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* how are leptons and quarks related ?

THE UNCONFINED QUARKS AND GLUONS

Abdus Salam

International Centre for Theoretical Physics,

Trieste, Italy and Imperical College, London,
England

1. Introduction

Leptons and hadrons share equally three
of the basic forces of nature: electromagnetic,
weak and gravitational. The only force which
is supposed to distinguish between them is
strong. Could it be that leptons share with had-
rocns this torce also, and that there ia just one

form of matter, not two?
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ICHEP86 Berkeley

° put them together at the highest energy
in the finest detail
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Most of the mass of ordinary matter is
concentrated in protons and neutrons. It

Pﬁtﬁbﬁlﬁ @lmlfﬁf%troﬁr@lf@jﬁ\g’s%@vs that

prolfons and neutrons in an
Imaginary world with no Higgs
tnesshactigally poeeljheut mbgs arksesnfilom
pLgmenerm/chazsesr@cmm wtﬂEthmdyaamlcs
ac c oahdontinsEncadnyodifidaats ardi ot the
Jem/@ilaltrIWUImT:If\ E(Iril dhMaatefound
Frank Wilcek CERN October 11, 2000

° probe hadronic matter at highest parton density
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- found on a Guardian newsaper
web page

- found on
Frank Wilcek's
blackboard
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Number of gluons per unit area: pand A
% L

* (P — size of gluons
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2.LHeC physics

- some snapshots
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» leptoquark systems - new physics + SM
LHC LHeC

Standard Model F=0 Leptoquark F=2 Leptoquark
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SM (hadronic) + signal ~ SM (electroweak) + signal
Lg & Lglgproduction Lg formation
o~ fewx0.1fb (A=0.1) ¢~ 100 fb (A=0.1)
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LHC Lg pairs+decay LHeC Lg formation+decay
e+ F=0

pp e+

fermion "9 v :

humber >"’§"'< - < q e-F=2
g o < qorq?

defined formation (&)

— precision BRs (NC CC)

e ev

spin 999 Lglg
par'ify Pr'OdUCTion

L s inclusive coherence z |
.and. mechanism . WA O
chirality disentangle mass “M'q94€ ,/q
spectrum ? SM + signal + interference
experim! jet+lepton+p; balance

jets + leptons

sighature jet +pr imbalance
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LHC Lg+decay = LHeC Lg formation+decay
fermion =% YT g }LLQ et Efg
humber S BTy -2 S q eniy
A
| s lal defined formation (&)
Spin 97 q — precision BRs (NC CC)
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spectrum ? SM + signal + interference
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° precision —» QCD at highest energy

» short distance
structure of SM+

- 2007 - @ 10-3 ppm
- 2007 6 @ 10 ppm
- 2007 6 @ 0.1%

- 2007 ag @ 1-2%

- LHeC + detector

1
/& fine structure

[
o 1015 1016

k precision — extrapolation — discovery
probe hew chromodynamic physics - beyond SM ?
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probe-parton jet

e_+
RL

Y2\ W 99

_é\ —é'\ jet

*LHeC energy scale: ~ ° ppenergy scale:
70®7000 GeV 7000®7000 GeV

probe+p at LHeC scale

probe = e* Xprobe/p = 0.01
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» low-xrise of £,
- HERA precision @ x> 10-4 @ Qe 10 GeV?

- 207
FL6F , & :
o e < o6l N 4(3&@6\/2 H1 96-97
B o 0. N \\ ‘\ 1 0 Ge BO&A —
1.4 A @ ZEUS96/97 .
I + B H19697 E 5 GBVE ‘\‘\ = QCD fit (H 1 )
1.2'_ NMC, BCDMIS, E665 rge) 0'5 Q =3 G«E‘Vh E '
——  CIEQSD |
1; - MRST® :
. 0.4
0.8" [
I 0.3
0.6_— [
i I c
0.4- 0.2 B _E
I I ':Bu
02 0.1 [ ks
I I &)
10 10 10 10 x 10—4 10-3 10—2

