Highlights from LEP, Tevatron & LHC

Stan Bentvelsen

UNIVERSITEIT VAN AMSTERDAM
X




Highlights of LEP, Tevatron & LHC

e Lecture 1,2: LEP physics results
e Construction & running
e Physics of the W and Z
e QCD at LEP

e [ecture 3,4: Tevatron results
e Running DO and CDF
e QCD, jets, dijets
e Heavy quarks, top quarks
e W,Z physics, Higgs searches
e Lecture 5,6: LHC physics programme & results
e Construction & running of LHC
e QCD, jets
e W, Z physics, top quark
e Higgs prospects




LEP

e LEP reached high precision in electroweak sector
of the SM

e Z mass, couplings, lepton universality, WWZ triple coupling

e But not only! High precision also in QCD
e ete"—>2 jets
e determination of the spin of quark
e ete 3 jets
e determination of the spin structure of the gluon
e ete"—4 jets
e sensitive to triple gluon coupling
e probing the gauge structure of QCD
e unambiguous determination of SU(3) structure




Color factors
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e QCD is SU(3) theory?
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e For group SU(Nc):
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Color factors reflect basic properties of
QCD. They are therefore measured to
prove SU(3) is the gauge group of QCD
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Ultimate precision color factors

e Construct observables to separate the

contributions to the cross section
e combine 4-jet and event

shape results, accounting 25 | . e
for correlations | Combined result
, * SU3) QCD /A
} oy Z"\"\()Pu.\
’ N\ pELPin pF
1.5 OPAL & jet
Cy
| b ALEPH &jet /,// e
e Approx 8-14% accurcy os L var /
on gauge structure QCD! :
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| 0 I 2 3 4 S
Cr=1.3040.09 C,




Difference quark and gluon jets

e Quark and gluon jets have different coupling
strengths to emit gluons
e Hence you expect ‘gluon’ and ‘quark’ jets to be different

g g
C.=4/3 a3 C,=N.=3
q jet o g jet o
. . (n,) C
e Naive expectation: r,=—"-=""=225
- (n) G

e Gluon jets have a larger multiplicity, softer fragmentation
function, and are broader, than quark jets

e Expect large differences, on order ~ 2




Particle multiplicity difference

e Eliminate jet-dependence qtag&
e for quark jets its not so difficult:
e define full hemisphere as “quark jet”
e for gluon select specific topology:

e using b-tagging in opposite hemisphere

qtag
OPAL (LEP), EPJC11(1999)217
0.12 rrrrypere T p e e rrehyprerrpe e ety
‘ OPAL 1 [ _
1 [rejq= 1.5120.04|
i &ncl. jets G/Q
¢ uds jets

Herwig 5.9 - This is not the naive
Jeset74 | expectation of r=2.25

However, perfect agreement
with NLL calculations




Determination of os

e Strong coupling
e Rinning of the coupling (here leading order)

Oés(Q2) _ 127

(33 — 2ny) ln(QQ/AéCD)

e Natural scale Q2

e Many methods at LEP have been used to measure
e Each with own systematic and experimental challenges

e A very straightforward (inclusive) and reliable method:
o Tuck ~oumbtha niimahar af hadranis var sus lepton events:
R,=I"[Z - hadrons] /T (Z > €C)
e based on event counting, known to as3

e small theoretical & experimental uncertainties, no hadronization
corrections, etc
8




R,=1"[Z = hadrons] /T (Z > &)

vVersus




Calculations of R

e To get R| you calculate:

Ry ~ <+ g+ ey e

= R}) (1 & 6QCD)

= __ _ |

B oep = 0.333a5 +0.09520 |
4048407 ~ 0.042

e explicit calculations show:

e LEP and SLC determined:
| as(M,)=0.1189+0.0030 |

e 2.5% precision, using all LEP data (12 million Z events)
e experimental uncertainties dominate




One more determination os

e Look in the ‘dynamics’ of the events:
+ NLLA studles

102

* Determine as from event shapes su') L. ooy

e Each events gets assigned one o . g‘;j;mmed*ﬂ‘“§> I

\\ ” 10 S o E

number “y” for an event shape : =

g I e .

Mém M@ S o —

e Look at: Thrust, Jet Broadening, P Aaaril T
Sphericity, .... "~ pe |

[as (M,)=0.1192£0.0025 (expt.) + 0.0070 (theor.)]

e 6% precision uncertainty, dominated by unknown higher order
terms (dependence on assumption for renormalization scale)




Running coupling

— Beautiful agreement 0.5
with theory -
o (Q) |
— shows the Gauge 0.4
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Summary

e LEP has been a fantastic machine:
e Standard Model physics tested with unprecedented precision

e Comparison experiment and theory at level of radiative
corrections

e Enormous boost to theoretical calculations

e LEP gave complete understanding of the Standard Model
e Gauge structure of Electro Weak physics
e Gauge structure of QCD

e Urging questions:
e How is symmetry breaking realized?
e Where is the Higgs?
e How is Higgs mass stabilized?
e Naturalness - hierarchy problem?




