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Introduction

e These lectures are a personal survey of some selected topics in
experimental high energy physics at hadron colliders

— detectors
— analysis issues

— physics results (what's new, what's topical, and where there are
problems)

e Hadron colliders = proton-antiproton / proton-proton
— the next decade belongs to these machines:
e Tevatron at Fermilab 2001-2007
e LHC at CERN 2006 -

e Thanks to the many people whose work I have drawn on in putting

these lectures together
(M. Narain, N. Varelas, J. Ellison, H. Montgomery, J. Womersley,...)

Boaz Klima (Fermilab) 9th Vietnam School of Physics

he



w Colliders

Hadron-Hadron Electron-Positron
e Past e Past
— ISR at CERN — SPEAR at SLAC
— SPS at CERN — PETRA at DESY
e Present e "Present” (recently ended)
— Tevatron at Fermilab — LEP at CERN
e Future e Future
— LHC at CERN — Linear Collider
e Emphasis on maximum energy e Emphasis on precision
= maximum physics reach for measurements

new discoveries

Both approaches are complementary
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Hadron Colliders

e Advantages

— Protons can easily be accelerated to very high energies and stored
in circular rings

o Disadvantages

— Antiprotons must be collected from the results of lower energy
collisions and stored

e problem is avoided by using proton-proton collisions at the
cost of a second ring

— Protons are made of quarks and gluons

e the whole of the beam energy is not concentrated in a single
point-like collision

— Quarks and gluons are strongly interacting particles
o collisions are messy

o Despite these problems, hadron colliders are the best way to explore
the highest mass scales for new physics
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Outline

e Lecturel: QCD

Brief introduction to QCD
Detectors: Calorimetry
Jets — experimental issues
e jet algorithms
e jet energy scale
Jet cross sections

e Lecture 2: QCD

Boaz Klima (Fermilab)

Other Jet measurements
Vector bosons

Photons

Heavy flavour production

as

Hard diffraction

Concluding remarks on QCD
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Lecture 3: The top quark

mass
cross section
decay properties

Lecture 4: Higgs and Supersymmetry

what is mass?

Tracking detectors and b-tagging
Higgs search in Run 2
Supersymmetry searches
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Before we can try to search for new physics at hadron colliders,
we have to understand Quantum Chromo Dynamics (QCD)

The interactions between quarks and gluons
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w Hadron-hadron collisions are messy

e Energy flow:

A collizion in 3D

A

proton
—"

antiproton
<P

project the
energy flow
on to the

(n,¢) plane

The same coliision in 2D

-
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M But become simple at high energies

e Jets are unmistakable:

proton

-i'_g? E}.

'\&%a
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Quantum Chromo Dynamics

e Gauge theory (like electromagnetism) describing fermions (quarks)
which carry an SU(3) charge (color) and interact through the

exchange of vector bosons (gluons)

e Interesting features:
— gluons are themselves colored
— interactions are strong
— coupling constant runs rapidly
e becomes weak at momentum
transfers above a few GeV

127
(33-2n,)Ing’ /A’

a,(q°) =

I The Standard Model H

Fermions Bosons

Spurce; AAAS el b b canlFrmed
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Quarks

e These features lead to a picture where quarks and gluons are bound
inside hadrons if left to themselves, but behave like “free” particles if
probed at high momentum transfer

— this is exactly what was seen in
deep inelastic scattering experiments
at SLAC in the late 1960’s which led to

the genesis of QCD e / e
— electron beam scattered off nucleons in Y
a target
« electron scattered from pointlike P ‘\: q
constituents inside the nucleon
o ~ 1/sin%(0/2) behavior like G

Rutherford scattering

o other (spectator) quarks do
not participate
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Fragmentation

e /e
Y

So what happens to this quark that was knocked out of the proton?

e o islarge
— lots of gluon radiation and pair production of quarks in the color

field between the outgoing quark and the colored remnant of the
nucleon

o these quarks and gluons produced in the "wake” of the outgoing
quark recombine to form a “spray” of roughly collinear, colorless
hadrons: a jet

— “fragmentation” or “hadronization”
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What are jets?

