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Abstract.

In this work we study leading neutron production in e + p → e + n + X collisions at high

energies and calculate the Feynman xL distribution of these neutrons. The differential

cross section is written in terms of the pion flux and of the photon-pion total cross section.

We describe this process using the color dipole formalism and, assuming the validity of

the additive quark model, we relate the dipole-pion with the well determined dipole-

proton cross section. In this formalism we can estimate the impact of the QCD dynamics

at high energies as well as the contribution of gluon saturation effects to leading neutron

production. With the parameters constrained by other phenomenological information,

we are able to reproduce the basic features of the recently released H1 leading neutron

spectra.

1 Introduction

Leading neutron production in ep collisions has been studied for many years [1–8]. Monte Carlo

studies, using standard deep inelastic scattering (DIS) generators have convincingly shown [9, 10]

that in order to fit the data we need to include pion exchange and even the so-called sub-leading

contributions, such as reggeon exchange, baryon resonance excitation (and decay) and independent

fragmentation [4–8]. As it can be seen in Fig. 1, this process is composed by a pion (or reggeon)

emission and by the subsequent photon-pion interaction at high energies. Since the incoming photon

interacts with the pion emitted by the proton and then rescatters, interacting also with the emerging

neutron we must include absorptive corrections [5–8]. Moreover the corresponding pion-nucleon
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Figure 1. Leading neutron production in the color dipole approach.

vertex must be supplemented with a form factor, which represents the extended nature of hadrons and

at the same time regularizes divergent integrals.

An interesting question is the existence or non-existence of the Feynman scaling, which says that

the large xL spectra of secondaries are energy independent. In this kinematical region non-linear ef-

fects (due to the high parton density) are expected to change the QCD dynamics. The most appropriate

framework to treat QCD at high energies is the Color Glass Condensate (CGC) formalism [11], which

predicts gluon saturation at small-x,

In [12] we have extended the color dipole formalism to the study of leading neutron production in

e+p → e+n+X collisions at high energies. We have calculated the Feynman xF distribution of leading

neutrons. We have considered different models for the dipole scattering amplitude and different forms

of the pion flux. We have shown that the recently released H1 leading neutron spectra could be

well described using the color dipole formalism and that these spectra could help us to observe more

clearly gluon saturation effects in future ep colliders. In that work we could also investigate the

relation between Feynman scaling (or its violation) and the high energy QCD dynamics. In the near

future, Feynman scaling will be investigated experimentally at the LHC by the LHCf Collaboration,

as discussed in [12]. In a subsequent paper [13] with the same formalism we calculated the leading

neutron spectrum in the exclusive reaction ep → ρπn. In [12] we observed that the inclusive data

seemed to prefer one particular form of the pion flux. Later, in the analysis performed in [13], the

exclusive measurements seemed to prefer another pion flux. In this note, we revisit the fits made in

[12], combining them with the results of [13], and try to make a new fit of the inclusive spectra.

2 Formalism

Th leading neutron production differential cross section reads:

d2σ(W,Q2, xL, t)

dxLdt
= fπ/p(xL, t)σγ∗π(Ŵ

2,Q2) (1)

where Q2 is the virtuality of the exchanged photon and Ŵ is the center-of-mass energy of the virtual

photon-pion system. It can be written as Ŵ2 = (1 − xL) W2, where W is the center-of-mass energy

of the virtual photon-proton system. As it can be seen in Fig. 1, xL is the proton momentum fraction

carried by the neutron and t is the square of the four-momentum of the exchanged pion. The flux of

virtual pions emitted by the proton is represented by fπ/p and σγ∗π(Ŵ
2,Q2) is the cross section of the

interaction between the virtual-photon and the virtual-pion at center-of-mass energy Ŵ.
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The pion flux fπ/p(xL, t) (also called sometimes pion splitting function) is the virtual pion momen-

tum distribution in a physical nucleon (the bare nucleon plus the “pion cloud”). It has been calculated

in different ways by several authors [14]. In all the calculations of the pion flux a form factor was

introduced to represent the non-pointlike nature of hadrons and hadronic vertices, which contain a

cut-off parameter determined by fitting data. The most frequently used parametrizations of the pion

flux [1–8] have the following general form:

fπ/p(xL, t) =
1

4π

2g2
pπp

4π

−t

(t − m2
π)

2
(1 − xL)1−2α(t)[F(xL, t)]

