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Abstra
tThe physi
s, and a design, of a Large Hadron Ele
tron Collider (LHeC)are sket
hed. With high luminosity, 1033
m�2s�1, and high energy, ps =1:4TeV, su
h a 
ollider 
an be built in whi
h a 70GeV ele
tron (positron)beam in the LHC tunnel is in 
ollision with one of the LHC hadron beamsand whi
h operates simultaneously with the LHC. The LHeC makes pos-sible deep-inelasti
 lepton-hadron (ep, eD and eA) s
attering for momen-tum transfers Q2 beyond 106GeV2 and for Bjorken x down to the 10�6.New sensitivity to the existen
e of new states of matter, primarily in thelepton-quark se
tor and in dense partoni
 systems, is a
hieved. The pre
i-sion possible with an ele
tron-hadron experiment brings in addition 
ru
iala

ura
y in the determination of hadron stru
ture, as des
ribed in Quan-tum Chromodynami
s, and of parton dynami
s at the TeV energy s
ale.The LHeC thus 
omplements the proton-proton and ion programmes, addssubstantial new dis
overy potential to them, and is important for a fullunderstanding of physi
s in the LHC energy range.



1 Introdu
tionDeep-inelasti
 lepton-hadron s
attering (DIS) has long been [1, 2, 3, 4℄ the most a

u-rate means of exploring the substru
ture of matter at short distan
es. Nowadays, su
hphysi
s is 
on
erned with ele
tron-quark intera
tions at the highest possible energy andmomentum transfer. An ep 
ollider allows new states 
oupling to leptons and quarksto be produ
ed and their quantum numbers to be determined. It is also 
on
erned withthe exploration of new forms of hadroni
 matter, whi
h may be manifest in very highparton densities at very low Bjorken-x. With an ep 
ollider the parton dynami
s andthe momentum distributions of quarks and gluons, whi
h are 
ru
ial for the dis
overyand interpretation of new physi
s, are most a

urately determined.

x

Q
2  / 

G
eV

2

LHeC

HERA Experiments:

ZEUS

H1

Fixed Target Experiments:

NMC

BCDMS

E665

SLAC

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1Figure 1: Kinemati
 regions in Bjorken-x and momentum transfers Q2 
overed by �xedtarget unpolarised lepton-proton s
attering experiments, the H1 and ZEUS experimentsat HERA and the proposed ele
tron-proton 
ollider LHeC.The Large Hadron Collider (LHC) will explore a new range of energy and mass. Anep fa
ility is essential to 
omplete this exploration, both through its unique sensitivityto some possible new states of matter and sin
e it provides 
omplementary informationwhi
h will be needed to resolve puzzles thrown up by pp and AA data. The mostattra
tive proposition for an ep 
ollider operating in this energy domain is to make useof the 7TeV LHC p beam by 
olliding it with an intense ele
tron or positron beamstored in a ring mounted above the LHC, a Large Hadron Ele
tron Collider (LHeC).Compared with lina
-ring solutions re
ently 
onsidered, su
h as the ILC with HERA [5℄or a CLIC prototype with the LHC [6℄, this proposition in
reases the luminosity bytwo orders of magnitude. An LHeC, in whi
h for example 70GeV ele
trons 
ollide1



with 7TeV protons, will substantially extend the phase spa
e explored hitherto indeep-inelasti
 lepton-hadron s
attering (Fig. 1).Deep-inelasti
 lepton-hadron physi
s at the TeV s
ale has been 
onsidered previ-ously at the LEP-LHC workshop in 1990 [7, 8℄ and as part of the TDR for TESLA in2001 (THERA) [9℄. A ring-ring ep 
ollider using the LHC has been 
onsidered basedon LEP [10, 11, 12℄. This paper is 
on
erned with a new evaluation taking advantageof the experien
e gained at HERA. A feasibility study for an ep 
ollider at the LHCusing an ele
tron ring of energy Ee = 70GeV leads to an estimated luminosity of about1033 
m�2s�1, whi
h 
orresponds to an annual integrated luminosity of about 10 fb�1,at a 
enter of mass (
ms) energy of ps = 2pEeEp of 1.4TeV. This pla
es the LHeCvery favourably in the luminosity-energy map of DIS fa
ilites (Fig. 2).

Figure 2: Summary of existing (dark, blue boxes) and proposed (grey, red boxes) fa
il-ities for unpolarised lepton-proton deep-inelasti
 s
attering investigations in terms ofthe luminosity and 
entre-of mass energy. The Jlab �xed target programme is dire
tedto high statisti
s physi
s at low Q2 and very large x. The SLAC box indi
ates the lumi-nosity of the 
lassi
 ep experiment at the 2mile linear a

elerator. BCDMS and NMChave provided the most a

urate DIS muon-proton stru
ture fun
tion data using 30mand 3m long unpolarised hydrogen targets, respe
tively. The large luminosities envis-aged at eRHIC and ELIC (hollow boxes), whi
h is desirable for polarised ep physi
s,are based on energy-re
overy lina
 te
hnology. HERA has rea
hed peak luminosities ofup to 5 � 1031
m�2s�1 with a luminosity upgrade. The lina
-ring a

elerator designsof THERA (TESLA/ILC-HERA) and the QCD explorer (CLIC-LHC) barely provideluminosity above 1031
m�2s�1. The LHeC is designed for the highest energy at thelargest luminosity. 2



This paper was �rst prepared for in
lusion in the deliberations of the EuropeanStrategy Group of the CERN Coun
il [13℄ during 2006. It highlights LHeC physi
s withexamples and it presents a feasibility study for the ma
hine. The s
ale of the LHeC isthat of an upgrade of the LHC. The next steps are to 
omplete a full evaluation of thefeasibility of the LHeC, in
luding inje
tion, and to develop further the optimisation ofan experiment and its interfa
e to the ma
hine. The �rst data at the LHC and the
ompletion of the physi
s programme at HERA with its �nal data sample will alsohave a dire
t bearing on this optimisation.The paper is organised as follows: In Se
tion 2 examples are given of new physi
sat high masses and at very low Bjorken-x. Se
tion 3 is 
on
erned with exploitingthe pre
ision of DIS to quantify and test QCD at a new level of a

ura
y. Se
tion 4highlights the opportunities at the LHeC to probe QCD in more 
omplex hadroni
environments making use of the wide range of ion beams at the LHC. There follows abrief 
onsideration of the kinemati
 rea
h and its impli
ations for a dete
tor design inSe
tion 5. Finally, Se
tion 6 is 
on
erned with luminosity prospe
ts based on an initial
onsideration of the LHeC ma
hine design.

Figure 3: Kinemati
s of ep s
attering at the LHeC at high Q2. Solid (dotted) 
urves
orrespond to 
onstant polar angles �e (�h) of the s
attered ele
tron (hadroni
 �nalstate). The polar angle is de�ned with respe
t to the proton beam dire
tion. Dashed(dashed-dotted) 
urves 
orrespond to 
onstant energies E 0e (Eh) of the s
attered ele
tron(hadroni
 �nal state). The iso-angle and iso-energy lines are derived from Eq. 4, Se
-tion 5. The shaded area illustrates the region of kinemati
 
overage in neutral 
urrent(NC) s
attering at HERA. In ep s
attering ele
tron-quark resonan
es 
an be formedwith mass M = pxs. Due to luminosity and energy range, the sear
h limit at HERAhas been at about 290GeV while the LHeC extends to largeM values of about 1300GeV.3



2 New Physi
s at the LHeC2.1 Physi
s Beyond the Standard ModelIn the kinemati
 domain in whi
h the new physi
s underpinning the Standard Model(SM) is manifest, new ele
tron-quark and positron-quark dynami
s 
ould be observable,revealing a relationship between the quark and lepton se
tors of the SM. This sensitivityto lepton-quark physi
s at the highest energy and shortest distan
e is at the root ofthe importan
e of the LHeC.The high energy of the LHeC extends the kinemati
 range of DIS physi
s to mu
hhigher values of ele
tron-quark mass M = psx (Fig. 3). An ep 
ollider, providingboth baryoni
 and leptoni
 quantum numbers in the initial state, is ideally suited to astudy of the properties of new bosons possessing 
ouplings to an ele
tron-quark pair inthis new mass range. Su
h parti
les 
an be squarks in supersymmetry with R-parityviolation ( 6Rp), or �rst-generation leptoquark (LQ) bosons whi
h appear naturally invarious unifying theories beyond the Standard Model (SM). They are produ
ed assingle s�
hannel resonan
es via the fusion of in
oming ele
trons with quarks in theproton. They are generi
ally referred to as \leptoquarks" in what follows.
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oupling � as expe
ted at LHeC fora luminosity of 10 fb�1 (full red 
urve) and at the LHC for 100 fb�1 (full blue 
urve)[14℄. These are shown for an example s
alar LQ 
oupling to e�u.Fig. 4 shows the expe
ted sensitivity [14℄ of the LHC and LHeC 
olliders for s
alarleptoquark produ
tion. The single LQ produ
tion 
ross se
tion depends on the un-known 
oupling � of the LQ to the ele
tron-quark pair, and means for a 
oupling � ofO(0:1), that LQ masses up to about 1 TeV 
ould be probed at the LHeC. In pp inter-a
tions at the LHC su
h leptoquarks would be mainly produ
ed via pair produ
tion or4



singly [15℄ with a mu
h redu
ed 
ross se
tion 1. In ep 
ollisions LQ produ
tion 
an beprobed in detail, taking advantage of the formation and de
ay of systems whi
h 
an beobserved dire
tly as a 
ombination of jet and lepton invariant mass in the �nal state.It will thereby be possible at the LHeC to probe dire
tly and with high pre
ision theperhaps 
omplex stru
tures whi
h will result in the lepton-jet system and to determinethe quantum numbers of new states. Examples of the sensitivity of high energy ep
ollisions to the properties of LQ produ
tion follow.Fermion number (F ) : Sin
e the parton densities for u and d at high x are mu
hlarger than those for �u and �d, the produ
tion 
ross se
tion at LHeC of an F = 0 (F = 2)LQ is mu
h larger in e+p (e�p) than in e�p (e+p) 
ollisions. A measurement of theasymmetry between the e+p and e�p LQ 
ross se
tions thus determines the fermionnumber of the produ
ed leptoquark. Pair produ
tion of �rst generation LQs at theLHC will not allow this determination. Single LQ produ
tion at the LHC, followedby the LQ de
ay into e� and q or �q, 
ould determine F by 
omparing the signal 
rossse
tions with an e+ and an e� 
oming from the resonant state. However, the singleLQ produ
tion 
ross se
tion at the LHC is two orders of magnitude lower than at theLHeC (Fig. 5a), so that the asymmetry measured at the LHC may su�er from statisti
sin a large part of the parameter spa
e. For a 
oupling � = 0:1, no information on F
an be extra
ted from the LHC data for a LQ mass above � 700 GeV, while the LHeC
an determine F for LQ masses up to 1 TeV (Fig. 5b).Spin: At the LHeC, the angular distribution of the LQ de
ay produ
ts is unam-biguously related to its spin. This determination will be mu
h more 
ompli
ated, evenpossibly ambiguous, if only the LHC leptoquark pair produ
tion data are available.Angular distributions for ve
tor LQs depend strongly on the stru
ture of the g LQLQ
oupling, i.e. on possible anomalous 
ouplings. For a stru
ture similar to that of the
WW vertex, ve
tor LQs produ
ed via q�q fusion are unpolarised and, be
ause bothLQs are produ
ed with the same heli
ity, the distribution of the LQ produ
tion anglewill be similar to that of a s
alar LQ. The study of LQ spin via single LQ produ
tion atthe LHC will su�er from the relatively low rates and more 
ompli
ated ba
kgrounds.Neutrino de
ay modes: At the LHeC, there is similar sensitivity for LQ de
ayinto both eq and �q. At the LHC, in pp 
ollisions, LQ de
ay into neutrino-quark �nalstates is plagued by huge QCD ba
kground. At the LHeC, produ
tion through eqfusion with subsequent �q de
ay is thus very important if the 
omplete pattern of LQde
ay 
ouplings is to be determined.Coupling �: At the LHeC there is large sensitivity down to small values of the
oupling �. With less sensitivity, in pp intera
tions at the LHC, information 
an beobtained from single LQ produ
tion and also from dilepton produ
tion via the t-
hannelLQ ex
hange. Sin
e the single LQ produ
tion 
ross se
tions depend on both � and the
avour of the quark to whi
h the LQ 
ouples, determining � and this 
avour requirespp and ep data.1Single leptoquark produ
tion via photon splitting into an e+e� pair [16℄, whi
h for masses ofabout 1TeV has a lower 
ross se
tion than the quark-gluon indu
ed pro
esses, is not 
onsidered here.5



