get for o, and o, (2.10) with a,, = e*>/(4x) the fine structure constant,

2

or(W?, Q%) = 4naey,

W2 —m? 5
-t Z 3B, (W) cos

R 2 2 2 2 2
1)@ iy S

w? j=01.2 2 (Wr—ml)?
. 200 QU@+ mp)
-20%,(0%) {1 +W2_m%+ (Wz_m%))’; . (3.7)
2 2 W2 —mj, 251 \e; T
UL(W 9Q ):4ﬂaemTQ Z 3ﬂJPP(W aj)/cos E(:'J
j=0.1.2
2Q2 Q2<Q2 + m2) R 2m2
x 2a,(0%) {1 + 2+ 5,(0%) =55 ¢ (3.8)
{ J W2—m2 (W2 —m2)? J (W2 —m2)?
From (3.7) and (3.8) we finally get for the structure functions F, = vW, and F;
2
Fy(W?,0%) = ——(1-x)[14+26(W2,0%)] ' [or(W?.Q%) + 0, (W?.0%)]
47" Aoy
Q2 B W2_m2 e T . 2Q2 QZ(Q2+4m2)
== (1=x)[1+28(W2, 07! — D 3B,0p (W2;)1 005  Se; ) b;(0%) | 145 7=—+ (Wz-m2)2p ,
j=0,1,2 P P
(3.9)
Q2
F (W2 Q%) = ——(1-x)o, (W2, Q%)
47" Ao
o* W2 —m3, e p3
=—(1=x)——5— 36,,(W=&.)% cos | —€;
= % j:(;.z irp J 5 €
. 200 | (Q+mp)] s 2m3
X {Zaj(Qz) {1 + Wi—m (W2 = m%)z + bj(Qz) (W2 = m%)z . (3.10)
|
Let us now discuss our results (3.2)—(3.10). We first note or(W2,0) = gyp(Wz)
that with our Ansatz for the soft and hard Pomeron plus R, ) )
. . . . W= —m
Reggeon all gauge-invariance relations for the virtual = 47[aem72p
Compton amplitude are satisfied. Indeed, we find from w
3.2) and (A16 ~/ e, T\
(3.2) and (A16) X Z 36, (W2&,) cos (2€j> b;(0).
4, My (p.q) = 0. ot
g, M (p,q) = 0. (3.11) (3.12)

Also, 6, (W2, Q%) vanishes proportional to Q* for Q% — 0,
whereas o7(W?,0) gives the Pomeron plus R, Reggeon
part of the total yp cross section for real photons,

For this soft process the contributions from the soft
Pomeron P (j = 1) plus R, Reggeon (j = 2) are expected
to dominate.
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For large Q2, on the other hand, we expect the hard
Pomeron P, to give the main contribution to o7 and ¢; . For

W2 > 0% > m;, (3.13)

we get, therefore, from (3.7) and (3.8) the following
approximate relations:

O'T(Wz, QZ) = 4n(xem3ﬂ0pp(W25(6)€°

mm(%QWMywaa%@m,<m®

GL(W27 QZ) = 4’7w(emQ23180pp(VVZ&/O)E0

X cos (geo) 24,(02), (3.15)
and
GL(W27 Qz) ~ 2Q2&0(Q2) (3 16)
or(W?,0%) ™ by(0?) —20%a0(0?)’ '

This shows that in the limit (3.13) 6, (W?, Q%) determines
the function ay(Q?) while o7(W?, Q%) + ¢, (W?,Q?) deter-
mines the function by(Q?).

IV. COMPTON AMPLITUDE AND
VECTOR POMERON

In this section we shall first show that for real Compton
scattering on a proton the exchange of a vector-type
Pomeron Py, gives an amplitude that vanishes identically.
We investigate the reaction

v(q.€) +p(p.2) = y(d.€)+p(p.7) (41)

for real photons, g> = ¢’> = 0, and consider the diagram
of Fig. 4 with vector Pomeron exchange. The kinematic
variables are the c.m. energy W and the momentum transfer
squared,

V(g €)

p(p; N) P, N)

FIG.4. Real Compton scattering on a proton with exchange of a
vector Pomeron Py, .

W2 =(p+q) = +4)

t=(p-p)=(-9> (4.2)
The Pypp vertex and the Py propagator are standard;
see e.g., Appendix B of [14] and (B1) and (B2) of the
present paper. The important task is to find the structure of
the Pyyy vertex. Using the constraints of Bose symmetry
for the photons, of gauge invariance, and of parity con-
servation in the strong and electromagnetic interactions we
derive in Appendix B for the Pyyy vertex function the
expression

. .
T (g, —q) = A (0[d,(~dbq, + (4 - D)

(a4, + (4" - 9)9,,)4.]

- As(1)q,9,(q), — q,)

+Ay(0)(~q,9 + (' - 9)9)(d) — q,)-
(4.3)

Here y, v, and p are the Lorentz indices for the outgoing
photon, the incoming photon, and the vector Pomeron Py,
respectively. The A (1) (j = 2, 3, 4) are invariant functions.
Applying now (B1), (B2), and (4.3) to the amplitude for
reaction (4.1) we find from the diagram of Fig. 4

(r(d'.€), p(p'. X Tr(q. €). p(p.4)"
_ _g*yr}(}j})/ﬂ’) (q/’ —q)SDA(PV)/m(WZ, l)

x iy (p' TSP (!, pYuy(p)

=0. (4.4)
Here we have used
(4.5)
and

(q' = q)uy(p")y,ui(p)=(p—p')Viy(p)yr,u,(p)=0.
(4.6)

The vector Pomeron exchange hence gives zero contribution
for real Compton scattering. In particular, this implies that a
vector Pomeron exchange cannot contribute to the total
photoabsorption cross section oyp(Wz) which is propor-
tional to the absorptive part of the forward Compton
amplitude. On the other hand, we see from (3.12) that
our tensor exchanges give nonzero contributions to o, for

b ;(0) # 0. And this will indeed be the case in our fits shown
in Sec. V below. We think that the decoupling of a vector
Pomeron in real Compton scattering is another strong
argument against treating the Pomeron as an effective vector
exchange. We note that this vector Pomeron decoupling is
closely related to the famous Landau-Yang theorem [27,28]
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TABLE II. Fit values obtained for the Pomeron and Reggeon intercepts and default values used for the other parameters;
see Appendix A.

Parameter Default value used Fit result
Py Intercept ay(0) =1+ ¢

Slope parameter
W? parameter
pp coupling parameter

P, Intercept

Slope parameter
W? parameter
pp coupling parameter

R, Intercept
Slope parameter
W? parameter
pp coupling parameter

€0 = 0.3008(17)
a = 0.25 GeV =2
&, = 0.25 GeV~>
Bopp = 1.87 GeV~!

a(0) =1+¢
e = 0.0935(79)
o =025 Gev-2
& = 0.25 GeV~2
Brpp = 1.87 GeV~!

ay(0) = 0.485(*5%)
oy = 0.9 GeV~2
& =09 GeV~2
Bapp = 3.68 GeV~!

which says that a massive vector particle cannot decay to two
real photons; see Appendix B.

As a second important result we can show with similar
methods that a vector Pomeron cannot contribute to the
forward virtual Compton amplitude; see (B24)-(B26) of
Appendix B. We conclude then that a vector Pomeron
exchange can only give a zero contribution to the structure
functions W , and to the cross sections o7 and ¢;, of DIS;
see (2.9) and (2.10).

V. COMPARISON WITH EXPERIMENT

In this section we compare our theoretical Ansatz for the
tensor-Pomeron and R_ -Reggeon exchanges, as explained
in Sec. III, to experiment by making a global fit. For this fit
we use the HERA inclusive DIS data [29] from four
different center-of-mass energies, /s = 225, 251, 300,
and 318 GeV. We require

Q% <50 GeV?> and x < 0.01. (5.1)
For the photoproduction cross section we use the measure-
ments from H1 [30] at W = 200 GeV and ZEUS [31] at
W =209 GeV. In addition, we include in the analysis data
at intermediate W (40 GeV < W < 150 GeV) from astro-
particle observations [32] and at low W (6 GeV < W <
19 GeV) from a tagged-photon experiment at Fermilab [33].

The directly measured quantity at HERA is the reduced
cross section defined as

Q4x d*c
2 N2 =
Orea(W*, Q% y) = 210 [1+ (1 -y)?] dxdQ?

(ep — eX).
(5.2)

Expressing this in terms of o7 and o7 (2.10) we get

1+ (1—y)*+y?5(W2, Q%)
1+ (1-y)?