- relentless rise of
quark (/) and  gluon °%/y, 2



EIC Collaboration . . BENERGIINSTITUTE
werng " Gluon recombination @ LHeC [ =
December 7-8™ 20 . ﬁ'\}’éﬁfﬁao”
o low-xrise of £
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: F,(x,Q*=10 GeV’) stat 0.1%
N sys 2-3%

HERA
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Z
L
— CGC .
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- elLHC ) o eC
(Jeff Forshaw) l:H .
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» ep saturation (P < 5 GeV?
eA saturation (P < 20 GeV?

axG , (x,Q2) |

2 . v g 1/3
I'r-.} = HI— ] 1 ﬁ
T B ],—200 e
=4 ) G| LHeC—Pb
o) W=56eVt x| Q*=20 GeV?
o o
<1201 ~e-unitarity limit ] =150 1 —e—unitarity limit D
ecredse X
100 F 100
50 50
O |||||_| L _|||||||| _| [ RRTIT RS BN R THT| RSN I R U171 M B AN R A TTT] R AN — O L
° 10

X

k » LHeC "nails" saturation
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» fundamental to origin of mass in Universe (Wilczek)

- from nucleon valence to QCD-field dominated (x V)
- increasing number of valence partons (A4 T)

» very limited, but tantalising, old data
- F<«<16GeV?e x>0.01

Fermi motion

1.2
1 e EMC /
] ® NMC
11
: E139 i
| l
]+ E665 EYE I |l

S
[ 11
gl -Hi\
H= 0.9
0.8 S\ t/ Binding,

: shadmnng T T N modification

R T e g T T B o T T g |
DI.DDI 0.01 0.1 I
sea quark = X valence quark
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» low-xreach at LHeC S

o - Xp = 0.01
pr*ecusmn @ x>10-4 5 [ HERA i
2 x& E sz (extrapol. fit)
QZ 250 GeV? (x ﬁX]Q I Fi B
nb Singlet ‘\bn f‘:“ Gluon |G29V2
5 4 5
N N

X (M,)

P @5 .-:.:":?5::.-___-

’ IOW X phySiCS Of ]P .0 02 04 06 08 b 0! 0.2 u:a
IP inIP: triple IR x z
12006 it — H1 2006 DPDF Fit B
QC D —> r'eggeo N Cal Cu I us ? E (I:.ixp. errtI))rl):DF A T (exp.+theor. error)
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o low-x P physics at LHeC

0.07 3
— 2 m elLHC
R CBC
ﬁ ——FS2004
0.05 -
0.04 - . x_=0.003
] Q’=10 GeV?
] 'E b=6.8GeV”
0.03 3
0.02 - \_/\
? LES A s | ! LI L s L | 1 A ELE] X LENNL SR B Y |
1E-4 1E-3 0.01 0.1 1

o LHeC diffraction "nails" saturation
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» IP physics at LHeC
0* “vacuum” physics

Events per pb'1

y X (M)

10 %

10 3L

10 2L

10 |

1. dynamics in pand A |
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. 1- “vacuum”

* LHeC
o HERA

ILC e'e

physics

50

100

150 200 250 300
M,/ GeV

- iphpsicd @LHBEEV: leptopomerons ?



EIC Collaboration
Meeting

Stony Brook University
December 7-8™ 2007

3.Machine

THE COCKCROEFT INSTITUTE °

Of ACCELERATOR

SCIENCE and TECHNOLOGY
UNIVERSITY OF

LIVERPOOL




EIC Collaboration E‘;ESSECLIEEI;%?NSHTUTE
Meeting SCIENCE and TECHNOLOGYP
Stony Brook University PrOTon beam UNIVERSITY OF
December 7-8™ 2007 LIVERPOOL

» "standard” LHC protons ... with electrons?
LHC at CERN-— =%

= 'E T ] -__ Tan o ::- : v

H‘l - g "

Proton Beam Energy TeV T
Circumference m | 26655.5853
Number of Protons per bunch 10 1.67 Np
Normalized transverse emittance | pm 3.7 EpN
Bunch length CIT1 7.55

Bunch spacing s 25
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LHC PROJECT