Scalar LQ, λ=0.1, single production
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tion 
ross se
tion at the LHeC (top) and LHC (bot-tom), for a s
alar LQ 
oupling to e+d with a 
oupling � = 0:1; (Right) Asymmetrieswhi
h would determine the fermion number of su
h a LQ, the sign of the asymmetrybeing the relevant quantity. An integrated luminosity of 100 fb�1 (10 fb�1 per lepton
harge) has been assumed for the LHC (LHeC).Chiral stru
ture of the LQ 
oupling: Chirality is 
entral to the SM Lagrangian.Polarised ele
tron and positron beams2 at the LHeC will shed light on the 
hiral stru
-ture of the LQ-e-q 
ouplings. Measurements of a similar nature at LHC are impossible.Table 1 summarises the observables [17℄ whi
h 
ould disentangle the various s
alarLQ spe
ies at an ep ma
hine. A similar dis
rimination power exists for ve
tor LQs.If Supersymmetry is manifest at TeV energy, in ep intera
tions the asso
iated pro-du
tion of squarks and sleptons (~e and ~�e) pro
eeds via the t-
hannel ex
hange of aneutralino or 
hargino. Fig. 6 shows that the rates 
an be sizeable at the LHeC whenthe sum of the squark and slepton masses is below � 1 TeV. If squarks are relativelylight, � 500 GeV, sele
tron masses up to about 500 GeV 
ould be probed at the LHeC.This sensitivity may extend somewhat beyond the dis
overy rea
h for sele
trons in pps
attering at the LHC.Charge asymmetries and, possibly, polarisation asymmetries 
ould provide addi-tional information on the 
ouplings of the ex
hanged gauginos and on the mass di�er-en
e between ~eL and ~eR. Examples of su
h asymmetries are shown in Fig. 7. Lightsfermions are assumed and the framework of the Minimal Supersymmetri
 StandardModel is used.2Whether it is possible to a
hieve longitudinal polarisation in a 70GeV e� beam in the LHC tunnelremains to be 
lari�ed. 6



S0;L S1;L ~S0;R S0;R S1=2;L ~S1=2;L S1=2;RS0;LS1;L~S0;RS0;R ��PePe ��PePe PePe� PePe� e+=e�S1=2;L~S1=2;LS1=2;R e+=e� �Pe �Pe PePeTable 1: Dis
rimination between LQs with di�erent quantum numbers in e�p s
atteringwith an ele
tron beam polarisation Pe. The nomen
lature of [18℄ has been used tolabel the di�erent s
alar LQ spe
ies des
ribed by the model of Bu
hm�uller, R�u
kl andWyler [19℄, in whi
h the bran
hing ratio �� of the LQs to de
ay into � + q is known.2.2 Physi
s of High Parton Densities (Low x)The observations at HERA of the rise of the stru
ture fun
tion F2(x;Q2) and of itsderivative �F2=� lnQ2 as x de
reases [20℄ imply that at low x the sea quark and thegluon distributions, respe
tively, of the proton in
rease dramati
ally. At low x protonstru
ture is thus driven by gluons and the formation of quark-antiquark pairs. Whilethe 
harge of the proton is determined by its valen
e quarks, the kineti
 and potentialenergy of gluons determines its mass. An understanding of quark-gluon dynami
s isthus a key to the mass of the universe [21℄.The sharp rise of the density of the gluons [22, 23℄ in the proton leads to thepossibility of non-linear parton intera
tion e�e
ts [24℄. A new dense state of partonmatter is likely to exist, sometimes referred to as a Colour Glass Condensate [25℄, whi
his 
hara
terised by a high parton density and small 
oupling 
onstant.Mu
h theoreti
al development in low x physi
s is 
on
erned with evolution equa-tions whi
h are the most appropriate approximation to a full solution to QCD (su
has the BFKL [26℄, the CCFM [27℄, and the Balitzky Kov
hegov equations [28℄), andthe in
orporation of small x resummation 
ombining the 
lassi
 DGLAP approa
h [29℄with BFKL evolution [30℄. DGLAP theory has been 
al
ulated to NNLO [31℄. Physi
sat low x has also been formulated using the 
olour dipole approa
h [32℄. However,there is still no universally a

epted formulation of QCD at low x. This situation 
anbe tra
ed in large part to the fa
t that the kinemati
 rea
h of HERA is insuÆ
ientto establish unambiguously the existen
e of non-linear parton intera
tion e�e
ts andparton saturation phenomena [33, 34, 35℄.Although the derivative �F2=� lnx shows no eviden
e for a damping of the growth ofthe sea quark density with de
reasing x, some e�e
ts observed at HERA in forward jetprodu
tion [36℄ and in azimuthal (de)
orrelations [37℄ seem to indi
ate departures fromthe 
onventional radiation pattern in QCD. Future progress requires the substantialin
rease of the kinemati
 rea
h to low x (Fig. 8) whi
h is made possible by the LHeC.7
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Figure 6: Produ
tion 
ross se
tion (right s
ale, in pb) of a sele
tron-squark pair at theLHeC, for example values of MSSM parameters. It is assumed that ~uL, ~uR, ~dL and ~dRare degenerate, as are ~eR and ~eL.At the LHC measurements will be performed of the intera
tion of nu
lei, in forexample Pb-Pb 
ollisions, with the aim of investigating a high density parton phase(Quark Gluon Plasma). An unambiguous determination of the nu
lear parton dis-tributions in the domain a

essed with these measurements, whi
h is possible in eAs
attering at the LHeC, will be important if the equilibrium of the nu
leon (
olour sin-glet) and parton (
olour non-singlet, QGP) phases are to be understood. A 
ompleteunknown is the gluon distribution in nu
lei at low x (Fig. 9) [38℄.If, as one expe
ts, the evolution at low x pro
eeds di�erently from DGLAP basedpredi
tions, there are important 
onsequen
es for high energy physi
s, whi
h rea
hbeyond the intrinsi
 questions of low x theory. These may in
lude� the observation of the bla
k dis
 limit of high energy s
attering [39℄, i.e. of theunitarity limit, whi
h 
auses 
ross se
tions at high energy to saturate resultingin 8
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Figure 7: Charge asymmetry of the ~e~q produ
tion 
ross se
tion at LHeC in the M2��plane in the MSSM. Light sfermion masses are assumed. The numeri
al values on theright of the plot 
orrespond to the asymmetry values of the 
ontours.� new, possibly radi
ally di�erent, predi
tions for high energy 
osmi
 ray and neu-trino physi
s, whi
h 
urrently are based on large extrapolations [40℄, and also� a di�erent perspe
tive on physi
s in the forward region of pp, pA and AA inter-a
tions at the LHC.3 Pre
ision Quantum Chromodynami
sQCD is one of the 
ornerstones of our understanding of the physi
s of the universe,whi
h is en
apsulated in the Standard Model (SM). Like the ele
troweak se
tor ofthe SM, its predi
tive power depends on the a

ura
y with whi
h its gauge 
ouplingis known and on our ability to make predi
tions and 
ompare them with experimentfor a variety of hadroni
 phenomena. Lepton-hadron intera
tions, in whi
h hadroni
matter is probed deeply in a well understood and point-like manner, is an extremelypowerful means of a
hieving these aims.There follow a few examples, in whi
h at the LHeC, be
ause of the pre
ision of anep experiment and be
ause of kinemati
 rea
h, one 
an foresee a major improvementin the a

ura
y, with whi
h QCD 
an be tested, quanti�ed and developed further.9



Figure 8: Kinemati
s of ep s
attering at the LHeC at low x. A

ess to the Q2 regiondown to 1GeV2 requires a dedi
ated intera
tion region with a

eptan
es extended toabout 179Æ, with respe
t to the proton beam dire
tion, i.e. an extended \ba
kwarddete
tor". The shaded area illustrates the region of kinemati
 
overage in NC s
atteringat HERA, whi
h has been extended below x � 10�4 with spe
ial te
hniques, namely adete
tor atta
hed to the beam pipe ba
kward of the main apparatus and also by shiftingthe intera
tion vertex into the proton beam dire
tion.3.1 Stru
ture Fun
tions and Partons for the LHCPre
ision measurements at the LHeC of the neutral 
urrent (NC) and 
harged 
urrent(CC) deep-inelasti
 s
attering 
ross se
tions (Fig. 10) are pivotal in building a su

essfulphysi
s programme at the LHC. Large ele
troweak e�e
ts, whi
h add quark 
avourand matter-antimatter sensitivity, are present (Fig. 11). The primary purpose of thesemeasurements is to extra
t a number of important stru
ture fun
tions of the proton,and hen
e to determine a 
omprehensive set of parton density fun
tions (pdf) for thenu
leon at the LHC energy s
ale, thereby avoiding the un
ertainties introdu
ed in theevolution of measurements from the HERA energy s
ale. Important examples wherenew 
onstraints are needed are the behaviour of the sea and valen
e quarks at low x,whi
h 
an be obtained from a measurement of the 
Z interferen
e stru
ture fun
tionxG3 (Fig. 12), and the limit of the u=d ratio at large x, obtainable from a measurementof 
harged 
urrent e�p s
attering (Fig. 13).The a

ura
y with whi
h the parton distributions 
an be determined 
ontributesdire
tly to the sensitivity to new physi
s at both the LHC and the LHeC. An exampleis the envisaged measurement to 1% of the luminosity in pp intera
tions at the LHCusingW and Z produ
tion [44℄. So as to 
over the rapidity plateau region at the LHC,it is ne
essary to know the pdfs of quarks and gluons [45℄ in the Bjorken-x range 10�410
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Figure 11: Simulation of a measurement in unpolarised e�p s
attering of the redu
edNC 
ross se
tion, �r = d�=dxdQ2 �Q4x=2��2(1+(1�y)2). In the one-photon ex
hangeapproximation �r = F2 for FL = 0. With rising Q2 the e�e
ts due to the ex
hange ofweak bosons be
ome sizeable su
h that, for example, the redu
ed 
ross se
tion does notde
rease at large x any more, as would be the 
ase for pure photon ex
hange, solid(red) line. The luminosity used here is only 200 pb�1. A

urate measurements at theLHeC in the rapidity plateau region of the LHC 
an thus be made using data from avery short running period, namely less than two weeks at design luminosity.to 0.1 at Q2 = M2Z;W ' 104 GeV2 with adequate pre
ision. This range is 
overeddire
tly by the LHeC. If HERA data alone are to be used, a large extrapolation inQ2 is ne
essary, whi
h requires an a

urate understanding of perturbative QCD. Thetheory underpinning the extrapolation is subtle and far from unambiguous [46℄. Atlarge x, resummation e�e
ts are important. At low x the usual assumption of DGLAPevolution must ultimately break down. Furthermore, the parton dynami
s may be non-linear (see Se
tion 2.2), and multiple intera
tions may have to be taken into a

ountwhen extrapolating to high energy [47℄.At LHC, heavy quarks play an essential role in QCD dynami
s, and their 
ontribu-tions to proton stru
ture must therefore be understood well. In parti
ular the bottomquark distribution needs to be known rather a

urately be
ause b quarks 
ontributesubstantially to the produ
tion me
hanisms for new physi
s. With rising Q2 the fra
-tion of the heavy quark 
ontributions in
reases (Fig. 14), for b quarks from a few permil near threshold at HERA [49℄ to about 5% at the LHeC. Thus with sili
on vertexdete
tors, and taking advantage of the small beam spot size (15 �35�m2), very a

uratemeasurements of the beauty and the 
harm quark densities are possible in a very wide12
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Figure 12: Simulation of a measurement of the neutral 
urrent interferen
e stru
-ture fun
tion xG3 = xF 
Z3 from an e�p NC 
harge asymmetry measurement as-suming a luminosity of 10 fb�1 per beam setting. This fun
tion is de�ned as [42℄xG3 = 2x[aueu(U �U)+ aded(D�D)℄, where U(D) denotes the sum of the up (down)quark distributions in the proton. For the �rst time one thus has dire
t a

