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Motivation

High precision data on leading neutrons produced in
electron - proton reaction at HERA at high
energies became available.

In spite of intense experimental and theoretical
efforts, the Feynman momentum distribution of
the leading neutrons remains without a satisfactory
theoretical description.

The interpretation of cosmic ray data depends on
the accurate knowledge of the leading baryon
momentum spectrum and its energy dependence.

Leading neutron production at high energies probes
the low - x component of the target wave function,
where nonlinear effects are expected to be
present in the description of the QCD dynamics.
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Our goal

Treat the inclusive and exclusive processes with a
leading neutron in ep collision using the color dipole
formalism.

Describe the current high precision HERA data.
Estimate the impact of the nonlinear effects.

Predict the magnitude of the cross sections for
inclusive and exclusive processes with a leading
neutron in future electron - proton colliders.



Leading Neutron Processes at HERA

Inclusive process:

e+ p—=e+n+X
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Leading Neutron Processes at HERA

Inclusive process: Exclusive process:
etp—et+n+X yvp — pPntn
e >
,;5::;:;11
P, “ N

Forward neutrons

n>79
0.1 <xp <0.94
0 < p7 < 0.6 GeV
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Leading Neutron Processes at HERA

Inclusive process:
e+ p—o>et+n+X
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Forward neutrons

n>79
0.1 <xp <0.94
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Leading Neutron Processes at HERA

J
.|.

t
YWVO/; <

P \/XL

d*c(W, Q% x.1)

dxy di

— ./.;rr/p(-xf_n ‘r)ﬁy”n(ﬁ/z* Qz}

15



Leading Neutron Processes at HERA
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Leading Neutron Processes at HERA
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Leading Neutron Processes at HERA

Pion flux / Pion splitting function:

fﬁ/p(xLat) —

Form factors:

2
Fy(zp,t) = exp[R? U mW)} , aft)=0 light cone
(1 —xr)
Fa(zp,t) =1, a(t) = at) reggeized
5 pion
FS(xLat) — €£Up[b(t o mw)} y Oﬁ(t) — a(t)ﬁ
A2 —m?2) monopole
F4($L7t)_ (Ag_tg) ) Oﬁ(t)_o
(AQ . m»,%) ) dipole
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Leading Neutron Processes at HERA
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Theoretical and experimental analysis indicate that absorptive
effects should be taken into account in order to describe the

experimental data.
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Leading Neutron Processes in the
Color Dipole Formalism

Inclusive processes:
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Leading Neutron Processes in the
Color Dipole Formalism
Inclusive processes:
1
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Leading Neutron Processes in the
Color Dipole Formalism

Inclusive processes:

1
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Leading Neutron Processes in the
Color Dipole Formalism

Inclusive processes:
1
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Leading Neutron Processes in the
Color Dipole Formalism

Exclusive processes: E = p, ¢, J/ W, vy
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Leading Neutron Processes in the
Color Dipole Formalism

Exclusive processes: E = p, ¢, J / W,

da i
= 2 [ G .ZT/

Scattering amplitude:
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Leading Neutron Processes in the
Color Dipole Formalism

Exclusive processes: E = p, ¢, J / v, y
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Scattering amplitude:
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Leading Neutron Processes in the
Color Dipole Formalism

Exclusive processes: E = p, ¢, J / W, y
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Scattering amplitude:
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Leading Neutron Processes in the
Color Dipole Formalism

Exclusive processes: E = p, ¢, J / v, y
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Scattering amplitude:
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Overlap functions for Deeply Virtual Compton Scattering (DVCS):
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Leading Neutron Processes in the
Color Dipole Formalism

Main assumption:

\ Constrained by HERA

data for inclusive and
exclusive processes
(w/0 a leading neutron)
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Leading Neutron Processes in the
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Main assumption:

N™(z,r.b) = R, - NP(z,r.b)

with: @ R, =cte 1/3<R,<2/3



Leading Neutron Processes in the
Color Dipole Formalism

Main assumption:

NT(z,r.b) f_nj,

Constrained by HERA
data for inclusive and
exclusive processes

/ (w/0 a leading neutron)

With: @ R, =cte

Vo (FL®)2r =550 0 (b) < 2

- bCGC: NP(%.r.b)= {
| — A (Bro; (b)) rQ.(b) > 2
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Leading Neutron Processes in the
Color Dipole Formalism

Dipole - proton scattering amplitude:

N?(3.r.b) = NP(3.r)S(0)

9.
s

* Golec- Biernat - Wusthoff (6BW) : APty =1 — exp [_ Q r"}
4

- n2/r Qs)
2(V5+ KA 393

 Iancu - Itakura - Munier - Soyez (IIMS): AT = ’No (%) ) , forrQs(x) <2,

[0l (brQy). forrQs(x) > 2,

* Running coupling Balitsky- Kovchegov equation (rcBK)



Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:

Open questions:

8 Koo =Koy = K 27

38



Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:

Open questions:
S Kipe=Kope =K ??

