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ep-Scattering at large Q2 and high Lu

E. ELSEN (DESY/SLAC)

• QCD laboratory HERA

- Site

- Proton

- eq-Scattering

• Electroweak Physics

• New Particle Searches 

• Remaining Puzzles of HERA I

• Outlook

27.5 GeV
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and Vicinity

RA tunnel extends 

idential Hamburg.

 are (typically) off 
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HERA at DESY

HERA Tunnel

“Cold” proton ring on

top of “warm” electron

ring.

DESY site 

6.3 km HE

far into res

Exptl. Halls

site.

Airport

H1
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pure elektroweak 
initial State

electromagnetic 
coupling (probe) 
to the carriers of 
the strong inter-
action

hadronic cou-
pling, purely 
strong interaction
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Elementary Interactions

e+e-

ep

pp

e

e

e

q

q

q

SU(2)××××U(1)

SU(2)××××U(1)
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•
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LEP I

HERA

Tevatron
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er cent accuracy).

en treated as real 

les.

momentum transfer

asymptotic 
freedom

ent well known
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Quantum Chromodynamics

• Quantum Chromodynamics
Gauge theory of the strong interactions

• Coupling ααααs varies with momen-

tum transfer/distance 

• in leading order (LO)

Validity of perturbation theory 

has been well confirmed for large 

momentum transfers over the past 20 years (few p

Quarks, as asymptotically free objects are thus oft

“particles” manifesting themselves as jets of partic

co
up

lin
g 
α
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2

( ) 12π

33 2n f–( ) Q
2

Λ
2

⁄ln
--------------------------------------------------=



 

X M S P F ,  2 . 1 1 . 2 0 0 2

  

r

          

-blind probe) to 

derstood!

partial success in 

 systems)
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Proton as a QCD-bound State

• Size:
Quarks (3) confined to a region of 1 fm diamete

• Mass:
938 MeV » ΣΣΣΣ mq ≈ 0

• Momentum
ΣΣΣΣ xi ≈ 1, ~ proton momentum

• spin: 
1/2

Methods of Investigation

• Bound systems and their excitations

• lattice QCD

• Scattering experiments (preferentially with QCD
investigate structure 

not un

(Some 

specific
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Resolution of the Probe: Q2 

e

Results on:

• Valence 
quarks

• Sea quarks

i.e. scattering 

centres and

• gluons

Adjustable resolution at HERA

• Q2 ≈ 1 GeV2 
< proton radius rp

• Q2 max ≈ s

= 4EeEp ≈ 100000 GeV2 

corresponds to ≈ 1/1000 rp

“Proton structure” may be 

explored over three orders of 

magnitude at HERA
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heory
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large
qi(x)

x

Q2
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Strong Interaction - Perturbation T

• Interaction between the 
constituents of the Pro-
ton

• Parton-Density distri-

butions qi(x) are Q2 

dependent:

Bremsstrahlung

Pair creation

Q
2

logd

d
qi x Q

2
,( )

αs

2π------
yd
y-----

qi y Q,(


x

1

∫=

qi(x,Q2) represent 

the density 
distributions of the
scaled parton 
momenta.

Gluon Self- 
Interaction
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X

ZEUS+H1 1996/97
NMC, BCDMS, E665
NLO QCD Fit
Regge Fit (zeus)
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H
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Scaling Violations

H
1 

C
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dσσσσ/dxdQ2~2ππππαααα2/(xQ4)*F
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Gluon Distribution

ααααs=0.1150

   ± 0.0017 (exp)

   +0.0009

    - 0.0007 (Model)

   ± 0.0050 (Scale)

• NNLO calculations start 
to be available

• theoretical residual 
uncertainty ~1% 
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alculations

H
1 

C
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ion of F2
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Limits of Validity of Perturbative QCD C

∂
∂

Expansion in Q2

• Perturbation theory valid 
down to small x

• Rise at small x is 
“unchanged”

• at smaller Q2 the rise is mod-
erated 

Variat

New quantum system?
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NLO QCD Fit
Regge Fit (zeus)

Rise has to stop somewhere!

