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1 From HERA to LHC and Cosmic Rays

There seem to be two prime motivations for discussing HERA ttaconnection with the future
running at the LHC and the physics of cosmic rays. First o #llRA provides a precise picture
of the structure of the proton, which are the scatteringneast at the LHC. Concerning cosmic
ray physics, the electron-protoap) reactions at HERA can be viewed as collisions of ultra-
high-energy photons - emitted by the electron - with nucheatter. Comparing to the cosmic
ray energy spectrum impinging on the earth’s atmospheeeii#ERA collider provides a photon
beam equivalent to 50 TeV on a stationary proton targetglgibout half way on a logarithmic
scale, at about almost 10eV, between the intensity maximum at 1 GeV and the “ankle’hef t
cosmic ray energy spectrum. Such high energy photon-piafiisions are of utmost importance
for observational astrophysics, in particular for the usthnding of the interactions of ultra-
high-energy cosmic photons with our atmosphere which bssaives as the target in the cosmic
ray experiments.

High energy photon interactions with hadronic matter aneegoed mainly by the strong
interaction, which can be successfully described by quarthromodynamics (QCD) as long
as some “hard scale” of order several GeV is present in thaiogs under study. Owing to
the photon in the initial state, the overall size of the cresstions, however, is small, being
proportional to the square of the fine-structure conséann view of the LHC, the HERA data
give direct information on quantities related to QCD, masportantly the parton distribution
functions (pdfs) within the nucleon, and the running strongplingas, determining the overall
strength of the partonic branching processes. These tjgantamong others, are important
ingredients to the Monte Carlo programs simulating cosaychowers in the atmosphere. There
is, however, another interesting area in cosmic ray rebeartere HERA can provide important
information, namely ultra-high energy neutrino scattgrivhich can be inferred frorp — v X
reactions at HERA. Also here, the neutrino energy accessifdHERA is equivalent to about 50
TeV on a stationary proton target.

In the following we will briefly summarize the data on the tgthotoproduction cross sec-
tion from HERA and present some recent results on inclusigéiering, discussing the extraction
of the parton distribution functions from a combined dateo$¢he two collider experiments H1
and ZEUS. We will then discuss jet final states with emphasihe phase space near the forward
(proton) direction. These data shed light on the partonutiari models and also enable a unique
measurement of the running strong coupling, providing nesight into QCD dynamics at very
low values of the Bjorken variable. We finally mention the relevance of the HERA charged
current cross sections for the expectation of ultra-higbrgy 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 strectur
of hadrons, most importantly of the nucleons, is deep-stiEacattering (DIS) using charged
leptons as probes. The HERA collider at the Deutsches Bledtr-Synchrotron DESY in Ham-
burg has provided the highest available center-of-masgesdfor the collision of electrons and
positrons with protons. HERA has been running from 1992 amiti 2007, accumulating a total
of about 500 pb! for each of the two colliding beam experiments H1 [1] and ZHPIS The
data taking was divided into two phases, separated by awvedsasninosity upgrade program in
the years 2001-2002. As a further benefit of the upgrade, HER®& provided longitudinally
polarized electron and positron beams, giving access sitsentests of the electroweak theory
and allowing to carry out unigue searches for the produatiomew heavy particles. While the
electroweak sector was tested in electron-quark scafgtatian unprecedented level, the hope for
discovering “New Physics” at HERA did not materialize.

Photoproduction at HERA Measuring the total hadronic photoproduction cross sedio
high center-of-mass energies gives access to the asymbpédtavior of cross sections in general.
The energy dependences of the total cross sectiongpfabp, Kp andnp are well described
by Regge theory [3]. Phenomenological fits based on this-pesturbative) theory are success-
fully parameterizing all the hadronic cross sections infthieenergy range (above thechannel
resonance region) using the common form

Otot =A-5°+B-s",

wheres is the square of the center-of-mass energy drahd B are constants. The parameter
describes the weak energy dependence at high eneigies i the “Pomeron intercept”, which
is about 1.09).
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The photon-proton total cross section is measured in theegsap — eyp — e X, where
the initial state electron has radiated a photon, whichég tibsorbed by the proton, producing
a hadronic final stat&. The event kinematics (see fig. 1 for a general lowest ordgnriRan
diagram) is best described in terms of the Lorentz-invansoton virtualityQ?, and the event
inelasticityy, both defined as

Q2 — _q2 — —(k . k/)Z

and

=
(S

y:

s
=



The square of the photon-proton center-of-mass enBrgy.e. the mass squared of the
hadronic systenX, is given by

W2 = (q+p)* = 4E.Epy.

The photon virtuality has a kinematic minimum due to the @émkectron mass:., and is
given by
2 m2y2
min — 1 — y'
The photoproduction cross section is related to the douffierehtial electroproduction
cross section (which is actually observed experimentdifyjhe equivalent photon approxima-
tion [4], which can be written as

dPoP @ 1+ (1 - y)2 21 —y) Qr2nin P 2 2(1 —y) P 2
whereo)” (o) is the cross section for transversely (longitudinallylgpized photon on protons.
Since the virtuality of the photon is small by excluding déeglastic scattering event®f .. ~
0.02 Ge\?), the longitudinal cross section is expected to be smaikgirating ovelQ? gives the

total vp cross section in terms of the single differential cross section:
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The event inelasticity is given by the acceptance of the electron tagging systemsam be
integrated over, so that;’, (W) can be determined. The results of the measurements from
HERA [5, 6] are shown in fig 2, together with the low energy dafaand a phenomenological
Regge fit [8] using hadron data, marked as “DL98". The contyidji of the photoproduction
cross section with the hadronic data supports the universaigy 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 gjaak gluons. At distances small com-
pared to the nucleon radius, or equivalently large momentansferQ? where the strong cou-
pling as is small, perturbative QCD (pQCD) gives an adequate qusivit account of hadronic
processes. The total cross sections, however, are domiibgittong range forces (“soft inter-
actions”), where a satisfactory understanding of QCD stithains a challenge. This is most
importantly so also for all transitions of partons to hadranthe final state (“fragmentation pro-
cess”). In addition, non-perturbative effects govern th8 Kinematics through the momentum
distribution (“parton distribution functions”, or “pdf$’df the initial partons, interacting with the
electrons via photon oZ® exchange (see fig.1). The latter is important only at vergdp?,
i.e. around or beyond the mass of th&. The division between the non-perturbative and the per-
turbative regimes is defined by the factorization scalectvshould be sufficiently large)(few
GeV?) to hope for a convergent perturbative expansion in thengtomupling constanis.
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Fig. 2: Measurements of the total photoproduction crostasee,, for positron-proton scattering from early mea-
surements of H1 [5] and ZEUS [6].

