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Lline

Introduction

- Processes under study (ee, ep, pp)
- Kinematics

- What is a jet: jet algorithms

Jet Characteristics

- Jet energy profile

- Differences between Quark and Gluon jets
- Color coherence effects

Jet Production at Tevatron

- Jet Calibration

- Inclusive jet cross sections (cone and K;)

- Jet cross section scaling

- Dijet production and search for quark
substructure

Final Remarks

This talk is NOT an inclusive survey of Tevatron QCD
results. It is meant to be an intellectual “appetizer” on jet
physics rather than the "main course”. Some plots may not be
the absolute final results; it is what I was able to find on the web!
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e*e” Annihilations

LEP1/SLC E_ =M,=91.2 GeV
LEP2:  M,<E__<~200 GeV

ere” —> (Z9/y)" —> hadrons

1ph

Perturbative phase .
a<1 (Parton Level) gc;nl-perturbatlve phase
S

Fixed Order QCD

e q e g e

e+ e+ e+ 2
0(0‘ so) 0(0‘ sl) aa S )
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Funtevent 4093: 4006 Date 930027 Time 22439CtrkiM= 2 Sump= 86,8 Ecal{N= b SumE= 1,6} Hcalth= 4 SumE=
Ebeam 45,658 Ewiz 90,8 Emizs 0,6 Whx  -0,06, 0,08, 0,36} HMuonfM= 2) Sec Ytx{N= 0} Fdeti{W= 0 SumE=
Bz=4,350  Thrust=0,3993 Aplan=0,0000 Oblat=0-6110 Spher=0,0003

10 20 o Gel
Centre of screen iz € 00000, 00000,  O,00000 [T 1 |
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Funtevent 4093: 1000 Date 930527 Time 20716Ctrki{N= 33 Sump= 73,3} EcaliN= 25 SumE= 32,6} Hcal{M=22 SumE= 22,6}
Ebeam 45,608 Evis 99,9 Emiss -8.6 Wtx { -0,07, 0,06, 0,80 Muoni(MN= 0¥ Sec Wtx{M= 3% Fdeti{M= 0 SumE= 0,03
Bz=4,350 Thrust=0,9872 Aplan=0,0017 0blat=04248 Spher=0,0073

5 1o 20 oo Ge
Centre of screen is (0 00000, 00000, 00000 [T 1 |
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Runievent 25423 B3750 Date 311014 Time 35925 CtrkiN= 28 Sump= 42,1} EcaliN= 42 SumE= 99,8} Hcali{M= 8 SumE= 12,73
Ebeam 45,609 Evis 86,2 Emizs 5,0 Ytx ¢ -0,00, 0,12, -0,30% MuoniM= 1 Sec WexiM= 0» FdetiM= 2 SumE= 0,00
Bz=4,350 Thrust=0,8223 Aplan=0,0120 Obl at=0,3338 Spher=0,2463
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Nikos Varelas CTEQ Summer School 2001




e'e” —>qqg

B CTRK  pAl, Run 2542 Event 63750 - CTRK/ECAL/HCAL .
[ EcaL

O] HCAL

E/GeVe” .

e I
E - ]
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o
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ep Interactions

k1
27.5 GeV
e
proton remnant
820 Gev P :
k=(E, k) 4- momentunfor incominge’
k'=(E,k") 4 - momentunfor outgoinge
Q°=-g°=-(k-k)*  4-momentuntransfer
2
- Q partonmomentunfraction
2P [
y= Plg_E-E fractionalenergy trasfer
Pk E
Q2
s=(P+k)* = 2Pk == electron protonmasssquared
Xy
S=(xP+k)* = x electron - parton mass squared

Js =300GeV at HERA
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“"Direct” Photon Process

20
o
ST UBAL transverse energy
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"Resolved” Photon Process

5
H
g
&
_k
-3

Nikos Varelas CTEQ &

10



pp Interactions

Pr=Psin, n = - In(tanb/2) Jet~ Detector

Soft collisions = small P; /
Hard collisions = large P;

p—>f | X2 a ‘ % | f le= T
1 1
(UUd) (l_JUﬂ)

S=X XS

Jet |\E:2TeVatFermiIab|

e fa(X,M): Probability function to find a parton of
type ainside hadron A with momentum

fraction x, - Parton Distribution Functions

Fraction of hadron’s momentum carried
by partom

K. 4-momentum transfer related to the
“scale” of the interaction

—

e O. Partonic level cross section
Nikos Varelas CTEQ Summer School 2001 11



pp Interactions cont'd

BEME
[JICD/IMGE

QFHE

Complications due to:

- Parton Distribution Functions (PDFs)
- “Colored” initial and final states
- Remnant jets - Underlying event (UE)

Nikos Varelas CTEQ Summer School 2001 12



High-E; DD Event

CAL+TKS END VIEW 25-MAR-1997 12:22

Run 87288 Event 22409

‘25-DEC—1994 02:20

Max ET = 344.6 GeV
MISS ET(3)= 9.4 GeV
ETA(MIN:-13-MAX: 13)

BEM

[]ICD+MG

[ HAD
MISS ET

E;, = 475 GeV,
N, = -0.69, x,=0.66
E;, =472 GeV,

N, = 0.69, x,=0.66

MUON

_ELEC
TAUS
VEES

_OTHER

My, =1.18 TeV
Q2 = 2.2x10°5 GeV/2

CAL+TKS R-Z VIEW 25-MAR-1997 12:22

Run 87288 Event 22409

[25-DEC-1994 02:20

B 1<E< 2
[ 2<E< 3.

0 3<E< 4.
< 5.

\ B 5<E

MUON

_ELEC
TAUS
VEES

__OTHER

Nikos Varelas CTEQ Summer School 2001
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Kinematics in Hadronic

Collisions

Particle

Rapidity (y) and Pseudo-rapidity (n)

1 E+pZ

1 1+ [ cos6

yE

2 E p, 2 1 [ cosf

[ cosd =tanhy where 8= p/E

Inthelimit £ - 1(or m<<

1. 1+cosé@

=Vm=0=—In
L y\ ’ 2 1-cosé

CM LAB

4’7* (] & Thoost
_,7 ,72 *

MNiaw = n T poost

Nikos Varelas CTEQ Summer School 2001
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Kinematics in Hadronic Collisions

cont'd

Transverse Energy/Momentum

Ef = p,+py+m° =pf+m*=E*~p;

p; = psiné

Invariant Mass

p, = Etanhy
E=E, coshy
pz = ETSInhy

1
My = (Pt + P5)(Py + Pyy) /

:mlz+m§+2(E1E2_ pll:p2)

L1 [
my,

1'2_’

- 2E,E.,(coshAn —cosAg)

Nikos Varelas CTEQ Summer School 2001 15



What are Jets ?