R = /(AN +(Ad)’
_ I%

colorless states - hadrons

Fragmentation process

outgoing parton

Hard scatter

e The hadrons in a jet have small transverse momentum relative to the
parent parton’s direction and the sum of their longitudinal momenta is
roughly the parent parton momentum

o Jets are the experimental signatures of quarks and gluons and manifest
themselves as localized clusters of energy
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SLAC

1970
ISR

PETRA
~ 1980
SppS

LEP
HERA
1990

Tevatron
RunI

2000
Tevatron

Run 1T

2
Timeline

<— Introduction of Color and the Quark Model

<— Experimental evidence of quarks in DIS scattering, Bjorken scaling

<— Birth of QCD: Renormalizability, Asymptotic Freedom, Confinement

<— Discovery of the charm quark (SLAC, BNL)
<«— Observation of jets in ete- as manifestation of quarks (SLAC,1975)
and gluons (DESY,1979)

<— Discovery of the bottom quark (FNAL) L
<— Violation of Bjorken scaling, Evolution of Parton Distribution

and Fragmentation Functions
<— QCD calculations start to become available for many processes

<— Discovery of W and Z (CERN)

<— Next to Leading Order predictions for jet production

<— Discovery of the top quark (FNAL)

<— Next to Next to Leading Order predictions for jet production

Boaz Klima (Fermil.b) 9th Vietnam School of Physics 13



ete~ annihilation

» Fixed order QCD calculation of ete- - (Z°9/y)" — hadrons :
e 67 e q_ c q_
et q et q et q

e Monte Carlo approach (PYTHIA, HERWIG, etc.)

i

e q

Perturbative phase
a,<1 (Parton Level)

Non-perturbative phase
a>1
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ete~ - ptu- ete - qq ete > qqg
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Jt
The Fermilab Tevatron collider hd

e RunI(1992-96) ~ 100 pb-t

Run IIa (2001-05) ~ 2 fb!

* Booster ik = Several months shutdown to
' = oS install new silicon detectors
+...

Tevatron Run IIb (2006-09?) ~ 10-15 fb!

-

/~ Main Injector
i & GQET)

-, A .‘J- — et e

; _/ - .-}t'- Ew = -1t___]+‘-_.?3 ':. il f

=

p soufce
Until LHC produces physics
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Je.
w Hadron-hadron collisions d

Photon, W, Z etc.

Hard scattering gc::trlymg

e Complicated by

— parton distributions — a hadron collider Jet
is really a broad-band quark and gluon
collider

— both the initial and final states can be
colored and can radiate gluons

— underlying event from proton remnants

Boaz Klima (Fermilab) 9th Vietnam School of Physics 17



x Py

X, P,

jet

jet 5
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0=Zjdx1dx2f,-( ﬂzz«“)fj(xzyﬂlz«*)d'ij a;”(,u,zg),lel,szZ,

0’ 0°

2’ 2
T ij A ALY 4 A HF HR

. S um over . P ar tor? Point Cross

initial states | | Distributions Section
= . - Renormalization
actorization Order o Scale
Scale
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Je.
w Hadron Collider variables d

e The incoming parton momenta x; and x, are unknown, and usually the
beam particle remnants escape down the beam pipe

— longitudinal motion of the centre of mass cannot be reconstructed

n=0 (=90°) E

n=-1 n=1 (~40°)

N n=2 (~15°)
n= 3 (NGO)

e Focus on transverse variables
— Transverse Energy E; = E sin 6 (= p;if mass = 0)

e and longitudinally boost-invariant quantities
— Pseudorapidity n = —log (tan 6/2) (= rapidity y if mass = 0)
— particle production typically scales per unit rapidity

Boaz Klima (Fermilab) 9th Vietnam School of Physics 19



w Simplifying things. ..

o Itis a general feature of particle physics that many interactions
become simpler to understand at high energies

e In the case of QCD
— coupling constant becomes smaller at high momentum transfer

