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Abstract

The physics, and a design, of o Large Hadron Electron Collider (LHaC)
are sketched. With high lumincsity, 10%¥em="s~", and high energy, /7 =
1.4 TeV, such a collider can be buik in which a 70 GeV electron (positron

besm in the LHC tunnel is in ecollision with cne of the LHC hadron beams
and which operates simultanecously with the LHC. The LHaC makes pos-
sible deep-inelastic lepton-hadron (ep, el) and eA4) seattering for momen-
tum transfers * beyond 10%GeV? and for Bjorken > down to the 10-%5
New sensitivity to the existence of new states of matter, primarily in the
lepton-quark sector and in dense partonic systems, is achieved. The preci-
sion possible with an electron-hadron experiment brings in addition crucial
accuracy in the determination of hadron structure, as described in CQuan-
tum Chromodynamics, and of parton dynamics at the TeV energy scale
The LHeC thus complements the proton-proton and ion programmes, adds
substantial new discovery potential to them, and is important for a full
understanding of physics in the LHC energy range

*Contributed to the Open Symposium on European Strategy for Particle
Physics Research, LAL Orsay, France, January 30 to February 1%, 2006.
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with J.B. Dainton, M. Klein, P. Newman, F. Willeke

* Examples of motivations for DIS at the TeV

scale in view of the LHC results

- Feasibility study : LHeC
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Introduction

DIS experiments :

- Provide key data to understand St
the proton structure ¥ | ERAD e
- and more generally for our 1 e
understanding of QCD N s
- No agreed future DIS programme once it
HERA stops taking data in mid-07 g3 i

- But still many unanswered questions
(low x, diffraction, precise pdfs in 102

a larger kinematic domain,...)
10

— Consider the feasibility of pursuing

the DIS programme using the 7 TeV

LHC proton (A) beam and bringing it 10
in collision with a 70 GeV electron e o T Sy T R R

beam in the LHC tunnel: LHeC. X

Vs = 1.4 TeV : covers much higher Q? and lower x than HERA.
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Introduction
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Compared with linac-ring: LHeC provides both a high Vs and a very high
luminosity (of about 1033 cm-2 s, i.e. integrated luminosities of about

10 fb-! per year can be considered).
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DIS at the high energy frontier

Going higher in Q2 : towards quark substructure ?

LHeC promises to reach 107 m, i.e =

E E
= 1/10000 (1000) of proton (quark) radius
= 1ok
C [
E Rutherford
|
ge il 0 ®
% 8 Hofstadter
O
E o1p 2 S s {48
Q siace O
.S
3 X &
0.01 S SCERNuyN
-
S
s |
0.001 -— L]
?1 HERA
O 4
0.0001 LV % SET
" + v
O . LHeC
| z x i |
1900 1950 S
_°| Year

Quark substructure can be seen
at the LHC in dijet spectra or
angular distributions.

But other New Physics processes
could fake this signature.

Complementarity between pp,
ee and ep could help in
underpinning the nature of NP.
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Leptoquarks

Apparent symmetry between the lepton & quark sectors ?
Exact cancellation of QED triangular anomaly ?
PP ep

* LQs appear in many ex’rer.'usions of SM q LO e
* Scalar or Vector color triplet bosons .
» Carry both L and B, frac. em. charge Q

g A
LQ decays into (Iq) or (vq) : / _
Q decays into (19 or () A
P PP A (unknown) Yukawa coupling I-g-LQ
eq vq llqq lvgq vvqq
NebIs | ceprs | Z/PY i W jj W/Z + jj “ep: rgsonan‘r Reak, ang. distr.
QCD QCD * pp : high Et Iljj events
A [ memer — meew AF. Zarnecki
. LHC could discover eq resonances

= with a mass of up to 1.5 -2 TeV
via pair production.

-1
10

LHC Quantum numbers ? Might be
| pair difficult to determine in this
prod mode.

