Hadron-hadron collisions

Photon, W, Z etc.

parton
distribution

Hard scattering :‘ll'l:netrlymg
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
JE
_E

John Womersley

Jet
—_— leI

Py
g ij (a K )
Py
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S (x2) 202 3
— Jet
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_ 2 2| a m( 2 Q Q
o= Zjdx,dxzfi(x,,ﬂp)fj(xz,ﬂp)o',-j Qg (.uR)’xIPI’xZPZ’ 22 2
. R ALY 4 A x HF HpR
Sum over Parton Point Cross
initial states Distributions Section
Renormalization
Factorization Scale

Scale
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Hadron Collider variables

¢ 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

=0 (=90°)

n=1(~40°)

=2 (~15°)
- =3 (~6°)

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

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

J€
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Quantum Chromodynamics

¢ Gauge theory (like electromagnetism) describing fermions (quarks)
which carry an SU(3) charge (color) and interact through the
exchange of vector bosons (gluons)

¢ Interesting features:
— gluons are themselves colored a.(¢}) = 127
- interactions are strong ’ (33-2n,)Ing’ /A’
— coupling constant runs rapidly
¢ becomes weak at momentum transfers above a few GeV

¢
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Quarks

¢ 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 A‘Yq
constituents inside the nucleon
e ~ 1/sin*(0/2) behavior like q

Rutherford scattering

* other (spectator) quarks do
not participate

¢
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Fragmentation
e /'e
Y
P =g
- q

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

e oglis large
— lots of gluon radiation and pair production of quarks in the color

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

¢ 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”

JE
John Womersley #



What are jets?
R=+(an)" +(49)*

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

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

J€
John Womersley e

e*e~ annihilation
* Fixed order QCD calculation of ete~ — (Z°/y)* — hadrons :
e ‘7 e q (< q
et q et q et q
Aa) Aa,) Ao

 Monte Carlo approach (PYTHIA, HERWIG, etc.)

e q

Non-perturbative phase
a1

»
»

Perturbative phase
a,<1 (Parton Level)

JE
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ete~ - ptp- ete- > qq ete" > qqg

¢

John Womersley

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”

Leading Order

outgoing parton
Hard scatter

¢
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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

I
Hard scatter

e Jets at the “detector level”
Calorimeter

i}& ﬁ/f Particle Shower

hadrons

fragmentation process
% outgoing parton
Hard scatter

J€
John Womersley e

Jet Algorithms

+ Traditional Choice at hadron colliders: cone algorithms
— Jet = sum of energy within AR2 = An2 + A¢?

Sum contents of cone
+ Traditional choice in e*e™: successive recombination algorithms

— Jet = sum of particles or cells close in relative k;

Recombine

¢
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Theoretical requirements

e Infrared safety
— insensitive to “soft” radiation

¢ Collinear safety JRCTEED -

¢ Low sensitivity to hadronization
¢ Invariance under boosts

— Same jets solutions independent of boost
* Boundary stability

- maximum E; = \s/2
e Order independence

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

¢

John Womersley

Experimental requirements

Effect of pileup on Thrust

¢ Detector independence k, algorithm jets, E, > 30 GeV

— can everybody implement this?

* Best resolution and smallest biases in %“ " D@ MC
jet energy and direction e {
. stability — MC averloyed L = 5, cal. levsl ; {

ar [ — M eall

— as luminosity increases — MG, pia level L

— insensitive to noise, pileup and o
small negative energies

¢ Computational efficiency
 Maximal reconstruction efficiency
* Ease of calibration oat |-

vel no overlayed

John Womersley



Splitting and Merging of Cone Jets

e Jets spread out in the calorimeter, and cannot be perfectly resolved.
Some compromise is necessary

¢ Overlapping cone jets lead to ambiguous jet definitions:
— which clusters belong in the jet?

— do I have one or two jets? S So Meraed
- . B semsp——— TS erge
o Need to define split/merge rules: £ f o r9
e.g. D@ choices b o
- overlapping jets are merged o are
if they share > 50% of the »»£  Isolated . “\...
lower ET jet L 1||‘1n| t‘|‘5duJ tzsnu - 11‘:'3 1‘5dn‘l t;nn
. . golote: 1) Srge: 1)
— otherwise they are split: each .05 o
H 1 3 Lo 2.
cell is assigned to the closer jet o split G| “Complex”
- !)ut the process can get very s e
involved when three or more o \ ol T
jets overlap B8 BN i) 05 \
006 o em———
v a 50 1I‘]EI 1‘5I] 200 2 o 50 o0 150 200
Spit Jets Complex Jets
60 GeV
JE
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Rsep

¢ Ad hoc parameter introduced to mock up experimental jet separation
effects in NLO theoretical calculations

J

t

s
—-

S

c
:

Phenomenological parameter introduced to accommodate difference
in NLO cone algorithm and calorimeter algorithm

Rsep = 1.3 R determined from jet merging studies in data, in essence jets within a
distance of 1.3 R are merged, farther jets are split.

JE
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kr algorithm

Define jets, not by geometric cones, but by more “organic™ standards:
Cal. towers clustered into singles:  d/™ =E
pairs:  d,=min (E;2E,;2)x AR2/D
If min (d,{™ , d/™)=d,™ merge clusters, else keep separate

Repeat iterations until only separate

;‘ | Cone jet objects remain
1
+
/ K, jet E <[ x E/™* - *I"cut to drop
- low E /beam jets

% Conceptually: Shapes are more natural

* All clusters w/in radius, D. are merged * no arbitrary spl/mer param @ calorim,
(like cone algorithm) * no Rsep param @ parton level
* Clusters >>D can be merged if AE;>>0 same algorithm @ all levels

J€
John Womersley e

Does k; find the same jets?

e - 10000 .

1m00 £ ; [

1600 £ i 8000 |- | | Cone jets (solid)
1400 ' F

1200 £ H 8000 - K, jets (dashed)
1000 e :

800 F = " 4000 [

S0 £ By X

a0 E N aooo | )

200 E [ . ‘seedless” K,

o Bl vy Ty o Dl Lo Loy T N o
) 50 ¥ o 50 Ton algorithm finds
Jet E, (GeV} far JET—HIN Jet E, {Bev) for JET-50 many more low E;.
i jets

20a0 5000 [

8000 1000 HI scale difference
7000 il from 0.7 cone jets
BOO0 3o00 [ | ren at laree B
=000 i even at large B,
4000 -
3000 [
2000 . 1000 H
1000 £ o > H iy .

pBLv v Ty g Do T M
0 50 100 150 O S0 100 150 200 250
Jst E, {GoV) for JET—B5 Jat E, [Gal) for JET-MAX
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kr vs. cone jets

It has been suggested that k; would give improved invariant mass
reconstruction for X — multijet states

Not clear that this is true in practice:

- 1000 Z - bb events from D@ GEANT simulation reconstructed
with C++ offline clustering and jet reconstruction

R=0.7 cone jet-finder k; jet-finder

Entrier EL"
M 7132 0
RMS 1531

Wrndt nE /2 F-]
Cowstant .02

Mean sEE2 e
S 1051

ad I;ﬁ‘ 60 &0 1w --:’OI_UL:‘ ¢ F £ [ 0
D s with cuts { Ged) Difer mues with cas (Geb
Invariant mass of leading two jets (E; > 20, |n|<2)
Jet response corrections included
JE
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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
¢ momentum measured using central tracker
— EM resonances (n°- vy, J/y, Y and Z > ete")
* adjust calibration to obtain the known mass