ess to theantiquark-sea (a?)symmetry at low x in the deep inelasti
 region. It is usually assumedthat antiquarks and sea quarks are equal to ea
h other, e.g. u = us and s = s. Thisassumption is 
ommon to all pdf parameterisations used here, so that xG3 tends tozero at low x. Re
ent analyses of the NuTeV anomaly, however, suggest a possibledi�eren
e between strange and anti-strange quark distributions [43℄. Symmetry impliesthat xG3 = (2uv + dv)=3, whi
h is expe
ted to drop to zero at low x and to be roughlyindependent of Q2. The data points are thus proje
ted to an average Q2 to display thea

ura
y of the measurement. From the very high Q2 region one will be able to derivea measurement over 3 orders of magnitude in x. Note that at HERA this fun
tion 
anonly be measured down to x ' 0:02 and with mu
h less a

ura
y sin
e the Q2 valuesinvolved are smaller, i.e. ele
troweak e�e
ts weaker, and the luminosity is inferior towhat is proje
ted for the LHeC.
13
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Figure 13: Redu
ed 
harged 
urrent 
ross se
tions with statisti
al un
ertainties 
orre-sponding to 1 fb�1 in ele
tron (top data points, red) and positron (lower data points,blue) proton s
attering at the LHeC, simulated for the low x dete
tor 
on�guration, seeSe
tion 5. The 
urves are determined by the dominant valen
e quark distributions, uvfor e�p and dv for e+p. In the simulation the lepton polarisation � is taken to be zero.The valen
e quark approximation of the redu
ed 
ross se
tion is seen to hold already atx ' 0:2 and a rather a

urate determination of the u=d ratio up to large x appears tobe feasible at very high Q2.
14
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Figure 14: The Q2 evolution of the sea quark distributions, for x within the rapidityplateau at the LHC, as predi
ted using the NLO DGLAP pdf analyses of H1, MRST andCTEQ. At x = 0:01, the LHeC will 
over a Q2 range up to 104GeV2, by whi
h pointthe heavy quark distributions be
ome similar in size to the light quarks. The 
ompletedetermination to high a

ura
y of the parton distributions is essential for sear
hes fornew physi
s at the LHC and also for measuring its \partoni
" luminosity from the W;Zboson produ
tion rates.range of Q2 and x. The greatly enhan
ed kinemati
 rea
h at the LHeC, together withvertex 
avour tagging, will make possible measurements of high x strange and beautyquark densities in the proton using the 
ouplings sW ! 
 and bW ! t respe
tively.Thus, at the LHeC determinations at a new level of pre
ision and to previouslyunexplored x values of all quark distributions in the proton 
an be anti
ipated, and,with the 
ombination of the LHeC and HERA stru
ture fun
tion measurements, adetermination of the gluon distribution in the proton with unpre
edented a

ura
yover an extended range of x and of momentum transfer will also result.3.2 Strong Coupling ConstantThe strong 
oupling 
onstant �s is 
urrently known to 1-2% experimental error. This ismany orders of magnitude worse than the determination of the �ne stru
ture 
onstantand the Fermi 
onstant, whi
h are known at the level of 10�9 and 10�5, respe
tively.The gravitational 
onstant is known to 0.1%. In uni�ed theories the ele
tromagneti
,weak and strong 
ouplings are expe
ted to approa
h a 
ommon limit at some largeuni�
ation s
ale. Presently, the a

ura
y of su
h extrapolations is limited by the un-
ertainty with whi
h �s is known (Fig. 15 [50℄). Pre
ision tests of QCD and 
omparisons15



with latti
e QCD 
al
ulations [51℄ require a signi�
ant improvement in the knowledgeof �s. 1/g
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Q [GeV]
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�ne stru
ture
weak

strong
Figure 15: Two-loop extrapolation of the inverse 
oupling 
onstants of U(1), SU(2)and SU(3) to the uni�
ation point, de�ned as 1=g1 = 1=g2, in the MSSM model usingthe DR s
heme, where g1(g2) denotes the ele
tromagneti
 (weak) 
oupling 
onstant.The un
ertainty is dominated by the rather moderate knowledge of the strong 
oupling
onstant. Improvements on the measurement of �s are expe
ted also from the Giga Zmode at the ILC [50℄.Deep-inelasti
 s
attering is a well de�ned pro
ess theoreti
ally [1, 52℄, and hasre
ently been 
al
ulated to NNLO [31℄. The determination of the strong 
oupling
onstant in DIS requires the simultaneous determination of the gluon distribution, xg,and the quark distributions. At HERA �s is determined to within an experimentala

ura
y of about 1% [53℄. With the in
lusion of the LHeC data, the experimentala

ura
y is expe
ted to rea
h a few per mil.At su
h a high level of experimental a

ura
y, it will be ne
essary to reassess manytheoreti
al and phenomenologi
al problems of 
ru
ial importan
e to our understandingof QCD and how to use it, for example, the treatment of the renormalisation s
ale (�r)un
ertainty. By 
onvention3, one still varies �2r between Q2=4 and 4Q2, whi
h at NLOintrodu
es an un
ertainty on �s of about 5% and at NNLO is estimated to be about 1%[31℄. Further examples of theoreti
al issues whi
h appear at the new level of a

ura
ywith LHeC data are the treatment of heavy 
avours in QCD evolution [54℄ and thelimits to the validity of the DGLAP approximation in deep-inelasti
 s
attering [55℄.3Su
h a large variation of the renormalisation s
ale is already not supported in NLO QCD analysesof the HERA stru
ture fun
tion data of H1 [22℄ and ZEUS [23℄ and the pres
ription for estimatingthe resulting theoreti
al un
ertainty of �s needs to be re
onsidered.16



3.3 Hard Di�ra
tionAs dis
ussed in the previous se
tions, a detailed understanding of physi
s in the LHCenergy range will require substantial developments in the knowledge of Quantum Chro-modynami
s in the high density, low x, environment. Low x studies at HERA and theTevatron have shown 
learly that di�ra
tion has to be an integral 
omponent of anysu

essful low x theory. Furthermore, the 
ontrast between non-di�ra
tive DIS, where
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Figure 16: (a) Feynman diagram for di�ra
tive DIS, indi
ating the kinemati
 variablesused in the text. (b) Comparison of the kinemati
 region in � and Q2 a

essible atHERA and LHeC for an example xIP = 0:003. The LHeC region 
orresponds to 0:01 <y < 1 and �0e < 179Æ. Similar extensions are available over the full range of xIP < 0:05whi
h is relevant to di�ra
tion. (
) Monte Carlo simulation, 
omparing the di�ra
tivemass distributions at HERA and the LHeC available for studies of the hadroni
 �nalstate with the sele
tion Q2 � 3 GeV2, 0:1 < y < 0:9 and xIP < 0:05.the proton is rather violently broken up, and di�ra
tive DIS where the proton remainsinta
t, o�ers a rare experimental window on the me
hanism whi
h 
on�nes quarkswithin hadrons.One of the biggest su

esses of HERA has been the development of the understand-ing of di�ra
tion in QCD through the study of the di�ra
tive DIS pro
ess (Fig. 16a)17



ep ! eXp [57℄. In this pro
ess, the proton remains inta
t, but loses a fra
tion xIP ofits longitudinal momentum in the form of some net 
olourless partoni
 system. Thevirtual photon probes this 
olourless system, 
oupling to a quark with a fra
tional mo-mentum �, in mu
h the same way as the whole proton is probed in in
lusive DIS, andprodu
ing a di�ra
tive system of mass MX. The new kinemati
 regions and very largeluminosities possible at the LHeC make it ideal for further pre
ision study of harddi�ra
tion. Figures 16b and 16
 illustrate the dramati
 improvements in di�ra
tivekinemati
 
overage at the LHeC 
ompared with HERA.A general framework to des
ribe di�ra
tive DIS is provided by a QCD fa
torisa-tion theorem [58℄, whi
h allows \di�ra
tive parton distributions" (dpdfs) to be de�ned.Su
h dpdfs have been extra
ted from the di�ra
tive stru
ture fun
tion FD2 and its s
al-ing violations at HERA [59℄. However, unlike the 
ase of in
lusive s
attering, the dpdfsare only appli
able to DIS pro
esses. Large and very poorly 
onstrained \survival" fa
-tors are needed before dpdf's 
an be used to predi
t pp s
attering pro
esses. Testingthe fa
torisation properties and dpdfs extra
ted at HERA has therefore only beenpossible thus far by predi
ting �nal state DIS observables su
h as jet or 
harm 
rossse
tions. This approa
h is heavily limited by the relatively low a

essible MX valuesat HERA (Fig. 16
), whi
h imply that jets 
an be studied only at un
omfortably lowpt values (� MX=2) and that 
harm 
ross se
tions are frustratingly small. The mu
hlarger invariant masses a

essible at the LHeC would 
ir
umvent these problems andwould open up new and 
omplementary 
hannels to study, su
h as di�ra
tive beautyprodu
tion and di�ra
tive ele
troweak gauge boson produ
tion.The only way of making signi�
ant further 
onstraints and extensions to the dpdfsand studying their QCD evolution is at a higher energy fa
ility su
h as the LHeC. Withthe high available luminosities, it will be possible to make measurements in the HERA� range, but at larger Q2 (Fig. 16b), whi
h would provide a unique opportunity to testthe appli
ability of DGLAP evolution to di�ra
tion.Fig. 16b also shows a substantial extension towards lower � at the LHeC, similarto that available to lower x in the in
lusive 
ase. As dis
ussed above, it is almost
ertain that new QCD physi
s asso
iated with the taming of the growth of the gluondensity will be observed in this region. The di�ra
tive ex
hange is often modelledas being derived from a pair of gluons, in whi
h 
ase any novel e�e
ts observed inthe gluon density should be ampli�ed in the di�ra
tion 
ase. Su
h measurements ofthe QCD stru
ture of di�ra
tion are fundamental, amounting to dire
t experimentalmeasurements of the partoni
 stru
ture of the va
uum and its quanti�
ation in termsof distribution fun
tions.3.4 Final State Physi
sThe hadroni
 �nal state in deep-inelasti
 intera
tions probes the QCD 
as
ade, andtherefore is a unique and important probe of the 
hromodynami
s of 
on�nement.While predi
tions based on the DGLAP evolution equations provide a good des
ription18



of the 
urrent in
lusive DIS data, there are indi
ations that this approa
h might notbe suÆ
ient. For example, HERA data on forward jet produ
tion at low x showthat non kt-ordered 
ontributions play an important role. At the LHeC the kinemati
domain is extended to mu
h lower x values, providing mu
h greater sensitivity to thetopologi
al features of the 
as
ade. With LHeC data various approa
hes for modelingQCD 
as
ades 
ould thus be distinguished for the �rst time (Fig. 17) and 
onstraintson the unintegrated parton densities [60℄ 
ould be obtained. In addition, the in
reaseof the 
entre of mass energy with respe
t to HERA will lead to a mu
h larger 
rossse
tion for heavy 
avor produ
tion. This would allow the b and 
 photoprodu
tion 
rossse
tions to be measured up to large transverse momentum, providing a mu
h largerlevel-arm when 
omparing the measurements to the QCD predi
tions of the 
ollinearor kt-fa
torisation approa
h [9℄.
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Figure 17: Forward jet 
ross se
tion as a fun
tion of x predi
ted by di�erent modelsfor the pattern of parton radiation, for 0:5 < p2T=Q2 < 2 and minimum polar jet angleof 1Æ as is envisaged for the low x intera
tion region at the LHeC. The measurementsat HERA are limited to x � 2 � 10�3, a range in whi
h the resolved photon e�e
ts maystill mimi
 non-kt ordered parton emission. The predi
tions of ARIADNE and theCCFM equation be
ome largely di�erent only at lower x values, below the kinemati
range a

