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I review the aspects of small-x dynamics that can be addressed at the proposed Large Hadron-
electron Collider (LHeC) at CERN, both in lepton-proton and in lepton-nucleus collisions. After
an introduction, I discuss some selected results illustrating the capabilities of such machine to pro-
vide information on structure functions, inclusive and exclusive diffraction, and other observables
of interest for constraining the high-energy dynamics of QCD. I focus on inclusive observables
and on the capabilities with nuclear targets.
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1. Introduction

Inclusive and diffractive data at small-x from HERA and fixed-target experiments, can be
described by different realizations of evolution equations within perturbative QCD: fixed-order
perturbation theory (DGLAP), resummation schemes (BFKL/CCFM/CCSS/ABF) and non-linear
evolution (BK). Unitarity of QCD as a quantum field theory implies that non-linear phenomena
are unavoidable and saturation of partonic densities is expected to occur at high energies or small
Bjorken-x, see Fig. 1. The Color Glass Condensate offers a non-perturbative but weak coupling
realization of saturation ideas, by considering the slow modes as classical and allowing perturbative
emissions from the fast partons, which leads via a renormalization group procedure to non-linear
evolution equations, see [1] and references therein. The present discussion lies on the possibilities
offered by existing data to distinguish among the different available schemes.
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Figure 1: Illustration of the saturation ideas. The hadron is moving very fast to the right, and its wave
function contains many partonic components. Apart from fast moving components it includes also slow
moving partons which are characterized by the small fraction of its longitudinal momentum x. The photon
with virtuality Q2 is moving to the left and it constitutes a probe of the hadron wave function.

The Large Hadron-electron Collider (LHeC, [2, 3]) is an electron-proton/ion collider currently
under design at CERN, which will collide 50÷ 150 GeV e± against the LHC beams, with a goal
luminosity 1033 cm−2s−1. Besides precision QCD and electro-weak studies, and searches for new
physics, this machine should allow an unambiguous access to the novel regime of QCD in which
unitarity constraints are at work - the dense region shown in Fig. 2. With the transition between the
dilute region and the new phase being a density effect, a two-pronged approach will be pursued:
either increasing x at fixed mass number A and Q2, or increasing A at fixed x and Q2.

From a more practical point of view, our knowledge of the gluon distribution at small x both
in proton and nuclei does not suffice for the required precision in predictions within collinear
factorization at hadron colliders. Besides, in the eA case and in the semihard region for particle
production, collinear factorization is not expected to work and other factorization schemes have
been proposed. Both aspects are of great importance for the study hadronic and nuclear collisions.

In this contribution I will review some aspects of small-x physics which can be addressed with
the LHeC. Due to the limited space, I will focus on the possibilities with nuclear targets, and on
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Figure 2: Sketch of the access to the dense partonic region where unitarity effects are essential, from the
dilute one where linear evolution is valid. See the text for explanations.

inclusive observables. More information can be found in [3, 4], and in related work concerning the
proposed Electron-Ion Collider at the US [5, 6].
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Figure 3: Region of the Q2-x plane that will be explored with the LHeC in ep (left, red lines) and ePb
(right, green lines), compared to those achievable at HERA (black lines on the left plot) and existing eA
experiments (shaded region on the right plot). The lines have been drawn for a 1-179 degree acceptance. An
estimation of the saturation scale indicating the dilute-dense transition in both cases is shown (pink lines).

2. Inclusive observables

The LHeC will give access to a completely new region of the Q2-x plane, see Fig. 3. With this
huge kinematical lever arm and the possibility to measure not only F2 but also its flavor decompo-
sition and FL (see Figs. 4 and 5 for examples of LHeC pseudodata on nuclear ratios of F2, FL and
F2c), the LHeC offers huge possibilities for:
• Constraining the parton densities in DGLAP analysis, both in ep (see Rojo in [3]) and eA (see [4]
and Fig. 6). For this purpose, the combination of F2, FL and F2c,b appears to be very promising. As
shown in Fig. 4 for F2 and FL in the nuclear case, the expected uncertainty of data is much smaller
than the spread of existing models.
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Figure 4: Predictions from different models [7] for the nuclear ratio RPb
Fi

= FPb
i /(208Fp

i ), i = 2,L, at small
x, see the legend on the plots. Circles with error bars are LHeC pseudodata.

• Disentangling fixed-order evolution schemes from resummation or non-linear ones, see [8]. For
this purpose, the combination of data on F2 and FL is required.

Figure 5: LHeC pseudodata for the nuclear ratio RPb
F2c

= FPb
2c /(208Fp

2c) at small x.

Work on including flavor decomposition in DGLAP analysis of ep LHeC pseudodata, and FL

and flavor decomposition in eA, is under progress. Note that the nuclear effects on FL at small x are
unknown, which makes the extraction of F2 at the smallest x problematic in the nuclear case [9].

3. Diffractive observables

On diffraction in ep collisions [3, 4], the LHeC will explore a new domain of very low β (e.g.
down to a few times 10−4 for Q2 ∼ 4 GeV2 at xP = 0.003, two orders of magnitude smaller than at
HERA; see Fig. 7). Several aspects can be highlighted:
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Figure 6: Ratio of parton densities in a bound proton in Pb over those in a free proton, for valence u (left),
ū (middle) and g (right), at Q2 = 1.69 (top) and 100 (bottom) GeV2. Results from [7] (nDS, black dashed;
HKN07, green solid; EPS09, red dotted; and FGS10, blue dashed-dotted - in this case the lowest Q2 is 4
GeV2 and two lines are drawn reflecting the uncertainty in the predictions) are shown. The red band indicates
in each case the uncertainties in the EPS09 analysis.