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

o= Zo&,*i(QQ) ® xfi(z, QQ), (1)

where@? is the virtuality of the exchanged boson (here: the virtdabtpn~*), « is the mo-
mentum fraction (Bjorker) of the incoming parton, and,-; is the total virtual photon-parton
cross section. In this expression the factorization theoné QCD [9] has been used, separat-
ing the cross section into a hard scattering part betweemxbleanged virtual photon and the
incoming partori, convoluted with a part (including a non-perturbative cimition) describing
the momentum distribution f;(x, Q?) of partoni within the proton. In eq.(1) one recognizes
the incoherent summing of quark contributions, which igifiesl by the property of asymptotic
freedom. Asymptotic freedom states that the interactiomvéen the partons within the pro-
ton, characterized by the strong coupling constagibecome weak at large? (as — 0 as
Q? — 0). In this way the scattering process of the electron withphtons of the proton can
be treated incoherently.

Figure 1 also indicates the kinematics in the HERA regime.reHe is the square of
the totalep center of mass energy. The four-momentum transfer squafe given by the
scattered electron alone, the Bjorken variablnd the inelasticity (equal to the energy fraction
transferred from the electron to the virtual photon in thet@n rest frame, see above), with



given by
2
xr = Q .
2P-q
Only two of the three quantities in eq. (2) are independdrgy tare related vi&@)? = sxy.
Another interesting quantity is the total magl, of the hadronic final state, given by
s Q(1—x)

Mg =W?=(q+ P) =5 3)

(2)

This relation shows that low reactions correspond, at fixé€#?, to large values ofV’?, i.e. large
invariant masses of the hadronic final state. Due to the higiiding beam energies (protons
at 920 GeV, electrons at 27.6 GeV), HERA provided a largeeasfgexploration forr andQ?,
extending the reach of previous fixed target experiments tmerthan 2 orders of magnitude in
x andQ?.

The double differential cross section fgr scattering is written in terms of structure func-
tions as (see, e.g. [10])
d*c (etp) 2ma? [ 2
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where the functiond’,. are given byY. = 1+ (1 — y)2, and the structure functions, apart from
coupling constants, are combinations of the parton digioh functions. For the case of pure
photon exchange, valid at lo@?, one obtains

B(x,Q%) = ) elxfiz,Q%), (5)

i=u,d,...

where the sum extends over all partons within the proton afgde;. As indicated in fig. 1, all
reactions with neutral boson exchange are called “neutraént (NC)” reactions, those wifly +
exchange (here the final state lepton is a neutrino) aredcallearged current (CC)” reactions.

The non-perturbative parton distribution functiofigz) cannot be calculated from first
principles and have therefore to be parameterized at saartingtscaleQ3. Perturbative QCD
predicts the variation of; with Q?, i.e. f; = fi(x, Q?) via a set of integro-differential evolution
equations, as formulated by Altarelli and Parisi (‘DGLARjuations, see [11]). The predicted
Q? dependence (“scaling violations”) of the structure fumeti,, 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 tran§febetween the incoming and outgoing
leptons, perturbative QCD (pQCD) gives an adequate gatisétaccount of hadronic processes
in DIS. The most “elementary”’observable in electron-pnogoattering is the inclusive DIS cross
section, where basically only the 4-vectors of the scattérpton or the produced hadronic final
state are measured.

Inclusiveep scattering can be divided into two distinct classes: Néatraent (NC) reac-
tions p — eX), and Charged Current (CC) reactiorp (~ v X). In NC reactions, a photon or
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Fig. 3: Measurements of the reduced cross seetidn, Q) for positron-proton scattering, based on the combined
data of H1 and ZEUS [12]. The data show clear evidence foirggalolations, as expected from gluon emission of
the initial quarks participating in the hard scatteringga®s. The scaling violations are very well described by pQCD
NLO fit HERAPDF 0.1 [13]. At lowQ?, the data from some fixed target experiments are also shown.

a Z° is exchanged between the electron and a quark emitted freqréton. The corresponding
double-differential cross sectiaifo /dxdQ?, or the so-called “reduced” cross sectignfactor-
izing out known kinematic terms, can be written in the follogvway (similar expressions also
hold for the CC reactions):

2,09 = (

rQ* d*o (e*p) y? Y_

= Fy— = F, F —uF 6
27ra2Y+> drdQ? Ty b Tyt ©
Here, the three (positive definite) structure functidis F;, andzF; depend both or andQ?,
and contain the (non-perturbative) parton distributiomctions (pdfs). The structure functidn
contains contributions from quarks and antiquarksa((q + ¢)), F. is dominated by the gluon

distribution ¢~ xg), andx F3 is sensitive to the valence quarks {(q — q)).

At low Q? and lowy the structure functionsF3 (from Z° exchange) and’;, (suppressed
by the factory?) can be safely neglected. Residual (small) contributisomfF;, can also be
modeled using pQCD. In this case the structure funchiprtan be extracted at each pointa.of
and@Q? from the “reduced” cross sectien (see eq. (6)). Measurementsogffrom the combined
H1 and ZEUS data [12] are shown in fig. 3. The data, most imptyt¢heir Q? dependence, are
very well described by NLO pQCD.

