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HERA and its Experiments

Halle NORD (H1)
Hall NORTH (H1) p
Hall nord (H1)

Halle OST (HERMES) \
Hall EAST (HERMES)
Hall est (HERMES)

Halle WEST (HERA-B)
Hall WEST (HERA-B)
Hall ouest (HERA-B) Elektronen / Positronen
--— Electrons / Positrons
Electrons / Positons
Protonen
-— Protons
Protons
Synchrotronstrahlung
=VW  Synchrotron Radiation
Rayonnement Synchrotron

Halle SUD (ZEUS)

Hall SOUTH (ZEUS)
Hall sud (ZEU

ep collisions at /s ~ 300 GeV

e beam (longitudinally polarized) on
polarized gas target, /s = 7.5 GeV;
goal: polarized structure functions

p beam on internal wire target,
Vs ~ 40 GeV;
goal: study hadrons with ¢ and b quarks

HERA Physics 1.2
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HERA: Parameters and Data Sets

Circumference: 6.3 km
Beam energies: 27.5 GeV (e),

820/920 GeV (p, before/after 1997)
Beam currents: < 50mA (e), <100mA (p)
Bunches: ca. 180 in 210 buckets

(some unpaired)
Bunch collision rate: 1/96ns = 10.4 MHz
Beam life times: ~ 8 hours (e)
Luminosity: ~ 1031 cm—2s!

HERA luminosity 1994 — 2000

100? 99-00 e ilOO

80 80

Integrated Luminosity (pb™)

40; 94—97 etp
9900 e+ ZEE s
p 20; ~ 48 pb™
ZEUS: — H1:
~ 70pb~t ~36pb"
H1: i 98—99 e p A R
~ 70 pb 2008 600 800
ZEUS: Days of running
~ 16 pb~!
H1:
~ 15pb~!
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Physics Topics in ep Scattering

ep collisions at HERA offer broad spectrum
of reaction channels and physics topics

The following list is neither complete
nor are the different items mutually exclusive

. Deep inelastic scattering (DIS)
investigation of the parton
structure of the proton
— tests of perturbative QCD (pQCD)
— electroweak effects (W, Z exchange)
— study of the transition to the

non-perturbative QCD regime

e Photoproduction
— collision of quasireal photons
with protons
— testing the “photon structure”
— jet physics (— QCD)
— heavy flavor physics

e Searches for “new physics”
— new particles (leptoquarks, excited
fermions, SUSY particles)
— anomalous couplings
— the unexpected

e Diffraction

® [Exclusive reactions
® [V production
o

U. Katz HERA Physics
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Cross Sections:
Where Experiment Meets Theory

The cross section o is a measure for the
reaction probability

Nreaction

time

o —

\ . 7

integrated Tﬁminosity L

Measurement of o requires knowledge

® of the number of reactions (Nreaction)
e of the integrated luminosity (£)

|

o = (kin. factor) x

2
Mg
N——

square of transition
matrix element

® matrix element contains characteristic
parameters of interaction (couplings etc.)
® measurement of o needed to test
theory and to determine parameters
® | M] usually calculated perturbatively
(— Feynman graphs)

U. Katz HERA Physics 1.
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Deep Inelastic

ep Reactions

in the Quark Parton Model

e,V
electron e ’
(point-like) proton p
e - consists of
o g —| P || "quasi-free”
quarks and
quark g gluons
carries
/ fraction =z
19 of proton
momentum

deep inelastic ep scattering (DIS) =
incoherent sum of elastic eq scattering:

0(€p> — Z fq|p ) O'(GQ)
g, in p
parton distribution f,,(x): o(eq):
probability distribution differential

to find a parton
of flavor g with
momentum fraction zx

in the proton

eq Cross section
(depends on
scattering angle and
eq center-of-mass energy)

U. Katz HERA
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Kinematic Variables

e, z/(k’) Four-momenta
in lab system:

Oc

>4 ® ¢ (beam):

6(k) p(P) k = (E67 Oa 07 _Ee)

® p (beam):
q P = (E,,0,0, E,)

° scattered):
Z (forward) Z,(: (B’ ' ) )

i
-
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Kinematic variables:

square of the ep center-of-mass energy:

four-momentum transfer:
g=k—Fk;, Q%?=—¢2=2E.E'(1+ cosé.)

Bjorken scaling variable x:
r = Q?/(2¢- P) = momentum fraction
of quark in proton
inelasticity:
y=(q-P)/(k-P) = (L —cos6r)/2;
0% = scattering angle in eq center-of-mass system

Q?, = and y: invariant eq mass:

QR=z-y-s Mz\/(k_l_xp)z:\/ﬁ

. Katz HERA Physics 1.7
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T he Kinematic Plane of DIS

< 10

Q% (GeV

- [ | HERA 1993
) Il HERA 1994
- 5 HERA 1994-2000 Y
E Large
z,Q%, M
4 =
DIS at
electroweak
energy
E scales
- [/INMC (Q° ~ Mg »)
= Search
- for new
i physics
jF‘ | | \\HH‘ | | \\HH‘ | | \\HH‘ | | \\HH‘ | | \\HH‘ | Lol

0% 10° 10* 10° 107% 107

X

HERA extends accessible z and Q2 region
by two orders of magnitude = Q2 > MI%[,,Z;
DIS in this kinematic region was
unexplored before HERA.

Large Q2 = good spatial resolution
(Az ~ Kh/V/Q% = 01017 cm))

Large x = high invariant eq mass
(M = zs < 200 GeV)

U. Katz
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DIS Signatures

Hadronic final state:

Proton remnant

jet in forward direction (“remnant jet”)

Scattered quark

jet in central detector (“current jet")

Gluon radiation etc.

further jets in central detector

[(n+1)-jet topology]

p remnant

p remnant

Neutral Current (NC)

Scattered electron
= isolated
= energy 2 10 GeV

One or more
“central” jets

Proton remnant
energy deposition
around beam pipe
in p direction

Charged Current (CC)

Scattered neutrino

= invisible

= causes missing
transverse
momentum

Hadronic final state
= as in NC reactions

U. Katz

HERA Physics

1.9




ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

Event Topologies at High Q<

> 1
N 372. 667.
‘*\ ‘T 7 7 e
\ 66. : 99.
0.8 — Q°
! - (GeV?)
L 180 295. 410. - 525
07 - >o ?- 7
o 93 142. 191. 241
06 [ .
L >4 50000.
Er \3% 37 19 301. 383
05 —» > >
C 55, 137 219 301. 383
04
R O 93. 42. NoL. 41.
03 [ — . i
C 66. . &7 180. 295. 410. =525
0.2 \\ ~~| 20000.
- 33 49."~-__ '\ 66 82 99
0.1 — o —0
- 77. - \\\\\2‘2?».\ 372. 5190 667 | o0
Cooaa v by by I rrsiadrrtidsrrrrda-mrrd14--r4 1000,
0 01 02 03 04 05 06 07 08 0.9 1
X
E' (GeV) . .
——  energy and direction of scattered electron
E, (GeV) _ _
—— energy and direction of scattered quark

For Q2 > 1000 GeV?2:

® Scattered electron and current jet
have energies of 100 GeV and more

® FElectron and jet mostly hit
central and forward detector components

® Acceptance problems at y,1 — y < 0.1

U. Katz
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A NC Event in the ZEUS Detector

Scattered electron QQ ~ 25000 GeVQ

— energy in elm. r ~ 0.55
calorimeter y ~ 0.50

— isolated, single track
' , SINGIC 17 E! ~ 236 GeV

Uranium-scintillator-
calorimeter (CAL)

—  central
drift chamber

/ Current jet

Remnant — energy in elm. and

Jet had. calorimeter

— many tracks, collimated
energy flow

U. Katz HERA Physics 1.11
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A CC Event in the H1 Detector

Current jet

Q2 ~ 20 000 GeV?2

— energy in elm. and
had. calorimeter

xX
— many tracks, y
collimated energy flow

Remnant
jet

»” Neutrino

— leaves no signal in
the detector

— causes “missing
transverse momentum”
(missing FP;)

U. Katz HERA Physics 1.12
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NC and CC Cross Sections

Measurements of do/dQ? at HERA:

> % % H1e'p NC 94-00 prelim.
% 10 & A HlepNC
= = O ZEUSe'p NC 99-00 prelim.
o 1 L O ZEUSep NC 98-99 prelim.
g = . - SM €'p NC (CTEQ5D)
© 1 &_ — SM epNC (CTEQ5D)
10 = 8
HE
10 £
3E
10 &
= % Hle'p CC 94-00 prelim.
10 4 A HlepccC
= O ZEUSe'p CC 99-00 prelim.
10 -5; O ZEUSep CC 98-99 prelim. % g
= --- SMe'pCC(CTEQSD) ]
6 — SMepCC (CTEQSD) '\
10 £
= y<09
10_77\ \ \\HH‘ \\\HH‘
10° 10"
Q* (Gev?)
e HERA: first simulteneous measurements
of NC and CC reactions, etp und e p
in the same experiment.
2 2
* For Q° 2 My, , we have
do/dQQ(NC) ~ dodQ?(CCQC)
(electroweak unification).
® (Cross sections vary by many orders
of magnitude, measurements still
statistics-dominated at high Q2.
U. Katz HERA Physics 1.13
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Beyond the Standard Model

...Some examples

Leptoquark (LQ)

© ¢; e Narrow resonance
LQ in M = /xs
A\ \ ® If /= e: single event
. 11 ; indistinguishable
q; J kN ak from DIS

® But: different
angular distribution (y)

Excited fermions
(e* or v*)

® May exist if fermions
are composite

® Various decays to
fermion+gauge boson

® Event topology
different from DIS

Contact

interactions (CI)

¢ Effective model
for processes with
HERA—> energy scale > s

® E.g. exchange of new
gauge boson or of LQ

® DIS cross section
modified

Tevatron

U. Katz HERA Physics 1.14



DIS Cross Sections,
Structure Functions and
Parton Distributions
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Overview:

The QPM cross section
eq Cross sections

ep Cross sections
and structure functions

Parton distributions
Radiative corrections

QCD corrections
— Leading contributions
— QCD evolution equations

QCD fits

— Fit method

— Experimental data
— PDFs at high z

Precision of cross section
predictions
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The QPM Cross Section

d2o

QQ( Q%) = Zq(fc Q° ) (fc Q%) (%)

The eq cross section (LO)

r=5/s und Q? = ys = 5cos? §*/2 determine
eq center-of-mass energy and scattering angle.

2

§ =—IJ§—|—25in29WQf o 7
f 2 Sin Oy CoS Oy I = 2sin Oy COS Oy
Qr = charge of f in units of e

I7 = 3-component of weak isospin
0w = Weinberg angle

2
x |Vaq|
2 Z a9
dQ 7
vSC = _CC — -
v “ 2/2 sin By

V,y = Cabbibo—Kobayashi—Maskawa matrix

Note: QCD is not involved at LO !