• It will give access with enough statistics to diffractive masses as large as 200 GeV, see Fig. 8,
providing data to check models describing the transition from low to high masses, and to improve
the determination of diffractive parton densities in DGLAP analysis.
• For elastic vector meson production or DVCS, a huge lever arm in W will be explored (e.g. upto
≈ 1.2 TeV for Ee = 50 GeV) with enough precision to disentangle linear evolution schemes from
non-linear ones. The differential spectrum in t will also be accessible up to t ∼−2 GeV2.
• Gribov’s relation between diffraction in ep and nuclear shadowing will be checked in a single
experimental setup (see e.g. the FGS10 and AKST models in [7] and Fig. 4).

In eA, the perspectives for the reach in kinematics are very similar to those in ep - with the
difference that for nuclei information on diffraction at small x (see Armesto in [3]) does not exist
at all. The experimental challenge in separating inclusive diffraction (e + A→ e + X + X ′ with a
rapidity gap) from coherent (e+A→ e+X +A) and incoherent (e+A→ e+X +Zp+[A−Z]n)
is under study.

4. Final states

Besides the study of jets for the determination of αs (see Behnke in [3]), the LHeC will offer
huge possibilities for:
• Clarifying the dynamics of hadronization, through testing the parton/hadron energy loss mecha-
nism in SIDIS by introducing a piece of colored material - the nucleus - which would modify its
pattern (length/nuclear size, chemical composition; see Brooks in [6]). Energies as high as 105
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Figure 7: Kinematic range of LHeC in Q2 and β for different electron energies Ee = 20,50,150 GeV. Left
plot: xP = 0.01, right plot: xP = 0.0001. 1o acceptance of the detector is assumed.

•  5-10% data, depending on detector 
•  DPDFs / fac’n in much bigger range 
•  Enhanced parton satn sensitivity? 
•  Exclusive production of any 1– state 
with Mx up to ~ 250 GeV 

 ! X including W, Z, b, exotics? 
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PN] 

1o acceptance,  
2 fb-1 

Figure 8: Diffractive event yield versus the mass of the diffractive state: comparison between HERA and
the LHeC.

GeV in the rest frame of the nucleus will be accessible and the transition from low to high energies
(with hadronization expected to occur inside or outside the nucleus respectively) could be studied.
• Establishing the dynamics of QCD radiation though the measurement of forward jets in DIS (see
Kutak in [3]).

As an example of the abundant yield of high-energy probes of the nuclear medium, the inclu-
sive jet rates in photoproduction have been computed using the code in [10], for an electron beam
of 50 GeV colliding with the LHC beams, and assuming in the nuclear case the same integrated lu-
minosity per nucleon of 2 fb−1 as for ep. Only jets with ET jet > 20 GeV are considered, and for the
distribution in ET jet the pseudorapidity acceptance is |η jet |< 3.1, corresponding to 5o < θ jet < 175o

angular acceptance. The choices in the code are: (i) For the Weizsäcker-Williams distribution of the
electron, the standard option in [10]; (ii) For the photon parton densities, GRV-HO [11]; (iii) For
the proton parton densities, CTEQ6.1M [12]; (iv) For the nuclear modification of nucleon parton
densities, EPS09 [7]; (v) For the renormalization and factorization scales, µR = µF = ∑ jets ET jet/2;
and (vi) For the jet definition algorithm, inclusive kT [13] with D = 1. The statistical uncertainty
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in the computation (i.e. in the Monte Carlo integration) is smaller than 10 % for all shown re-
sults, being usually much smaller and only of that order for the largest ET jet . No attempt has been
done to estimate the uncertainties due to different choices of Weizsäcker-Williams distribution of
photons in the electron, photon or proton parton densities, scales or jet definitions (see [14, 15] for
such considerations at HERA). Nor the eventual problems of background subtraction, experimental
efficiencies in jet reconstruction or energy calibration, have been addressed. The only studied un-
certainty studied is that due to the uncertainties in the nuclear parton densities, extracted in EPS09
[7] using the Hessian method, see that reference for details.

The results are shown in Fig. 9. The main observations to be done are: (a) Rates around 103

jets per GeV are expected with ET jet ∼ 95 (80) GeV in ep (ePb), for |η jet |< 3.1 and the considered
integrated luminosity of 2 fb−1 per nucleon; (b) The effects of the nuclear modification of parton
densities and their uncertainties are smaller than 10 %; and (c) The two-peak structure in the η jet-
plot results from the sum of the direct plus resolved contributions, each of them with a single
maximum but located in opposite hemispheres: positive η jet (photon side) for direct, negative η jet

(nucleon side) for resolved.
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Figure 9: Results for the inclusive jet distribution in photoproduction versus ET jet (plot on the left) and η jet

(plot on the right) for e(50)+p(7000) (blue lines), e(50)+Pb(2750) without nuclear modification of parton
densities (black lines), and e(50)+Pb(2750) with EPS09 nuclear modification of parton densities (red lines
for the central value and bands for the uncertainty coming from the nuclear modification of parton densities).
See the text and the legends on the plots for information about choices in the calculation and kinematical
cuts. In both plots, the axis on the left corresponds to the cross section in µb, while the axis on the right
provides the number of jets to be observed for an integrated luminosity of 2 fb−1 per nucleon, per unit of
ET jet (η jet ) in the plot on the left (right).

Finally, studies of hadronic final states through Monte Carlo simulation using DPMJET-III
[16] for the purpose of detector design, are under way [3].
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Summarizing, I have presented some of the observables and opportunities at small x, whose
measurement at the LHeC will offer most valuable information to clarify the high-energy behavior
of the strong interaction. Work on all these aspects is in progress, with the aim of producing a
Conceptual Design Report before the end of 2010.
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