;/\ - hadrons -

\ /Fragmentation process
outgoing parton
a Hard scatter

Colored partons from the hard scatter
evolve via soft quark and gluon radiation and
hadronization process to form a “spray” of
roughly collinear colorless hadrons —> JETS

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

JETS are the experimental signatures of
quarks and gluons

Jets manifest themselves as localized
clusters of energy

Nikos Varelas CTEQ Summer School 2001 16



Evidence for Jets

e *e " collisions proceed through an intermediate
state of a photon (or Z). such collisions lead to quark
antiquark. Presence of 3rd jet signals gluon radiation

(gluon jets are broader
than quark jets)

E1} Ez) E3

Typical ee event with 2 quarks
and one gluon. (Gluons exist and
are manifested as jets).

Quark-quark collisions
produce clear jets as well:

*  two 500 GeV E; quark jets
from q q scattering in DO.
(color indicates energy
deposit)

Nikos Varelas CTEQ Summer School 2001 17




Jet Algorithms

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

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

Nikos Varelas CTEQ Summer School 2001
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Jet Algorithms cont'd

+ Jets at the "Particle (or hadron) Level”

hadrons

Fragmentation process

outgoing parton
Hard scatter

- Jets at the "Detector Level”

Particle Shower

Calorimeter

hadrons
Fragmentation process
outgoing parton

Hard scatter

Nikos Varelas CTEQ Summer School 2001 19



Jet Algorithms - Requirements

- Theoretical:

- Infrared safety
- insensitive to “soft" radiation

- Low sensitivity to hadronization
- Invariance under boosts
+ Same jets solutions independent of boost
- Boundary stability
+ E+ max =Vs/2
- Order independence
- Same jets at parton/particle/detector levels
- Straight forward implementation

Nikos Varelas CTEQ Summer School 2001
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Jet Algorithms - Requirements cont'd

- Experimental:

Detector independence - Can everybody
implement this?

Minimization of resolution smearing/angle bias
Stability w/ luminosity

Computational efficiency

Maximal reconstruction efficiency

Ease of calibration

Nikos Varelas CTEQ Summer School 2001 21



Jet Finders

(Generic Recombination)

Define a resolution parametery,,

» For every pair of particles (i,j) compute
the "separation” y;; as defined for the
algorithm 5

_ M J

=
E\/is

* If min(y;) <y, then combine the
particles (i,j) into k
- E scheme: p;=p;+p; —> massive jets
- E, scheme: E.=E +E

P+ D
“|p +p)]

Y

p=E

+ Tterate until all particle pairs satisfy

YiJ>YCuT
* No problems with jet overlap

. Less sensitive to hadronization effects

Nikos Varelas CTEQ Summer School 2001
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The JADE Algorithm
2
M =2EE, (1-cosé,)

M 2
mln(yu) mln( ) < ycut

Els

(E,is is The sum of all particle energies)

* Recombination: p,=p;+p;
* Problems with this algorithm

- It doesn't allow resummation wheny,_,; is small

- Tendency to reconstruct "spurious” jets

I.e. consider the following configuration where two
soft gluons are emitted close to the quark and
antiquark

The gluon-gluon invariant mass can be smaller than that of
any gluon-quark and therefore the event will be
characterized as a 3-jet one instead of a 2-jet event

X 3-Jet event V' 2-Jet event

Nikos Varelas CTEQ Summer School 2001 23



The Durham or "K;" Algorithm

M ij2 =2min(E?, Ejz)(l—COSHij)

For small 6,

2
M7 =2min(E’, E’) —(1—¢+---)E

2
= 2min(E?, Ef)%@: min(ks ks )

* Recombination: p,=p;+p;
* It allows the resummation of leading and

next-to-leading logarithmic terms to all
orders for the regions of low vy,

\0\(( S
e — M

Nikos Varelas CTEQ Summer School 2001 24




A "K:" Algorithm for hadron
colliders

Input: List of Energy preclusters (AR=0.2)

Yes

<

Combine i+

Nikos Varelas CTEQ Summer School 2001
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The "Cone” Algorithm

",
DTN
IO
OO
VSXUMNIAN, .
AN
ORIXAKAIANON /
T ABOBONOODARIOR
A.n..w.l-um.%w.w.“.“&&%.w&&&&%e
NS XN KON XN AR
e tat el nh el 4
XA AR O 0
AN 11.11&. OROMKXAODRBO
XK N XXX AN 0
ot ntoh et ot ottty bt S
e el ety
KRR AR XA XARADN
e e e e e 4
R A X X NN AX))
IR KIRNASNNXINXNANNT b
DOIXARN 11:..11 Wt .~1¢¢~¢. 11 --
XA XA R XA AR DRI e
XN KR X R A X R AN A AKX X X7
X ONXARIDRBODNNK Yo, RN :- ,
AN DA D KK
L e G e e
11.1..¢.a¢1-1 v.~l-a¢.~:¢¢~¢~ 1--¢
L e e bt et on
XN A XX AN KX KN
e e e L e e
NN KRN X 11 ORNXDDRDIONNLY
AKX XN XK XN A XA XN RN 7
X XA XK XN KX DR KARIAXNRY
W e i et e e et et
e bt 0 ot ol by
XN AN XA XN A XXX AN
RN A N X R KA NI AN K7
AN XN R INNVIADN OXAAON
AR E 15 ) ?xs.&%\ N
i ORI
) MANRXNS
TS I.ﬂu\.~.¢ 0 3:¢\~ (N7
.....&@..?~.......§§..M|$~..&..H..~.~.x¢.~..§¢¢~
R AN O RNAXARNRNS
AN KA XA XN XA
OO BINRARYR AN
A XA RN KA NN BN
Iif.la. oty RN
XA R RN XA KD XAXAD
XA N XA X ARARIXA XIS
XN XA ORINONAAXY
RO NXAONNAN
OAOMBONXAXNXAONNANANYT
R RAAAKRNXRXAD
BB ODROAINIAXANXN
KT ASAMNINXAIMINY
XA ANRAORAN AN
XA XK KON NN
IR .\3.1%\% I
X7

ove S99 9V A
SIDNOY N \ A

tation of a jet
that is given by recombination jet finders
* It clusters particles whose trajectories

itive represen

A more intu

TR? of (n,¥) space

A

e In an area

Dijet events

“Underlying Energy”

180

90
Azimuth angle (@)

26
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The “Cone” Algorithm cont'd

» It requires "seeds” with a minimum energy
of ~ few hundred MeV (to save computing
time)

- Preclusters are formed by combining seed
towers with their neighbors

» Jet cones may overlap, so need to
eliminate/merge overlapping jets

Mergeif shared E;> 0.5 x min(E;{,Er,)

Merge/split criterion: DO —> 50%
CDF —> 75%

* Not all particles are necessarily assigned
to a jet

Nikos Varelas CTEQ Summer School 2001 27



The DO/CDF “Cone” Algorithm for Run I

InRunI: DOand g _ g o),

CDF used Ei = Ef-sin(¢"),

Snowmass E, = E'-cos(d),

clustering and R DI

defined angles via S

momentum : L VB + (B
g —1HilHlG =+ [ 7 :l .