U. Katz
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The QPM Cross Section [2]

@ The parton distributions (PDFs)

® p(z,Q?%)dz is the probability at given Q2
to find in the proton a parton of flavor p with
momentum fraction between =z und = + d«x

* “Naive" QPM:
p(x,Q?) does not depend on Q2 (scaling)

® Q2 dependence induced by QCD corrections
(see below)

@ The ep cross section

d?onc(ep)  2ma?
dzdQ2 Q4

(V4 Y 5 V-2 FY)

d?ccc(ep)  ma? 1

= X
dz dQ? 8sin® Oy (@2 + Mv2v)2
(Y4 FSS* 5 Y_aF{CF)

Yi=1F[1-y)?

® b3 = Fh3(x,Q?) = structure functions
® ¢ F5 terms violate parity.
® Representation of the DIS cross section

in terms of structure functions
does not require knowledge of partons.

® Approximation: longitudinal structure function
Fr ~0 = F», = 2zF; (Callan—Cross relation,
ony valid if partons carry spin 1/2).

U. Katz HERA Physics 2.3
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The QPM Cross Section [3]

@ Structure functions and PDFs

Calculate do/dQ? and insert in (x)
= relation between structure fnct’'s and PDFs:

NC:
FC=az )  A(Q%) [¢+4]
q=d,u,s,c,b
2PN =2 S Bu(Q?) [q—4]
q=d,u,s,c,b

Aq(QQ) — Qg — 2Qqvevq Pz+
(ve + a2) (v + ag) P;
B,(Q*) = —2Quacay Pz + 4veacv,a, P
Q2
T Q2+ M3

Pz

® { quarks do not contribute to
NC reactions at HERA (2m; ~ 350 GeV > /s)

® Phase space suppression of ¢ and b quarks
in final state is negligible

® Mass effects of ¢ and b quarks
in initial state are absorbed in PDFs

CC:
FECH, RSt

I
N
-
N

CC—- CC—-
F2 ,mF3

|
N
-
N

® b and t contributions are neglected
(large m; and small CKMM elements V;3)

U. Katz HERA Physics 2.4
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Electroweak Radiative Corrections

Virtual corrections

example graphs:

® All corrections at 1-loop level are known
and included in MC simulation
® They induce Q? dependence of SM parameters

(e.9. a = a(Q?))

Photon radiation

example graphs:

® Dominant: ~ radiation from electron lines.
Cross section has 3 poles:

k-ky=x0 k|| k, “initial state radiation” (ISR)
k'-ky~0 ky || k', “final state radiation” (FSR)
(k—k'—k,)?2 ~0 “QED Compton scattering”

® |Large corrections: ~ +50% at y.>0.8, £.<0.01;
~ —30% at 4.<0.2, z.>0.5

® Uncertainty is largest at high y (a few %)

U. Katz HERA Physics 2.5
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QCD Corrections

Virtual corrections:

Leading order:
gluon loops at quark lines

Taken into account by
correction of oy

as — as(Q?) (“running as’)

0.5 —
i

o (Q) \\ | Data
S \ \ eep Inelastic

\

\

04 [\
\

NLO
o » [NNLO
L

251 MeV --- 0.1215

N \\
03} - l
G { 213 MeV — 0.1184

0.2 |

2y — I = g
as(Mz) = "' hep-ex/0004021
0.1184 4+ 0.0031 ! " QiGevi '
Processes of first order in ag:
e e
q
_>_
q
A _
g q
0000 -
QCD:
q
q(&P) g
v, Z(q)
(513+r12)2 =5LQ >0
= TR
2P - q

(quark and proton masses
neglected)

(multi-parton final state has
non-zero invariant mass u)

. Katz HERA Physics
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QCD Cross Sections

o00(z — 1)

S é‘ Q
g_wP(E) In e

5(§,Q2) =00{5

LL 4

5

=5 [ £a05 ()

£

(E - 1)+

= |pé yin 45 )+0(Q2)H

leading order;
reproduces QPM (LO).

dominant O(as) term;

has to be included to all orders
since a5 INQ?% = O(1)

(— effective Q2 dependence of PDFs,
DGLAP equations,

leading-log approximation).
P(¢(/z) = QCD splitting function.
m? is infrared cutoff —
factorization scale uy,

terms of O(In ,ufc/mQ)

are absorbed in PDFs.

g—;rf(g) — yields corrections of the same

order as the leading o? terms.
0(1/Q3) — “higher twist”
U. Katz HERA Physics 2.7




The QCD Evolution Equations

DGLAP equations:
(Dokshitzer, Gribov, Lipatov, Altarelli, Parisi)

d qNSs O O qNSs
din Q2 q — oy O Py O |®]|q
g Pyq 0 Py g

1
d
P ® q(z, Q%) = / f a(¢, @) P @

Py, =QCD splitting function
x |ME|? for a(¢) — b(x)

(z,Q%) =) [a(z, Q%) + q(z, Q%)]
=s;1nglet PDF

q"°(z,Q%) = qi(z,Q%) — 3:(x,Q%) or
gi(z, Q%) — g;(x,Q%) (i # j)
= non-singlet PDF
(e.qg. dy,u, = valence quark PDFs)

ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

Leading-log Next-to-leading-log
approximation (LLA) approximation (NLLA)

e splitting functions ® By, in ne2xt—to—leading
in leading order a; order (a3)

e QPM formulae remain ® additive corrections
valid if the PDFs are to structure functions
solutions of the (in particular Fp, # 0)
DGLAP equations ® used in HERA analyses

U. Katz HERA Physics 2.8




ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

Parton Distributions
NO: 1 =
X C
o = =
_17, — ==
10 - |
_27
10 3 Q3%=100GeV?2
- Q°=10000GeV?2 A
L AN
| | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | } L | | ‘ \ |
-2 -18 {16 -14 -12 -1 -0.8 -0.6/-04 -02 O
log, X
small z: large x:
PDFs increase PDFs decrease
with Q2 with Q2

/

Spatial resolution increases with growing Q2:

small Q7

large Q2

U. Katz
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QCD Fits: Principle

Fit procedure:

® Parametrize PDFs at Q? = Q3 as functions of x

® Perform QCD evolution using DGLAP equations
(usually NLLA, special treatment
of the heavy-quark PDFs (¢, b,t))

® Calculate predictions for experimental observables
(cross sections, structure functions, etc.)

® Determine PDF parameters from x? fit to
experimental data

® Problem: this procedure does not provide
automatically the PDF uncertainties !

QCD fits performed by various theory groups:
MRS(T), CTEQ, GRV

For p = wuy, dy, Zq(q + @), g and also for
p=u+du—d,s:

xp(x, Q%) = Apx®? (1 — z)% P(z; Cpy .- )

P A
characterizes characterizes weakly
PDFs at . =0 PDFsatxz =1 a:—deper]dent

(sea: a,<0, pole; (b,>0 for all function
valence: a,>0) PDFs) (“fine tuning’)

U. Katz HERA Physics 2.10




QCD Fits: Data
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NC and CC DIS data

® Fixed target experiments: measurements of
structure functions (different target nuclei)
NC: BCDMS, NMC, E665, SLAC,...
CC: CCFR, CDHS(W), CHARM, BEBC, ...

® Structure functions and
cross sections from ZEUS and H1

| x=6.32E-5

=0.000102 o :
X 00261 ZEUSNLO-QCD Fit
i x=0.000253 (Prel.) 2001
- =0.0004
+ Xx:o.ooos ] tot.error
* ke
i e « ZEUS96/7
i 4 x=0.0013 » BCDMS
L)

x=0.0021 v NMC

i x=0.0032 ZEUS data
. from
0% 1996/97
i x=0.008 shown fit
o013 does not
e /M . use H1 data
e M x=0.021
i ' F:,,i/” . gt =002
‘/’/“’H:PL W x=0.05

1 10 10° 10° 10" 10°

Q*(GeVv?)

U. Katz HERA Physics 2.11
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QCD Fits: Data [2]

Sum rules

number of valence quarks:
1 1

[deu =2 [ded(e,0h) =1

0 0

momentum sum rule:

1
/dww {g(w, Q)+ lal=z,Q3) + a(z, QS)]} =1
0 q

Gottfried sum rule:

1 1
1 2 )
IG=/dx (fﬁp—f§")=§+§/dx(a—d)
0 0

Experiment (NMC): Iz = 0.235+0.026 = d > u

Other experimental data:
reaction subprocess | information
pp > W 4+ X qq — W u,d,u/d
UN s utpu~ +X | vs = uc S
pp,pN — 670~ + X | qqg — 14~ d/
hh —~v+ X q9 — qv g9
99 — 449
pp — jets + X 99 — 99 g, (q)
qq — 99

U. Katz

HERA Physics 2.12




ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

The ZEUS QCD Fit

Characteristics:

By: M. Botje, NIKHEF (DESY-99-038)
Data: HERA: ZEUS and H1, “old” data
fixed target NC: SLAC, BCDMS
NMC, E665
fixed target CC: CCFR
pp,pN — ptpu~ + X: E866
Fit quality: x?/n.d.o.f. = 1537/1557
Features: propagation of experimental
uncertainties of the input data;
numerous systematic studies
XQ;
0.8 [
: —  QCD fit Q%= 10 GeV?
S CTEQ4M
; \ XU,
0.6 \
0> E Xq (X 0.05)
0.4 f
0.3 |
0.2 k
0.1 f
o f
o | 1 pal
107> 102 107 X
U. Katz HERA Physics 2.13
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Accuracy of
Cross Section Prediction

Contributions to PDF uncertainty:

® Dominant effect: statistical and
systematic uncertainties of experimental data

® Further contributions from da,, assumptions on s
and the charm mass, nuclear effects

® “Total uncertainties” from ZEUS QCD fit:
& = (kin. factor) x d?¢/dzdQ?

10 ~N — I

10 ,,,,,,,,,,,,,,,,

10 5 L .

