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The pomeron in high energy scattering

• High-energy reactions are dominated by  
pomeron exchange.  

• For soft reactions, first-principle calculations  
are not possible. We use Regge models to  
describe soft high-energy scattering.  

• Here, we want to discuss DIS in the framework  
of Regge models.  

• Spin structure of the pomeron has not been  
considered in much detail until recently.  



Spin structure of the pomeron

• Pomeron has vacuum quantum numbers:  
charge, color, isospin, charge conjugation 
 
But what about spin?  
Pomeron is superposition of spins 2, 4, 6, …
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Tensor couplings: the tensor pomeron

• Donnachie-Landshoff pomeron uses  
vector-type coupling to external particles.  

• Coupling of pomeron to external particles 
should in our opinion be described by  
tensor couplings.  

• An effective theory with such a tensor pomeron  
and reggeons (and a vector odderon) has been  
constructed, with propagators and vertices  
derived from Lagrangians for the couplings. 

CE, Maniatis, Nachtmann



Pomeron: tensor vs vector

• tensor pomeron (eff. symmetric tensor exchange)  
 
 
 
 
 
 

• vector pomeron 
p
′

p

p

p

V

σ

In the present work we need this vertex only for

q0 = q , q2 = �Q2  0 , (A.27)

and our ansatz for this case reads

i�(f2R�⇤�⇤
)

µ⌫� (q, q) = i
h
2e2â2(Q

2)�(0)

µ⌫�(q,�q)� e2b̂2(Q
2)�(2)

µ⌫�(q,�q)
i
. (A.28)

B Formulae for a hypothetical vector pomeron

In this appendix we collect the necessary formulae for the (hypothetical) vector pomeron
couplings to protons and real photons. These formulae are used in section 4. The V pp
vertex and the V propagator are standard; see e. g. [4] and appendix B of [14]. We
have

i�( V pp)
� (p0, p) = �i 3� V ppF1[(p� p0)2]M0�� , (B.1)

with � V pp = 1.87GeV�1, M0 = 1GeV, and

i�( V )

⇢� (W 2, t) =
1

M2

0

g⇢�(�iW 2↵0
V
)↵ V

(t)�1 . (B.2)

In (B.1) F1(t) is a form factor normalised to F1(0) = 1. In (B.2) ↵ V (t) is the vector
pomeron trajectory function and ↵0

V
is the slope parameter. The numerical values for

these quantities play no role in the following and in section 4. For the V �� vertex we
assume that it respects the standard rules of QFT. We have, orienting here for simplicity
both photons as outgoing,

i�( V ��)
µ⌫⇢ (k1, k2) . (B.3)
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We are looking forward to further tests of our two-tensor-pomeron model at fu-
ture lepton-proton scattering experiments in the low-x regime, for instance at a future
Electron-Ion-Collider [55] or a Large Hadron Electron Collider LHeC [56]. In particu-
lar, measurements of �L and R = �L/�T would be very welcome since these quantities
are potentially very promising for a discrimination between di↵erent models, while at
present their experimental errors are large.
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A E↵ective propagators and vertices

For the soft pomeron 1 we use the e↵ective propagator as given in (3.10) and (3.11) of
[11],

i�( 1)

µ⌫,�(s, t) =
1

4s

✓
gµg⌫� + gµ�g⌫ �

1

2
gµ⌫g�

◆
(�is↵̃0

1)
↵1(t)�1 . (A.1)

The 1 trajectory function is taken as linear in t,

↵1(t) = 1 + ✏1 + ↵0
1t , (A.2)

For the slope parameter ↵0
1
and the parameter ↵̃0

1
multiplying the squared energy s we

take the default values from [11],

↵0
1 = 0.25GeV�2 ,

↵̃0
1 = ↵0

1 .
(A.3)

The intercept parameter ✏1 is in our work left free to be fitted. From our fits described
in section 5 we find (see table 2)

✏1 = 0.0935 (+76

�64
) . (A.4)
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For the hard-pomeron propagator our ansatz is similar to (A.1), (A.2),

i�( 0)

µ⌫,�(s, t) =
1

4s
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1

2
gµ⌫g�

◆
(�is↵̃0

0)
↵0(t)�1 , (A.5)

with
↵0(t) = 1 + ✏0 + ↵0

0t , (A.6)

and the parameter ✏0 to be determined from experiment. For ↵0
0
and ↵̃0

0
we take, for

lack of better knowledge, the same values as for the soft pomeron,

↵0
0 = ↵̃0

0 = 0.25GeV�2 . (A.7)

