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1 From HERA to LHC and Cosmic Rays

There seem to be two prime motivations for discussing HERA data in connection with the future
running at the LHC and the physics of cosmic rays. First of all, HERA provides a precise picture
of the structure of the proton, which are the scattering partners at the LHC. Concerning cosmic
ray physics, the electron-proton (ep) reactions at HERA can be viewed as collisions of ultra-
high-energy photons - emitted by the electron - with nuclearmatter. Comparing to the cosmic
ray energy spectrum impinging on the earth’s atmosphere, the HERA collider provides a photon
beam equivalent to 50 TeV on a stationary proton target, lying about half way on a logarithmic
scale, at about almost 1014 eV, between the intensity maximum at 1 GeV and the “ankle” of the
cosmic ray energy spectrum. Such high energy photon-protoncollisions are of utmost importance
for observational astrophysics, in particular for the understanding of the interactions of ultra-
high-energy cosmic photons with our atmosphere which usually serves as the target in the cosmic
ray experiments.

High energy photon interactions with hadronic matter are governed mainly by the strong
interaction, which can be successfully described by quantum chromodynamics (QCD) as long
as some “hard scale” of order several GeV is present in the reactions under study. Owing to
the photon in the initial state, the overall size of the crosssections, however, is small, being
proportional to the square of the fine-structure constantα. In view of the LHC, the HERA data
give direct information on quantities related to QCD, most importantly the parton distribution
functions (pdfs) within the nucleon, and the running strongcouplingαs, determining the overall
strength of the partonic branching processes. These quantities, among others, are important
ingredients to the Monte Carlo programs simulating cosmic ray showers in the atmosphere. There
is, however, another interesting area in cosmic ray research, where HERA can provide important
information, namely ultra-high energy neutrino scattering, which can be inferred fromep → νX
reactions at HERA. Also here, the neutrino energy accessible at HERA is equivalent to about 50
TeV on a stationary proton target.

In the following we will briefly summarize the data on the total photoproduction cross sec-
tion from HERA and present some recent results on inclusive scattering, discussing the extraction
of the parton distribution functions from a combined data set of the two collider experiments H1
and ZEUS. We will then discuss jet final states with emphasis on the phase space near the forward
(proton) direction. These data shed light on the parton evolution models and also enable a unique
measurement of the running strong coupling, providing new insight into QCD dynamics at very
low values of the Bjorken variablex. We finally mention the relevance of the HERA charged
current cross sections for the expectation of ultra-high energy neutrino nucleon cross sections,
which will be elaborated in more detail in section 3.



The HERA Physics Mission One of the most successful tools for unraveling the structure
of hadrons, most importantly of the nucleons, is deep-inelastic scattering (DIS) using charged
leptons as probes. The HERA collider at the Deutsches Elektronen-Synchrotron DESY in Ham-
burg has provided the highest available center-of-mass energies for the collision of electrons and
positrons with protons. HERA has been running from 1992 until mid 2007, accumulating a total
of about 500 pb−1 for each of the two colliding beam experiments H1 [1] and ZEUS[2]. The
data taking was divided into two phases, separated by a massive luminosity upgrade program in
the years 2001-2002. As a further benefit of the upgrade, HERAalso provided longitudinally
polarized electron and positron beams, giving access to sensitive tests of the electroweak theory
and allowing to carry out unique searches for the productionof new heavy particles. While the
electroweak sector was tested in electron-quark scattering at an unprecedented level, the hope for
discovering “New Physics” at HERA did not materialize.

Photoproduction at HERA Measuring the total hadronic photoproduction cross section at
high center-of-mass energies gives access to the asymptotic behavior of cross sections in general.
The energy dependences of the total cross sections forpp, p̄p, Kp andπp are well described
by Regge theory [3]. Phenomenological fits based on this (non-perturbative) theory are success-
fully parameterizing all the hadronic cross sections in thefull energy range (above thes-channel
resonance region) using the common form

σtot = A · sǫ + B · s−η,

wheres is the square of the center-of-mass energy andA andB are constants. The parameterǫ
describes the weak energy dependence at high energies (1 + ǫ is the “Pomeron intercept”, which
is about 1.09).

Fig. 1: Lowest order Feynman diagram for deep-

inelastic electron-proton scattering in the parton picture,

showing the relevant kinematic quantities characterizing

inclusive DIS reactions and photoproduction (see text).

The hadronic final state “fragmented” from the scattered

and spectator partons is indicated byX.

The photon-proton total cross section is measured in the processep → eγp → eX, where
the initial state electron has radiated a photon, which is then absorbed by the proton, producing
a hadronic final stateX. The event kinematics (see fig. 1 for a general lowest order Feynman
diagram) is best described in terms of the Lorentz-invariant photon virtualityQ2, and the event
inelasticityy, both defined as

Q2 = −q2 = −(k − k′)2

and
y =

p · q
p · k .



The square of the photon-proton center-of-mass energyW , i.e. the mass squared of the
hadronic systemX, is given by

W 2 = (q + p)2 = 4EeEpy.

The photon virtuality has a kinematic minimum due to the finite electron massme, and is
given by

Q2
min =

m2
ey

2

1 − y
.

The photoproduction cross section is related to the double differential electroproduction
cross section (which is actually observed experimentally)by the equivalent photon approxima-
tion [4], which can be written as
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whereσγp
T (σγp

L ) is the cross section for transversely (longitudinally) polarized photon on protons.
Since the virtuality of the photon is small by excluding deepinelastic scattering events (Q2

max ∼
0.02 GeV2), the longitudinal cross section is expected to be small. Integrating overQ2 gives the
total γp cross section in terms of the singleep differential cross section:
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The event inelasticityy is given by the acceptance of the electron tagging systems and can be
integrated over, so thatσγp

tot(W ) can be determined. The results of the measurements from
HERA [5, 6] are shown in fig 2, together with the low energy data[7] and a phenomenological
Regge fit [8] using hadron data, marked as “DL98”. The compatibility of the photoproduction
cross section with the hadronic data supports the universalenergy dependence of all total cross
sections at asymptotic energies.