— jet structure becomes more obvious (jets become narrower, stand
out more clearly from underlying energy flow)

— many measurement related systematic effects get smaller

e We tend to start with high E; or high momentum transfer (Q32)
processes and try to use them to help us understand lower energy
scales, rather than the reverse

e The most basic high momentum transfer process to understand is the
hard scattering of the colored constituents of the hadrons to produce

high E; jets

Boaz Klima (Fermilab) 9th Vietnam School of Physics 20
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DaS *
A high-E; event at CDF

Run 42565 Evt 129349 et 93 360 440. pad 11 DEC92 8:15: 52 16-Jul - 96

DAI S E transver se Et a- Phi LEGO PI ot

METS: Etotal = 894. 2 GeVv, Et (scal ar) = 792. 9 Ge
Et (M ss) = 38. 4 at Phi = 64. 8 Deg.

[a ey

Cluster Et_mn §2\
Cl ust er s: ETHAT CLUSTERI NG =
$CLP: Cone-si ze=?, Mn Tower Et="2
EM HA Nr Et Phi Et a DEt a #Tow EM Et Tr ks =
& & 3 414.8 270. 8 0. 40 0. 20 O 0. 733 18 107. 8 ~ = OCDO:
. m 2 368. 6 93. 6 -0.18 -0. 36 O 0. 424 5 35. 2

PHI : o2

ETA: 0. 17
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w Typical detector

] Calorimeter
Intera_ctlon Magnetized volume Induces shower
point Tracking system in dense material Absorber material
v
— ol 0
# 1 \ 7
Innermost EM layers \ T /

tracking layers

o fine sampling Hadronic Muon detector
use silicon

layers

a
m ﬁl ...................... “ Experimental Signature
of a quark or gluon
m Bend angle - momentum

, F "Missing transverse energy”

Signature of a non-interacting (or weakly

interacting) particle like a neutrino
Boaz Klima (Fermilab) 9th Vietnam School of Physics 23
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w Jet detection

Jet structure = energy flow

e Therefore the basic tool for jet detection and measurement is a
segmented calorimeter surrounding the interaction point

Incident Particles

Energy and
Position

e Basicidea: induce a shower of interactions between the incident
particle and dense material; measure the energy deposited

Boaz Klima (Fermilab) 9th Vietnam School of Physics 25
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w Sampling calorimeters

For reasons of cost and compactness, typically measure only a fixed
fraction of the ionization (the “sampling fraction”)

Alternate dense absorber with sensitive medium
Absorber can be

— lead, uranium (for maximum density), steel, copper, iron (for
magnetic field), tungsten (costly)

Sensitive layers can be

— scintillator, wire chambers, liquid argon, silicon (cost, specialized
applications only)

Boaz Klima (Fermilab) 9th Vietnam School of Physics 26
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Energy Resolution

o Usually dominated by statistical fluctuations in the number of shower
particles

— NoxE
— 8N/N o 1/+E,
o Often quoted as “X%/VE” (E in GeV)
e Typical real-life values:
— 15%/VE(GeV) for electrons
— 50%/VE(GeV) for single hadrons
— 80%/VE(GeV) for jets

e Other terms contribute in quadrature
— “noise term” (independent of E; dominant at low E)
o electronic noise
— “constant term” (constant fraction of E, dominant at high E)

o calibration uncertainties, nonlinear response, unequal
response to hadrons and electrons

Boaz Klima (Fermilab) 9th Vietnam School of Physics 27
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e Cheap, straightforward to build,
but suffer from radiation damage

CDF, ZEUS

“Classic” design
Wavelenth-shifter
readout bars

il Wavelenth-shifting
i}y fibres

More compact, more
flexible

Boaz Klima (Fermilab) 9th Vietnam School of Physics 28



w Liquid Argon

o Stable, linear, radiation hard

e BUT operates at 80K: cryostat DJ
and LN, cooling required |‘:_°l‘t!1de“dcap
iquia argon
e.g. H1, SLD, D@, ATLAS cryostat vessel
> Readout boards