essed by HERA, see [9℄.The hadroni
 stru
ture of the photon and its intera
tion with hadroni
 matterhave long been something of a 
onundrum. The advent of both e+e� and ep 
ollidersin the last two de
ades, and the huge in
reases in kinemati
 rea
h whi
h have resulted,have meant that it is now possible to see how QCD 
ontributes to the interplay ofphoton stru
ture and photon intera
tion dynami
s. As a result there is now a phe-nomenology of hadroni
 photoprodu
tion (ep) and two-photon produ
tion (e+e�). Adistin
tion between \resolved" and \dire
t" intera
tions 
an be made by means of aBjorken-x like variable x
, whi
h spe
i�es the fra
tion of the photon momentum par-ti
ipating in the intera
tion. Resolved photon intera
tions (x
 < 1) depend on the19



stru
ture of the photon and dire
t photon intera
tions (x
 = 1) 
orrespond to thedire
t 
oupling of the photon in a hadroni
 intera
tion.Photoprodu
tion measurements at HERA of hard QCD phenomena (�nal statetransverse momentum squared p2T > Q2) are used to extra
t stru
ture fun
tions ofthe photon over a substantial range of Bjorken-x and of photon dimension (/ 1=Q).Features of photon stru
ture, whi
h derive from its underlying 
 ! qq splitting, arenow established, and the subtle interplay between the hard s
ales (Q2; p2T , and wheninvolved a heavy quark mass) are emerging as the photon virtuality, that is its size,
hanges.As a result, there now exists a rather 
omprehensive pi
ture of photon-hadron 
ou-pling in terms of QCD for values of x
 down to about 0.1. Furthermore, the abilityto \tune" the nature of the photon intera
tion between dire
t and resolved (hadron-like) now begins to throw light on issues in hard hadroni
 intera
tions su
h as multipleparton intera
tions whi
h would break QCD fa
torisation. Measurements at LHeCwill extend hadroni
 photoprodu
tion measurements to x
 ' 0:01 at large momentumtransfer, and thus will begin to reveal the properties of the gluon-dominated region ofphoton stru
ture [9℄, that is of a 
avour singlet obje
t of variable dimension (Q2).Prompt photon produ
tion, ep ! 
X, the deep inelasti
 Compton s
atteringpro
ess, is also sensitive to QCD and photon stru
ture. In the foward region, �
 > 0,this pro
ess is dominated by the rea
tion gq ! 
q with a 
ross se
tion whi
h is anoder of magnitude higher at LHeC than at HERA and whi
h extends to larger pt of thephoton. Prompt photon produ
tion at the LHeC will thus explore the gluon 
ontentof the photon [61℄.A new way of probing hadroni
 matter involves the physi
s of deeply virtualCompton s
attering (DVCS), ep! ep
 [62℄. Here a parton in the proton absorbsthe virtual photon, emits a real photon and the proton ground state is restored. Inthis pro
ess, two gluons at low x (at 
ollider experiments) or two quarks at larger x (asin �xed target experiments), 
arry di�erent fra
tions of the initial proton momentum.The DVCS pro
ess thus measures generalised parton distributions (GPDs) [63℄ whi
hdepend on two momentum fra
tions x and �, as well as on Q2 and the squared four-momentum transfer t at the proton vertex. The DVCS pro
ess interferes with Bethe-Heitler s
attering, whi
h allows parton s
attering amplitudes to be measured, ratherthan just 
ross se
tions in the form of standard pdfs.The huge in
reases in kinemati
 rea
h and luminosity with the LHeC will makeit possible to build an understanding of proton stru
ture in terms of both transverse(impa
t parameter or pT ) and longitudinal (rapidity or Bjorken-x) dimensions. Su
hproton \tomography" [64℄ will thereby provide a deeper understanding of proton stru
-ture. The possibility that DVCS at the LHeC may also be measured in 
harged 
ur-rent intera
tions would, as in in
lusive s
attering, shed light on the variation of 
avourstru
ture a
ross the transverse pro�le of the proton.20



GPDs 
an also be a

essed in the produ
tion of ve
tor mesons [65℄. Measurementsof the t and W dependen
e of light (�) and heavy (J= ;�) ve
tor meson produ
tionwill be important for the determination of proton stru
ture and saturation e�e
ts atlow x at the LHeC.4 Ele
tron-Nu
leus S
attering4.1 Nu
leiCurrent knowledge of the partoni
 stru
ture of nu
lei is limited to a very small range ofx and Q2 (Fig. 18), and is likely to remain so for the foreseeable future now that there
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xFigure 18: Ratio of F2 stru
ture fun
tions in nu
lei and the deuteron as measured in�xed target muon s
attering by the NMC Collaboration. At the LHeC this measurement
an be extended down to nearly x = 10�6 in the deep inelasti
 region. Note that the Q2values at the smallest x ' 3 � 10�3 in this plot are below 1GeV2 for the NMC but rea
ha few 1000GeV2 at the LHeC.are no plans to develop HERA as an ele
tron-ion 
ollider [66, 67℄. The possibilities foreA 
ollisions in the future at lower energy (ps � 100GeV) at JLab [68℄ and at BNL[69, 70℄ will not a

ess the low-x region of nu
lear stru
ture, whi
h is 
ru
ial to a fullunderstanding of phase equilibria in nu
lear matter, that is to the possible existen
e ofa Quark-Gluon Plasma (QGP). Realisation of the LHeC will in 
ontrast put in pla
ea unique tool in the hunt for an understanding of 
hromodynami
 phase equilibria.The ele
tron-nu
leus s
attering experiments at the LHeC will have a tremendousimpa
t on the understanding of partoni
 matter in nu
lei and on basi
 questions of21



QCD regarding the (de)
on�nement of quarks [71℄, the existen
e of a saturated gluonstate, the Colour Glass Condensate [25℄, and the relationship of nu
lear Gribov-Glaubershadowing to hard di�ra
tion [72℄. At a 
ertain s
ale, due to unitarity, the rise of thegluon density towards low x has to be tamed, and may not ex
eed a limit whi
h isestimated to be roughly of the order of Q2=�2s [9℄, with Q2 in GeV2 and a fa
tor oforder 1 or smaller whi
h depends on the dipole type 
onsidered in su
h estimates [73℄.Su
h a limit, illustrated in Fig.19, may have been 
lose to, but not yet rea
hed, atHERA. The limit is likely to be observed in ep s
attering at the LHeC and its e�e
tsin eA s
attering will be large, be
ause the gluon density in nu
lei is ampli�ed / A1=3.

,Figure 19: The gluon distribution as determined in an NLO DGLAP QCD analysisof H1 data extrapolated from the a

essed region above 10�4 to mu
h lower values ofBjorken x, for Q2 = 5GeV2 (left) and Q2 = 20GeV2 (right). The gluon distribution isexpe
ted not to rise strongly beyond the unitarity limit, whi
h is estimated to be of theorder of Q2=�s(Q2) (solid points). The extension of the kinemati
 range by the LHeCleads beyond the unitarity limit at lower Q2 in ep s
attering and also for larger Q2 in eAs
attering, when the in
rease of the gluon density in nu
lei / A1=3 is taken into a

ount,
onsidering here ePb s
attering. Due to the mu
h higher energy, the LHeC exploresa region of mu
h smaller x than is a

essible by eRHIC in eAu s
attering. A 
learobservation of saturation in ep s
attering at the LHeC will be 
ru
ial in distinguishingsaturation phenomena from nu
lear e�e
ts in eA and AA intera
tions.In the regime of very high parton densities, the intera
tion of small 
olour singletswith hadroni
 targets be
omes of 
omparable strength to the geometri
 
ross se
tion�R2A and thus approa
hes the bla
k disk limit or limit of opa
ity (absorption). In thislimit of large, �xed Q2 and de
reasing x, striking observations are thereby expe
ted ineA DIS [74℄:� a 
hange in the Q2; x dependen
e of the stru
ture fun
tion, F2 ! Q2= ln (1=x),� an in
reased di�ra
tive s
attering 
omponent approa
hing 50% of the s
attering
ross se
tion and dominated by dijet produ
tion, and22



� a mu
h less rapid de
rease of the dependen
e of the 
ross se
tions on Q2 forex
lusive ve
tor meson produ
tion.The energy densities a
hieved in an AA intera
tion at the LHC are immense, and tofully explore the nature of the intera
tions will require 
omparable data in pA, pp, andeA 
ollisions. LHeC and the LHC will thus 
onstitute an experimental tool unparalleledin the history of hadron physi
s in that nowhere else has there ever been su
h a rangeof possible measurements at su
h an energy s
ale. Given the importan
e atta
hed toan understanding of the existen
e and nature of a QGP, and given the 
omplexities ofthis understanding, establishing eA physi
s with the LHeC is of primary value.4.2 DeuteronsEle
tron-deuteron s
attering 
omplements ep s
attering in that it makes possible a
-
urate measurements of neutron stru
ture in the new kinemati
 range a

essed by theLHeC. In a 
ollider 
on�guration, in whi
h the hadron \target" has momentum mu
hlarger than the lepton probe, the spe
tator proton 
an be tagged and its momentummeasured with high resolution [67℄. The resulting neutron stru
ture fun
tion data arethen free of nu
lear 
orre
tions. For the �rst time, sin
e di�ra
tion is related to shad-owing, one will be able to 
ontrol the shadowing 
orre
tions at the per 
ent level ofa

ura
y [73℄.A

urate en 
ross se
tion measurements will resolve the quark 
avour de
omposi-tion of the sea, i.e. via isospin symmetry, unfolding �u from �d 
ontributions to the riseof F p2 / x(4�u+ �d) towards low x, and, from the full set of e�p and e�n 
harged 
urrent
ross se
tion data, a full unfolding of the 
avour 
ontent of the nu
leon. For the studyof the parton evolution with Q2, the measurement of FN2 = (F p2 + F n2 )=2 is 
ru
ial[75℄ sin
e it disentangles the evolution of the non-singlet and the singlet 
ontributions.This provides additional a

ura
y in the determination of the strong 
oupling 
onstant[76℄.5 Kinemati
s and Dete
tor RequirementsThe kinemati
s of in
lusive ep s
attering are determined from the s
attered ele
tronwith energy E 0e and polar angle �e and from the hadroni
 �nal state of energy Ehand s
attering angle �h. The negative four-momentum transfer Q2, the relative energytransfer y and the Bjorken variable x 
an be 
al
ulated from the s
attered ele
tronkinemati
s as Q2e = 4EeE 0e 
os2(�e2 )ye = 1� E 0eEe sin2(�e2 ) (1)23



and from the hadroni
 �nal state kinemati
s asQ2h = 11� yh � E2h sin2(�h)yh = EhEe sin2(�h2 ); (2)where x is given as Q2=sy. Note that the angles � are de�ned between the dire
tions ofthe outgoing ele
tron and the proton beam (�e) and between the hadroni
 �nal state andthe proton beam (�h). The in
lusive DIS 
ross se
tion depends on two variables, besidesthe 
entre-of mass energy squared s = 4EeEp = Q2=xy. The kinemati
 re
onstru
tionin neutral 
urrent s
attering therefore 
ontains high redundan
y, whi
h is one reasonwhy DIS experiments at ep 
olliders are pre
ise4.Following Eq.2, in 
harged 
urrent s
attering the kinemati
s is re
onstru
ted fromthe transverse and longitudinal momenta and energy of the �nal state parti
les a

ord-ing to [77℄ Q2h = 11� yh X p2tyh = 12Ee X (E � pz): (3)The kinemati
s of ep s
attering at the LHeC are illustrated in Fig. 20. Lines of
onstant energy and angle of the s
attered ele
tron and the 
urrent jet are lo
ated inthe (Q2; x) plane a

ording to the relations:Q2(x; Ee) = sx(1� E 0e=Ee)=[1� xEp=Ee℄Q2(x; Ej) = sx(1� Ej=xEp)=[1� Ee=(xEp)℄Q2 (x; �e) = sx=[1 + xEp 
ot2(�e=2)=Ee℄Q2 (x; �j) = sx=[1 + Ee tan2(�j=2)=xEp℄: (4)The a

essible kinemati
 range is limited by the position and dimension of the fo
ussingmagnets, see Se
tion 6.5. Limitation of the s
attered ele
tron angle to a value �e;minde�nes, for not too small x, a 
onstant minimum Q2 whi
h is independent of Ep andwhi
h is a linear fun
tion of E2e , Q2(x; �e;min) ' [2Ee tan(�e=2)℄2. Thus the LHeC, witha rather low ele
tron beam energy of 70GeV, allows the low Q2 region to be a

essedmore easily than THERA [9℄. As is illustrated in Fig. 20, roughly a 1Æ angular 
ut
orresponds to a minimum Q2 of about 1GeV2. To a
hieve high luminosity, fo
ussing4An important example is the 
alibration of the ele
tromagneti
 energy s
ale from the measure-ments of the ele
tron and the hadron s
attering angles. This leads to energy 
alibration a

ura
iesfor E0e at the per mil level at HERA, sin
e in a large part of the phase spa
e, around x = Ee=Ep,the s
attered ele
tron energy is approximately equal to the beam energy, E0e ' Ee, whi
h 
auses alarge \kinemati
 peak" in the s
attered ele
tron energy distribution. The hadroni
 energy s
ale 
anbe obtained from the transverse momentum balan
e in neutral 
urrent s
attering, pet ' pht . It isdetermined to around 1% at HERA. 24