From the fits in section 5 we get (see table 2)

✏0 = 0.3008 (+73

�84
) . (A.8)

The ansatz for the 1pp vertex is given in (3.43) of [11]. Making an analogous ansatz
for the hard pomeron we get:

i�
( jpp)
µ⌫ (p0, p) =� i 3�jppF

(j)
1

[(p0 � p)2]

⇥
⇢
1

2

⇥
�µ(p

0 + p)⌫ + �⌫(p
0 + p)µ

⇤
� 1

4
gµ⌫( 6p0+ 6p)

�
, (j = 0, 1) .

(A.9)

Here �jpp are coupling constants of dimension GeV�1 and F (j)
1

(t) are form factors nor-
malised to

F (j)
1

(0) = 1 . (A.10)

The standard value for the coupling constant of the soft pomeron to protons is

�1pp = 1.87GeV�1 ; (A.11)

see (3.44) of [11]. The traditional choice for the form factor F (1)

1
(t) is the Dirac electro-

magnetic 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
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Vector pomeron does not work

• Vector pomeron gives opposite signs for 
proton-proton and proton-antiproton  
total cross sections (!)  
 
 

• Vector pomeron decouples in photoproduction:  
its contribution to real Compton scattering and  
hence to photoproduction cross section 
vanishes exactly.  
(in analogy to Landau-Yang theorem)

CE, Lebiedowicz, Nachtmann, Szczurek

Britzger, CE, Glazov, Nachtmann, Schmitt

A charge-conjugation transformation C gives

hp̄(p3, s3) | JV µ(0) | p̄(p1, s1)i = �hp(p3, s3) | JV µ(0) | p(p1, s1)i , (4.3)

as follows from the standard C-transformation rules of the (anti)proton states and of
the bilinear expression for the vector current in terms of the proton fields (2.9). Thus,
we get for a vector pomeron

hp̄(p3, s3), p(p4, s4) | T | p̄(p1, s1), p(p2, s2)i
= �hp(p3, s3), p(p4, s4) | T | p(p1, s1), p(p2, s2)i

(4.4)

and hence from (3.4)

�tot(p̄p) = ��tot(pp) . (4.5)

Clearly, this result does not make sense for a non-vanishing cross section and would
contradict the rules of quantum field theory. Thus, we shall not consider a vector
pomeron any further.3

We are left with the tensor- and scalar-pomeron hypotheses. We note that the C
transformation here gives (see (2.3) and (2.12))

hp̄(p3, s3) | JTµ⌫(0) | p̄(p1, s1)i = hp(p3, s3) | JTµ⌫(0) | p(p1, s1)i , (4.6)

and

hp̄(p3, s3) | JS(0) | p̄(p1, s1)i = hp(p3, s3) | JS(0) | p(p1, s1)i . (4.7)

This implies in both cases the equality of the pomeron contributions to the pp and p̄p
scattering amplitudes, as should be the case.

In order to discriminate between the tensor and scalar pomeron cases we turn to
data from the STAR experiment at RHIC [14]. There, a measurement of the ratio of
single-flip to non-flip amplitudes at

p
s = 200GeV was performed. The relevant quantity

is

r5(s, t) =
2mp �5(s, t)p

�t Im [�1(s, t) + �3(s, t)]
. (4.8)

From (3.6), (3.7) and Table 1 we find for the tensor pomeron

rPT
5 (s, t) = �

m2
p

s

h
i+ tan

⇣⇡
2
(↵P(t)� 1)

⌘i
. (4.9)

For the scalar pomeron, on the other hand, we get

rPS
5 (s, t) = �1

2

h
i+ tan

⇣⇡
2
(↵P(t)� 1)

⌘i
. (4.10)

3Let us remark here, however, that for proton-proton scattering the parameter r5 discussed below
would be the same in the vector-pomeron case as in the tensor-pomeron case as can be inferred from the
amplitudes in Table 1.
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Pomeron spin and elastic pp scattering

• Could the pomeron have scalar couplings?  
 