Quantum Chromodynamics in the HERA Regime Quantum Chromodynamics (QCD) is
expected to describe the strong interactions between quarks and gluons. At distances small com-
pared to the nucleon radius, or equivalently large momentumtransferQ2 where the strong cou-
pling αs is small, perturbative QCD (pQCD) gives an adequate quantitative account of hadronic
processes. The total cross sections, however, are dominated by long range forces (“soft inter-
actions”), where a satisfactory understanding of QCD stillremains a challenge. This is most
importantly so also for all transitions of partons to hadrons in the final state (“fragmentation pro-
cess”). In addition, non-perturbative effects govern the DIS kinematics through the momentum
distribution (“parton distribution functions”, or “pdfs”) of the initial partons, interacting with the
electrons via photon orZ0 exchange (see fig.1). The latter is important only at very large Q2,
i.e. around or beyond the mass of theZ0. The division between the non-perturbative and the per-
turbative regimes is defined by the factorization scale, which should be sufficiently large (O(few
GeV2) to hope for a convergent perturbative expansion in the strong coupling constantαs.
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Fig. 2: Measurements of the total photoproduction cross section σγp for positron-proton scattering from early mea-

surements of H1 [5] and ZEUS [6].

Within the framework of perturbative QCD, the DIS cross section at the parton level is
generically given by

σ =
∑

i

σγ∗i(Q
2) ⊗ xfi(x,Q2), (1)

whereQ2 is the virtuality of the exchanged boson (here: the virtual photonγ∗), x is the mo-
mentum fraction (Bjorkenx) of the incoming parton, andσγ∗i is the total virtual photon-parton
cross section. In this expression the factorization theorem of QCD [9] has been used, separat-
ing the cross section into a hard scattering part between theexchanged virtual photon and the
incoming partoni, convoluted with a part (including a non-perturbative contribution) describing
the momentum distributionxfi(x,Q2) of partoni within the proton. In eq.(1) one recognizes
the incoherent summing of quark contributions, which is justified by the property of asymptotic
freedom. Asymptotic freedom states that the interaction between the partons within the pro-
ton, characterized by the strong coupling constantαs become weak at largeQ2 (αs → 0 as
Q2 → ∞). In this way the scattering process of the electron with thepartons of the proton can
be treated incoherently.

Figure 1 also indicates the kinematics in the HERA regime. Here, s is the square of
the totalep center of mass energy. The four-momentum transfer squaredQ2 is given by the
scattered electron alone, the Bjorken variablex and the inelasticityy (equal to the energy fraction
transferred from the electron to the virtual photon in the proton rest frame, see above), withx



given by

x =
Q2

2 P · q . (2)

Only two of the three quantities in eq. (2) are independent, they are related viaQ2 = sxy.
Another interesting quantity is the total massMX of the hadronic final state, given by

M2
X ≡ W 2 = (q + P )2 =

Q2(1 − x)

x
(3)

This relation shows that lowx reactions correspond, at fixedQ2, to large values ofW 2, i.e. large
invariant masses of the hadronic final state. Due to the high colliding beam energies (protons
at 920 GeV, electrons at 27.6 GeV), HERA provided a large range of exploration forx andQ2,
extending the reach of previous fixed target experiments by more than 2 orders of magnitude in
x andQ2.

The double differential cross section forep scattering is written in terms of structure func-
tions as (see, e.g. [10] )

d2σ (e±p)

dx dQ2
=

2πα2

xQ4
Y+

[

F2 −
y2

Y+
FL ∓ Y−

Y+
xF3

]

, (4)

where the functionsY± are given byY± = 1 ± (1 − y)2, and the structure functions, apart from
coupling constants, are combinations of the parton distribution functions. For the case of pure
photon exchange, valid at lowQ2, one obtains

F2(x,Q2) =
∑

i=u,d,...

e2
i xfi(x,Q2). (5)

where the sum extends over all partons within the proton of chargeei. As indicated in fig. 1, all
reactions with neutral boson exchange are called “neutral current (NC)” reactions, those withW±

exchange (here the final state lepton is a neutrino) are called “charged current (CC)” reactions.

The non-perturbative parton distribution functionsfi(x) cannot be calculated from first
principles and have therefore to be parameterized at some starting scaleQ2

0. Perturbative QCD
predicts the variation offi with Q2, i.e. fi = fi(x,Q2) via a set of integro-differential evolution
equations, as formulated by Altarelli and Parisi (“DGLAP” equations, see [11]). The predicted
Q2 dependence (“scaling violations”) of the structure function F2, see eq. (5), are nicely sup-
ported by the data from HERA [12].

Low x Physics and the Parton Distribution Functions At distances small compared to the
nucleon radius, or equivalently large momentum transferQ2 between the incoming and outgoing
leptons, perturbative QCD (pQCD) gives an adequate quantitative account of hadronic processes
in DIS. The most “elementary”observable in electron-proton scattering is the inclusive DIS cross
section, where basically only the 4-vectors of the scattered lepton or the produced hadronic final
state are measured.

Inclusiveep scattering can be divided into two distinct classes: Neutral current (NC) reac-
tions (ep → eX), and Charged Current (CC) reactions (ep → νX). In NC reactions, a photon or
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Fig. 3: Measurements of the reduced cross sectionσr(x, Q2) for positron-proton scattering, based on the combined

data of H1 and ZEUS [12]. The data show clear evidence for scaling violations, as expected from gluon emission of

the initial quarks participating in the hard scattering process. The scaling violations are very well described by pQCD

NLO fit HERAPDF 0.1 [13]. At lowQ2, the data from some fixed target experiments are also shown.

aZ0 is exchanged between the electron and a quark emitted from the proton. The corresponding
double-differential cross sectiond2σ/dxdQ2, or the so-called “reduced” cross sectionσr factor-
izing out known kinematic terms, can be written in the following way (similar expressions also
hold for the CC reactions):

σr(x,Q2) ≡
(

xQ4

2πα2Y+

)

d2σ (e±p)

dx dQ2
= F2 −

y2

Y+
FL ∓ Y−

Y+
xF3 (6)

Here, the three (positive definite) structure functionsF2, FL andxF3 depend both onx andQ2,
and contain the (non-perturbative) parton distribution functions (pdfs). The structure functionF2

contains contributions from quarks and antiquarks (∼ x(q + q̄)), FL is dominated by the gluon
distribution (∼ xg), andxF3 is sensitive to the valence quarks (∼ x(q − q̄)).

