Last Monday: e*e-, LEP-IT & B Factories
Last Friday: Directed private study ...

“ALICE

Alice and the soup of quarks and gluons

~

Heavy ion collisions
Neutrino oscillations

.. plan to have one
Further " private
Reading' lecture on
These topics when I
Am next away

.. there will also be

An opportunity to
Discuss open questions
In a following lecture.



Today's Lecture: ep Physics and
Proton Structure

.. when two protons collide 7 TeV
hard at the LHC, it is the )
quarks and gluons inside them

) ) 7 TeV
that interact with one another °

.. a knowledge of the quark and
gluon content of the proton is
essential o understand LHC data

.. through the " Deep Inelastic
scattering process, electrons
may be used to " photograph' the
proton in very fine detail ...




First Direct Observation of Quarks (1969)

ESA experiment
At SLAC

Nobel prize (1990)

[Ip erson

e Linear electron accelerator

e Fixed proton target

« Measure cross section v scattered electron energy and angle

» Results make sense only if proton contains point-like constituents



Why Deep Inelastic Scattering?

“You don't find out how a watch works
by throwing other watches at it!"

" Deep Inelastic Scattering' (DIS): electrons ..
' ! - Are a point-like probe

‘. ' - Don't feel strong :
m colour f|e|d e / Qz)

(
- An electromagnetic %
" snapshot’ of the

strong interactions
going on in proton

x = Momentum fraction of struck part
Q? = Exchanged boson virtuality ...
scale or resolving power! p




Basics of Deep Inelastic Scattering

e Underlying process is just QED
 (LEP rotated through 90 degrees)
e t-channel (virtual) photon exchange

e The "unknown’ is the quark
Density of the proton f(x,Q?)

e Q? = |squared 4-momentum transfer| = (e-e’)?
e X = fractional momentum of struck quark = Q4/ 2y*.p

ep cross section determines
quark density via photon coupling:

X 4 T,(X,Q7)



So What is a Proton?...

Many DIS experiments in the
1970s and 1980s ...

* 2 up and 1 down valence quarks, silly!

* ... and some gluons (~50% of momentum)
* ... and some sea quarks

- ... and more gluons and more sea quarks

- ... and even more gluons and sea quarks ...

» The strong interaction consequences of a
basic uud structure are rich and complexl!...

+ 2 Quantum Chromodynamics (1974)




HERA

(1992-2007) B e e ;

* The world's only
ever ep Collider

* Fixed target equiv.
energy of 50TeV

—

- ... many physics topics, but today we
— will stick to proton structure




318 GeV

HERA lay-out and kinematics 920 GoV) e (27.6 GeV)

Electrons at 27.5 GeV * CMS energy = 318 GeV

Protons at 920 GeV

;.;:,u/’_\
ND(H‘I!_'l
HERA HER ES e Max Q%2=5s=101200 GeV?

Halle OST (HERMES) (AW
Hall EAST (HERMES)

 Equivalent to fixed target
experiment with an electron
beam energy of 54 TeV!

e Sensitive to structures on scale
of 108 m (uncertainty ppl)

Halle WEST (HERA-B)

Hall WEST (HERA-B) —a— Elektronen / Positronen
Electrons / Positrons

< Protonen
Protons

—any  Synchrotronstrahlung

Synchrotron Radi
Halle SUD (ZEUS)

s iy 2 e cf Fixed Target: min x ~ 0.001
®ZEUS max Q2 ~ 1000 GeV?

e For Q2 =1 GeV?2, min x = 10°




Electrons
(27.5 Ge}V

THE H1 DETECTOR

Forward Muon System Central Muon System

PLUG Calorimelvr 

LAr Calorimeter \

¢hity

Forward Tracker

Central Tracker

VETO  LUMI
"
e TR 1y
| _lh £ "
0. .o 1100

Scintillators

Backward MWPC

{Hackward Calorimeter

Protons
(920 GeV)
<

* H1 and ZEUS built to study DIS at high Q% and low x
- Asymmetric design, reflecting asymmetric beam energies
* Hermetic detector - measure hadrons as well as electron






Early H1 Collaboration Mugshot




A HERA event to interpret ....