Point 3.3

'Point 3.2

» e-ring

18/04/2003

PEAS 0 Erxas

Point 4

LUx4s
[WTTY]
RA4S fr—
Lj43

ABSTE

RE 42

==
3 — =” "
‘gﬂ’n e Uaxy s

UNDERGROUND WORKS

e

Point 5

X468 usay

ﬂ‘ s Pl [mo, o\ Ui Point 6

ATLAS

ST-CE bypass experimenTS Gnd RF ? === Existing Structures

s | HC Project Structures|
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» after Bphysics @ LHC ? =

IP5
20 TPam— : Sem— P—— : CMS
existitlll%ﬁ:lwey IP4 IP6
10 bvpasstunnelﬂex—iﬁ . ; RF Ahort
/ m?:r?jccelaratorl IP3 LHC - IPT
10 cavern Momentum i clatipn
Cleaning Ring Cleaning

-400 200 0 200 400
Distance from IP in metres

IP2
ALICE

civil engineering
tunnel >2x250m=x2m @ @IP

b ep alongside pp data-taking @ LHC
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pr Ie — 32 Ie m 21

L= : =8.310™- cm™2s
Aree,,  ABoby 50mA /8., S
| —0.35mA. P _(moc;evj
MW | E,
€|Dn=3.8,um11 B, ~18m ;:u: 3
N, =1.7-10 B, =0.5m SE oL
Opxy) = e(xy) §
* e-ring 8 |
£
- 1033 cm-2s-1 i i
- £,< 80 GeV S
- pOWer‘ P< 60 MW 1033 | >
“ERL —» 10%4cm-2s-12 |
(eRHIC) |

cf also A.Verdier 1990, E.RBEgY6e)/GeV
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e-Ring IR

Table 3: Main Parameters of the Lepton-Proton Collider

Property Thhit Teptons | Protons Radial [ ' '
[Team Fnergies eV 70 7000 Distance et ]
Total Beam Current mA 74 544 [em] e
Number of Particles / bunch 10*° 1.04 17.0 15 I ]
Horizontal Beam Emittance nm 7.6 0.501
Vertical Beam Emittance ni 38 0.501 _
Horizontal #-functions at IP cm 12.7 180 10 7
Vertical S-function at the [P cm 7.1 50
Energy loss per turn CeV 0.707 | 6-10-° ]
Radiated Energy MW 50 0.003 = },ﬁ - ]
Bunch frequency [ bunch spacing | MHz / ns 40 / 25 - -
Center of Mass Energy CeV 1400 .
Luminosity 10%em—?s~! 1.1 s
R.:nr.llal l [ r roton Iw-lllta tri 1Ilt _'I jf
) 4,1 Distance :::t-::t; 3 "
m W & n
= ';’T"::::: d triplet
0.2 |
or — ol

S syn:hful:lun = == ol
radiation
'[ I [ isriesoi leptons ! | |
— “P-'"-ﬂt" |3 =10 -5 0 B 10
= dipole
wraks i o POt Distance from IP in mates
I I I I 1 I 1
140 120 100 B0 50 40 -20 1] 20 40 &0 B0 100 120

Distance from IF in metres

k simultane

ous pp (AA) and ep (eA)
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Synchrotron radiation 9.1kW First p beam lens: septum quadrupole.
Cross section and Field calculation
and HERA type absorber e = fiey
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e power: 25 ns - nx40 MHz RF I < 100 mA
60 klystrons @ 1.3MW, coupler 0.5MW, 66% effy
extra RF in bypasses
e injection: 1.4x1010 ¢ in 2800 bunches (LEP2 4 10! in
energy can be < 20 GeV (ELFE, KEK ...)
® SR — LHC magnets: water cooling+Pb

® bypasses: ATLAS CMS + RF
— ~500m from arcs
~ -20cm radius of e-ring

® space: above LHC




Equipment above installed LHC beamlines....

