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Overview

e Introduction to HERA

e Inclusive DIS & Structure Functions

— formalism

- HERA results
e High Q? & Electroweak Physics

* QCD: Jet Physics, Heavy Flavour Production
* Beyond the Standard Model

o (Diffraction)
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Collider Types

_ _ e c — e ——
—_o o—— — ¢ ¢ € ¢ — — ¢ g ——
ete pp* ep

+ clean 1nitial and + high energy + unique 1nitial state

final state : :
— complicated final  + electron as probe of

+ small background state proton structure

— limited energy — large background - two accelerators

* LEP (200 GeV) e Tevatron (2 TeV) ¢ HERA (300 GeV)
ILC (1 TeV) LHC (14 TeV)
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HERA & 1ts Pre-Accelerators

Hall North

circumference: 6.3 km bunch crossing rate: 10.4 MHz

Katja Kriiger Physics @ HERA 5



Collected Luminosity

e HERA operated 1992-2007

Status: 1-July-2007
400 — =

—— electrons

— poskron i e lumi upgrade 1n 2001

low E

300 — higher luminosity

— e polarization for HI & ZEUS

200 -

H1 Integrated Luminosity / pb™

— detector upgrades

" e intotal ~500 pb™' of high
energy data collected per
experiment

100 -

0 500 1000 1500

Days of running

* last months devoted to low p
energy (460, 575 GeV)
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ZEUS Detector

tracking detector

magnet coil

calorimeter

muon system =
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H1 Detector

tracking detector

= calorimeter

magnet coil

muon system

Katja Kriiger Physics @ HERA



Schematic View of the H1 Detector

Central Tracking System

Silicon

Forward Tracking Detectors

Digital Muon
System \
\\\ﬂ
el
0
’f“

Toroid
FDI‘“’al‘d Solenoid

Muon System

Liquid Argon SpaCal
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HERMES Detector

FIELD CLAMPS TRIGGER HODOSCOPE H1
. F —
, DRIFT CHAMBERS .- 270 mrad
- \ PFIEEHOWEH (H2) P
Recoil  DRIFT - o
14 Detector '/ \‘ .

FC1/2
B _= PROP.
-’; _ - J[ "CHAMBERS

LUMINOSITY €+
-

MONITOR27 5 Gev

HODOSCOPE HO

= ~ - _CALORIMETER
BC3/4 TRD ~ — _ 140 mrad

TARGET
CELL STEEL PLATE

o 1 2 3 4 5 6 7 8 9 10 m

e HERMES used electron beam on polarised gas target

* gspectrometer covering region around electron beam direction
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Physics Topics at HERA

expected not (so) expected
® proton structure * exotics (beyond the
— structure functions standard modell)
— parton densities - SUSY
— leptoquarks

* photon structure

e perturbative QCD

, e diffraction
— jets

— O(S
— heavy quarks

e clectroweak
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Some Events...

gl‘@ Run 432053 Event 61834 Class: 4 575 1119 23 25 27 28 29

Date 14/102005 ¢y Run 432053 Event 61834 Class: 4578 1119 23 25 2725 29

Date 14102005
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Some Events...

Fun 223688 Event 218000 Class: 26

Date 14/10,/1398

@
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Some Events...

¢ily  Run 413516 Event 146053 Class: 67§10 19 24 25 28

Date 26/0520085

HERA e p Streuereignis

——
Z
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Some Events...

Run 77823 Event 8507 C(Claas: 32 7 § 10 22 24 28 2% Date 21/08/1994
§
=T EEImid
I E-*":I'
- + GERNE
i #opile |
E'.' f}?'
Bt
HE
|
7
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Some Events...

¢y Run 403197 Event 81741 Class: 4567811 19 25 2820 RunDate 6/22005

Katja Kriiger
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Event Rates

Run 223688 Event 218000 Class: 26 Cote 14,/10/1998 Run 7823 Event 8507 Class: 3 7 8 10 22 24 28 2V Date 21/08/1994

Beam - Gas Interaction

/ /".

some kHz ; , i
== ' 7
Iz . (@) ‘
o . BonL
) . ... ¥ :3 fﬂ}i'
AR
7 HEY
7 i // :
z
_I®
Z
[ @My  Run403197 Event 81741 Class:4 567 51119 252829 RunDate 622005 [ Run 0955 Evonl 14778 Gl 15735 11 BB BB Dte 307033008
1 CC: Q"2 = 83686 GeV**2; y=0.83 ; P_T=118 NC: %2 — 35000 GeV**2 5 E. — 300 GeV

some min’

some hour’! Gl
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ep Scattering &
Structure Functions

Katja Kriiger
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., The** HERA Textbook Plots

gluons ?

H1 and ZBAUS Combined PDF Fit

® HERA1NC e'p (prel)
Z [ Fixed Target
020, i=18 I HERAPDEO.2 (prel.)

i=17 (exp. uncert.)
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WL_ o
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7\‘ ||\\|\‘ 1 |\\|‘ || 1 ||| L 1 11 \Hl L 1 ||\\|‘ 1 1 11
~ .
1 10 10° 10° 10* 10°
2 2
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quarks ?

April 2009

HERA Structure Functions Working Group

H1 and ZEUS Combined PDF Fit

1 —

0.8

0.6

0.4

0.2

— HERAPDFO.2 (prel.)

- exp. uncert.
l:l model uncert.

- parametrization uncert.

Q% =10 GeV?

