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ep-Scattering at large Q< and high Luminosity

€. ELSEN (PESY/SLAC)
RCD laboratory HERA

Elektron

- Site \\ 920 Gev
- Protown Proton
- eg-Scattering A5 GqeV

« Electroweak Phgjsics

New Particle Searches
« Remaining Puzzles of HERA |
Outlook
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HERA at DESY

DESY stte and Viciwita
e far into residential Hamburg.

e T e L

Exptl. Halls are (’cgpioaLLg) off
W stte.

HERA Tunnel

“cold” proton. ring on &
top of “warm” electron s
ring.
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Elementary Interactions

LEP | * pure elekRtroweak
e'e inttial State

SU(R) xu (1)

. electromagnetic

HERA coupling (probe)
to the carriers of

| € ,
e P su@)xu@) the strong Lnter-
action

* hadronic cou-
Tevatron pling, purely
strong interaction

PP SUE) XsuR)xu(L)]




E.Elsen (DESY/SLAC) 4142 XMSPF, 2.11.2002

Quantum Chromodynamics

* uantum Chromodynamics
Gauge theory of the strong interactions

* Coupling a, varies with momen -

, A
tum transfer/distance

confinement

- well known
.+ in Leading order (LO) ’ : ]
|
alQ%) = 12 iED ~asymptotic
> (33-2n)InQ°/A° = freedom
3
validity of perturbation theory >

has been well confirmed for Large momentum transfer

momentum transfers over the past 20 years (few per cent acoumog).

Quarks, as asywptotically free objects are thus often treated as real
“particles” manifesting thewmselves as jets of particles.
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Proton as a QCD-bound State

¢ Stze:
uarks (3) confined to a region of 1 fm diameter
* Mass:
938 MeV » T, ~0

* Momentum
2 x; =1, ~ protonn momentum

. spiw: not understood!
1/2

(Some partial success in
Methods O'f IV\/\/CStLga’CLOV\, S‘PBOl’«ﬁO SH stems)

* Bound systems and thelr excitations
* lattice RCD

. Scattering experiments (preferewtiaLLg with @Cp-blina probe) to
Lnvestigate structure
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Resolution of the Probe: Q2
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XMSPF, 2.11.2002

Adj ustable resolution at HERA

« =1 gev>

< proton radius r

[ J ;2' P~
R jax =S
= 4€,E, = 100000 GeV~

‘P

correspowds to =1/1000 v

“Proton structure” may be
explored over three orders of
magwnitude at HERA

Results on:

* valence
quarks

© Sea quarks

L.e. scattering
centres and
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Strong Interaction - Perturbation Theory
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XMSPF, 2.11.2002

* Interaction betweewn the
constituents of the Pro-
ton

. Partow—bewsitg distri-
butions g (x) are @

dependent:
g Z
F u™ [
8+ ® ZEUS+H11996/97

: e NMC, BCDMS, E665
g_)- 16 | —— NLO QCD Fit
S : Q=156 Y Regge Fit (zeus)
40 l4r
5 12}
Q b

I Q*=650 GeV*
gs 0.8 - Q*=3.5 GeV )
T osf
V) i
:B 041  g=0.25cev:
(oY 0.2 7 o R T
o 7 025
w 0 n Lol 5\ ol L 3\

10° 10°

10° 10?7 10t

Bremsstrahlung

PaLr creation

Gluon S&L—f
lnteractlon

d 1

dlogQ Y

X

q; (X, &) represent
the dewsitg
distributions of the
scaled parton
mowmenta.

(0 Q) = [ Y(ay )Py

Y

Qi(X)

_ﬁ\ﬂ“
fm<
m@;‘:

+gi(y. Q° )qu y

largg

small
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Scaling Violations

dovdxd@*~a2ma/ (x@*) *+,

LY | ® H196-97 © H194-97 high Q’ /><\1O c(x)=2" x=0.08005 ® H196-97
% \ ~— — 1=
O 5 - x=0.00008
G 0.00005 "
u-(_\( LY e x=0.00013
10 I g ;
i =0.0002
g
V

t

x=0.00032

2

3 ) x=0.0005

Q1 ‘=

3 g
LN Y

QCD Fits (H1)
— Q=1.5GeV

— QCDFit (H1)