Figure 20: Kinemati
s of ele
tron (top) and hadroni
 �nal state, \jet" (bottom) dete
-tion at the LHeC. 25



magnets need to be pla
ed 
lose to the intera
tion region (IR). In the present designan aperture limit of 10Æ is used. Thus for high luminosity operation, Q2 re
onstru
tedwith ele
trons is larger than 100GeV2.For THERA a \ba
kward" ele
tron spe
trometer was sket
hed [9℄ using a 
alorime-ter to re
onstru
t high energies of several hundreds of GeV and a sili
on tra
ker tele-s
ope to measure the ele
tron s
attering angle down to 179:5Æ and to identify theele
tron. The requirements at the LHeC are more modest, be
ause E 0e is lower and theminimum �e is larger. At low x the kinemati
s are su
h that the hadroni
 �nal stateand the s
attered ele
tron energy add up to approximately the ele
tron beam energy,E 0e + Eh ' Ee. Final state physi
s at low x requires a

ess to the region within a fewdegrees of the beam pipe (Fig. 20). Building a spe
trometer for low x physi
s with a179(1)Æ degree a

eptan
e limit for �e(�h) is 
hallenging.The in
reased asymmetry between the ele
tron and proton beam energies at LHeCmeans that di�ra
tively produ
ed systems are strongly boosted in the outgoing protondire
tion. The rapidity gap-based di�ra
tive sele
tion, usually employed at HERA,will thus only be e�e
tive over a wide xIP range if there is substantial instrumentationat large rapidities (up to at least � = 5). Another intriguing possibility is the useof Roman pots, whi
h are planned for the LHC at the TOTEM experiment [78℄ andwhi
h are proposed in 
onne
tion with ATLAS and CMS in the FP420 proje
t [79℄.At larger Q2 the ele
tron is s
attered to angles between 170Æ and 10Æ with energiesbetween about 10GeV and a few TeV. A minimum angle 
ut �h;min in the forwardregion, the dire
tion of the proton beam, ex
ludes the large x region from the hadroni
�nal state a

eptan
e (Fig. 20), along a line Q2 (x; �h;min) ' [2Epx tan2(�h;min=2)℄2,whi
h is linear in the logQ2, logx plot and depends on Ep only. Thus at Ep = 7TeVthe minimum Q2 is roughly (1000[500℄x)2 at a minimum angle of 10[5℄Æ. Sin
e thisdependen
e is quadrati
 with Ep, lowering the proton beam energy may be of interestfor rea
hing the highest possible x. As is seen in Fig. 20, the high luminosity IR (�h <170Æ) will have full 
overage of the �nal state up to the largest y for Q2 above 100GeV2.The hadroni
 �nal state energies vary between a few GeV at low x and a few TeV atlarge x. The 
entral dete
tor thus needs a strong solenoidal �eld, sili
on and gaseoustra
king dete
tors and a 
alorimeter 
apable of re
onstru
ting ele
tromagneti
 andhadroni
 energy from a few tens of GeV up to a few TeV. A

urate muon identi�
ationand momentum measurement as needed for example for b physi
s 
omplement su
h anep dete
tor.Issues on the intera
tion region (IR) and dete
tor requirements were dis
ussed pre-viously at the LEP-LHC workshop [11, 7℄, whi
h was held prior to the startup ofHERA. The 
onsideration of the ma
hine-dete
tor interfa
e whi
h is des
ribed in thenext se
tion is very preliminary. There has to be mu
h further 
onsideration on thedete
tor and on the IR, with dire
t experien
e of the �rst operational LHC beam, ofthe optimisation for luminosity and physi
s s
ope than has been a
hieved at this stage.
26



6 Luminosity Prospe
ts for the LHeC6.1 Introdu
tionIn the following the possibilities are explored for a
hieving a high luminosity of lepton-proton 
ollisions using the existing LHC proton beam together with a new leptonstorage ring in the LHC tunnel while maintaining the existing fa
ility for proton-proton
ollisions. Earlier studies [80, 9℄ of possible lepton-proton 
olliders, whi
h 
onsidereda 
on�guration of a proton storage ring and a lepton lina
, yielded a relatively smallluminosity. Using the expressions derived in [80, 9℄ for the 
ase of 
ollisions betweenthe LHC proton beam and a high energy lepton beam produ
ed by a linear a

elerator,the luminosity is given byL = 4:8� 1030 � 
m�2s�1 Np1011 � 10�6m�pN � 
p1066 � 10
m��p � Pe22:6MW � 250GeVEe (5)Assuming the so-
alled \ultimate" LHC parameters [81℄ with the number of protonsper bun
h Np= 1.67 �1011, the normalized proton transverse emittan
es of �pN = 3:75 �10�6m, a proton beta fun
tion ��p of 0.5m at the intera
tion point, a proton beamenergy of 7TeV, (
orresponding to a Lorentz-fa
tor of 
p= 7460) and assuming alepton energy of Ee =70 GeV and an available ele
tron beam power of Pe = 50MWone expe
ts peak luminosities of L = 2:4 � 1031
m�2s�1 for a ring-lina
 solution. Theluminosity 
ould be in
reased somewhat by redu
ing the proton emittan
e by usingtransverse 
ooling. The 
ooling of the bright and very high energy proton beams of theLHC is 
onsidered to be very 
hallenging as experimental veri�
ation of proton beam
ooling at these high energies has yet to be demonstrated. It thus seems worthwhile tore
onsider the luminosity whi
h 
ould be a
hieved in a ring-ring 
on�guration, usingthe LHC to a

ommodate an additional lepton storage ring, whi
h would be installedabove the existing super
ondu
ting magnets of the LHC and whi
h would be broughtinto 
ollisions with the LHC proton beam at one intera
tion point.Similar estimates have been performed previously [10, 12℄. The present estimatemakes expli
it use of the available experien
e of high luminosity operation at the 
ir
u-lar lepton-proton 
ollider HERA to derive a realisti
 s
aling of the a
hievable luminosityof a ring-ring-based lepton proton 
ollider in the LHC tunnel.The aim of the present study is to investigate the parameters required for a realisti
LHeC with a peak luminosity of L =1033
m�2s�1 while maintaining the option for
ontinued operations with proton-proton 
ollisions.The present study does not purport to be exhaustive in that detailed designs of thelatti
e, investigations of beam stability, and 
on
eptual designs of a

elerator 
ompo-nents have not been performed. However, no limitations asso
iated with these issuesare foreseen as similar systems have been demonstrated in existing a

elerators or willbe demonstrated soon. In parti
ular there is no detailed design of the magnets inthe lepton-proton intera
tion region (IR) or the layout of other a

elerator hardwaresystems. The inje
tor system is assumed to be identi
al to the LEP inje
tor system.27



6.2 General RequirementsThe present study of the LHeC is based on the following general requirements andassumptions:� A high luminosity of the order of L =1033
m�2s�1 is assumed ne
essary to per-form the physi
s programme in a reasonable amount of time.� The ele
tron beam energy should be as high as possible to obtain a large 
entreof mass energy whi
h ex
eeds the HERA 
entre of mass energy of 318GeV by asigni�
ant fa
tor. The 
hoi
e of the 
entre of mass energy is motivated by thephysi
s and is a sensitive parameter for the a
hievable luminosity. For this studyvalues of around E
m =1.4TeV were explored 
orresponding to an ele
tron beamenergy of 70GeV given a proton beam energy of 7TeV.� It appears to be highly desirable to �nd a solution whi
h allows for proton-proton
ollisions in the intera
tion regions (IR) of the LHC denoted by IR 1 and IR5during lepton proton 
ollision operation. This implies that the proton beamparameters for LHeC are already predetermined by the design for the LHC. Theparameters used in this study are listed in Tab. 2 from [81℄.� In order to provide suÆ
ient spa
e and a

eptan
e for the experimental dete
-tor, a magnet-free spa
e of at least 2.4m is required in the intera
tion region.The aperture of the �rst a

elerator latti
e elements should allow for a dete
tora

eptan
e angle of 10Æ.� The ele
tri
 power 
onsumption of the LHeC should be in a reasonable range
ompared to the CERN overall power 
onsumption.Table 2: LHC proton beam parameters used in this studyProton Beam Energy TeV 7Cir
umferen
e m 26658.883Number of Protons per bun
h 1011 1.67Normalized transverse emittan
e �m 3.75Bun
h length 
m 7.55Bun
h spa
ing ns 25
6.3 Overall Parameters of the LHeCThe luminosity of a high energy proton-lepton 
ir
ular 
ollider, expressed in terms ofthe limiting parameters, is given byL = Ie �Np � 
p4 � � � e � �pNp�xp�yp : (6)28



In this equation, Ie is the total lepton beam 
urrent, Np is the number of protonsper bun
h, 
p is the Lorentz fa
tor of the protons whi
h depends on the proton beamenergy, �pN is the normalized proton transverse beam emittan
e (whi
h is assumed tobe equal in both planes) and �xp and �yp are the values of the proton beam amplitudefun
tion (�-fun
tion) at the intera
tion point (IP). Impli
it in this formula are therequirements that the beam 
ross se
tions � of the proton and lepton beams at theIP be equal, �xp = �xe, �ye = �ye, whi
h is 
onsistent with experien
e at the SPS andHERA [82℄, and that the beam-beam tune shift parameters are in a tolerable range,whi
h is parti
ularly relevant for the lepton beam.The proton beam parameters are assumed to be identi
al to the so-
alled \ultimate"LHC proton beam parameters with the beam energy of 7 TeV, the number of protonsper bun
h Np= 1.67�1011, and the normalized emittan
es of �pN = 3:75 � 10�6m. Giventhe aforementioned 
onstraints, to a
hieve a luminosity of L = 1 �1033
m�2s�1, only thetotal lepton beam 
urrent Ie and the beta-fun
tions at the IP remain as free parameters.The maximum lepton beam 
urrent in a high energy lepton storage ring is limitedby the available RF power. Other potential limitations, su
h as the dissipation ofthis power around the a

elerator or lo
alized heating due to higher-order modes, 
anbe avoided by an appropriate design of a

elerator 
omponents. The total outputRF power is typi
ally limited by 
ost: an RF output power of Prf= 50MW (whi
h isapproximately 86% of the LEP power 
onsumption or 28% of the 1999 CERN site power
onsumption of 910GWh [83℄ assuming a yearly operating time of 5000 h) is 
onsideredhere (somewhat arbitrarily) to be an upper limit. Sin
e the basi
 ring parameters 
anonly be varied slightly, the maximum lepton beam 
urrent is then determined by thelepton beam energy. A lepton whi
h travels with an energy of Ee around the ring witha bend radius of � =2997 m in
urs an energy loss per turn of e�U = C gE4e/ (e�) =707 MeV where Cg =4/3 �r 0E�30 =8.821 �10�5 GeV�3m [84℄. For a given availablepower, the total beam 
urrent isIe = 0:351mA � (Prf=MW ) � (100GeV=Ee)4; (7)with Ee = 70GeV, Prf = 50MeV and assuming quasi loss-free super
ondu
ting RFresonators, the total beam 
urrent is Ie = 71mA.With the proton beam parameters, the RF power and the lepton beam energy�xed, it remains to design the intera
tion region and a lepton a