4
>

Absorber plates

LA
e

2

_/:‘fg\
1‘\.’ :42

o, s .:.:.
¥

s

ATLAS “accordion” EM calorimeter
Boaz Klima (Fermilab) ' 29




Hadronic = il

Tracking system Hadronic layers

¢ “"Tower” ¢ =,
e =TI ///ﬁ \_Lj/)\ﬁ
% \< ] I Jin () C T e = =

>, _///
: vl //'f/
4 ==Fr e

EM layers |
fine sampling  “Tail catcher” L \ N

Tail catcher

REIA TOHE

Forward
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Central _
Calorimeter @

Boaz Klima (Fermilab)

Tracking
Volume
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D@ Calorimeter Performance

L4
L. 2

Electrons Jets Inclusive jet cross section
}ﬂ C - CTEQ4H] w=05E% R, =13 01 <y, <07
G L J:D" 05 .
0 00 S| L Dooesnom ¢ |
] C [fz 0 poran R Rl p s a0 ¥, 4 $+ i %
4 600 - g +
E 500 C I I CIF (9495)
= Eoa ¥
e E Fbbcsmasobsaababsii
g 400 ¢ S ) Dg errors
C 05 ""0 D0 B0 B0 EMO WO A0 £0
300 E, GeV)
L e, . =
200 - 3107 E PP =Yy + X, ppr>12 GeVic M|SS|ng ET
L CDF (85 pb™) =
100 | ? 0% (3 pb”) resolution
f .. 0 vy + X events
050 55 60 65 70 75 80 85 90 95 100
mp (GeV)
: CDF
m,, = 80.483 + 0.084 GeV
D@ electrons i H
0 ‘1I0I 20 30 ‘ I4I0I ‘5‘0‘ - IBO‘ B ITIO
E (Gel)
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Using Additional Information

° It is possible to augment the calorimetric B CTRK  GpAL Run 2542 Event 63750 - CTRK/ECAL/HCAL .

[ EcaL

measurements using charged track
information in various ways:

— E(jet) = = E(towers without tracks)
+ > p(tracks)

— E(jet) = agy X E(towers without tracks)
+ a,,4 X E(towers with tracks)

— E(jet) = agy = E(identified =° clusters)
+ a, 4  E(other cells)

OPAL 3-jet event
e Usually in ete colliders, E(jet) is

defined from a constrained fit to Jet energies are calculated

the overall event kinematics including including charged particle

the requirement that=E=+s momenta from the tracker
(red bars)

Boaz Klima (Fermilab) 9th Vietnam School of Physics 34
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Sections
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Triggering

e Accelerator luminosity is driven by physics goals
— e.g. to find the Higgs we will need ~ 10 fb! of data
— requires collision rate ~ 2 x 1032 cm2 s1

e But low-E; inelastic cross sections are much much higher than the
processes we are interested in saving

— even with beam bunches crossing in the detector every 132 ns,
get >1 inelastic collision per crossing

e Triggering challenge

— Real-time selection of perhaps 50 events per second (maximum
that can be written to a tape) from a collision rate of 10,000,000
events per second

— usually based on rapid identification of
e high energy particles
e comparatively rare objects (electrons, muons...)

Boaz Klima (Fermilab) 9th Vietnam School of Physics 36
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Typical trigger scheme

e Detector
e 10MHz collisions
e Level 1 trigger
— hardware based, looks at fast outputs from specialized detectors
e accepts 10kHz
e Level 2 trigger
— microprocessors, fast calculations on a small subset of the data
o accepts 1 kHz
e Level 3 trigger
— computers, fast calculations, all the data is available
e accepts 50 Hz
o Offline processing

— computer farm to process all the data within a few days of
recording

— streaming and data classification
— Reprocessing with newer versions of the reconstruction program

Boaz Klima (Fermilab) 9th Vietnam School of Physics 37
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w Jet Triggering

 Unlike most physics at hadron colliders, the principal
background for jets is other jets

— because the cross section falls steeply with E;, lower N
energy jets mismeasured in E; often have a much

higher rate than true high E; jets (“smearing”) ]

e Multi-level trigger system with
increasingly refined estimates
of jet E;

e Large dynamic range of cross
section demands that many
trigger thresholds be used e.g.

