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Why: Leptons <> Quarks ? +-=
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* how are leptons and quarks related ?

THE UNCONFINED QUARES AND GLUONS

Standard Model F=) Leptoquark F=1 Leptoquark
Abdus Salam
International Centre for Theoretical Physics,

Trieste, Italy snd Imperical College, ILondon, e q—meg
England ar

1, Introduction &g —==27q

Leptons and hadrons share equally three
of the basic forces of nature: electromagnetic,
weak and gravitational. The only force which ik

is supposed to distinguish between them is eq—=eq

strong. Could it be that leptons share with had-

rons this torce also, and that thsre ia just one

ICHEP86 Berkeley

form of matter, not two?

° put them together at the highest energy
at finest detail



TeV eg Kinematic Reach 1.:>
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Lepton+quark @ TeV =
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leptoquark systems - new physics +SM

Standard Maodel =} Leptoqua
q g ~1) g g -
>m*m v Eﬁlmﬁw
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SM (hadronic) + signal ~ SM (electroweak) + signal
Lglg productionS Lg formation
~ few x 0.1 fb (A=0.1) ~ 100 fb (A=0.1)
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Lepton+quark @ TeV
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leptoquark systems - new physics +SM

Scalar LQ, A=0.1, single production
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Lepton+quark @ TeV —
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LHC Lg pairs LHeC La formation+decay
ep
e+ F=0

PP
fermion ¥ % = bap - e
number >"'g’"< e ; B ETES
q LQ < qorq?
= / defined formation (&)
spin ZZOZUfTZnL 7L9  precision BRs (NC CC)
parity

. . e
and. mechanism ? inclusive coherence é: o*

—

chirality disentangle mass unique PWA ‘/q
spectrum ? SM + signal + interference

e+ e ey

exp! sig jets + leptons  jet+(lepton)+p; (im)balance



Lepton+quark @ TeV —
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LHC Lg LHeC Lg formation+decay
'-’f . E e e eV
fermion EWKJ LQ e+ F=0
humber = * ooy -»7- LN e-F=2

Yo q
]

- =

q =

- defined formation (g )
spin gq— Lg/ LR

— precision BRs (NC CC)

° duction

parity Pproauct : : :

and. mechanism ? inclusive coherence é: o*
e

chirality disentangle mass unique PWA ‘/q
spectrum ? SM + signal + interference

exp! sig jet + leptons jet+(lepton)+p; (im)balance



Structure of Matter @ TeV =
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> unique chiral probe @ 0.0001 fm 2
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Unification ? =
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*precision — QCD at highest energy
« short distance a

structure of SM+ Ve _ fine structure
- 2006 o @ 10-°
- 2006 éF @ 10-° o5 i

- 2006 6 @ 0.1%
- 2006 Oq @ 1-2%

- LHeC + detector

— ag few/mil Sl

l

1015 1 1 1 111016 |
b precision|— discovery Q [GeV]

probe new chromodynamic physics - beyond SM ?




Heavy Flavour in Hadron =
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> unique chiral probe @ 0.0001 fm 2
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» Higgs at LHC
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what we &
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whaiwg
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Why: Dense Colour ? +-=
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* the origin of mass in the Universe

'"Most of the mass of ordinary wmatter is concentrated tn
Erotows and neutrons. It arises from ...[al... profound, and
eautiful, source.

Numerical stmulation of RCD shows that if we bullt protons
anol neutrons tn an tmaginary world with no Higgs
mechanism - purely out oj quarks and gluons with zero
mass - thetr masses would not be very different from what
they actually are. Their mass arises %mm pure energy,
associated with the aynamics of conflnement tn RCD,
according to the relation m==€/c?. This profound account of
the origin of mass is a crown jewel in our Theory of Matter.”

Frank Wilcek CERN October 11, 2000

° probe hadronic matter at highest parton density
at lowest Bjerken-x



Growing Field Energy Density 1.:3
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Gluon recombination 1::;
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220162 LHeC - ® _, size of gluons
- F216GeV?

-XBj 2 5)‘10-7

| Number of gluons per unit area:
it 7 G, (z, Q%)
ris, T, J°)
£ f ..'.‘HE

02§ V Recombination cross-section:
\ & v 4

* X3; — phase space for gluons

T et

X g9—4g F

Recombination happens If pag,—, 2 1, l.e. Q% = Q2, with:

a N L ,I'{.rl A |::|I".. '!-,r"l:J I - 111'3 I
2 o

low x large nuclei




Gluon recombination @ LHeC 1::
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ep saturation P < 5 GeV?
eA saturation GF < 20 GeV?

/—\ZOO L L L L L I R L B LR B LR EL I L L L L B LR /—\ZOO T T o L B L L B LI B R L B L L L |
| | | LHeC—Pb ]

X _ Q*=5 GeV® . X _ Q*=20 GeV’
o o

[ T [

<130 —e—unitarity limit <130 —e—unitarity limit

100 - 100

eRHIC—Au
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Dense Chromodynamics 1.:::'
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- LHeC: precision eg x> 3x10-3 @ P=10000 GeV?
X = Pxgp

Diffractive Kinematics at x,;,=0.003

Q?/ GeV?