2 (2)

where g2
pπp/(4π) = 14.4 is the π0 pp coupling constant, mπ is the pion mass and α(t) will be defined

below. The form factor F(xL, t) accounts for the finite size of the nucleon and pion. We will consider

the following parametrizations of the form factor:

F1(xL, t) = exp
[
b(t − m2

π)
]
, α(t) = α(t)π (3)

from Ref. [1], where b = 0.3 GeV−2 and

F2(xL, t) = 1 , α(t) = α(t)π (4)

from Ref. [2], where απ(t) � t (with t in GeV2) is the Regge trajectory of the pion. In what follows,

we shall use the two pion fluxes above denoting them by f1 (calculated with (3) ) and f2 (calculated

with (4) ). We will include the absorptive corrections introducing a constant factor K which multiplies

the uncorrected cross section of leading neutron production.

In order to obtain the photon-pion cross section we will use the color dipole formalism, as usually

done in high energy deep inelastic scattering off a nucleon target. In this formalism, the cross section

is factorized in terms of the photon wave functions Ψ, which describes the photon splitting in a qq̄

pair, and the dipole-pion cross section σdπ. It reads:

σγ∗π(x̂,Q2) =

∫ 1

0

dz

∫
d2

r

∑
L,T

∣∣∣ΨT,L(z, r,Q2)
∣∣∣2 σdπ(x̂, r) (5)

where x̂ = [Q2 + m2
f
]/[(1 − xL)W2 + Q2] is the scaled Bjorken variable and the variable r defines the

relative transverse separation of the pair (dipole). The photon wave function is easy to compute in

QED and its expression can be found in textbooks [15]. As usual z stands for the longitudinal photon

momentum fraction carried by the quark and 1 − z is the longitudinal photon momentum fraction of

the antiquark.

The main input in the calculations of σγ∗π is the dipole-pion cross section. In what follows, for

simplicity, we will assume the validity of the additive quark model, which allows us to relate σdπ

with the dipole-proton cross section, usually probed in the typical inclusive and exclusive processes

at HERA. Basically, we will assume that

σdπ(x, r) = Rq · σdp(x, r) (6)

where Rq = 2/3 is the ratio between the number of valence quarks in the hadrons. This assumption

is supported by the study of the pion structure function in the low x regime presented in [16]. It

also gives a good description of the previous ZEUS leading neutron spectra, as shown in [5, 6]. On

the other hand, the direct application of (1) to HERA photoproduction data [17] leads to the result

σtot
γπ /σ

tot
γp = 0.32± 0.03, which is factor 2 lower than the ratio given above. The effective value of Rq
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was more recently discussed in [18] on more theoretical grounds with the conclusion that this number

could reach the value of Rq = 0.5. We shall use relation (6) to estimate σdπ letting Rq vary from 1/3

to 2/3.

In the eikonal approximation the dipole-proton cross section σdp is given by:

σdp(x, r) = 2

∫
d2

bN
p(x, r, b) , (7)

where N p(x, r, b) is the imaginary part of the forward amplitude for the scattering between a dipole

with transverse size given by the vector r = x − y, where x and y are the transverse vectors for the

quark and antiquark, respectively, and impact parameter b = (x + y)/2. Assuming the translational

invariance approximation, which implies N p(x, r, b) = N p(x, r)S (b) and σdp(x, r) = σ0 · N
p(x, r),

with the normalization of the dipole cross section, σ0, being fitted to data. In what follows we will

use as input the phenomenological model proposed in Ref. [19]. In this parametrization the forward

dipole-proton scattering amplitude is given by:

N
p(x, r) =

⎧⎪⎪⎨⎪⎪⎩ N0

(
r Qs

2

)2(γs+
ln(2/r Qs )
κ λ Y

)
, for rQs(x) ≤ 2 ,

1 − e−a ln2 (b r Qs) , for rQs(x) > 2 ,
(8)

where a and b are determined by continuity conditions at rQs(x) = 2, γs = 0.7376, κ = 9.9, N0 = 0.7

and Qs is the saturation scale given by Q2
s(x) = Q2

0
(x0/x)λ with x0 = 1.632 × 10−5, λ = 0.2197,

Q2
0
= 1.0 GeV2. We will also use the GBW model [20], which captures the basic features of saturation

physics and allows for simple analytical estimates. The GBW dipole-proton scattering amplitude is

given by:

N p(x, r) = 1 − exp

[
−

Q2
sr2

4

]
(9)

with Q2
0
= 1.0 GeV2, x0 = 3 × 10−4 and λ = 0.288. Finally, we will also use the dipole-proton cross

section estimated with the help of the DGLAP analysis of the gluon distribution, which is given by

[15]:

σdip(x, r) =
π2

3
r2αsxg(x, 10/r2) (10)

where xg(x,Q2) is the target gluon distribution, for which we use the CTEQ6 parametrization [21].