F2
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2 or W

p

q
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Electron Quark Scattering at large Q

e

Proton as a source of quarks

• Region of large x,
preferentially valence quarks, i.e. 
u,d

Proton as a target to create high 

mass systems

• Region of small x:

W2 = Q2/x*(1-x)
(W > 100 GeV easily attained)
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H
1

C
ll

b
ti
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Behavior at small x

∂
∂

Transition to high Energies

• W2 = Q2/x*(1-x) ≈ Q2/x

• for x<0.01 the variation of the 
structure functions seem to be 
independent of x

• F2 = c(Q2)* x-λλλλ 

Fractal structures in the Proton?

• λλλλ rises lin-

early with Q2

H
1

C
ol
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ra
tio

n

Q2

λλλλ
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Future
Prospects
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Longitudinal Structure Function

H
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  FRACTAL FIT F 2 WITH
  DIPOLE MODEL FL

  FL=0

F
L

F
L

σσσσr~ F2 - y2/(1+(1-y)2)*FL

True measure

runs at differ

Example Ep =
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 Densities

cture Functions:

s of the next 

 in NNLO

L required to clar-
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Theoretical Uncertainties of the Parton
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• large contribution
higher order

• Uncertainties also

Precision data on F

ify issue.

MRST
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gh Energies

all x relevant

os from cosmic 
itiate showers (cf. 
)?

 Scale Gravity

ulatio
n
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νννν-Nucleon Scattering Cross Section at hi

310 210 110 010 110 210
0.01

0.1

1

10

100

1000

Η1
σνΝ

tot

pb/nucleon

TeV

Eν

e ν

q q

W

• large Eνννν - even sm

• reach of neutrin
accelerators to in
GZK limit for γγγγ

e.g. Low

Spec

early HERA 

result

derived from:
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e in QCD

rton Density

-Production

. X-section
d diffraction

etation of 

 talk by 
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Understanding Color Singlet Exchang

• Color-singlet exchange involv-
ing >1 Parton
correlated parton density

Generalized Pa

• fi/p(x1,x2,Q2)

• DVCS

• Vector meson

Factorization

• σσσσ~Flux * elem
proven in har
(for fixed x,t)

→→→→    QCD interpr

diffraction (see

D.Wegener)

2

β

gap
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Fit

CST life time tag:  Sl > 8

s ττττD
0=124 µm

a tools to recon-

 quarks.
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Charm in DIS
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proton (P)
g (xgP)

γ* (q)
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c
_

W2

Application of the Si-Tracker

Vertex Detector as 

struct heavy
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x
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“Strong Tasks” for HERA II

Q
2  (

G
eV

2 )

E665, SLAC

CCFR, NMC, BCDMS,

Fixed Target Experiments:

D0  Inclusive jets η<3

CDF/D0   Inclusive jets η<0.7

ZEUS

H1

10
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1

10

10 2

10 3

10 4

10 5

10
-6

10
-5

10
-4

Domains

• Region of large Q2:
ααααs, parton densities

• small x:
high Parton densities
New quantum system?

• small Q2:
Confinement-region

• large CMS Energy:
EW-Tests and
”Beyond the SM”

→→→→    QCD Experiments under 

well defined conditions

p
xp

k
k'

q
M
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I

RA luminosity

days of running

H1

P = 920 GeV

P = 820 GeV

93-97

e+
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500 1000
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Integrated Luminosity HERA 

HE
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te

g
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te
d

 lu
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 (
1/

p
b

)

E
E

e
98-99

0

50

100

0

Events recorded

• > 100 pb-1 of e+p-data available
(more than half of that taken in 
2000)

• > 15 pb-1 of e-p-data available

• lots of data with high quality, 
which have not yet been examined 
in detail

→→→→    Many opportunities for theses 
available.
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A

rized as

ominates

tribution with

MZ/Q)2) and

MZ/Q)2)2 

ned

-Interference,

 sensitive and par-
parity violating

agator

Mw/Q)2)2 
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Elektroweak Processes at HER

x Q
2

d

2

d

d
σ e

±
p( )

2πα
2

xQ
4------------- Y+F2 x Q

2
,( ) Y -xF

3
x Q

2
,( )+−=

Y± 1 1 y–( )
2

±=

Neutral Current (NC)

mit

Charged Current (CC)

e e

q q

γ

e e

q q

Z+

e ν

q q

W
purely 

electroweak 

Interaction

characte

• 1/Q4 d

• Z-con

1/(1+(

1/(1+(

dampe

• xF3, γγγγZ
charge
tially 

• W-Prop

1/(1+(
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ark counting

x

 PDF Fit

H1

0.6

Q2 = 1500 GeV2�

5000 GeV2�

12000 GeV2
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xF3 

Interference

• xF3 ~ q(x) - q(x)

• valence quark 
distribution

• Accuracy of mea-
surement limited 

by available e-p 
data.