3. Relate EM energy scale to jet energy scale

— Monte Carlo modelling of jet fragmentation + testbeam hadrons
o CDF

— Er balance in jet + photon events
DO

JE
John Womersley #



Cone Jet Energy Scale

- jet

o

cialorimeter

John Womersley

Hadronic
é Y

Calorimeter

recoil

shower

—

E,

NIM A424 352-392 (1999) { hep-ax/9805009)

Calorimeter jet meas
J, piel _ M
jet R. S
Particle jet o

+ Offset (O0: Ur noise, pileup, underlying event (ue)

* Response (Rjet): E .../ E;e

(using transverse ener gy balance in ¥j et events)

¢ Showering (1/S,,.): out-of cone showering loss

¢

Response Correction

Use p; balance in y + jet events

¢ photon calibrated using Z —» e*e~ events
e assume missing p; component parallel to jet is
due to jet miscalibration

n
MissingE;: F, = —Z By,
due to hadronic i1
response < 1
E. &
R, =1+ =1+ MPF
Ty

Fit error:
075

0775

— Jet response

John Womersley

B 0.5% 1.6%
B | L P PRI PR |
0 100 200 300 400
50 GeV B (8 Je
430 GeV #



Correction Facter

Fractianal Errar

k; jet energy scale

o Similar procedure, but: - e e ®
. /AN N e Ve e
- no out-of-cone showering losses ,"%)L G| e % HORN
— can't just use energy in a cone for the P ~ o @
underlying event and noise, so derive this | * OO BN O w
correction from Monte Carlo jets with ~ SE
overlaid crossings MC Jets MC + Overlay
PR
* Response: ~ | R,
005
- D=1 (K jets)
u CC DATA
sy * ECDATA
= MC FOINT
450 GeV|
Fit error:” 1.6%
e o "
Piaqg {TOV}
P, (GeV)
JE
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Overall Energy scale correction

Jat Coractions and Errors {let 7 = 0.0}

- & o _.-»—“____—_:"_:_—:h-.
£ e = ]
ul . g 5 15 R j/”_'—'— I
=00 L
JR=0.7 _ teminal ° |_; ' / / NF0— b
£/ ) LS
COlle - High/Low ; =1 KT jei?_ Higr/Low
) Ml sl L
" o
Ur‘wce 4 Jet E, (Gav) "ncorrected Jat Py {Gev}
§ a.
s R=0.7 : L 0
hi=0.0 5wl =
Ll o i
COne — HighError E >
onsf . — Hightmer
- LewErrer aosf- =1 Kyjets. inewe
wsf .
Ll y

E;(GeV) CarrFac
R=0.7 cone jets

20 108+ 0.030
100 1.15% 0.017
450 112+ 0.025

E; (GeV) CorrFac
D=1 K; jets

30 1.05+ 0.022
100 1.09E 0.015
450 1.06% 0.023

1t
Uncorrected Jet E; (GeY)

John Womersley

‘Dflnwrrcctcd et Pp{Gev}
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Jet Resolutions

¢ Determined from collider data using dijet E; balance

E. - E o In the limit of no
noBul — (%= . 3,

B E; + En ET soft radiation
7%
120 pg ml<0.5 T
100 | Er=140 Gev i E(GeV)
o b
S o,
wk
o b
u—{,s —[I!.4 —(;.2 (IJ 0.z 0:4— 0.6
{En — En)/(Er + Em)
ET: 50 GeV 100 GeV 450 GeV
o, /ET: 0.105 0.075 0.035 " Evecage BB 0ev)

¢
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Jet cross sections at Vs = 1.8 TeV

R = 0.7 cone jets

¢ Cross section falls by seven orders of magnitude from 50 to 450 GeV
¢ Pretty good agreement with NLO QCD over the whole range
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: liminary
\ L o D Dot absfn,) < 0.5
.
o

f oo 1994-95
\ Jrari2ope’| O 1992-
1

nb/GeV
[
m
I

=
-

=
g
3 a1 w- JETRAD
! NLO QCD: predittion (EKS; & CTEQIM, g = 0.5 E™
. \ TN % ' )
0 Ot L=E- 2 =13 510
., cteqdm-p=Eyf2-Ry;=1: 2
. . L
oy Setr \%
2 N
R 2
’ \ ugim?— .
| - 5
u DA <07 | g Do S
10 s
e | el < 0.5 N
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Highest E; jet event in D@

CAL+TKS R-Z YIEN 3-SEP-13937 10:33 ‘Run 87288 Ewent 22409P5-DEE-1394 02:20

Max ET= 346.4 Cel
CAEH ET SUM= 968.0 GeW

YTH in 2= -5.4 Cem) B ol<Ec 2
[0 2<E< 3
0 3<Ee 4
Lt 5
\ g s<E
P— —-P
_ MUON

_ELEC

TAUS

@ VEES
__OTHER)|

L | B, =475 GeV,n, =-0.69, x,=0.66 || M;;=12Tev |
Eq, =472 GeV, 1, = 0.69,x,=0.66 || Q?=2.2x105GeV?

¢

John Womersley

What's happening at high E;?

CDF 0.1<|n|<0.7 D@ |n|<0.5

(DATA-THEORY VTHEORY

" CTEQIM, 1 = 05 EP, Ryp=1.3
o CIF Preliminary | g‘
1 2 oosf
- Run 1B (87 pb™) =
" w14 e sverayed £ X +
NLO QCD CTEQ3M seale E2 E\ 0-'!.‘.““."“‘.‘0.‘ 3 JSTU IR §
| L % g
-‘ t |
. PPYLA ] Z-a0sf
P Cem—""7 ) * D Dota abs(m) <05 (82p57™)
| | | | | | |
- 50 100 150 200 330 300 350 400 450
_“ E; (GeV)
- ] -
1GeV) [ ]
| NB Systematic errors not plotted =
e So much has been said about the high-E; 4 ' 4
behaviour of the cross section that it is hard to r LU B
know what can usefully be added: - '«
i =

Figure 1: “The horse is dead” o
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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

(Datar Theory)/Theory

Uncertainty (%)

05

CTEQ4HJ, 1 = 0.5 B, R, = 1.3

© CDF (94-95) Data
A D@ (94-95) Data

3
[r000n WLOLRUWL 9 00040 & 4% | 44 #+ i

01<Inl<07

o CDF (94-95)

A D@

. ° 5o 100 150 _ 200 250 300 350 400 450
e Studies (e.g. CTEQ4HJ] distributionsshown above) show that one can
boost the gluon distribution at high-x without violating experimental
constraints*; results are more compatible with CDF data points

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

John Womersley

JE
aE

Jet data with latest CTEQS5 PDF’s

D@ data

e CDF data
, ,
Ratio: Prel. data/ NLO QCD (CTEQ5M | CTEQ5HJ) CDF
14
CTEQSM : . 100
Cregshy: oM facor: 0y i
12 -
- inxa»/"‘i__{ A{ {
e
Pt
08 I 5, Data / CTEQ5M
. Incl. Jet : Pt 'dﬂldm = = = = CTEQS5HJ / CTEQSM
. CDF Data ( Prel. )
= = = = CTEQ5HJ
0.6 [ CTEQSM
04
(Error bars: statistical only)
02 [ 14% < Corr. Sys. Err. < 27%
:
o L