vectors E;

icC : \Joi-n9?+@-¢°2<R (1)

In the Snowmass algorithm a “stable” cone (and po-
tential jet) satisfies the constraints

o dece Ejn’ ¢ _ }uice Ej¢'
N = y @ = : (2)

(i.e., the geometric center of the previous equation is
identical to the Ep-weighted centroid) with

=) Er. (Snowmassscalar E;) (3

icC HJ
n* = —In (tan(—}) ,
D0 and CDF’s Angles: . 2
¢ = tan"(g7).
CDF’s E: DO's E.-
E; =E’ -sin(0’), E'=) E°. E’ :;E}
iCJ ,

Nikos Varelas CTEQ Summer School 2001 28



The "Cone” Algorithm at the NLO Parton
Level ’

Rcone,’//
» Apply Snowmass recipe

- Each parton must be withinR_,, (=0.7)// ./ =2
of centroid ;

» The two partons must be within
RsepXReone Of ONne another, where R,

sep”'“cone

varies from 1 - 2 (R,,,=1.3 for DO/CDF)

- introduce ad-hoc parameter R, to
control parton recombination in the
theoretical jet algorithm

- it doesn’'t generalize to higher orders

If jets from separate events are overlaid then
they can be distinguished at 1.3xR_,,.=0.9 for

0.7 cone jets:

DO Data

L B B B B N B S B N N N R R B
-

Nikos Varelas CTEQ Summer School 2001 29



Jet characteristic

Jet Profiles:

0 How fat/thin jets are?
[0 Can we tell the difference between
quark and gluon initiated jets?
Color Coherence:

0 Is there any preferred direction of
soft jet emission?

0 Can color coherence effects survive
the hadronization process?

0 What is the relative importance of
perturbative vs. non-perturbative
effects?

Nikos Varelas CTEQ Summer School 2001 30



Jet Shape Measurement

jet axis

Calculate average integrated jet

E; fraction as a function of
radial distance from jet axis:

Measure radial ET

flow in 10 subcones
around jet axis in

Ar = 0.1 increments

. narrow jet
o(r) wide jet
0

P(r) = UNjets[Zi ets(ET(r)fET(R))]

The investigation of jet profiles gives insights into the

transition between the parton produced in the hard process

and the observed spray of hadrons

Nikos Varelas CTEQ Summer School 2001
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Jet energy profiles at Tevatron

Central Forward
1E K 1= K
: o z N
0.9 - o 09 o *
- 5 .o
08 — 7 08 Jf
-k -
0.7 - ,,'l 0.7 — I,'l
-7y Il < 0.2 X!
0.6 =/ w=E; 0.6 —
05k 05 b 2.5 < Il < 3.0
C 70 GEV < E; < 105 GEV C _5
0.4 - 4 0.4 Reep™
o ‘ b
0.3 :_ * DO Data, Snowmass 7,9 0.3 :_ ... JETRAD-2, Snowmass 7,¢
0‘2_||||||||||||||||||||| 012_|||||||||||||||||||||
0 025 05 075 1 0 0.25 Q05 0.75 1
r r

Forward jets are narrower than jets in the central
region for similar E;
- forward jets are quark enriched (high-x region)
whereas central jets are mostly gluons (low-x region)
Jets become narrower with increasing E+ (not shown)

NLO (JETRAD) QCD predictions reproduce the
general features of the data, however-...

- Since the jet shape measurement is a LO prediction at
partonic NLO calculation, the theoretical result is very
sensitive to renormalization scale and to the details of
the jet algorithm

Nikos Varelas CTEQ Summer School 2001 32



yrir)

0.8

0.6

04

0.z

IIIIIIIIIIIIIIIIIIIlIIII|IIIIIIIII-LI_I__I_I_‘_L].J—-I-T'I"I'T'I_

_ ="

L --__._.--'__l--- " * -

L -‘_-"' Y -

» ‘:-..-' * -

. + -

_ # OPAL data R=L10 [v-4} —
. + 4 CDF data R=L0 [v-$}

<E;>140-45 GeV

||||‘I+||||I||||I||||I||||I||||I||||I||||I||||I||||:

0 0.1 0z [| ]S 0.4 05 0L.b 0.7 0.5 0.9 1
il

Jet Energy Profiles at e*e-

OPAL performed an analysis technique similar to
CDF for comparison purposes

e‘e” jets are narrower than pPp jets
Can it be the underlying event or "splash-out"?

- Although the CDF data include underlying event, its
effect to the energy profile is not large enough to
account for the difference

Can it be due to quark/gluon jet differences?

- Most probable explanation

- based on MC studies OPAL jets are ~ 96% quark jets,
whereas CDF jets are ~75% gluon-induced

Nikos Varelas CTEQ Summer School 2001 33



Jet Energy Profiles at ep

- Subjet multiplicity rises as jets become more

forward

Consistent with expectations (more gluons) and

HERWIG/PYTHIA

Eef > 17 GeV
(K+ Algorithm) y_,; = 0.01

* Majority of jets are quark _ [

originated for ni¢t<0
» Fraction of gluon jets
increase with nJet

¥(r=0.3)

ZEUS 1995 PRELIMINARY
3
@ ZEUS vp DATA
25 [ EB*>150eV. y.,=0.01
'III..I.I...OI'!‘.-.‘-. LhRTzssssssinhhBit®
i - .
2 - '__/
i .-I------—----====:::"—~_
1.5
1 L PYTHIA HERWIG
| — Resolved + Direct — Resolved + Direct
[= = Only Quarks - = Only Quorks
0:3 e Only Gluons »»** Only Gluens
0 | |
-1 0 1 2
jot

ZEUS 1995 — Preliminary

Ky @ ZEUS Data ¥ > 17 GeV
PYTHIA
———Res + Dir
——gluons
—— quarks

)

LO Processes:
g - qq
4,9, - 49

34



Quark vs Gluon Jets

Deepen understanding of jet substructure

- Quark & Gluon jets radiate proportional to
their color factor:
2

9
Z q| ~Ce=43

g

/gg ~CA:3

Q

<Ny > _ <gluon jet multiplicity >

r E - [] [] [] []
<n,> <quak jet multiplicity >
C,_9
At Leading Order. r~—%2=—=225
C. 4

C C
NN.LO:  r~Z(-0(0,) 0 G~ 0924 ~ 2

= F

N.N.L.O w/ energy conservation; r ~1.7

Nikos Varelas CTEQ Summer School 2001 35



Quark vs Gluon Jets (LEP1)

+ Expectation:
~ Gluon jets are broader than quark jets

- Gluon jets have softer fragmentation function
than quark jets

+ LEP1 measurement (OPAL)

- Select three jet events

quark jet (b tag, E~24 GeV)

quark jet (E~42 GeV)

~97% quark jet
qHared 1500

F 600

150°

gluon jet (E~24 GeV)
purity ~93%

- Repeat analysis with a "KT" (Durham) and
“cone” jet algorithm in order to compare with
Tevatron results