Figure 4 shows the pdfs resulting from the NLO pQCD fit HERAFRD1 to the com-
bined NC and CC double-differential cross sections fromhdeERA experiments [13]. The
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resulting uncertainties of the pdfs have drastically skrdue to the combination of the HERA
data. It should also be noted that the pdfs for the gluon aedgéa quarks, even at the lowest
values of Bjorkenz, and for all values of)?, keep rising with decreasing. This means that
parton saturation has not been observed within the kinemartige of HERA - assuming that
the parameterisation used in the fits would be flexible endagtilow the observation of such
behaviour.

From fig. 4 one clearly sees that the gluon distribution is idating the lowz behavior
of the DIS cross sections. At low, the structure functio;, can be satisfactorily parameterized
as being proportional ta~*. Figure 5 shows the values of as function ofQ2. One can
observe a clear decrease ofvith decreasing)?, touching the hadron-hadron limit (and also
photoproduction, see the left-most data point) at a photduality around 1 GeV.

A HLRA Fig. 5: Measurements of the slope Bf for deep inelastic

' ‘ scattering as function af)?. To the far left, the photopro-
duction pointe = X is also drawn. .
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Jet Production Collimated bundles of particles (“jets”) are carrying thiedmatic informa-

tion of the partons emerging from DIS reactions at HERA arfteohighpt colliding beam

experiments. The study of jet production is therefore aieadool to test the predictions of
perturbative QCD and to determine the strong coupling e@mtsis over a wide range of)?.

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

© Fig. 6: Feynman diagrams for LO jet production. The up-
q per subgraph is called “QCD Compton”, the lower sub-
g g graph is called “boson-gluon fusion”. Both graphs con-
p tribute to two-jet final states. Events with three jets can be
interpreted as a di-jet process with additional gluon radi-
e 5 ,f ation from one of the involved quark lines, or as a gluon
splitting into a quark-antiquark pair. These processes are
a of order®(ad) (NLO).
P £
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At leading order (LO) ims, di-jet production (see fig. 6) proceeds via the QCD Compton
process{*q — qg) and boson-gluon fusiom{g — ¢g). The cross section for events with
three jets is 0f0(ad). These events can be interpreted as coming from a di-jeepsowith
additional gluon radiation or gluon splitting (see captdifig. 6), bringing the QCD calculation
to next-to-leading order (NLO).

In jet physics, two different “hard” scales can be used tabn&ILO (and higher) cal-
culations: the variabl€), and the transverse enerdy; of the jets. Figure 7 shows the dif-
ferential cross sections for inclusive jet production afhhi)? as measured by the ZEUS Col-
laboration [15], both with respect 19> and Er. The data are compared to NLO calculations,
using the renormalization and factorization scales acatdd in the figure. Both schemes are
able to describe the data very well, indicating the validifythe choice of any of the two hard
scales. Given the experimental and theoretical uncegaiat these large scales, no higher order
(beyond NLO) corrections seem necessary.

Forward Jets All of the analyses regarding the observables mentiondukiptevious chapters
rest on the DGLARY? evolution scheme for the pdfs involved. Potential deviaiobserved a
certain regions of phase space (lemow Q?) are usually attributed to the limited order of the
presently computed QCD matrix elements (LO, NLO, sometiMi£0). Especially for lowx

(= 107%), but sufficiently largeQ? (> a few Ge\?), there has been a vivid debate about the
validity of the DGLAP approach. In this kinematic regime fthdial parton in the proton can
induce a QCD cascade, consisting of several subsequemnpamtissions, before eventually
an interaction with the virtual photon takes place (see fjg.@CD calculations based on the
“direct” interaction between a point-like photon and a parfrom the evolution chain, as given
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by the DGLAP approach, are very successful in describing, the unexpected rise @f, with
decreasing: over a large range i®? [16].

e
% Fig. 8: Schematic diagram ep scattering producing a
Xg : xg; (small forward J.et. The evolution in the Iongltu.dlrllal .momen-
tum fractionz, from largez;e; to smallxg;, is indicated.
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For low values ofr, there is, however, a technical reason to question theityalid the
DGLAP evolution approach: Since it resums only leading Q) terms, the approximation may
become inadequate for very small wherelog(1/z) terms become important in the evolution
equations. In this region the BFKL scheme [17] is expectedetscribe the data better, since in
this scheme terms ilog(1/2) are resummed.

The large phase space available at loygee eq.(3)) makes the production of forward jets
(in the angular region close to the proton direction) a paldirly interesting topic for the study
of parton dynamics, since jets emitted in this region liehaelay in rapidity from the photon
end of the evolution ladder (see fig. 8). Concerning the fotvats there is a clear dynamic
distinction between the DGLAP and BFKL schemes: In the DGIs&Reme, the parton cascade
resulting from hard scattering of the virtual photon withatpn from the proton is ordered in
parton virtuality. This ordering along the parton laddeplii®es an ordering in transverse energy
Er of the partons, so that the parton participating in the haatter has the highe&ir. In the
BFKL scheme there is no strict ordering in virtuality or tsaarse energy. The BFKL evolution
therefore predicts that a larger fraction of lavevents will contain high=r forward jets than is
predicted by the DGLAP evolution.

