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e®p collisions at HERA I and II

HERA |: 1993-2000 HERA 1I: 2001-2006 (?)
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HERA Il

Spin
Rotator HERMES
P (exists) {-
/ g /Spin Rotator (new)
H1
/( HERA RING \ \
{\ Spin Rotator (new) / ZEUS
Laser o
= k A/electrons
TPOL
HERA B
Collider experiments: H1, ZEUS HERMES, HERA-B

® Stronger focussing close to experiments e not affected
® Spin rotators
® New beam lines
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HERA Il

The HERA upgrade
® Strong focussing at interaction point
e Magnets inside main detector

Forward Muon
Spectrometer

Instrumented Iron Detector

s.c. Solenoid 1.16 T
Spaghetti
Calorimeters
2 B =

> GO - = ——

Backward
MWPC
ToF Forward Silicon Central Central
Scintillators Tracker Tracker Tracker MWPCs

The Challenges
e Synchrotron radiation
® Back scattering from

magnets

The Detector upgrades
e Trigger !
e New forward tracking
e Extended silicon tracking
® New Forward proton

spectrometer
e Smaller acceptance at low

angles: % > 8 GeV?
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Virtues of ep scattering at HERA

large Q2 lever arm: precision QCD
® (g, quark and gluon densities

small - z: high parton densities
® novel quantum system

small (J%: large distance QCD
® non-perturbative, confinement

large CMS energy:
® (beyond) the EW standard model

(largest E g with lepton in initial
state)

— reason why H1 / ZEUS are leading

QCD experiments

Q (GeVv?)

10 -

Q? = ~ -virtuality
r = Eparton / Ep

H1

ZEUS

CDF/DO Inclusivejetsn<0.7
DO Inclusivejetsn<3

Fixed Target Experiments:
CCFR, NMC, BCDMS,

E665, SLAC
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Partons in the Proton

ep — eX at small Q%

d*c 2mra’

-/

~ F.
drdQ? =~ zQ*t ~°

momentum distribution of quarks:

Fy (2,Q%) = Y eXq(z,Q)
dFy/dIn Q*|, ~ a5 x g (z,Q?)

2
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small x — high quark density
— strong rise of quark density — high gluon density
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Quark/Gluon Distribution in the Proton
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Higgs Produktion at LHC

My >108 GeV
LHC parton kinematics
[ X, = (M/14 TeV) exp(zy)
10°F Q=M M=10TeV
10 F E
10° F M=1TeV Aoy
< 105 E E
2
T M=100GeV Aol L
NOJ E
10° ‘
Fy= 6
10° E :
E M =10GeV
10'
100 ol T T T m Lol iy
10" 10° 10° 10° 10° 10° 100 10
X

depends on gluon density at z < 1072

only process: DIS at HERA
but: z < 107* = Q* < 1 Gev
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Gluon induced processes

Verification of gluon density: intermediate x

Yo
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Longitudinal Structure Function F7,

Verification of gluon density: small

F1, ~ 0y — F2 cxtrapol. F1, from reduced beam energy
e depends on assumption for extrapolation e e.g. £p=300,350,465 GeV
towards high y = 1
® limited in precision ! o O’=10GeV?
® includes small x
. 0.8 -
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E Q"= 1.5GeV* | Q'=2GeV | Q% = 2.5 GeV?
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Bottom production: Unexplained

HERA now CDF HERA Il
EG * H1ppye 0 b . E
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much enhanced B-tagging

HERA Collider Physics Peter Schleper, DESY



Tevatron jets at high Pr: gluons at high x

CDF: cone algorithm

g 00— D0: K7 algorithm
& CTEQ4M ] i
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open questions...