Nikos Varelas CTEQ Summer School 2001 36



Quark vs Gluon Jets

5,1 ] g5 15
3% o5 5€ osf & s 3 ]
e OPAL E 102 ‘5 OPAL
014 ¢ quark jet — % $ quark jet E
& gluon jet i 3 gluon jet .
0.12 |- { 10 3 k, definiton: 3
1 X = ¥, =0.02 3
=3 Jetset 7.3 - =2 - .
= S I S\ VR Herwig 5.6 - S i ]
= — — Aviadnesos | = 1 F =
‘W 008 — |5 - ]
£ k,, definiti 1z : 1
Q p dennition: 1 \\—_L -
g 0.06 y,,=0.02 ] 10 ! = 3
0.04 |3 ] E — Jetset 7.3 E
] 2 B - Herwig 5.6 N
i 10 — — - Ariadne 4.06
0.02 — -
O \\\\‘\\\\‘\\\\‘\\\\ : 7“““”“”“““““‘H ‘ =
ol 0 20 . 4. . o 0. 01 02 03 04 05 06 07 08 09 L1
X (degrees) Xg
s 15
?3 § 1. < @ 8 @ e o o o o o o o PR
8““5 0.5
1. =  Cone definition: 14 r (KT, Char‘ged prTC)=125iOO4
o b macev 1 r(cone,R=30°, ch prtc)=1.10 +0.02
- for R=50°, r~1.26
08 n . o .
z => result sensitive to jet
07 B . I
; ] algorithml!
o OPAL ]
% 05 i -
S o5 f it .
= L OPAL has published an
04 — ] . .
: analysis on gluon vs quark jets
03 ] . . .
b — s 1 which Is amost entirely
2 B -~ Herwig 5. . .
os H — - aaanesos 1 [ndependent of the choice of
O. E 11 ‘ 111l ‘ 111l ‘ 111l ‘ 111 ‘ 1111 ‘ 111l ‘ 111l ‘ 111l ‘ 111l the j a fi ndi ng d gorithm um
0. 01 02 03 04 05 06 07 08 09

r'R
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J) Quark vs Gluon Jets

* Basic Idea:

- Compare the subjet multiplicity of jets with same
E; and n at center of mass energies 630 and
1800 GeV and infer q and g jet differences

1.0

0.8 Different final
ajet 0.6 state gluon

04 fraction

100 200 300 400 E Tiet (GeV) ~ X+/s

1.0

0.8 Obtain gluon
Ujet 0.6 fractions for

0.4 both energies

0.2 from Herwig

100 200 300 400 E*(GeV)~ x+/s
» Rerun kralgorithm on all 4-vectors merged
into jet:
- Recombine energy clusters into subjets
separated by y_,; (a resolution parameter)

* Measure Subjet Multiplicity: AR

Nsubjetlt N di,j = min(p12',i’ p'lz_J) D2

1 > > ycut p'I%,Jet
10° 102 101 10°Vee Yeur - & Nape - L

Yeutr = O Ngjpjee = @
Nikos Varelas CTEQ Summer School 2001 38




Normalized number of jets

o

et ,—"_“
-
V4

o
o

o
~

o
\V)

oooooo

DO Preliminary

¥y 55 < p;(jet) <100 GeV
_ In(jet)| < 0.5
I ! D@ data
, ® Gluon jets
) o Quark jets
m)
2 i 6 8

Subjet multiplicity M

Result is consistent with
ALEPH measurement for
yo~1078

Nikos Varelas CTEQ Summer School 2001

<M—12 /<N, —1>

Subjet Mul'hpllcrry

d ‘. <__Subjets

_____

=1.84+0.15(stat) + + 0.22
(DO Data)

15

=1.91+0.16 (stat)
(HERWIG 5.9)

JETSET L -
HER#G ]
ARIADNE
-=  HLLjal

Loy radel {2, =% 4/3)




Subjet Multiplicity of Quark/Gluon Jets

W) Data vs Theory
D® Preliminary

8 0.1r 55_< pr(et) <100 GeV | .
> 005 F [n(et)] <0.5 ]
N |
c 0 e ¥ " = -
= 005 F _
Q- Gluon jets

o 01f | | | -
S 01f | ]
D 005k Quark jets )
5 o ; ¢ . —
; 0.05 F = DO data )
Q| -~ MC data _
= -01p — Forshaw & Seymour -
g 1 2 3 4 5

> Subjet multiplicity M

e Nice agreement with Herwig

e Analytic resummed calculation predicts

slightly higher multiplicities

Nikos Varelas CTEQ Summer School 2001
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Coherence

- Property of gauge theories. Similar
effect in QED, the "Chudakov effect” observed in
cosmic ray physics in 1955

+ In QCD color coherence effects are
due to the interference of soft gluon
radiation emitted along color connected
partons

- It results in a suppression of large-angle soft
gluon radiation in partonic cascades

- Two types of Coherence:

— Intrajet Coherence

* Angular Ordering of the sequential parton
branches in a partonic cascade

— Interjet Coherence

» String or Drag effect in multijet hadronic
events

Nikos Varelas CTEQ Summer School 2001 4]



Shower Development

“Traditional Approach”

[J Shower develops according to pQCD into jets of
partons until a scale of Q, ~ 1 GeV.

[ Thereafter, non-perturbative processes take over
and produce the final state hadrons

“Local Parton Hadron Duality (LPHD) Approach”

[1 Parton cascade is evolved further down to a scale
of about Q, ~ 250 MeV.

[0 No hadronization process.
Hadron spectra = Parton spectra

O Simplicity. Only two essential parameters (Agcp
and Q,) and an overall normalization factor

q q O
X (Parton Shower)
9(02)§

(Hard Interaction)

(W04 suoJpoH)

Time increases
Distance increases
Invariant mass decreases
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What is an Event
Gener'cn‘or' ?

A "Fortran" program
(typically 1-50k lines of
code) that generates events,
trying to simulate Naturel

o A+ Eventsvary from one to the
Em Y next (random numbers)

CH

& e . Expect to reproduce average
= behavior and fluctuations of
'*% \ g real data
< ® Event Generators include:
-a_j‘ .............. ’ .................. - Parton Distribution
= q|(sf9 functions
= - Initial state radiation
. - Hard interaction
\ - Final state radiation

- Beam jet structure
- Hadronization and decays

g P ° Someprograms in the
q
market:
- JETSET, PYTHIA, LEPTO,
ARTADNE, HERWIG, COJETS...
Parton-level only:

- VECBOS,NJETS, JETRAD,
HERACLES, COMPOS,
Nikos Varelas CTEQ Summer School 2001 PAPAGENO , EUROJ ET 43
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Hadronization Models

- Independent fragmentation
- it is being used in ISAJET and COJETS

- simplest scheme - each parton fragments
independently following the approach of Fied
and Feynman

+ String fragmentation

- it is being used in JETSET, PYTHIA, LEPTO,
ARIADNE

String
Fragmentation:
Separating partons
connected by color
string which has
uniform energy per
unit length.

