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HERA built 1985 1991
| 6.2 km ring accelerator(s)
Superconducting p ring
Warm magnet e ring

Data dellvery since 1992
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. 1992- zooo'
HERA IT: 2003:07 ,ﬁoo'

ep-collider expts H1, ZEUS @3196GeV [and polarised target expt HERMES @76GeV ]
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Physics at HERA (the expected and the unexpected)

-classic DIS | ° Inclusive ep measurements (NC, CC-inverse neutrino i.a.) -> pdf's, gluon,
.QCD * Low x physics: small coupling and high density of partons -> "CGC, BFKL.."
* Heavy flavour physics (c and b: production and fragmentation dynamics)
* Final state physics (parton emission,,jets, y structure, dijet correlations )

- Diffraction [all related: e.g. "the structure of charm jets in diffraction”]

* Parton amplitudes (DVCS)

« Searches for exotic states (pentaquarks) and less? exotic ones (instantons)

-Searches « Searches: substructure, leptoquarks, SUSY, isolated lepton events (15/5)

-elweak

« Electroweak physics (spacelike region)

for HERA physics see also:

- Talks at DIS05, Madison, DIS06, Tsukuba
* Ringberg Workshop (2003/05) Proceedings
ed by 6.6rindhammer, B.Kniehl, 6.Kramer




LHC physics - The only place where success appears before work is a dictionary
G.Dissertori Lisbon05
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No discovery without understanding QCD. HERA ‘delivers’ partons and understanding of production mechanism
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Low x physics at HERA: "backward” at H1 and forward at LHC
Medium x: central at H1 and “rapidity plateau region at the LHC"




Extrapolation from HERA to the LHC
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W,Z related to structure fcts (quarks)

: -QCD at low x
-extrapolation
-parton luminosity determination?

-calibration
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Low x Physics - Forward at the LHC - rich of unknowns and new developments
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Generalised Parton Distributions Diffractive Factorisation? dpdf's?




Results

Inclusive Scattering and pdf’s

Final State Physics (c,b,jets)
Diffractive DIS

Electroweak Physics and Searches
LHeC
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resolve correlation
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New data and analyses space ongoing! Calibration, lumi, detectors, H1/ZEUS, NNLO
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Status of NLO pdf's from HERA

=

Some improvements with polarised data
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[] total uncert.
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exp uncertainties of H1 pdfs
based on HERA T data using
Lagrange method for fit:
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Xg
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* xg is NOT an observable.
- at large x > 0.1, the gluon distribution is not well known.

The Gluon Distribution from HERA

ZEUS inclusive NC+CC & jets
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Low x theory requires nontrivial constraint: FL

» further improvement from higher precision, jets, charm and from long. structure fct.

H1 Collaboration
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Error between 0.05 and 0.1, statistical and systematics about matched,

At high y efficiency and yp background sources of uncertainty similar.

Prepare run of HERA for ZEUS and H1 at lowered Ep to measure FL, FLD.
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Deep Inelastic Diffractive ep Scattering

Huge amount of data obtained by the HERA collider experiments

QCD collinear
factorisation at

fixed x, t X (M,) X
Protonvertex Il
factorisation PR <-“I"C(pid iTy QGP"
\_/ absence of fwd activity
P = . P b P in the main detector for
(t) about 10% of DIS events
' ' ' ? D 2 P 2
Dlﬁrqqtlve, unlversall.. [ (x,0% xp.f) = fIP.fp(xuo» - f. (B=x/xp,07)
conditional q,g densities

QCD phenomenology
Tagged and rapidity gap data to check



Diffraction resembles inclusive DIS: jets improve gluon determination at large x
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QCD factorisation in dDIS holds



Parity Violation - Joint H1&ZEUS Results
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Further electroweak results: light quark couplings, CC vs polarisation and propagator mass, xF,
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Discoveries? Isolated Leptons at HERA

Isolated Electron

Hadronic Jet, X ‘_-*—. 5

\+ _  Neutrino

LN

Jet, PX

Neutrino, P™iss

)
? VI

X g
Isol. Lepton, P!