L L
50 100 150

John Womersley

L
200

L L L L
250 300 350 400

pr

CTEQSM: _p _24/24

CTEQSHI: X~ = 25024 1.08

ey

[ Ratio: Data/NLO QCD (CTEQS5M | CTEQ5HJ)

norm. factor : 0%

o ' _ﬁfﬁﬂ_{_}_i,+<,,l_,_,,_,\

D= e

[ Incl. Jet : p{ *do/dp,

Error bars: statistical only
8% < Corr. Sys. Err. < 30%

~ = = - CTEQS5HJ / CTEQSM

Data / CTEQSM

DO data

- - - - CTEQSHJ

CTEQSM

100 200
pr




Forward Jets

107,
107 e 0.0<5nl<0.5
10 Ll
E’“‘ $ 0.5< < 1.0
e D@ inclusive cross sections up to = LO<nl<15
Inl =3.0 €
nMEm ) b 0<ni<3.0
¢ Comparison with JETRAD using 2
CTEQ3M, p = E;max/2 'iml
R o
S
«0.0<|y <0.5 }3“’
B P NI *
0 _»_,_A/—/’d N ;Jj I ' F DD preliminary
%" 1 i E;(GeV)
1] D% Preliminary
-'S 50 100 150 200 250 300 350 400 450 500
~ .0.5<y<1.0 T
r 1 + 1
] TN /f\T
N S XX of
Q ALK
£
= - 1
' D Preliminary D Preliminary
B 50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400
('] -
a .2.0<n<3.0
1 i [ ¥
0 - 0 e
-1 -1
DO Prelirpinary DD Preliminary
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250

E,(GeV)
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Triple differential dijet cross section

1 Trigger Jet
0.1<|n|<0.7

Beam line

2 Probe Jet E:>10 GeV

0.1<[n|<0.7, 0.7<[n|<1.4,
L4<m|<2.1, 2.1<[n|<3.0

350 400
E;(GeV *
D

d’c
dE! dndn,

Can be used to extract or constrain PDF’s

CDF Preliminary

1 € g < 0.7 . 0.7 < Iy < 14
[T s | g‘ " CTEG 4
wap Raep=id | o4 CTES 440
gab  EOSL ’:, ST .
aziremgcor | " I
L1} . 1] N )
[ ERTEE . ap gt
w 1
[} 3
- E-
L i ettty L ot

LRCETE R TR ]

14 € ing € 20

B

;s
"
[T
[H
[

[
[}

Prtgnstic Cocpisinty 1
(i)

1)
B e

John Womersley

At high E;, the same behaviour as the inclusive
cross section, presumably because largely the same events

¢




Tevatron jet data can constrain PDF's

T T T T
. D@ Central + Forward Jets

1050 [ CDFID@ Central Jets
ZEUS95 BPC+BPT+SVTX &

H195SVTX +H196 ISR
ZEUS 96-97 & H194-97 prel

E665
CHORUS
] ccrr

, JINR-IHEP
10%¢ [T aLAB E97-010

Tevatron

10°%L

— HERA

[ ] Bcoms )
10 £ [J] nmc Fixed
sLAC Target

1L

1
10 ¢

¢ For dijets: >
Er,; 2
Xi(2)= Z+(_)7\f’l expln;) and Q° = Ep ;E; ,
i=1 s

¢
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What have we learned from all this?

o 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™! the reach in E; will increase by ~70 GeV and should
make the asymptotic behaviour clearer

 whatever the Run II data show, this has been a useful lesson:

— parton distributions have uncertainties, [Es==== .
whether made explicit or not gOOd th-mgs

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

correlations [
It's a good thing

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

JE
John Womersley #



107

Number of W bosons detected

10

John Womersley

10 ©

10°

104

103

102

W samples

B UA1L (elec) UAL1l (muon) MELEP Il (total)

B UAZ2 (elec) Bl CDF (muon)

DY (elec)

I CDF (elec) H DY (muon) I

82-83

Years of

84-85 88-90 92-93 94-97

Collider Runs (SPS, Tevatron and LEP II)

JE
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W and Z production at hadron colliders

O(e%)

p

John Womersley

Production dominated by qq
annihilation

4 (~60% valence-sea, ~20% sea-sea)
g wz) Due to very large pp — jj production,

v (Q need to use leptonic decays
BR ~ 11% (W), ~3% (Z) per mode

Higher order QCD corrections:

¢ Boson produced with mean p; ~ 10 GeV

* Boson + jet events (W+jet ~ 7%, EJet > 25 GeV )
¢ Inclusive cross sections larger

* Boson decay angular distribution modified

Benefits of studying QCD with W&Z Bosons:

o Distinctive event signatures

¢ Low backgrounds

» Large Q2 (Q2 ~ Mass2 ~ 6500 GeV?2)
¢ Well understood Electroweak Vertex

JE
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W identification

Isolated lepton + missing E;

| Isclation Fraction vs. MET | M, of W - e v candidates | J
. 120 MNent = 1955
W — e v signal region 1oo
Isolation Fraction < 0.1 “E
MET > 20 GeV = 80
& I L=33pb’
J- L = 3 3 pb %60 December 2001-January 2002
December 2001 - =40
January 2002 w
20
10 20 30 40 50 60 70 80 90 100 2 a0 6 60 . 100 120 140
MET (GeV ) M, (GeV/c?)
Transverse mass My = \/QpT(e)pT(V) (1 — cosAd)
J€
John Womersley e
Cross section measurements
-zl ~/ Vs= 1800 GeV
Fw [ o0 soF eAEes ]
= ¥ . W - v
e f FaX M 32-5 r {
i PP s EaeX o e 1 o % i
I AT
1 = D@e) = DR S L[ e { e K
A CDF{e) © CDF{p) T
— T UAl T UAZ
Center of Mass Energy (TeV) 03 H
e Test O(a?) QCD predictions for as | 21T |
W/Z production 2 } { } i }
- o(pp—> W + X) B(W - Av) oy - } e e M
— o(pp—>Z + X) B(Z - ML) sl e { } H
o QCD in excellent agreement il .
with data -
_ so much so that it has Dataset: 92/93  94/96 9293  94/96
been seriously suggested o o
to use oy, as the absolute Note: CDF luminosity normalization is
luminosity normalization 6.2% higher than D@ (divide CDF cross
in future sections by 1.062 to compare with D@)
J€

John Womersley
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W mass measurement

¢ One of the major goals of the Tevatron program: together with m,,
provides strong constraints on the SM and my

¢ Simplest method:
— fit transverse mass distribution

¢ Recent method:

— also fit py(lepton) and missing E; and combine the three

e It's all in the systematics

— must constantly fight to keep beating them down as the statistical
power of the data demands more precision

— Use the Z to constrain many effects
* Energy scale
e pr distribution

o etc etc.