10 ‘

4 5 5 5
log,,(Q” [GeVT])

® Small (negligible) effects:
— choice of the QCD scales p, and py,
— higher-twist terms o« 1/Q?;

— errors on electroweak parameters;

U. Katz HERA Physics 2.14
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Parton Distributions at High x

Experimental information on PDFs at = 2 0.5:

CC DIS, ‘v’p: fixes u and d separately;
note: large exp. uncertainties

NC DIS, proton target: fixes 4u + d;
NC DIS, nuclei: fixes u+ d
(assumption: u(™ = d® and vice versa);
note: nuclear effects large at high «

NC DIs, FP/FM
(comparison of proton and deuteron data):

f;(n) z—1 4dv/uv +1
Rp = >
2(p) 4 + dv/uv
precise measurements exist (NMC);
“classical” interpretation (in all standard PDFs):

data compatible with
Rrp — 0.25, i.e. dy/u, — 0 for z — 1;

Problem: including Fermi motion
and binding effects is non-trivial.

nucl—th /9603021 new analysis:
v8r at large z, Rr may
I be larger that assumed
=
04k d/u>0atzxz—1
: N
— off-shell "
—t +
- ---off-shell conv. . d and, occ(e™p)
,,,,,, on—shell would increase by
0 , . . O(50%) at £ = 0.5
0 0.25 0.5 0.75 1
X

U. Katz HERA Physics 2.15
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DIS Analyses at High Q?

Overview:

The crucial detector components
Calorimeter
Tracking chambers
Luminosity measurement
Trigger

Monte Carlo simulation

Analysis methods
Electron identification
Kinematic reconstruction
Energy calibration
Corrections

Cross section measurement
— Event selection

— Some distributions

— Determination of cross sections
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The ZEUS Calorimeter

longitudinal division
(5918 cells)

Readout: via
wave-length shifting
light guides

to 2 PMs/cell

Acceptance:
990.8% of 4x

No B-field

= N ; = "” FCAL
= T BT e L
HAC2 | HACL ; \ SoLENOIDi — %g
; igi\g INDG CENTRAL iTRACKING ] : 3>\ 1)\
S ——  — X —————————————————— e - oo AL
(27.5GeV) = : ] (820GeV)
. 1 iz HACL1 mg
% Pt g A
= IR N
=( : = BCAL
= § = _
— 15m— 33m- —09m- EMC E
‘ _ a m
FCAL BCAL RCAL
Design:
Sampling calorimeter
Absorber: depleted
uranium (layers of 3.3 mm)
Active: scintillator
Segmentation:
“towers” of about
20 x 20cm?, 2/3-fold Parameters:

Energy resolution:

eim.: AE/E = 18%/VE
had.: AE/E = 35%/VE
(test beam conditions)
Time measurement:
At/t < 1ns for

energy deposits 2> 5 GeV

Compensation:
e/h =1+0.01 (p > 5GeV)

Measurement of 6,:
A0 ~ 3 mrad
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The H1 Calorimeter
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Design:

Liquid-argon calorimeter
Absorber:

lead (electrom. part)
steel (had. part)

Segmentation:

readout cells of ca.
50—2000cm?, (4-6)-fold
longitudinal division
(44352 cells)

Readout:

Ionisation charge in Ar
produces signal at

HV electrodes

Acceptance:

4° < 0 < 154°;
complementing
calorimeters:
SPACAL (rear),
FPLUG (forward)

B=1.15T

Parameters:

® Energy resolution:

eim.: AE/E = 12%/VE
had.: AE/E =50%/VE
(test beam conditions)

® Time measurement:

At/t = O(100ns)

® No compensation:

e/h ~ 1.3

® Measurement of 6.:

A6 ~ 3 mrad




ZEUS: Central Drift Chamber

Design:

Drift chamber with

9 “superlayers” (SL) with

8 layers of signal wires each.
4 SLs are ‘stereo layers”

Lorentz angle = 45° Track reconstruction:
Acceptance: ® Momentum resolution:
15°< 6 < 164 Ap:/pt = 0.0058 p1®
(>2 SL_S) 0.0065 & 0.0014 /p;
Resolution: (for tracks in 9 SLs,

ca. 200 um in (r¢), p: in GeV)

ca. lmmin Z

(stereo layers) ® Jonisation (dE/dx):

accuracy ~ 8%
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® Time measurement:
not used

® Comparison to CAL:
AE/E ~ Apt/pt
for central e with 10 GeV
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H1l: Trackin

g Chambers

——lforward track det.l—— }-— central track detector —-{

(FTD) _ (CTD)
o plonor}d c 155°
1 25 \4radial ) central jet chamber cables o/nd electronics
i 7T ] cJc2 / o (70°
B o R P R P R P DR, D222 BEMC /a-/
5 B cuct
» ™ N i} Y. TZ2 I T2 Z L 722 7 Heeoeoen 1 :: ::
Ore=—r—{—-— " -"—-F3— 17" % T ClpT _T:l_‘_T___‘F‘{;*‘;‘:‘@P
r ’ g// { @ j?lgz/ //Z/ 2 AP il -4 /?lzr/ gE /‘>sc‘lnti|l'
“ Xmmo T S ~ counters
: BN By | =\
i 7 1 / A L [ .
AW 4 # ]

-ir [Hrorward MWPC / central MWPC backward MWPC|
transition . cables and z-drift chamber liquid Argon
radiator electronics cryostat

J 1 I ] L 1 1 l 1
3 2 1 0 -1 -2m
Design:

® Central part (CTD):
jet chambers
(56 layers of signal wires
in beam direction)

drift chambers
(azimuthal wires

for Z measurement)
proportional chambers
(for trigger)

® Forward part (FTD):
(drift chambers,
MWPCs, radiators for
transition radiation)

® Acceptance:
25° <9 < 155° (CTD)
5° <0 <25° (FTD)

® Resolution:

ca. 200 um L wires,

Track reconstruction:

® Momentum resolution:
CTD: Apt/pt =
0.009 p:(GeV) @ 0.015
FTD: Apt/pt = 0(10%)
for p, = 1 GeV

® Jonisation (dE/dx):
accuracy ~ 7%

® Time measurement:
At ~ 1.6 ns (trigger)

® Comparison to LAr:
AE/E ~ Apt/pt
for central e with 6 GeV

ca. 3—4cm || wires
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Luminosity Measurement

Measurement principle:

Reaction: ep — epy (Bethe—Heitler process);
cross section known to about 0.5%
Detection : dedicated external calorimeters

to detect e and/or v

ZEUS: lead—scintillator calorimeter
H1: fully absorbing
Cerenkov crystal hodoscopes

0 35 105 [m]
] o
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1
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Systematic Uncertainties:

Acceptance: requires precise knowledge of
beam position, beam line geometry
and detector response

Background: bremsstrahlung, synchrotron radiation;
subtraction using unpaired bunches
Pile-Up: multiple v/e from one bunch
crossing, currently negligible
Satellites: beam fragments outside bunches,

contribute to luminosity signal but
not (not fully) to ep data

Overall ZEUS: AL/L =1.6% (v only)
Uncertainty: H1: AL/L=15% (e and ~)
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Trigger

Typical rates:

bunch collisions 10.4 MHz
detector signals O(100kHz)
ep reactions O(200H2z)

NC DIS, Q2>1000 GeV? =~ 0.03 Hz
CC DIS, Q%>1000GeV? =~ 0.0003Hz

data recording max. 10 Hz

Tasks: = background reduction
= selection of particular
ep reaction types
I
O(100kHz :
( | ) hardware logic
ZEUS: FLT data storage in pipelines

H1: Level-1 (CL1)[™|for 4.4/2.5us (ZEUS/H1)

< 1kHz

data: energy sums,
track candidates,. ..

transputers and hardware logic

ZEUS: SLT
H1l: Level-243

more precise calculations
> H1l: hardware-based neural-net

< 100 Hz

data: more detail, e.qg.
time information

workstation cluster

ZEUS: TLT
H1l: Level-4

simplified offline software
= data: reconstructed objects

I
5—8Hz

}

(electron identification,
tracks, jets, etc.)

U. Katz

HERA Physics 3.7
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Monte Carlo Simulation

Event generators

® | eptons and partons from “hard subprocess’:

— corresponding to known or hypothesized
Cross sections

— DIS radiative corrections included:
~ radiation, electroweak 1-loop diagrams
(DJANGO/HERACLES)
® Parton cascade:
— color dipole model (ARIADNE)
— LEPTO/MEPS as systematic check

® Hadronisation:

— Lund string model (JETSET)

;

Detector simulation

® Interaction of reaction products with detector
— Simulated by GEANT

— takes into account shower development,
ionisation, decays etc. (partly parametric)

— not simulated by GEANT: signal production
in active volumes, electonics, etc.

— full simulation requires precise knowledge
of detector geometry and response

® Trigger simulation

Reconstruction

e __.as for experimental data

U. Katz HERA Physics

w
0]



ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

Electron Identification

identification of the scattered electron

Task:

in NC DIS events

w I
s

Signal:

ITOaOsSS ® energy concentrated in

electromagnetic calorimeter
I I ! ® narrow shower
® matching track

® jsolated

Background:

® jets:
hadronic energy,
extended showers,
several tracks

® photons:
like e, but no track

Implementation:

Variables: clustering of calorimeter cells;
hadr. energy fraction, shower topology,
track/calorimeter matching (E/p, angle),
isolation
Algorithms: cuts, software-based neural nets
Problems: e with low energy, candidates
beyond tracking acceptance
Result: efficiency and remaining background
depend on E’ range
high Q?: efficiency > 90—95%,
almost background-free
U. Katz HERA Physics 3.9
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Kinematic Reconstruction (NC)

4 independent quantities to determine
2 independent variables:

E’ = energy of scattered electron
0. — angle of scattered electron
(P;)hag = hadronic transverse momentum
P)2. .. — (E - P,)?
COS Yhad = Sk Qad ( Z)gad
(Pt)fiag T (B — P:)fag
— cos(hadronic angle)

(Pi)hag and (E — P.)nhaq are calculated from
vertex position and vectorial sums over
all calorimeter clusters not belonging to electron.

= several reconstruction algorithms !