P_X > 25 GeV

e channel
obs. / exp. (signal)

u channel

obs. / exp. (signal)

e and u channels
obs. / exp. (signal)

H1 e*p data 158 pb!

9/ 2.3+ 0.4 (80%)

6/ 2.3 0.4 (84%)

15/ 4.6 £ 0.8 (82%)

H1 ep data 121 pb!

2 /2.4 %0.5 (62%)

0/ 2.0 0.3 (76%)

2/4.4 £ 0.7 (68%)

H1 e*p data 279 pb!

11 /4.7 £ 0.9 (69%)

6/4.3 0.7 (78%)

17 /9.0 £ 1.5 (73%)

[status of DIS06 - April 06]

98-05 e p (143 pb~!

99-04 ¢tp (106 pb~ !

) [3/2.86 + 0.46(53%)
+0.12

(78%)

98-05 e*p (249 pb~+)

4/4.4 +0.5(61%)

ZEUS full data on isolated electrons presented here.

Note HERA search results on SUSY, LQs,..

Expect to ~ double statistics
by end of HERA running.



Jets in high Q2 NC DIS: constraints on v*

- Excited fermions: signature of a new scale of matter e v*
- Can be singly produced in DIS £/ =" W v, Z, W

- Excited neutrinos would be produced much more

copiously ine™ p thanine® p

— Analysis of 2005 e data (114 pb71)
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Future ep

HERA and LHC

Inclusive Scattering and pdf’s

Final State Physics (c,b,jets)
Diffractive DIS

Electroweak Physics and Searches
LHeC



Luminosity (10*%cm™s™)

Lepton—Proton Scattering Facilities
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Kinematics of the Large Hadron Electron Collider

LHeC
HERA Experiments:
ZEUS
H1
Fixed Target Experiments:
NMC
BCDMS
E665
SLAC

S = 4E6Ep
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DESY 06-006
hep-ex/0306016 — JINST Codkcroft-06-05

Deep Inelastic Electron-Nucleon Scattering

at the LHC*

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

! Cockeroft Institute of Acoslerator Science and Technology,
Daresbury International Science Park, UK
2 DESY, Hamburg and Zeuthen, Cermany
* School of Physics and Astronomy, University of Birmingham, UK
¢ CE Saclay, DSM/DAPNIA /Spp, Gif-sur-Yvette, France

Abstract

The physics, and s design, of a Large Hadron Electron Collider (LHeC)
are sketched. With high lumincsity, 10**em=?s", and high energy, /5 =
1.4 TeV, such a collider can be built in which & 70 GeV electron (positron)
beam in the LHC tunnel is in collision with one of the LHC hadron beams
and which operates simultaneously with the LHC. The LHeC makes pos-
sible deep-inelastic lepton-hadron (ep, eD) and eA) scattering for momen-
tum transfers Q? beyond 10°GeV? and for Bjorken = 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 brings in addition crucial
accuracy in the determination of hadron structure, as deseribed in Quan-
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.

ep collider in the LHC tunnel
70 * 7000 GeV?

further studies at
forthcoming workshop

cost estimate and design
study ready by about 2010

an attractive option for
upgrading the LHC

physics
Search for and spectroscopy
of new particles (eq states),
new strong i.a. at TeV scale?

Exploration of high density QCD

High precision ep in LHC range




LHeC parameters

Table 3: Main Parameters of the Lepton-Proton Collider

Property Unit Leptons | Protons
Beam Energies GeV 70 7000
Total Beam Current mA 74 544
Number of Particles / bunch 1010 1.04 17.0
Horizontal Beam Emittance nm 7.6 0.501
Vertical Beam Emittance nm 3.8 0.501
Horizontal F-functions at IP cm 12.7 180
Vertical -function at the IP cm 7.1 50
Energy loss per turn GeV 0.707 | 6-107°
Radiated Energy MW 50 0.003
Bunch frequency / bunch spacing MHz / ns 40 / 25
Center of Mass Energy GeV 1400
Luminosity 1.1-10¥em2s71 1.04

Compare with HERA: maximum reached was 0.05 1033 cm-2s-!
Estimated luminosities of linac-ring ep colliders below HERA