Polarized pp elastic scattering (STAR)  
clearly favors tensor:

5Re r
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5
Im

 r
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Stat.+Syst. Error
scalar pomeron
tensor pomeron

helicity amplitudes:  
  
ratio of single-flip to 
non-flip amplitudes
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DIS

• variables:  
γ∗(q)

p(p)

X(p′)

e(k′)
e(k)

q

Figure 2: Forward virtual Compton scattering on a proton

s = (p+ k)2 ,

q = k � k0 ,

Q2 = �q2 ,

W 2 = p02 = (p+ q)2 ,

⌫ =
p · q
mp

=
W 2 +Q2 �m2

p

2mp
,

x =
Q2

2mp⌫
=

Q2

W 2 +Q2 �m2
p
,

y =
p · q
p · k =

W 2 +Q2 �m2
p

s�m2
p

.

(2.2)

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

✏ =
2(1� y)� y2�(W 2, Q2)

1 + (1� y)2 + y2�(W 2, Q2)
(2.3)

where

�(W 2, Q2) =
2m2

pQ
2

(W 2 +Q2 �m2
p)

2
. (2.4)

For given W 2 > m2
p and Q2 � 0 the kinematic limits for y and ✏ are

0  y  2

1 +
p
1 + 2�(W 2, Q2)

(2.5)

corresponding to
1 � ✏ � 0 . (2.6)

Clearly, for W 2 > m2
p the value y = 0 (✏ = 1) can only be reached for s ! 1; see (2.2).

The reaction e↵ectively studied in DIS is the absorption of the virtual photon on the
proton; see fig. 1. The total �⇤p absorption cross sections are related to the absorptive

3



DIS in 2-pomeron model

• DIS data successfully described using  
2-pomeron model by Donnachie & Landshoff 
… but with vector pomeron  

• Can we describe DIS (and photoproduction)  
in a 2-tensor-pomeron model?  
→ extend soft tensor pomeron model by  
     adding hard tensor pomeron

0, 1, f2R

p(p, λ) p(p, λ′)

γ∗

µ(q)γ∗

ν(q)

q q



Cross sections

• cross sections for transverse and longitudinal 
photons in 2-tensor pomeron model:  From (3.5) and (3.6) we get for �T and �L (2.10) with ↵em = e2/(4⇡), the fine structure
constant,

�T (W
2, Q2) = 4⇡↵em

W 2 �m2
p

W 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

⇥
(
b̂j(Q

2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 + 2m2
p)

(W 2 �m2
p)

2

#
(3.7)

�2Q2âj(Q
2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 +m2
p)

(W 2 �m2
p)

2

#)
,

�L(W
2, Q2) = 4⇡↵em

W 2 �m2
p

W 2
Q2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

(3.8)

⇥
(
2âj(Q

2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 +m2
p)

(W 2 �m2
p)

2

#
+ b̂j(Q

2)
2m2

p

(W 2 �m2
p)

2

)
.

From (3.7) and (3.8) we finally get for the structure functions F2 = ⌫W2 and FL

F2(W
2, Q2) =

Q2

4⇡2↵em

(1� x)
⇥
1 + 2�(W 2, Q2)

⇤�1 ⇥
�T (W

2, Q2) + �L(W
2, Q2)

⇤

=
Q2

⇡
(1� x)

⇥
1 + 2�(W 2, Q2)

⇤�1

⇥
W 2 �m2

p

W 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

(3.9)

⇥ b̂j(Q
2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 + 4m2
p)

(W 2 �m2
p)

2

#
,

FL(W
2, Q2) =

Q2

4⇡2↵em

(1� x)�L(W
2, Q2)

=
Q4

⇡
(1� x)

W 2 �m2
p

W 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

(3.10)

⇥
(
2âj(Q

2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 +m2
p)

(W 2 �m2
p)

2

#
+ b̂j(Q

2)
2m2

p

(W 2 �m2
p)

2

)
.

Let us now discuss our results (3.2)-(3.10). We first note that with our ansatz for
the soft and hard pomeron plus f2R reggeon all gauge-invariance relations for the virtual
Compton amplitude are satisfied. Indeed, we find from (3.2) and (A.16)

qµMµ⌫
�0�(p, q) = 0 ,

q⌫Mµ⌫
�0�(p, q) = 0 .

(3.11)

Also, �L(W 2, Q2) vanishes proportional to Q2 for Q2 ! 0, whereas �T (W 2, 0) gives the
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Cross sections

• Actually, we use reduced cross section:  
 
 
 
 
where  
 
 
and

p
s = 225, 251, 300, and 318GeV. We require

Q2 < 50GeV2 and x < 0.01 . (5.1)

For the photoproduction cross section we use the measurements from H1 [28] at W =
200GeV and ZEUS [29] at W = 209GeV. In addition, we include in the analysis data
at intermediate W (40GeV < W < 150GeV) from astroparticle observations [30] and
at low W (6GeV < W < 19GeV) from a tagged-photon experiment at Fermilab [31].