elerator latti
e, whi
hprovides proton beta fun
tions at the IP of at most �xp�yp =1m2, and whi
h allows tomat
h the 
ross se
tion of the lepton beam while providing suÆ
ient dynami
 aperture.Sin
e the ele
tron beam has naturally unequal emittan
es �x, �y, whereas the protonbeam has naturally equal emittan
es in the transverse planes, the ratio of the protonbeta fun
tion at the IP r� is 
hosen 
lose to four (r� = 3:6) to ease mat
hing the beam
ross se
tions at the IP.The lepton emittan
e determines the lepton beta fun
tions at the IP sin
e the beam
ross se
tions need to be mat
hed �e�e = �p�p. The 
hoi
e of the lepton beam emittan
eis 
onstrained to a window limited by dynami
 and geometri
 aperture 
onsiderations,29



beam-beam tune shift limitations, by the so-
alled hourglass e�e
t due to the longproton bun
hes (the rms proton bun
h length is �p = 7:5 
m), and by the ne
essity ofsmall beam divergen
e at the IP to ease the beam separation and to avoid parasiti
beam-beam e�e
ts.The hourglass e�e
t imposes a soft limit on the minimum beta fun
tion and the
orresponding value of the emittan
e: �xe & �p ! �xe . �pN�xp=(
p�p) = 13 nm,�ye & �p ! �ye . �pN�yp=(
p�p) = 3:8 nm.The lepton emittan
e should further be suÆ
iently small to avoid a too large max-imum beta-fun
tion in the low beta quadrupoles. The beta fun
tion at the IP, ��, alsodetermines the natural 
hromati
ity 
ontributions from the intera
tion region�IP = 1� � Deff�� ; (8)where Deff is the e�e
tive distan
e of the low beta quadrupoles from the IP and the
hromati
ity 
ontributions for the two transverse planes are assumed to be balan
ed.If the 
hromati
ity 
ontributions from the IR ex
eed a 
ertain fra
tion f of the 
ontri-butions from the ar
 �ar
 = N
ell � tan (�
ell=2)� (9)[85℄ the dynami
 aperture might be
ome a 
riti
al issue [86℄ a

ording to experien
e atHERA, where the 
riti
al fra
tion is about f = �IP=�ar
 = 0:6 [87℄ (
.f. LEP: f = 0:5[88℄). Here N
ell is the number of FODO 
ells and �
ell is the betatron phase advan
eper FODO 
ell.With these 
onsiderations the limiting value of the horizontal lepton emittan
e �xefor mat
hed beam 
ross se
tions is given by�IP � f�ar
 ! �xe;ye � fN
ell � tan (�
ell=2) � �xp;yp � �pNDeff
p (10)We assume the fra
tion f to be as large as the LEP value of 0.5 and assume thatthe 
homati
ity 
ontributions from the non-intera
tion straights 
onstitute 50% of theo�-ar
 
hromati
ity 
ontributions so that f = 0:25. With a LEP-like latti
e andN
ell = 290, assuming an e�e
tive Deff = 4m, one obtains for the emittan
es limitingvalues of �xe < 23 nm, �ye < 5 nm. As it turns out this small �xe value 
an just bea
hieved with the strongest fo
using in a LEP-like stru
ture with phase advan
es perFODO 
ell of 108Æ and 90Æ in the horizontal and verti
al plane respe
tively [88℄.The other limitation on the emittan
e of the lepton beam is due to the beam-beame�e
t whi
h is su�ered by the lepton beam and whi
h is parameterised by the lineartune shift parameter��ex;y = 
pr0Np�xe;ye2�
e � �pN �p�xp;yp(p�xp +p�yp) = r0Npp�xp;yp2�
e � �xe;ye(p�xp +p�yp) (11)where r0 is the 
lassi
al ele
tron radius. Tune shift parameters, whi
h have beena
hieved at HERA, are ��Hey = 0:05 and ��Hex = 0:03 [90, 91℄. The 
orresponding30



limit on the lepton beam emittan
es depends on the ratio of the proton beta fun
tionsat the IP, r� =p�xp=�yp: �xe = r0Np � r�2�
e��Hex (1 + r�) (12)�ye = r0Np2�
e��Hey (1 + r�) (13)For r� = 1:9 one obtains emittan
e limits of �xe = 12nm and �ye = 4nm, respe
-tively. However, sin
e it will be diÆ
ult to separate the beams suÆ
iently for theshort bun
h spa
ing of 25ns, a larger horizontal beam-beam tune shift will be takeninto a

ount whi
h allows a smaller value of the horizontal emittan
e. Based on these
onsiderations, the horizontal emittan
e for the lepton a

elerator in LHeC is 
hosento be �xe = 7:6 nm while the verti
al emittan
e value is 3.8 nm, assuming a 
ouplingof 50%. The 
hoi
e of the ratio of proton beta fun
tion at the IP of r� = 3:6 implieslepton �-fun
tions at the IP of �xe = 12:7 
m and �ye = 7 
m. In order to a
hieve theseemittan
es without too strong fo
using, the number of FODO 
ells in the ar
 of LHeCis in
reased from the LEP value of 290 to 376.The main parameters whi
h are implied by the above 
onsiderations are listed inTab. 3. Table 3: Main Parameters of the Lepton-Proton ColliderProperty Unit Leptons ProtonsBeam Energies GeV 70 7000Total Beam Current mA 74 544Number of Parti
les / bun
h 1010 1.04 17.0Horizontal Beam Emittan
e nm 7.6 0.501Verti
al Beam Emittan
e nm 3.8 0.501Horizontal �-fun
tions at IP 
m 12.7 180Verti
al �-fun
tion at the IP 
m 7.1 50Energy loss per turn GeV 0.707 6 � 10�6Radiated Energy MW 50 0.003Bun
h frequen
y / bun
h spa
ing MHz / ns 40 / 25Center of Mass Energy GeV 1400Luminosity 1033
m�2s�1 1.1
6.4 Lepton RingA detailed design of an ele
tron ring has not been 
arried out. The parameters of thelepton storage ring of the lepton proton 
ollider are 
hosen to be as 
lose as possibleto those of LEP [89℄, whi
h was housed in the LHC tunnel.31



The a

elerator latti
e 
onsists of a FODO stru
ture in the eight ar
s with a beta-tron phase advan
e per 
ell of �
ell = 72Æ in the horizontal and in the verti
al plane.The 
ell length is L
ell = 60.3 m and the bending radius is � = 2997m. The ringhas a 
ir
umferen
e of C =26658.876m. To further redu
e the horizontal emittan
e,the damping distribution will be 
hanged in addition to the strong fo
using. The ringwill be operated with a relative shift of the RF frequen
y of �f/f RF = 2.5�10�7 whi
h
orresponds to an energy shift of �E=E = �1:8 � 10�3: This 
hanges the dampingpartition numbers in favour of horizontal damping to a value of Jx= 1.57 and yields abeam emittan
e �xe of 7.6 nm at 70GeV. The 
orresponding lepton beam energy spreadis (ÆE/E)RMS = 2.4�10�3:The beam 
urrent of 70.7 mA is 
omposed of 2800 bun
hes spa
ed by 25 ns with1:40 � 1010 parti
les in ea
h bun
h.With the bend radius of 2997m, a 70GeV ele
tron (positron) will su�er an energyloss of 706.8MeV per turn by the emission of syn
hrotron radiation with a 
riti
alenergy of 254 keV. The power loss of a beam of 70.7mA amounts to 50MW. The linearpower load to the va
uum system is 27W/
m. This is a large but feasible value. Itex
eeds the values of HERA (5.2MW dissipated over 3818m yielding 13.5W/
m) byabout a fa
tor of two. The 
ooling system used at HERA is both 
onservative and
onventional. The values for LEP were 9W/
m with a 
riti
al energy of 522 keV for abeam energy of 100GeV and a beam 
urrent of 12mA [92℄.The RF system is assumed to 
onsist of super
ondu
ting 1GHz RF resonators withan a

elerating gradient of 12 MV/m. An a
tive RF stru
ture length of 127m or 845resonator 
ells is required to produ
e a total voltage of 1521 MV. This voltage allowsa syn
hronous phase of 28Æ and provides an RF bu
ket whi
h a

ommodates ten timesthe RMS beam energy spread. This is expe
ted to provide suÆ
ient margin for a goodbeam lifetime. The parameters of the lepton ring are summarized in Tab 4.Proven super
ondu
ting RF te
hnology for lepton storage rings exists for only halfthe envisioned RF gradient [93℄. However, design e�orts for super
ondu
ting RF for
ontinuous operation (CW), for large beam 
urrents and high bun
h intensities areunderway for ERL and CW-LINAC appli
ations (see for example [94℄). The 
orre-sponding designs 
ould serve as a starting point for an appropriate layout of a LHeCRF system. More development is required in the design of input 
ouplers and higherorder mode 
ouplers.Geometri
al 
onsiderations need to be taken into a

ount in a

ommodating anadditional lepton ring in the existing LHC tunnel. In the ar
 se
tions there appearsto be suÆ
ient spa
e to pla
e the lepton beam line above the LHC magnets. In thestraight se
tion, it may be 
umbersome to a

ommodate the large RF systems of thelepton ring.Sin
e the ATLAS and CMS dete
tors are assumed to remain a
tive at their lo
ationswhen the lepton-proton 
ollider is operated, a bypass must be provided round them.There exist survey tunnels whi
h are parallel with the LHC straight se
tions 1 and 5whi
h 
ould be used for a bypass of the 
averns whi
h house the experimental dete
tors.32



Figure 21: Top view (s
hemati
ally) of straight se
tion around IP1 (IP5) with an e-ringbypass around the experimental 
averns of ATLAS and CMS. The s
ales are in meters.They have a distan
e of about 10m from the LHC beam axis and a length of about100m. Two about 250m long, up to 2m diameter 
onne
tion tunnels would have tobe drilled from the end of the ar
s to 
onne
t to these tunnels (see sket
h in Fig. 21).Lepton beam instabilities are not expe
ted to be
ome an important performan
elimitation given that the design single bun
h 
urrents are relatively modest. Theexpe
ted total impedan
e, roughly estimated, is less than the impedan
e of LEP. Thebun
h population is mu
h lower than that of LEP. For this reason, there should be nosingle bun
h beam 
urrent limitations. A 
onventional a
tive damper system 
ould beused to damp 
oupled bun
h os
illations if needed.An open issue 
on
erns the dynami
 aperture of the lepton ring taking into a

ountthe 
ontributions of the 
hromati
ity in the intera
tion region. In this design study thebeam emittan
e has been derived using s
aling laws. Dynami
 aperture studies will bene
essary to assure suÆ
ient stability.6.5 Intera
tion RegionThe ele
tron-proton intera
tion region is taken to be installed in one of the existingLHC straight se
tions. The main dete
tors CMS and ATLAS are assumed to remaina
tive during the operation of the lepton proton 
ollider thus ex
luding the possibilityof lepton-proton 
ollisions in the straight se
tions around IP5 and IP1. The straightse
tions around IP7 and IP3 are needed for beam 
leaning, whi
h 
annot be 
ompro-mised for LHC proton operation. IP4 and IP6 are o

upied by the proton RF andbeam dump systems. This leaves only IP2 whi
h is o

upied by the ALICE dete
torand IP8 whi
h is o

upied by LHCb. A lepton-proton physi
s programme at the LHC33



Table 4: Parameters of the ele
tron ring a

eleratorEle
tron Ring ParametersParameter Unit ValueCir
umferen
e C m 26658.86Beam Energy Ee GeV 70Ar
 Fo
using FODOCell length L
 m 60.3Bending radius � m 2997Horizontal betatron Phase Adv./
ell ��x degree 72Verti
al betatron Phase Adv./
ell ��y degree 72Number of FODO 
ells in the Ar
s N
ell 376Ar
 Chromati
ity (hor/vert.) �x;y 94/120Beam Current Ie mA 70.7Bun
h spa
ing �b ns 25Number of bun
hes nb 2800Number of parti
les per bun
h Ne 1010 1.4Momentum 
ompa
tion fa
tor � 10�4 1.34Horizontal beam emittan
e �xe nm 7.6Verti
al beam emittan
e �ye nm 3.8RMS energy spread �e 10�3 2.4RMS bun
h length mm 7.1Parti
le Radiation energy loss per turn eUloss MeV/turn 706.8Beam Power loss Ploss MW 50Cir
umferen
ial Voltage U MV 1521Syn
hronous Phase �syn
h degree 27RF frequen
y frf MHz 1000Bu
ket height hb �e 8.4RF frequen
y shift Hz 250Syn
hrotron frequen
y fs frev 0.191
34