Scatter

Lyl QCD Fit (H1+BCDMS) | o 8 mrn%%g 8%2
O extrapolated Fits I min = 2 ev,
: ' Q*rn=5.0 GeV

. | L ! L L
| 0 10 ’ | 10 0’

H1 Collaboration
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Gluon Distribution

G 07727 %\@ i %C(W? tal taint
-+ ) otal uncertainty
= 0.0017 (CKP) X 0 M (H1) exp. + o, uncert.
+0.0009 s C1(H1) exp. uncertainty
- 0.000F# (Modlel) s

+ 0.0050 (Scale)

« NNLO caleulations start
to be avatlable

 theoretical restdual
uwoertaiwtg ~1%

H1 Collaboration
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Limits of Validity of Perturbative QCD Calculations

E)(Pawsiow L 62,2

variation of .,

« 0.7
« Perturbation theory valtd "*c_:w | 25 Gev?
doww to small x =06 . j0Gev eors H1 96-97
L . Wxi E o 56V ==QCD fit (H1)
Rise at small x Ls L 5 Q=30
“unchanged” i )
2 ‘ep | 0.4 -
 at smaller & the rise L.s mod- :
erateo .
RLlse has to stop somewhere! o
g1.8 = ® ZEUS+H1 1996/97 C
16 [ .g
©
Fo 3
©
/N >
08 [ N\@"=350¢ O
06 —
I
New gquantum sHs‘cem? S 4 | 3 5
10 10 10

0
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Electron Quark Scattering at large Q% orW

Proton as a souwrce of quarks

*+ Reglow of large x,
preferethaLLg valence gquarks, t.e. €
w,d

Proton as a target to create high
mass systems

* Reglon of small x:

W = &%/x*(1-x)
(W > 100 qeV easily attainea)
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Behavior at small x

XMSPF, 2.11.2002

Transttion to h Lg h Energ Les

* WP = /xR (LX) = &%/
* for x<o.01 the variation of the

structure functions seem to be
inodependent of x

A=—(aInF,/0lnx),

¢ F, = o (@)% xA

Fractal structures twn the Proton?

° A YI’ISCS LLV\I— ‘g ' F, = cx™, x<0.01
early with @2 e o

F ® H196/97 + H1 svtx00 prel.

A 0.3 o H196/97

4t

Y
o[ —A=a InlQ*/A%]

""" extrapolation

Ll L P | L Lol E
1 < 10 10%
Q Q* /GeV?

©
o o
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i
\’17 Qz:
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e
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~
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tabipig 4o

o
s
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(HOH —+r

i

E |
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E |

E I
.

: 7

E-7

%

T T T =

Q°=6.5GeV?

+O+
o+

Q*=12 GeV?

&
a
+O+
T T

Q’=15 GeV?

it

Q*=

Q*=35 GeV?

X

Q*=20 GeV* g 25 GeV? i
¢
Q=45 GeV? | Q?=60 Gw L Q=90 Gew ]
¥ H

L Q°=120 GeV? i L Q*=150 GeV? e H196/97
: ; — QCD fit (H1)
- - ---- QCD fit extrap.

10" 107 10t 107
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Longitudinal Structure Function F

XMSPF, 2.11.2002

FRACTAL FIT F, WITH TY%C measurgmem’t OV\’LQ {rom

e H1 svtx00 prel. ~ NMC
DIPOLE MODEL F
o H1 99 prel. » ZEUS BPTO7 i L ’
. | o R runs at different €, 4
é Q? = 0.35 GeV?| Q =0.5GeV? | Q® = 0.65 GeV?
[
~ 1 + - L
) f f Example €, = 300,350,465 eV
o | e, - -
o M ] M | 0 ' '
07 i ‘ - ] Q2 =10 GeV?
Q% = 0.85 GeV?| Q*= 1.2 GeV® | Q%* = 1.5 GeV?
1 - = 08 -

I
——
o
>
r 5 r
4 E
> E
—
/
H1 Collaboration
o
N
T

5 4 -3, 2 5 4 -3 2 5, —4 -3 2 0.2

\;\ N\MMAA. k\\,\MAm 7 'fVDVl/L E)(tra‘POL._

H1EPJO1

" Future |
_Prospects

O;,N F;Z - 52/ (1+ (1"5)2) *FL 0 i64

10
X
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Theoretical Uncertainties of the Parton Densities

—  Longltudinal Structure Functions:

05 AL LU AL B 05 T “._“”” IR LU
Q%*=2 GeV? Q%=5 GeV?
T Mo | M 1+ large contributions of the next

- NLO

higher order
* Lncertainties also Lt NNLO

Precision data on F_ required to clar-

L2 2 Vo= 2 ’ ’
Q°=20 GeV EQ 100 GeV L_lcg LSSUE.