* Cluster fragmentation
- it is being used in HERWIG

Cluster
Fragmentation: Pairs
of color connected
neighboring partons
combine into color
singlets..
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et Coheranes

==) Color Coherence (CC) effects in
partonic cascades

== Angular Ordering of soft gluon
radiation

uniform decrease of successive emission
angles of soft gluons as partonic cascade
evolves away from the hard process

Nikos Varelas CTEQ Summer School 2001
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Intrajet Colerence

==) | heoretical Framework:

« Analytic Approach:

PQCD + LPHD | == [ DLA, MLLA...

LPHD

I_>

PQCD

I_>

« MC Approach:

Perturbative

at low evolution scales the
hadronic distributions are
expected to be proportional to
the partonic ones

Resummed analytical
calculations (DLA, MLLA)
Incorporate leading coherence

effects

Include CC effects probabilistically by means
of AO for both initia and final state evolutions

Use phenomenol ogical models to simulate the

Non-Perturbativel Non-perturbative hadronization stage, e.g. the

Nikos Varelas CTEQ Summer School 2001

LUND string model or the cluster

fragmentation model.
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Interjet Coherence
Interjet coherence deals with the angular structure of
particle flow when three or more partons are involved

=) cte INteractions:

First observations of final state color
coherence effects in the early '8QisoE,
TPC/2y, TASSO, MARK 11 Collaborations) (“String” or

“drag” effect)
9
q\( | q\\/((
g g
ete - qqy e'e” - qQg

Depletion of particle flow in region
between g and q jets for qgqg events
relative to that of ggyjets.
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ee - qfgy vsee - qig

_g— T 1T | T 1T | LI | T 1T | T 1T | T 1T | T TT |
E L o qqydoto OPAL (OO
z 1 o Mul’uhodronseo%o Ve = 0.007 &
- g ¢
L . o -
i ) & -
’ . K E
Y4 ...+$t ...... :
++++ +++++ T Gl
fe.t - ie
10 -2 1111 | 1111 | 1111 | 1111 | 1 11 +|++| +|++I++I+ |+ | 1111 | uon J ?
0 50 100 150 200 250 300 350
Parti : ¢ (deg.)
article flow in event plane
>< _|||||||||||||||||||||||||||||||||||||||||||||||||_
E L i
5 B OPAL (b) ]
S L Yox = 0.007 ]
F = ==
-~ aay 99 - -
B - \ / -+ — S'l' .
_ \ / ring effect
10 1:— = ~+ [ 9
: < froeeret
:||||||||||||||||||| ||||||||||||||:
0O 01 02 03 04 05 06 07 08 09 1
‘ Particle Flow X‘._
2nd quark jet
Leading quark jet [0)

o=
gluon jet or photon
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Inferjet Coherence

==) PP INnteractions:

e Colored constituents in initiand final state
(more complicated that e)

* Probes initial-initial, final-final andhitial-
final state color interference

A

g

AWA

q g q g

el
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gq; Multijets
ppﬁBJets+X
» Select events with three or more jets

e Measure the angular distribution of “softer” 3rd
jet around the 2nd highest et in the event

Evy > Evy > Ers

reh Disl Er, > 115 GeV and Ery > 15 GeV

Event Plane
B=0,mt

Jet 1 3 =0 at Near Beam

=(an) +(agy

A =xat 'ar Beam

« Compare data to several event generators with
different color coherence implementations
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Monte Carlo Simulations

* Generate high statistics particle/parton level MC samples
Including detector position and energy resolution effects

- Shower-level event generators:

e |ISAJET v7.13
» Does not include color coherence effects
* Independent fragmentation

e HERWIG v5.8
* AO approximation
 Cluster fragmentation

e PYTHIA v5.7

» AO approximation (no azimuthal correlations for
ISR)

 AO may be turned off
 String or independent fragmentation

- Parton-level pQCD calculation:
« JETRAD v1.1

* O(a2) parton level, one loop 2 2, tree level
2 - 3 scattering amplitudes

* No fragmentation
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%) 3-jet DatalMonte Carlo

n,l<0.7 0.7<[n,|<1.5
15 Data/ISAJET - Data/ISAJET
1 ., R R R
I IS I I S S
0.5 (a) | | | - () | | |
1.5 Data/PYTHIA (AO OFF)++ Data/PYTHIA (AO OFF)
B o ,
— 1 +—¢— J—— +—+— N
O I ., | Toe
S 0.5 (b) | | | - (9) | | |
O - =
o 15— Data/PYTHIA (AO ON) | Data/PYTHIA (AO ON)
c e, ) Tt
§ 1 ¢ et e — e
%O.Sj (©) | | | - (h) | | |
215 Data/HERWIG - Data/HERWIG
Dl¢+¢ . ¢¢+7‘ . S G S
R — —— +++ b — A
0.5 (d) | | | - (1) | | |
1.5 Data/JETRAD - Data/JETRAD
1 7‘ ++ ¢ —— +7 - —*— 4 «—— 4
I M —— — 7+++ M M
05 (€) -0
0 4 w2 34 0 4 w2 34 T
6 N

* HERWIG and JETRAD agree best with the data
* MC models w/o CC effects disagree with the data
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Compare pattern of soft
particle flow around jet to
that around (colorless) W

Caorimeter view:

211
/e/r\ ’ At LO:
(o7 | a9 - qW
¢ . a -
o aq’ — gw
0 R=y(an) +(agf
_4 n 4
Search disks: R(inner)=0.7 M. AQ
R(outer)=1.5 Bw s« = tan %gn(nw,m )A_WE

* In each annular region, measure number of
calorimeter tfowers (~ particles) with E+ > 250 MeV

* Plot NTower ./ NTower  vs. 3
« Annuli "folded" about @ symmetry axis

B range: O- Tt

B=0 - “near beam”, B =1 - “far beam”
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W + Jet - Monte Carlo Samples

* PYTHIA v5.7 Monte Carlo
— Full detector simulation
— Mimic noise by overlaying pedestal data
— 3 samples with different color coherence:
“Full coherence’ AO + String Fragmentation
“Partial™ No AO + String Fragmentation
“No coherence’” No AO + Independent Frag

e Analytic Predictions by Khoze and Stirling
— MLLA + LPHD

— qg—>Wg and gg>Wq processes
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(2
&

15

_ e Data
o PYTHIA (AO ON, SF)

_e Data
- » PYTHIA (AO OFF, SF)

2 = \ \ \

.

Jet/W Tower Multiplicity Ratio

) |

T

L %a}**
I o
-t .
11 ¢ Data e Data
:* PYTHIA (AO OFF, IF) . MLLA+LPHD
0 w4 w2 374 0 WA w2 3vh  m
4 & B 1)
Near Beam Far Beam
. . Data
Plot the ratio or ratios
\/ CPYTHIA AO on a@

Event Plane Multiplicity Ratio

Rs'gnal

R(B =0, 1)
R(B =12

Nikos Varelas CTEQ Summer School 2001

Transverse Plane Multiplicity Ratio -

PYTHIA AO off and SF o

PYTHIA AO off and IF o

=

P IR
0.5

o !

