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W™
q
Elektron YZ}
A e
~
~
q ~
..«‘> Pi— 4
~
SA

Elektron

Max Klein (DESY)

M. Klein H1 8. 9. 2005 Workshop at Podgorica - 25 years of the Science Faculty



And you’re glue

Nature Vol 400 1 July 1999

Frank Wilczek

t's a widely believed half-truth that protons

and neutrons are made out of quarks. Actu-

ally, ph} sicists are increasingly discovering
that it’s considerably less than half the truth.
The modern theory of the strong force,
which binds quarks inside protons and neu-
trons, and these particles in turn to make
atomic nuclel, is quantum chromodynamics
(QCD). The other ingredients of QCD, the
colour gluons, were once conceived as mere
paste thatsomehow links together more sub-
stantial stuff (their name reflects this). No
longer. On closer inspection, the quarks
appear as the showier, but gluons as the

welghtier and more dynamic, constituents of

matter. Definitive images' from a micro-
scope capable of looking inside protons, the
HERA accelerator in Hamburg, Germany,
reveal as well that there is more to gluons
than meets the eye.
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To understand these evolving views, you
must consider how one goes about looking
inside a proton, to ‘see’ what itis made of. An
ordinary microscope, using ordinary light, 1s
woefully inadequate, because the wave-
length oflight is about one billion times larg-
er than the size of the proton. Even fancy
electron or scanning tunnelling microscopes
can barely resolve single atoms, and fall far
short of seeing the nucleus inside. The right
tool for the job is a high-energy accelerator.
They produce virtual photons of very short
wavelength (and lifetime), that can be used
to take snapshots of the proton’s interior
(Box 1, overleaf).

There’sa catch, however, to this seeming-
ly straightforward procedure. You get to see
only what the virtual photon allows you to
see. And because the photons couple only to
electrically charged particles, constituents of
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Elastic electron scattering ep = ep

QED

e ) e Feynman diagrams 1949
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elastic scattering off a proton with charge distribution P(l” )
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Protons have finite size

- 1955 R.Hofstadter and R.McAllister

elastic ep scattering E, =188MeV
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Mott 1929:
d_G . electron-scattering of
dQ 1o pointlike particles
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Deep Inelastic Scattering ep > eX (1969)
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pointlike scattering centers
inside the proton

x = momentum fraction carried by quarks

Friedman, Kendall, Taylor
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F.(x 2) — The function characterising the proton's structure
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Q*/ GeV?

HERA - Deep inelastic scattering and searches at the energy frontier
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l HERA: built 1985-1991

| 6.2 km ring accelerator(s)
Superconducting p ring

Warm magnet e ring

Data delivery since 1992 ~—_

J .



HERA and its Pre-Accelerator Chain

Protons Electrons
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HERA was built to study Rutherford backscattering
and the unification of electromagnetic and weak interactions at high Q?

Neutral current

e'p—=e' X

e'p—=vX
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HERA: quarks are pointlike down to proton radius/1000
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Inclusive cross
section ep 2> eX
exhibits so far no
extra formfactor
- Limits on SUSY,
leptoquarks,

extra dimensions,
quark radius...

—~>Luminosity upgrade
to probe deeper the
smallest dimensions

present limits

ZEUS r<0.85
H1 r<10108m




‘Expectations on the density of partons before HERA

ST > ST
25 0*=15 GeV* 25 [ 0F=30 GeV*®
[ Dpos4 i
2 [------ EHLO BS z [
[ e KMRS 90 -
1.5 [ s -
[ - GRV 21 B
AN A NMC N
' ¥ BCDMS 1
05 @ T _ 05 [ -l i
0 -_Ll_l_l_u.ul llllllul lllllllll 1111 B
10t 10 1@ w0

R _ _
F2=erq[q+q] Uu=u +u,u=u_,d,s=s,c=c,.

M. Klein H1 8. 9. 2005



HERA discovered high density state of matter (QCD, neutrino astrophysics, ..)
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consequences, regarding the pointwise evolution of structure functions, were derived. The

most dramatic of these, that protons viewed at ever higher resolution would appear more
and more as field energy (soft glue), was only clearly verified at HERA twenty years later,
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strong coupling and the gluon

_0F,
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resolve correlation
of coupling and gluon
by accessing wide
range of x and Q?

assume DGL AP evolution
though that neglects In(1/x)

oF,

o a,(0°)q(x,0°)
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The strong interaction gets larger at small distances [asymptotic freedom]
and gluons carry half of proton's momentum: QCD non Abelian qqg field theory

» 0.25
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‘Nobel prize 2004: Gross, Politzer, Wilczek

no doubt it “runs” - BUT
how large is the coupling?
and is the field so simple?
HERA has a fundamental
role to answer these ?'s

photo PRE}
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HERA may determine strong coupling best
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QCD represents ongoing exciting theory development,
from hadronic interactions to a field theory of quarks and gluons

- Landau 1955:
.weak coupling electrodynamics is ...
fundamentally logically incomplete.”