04 =

03

02 —
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v-Nucleon Scattering Cross Section at high Energies

O - large €,, - even small x relevant
OVNtOt - - , )

o L * reach of neutrinos from cosmic

pb/nucleon % accelerators to LVbLtLatC showers (O'(:
GZ K Limtt for 9)?
10 =
1 E 3
A HERA Ll legl Cow Seale Graviey
1 1w B4 LOW SC ravicysw
YCS l/(.Lt s ::; ég Tl f__,--:’_':._ o 5 A
0.1 E B % L i P snT .
0.01 \ T \ \ % 001 [ ,"JJ -
10° 102 10" 10° 1w0' 10’Tev % - ) . .
w SM

Ey g 10 % o g PRI il
derivead from.: € v T B e i
0 r_____}.-.'r . 2

P STl 1 o 1 1 1 1

W 10* 10 10° 10" 10"
g g Neutrino Energy (GeV)
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Understanding Color Singlet Exchange in QCD

e L
B "
XIP
p U p oo
i/

* Color-singlet exchange involv-
lng >1 Parton
correlated parton olewsitg

Gewneralized Parton Dcwsi’cg

[ ] ’ 2
fb/‘P ()(1/)(2/Q )
* DVECS
« Vector meson-Production

Factorizatlon

« O~Flux * elem. X-section
proven in havd diffraction

(for fixed x,t)

— RCD interpretation of
diffraction (see talk by
D.wWegewner)

XMSPF, 2.11.2002
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Charm in DIS

XMSPF, 2.11.2002

Application of the Si-Trackers

e+ (k) e+ (k,) N§ | D+ _ K-n+n+
(@ = 18000 e
PR R
8 _
W2 )\ g 10000
e he] 4
T @
X |
proton (P) 904 — 000
0 7noCSTIifetimetag
T T T

1.7 1.8 19

T
2

m(Knr) [ GeV/c? ]

[ candidates/ 20 MeV/c? ]

o
S
\

|

100 —

e H1 prel
- Fit

+_
CST lifetimetag: S > 8

T T T
1.7 1.8 19 2

m(Kn) [ GeV/c? ]

Vertex Detector as a tools to recon -
struet heavkj quarks.
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g Tasks” for HERA Il

XMSPF,

2.11.2002

DomaLns

- Reglon of large @
o, parton denstties

« small x:
high Parton densities
New qua ntum sg,stem?

e small &
Confinement-reglon

* large CMS Energy:
EW-Tests and
”Begowd the SM”

— RCD Experiments under :

well defined conditions

H1

ZEUS
CDF/DO Inclusivejetsm<0.7

DO Inclusivejetsn<3

L 20 Fixed Target Experiments:
CCFR,NMC, BCDMS,

E665, SLAC

10 -
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Integrated Luminosity HERA |

Events recorded

+ > 100 pb™* of e p-data available

(more thaw half of that taken tn

2000)

+ > 15pb™ of ep-data available

* lots of data with high quality,
whteh have not yet been examined

L detatl

— Many opportunities for theses

avatlable.

integrated luminosity (1/pb)

100

50

0
0 500

HERA luminosity
+

e

— E, = 920 GeV

--+E, = 820 GeV
99-00

+93-97

H1
1000
days of running

e .
98-99/
T
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XMSPF, 2.11.2002

Elektroweak Processes at HERA

Neutral Current (NC)

e e e e
y + Z
q q q q
L o 2 2
ddezo(e p) = X—Q¢[Y+FZ(X’Q )FYXF (% Q )J
mit Y, = 1= (1-y)°

Charged Current (CC)