Figure 22: Possible lo
ation for the lepton-proton intera
tion region assuming that theB physi
s programme is �nished when the LHeC is installed.would be unlikely to begin before the B-physi
s programme is 
ompleted. In this 
aseone may envisage an intera
tion region for the LHeC around IP8 (Fig. 22).In order to provide small beta, the low beta quadrupole magnets have to be rea-sonably 
lose to the IP. This requires a qui
k separation of the two beams outside the
ollision region. Separation by strong magneti
 �elds produ
es high power syn
hrotronradiation whi
h is problemati
 be
ause of experimental ba
kgrounds and heating of theva
uum system. The alternative, a large 
rossing angle, redu
es the luminosity. TheIR design has to 
ompromise between these diÆ
ulties.In order to allow for simultaneous lepton-proton and proton-proton operation, thefollowing 
ollision s
heme is proposed. The lepton bun
h spa
ing is 25 ns, whi
h isthe nominal LHC proton bun
h spa
ing. The two proton beams traverse the low betaquadrupoles of the lepton beam and the IP with a relative angle of ' 6mrad in thehorizontal plane. The non-
olliding proton bun
h is verti
ally displa
ed, thus providinga verti
al separation to the lepton and 
olliding proton beam. The lepton beam passesthe IP with an angle of �
= 2mrad in the horizontal plane relative to the 
ollidingproton beam.The intera
tion region design is thus based on a moderate horizontal 
rossing angleof 2 mrad. This implies that the intera
tion geometry is anti-symmetri
 around theintera
tion point whi
h leads to a narrower syn
hrotron radiation fan. This helps withthe 
ollimation s
heme. The 
rossing angle avoids large syn
hrotron radiation powerdissipation in the 
old beam pipes of the proton low-beta quadrupoles. To regain theasso
iated luminosity redu
tion by a fa
tor of 3.5 
aused by the 
rossing angle, so-
alled 
rab-
rossing is assumed, whi
h requires a tilt of the proton bun
hes around averti
al axis. This is dis
ussed further below.35



At the �rst parasiti
 ele
tron-proton 
ollision point at 3.72m from the IP, thelepton and the proton beam are separated by about 7.8mm or 8.4� of the horizontallepton beam size. This separation is 
onsidered suÆ
ient to avoid potentially harmfulintera
tions due to so-
alled parasiti
 
rossings.The length of the magnet-free spa
e for the dete
tor beam-pipe is assumed to be�1.2 m. The spa
e requirement for the �rst low beta quadrupole of the lepton beamis 400mm in diameter. This provides a dete
tor a

eptan
e angle of 9.4Æ around thelongitudinal axis.The low beta quadrupole magnets for both protons and leptons are assumed to besuper
ondu
ting. The fo
using of the ele
tron beam 
ould be a

omplished using alow-beta quadrupole triplet lo
ated at a distan
e of 1.2m from the IP followed by an50m long drift without fo
using elements. The super
ondu
ting low beta quadrupolemagnets have a gradient of 93T/m, lengths of 96 
m, 204 
m and 114 
m, respe
tively,and they provide half apertures of 30mm, 40mm and 55mm.The beam separation is a

omplished as follows. The low beta quadruples aredispla
ed by 0.25mm from the beam axis whi
h 
onstitutes a 4.15m long soft separatingmagneti
 �eld whi
h provides a de
e
tion of 0.4mrad. The low beta triplet is followedby a long soft separator dipole magnet with a �eld of only 0.023T and a length of 15m.The separation provided by this magnet is 1.5mrad. This arrangement, together withthe 
rossing angle of 2mrad provides a beam separation of 62mm at 22m, where the�rst low beta magnet for the proton 
an be lo
ated.These magnets 
an be built using standard super
ondu
ting and normal 
ondu
tingmagnet te
hnology. The larger aperture of the third quadrupole magnet is needed toprovide suÆ
ient aperture for the se
ond, non-
olliding, proton beam.The 
olliding proton beam passes o�-
entre through the lepton low beta tripletbefore entering the �rst magnet of the proton low-beta triplet at 22m. The �rstmagnet must ensure an integrated strength of 1564T, the se
ond lens requires 2070Tand the third lens has an integrated gradient of 1058T. The total length is about 45m.Gradients of the order of 115T/m are required and an aperture of 15mm is needed.All quadrupole magnets are assumed to have a 
old beam pipe and 
old iron to provide
ux return.The �rst of these magnets is a septum half quadrupole as in the 
ase of the HERAintera
tion region. The width of the septum is 12mm. The pole tip �eld is 2.79 T.The mirror-yoke is made of high quality magneti
 steel. The large return yoke of thequadrupole magnets of the se
ond proton low-beta lens a

ommodates a lepton beampipe at room temperature whi
h is to be 
ooled. The separation at the third groupof magnets of the proton low beta triplet is suÆ
iently large, for the lepton to passoutside the 
ryostat.After the low-beta triplet of the proton beam, the lepton beam is de
e
ted by5mrad verti
ally using two 10m long dipoles whi
h provide ki
ks of 1mrad and 4mradrespe
tively. At the end of the straight se
tion, the lepton beam is about 80 
m above36



the proton beam axis. The proton beam orbits diverge to 80 
m separation. After theverti
al de
e
tion of the lepton beam, the protons are mat
hed to their ar
 traje
torywith three ten meter long super
ondu
ting dipole magnets.The non-
olliding proton beam is assumed to 
ross the 
olliding proton beam atthe IP with an angle of 6 mrad and a suÆ
ient verti
al separation. It is assumed tobypass the proton low-beta triplet. No attempts have been made to produ
e a layoutof the latti
e for this beam in the IR be
ause it seems non-problemati
.This arrangement allows for a beta fun
tion of the lepton beam at the IP of�xe =12 
m and �ye = 7 
m. The peak values of the verti
al and horizontal leptonbeta fun
tions amount to 906m and 269m. The 
riti
al 
hromati
ity 
ontributionsfrom the IR are quite modest with values of �xIR= -7 and �yIR= -39, whi
h is about21% of the 
ontributions of the ar
. Corre
tion of this 
hromati
ity is not expe
tedto result in any signi�
ant redu
tion of dynami
 aperture. The horizontal and verti
alpeak beta fun
tions of the proton beam are 2668m and 2637m, respe
tively, and so are
onsiderably smaller than at the proton-proton intera
tion points and are assumed tobe non-problemati
. The IR 
hromati
ity 
ontributions of the proton beam are �pir=-8. The low beta quadrupole lenses provide suÆ
ient aperture of at least 13.5 timesthe RMS beam size in the 
ase of protons and at least 20 times the RMS beam size inthe 
ase of leptons. A

ording to experien
e at HERA [90℄, this would be suÆ
ient foravoiding beam lifetime redu
tions or poor ba
kgrounds.The intera
tion region is sket
hed in Fig. 23 and Fig. 24. The latti
e fun
tions areplotted in Fig. 25. The intera
tion region parameters are shown in Table 5.The 
rossing angle of �
 = 2mrad redu
es the luminosity by a fa
tor of 3.5. One
an re
over from this redu
tion and 
an avoid any detrimental e�e
ts from the �nite
rossing angle if the proton beam is tilted around a verti
al axis by �
=2. This 
anbe a

omplished by RF resonators with a transverse de
e
ting �eld, so-
alled 
rab
avities. In order to obtain an almost linear ki
k with the distan
e from the 
entre ofthe proton bun
h over the entire length of the bun
h (�p= 75mm is the RMS protonbun
h length), the RF wave length has to be mu
h larger than the bun
h length. AnRF frequen
y of 500MHz ful�ls this requirement (the non-linearity at �p from the
entre amounts to 9%). With the beta fun
tion of 708m at the properly pla
ed 
rab
avities, the required transverse ki
k at �p from the 
entre is � = 2:1 �rad. TheRF phase angle 
orresponding to one �p is 42Æ. This means that the RF stru
turehas to provide an integrated peak �eld of U 
rab= �E p =20.8MV.With a gradient ofG
rab =3.4MV/m, the two 
rab 
avity systems around the IP must have an a
tivelength of 6.1m ea
h. This 
ould be a

omplished by a three 6-
ell resonators. A 12m long super
ondu
ting 500 MHz RF stru
ture is not expe
ted to a�e
t the LHCimpedan
e budget 
onsiderably if the higher order modes are damped below a QHOMof 1000. Shorting of the resonators during p-inje
tion and ramping may be required.The two 
rab 
avities 
an be installed in the IR at the point of maximum separationof the proton orbits between 120m and 140m distan
e from the IR. The horizontal37



Figure 23: Top view (s
hemati
ally) around the IP. The 8 � beam envelope of theproton and the lepton beams are shown. The non-
olliding proton beam (dashed line)envelope is not shown. 38



Figure 24: IR 
on
eptional overview (top view)phase advan
e at 120m from the IP amounts to 25.6Æ. Thus a third resonator may beneeded to provide exa
t 
losure of the 
rab-orbit bump. In order to avoid blow-up ofthe proton beam, the toleran
es on the RF system and the required pre
ision of the�eld amplitudes in the presen
e of high beam loading are very demanding. No attempthas been undertaken so far to spe
ify an RF design for the 
rab-system.The horizontal amplitude of the '
rabbed' traje
tories amounts to 0.3mm for parti-
les whi
h are one standard deviation away from the 
entre. The 
orresponding in
reasein aperture requirement is negligible.For the low x, low Q2 part of the physi
s programme, the dete
tor needs a

eptan
eto polar angles of 1Æ with respe
t to the dete
tor axis. This 
annot be provided by thehigh luminosity IR as presented here. Sin
e this part of the physi
s programme needssubstantially less luminosity (� one order of magnitude), the low beta magnets 
an bepla
ed further away from the IP (by 3m). The beta fun
tion at the IP the in
reasesby a fa
tor of 4 and a larger 
rossing angle 
an be tolerated. The low beta quadrupoletriplet for the lepton beam needs a larger aperture to a

ommodate all the beams. Nofurther e�ort has yet been made with the low x IR 
on�guration, whi
h is not expe
tedto represent a design 
hallenge.6.6 Syn
hrotron RadiationThe syn
hrotron radiation produ
ed by the beam separation magnets, by misalignmentof the quadrupole magnets, and by 
losed orbit distortions in the IR, must be minimizedby using beam-based alignment, by 
areful orbit 
ontrol and by an e�e
tive 
ollimationsystem. These issues have been dis
ussed in the preparation and 
ommissioning of the39