— 15 GeV prescaled 1/1000
— 30 GeV prescaled 1/100
— 60 GeV prescaled 1/10

— 100 GeV no prescale

Eft.

1
038
0.6 -
04 -

02

0-

0 5 10 15 20 25 30 35 40

| NI L2 pass
{ I 1L2+L3 pass
1 Il L3reject

DO L3
simulation

Factor of ~ 30

rate reduction

Ety;c

Boaz Klima (Fermilab) 9th Vietnam School of Physics
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w Jet Algorithms

e The goal is to be able to apply the “"same” jet clustering algorithm to
data and theoretical calculations without ambiguities.

e Jets at the "Parton Level”
i.e., before hadronization

— Fixed order QCD or (Next-to-) leading logarithmic summations to
all orders

Leading Order

¢ outgoing parton
Hard scatter

Boaz Klima (Fermilab) 9th Vietnam School of Physics 39
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e Jets at the particle (hadron) level

The idea is to come up with a jet algorithm
which minimizes the non-perturbative

hadronization effects

hadrons

fragmentation process

outgoing parton

Hard scatter

Particle Shower

Calorimeter

e Jets at the “detector level”
hadrons

fragmentation process

outgoing parton

Hard scatter

9th Vietnam School of Physics 40
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w Jet Algorithms

e Traditional Choice at hadron colliders: cone algorithms
— Jet = sum of energy within AR? = An2 + A¢2

Sum contents of cone

e Traditional choice in e*e™: successive recombination algorithms
— Jet = sum of particles or cells close in relative k;

Recombine

Boaz Klima (Fermilab) 9th Vietnam School of Physics 41
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w Theoretical requirements

o Infrared safety
— insensitive to “soft” radiation

¢ Collinear safety O .

-------

e Low sensitivity to hadronization
e Invariance under boosts

— Same jets solutions independent of boost
e Boundary stability

— maximum E; = Vs/2
e Order independence

— Same jets at parton/particle/detector levels
o Straightforward implementation

Boaz Klima (Fermilab) 9th Vietnam School of Physics
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w Experimental requirements

Effect of pileup on Thrust

e Detector independence k; algorithm jets, E, > 30 GeV

— can everybody implement this?

=
=

 Best resolution and smallest biasesin ™| pgmc
jet energy and direction gl +
. Stabiliy | D pemesaes
— as luminosity increases - — WG pil e ﬁ |
- insensitive to noise, pileup and s ::: 2;jt;&2 I % +
small negative energies N HH ﬁ
o Computational efficiency : i %H +|+ 1l
e Maximal reconstruction efficiency o ﬁ ; Hﬁ
« Ease of calibration om | i H* L
- A toy
° A % oS L T

L
05 055 08 0.85 o7 075 08 0.85 [+1:} 095 1
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w Cone Jets

e Use D@ as an example:
Cone jets are defined by a number of algorithm parameters

» Cone Size (ie radius, R =0.3,0.5,0.7 in 1| x § space)

» Seed or starting point for iterations (D@ uses | GeV E| towers)

+ o @ Calonmeter E;

@ Jet Seeds

eMinimum ET requirement = 8 GeV

Boaz Klima (Fermilab) 9th Vietnam School of Physics 44
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*Clustering begins w/ seed tower > 1 GeV

*Preclusters are formed by combining seed towers w/
their neighbors (reduces # of jet computations)

*Draw cone around seed/precluster, find ET weighted
centroid, recalculate jet centroid, repeat until stable

Standard Snowmass delinitions

Lost jets
Nier = Et }‘ﬂ' jannn I Seed tower energy
2 ET I distribution
i for 18-20 GeV jets
N 3 ETIEJ 2000 -
t= B .
¥ Y. ET 1500 - | Inefficiency
1000 -
Er=% Ep=) Esin(¢;) [
1 : o 1G] 1 10
Saad EfTa)