€ v
pureLa
W electroweak
9 9 (nteraction

chavracterized as

« 1/ dominates

« Z-contribution with
1/(1+ (M5 /R)%) and
1/ 1+ (M, /R)%)>
dampened

* XF., YZ-lnterference,
charge sensttive and par-
tially parity violating

* W-Propagator
1/(1+ (M,/R)3)?
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XF3

Interference S | ]
— LL | - _
« XF3 ~ 0[()() _ q()() > 2 i Di[a H1 97E)F Fit Q2 1500 Gav?
- valence quark L = 5000 GevzD j
distribution | A 12000 Gev?
* Accuracy of mea- I . ]
surement Limited 0 1 #

’ - C \ \ | ]

by available ep 0 0.2 0.4 0.6
data. X

* Sum rules (analogous to YN Scattering), e.g. quark counting
sum rules for xF5 Integrals
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Expectation for Parity Violation with Polarized Beams

Neutral Current 003 | - .
, ) NC =0 F no polarizetion — e -
* axital and vector couplings only 5 oas — Lpolazaion &
fYOl/M, ‘P[,(,Ve Z,—term; = — R polarization ___________
’ , * 0.2 B
* kinematical suppressed, relevant < 3 *
only for & > 10000 Gev™ 2 "

01

005 |

e b b b b b b by
5000 10000 15000 20000 25000 30000 35000 40000
Q% /GeV?

Charged Current
° 'PDL — *(i‘l'P)
stncee O'(CL-I_‘P) =0

CC

Guwpol,

* “Textbook Experiment”
feasible with a few 10 pb™

7 >—
Polarization
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Axial- und Vector Couplings for Light Quarks

from LEP

e band ¢ cou- Case Study

plings well- 5025 o 02
knowwn

0225 -~

HERA I P -0.3
02 -
* wandd i

couplings o175 -
from the f S L
analysts of 015 - L

J +f () (b) — P=07
NC/CC’ 8— I I ‘ I ‘ I N | I I _05 I I ‘ I I I I IO I O | ‘ I N |

and Polar- 0.45 0.5 0.55 ' -0.6 .04
I d V4 a a
LzatLon u d
achievable precisiow comparable to

that of Heavy uarks at LEP

-0.4
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Sensitivity to Elektroweak Parameters

Ler

+ 1/(s-M5*)?
time-like

HERA
+ 1/(R2+M,3)?
space-like

HERA precision
measurements are to
proviole cowsistewcgj
check with LEP (and
Tevatron) results.

80.6 T———T————T——

1 —LEPL1 SLD Data ¢ %"

| —LEP2, pp Data®
8054 — Prospects HER

with pp data
@

68% CL T
O, 80.4- i
= I
80.3 1 -
m, [Ge R
0.2 114. ;ID,() | | Plrelllmllnalry

130 150 170 190

210
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Using My, to quantify Consistency

W-Boson Mass |GeV |

pp-colliders —e— 80.454 = 0.059 ,
direct measurements

LEP2 —8—  80.447 = 0.042

Average -0  80.450 + 0.034

+*/DoF: 0.0/ 1

NuTeV = —a— 80.136 = 0.084 tndirect measurements
LEP1/SLD —A— 80.373 = 0.033

LEP1/SLD/m, -a- 80.380 = 0.023 —> with Wy, constraint

| 8{0 o '86.2' | '86.4 | '86.6'
m,, [GeV]

HERA to corroborate or refute consistency!
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Leptoquarks

HERA

¢ LR olireatl,g produced LA
eLec’crow—ckua rk fuston,
coupling A.

L&

Tevatrown

* pair creation, inodepenodent
of coupling strength

SCALAR LEPTOQUARKS WITH F=0 (51/2,L)

A A AR A
< SRERLERELERLKS
e sese st eseesece
QSRR
XKL

0 _ LEP indir. limit

__ Hilimit
(e"p,94-97)

- H1 direct limit
(e"p, Prelim)
TEVATRON lim. |

150 175 200 225 250 275 300 325 350 375 400
Mo (GeV)
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LQ Branching Ratios

Scalar L& SCALAR LEPTOQUARK e'u — LQ — e*X
A2\ DO Run | — H1 Preliminary e'p

ceu 2 LR .