Gred(Wzv QZ’ y) =

Q2
2
477 Aoy

X [GT(WZ’ QZ) + O-L(WZ’ QZ)
— (W2, 0% y)o, (W, Q°)].

x [1+28(W2, %))

(1-x)

(5.3)
where

Y1 +25(W?, 0%)]
L+ (1 -y +y?6(W2,.0%)°
(5.4)

}(WZ’Q2’y> =l-e=

Alternatively, we can express o, through the structure
functions (3.9) and (3.10),

U
2501 e Tensor pomeron fit 6., 7
[ == Reggeon exchange contribution ]
200 [« FNAL tagged photon beam
[ = Astroparticle data
s H1

g_ 150 ~ ZEUS
¢ ]
100} .
50F .
0 \: L
10 102
W [GeV]

FIG. 5. Comparison of the global fit to the photoproduction
cross sections [30-33]. The Reggeon contribution is indicated.
The experimental uncertainties of the fit are indicated as
shaded bands.
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Ured(W2’ Q2’ y) =

1+ (1-y)>+y*5(W?, Q%)

1+ (1-y)?

x {Fy (W2, Q%) — F(W2, 0%, y)
x [1428(W2, Q2)] FL (W2, 0%)}.

(5.5)

Now we discuss the parameters of our model; cf. Table 1.
For the soft Pomeron P; we take the default values from

(A3) for

o, = & =025 GeV™2

and leave

€ = al(O) -1

(5.6)

(5.7)

as a fit parameter. The P, pp coupling parameter f3,,, is
fixed to (A11). For our hard Pomeron P, we also use, for
lack of better information,

@y = &) = 0.25 GeV~2,

0.5

1.5

0.5

red

1.5

0.5

1.5

0.5

Bopp = Prpp = 1.87 GeV~!

and leave
€ = ap(0) — 1 (5.9)
as a fit parameter. The Pomeron-y*y* coupling functions

a;(0*) and b;(Q*) (j=0,1)

are determined from the fit. These functions are para-
metrized with the help of cubic splines as explained in
Appendix C. Note that only the products

(5.10)

ﬂjpp&j(Q2> and ﬂjppi’j(Q2>

can be determined from our reaction. For R, = f,r + ap
exchange we leave a,(0) = 1 + e, as fit parameter and use
for o, @), and f,,,, the default values from (A22), (A25),
and (A29). The function BZ(QZ), defined in (A31) and
parametrized according to (C2), is determined from the fit.
The function a,(Q?), cf. (A30), is set to zero, which is
justified in our case since for the photoproduction cross
section @,(0) does not contribute; see (3.12). For Q% > 0,

(5.11)

(5.8) on the other hand, the data to which we fit are at sufficiently
Q%=1.5 GeV? Q%=2 GeV? Q%=2.5 GeV? Q%=3.5 GeV?
A /4 /4{: : :
- Q=5 GeV? - Q%=6.5GeV? | Q°=85GeV? [ Q°=12 GeV?
L Q°=15GeV? [ @°=20GeV® | @*=25GeV® | Q°=35GeV?
:-/./4[ ] I ;/‘//j( _))//ﬁi:
| Q°=45 GeV? L Q%=60 GeV? F Q%=90 GeV? 100 150 200
W [GeV]
/’/‘% /’M ¢ §§
- - - 5 HERA DIS {5=225 GeV
4 === Tensor pomeron
(<2} fito .
[ [ " F, component
== Soft contribution
o HERA (not in fit)
1 i . . - o ¢ HERA (fitted)
100 150 200 100 150 200 100 150 200
W [GeV]

FIG. 6. Comparison of the fit to DIS cross sections at center-of-mass energy 225 GeV. We also show the soft contribution (soft
Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5). The experimental
uncertainties of the fit are indicated as shaded bands.
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e
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F, component
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FIG. 7.

100 150 200

Comparison of the fit to DIS cross sections at center-of-mass energy 251 GeV. We also show the soft contribution (soft

Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5). The experimental

uncertainties of the fit are indicated as shaded bands.

high W such that the whole contribution of the R_
exchange is very small there. With &,(Q?) = 0 we neglect
in essence the possible R , -exchange contribution to o, ; see
(3.8). The fit parameters for the Pomeron and R, Reggeon
properties are summarized in Table II. The Ansdtze for the
Pomeron- and R, Reggeon-photon coupling functions are
discussed in Appendix C. The fit procedure is explained in
Appendix D and the fit results for the parameters of our
model are given in Table IV in Appendix E. Further
quantities occurring in our formulas are the fine structure
constant a,, the proton mass m,,, and M, used in various
places for dimensional reasons. We have

Qe = 0.0072973525664,
m, = 0.938272 GeV,

My =1 GeV. (5.12)

Our global fit has 25 parameters which are, however,
not all of the same quality. The most important parameters
are the three intercepts, ay(0) =1+ €, a;(0) = 1 + ¢y,
and a,(0); see Table II. Then we have the values of the
Pomeron-y*y* and R_-y*y*coupling functions at Q% = 0,

that is, Bj(O) (j=0,1,2)and @;(0) (j = 0, 1) which give
another five parameters. The falloff of these coupling
functions with Q2 involves the remaining 17 parameters.
Here we have some freedom in choosing e.g., more or fewer
spline knots for the functions b;(Q?) (j = 0, 1). We find it
convenient to use N = 7 spline knots; see Appendix C 2 and
Table IV in Appendix E.

Let us now show our fit results starting with photo-
production in Fig. 5. The fit is very satisfactory. The R
Reggeon contribution is also indicated. It is found to be
important for W < 30 GeV.

In Figs. 611 we show our fit results for the HERA data.
Here we indicate also the soft contribution (soft Pomeron
plus R, Reggeon). The contribution of the R, component
for the HERA DIS data which we use (x < 0.01) is found to
be very small from the fits and, plotted separately, would
hardly be visible in Figs. 6-11. The quality of our global fit,
which has 25 parameters, is assessed in Table III and is
overall found to be very satisfactory. The experimental
uncertainties indicated as shaded bands in Fig. 5 and the
following figures correspond to one standard deviation; see
Appendix D.
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FIG. 8.

Comparison of the fit to DIS cross sections at center-of-mass energy 300 GeV, at low Q% < 1.5 GeV?2. We also show the soft

contribution (soft Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5).
The experimental uncertainties of the fit are indicated as shaded bands.

We now want to discuss in detail the results of our fit. We
start with the intercepts of the Pomerons and of the R,
Reggeon. From our global fit the soft Pomeron (P;)
intercept comes out as

+76
=00935(" ).
“ 64

@ (0)=1+e, (5.13)

This is well compatible with the standard value € ~ 0.08 to
0.09 obtained from hadronic reactions; see for instance
Chapters 3 of [4] and [11]. The value of the R, intercept is
found to be

—|—88)
-90
and is in agreement with the determinations from [4,11]

which quote @, (0) = 0.5475. For the hard Pomeron P, we
find

a(0) = 0.485( (5.14)

+73

(l()(o) = 1 + 60, €0 = 03008(—84

>. (5.15)

This is again a very reasonable value.

Next, let us turn to photoproduction; see Fig. 5. The
photoproduction is dominated by soft Pomeron exchange
in the energy range investigated, 6 GeV < W < 209 GeV.

The R, Reggeon contribution is important for W <
30 GeV and is needed there in order to get a good fit to
the data. The hard Pomeron P, gives only a very small
contribution. In fact, there is no evidence for a nonzero
contribution of the hard Pomeron to the photoproduction
cross section in the energy range investigated here. At
W = 200 GeV, for instance, the fitted contributions to the
photoproduction cross section are

170.4142 ub
0.002%)505 b
0.8470% ub

for the soft Pomeron P,
for the hard Pomeron P,

for the R, Reggeon.

For lower W values the relative contribution of the
hard Pomeron to photoproduction is even smaller due
to €y > €1.

In Figs. 6-11 we show the comparison of our global fit
with the HERA DIS data. Note that in Figs. 6, 7,9, and 11,
we also show the extrapolation of our fit to the region
50 GeV? < 0? <90 GeV?. The HERA data in this region
are not included in the fit but still reasonably well described
by it. In our global fit we have as parameters also the
Pomeron-y*y* coupling functions a;(Q?) and b;(Q?)
(j =0, 1); see Table I, (A18) and (A19). The latter are
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FIG.9. Comparison of the fit to DIS cross sections at center-of-mass energy 300 GeV, at high Q% > 1.5 GeV?2. We also show the soft
contribution (soft Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5).
The experimental uncertainties of the fit are indicated as shaded bands.

parametrized with the help of cubic splines; see Appendix C.
In Figs. 12-15 we show the fit results for these functions
which are discussed further in Appendixes D and E. Note
that above Q? = 50 GeV? the displayed curves are extrap-
olations beyond the last spline knot. In essence, these
functions are extrapolated using simple power laws in
0?; see (C3), (C5) and (C6) in Appendix C.