SEEDS for 18—2008Y Jotw
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Jet Energy Calibration

1. Establish calorimeter stability and uniformity
— pulsers, light sources
— azimuthal symmetry of energy flow in collisions
— muons

2. Establish the overall energy scale of the calorimeter
— Testbeam data
— Set E/p = 1 for isolated tracks
e momentum measured using central tracker
— EM resonances (n°- vy, J/y, Y and Z — e*e™)
e adjust calibration to obtain the known mass

3. Relate EM energy scale to jet energy scale
— Monte Carlo modelling of jet fragmentation + testbeam hadrons
e CDF
— E; balance in jet + photon events

e DO
Boaz Klima (Fermilab) 9th Vietnam School of Physics
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Overall Correction Factor

Correction Factor
| T

-
I

——

nl=0.0

—  HNeominal

_______ High,Low

MR |
lin
Uncerrected Jet E- (Ga¥)

Fractianal Errar

by 3,00
—  High Errer
_______ Low Errer

.....

Boaz Klima (Fermilab)

[
Uncorrected Jet E; (GeV]

he

E+(GeV) CorrFac

20 1.08 * 0.030
100 1.15+ 0.017
430 1.12 + 0.025

Uncertainty reduced
by 30% in 1996-1998

. . . thanks to a lot of hard work
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Jet Resolutions

e Determined from collider data using dijet E; balance

A =

E'[‘l B ET:'

2 |—';>

E. + E4

G

Ofr
ET

g

120
104
B
&
4
Ml
L]

Il < 0.5
Er=140 GeV

ol )= I, W R

.2 0.4 0.5

{Em — En)/{En + Er)

ET: 50GeV 100 GeV 450

O [ET: 0.105

Boaz Klima (Fermilab)

0.075

GeV

0.035

In the limit of no

soft radiation

[ ]

SIEL/E,

0ns

75%
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w Simulation tools

e A "“Monte Carlo” is a Fortran or C++ program
that generates events

e Events vary from one to the next (random

rimete, jet
=

numbers) — expect to reproduce both the %“FH A
average behavior and fluctuations of real data EM
. Event Generators may be \l ....... S R
— parton level: %
e Parton Distribution functions g §
e Hard interaction matrix element = ®
_ and may also handle: g
o Initial state radiation g
e Final state radiation s

e Underlying event
 Hadronization and decays
o Separate programs for Detector Simulation
— GEANT is by far the most commonly used

Boaz Klima (Fermilab) 9th Vietnam School of Physics 49
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D5 Jet cross sections at Vs = 1.8 TeV hd

R = 0.7 cone jets

o Cross section falls by seven orders of magnitude from 50 to 450 GeV
* Pretty good agreement with NLO QCD over the whole range

107 ¢
E E ; ; ; ; ; ; E
é 107 CDFPrellmlnary """" P Y
\ | | | | | | 108 o D@ Data abs(f) < 0.5
ol [uewe’ e 100495 | §
g | J]m::zopb'j O 1992-93 “‘é-mé_ - JETRAD
. NLO QCD prediction (EKS) £ CTEQ3M, 2 = 0.5 ™
r ‘ ‘ ‘ ‘ ‘ o
B [ RPN [UNNSR I 7o S = W, o o107 F
10 cteq4m H—Et/2 Rsep—].S E
10-2; %1{}3_
: %
r o
107l i
I N ?02‘
al : : H : B : L
20 M <07 N < t D@
[ : : jet : : @ L
g | ‘ | | | N 10 ¢ Nl < 0.5
07 -~ Statistical-Errors-Onfy— >0 : Jet )
10-67\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\ L 1 :_IIII|IIII||||||||II|II|I|IIII|IIII|IIII|II|
50 100 150 200 250 300 350 400 o0 100 130 200 250 300 320 400 450 300

Transverse Energy (GeV) Ey (CeV)
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Highest E; jet event in DO