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

�red(W
2, Q2, y) =

Q4x

2⇡↵2
em[1 + (1� y)2]

d2�

dx dQ2
(ep ! eX) . (5.2)

Expressing this in terms of �T and �L (2.10) we get

�red(W
2, Q2, y) =

1 + (1� y)2 + y2�(W 2, Q2)

1 + (1� y)2
[1 + 2�(W 2, Q2)]�1

Q2

4⇡2↵em

(1� x)

⇥
h
�T (W

2, Q2) + �L(W
2, Q2)� f̃(W 2, Q2, y)�L(W

2, Q2)
i
,

(5.3)

where

f̃(W 2, Q2, y) = 1� ✏ =
y2[1 + 2�(W 2, Q2)]

1 + (1� y)2 + y2�(W 2, Q2)
. (5.4)

Alternatively, we can express �red through the structure functions (3.9), (3.10),

�red(W
2, Q2, y) =

1 + (1� y)2 + y2�(W 2, Q2)

1 + (1� y)2

⇥
n
F2(W

2, Q2)� f̃(W 2, Q2, y)[1 + 2�(W 2, Q2)]�1FL(W
2, Q2)

o
.

(5.5)

Now we discuss the parameters of our model, cf. table 1. For the soft pomeron 1

we take the default values from (A.3) for

↵0
1 = ↵̃0

1 = 0.25GeV�2 (5.6)

and leave
✏1 = ↵1(0)� 1 (5.7)

as a fit parameter. The 1pp coupling parameter �1pp is fixed to (A.11). For our hard
pomeron 0 we also use, for lack of better information,

↵0
0 = ↵̃0

0 = 0.25GeV�2 ,

�0pp = �1pp = 1.87GeV�1
(5.8)

and leave
✏0 = ↵0(0)� 1 (5.9)

as a fit parameter. The pomeron-�⇤�⇤ coupling functions

âj(Q
2) and b̂j(Q

2) (j = 0, 1) (5.10)
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✏1 = ↵1(0)� 1 (5.7)

as a fit parameter. The 1pp coupling parameter �1pp is fixed to (A.11). For our hard
pomeron 0 we also use, for lack of better information,

↵0
0 = ↵̃0

0 = 0.25GeV�2 ,

�0pp = �1pp = 1.87GeV�1
(5.8)

and leave
✏0 = ↵0(0)� 1 (5.9)

as a fit parameter. The pomeron-�⇤�⇤ coupling functions

âj(Q
2) and b̂j(Q

2) (j = 0, 1) (5.10)
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Figure 2: Forward virtual Compton scattering on a proton

s = (p+ k)2 ,

q = k � k0 ,

Q2 = �q2 ,

W 2 = p02 = (p+ q)2 ,

⌫ =
p · q
mp

=
W 2 +Q2 �m2

p

2mp
,

x =
Q2

2mp⌫
=

Q2

W 2 +Q2 �m2
p
,

y =
p · q
p · k =

W 2 +Q2 �m2
p

s�m2
p

.

(2.2)

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

✏ =
2(1� y)� y2�(W 2, Q2)

1 + (1� y)2 + y2�(W 2, Q2)
(2.3)

where

�(W 2, Q2) =
2m2

pQ
2

(W 2 +Q2 �m2
p)

2
. (2.4)

For given W 2 > m2
p and Q2 � 0 the kinematic limits for y and ✏ are

0  y  2

1 +
p
1 + 2�(W 2, Q2)

(2.5)

corresponding to
1 � ✏ � 0 . (2.6)

Clearly, for W 2 > m2
p the value y = 0 (✏ = 1) can only be reached for s ! 1; see (2.2).