High density states

/5200 LLLL L AL R L RLLE L LB LLLLL BB R ALLLU LB R ALLLL LR LLLL | /'5200 LELRLLLLL | LLLLLU LB LLLL B R ALLLL B AL R R LLLL LB LLLLL B LB LA LLL |
o~ N J ™~ L . 4
o | o | “LHeC—Pb
R Q*=5 GeV? X} Q=20 GeV*
o o i
%150 ——unitarity limit x150 —e—unitarity limit
100 100 -
L €eRHIC—Au
50 F 50 F / LHeC -
eRHIC |
O nnl—l 1 o — l— nml—l L I— l_ /| nnml_n .nm&:
10°® 10810710510510410310210X'

2
g,/ mr, E 84

High density Striking effects predicted:

gp /m' 2 Agp * . . 0
bj -> black disc limit F,»Q2In(1/x)
Unitarit zg(z, Q%) < ;Q2R2 L@ ~50% diffr'gc‘rion
Y NERT=0Na([@) " T @ colour opacity, change of J/W(A)

Understanding the possible observation of QGP in AA with eA



Some Concluding Remarks:

With increasing luminosity, time and precision, HERA delivers increasingly important
results. These require a few more years of dedicated analyses (also combining H1+ZEUS):

pQCD: pdf's in NNLO, c, b density, strong coupling, gluon (F, run to come in 2007)
this provides deep understanding of p structure and of the QCD vacuum
extrapolation of W,Z cross sections to the LHC with high (which??) precision

From low x final state measurements strong hints for non ordered emission

QCD is being much developed further, e.g. unintegrated gluon distribution to account

for kinematic kt dependence, QCD of hard diffraction, variable HQ schemes,

parton amplitudes (DVCS) - where are instantons, odderons?

HERA becomes electroweak machine, searches are still puzzling (isolated leptons in e+)
HERA closes mid07, BUT higher luminosity desirable for hix and scales, neutron structure?
DIS at Fermi scale has been much richer than thought and vital in complementing

LEP and the TeVatron. It is important to investigate the possibilities to reach TeV scale
with a future ep, eA collider. Highest luminosity may be achieved

with a ring-ring solution (70 x 7000 GeV?) as an upgrade to the LHC.

Workshops next year: HERA-LHC [CERN], DISO7[MPI], DIS@TeV[CERN]



HERA was built mainly to study Rutherford backscattering and the unification of electromagnetic
and weak interactions at high Q2 but it turned out to be much richer. Lets hope the LHC leads BSM
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--> the quark radius is below 1/1000 r, =10-8m




Thanks to the organizers

and to many colleagues
at HERA, in the experiments and theory.
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Systematic uncertainties in FL measurement are most challenging

Important are

relative cross section accuracy to 1%

data/MC calibration [e.g. energy calibration in H1, see below]

control of hadronic background in electron ID (use E/p in upgraded Silicon detector BST)

HERA has to perform well, lumi reduced as EP'2 -> run comes at the end of HERA
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beauty density at the LHC

The bottom quark can enfer, in the form of a PDF, a number of interesting processes:

bg--4tW

Standard processes

A.Tonazzo
Study in ATLAS.

Searches (discoveries?)

F. Maltoni

bis 5% of ppto Z

, , M. Cacciari HERA LHC March 05
thus <20% accuracy required for 1% accurate cross section

Note: HERA LHC
Workshop ongoing



charm and beauty
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Diffraction resembles inclusive DIS:
Gluon dominates low x dynamics
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3-Jets in low Q2 DIS : QCD at low x

Comparison with NLO O(ag3): g 10, PartonLevel | \@‘"3' Jets
NLO < data at lowest x, largestn & | ke . e’
5 10 h..—.. ’
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- 1 forward + 2 central jets 103 A - 5 5
- 2 forward + 1 central jets | H1 preliminary — g .
10 2} )
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LHeC - top view of IR
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distance from IP /m 2nd p beam not shown

Design foresees to run in parallel with pp and e around ATLAS+CMS
Further, more detailed studies required but so far encouraging
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do/dEX" (pb/GeV)

Dijets in direct photoproduction (Q2~0)

Sea and gluon dynamics
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