Kicker magnet
: installed on beam
' dump line above LHC

R by 1) A
Circulating LHC beams
- pass in between
support feet
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« astounding |

i Jab B + 132
= 109 o
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@ 0.007 fm

10

3 Xlo
o g’ THERA
10 ]

OCDexsplorar

® [’LHeC e*p eA 1
@ 0.00014 fm | v

indisputably a next step ?
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e-linac + LHC

2- ALICE
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5- CMS — —
- ring-linac ring-linac, cw ,
pulsed ~99% energy
\ recovery
\ 6 units e- p e- p
\ energy GeV 70 | 7000 70 7000
punch 10™ 2 17 2 17
population
o cm 0.03 | 7.55 | 0.03 7.55
4 beam current mA 101 | 858 101 858
d- (pulsed)
| emittance sx v nm 0.5,0.5
B*sy cm 15,15
spacing ns 25
e-linac/ring km 3.5 7 (2 linacs)
length
8- LHCb e- pulse length 1 ms CW
repetition rate 5 Hz continuous
e- beam power | MW 35 7000
peak 107 0.6 2x110
luminosity cm s

alternative sites

S. Chattopadhyay (Cockcroft), F.Zimmermann (CERN), et al.
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L= N7 == i =1-10%- TV cm2s? 1, =100mA. . S

Aree,f E, E./GeV e MW E,
Epn =3.8um | |5 =0.15m
Np —1.7.10% ::m o Luminos ity LHeC Linac-Ring

S | 5= (2 TeV)?
e-linac g \

T 1032 Cm'ZS"l NHERA E 1 —Ro Uy €— |e =100 mA
- Ee < 140 Gev ($5) § 0.8 _ High cryo load

to CW cavities

- power P< 60 MW
- 6 km+gaps @23 MV/m
- ERL —» ? cm-3s-1

2 linacs

0_\\\\\I\.\\...\...I\..I

klumi + energy horizon R peray(erGev
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L-R R-R
Energy / GeV 40-140 ... 40-80
Luminosity / 1032 c¢cm2 st 0.5 10
Mean Luminosity, relative 2 1 [dump at Lo /€]
Lepton Polarisation 60-80% 30% [?]
Tunnel / km 6 2.5=0.5 * 5 bypasses
Biggest challenge CW cavities Civil Engineering
Ring+Rf installation

Biggest limitation luminosity (ERL,CW) maximum energy
IR not considered yet allows ep+pp

one design? (eRHIC) 2 configurations [lox, hiq]
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ring-ring
- stupendous lumi (~ LHC)
- energy horizon ~1.2TeV
- civil engineering impact on LHC
- e-polarisation (Sokolov-Ternov)
- ep (eA) with pp (AA)
linac-ring
- moderate (~HERA) lumi (~ LHC)
- energy horizon ~ multi-TeV
- less civil engineering impact on LHC
- e-polarisation (source: &*?)
- ep (eA) with pp (AA)

k LHC upgrade: cost
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» rates: energy can win you TeV2 in QP

Neutral Current ep ->eX Charged Current ep ->vX
g 109 E_ T T T T E g 109 E_ I T T T _E
RO 1 o :
= 0 . ERERE L
100 fb! 70 GeV e-ring 107¢ ) E e L.
10 fb™! 140 GeV e-linac : ) : ; - ;
10° 3 d . 3 10° 3 - = 3
, o :
10" = + = 10 3 E
2 3 y 5 6 7 2 3 y 5 6 7

LHeC logQ’IGeV? LHeC logQ’IGeV?



M
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» asymmetric beam momenta: LHeC

4—
b- “forward" hemisphere detection to multiTeV
topological challenge
precision challenge

» "backard” hemisphere detection o fewx10 GeV
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LHeC — Low x Kinematics LHeC — High C” Kinematics
>
S
2 -
;\ 10 s E»=7000 GeV
o E.=70 GeV
= HERA
10 -
1
—1
10

* backward e * forward TeV hadrons
forward remnant 1.
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° Neutral Current
ep—>eX
Xmiss

* ep—>?+lepton+ X
PTmiss + Iep’ron

e

* precision @ TeV scale of lepton+quark
egvgrg cf HERA
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5.When?