John Womersley

e DO 1999 measurement

e Summer 2002 m,, measurements:

TABLE I1. Uncertainties in the combined my. pyle). and
prlr) W boson mass measurement in MeV. for the forward
sample (first column), and the combined central and forward
19941995 sample (second column)

yaN
Source Torward meﬁd + \cmml
W boson statistics 108 61
Z boson statistics 181 59
Calorimeter lincarity 52 25
Calorimeter uniformity B
Electron resolution 42 19
Electron angle calibration 20 10
Recoil response 17 25
Recoil resolution 42 25
Electron removal 4 12
Trigger and selection bias 5 3
Backgrounds 20 9
Parton distribution functions 17 7
Parton luminosity 2 4
pr(W) spectrum 25 15
W boson width 10 10
1

Radiative decays

— Hadron colliders 80.454 (59)

- LEP
e Anticipated

80.450 (39)

— With 2fb-1, Am,, ~ 27 MeV per experiment
- With 15fb't, Am,, ~ 17 MeV per experiment

John Womersley

¢

95 MeV total

¢
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)]

/N dN/dp, ¥ (GeVic)

Syst Error (%

w’

"
=
=3

50

W and Z p;

Large pr (> 30 GeV)
— use pQCD, O(a,?) calculations exist

Small p; (< 10 GeV)
— resum large logarithms of My2/p;2

d M? M:?
T Lo m(T)| v, + e, In? (F)
dp ; Pr Pr Pr

Match the two regions and include non-perturbative parameters
extracted from data to describe p; ~ Aycp

¢

D@ p;" measurement

Preliminary

Preliminary

Data-Theory/Theory
Arnold and Kauffman Nucl. Phys.
B349, 381 (91). O(0,2), b-space,
MRSA’ (after detector simulation)

(Data-Theory)Theory

L
o 20 4 60 8 100 120 140 160 180 200

£ e (Gevic)
_/\,_/ x2/dof=7/19 (p,¥<120 GeV/c)

%2 /dof=10/21 (p,¥<200GeV/c)

sl e b b b b by a bl
M0 4 60 80 10 120 140 160 180 200
p¥ (GeVic)

¢ Resolution effects dominate at low p;
¢ High p; dominated by statistics and backgrounds
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D@ p;* measurement

e New D@ results hep-ex/9907009
25 ks
-  Data—Theory/Theory ¢ | Data—Theory/Theory
5 2t - f
g I « D01994-1996 I Fixed Order ira L Resummed
g H — e (EV) 1| NLO QCD E Ladinsky & Yuan
z s g e !
g af Cbwaewy) |1 e
§ 16 o Mmmme&a\ﬂ@ - ! ad - " ﬁ
I st + 44
°f ' T R Jf
21 i + +
05 |
! : 1 e . JID o
PeGeV) PoAGEV)
o 4 . Ellis & Veseli and
PrGEV) o " —*—  Davies, Webber & Stirling
o # pspace (EV) R d
0§ o 15 20 15 3@ 35 40 45 S0 ( esumme )

Data
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prGeV)

b bepace (DWS)

6 35 40 45 S0
PGV}

5 oI6 15 15

CDF p;W and p,?

not quite as good a
description of the data

JE
aE

Ellis, Ross, Veseli, NP B503, 309 (97). O(as),
qr space, after detector simulation.

(Data—Theory)
Theory

CDF preliminary Run 1 Data

+

b—space
Crmrsr2)>

o ma

X2/d.o.f. = 1.85 (P}’ < 120 GeV/c), 2.49 (< 200 GeV/c)

—F

Foofl ot—spoce
2. Crmrsrz2D

B

x2/d.o.f. = 1.05 (P} < 120 GeV/c), 1.71 (< 200 GeV/c)

John Womersley

ResBos: Balasz, Yuan, PRD 56, 5558 (1997), O(c?),
b-space
VBP: Ellis, Veseli, NP B511,649 (1998), O(c,), qT-

space

CDF Prelimine
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a IR M g oo iy I”MTH '

— L i L - ! L L

ST 103 [T LT T TR

P, GeV/c P,, GeV/c



W + jet production

A test of higher order corrections:

q
1 w
v E, < Epi
T’ 7’ A g
q
2
o S
! One jet or
two? RY(Emn Ry = SW+1Jer)
< mn R) =
T’ JMJMﬂﬁjJJD R < AR o(W +0Jets)
' v min
Er<EM o(W +0Jets) = A, +a,B,(E™)
T T
g ﬂﬂJJJJJJJ))},_vﬁ o(W +1Jet) = o, A,(EX™) + &’ B,(E™ ,R)

John Womersley

Calculations from DYRAD (Giele, Glover, Kosower)
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W + jet measurements

D@ used to show a W+1jet/W+0jet ratio badly in disagreement with

QCD. This is no longer shown (the data were basically correct, but
there was a bug in the D@ version of the DYRAD theory program).

CDF PRELIMINARY

b COF Data {108 pb*)
0.7 Jet Cones. [yl < 2.4
a = DYRAD MLO QCD Predictions
10 with jet smearing

g "\.\ J’_‘ 3'1 - ‘s
= .
2 ez
= +
w' !
=
:‘ m
I
+
% a MASA
B e CTEGaM

R R S R R R T

Leading Jet E, (GeV)

John Womersley

= oW + =1 Jetsha(W)

=

&

CDF measurement of W+jets cross section agrees well with QCD:

CDF PRELIMINARY

{ CODF Data (108 pb™)
0.7 Jet Cones, |n,| =24
t\ DYRAD HLO QCD Predictions
\ i sngeona
“
._1_‘. {
"4\.\;
Ly
. { y
~
-------- MRSA ‘.\ni:'-:
--------- G My

15 70 25 30 35 40 45 S0 55 GO G5 70 75 & 85 90 95

Jet E™" (GeV)

JE
aE



CDF W/Z + n jets

10/03/9 09.34 20103/96 1425
< 104 CDF PRELIMINARY CDF PRELIMINARY DATA — LO QCD
< 25 M = <Pt>? W 25 HQui'= <Pt>? ¢ W
> s Ope = M+ PE °z ] SETPRT ez
@ CDF DATA 106 pb™ % 2 b % 2 |

0 O LOQCD Qui= <Pt>? H 2

= 0 L0QCD Quw’= Mw'+Ptw’| & o | S s | oe ¢¢
=l on ++
@

Z 1 * 1

2 )

= Yo .

< 05 ' 05

Al | | | | | | |
g ) 1 2 3 4 1 2 3
= MULTIPLICITY ( = n Jets) MULTIPLICITY ( = n Jets)
S

10

Gom/ 0w

MOl = M+ P
Que’ = M*+ P

FQm’= <Pt>?*
Qud’ = <PL>?

N
o

.
o

o/ 1o
N

L oe .
?

w
z

Data vs. tree-level predictions for various scale choices

1 2 3
MULTIPLICITY (2 n jets)

1 2 3 4
MULTIPLICITY ( 2 n Jets)

1 2
MULTIPLICITY

These processes are of interest as the background to top, Higgs, etc.

John Womersley
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Colour coherence in W + jet events

Compare pattern of soft particle flow around jet to that around the W

g(Jet)

Tower
ﬂjcl
Jet

4

Beam

Beam

b

n 4

In each annular region, measure number of calorimeter towers with

E; > 250 MeV

Plot ratio of jet-side to W-side as a function of angle g (3 = 0 is “near

beam”,

John Womersley

= n is “far beam”)
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Colour coherence in W + jet events

Tower Multiplicity

1000 - o Jetside (a)
o W side

——

—o—
——] "
]

e

500 - s o] E
e ha
oo =
S~
]
e
. . . ]
0 4 w2 34 T ;
g 2
o
1]
™

Data agree with PYTHIA and

MLLA+LPHD;

Do not agree with models

without coherence

John Womersley

2 = =
: oK @ X (b)
i *@
i s e (e
RS S
L @ Data | o Data
[ o PYTHIA (AOON, SF) [ A PYTHIA (AO OFF, SF)
2 | | | | | |
X (©) oK ()
15 j% i
%#i+i+ E
— 4
1y Data [ o Data
[« PYTHIA (AO OFF, IF) [ —MLLA+LPHD
0 TI‘74 r|‘12 31"|14 0 T|;4 TI‘/Z 31"|14 s
14 g
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Drell-Yan process

730500

Measure do/dy for pp —» I*I" + X
Because leptons can be measured well, and the process is well

understood, this is a sensitive test for new physics (Z’, compositeness)

John Womersley
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Drell-Yan data from CDF and DO

d®c/aMdy (lyl<1), pb/GeV

102 —
I I I
O - 88-89 data (PRD 49, 1) | 35 14 [ - Dota
o 5 ete~ (92-95 data &)
Mg E92*95 datag = — NNLO SM Theory
100 ) AT =2 Tev
éwoﬁ S AT = 3 Tev
£.520
=
—2 e
10 S0
10 %L
-5
1074 10 E
10 ° . .
250 500 750 7000
200 400 600 M., (GeV/c?)