At low Q2 and lowy the structure functionsxF3 (from Z0 exchange) andFL (suppressed
by the factory2) can be safely neglected. Residual (small) contributions from FL can also be
modeled using pQCD. In this case the structure functionF2 can be extracted at each point ofx
andQ2 from the “reduced” cross sectionσr (see eq. (6)). Measurements ofσr from the combined
H1 and ZEUS data [12] are shown in fig. 3. The data, most importantly theirQ2 dependence, are
very well described by NLO pQCD.

Figure 4 shows the pdfs resulting from the NLO pQCD fit HERAPPDF 0.1 to the com-
bined NC and CC double-differential cross sections from both HERA experiments [13]. The
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to the HERA data on NC and CC inclusive reactions, us-

ing the combined data from H1 and ZEUS (HERAPDF

0.1) [13].

resulting uncertainties of the pdfs have drastically shrunk due to the combination of the HERA
data. It should also be noted that the pdfs for the gluon and the sea quarks, even at the lowest
values of Bjorkenx, and for all values ofQ2, keep rising with decreasingx. This means that
parton saturation has not been observed within the kinematic range of HERA - assuming that
the parameterisation used in the fits would be flexible enoughto allow the observation of such
behaviour.

From fig. 4 one clearly sees that the gluon distribution is dominating the lowx behavior
of the DIS cross sections. At lowx, the structure functionF2 can be satisfactorily parameterized
as being proportional tox−λ. Figure 5 shows the values ofλ as function ofQ2. One can
observe a clear decrease ofλ with decreasingQ2, touching the hadron-hadron limit (and also
photoproduction, see the left-most data point) at a photon virtuality around 1 GeV2.

Fig. 5: Measurements of the slope ofF2 for deep inelastic

scattering as function ofQ2. To the far left, the photopro-

duction pointǫ ≡ λ is also drawn. .



Jet Production Collimated bundles of particles (“jets”) are carrying the kinematic informa-
tion of the partons emerging from DIS reactions at HERA and other highpt colliding beam
experiments. The study of jet production is therefore a sensitive tool to test the predictions of
perturbative QCD and to determine the strong coupling constantαs over a wide range ofQ2.

Several algorithms exist to cluster individual final state hadrons into jets, but most com-
monly used at HERA is the so-calledkT clustering algorithm [14]. The jet finding is usually
executed in the hadronic center of mass system. which is, up to a Lorentz boost, equivalent to
the Breit frame. At the end of the algorithm, the hadrons are collected into a number of jets.

Fig. 6: Feynman diagrams for LO jet production. The up-

per subgraph is called “QCD Compton”, the lower sub-

graph is called “boson-gluon fusion”. Both graphs con-

tribute to two-jet final states. Events with three jets can be

interpreted as a di-jet process with additional gluon radi-

ation from one of the involved quark lines, or as a gluon

splitting into a quark-antiquark pair. These processes are

of orderO(α2
s) (NLO).

At leading order (LO) inαs, di-jet production (see fig. 6) proceeds via the QCD Compton
process (γ∗q → qg) and boson-gluon fusion (γ∗g → qq̄). The cross section for events with
three jets is ofO(α2

s). These events can be interpreted as coming from a di-jet process with
additional gluon radiation or gluon splitting (see captionof fig. 6), bringing the QCD calculation
to next-to-leading order (NLO).

In jet physics, two different “hard” scales can be used to enable NLO (and higher) cal-
culations: the variableQ, and the transverse energyET of the jets. Figure 7 shows the dif-
ferential cross sections for inclusive jet production at high Q2 as measured by the ZEUS Col-
laboration [15], both with respect toQ2 andET . The data are compared to NLO calculations,
using the renormalization and factorization scales as indicated in the figure. Both schemes are
able to describe the data very well, indicating the validityof the choice of any of the two hard
scales. Given the experimental and theoretical uncertainties at these large scales, no higher order
(beyond NLO) corrections seem necessary.

Forward Jets All of the analyses regarding the observables mentioned in the previous chapters
rest on the DGLAPQ2 evolution scheme for the pdfs involved. Potential deviations observed a
certain regions of phase space (lowx, low Q2) are usually attributed to the limited order of the
presently computed QCD matrix elements (LO, NLO, sometimesNNLO). Especially for lowx
(≈ 10−4), but sufficiently largeQ2 (> a few GeV2), there has been a vivid debate about the
validity of the DGLAP approach. In this kinematic regime theinitial parton in the proton can
induce a QCD cascade, consisting of several subsequent parton emissions, before eventually
an interaction with the virtual photon takes place (see fig. 8). QCD calculations based on the
“direct” interaction between a point-like photon and a parton from the evolution chain, as given
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Fig. 7: Differential cross sec-

tions for inclusive jet production

from the ZEUS experiment [15].

Also shown are the predictions

from next-to-leading order QCD

calculations, which give a good

description of the data.

by the DGLAP approach, are very successful in describing, e.g. the unexpected rise ofF2 with
decreasingx over a large range inQ2 [16].

xBj

evolution 
from large

forward jet

x = E
jet

jet
Ep

Bj (small)x

to smallx

(large)
p

e e’

γ
Fig. 8: Schematic diagram ofep scattering producing a

forward jet. The evolution in the longitudinal momen-

tum fractionx, from largexjet to smallxBj, is indicated.

For low values ofx, there is, however, a technical reason to question the validity of the
DGLAP evolution approach: Since it resums only leadinglog(Q2) terms, the approximation may
become inadequate for very smallx, wherelog(1/x) terms become important in the evolution
equations. In this region the BFKL scheme [17] is expected todescribe the data better, since in
this scheme terms inlog(1/x) are resummed.

The large phase space available at lowx (see eq.(3)) makes the production of forward jets
(in the angular region close to the proton direction) a particularly interesting topic for the study
of parton dynamics, since jets emitted in this region lie well away in rapidity from the photon
end of the evolution ladder (see fig. 8). Concerning the forward jets there is a clear dynamic
distinction between the DGLAP and BFKL schemes: In the DGLAPscheme, the parton cascade
resulting from hard scattering of the virtual photon with a parton from the proton is ordered in
parton virtuality. This ordering along the parton ladder implies an ordering in transverse energy
ET of the partons, so that the parton participating in the hard scatter has the highestET . In the
BFKL scheme there is no strict ordering in virtuality or transverse energy. The BFKL evolution
therefore predicts that a larger fraction of lowx events will contain high-ET forward jets than is
predicted by the DGLAP evolution.