The above expression represents the linear regime of QCD and is a baseline for comparison with the

non linear predictions.

3 Results and discussion

Using the two parametrizations of the pion flux, f1 and f2, introduced in the previous section to com-

pute the leading neutron spectra, which are shown in In Fig. 2. The normalization of the spectrum

was taken from an experimental analysis, as explained in [12]. The f2 model has a long and compar-

atively flat tail in the low xL region, which makes possible a fit of the data in this region even without

including a contribution from other processes. The f1 model falls too quickly at low xL. However, the

sub-leading contributions mentioned in [12] are more important in the low xL region of the spectrum

and their inclusion combined with f1 might result in a good fit of the data as well.

In what follows we shall include the effect of absorptive corrections multiplying our spectra by

a constant (independent of xL) factor K which can assume values from 0.5 to 1. In Fig. 3 we show

our results for the leading neutron spectra. The bands account for the uncertainty in the choice of
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Figure 2. Leading neutron spectra compared with experimental data at W = 100 GeV considering the IIMS

scattering amplitude and different choices of the pion flux f1 and f2.

(a) (b)

Figure 3. Leading neutron xL spectrum for three photon-proton energies compared with recent H1 data. a)

Calculated with f1. b) Calculated with f2. The bands are explained in the text.

the factors Rq and K. The upper limit of each band corresponds to the choice Rq = 2/3 and K = 1

whereas the lower limit corresponds to the choice Rq = 1/3 and K = 0.5. The central dashed lines

represent the choice where Rq.K = 0.5, which could, for example, be realized with Rq = 0.5 and

K = 1. Our results follow the trend dictated by data. For now, it is not possible to be very precise.

With a combined analysis of other data on exclusive production with tagged leading neutrons we hope

to reduce the bands.

We now address the Feynman scaling in leading neutron spectra and the contribution of non linear

effects to this process. The theoretical expectation can be obtained using the GBW model for the

scattering amplitude, Eq. (9). In the linear limit, when the dipole radius is very small (or equivalently

Q2 is very large) or the saturation scale is very small (and hence the energy is not very high), we can
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(a) (b)

Figure 4. Leading neutron spectra for different energies considering (a) the linear DGLAP model and (b) the

nonlinear IIMS model for the dipole-pion cross section.

expand the exponent and obtain

σdπ(r, x̂) ∝ σ0 N(r, x̂) � σ0

Q2
s(x̂)r2

4
� σ0 Q2

0 x0
λ

⎡⎢⎢⎢⎢⎢⎣ (1 − xL)W2 + Q2

Q2 + m2
f

⎤⎥⎥⎥⎥⎥⎦
λ

. (11)

Consequently, in this regime we see that the leading neutron xL spectrum will depend on W. In a

complementary way, in the nonlinear limit, when the dipole radius is very large (or equivalently Q2 is

very small) or the saturation scale is very large (and hence the energy is very high), we obtain

σdπ(r, x̂) ∝ σ0 N(r, x̂) � σ0 (12)

which is energy independent. The information contained in (11) and (12) indicates the route through

which the asymptotic limit is reached and the role played by non linear effects. These expectations

can be compared with those obtained using the IIMS and DGLAP models for the dipole-pion cross

section. In Fig. 4(a) we show the spectra obtained in a purely linear approach. As expected we

see a noticeable energy dependence. In contrast, the non linear predictions presented in Fig. 4(b)

show a remarkable suppression of the energy dependence at low values of Q2, consistent with the

expectations. These results indicate that the Feynman scaling (and how it is violated) can be directly

related to the QCD dynamics at small-x. As it was shown in [13], it is possible to constrain the

unknown numbers and assumptions with the help of more experimental data on exclusive processes

with tagged leading neutrons. Our most interesting conclusion is that leading neutron spectra can be

used to probe the low x content of the pion target and hence it is a new observable where we can look

for gluon saturation effects.
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