Towards a CDR
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2007: form working groups + steerigg/committee
initial meeting of conveners + comgtittee
SAGAverview

2007/8: ECFA/CERN endorsement “work out" ¢/

2008: workshop I

2009: workshop IT

LHeC CDR [LHC Committee]
2011: LHeC TDR
- construction 8 years ?
- impact on LHC: civil engineering + installation
e-ring and e-linac
- be aware of CLIC progress
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accelerator (injector, ring or linac)
Oliver Bruening (CERN) JBD (CI)
interaction region (+ small angle detectors)

tba
infrastructure CERN + tha
detector tba
the new physics tha
precision QCD and electroweak tha

physics of high parton density tba
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Accelerator Design [RR and LR]

Closer evaluation of technical realisation: injection, magnets, rf, power efficiency, cavities, ERL...

What are the relative merits of LR and RR? Recommendation.
Interaction Region and Forward Detectors

Design of IR (LR and RR), integration of fwd detectors into beam line.
Infrastructure

Definition of infrastructure - for LR and RR.

Detector Design
A conceptual layout, including alternatives, and its performance [ep and eA].

New Physics at Large Scales

Investigation of the discovery potential for new physics and its relation to the LHC and ILC/CLIC.

Precision QCD and Electroweak Interaction

Quark-gluon dynamics and precision electroweak measurements at the TERA scale.

Physics at High Parton Densities [small x and eA]
QCD and Unitarity, QGP and the relations to nuclear, pA/AA LHC and SHEv physics.




EIC Collaboration . . e I)?i S&?EEIE‘%& INSTITUTE ga
Meeting L H eC S C | e nT | f | C SCIENCE and TECHNOLOGY F=

Stony Brook Universit

December 7-8™ 2007 A dv iSO r.y CO mm i.'.Tee </ LIVERPOOL

Experimentalists
Joel Feltesse (Saclay/DESY) Roland Horisberger (PSI)
Aharon Levy (Tel Aviv) Richard Milner (MIT)
Allen Caldwell (MPT Miinchen) Chair John Dainton (Univ Liverpool)

Accelerator
Stephen Myers (CERN) Roland Garoby (CERN)
Swapan Chattopadhyay (Cockcroft Inst) Ferdy Willeke (DESY/BNL)
A Skrinsky (Budker)

Theory
Guido Altarelli (Roma) Stan Brodsky (SLAC)
Lev Lipatov (Petersburg) John Ellis (CERN)
Frank Wilczek (MIT)
Labs
Jos Engelen (CERN) Rolf Heuer (DESY)

Young-Kee Kim (Fermilab) Peter Bond (BNL)
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Steering Group

Oliver Bruening (CERN)
John Dainton (Cockcroft)
Albert DeRoeck (CERN)
Stefano Forte (Milano)
Max Klein - chair  (Liverpool)
Paul Newman (Birmingham)
Emmanuelle Perez (CERN)
Wesley Smith (Wisconsin)
Bernd Surrow (MIT)
Katsuo Tokushuku (KEK)
Urs Wiedemann (CERN)

°setting up WGs + workshop T
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LHeC 70-140, ® 7000, GeV

- can be built

- has startlingly good luminosity > 1032 cm-2s-1
grows with LHC pp luminosity

- extends substantially, uniquely, and with synergy
to LHC,y discovery physics

- probes chromodynamics
@ new density frontier
in uniquely comprehensive manner ep eA
with unchallengable precision
synergetically with LHC pp pA AA
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As an add-on to the LHC, the LHeC delivers in excess of 1 TeV
to the electron-quark cms syst Tt accesses high parton
densities 'beyond’ what is expec Y‘ /\ the unitarity limit. Its
physics is thus fundamental anc << oe further worked ouft,
also with respect to the fin: <(, Q,Q ¢HC and the final results
both from the Tevatron ar A

°S

First considerations qu 5~ 44 and a linac-ring accelerator
layout lead to o ,QGJ OJ( 4ted combination of energy and
luminosity for bO \Q s physics, exploiting the latest
developments Q/Q and detector technology.