Both ZEUS [18] and H1 [19] have studied forward jet production, where “forward” typi-
cally means polar emission angles less than about 20 degreesrelative to the proton direction. As



a first example, the single differential cross sectionsdσ/dx from H1 are shown in fig. 9. The data
are compared to LO and NLO QCD calculations [20] (a), and several Monte Carlo models (b and
c). The NLO calculation in (a) is significantly larger than the LO calculation. This reflects the fact
that the contribution from forward jets in the LO scenario iskinematically suppressed. Although
the NLO contribution opens up the phase space for forward jets and considerably improves the
description of the data, it still fails by a factor of 2 at lowx. In fig. 9b the predictions from the
CASCADE Monte Carlo program [21] is shown, which is based on the CCFM formalism [22].
The CCFM equations provide a bridge between the DGLAP and BFKL descriptions by resum-
ming bothlog(Q2) andlog(1/x) terms, and are expected to be valid over a widerx range. The
model predicts a somewhat harderx spectrum, and fails to describe the data at very lowx. In part
(c) of the figure, the predictions (“RG-DIR”) from the LO Monte Carlo program RAPGAP [23]
is shown, which is supplemented with initial and final state parton showers generated according
to the DGLAP evolution scheme. This model, which implementsonly direct photon interactions,
gives results similar to the NLO calculations from part (a),and falls below the data, particularly
at lowx. The description is significantly improved, if contributions from resolved virtual photon
interactions are included (“RG-DIR+RES”). However, thereis still a discrepancy in the lowestx
bin, where a possible BFKL signal would be expected to show upmost prominently. The Color
Dipole Model (CDM) [24], which allows for emissions non-ordered in transverse momentum,
shows a behavior similar to RG-DIR+RES.
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Fig. 9: Single differential cross sections for forward jetsas functions ofx from the H1 experiment [19], compared to

NLO predictions [20] in (a), and QCD Monte Carlo models [23, 24] in (b) and (c). The dashed line in (a) shows the

LO contribution.

For a more detailed study the forward jet sample was divided into bins ofp2
t,jet andQ2.

The triple differential cross sectiond3σ/dxdQ2dp2
t,jet versusx is shown in fig. 10 for several

regions inQ2 andp2
t,jet. In addition, the expectations from the above mentioned QCDmodels

are presented. Using the ratior = p2
t,jet/Q

2, various regimes can be distinguished: Forp2
t,jet <

Q2 (r < 1) one expects a DGLAP-like behavior, dominated by direct photon interactions (see
fig. 10 c). Due to the large bin sizes, however, the ranges ofr can be quite large, so thatr in
this bin can assume values up to 1.8 due to admixtures from events withp2

t,jet > Q2. This may
explain why the DGLAP direct model (RG-DIR), although closer to the data in this bin than in
any other, does not quite give agreement with the data exceptat the highestx-bin. In the region



p2
t,jet ≈ Q2 (r ≈ 1, see fig. 10 b and f), DGLAP suppresses parton emission, so that BFKL

dynamics may show up. However, the DGLAP resolved model (RG-DIR+RES) describes the
data reasonably well.
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Fig. 10: Triple differential cross sections for forward jetproduction as function ofx in bins ofQ2 andp2
t,jet, compared

to various Monte Carlo calculations (see text).

The regime ofp2
t,jet > Q2 (r > 1, see fig. 10 d, g and h), is typical for processes where

the virtual photon is resolved, i.e. the incoming parton from the proton vertex interacts with a
parton from the photon. As expected, the DGLAP resolved model (RG-DIR+RES) provides a
good overall description of the data, again similar to the CDM model. However, it can be noted
that in regions wherer is largest andx is small, CDM shows a tendency to overshoot the data.
DGLAP direct (RG-DIR), on the other hand, gives cross sections which are too low. Although
the above analysis tries to isolate “BFKL regions” from “DGLAP regions”, the conclusion on
underlying dynamics cannot be reached, most importantly since the “BFKL region” (r ≈ 1)
is apparently heavily contaminated by “DGLAP-type” events. In addition, the two “different”
evolution approaches, RG-DIR+RES (“DGLAP”) and CDM (“BFKL”), give similar predictions.

In a further step, the parton radiation ladder (see fig. 8) is examined in more detail by
looking also at jets in the region of pseudorapidity,η = − ln tan(θ/2), between the scattered
electron (ηe) and the forward jet (ηforw). In this region a “2-jet + forward” sample was selected,



Fig. 11: Kinematic regions for the event sample “2jets + forward”

(see text). The quarks in the photon-gluon fusion process are q1

(upper solid line) andq2 (lower solid line). The rapidity gap between

q1 andq2 is denoted by∆η1, the gap betweenq2 and the forward jet

is denoted by∆η2.

requiring at least 2 additional jets, withpt,jet > 6 GeV for all three jets, including the forward jet.
In this scenario, evolution with strongkt ordering is obviously disfavored. The jets are ordered in
rapidity according toηforw > ηjet2 > ηjet1 > ηe. Two rapidity intervals are defined between the
two additional jets and the forward jet (see fig. 12):∆η1 = ηjet2 − ηjet1 is the rapidity interval
between the two additional jets, and∆η2 = ηforw − ηjet2 is the interval between jet 2 and the
forward jet. If the di-jet system originates from the quark line coupling to the photon (see fig. 12),
the phase space for evolution inx between the di-jet system and the forward jet is increased by
requiring that∆η1 is small and that∆η2 is large: Requiring∆η1 < 1 will favor small invariant
masses of the di-jet system. As a consequence,xg will be small, leaving the rest for additional
radiation. When, on the other hand,∆η1 is required to be large (∆η1 > 1) BFKL-like evolution
may then occur between the two jets from the di-jet system or,when both∆η1 and∆η2 are small,
between the di-jet system and the hard scattering vertex. Note that the rapidity phase space is
restricted only for the forward jet.
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Fig. 12: Cross section for events with a reconstructed high transverse momentum di-jet system and a forward jet

from the H1 experiment [19], as function of∆η2 for two regions of∆η1. The data are compared to predictions of

“DGLAP-like (RG-DIR+RES) and “BFKL-like” (CDM) Monte Carlo models (see text).