Run 87050 Event 8062 Class: 2 4 8 9 14 17 20 22 Run date 14/09/94

NC event Q**2 = 24800 GeV¥*E y=0.66 =x=0.4




Another one

Run 85887 Event 89058 C(lass:

248202

Fun date 01/09,/94

FC event Q**2 = 20000 GeV**2 y=0.40 x=0.44

a0 —




..... And another one

Run 79383 Event 32616 Clazs: B 13 14 17 24 Bun date 17/06/94

Radiative CC event

- -
g i TT—— E
- - = ]
E_,R




.... One more

Run 170877 Event 152772 Class: 2 4 8 9 15 16 17 18 20 22

E[Gev] (ooL))




2 harder ones .... What are they?

Fun 241527 Event 44539 Class: 4 5 7 8 11 16 19 25 26 27 28 29

run date 25/4,/99

E'D—T ' A

Event WILION-2

Ph=28GeV, P¥ = 67GeV, PP*™ = 43GeV




A really nasty one .....

|
41 ﬂ.ﬂ%;%ﬁ -
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il .

__1]3

z

Nightmare event! Simultaneous overlay of .....

e Cosmic muon travelling vertically
e Beam halo muon travelling horizontally
 Proton beam interaction with gas in beampipe



The Quark and Gluon Content of the Proton
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Detailed and precise
HERA charged and
neutral current data

lead to new understanding
of the proton and QCD,
especially at low x ... just
How big can the gluon
density become?!?




HERA as Input to the LHC

10° 3

10° E

Q’ (GeV )

10" M = 100 GeV
10° 5

10°

10 E

- All pp physics starts from par'Ton%,;
- LHC uses partons over very 10
similar range in x to HERA! X




Polarised DIS?

Fixed target experiments with polarised protons (HERMES,
COMPASS) study proton spin

y Vv
.. surprisingly coriplex and poorly understood subject!..
spin not just carried by valence quarks ... gluons, sea
quarks, orbital angular momentum all play a role (which
changes with Q?) ... somehow always add up to 7 !l



What next in DIS?  Lreraggiear
.. LHeC? ‘ ‘p

Deep Inelastic Electron-Nucleon Scattering A pr‘omis|n9 |dea for‘ fUTur'e DIS
t the LHE Involves adding an electron beam
J.B. Dainton!, M. Klein®, P. Newman®, E. Perez!, F. Willeke? (Iinear' Or' Cir'cular') "'O ‘l'he LHC

1 Cockeroft Institute of Accelerator Science and Technology,
Daresbury Internaticnal Science Pack, UK
2 DESY, Hamburg and Zeuthen, Germany

Lepton-Proton Scattering Facilities
* 8chool of Physics and Astronomy, University of Birmingham, UK

4 CE Baclay, DEM/DAPNIA Spp, Gif-sur-Yvetta, Francs — 10 9
3 Jiob 6 + 12
E 10® 1
Abstract ga -
- 7 SLAC
The physics, and & design, of a Large Hadron Electron Collider (LHaC) = 10
are sketched. With high lumincsity, 10%%em—2s", and high energy, /& = -
1.4TaV, such a collider can be buils in which a 70 GeV electron (positron) g 10 6
beam in the LHC tunnel is in ecllision with cne of the LHC hadron beams E
and which operates simultaneously with the LHC, The LHeC makes pos- 3
gible deep-inelastic lepton-hadron (ep, el) and eA) scattering for momen- - 105 ELIC—Jiob
tum transfers QF beyond 10%GeV? and for Bjorken x down to the 10-5
New sensitivity to the existance of new states of matter, primarily in the 4
lepton-quark sector and in dense partonic systems, is achieved. The preci- 10 LHeC
sion possible with an electron-hadron experiment brings in addition erucial BCDMS eRHIC{BNL
accuracy in the determination of hadron structure, as described in Cuan- 103
tum Chromodynamics, and of parton dynamics at the TV energy scale.
The LHe” thus complements the proton-proton and ion programmes, adds
substantial new discovery potential to them, and is important for a full 102 HERA
understanding of physics in the LHC energy range. NMC THERA
[ | I =
10
QCDexplorer
*Contributed to the Open Symposium on European Strategy for Particle 1
Physics Research, LAL Orsay, France, January 30° to Fehruary 1%, 2006, 1 10 102 3

cms Energy (GeV)