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



a first example, the single differential cross sectidmgdz from H1 are shown in fig. 9. The data
are compared to LO and NLO QCD calculations [20] (a), andrs¢Wwdonte Carlo models (b and
¢). The NLO calculation in (a) is significantly larger thae thO calculation. This reflects the fact
that the contribution from forward jets in the LO scenari@iieematically suppressed. Although
the NLO contribution opens up the phase space for forwasdgetl considerably improves the
description of the data, it still fails by a factor of 2 at law In fig. 9b the predictions from the
CASCADE Monte Carlo program [21] is shown, which is basedf@n@CFM formalism [22].
The CCFM equations provide a bridge between the DGLAP andlB#sScriptions by resum-
ming bothlog(Q?) andlog(1/z) terms, and are expected to be valid over a wiceange. The
model predicts a somewhat hardespectrum, and fails to describe the data at verydown part
(c) of the figure, the predictions (“RG-DIR”) from the LO M@anCarlo program RAPGAP [23]
is shown, which is supplemented with initial and final staetgn showers generated according
to the DGLAP evolution scheme. This model, which implememiy direct photon interactions,
gives results similar to the NLO calculations from part @)d falls below the data, particularly
at lowz. The description is significantly improved, if contributefrom resolved virtual photon
interactions are included (“RG-DIR+RES”). However, thiretill a discrepancy in the lowest
bin, where a possible BFKL signal would be expected to shownapt prominently. The Color
Dipole Model (CDM) [24], which allows for emissions non-emd in transverse momentum,
shows a behavior similar to RG-DIR+RES.

H1 forward jet data H1 forward jet data H1 forward jet data
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Fig. 9: Single differential cross sections for forward jassfunctions ofc from the H1 experiment [19], compared to

NLO predictions [20] in (a), and QCD Monte Carlo models [28, & (b) and (c). The dashed line in (a) shows the
LO contribution.

For a more detailed study the forward jet sample was dividéal bins ofp? ., and Q?.
The triple differential cross sectioaiﬁa/dmdQ2dp§jet versusz is shown in fig. 10 for several
regions inQ* andp;,.;. In addition, the expectations from the above mentioned Q@idels
are presented. Using the ratio= ptz,jet/Q? various regimes can be distinguished: Eﬁdret <
Q? (r < 1) one expects a DGLAP-like behavior, dominated by direct phanteractions (see
fig. 10 c). Due to the large bin sizes, however, the rangesaan be quite large, so thatin
this bin can assume values up to 1.8 due to admixtures fronltseweithpfd-Ct > Q2. This may
explain why the DGLAP direct model (RG-DIR), although closethe data in this bin than in
any other, does not quite give agreement with the data exatepée highest-bin. In the region



pijot ~ Q%(r ~ 1, see fig. 10 b and f), DGLAP suppresses parton emission, $dBHaL
dynamics may show up. However, the DGLAP resolved model (RB+RES) describes the
data reasonably well.
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Fig. 10: Triple differential cross sections for forward jebduction as function of in bins of Q? andpfyjct, compared
to various Monte Carlo calculations (see text).

The regime ofp7 ., > Q* (r > 1, see fig. 10 d, g and h), is typical for processes where
the virtual photon is resolved, i.e. the incoming partomfrihe proton vertex interacts with a
parton from the photon. As expected, the DGLAP resolved m@Rie-DIR+RES) provides a
good overall description of the data, again similar to theMCidodel. However, it can be noted
that in regions where is largest and: is small, CDM shows a tendency to overshoot the data.
DGLAP direct (RG-DIR), on the other hand, gives cross sesti@hich are too low. Although
the above analysis tries to isolate “BFKL regions” from “D&R regions”, the conclusion on
underlying dynamics cannot be reached, most importantigesthe “BFKL region” ¢ ~ 1)
is apparently heavily contaminated by “DGLAP-type” eveniis addition, the two “different”
evolution approaches, RG-DIR+RES (“DGLAP”") and CDM (“BFKLgive similar predictions.

In a further step, the parton radiation ladder (see fig. 8x&rened in more detail by
looking also at jets in the region of pseudorapidify= — Intan(f/2), between the scattered
electron {.) and the forward jetrf.v)- In this region a “2-jet + forward” sample was selected,



j Fig. 11: Kinematic regions for the event sample “2jets + fa/
(see text). The quarks in the photon-gluon fusion process;ar

v (upper solid line) and- (lower solid line). The rapidity gap between
X Bj Anl q1 andq. is denoted by, the gap betweet, and the forward jet
is denoted byA7..
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requiring at least 2 additional jets, with ;.. > 6 GeV for all three jets, including the forward jet.
In this scenario, evolution with strorig ordering is obviously disfavored. The jets are ordered in
rapidity according t0prw > 7jet2 > Mjet1 > Me- TWO rapidity intervals are defined between the
two additional jets and the forward jet (see fig. 12, = njet2 — Mjer1 IS the rapidity interval
between the two additional jets, adt)y = n¢orw — 7jet2 IS the interval between jet 2 and the
forward jet. If the di-jet system originates from the quarikelcoupling to the photon (see fig. 12),
the phase space for evolution:rnbetween the di-jet system and the forward jet is increased by
requiring thatAn; is small and that\n, is large: RequiringAn; < 1 will favor small invariant
masses of the di-jet system. As a consequengavill be small, leaving the rest for additional
radiation. When, on the other hanfiy; is required to be largen; > 1) BFKL-like evolution
may then occur between the two jets from the di-jet systemloen bothArn; andAn, are small,
between the di-jet system and the hard scattering vertexe tihat the rapidity phase space is
restricted only for the forward jet.
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Fig. 12: Cross section for events with a reconstructed highsverse momentum di-jet system and a forward jet
from the H1 experiment [19], as function &fr, for two regions ofArn;. The data are compared to predictions of
“DGLAP-like (RG-DIR+RES) and “BFKL-like” (CDM) Monte Cad models (see text).

As argued above, this study disfavors evolution with strordgring ink; due to the com-
mon requirement of large; ;.. for the three jets. Radiation which is not ordered:inmay occur
at any location along the evolution chain, depending on #iees ofArn; and An,. Figure 12
show the measured cross sections as functiofwigf for all data, and separated into the two re-
gions of Ay, discussed above. One can see that here the CDM model is inagoeement with



the data in all cases, while the DGLAP models predict cros8ases which are too low, except
when bothAn; and A are large. For this topology all models (and the NLO caleoigtnot
shown) agree with the data, indicating that the availablspltspace for evolution is exhausted.