@ Use both angles: 6. and vhaq
(double-angle method, DA)

-+ independent of calorimeter energy scale

— susceptible to radiative effects
(ISR = ~ radiation from incoming e)

® used by ZEUS

@ Use angle and energies: 0., E', >~ = (E — pz)nad
(eX method)

-} stable in entire kinematic region
— sensitive to calorimeter energy scale
® used by H1

U. Katz HERA Physics 3.10
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Kinem. Reconstruction (NC) [2]

Resolutions:

e ZEUS, Q2 > 400 GeVv=:

AQZ/Q3,
AYon/Yor =
Az, [Ton =

® H1: similar values,
depend on uncertainty of
calorimeter energy scale

~ 5%
5%
9—12%

| 450 Gey” 500 GeV? - 600 Gev? - 750 eV’
o RMS | o RMS [ o RMS
1 21% || 47% [ 21% [|52% | 23% |l 55%
| | . L5 - Y .
900 Gev? [ 1000Gev® | 1200 Gev? 5 ZEUS!
‘o |Rus o JRMS [0 [Rms Q< resolution
-23% [l 53% | 23% ||53% [ 23% )is51% as a function
i i - i of Q2
L | L | L | 7 | [ 7
- 1700 Gev’ - 2000 Gev? - 2500 Gev? - 3000 Gev® (MC study)
‘o RMS o RMS [0 RMS [0 RMS
F21% |]51% | 22% [15% | 2% 4% | 2% 5%
. a | L | A
i 5000 GeV? © 8000 GeV? - 11000 GeV?
B o RMS | o RMS (o RMS
i —22% ([ 47% | 22% )l 45% | 22% || 4.4%
i Y L | Y i
- - 22000GeV [ 31000GeV [ 45000 Gev?
B Y RMS fo RMS [ o RMS ISR effect
o F27% [ |51% | 3% 5.2% | 2.9% | |47%
Cd e ] | : | N |
-0.2 0 0.2 0 0.2 0 9.2 , 0 20.2
(QDA ) Qtrue) / Qtrue
U. Katz HERA Physics 3.11
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Kinematic Reconstruction (CC)

We only have the hadronic quantities

(Pt)had and (E — P:)pad

®

Jacquet—Blondel method (JB)

__ (E = P:)nad
JB 2E€
2

2 _ (Pt)hao

JB 1 — Y
2
xJB — JB
Y S

— sensitive to calorimeter energy scale

— instable at small y (£ — P, small)
and at large y (denominator of Q2)

— sensitive to ISR
-+ only possibility for CC analyses

Resolutions:
® ZEUS, P> 50GeV and y < 0.9:

Osca b
AQL/Q2 ~ 8-20% 3 S’ia—“ad
—Y
AyJB/yJB ~ 8— 11% S, 5scaEhad
2 _
Az/T,e ~ 20% @ dscaFhad 1 J

(0scaFEhag = relative uncertainty
of hadronic energy scale)

® H1: similar values

U. Katz

HERA Physics
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Correction of Detector Effects

Dominant effects:

® Absorption and secondary interactions
in inactive material

® Distortion of energy flow by
back-scattering (albedo) and shower development

Calorimeter inhomogeneities

@
% ’ ¢ Data a) % - ¢ Data b)
210° 2107 OMC Example (ZEUS)
10 2 10 27 50°<yh<600 fraCt.ion of
calorimeter
10 | 10 | _ Energy
: : H f identified
10 . I 1t * * as albedo
0 005 01 015 02 0 005 0L 015 02 and neglected
E e/ (Pr /SiNY,) E el (Pr /SiNY;)
7 = 02
g0 A 03 0 g |Example (ZEUS)
s 06 ouncorrected = o uncorrected left:
o 05F ted > 0.157 ected ] .
2ol g rel. systematic
2 03 o T o1 offset of vhaq
02 A right:
2, i :
01 0.057 04 .
0+u+f.?‘?€:?$ee-%-eee. Hﬂﬁﬂﬂ resolution of y
_Oll\H\‘HH‘\\H‘HH‘HH‘HH‘HH‘HH‘HH‘HH 0HH‘H\\‘HH‘\H\‘HH‘HH‘HH‘HH‘\\H‘HH before/after
0 02 04 06 08 1 0 02 04 06 08 1 cIustering an d
y y )
albedo correction

U. Katz HERA Physics 3.13
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Energy Calibration

Calibration methods:

® Test beam measurements

® Online:
charge injection, uranium noise (ZEUS)
= time stability, homogeneity

® With ep data:
elm.: track/calorimeter comparisons

comparison of E/ measured in calorimeter
and calculated by DA method

had.: P; balance in NC events

track/calorimeter comparisons
(isolated hadrons)

8 0ll 8 oll
Ml a) | -MC b) ZEUS:
2105 c105 " DAR
&t g | (E(CAL)/E..)
o T T 4 as a function
17 el of the Z position
0.95 o [ {E 0.95 before/after
0 % | - corrections
0.9\ RN BT R RS SRR | 0 Lo by by |
30 20 -10_ 0 30 20 -10_ 0 dscaFe < 2%
Z(cm) Z(cm)
0q 8~ 20° 30° 40° 80° 120° 145°
0P o e DISDA = DI?(J:)
T F o C 3 0
L o6 - QED Compton/e’e Hl:
\4 C i i i i i i
0.04 — ' ' ' ' ' '
0.02F % <5E6/Ee>
ol 1T e o oweow | as a function
oczf] Li[4TH 4%— of 6. after all
ooae i i i i i corrections
“0-06 1 i i i i i i
008- |F | FB2 | FB1 | CB3 | CB2 cB1| BBE| |Oscalle = 0.7—-3%
-0.1 ‘ ‘ ‘ ‘ ‘ ‘

LAr whesel
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Backgrounds

Non-ep background

Origin:
— beam—gas and beam—beampipe interactions
— cosmic particles and showers

— halo muons
— detector effects (spontaneous discharges etc.)

Properties:

— type and rate depend on beam conditions
— not contained in MC simulation

ep background

Photoproduction (ep — e+jets):

— reactions with two or more jets,
scattered e in rear beampipe

jet 1 (p}) jet 1

p remnant

v

.
— jet 2 =

— Danger: misidentification of jet as e (— NC)
or energy mismeasurement (P; ~ |p? — p}| — CC)

Prompt photons (ep — ey+jets):
— « can fake an e
(beyond tracking acceptance, conversion)

Lepton pair production (ep — el X)
W production (ep — eW X)

jet 2 (p?)

U. Katz HERA Physics 3.15
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Event Selection

NC selection:

cuts against non-ep backgrounds
(timing, event topology, muon identification)

reconstructed event vertex (tracking)
further reduces non-ep background
provides proper kinematic reconstruction

scattered electron
identified, energy above threshold (O(10 GeV))

longitudinal containment:

Fully detected reaction:
S=FE—P,=FE'(1—-cosb.) + (FE— P,)had
= 2F, = 55 GeV .

proton remnant: small contribution to ¢

cut § > (F — P.)min reduces:

— photoproduction background
— events with hard ISR

CC selection:

cuts against non-ep backgrounds

reconstructed event vertex

very effective against non-ep background

ZEUS also uses vertex estimate from CAL timing
missing F;

above threshold (typically 12 GeV)

topology cuts
exclude e.g. events with two back-to-back jets

visual inspection
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A Background Event

Overlay of
PHP event and
cCOoSmic muon

produces CC

candidate

photoproduction
event (small E;)

yields vertex

cosmic muon with
associated calorimeter shower

yvields P,

U. Katz HERA Physics
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Characteristic Distributions (NC)

Distributions of some NC event variables (ZEUS)

full dots: data; histograms: MC simulation

Events

2000

Events

Events

Events

4000 |

10°

ZEUS
NC distributions

E' =
energy of the
scattered e

0. =
e scattering angle

)=F—P,

“Yhad —

3000 |
2000 |
1000 |

/ hadronic angle
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Measurement of Cross Sections

Ingredients:

kinematic region, e.g.
interval in z and/or Q7

number of events in AK

estimated number of
background events in AK

integrated luminosity
number of MC events in AK

Ly MC luminosity

MC simulation

as for omc

OMC Ccross section AK used in

(including all radiative corrections)

oSM “Born cross section’, calculated using
the same PDFs and the same order of pQCD

Measured
Cross section

_ (NObS _ kag)/ﬁ
N/ Lmc

Omeas —

oOMC

Includes acceptance
and migration
corrections;

iteration needed if
resulting cross section
and MC simulation
don't agree.

Radiatively corrected

Cross section

OsSM

OBorn — Omeas
OMC

All ZEUS and H1
Cross sections are
radiatively corrected
by this or an
equivalent method.

U. Katz
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HERA Measurements at High Q?
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Overview:

NC and CC cross sections

— do/dQ?, do/dx

— Reduced and doubly-differential
Cross sections

Structure functions and PDFs

— F> and zF3
— Valence distributions at high z

Elektroweak aspects

— Helicity structure of CC scattering
— W mass and Fermi constant
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doNC/dQ? (eTp)

do o 7ax 24
dQ?2 ] dzdQ?
Tmin — QQ/(S ymax) and zmax = min[l,QQ/(S ymin)]

dx

ZEUSNC 1994 — 97

=
o

A

do/dQ? (pb/GeVv?)
5 28 5 5 5

=
(=]

' ' . : . : ' '

@ ~ (o) &) > w N =

TTTTT LILLLLLL LA AL UL LLLLLLY P L

=
o

e ZEUS94-97 €' p NC
— SM with CTEQ4D
[_1PDF uncertainty

Q2 < M% 10 3 4
10 10
d20/1d:ndf22 Q4Gev?d)
*x1/Q g [y .
o o0 | L1 F
(|__) 1 ST 1 )
I 09 |- | { \
B 0.8 - —— :
o 10° 10*
Ng 1 e PY Py Py —— [ ] by I
E F ) ) | ) " ) . L . \J- !
10° 10*
= Q*(Gev?)
PDF uncertainty:
~3—7%, event excess
increases with Q2 at highest Q27
9000 (“HERA high-Q?
agreemen excess”

with SM prediction
for Q% <2 x 10* GeVv?

U. Katz HERA Physics 4.2
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doNC /dx (eTp)

2
do r d2e
= —— dQ?
dz dzdQ?
2.
ern = I Ymin S and ﬁqax —=xs
= 10° g
2 104L a) Q%400 GeV*
B 100 e ZEUS94-97
S ,F epNC 12 €
107F — SM with L5
0 L CTEQ4D os E
E I:I PDF . . 08 ;HH‘ | \HHH‘ Lo LA 1lll Good
1 E uncertainties 2 1
Y oo . /jor agreement
b b) Q%2500 GeV? of exp. data
. and SM
©F 1 prediction
1 stat.ﬁ ;@:' 1 confirms
'17 - C i | Lol Ll 1
0 = 1(‘).1 . PDF parm’s
102L | Lo ‘ L
C o . ¢) Q*>10000 GeV?
o F ® 15 [} ot
N R ER e
_l§ S os 5 )
10 ? 9 | -
E 10 1
10-27 | |- ‘ | L
107
large PDF high-Q? excess
uncertainty not visible
at high x in do/dx
(integration over
Q? > 10* GeV?)
U. Katz HERA Physics 4.3
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cNC (e~ p)

0.5

0.5

ONC =

zQ*

d20.ep—>eX

2ma?[1 4+ (1 —y)?] dzdQ?

HERA Neutral Current

- Q2 =200 GeV?

- Q% =250 GeV?

- Q% =350 GeV/?

- Q% =450 GeV?

| Q%=650GeV?

| Q%=1800GeV?

| Q%=1200GeV?

"

| Q?=1500 GeV?

| Q%=2000 GeV?

| Q%=3000GeV?

- @

| Q%=5000GeV?

| Q%=18000GeV?

| IHHH‘ | IHHH‘ L1l

| Q?=12000 GeV?