[y

5
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et Product

/ Photon, W, Z etc.

V4

>

Hard scattering
Underlying

FSR —p event

\A\b

Jet
Nikos Varelas CTEQ Summer School 2001
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Jets at Tevatron

Motivation:

- Search for breakdown of the Standard
Model at shortest distances

- At Tevatron energies:

O™ ~ 500 GeV
O distance ~ he _200Mev im _ 10" m
P; 500 GeV

- Search for new particles decaying into jet
final states

- Precision studies of QCD

* inclusive jet production

- cross sections vs rapidity, cross sections at
different CM energies, jet shapes, quark vs
gluon jets...

- dijet production

- mass and triple differential cross sections,
angular distribution, BFKL searches,
diffraction...

- multi-jets

- cross sections, event topology, color
coherence. ..

- jets+vectror bosons (y,W,Z)

- cross sections, angular distributions, color

coherence. ..
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Challenges with Jets

Triggering on Jets

- reduce rate from ~10° to ~tens of Hz

- multiple triggering stages:; Level-1,2,3

- fast/crude jet clustering algorithms for L1/2
Selection of a Jet Algorithm

- detector, particle, parton/NLO level

Jet Reconstruction/Selection/Trigger
Efficiencies/Biases

Jet Calibration

- vs E, n

- underlying event definition
Jet Resolution

- difficulties with low-E; region and near
reconstruction threshold

Simulation of Jet/Event/Detector
Characteristics

- precision of detector modeling vs CPU time
- simulation of underlying event

- hadronization models
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)\ Jet Energy Scale

DO: NIM A424 352-392 (1999) ( hep-ex/9805009 )

g CDF: Fermilab-Pub-01-008-E
)
"aCH -
£ Jet energy scale correction:
Om adrong . “calorimeter” - “particle” jet
S
EM
g R
)
C
= —
S 3
g ................................
S
+— true —
5 E
o

Re  Rooc

E'Y® “True” Jet Energy; particleleve
Emeas

Measured Jet Energy

EO Offset (Ur noise, Mult. Int., pile-up, UE)

Calorimeter Jet Response
Measured in situ usingy — Jet
P, balance

Rooc Out of Cone Calorimeter

Showering
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Particle p; distribution

0.3

0.25

Jet energy fraction

0.2

0.1

0.05

0.25

Jet energy fraction
o o
5 o R
(9] N (6]

0.15

0.125

0.1

0.075

0.05

0.025

HERWIG
b CDF-FF

100 GeV Jets 1

I —— HERWIG

400 GeV Jets

TR
2

10

P, (GeV)

in Jets

e Particle P; spectrum inside jet picks at
about ~10% of jet E;

e there is significant contribution from low

energy particles
Nikos Varelas CTEQ Summer School 2001
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40) Underlying Event (UE) %

+ The UE event is the ambient energy from
fragmentation of partons not associated
with the hard scattering
- not well defined theoretically

- CDF:

- measures underlying energy (UE+multiple

interactions) under the jet cone from MB
events as a function of number of vertices

- comparison of underlying energy from MB
events (scaled to the number of vertices in
hard scatter data) to energy deposited + 90°
from leading jet in dijet events showed
consistent result: 2.2 + 0.7 GeV under central
0.7 cone jets

- DO:
- measures underlying event from MB events

- underlying energy for central 0.7 cone jets:
~1-2 GeV (depending on luminosity)

Nikos Varelas CTEQ Summer School 2001 61



59 Jet Energy Resolution

Measured from dijet collider data using E;
balance:

_E, -E, S L= R In the Iirnit. of no
E, +Eg, E; soft radiation

0.2

|

60T 230xE <260 Gev
40 F

20

ol v 1 v el
06 04 -02 0 02 04 06

Asymmetry Variable

010 200 300
Average (E+E2)/2 (GeV)

 Unsmearing procedure:
- convolute “true cross section” f(E;) with a Gaussian

smearing
F(E,) = ie_(E;”_ET)ZEi(E' JaE, | [f(E7) = AB: (- %ryc
= ) =
- Fit F(E;) to the data cross section
62
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Inclusive Jet Cross Section

f .
oralx) __ [\ Central n region
A jt, do B
% dE; d o
R T dn
é(ay)
3 flb//B(XZ) E; )
X Py iet, Quark substructure, PDFs 7

o do
E = ;Idxa fora(Xas U)Idxb Fors (%o, 1) E

dé Do (p?)0
b - ~ S
o (20~ )= 3 R M.
LO=0(a?) NLO = O(a¢) +O(a;)

D e S
o e i
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Some archeology...the rise (or
exponential fall) of jet cross sections

Jets from thrust / coarse clustering

1982-3:AFS - Direct Evidence... Vs = 63 GeV, Jet CS @ y=0
qualitative comparison w/ gluon models in pdf's
" - Further Evidence...

UAZ2 - Observation of... Vs = 540 GeV, Jet CS @ h=0
qualitative comparison w/ QCD calc.
(Horgand&Jacob)

AFS - Jet CS at Vs = 45/63 GeV, y=0

1986: VA1

1991: VA2 Clustering in Cones

1992/6: CDF Tevatron Era, Cone Jets @ Vs = 1.8 &

1999: D@
2000/1: DO, CDF 0.63 TeV, NLO QCD

2 o
. d'o a. ——2 vsE;

AE. AR U arndEs dE.d7 AE.Ane ILdt

AE; - E;binsize & - selection efficiency
An - nhinsize L - inst. Luminosity
N, — #of jetsinthebin
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The old days...

UAZ2 1991
S ' o Inclusive Jet CS
, UA1 1986 5
1 . 3 Ll T 1 ¥ T T T T
Inclusive Jet CS Uz
w - VT = 830 Gav
s V5 3 SLE Gev
10" s @0 GV 10 = :ﬂjf,l'::::ﬂ: 7
QLD ---v% = 5Lb Gev 3 * 0.6=ini<l 2
~ — 5 = 630 GeV 1 _owd - e lZwinl<lt =
= - 16 I']:I]]-::',ﬂ
. s 1 St —aco
% g '
10 = ?i =
5 1 T
1o =
107 3
1 W
] [

] 54 I #0 I 150 I 200
py GeV]
Uncertainties ~ 32% on CS.
+25% model dep. (fragmentation)
+15% jet alg/analysis params
P, foevl +11% calib #5% Lum
Uncertainties ~ 70% on CS: Ac > 825 GeV “.include sys. effects
+50% accept./jet corr (smearing)  which could distort the CS shape”
+40% calib +10% aging £15% Lum
N\c > 400 GeV Exp and theo. Uncerts.
taken in to account”

LI LU -1

0 FICY ] aa 100
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107

10°

10°

10%

103

[0/ dE; dn(fb/GeV)

The present... (/s5=1800Gev)