It is important to realize that the “2+forward jet” samplaléed seems to differentiate
between the CDM and DGLAP resolved models, in contrast tartbee inclusive samples (see
fig. 10). The conclusion is that additional breaking of theordering, beyond what is included
in the resolved photon model, is required by the data, pairttbwards some evidence for BFKL
dynamics. It is, however, not excluded that such effects alsy be described by higher order
DGLAP calculations, which may become available in the feituFurther investigations using
forward particle emission will be discussed below (seeige@).

The Strong Coupling Constant  One of the most important measurements using multi-jet final
states is the determination of the strong coupling constgntAt HERA, this measurement is
particularly interesting, sinces can be determined in a single experiment over a large range of
Q or Ep. Observables which are sensitivedg come from various sources, such as inclusive
jets, jet ratios (number of three jets relative to the nundféwo jets), and event shape variables
(thrust, jet masses, angles between jets etc.). A recergitain of ag determinations [25] from
the two HERA experiments H1 and ZEUS, using various jet oladdes and the HERA | data
set, is shown in fig. 13. An NLO fit to these data yields a comtbwvedue ofas(Mz) = 0.1198+
0.0019(exp.) £ 0.0026(th.). The dominating theoretical error arises from the uncetyaiue to
terms beyond NLO, which is estimated by varying the renoatibn scale by the “canonical”
factors 0.5 and 2. A recent preliminary result obtained ey i1 Collaboration using the full
HERA data set and based on multiple observables in inclusiemulti-jet events displays an
experimental error below 1% [26}ys = 0.1182 + 0.0008(exp) 50031 (th.) £ 0.0018. This
illustrates the potential for a very precise measuremerthefstrong 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 aliba neutrino-nucleon cross section
at ultra-high energies beyord(10 TeV). Such energies can indeed be reached with the HERA
collider, as was discussed in the introduction. Lookindhatdharged current reactiep — v.X
measured at HERA, a cut in the transverse neutrino momenitywm o 25 GeV is necessary for
a clean separation of CC events from the background. Thapstation top; = 0 can be done
within the Standard model, yielding a cross section:A8f on a stationary target of about 200
pb at 50 TeV neutrino energy. Figure 14 shows the measursnfremt fixed target experiments
and the HERA point. Also given are the linear extrapolaticoriesponding td/yy = oo) and
the prediction of the Standard Modelffy: = 80 GeV). As one can see, the neutrino nucleon
cross section shows no anomaly, as could, for example, becteg by electroweak instanton
effects proposed [27] as a source of possible cosmic rajtebeyond the GZK cutoff. While
the evidence for such events has become weaker recentB9R8&e search for instanton effects
at HERA [30] has also been inconclusive so far. More detailshe expectations of neutrino
cross sections at asymptotic energies are presentedrfoelov (see section 3).
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dashed line shows the two loop solution of the renormabragiroup equation, evolving the 2006 world average for
as(Mz). The band denotes the total uncertainty of the prediction.

2 Forward particlesfrom HERAtoLHC

Forward Particles at HERA In ep scattering at HERA, a significant fraction of events con-
tains a low-transverse momentum baryon carrying a largéidraof the incoming proton energy.
Although the production mechanism of these leading bary@nst completely understood, ex-
change models [31] give a reasonable description of the(Bajal5s). In this picture, the incom-
ing proton emits a virtual particle which undergoes the daefastic scattering process with the
incoming beam electron.

To measure the very forward particles, both the H1 and theZExperiments have been
equipped with the Forward Proton Spectrometers (LPS, FES/&RPS) and the Forward Neu-
tron Calorimeters (FNC). The Forward Proton Spectromedegsseveral Roman Pot detectors
placed at different positions along the beamline in theatiive of proton beam, between 24 and
220 m from the interaction point. They measure the energynamaentum of the protons which
are scattered through the very small angles and keep a momdrdction of the initial proton
between 0.4 and 1.

The Forward Neutron Calorimeters were installed at 0° and at 106 m from the inter-
action point in the proton beam direction. These are leatibator sandwich calorimeters with
energy resolution(E)/E = 70%/+/E for the ZEUS-FNC and(E)/E = 63.4%/VE @ 3%
for the H1-FNC. The size and weight of the FNC are defined bgtlaee available in the HERA
tunnel. The detectors are about 2m long witlT0 x 70 cm? 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). Ihststs of the Main Calorime-
ter and the Preshower. In addition, two layers of veto cosrgguated at the distance of 2m in
front of Preshower are used to veto charged particles. ThehBwer is~ 40cm ( 1.5))
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Fig. 14: Measurement of the neutrino nucleon total crosésemferred from the HERA charged current data (full
circle), and various fixed target neutrino experimentsqses).

long lead-scintillator sandwich calorimeter, it is pladedront of the Main Calorimeter. The
electromagnetic showers completely develop in Preshomigle the hadronic showers leave in
Preshower-40% of their energy (electromagnetic component). So thé&ipogesolution for
the showers started in Preshower are defined by the eledrmti@a component of the shower.
Constructively the Preshower consists of two sections: elbetromagnetic and the hadronic
ones, each of them is composed of 12 planes. The transveesefdihe scintillating plates is
26x26 cm?. Each scintillating plate has 45 grooves where 1.2mm waggteshifters are glued
in. In order to obtain a good spatial resolution, the origotaof fibres is changed in turn from
horizontal to vertical for alternating planes. On eachelhie fibres are combined by five into
nine strips. Longitudinally the strips are combined in 9ticat and 9 horizontal towers. The
energy resolution for electromagnetic showers-i20%/+/FE [GeV] and the spatial resolution
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Fig. 15: (left) HERAep scattering event with the final state baryon in the protogrfrantation system, (right) Leading
baryon production via an exchange process.
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Fig. 16: General view of the H1-FNC calorimeter (left) andZ&FNC calorimeter (right).