-2
10

| Q?=20000 GeV?

| Q%=30000 GeV?

o Hlep

— SM ep (CTEQSD)

qv(xa QQ)

o ZEUSep 98-99 prelim.

x

no high-Q? excess in e p

Good agreement
data — QCD fit

consistent picture
of e”p and eTp
reactions

U. Katz
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U. Katz HERA Physics 4.5



ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SpLIT, 10.-21. SEPT. 2001

doNC /dQ? (Comparison eTp/e p)

HERA Neutral Current

g -
s 10 =
=2 —
g 1=
@) —
© 1
10 =
oF
10 |
_3§ A H1e'p94-00 prelim.
10 & A Hlep
~ 0 ZEUSe"p 99-00 prelim.
10 -4 0 ZEUSE€p98-99prelim.
-~ — SMe'p(CTEQSD)
5~ — SMep(CTEQSD
1071 ep (CTEQSD) i%
6F
10
— y<09
10‘771 L] ,
10° 10
Q* (Gev)
Good
agreement :
between ZEUS d'ffe;e”_ce
and H1 do/dQ ge _z;) —
in the whole do/d Q<(eTp)
Q7 range caused by
T xzF3 term
e™p data (Z exchange)
are corrected to
Vs = 318 GeV
U. Katz HERA Physics 4.6
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doNC /dx (eTp and e p) for

Q2>1000 GeV2 and Q2>10 000 GeV?2

8- 3000 [ I I 1T \\‘ I I I 1T \\77 I I I T \\‘ I I I T \\\7
= L Neutral Current | Neutral Current -
€ 2500 ¢ eHlEp - ©Hlep -
82 2000 / . Vs=320GeV | Vs=300 GeV |
1500 I — H 1
1000 ,,’ .
N |
500 + .
L _
O i EEER \\\?\T‘Dr—v—r
107 10 10 1
X X
Q% 10000 GeV?, y<0.9
Q 25 I I I I I I \77 I I I I I I
‘\: Neutral Current = Neutral Current
% 20 e Hlep - > Hle'p
bz Vs=320GeV | % ZEUS€'p
© e
~  H197PDFFit

Q% 1000 GeV?, y<0.9

- yexchange only

‘\\\\\
4
\\
~
N
N
N
\

“SM™" expectation for
v exchange only

o7(e"p) > o7(etp) because of s

dashed lines:

Data are sensitive

(Mz — o0), Z exchange

to contribution from

U. Katz

HERA Physics
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~NC

(Comparison etp/e p)

ZEUS NC 1996-99

e PRELIMINARY € p DATA — CTEQ4D NLO
~ PRELIMINARY €'p DATA —— MRST (99)

x=0.08 (x1200)

 x=0.13 (x400)

%Tﬁz%w%’f‘ﬁ%/ x=0.18 (x100)

e

_1:
10 -
_2: ‘‘‘‘‘
10 -
3 stat@i%stamsyst
10 - []
C yA——— ——— L
3 4
/ 10 10 |Q?[Gev?Y
small Q% <« Mz:

GN(etp) ~ 5N (e7p),

independent of «

large Q% > M2:
significant xzF3 terms;
precision sufficient for

measurement of
aNC(etp) —aN“(e p)

U. Katz

HERA Physics 4.8
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xF3(x, Q%) (ZEUS)

Yy 300

Y318

zF3(z, Q%) = < =

300 1318

-1
~e™p, 318 ~e*p, 300

Yi‘/E[GeV] =14+ (1—y)? with y = Q?/zs

ZEUSNC 1996-99

S o 7 % = 0.56 ¢ PRELIMINARY DATAE
4 ~ CTEQIDNLO : Q2 dependence:
03 - */ dominated by
02 [ f propagator term
ol x Q%/(Q* + M3);
i in addition
OF sensitive to
R singlet QCD
* 04" : evolution
03 b ZEUSNC 1996-99
oo kb o4l Q%=3000GevZ | Q2%5000Gev>
01 }
: 02 i
0 o L /$’_\ 1 ) i }
; — . 0p - b T
10° 2 2 10" o2 oo
Q" [GeV] 04 - / Q°=8000GeV 1 Q°=12000GeV

x dependence:

sensitive to
valence quark
distributions

currently negligible

02 -

& - MRST (99)

| e PRELIMINARY DATA
— CTEQ4D NLO

CD . .
4o y’F“ontribution x 10

U. Katz

HERA Physics
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do®C /dx (eTp)

o
ZEUS CC 1994-97 € p.
do/dx
g ZEUS94-97e'p CC at high L
= - °P dominated by
g 1027 — SM with CTEQ4D dU(CU,QQ)
10 2 2 Ui
: Q> 200 GeV high-z
excess'’ :
1L - moderately
aat{ stat. O syst. | significant
1 event
1 (a)
10 ¢ ) Y excess
107 107 1 at x 2 0.3
X
—~ 6
Q 5 . . 1
g, ———— NLO QCD fit [Botje] i
w4 D . i
— PDF uncertainty g
O 3 j
= ---  Yang-Bodek | K
E 2 L el MRST ) /:jll PDF
% " — uncertainty
E “diverges”
09 at high z
0.8
0.7
0.6
0.5 !
1
X
QCD fits vield different
behavior of d/u at x — 1:
ZEUS d/uox (1 —xz)°¢— oo

MRST

Bodek—Yang d/u — 0.2 (boundary condition)

d/uox (1 —2x)T¢ —0

U. Katz

HERA Physics
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do€C /dx (e p)

e p.
. do/d
ZEUS Preliminary 1998-99 Saee
g 93 * epCCData dominated
5 - — CTEQSD by uo(z, Q%)
IS o - MRST (99)
107
10 = Q? > 200 GeV? no “high-z
. excess’' :
1 E stat{ stat O syst pOSSibly
- small
s | negative
10 [N B I Lol Al
1072 107 deviation
5 X at x > 0.3
[a) i
§, 175 |- | | PDF uncertainty
'é 15 |
3 125 | | __ 4
s L L1 r_,/ PDF
= =1 ¢ I + uncertainty
S 075 |- ‘ is stable
° o5 at high x
0.25 - [at small QQ,
- u(x, Q?) is
0 7_2 L] 5 IR known more
10 10 « | precisely than
d(z, Q)]
moderate variations of
u distribution in different
QCD fits
U. Katz HERA Physics 4.11
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do©C/dQ? (Comparison etp/e p)

do./dQ” pb Gev?

1 ; I I T ‘ I I T ‘ ;
- Charged Current -
10 - - _
- = Hlep vs30cev-
of o Hlep . Vs=300GeV -
10 = o ZEUS e p vs=300 Gev=
3 T .
10 = % =
- H1 \ ]
-4 -
10 - E
o ]
10 = =
10 -6 y<0.9
107 Standard Model (H1 97 PDF Fit) »
E o Standard Model e'p Vs=320 GeV =
10 _87 T \ | | / T \ | X
10° / 10* , ,
/1GeV
difference e p/eTp Q
increases with Q2 difference
(> factor 10 at Vs = 300/318 GeV
Q2 2 20000 GeV?) is small

Q? dependence of do/dQ?:

PDF values in itegration region

z € [zmin = Q?/s; 1]

(z dependence of PDFs is dominant,
but Q2 dependence also contributes)

“Helicity factor”: 1 for e~ q, etq
(1 —y)*fore g, etq
y = Q?/zs, integration region: y > Q?/s

W propagator term oc [M3,/(Q? + M3,)]?

U. Katz

HERA Physics
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5°C (eTp)

. 21 (Q2 4 M3\° d2%0cc
0CC = "3 2 2
G% My, dx d@
_J@—-y)Pd+s)+ (a+e¢) foretp
151  Q*=280Gev? | Q@*=530Gev? |  Q*=950Gev?
Good
i agreement
ZEUS/H1
0.6 |- Q? = 1700 GeV? - Q?=5300 Ge}K
I for x 2> 0.2:
04| a (1 —y)?(d+s)
dominates
02| -
015 5 R
L Q :9§OO Gev® L Q" =17000 GeV*” | o 7ZEUS94-97 e'pCC
I o H194-97 €'p CC visible
o1l — CcTEQ4D dlfferenc_:es
I ~—— NLO QCD fit ZEUS fit/
[Botje] CTEQ4
i —— CTEQ4L
0.05 I ’/(l-y)ZX(d"'S)
—— CTEQ4L
| x(U +T)
107
X

U. Katz HERA Physics 4.13



5¢C (e7p)

. 2w <Q2 + M5V>2 d20cc
=6z T M2 ) dzd@?
B { (u+tc)+ (1-y)?(d+5) forep
ZEUS Preliminary 1998-99
Db Q? = 280 GeV? . Q*=530GeV? Q? = 950 GeV?
2 L

PO

Q? = 1700 GeV?

1]
Q? = 3000 GeV?

|
Q? = 5300 GeV?

ADRIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SPLIT, 10.-21. SEPT. 2001

1 L L
0.5 — —
m\\ \\MH\ \\HMH
0.8 I Q?=9500 GeV®> | Q%=17000 GaV?
T E — e ep CC Data
0.6 1 — — CTEQ5D
04— - — u+c
0.2 — — () e g OO
:\ H\HH‘A‘\H \:\ \HHH‘ L | L[N — O
-1 -1
10 10 X
for x < 0.1: for z 2> 0.2:
considerable v dominates
contributions (no (1 —y)?-
from c and s suppression)

U. Katz HERA Physics
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Valence Distributions

2 ~ 2 azuv(m,QQ) (NC: eip,
TUuy (T, = o(«x, . — -
U( Q ) ( Q )|eXD O-(CU,Q2) SM CC e p)
- xd,(z, Q%)
7801\ (3, N=45 78, 2 S CC: et
> 0.7
H1 Preliminary
<08 | x=0.25 % os | X=0.25
0.6 —
. 04 |-
0.2 :_ I 0.2 :
5 0 =Ty g ° By S
0.15 |
01 [
0.05 F
R oL Ll |
0,06 | 10° 10"
I Q° (GeV)
0.04 |- H1 94-00 combined
! NLO QCD Fit: H1 only
0.02 — NLOQCD Fit
- CTEQ5M
S v R MRST
uy(z=0.65, Q?) : QCD fit to
in H1 fit ~ 17% smaller H1l data

than in standard PDFs;

significant? ZEUS?

with @2 > 20 GeV?

U. Katz

HERA Physics
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5¢C as a Function of (1 — y)?2

y dependence of occ determined by
helicity structure of eq CC scattering:

e q
e+cj

_|_
e ||
VSIO
- ad

isotropic scattering
ox 1

‘9/;15'
amplitude o cos?(6*/2)
& ox (1—y)?