YVEES

CAL+TKS R-Z VIEW 3-5EP-18937 10:33 |Run 87288 Event 22409|25—]]EE—1994 n21z2o0
Quotes from Postcards ChEW £1 sune 858 o0 Gev
sold at Fermilab with VTR n2s o msed tem) W i<k 2
this event’s displays: / 0 2= 3
0 3<E< 4
/ /] N
; } B s<E
1. These two jets of ~ -
particles recorded by the alk e
D@ experiment at EH ““'ﬁm‘@
Fermilab probe distances - | =F L | =
agge . o Y
a billion times smaller
than an atom
L A
L
2. Two jets of particles | rvon
observed in the D@ , k / / /' Erec
experiment at Fermilab Taus

probe the smallest
distances ever examined

by humans E., =475 GeV, 1, = -0.69, x,=0.66 H M,, =1.2 TeV

__ OTHER

Ep, =472 GeV,n, = 0.69, x,=0.66 Q? =2.2x10° GeV?
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What's happening at high E;?

CDF 0.1<|n|<0.7 DO |n|<0.5

(DATA-THEORY)/THEORY
[ CTEQ3M, = 0.5 E™, Rp=1.1
i2s CDF Preliminary E‘ :
[ il
100 Run 1B (87 pb™) Q c 0.25F
) f with run 1A results overlayed S I + + \
NLO QCD CTEQ3M scale Et/2 E\ 0 '_9.u!,..".,.n!!.‘..ﬂ.f.*_.. ST TON R
% | . % | § : \
25 : ' H I :
) ’ ¢¢+’{’:§ 2-025F
Paal s & [ e0fbaa absn) <05 (32pb7)

i I T T T S P R e
o @iﬂ“ “"‘“D 50 100 150 200 250 300 350 400 450
-75- ET[GEV)

Ll oot he i L L
T'ransverse Energy (GeV)

NB Systematic errors not plotted

So much has been said about the high-E; behaviour of the cross
section that it is hard to know what can usefully be added
52
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w The D@ and CDF data agree

e D@ analyzed 0.1 <|n| < 0.7 to compare with CDF

— Blazey and Flaugher, hep-ex/9903058 Ann. Rev. article

(Data-Theory)/Theory

Uncertainty (%)

e Studies (e.g. CTEQ4HJ distributions shown above) show that one can
boost the gluon distribution at high-x without violating experimental
constraints*; results are more compatible with CDF data points

05+

30F
20

10F

CTEQA4HJ, u = 0.5 BT, Rep= 1.3

© CDF (94-95) Data

A DO (94-95) Data ,

r G600 000 o
900%¢A¢%A<>A ‘?OA A<>i> £>A<>A<>A<>A A<>A » A() N i <> 4<%

0.1< |, <07

%
.

&

o CDF (94-95)
A DO

SOVEEEH05000OOOOO Y

50

100 150 200 250 300
E; (GeV)

350 400

450

*except maybe fixed-target photons, which require big k; corrections before
they can be made to agree with QCD (see later)
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1.4

1.2

0.8

0.6

0.4

0.2

Jet data with latest CTEQS5 PDF's

Incl. Jet : p{ * do/dpy

(Error bars: statistical only)
14% < Corr. Sys. Err. < 27%

L]

L]

CDF data
' |
| Ratio: Prel. data/ NLO QCD (CTEQ5M | CTEQ5HJ) CDF
| CTEQS5M: oo
I CTEQS5HJ: norm. facor : 100
i§!!-‘£!i§§—;4—.:;—-§;—“—i % {
{ii’if te

Data / CTEQ5M

- CTEQ5HJ / CTEQ5M
CDF Data ( Prel.)

— CTEQ5HJ

CTEQ5M

50

100

150

200
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Pt

250

300

350 400

1.4

1.2

0.8

0.6

0.4

0.2

D@ data

he

| Ratio: Data/NLO QCD (CTEQ5M | CTEQ5HJ)

CTEQSM : o _ 24124 1.04
CTEQSHS: X = 25704 MO'M. factor -, g

P I % & X I
— $

[

Incl. Jet : p{ * do/dp; .