The reaction e↵ectively studied in DIS is the absorption of the virtual photon on the
proton; see fig. 1. The total �⇤p absorption cross sections are related to the absorptive

3



Fit to DIS and photoproduction

• We perform a fit to the available DIS and  
photoproduction data with  
 
 

• fit to 𝜎red, containing full exp. information  

• fit with 25 parameters 
 

• comparison to HERA data;  
also shown: extrapolation to Q2 > 50 GeV2

6GeV 
p
s  318GeV

<latexit sha1_base64="YK4zp642TKv4Tr35BzoySFPzVmM="></latexit>

0 < Q2 < 50GeV2 and x < 0.01
<latexit sha1_base64="6HJGQUgmgUpXFCjpqRMKA1wdBLQ="></latexit>



Fit parameters

hard pomeron 0 soft pomeron 1 reggeon f2R

intercept ↵0(0) = 1 + ✏0 ↵1(0) = 1 + ✏1 ↵2(0) = 1 + ✏2

slope parameter ↵0
0

↵0
1

↵0
2

W 2 parameter ↵̃0
0

↵̃0
1

↵̃0
2

pp coupling parameter �0pp �1pp �2pp

�⇤�⇤ coupling functions â0(Q2), b̂0(Q2) â1(Q2), b̂1(Q2) â2(Q2), b̂2(Q2)

Table 1: Notation for the parameters of our ansatz with hard and soft pomeron and f2R
reggeon exchange. The propagators and vertices containing these parameters are given
in detail in appendix A.

such that

W1(⌫, Q
2) =

1

2⇡mpW 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

⇥
h
b̂j(Q

2)
�
4(p · q)2 + 2Q2m2

p

�
� 2Q2âj(Q

2)
�
4(p · q)2 +Q2m2

p

�i
(3.4)

and
W2(⌫, Q

2) =
mp

2⇡W 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘
4Q2b̂j(Q

2) . (3.5)

Writing W1 (3.4) in terms of the variables Q2 and W 2 we get

W1(⌫, Q
2) =

(W 2 �m2
p)

2

2⇡mpW 2

X

j=0,1,2

3�jpp(W
2↵̃0

j)
✏j cos

⇣⇡
2
✏j
⌘

⇥
(
b̂j(Q

2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 + 2m2
p)

(W 2 �m2
p)

2

#

�2Q2âj(Q
2)

"
1 +

2Q2

W 2 �m2
p
+

Q2(Q2 +m2
p)

(W 2 �m2
p)

2

#)
.

(3.6)
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Fit quality

• Very good fit obtained.  
Partial 𝜒2 and goodness of fit:  
dataset �2 number of points

DIS
p
s = 225GeV 104.98 91

DIS
p
s = 251GeV 113.12 118

DIS
p
s = 300GeV 60.38 71

DIS
p
s = 318GeV 271.82 245

HERA DIS data, all
p
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 NDF = (561� 25), probability 6.0%

Table 3: Partial �2 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 �2 numbers
for the individual DIS centre-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 di↵erent centre-of-mass energies also contribute.

intercept comes out as

↵1(0) = 1 + ✏1 , ✏1 = 0.0935 (+76

�64
) . (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 f2R intercept is
found to be

↵2(0) = 0.485 (+88

�90
) (5.14)

and is in agreement with the determinations from [4, 11] which quote ↵2(0) = 0.5475.
For the hard pomeron 0 we find

↵0(0) = 1 + ✏0 , ✏0 = 0.3008 (+73

�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, 6GeV < W < 209GeV. The
f2R reggeon contribution is important for W . 30GeV and is needed there in order to
get a good fit to the data. The hard pomeron 0 gives only a very small contribution.
In fact, there is no evidence for a non-zero contribution of the hard pomeron to the
photoproduction cross section in the energy range investigated here. At W = 200GeV,
for instance, the fitted contributions to the photoproduction cross section are

170.4+4.2
�4.0 µb for the soft pomeron 1 ,

0.002+0.086
�0.002 µb for the hard pomeron 0 ,

0.84+0.99
�0.58 µb for the f2R reggeon.
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Fit results: parameter values

• parameters for hard pomeron (P0),  
soft pomeron (P1), f2 reggeon 

parameter default value used fit result

0 intercept ↵0(0) = 1 + ✏0

✏0 = 0.3008 (+73

�84
)

slope parameter ↵0
0
= 0.25GeV�2

W 2 parameter ↵̃0
0
= 0.25GeV�2

pp coupling parameter �0pp = 1.87GeV�1

1 intercept ↵1(0) = 1 + ✏1

✏1 = 0.0935 (+76

�64
)

slope parameter ↵0
1
= 0.25GeV�2

W 2 parameter ↵̃0
1
= 0.25GeV�2

pp coupling parameter �1pp = 1.87GeV�1

f2R intercept ↵2(0) = 0.485 (+88

�90
)

slope parameter ↵0
2
= 0.9GeV�2

W 2 parameter ↵̃0
2
= 0.9GeV�2

pp coupling parameter �2pp = 3.68GeV�1

Table 2: Fit values obtained for the pomeron and f2R reggeon intercepts and default
values used for the other parameters; see appendix A.