Let us now point out some salient features of our global
fit to HERA DIS data (Figs. 6-11).

We see from Figs. 8 and 10 that the soft Pomeron P,
dominates 6,.q4 for Q> <1 GeV2. For higher Q? (Figs. 6,
7,9, 11) the soft component slowly decreases relative to
the hard one. For the c.m. energies /s investigated, the
soft and hard components are of similar size near
Q? ~5 GeV?. Dominance of the hard component (P)
can only be seen for Q> > 20 GeV?. Thus, our fit tells us

that the soft Pomeron (P;) contribution is essential for
an understanding of the HERA data for Q? < 50 GeV?
and x < 0.01.

In Figs. 6-11 we have also indicated the contribution
of the structure function F, alone to o,.4; see (5.5). At fixed
s and Q?, large W corresponds to large y; see (2.2). At large
y the negative term —fo; in 6, [see (5.3) and (5.4)]
becomes important. The turning away of the data from the
lines “F, component” therefore indicates a sizable con-
tribution from the longitudinal cross section ¢; . Our model
gives a good description of this feature of the data.

Another way to assess the importance of o7 is to consider
the ratio

_ GL(W27 QZ)

V00 =2 v gy

(5.16)
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FIG. 10. Comparison of the fit to DIS cross sections at center-of-mass energy 318 GeV, at low Q% < 1.5 GeVZ. We also show the soft
contribution (soft Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5).
The experimental uncertainties of the fit are indicated as shaded bands.

Our fit results for R and for F; (3.10) are shown in Fig. 16.
Within the fit Ansatz, the ratio R = 6, /o7 of longitudinal
to transverse cross sections depends on Q> and W.
Figure 16 shows the dependence of R and of the structure
function F; on Q? at fixed W. In both panels, H1 data [34]
are shown for comparison with our global fit results. The
H1 data are extracted in a model-independent way directly
from H1 cross sections measured at a fixed Q% and x but
different center-of-mass energies. The W corresponding to
the H1 data is around 200 GeV, the extreme values are
W =232 GeV at Q> = 1.5 GeV? and W = 193 GeV at
0? = 45 GeV?2. The same H1 cross section data [34] also
contribute strongly to the HERA data combination of DIS
cross sections [29], which is used as input to our fit. Still,
the fit predicts R and F; somewhat above the H1 data. The
HI1 R and F; data however have a sizable point-to-point
correlated uncertainty, which for F; is of order 0.045 as
indicated. Moreover, the determinations of R in the fit or
directly from H1 cross sections probe different aspects of
the data.

In the H1 extraction from data, the structure function F,
is a free parameter for each point in Q> and W, which
basically is set by the measurements at high center-of-mass
energies /s = 318 GeV and W = 200 GeV (Fig. 11). The
structure function F; and the ratio R are then determined
largely by the data points at low /s =225 GeV and
W =200 GeV (Fig. 6).

In contrast, F, in our fit is determined largely by data
from lower W and the power exponents ¢;. The functions

F; and R are then determined from all center-of-mass
energies together at their respective largest W; however, the
most precise data at largest W (Fig. 11) contribute most.

In Appendix F we present further discussions of the ratio
R (5.16). We show in particular that the rather large value of
R resulting from the fit is not affected much by making
different assumptions for the fit parameters.

VI. DISCUSSION

In this article we developed a two-tensor-Pomeron
model and used it for a fit to data from photoproduction
and from HERA deep inelastic lepton-nucleon scattering
at low x. The c.m. energy range of these data is 6 to
318 GeV, the Q? range 0 to 50 GeV?. For the theoretical
description we also included the R, = for + axp
Reggeon exchange which turned out to be relevant for
energies < 30 GeV. The fit parameters were the intercepts
of the two Pomerons and of the Reggeon, and their
coupling functions to real and virtual photons. The fit
turned out to be very satisfactory and allowed us to
determine, for instance, the intercepts of the hard
Pomeron (Py), of the soft Pomeron (P;) and of the R,
Reggeon. We obtained very reasonable numbers for these
intercepts; see Table II. The real photoabsorption cross
section o, is found to be dominated by soft Pomeron
exchange with, at lower energies, a contribution from R,
Reggeon exchange. Within the errors of our fit a hard
Pomeron contribution is not visible for photoproduction.
But as Q? increases the hard Pomeron becomes more and
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FIG. 11. Comparison of the fit to DIS cross sections at center-of-mass energy 318 GeV, at high 0% > 1.5 GeV?. We also show the soft
contribution (soft Pomeron plus R, Reggeon) and the contribution of the structure function F, in the reduced cross section; see (5.5).
The experimental uncertainties of the fit are indicated as shaded bands.

TABLEIIl.  Partial > and number of data points per dataset, goodness of fit, number of degrees of freedom and fit
probability for our tensor-Pomeron fit. The partial y> numbers for the individual DIS center-of-mass energies (upper
part of the table) do not add up to the number quoted for all HERA DIS data. This is expected because correlated
uncertainties between the different center-of-mass energies also contribute.

Dataset e Number of points
DIS /s =225 GeV 104.98 91

DIS /s =251 GeV 113.12 118

DIS /s = 300 GeV 60.38 71

DIS /s =318 GeV 271.82 245
HERA DIS data, all /s 553.77 525

H1 photoproduction 0.23 1

ZEUS photoproduction 0.03 1

Cosmic ray data 0.62 4

Tagged photon beam 33.29 30

All datasets 587.94 Npr = (561-25), probability 6.0%
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FIG. 12. The Pomeron-y*y* coupling functions a;(Q?) for j = 0
(hard Pomeron) and j = 1 (soft Pomeron); see (3.9), (3.10), and
(A19). The shaded bands indicate the experimental uncertainties.

T
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FIG. 13. The Pomeron-y*y* coupling functions Q%a;(Q?)
for j = 0 (hard Pomeron) and j = 1 (soft Pomeron); see (3.9),
(3.10), and (A19). The shaded bands indicate the experimental
uncertainties.

more important. Hard and soft Pomerons give contribu-
tions of roughly equal size for Q> ~ 5 GeV?, but the soft
contribution is still clearly visible for O ~ 20 GeV>.
Our results indicate that in the energy and Q7 range
investigated the y*-proton absorption cross sections rise
with energy as W?¢' for low Q? and change to W% for high
Q?. Here €; ~ 0.09 and ¢, ~ 0.30 are the intercepts minus

one of the Pomerons P; and Py; see Table II. It has been
realized already a long time ago (see for instance [35]) that
parton densities in hadrons become large in high-energy or
low-x scattering. This can give rise to parton recombination
and saturation, potentially taming the growth of cross
sections at high energies. At the energies investigated here
we find no indication that the rise of the y*-proton
absorption cross sections levels off. The question can be
asked if the y*p cross sections could continue to rise
indefinitely for higher and higher W. We note first that there
is no Froissart-like bound for the rise of the y*p cross
sections since y* is not an asymptotic hadronic state. Thus,
there is no nonlinear unitarity relation for the y*p cross
sections which would be a prerequisite for the derivation of
a Froissart-like bound. The y*p cross sections may well
stop to rise at higher W due to saturation effects, but this
will then, in our opinion, not be related to the Froissart-
Martin-Lukaszuk bound [36-38] which applies to hadronic
cross sections. We see no rigorous theoretical argument
against an indefinite rise of the y*p cross sections with W.
Note that these “y*p cross sections” are in reality current-
current correlation functions. The standard folklore of
quantum field theory (QFT) is that such functions should
be polynomially bounded which is clearly fulfilled in our
case. Some time ago, one of us investigated theoretically
the low-x behavior of the y*p cross sections in QCD [39].
There, arguments were given that identify two regimes in
low-x DIS, one for low Q? and one for high Q. It was
argued that, in the high-Q? region of low x, DIS could be
related to a critical phenomenon where, for instance, ¢,
would be one of the critical exponents. In such a picture it
would be natural to have a power rise with W for the y*p
cross sections o7 and o;. But to know the actual behavior
of o7 and o, for W values higher than those available today
we will have to wait for future experiments.

We can obtain further support for the view that low-x
DIS at high enough Q? can be understood as a critical
phenomenon from our present results. We see from (3.14)

k x b, [GeV'T

Tensor pomeron fit
E= 100 x b, (hard IP)
1 1

L
107 1 10 107
Q? [GeV?]