S Kine=KineW. 2, Q% 22
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:

O~rr (2, Q) _‘ = Kine / dz /(ITZ“«I!TL T ()
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Open questions:
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:
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Leading Neutron Processes in the
Color Dipole Formalism

Absorption effects:

Consequently : o
CT.-}_*?T(;'IE. (3—) X rkw'm“ | I‘)q

o(v'm = Em) o< Kope - Ry~
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Results for Inclusive Processes

d?oc(W,Q?, xp,,t)
dxy dt

= fr/p (L, t)g"f*ﬂ([i;ﬂ’ QQ)

R,=12/3:K=1
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Results for Inclusive Processes

d?oc(W,Q?, xp,,t)

= fr/p (L, t)g"f*ﬂ([i;ﬂ’ QQ)

dxy dt
R,=2/3 :K=1
0;4 T | T | T | \. ! T 0‘4 T T T T T T T T
) s —— 1IMS
i ! W=100GeV . ] _
L) 7 53(}12 \ oo gBW | W= 100Gey
= ) C S . N EE R _
03k f:g (y) \'. 4 03k o HIQ014) Q =53GeV |




Results for Inclusive Processes

d?oc(W,Q?, xp,,t)

dxy dt

— f?l'/}@ (J"L: t)g”r’*ﬂ (1172‘ Qz)

- W =215 GeV

| ! | ! |
Q=53 GeV” 1

45



Results for Inclusive Processes

d?oc(W,Q?, xp,,t)
dxy dt

0.4 ' I ' I : I ' I —
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e E
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— fﬂ'/? (J"L: t)g”r’*ﬂ (ﬁfg’ Qz)

, Rg=2/3;K=1

- Rq.K=0.5

+ Rq=1/3; K=0.5
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Results for Exclusive Processes

vn = 0ntn
Ul f

Initially, we will assume that: R, = 2/3

47



Results for Exclusive Processes

yp — p'ntn
Initially, we will assume that: R, = 2/3

Our strategy to contrain the K-fator: 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.



Results for Exclusive Processes

vp — pntn
Initially, we will assume that: R, = 2/3

Our strategy to contrain the K-fator: 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: o(v*r — BEn) o< Kepe - Ry

!
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Results for Exclusive Processes

yp — p'ntn

Dependence on the pion flux:

£]5 | T | T
— f, (y). K=0.164

—— - £, (y).K=0.134
04 = f, (y). K=0.179
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5 02
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Results for Exclusive Processes

yp = )(JDJI'_'_I?

Dependence on the dipole - target amplitude:
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04F caeennn GBW. K=0.077
rcBK, K=0.093
_ e HI (pT<O.2 GeV)
-§L 03F
:-] B ™ "‘LJ;J:‘-:: T
€ 02f {; ,{”’f
0.1 ="’Ir
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Results for Exclusive Processes

yp = )(JOJI_'_H

T
Lo HI(p <0.2GeV)
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K =0.134
med
=0.114

- K
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[nb]

da/dx

=400

Predictions for Exclusive Processes with
a leading neutron at HERA
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do/dx
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o(yp — ¢pan) = 25.47 +3.70 nb
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o(y*p — yrn) = 0.008 £ 0.001 nb
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Future ep colliders

Typical values of Bjorken-x probed in future ep colliders:

10 E T T T T T T
F [—— W =100GeV

10-15 ——— WIZSOGCV
E | W =500 GeV
[ |-==- W = 1000 GeV

Q* +m; Q*+ms
W2402 (1-x)W2+Q2

X=
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Future ep colliders

Feynman scaling in inclusive processes:

= — = o
2 2 I~ n

(1/6,,,9) do/dx,

o
—

0

Linear X Nonlinear

— W =100 GeV
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"""" W =1000 GeV
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1 I 1 I 1 I 1 I 1 1 I 1 I 1 I 1 I 1
0 02 ().4X 06 08 0 02 0.4X 06 08

L

0.5

| ot
—— W=100GeV
[IMS =~ W=500GeV
T N W = 1000 GeV
[ G206V 1 Q' =100GeV’
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Future ep colliders

Dependence on the energy for exclusive processes:

20 T T T T T T T T T T T 5 T T T T T T T T T T T
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4 T T T T T T T T 0.5 T T T T T T
— W =100 GeV | —— W =100GeV ]
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= - \ = -

o(y*p = prn) = 6.55 £ 0.95 nb
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Summary

v' 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

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

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

v'Large cross sections for inclusive and
exclusive processes with a leading neutron
in future ep colliders.

v'Next steps: D-meson production, dijet
roduction, exclusive processes with a
eading neutron in UPHIC, ...

Thank you for your attention |
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Chiral perturbation theory
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Salamu, Ji, Melnitchouk, Wang, PRL (2015)
Burkardt et al., PRD (2013)
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Leading Neutron Processes at HERA

Pion flux / Pion splitting function: y=1—x
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Dependence on the vector meson wave

function
2.5 | ' | ' | ' | ' | ' |
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Parameter free prediction
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X X
L

FIG. 6. Leading neutron spectra in exclusive p photoproduction obtained by considering the possible range of values of the K factor

fixed using the other set of experimental data and two models for the pion flux. HI data [9] are obtained by assuming that
pr <0.69-x; GeV.
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Future ep colliders

Dependence on the photon virtuality for exclusive processes:
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