is ~2mm. Apart from improvement of the energy and position netsah the Preshower provides
efficient separation of electromagnetic and hadronic shavkhe Main Calorimeter of H1I-FNC
is a sandwich-type calorimeter consisting of four identgzctions with transverse dimensions
60x60cm? and length of 51.5 cm. Each section consists of 25 lead abisphites 14 mm-thick,
and 25 active boards with 3 mm scintillators. Each activerdhé@made of 8 scintillating tiles
with the transverse size of 2020 cm or 20x26 cm. The 25 tiles of one section with the same
transverse position form a “tower”. All together there aBet@wers in all four sections. In the
top part of the calorimeter there is a opening for the proteanh vacuum pipe which is going
through the calorimeter as seen from Fig. 16. The total ken§the Main FNC calorimeter is
206.5 cm.

The structure of the ZEUS-FNC calorimeter is shown in Fidrigt). It is a finely seg-
mented, compensating, sampling calorimeter with 134 tagéd.25cm-thick lead plates as ab-
sorber and 2.6mm-thick scintillator plates as the activéen®. The scintillator is read out
on each side with wavelength-shifting light guides cougleghotomultiplier tubes. It is seg-
mented longitudinally into a front section, seven intad@eiengths deep, and a rear section,
three interaction-lengths deep. The front section is ddidertically into 14 towers, each 5cm
high. Inside the calorimeter at a depth of one interactiogtle a forward neutron tracker (FNT)
is installed. It is a scintillator hodoscope designed to sneathe position of neutron showers.
Each scintillator finger is 16.8cm long, 1.2cm wide and 0.5t@ap; 17 are used foY position
reconstruction and 15 foY. The position of the FNT hodoscope in the FNC is indicated in
Fig. 16.

The acceptance of the FNC calorimeters is defined by theuapeof the HERA beam
line magnets and is limited to neutron scattering angle&,of 0.8 mrad with approximately
30% azimuthal coverage (see Fig. 17). Thus the transverseemta of neutrons are limited to
pra = 0.656 - for proton beam energy of 920 GeV. The overall acceptancéeNC,



taking account of beam-line geometry, inactive materiahrb tilt and angular spread, as well
as the angular distribution of the neutrons~i80% at lowz;, where thepr,, range covered is
small, but increases monotonically, exceeding 30% at high
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Fig. 17: The geometrical acceptance of FNC calorimeter ddfoy 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 reaefpior ¢’ + X + n (see Fig. 15). The H1
and ZEUS Collaborations provided many results on leadindraoe production in DIS, photo-
production, in events containing jets or charm in the finallesf32]. The results are successfully
interpreted within the approach that at high = E,,/E, and lowpr, the dominant mechanism
of forward neutron production is the™-exchange.

An example of the observed neutron energy and the transresentum distributions for
the deep-inelastic scattering (DIS) events is shown inEgnd compared with the Monte Carlo
simulation [33]. The distribution is well described by thempexchange Monte Carlo simulation
(RAPGAP) with some admixture of the standard DIS Monte Csinaulation (DJANGO).

Based on the assumption that at highthe leading neutron production is dominated by
the pion exchange mechanism, the measurement of DIS crosnsein events with leading
neutrons can provide an important information about the gimucture. The quark and gluon
distributions of the pion have previously been constraumgdg Drell-Yan data and direct photon
production data obtained byp scattering experiments and are limited to higlx > 0.1) values.
Figure 19 shows‘WQLN(?’)/F,T as a function of3 for fixed values ofQ?. Here,FZLN(g) is the
measured semi-inclusive structure function for leadingtmos production], is the integrated
pion flux, and3 = z/(1—x,) is a Bjorken scaling variable for the virtual pion. Th|li§L,N(3)/1“7r
can be interpreted as a pion structure functich and can distinguish between the different
parameterisations of the pion structure function (Fig. Ipreover, using the measured rate
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Fig. 18: The observed neutron energy spectrum and the gesswmomentum distribution from the DIS interac-
tions. The data distribution is compared with the Monte €ainulation, which is the mixture of RAPGAP with pion
exchange and the DJANGO models.

of leading neutron production in DIS, the total probabiliti/p — nz* fluctuation in DIS of
16-25% was estimated [34].

In exchange models, neutron absorption can occur througgattering. Absorption is a
key ingredient in calculations of gap-survival probabiiih pp interactions at the LHC, critical
in interpreting hard diffractive processes, including tecanexclusive Higgs production. In the
processes with leading neutron production, due to the ttesitey the neutron may migrate to
lower 7, and higher such that it is outside of the detector acceptance. Thettedog can
also transform the neutron into a charged baryon which mey escape detection. Since the
size of the virtual photon is inversely related@, more neutron rescattering would be expected
for photoproduction @2 = 0) than for deep inelastic scattering. The size ofthe system is
inversely proportional to the neutrgn-, so rescattering removes neutrons with lapge Thus
rescattering results in a depletion of high neutrons in photoproduction relative to DIS: a viola-
tion of vertex factorization. Figure 20 shows the ratio @t distributions for photoproduction
and DIS. In the rang@.2 < z; < 0.4, the ratio drops slightly but rises for highey, values,
exceeding unity for:;, > 0.9. The deviation of the ratio from unity is a clear violationvafrtex
factorization. The dashed and solid curves in Fig. 20 areexipectation for the suppression of
leading neutrons in photoproduction relative to DIS from edel of pion exchange with neu-
tron absorption [35], Within the normalization uncertgirthe data are well described by the
absorption model. Also shown in Fig. 20 is another model {86ich employs the optical theo-
rem together with multi-Pomeron exchanges to describeoaliple rescattering processes of the
leading hadron, resulting in absorptive effects. With tberection for differenti’” dependences,
the prediction is close in magnitude to the data.
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Fig. 20: Ratio of photoproduction and DS, distributions, compared to the different rescattering et®dsee text)
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Forward Particlesat HERA and Cosmic Rays The measurements of forward particles
at HERA may provide valuable information for the physics tfathigh energy cosmic rays.
Despite the huge difference between the energy rangess#ldees the cosmic rays and the
colliders, we may assume that the hadron production in tbeprfragmentation region doesn’t
depend much on the energy and the type of interacting partidhe longitudinal segmentation
of the FNC calorimeters at HERA allows to separate signamfthe neutrons from that of
photons, thus the experiments can measure the differafisiilbutions ofx; and py for the
neutrons and the photons. Moreover, the measurements ecaadeealso for the different proton
beam energies (we recall that the last three months the HERfler was running at lower
proton beam energies). The cosmic ray models can make poedidor these measurements
and be tuned accordingly.