April 2009

HERA Structure Functions Working Group
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Rutherford Scattering

* first scattering - Flash of
: block light Microscope
experiment " & Fiworescent
. Cl—&3.— 7 Sateteg
> existence of A i e
the nucleus sample foil from HyperPhysics
ASSUINCS
2
2
do | 1 VAVAY 1 - Coulomb potential
B . 4 :
d \d4me, 4E, | sin g - no spins
— no recoil
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Elastic Electron Scattering

variables:
e (k)

* q =k-¥K >

¢ Q®=_¢
=4 E E'sin’(0/2)

B E
1+(2EIM)sin’(012)
2> only one independent!

.E’

do 4w’z , &

dQ2: JOS E

Coulomb- recoil
Potential ~1/r

e' (k')

particles
stays
intact

mass M,
charge z,
spin 0

Katja Kriiger Physics @ HERA
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Elastic Electron Scattering: Cross Section

* Mott Scattering: electron on a pointlike
charged particle with spin O

do E' ’
d0’ lye O

* Dirac Sacttering: electron on a pointlike
charged particle with spin 2

.0
COS —
2

2
41T X

d d ©, ?
02 = 02 l1+27tan"—| with T= O >
d Q Dirac d Q Mott 2 4 M
e electron on proton: ,,form factors™ needed: _
d d G20+ 1G: (0 O
0_2 _ 0_2 E(Q ) M(Q )—|—2T GL(Q2) tan2_
d Q ep d Q Mott | 1 TT 2

> protons are not pointlike!
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Electric Form Factor of the Proton

* describes the charge \ T
distribution in the protor N
(Fourier transtorm) s N :

2 i

e measured: ol \
-G (0)=1 S
- G, (0)=2.79 G
- GL(07), Gu(Q) o« |14

" N 0.71 GeV?

> elastic scattering only import at low Q?
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Inelastic Electron Scattering

variables:

* q =k-Kk

° QZ =_q2

e s =(P+k)’

* W=(P+q)
=M?+2q-P - Q?

e v =qP/kP

2 two independent!

elastic: W =M inelastic: W > M
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Inelastic Electron Proton Scattering

| 5 | [ 3
* inelastic scattering: _-\ :
A . W=2 GeV i
‘ﬁ7>M A\ x - W=3 GeV ‘
p ‘ s —— W=3.5 GeV
* ratio to Mott cross section
. 2
nearly flat in Q c
=

b .
vV OE \ -
SLAC-PUB-gﬁo - \ -1,

(2) ana (1) - N
OBSERVED BEHAVIOR OF HIGHLY INELASTIC 5 \
ELECTRON-PROTON SCATTERING 0 " \E\LASS;‘JLCTTERING -
M. Breidenbach, J. I. Friedman, H. W. Kendall \ :
Department of Physics and Laboratory for Nuclear Science, * \

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 — \\ B
E. D. Bloom, D. H. Coward, H. DeStaebler, To [ A R E— l ] L >
J. Drees, L. W. Mo, R. E. Taylor 0 ] 2 3 4 5 6 7

Stanford Linear Accelerator Center,} Stanford, California 94305 o
2
q< (GeV/c)
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Deep Inelastic Scattering (DIS)

e deep: Q%> (1\/Ip)2 k'=(E',0,E'sin0_,E' cos0)

e inelastic: W > Mp

>

k=(E,,0,0,-E,)

attention
0,=m—0

e for HERA: m¢, M, < W
= neglect me, M,

- s=4E,E;
| P=(E,,,0.0.E,)
- Q’=2E_E',(1+cos6,) b

1 E'e . 296 \
- y=1——sin"—
TR T 2

- Wi=ys —Q’

e one more variable: x =Q?/ (2 P-q) = Q?/ys
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DIS: What 1s x?

k'

x can be interpreted as the
momentum fraction of the
struck parton of the proton:

q P'qzq—l—XP

+xP)* = -Q°+2xq-P+(xP)’
q q

(q+xP)” = (xP)* = (m,)’

q

Q

X = —— =
2q-P ys

inelastic proton scattering 1s scattering on a parton of the proton!
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Structure Functions F, & I,

e the DIS cross section can be written as

d20' 47T0(21 2 y2 2
= T 1) Fale, 0+ 5 2 (.0

4t 1 E’ @ , ® Q2 , 0
- - b T+ —= G x F,(x,0in’—
0 xE ))cos 5 2x2Mi X 1(xzD;1n 5

e comparison with Dirac formula

do ,e 0 . ,e
5 COS —+ >SN ——
dQ 2M

E !
E

_41'ro<2z2

o 4
Dirac Q

2> F, corresponds to electric field of the parton

2 F, corresponds to spin of the parton
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Parton Spin

e parton spin V2: 2 x F,=F, (Callan Gross)

e parton spin O: 2xF, =0

|

3 partons
fF + { SF}” » have spin %2

2xFy

-
b2

1.0 Hé

05 |

Spin0

] ! ] ] ] |

0 05 1
x = 0%/ 2Mv

from P. Schmiiser, ,,Feynman-Graphen und Eichtheorien fiir Experimentalphysiker*
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Scaling: F, independent of Q?

A

3 SLAC 1972

o+ 6° o 18°
0.5 X 10° A 26°

: e:s P o XX *¢+ /H. %

0.2

o1 k x=0.25

0 1 1 i | 1 1 2 ]
0 2 49 6 8

Q%[6eV?] —  m

independent of Q?, we always see the same partons (=quarks)
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(Naive) Quark Parton Model

* proton consists of 3 A
partons, identified with

the QCD quarks

* during the interaction 2p
proton 1s ,,frozen*

* clectron proton scattering
1s sum of incoherent
electron quark scatterings

e proton structure 1s defined
by parton distributions

Fyx, 0)=xY ¢q(x)

Katja Kriiger Physics @ HERA
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., The** HERA Textbook Plots

H1 and ZEUS Combined PDF Fit
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