100 150 200 250 300
Mo (GeV)
VECTOR LEPTOQUARK e'd — LQ — e*X, vX
S\ DORun | — H1 Preliminary e'p
(] 1 BRI SRR R Ny DRNRHL ] 0

102

Vector L&

c ed 2 LR —>eX, VX

¢ Neutrino channel complements '
electron chanwnel B S S

100 150 200 250 300
Mo (GeV)

104
106

108
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Excited Leptons

D I
S 1 ©
< | <
10 | 10

3 LE‘P(L3)”..__,I.._.-° | (a) o 3| o | (b)

50 100 150 200 25 100 150 ., 200 250
v mass (GeV) v mass (GeV)
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Remaining Puzzles from HERA |

ep—etu X Events with

Event MUON-3

* large missing trans-
Pl =39GeV, P =27GeV, Pjss = 42 GeV X
Afu)/ = 82 GeV W — Hnov Candidate y verse momev\ltum P—’—

* Lsolated Leptons at
large p-

AN

E)qaLa'Lweal oy
Standard-Model as

| = ) « W-Production

but rate!

H1
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W-Production - Theory

Production process
1
10 pre—rr e T T T T T T
e : do/dp (€'p5 W + jet) [pb/GeV]
02l ¢5= 300 GeV
N e, _
direct
3 S~
107k <
4
10 F
5|
10"k
New caleulations in NLO for |
10 v by v b v v by v v by v by by v by v by by

the dominant contributiomtnn =~ 0 10 20 30 40 5 60 70 8 9 100
Yp result tn small correctlons
to the LO result caleulations reliable
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Isolated LeptonS at large pTX

H1L %) _
& 9 NS 104052 ® Datd
Election& | s | weroduiion | £ 10 2. Ngp=1040xs02 77 All SM processes
Muon aten rosHEen T T - Bl SM error
----- EPVEC
P*>0 GeV 18 | 10.48+2.52 | 8.19+2.46

P X>12 GeV 13 | 5.14%1.31 | 4.22+1.27

pX>25Gev | 10 | 2.82:0.73 | 2.34:0.73

PX>40 GeV 6 | 0.99+0.28 | 0.93+0.28

ZEUS

+ Observation agrees with
expec’catwws (e)qaeo’catww
stmilar to H1)

Explanation? 01620 30 10 = 80 70 8o
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Single Top-Production
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XMSPF, 2.11.2002

Hadronle Chanwnel

* 3 jets with P> 40, 25, 20 Gev

Search for hadronic top decays - high E; sample

H1 Preliminary )
ﬂ 40: 10 E ® HilData
S I F SM with
B uncertain
o 30: B NCDISy
20|
10|
50 75 100 125 1 05 0 05 1
2 jet *
M W comb. (Gev) cos 6
2 2
c c
) )
> s >
o )
10 F 10
1 F 1
0 25 50 75 100 100 150 200 250

(GeV) (GeVv)

T, b-jet candidate

14 Bvents seewn,
19.6* 7.8 expected

]ets

hadvron. chanwnel
does not rule out top
Lwterpretatiow

0.8

ZEUS Prellmlnary K

: H1 Preliminary KtuY

3 (Leptonic + Hadronic Decays)
i 1

0.6 [

0.4

:—>|" (Leptonic Decays)

Excluded by CDF

L Preliminary .
m, = 174 GeV |

A I I | I I I | I I I

0.4 0.6 0.8 1
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Puzzle 2: Events with 2 Electrons

XMSPF, 2.11.2002

* 2 Electrons with
61’;2>10 C'CV (5 C'CV) Multi-electron Event M (12)=130 GeV

and 20°< 0<150°

* a (possible) =" electron with .F...—
E.>10 eV und 5°<0<175° | B
. "

e S - EXpectn: ...—

_ GRAPE L

- e (GRACE)

fDV e al/\,d M I'“. preliminary
v eq—>eeeq 4 Fermion Final State

E[GeV] (DCLU)

v/Z°

; * BEW Dlagrams
* e-final state: nterference
* elastic + inelastic
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Expectation for Multi-Electron Production

