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• In 2014 the HERA released data about the leading neutron
production in ep processes.

• These data shown a Feynman scaling, i. e. the longitudinal
momentum distribution of the neutron is independent of the energy
W (γp interaction). This characteristic does not have a satisfactory
explanation.

• The high energy leading neutron production can prove the low-x
regime, where non-linear effects are expected on the QCD dynamics.
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Goals

• Describe the HERA data of inclusive and exclusive processes with
leading neutron production on ep colliders.
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Goals

• Describe the HERA data of inclusive and exclusive processes with
leading neutron production on ep colliders.

• Estimate the impact of non-linear effects.

• Extend the study of leading neutron production to γh interactions at
RHIC and LHC.
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Electron-proton collisions
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Leading neutron production at HERA

inclusive
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2,Q2)

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 4 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Flux of pions / Pion splitting function

fπ/p(xL, t) =
1

4π

2g2
pπp

4π

−t

(t −m2
π)

2
(1− xL)

1−2α(t) [F (xL, t)]
2

F1(xL, t) = exp

[

R2 t −m2
π

1− xL

]

, α(t) = 0

F2(xL, t) = 1 , α(t) = t

F3(xL, t) = exp
[
b(t −m2

π)
]
, α(t) = t

F4(xL, t) =
Λ2
m −m2

π

Λ2
m − t

, α(t) = 0

F5(xL, t) =

[
Λ2
d −m2

π

Λ2
d − t

]2

, α(t) = 0

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 5 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Flux of pions / Pion splitting function

fπ/p(xL, t) =
1

4π

2g2
pπp

4π

−t

(t −m2
π)

2
(1− xL)

1−2α(t) [F (xL, t)]
2

F1(xL, t) = exp

[

R2 t −m2
π

1− xL

]

, α(t) = 0

F2(xL, t) = 1 , α(t) = t

F3(xL, t) = exp
[
b(t −m2

π)
]
, α(t) = t

F4(xL, t) =
Λ2
m −m2

π

Λ2
m − t

, α(t) = 0

F5(xL, t) =

[
Λ2
d −m2

π

Λ2
d − t

]2

, α(t) = 0

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 5 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Leading neutron production in inclusive processes
(dipole formalism)
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2,Q2)

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 6 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Leading neutron production in inclusive processes
(dipole formalism)

√
s W W

p

e

e

n

π

X

q

(x )L

(1− x )L

t

r
z

z

1−

d2σ(W ,Q2, xL, t)

dxLdt
= fπ/p(xL, t)σγ∗π(Ŵ
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Photon-pion inclusive cross section
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Leading neutron production in exclusive processes
(dipole formalism)
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Photon-pion exclusive cross section
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∫

dz d2~r d2~b e−i[~b−(1−z)~r ]·~∆[Ψ∗

EΨ(z ,~r ,Q2)
]

L,T
2N π(x̂ ,~r ,~b)

Overlap functions for DVCS (real photon): φL,T ≡ φL,T (z , r)
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γΨ
)f
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=

Ncαeme
2
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2π2
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f
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Dipole-pion scattering amplitude

Main assumption =⇒ N π(x̂ ,~r ,~b)
︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq = 2/3
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︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ contains all the information about the hadron wave function
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= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ constrained by HERA data for inclusive and exclusive processes

• GBW

• IIMS

• bCGC

• rcBK

• DGLAP

Dipole-proton scattering amplitude

N p(x̂ ,~r ,~b) =







N0

(
r Qs (b)

2

)2
(

γs+
ln(2/r Qs (b))

κλ Y

)

rQs(b) ≤ 2

1− e−A ln2 (B r Qs(b)) rQs(b) > 2

Saturation scaleBFKL next to saturation regime

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 10 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Dipole-pion scattering amplitude

Main assumption =⇒ N π(x̂ ,~r ,~b)
︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ constrained by HERA data for inclusive and exclusive processes

• GBW

• IIMS

• bCGC

• rcBK

• DGLAP

Dipole-proton scattering amplitude

N p(x̂ ,~r ,~b) =







N0

(
r Qs (b)

2

)2
(

γs+
ln(2/r Qs (b))