As argued above, this study disfavors evolution with strongordering inkt due to the com-
mon requirement of largept,jet for the three jets. Radiation which is not ordered inkt may occur
at any location along the evolution chain, depending on the values of∆η1 and∆η2. Figure 12
show the measured cross sections as function of∆η2 for all data, and separated into the two re-
gions of∆η1 discussed above. One can see that here the CDM model is in goodagreement with



the data in all cases, while the DGLAP models predict cross sections which are too low, except
when both∆η1 and∆η2 are large. For this topology all models (and the NLO calculation, not
shown) agree with the data, indicating that the available phase space for evolution is exhausted.

It is important to realize that the “2+forward jet” sample indeed seems to differentiate
between the CDM and DGLAP resolved models, in contrast to themore inclusive samples (see
fig. 10). The conclusion is that additional breaking of thekt ordering, beyond what is included
in the resolved photon model, is required by the data, pointing towards some evidence for BFKL
dynamics. It is, however, not excluded that such effects mayalso be described by higher order
DGLAP calculations, which may become available in the future. Further investigations using
forward particle emission will be discussed below (see section 2).

The Strong Coupling Constant One of the most important measurements using multi-jet final
states is the determination of the strong coupling constantαs. At HERA, this measurement is
particularly interesting, sinceαs can be determined in a single experiment over a large range of
Q or ET . Observables which are sensitive toαs come from various sources, such as inclusive
jets, jet ratios (number of three jets relative to the numberof two jets), and event shape variables
(thrust, jet masses, angles between jets etc.). A recent compilation ofαsdeterminations [25] from
the two HERA experiments H1 and ZEUS, using various jet observables and the HERA I data
set, is shown in fig. 13. An NLO fit to these data yields a combined value ofαs(MZ) = 0.1198±
0.0019(exp.) ± 0.0026(th.). The dominating theoretical error arises from the uncertainty due to
terms beyond NLO, which is estimated by varying the renormalization scale by the “canonical”
factors 0.5 and 2. A recent preliminary result obtained by the H1 Collaboration using the full
HERA data set and based on multiple observables in inclusiveand multi-jet events displays an
experimental error below 1% [26]:αs = 0.1182 ± 0.0008(exp)+0.0041

−0.0031(th.) ± 0.0018. This
illustrates the potential for a very precise measurement ofthe strong coupling using the full
HERA data set.

Ultra-High Energy Neutrino Reactions With the era of high energy neutrino astrophysics
approaching, it is interesting to review our knowledge about the neutrino-nucleon cross section
at ultra-high energies beyondO(10 TeV). Such energies can indeed be reached with the HERA
collider, as was discussed in the introduction. Looking at the charged current reactionep → νX
measured at HERA, a cut in the transverse neutrino momentum of p⊥ > 25 GeV is necessary for
a clean separation of CC events from the background. The extrapolation top⊥ = 0 can be done
within the Standard model, yielding a cross section forνN on a stationary target of about 200
pb at 50 TeV neutrino energy. Figure 14 shows the measurements from fixed target experiments
and the HERA point. Also given are the linear extrapolation (corresponding toMW = ∞) and
the prediction of the Standard Model (MW = 80 GeV). As one can see, the neutrino nucleon
cross section shows no anomaly, as could, for example, be expected by electroweak instanton
effects proposed [27] as a source of possible cosmic ray events beyond the GZK cutoff. While
the evidence for such events has become weaker recently [28,29], the search for instanton effects
at HERA [30] has also been inconclusive so far. More details on the expectations of neutrino
cross sections at asymptotic energies are presented further below (see section 3).
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2 Forward particles from HERA to LHC

Forward Particles at HERA In ep scattering at HERA, a significant fraction of events con-
tains a low-transverse momentum baryon carrying a large fraction of the incoming proton energy.
Although the production mechanism of these leading baryonsis not completely understood, ex-
change models [31] give a reasonable description of the data(Fig. 15). In this picture, the incom-
ing proton emits a virtual particle which undergoes the deepinelastic scattering process with the
incoming beam electron.

To measure the very forward particles, both the H1 and the ZEUS experiments have been
equipped with the Forward Proton Spectrometers (LPS, FPS and VFPS) and the Forward Neu-
tron Calorimeters (FNC). The Forward Proton Spectrometersare several Roman Pot detectors
placed at different positions along the beamline in the direction of proton beam, between 24 and
220 m from the interaction point. They measure the energy andmomentum of the protons which
are scattered through the very small angles and keep a momentum fraction of the initial proton
between 0.4 and 1.

The Forward Neutron Calorimeters were installed atθ = 0◦ and at 106 m from the inter-
action point in the proton beam direction. These are lead-scintillator sandwich calorimeters with
energy resolutionσ(E)/E = 70%/

√
E for the ZEUS-FNC andσ(E)/E = 63.4%/

√
E ⊕ 3%

for the H1-FNC. The size and weight of the FNC are defined by thespace available in the HERA
tunnel. The detectors are about 2m long with∼ 70 × 70 cm2 transverse size. Below the H1 and
ZEUS-FNC calorimeters are briefly described.