D@ Results

0.0<n| <0.5
0.5<n| <1.0
1.0<n| <15
1.5<|n| <2.0
2.0<n| <3.0

«JrOe

— QCD-JETRAD

T _Z T T 111

1 ominal cross sections & .
statistical errorsonly N
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
50 100 150 200 250 300 350 400 450
E; (GeV)
> r
<] L
Q >
S 10
< S
0 L ® 1994-95
i O 1992-93
1 =
F NLO QCD prediction (EKS)
0" - cteqdm p=E/2 Ry, =1.3
2 -
10 E
-3 -
10 E
10" ;f
10° i
§
107 L \ \ Low oy | \ \ \

50 100 150 200 250 300 350 400
Transverse Energy (GeV)
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Theoretical Predictions

* NLO QCD predictions (a3) :
Ellis, Kunszt, Soper, Phys. Rev. D, 64, (1990) EKS
Aversa, et al., Phys. Rev. Lett., 65, (1990)
Gide, Glover, Kosower, Phys. Rev. Lett., 73, (1994) JETRAD

» Choices (hep-ph/9801285, Eur. Phys. J. C. 5, 687 1998).
Renor malization Scale (10%)

PDFs (~20% with E; dependence) R
. T sep
Clustering Alg. (5% with E; dependence) J
Jet Clustering
Algorithm at NLO . 7y L.3*Regne
b (EjTet/Z) /(E‘}‘aX/Z) Scale Dependence 2Rcone
1
1
1.21 CTEQ4HJ/CTEQ3M odf fits DQuses: J ETRAD
1/ 1= 0.5E M, R =13
1.1 R 20R 713 Clustering CDF uses: EKS
- _ _
1 =05E¥, Ry,=1.3

L1l ‘ L1 1 L1 1 L1l ‘ L1l ‘ L1l ‘ | | ‘ | | ‘ L1
]50 100 150 200 250 300 350 400 450 500
Jet & (GeV)
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50 Data vs Theory

JETRAD : p = 0.5E Max Rgp=1.3

- CTEQ3M
0.25

0] :’""'"6'3“"."6"0"6"0“ ..... ...°°¢.++ ...... + + .................... ‘

-0.25 Nl <05
|

- CTEQ4M
0.25

-0.25 |-

- CTEQ4HJ
0.25

0] :..’..9..’..9..‘..'...o.s.o...t.a.o.....s..o....’....*.....i ...... + { ........................
-0.25 *

I | . . . |
MRS(A")

( Data - Theory) / Theory

0.25

(@) ""."""."5'"".";".".'"."6'5"6’3';"""'"#'""+'""'+' ...... + ......... + .................... + ool

-0.25 |

0.5 + MRST

E. (GeV)

QCD prediction agrees excellently with data
for jets out to 450 GeV (half of beam
energy), over 7 orders of magnitude !

Nikos Varelas CTEQ Summer School 2001



% Data vs Theory

EKS: i =05E%  Rg =13

= T T
? - CTEQ4M
S

- Statistical Errors only
e
- CTEQ4HJ

e e

50 |- ¢

| | | ‘ | | | | |
50 100 150 200 250 300 350 400
Jet Transverse Energy GeV

Result is sensitive to high-x gluon density
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9 Inclusive Jet Cross Section
______ using the K; algorithm

/ ‘3;. K+ agorithm uses D=1.0
- MRST . ‘s

0.5 | -".ll.-l-..---.l.l'l s * 4 4 *

95 24 dof. x?=27 (31%)
> crforrebreeelay pady EREE AW SN
E " CTEQ4M
% g% ‘-"'i'lllll'i-' PRI +
E 0 .

L -os v2=31/24 (15%)
e
0.5 ...
. i n1l|'l--n|-| . @ + +
-05 - D@ Preliminary x2=27 (29%)

o T A L ii ta bl ve el gl
50 100 150 200 250 300 350 400 450 500
Jet Transverse Momentum (GeV)

Differenceswith NL O theory mostly at low E-
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More on K+ Jet Cross Section

ot A LA T B B LN L BN L IR
~Nos - PDF CTEQ4HJ u=E""/2 g
| 06 F B
STTN e - NLOcross
LTI L - sectionswith
0 FO00gooEEoaptRanE=—= e N £ _
—02 T E KT (D—l) and
04 [ - Cone (R=0.7,
-06 & kI (D=1.0) E R..=1.3) |ets
-0.8 -0 Cone (R=0.7) 3 Sep )J
o B b b b b b b b b Eing EBEE!
50 100 150 200 250 300 350 400 450 500

Jet Transverse Energy (GeV)

* Ky jets cluster more energy than cone
* The difference between NLO (or cone) and K+ jet cross
sections is partly due to:
- hadronic showering effects (parton to particle)
- :f'po’ren’rial uncertainties in the definition of underlying event

L]
L
L]
L]
.
L]
L
L
L]
L]
L
L]
L
i 4
c 0.3 HERWIG
S L
2 r
+ 0.2
O [
o r
n oiE
c r
o s s & % g 3
+— O e
= r o Q
o i%@
a L
\*0‘15
o r
0 .
.—_0427
+ r o kT
o i o0 C
0-_055 one
R RN FUANEEN P RATATIN IR AN S ATAT IR
50 100 150 200 250 300 350 400 450 500

Jet Transverse Energy (GeV)
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=
N

108
1.06 |-
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K Tevatron X-Q? Reach

6
10 \\\\H‘ T T \\\\H‘ T T \\\\H‘ T T \\\\H‘ T T \\\\H‘ T T \\\\H‘
I D Inclusive Jetfn| <3, present measurement

ZEUS 95 BPC+BPT+SVTX &

H1 95 SVTX + H1 96 ISR

] Nmc
SLAC

Q? (GeV?)

Lol

10 E
) \
10"
T T
X
Tevatron data overlaps and extends
reach of DIS
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Rapidity Dependence of Inclusive
2%  Jet Cross Section
ooy U=E2 0 CTEQ4M
=13 e CTEQ4HJ

0.0 < || < 0.5

eeeceso0c000000000 o o © - . ¢<> ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, # ,,,,,,,,,,,,

| ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | | | | | ‘ | | | |
0.5 < |n| < 1.0

s L
-
c ..QQQ.QQ....CGGGGQQ ,,,,, 92 ,,,,,,,,, ¢ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= -
\ L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L
— 1.0 < < 1.5
— < |n|
—
3 o b
- 090 50000000888 8 g o e T,
FI ) L ‘ L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L
o] 1.5 < |’I7| < 2.0
©
a e ,0888330e0 o O Aﬁ
- O— CLl il nd b Q——.—.—‘—.———. —————— © B + ———————————————————————————————————————————————————————————————————————————————————————————

AROPMONODNOPONORORDONODNOPONORAORDND

o0 OO0OrRFrRO OORFRPRO OORPRFRO OORRO OORFPR

L1 ‘ I ‘ I ‘ I ‘ I I 1 1 I I
100 150 200 250 300 350 400 450 500

E; (GeV)
Good agreement with NLO QCD
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Inclusive Jet Cross Section
Ratio: 0(630)/0(1800) vs X

* Cross Section Scaling Ed30 _ 1 f(x)
- At Born level (O(02) : | dp°  pr
- Scaling violations 2P,
wherex, = ——
- PDFs, a(Q?) X JE
* Ratio of the scale invariant cross
sections at different CM energies

- Ratio allows subrtantial reduction in
uncertainties (in theory and experiment)

s d’o _
P! (E~ 5 (+/s =630GeV)
R(X;) = 3 ~ 1+ scaling violating terms
s a0 _
pf (E— . (/s =1800 GeV)
. CTEQ4M Predictions g
: g pf QCD
5 1
“Er 00 x; 04

£’/ 2m) d’0/dEdn for Inl < 0.5

(
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2% 0(630)/0(1800) vs Xy %

D@ and CDF both measure the ratio of cross
sections 630/1800 GeV

(7p]

[ 3 ' . .