=
=1

ZEUS CC DATA

2 —  x=0068
| | | €Pp:

O L | | | | | | | | | | | | | | | dominated b
2 x =0.13 / 2 y
— / uv(m?Q )

15 — %
t L R
g : b3
o5 —+ - T ¢ _3--
- - g-"""7 77 § ¥ .
0 ndRa IR R SRR R R N R SR B \‘\\\ 6 p.
5 | 0.4 dominated by
x =0 o ep CC Data 98-99 (Prelim.) 2 2
B e &'p CC Data 94-97 (1_y) dv(waQ )
15 — — CTEQSD (ep E,=920 GeV)
- - CTEQSD (€'p E,=820 GeV)
1 -
05 —  + § &
0 3 951%/
0 ;Q--\——-r--\"\"‘\"f'r'"\'-\"\-.TT-\_‘\ T
0 0.2 0.4 0.6 0.8 1
(1-y)?
U. Katz HERA Physics 4.16
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Determination of My and Gg

Fit to CC data

d?occ o G2 1 ° yields Gr and My
dzd Q2 P\1 + Q2/ M2 as independent
parameters
ZEUS result: . ZEUS 1994-97
1o confidence 7 3 =3
region includes \";LQ s |8
SM point. :‘% - G
Comparison with : . §§
SM relation: el gL
Gp = T=x /:
M2 V2 118
A 1 [
M3, (M2—Mg,) 1-Ar I8, o= 1sednx 07 Gar
11 1.16
HI
1.05 T
— k’nbir@l\
S \
<Y
S . 78 80 82 84 86 88
OE 1 \\ ISM \ MW(GeV)
| | comparison with H1:
staf. errors only
0.95 S Ax? =1
confidence regions
0.9

74 76 78 80 82 84 GeV

Mprop

U.

Katz HERA Physics 4.17
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do/dQ? (pb/GeV?)

Summary

T he differential cross sections
for e p and eTp NC and CC scattering have
been measured at HERA in the region
Q2 < 30000 GeVv?

E < E
S % H1e'p NC 94-00 prelim. 2 S % H1e'p NC 94-00 prelim.
| O ZEUSe'p NC 99-00 prelim. % 10 O ZEUSe'p NC 99-00 prelim.
B — SM e'p NC (CTEQ5D) ! B — SM e'pNC (CTEQSD)
C » -
= g 1=
- o) -
L 'c _17
= 10 =
C oL
= 10 =
C 3L
3 10 =
E % Hle'p CC 94-00prelim. E % H1e'p CC 94-00 prelim.
| O ZEUSe'pCC 99-00 prelim. 10 Lo ZEUSe'p CC 99-00 prelim.
- — SMe'pCC(CTEQSD) - — SMepCC(CTEQSD)
= sF
3 10 =
C .
= 10 =
F y<09 - y<09
7\ \\\HH‘ | \\\HH‘ | 10-77\ \\\HH‘ | \\\HH‘ |
3 4 3 4
10 10 10 10
Q* (Gev?) Q* (Gev?)

For Q2 < 20000 GeV?: excellent
agreement with predictions
(SM plus QCD fits to fixed target data)

Small deviations at high Q2 and z= . ..

have caused a lot of excitement but are
probably due to statistical fluctuations
and high-x PDF effects. New physics?




Search for " New Physics”
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Overview:

The “HERA high-Q? effect”
eq resonances

— Leptoquarks
— Rp-violating squarks

Lepton flavor violation

— Direct production of lepton flavor
violating states
— Exclusion limits at high masses

Excited fermions

Contact interactions
Extra dimensions

Events with lepton and p;

— The H1-ZEUS puzzle
— Anomalous top production
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The H1 Events at High Q?

First results of the DIS analyses 1996/97:

* First high-statistics data at Q2 > 10000 GeV?
® Unexpected excess of events at high z and Q°
® Triggered a lot of excitement and activities

0.0 A Data 1997 e Data 1994 - 96
-2 -7“.‘\“‘\ AR
.Af. N H1 Preliminary |
0.8 “'—'; }2':3.:: .. N
i : Sa T slightly shifted
2 AA LA
071 DR Guweda because of new
[ R0 oo a calorimeter
06l E*%. - calibration and
[ et e reconstruction
R method
0.5 -, E
0.4 -
03| !
02|
O-l 7\ L L L L L L L L L L L L L LA ka0 A SRA L L ]A\ ‘ L L L
50 75 100 125 150 175 200 225 250 275 300
M, (GeV)
Event numbers:
1994—-96 1994—-97
kinematic region obs. MC obs. MC

187.5<M.<212.5GeV | 7 0.95+0.18

and y.>0.4

8 3.01+0.54

z.>0.55 and y.>0.25 |1 0.45+0.18
Q2>35000 GeV? 0 0.08+0.04
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The ZEUS Events at High Q4

.and in the ZEUS data?
e ZEUS also observes event excess, but
not at exact same place

® Note: ZEUS and H1 use(d) different
kinematic reconstruction methods

1
< C
= i ZEU894—97 94-96
0.9 RO @ N ...... (pre“m”']ary)
08 [ ........ ________ ________ ________ « 1997
07 BB e
06 ; ....................................
05 | SEENERase ® N NG N Q2 _ 40000 GeV2
0.4 } .......................................
. Q? = 30000 GeV?
02 [ Q" = 20000 GeV"
o1 | et Q” =10000 Gev"”
T Q° = 5000 GeV*
0 boveliidin i s QP =2500 GeV?
O 01 02 03 04 05 06 0.7 08 09 1
Xpa
Event numbers:

1994—-96 1994—-97
kinematic region obs. MC obs. MC
2o,>0.55 and y,,>0.25 | 4 0.914+0.18 |4 1.90

2 >35 000 GeV? 2 0.154+0.05|2 0.34
187.5<M_,,<212.5GeV | 2 1.75+0.14
and y,,>0.4

U. Katz HERA Physics 5.3
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Speculations and Questions

What could

it be?

Statistical fluctuation?
eq resonance 7

— would such a signhal be compatible with other

experiments?
— leptoquark or squark?

— are mass values of H1 (M. ~ 200 GeV) and of
ZEUS (M., = /sz,, ~ 225 GeV) compatible?

— does the y distribution look like a LQ decay?

Contact interaction?

Significance analyses:

Poisson: p = p(Nobs; Nmc; Me) | 210 ™
What is the smallest p in the

whole kinematic region 7

MC: how frequently occurs
a “smaller smallest p" 7

H1:0.9%, ZEUS: 6% .

Nobs)
=

3 AM_ =25 GeV
.>04

<

=
o
T

M-M_, (GeV)

N
[&)]

N
o

-0 F
.15 F
20 [

_25 :\\\\\\\\\\\\\\\\H\\\\\\\\\\\\\\\\\\\\\

M_,=200GeV

I
=

200

0 150

o‘

1

250

M, (GeV)

Mass of a eq resonance:

® VM = ./xs for free,
massless partons

® QCD radiation
affects different
reconstruction
methods differently

1
0 01 02 03 04 05 06 07 08 09 1
y
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Leptoquark Production at HERA

What are leptoquarks (LQs) 7

weak isospin T,

® States with Yukawa coupling A to e and ¢
® SU(3).xSUR2). xU(1), =>
14 multiplets per flavor combination (BRW)

fermion number F = 0,2 (coupling to etq, e q),
spin S = 0,1 (scalar/vector),

chirality of coupling (L, R)

olep > LQ+ X — eq+ X)

doltQ o A2

— BR(LQ — ,
dy > (LQ — eq) q(=, piqg)

1
) {6(1 ~9)? (8=1)

(§=0)

50
3| do/dQ? %5 F do/dx (pb)
(Pb/GeVY) 0 Q*>5000GeV
. i s b LQ signal
= w b ® Narrow x resonance
- - (width = exp. resol.)
ol 25 ® Cross section increase
= S = at high Q2
B o 20 ]
‘\ 15 f—
6 e'p-e’X y) -
= _ K 10 -
- — SM+Spin-0LQ -
T --  SM+Spin-1LQ 5 [
Fo SM E
7 ‘ I I | ‘ L1 ‘ I I | ‘ [ \.".\ ‘ 0 [ ‘ [ ‘ [ ‘ leeded
3.75 4 4.25 4.5 4.75 0.2 0.4 0.6 0.8 1
log,,(Q° [GeV)) X
U. Katz HERA Physics 5.5
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Exclusion Limits from TeVatron

- LQ q ; LQ 2
o(pp > LQLQ X) x Z/\?"mr\< + >f*mr\< + ...
g LQ q LQ
o(pp = LQLQ X — eeqq X) x BR(LQ — eq)?
o(pp — LQLQ X) independent of Ay
1
B 0.9
T ]
C 0.8
=4
07
I 1
@-0.6*;
0.5
0.4-
0.3
0.2
0.1
0:‘ I A S
0 50 100 150 200 ) 250
M o (GeV/cY)
TeVatron: lower limits on LQ mass (95% C.L.)
LQ =1 B=1/2
Spin DD CDF4+D® DP
S=0 225 GeV 242 GeV 204 GeVv
S=1 298 GeV — 270 GeVv
U. Katz HERA Physics 5.6
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evts / bin

HERA (e+Jet) Mass Spectra

=
o

[any
o

3
FrrrrrrrTT rrrrrrrrrTTrrT T T
- A Hldata,y,>0.1 ] H1:
. ___:::A:'.:I '"""E : R . .
AT s, B WePBverot Le Distribution of
i o b N, .
2/ A 1 data, y, >y, | Me == /ajes
........ E A NC DIS, ye>ycutE for y > ycut

® ycut Optimized
for LQ search

ZEUS:

,

D RV i I i D R ol R il D (Vi Zflil SRS S
100 125 150 175 200 225 250 275
M, (GeV)

M.; without y cut

cos 6* distribution
for M.; > 200 GeV

\ ZEUS 1994-97

ZEUS 1994-97
ﬂ 1035 cC ‘
o 2 _ e fa . data
o 0% g — neutral current +
- ' . 9 — scalar leptoquark
10 Lw s IS
oE r |
1 221%2‘4_‘ ﬂ |
10 -1E 1\218\;)\ ‘2(“”‘ | %‘20\ \_’\;40‘ | \26(\) ‘ \28\0\ ‘ L1 ‘ L1 ‘ L1 ‘ | Mq‘ > 210Gev
100 120 140 160 180 200 220 240 260 -
M ej(GeV)
g 4F 10 -
& 35F J -
£ 3 -
g 50 ‘ T |
Z 2F 4
TE . S | —
]
- R 47707227
05 | s
0 3 | | | | | | | | i
P W Wm0 20 %0 W s o5 i 60 0 02 04 06 08 1
M . (GeV) COS(G*)
U. Katz HERA Physics 57
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...... and in the Latest Data ?