The general view of the H1-FNC is shown in Fig. 16(left). It consists of the Main Calorime-
ter and the Preshower. In addition, two layers of veto counters situated at the distance of 2m in
front of Preshower are used to veto charged particles. The Preshower is∼ 40cm (∼ 1.5λ)
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long lead–scintillator sandwich calorimeter, it is placedin front of the Main Calorimeter. The
electromagnetic showers completely develop in Preshower,while the hadronic showers leave in
Preshower∼40% of their energy (electromagnetic component). So the position resolution for
the showers started in Preshower are defined by the electromagnetic component of the shower.
Constructively the Preshower consists of two sections: theelectromagnetic and the hadronic
ones, each of them is composed of 12 planes. The transverse size of the scintillating plates is
26×26 cm2. Each scintillating plate has 45 grooves where 1.2mm wavelength shifters are glued
in. In order to obtain a good spatial resolution, the orientation of fibres is changed in turn from
horizontal to vertical for alternating planes. On each plate the fibres are combined by five into
nine strips. Longitudinally the strips are combined in 9 vertical and 9 horizontal towers. The
energy resolution for electromagnetic showers is∼ 20%/

√

E [GeV] and the spatial resolution
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Fig. 16: General view of the H1-FNC calorimeter (left) and ZEUS-FNC calorimeter (right).

is∼2mm. Apart from improvement of the energy and position resolution the Preshower provides
efficient separation of electromagnetic and hadronic showers. The Main Calorimeter of H1-FNC
is a sandwich-type calorimeter consisting of four identical sections with transverse dimensions
60×60cm2 and length of 51.5 cm. Each section consists of 25 lead absorber plates 14 mm-thick,
and 25 active boards with 3 mm scintillators. Each active board is made of 8 scintillating tiles
with the transverse size of 20×20 cm or 20×26 cm. The 25 tiles of one section with the same
transverse position form a “tower”. All together there are 32 towers in all four sections. In the
top part of the calorimeter there is a opening for the proton beam vacuum pipe which is going
through the calorimeter as seen from Fig. 16. The total length of the Main FNC calorimeter is
206.5 cm.

The structure of the ZEUS-FNC calorimeter is shown in Fig. 16(right). It is a finely seg-
mented, compensating, sampling calorimeter with 134 layers of 1.25cm-thick lead plates as ab-
sorber and 2.6mm-thick scintillator plates as the active material. The scintillator is read out
on each side with wavelength-shifting light guides coupledto photomultiplier tubes. It is seg-
mented longitudinally into a front section, seven interaction-lengths deep, and a rear section,
three interaction-lengths deep. The front section is divided vertically into 14 towers, each 5cm
high. Inside the calorimeter at a depth of one interaction length a forward neutron tracker (FNT)
is installed. It is a scintillator hodoscope designed to measure the position of neutron showers.
Each scintillator finger is 16.8cm long, 1.2cm wide and 0.5cmdeep; 17 are used forX position
reconstruction and 15 forY . The position of the FNT hodoscope in the FNC is indicated in
Fig. 16.

The acceptance of the FNC calorimeters is defined by the aperture of the HERA beam
line magnets and is limited to neutron scattering angles ofθn < 0.8 mrad with approximately
30% azimuthal coverage (see Fig. 17). Thus the transverse momenta of neutrons are limited to
pmax

T,n = 0.656 · xL for proton beam energy of 920 GeV. The overall acceptance of the FNC,



taking account of beam-line geometry, inactive material, beam tilt and angular spread, as well
as the angular distribution of the neutrons, is∼20% at lowxl, where thepT,n range covered is
small, but increases monotonically, exceeding 30% at highxL.

    

-10

-5

0

5

10

-10 -5 0 5 10

Fig. 17: The geometrical acceptance of FNC calorimeter defined by the aperture of the HERA beam-line elements.

Physics with Leading Neutrons The main goal of the FNC calorimeters is to measure
the energy and angles of fast neutrons from the reactionep → e′ + X + n (see Fig. 15). The H1
and ZEUS Collaborations provided many results on leading neutron production in DIS, photo-
production, in events containing jets or charm in the final state [32]. The results are successfully
interpreted within the approach that at highxL = En/Ep and lowpT,n the dominant mechanism
of forward neutron production is theπ+-exchange.

An example of the observed neutron energy and the transversemomentum distributions for
the deep-inelastic scattering (DIS) events is shown in Fig.18 and compared with the Monte Carlo
simulation [33]. The distribution is well described by the pion exchange Monte Carlo simulation
(RAPGAP) with some admixture of the standard DIS Monte Carlosimulation (DJANGO).

Based on the assumption that at highxL the leading neutron production is dominated by
the pion exchange mechanism, the measurement of DIS cross sections in events with leading
neutrons can provide an important information about the pion structure. The quark and gluon
distributions of the pion have previously been constrainedusing Drell–Yan data and direct photon
production data obtained byπp scattering experiments and are limited to highx (x > 0.1) values.
Figure 19 showsFLN(3)

2 /Γπ as a function ofβ for fixed values ofQ2. Here,FLN(3)
2 is the

measured semi-inclusive structure function for leading neutron production,Γπ is the integrated
pion flux, andβ = x/(1−xL) is a Bjorken scaling variable for the virtual pion. Thus,F

LN(3)
2 /Γπ

can be interpreted as a pion structure functionF π
2 and can distinguish between the different

parameterisations of the pion structure function (Fig. 19). Moreover, using the measured rate
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Fig. 18: The observed neutron energy spectrum and the transverse momentumpT distribution from the DIS interac-

tions. The data distribution is compared with the Monte Carlo simulation, which is the mixture of RAPGAP with pion

exchange and the DJANGO models.

of leading neutron production in DIS, the total probabilityof p → nπ+ fluctuation in DIS of
16–25% was estimated [34].

In exchange models, neutron absorption can occur through rescattering. Absorption is a
key ingredient in calculations of gap-survival probability in pp interactions at the LHC, critical
in interpreting hard diffractive processes, including central exclusive Higgs production. In the
processes with leading neutron production, due to the rescattering the neutron may migrate to
lower xL and higherpT such that it is outside of the detector acceptance. The rescattering can
also transform the neutron into a charged baryon which may also escape detection. Since the
size of the virtual photon is inversely related toQ2, more neutron rescattering would be expected
for photoproduction (Q2 ≈ 0) than for deep inelastic scattering. The size of then-π system is
inversely proportional to the neutronpT , so rescattering removes neutrons with largepT . Thus
rescattering results in a depletion of highpT neutrons in photoproduction relative to DIS: a viola-
tion of vertex factorization. Figure 20 shows the ratio of thexL distributions for photoproduction
and DIS. In the range0.2 < xL < 0.4, the ratio drops slightly but rises for higherxL values,
exceeding unity forxL > 0.9. The deviation of the ratio from unity is a clear violation ofvertex
factorization. The dashed and solid curves in Fig. 20 are theexpectation for the suppression of
leading neutrons in photoproduction relative to DIS from a model of pion exchange with neu-
tron absorption [35], Within the normalization uncertainty the data are well described by the
absorption model. Also shown in Fig. 20 is another model [36]which employs the optical theo-
rem together with multi-Pomeron exchanges to describe all possible rescattering processes of the
leading hadron, resulting in absorptive effects. With the correction for differentW dependences,
the prediction is close in magnitude to the data.
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models used for cosmic ray analyses. The distributions are normalised to compare the shapes.