Comparison of the leading proton and the leading neutroctispmeasured at HERA with
the predictions of the models used for cosmic ray analysestawn in Figs. 21 and 22. Here,
the comparison is made before the detailed tunings of theelaoll demonstrates that the HERA
measurements are indeed sensitive to the differences &etive models and can be used for the
tuning of model parameters.

To summarise, the HERA experiments provide a wealth of nreasents of leading baryon
production. These measurements give an important inparfonproved theoretical understand-
ing of the proton fragmentation mechanism. The HERA dateoondrd particle production can
help to reduce the uncertainty in the model predictions &y high energy cosmic ray air show-
ers.

Forward Particlesat LHC At the LHC, the collision energy of protong/s=14 TeV, corre-
sponds to 1Y eV in the laboratory system. So the measurements at the LEl@rgoortant to
constrain the interaction models used in the cosmic-raglietu The LHC is also capable of
colliding different kind of ions. Measurements of ion csitins especially to simulate the in-
teractions between cosmic-rays and atmosphere are alsablal In the collider experiments,
most of the collision energy flows into the very forward dtrex that is not covered by the
general purpose detectors like ATLAS and CMS in case of th€ LBledicated experiments to
cover these high rapidity region are necessary for the ansayi studies. Fig. 23 shows the en-
ergy flux in 14 TeV collisions as a function of pseudo-rapidjt Two independent experiments
LHCf, TOTEM, and sub-detectors of the big experiments ZDfescapable of measuring very
forward particles. Coverage of each experiment in pseagdaity is also indicated in Fig. 23
by arrows. Because each experiment has different capaftliarged or neutral particle mea-
surement, hadron or electromagnetic calorimeter, caktgmor tracker, infinite or finite pseudo-
rapidity coverage, aperture, position/energy resolglipthey provide complementary data for
total understanding of the very forward particles.

LHCf (LHC forward) is an experiment dedicated to solve them-ray problems [38].
The experiment is a kind of ZDC (Zero Degree Calorimeter)dpitmized to discriminate the
interaction models used in the cosmic-ray studies. In LHQ48 m away from IP1 the beam
pipe makes a transition from a common beam pipe facing the fvd separate beam pipes
joining to the arcs of LHC (the Y vacuum chamber). LHCf hadatied two detectors in this
96 mm gap between two pipes at either side of IP1 and will nteathe neutral particles of
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1n>8.4. Each detector has two sampling calorimeter towers #4thi; made of plastic scintilla-
tors and tungsten. The transverse cross-section of thernaters ranges from 20 mxe20 mm

to 40 mmx40 mm. One detector has Scifi and MAPMT, and the other hassiltrip tracker for
position measurements. The detectors can measure theyemetd- distributions of gamma-
rays and neutrons. Small double-tower configuration esadnalysis ofrf® mass reconstruction
by measuring the energies and positions of decayed gamynaaies, consequently the deter-
mination of ther® energy spectrum. With the energy resolution better thand&gdmma-rays
and 30% for hadrons, and position resolution better tham®2 major models used in the CR
studies can be discriminated as shown in Fig. 24. A compassady considering some recent
models has also predicted large variation from model to intsdg can be confirmed by the
LHCf measurements [39]. LHCf can also study the Landau-Panuhuk-Migdal (LPM) effect
in detail. In the tungsten calorimeter, electromagnetionsdrs of >TeV energy show>10%
deviation from the non-LPM expectation. LHCf is planningd&e data in the early stage of the
LHC commissioning.

TOTEM is an experiment to measure the total cross sectiohenptoton collisions at
IP5 in the LHC [38]. TOTEM measures the numbers of the profastie scattering using the
Roman Pot detectors and inelastic scattering using thalteddelescopes surrounding the beam
pipe. The RP detectors also measure the position of thecalygscattered protons to determine
dN.;/dt at t=0 extrapolation. Combining these measurementgtandptical theorem, TOTEM
will determine the total cross section wittil mb error.

ZDCs are the sub detectors of the ATLAS, CMS and ALICE experits. Except a part

of the ALICE zZDC (ZP), all ZDCs are installed in the place widne beam pipe is separated
into two as was the case of LHCf. The prime motivation of theC&Ds to determine the energy
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Fig. 24: Energy spectra of singterays andr®'s expected in the LHCf measurement using different intéwac
models.

carried by the spectator nucleons in ion collisions. Fa thirpose, ZDCs have as wide aperture
as possible in the limited volume and as thick material asiptesto measure the energy flow of
the nucleons.