• Sum rules (analogous to ννννN Scattering), e.g. qu
sum rules for xF3 Integrals

xF
3  γZ

H1 97Data

0

1

2

0 0.2 0.4
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rized Beams

no polarization

L polarization

R polarization

e+

e-

=0.4

Q2 /GeV2
00 10000 15000 20000 25000 30000 35000 40000

Polarization

Limits on WR
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Expectation for Parity Violation with Pola

Neutral Current

• axial and vector couplings only 
from pure Z-term:

• kinematical suppressed, relevant 

only for Q2 > 10000 GeV2 

Charged Current

• σσσσpol = σσσσunpol*(1+P)

since σσσσ(eL
+p) = 0

• “Textbook Experiment”

feasible with a few 10 pb-1

x
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t Quarks

-0.6 -0.4
ad

P = 0

P = 0.2

P = 0.5

P = 0.7)

parable to 

 at LEP
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Axial- und Vector Couplings for Ligh

0.15
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v u
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v d

(a) (b

from LEP

• b and c cou-
plings well-
known

HERA

• u and d 
couplings 
from the 
analysis of 

NC/CC, e± 
and Polar-
ization

achievable precision com

that of Heavy Quarks

Case Study
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eters
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Sensitivity to Elektroweak Param

LEP

• 1/(s-MZ
2)2

time-like

HERA

• 1/(Q2+MZ
2)2

space-like

HERA precision 

measurements are to 

provide consistency 

check with LEP (and 

Tevatron) results. 80.2
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mH [GeV]
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m
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  [
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68% CL

LEP1, SLD Data

Prospects HERA
with pp data
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-

 Data C
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y

p

L
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N
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L

easurements

t measurements

 mtop constraint

cy!
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Using MW to quantify Consistenc

W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

χ2/DoF: 0.0 / 1

p
−
-colliders 80.454 ± 0.059

EP2 80.447 ± 0.042

verage 80.450 ± 0.034

uTeV 80.136 ± 0.084

EP1/SLD 80.373 ± 0.033

EP1/SLD/mt 80.380 ± 0.023

direct m

indirec

→→→→ with

HERA to corroborate or refute consisten
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H1 CI

KS WITH F=0 ( S 1 / 2, L )
~

M LQ (GeV)

LEP indir. limit

H1 limit
(e+ p, 94 - 97 )

H1 direct limit
(e+ p, Prelim.)

TEVATRON lim.
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Leptoquarks
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SCALAR LEPTOQUAR

λ
EXCLUDED

HERA

• LQ directly produced in 
electron-quark fusion, 
coupling λλλλ.

Tevatron

• pair creation, independent 
of coupling strength

e

q q

e

LQ
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LQ Branching Ratios
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D0 Run I

Scalar LQ

• eu →→→→ LQ

Vector LQ

• ed →→→→ LQ →→→→ eX, ννννX

• Neutrino channel complements 
electron channel
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Excited Leptons

10
-3

10
-2

10
-1

1

100 150
ν

f/
Λ

 (
G

eV
-1

)

LEP (L3)

10
-3

10
-2

10
-1

1

100 150

H1 ν* limi

e-p
e+p

10
-3

10
-2

10
-1

1

50 100 150 200 250
ν* mass (GeV)

f/
Λ

 (
G

eV
-1

)

LEP (L3)
10

-3

10
-2

10
-1

1

50 100 150 200 250

f=-f ,

(a)

H1 ν* limits

e-p
e+p

10
-3

10
-2

10
-1

1

100 1

f/
Λ

 (
G

eV
-1

)

LEP (L3

10
-3

10
-2

10
-1

1

100 1

H1 ν*

e
e

e νννν*

q



X M S P F ,  2 . 1 1 . 2 0 0 2

 I

ts with

e missing trans-

e momentum pT
X

ated leptons at 
e pT

ined in

dard-Model as

roduction

but rate!
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Remaining Puzzles from HERA

Event MUON-3
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dpT
W (e+p 5  W+ + jet) [pb/GeV]

 300 GeV
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W-Production - Theory

Production process

dσ/

℘s =

∝ =

dire

p
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New calculations in NLO for 

the dominant contribution in 

γγγγp result in small corrections 

to the LO result
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γγγγ
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q
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Calcul
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All SM processes
SM error
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Isolated LeptonS at large pT
X
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E
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s Ndata = 18

Nexp = 10.48±2.52

H1

ZEUS

• Observation agrees with 
expectations (expectation 
similar to H1)

Explanation?