It is thus pro 0 fo hold two workshops (2008 and 2009),
under the auspic.™> #f ECFA and CERN, with the goal of having
a Conceptual Design Report on the accelerator, the experiment
and the physics. A Technical Design report will then follow if
appropriate.
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s uey  Lepton + quark @ TeV | gl
energy for LHeC and LHC

TeV eg discovery
extreme chromodynamics

precision for LHeC and ILC/CLIC
TeV eg discovery
eg understanding
extreme chromodynamics

luminosity for LHeC and LHC
TeV eg discovery
energy range for LHeC RHIC FT LHC

QCD phase equilibria
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in LEP tunnel ... so like LEP
- FODO in eight arcs

- bending radius 3133.3 m
m (BE/EI;eam)r'ms = 1.1x10-3

LEP=9 W/cm

- SR 26 W/cm (E.=254 KeV) HERA=13.5 W/cm
- scRF @ 1GHz resonators @ 12 MV/m scRF proven
100 m structure = 670 cells ©>6 MV/m

(] sync. phase 31°

" bucket takes 10x (8E/Ey qm)rms
- unlikely e-beam instability
single bunch current modest
impedance << LEP



highest lumi

top elevation

- low B,
% close sc quads i
- low X-ing angle — rofated
® "hard" bend —
80 beam sepﬂ 34kW  3.2kwW
= 1.4 kw 3.5 mrad
b SR fan (05 mrad -
'] sc p-beam
« HERA

- "crab” RF cavity
p-bunch rotation

1° beam access = low-lumi/low-x option (cf HERA)
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» beam-beam
- "hour-glass”
- dynamic f: < HERA
- long range beam-beam (parasitic interactions):

marginal A

k operational luminosity

[.= TdmA, N,= 1.68 10", ~, = T460, e,= 0.5 nm

£..= 25 nm, £, = 5 nm and A = (.59

IE- - _'Fl'r'-p - 'ﬁr';;. . R

4 T "|,,. EJ_IHJ._%IP —|— £ 3 -E“.ﬂye‘ . "|,,. Ep.'.-:'ll_'.n'p _|_ E-._I_.-nf.ﬁ":'.l -

o

L = = 1.04 - 10%em s
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® pepolarlZavioll 1Is Worsuy at IvmdUINAINU LD et
Begin NOW with intense carefull/ssﬁléf% b o & gé’nenéeQ@o investigate tricks.
At high energy the synchrotron sideband resonances take control:
a7y 0549
)

Qs

e Siberi Snal}l to SUDpLess the effect of energy spread and synchrotron motion on spin
. V%I‘&?]I.; roug teheh energy:

These are essential in pro%og(rl(}gq)mymmpsrde/ﬁéﬁ)ams;qg resonances during acceler-
ation (e.g., RHIC).

o But limgileadinal poksithejorkilhd pelsrikattfactvét tdrensystchrotooateddizt ahdd oengenty
distaillitect mmoiedotbeaniip!!hnd back to the vertical afterwards ===> spin rotators.
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e Need very good alignmotitengsdtteealioan at LEP= (——
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Barber
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» Sokolov-Ternov + spin-rotators @ HERA

A
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tunnel exists (LEP, LHC)

injection once existed (LEP) ?
operating p-beam (from 2008)
operating A-beam (from 2008)

ep eA operating alongside pp pA AA

the TeV ep collider !
“minimal” mods to LHC !

k LHC upgrade
cost
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ja) LHC,s=14 TeV, SM
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For [
Ny
= L
srapgap @ LHeC? =
4 8
& ,
2 |-
0
X (M,)
-2
" el
max
rapgap 45 45 4 35 -3 25 -2 -15 -1
5 Moroton 50
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70 00 7000 GeV

LHeC — jet kinematics

106 L E.=7000 GeV

high lumi quads (x10° bp) %
1 QB> 100 GeV2 x> 3x10-5 .
few GeV < & < few TeV =
low lumi for low x (no quads)

[11< @2 <100 GeV?

x< 3x10-5 Ry

Jet

1000, N N

e
£

1 “forward” hadrons: 1o o

“forward rapgap” instrumentation

'] precision e/had-measurement
170« g, < 179° 170 < G, < 179°
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NC events/10fb™
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Needle 1n

— QCD jet production

0.1

!
Vs (TeV)

10

107

—10 cmjs

nts/sec for L

at high energy

Higgs production
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Need to use signatures
with small backgrounds:
- Leptons

- High-mass resonances
- Heavy quarks

to avoid being overwhel

i
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