-2
10

HeC

3
10

=3
10
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Determination of LQ properties

pp. pair production ep, resonant production
e+ ep Compare ¢ with e+ and e-:
g LQ < F=1¢’ ey
- Fermion qorq? LO F=0LQs : o(e”) higher
humber A F=2 LQs : 6(e” ) higher
g\ < e- q
q Q qorq? F=+19
- Scalar 4d—g—LQ LQ : e cos(6*)
or angular distributions e '/5 0% distribution
Vector depend on the structure E— 9 gives the
of g-LQ-LQ. If coupling / LQ spin.
similar to YWW, vector LQs 9

would be produced unpolarised...

* Chiral 2 Play with lepton beam
couplings polarisation.

E. Perez 6 HERA-LHC, 03/06/06



Single LQ production at LHC

Scalar LQ, A=0.1, single production

104 ¢
3 | | . . .
S w0 —— LHeC,e'd | Single LQ production also possible at
2 0% LHeC, e dbar The LHC
’ L
10 g E 9 ......... LQ 9 7\‘ 8“
1 ep N : 9
107k o q —— C-
e_
° 7 v — ee followed by eq -> LQ not
10 considered yet. Not expected to change
o f LHC.dg . | much the results shown here (Tevatron).
g -------- LHC, dbar g e %
10 5L R B S

o w0 @ wo oo 2w Smaller x-section than at LHeC.
M q (6eV)  And large background from Z +1 jef.

Can be used in principle to determine the LQ properties.
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Single LQ production at LHC

Single LQ production at LHC to determine the LQ properties ?
Example : Fermion number :

Look at signal separately when resonance is formed by (e+ + jet) and (e- + jet):

F=0 e+ F=0 e-
9 9 ..o
— .< . .< - 5(e+) > ofe)

12— LHeC: 10 fb! per charge

Sign of the asymmetry gives F, but could
be statistically limited at LHC. Easier inep |

1~ + LHeC o —

B

0 —

A

1
o
F—

Idem for the simultaneous determination [
of coupling A at e-q-LQ and the quark flavor q.  os|
[ ; |
i

04

If LHC observes a LQ-like resonance, .
M <1 TeV, with indications (single prod) ool
that A not too small, LHeC would solve the [ LHC: 100 fb!
possibly remaining ambiguities. ol

L |. 1 1 1 | L 1 1 1
200 400 600 800 1000 1200
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p structure & interpretation of LHC discoveries
(ATLAS & CMS)

LHC parton kinematics

10° AL AL B Bt AL L AL

[ %, = (M/14 TeV) exp(ty) ]
100 Q=M M=10TeV 3

* Highest masses — mainly quarks @ high x

10"

Constraints on d(x) at high x still limited
10° 3
' + Medium masses involve lower x partons
- Better constraints on d-u at
10' £ M =100 GeV

x < 102 might be needed...

10°

* Knowledge of b pdf important

* QCD evolution at low x could also be
— relevant for the interpretation of
< LHC discoveries

E. Perez 9 HERA-LHC, 03/06/06



Quark densities at high x

Toy example : heavy squarks

Measure ¢ and M( q ). Would like to know :

- gluino mass

- which squar'ks are observed, i.e. have the mass M( g q)
(e.g. are Ui and d degenerate - more generally, relate new colored particles
to flavor)

=3 QCDfit
------ CTEQ4M
- -~ CTEQ4M (modified)

0.8 - )

0.6 -
0.4 -

02 M\ Botje, EPT C14™
(2000) 285
fitted range ———|

0 0.2 0.4 0.6 0.8 X

0

E. Perez

Disentangling u and d come from (so far):

- F,p (4u + d) and F," (d + u) : uncertainties

at high x due to nuclear effects in deuteron

- CCDIS dataine™pand ine’p (stat. limited

so far for high x)
- xF3 in NC DIS data ( ~ 2u,, + d,) - also staft.
limited so far

LY |

=

™
(1 9

X

10

0.75

0.5

0.25

transformed to Q*=1500 GeV*

® H1HERA I+l

H1 Preliminary

— H1 PDF 2000

H1 Collaboration
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Better constraints on d(x) at high x

; Q2 = 20000 GeV?

- CC DIS at LHeC: simulation for 1 bl
High CC rates up to high x : would allow an accurate
determination of d/u at high x.