Mass, GeV

¢ Compositeness limits:
Assuming quarks & leptons share common constituents
(Limits depend on assumed form of coupling)

¢

John Womersley

3 generations of fundamental fermions

1975, Perl et al. rre 35, 1489 (1975)
va
e n O,
Ve Vi
. quarks q =7/, T T T
q=-1; 9

1977, Herb et al. rri 39, 252 (1977)
No flavor changing neutral currents:
b must have a weak isospin partner = top

¢ leptons

2.0
I
o

¢ The top quark was discovered at Fermilab in 1995
(and the tau neutrino was directly observed for the first time in 2000)

JE
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Cross section (barns)

e Direct searches

Searches for top

1979-84 PETRA (DESY) |e'e” my,>23.3 GeV
1987-90 TRISTAN (KEK) [e'e” mi,,>30.2 GeV

1989-90 SLC (SLAC)

SppS (CERN)

Tevatron (FNAL)
Tevatron (FNAL)
Tevatron (FNAL)

e'e’ myy>45.8 GeV

Mip>69 GeV
Miep>77 GeV
Mep>91 GeV
Miop>131 GeV

¢ Indirect mass 250
determinations (ep ~ 245 s27Mev
. 200 y
as a function ° B s
- (e} v
of time N o 3 el ¥p ,
L 150 oL 250
> ] 9.0 =
) o 5l L Q‘)@o o9, S .
o 100 AR - | Discovery
E o= -~ 1995
50 __—j:—‘—
0
1988 1990 1992 1994 1996 1998 -
Year
John Womersley e
L T T T T T
. Total inelastic
. 1x10¥ g3 top
W=
w ' bb 2
- Bx10° 3 w/z
ol L
w = Z 1w
B [« X
e W = -
= do00 2
- Q@ <
400 & b
= Z £
.13 =
W = 0 |
n t
.12 1 s
W e
_—\\ # s
sl
wr Higgs (ZH + W H e f
e e k|
L L s ‘ ‘ s . i
e t2a ta tea L8 e 1900 1920 140 1960 1980 2000

Higgs mass (GeVic™)

John Womersley

Year discoveraed
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Top quark production

 Top-antitop quark pair production

9 [ [ t
j;gqi<j:3><»;?gaw/<
9 t 9 t 9 t

¢ Single top quark production

John Womersley

qq > tt

gg —> tt

qq —> tb
(Drell-Yan)

q9 — q'th

(W-gluon fusion)

Top quark decays

¢ Standard Model (with m; > my, + m,)
— expect t > Wb to dominate

44%

15%

1% 3% 1% 15%

John Womersley

I tau+X

[l mutjets

[] etiets

W ete

I e+tmu

] mu+mu

[l all hadronic

JE
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Event selection

Requirements:
— High p; Leptons (leptonic W decay)
— Large Missing E; (neutrinos)
— 3 or more Jets with large E;
— Jets from b-quarks
o Soft lepton tagged b-jets (CDF, D@)
¢ Jet tagged in the SVX (CDF)
e Runl
- ~ 120 pbi= handful of tt events (~100/ experiment)

e Run2a:2fbl
dilepton 200 events
lepton+24jets 1800 events
lepton+ >3jets/b-tag 1400 events
lepton+ >4jets/2 b-tags 450 events

e Run2b:15fb 1

¢

John Womersley

i

Missing E;

Jet with
muon b-tag "




Top quark properties

q

Mass

¢

John Womersley

Top Quark Mass

¢ Fundamental parameter of Standard Model (SM)
* Affects predictions of SM via radiative corrections:

— BB mixing b T :t I d b N d
W w ty  ft
d — b d W b
- W and Z mass oM,, « m,z,ln(M,_, )|
-W- W W T W
b

— measurements of M,,, m, constrain M
¢ Large mass of top quark

— Yukawa coupling ~ 1
— may provide clues about electroweak symmetry breaking

JE
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Lepton + Jets Channel

tt > lvbqqb

¢ 1 unknown (p,)

¢ 3 constraints
- (k) = m(qq) = my,
— m(lvb) = nqqb)

e 2-constraint kinematic fit

e up to 24-fold combinatoric
ambiguity

e compare to MC to measure m,

¢

John Womersley

Complications
o Combinatorics: jet Jet
Jet lepton
jet

Vv
— 4 possible jlv pairings

— there are 12 possible assignments of the 4 jets to the 4 quarks (bbqq)
— only 6 if one of the jets is b-tagged
- only 2 for events with double b-tagged jets

¢ Gluon radiation can add extra jets

John Womersley



Combinatorics

1000
o Monte Carlo tests: @ ) Unsmeared,
Mean: 170 parton level,
— shaded plots show 500 | Width: 2.4 no radiation.
correct combinations 7
(Herwig MC,
m, = 175 GeV) % 00 Unsmezred,
o Mean: 163 generator level,
3 100 4 Width: 256 7 radiation on.
‘g A
i

100

100 250
Fltted mass (Gevlc )

The width and shape of the fitted mass distribution is due primarily to
— jet combinatorics
— QCD radiation
¢ Double b-tag helps... but, too few events in RunI

J€
John Womersley e

Basic Procedure

¢ In asample of tt candidate events
— For each candidate make a
measurement of X = f(m,),
where X is a suitable estimator
for the top mass
¢ e.g. result of the kinematic fit

Events/10 Gev/c®

5

— This distribution contains
. 80 100 120 140 160 180 200 220 240 260 28
signal and background. Fitted Mas (Gev/c)

0015

e From MC determine shape of X as
a function of m,
— Determine shape of X for
background (MC & data).
— Add these together and compare
with data

100 125 150 175 200 225 250 275
Average fitted mass (GeV/c?)

likelihood fit for m JE
John Womersley & #



Lepton + Jets channel (DQ)

Background-rich sample
I v is0

True mciss

(5]

Na

| m, = 173.345.645.5 Gev I

=Tl largest systematics

jet energy 4.0 GeV
MC generator 3.1 GeV
noise/pile-up 1.3 GeV

dominated by
jet energy scale and

a0 124 60 200 240

ritted top quark mass (GeV)
Signal-rich
sample

John Womersley

%0 gluon radiation

¢

Lepton + Jets channel (CDF)

-Alog(L)

&
T

M, (GeV/c)

Events/(10 GeV/c?)
-

o
T

oLl | | |
100 i 250 300 350

P 200
\<econstructed Mass (GeV/c?)

Signal-rich
sample

John Womersley

| 176.1+5.11+5.3 GeV I

largest systematics

jet energy 4.4 GeV
MC generator 2.6 GeV
background 1.3 GeV

¢



All-hadronic channel (CDF)

e Large background
e 3-constraint kinematic fit

—~ =
A [ T 5
<X 4 [ e Data S

> r 2 4
3 [ Top 3
~ X 3
o ¥ [ Bockground =
T £ 2
P S

L s

3 1
[

o o

30
-1

»r Top Mass (GeV/c?

o i | m, = 186.0+10.0+5.7 GeV I

5 L largest systematics
; jet energy 4.4 GeV
o MC generator 1.8 GeV
s 7 background 1.3 GeV
0 100 - ‘1;5‘ - ‘1‘50‘ - ‘1;5‘ - ‘2[‘]0‘ - ‘22‘5‘ - ‘250‘ A_‘_E75 300
Reconstructed Mass (GeV/c?) *
John Womersley #

Dilepton Channel

e dilepton channel: — — + T
— 6 particles in the final state - l ‘7bl Vb
— We measure 14 quantities: -
¢ 2 charged leptons v
o 2jets
* p(v)+p,(v)
* Py(+Py(v)

— 4 unknowns =
e only Zp; known p

— 3 constraints I
m(l_17)=m(l+v)=mW
m(lI"vb)=m(I"vb )

= underconstrained
= dynamical likelihood analysis

¢

John Womersley



Dilepton channel

¢ Two different strategies ...