.Within the limits of formal electrodynamics
a point interaction is equivalent ... Yo no interaction at all.”

- Dyson 1960:
“The correct theory will not be found within the next 100 years."

- Feynman 1961:
"I still ... do not subscribe to the philosophy of renormalization.”

- Weinberg 1972, Gravitation + Cosmology:
.we encounter theoretical difficulties beyond the range
of modern statistical mechanics."
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The QCD Lagrangian

j .. quark flavours  ab,c .. 3 colours p,v .. space-time

F.Wilczek, Physics Today, August 2000.
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Physics at HERA (the expected and the unexpected)

.classic DIS | ° Inclusive ep measurements (NC, CC-inverse neutrino i.a.) 2> 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 (17/5)

for HERA physics see also:

* Talks at DIS05, April 2005, Madison
* Ringberg Workshop (2003) Proceedings
M. Klein H1 8. 9. 2005 ed by G.Grindhammer, B.Kniehl, G.Kramer

« Electroweak physics (spacelike region)




~320 authors, 40 institutes
100 PhD students, 50 engineers
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Fast Track Trigger
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Ngw’rr'ackin de’rec’ror's of HI and ZEUS for HF

hysics in HERATL

Fast Track Trobéér . *
charm and beauty 90”"”6." |
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E 3
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Run 332849 Event 7912 Class: 4 57 8 11 19 28 29 H1 Forward Silicon Tracker

deep inelastic neutral current scattering event in the H1 apparatus

n

.pac:

LAr calorimeter

s=4EeEp=100000 GeV2

e+
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High energy allows o take snapshots of proton structure: photon fluctuates

into colour dipol. Its virtuality allows to scan through p's structure.

HERA measured the ftransition from hadronic (soft) to partonic (hard) behaviour
which occurs at 0.3fm --> new data to come

Proton rest frame

~ 50 fm!

{rr
l']'“"z Q

( size of dipole)
1-> .01 fm

At low x<0.01 a color dipole of variable size 2/Q
interacts with the proton at high CM energy

s =W2 = Q¥x = 1000 + 90000 GeV?

Low x = high energy scattering!

Q? steers the transition from hard collisions
( perturbative QCD) to soft hadron physics.

]

c/Q

A HERA
- o HI .
| e ZEUS
} hadron—hadron *i B
¢
ug
. "% 1
6.3 2.0 0.6 0.2 0.060.02 f{
0 107 10 1 10 100
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The first ever measurement of the beauty contents of the proton F,® [lifetime tag]
Small fraction of cross section. [Beauty in pt(rel) and u still above NLO QCD].
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Neutral and charged current data and heavy flavour data determine full set of pdf's

“ T T T T T T T T T T T T T T T T T T T T

=]

Q=10 GeV?

— ZEUS-JETS fit
[ tot. uncert.

H1 PDF 2000
I tot. exp. uncert.
] model uncert.
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Q=10 GeV?

—— ZEUSJETS Fit
[] total uncert.

-cp.l-uﬂ.
[T total uncert.

exp uncertainties of H1 pdfs
based on HERA T data using
Lagrange method for fit:

X 0.01 04 0.65
xU 1% 3% 7%
xD 2% 10% 30%



HERA 2 Temple

in Paestum, ltaly

© 1998 Laurent Aucher / Arnold Gallardo

before and after

HERA 1: 1991-2000, HERA 2: 2003-2007 --> data analysis till 2012
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Symbiosis of ee, ep, pp
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HERA :




The next huge step of accelerator based particle physics: 2007..2020

| pp, B-Physics, -
CP Violation

-—ii .

LHC : 27 km long [
100m underground S

General Purpose,
pp, heavy ions

Heavy ions, pp 6 —




The next huge step of collider detectors: ATLAS & CMS: 2007..2020

Muon Spectrometer ( |n|<2.7 )
= air-core toroids with muon chambers

Tracking ( [n|<2.5, B=2T)

= Si pixels and strips
= TRD (e/rn separation)

- Diameter 25m
<
?zlﬁrlgj: |t_rA}/ (Inl=<>) Barrel toroid length 26 m
 HAD : Fe/scintillator (central) SRR D ELIAE | RIETIE EIEL 40
Cu/W-Lar (fwd) Overall weight 7000 tons
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‘History: has been extremely rich and impressive
[Einstein, Rutherford, Pauli, Gell Man]

‘HERA is the highest resolution microscope of the world
[a tribute to Bjoern Wiik]

‘H1 is a big laboratory for particle physics
[operated by 300 physicists from 39 institutes]

"Predicting is difficult, in particular if it concerns the future”
[the LHC is the next step, ILC?, ep@TeV??]

-Congratulations to the anniversary and congratulations to the
many, impressive contributions by your faculty group to H1
[low x, CC/NC, trigger, Silicon, heavy quarks]
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Deep Inelastic Electron-Proton Scattering

Elektron

Proton

uark
Q 2 outof (E, 6., E,, 6,)

— Reconstruction of (x, 0?)

Neutrino

Proton

Quark
(B, 6) = (x, 07
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