Q? [GeV?]

L
1 10 107 1 10

Q? [GeV?]

FIG. 14. The Pomeron- and Reggeon-y*y* coupling functions b j(Qz) for j = 0 (hard Pomeron), j = 1 (soft Pomeron), and j =2
(Reggeon); see (3.9), (3.10), (A19), and (A31). The shaded bands indicate the experimental uncertainties. More precisely, we show the

functions k le7 ;(0?), where bo(Q?) is scaled up by a factor k, = 100 for displaying purposes while the functions b, (Q?) and b,(Q?) are

not scaled up, that is, k; = k, = 1.
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FIG. 15. The Pomeron- and Reggeon-y*y* coupling functions b j(Qz) for j = 0 (hard Pomeron), j = 1 (soft Pomeron), and j =2
(Reggeon); see (3.9), (3.10), (A19), and (A31). The shaded bands indicate the experimental uncertainties. More precisely, we show the

functions k jl; ;(Q%), where by(0Q?) is scaled up by a factor k, = 100 for displaying purposes while the functions b, (Q?) and b,(Q?) are

not scaled up, that is, k; = k, = 1.
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FIG. 16. The ratio R = ¢, /o7 of longitudinal to transverse cross sections and the structure function F; are shown as a function of Q>
for three choices of W in comparison to data extracted directly from H1 cross section measurements at different center-of-mass energies
[34]. These data were taken at W near 200 GeV and are not included in our fit. The error bars correspond to the H1 experimental
uncertainties. The experimental uncertainties of our fit are indicated for W = 200 GeV as a shaded band. For the case of the F
measurement, the correlated H1 uncertainty contribution is shown as a hatched band.

and (3.15) and the fit results for a;(Q?) and b;(Q?)
(j =0, 1) summarized in Tables IV and V that for Q> >
20 GeV? the y*p cross sections are well represented by
simple power laws in Q% and W?:

or(W2, Q%) + o, (W, Q%) o by(Q%)(W?)%

& (Q2) (W), (6.1)
o (W2, 0%) « Q%a(Q*)(W?)«
o (Q%) (W2, (6.2)

Here we have from (C3), (C5), (C6), and Tables IV
and V

5, = 2.51 (+68)

=57

no = —ng7 = 0.967(73). (6.3)

Such simple power laws (6.1) and (6.2) were, indeed,
suggested in [39]. The quantities &, and 7, are in this view,
together with ¢, critical exponents.

In our work we have paid particular attention to describing
and fitting not only the structure function F,, which is
proportional to o7 + o, but the reduced cross section e
[(5.3) and (5.4)] which contains all experimentally available
information on o7 and o} separately. Our fit results for R =
61 /or indicate that it is rather large, R = 0.4 for 1 GeV? <
0? <10 GeV? even taking the one standard deviation errors
into account; see Fig. 16 and also Fig. 17 in Appendix F. We
note that such a large value of R, taken at face value, presents
problems for the standard color-dipole model of low-x DIS.
In the framework of this model two of us derived a rigorous
upper limit of R < 0.37248; see [40,41] and references
therein. The derivation of this bound uses only the standard
dipole-model relations, in particular, the expressions for the
photon wave functions at lowest order in the strong coupling
constant @, and the non-negativity of the dipole-proton cross
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TABLE IV. Parameters obtained in the fit to HERA DIS and
photoproduction data. The uncertainties on the least significant
digits, determined using the MINOS algorithm, are indicated in
brackets. Here log is understood as the natural logarithm, that is,
to base e.

Fit parameter Result

€0 0.3008(*73)
€] 0.0935(*[%)
a,(0) 0.485(13%)
log(c,/GeV™) -0.38(39)
log(d,/GeV~?) —-1.35(139)
log(ay/GeV™!) —-6.95(12)
log(m3/GeV?) 1.41(3))
log () 0.92(*3)
log(a;/GeV~") -3.92(1)%)
log(m?/GeV?) -0.31(1%)
log(s,) 1.72(139)
log(by(0 GeV?)/GeV™!) —14.2(39)
log(hy(0.3 GeV?)/GeV") =7.02(*9)
log(by(1 GeV?)/GeV™) —4.83(119)
log(by(3 GeV?)/GeV™!) =5.09(11)
log(by(10 GeV?)/GeV™1) =5.669(")
log(by(25 GeV?)/GeV™") -6.268(15))
log(by(50 GeV?)/GeV!) —6.899(%40)
log(h, (0 GeV?)/GeV™1) -1.017(*3%)
log(h,(0.02 GeV?)/GeV~) —0.874("53)
log(h,(0.08 GeV?)/GeV~") -1.032(17})
log(h, (0.4 GeV?)/GeV") —1.574(13%)
log(b;(2 GeV?)/GeV™) ~2.871(13))
log (b (10 GeV?)/GeV~1) —4.668(70)
log(h, (50 GeV?)/GeV~1) —7.87(29)

sections. The then available H1 data for R from [42] were
compared with this and related bounds in [43]. A very
conservative conclusion from our findings concerning R in
the present paper is, therefore, as follows. If one wants to
be sure to be in a kinematic region where the color-dipole
model can be applied in the HERA energy range one
should limit oneself to Q2> 10 GeV2. Below 0%~
10 GeV? corrections to the standard dipole picture, as
listed and discussed e.g., in [40], may become important.
There is, however, a strong caveat concerning the R deter-
mination from our fit to o,,q. We use our explicit tensor
Pomeron model and, thus, our R values are not derived in a
model-independent way. We cannot exclude the possibility
that a different model may give somewhat different results for
R from a fit to 6.

TABLE V. Spline parameters characterizing the coupling func-
tions b ; obtained in the fit to HERA and photoproduction data;
see (C4). The Hessian uncertainties on the two least significant
digits are indicated in brackets. The quantities ny; and n;;
determine the large-Q> behavior of the coupling functions
bo(Q%) and b,(Q?), respectively, in the extrapolation region
0? > 50 GeV?; see (C5) and (C6).

i a3, A, By, Co,i Dy ;

1 0GeV? -14.2(39) 12.0(61) 0 -3.5(22)
2 03GeV? —7.0(12) 6931)  —7.4(46)  27(22)
3 1GeV? —4.83(48) 0.37(46) —1.09(66) 0.43(30)
4 3GeV? -5.09(36) —0.55(20) 0.11(23) —0.060(90)
5 10 GeV? —5.67(30) —0.54(12) —0.10(13) —0.041(61)
6 25 GeV? —6.27(25) —0.822(78) —0.210(90) 0.102(44)
7 50 GeV2  nys = —0.967(73)

i qi; A By, Cy; Dy;

I 0GeVZ -1.02(18) 0.29(47) 0 —-0.17(27)
2 0.02 GeV? —0.87(26) 0.04(12) -0.35(57) 0.13(30)
3 0.08 GeV? —1.03(24) -0.28(22) 0.01(27) -0.056(83)
4 04Gev? —1.57(16) —0.59(11) —0.23(12) 0.053(45)
5 2GeV? -2.87(12) —0.925(84) 0.02(11) —0.090(58)
6 10 GeV? —4.67(21) —1.55(24) —0.41(20) 0.085(42)
7 50GeV?  ng=-221(52)

The next topic we want to address briefly concerns the
twist expansion for the structure functions of DIS; see for
instance [44]. Note that the twist expansion is, in essence,
an expansion in inverse powers of Q2. Thus, it only makes
sense for sufficiently large 0? and, certainly, cannot be
extended down to Q% = 0. It is well known that the leading
twist-2 terms correspond to the QCD-improved parton
picture with parton distributions obeying the famous
DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) evo-
Iution equations [45—47]. In our framework the question
arises how the hard and soft Pomeron contributions will
contribute to leading and higher twists. It is tempting to
associate, at large enough 0?, the hard Pomeron contri-
bution with leading twist 2 and the soft Pomeron contri-
bution with higher twists. Indeed, the latter vanishes
relative to the former for large Q? where the ratios of
the P;y*y* coupling functions @,(Q?) and b;(Q?) for the
soft (j = 1) and hard (j = 0) Pomeron behave as

al(Qz) x (02)%0=81 ~ (02)-3

&O(QZ) (Q ) ~ (Q ) B

I;I(QZ) 2\ 77107 py 2

gy <@ R@TE (64)

see Tables [Vand V. This point of view, as expressed above, is
close to what was advocated in [48]. Following [48] we
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would then conclude that higher twist effects—the soft
Pomeron contribution—stay important for x < 0.01 up to
Q? ~ 20 GeV?. Certainly, it will be worthwhile to study in
more detail the connection of our two-tensor-Pomeron model
with the description of the HERA data using parton dis-
tribution functions and with the DGLAP and BFKL
(Balitsky-Fadin-Kuraev-Lipatov) [49,50] evolution equa-
tions. For example, the value (5.15) for the hard Pomeron
intercept obtained in our fit is very close to typical values
obtained from BFKL dynamics in next-to-leading logarith-
mic approximation [51,52], indicating that our hard Pomeron
is at least consistent with BFKL dynamics. Based only on
this, however, it would seem premature to identify our hard
Pomeron with the BFKL Pomeron. The study of exclusive
reactions might be a promising starting point for investigat-
ing in more detail the relation of our two-tensor-Pomeron
model to perturbative high-energy dynamics, in particular
concerning the hard Pomeron. But this clearly goes beyond
the scope of the present work.