¢ Find a kinematic variable with a strong mass dependence, OR,
calculate a weight as a function of m;
— Assume m;
+ 18 degrees of freedom,
¢ 14 known quantities + 4 constraints
— tand t momenta can be determined
— Assign a weight

¢ using parton distribution functions and lepton p;’s (an
extension of ideas proposed by Kondo and Dalitz & Goldstein)

¢ Characterizes how likely this event originates from a top quark
of mass m,

— Weight curve is determined for each assumed value of m, for a given
event

K. Kondo, J. Phys. Soc. Jpn. 57, 4126 (1988) and 60, 836 (1991).
R.H. Dalitz and G.R. Goldstein, Phys. Rev. D 51, 4763 (1995).

J€
John Womersley e

D@ dilepton sample weight curves

¢ For each event:
— Assume a
value of m,

— Reconstruct
event

— Calculate weight
— Repeat for all m,

e Combine events

Normalized W(m,)

¢ Fit the resulting
distribution to MC
samples as before

150 200 250 100 150 200 250
m, (GeV) m, (GeV)

JE
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D@

LW (m,)

126 166 260G 246

m, (GeV)

| m, =168.4+12.3+3.6 GeV I

largest systematics

jet energy 2.4 GeV
MC generator 1.8 GeV
noise/pile-up 1.3 GeV

CDF

Events/(10 Gev/c?)

.

John Womersley

John Womersley

S

i

jet energy 3.8 GeV
gluon radiation 2.7 GeV

| m; = 167.4+10.3+4.8 GeV I

largest systematics

Top Quark mass

_.E_

—

——

168.4 + 12.8 GeV
DO Il PRL 80, 2063 (1998)

173.3+7.8G
DO Ij PRD 58, 52001 (1998)

172.1 + 7.1 GeV
DO combined

167.4 + 11.4 GeV
CDF Il PRL 82, 271 (1999)

176.1 + 7.4 GeV
CDF |j PRL 80 2767 (1998)

186.0 + 11.5 GeV
CDF jj PRL 79, 1992 (1997)

176.1 + 6.6 GeV
CDF combined

174.3 + 5.1 GeV
Tevatron FERMILAB-TM-2084

150 160 170 180 190 200

m, (GeV)

¢

¢



Constraints on the Higgs Mass

« m, = 80.451:0.033 GeV ( LEP EWNWG, Winter 2002)

80.6 ————————
— LEP1, SLD Data
- LEP2, pp Data
-W- - - 80.51 68%CL e
. < : .
H 3
S ST W = 80.41
EE
M,y < m?2In(M
w e miin(M,)] T
m,, [Ge ]
80.2 114 §O ( Prehmmary
130 150 170 190 210
m, [GeV]
Jt
John Womersley #

Mass: future prospects

e Lepton+jets channel:

Run I (DQ) LULRENCR DN w/ Z—-bb

statistics 5.6 GeV 1.3 GeV
jet p; scale 4.0 GeV 2.2 GeV 0.5 GeV
MC generator 3.1 GeV 0.7 GeV
MC model 1.6 GeV 0.4 GeV
fit procedure 1.3 GeV 0.3 GeV
Total syst 5.5 GeV 2.3 GeV 1.0 GeV

1.6 GeV

¢ Combine with dilepton channel (smaller systematics)

e Improvements:
— calibrate jet p; scale using data
o Z+jet, y+jet, W-jj, Z—>bb
— constrain gluon radiation effects in MC with data
— Maybe use stringent cuts to reduce effects of hard gluon radiation...
— double b-tag = reduce combinatorics

¢ Total uncertainty ~ 2-3 GeV (per experiment)
¢ combined with W mass uncertainty ~ 30 MeV

JE
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Indirect Constraints on Higgs Mass

e Future Tevatron W and top 6
mass measurements, per

experiment

Amy,
+27 MeV
+15 MeV

Amy
+2.7 GeV
+1.3 GeV

2 fbl
15 fb1

Impact on Higgs mass fit using
Amy, = 20 MeV, Amy, = 1 GeV,
Aa = 1074, current central values
M. Griinewald et al., hep-ph/0111217

John Womersley

e Use tty events to measure the electric charge of the top quark
— How do we know it's not 4/3?
¢ Baur et al., hep-ph/0106341

do/dpe(y) (fb/GeV)

— Winter 2001 ]
- Future ! |
4_ -
™~
>
<]
2_ -
0 Excluded "‘-.‘ N Preliminary
2
/ 10
m,, [GeV]
J€
E
An idea for the future
T T
Fob) PP HufjsE
“\_ VE =14 TeV |
E \‘\‘.\ solld: e =2/3 3
B \ N"\\dm\h: Quop = —4/3 ]
AN E
N\ Ne ]
3 ~ Y
E camb, t-Why ]
1] 100 200 elil) 400
Priy) (GeV) Je
E
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Top quark production properties
q

Production Cross Section
Production Kinematics
Resonance Production
Spin Correlations

¢

John Womersley

Cross Section

e Why?
— test of QCD predictions
— Any discrepancy indicates possible new physics:
¢ production via a high mass intermediate state
¢ Non Wb decay models
e How?
— Measurement performed using various final states
— Dilepton channels
¢ ee, ey, nu and ev final states
— Lepton + jets channels
o etjets, p+jets
— topological analysis
— b-tagging (using soft leptons from semileptonic decays of the b)
— All-jets channel
+ Use topological variables
+ exploit b-tagging using soft leptons
— Combine them using a Neural network technique

JE
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Cross Section Event Samples

Dilepton channel: ee, ey, pp + 2 jets + missing py

Do CDF
ee, iUl eeep,u  et,ut
data 9 9 4

background 2.6£0.6 2.4+0.5 2.0+0.4
Lepton + jets channels: e, p + 3 or 4 jets + missing p;

Do CDF
topological lepton-tag SVX-tag lepton-tag
data ‘ 19 11 29 25
background 8.7+1.7 2.4+ 0.5 .0+1.0 13.2£1.2 ,

Y
11 events in common

&

All jets: 5 or 6 jets, b-tag, neural networks

| Do CDF
data 41 187
background| 24+2.4 15110
JE
John Womersley e
Results
CDF dilepton 8433 pb
D@ dilepton N — 6.4+3.3pb
D@ topological —* 4.1+2.1pb
CDF lepton-tag — e 9.2+4.3pb
D4 lepton-tag ~ 83+3.5pb
CDF SVX-tag — 5.1+1.5pb
CDF hadronic ——— 7.6'33 pb
D@ hadronic ot 7.1+3.2pb
CDF combined g 6.5%17 pb
D@ combined e 5.9+1.7pb
theory - 4T7-6.2pb
Berger et al 0 2 4 6 8 10 12 14 16

Bonciani et al.
Laenen et al.
Nason et al.