HERA Collider Physics Peter Schleper, DESY



Photon and Proton at High x

jets in yp at high Ep

25 <Eq,...< 35 GeV 35 <E; ., < 80 GeV

2 500 F R 00 ]
~ - ® H1 data, prelim. : -
X 400 QCD NLO 80
;E L — NLO (1+3,4,) -
2L 300 | 60 -
"Eb N -
- 40 F
& 200 N :
100 F 20 -

O:IIIIIIIIIIIIIIIII 0: IIIIIIIIIIIII

02 04 06 08 1 02 04 06 08 1

Xy Xy

access to proton at high x !
H1 prelianary

3

= OF X <08 10° X >0.8
F y - y
2 - rPL. e H1 data
o F i QCD NLO
2 107 102 = NEO (143
S - C
o i C
-O L -
10 ¢ _* ________ 10 ¢ *
: 1 1 I 1 1 1 I 1 1 1 : 1 1 I 1 1 1 I 1 1 1
0.2 0.4 0.6 0.2 0.4 0.6
Xp Xp

e dominated by direct + pointlike part of y

e significant contribution from gluon in proton
— Tevatron high E jets

HERA Collider Physics Peter Schleper, DESY



HERA summary on Qg

] I ] ] ] I ] ] ] I ]
—+—+— Experimental errors

------- Theoretical error

tot—  7EUS (prel. ) 96-97 Incl. jets
—T® T  ZEUS NLO-QCD fit (prel.) 2001

. ZEUS (prel.) 96—97 Subjets

—+ro ZEUS dijets
(hep—ex/0102042)

_[T®1_ Hllncl jets
(hep—ex,/0010054)
-@- H1 NLO—QCD fit

(hep—ex/0012053)

e PDG 2000
(Eur. Phys. J. C15 (2000) 1)

|—o— S. Bethke
(J. Phys. G26 (2000) R27)

0.12 0.14 0.16

Kg (Mz)

e NNLO calculations for F2 (and 2-jet production ?)

— reduction of scale errors by factor 2-3 !!
the CHALLENGE: get best o, (3= 1%)
needs reduction also of experimental errors !!
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Low-z behaviour of Fo

A=—(0InF,/0Inx), >
@]

0.5

0.5

0.5 f

T Q*=2.5GeV?

vl 0l ol

R

Q*=6.5 GeV?

Q*=90 Gew

® H196/97
— QCD fit (H1)
---- QCD fit extrap.

H1 Collaboration

® no sign of deviation from

x~MQ%) at small z
® no saturation visible in F5

Effective a,,(0)

Inclusive

® H1 DIS 96-97

Diffractive

A H1DIS 94 ZEUS DIS 94

e H1 DIS 97 (prel.) ZEUS BPC 96-7 (prel.)
0 Hlyp 94 ZEUS yp 94

1.4

a,5(0)

13 |~

1.2 —
(0 Q%= 0)

S
i soft IP
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Low-x Parton Dynamics

e small-z, forward jet (7TO),

2~ L2
Q ~ ET,jet

® no k7 order, test case for
DGLAP—BFKL-CCFM-ﬁeSClvecl

® unintegrated parton distribu-

ZEUS 1995 ZEUS 1995
o) F ' = [
= F ! = F
NA [ é NA [
4 -1 | o 5
s 10 F : 510 F
= E ! = E
N\LI_J/ ...... ! @ N\U_J/ L
5 : g
S | S r
© 2 R © 2
10 ¢ | 10 'k
\ I R -
L e ZEUSDaa
3 3 |
L e ZzEUSData L \
10 ¢ s 10 ¢ RAPGAP2.06 |
F 1 ARIADNE4.08 | i !
| | L 2 _ 2 2 !
i LEPTO65 | 3 I WEEratQ ‘
L[ i HERWIGS5S ! ! \ J T v 3 N
) ! ! ) : i !
10 - LDC 1.0 | | . 0 g o f
L. Lol Ll | i E Ll | TR
107 107 1 10 10° 107 107 1 10 10°
2 2 2 2
E Tje(/Q E Tje(/Q

No direct dynamical evidence up to now
e CCFM (CASCADE): some success for F¢erm
e NNLO for jet production needed
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Hard Diffraction

Hard scattering factorization

o~ Z fi/p(xp> t,x, Q2) X 5}(513, Q2)
Y i
(;} A with DGLAP evol. fiyy (25,1, 2, Q%)
X (Mx)  atfixed zp> .
® Proof for diffractive DIS
D pI (orlow mass @ Experimental test ?