As we have stated in the Introduction it is not our aim here
to give a comparison of the various theoretical approaches to
low-x DIS physics. Let us just briefly comment on some
recent fits to the HERA low-x data where various methods
were used. In [42] a so-called A-fit in which F, is approxi-
mated by a power law in x with a Q?-dependent exponent
was presented. The Ansarz was then extended by adding in
this exponent a “A’ term” proportional to In x. Furthermore, a
fit based on DGLAP evolution as well as dipole model fits
were presented. In [53] a higher-twist Ansatz was added to a
DGLAP fit. Dipole models were used e.g., in [54], and
DGLAP fits with BFKL-type low-x resummation improve-
ment in [55] and [56]. However, in all these approaches the
limit Q> — 0, that is the photoabsorption cross section, is
not included in the considerations. Typically, a minimum Q>
of order3.5 GeV?is impos.ed.2 In our approach, on the other
hand, photoabsorption is treated in the same framework as
DIS, allowing a detailed investigation of the transition from
hard to soft scattering.

VII. CONCLUSIONS

In summary, we have presented a fit, based on a two-
tensor-Pomeron model, to photoproduction and low-x deep
inelastic lepton-nucleon scattering data from HERA. We

*We would like to point out that it is not surprising that dipole
model fits have difficulties for very low 0?. Atlow momenta, the
use of the lowest order photon wave functions becomes ques-
tionable. In addition, most dipole models (including the ones
mentioned above) use Bjorken-x as the energy variable of the
dipole-proton cross section. This means that for Q> = 0, which
implies x = 0, the dipole-proton cross section is constant and,
thus, has no energy dependence. Consequently, also the total
photoabsorption cross section Gyp (W) can, in these models, have
no energy dependence—in contradiction to experiment; see Fig. 5.
Indeed, it has been argued in [40,57,58] that in the dipole-proton
cross section W should be used as the energy variable.

have determined the intercepts of the soft and hard
Pomeron and of the R, = f,z + a,z Reggeon, obtaining
very reasonable numbers; see Table II.

The two-tensor-Pomeron model allows us to describe the
transition from Q2 = 0 and low QZ, where the real or virtual
photon acts hadronlike and the soft Pomeron dominates, to
high Q?, the hard scattering regime dominated by the hard
Pomeron. The transition region where both Pomerons
contribute significantly was found to be roughly 0 < Q% <
20 GeV?. For the photoproduction cross section o, , (W) we
found no significant contribution from the hard Pomeron.
Thus, 6,,(W) is, in the c.m. energy range 6 GeV < W <
209 GeV, dominated by soft-Pomeron exchange with a
significant f>r +a,p Reggeon contribution for W <30GeV.

In the high-Q? and low-x regime of DIS we found a good
representation of the y* p cross sections o7 + o;, and o, as
products of simple powers in Q% and W?; see (6.1)—(6.3).
This may suggest that low-x phenomena at high enough Q?
may have an interpretation as a critical phenomenon as
suggested in [39].

In contrast to our tensor-Pomeron model which gives an
excellent description of the real and virtual photoabsorption
cross sections we found that a vector Ansatz for the
Pomeron, that is, a Pomeron with vector-type couplings,
is ruled out as it gives zero contribution there; see Sec. IV
and Appendix B.

We are looking forward to further tests of our two-
tensor-Pomeron model at future lepton-proton scattering
experiments in the low-x regime, for instance at a future
Electron-Ion-Collider [59] or a Large Hadron Electron
Collider LHeC [60]. A topic which could be addressed
at an electron-ion collider is the measurement of the real
and virtual photon cross sections for the neutron, to be
extracted from deuterium data. The contributions of the
hard and soft Pomeron and of the f,z-Reggeon exchanges
should be identical for the proton and the neutron. The a,g-
Reggeon contribution should change sign when going from
the proton to the neutron. Thus, with proton and neutron
data the f,p and a,p contributions could be disentangled.
Furthermore, good measurements of 6; and R = ¢ /o for
the proton and neutron would be very welcome since these
quantities are potentially very promising for a discrimina-
tion between different models, while at present the exper-
imental errors are large even for the proton data.
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APPENDIX A: EFFECTIVE PROPAGATORS AND VERTICES
For the soft Pomeron P; we use the effective propagator as given in (3.10) and (3.11) of [11],

Py

pnv ‘T KA\

(A1)

1

A (P 1 o -
ZAfw,lfz)\(S?t) = 1s (éhmgu)\ + GurGvk — g,uugn)\> (—isa)) -1,

The [P; trajectory function is taken as linear in ¢,
a(t) =1+e +ajt. (A2)

For the slope parameter o} and the parameter &, multiplying
the squared energy s we take the default values from [11],

o) =0.25 GeV~=2,

2

The intercept parameter ¢; is in our work left free to
be fitted. From our fits described in Sec. V we find (see
Table II)

e, = 0.0935 <+76>. (A4)

—64

For the hard-Pomeron propagator our Ansatz is similar to

@ = a). (A3) (A1) and (A2),
|
Py
v ‘T KA
(A5)
A (Fo) 1 1 . ~ryap(t)—1
¢ #u,n)\(svt) = Us JurGvx T GurGvr — igquHA (—ZSOzO) )
I
with From the fits in Sec. V we get (see Table II)
ag(t) =1+ €y + apt, (A6) 73
€y = 0.3008 <+ ) (AB)
and the parameter € to be determined from experiment. For -84

a, and &, we take, for lack of better knowledge, the same
values as for the soft Pomeron,
ap = & = 0.25 GeV~2. (A7)

The Ansatz for the P;pp vertex is given in (3.43)
of [11]. Making an analogous Amsatz for the hard
Pomeron we get

T ™ (0 p) = = 385 P (0 ~ p)z]{l (e + D)o+ 30 + )] — 3 g+ m} L G=0.1)

2
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Here f3;,, are coupling constants of dimension GeV~! and

F (lj )(t) are form factors normalized to

F0) =1. (A10)
The standard value for the coupling constant of the soft
Pomeron to protons is

Bipp = 1.87 GeV™"; (A11)

see (3.44) of [11]. The traditional choice for the form

factor F g”(r) is the Dirac electromagnetic form
factor of the proton even if it is clear that this cannot
be strictly correct; see the discussion in Chapter 3.2 of
[4]. But this is not relevant for our present work where
we only need the form factors at r =0 where they
are equal to 1; see (A10). For lack of better knowledge
we take

ﬂOpp = ﬂlpp' (A12)
For the processes that we consider in the present
paper this gives no restriction for our fits since
only the products f;,,a;(Q%) and ,,,b;(0?) enter as
parameters.