L]

Error bars: statistical only

8% < Corr. Sys. Err. < 30%

Data / CTEQ5M
— — — - CTEQ5HJ/ CTEQ5M

DO data

- - — - CTEQSHJ

CTEQ5M

100 200 300
Pt
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§107 . e 0.0< l""ll < 0.5
8 s R P 0.5<|In|<1.0
e D@ inclusive cross sections up to = . 1, + 1L0<n[<15
Inl = 30 _ = . Y e 2.0<n<3.0
e Comparison with JETRAD using R I,
CTEQ3M, u — ETmaxlz Elos .
| ; 3
1:-0.0S|T]|<03.5 N
r ; ; ; N . L #
. DY Hr—'JJmm.Jr/
r ; : : : : 10710 ‘ Ty . 400HE‘ EOE} V)
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I'E 50 100 150 200 250 300 350 400 450 500
~ |[.05<p<10 =~ 1 :
< T B R B . t : 1 1 1
©  liesssesseenesteec®c* * — T of seseeccegese o
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w Triple differential dijet cross section

d’oc

1 Trigger Jet
0.1<|n|<0.7

dE1Td771d772

Beam line
reliminar
2 CDF Prel y
Probe Jet ET>10 GeV o Bl < mal € 0.7 EM 0.7 <inyl < 1.4
0.1<|n|<0.7, 0.7<|n|<1.4, Wt ‘ e B, |
1.4<|n|<2.1, 2.1<|n|<3.0 13, o pr M
02£01 <lpl <07 \ 02f .
01 el §n1- . h*"
[1] g&..‘_HLqi—f_’__ |]E : L]
;.i CDF Preliminary :21 g:;:
5 e 01 < <07 w0 Em;-
Lé " 0T Il <4 O [ Srenstie Uncatanty zzz— Systematic Uncatainty , | ,
?g : ;j. z :TP: z ig) 50 100 150 200 250 SHUET:E:IS]I](G?‘IVI) 50 100 150 200 250 BIJUET:EEI](Galel]‘Ifl)
o CTEZ 4HJ' 0g e < Imal < 2.1 8“5:2'] <l € 3.0
~ MRS DOp o5t | ull-‘i;-d]
- CTEQ 3M 04t | foat
JETRAD 03¢ n03F
02f b Fozf
01f ‘ } H ! §l]1—
0 l]; H 7 +
01F ﬂ 0.1F
0zt gnzi—
wF ' y A 3
13 E:ﬂf-
b obl, . Systemati ity | 2 pbo_L, Systematic Uncartainty |,
S0 e im0 s 2o w0 w0 R0. 550 00 e oM 8 R
) E (Bev) E, (GeV) E (GeV)
Boaz Klima (Fermilab At high E;, the same behaviour as the inclusive
cross section, presumably because largely the same events
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Can be used to extract or constrain PDF's

56



w Tevatron jet data can constrain PDF’s

Boaz Klima (Fermilab)

For dijets:

10

. D@ Central + Forward Jets

CDF/D@ Central Jets

ZEUS 95 BPC+BPT+SVTX &
H195SVTX + H196 ISR

[ ] ZEUS96-97 & H194-97 prel Tevatron

- [/ Eees

] CHORuUS

? D CCFR o 2_ HERA

- | ] INR-IHEP
= || LAB E97-010
- | | BCDMS

= [J]]] nmc s i E

- W stac i iy T Target

Fixed

x1(2)=_2+( )\E exp(n;) and Q°=Ey ;Ep ,

2 ETl
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w What have we learned from all this?

e Whether nature has actually exploited the “freedom” to enhance
gluon distributions at large x will only be clear with the addition of
more data

— with 2fb-! at the Tevatron the reach in E; will increase by ~70 GeV and
should make the asymptotic behaviour clearer

— With higher Ecm there will be a significant increase in the number of high
ET jets

e whatever the Run II data show, this has been .. _

a useful lesson: good things

— parton distributions have uncertainties,
whether made explicit or not

— we should aim for a full understanding
of experimental systematics and their

correlations | 4
It's a good thing

e We can then use the jet data to reduce these uncertainties on the
parton distributions
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