- XF3 at LHeC

10 fb~! per charge

LHeC simulation

5 057
B I — GRVY%4
I~ B CTEQ6.1
0.4 -  —— MRST03
® Jdaa
0.3
0.2
07 I T R B R | I T B A I Lo
107 10° 10" 10"

Q’=2000 GeV’ X

» e-deuteron data at LHeC in addition to ep could help
(tagging and reco. of the spectator proton — free of
nuclear corrections)

* high rate of v.and v CC DIS on H target.. NuMi beam at FNAL ?

1 HERA-LHC, 03/06/06
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Intrinsic ¢ and b at high x ? E.g. for heavy
s-charm and sbottom...

LHC, vs =14 TeV. MSSM, tan=10
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Generally, precise knowledge

of esp. b(x) important o
since b involved in the

initial state of many 0

hew physics processes. _
e.g. determination of tan(B) from bb -> h/A.
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LHeC: high lumi, large b fraction, small beam spot — would
extend the range of b & ¢ measurements and bring them
to a new level of precision (~ %, compared to 10% at HERA)

HERA-LHC, 03/06/06




Quark densities at medium x

xP = 4,x" (1-x) f, (x) | |
R Klein & B. Reisert  Fit to H1 + BCDMS data, release B(j=Bp

. 3 and Ay = AT, Ap = AT, i.e. do

Pl w7\ TR 1 not impose that :
we o/ \ =+ E q=qat low x
T o NE L N U =dat low x

- [ il [ ' [ m [
e MR 7 D =d+s becomes poorly
E av E constrained already at x below 1072
QTP 0 Further constraints would come from
J | e oso* L yEo ot LHeC, at low-medium X

) _ experimental s - e-deuteron data at LHeC (“free" of
13 N\ e e shadowing corrections via Glauber's
ol sl sl M I relation of shadowing to diffraction)

§ - W production at the LHC

A precise decomposition of the proton structure amongst the various
flavours is likely to be important if SUSY-like new physics is observed.

E. Perez 13 HERA-LHC, 03/06/06



QCD at low x

Many questions yet unanswered... b \
18 F e HI, ZEUS 1996/97
. . 4 NMC, BCDMS, E663
-Saturation of PGF‘TOH densities ? 16 | >7\ —— NLO QCD Fit
T\ @=15GeV* -- Regge Fit (ZEUS)

- evolution dynamics ? (DGLAP, updfs, BFKL,..) ..}
- origin of high density phase ? Color Glass
Condensate ?
- Understanding of diffraction ?
— see talk by P. Newman

Q*=650 GeV*

N>‘ 0.4 Q’=0.25 GeV*
3, x down to 10-6 i S
107 F B=7o0cey with small angle L
o~ -
% b detector. 0 _ - . _ _
10 ~ 10 10 10~ 10 X
 HERA
10 |

LHeC would provide a dramatic
extension of the low x kinematic
range.

Important for LHC (pp, pA and AA)
and for ultra-high-energy neutrino
cross-sections.

HERA-LHC, 03/06/06



Low x evolution and New Physics at LHC ?

Example: “light" ( < 1 TeV) Randall-Sundrum graviton, missed at the Tevatron
because of low coupling / not large enough luminosities

|+ Spin 2 It inlZ'b ?
g pin 2 graviton or spin oson :
\ reso /
/ nance\ In collinear factorisation : angular distributions
g |- disentangle between spin 1 & spin 2.

kT factorisation: virtual gluons i.e. not E f:ggz i -
only transverse. Polarisation tensor = 5 \ - CCFW
gheV ~ kit k1Y, would affect the angular g DS eRES
distributions... Large effect ? gom \\

Work in progress... E
10000 [

Studies of forward jets at LHeC would provide 80 F -

further constraints on the unintegrated 6000
gluon density - and more generally on the 4000 £
evolution pattern at low x. 2000 |-

0 SEET1

E. Perez 15 10 10



Low x partons in heavy ions

Pb-Pb collisions at Vs, = 5.5 TeV ( x 30 larger than Vs at RHIC)

Goal is to establish and understand the Quark-Gluon Plasma by investigating
medium effects on produced partons (jet quenching, quarkonia suppression).