For our Ansatz for the P;y*y* vertices we need the rank-4
tensor functions defined in (3.18) and (3.19) of [11],

- ; 2 12 0
ZFLV;’;\ 7 )(q/,q) = [Qaj,y*,y* (4%, q >t)r/(w);-;)\
t= (q - q/)2 )
Here the coupling parameters a;,-, and bj,,- have di-

mensions GeV~> and GeV~!, respectively. In our present
work only the values of these parameters for

t=0

enter. Therefore, we set, pulling out also a factor €2,

ﬂvkﬂ(kth) [(kl ‘k2)g/w_k2yklu]

1
X klxk2/1+k2xklﬂ_§(kl k2)g |, (A13)
T, (k1. ko) = (ks - k2) (Guxn + Gua)
+ G (kikoy + kockyiy) = ki koG
- kll/k2Kg/M. - kz,lkugwc - kzﬂklxgwl
= [(ky - k2) G = kapkr,) G- (Al14)
We have for i =0, 2
') (k. k ki ko) =T (ky,k
/,u/;d( 1s 2) ﬂyﬁx( 1 2) p/,ud( 2 1)
= /(w)ld( —ky,—k,), (A15)
kﬂl—'ﬂlﬂd(kl, kz) == O
kuryvk/l(klv kZ) =0, (A16)
(ki ko) g™ = 0. (A17)

Now we can write down our Ansatz for the PP;y"y* vertices
in analogy to the Ppp vertex in (3.47) of [11]:

(A18)
(q/7 _q) - bj’y*“/* (q27 ql27 t)FELQV);@)\(qlv _q)i|7
=01
a]}'*y*( Q Q2 ) =é? a (Qz),
bjy*y*<_Q ’_Q27 ) = ezbj(Qz)’
j=0,1. (A19)

Our Ansditze for the effective propagators and the vertices
for f,z- and a,p-Reggeon exchanges are as follows. For
both the f,x and the a,x propagators we set [see (3.12) and
(3.13) of [11]]
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far, azr
AVAVAVAVAVAVAV) TS
124 ‘T KA
(A20)
. . 1 1 - _
ZA.ELfVQﬁg\(S?t) = ZA,ELLIV%S;(SJ) - @ <g,lmgu)\ + Ju vk — 29uu9nA> (_Zsalz)a2(t) ! )
w(1) = a(0) + dyt (A21)
with a,(0) as a fit parameter. For o, and &, we take the default values from (3.13) of [11]:
o, = 0.9 GeV~2,
&, = o). (A22)
Our fit gives (see Table II)
+-88
0) =0.485 A23
a(0) = 055 30) (A23)
which is nicely compatible with the default value from (3.13) of [11]: a,(0) = 0.5475.
The fogrpp vertex is given in (3.49) and (3.50) of [11] as
(A24)
i (f2rDP) () : 1 / o)1 / / 1 /
iR (pl,p) = — ngngpﬁOFl[(p =) S+ 0+ (0 +P)u] = L9 (B4 ) ¢,
Gfoppp = 11.04, My =1 GeV. (A25)
The a,ppp vertex as given in (3.51) and (3.52) of [11] has the same structure with
Garepp = 1.68. (A26)

The Ansatz for the f,z7*)y™*) and a,gy*)y*) vertices for real and virtual photons will be taken with the same structure as
for foyy [see (3.39) and (3.40) of [11]],

(A27)

. * K R 0 2
(g q) =i (201,700 (642 ) T A (6 =0) by (6% 6% 1) T ('~ )],

and similarly for a,z in the place of f,;. In the present work we need this vertex only for
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q =q. q> =-0><0. (A28)
Since we have taken the same Ansatz for the f,pr and a,p
propagators we can, for the reactions studied here, combine
the contributions of these Reggeons together into one term.
We define

1 _
Povp =531 o rarn = 3.68 GeV~! (A29)
[see (A25)] and
o gr
ezﬁzppaz(QZ) = ﬁpopafzw*y* (_Qz’ _Qz’ 0)
Gare
H G, (0 =00) (A)
2 2~y _ 9fwpp 2 2
e Pappba(0°) = 3—Mobfzky*r*(_Q . —0°.0)
Ya,
+ 3]&1:) baZRy*y*(_QQ’_QZvO)' (A31)

Inserting all these expressions for the effective propa-
gators and vertices in (3.1) we arrive at (3.2) which
expresses the virtual forward Compton amplitude as a
sum of three terms. These correspond to the contributions
from the two Pomerons, hard (j = 0) and soft (j = 1), and
from the Reggeons f,r and a,i together (j = 2).

APPENDIX B: FORMULAS FOR A
HYPOTHETICAL VECTOR POMERON

In this appendix we collect the necessary formulas for the
(hypothetical) vector Pomeron couplings to protons and real
and virtual photons. These formulas are used in Sec. IV.

1. Vector Pomeron couplings

The Pypp vertex and the Py, propagator are standard;
see e.g., [4] and Appendix B of [14]. We have

Z‘l"g_]PVPp) (plvp) =—i 3B]PvppF1[(p - p,)2]M0’Y<77
(B1)

with fip,, = 1.87 GeV™!, My = 1 GeV, and

Py
AAAAAAAS [0
4 ‘_t o
Z'ASEV)(WQ’t) — ngg(—ina{pv)aﬂ’v(t)*l,
0

(B2)

In (B1) Fy(¢) is a form factor normalized to F{(0) = 1. In
(B2) ap, (1) is the vector Pomeron trajectory function and
ap, is the slope parameter. The numerical values for these
quantities play no role in the following and in Sec. IV. For
the Py y*y* vertex we assume that it respects the standard
rules of QFT. We have, orienting here for simplicity both
photons as outgoing,

(B3)

For this vertex function we have the constraints of Bose
symmetry for the two photons,

" (ki) = T k). (B4)
and of gauge invariance,
klllrl(l[sl‘;y*y*)(klv ky) =0,
KTs ) (ky ky) = 0. (B5)

The vertex Pyy*y* should also respect parity invariance.
We have then 14 tensors, constructed from &, k, and the
metric tensor, at our disposal:

klukluklpv klﬂklka/)’ klﬂkZDkl/)v klﬂk2yk2/)’
kZukluklpv kZﬂklkap» k2ﬂk2uk1/)v k2uk2yk2pv
g/u/kl/)v gﬂ[)kllH gu/)klw gﬂl/sz)’ gﬂkaW gv/JkZ;r

(B6)

To construct the most general vertex (B3) we have to multiply
these tensors with invariant functions depending on k?, k%,
and (k, + k,)? and take their sum. In the following, however,
we shall only consider the case k = k3. With the require-
ment (B4) we obtain then the following general form for
®vrr’)
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Ty (k1.ko)
=A (ki ki ki, +kouko ko) +As (K ke ko, + ok k)
+Az(ky ko ki +kyyko ko) + Ay (koyky ko, + Kok ko)
+As(Gukip+ Gukap) +As(Gupkin + gupkay)

+A7 (gvpklﬂ +gﬂpk21/)’ (B7)
with coefficient functions
Aj:Aj(k%,(kl —|—k2)2), j=1,...,7. (B8)

Imposing gauge invariance we find, using (B5), the relations

IGAy 4 (ky - ky)Ay + As + Ag =0,
(ky - ky)A; + kjAs =0,

K24, + (k; - ky)Ag + As = 0,

(ky - ky)A; + k3A3 + A7 =0,

2. Real photons

Now we specialize for real photons and assume a
general, nonvanishing product of their 4-momenta,

K=k =0, ki -k, #0. (B10)
This gives
A =0,
Ag =0,
As = _(kl ‘k2>A4,
Aq = —(ky - kp)Ay (B11)

and hence the final form for T(®vr7):

F;(fvpzm (ky k) = Az[kly(klykzp — (ky - kZ)gup)
+ (kouki, = (ky - k2)gy,) ko]
+ A3kl/4k2b(klp + ko))
+ A4(k2,4k1p = (ki - k2)gy) (kip + kap),
(B12)
where the remaining coefficient functions depend only on
(ky + k)%,
A, = A0, (k + k)2 = A;((k) + k)?),  j=2.3,4.
(B13)

The replacements k; — ¢’ and k, - —q lead to the vertex
function (4.3). Inserting this in the expression for the

Compton amplitude corresponding to the diagram in
Fig. 4 gives a vanishing result; see (4.4).

We note that this type of vertex function (B12) would
also describe the parity conserving decay of a vector
particle of spin parity J¥ =1~ to two real photons. In
accord with the famous Landau-Yang theorem [27,28],
(B12) gives zero for the corresponding amplitude. Indeed,
consider the decay of such a vector particle

V(k’ 8) - }’(kl, 81) =+ y(k2782)’ (B14)
where
k%:kzzo, k:k1+k2,
kzzm%,, k'E‘:O, k1'€1:k2'€220. (BlS)
With (B12) we find then
<}/(k1 s 81), y(kzs 82)|T|V(k’ 8)>
= e T (ky ky)e? = 0. (B16)

Note that the Landau-Yang theorem applies to the decay of
a massive vector particle to two photons. In our present
discussion, the vector Pomeron exchanged in the 7-channel
plays the role of the massive vector particle.

In conclusion, the same reasoning which leads to the
Landau-Yang theorem shows that a vector Pomeron cannot
couple in real Compton scattering. But clearly, the behavior
of the total yp absorption cross section as measured shows
that the Pomeron does couple in real Compton scattering.
The tensor Pomeron model describes this coupling without
problems in a satisfactory way; see Sec. V, Fig. 5.