H1 Preliminary Multi-electron Analysis

0 C
*g‘ . @ HilDatal15pb™
@ [ GRAPE ’kze

C [\ NC-DIS
40 [ +Compton |

Good overall 20

’ ’ hadrons
description of E-P, (GeV) PIA® (Gev)
the data % % o

o 20 [

10 —
0 o —
E-P, (GeV) P:ad“’”s (GeV)
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XMSPF, 2.11.2002

Kinematical Distributions of the 2-Electron-Events

H1 Preliminary

® HilDatall5pb™
GRAPE

] NCDIS 2e
+Compton

=
(o
o

1

P el+P_ e (GeV)
o
(@]
o

50

P el+P_ e (GeV)

50

Multi-electron Analysis

L Mc(GRAPE)ﬁSOOXL DATA

L 2e
_ %
F r;
1 I I | I I
0 50 100 a
M 12 (GeV)
L 3e L mc(erape)B900xL para
&
R ﬁ ;
] ] , I | I I
0 50 100 L

M, (GeV)

For M,,>100 GeV

DATA SM
28 =2 O0.25F0.05
3¢ = 0.23*0.04

Excess for M,,>100 Gev

buct:

2- and 3-electron-topology

more statisties!
—> HERA (I
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2 Muon Events

H1 Muon Pair Analysis

e H1 DATA (Prelim.)
—— SM (GRAPE)
------- v vy (LPAIR)

-2
10

3
10

I[Hl T-T-T llllll T 1T IIIIII LI lllll[ ST IIIII| T T TTTTI

-4
10

I

:Izt I

N
HiEt ]

3 33 1
2 151!11

(0 - Ogy) [ Ogy
= o = N w
[

6 10 20 50 100
M, . [GeV]

Selectlon

« 2 muons with 20°<0<160°
* good description by SM

Compa rison to the multi-electron-sa mple

* N0 excess!
* tests i the central angular range
* swmaller acceptance and Luminosity

— not conclusive
(neither supporting nor refuting findings
L electron channel)
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HERA Il

XMSPF, 2.11.2002

Goal Consequences

+ 1 fo* till end 2006 * Sy w;hrotr;w raolwz’cww LS gen-
* Polanzation (~55%) crace € eg

, * no compensating magnets
* Runs with reduced €p (e.9. 200, P ., 9 9
365, 400 Gev) to measure F_ * SpAce restrictions

Method Status
+ strong focussing of the beams SP;‘L L";""z;""os"tﬁihgi be)ew
at the nteraction Potnt achieve 6SL92W .
~1.5%10%%em s (MA)”
SDLH.'U:DV\/ e but...

* super oowdu.otuwg quadrupoles
ln the Experiment
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H1 Detector Upgrade

Forward Muon Instrumented Iron Detector

Spectrometer

s.c. Solenoid 1.16 T

Spaghetti
Calorimeters

Y

GG

Backward
MWPC

—5% 0

ToF Forward Silicon Central Central
Scintillators Tracker Tracker Tracker MWPCs
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Commissioning of HERA I

XMSPF, 2.11.2002

new nteraction Region HL
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HERA Startup

Critical pevelopment of Chamber Current
, 250
° dnft cha mbcr currents | ep30mA, 60 bunches, Aug-Sep
225 —: @) epatlp:SO mA, June ® ep 30 mA, after 17.9.02
Sgy\,ahrotygy\, Rao[(’,ati,oy\, 200; ° ef)?:OmA,JuI-Sep o) epSOmA,GG%IOK
-1 0 e only, Apr-Aug 02 * ponly o
* careful beam steering 175 - 5, © OOz ¥ & only 5802
, LLWLE - o 7omn/ma o
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Vaal/(.l/(.m E . _._'fép 3.8 j%;ir,,/r“r'\é
100 — .. v
* cold/warm interface Pt ) Vel
+ elastic scattering of 920 Gev U
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Synchrotron Radiation
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Outlook for HERA 11

Combining
 direct observation
- precision phgsics (RCD § EW)

Goals
1fb-1 Strowng nteraction:
e Search at small scales - Partow structure (F,, 7, ...),
* Electroweak Effects charm, bottom, jets
« Solution to the chaiwiwg PUZ- - Pi«]&fm?’cww ’
zles tnclustve and Funal states:

charm, (bottom), ¥

“Tevatrown aspect” of HERA “LEP aspect” of HERA
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