10% — I E— |
- Xy5= (MHs)e®

So far, no experimental data
in the very low x domain.

E. Perez

Very low x partons involved. Need to
disentangle medium effects from initial state
effects, esp. shadowing & probably saturation

of g density.
1.27 o
ke E130 . / S
s, | +Eses l sn®_ 1 [ |l
[ I |
G = "}i{* ) ﬁ \\
i 0] / R N T | !_\T'
=] ||'k - } % » .."I \ ./l/;\
] 1 * —
0.87 _;f\ — ___,f'/ \&
| shadowing f I

0.7
0.001

16

0.01
sea quark

0.1 |
X

_ Fermi motion

N modification

1
valence quark
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Low x gluon in heavy ions

o
E’ T Low x g in Pb very poorly known.
10 ol Variation by a factor of 3 between
N different predictions (i.e. one order
Q osl of magnitude for gg induced x-sections)
-06 i
o 07 95 Further constraints from heavy flavor
o | 4\ " production in pA collisions at LHC ?
~ 06F g e A - scale uncertainties
& | .. - uncertainties from m, efc..
05 Frankfurt2 . :
= " — constraints would come from comparing
U x-sections in pA and in pp ?

4 Need precise knowledge on low x gluon

ol in proton... Evolution, updfs ?

1075

» Universality of shadowing ? eA data would test it.
* High parton densities regime — important diffractive component, under control ?

A determination of g in Pb from inclusive e-Pb DIS scattering would be
of primary value, given the complexity and the importance of QGP.



High parton densities regime

/_'200 lll L] LLALLL BB ELLLLL | LBLELRLLL LR L B R LLL
S \
» u Q*=5 GeV?
S |
(@] \
x150 \ —s-unitarity limit
\
III
| \
\
100 \ i
50 | _
[ \LHeC—Pb HERA o ]
{} :ml:l_uwﬂ:u_umj:muun:l_ulmd:J_uuM:J_Lm_:mlﬂn:j
10310710510510410310210'
x b
g4 /m /3 84
High density ;=4 y
Ep ”?p Ep
Unitarit 2g(z, Q%) € ————Q*R* ~ Ql
Y N80 = N (@)

100

50

~200

| .LHeC—Pb

NSRRI R R AL B LR 2

Q’=20 GeV*

—e—unitarity limit

Striking effects predicted:

bj -> black disc limit F,~Q2In(1/x)
~50% diffraction

colour opacity, change of J/W(A)

Measurements of eA and ep at high densities: relationship (Gribov-Glauber)
of nuclear shadowing to diffraction; huge impact on the understanding of

partonic matter in nuclei.
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LHeC : general parameters

Additional e ring in the LHC tunnel. Maintain the existing facility for pp collisions

* Proton beam parameters = those of standard pp LHC operation

* Electron beam : Ee as high as possible - but can not be too high because of
synchrotron radiation.
E.g. Ee =70 GeV, then E ., sx ~ 0.7 GeV per turn in the LHC tunnel.

Intensity is then limited by the available power for the accelerating RF cavities.
Ee=706GeV,P =50 MW — Ie =70 mA.

- Optics at the Interaction Region :

- match the beam x-sections, i.e. (B* x emittance) is the same for e and p.
- take B,, B,, = 1 m2 for reasonable p-beam x-section
- this, with Ie and Ip, leads to a luminosity of ~ 1033 cm-2 s-!

- Feasible ? B*, limited from :
- chromaticity ~ 1/B* : if B* too small, parts of the beam on resonances
- beam-beam effects : shift (~ p*) the betatron tune of the lepton beam;

- beam-beam separation (bunch spacing 25 ns) requires a small enough
lepton beam emittance (hence a larger beam-beam tune shift than HERA)

— limited window for §* of the lepton beam, but feasible e.g. with a
LEP-like structure of FODO cells (376 cells).