3. Virtual photons

Next we consider vector Pomeron exchange for virtual
Compton scattering. Here we have again the vertex function
(B7) describing the Py y*y* coupling and we assume that we
have k3 = k3 = —Q? < 0 as is relevant for DIS. We now
have to solve (B9) for k% # 0 taking into account that the
functions A (k. (k; + k,)?) of (B8) can have no kinematic
singularities at k3 = 0. Considering a diagrammatic expan-
sion of the Pyy*y* vertex function we see that it cannot
contain internal photon lines. These would correspond to
higher order corrections in a.,, in DIS. Now we can invoke
the famous Landau conditions for singularities of Feynman
amplitudes; see for instance Chapter 18 of [61]. We find then
that, indeed, the Py, y*y* vertex function can have no internal
zero-mass-particle lines which, put on shell, could give rise
to a singularity at k7 = 0.

From the second equation in (B9) we get

ky - ko

A3 (K3, (ky + ky)?) = 2

Ay (k. (ki + kp)?).  (B17)
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Az can have no pole at k} =0. Therefore we must
have

Ay (K, (ki + k)?) = K3A (K, (ki + k2)?). (B18)

with A, a regular function at k2 = 0. From (B17) we
get then
A3(KT, (ky + k2)?) = =(ky - ko)A (K, (ky + ky)?). (B19)

The general solution of (B9) can now be expressed by the
three functions

A (K3, (ky + ky)?),
Ay (ki (ky + kp)?)

Ay (K7, (ky + kp)?),
(B20)
|

and reads as follows, where we suppress the arguments of
the functions A, A,, and Ay:

A] - k%Al,

A2 :AQ,

A3 - _(kl : k2)A1v
A4 :A4,

As = —kjA; — (ki - ky)Ay,
Ag = —(k})?A, + K3A,,

A7 = (ki - ko) (KFA; = Ay). (B21)

Inserting this in (B7) we find the general form of the
Pyy*y* vertex, remembering that we consider k3 = k3, as

ok - 1
F;%y ! )(kl,kz) = A (k7. (k; + kp)?) {—5 (ky 4 ko) ke ko, (ky 4 k), 4 Kk, (ky + ko) ey, 4 (ky + ko) ko ko]

1
+ 5 (kl + k2)2k%(gupk2v + gypkly) - (k%>2[g;4/)(k1 + k2)z/ + gyp(kl + kZ)y]}

1
+A2 (k%’ (kl + k2)2){k1ﬂkluk2p + k2ﬂk2l/klp - k%g;w(kl + k2)p - 5 (kl + k2)2[gﬂpk2u + gupk]y]

1
+ k3[gp (ki + k2), 4 gup (ki + k2) 1} + As (KT, (ki + k2)?) {kzﬂku —5 (ki +k2)? g, + k%gﬂy} (ki + k),

For a hypothetical vector-Pomeron contribution to the
forward virtual Compton amplitude we find in analogy
to (3.1)

i2ﬂmpez./\/l%(l7,61)‘pv

— gﬂﬂ'gzw’ il—*;l[i}/;*}’*) (q, _q)l'A(Pv)/’P’ (WZ’ 0)

x a(p. )il (p. p)u(p. ). (B23)

Note that in the definition of the vertex function

T5v" ") (ky, k) in (B3) we have oriented both &, and k,
as outgoing. Therefore, we have here

ki=q. ky=-q. kKi=K=q¢*=-0>  (B24)

and thus

It is easy to see from (B22) that for k; + k, = O the vertex

function F,(,,,ﬂ 7") Vanishes,

(B22)

Tt (k1K) gm0 = 0 (B26)

In this way we have shown that the exchange of a
Pomeron with vector couplings cannot give a nonzero
contribution to the forward virtual Compton amplitude.
Using (2.9) and (2.10) this implies that a vector-Pomeron
exchange cannot give a nonzero contribution to the
structure functions W; and W,, respectively the cross
sections o7 and o, of DIS.

APPENDIX C: PARAMETRIZATION FOR
COUPLING FUNCTIONS

1. Reggeon exchange parametrization

For the R, Reggeon, which is expected to contribute
only at low W and low Q2 the following assumptions are
made:

a,(Q*) =0. (C1)

l;z(Qz) = C€Xp [—Qz/dz], (C2)

with two fit parameters. The parameter ¢, describes the
magnitude of the R, -Reggeon exchange contribution in
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photoproduction. The exponential function containing the
parameter d, > 0 causes the Reggeon contribution to
vanish rapidly with increasing Q2.

2. Pomeron exchange parametrization

For the two tensor-Pomeron exchanges P;, j =0 and
j =1, the functions Q%a;(Q?) are parametrized as

2 /8 + Q% /m\ 1%
24.(0?%) = Q_ J =17 3
R e G
For §; > 0, this function has a maximum at Q> = m7 with
magnitude ;. For small Q?, the function increases propor-
tionally to Q. The parameter 6; > 0 defines the power
exponent by which the function drops with large 0.

The functions b;(Q*) for j =0 or j =1 are parame-
trized with the help of cubic splines s; with N = 7 knots
each. Between two knots, z;; and z; 1, the spline s;(z) is
given by third-order polynomials

s;/(z) =Aj;+ Bji(z—2;;) + Cjilz — 2;,)?

+D;i(z— Zj,i)3 forz;; <z2<2z;;41. (C4)

with coefficients A; ;, B;;, C;;, D;; (i=1,...,N — 1) and
knot positions z;; (i = 1,..., N). The function 5j(Q2) is
given by exp[s;(z)] using the argument z = In((Q*+
q70)/Mg) with My = 1 GeV. The offset ¢, ensures that
z is finite for Q% = 0. The knot positions z;; = log((¢7,; +
q70)/Mg) are given using fixed positions in Q, denoted
q7; and ranging from ¢7, =0 to ¢, = 50 GeV>. The
offset is taken to be equal to the first nonzero position,
470 = 4;,- For the fit, the 2 x 7 function values b i(q3 ;) are
taken as free parameters. Given j, the 4 x (N — 1) spline
parameters A;;, B;;, C;; and D;; are determined from the
fit parameters using the usual constraints on the spline to be
continuous up to the second derivatives. The end-point
conditions are chosen such that the second derivatives of
5;(z) vanish for both z = z;; and z = z; 7.

For predictions at large Q?, the functions b;(Q?) are
continued for Q% > qu._  using the spline properties at the
end point z; y,

. . 0> +q2o \ i~
(@) =b() () @ (03
qiNT 9j0
ds;
h = C6
where 7n; y &), , (Co6)

Similarly, for cases where qil > (, the function is defined
in the region —g7, < 0> < ¢, as

Q2 + qu',o

>Bj'0 2 2
for —q, o <0 <q5,.
51;,1 JrClio . s

5,(0%) =io,-<q5,1>(
)

A special case is given by ¢, > 0, g7, =0 and B; < 0.
In this case b;(Q?) — 0 for 0? — 0. In all cases discussed
above, the resulting function Bj 1s defined for all Q2 >
—qio and is continuous up to the second derivative over the
full allowed Q? range.

APPENDIX D: FIT PROCEDURE

A fit with 25 free parameters is made using the ALPOS
package [62], an interface to Minuit [63]. The goodness-of-
fit function is defined as

K (h) = Z(log o PRA —1og 01ea (QF, x> i h))(VI_ﬂlzRA)ij
i.j
HERA

x (logo; —1og oreq( ?’xj’yj;h))

+ Z(log o' —logor(Wis b)) (Vaip)
i.j
x (log 6®MP —log 67 (W;; h)),

J

(D1)

where oHERA with i =1,...,525 are measurements of
reduced cross sections from HERA [29] and Q3, x;,
are the corresponding kinematic variables. The prediction
01ea(0?, x;, vi3 h) depends on the kinematic variables and
on the vector £ of the 25 fit parameters. The data covariance
matrix includes two types of relative uncertainties, point-
to-point uncorrelated, u;, and point-to-point correlated from
a source k, cy;. The elements of the resulting covariance
matrix are (Viggra)i; = 6;;(u:)* + Dk Crichj» Where &;; is
the Kronecker symbol. There are 169 sources k of
correlated uncertainties in the HERA data.

A total of 36 photoproduction data points are included
in a similar manner. The measurements are denoted ot1F
with i = 1,...,36 and the corresponding energies are W,.
The predictions are 67-(W; h). The covariance matrix Vpip
receives uncorrelated and correlated contributions in anal-
ogy to the HERA data discussed above. There are two
photoproduction measurements from H1 and ZEUS at high
W [30,31] and four astroparticle measurements at inter-
mediate W [32]. These six data points are not correlated to
the other data points. The 30 low-W data points from
Fermilab [33] have a single correlated contribution in
addition to their uncorrelated uncertainties, a 0.7% nor-
malization uncertainty.