Forward Particles at HERA and Cosmic Rays The measurements of forward particles
at HERA may provide valuable information for the physics of ultra-high energy cosmic rays.
Despite the huge difference between the energy ranges accessible in the cosmic rays and the
colliders, we may assume that the hadron production in the proton fragmentation region doesn’t
depend much on the energy and the type of interacting particle. The longitudinal segmentation
of the FNC calorimeters at HERA allows to separate signals from the neutrons from that of
photons, thus the experiments can measure the differentialdistributions ofxL andpT for the
neutrons and the photons. Moreover, the measurements can bemade also for the different proton
beam energies (we recall that the last three months the HERA collider was running at lower
proton beam energies). The cosmic ray models can make predictions for these measurements
and be tuned accordingly.

Comparison of the leading proton and the leading neutron spectra measured at HERA with
the predictions of the models used for cosmic ray analyses are shown in Figs. 21 and 22. Here,
the comparison is made before the detailed tunings of the models. It demonstrates that the HERA
measurements are indeed sensitive to the differences between the models and can be used for the
tuning of model parameters.

To summarise, the HERA experiments provide a wealth of measurements of leading baryon
production. These measurements give an important input foran improved theoretical understand-
ing of the proton fragmentation mechanism. The HERA data on forward particle production can
help to reduce the uncertainty in the model predictions for very high energy cosmic ray air show-
ers.

Forward Particles at LHC At the LHC, the collision energy of protons,
√

s=14 TeV, corre-
sponds to 1017 eV in the laboratory system. So the measurements at the LHC are important to
constrain the interaction models used in the cosmic-ray studies. The LHC is also capable of
colliding different kind of ions. Measurements of ion collisions especially to simulate the in-
teractions between cosmic-rays and atmosphere are also valuable. In the collider experiments,
most of the collision energy flows into the very forward direction that is not covered by the
general purpose detectors like ATLAS and CMS in case of the LHC. Dedicated experiments to
cover these high rapidity region are necessary for the cosmic-ray studies. Fig. 23 shows the en-
ergy flux in 14 TeV collisions as a function of pseudo-rapidity η. Two independent experiments
LHCf, TOTEM, and sub-detectors of the big experiments ZDCs are capable of measuring very
forward particles. Coverage of each experiment in pseudo-rapidity is also indicated in Fig. 23
by arrows. Because each experiment has different capability (charged or neutral particle mea-
surement, hadron or electromagnetic calorimeter, calorimeter or tracker, infinite or finite pseudo-
rapidity coverage, aperture, position/energy resolutions), they provide complementary data for
total understanding of the very forward particles.

LHCf (LHC forward) is an experiment dedicated to solve the cosmic-ray problems [38].
The experiment is a kind of ZDC (Zero Degree Calorimeter) butoptimized to discriminate the
interaction models used in the cosmic-ray studies. In LHC, at 140 m away from IP1 the beam
pipe makes a transition from a common beam pipe facing the IP to two separate beam pipes
joining to the arcs of LHC (the Y vacuum chamber). LHCf has installed two detectors in this
96 mm gap between two pipes at either side of IP1 and will measure the neutral particles of
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η>8.4. Each detector has two sampling calorimeter towers with44X0 made of plastic scintilla-
tors and tungsten. The transverse cross-section of the calorimeters ranges from 20 mm×20 mm
to 40 mm×40 mm. One detector has Scifi and MAPMT, and the other has silicon strip tracker for
position measurements. The detectors can measure the energy and PT distributions of gamma-
rays and neutrons. Small double-tower configuration enables analysis ofπ0 mass reconstruction
by measuring the energies and positions of decayed gamma-ray pairs, consequently the deter-
mination of theπ0 energy spectrum. With the energy resolution better than 5% for gamma-rays
and 30% for hadrons, and position resolution better than 0.2mm, major models used in the CR
studies can be discriminated as shown in Fig. 24. A comparison study considering some recent
models has also predicted large variation from model to model that can be confirmed by the
LHCf measurements [39]. LHCf can also study the Landau-Pomeranchuk-Migdal (LPM) effect
in detail. In the tungsten calorimeter, electromagnetic showers of>TeV energy show>10%
deviation from the non-LPM expectation. LHCf is planning totake data in the early stage of the
LHC commissioning.

TOTEM is an experiment to measure the total cross section in the proton collisions at
IP5 in the LHC [38]. TOTEM measures the numbers of the proton elastic scattering using the
Roman Pot detectors and inelastic scattering using the so-called telescopes surrounding the beam
pipe. The RP detectors also measure the position of the elastically scattered protons to determine
dNel/dt at t=0 extrapolation. Combining these measurements andthe optical theorem, TOTEM
will determine the total cross section with±1 mb error.

ZDCs are the sub detectors of the ATLAS, CMS and ALICE experiments. Except a part
of the ALICE ZDC (ZP), all ZDCs are installed in the place where the beam pipe is separated
into two as was the case of LHCf. The prime motivation of the ZDCs is to determine the energy
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carried by the spectator nucleons in ion collisions. For this purpose, ZDCs have as wide aperture
as possible in the limited volume and as thick material as possible to measure the energy flow of
the nucleons.

In summary, the LHC gives an unprecedented opportunity to constrain the interaction mod-
els used in the cosmic-ray studies. The integration of the data from not only the experiment ded-
icated for the cosmic-ray science (LHCf) but also the others, especially the forward experiments
introduced above is important to constrain the interactionmodels used in the cosmic-ray studies.

3 Neutrino cross section and uncertainties

Predictions of neutrino cross-sections at high energies have sizeable uncertainties which derive
largely from the measurement uncertainties on the parton distribution functions (PDFs) of the
nucleon. In the framework of the quark-parton model, high energy scattering accesses very large
values ofQ2, the invariant mass of the exchanged vector boson, and very small values of Bjorken
x, the fraction of the momentum of the incoming nucleon taken by the struck quark. Thus when
evaluating uncertainties on high energy neutrino cross-sections it is important to use the most
up to date information from the experiments at HERA, which have accessed the lowest-x and
highestQ2 scales to date. The present paper outlines the use of the ZEUS-S global PDF fit
formalism [40], updated to includeall the HERA-I data. Full details are given in [41].