>0 Prexcliation) o partonic picture of diffraction
t/

(small) Colour Dipol Picture of DIS
colour singlet exchange of more than one e hope to unify description of DIS
parton (2 gluons or more) and Diffraction
— Correlations GPD’s: Generalized Parton

Distributions

® fi/p($1>$2>Q2)
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Diffractive Structure Functions

FD(3) FD(4)

2 2
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Very Forward Proton Spectrometer (VFPS)

H1 VFPS acceptance

Beam pipe aperture acceptance

New detector at z = 200m
e full acceptance at

0.005 < z,, < 0.02,

< 0.25 GeV?

e trigger for all diffractive processes
, @ measurement

® no contribution from p-dissociation

L

o |{

— High statistics test of QCD

interpretation of diffraction: F2D(4),

jets, charm, DVCS

L L L L T L L L T \O\ T ] O
I I I I I I I

6] 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Acceptance (xp,t)
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Colour Dipol Picture of DIS

Assume factorisation:

o = V(v — qq(g))

X 0 dipol
Y

Success of Colour Dipol Models
® fit 0gipol tO F5
e predict F.P, diffractive JU, jets
e Connection to BFKL

(? — 0: saturation of O dipol

(Golec-Biernat, Wiisthoff)
e not yet successful at @? < 1 GeVv?

do™ / dM,, (ub/ Gev)

ZEUS

01 M, = 5 GeV My = 11 GeV M, = 22 GeV
o0 ZEUSH --- ZEUSVMDREGGE Fit
& ZEUS (prel.) LPS95 —— GBW (qa+qag)
10 9 = mo ZEUS(prel.) BPC96-97 | - GBW (qq only)
1081
107
6 F (x1.7E+06) (x5.9€+06) (x9.5E+06)
10 Ew=190 "%, w=190 "2, W=190
105
4 F (x2.06+04) (x6.3E+04) TN (x2.0E+05)
107 60 ™ ™. W=160 " ™u. W=160
108
10 2 N e O SO
10 =
F (x2.5E+00) (x7.8E+00) (xB.8E+00) i
1 Ew=100 "™u w=100 "=, w=100 t
af 1
10 l
10- \HH‘_\ L1l ‘ \HH‘_\ L1l ‘ \HH‘- HH‘ \HH‘ L1
10 1 10 1 10 1 2 10 2
Q" (Gev)
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Deeply Virtual Compton Scattering

*
Y

~
ﬁ)\g
<

§000006060Y

Y
10000000

10

e H1 Preliminary

E BH + DVCS (FFS)
BH

30< W < 120 GeV
|t|<1Gev?

do/dQ? [ pb/GeV? |
5

20
[ GeV? ]

7¥- X gluon-pair — QCD describes data !

access to parton correlations: “skewed pdf’s”

— new forward proton tagger, B%R
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DIS cross section

Neutral Current

£

jiaé\,QCQ _ 27ra [Y+F2($ Q ):FY ;EF3(£E Q2) L($7Q2)}

YiEl:l:(l—y)

=F_ roQ? 2 2 2 Kuw@? 2FZ _ A:(q: 4 d:

2 =127 Ve g2y M2 2+ (v +a) Q2+ M3 y =z Ailgi +G)
~ 2 \2

iFs= = ae g2dmoF)” + (2vee) (g% ) 2FF = 2% Bilg: - @)

M2 M2

Ve, Ge - vector and axial couplings,

Charged Current

oy GLME, 1 + 2
de dQ? 27z (Q%*+M3)? ¢CC($7Q )

So=z[(@+e)+(1-y)*(d+s)] (in LO)
doc =2 [(u+c)+(1—y)*(d+35)]

~ 4 xr (o)
onc(z,@Q?) = % 32 d®onc _ Fo(14+ Ap, + Ap, + Ap,)

~ . M2, 4+Q? 2d2
(2,Q%) = 2 (Min® ) Lo
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High Q2% and Weak Interaction
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needs more data at large

z,Q*!