Detailed Proposals under Consideration ;-)

DESY 06-006

(L H eC) Codoeroft-06-05

Deep Inelastic Electron-INucleon Scattering

at the LHC*

J.B. Dainton!, M. Klein?, P. Newman®, E. Perez!, F. Willeke?

1 Cockeroft Institute of Accelerator Science and Technology,
Daresbury Internaticnal Science Park, UK
2 DESY, Hamburg and Zeuthen, Germany
% Bchool of Physics and Astronomy, University of Birmingham, UK
4 CE Saclay, DEM /DAPNIA /Spp, Gifsur-Yvetta, France

Abstract

The physics, and & design, of a Large Hadron Electron Collider (LHaC)
are sketched. With high Juminceity, 10%%m~s"", and high energy, % =
1.4TeV, such a collider can be built in which a 70 GeV electron [positron)
beam in the LHC tunnel is in collision with cne of tha LHC hadron beams
and which operates simultaneously with the LHC, The LHeC makes pos-
sible desp-inelastic lepton-hadron (ep, el and 24) scattering for momen-
tum transfers §° beyond 10°GeV? and for Bjorken x down to the 10-%,
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 bringz in addition crucial
aceuracy in the determination of hadron structure, as described in Cuan-
tum Chromodynamics, and of parton dynamics at the TaV energy scale.
The LHe( 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 Stratery for Particls
Physics Research, LAL Orsay, France, January 30 tao February 1%, 2006.
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Factorising away the Unknown

- QCD factorisation theorem
allows us to define universal parton
density functions (PDFs), same for

QCD CO"inear ...................................... pr‘o’l’on in all Con.rex.rs.
factorisation
W,z

- QCD evolution (" DGLAP' approxn)
tells us how the partons evolve as
scale (e.g. mass produced) changes.

We cannot calculate PDFs (maybe one day on lattice)
.. S0 we have to determine the PDFs experimentally



do/dQ? (pb/GeV?)

Electroweak Unification at HERA

HERA

T I T T T
A H1epNC ]
o ZEUS ep NC 98-99 .

— SMep NC (CTEQSD) 3

+ HHepCC
| = ZEUSep CC98-99
= — SMepCC (CTEQSD)

E y<09

Neutral Current x-sec
do™ ~ al i 2 o
dX sz em Qz NC
Charged Current x-sec

do*° pnr 2 1 i
dx dQ? ~ GeMy, - [W] * Occ
w

NC and CC cross sections
become comparable at
EW unification scale
(couplings unified)



A HERA event to interpret ....

Run 87050 Event 8062 Class: 2 4 8 9 14 17 20 22 Run date 14/09/94

NC event Q**2 = 24800 GeV¥*E y=0.66 =x=0.4




Another one

Run 85887 Event 89058 C(lass:

248202

Fun date 01/09,/94

FC event Q**2 = 20000 GeV**2 y=0.40 x=0.44

a0 —




..... And another one

Run 79383 Event 32616 Clazs: B 13 14 17 24 Bun date 17/06/94

Radiative CC event

- -
g i TT—— E
- - = ]
E_,R




.... One more

Run 170877 Event 152772 Class: 2 4 8 9 15 16 17 18 20 22

E[Gev] (ooL))




2 harder ones ....

Fun 241527 Event 44539 Class: 4 5 7 8 11 16 19 25 26 27 28 29

run date 25/4,/99

What are they?

E'D—T ' A

Event WILION-2 |

Ph=28GeV, P¥ = 67GeV, PP*™ = 43GeV