Figure 25: Latti
e fun
tions for the proton and lepton beam in the lepton-proton IR.HERA luminosity upgrade [95, 96℄. The details will not be dis
ussed here but it isimportant to noti
e that the syn
hrotron radiation produ
ed in the proposed IR issomewhat less 
riti
al than in the 
ase of HERA.The soft bending �eld with a bend radius of �ir =10,010m produ
es a radiation of9.1 kW and a 
riti
al energy of 76 keV, whi
h is transported within a fan of 1.9mradhorizontal opening angle and a verti
al RMS thi
kness of �2mm. The narrow openingangle of the fan is due to the anti-symmetri
 arrangement of the IR. Due to the 
rossingangle in the IP, the whole syn
hrotron radiation fan is tilted by 2mrad away from theproton beam. Therefore, the high power syn
hrotron radiation does not penetrate the
old low-beta quadrupole magnets of the proton beam. Fig. 26 shows the distributionof syn
hrotron radiation in the IR.The radiation is stopped at the 1m long absorber pla
ed at 21m from the IP beforethe �rst proton low-beta quadrupole. The linear power density rea
hes maximumvalues of 4.0 kW/
m (Fig. 27). The absorbing surfa
e is tilted by (�/2-5mrad) so thatthe surfa
e power density is redu
ed to approximately 100W/mm2. A 
orresponding
ollimator exists at HERA [96, 98℄. It absorbs about 3 to 4 kW of radiation with a powerdensity of 40W/mm2. The absorber presented here (Fig. 28) is a realisti
 extrapolationof the HERA absorber. A sket
h of a possible absorber for LHeC is shown in Fig. 28.A se
ond absorber is needed between the �rst and the se
ond low beta quadrupoles ofthe proton beam opti
s. A

ording to HERA experien
e [97℄ this 
ollimation systemshould be adequate for both elimination of experimental ba
kground and prote
tion ofa

elerator 
omponents.
40



Table 5: Parameters of the high luminosity intera
tion region for the LHeCIntera
tion region parametersproperty unit leptons protonsHorizontal Beta fun
tion at IP 
m 12.7 180Verti
al beta fun
tion at IP 
m 7.07 50Horizontal IR Chromati
ity -7.5 -7.9Verti
al IR 
hromati
ity -29.7 -7.7Maximum horizontal Beta m 131.7 2279Maximum verti
al Beta m 704.4 2161Minimum of available Aperture �x 16 13.5Low beta quadrupole gradient T/m 93.3 115Separation dipole �eld T 0.033 -Sy
hrotron Radiation Power kW 9.1 -Low beta quadrupole length m .96/2.43/1.14 16.5/18.6/11Low beta quadrupole apertures mm 30/40/50 12/15/15Distan
e of �rst quadruple from IP m 1.2 22Dete
tor A

eptan
e Polar Angle degree 9.4Crossing Angle mrad 26.7 Magneti
 Elements of the Intera
tion RegionThe super
ondu
ting low beta quadrupoles for the ele
tron beam 
an be built usingstandard super
ondu
ting te
hnology. The �rst two low beta quadrupoles for theprotons are more 
hallenging, be
ause the lepton beam pipe has to pass through the
ryostat of these magnets.The �rst lens is a septum quadrupole laid out as a super
ondu
ting half quadrupole.The radius of the half aperture is 30mm whi
h provides a 15mm aperture for the beam.The left side half of the magnets looks like a standard super
ondu
ting quadrupole(Fig. 29). The other half 
onsists of magneti
 iron with a gap for the lepton beam. Thea
hieved gradient is 93T/m. The magneti
 mirror plate works well up to a magneti
indu
tion of 2.79T near the 
oil. The magnet has a reasonable �eld quality and hasno �eld in the gap for the lepton beam. This has been 
on�rmed by magneti
 �eld
al
ulation using the 
ode Opera-2D [99℄. Figures 29, 30 and 31 show a 
ross se
tionwith the 
on
eptual layout and the results of the �eld 
al
ulation. A possible issuewith this magnet is the me
hani
al stability of the 
oil.At the se
ond proton low beta quadrupole whi
h needs the full horizontal aperture,the two beams are separated by 85mm so that the lepton beam pipe 
an pass outsidethe regular 
oil through the 
ux return yoke. This magnet needs a wide 
ux return.The 
oil is a standard super
ondu
ting quadrupole 
oil with an aperture of 30mm.41



Figure 26: Deposition of Syn
hrotron radiation: Most of the power of 9.1 kW in thesyn
hrotron radiation fan (shown in yellow) is absorbed at the 
ollimator-absorber at22m from the IP (dark/red). No dire
t radiation is deposited inside the super
ondu
tingmagnets.6.8 Beam-Beam E�e
ts and LuminosityIn the following, the luminosity will be re
al
ulated from the design parameters. Thelarge bun
h length of the proton beam of 7.5 
m will 
ause a luminosity redu
tionsin
e it enhan
es the e�e
tive beam size of the protons experien
ed by the ele
tronbeam. The e�e
t of the short lepton bun
h length 
an be negle
ted and the hour glassluminosity redu
tion fa
tor isR = 2 � �yp�yep��pp�2yp + �2ye � exp 2 � �yp�ye�pp�2yp + �2ye! �K00� �yp�ye�pp�2yp + �2ye!21A = 0:95(14)The 
rossing angle should not redu
e the luminosity if it is properly 
ompensated bythe 
rab-tilt of the proton bun
hes. Another e�e
t whi
h in
uen
es the luminosity isthe so-
alled dynami
 beta, the distortions of the beta fun
tions in the 
ore of the beamby the beam-beam intera
tion. This distortion de
reases the lepton beta fun
tions atthe IP in the ele
tron-proton 
ase if the tunes are above the integer and below thequarter integer resonan
e��x;y�x;y = �r0 �Np � �x;y � 
ot(2 � � �Qx;y)
e � �px;y � (�px + �py) : (15)42



Figure 27: Syn
hrotron radiation linear power density at 21m from the IP, at theentran
e of the absorber. The red boxes below indi
ate the position of the absorberelements.This does not a�e
t the beam tails and has no in
uen
e on the aperture requirementsfor the beam. It does a�e
t, however, the beam mat
hing and the 
hromati
ity. Dy-nami
 fo
using 
an therefore not be used to in
rease the luminosity without taking intoa

ount the 
onsiderations 
hromati
ity limitations as dis
ussed before. The dynami
beta depends strongly on the 
hoi
e of the tunes. For very strong beam beam for
es,the beta fun
tions might be in
reased by higher order e�e
ts. For HERAe-like tunesQxe= 0.10 and Qye = 0.11 one obtains a strong redu
tion of the horizontal ele
tronbeta fun
tions from �xe= 12.7 
m to �xe= 6.9 
m, and a small in
rease for the verti
albeta fun
tion from �ye =7
m to �ye = 7.3 
m. Note that for positron rather thanele
tron running, the tunes should be taken below the integer resonan
e.The beam-beam tune shift values whi
h result from the parameters are��px = rpNe�xp2�
p�xe(�xe + �ye) = 0:83 � 10�3 (16)��py = rpNe�yp2�
p�ye(�xe + �ye) = 0:32 � 10�3 (17)��ex = r0Np�ye2�
e�xp(�xp + �yp) = 48 � 10�3 (18)��ey = r0Np�ye2�
e�yp(�xp + �yp) = 51 � 10�3: (19)43



Figure 28: Sket
h of the HERA-type, 
oni
al, 100 
m long, 30 
m � 30 
m 
ross se
tion,water-
ooled syn
hrotron radiation absorber made of 
opper. The radiation is absorbedover a length of 400mm and the full width of 90mm of the absorber (only the lowerhalf of the absorber is shown).The verti
al tune shift value is within the range of HERA operational parameters.However, large tune shifts in the order of 0.05 in both planes are beyond HERA expe-rien
e. Given the larger beam energy of 70GeV and the shorter damping time, thesetune shifts may be 
onsidered tolerable. More studies are needed to verify whether this
hoi
e is a

eptable or whether the design should be based on a larger 
rossing angle,larger ele
tron emittan
e and smaller beta.The long-range beam-beam tune shift parameters ��parx , ��pary of the lepton beamat the parasiti
 
rossing points are given by [100℄��parx = Npr0�parx2�
e�x2 (20)��pary = �Npr0�pary2�
e�x2 (21)where�parx;y are the beta fun
tions, �x is the horizontal beam separation at the parasiti

rossings and the verti
al beam separation is zero. The 
orresponding values for the �rstparasiti
 
rossing is quite large for a bun
h spa
ing of 25ns (see Tab. 6 whi
h summarizesthe evaluation of these formulae). The operational experien
e with long-range beam-beam e�e
ts in LEP [101℄ (at four instead of at one intera
tion point) indi
ates, thatone might have to expe
t problems mainly due to beam-beam orbit e�e
ts. For largerbun
h spa
ing of 50 ns and 75 ns the long range beam-beam parameters are suÆ
ientlysmall. A somewhat larger 
rossing angle might be ne
essary relax the long-range beam-beam e�e
ts suÆ
iently. Further study is needed to 
on�rm whether a 
rossing angleof 2mr is suÆ
ient for 25 ns bun
h spa
ing.Taking these e�e
ts into a

ount the luminosity for Ie= 71mA, Np= 1.68 1011, �p=44



Figure 29: Sket
h of the 
ross se
tion of the 30mm aperture septum quadrupole usedfor the verti
al low beta lens of the proton beam.0.5 nm, �xe= 7 nm, �ye = 5 nm and R = 0.94 amounts toL = Ie �Np �R2 � � � e �p�p�xp + �xe�xe �p�p�yp + �ye�ye = 1:11 � 1033
m�2s�1 ; (22)a

ording to the design goal.7 SummaryThe physi
s and the design of a Large Hadron Ele
tron Collider (LHeC) are sket
hed.It is illustrated that a unique and important programme of physi
s is possible witha 70 GeV ele
tron/positron beam in 
ollision with the 7 TeV LHC proton (and ion)beam at a luminosity of 1033
m�2s�1.Experiments at su
h a 
ollider probe ele
tron-quark and positron-quark physi
sin an unparalleled manner, thereby enabling a substantial extension of the dis
overypotential at the LHC and making possible measurements of a pre
ision 
hara
teristi
of lepton-hadron measurements. Highlights in
lude� Observation and pre
ision measurement of new physi
s in the lepton-quark spe
-trum at the TeV s
ale, whi
h 
ould reveal unexpe
ted and new leptoquark phe-nomena. The LHeC will provide pre
ision measurements whi
h are important tothe interpretation and quanti�
ation of this new physi
s.45
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Figure 30: Field lines of the septum quadrupoles as 
al
ulated with OPERA-2D [22℄.
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 indu
tion does not ex
eed values of 1.6 T and the mirror plate fun
tions wellfor this magnet. The magneti
 �eld inside the septum gap is only a few Gauss.� Dis
overy and pre
ision measurement of new physi
s in proton stru
ture at verylow Bjorken-x, whi
h will be 
ru
ial to superhigh energy neutrino physi
s, to for-ward physi
s at the LHC and basi
ally to the development of our understandingof QCD in the high parton density, low 
oupling limit, and thereby the phaseequilibria of 
hromodynami
s in a variety of hadroni
 systems at the TeV energys
ale.� A new level of pre
ision measurements and pre
ision tests of the validity of QCDat a new distan
e s
ale, 
orresponding to substru
ture dimensions of 10�19m,whi
h promise to have a dire
t bearing on the overall 
onsisten
y of the StandardModel and its underlying physi
s as one moves towards the uni�
ation s
ale.� Measurements whi
h will make possible the determination of parton distributionfun
tions of nu
leons and nu
lei over a hitherto ina

essible kinemati
 range in46



Table 6: Parasiti
 beam-beam tune shifts of the lepton beamBun
hspa
ing Crossingangle Separation Separation Horizont.parasiti
beam-beamtune shift Verti
alparasiti
beam-beamtune shift[ns℄ [mrad℄ [mm℄ [�ex℄25 2.0 7.7 8.3 0.0011 -0.001550 2.0 15 23 0.0001 -0.00275 2.0 27 50 0.00003 -0.0004probe s
ale (Q2) and longitudinal momentum fra
tion (Bjorken-x), and whi
hare essential if the sensitivity at the LHC to new and rare physi
s in both pp andep physi
s is to be optimised.� The immense energy densities a
hieved in an AA intera
tion at the LHC. Tofully explore the nature of the intera
tions will require 
omparable data in pA,pp, and eA 
ollisions. LHeC and the LHC will thus 
onstitute an experimentaltool unparalleled in the history of hadron physi
s in that nowhere else has thereever been su
h a range of possible measurements at su
h an energy s
ale.A 
on
eptual design of a high luminosity Large Hadron Ele
tron Collider, the LHeC,is presented. The approa
h takes advantage of developments in te
hnology whi
hare now well advan
ed, and whi
h are ne
essary for future ele
tron/positron lineara

elerators, to a
hieve an ele
tron/positron storage ring of for example 70GeV energyin the LHC tunnel. It is shown how, with the 
areful design of the RF stru
ture and theintera
tion region, it is possible to a
hieve a luminosity of 1033 
m�2s�1 in 
ollisionswith one of the LHC hadron beams. The solution is based on 25 ns bun
h spa
ingwith a small 
rossing angle of 2.0mrad whi
h requires 
rab-
rossing for the protonbeam. The 
on
ept is aimed at the simultaneous operation of LHC and LHeC and�rst 
onsiderations of how this 
an be a
hieved are stated. Wherever possible, realisti

onstraints are in
luded based on past operation of ele
tron storage rings and on theoperation of the HERA ele
tron and proton storage rings at DESY Hamburg.Further work is needed to address a number of issues whi
h have yet to be resolved
on
erning the feasibility of su
h a 
on
ept. Nevertheless, to date it appears notunreasonable to 
ontinue to 
ontemplate a major and important ep physi
s programmeat the TeV s
ale as part of the physi
s programme of the LHC.
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