10 L x=025(x10%) T §f
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05 |

05|

0.25 |

Cross sections at high (Q?

1 .

Oync  1umi=250 pb-1 each
L I B L B L B L B L I B | R
Q*=150GeV? .. Q%=200GeV? | Q*=250GeVv? | Q%*=300Gev? |

Q?=1000 Gev? |

Q%=500 GeV? |

Q?=1200 Gev? |

Q?=1500 Gev? |

Q?=2000 Gev”

= O

0.5

v/Z: mainly u- quarks

HERA Collider Physics
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Cross sections at high (Q?

b EI:I =SLAC ® =BCDMS O =NMC
I -1
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v/Z: mainly u- quarks
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Cross sections at high (J?

W -exchange: mainly d- quarks: =+
xF3: Valence quarks

x|:|:3I lumi=250 pb-1 each 10%
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Polarized NC Cross Sections

O | no polarization — e"
025 - — L polarization  ----- e
| — R polarization
02 - )
F T T ~vZ interference
0.15
o V2l ~ Z?for
01 " = 1
1 2
, Q%+ M,

— Q% ~ 2M2 ~ 16000 GeV?

0.05 -
* ® positive / negative interference for

P N ISR AN IR AR AR R
0 5000 10000 15000 20000 25000 30000 35000 40000

Q*/Gev* e 10% effect at high Q2

e pletp
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Weak couplings of light quarks

o 0.3
o
2 L TS Neutrino
5 ——— LEP1o
> 005 L LEP 20
77777777 LEP 30
" CCFI?
1000pb
02 — 250pb
L ! ® LEP/S.CSM
\ Hm Neutrino SM
0.15 —
- (a)
0.1 | | | |
0.4 0.45 0.5 0.55 0.6

aWu-type

® needs measurement of

+ = ot =
el,e,€h, en

e only light quarks from pro-

ton

(b) ® similar precision as from

-0.6 -0.55 05 -0.45 04
a LEP
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Right handed weak currents: Wp

Juny
N
o

100

(Q%> 200 GeV?) (pb)

cc
Oror

80

60

20

e &'pData (48 pb™)
- e'p SM Vs=300 GeV

| 4 €psSm(MC)

Vs=300 GeV (50 pb™)

® ep Data(Prelim. 16 pb'l)
- €p SM Vs=320 GeV

A epSM (MC)

V=320 GeV (50 pb™)

-1

-0.8 -06 -04 -0.2

0

02 04 06 08 1
P

Polarized charged currents
o ocolep) = (1£P)oceo(ep)

® needs high polarisation

® needs high precision of
polarisation

o My, <600 GeV

e similar to direct search at Tevatron

HERA Collider Physics
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Beyond the Standard Model:
Supersymmetrie

single production of squarks in R-parity violating models

Minimal Supergravity + R, Violation

tanB 2p<OA—O)\ tanB=6,u<0,A,=0,N

le ljk
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e nothing found yet up to M; =245 GeV
e will reach sensitivity of M; ~ 300 GeV
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Summary

What did / will we learn from HERA ?

® low-Xx: new regime of QCD
the main theoretical activity so far
QCD picture of Diffraction
colour dipole — BFKL ??

® precision QCD:
world best value of o,

Final (?) word on proton structure at HIGH and LOW x

e high (Q*: only just started
luminosity upgrade
precision test of SM at 10718 m

® searches:
high Pr lepton events ?
Supersymmetry with R p violation

contact interactions
+ ??

HERA Collider Physics Peter Schleper, DESY