New ZEUS event numbers:

Q? > 35000 GeV?

data set L[pb™1] | obs. MC
1994—97 eTtp A7.7 2 0.34
1998-99 e™p 16.2 2 1.02
1999-00 etp | 39.2 1 0.53

Zox > 0.55, yon > 0.25

event excess
in new etp data

(not shown:
neither in e p)

10

10 |

ZEUS:

no

anomalies
in the
“signal

regions”

1994—97 etp 47.7 4 1.9
1998-99 e™p 16.2 1 1.3
1999-00 etp | 39.2 0 1.6
H1 e*p 99-00 Data, 47.6 pb ™
g | O Hldata,y,>0.1 e Hldata,y, >y,
5 107" g, y,>0.1 — SM with uncertainty]
% ;....g........ﬂ...:-_-_- . Ye ” Yeut ]
T E e
E— > 207 A o e T3 |
no significant o 107 e

H1 Preliminary

'
[N

B

75 100 125 150 17

5 ZIO 225 250 275
M, (GeV)

U. Katz

HERA Physics
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LQ Limits from HERA

No clear signal for LQ production
=
upper limits for coupling Aq1; as a function of M| q

assumption: LQs respect SM symmetries

and decay exclusively to eq or vq

H194-97¢e" p

1/2, L

>
»

~ LEP indir. limits |

F=0 1 ~_ Hiindir. limits
S=0 , B H1 direct limits |
10
-:DFI|m|ts
[ AR B A A A \HH\\H
150 175 200 225 250 275 300 325 350 375 400
M o (GeV)
H1 PRELIMINARY 98-99e p SoL
1 *
2
-1 |
F=2]10 . LEP indir. limits
S=20 " Hlindir. limits |
102 DI:'Iﬁ .
H1 dlrectllmlts 1
oo e e b by ]

150 175 200 225 250 275 300 325 350 375 400
o (GeV)

LEP: LQ exclusion limits from eeqq contact interactions

U. Katz HERA Physics 5.9
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LQ’S with Alternative
Decay Channels

If LQs have decays other than to eq or v¢’
we can have 8. = BR(LQ — eq) # 1 or 0.5

consider limits on g, as functions of M| q

=

for fixed A11 (eTp scattering)

Scalar LQ couplingto e’ +d

= f \\ N
+ \ DO combined Limit \\ (2)

v 0.8] o \\

=0 X | == H1 limit (A=0.1) §

= o6l | == Hilimit (A=0.05) |,

coupling o Uo1 (NC data only) §
to d quark | & g4
i \\‘?‘\s\ ]
NN RN H1|
= —— | ]
075 100 125 150 175 200 225 250 275
M o (GeV)
Scalar LQ couplingto e’ +u
— ]
= 1 ]
:) 08\ DO combined Limit ]
=0 . °h = H1limit (A=0.1)
_ 06l | == H1limit (A=0.05)
coupling O .51 (NC data only) 1
to uw quark @ & 0.4 (b)]
0.2}

O | L

75 100 125 150 175 200 225 250 275

M o (GeV)

— HERA has discovery potential at
high M, q and low g,

— Bump at M| g ~ 210 GeV is caused

by H1 event excess
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Rp-Violating Squarks

Supersymmetry (SUSY):

Each SM fermion has a bosonic partner and vice versa.

Examples:
SM SUSY
quark g squark ¢q
lepton ¢ slepton 7
photon ~ photino ~
Higgs H | 5 higgsinos (h°, H°, A°, H+)

neutral gauginos and higgsinos — neutralinos (x°)
charged gauginos and higgsinos — charginos (x*)

The R parity:

RP _ (_1)3B—|—L—|—25 _ —|—1 for SM
—1 for SUSY

If Rp is not conserved. ..

SUSY particles can be singly produced

squarks (g) can behave
like LQs with alternative
decay channels

(i.e. BR(LQ = ¢eg) < 1)

U. Katz HERA Physics 5.11
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Search for Rp-Violating
Squarks at HERA

Alternative decays of Rp-violating ¢ (examples):

Rp-violating o Iip-violating

vertex vertex

A 1j1
[EEN

10

10

.......... )\,11]_ ( BBOV )
""" N 121 N1z (APVY)
(PDG 96 / C.S.Wood, PhD Thesis)

-

''''''
........
et ’

N

‘ — Y150 GeV
~-- Y100 GeV

X X d
e

lllll11llllll111lllllllll-‘['“l’“‘l“lllllllllll

80 100 120 140 160 180 200 220 240 260
quuark (GeV)

H1:

® Search for
e + n jets;
e can be e.

® No event
excess.

® Assumption:
q couples
to g1 = u,d
=
upper limits
on )\1j1 .

® Discovery
potential
for 62,3 .

Similar results
from ZEUS.

U. Katz HERA Physics
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Violation of Lepton Flavor

interpretation as
etp 5 LQ X > 71Tg X

Search for events with = (r) in final state;

strong interest: lepton flavor is violated in v sector !

H1 Run 195269 Event 55526

Date 17/07/1997

e F—p, =54 GeV
° PT,miss = 0.8 GeV

® Py candidate = 40.9 GeV

H1l candidate
event for
etp — 7X;

after

preselection:
Nops = 28 _
Nexp=23.7 £ 5.7 ‘;.-

Frac. EM = 0.6%
Etrack/Ejet =1.25

Event selection (H1):

® isolated (= — hadron) candidate
® P,>10GeV in 7 direction

Efficiency:
® ~10% ... 25%, increases with M| _q
Result:
® no event selected

Similar analysis by ZEUS: no signal

U. Katz HERA Physics
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Exclusion Limits for
Lepton Flavor Violating LQSs

Direct search for LQs with couplings
O eq ()\1]') and to 7q ()‘33') or nq ()‘Qj)

H1: LQ — 7q

Assumption: LQ couples

only to eTw and to 7T¢q

Search for events
with e+jet or 7+jet
Exclusion limits

for As; (95% C.L.)
as a function of M| q
at fixed A1

High HERA sensitivity
in the channel e — 7

.
- .
.
10 L .
.
Fo.

10

< |

|:|)\11:oo3 Ay (T - TE)
[ My, =01 for A,, =0.03
[]2;=03

3 T channel only

Scalar LQ coupling to e + u Bo+B,=1

Indirect limit on |

‘ - ‘ I ‘ - ‘ - ‘ - ‘ - ‘ I ‘ - ‘ - ‘ Ll
80 100 120 140 160 180 200 220 240 260
M, (GeV)

ZEUS: LQ — pug or LQ — 7¢q

Search: for events with p + jet or 7 4 jet
Limits:  for A11v/BR(LQ — uq) and A\11/BR(LQ — 7q)
as functions of M| q
Masses: M, q > 262—285GeV (95% C.L.)
M| q > 259—285GeV (95% C.L.)
for electromagnetic coupling strength
(A2 = 47a)
U. Katz HERA Physics 5.14
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Limits for LQs with MLQ > \/SHERA

Indirect search for LQ’s with couplings
to eq (A1;) and to 7q (A3;) or pg (A2j)

s and u channel exchange:
)\1i )\li)\3j
g oo | ——
LQ M EQ
T
)\3]'
4iq; S1L/2 sz/z 51L/2 Vo Vit ‘N/OR Vi
T —>Tme | T — Te T — e Gr T —>Te | T — Te Gr
111 0.0032 | 0.0016 | 0.0032 0.002 | 0.0016 | 0.0016 | 0.002
0.030 0.025 0.046 0.033 0.033 0.024 0.012
0.046 0.037 0.062 0.049 0.049 0.041 0.019
7T —=Ke 7T—-Ke || T—oKe | T2Ke K — v
0.05 0.05 0.03 0.03 2.5-10°6 ZEUS / H1:
12 | [[0.030] | [0.025] | |[0.046]| | 0.036 | 0.036 0.012 —
0.047 0.038 0.063 0.053 0.053 0.045 0.021 Upper limits on
Bo717e X | B 71e X | B> IvX |B— e X B— vX A].Z)\3 o
0.08 0.08 0.02 0.04 0.02 )
13| —— ||[0.049]| | |[0.049]) | 0.044 | 0.044 — 0.044 2\43
0.065 0.065 0.062 0.062 0.062 Q
7T —=Ke 7T—-Ke || T—oKe | T=2Ke K — v
0.05 0.05 0.03 0.03 2.5-1076 0.0032
21 0.153 0.092 0.105 0.049 0.049 0.026 .
— , , ‘ - ) limits from
[0.15]| | 0.095 0.12 0.064 0.064 0.073 0.032
P rare decays etc.
0.03 0.02
22| 0.187 0.101 | |[0.120] | |[0.061]|| |[0.061]| ||[0.102]|| |[0.041] 0.025
0.18 0.10 0.13 0.076 0.076 0.107 0.044 -
B—s7meX|B—>71eX ||B—=IvX | B—71eX B— ivX e e
0.08 0.08 0.02 0.04 0.02 best limit
23| — 0.153 0.153 0.102 0.102 — 0.102 from ZEUS
0.14 0.14 0.112 0.112 0.112
B r1eX | B> reX Vb B— re X Vb
0.08 0.08 0.002 0.04 0.002 0.15
31| — 0.162 0.162 0.052 0.052 — 0.052 ..
0.16 0.16 0.068 0.068 0.068 best limit
Bo e X | Bo 76 X | B— X | B—s 7e X B IvX from H1
0.08 0.08 0.02 0.04 0.02
32| — 0.202 0.202 0.073 0.073 o 0.073
0.19 0.19 0.083 0.083 0.083
T ey | T—ey
0.51 0.51
33| —— 0.275 0.275 0.144 0.144 — 0.144
[0.23] | [023] | [[0.14]] | |[0.14]] [0.14]
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Excited Fermions

Fermion sub-structure

& heavy excited fermion states (f*),

couple to ground-state fermions and gauge bosons

e*,v* production
at HERA:

Model (S = 1/2):
(Hagiwara,Komamiya,Zeppenfeld)
Lo =2 f2| F@V)sv+
f'@V)uay,+
s (QV)SU(S)C] fr

Assumption at HERA:
Ifl = |f| and fs =10

f* decay exp. signatures

e*—ve+v |e+~

e* e+ 2 |e+2 3e, e+ Py, ...

e* v+ W | P+ 2jets, e+ Py, ...

vi = v+ | v+ Py

vt e+ W | e+ 2jets, 2e + Py, ...

v v+ 27 | P+ 2jets, 2e 4 Py, ...