E. Perez 19 HERA-LHC, 03/06/06



Main parameters

Table 3: Main Parameters of the Lepton-Proton Collider

Property Unit Leptons | Protons
Beam Energies eV 70 7000
Total Beam Current mA 74 544
Number of Particles / bunch 10 1.04 17.0
Horizontal Beam Emittance 1111 7.6 0.501
Vertical Beam Emittance N 3.8 0.501
Horizontal S-functions at IP cm 12.7 180
Vertical G-function at the IP cm 7.1 50
Energy loss per turn eV 0.707 | 6-107°
Radiated Energy MW 50 0.003
Bunch frequency / bunch spacing | MHz / ns 40 / 25
Center of Mass Energy P eV — 1400
inagity 33 . —2 —
Luminosity (1\0 cw"s ) 1.1

E. Perez
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Lepton Ring

- LEP-like FODO cells in the 8 arcs
- in straight sections : superconducting RF cavities,
1 GHz, gradient of 12 MV/m, need ~ 800 cells.

P4 IP

RF Abort

iP3 LHC IP7

Momentum Rln Betatron
Cleaning g Cleaning

- After completion of the b-physics programme
at the LHC — could use IP8 ?

IP2

ALICE
\\ IP1

ossible ep
Interaction
Region

- In parallel with pp, pA and AA data taking, i.e.
need a bypass around IP1, IP5, and possibly IP2 :

20
existing survey
tunnel
10 R . .
A o F : Need to drill two connection

.| P tunnels, about 250 m long, up to

%F main accelerator| [ ey 2 m in diameter.

s tunnel
-10 cavern

-4{']'0 | -ZGID | d‘ | _211'113 I 4'50

Distance from IP in metres
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Interaction Region (high lumi)

Low B* for high lumi requires that the quadrupoles Top view
be close from the IR. Need a quick separation  Redal T |
of the beams, avoiding too strong fields. fem] H —
Lepton
Non-colliding p beam SC quad.
— For a bunch spacing of 25 ns, need a Verticadlly displaced triplet
horizontal x-ing angle of 2 mrad ;

D . =2 =
2 mrad | ot
Ensures that the beams are | [ rotons
separated by > 8 ¢ at the 1s* parasitic xing.

-10

1s* parasitic xings —

Lumi reduction due to 6. (factor 3.5) 150 i
compensated by "crab-cavities”, which g
rotate the p bunches. N a— . - 0

Distance from IP in metes
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Interaction region

] I I ] I | i 1. 2 m I I ] I | I
Radial . proton low-beta triplet ___- =
04 _? Distance :eptc;n -
[m] vertical bend lw-ben !
triplet
for leptons \

K--F’- Lo il ekttt R L LR LD R R LR L R R D L
— Y =

ol oy A 2 [
rH
. v [ ‘I ll
syRchrotron ] | 7

radiation
/ I abs\rbers leptons
// separator |
dipole 5 7 cm Il
crab cavities < protons 15 s_eparaTion
| ! | | | 0.4 mrad ! | ! ! 1

140 420 -100 80 50 40 mrad 20 40 60 80 100 120
Distance from IP in metres

Magnet free space is £ 1.2 m -> detector acceptance of 10 degrees.

For low x, need to go down to 1 degree. But luminosity is less an issue, so can
have lepton quads. further away ( 3m) and a larger x-ing angle.
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Conclusions

 Within the next 2 years, the LHC will enter a completely new domain

of high energy physics :
- very high Vs
- very low x, high parton densities

* For both, capital discoveries are expected. The understanding and
interpretation of these data will be complex, and might require ep & eA

data in the same energy range.

- A continuation of the DIS programme at the TeV scale would bring to
a new level of precision measurements & tests of QCD (e.g. improved

alphas determination)

* First conceptual design : this programme could take place using the
LHC proton beam. No show-stopper found so far. Luminosity of 1033 cm-2 s-!

seems possible (x 20 HERA)

* How to best optimise the IR ? Two phases (low x, highest luminosity) ?
How to prioritize between LHeC and LHC lumi/energy upgrades ?

Expect that the LHC data will tell. Meanwhile, we should be

open-minded and think about it !
HERA-LHC, 03/06/06
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