κλ Y

)

rQs(b) ≤ 2

1− e−A ln2 (B r Qs(b)) rQs(b) > 2

Saturation scaleBFKL close to the saturation regime

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 10 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Dipole-pion scattering amplitude

Main assumption =⇒ N π(x̂ ,~r ,~b)
︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ constrained by HERA data for inclusive and exclusive processes

• GBW

• IIMS

• bCGC

• rcBK

• DGLAP

Dipole-proton scattering amplitude

N p(x̂ ,~r ,~b) =







N0

(
r Qs (b)

2

)2
(

γs+
ln(2/r Qs (b))

κλ Y

)

rQs(b) ≤ 2

1− e−A ln2 (B r Qs(b)) rQs(b) > 2

Saturation scaleBK deeply in the saturation regime

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 10 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Dipole-pion scattering amplitude

Main assumption =⇒ N π(x̂ ,~r ,~b)
︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ constrained by HERA data for inclusive and exclusive processes

• GBW

• IIMS

• bCGC

• rcBK

• DGLAP

Dipole-proton scattering amplitude

N p(x̂ ,~r ,~b) =







N0

(
r Qs (b)

2

)2
(

γs+
ln(2/r Qs (b))

κλ Y

)

rQs(b) ≤ 2

1− e−A ln2 (B r Qs(b)) rQs(b) > 2

Saturation scale

Qs(b) ≡ Qs(x̂ , b) =
(x0

x̂

)λ
2

[

exp

(

− b2

2BCGC

)] 1
2γs

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 10 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Dipole-pion scattering amplitude

Main assumption =⇒ N π(x̂ ,~r ,~b)
︸ ︷︷ ︸

pion

= Rq · N p(x̂ ,~r ,~b)
︸ ︷︷ ︸

protonRq = cte  1/3 ≤ Rq ≤ 2/3

N p(x̂ ,~r ,~b) ⇒ constrained by HERA data for inclusive and exclusive processes

• GBW

• IIMS

• bCGC

• rcBK

• DGLAP

⇔ Golec-Biernat−Wüsthoff

⇔ Iancu−Itakura−Munier−Soyez

⇔ Kowalski−Motyka−Watt

⇔ running coupling Balitsky−Kovchegov equation

⇔ Dokshitzer−Gribov−Lipatov−Altarelli−Parisi equation (CTEQ)
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Absorptive corrections

σ(γ∗π → X ) = Kinc ·
∫

dz

∫

d2~r
∑

L,T

∣
∣ψL,T (z ,~r ,Q

2)
∣
∣
2
σdπ(x̂ ,~r)

σ(γ∗π → Eπ) = Kexc ·
1

16π

∑

L,T

∫ 0

−∞

∣
∣Aγ∗π→Eπ

L,T (x̂ ,∆)
∣
∣2dt̂
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Results for
electron-proton collisions
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Results for inclusive processes:
flux of pions

K = 1
Rq = 2/3

K = 1
Rq = 1/3

or

K = 1/2
Rq = 2/3

K = 1/2
Rq = 1/3
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Results for inclusive processes:
γ∗π interaction

K = 1
Rq = 2/3

K = 1
Rq = 1/3

or

K = 1/2
Rq = 2/3

K = 1/2
Rq = 1/3

0 0.2 0.4 0.6 0.8 1
x

L

0

0.1

0.2

0.3

(1
/σ

D
IS

) 
dσ

/d
x L

IIMS
GBW
DGLAP
H1 (2014)

Q
2
 = 53 GeV

2
W = 100 GeV

f
2
 (x

L
)

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 14 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Results for inclusive processes:
K and Rq dependence
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Results for exclusive processes:
constraining the K-factor

Initially, we have assumed that: Rq = 2/3 (upper limit)
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Results for exclusive processes:
constraining the K-factor

Initially, we have assumed that: Rq = 2/3 (upper limit)

Our strategy to constrain the K-factor: For a given model of the pion flux,
Rq and dipole scattering amplitude, we estimate the total cross section.
The value of K will be the value necessary to make our predictions
consistent with the HERA data.