are determined from the fit. These functions are parametrised with the help of cubic
splines as explained in appendix C. Note that only the products

�jpp âj(Q
2) and �jpp b̂j(Q

2) (5.11)

can be determined from our reaction. For f2R exchange we leave ↵2(0) = 1 + ✏2 as
fit parameter and use for ↵0

2
, ↵̃0

2
, �2pp the default values from (A.22), (A.25), (A.26).

The function b̂2(Q2), parametrised according to (C.2), is determined from the fit. The
function â2(Q2) is set to zero, which is justified in our case since for the photoproduction
cross section â2(0) does not contribute; see (3.12). For Q2 > 0, on the other hand, the
data to which we fit are at su�ciently high W such that the whole contribution of the
f2R exchange is very small there. With â2(Q2) = 0 we neglect in essence the possible
f2R-exchange contribution to �L; see (3.8). The fit parameters for the pomeron and
f2R reggeon properties are summarised in table 2. The ansätze for the pomeron- and
f2R 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 4 in appendix E. Further quantities occurring in our formulae are the
fine structure constant ↵em, the proton mass mp, and M0 used in various places for
dimensional reasons. We have

↵em = 0.0072973525664 ,

mp = 0.938272GeV ,

M0 = 1GeV .

(5.12)
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Fit results: photoproduction
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Observations: photoproduction

• Real photoabsorption cross section dominated  
by soft pomeron, hard pomeron contribution  
compatible with zero:  
at W = 200 GeV:  
 
 
 

• Reggeon contribution important at low W  

• Vector pomeron would give zero!

dataset �2 number of points

DIS
p
s = 225GeV 104.98 91

DIS
p
s = 251GeV 113.12 118

DIS
p
s = 300GeV 60.38 71

DIS
p
s = 318GeV 271.82 245

HERA DIS data, all
p
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 NDF = (561� 25), probability 6.0%

Table 3: Partial �2 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 �2 numbers
for the individual DIS centre-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 di↵erent centre-of-mass energies also contribute.

intercept comes out as

↵1(0) = 1 + ✏1 , ✏1 = 0.0935 (+76

�64
) . (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 f2R intercept is
found to be

↵2(0) = 0.485 (+88

�90
) (5.14)

and is in agreement with the determinations from [4, 11] which quote ↵2(0) = 0.5475.
For the hard pomeron 0 we find

↵0(0) = 1 + ✏0 , ✏0 = 0.3008 (+73

�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, 6GeV < W < 209GeV. The
f2R reggeon contribution is important for W . 30GeV and is needed there in order to
get a good fit to the data. The hard pomeron 0 gives only a very small contribution.
In fact, there is no evidence for a non-zero contribution of the hard pomeron to the
photoproduction cross section in the energy range investigated here. At W = 200GeV,
for instance, the fitted contributions to the photoproduction cross section are

170.4+4.2
�4.0 µb for the soft pomeron 1 ,

0.002+0.086
�0.002 µb for the hard pomeron 0 ,

0.84+0.99
�0.58 µb for the f2R reggeon.
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Fit results: DIS (1)
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reduced cross  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Fit results: DIS (2)
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reduced cross  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Fit results: DIS (3)
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Fit results: DIS (4)

p
s = 300GeV

<latexit sha1_base64="7cJi4M9k4J0BH+Y6aLIFBLAiAHU=">AAAC43ichVFNTxRBEH2MooAgq1xMuEzcmHggm56FyHIwISDixQQTdyFhCZkZmmWy82V3LxE26x/wZrxy8wr/B34LB163syYeCD3pqepXr15XdUVlmmgjxPWE9+jx5JOnU9Mzz2bnns/XXrzs6GKgYtmOi7RQe1GoZZrksm0Sk8q9Uskwi1K5G/U3bXz3VCqdFPlXc1bKgyzs5clxEoeG0GHtVVd/U2aoR++XhegudbOo+D7clp 3RYa0uGkKIIAh86wSr7wSdtbVWM2j5gQ1x1VGtnaJ2gy6OUCDGABkkchj6KUJofvsIIFASO8CQmKKXuLjECDPMHZAlyQiJ9vnv8bRfoTnPVlO77Ji3pNyKmT7ecH90ihHZ9lZJX9Pecp87rHfvDUOnbCs8o42oOO0UPxM3OCHjocysYo5reTjTdmVwjJbrJmF9pUNsn/E/nQ+MKGJ9F/Gx5Zg9akTufMoXyGnbrMC+8ljBdx0f0YbOSqeSV4oh9RStfX3WwzGPZ+nf73SajWC50fyyUl/fqAY+hUW8xltOdRXr+IQd1hHjB/7gElee9H56v7zff6neRJWzgP+Wd3EHSwyY1w==</latexit>