= CDF PRELIMINARY
> ; ; ;

7 - 3 @ 3 3 3 . 3 s s

O 25 [ s s s s R R s S
O - i H | | | |

®)

D

(qv]

(&)

)

©

e

T

oY

* |
sl T
. fl uT =
+¢ﬁ|+
T R L e e s o
05 [ """"""" *”.@"'X/S—6SO”G€V """""""" Q—~'CDF"VS"——6'3'O~G—6V """"
5 ; ‘ v C.F Vs= 546 GeV
System@tlc Uncertqmty :I: 1o | |
07\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Jet Xt

Consistent at high x;, possible discrepancy at low
values
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9 0(630)/0(1800) vs X

S
() * D
3 @ Data
o 2
—
I
T 5 *****ﬁ****ﬂl T ‘
5 | | Vary PDF
O ary
=N — CTEQ4HJIu=E /2 ____ CTEQ3M p=E,/2
$ 1L e CTEQAM p=E./2  ___._ MRST  p=E /2
% | | | | | | | | |
5
(b}
»n 2t
(7))
3
O
S 15|
T ' Vary L-scale
8 _______ CTEQ3M u:2ET - CTEQ3Mu:ET/2
qg g [ — CTEQSMu:ET _______ CTEQ3Mu:ET/4
% 1 | 1 | 1 | 1 | 1
o 0.1 0.2 0.3 0.4
JetXr

 Uncertainties due to PDF's are significantly
reduced in the ratio

- Better agreement with NLO QCD in shape than

in normalization PDF ¥2(20dof)  Prob(%)
CTEQ3M 20.5 425
CTEQ4M 224 31.9
CTEQ4HJ 21.0 40.0
MRST 22.2 33.0
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Dijet Production

* The differential cross section for a jet pair of
mass M;; produced at an angle 6" at the jet-jet

CM system is:
d o do®
For small angles —> similar to Rutherford C
scattering (t-channel gluon exchange) :
0
b 1 a__ b

dcos®” (1-cos')’
/‘ d

characteristic of the exchange of a vector boson
— gluonshave spin=1 -

* Dominant subprocesses have very similar
shape for dG/dcosO” with different weights:

99—>9g : g ~>qg : 4>
1 . 49 (492

Angular Distributions —> Sensitive to Hard Scatter Dynamics
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Search for Quark
Substructure

a Hypothesis: Quarks are bound states of preons

Preons interact by means of a new
strong interaction - metacolor -

Compositeness Scale: /A,

N\, = —> point like quarks
N. = finite —> Substructure at mass scale of /\,

For ~/§ << A the composite ] ;
Interactions can be represented
by contact terms 0 9

2

qu = i%qu’uQLqu/JQL

do U] QCD + Interference + Compositeness ]
v v
~2

v
1 1 u 1
asz(luz\)f? as(,Uz)tTEA_z E:TEZ

do ~ 1/(1-cosB")? angular distribution

do ~ (1+cosB")? angular distribution
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Angular Distributions —> Quark Substructure

 QCD is dominated by ~ 1Ato9)?
e Contact interactions by ~ (1+ &¥

—>  From cosb” variableto x

0 Flatten out the cosb” distribution by plotting dN/dx
0 Facilitate an easier comparison to the theory

P eZH 1+C089

S - LAB _~g |
1- C089 -0 /.

* * * 1 ( + )

cos@ =tanhn n = 5(/71 —/72) Mooost = 2\t 1T

—___ Rutherf ___with contact term of

uihertord |\ scale\~1TeV and

\ M, 2 0.5 Tev/c?

\
L \

dN/dX sensitive to contact interactions
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30

Limits of Quark Substructure

e
[5)

Dijet Anqular' Distributions 9" Quark

96

Preons?

- T T T T
=
%‘m 3 Mass > 635 GcaV/c2
£ e NLOA = 1.6Tev ]
—os | NLOf\:= 1.8 TeV 7
4y NLOAY =2.0Tev ]
D4 | — N ’ ) S
01Z :— . -
P

D.02

004 [

95% CL Compositeness

Limit:
AN+ >21-24TeV

noz [ ]

Dijet Mass Cross Section Ratio

0 (N2 <0.5) 70 (0.5<n,l<1)

(/s =1800 GeV )

Y T — Systematic
e DYgData 7 Uncertainty ~ 8%
(@ I + 1 K5Tayy
% 125 L N =15Tev. .
- N =2.0TeV Theory uncertaint
K u ~
S 1L - A=25Tev Y Y
5 - 6% (1), 3% (PDF)
(«b]
(73]
n 0.75 F
(%]
o
© 05} 1
— JETRAD: CTEQ3M,u = 0. 5Emax 236p 1.32
| L | L | L
200 400 600 800
M@GeVId)  [pn>24 2.7 Tev

NLO QCD in good
agreement with data
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Looking Ahead: Tevatron Run II

10 - :
N RA-H-2-1
.
NS E——— Run.|-100 pB
N
~N
L \
& S
S \
it N
] <]
@]
£ 10 .
> \
Z \\
X
\
\\
Lo a0 500 550 600
Jet E (GeV)
Vs 2.0 TeV
Luminosity 2x1032 Run II:
JLdt 2-30fb! ~100 events ET > 490 GeV

~1K events ET > 400 GeV

Run commenced March 2001

Run I:
Detector Commissioning 16 Events E;> 410 GeV
taking place!
Physics data in autumn Great reach at high x and Q?,
First results in early 2002 the place to look for
new physicsl
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I ~
+ Testing QCD typically means testing our
ability to calculate within QCD
- Our perturbative tools are working well,
especially at moderate to high scales
+ Experimental results have recently
reached or exceeded the accuracy of
theoretical predictions
- need for NNLO calculations for jet production

+ We need more theoretical and
experimental effort to understand the
underlying event & hadronization effects

- don't subtract UE out from jet energies?
- how to deal with haronization?

- Tevatron Run II has started:
BIG Opportunity for QCD

- e
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