HERA data =⇒ σ = a ± b =⇒







a − b defines Kmin

a defines Kmed

a + b defines Kmax
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Results for exclusive processes:
constraining the K-factor

Initially, we have assumed that: Rq = 2/3 (upper limit)

Our strategy to constrain the K-factor: For a given model of the pion flux,
Rq and dipole scattering amplitude, we estimate the total cross section.
The value of K will be the value necessary to make our predictions
consistent with the HERA data.

Important to remember that:

σ(γ∗π → Eπ) ∝ K · R2
q

So, if for example Rq = 1/3, then:

K(Rq=1/3) = 4 · K(Rq=2/3)

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 16 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary

Results for exclusive processes:
flux of pions
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Results for exclusive processes:
γ∗π interaction
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Results for exclusive processes:
upper and lower bounds

Bounds associated with the experimental uncertainty present in the H1 data.
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Results for exclusive processes:
testing K-factor

A cross-check: the same range of K to describe different H1 data.
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Results for exclusive processes:
predictions for HERA
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Predictions for future ep colliders:
Feynman scaling in inclusive processes
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Hadron-hadron collisions
at large impact parameters
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Photon-induced interactions in hadron-hadron collisions
(exclusive production)
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Results for exclusive VM production associated
with a leading neutron at pp collisions
There is a Z 2 on the photon flux of the nucleus.
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C.M. energies: RHIC (upper panels) and LHC (lower panels)
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Results for exclusive VM production associated
with a leading neutron at pA collisions

There is a Z 2 enhancement on the photon flux of the nucleus.
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Results for exclusive VM production associated
with a leading neutron at pp and pA collisions

p + p → n + p + V + π

σ [nb]
√
s = 0.2 TeV

√
s = 0.5 TeV

√
s = 8 TeV

√
s = 13 TeV

ρ 14.34 25.98 106.12 130.14
φ 2.15 4.21 19.63 24.42

J/ψ 0.0049 0.022 0.30 0.42

p + A → n + A+ V + π

σ [nb]
√
s = 0.2 TeV

√
s = 0.5 TeV

√
s = 5.0 TeV

√
s = 8.8 TeV

ρ 10807.00 24518.30 121043.00 163821.00
φ 1278.41 3386.65 20403.80 28445.60

J/ψ 0.23 4.65 159.61 276.16

Where we have used the central value Kmed.(10
5)

Diego Spiering (IFUSP) Leading neutron production in ep, pp and pA collisons ECT∗ (2017) 27 / 31



Introduction ep collisions Results for ep hh collisions Results for hh Summary
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ρ production on LHC (run 2): ∼ 105 nb.
∑

(105)
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Results for exclusive VM production associated
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p + p → n + p + V + π
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√
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√
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p + A → n + A+ V + π
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√
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√
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√
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√
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ρ 10807.00 24518.30 121043.00 163821.00
φ 1278.41 3386.65 20403.80 28445.60

J/ψ 0.23 4.65 159.61 276.16

∑
(105)The case with a leading neutron is smaller by ∼ 102 of magnitude (pp/pA).
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Summary

• The color dipole formalism can be used to describe the inclusive and
exclusive processes with a leading neutron at HERA.
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Summary

• The color dipole formalism can be used to describe the inclusive and
exclusive processes with a leading neutron at HERA.

• The nonlinear effects in the QCD dynamics imply Feynman scaling at
large energies.

• The analysis of vector meson production associated with leading
neutron in γp interactions at pp and pA collisions is an anternative
way to study leading neutrons process (the experimental analysis of
this process is, in principle, feasible).

Thank you for your attention!
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Flux of pions / Pion splitting function
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Results for inclusive processes: Q2 dependence
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Predictions for future ep colliders:
Typical values of Bjorken-x
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Predictions for future ep colliders
Dependence on the energy for exclusive processes:
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Q2 = 5 GeV2, and pT < 0.2 GeV:

σ(γp → ρπn) = 6.55± 0.95 nb

σ(γp → φπn) = 1.71± 0.25 nb

σ(γp → J/ψπn) = 1.20± 0.17 nb

σ(γp → γπn) = 0.16± 0.002 nb
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Results for exclusive processes:
wave function dependence
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QCD (regimes)
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