W [GeV]
200 250 300

 
re

d
σ

0.5

1

2=3.5 GeV2Q

200 250 300

 
re

d
σ

0.5

1

2=2.7 GeV2Q

200 250 300

 
re

d
σ

0.5

1

2=2 GeV2Q

200 250 300

 
re

d
σ

0.5

1

2=1.5 GeV2Q

W [GeV]
200 250 300

0.5

1

1.5
2=10 GeV2Q

200 250 300

0.5

1

1.5
2=8.5 GeV2Q

200 250 300

0.5

1

1.5
2=6.5 GeV2Q

200 250 300

0.5

1

1.5
2=4.5 GeV2Q

W [GeV]
200 250 300

0.5

1

1.5

2 2=22 GeV2Q

200 250 300

0.5

1

1.5

2 2=18 GeV2Q

200 250 300

0.5

1

1.5

2 2=15 GeV2Q

200 250 300

0.5

1

1.5

2 2=12 GeV2Q

W [GeV]
200 250 300

0.5

1

1.5

2 2=60 GeV2Q

200 250 300

0.5

1

1.5

2 2=45 GeV2Q

200 250 300

0.5

1

1.5

2 2=35 GeV2Q

200 250 300

0.5

1

1.5

2 2=27 GeV2Q

=300 GeVsHERA DIS 
Tensor pomeron

redσ fit 
 component2F

Soft contribution
HERA (not in fit)
HERA (fitted)

=300 GeVsHERA DIS 
 
 
 
 
 
 

W [GeV]
200 250 300

0.5

1

1.5

2 2=90 GeV2Q

200 250 300

0.5

1

1.5

2 2=70 GeV2Qreduced cross  
section



Fit results: DIS (5)
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Fit results: DIS (6)
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Fit results: coupling functions
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• pomeron and reggeon couplings to 𝛾*𝛾*



Observations: DIS

• Hard contribution increases with Q2.  
 
Hard and soft pomeron contributions of  
equal size at about 5 GeV2, but soft contribution  
still clearly visible at 20 GeV2 

• 𝜎L clearly visible  

• Reggeon contribution very small at high W



Observations: DIS

• We do not see any particular sign of saturation 
in our fit. Saturation could be in the DIS data,  
but it would not be due to unitarity.  
 
There is no Froissart bound for photon-proton  
cross sections / structure functions! They might  
rise like powers indefinitely.  
 
In this case, the exponents might be related to  
critical phenomena.   

Nachtmann



R = 𝝈L/𝝈T and FL

• comparison to FL extraction by H1 (not in fit):  
fit prefers relatively large R  
 
 
 
 
 
 
 

• Future measurements of 𝜎L and R at an EIC  
would be very interesting. 
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Observations: R and the dipole model

• R close to upper bound from dipole model,  
Rmax = 0.37248.  
This might indicate problems with the dipole  
model in the corresponding kinematical regime.  

• Speaking of the dipole model … (and since we  
discussed photoproduction):  
One should use W instead of xBj in the dipole  
cross section - because of QFT, and since  
otherwise photoproduction is constant in  
energy. 



Summary (1)

• We have developed a 2-tensor-pomeron model  
and have made a fit to photoproduction and  
low-x DIS data from HERA.  

• We obtain a very satisfactory fit and determine  
in particular the intercepts of the two pomerons  
and the f2 reggeon.  

• For DIS, the soft contribution is still clearly  
visible up to about Q2 = 20 GeV2.  
The transition from low to high Q2 is nicely  
described. 



Summary (2)

• We find strong support for the tensor  
pomeron picture:  
 
A vector pomeron would not give any 
contribution to the real photoabsorption  
cross section, while the tensor pomeron  
gives an excellent description.  