¢ —q+v | vytiet

g —q¢ +W | e+ Pitjet, ... P =

missing

transverse
momentum

U. Katz HERA Physics 5.16
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Example: Search for e* — ey

Experimental signature:

Background:

— 2 isolated elm. clusters
— small hadronic p;

QED
Compton

p

\ 4
\ 4

ZEUS
candidate
with highest
ey mass

(M.,=159 GeV)

THETA PHI

UCAL energy

M~ spectrum

® data

[ ] SM background
[ ] QED Compton
[] e* (simulation)

ZEUS 96+97 Preliminary

12 7‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

® /EUS 96+97 Data
[ 1 Background MC
1 Compton MC
0 Signal MC

(o]
\\‘\\\‘\\\‘\\\‘\\\‘\\

25 50 75 100 125 150 175 200 225 250
ey Mass (GeV)

U. Katz
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g and v* Exclusion Limits

i
= No evidence for f* production at HERA
E = Upper limits on [f|/A
N . .
. 1 ZEUS 96+97 Prellml nary ZEUS 96+97 Preliminary
[ S I A I B I B
_: (f —f) - :
— i %J;‘ i
= 010'1— _ oL ol i
— 1 %k F *k o‘_.o’\T B
'i E (& ] B q &§ A
[9p)] Z e —>eZ i % i - 7
] Dw0tE 910_2; q - qw /// -
: s
Z //“\"TAIIChannels !
o 0 < e L .
2 —ey 10 ; qd-qy E
2 LEP 189 GeV : (= . = 0) -
a 1\0_4 T S S R N A 10 _4 e b b b e By
>_‘ 100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240
E e’ Mass (GeV) q Mass (GeV)
s . ZEUS98+99 Preliminary ZEUS 98+99 Preliminary
4 ?H\Hw”w”w‘%“‘H\Hw‘g g“w“w”w”w‘g‘H‘\H‘\E
n . 8 . . N ]
O i 8 ] i o ]
% ) S . 8
E 10 = E = 10 \/ 4
A~ - T~ NV - :
- % I Vo % | I% -V L ew ~
e ~ = 1 = g All Channels 5
< L ] = - i
o L , L i
CZD w:s? = 10:33— -
- - : g -
3 - Ut (F=f) ] - U (F=—f") |
: 10_4 L1 ‘ I — ‘ I — ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ | 10_4 L1 ‘ I — ‘ I — ‘ I — ‘ L1 ‘ L1 ‘ I — ‘ |
O 100 120 140 . 160 180 200 220 240 100 120 140 . 160 180 200 220 240
cg v Mass (GeV) v Mass (GeV)
5
= — For My < /sLep HERA is less sensitive than LEP,
E for high masses HERA sensitivity is better (similar)
— HERA provides the only limits for M,. > 200 GeV
(best v* limits from e~ p data).
— Similar results from H1.
U. Katz HERA Physics 5.18
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Contact Interactions (CI)

CI: effective phenomenological description
of processes with mass scales > |/sHERA;

historical equivalent: 4-fermion interaction

eeqq-CI:

Examples of CI:

— Exchange of heavy
gauge bosons

— Leptoquarks or
squarks (s/u channel)

— Exchange interaction
of composite
leptons and quarks

HERA=>

TeVatron

Effective Lagrangian:

2
g _ _
L — Ep E ngb(eaWMGa)(Qb’VNQb)
a,b=L,R
q=u,d

Interference with SM (constructive or destructive).
Linear combinations of the n!, = “CI scenarios” .

e =+1; n!, =1,0; g¢?/A determines CI strength
If there are eeqq CI, they modify

several cross sections simultaneously:

— NC-DIS (HERA);

— eTe™ = qq (LEP);

— pp — eTe” + X (TeVatron).

. Katz HERA Physics 5.19
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Search for CI Signatures

HERA: Search for deviations from SM expectation
for do/dQ? (H1) or
for the event distributions d?Nyps/dz dQ? (ZEUS).

Modification of W, A=2TeV /

dO'Nc/dQ2 by CI:

a(SM+CI) / a(SM)

— g=+1 1]
/
--=- =1 /
m /
[ ] = / A
10 @) x=0.10 : :

O m x=0.40

® CI-SM interference A4 =070

[}

(o< £Q%/N?)

® pure CI contribution
(x Q*/A%)

® Cross section I
increases at high Q2

® different statistical
analysis methods

25 | 3 | 3.5 | 4 | 45
log,,(Q° (GeV?))

Most important result from low-energy experiments:

measurement of the “weak charge” (Qw) of the
Cs nucleus (atomic parity violation, APV)

27 + N 4re
NoTePN (M5 + M — M — Mee)
F

Z + 2N 4re
+ \/EGF /\2 (UEZL + UEZR - ngl_ - ngR)
experimental result: A®PQw = 1.28 £ 0.46

AYQw =

® APV: 2.80 effect
e APV effect and limits are beyond HERA sensitivity
®* at HERA: search for parity-conserving CI

U. Katz HERA Physics 5.20



Limits on CI Mass Scales

A%
VA
AA
X1
X2
X3
X4
X5
X6
Ul
U2
U3
U4
UsS
U6

LL
LR
RL
RR
A%
AA
VA

RIATIC SCHOOL ON PARTICLE PHYSICS AND PHYSICS INFORMATIS, SPLIT, 10.-21. SEPT. 2001

ZEUS:

separate
statistical
analysis
for
e=-+1
and
e—=—1.

@3= LL+RR 2.0
U4=LR+RL 2.1

ZEUS e'p 1994-97
Amin(TeV) (95% C.L.) Arin(TeV)
s0 —do— 4.7
2.6 o 25
37 | I 2.6
2.8 3 18
3.1 o 3.4
2.8 o 2.9
4.3 e 4.0
3.3 —— 35
1.7 o 2.8
2.6 o 2.0
3.9 e 4.0
35 i 3.7
4.8 e 4.4
4.2 —t— 4.0
1.8 L ‘ L L L ‘ L L L ‘ L L1 | L \’\ L ‘ L L L ‘ L L L 2.4
-04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
eIN? (TeV?)
eN (TeVv)
13 15 2 38 863 2
N (TeV) e’p & ep preliminary L,=97pb™ | A (TeV)
1.6 1—0—0—0—1 4.3
1.8 R — 54
3.0 e 9.2
5.8 e 35
4.0 w 3.9
e 5.9
L | L L L L : L L
0.5 0 0.3

eIN? (TeV ?)

H1:

common
confidence
region
for
e=-+1
and
e=—1.

U. Katz
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Extra Dimensions

Theoretical Scenario:

® Gravitons live in 4 4+ n dimensions (size Rg),
all other particles constrained to 4 dimensions

® = Violation of Newton’s law for r < Rg
— Characteristic gravitation mass scale Mg:

REMZT" ~ 1/Gn = Mp
® n=2(Rs=0(100um), Mg = O(TeV)) is possible

® “Projections” of the gravitons to 4 dimensions
. . . > A,

couple to massive particles with strength A Mg‘

= Cl-type modification of o(ep)
[qV] T \\\\\H‘ T \.\\\\H‘. T
g - Large Extra Dimensions
= |
U_’g - e e'pprelim. combined
S L,,=81.5ph~"
NO‘ 2 —
2 [ — M=093TeV A=-1
TS e Ms=0.63 TeV A=+1

et

I *+ ) No evidence for

- H1 extra dimensions.
o O e Exclusion limits at
= | 10 10 95% C.L.:
o - © e’ppreliminary Mg > 0.93 TeV
% .| L,,=15.2 pb (>\S — _|_1)
% : — M,=0.93TeV A=-1 MS’ > 0.63 TeV
o | M. =0.63 TeV A=+1 o (AS _ _1)

1i

07 \\\\\H‘ \\\\\H‘ [

3 4
10 10
Q% (GeV?)

U. Katz HERA Physics 5.
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Events with Leptons and P;

Event signatures:

Isolated lepton (i or e) with high p;

Large missing transverse momentum #,,
not in lepton direction

Hadronic jet with moderate to large p;

etp = putX

Event MUON-2

H1

Pl =28GeV, P = 67GeV, PJiss = 43 GeV

SM Reactions:

ep— W 4+ jet+ X
— flyp+jet+ X

ep— 010 + X

E[CeV] (DCLU)

U. Katz HERA Physics 5.23
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The ZEUS/H1 Puzzle

Inconsistent observations by H1 and ZEUS 7

H1: ® Significant excess of “P,+lepton events”;

® many of these with large hadronic
transverse momentum P/~

e only in etp data (doesn’t mean much)

ZEUS: * Number of P,+lepton events
consistent with expectation

® no event excess at high PX

H1PRELIMINARY 101.6pb*e'p data 94-00

Lymc=900*L pata

80

ST | S ‘

:@'_’/ . a) . :o'_i - b) +““ H1
SO o | 1
i - 0 |- -

60 7 | 7 + T

: o : M+ | L ,/uf
40 |- 40 TI’ A
20 |- 20 |- PN |'
i wo
0 | L 0 L] ! |
10 10° 10 10°
M: (GeV) ML (GeV)
Event numbers:
e %
obs. exp. | obs. exp.
P#>25GeV | H1 4 129 | 6 1.54
ZEUS 1 1.14 1 1.29
PF>40GeV | H1 2 041| 4 0.58
ZEUS 0) 0.46 0 0.50

U. Katz HERA Physics
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Top Production

Top production at HERA?
H1: * 5 P,+lepton events are compatible
with top production (1.5 expected)
ZEUS: ® no evidence for top production
Theory: ® top production cross section at HERA
is tiny in SM.
® Possible: anomalous tuy coupling
(e.g. in models of dynamic
fermion mass generation, see e.g.
hep—ph/9901411)
NN 09 T T/ T WAl T 7T WA T 7T
> i
2o
NG 08
~> ’
0.7/
0.6 [- 3 =t
(AL
05 EPH)
0.4}
HERA :
sensitivity 03l
competitive I R
if tqZ coupling ! _
is small 02F— H1 Prelim. :
01| ZEUS Prelim.
00‘ | 065 | 0‘1 | 0‘15 | 0‘2 : ‘(‘).25 0.3 035 04 045 05
Ky
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Outlook

The future of HERA

® We are at the end of an upgrade shutdown
— new interaction zones — increased luminosity
(O(100—150 pb~1!/year))
— longitudinal e polarization
— detector upgrades & improvements

® Data taking 2002—2005 (or longer?)

— improved statistics,
refined measurements of low-cross-section
processes (e.g. DIS at high Q?)

— increased sensitivity to new physics

Charged Current Cross Section / pb

ep—>VvX

100

90

Example Measurement

80

CC cross section as a

70

60

o (etp) x (1 + P)

50

® deviations would
indicate right-handed
charged currents

® sensitivity e.g. to heavy
gauge boson Wg

® Wgr mass limits of
O(400 GeV) achievable

40

30

20

10

function of e polarization P:

:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\»\\‘\\\\‘\\\\

0 Ll bbbl
.80.60.40.2 0 0.20.40.60.8 1

L
0
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T he Post-HERA Future

History shows that improvements in
spatial resolution obtained in scattering
experiments are crucial for the progress

of particle physics:

—_— = T T T T T T [ —
E | |E
- i ]
i) i
2 10k ?
) E (
£ " Rutherford
© i
ge}
Qo 1 ° E
© . Hofstadter ]
3 r
& i |
i SLAC partons 1
i { ]
L FNAL °
0.01 3 CERN E
0.001F ® =
E HERA
THERA | -19
0.0001F 410
| | | | | | | | | | |
1900 1950 2000
Ye

Future ep colliders are under discussion,
e.g. a TESLAXHERA option (THERA)

~ 1 TeV center-of-mass-energy,

up to ©(100pb~1) luminosity per year . ..
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