10°F

X (M,)

102_—

10 |

o low x IP physics
QCD < reggeon calculus ?

1
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Proton beam 1:;
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» "standard” LHC protons ... with electrons?
LHC at CERN.-~ P g g

{ .-'-'irr:". .. = -
- e R
— hl_ﬁ_-_ = el . e
:'-'H!-'

Proton Beam Energy TeV T
Circumference m | 26655853
Number of Protons per bunch 104 1.67 N,
Normalized transverse emittance | pm 3.7 EpN
Bunch length CIT 7.55

Bunch spacing ns 25




ep Luminosity +
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few 10s GeV electrons (LEP = 70 GeV!)
RF power = 50 MW = 0.86 LEP = 28% CERN site

RF power = synchrotron radiation «<|I, = 74 mA

I« Ny -
h luminosity L = -t
J N N < EJ-" _-"'.-' "|.. _J-_'.l rp ._ il_.l_r_il_:-
R _ __74x10-3x1.67x10!!x7000/.938
KO 411x1.6x10-19%3.75x10-6x zp Iy
< QVJ (\;(\ .
o L = 1151033/ B.p0,p(m?) cm-2 71

L ~ 1033 cm-2s-! for reasonable p-beam S~ 1 m
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- astounding !
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Lepton Ring )
in LEP Tunnel ... SO Ilke LEP 8 7
" FO D O Ih €|9 hT arcs king !
B-tron phase advance ¢,=108° ¢,=90° 2. . v 3
- bending radius 3133.3 m S
- (0&/ Beamdrms = 1.1x1073 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 oyl

— sync. phase 31°

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



ep Collisions =
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» after Bphysics @ LHC —

IP5
21} T T T T T T T T T CM 5
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10 bypass tun ne|ﬂ,, I—T—ﬁ_‘ﬁ ; RF Jﬂlh ort
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0 / _ . I \_ '
/ E.?:e?“eleratﬂ «—p . IP3 LHC IP7
40 [ Momentum Ring E;&mtr_ﬂ "
eaning

400 200 0 200 400 Cleaning
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IP2

ALICE IP3

LHeC
IP1
ATLAS

k ep alongside pp data-taking @ LHC

civil engineering
tunnel 2x250m=x2m @ @IP




Interaction Region =
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g h|9heST Iuml oo top elevation )
metres //_A_—/

- low B, - g *

. “crabbed"

© close sc quads ... (rotated)

. | © beam V-displaced p-bunch

- low X-ing angle ==

0l

% “hard" bend

b SR fan

—> sc p-beam ‘[ |

~
e-Separator ~——

<< H ERA . Dipole R-IK.H-M
I\ n" Lepton low beta Triplet --H“‘--H
[ ] _-\-\-\-‘H
- "crab” RF CC(VITY T L I N T T B

Digtance from IP in metres

p-bunch rotation

» 1° beam access = low-lumi/low-x option (cf HERA)



Operational Luminosity )
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beam-beam

- "hour-glass"”

- dynamic B: < HERA

- long range beam-beam (parasitic interactions):
marginal A

b operational luminosity

.= T4dmA, N, = 1.68 10, ~, = 7460, e,= (1.5 nm

|I}_

€re= 25 nm, €,, = 5 nm and A = 0.58Y

.ETE - _'F"r'-};. - "'."};. - R

— 1.04 . 10%em 251




LHeC 1::’
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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 !

b LHC upgrade
cost
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IR and Experiment
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F
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2T synchrotron
radiation
= palk . i . , absorbers beaam
Crab proton dipole proton low beta lepton low beta
Cavity Mmagnets triplet triplets
L e I e T e e —

distance from IP /m




Asymmetric Collider =
« asymmetric beam momenta: LHeC
~ TeV
quads ?.

b- “forward” hemisphere detection o multiTeV

topological challenge
precision challenge






Timeline =
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2007: form working groups + steering committee
initial meeting of conveners + committee
SAC overview

2008: workshop I

2009: workshop II
LHeC Design Study [LHCC]

2011: TDR
- construction 8 years
- installation e-ring above LHC ~1 year

- LHeC part of LHC upgrade
- be aware of CLIC progress



Working Group Structure

NR Qs W~

Accelerator (injector, ring)
Interaction region
Detector

. The new physics

High precision QCD
Low x physics
eA

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC



LH Scientific

u y UMM 1

Joel Feltesse (Saclay/DESY)

Guido Altarelli (Roma)

Rolf Heuer (DESY)

Aharon Levy (Tel Aviv)

Lev Lipatov (Petersburg)

Allen Caldwell (MPTI Muenchen)
Young-Kee Kim (Fermilab)

Jos Engelen (CERN)

Roland Horisberger (PSI)

Stephen Myers (CERN)

Stan Brodsky (SLAC)

Roland Garoby (CERN)

Ferdinand Willeke (DESY/BNL)
Swapan Chattopadhyay (Cockcroft Institute)
Peter Bond (BNL)

Richard Milner (MIT)

John Dainton (University of Liverpool)

1:::
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Now —
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LHeC 70, ® 7OOOP GeV
- can be built

- has startlingly good luminosity > 1033 cm-2s-1
grows with LHC pp luminosity

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

- probes chromodynamics
@ new density frontier
in uniquely comprehensive manner
with unchallengable precision
synergetically with LHC pp pA AA



Lepton + quark @ TeV =
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energy for LHeC and LHC
eg discovery

extreme chromodynamics

precisiop for LHeC and ILC
eg discovery

eg understanding
extreme chromodynamics

luminosity for

: LHeC and LHC
eg discovery



In case you were 1::;
wondering ... ?