D@: PRL 79 1203 (1997); CDF: PRL 80 2773 (1998)(+updates)

JE
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cross section (pb)



Cross section vs. m;

CDF

DO

***** Berger et al.

— Laenenetal.

***** Catani et al.

—— Bonciani et a.

140 150 160 170 180 190 200
Top Quark Mass (GeV/cZ)

¢

John Womersley

Prospects for Run 2a (2 fb1)

¢ Precision on top cross section ~8%
— Statistical Error : 4%
— Systematic errors assumed to scale with statistics

« errors from backgrounds: decrease with increased statistics
of control samples (2%)

¢ jet energy scale (2%)
¢ Radiation :
» Initial state (2%),
» Final state (1%)
— Limiting Factors ?
* error on geometric and kinematic acceptances depend on
differences between generators (Pythia, Herwig, Isajet) (4%)
¢ luminosity error (4%)

JE
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tt spin correlations

Standard Model predicts:
o 90% of top quark pairs produced at Ys=1.8 TeV come from qq
annihilation via spin-1 gluon < source of spin correlation
o widthT', =T'(t - bW) ~ 1.55 GeV
o lifetimet~4x1025s
e QCD time scale 1/Aycp = few x 10724 s

« Top quark decays before losing the spin information at production

spin can be reconstructed, as decay products carry spin
information.
Motivation

« Experimental proof that top-quark lifetime is shorter than spin-
decorrelation time scale

o Lower bound onTand |Vy,]|

« Direct probing of the properties of quark, free of QCD long-
distance effects

« Probe for non-standard interactions, both in production and decay

John Womersley

t= ts
—_— t‘ —_— —_— —_—

Spin Configurations

te e
At rest Ultra relativistic Intermediate

JE

aE

Optimal spin quantization basis is off-diagonal
Basis is determined once the velocity and scattering angle is known

— Only like-spin combinations are produced in this optimized basis

— G. Mahlon and S. Parke, PLB 411, 173 (1997)

John Womersley

¢




Decay of polarized top quark

« Differential decay rate of top quark with spin fully aligned:

1 d4r 1+ a,cos 0,
L d(cos 6,) 2 v t P
Particle; | a, 0
1"or d @
Vor u -0.31
o
w 0.41 b Rest frame of top
b -0.41

¢ To find the direction of spin:
— measure angle between the off-diagonal basis and the lepton
flight direction in rest frame of the top 6_, 6,

— Spin correlation — correlation in 6, vs. 0. space
i d*oc _
o d(cosd,)d(cosb.)

correlation parameter
SM value = 0.9

¢

John Womersley

Angular correlations

Helicity basis
x=0.40

~1l+xcos@ cosO_

No spin
correlation
k=0

o0 ¢
ORI
SoSopnhoN

ORFGI-ONGIOT

o o
90,

Beamline basis Off-diagonal
xk=0.68 basis
k=0.87

Correlated(8eamiine)

Correlated(Ofi-diagonal)

K= Nlike - N,

unlike

N/ike +N,

unlike

JE
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D@ spin correlation analysis

* 6 dilepton events (that’s all we have!); use binned 2D likelihood fit

sO00 Tz
I O e

-0.4

D L) s

D D = oor £
4 E 1 T | o B | | | |
-1 -05 0 05 1 -1 -05 0 05 1
cosf, K
Data Likelihood

Kk >-0.25 @ 68% CL |

Fermilab-Pub-00/046-E

¢

John Womersley

Prospects for Run 2

+ Based on ensemble tests of 150 dilepton events (1.5 fb™!)

likelihood probability density estimator
i - gl

04538+ 0.3417E-01 s F

5/ 15
hstont ‘43854 o0.sess
fon ~0.57266—01 = 0.9158E—01

05160+ 01310

RMS=0.43

¢ One can distinguish k=0 from k=1 at greater than 2¢

¢

John Womersley



Top Quark Transverse Momentum

Another tool for
investigating non-
standard production
mechanisms

Good agreement with QCD
prediction

John Womersley

CDF PRELIMINARY

One Standard Deviation Confidence Intervals

Fraction per 75 GeV/c

0 1

| Meosurements in different p, bins are correlated m
06 |-

Standard Model Predictions|

-

0<p<75

75 < p, < 150

150 < p;< 225 225<p, < 300
(GeV/c)

pr Bin

Measured Fraction of Top Quarks

0<pr<75 GeV/c
75 < pr < 150 GeV/c
150 < pr < 225 GeV/c
225 < pr < 300 GeV/c

Ry = 0.297518(stat) 7T 22 (syst)
Ro = 0.427028(stat) 0 57 (syst)
Rs = 0.29+012(stat) 5 S (syst)
R4 = 0.00010 035 (stat) 10 212 (syst)

JE
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tt resonances
A general search for heavy :
objects decaying to top pairs 54 @z - o0
Predicted (for example) in o] S o MCsgrbkg
dynamical models of 3 A MCbkg
Electroweak Symmetry 2
Breaking where the “Higgs”isa & | .
bound state 8 M ‘ ‘ 2l o[ 2
- color octet resonances — tt % 81 (b) 3Cfitwith m = 173 GeV/c?
— mass ~ several hundred GeV & ¢ | KS115% ¢ : m
— Technicolor ol !
* 99 -nr— (tt, gg) Ll
- Topcolor 27 P C
* 99> Vg (, bb) % @0 0 sk wo e
peak in ttinvariant mass m, (Gevic)

D@ limits on ¢'B

forZ' — tt » ev4j | 350 GeV
Note: multiply limits x9 to | 450 GeV
remove B(W — ev) 550 GeV

- B (95% CL)

1.1 pb
0.9 pb
0.3 pb

John Womersley



tt resonances

o Use W+ > 4jet events
« No evidence for a deviation from expectation (KS prob ~20%)

CDF Preliminary
T

2
P minery g
% § Z' - ttSimulation = —@— CDF 95% C.L.Upper Limitsfor [ =0.012M
o 18+ st M, =500 Gev/c? 1 -©- CDF 95% C.L. Upper Limitsfor I =0.04M
g CDF H o ol ., || — Leptophovic Topcolor ', = 0012
G .- g b o 9 ", || =+ Leptophobic Topcolor Z', T = 0.04M
] 20 I
@ 14 i !
: CDF
2 LT T
Reconstructed Mg (GeV/c?)
10 B 3
® CDF Data (63 events)
er ; -y 1 2
4 {7} ttand W+jets Smulations (63 events)
6 i . T
. | WejetsSimulation (3.1 events)
4+ - .
; 03
08
2+ ik i 07
el UL "
| TGS S0 RE RIS | | I
30 40 500 600 700 80 90 1000 %m0 500 600 700 800 %00 1009
Reconstructed M,; (GeV/c?) M, (GeVvic?)

¢ Use tt invariant mass spectrum to set limits on narrow Z’ resonances
in topcolor models

e With 2fb 1, can probe Z’' resonances up to 1 TeV.