The function y*(h) is minimized with respect to h to
estimate the parameters. For the fit parameters, asymmetric
experimental uncertainties are obtained using the MINOS
[63] algorithm. For all other quantities shown in this
paper, uncertainties are determined as follows. The HESSE
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algorithm [63] determines the symmetric covariance matrix
V of the parameter vector / at the minimum / of the log-
likelihood function. Using an eigenvalue decomposition, the
matrix V is written in terms of dyadic products of orthogonal
uncertainty vectors &h;, V =, 6h;6h!. Asymmetric
uncertainties, +Af,, and —Afq,, of a generic quantity
f(h) are then estimated as follows:

Ay = ¢Z<max [+ h). £ (h = 6hy)] = £ ()2,

(D2)

A= \/Z<min U (- hy). f (h = 6hi)] = (R))?.
(D3)

The uncertainties obtained in this way are termed “Hessian
uncertainties” or “one standard deviations” in this paper.

APPENDIX E: FIT RESULTS

The goodness of fit found after minimizing and the
partial > numbers calculated for individual data sets are
summarized in Table III. An acceptable fit probability
of 6% 1is observed. There is no single dataset which
contributes much more than expected to . The resulting
25 parameters at the minimum are summarized in
Table IV with their MINOS uncertainties. For technical
reasons, most fit parameters actually are defined as the
logarithm of the corresponding physical quantity. The
intercept parameter ¢; = 0.0935(*[%) of the soft Pomeron
exchange is compatible with independent extractions, for
example with measurements of the Pomeron trajectory
from hadronic reactions (see [4] for a review) and from p
photoproduction data [64]. The spline coefficients char-
acterizing the functions b ; are summarized in Table V,
with their Hessian uncertainties [cf. (D2) and (D3)]. The
coupling functions @;(Q?), Q%a;(Q*) and b;(Q?) are
shown in Figs. 12-15. The a; are not constrained very
well by the data. The function a, is poorly known at
low Q% <2 GeV?, while @, has large uncertainty at large
0% > 5 GeV2. The functions b ; are much better con-

strained by data. The coupling function 131 of the soft
Pomeron is well measured over the whole kinematic
range investigated here. The determination of the cou-
pling function EO of the hard Pomeron suffers from
increasing experimental uncertainties at very low
0? £0.3 GeV2. In that kinematic region the DIS cross
section is governed by the soft contribution in the
experimentally accessible W range. .

It is interesting to observe that the two functions b; each
reach a maximum at some positive Q? as shown in Fig. 15.

For by the maximum is at Q? = 1.27(*%) GeV? with

amplitude by = 0.0082(*3) GeV~'. For b, it is at Q% =
0.0225(*37) GeV? with amplitude by = 0.42(11) GeV~'.
However, experimental data are sparse in the vicinity of the
maximum of El, so the experimental evidence for such a
maximum is not very strong. From the theory point of view
such a behavior of by(Q?) and b,(Q?) is easy to under-
stand. by(Q?) is essentially zero at Q> = 0 and must fall
with Q? for large Q?; see (3.9). Thus it must have a
maximum somewhere and it is reasonable that this comes
out in the Q2 ~ 1 GeV? region. For b, (Q?) we observe that
it governs o7 + ¢, for small Q?; see (3.7) and (3.8). But 5,
starts proportional to Q? for Q2 increasing from zero. For
larger Q7 the soft contribution to 6 + o, will fall with Q?
increasing. Thus, if the initial rise with 0? in oy 1s not
immediately compensated by a fall in 67 we expect a
maximum for by (Q?).

The fit results shown in Table IV indicate that the hard
Pomeron contribution to the photoproduction cross section,
proportional to by(Q* = 0), is compatible with zero, such
that there is no evidence for a nonzero contribution of the
hard component to the photoproduction cross section in the
energy range investigated here. We further observe that
the f,r and a,r Reggeons contribute visibly only to the
low-W photoproduction data.

A comparison of the fit results to photoproduction data is
shown in Fig. 5. The data are well described by the fit.

APPENDIX F: ALTERNATIVE FITS

In this section, alternative fits are studied. In this way we
want to check the stability of our results under changes of
the assumptions entering the fits.

1. Fit with xFitter

To cross-check the results obtained with the nominal fit
discussed in the main text, a fit using the xFitter package
[65,66] is performed. For this purpose, the tensor Pomeron
model, as described in this paper, has been implemented
and will be included in future releases of the package.
Similarly to the nominal analysis, the Q% dependence of the
b j(Qz) functions is parametrized using cubic spline func-

tions, however with five instead of seven knots compared to
the nominal fit. Due to the reduced number of spline knots,

TABLE VI. Parameter values obtained in an alternative xFitter
fit for the Pomeron intercept parameters and the Reggeon
intercept.

Fit parameter Result
€o 0.3067(71)
€1 0.0831(70)
a,(0) 0.394(78)

114007-25



DANIEL BRITZGER et al. PHYS. REV. D 100, 114007 (2019)

the total number of free parameters is 21 instead of 25 for The fit yields results comparable to the nominal analysis.
the nominal fit. The quality of the fit is good with y?/Npr=595/
The fit is performed to the same data sample, with the (561 —21), corresponding to a p-value of 5%. The values
same kinematic cuts as in the nominal analysis. The  of the main parameters are summarized in Table VI. They
goodness-of-fits function is taken as in [29], which differs are similar to the nominal fit.
from the one given in Eq. (D1) in the treatment of statistical
uncertainties, that are considered to follow Poisson dis-
tribution. Given that for the fitted phase space the statistical ) o o
uncertainties are small compared to the systematic ones, The nominal fit with 25 parameters indicates that the
this difference should have a small impact on the result. The ~ hard component bo(Q?) vanishes for Q% — 0. A fit is
minimization is performed using Minuit [63] while the  performed where the spline knot at Q? =0 is moved to
evaluation of uncertainties uses an improved method g3 = 0.1 GeV? and the offset is set to zero, g5, = 0. In the
introduced in [67]. region below the new first knot g3, the function @O(QZ) is

2. Fit without hard Pomeron in photoproduction

L Tensor pomeron fit, fixed g,
x? of fit

L Tensor pomeron fit, fixed €, ] 610k

[ —— x2 of fit ] A
605F . 605f

= 600F

595}

590F . 590F

L I I I [
0.06 0.08 0.1 0.12 0.14
€

1

0.5 71T 1] 057711
0.48F Tensor pomeron fit, fixed €, 0.48F Tensor pomeron fit, fixed g,

__ 0.46F —— R=o /o for Q=5 GeVZ-: __0.46F — R=o /o for Q=5 GeVz-:

N> o 1 Y] r i

3 8 0.44:

Te] Yo

J i

o <}

o any [ ]
0.38fF ]
0.36fF . . ]

0.28 0.3 0.32 0.34
So
- ——T — . 3
0.5F =
0.4 =
o 0.35— Tensor pomeron fit R=c, /o _E
E. — minimum %2 4 ]
0.2F --- fixed €=0.06 =
& fixed €,=0.15 N -
0.1 --- fixed €,=0.27 -
- fixed €,=0.34 e
ot | . M | . Ml
1 10 10
Q? [GeV?]

FIG. 17. The goodness of fit y> and the ratio R = o, /o of longitudinal to transverse cross sections are studied in fits with 24 free
parameters as a function of €, and e,. The upper panels show y? as a function of €, (left) and €, (right). The middle panels show
R(Q? =5 GeV?) as a function of ¢, (left) and ¢, (right). The lower panel shows the R distribution as a function of Q? for extreme
choices of the ¢;. For this study, the energy W is set to 200 GeV.
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extrapolated using Eq. (C7). For O = Oitis set to zero. This
fit results in a goodness of fit y> = 587.90, very similar to
that of the default 25-parameter fit presented in Table III.
There is no significant change to any of the fit parameters.

3. Studies of the ratio R

The ratio R determined in the 25-parameter fit is found to
be above 0.4 in a range of Q? from about 1 GeV? to about
10 GeV?2. The magnitude of R is strongly correlated to the

~

parameters describing the functions a;(Q*). However,

there are also correlations to other parameters, most notably
to the slopes €;. Fits with fixed ¢, or €; have been
performed to study the impact on y?> and R; see Fig. 17.
The scans cover large parameter ranges with a goodness of
fit up to and above y? = 600, corresponding to parameter
variations by more than three standard deviations. The
resulting R, however, is not affected by so much. Thus, with
all necessary caution, we think we can say that the HERA
data, fitted with our two-Pomeron model, prefer a relatively
large value for R in the above Q? range.
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