Conventional PDF fits use the Next-to-leading-order (NLO) Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) formalism of QCD to make predictions for deep inelastic scattering
(DIS) cross-sections of leptons on hadrons. At low-x where the gluon density is rising rapidly it
is probably necessary to go beyond the DGLAP formalism in order to resumln(1/x) diagrams,
or even to consider non-linear terms which describe gluon recombination. Such approaches are
beyond the scope of the present discussion, which is concerned with the more modest goal of
estimating the uncertainties on high energy neutrino cross-sections which are compatible with



the conventional NLO DGLAP formalism. As a corollary, if cross-sections much outside the un-
certainty bands presented here are observed, it would be a clear signal of the need for extensions
to conventional formalism.

This work provide an update on the neutrino cross-sections in the literature [42] which
used PDF sets which no longer fit modern data from HERA and anad hoc procedure for esti-
mating PDF uncertainties. There are several improvements on previous work. Firstly, a recent
PDF analysis which includes data from all HERA-I running [40] is used. Secondly, a consistent
approach to PDF uncertainties – both model uncertainties and, more importantly, the uncertain-
ties which derive from the correlated systematic errors of the input data sets is used. Thirdly,
NLO rather than LO calculations are used throughout. Fourthly, a general-mass variable flavour
number scheme [43] is used to treat heavy quark thresholds.

The PDF fit formalism of the published ZEUS-S global PDF analysis [40] is used, but
this fit is updated as follows. First, the range of the calculation has been extended up toQ2 =
1012 GeV2 and down tox = 10−12. Second,all inclusive cross-section data for neutral and
charged current reactions from ZEUS HERA-I running (1994–2000) are included in the fit.
Third, the parametrization is extended from 11 to 13 free parameters, input atQ2

0 = 7 GeV2.

The most significant source of uncertainties on the PDFs comes from the experimental
uncertainties on the input data. The PDFs are presented withfull accounting for uncertainties
from correlated systematic errors (as well as from statistical and uncorrelated sources) using
the conservative OFFSET method. The uncertainty bands should be regarded as68% confidence
limits. The PDF central values and uncertainties from this updated ZEUS-S-13 fit are comparable
to those on the published ZEUS-S fit [40], as well as the most recent fits of the CTEQ [44] and
MRST [45] groups.

Previous work [42] treated heavy quark production by using azero-mass variable flavour
number scheme, with slow-rescaling at theb to t threshold. The exact treatment of theb → t
threshold is not very important for the estimation of high energy neutrino cross-sections since the
contribution of theb is supressed, but the correct treatment of heavy quark thresholds is important
in determining the PDFs for lowerQ2 (. 5000 GeV2) and middlingx (5×10−5 . x . 5×10−2)
and this is a kinematic region of relevance to the present study.

The results of this study show that the PDF uncertainty on theneutrino (and antieutrino)
charged current (CC) cross-sections remains modest (< 15%) even at the highest energies con-
sidered here:s = 1012 GeV2. The reason for this is that the high energy (Eν > 107 GeV)
νN and ν̄N cross-sections are dominated by sea quarks produced by gluon splitting g → qq̄
and, although the PDF uncertainty on the sea quarks is large at low-x and lowQ2, the domi-
nant contributions to the cross-sections donot come from very lowQ2 values. The dominant
contributions come from the kinematic region50 . Q2 . 104 GeV2 (where the exact region
moves up gradually withs). The contribution of higherQ2 (Q2 > M2

W ) is suppressed by the
W -propagator. Furthermore, there is a restriction on the lowest value ofx probed for eachQ2

value due to the kinematic cut-off (y < 1 and sincex = Q2/sy, we must have,x > Q2/s).
This kinematic cut-off ensures that higherQ2 values do not probe very low-x until the neutrino
energies are very high indeed. For example, atEν = 1.9 × 107 GeV, the important range is
10−6 . x . 10−3, while for Eν = 5.3 × 109 GeV, this moves down to10−8 . x . 10−4.
Full details on the PDF uncertainties and the predictions for the neutrino and antineutrino double



Fig. 25: The total CC cross-section at ultra high energies for neutrinos (left) and antineutrinos (right) along with the

±1σ uncertainties (shaded band), compared with the previous calculation by Gandhiet al.

differential cross-sections are given in reference [41].

The total CC cross-sections are obtained by integrating thepredicted double differential
cross-sectionsd2σ/dxdy. These cross-sections are illustrated in Fig. 25 together with their un-
certainties due to the PDFs, including both model uncertainties and the experimental uncertain-
ties of the input data sets. The trend of the PDF uncertainties at high neutrino energy can be
understood by noting that as one moves to higher and higher neutrino energies one also moves
to lower and lowerx where the PDF uncertainties are increasing. At lower neutrino energies
(102 < Eν < 107 GeV) the high-x region becomes important and the neutrino and antineutrino
cross-sections aredifferent due to the valence PDF contribution. The onset of the linear depen-
dence of the cross-section ons for s < M2

W can be seen. The trend of the PDF uncertainties in
the low energy region can be understood as follows: as one moves to lower neutrino energies one
moves out of the very low-x region such that PDF uncertainties decrease. These uncertainties are
smallest at10−2 . x . 10−1, corresponding tos ∼ 105. Moving to yet lower neutrino energies
brings us into the high-x region where PDF uncertainties are larger again.

Figure 25 also compares our CC cross-section to the widely used leading-order calculation
of Gandhiet al [42]. The present results show a less steep rise of the cross-section at high
energies, reflecting the fact that more recent HERA cross-section data display a less dramatic
rise at low-x than the early data.

In conclusion, the charged current neutrino cross-sectionat NLO have been calculated
in the Standard Model using the best available DIS data alongwith a careful estimate of the
associated uncertainties. if cross-sections much outsidethe uncertainty bands presented here are
observed at UHE cosmic neutrino detectors, it would be a clear signal of the need for extensions
to conventional QCD DGLAP formalism.
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