Sir John Cockcroft ...
doing accelerator physics ca 1950 ...
.. with 1950 DAQ - pencil and paper!

.. with 1950 graphics - ammeter!
voltmeter!



*ep—>eX
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*LHeC energy scale:
70®7000 GeV

arton and €<=
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" pp — (jet+jet) X
probe-parton - jet
99

_<‘\j et

° pp energy scale:
7000®7000 GeV

probe+p at LHeC scale

Xrobe/p = 0.01

p



LHC probe parton =
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| BIE oo

® pr‘Obe-pGI"TOH @ XS OO]. 75}:-\,&& } 7 ;?5 ?—“R_K Hliu:liminar}'
-xg= xU+xD+xU+xD . ./ \ | a
g:g~2:1

- probe-parton @ x» 0.01 }

03 — 03
7Y — U o ot serrettT il 1 il S RTTT W v
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I HA B+ B 11 1 TSNS T+ N - 1 1

X x
e - a2 Frel. H1 2002 POF Fit

w,__ - ? R I
b m|xed" LHC pr.obe 65,\\ } -| Fit to H1 + BCDMS data

expetimental eitots

@ LHZC ener‘gy ‘1' W’ i medel uncetlainties

U Fit to H1 data
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Parton-Parton B, L
ep—eX ° pp — (jet+jet) X
probe-parton jet
et
o *e—0
YZ\W g \“7
=9 O jet
* precise probe e *probe gand ¢
* precise kinematics * kinematics ?
° smaller kinematic reach - larger kinematic reach
but x larger — probe ¢

- eg—eq "formation” »TeV  g/gg/g—egeg
- precision at lower x;;210-7  pair production



L
Dense Chromodynamics =
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relentless low-xrise of £,

- saturation? partons must someday recombine
- LHeC: precision eg x> 2x10-4 @ P=1000 Ge\/?

g 2

[
= e
' F = 0.6 F s ! s
18 | _ s x=0.00007 x=0.00011 x=0.00017 x=0.00026
SR @=1000 GeV2 Lo T | |
16 - — NLO QCD Fit £ 02 k ’,5? #ﬁf W%
- Q*=15Gev* Y Regge Fit (zeus) S oy ‘ L ‘ L ‘ - w
14 N Xg/p L 08 L 000041 [ x00007 | x<00011 | x-0.001s
Y ' o T R
L ‘: !.. v 0.2 k,#*/gg % i 'i 7’#/ ii
15 4 04 * i b B B
N " M gmes0 cov? g ] 7 ] c
038 [ M & e Z‘+-..*_ b % 0-6 | =0.0029 x=0.0046 ijm x=0.012 "%
S| =350 A\ 0.4 | N ; s s S
._ he L ' i'; oo b j;}iﬁﬁf g W E a M/W%)d' =
0.6 e B B 0 5 , ; o
04 | o 4

- = T L
Ly ;:!h}! ’ x=0.019
: .

._ =22 LeVv T. .‘l b é x=0.029 | P x=0.05 [ J H1 96/97
*lean, L\ ’ i
ozl e N St ] {fi? ] — QCD fit (H1)
| O ¥
_ A i L

--- QCD fit extrap.

o o O
N~ O
EH—Q—H F

Q
T

-5 -4 -3 -2 -1 1 10 1071 10 1071 10 10



Dense Chromodynamics =
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relentless low-xrise of £,
- LHeC: precision for x> 2x10-%4 @ (?=1000 GeV?

1 — iiiiiiii 1 iiiiiiii 11
® 20 @®=1000 GeV?2 '
i I _
& [ . B8gluons/In x@ HERA
IO e . —
A~ 10 -+ | iE —
N - :
XE - -
< B | | IIIIIII - | | IIIIIII - ] | IIIIII_

10-3 1™ 0T x|l

"}z 20 g/nucleon/In x @LHeC

.. in heavy ion ?

* precision pdfs —g/
- BFKL? CCFM ? I

* high density é%

- recombination

- saturation ? Eﬁm
- instantons ?

- other "ons" ? —§/

- condensates ? e

- other "ates” ? |

:

—O0==
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At high energy the synchrotron sideband resonances take control:
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What's been achieved =
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Sokolov-Ternov + spin-rotators @ HERA

HERMES on Friday July 21 2000
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What's been achieved =
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Sokolov-Ternov @ LEP; ¢.v

| e | 3[’ ] ] ] | 1 1 1 | | | | | | | |
§ I Optimization of polarization by
- harmonic spin matching

-
o
e
e
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| 3

(Calibration of
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i ¢
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