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

3 Neutrino cross section and uncertainties

Predictions of neutrino cross-sections at high energige bzeable uncertainties which derive
largely from the measurement uncertainties on the partsinilalition functions (PDFs) of the
nucleon. In the framework of the quark-parton model, higérgy scattering accesses very large
values ofQ?, the invariant mass of the exchanged vector boson, and wealy galues of Bjorken

x, the fraction of the momentum of the incoming nucleon takethle struck quark. Thus when
evaluating uncertainties on high energy neutrino crosieses it is important to use the most
up to date information from the experiments at HERA, whickiehaccessed the lowestand
highestQ? scales to date. The present paper outlines the use of the B=g8bal PDF fit
formalism [40], updated to includal the HERA-I data. Full details are given in [41].

Conventional PDF fits use the Next-to-leading-order (NL@kEhitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) formalism of QCD to make prediotis for deep inelastic scattering
(DIS) cross-sections of leptons on hadrons. At lowhere the gluon density is rising rapidly it
is probably necessary to go beyond the DGLAP formalism ireotd resumin(1/x) diagrams,
or even to consider non-linear terms which describe glucomdbination. Such approaches are
beyond the scope of the present discussion, which is coademith the more modest goal of
estimating the uncertainties on high energy neutrino esestions which are compatible with



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

This work provide an update on the neutrino cross-sectinrtbe literature [42] which
used PDF sets which no longer fit modern data from HERA andddmoc procedure for esti-
mating PDF uncertainties. There are several improvemaniz@vious work. Firstly, a recent
PDF analysis which includes data from all HERA-I running][#0used. Secondly, a consistent
approach to PDF uncertainties — both model uncertaintidsranre importantly, the uncertain-
ties which derive from the correlated systematic errorshefinput data sets is used. Thirdly,
NLO rather than LO calculations are used throughout. Foyrdéhgeneral-mass variable flavour
number scheme [43] is used to treat heavy quark thresholds.

The PDF fit formalism of the published ZEUS-S global PDF asialj40] is used, but
this fit is updated as follows. First, the range of the cakimahas been extended up @ =
10'2 Ge\2 and down tor = 10~!2. Secondall inclusive cross-section data for neutral and
charged current reactions from ZEUS HERA-I running (19906 are included in the fit.
Third, the parametrization is extended from 11 to 13 freaupeters, input af? = 7 Ge\~.

The most significant source of uncertainties on the PDFs sdnoen the experimental
uncertainties on the input data. The PDFs are presentedfulitaccounting for uncertainties
from correlated systematic errors (as well as from statistand uncorrelated sources) using
the conservative OFFSET method. The uncertainty bandddsbeuegarded a58% confidence
limits. The PDF central values and uncertainties from tpdated ZEUS-S-13 fit are comparable
to those on the published ZEUS-S fit [40], as well as the masinefits of the CTEQ [44] and
MRST [45] groups.

Previous work [42] treated heavy quark production by usizgr@-mass variable flavour
number scheme, with slow-rescaling at thio ¢ threshold. The exact treatment of the— ¢
threshold is not very important for the estimation of higlemgy neutrino cross-sections since the
contribution of the is supressed, but the correct treatment of heavy quarkibligssis important
in determining the PDFs for low&p? (< 5000 GeV?) and middlingz (5x107° < 2 < 5x1072)
and this is a kinematic region of relevance to the presentystu

The results of this study show that the PDF uncertainty omthérino (and antieutrino)
charged current (CC) cross-sections remains modedt(s) even at the highest energies con-
sidered here:s = 10'?2 GeV2. The reason for this is that the high energy, (> 10" GeV)
vN andvN cross-sections are dominated by sea quarks produced by ghlitting g — ¢¢
and, although the PDF uncertainty on the sea quarks is ldrtgsvar and low Q?, the domi-
nant contributions to the cross-sectionsraib come from very lowmQ? values. The dominant
contributions come from the kinematic regioh < @? < 10* GeV? (where the exact region
moves up gradually wits). The contribution of highe? (Q* > MI?V) is suppressed by the
W -propagator. Furthermore, there is a restriction on theetwalue ofr probed for each)?
value due to the kinematic cut-off (< 1 and sincer = Q?/sy, we must havez > Q?/s).
This kinematic cut-off ensures that high@? values do not probe very low-until the neutrino
energies are very high indeed. For exampleFat= 1.9 x 107 GeV, the important range is
1076 < z < 1073, while for E, = 5.3 x 10? GeV, this moves down ta0=% < z < 1074,
Full details on the PDF uncertainties and the predictionshf® neutrino and antineutrino double
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Fig. 25: The total CC cross-section at ultra high energienéutrinos (left) and antineutrinos (right) along with the
+10 uncertainties (shaded band), compared with the previduslation by Gandhét al.

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

The total CC cross-sections are obtained by integratingotdicted double differential
cross-sectiond?s /dxdy. These cross-sections are illustrated in Fig. 25 togetlitbr their un-
certainties due to the PDFs, including both model uncdrésrand the experimental uncertain-
ties of the input data sets. The trend of the PDF uncertairdtehigh neutrino energy can be
understood by noting that as one moves to higher and highgrime energies one also moves
to lower and lowerr where the PDF uncertainties are increasing. At lower nautenergies
(102 < E, < 107 GeV) the highs region becomes important and the neutrino and antineutrino
cross-sections ardifferent due to the valence PDF contribution. The onset of the lineped-
dence of the cross-section erfor s < ME, can be seen. The trend of the PDF uncertainties in
the low energy region can be understood as follows: as onesrtoMower neutrino energies one
moves out of the very low-region such that PDF uncertainties decrease. These uintiegare
smallest al0~2 < 2 < 1071, corresponding te ~ 10°. Moving to yet lower neutrino energies
brings us into the high:region where PDF uncertainties are larger again.

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

In conclusion, the charged current neutrino cross-se@ioNLO have been calculated
in the Standard Model using the best available DIS data alaitiy a careful estimate of the
associated uncertainties. if cross-sections much outisedancertainty bands presented here are
observed at UHE cosmic neutrino detectors, it would be a sigaal of the need for extensions
to conventional QCD DGLAP formalism.
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