J€
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Top Quark Decay Properties
q

g
W helicity 5/

o

Decay modes

Branching ratios

CKM matrix element |V,|
Rare decays

Non-SM decays e
John Womersley #




W helicity in top decays

 Top quarks decay before they hadronize
e polarization of W :

Charged lepton p; &
angular distribution
N 2
Longitudinal W vs.
Left Handed W's

SB(t>bWig) = 5%

John Womersley

W helicity in top decays

e SM top (spin /2, V-A coupling)
— top quark decays to longitudinal (hy,=0) or left-handed (h,y,=-1)
W bosons

BR(t > bW,) 2

myy

BR(t - bW,) 1( m, ' _0.70
- 0.30

¢ Lepton p; distribution in &> b/v distinguishes the two helicity states.
— hy=0: hard p;
- hy=-1: soft p;

¢ Check for V+A component
- F,, determined by repeating fit with F, constrained to SM value
— should be zero in SM

JE
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CDF analysis in Run 1

¢ Use dilepton and lepton+jets tt samples:

Fit for Fraction of W with h,, = 0 (F;)
(CDF Preliminary)
Lepton + Jet Channel
E ¢ Data

s + —  BestFit
20

< hy=-1

hy=0

Events/10 Gev/c
&
T

5 ==+ Background
. s S 4
14
12
°
3 w0E Combined Result
g s b F,=0.91+£0.37£0.13
E 6 [ (Background gaussian constrained, F0= 0.91 :t 0.37 (stat) i 0-12 (Sys)
[ hy, = +1 component fixed to 0)
& 4L v F,;= 0.11 * 0.15 (stat) = 0.06 (sys)
o b CDF, PRL 84, 216 (2000)
0 2 w0 e 80 10 10 140 1;0 1!-0 200
Lepton P; (GeVic)
John Womersley #

|Vio |

e |Vy| expected to be close to 1 (20.998), assuming 3 generations
— if 4th generation exists = no constraints

¢ Any departure of |V,,| from 1 2 indication of non standard physics
— Extract from

B(t > W +b) v,
B(t - W + Q) B |th|2+|Vts|2+|th|2

e Measure R using b-tagging in tt decays
— Count events with zero, single and double tags in in I+jets and
dilepton events.
— CDF (RunI): measure R = 0.94 +0.31/-0.24
e |Vg| =0.97+0.16/-0.12 or |V,,| > 0.75 at 95% C.L.
— Assuming 3 generations
e |Vy| > 0.046 at 95% CL
— Without the 3 generation hypothesis
¢ Run II projections: § Vy, ~ 2% (with 2 fb!)
benefits from improvements in b-tagging efficiency and reduced
systematic errors

JE
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Single top production

¢ Electroweak process:

u d u d

W w _

(b) 0 t ] b
g b g t

e SM cross sections
- o( pp > Wg— t+X) = 1.7+0.2 pb (Stelzer et al.)
- o( pp > W*> t+X) = 0.7210.04 pb (Smith etal.)
¢ direct access to Wtb vertex: measure top quark width and |V, |
- o(qq > th) x T (t > W+b) « |V, |2
¢ Measure CKM element |V,,| without any assumptions on
number of generations
¢ probe of anomalous couplings
— large production rates
— anomalous angular distributions

John Womersley

Single top production

¢ Event topology
« W decay products (lepton+neutrino) plus:
— for the s-channel (W¥*) process:
¢ Two high P;, central b-jets
— or for the t-channel (Wg) process:
¢ One high P, central b-jet (from top)
* One soft, central b-jet
¢ One high P,, forward light quark jet
e Backgrounds:
— Top pair production, W+jets, multijets
* Ability to extract signal depends on
— b-tagging efficiency
— fake lepton and fake b-quark jet reconstruction rates
« Desirable to separately measure the two processes
- different systematic errors for V,,
— different sensitivities to new physics
— measure W and top helicities
« sensitivity to V+A, anomalous couplings, CP violation etc

John Womersley
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CDF Run 1 search

H, for Events in W+1,2,3 Jet Bins (CDF Run 1 Data)

Unit-Normalized H; Distributions for Signal and Background

Entries
Mean

65
182.9

____Wg signal

Events/(20 GeVic?)
N
5

N
S

John Womersley

John Womersley

N
IS
T

___ W+*signal
QCD background
tt background

Monte Carlo predictions

Events/(10 GeV/c?)

__ QCD background|
____ ttbar background
____ single top signal

I o + =t o L
0 50 100 150 200 250 300 350 400 450 ir,oo 0 50 100 150 200 250 300 350 400 450 500
H, H. (GeVvic?) H; (GeV)
Cross section ¢ < 13.5 pb at 95% CL
E

“Standard” D@ Run 1 search

Search using 92 pb! data from Run I for s and t channel production of
single top quarks

Optimize S/+VB for best significance

10%—
3 Keep | Reject ® D@ Data
r — Background
L 10 e
§ F
RN g T S
%5 J e O o =
O' .....
Z I
10°t i I - ‘ M
5 47 89 131 173 215

Er(jet3) + 5 x E (jet4) [GeV]

s channel: c < 39 pb at 95% CL
t channel: c < 58 pb at 95% CL
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Neural Network search

D@ Run 1 analysis repeated with increased efficiency and purity by
using Neural Networks to discriminate between signal and
background

— Different backgrounds have very different kinematic properties.
— Train 20 networks, to discriminate each signal type
¢ e and p with and without a tag muon
— from each of the 5 major backgrounds
* Wijj
e Wbb
« WW
o tt
* Misidentified leptons
+ This is a lot of work, but the results are about a factor of two better:

s channel: 6 < 17 pb at 95% CL
t channel: 6 < 22 pb at 95% CL

J€
John Womersley e

Single top prospects

¢ Production Cross section too low to see single top in Run 1
e InRun 2:
— Using 2 fb-1, expect to see a clear signal
— Use it to measure
¢ o(qq — tb) to ~ 20%
e T (t> W+b) to ~ 25%
o Vy, to~12%

— Note single top will be a background for Higgs searches and many

new physics signatures

John Womersley
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Rare decays: SM and beyond

e  Within the Standard Model

t> Wb + gly

t> Wb+2 Near kinematic threshold

t> Wb + H° Beyond threshold

t-> W +s/d Measure CKM matrix element
e Beyond the SM Run II sensitivity

t>c/u+gly (FCNC) < 1.4%/0.3%
tsc/u+2 (FCNC)  <2%
t> c/u+ H° (FCNC)

SM predictions for FCNC decays ~ 10710
Observation of these decays would signal new physics

t>H* +b (SUSY) <11%
e Current limits on rare decays (CDF)
- BR(t>2q) < 33% @ 95% CL
- BR(&>y9) < 3.2% @ 95% CL
¢ Search for t->H*b (D@)

John Womersley

¢

Top Quark Yukawa Coupling

¢ In the SM, fermions acquire mass via Yukawa couplings to Higgs field
(free parameters in the SM but set proportional to the fermion mass)
- for the top quark yt=ﬁ m ~1
vey

e Large value of m, has generated proposals for alternate mechanisms
(e.g. topcolor) in which top plays a role in EW symmetry breaking

A direct measurement of y, is of extreme interest!
e Measurey, via associated Higgs production (ttH):

e for m, <130 GeV, H - bb is the dominant decay
2 look for events with W(—Ilv)W(—jj)+4b-jets
= A recent feasibility study finds it may be possible to carry out this

measurement at the Tevatron with large data samples in RunII
Goldstein et al., hep-ph/0006311
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Associated production tt + Higgs

o

1072 —
¢ Cross section very low (few fb) 3 a(pp—> H + X} [pb]
but signal:background good 10 Ve m 2 Tev
e Major background is tt + jets -if::h‘%
. ik
¢ Signal at the few event level: oo
e _‘1 P
3 15fb-1 (one experiment) :
® —=m= M= 120 GaV o
E - My= 130 GaV = v
H &
|_|=:| tbar + jats 10_3 E v
2 m—* | 1
B0 100 120 140 160 180 200
« H> bb M, (GeV/c%)
H—> WW
1 g
tTfusion H
, 9
.
o ey Tests top quark Yukawa coupling
My [GeV] *
E
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