Electron & 
Muon

Daten SM W-Produktion

PT
X>0 GeV 18 10.48±2.52 8.19±2.46

PT
X>12 GeV 13 5.14±1.31 4.22±1.27

PT
X>25 GeV 10 2.82±0.73 2.34±0.73

PT
X>40 GeV 6 0.99±0.28 0.93±0.28
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Single Top-Production

0

0.2

0.4

0.6

0.8

1

0 0.2

v  Z

⇒
⇒
 ZE

e

q (u,c)

e

top

γ

κ γSearch for hadronic top decays - high ET sample

M
 2 jet
 W comb. 

 
 (GeV)

ev
en

ts

H1 Preliminary

cos θ*

ev
en

ts   H1 Data
SMSM  with
uncertainty
NC  DIS
TOP

PT, b-jet candidate
 
 (GeV)

ev
en

ts

M jets
 
 (GeV)

ev
en

ts

10

20

30

40

50 75 100 125

1

10

10 2

-1 -0.5 0 0.5 1

1

10

0 25 50 75 100

1

10

100 150 200 250

Hadronic Channel

• 3 jets with PT > 40, 25, 20 GeV
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19.6±7.8 expected
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Puzzle 2: Events with 2 Electro

preliminary

PT=63 GeV

PT=62 GeV

Multi-electron Event M(12)=
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• 2 Electrons with
E1,2>10 GeV (5 GeV)

and 20o<θθθθ<150o

• a (possible) 3rd electron with 

E3>10 GeV und 5o<θθθθ<175o

Expectn:

GRAPE

(GRACE)

for e and µ

eq→→→→eeeq     4 Fer

• EW Diagrams

• e-final state: In

• elastic + inelas
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Multi-electron Analysis
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ron-Events
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ectron-topology
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Kinematical Distributions of the 2-Elect

H1 Preliminary                        Multi-electron Analysis
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2 Muon Events
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H1 Muon Pair Analysis Selection

• 2 muons with 20o<θθθθ<

• good description by SM

Comparison to the multi

• no excess!

• tests in the central ang

• smaller acceptance an

→→→→ not conclusive

(neither supporting nor 

in electron channel)
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 radiation is gen-
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HERA II

Goal

• 1 fb-1 till end 2006

• Polarization (~55%)

• Runs with reduced Ep (e.g. 300, 
365, 400 Gev) to measure FL 

Method

• strong focussing of the beams 
at the Interaction Point

Solution

• super conducting quadrupoles 
in the Experiment

Consequences

• Synchrotron
erated in the 

• no compensa

• space restrict

Status

• spec. Lumino
achieved (des

~1.5*1030cm

• but…
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Spaghetti
Calorimeters
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Backward
MWPC
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H1 Detector Upgrade

s.c. Solenoid 1.16 T

Liquid Argon Calorimeter

 Instrumented Iron Detector Forward Muon
Spectrometer

GO GG

Forward
Tracker

Central
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ee

Central
MWPCs

ToF
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Commissioning of HERA II
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 Chamber Current
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HERA Startup

Critical

• drift chamber currents

Synchrotron Radiation

• careful beam steering

• coating of surfaces

Vacuum

• cold/warm interface

• residual gas: H2O, CH4

• elastic scattering of 920 GeV 
protons on residual molecules

Development of
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Synchrotron Radiation
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Outlook for HERA II

Combining

• direct observation

• precision physics (QCD & EW)

Goals 
1fb-1

• Search at small scales

• Electroweak Effects

• Solution to the remaining puz-
zles

Strong Interac

- Parton stru

charm, bott

- Diffraction
inclusive an
charm, (bot

“LEP aspec“Tevatron aspect” of HERA
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