Why hadron collider?

* Disadvantage:

« Hadrons are complex objects
« High multiplicity of other stuff

« Energy and type of colliding parton unknown \w< I ", g
e Kinematics are not completely constrained / /ﬁfi

 Advantage: %}{I}@ﬁ

« Can access higher energies

Lepton Collider Hadron collider
(collision of two point-like particles) (collision of ~50 point-like particles)

r=ue=Q,

(S e




ete” versus hadron collider

e Circular colliders

* Pro:
« Re-user their power on each turn
- Con: 4
- ot "
. Synchrotron radiation reduces Energy loss _AE o i7e ( E')
energy of particles per turn: 3R \mec
° i 4 )\ 4
Problem wors.ents Wlt.h m Energy loss: AE(e) _ (mp) -
* Synchrotron radiation is not an|e ys p AL(p)  \me
issue for LHC

 Linear colliders
« Particle sees each component just once

« Now more cost-effective for electrons than circular collider:
 ILC, CLICK
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LHC and Tevatron parameters

e L HC today
e Runs at 7 TeV
cm energy

e [.e. 3.5 times
higher energy wrt
Tevatron

LHC Tevatron
(design) (achieved)
Centre-of-mass energy 14 TeV 1.96 TeV
Number of coll. bunches 2808 36
Energy stored in beam 360 MJ 1MJ
Peak Luminosity (1030 cm-2s-1) 10000 400
>100 fb- ~9 fb-

Integrated Luminosity: fLdt

e Has recorded a few pb!

e Depends on the process which machine is more

powerful

e But LHC will be taken over at some point....




Hadron collider kinematics

 Transverse momentum, p-
- Escaping particles (6<3°) have p;~0
* Visible transverse momentum conserved
* Longitudinal momentum and energy, p;, and E
- Particles that escape detection have large p,,
- Visible p,, is not conserved




Single particle kinematics

e Single particle phase space
e Non relativistic: classical Maxwell-Bolzmann statistics
e All Cartesian components equally probable:
dP = dP,dP,dP, = P?dPdQ = dP,,PrdPrd¢
e Relativistic generalization
e Four-dimensional momentum volume with mass constraint:

d*P§(E? — P? —m?) = dP/E = PrdPrd¢dy

 where vy is ‘rapidity’ dy = dP,,/E
with is relativistic analogue of longitudinal velocity

e Single particles are uniformly distributed in y
e For particles in inelastic collisions occupying full phase space
e i.e. for small momenta en small rapidity
e One particle phase space uniform in (¢,y) for small y




Pseudorapidity cosh? y — sinh? = 1]

e Expression for E, P and m:
E*-P*=m? — E?-P}, =Pr+m’=mz
e from which we can write:

sinhy = Z sinh = 1 in 6
mr y = 1/sin

coshy = mET m=0: — mp=Pp=Fsinf coshy = 1/tan9

tanhy = Z tanh Yy = COS 0

B /
e Pseudorapidity: e Y =tan(6/2) =n

e equivalent to rapidity when neglecting mass wrt transverse momentum

e proton collider detectors segmented into ‘pixels’ of equal size in space
(n,¢), e.g. ATLAS & CMS

e justification of the use of (n,¢p) coordinates in plots.




Pseudorapidity

. Rap|$:||.ty y. | First year bachelors exercise: o \
. Rap|d1|ty gs: Prove that y is additive under Lorentz
P + P transfqrmations
2 L —p,

« and pseudo-rapidity as m=0 limit

n = —In(tan(6/2))




L1 L2 /ys

2 particle system >—= o

e Colliding partons
e Parton momentum in CM frame of protons with momentum P
p1=x1P, po=1x2P
e The mass of the system: § = M? = 4P%x 29 = 1225
e for massless partons T=Z1Ty , T=T1 — X2
e Typical production when 1 =2 or < x >~ /T

e e.g. top-quarks at Tevatron at rest produced at < I >~ 0.2
: top-quarks at LHC at rest produced at < x >~ 0.025

e Kinematics fixed for 2—2 system
M? = 2F% [cosh(ys — ya) — cos(ps — d4)]

e which reduces to M = 2ET
for back-to-back final state with y3z=y4




Tevatron vs LHC

e Parton densities

e Rise dramatically towards low x
e Results in larger cross sections for LHC

e [Ldt=1 fb! at LHC competitive with
10 fb! at Tevatron for high mass
processes

e [Ldt=100 pb! already interesting
in some cases for LHC

Process M, O(LHC @ 7 TeV)

o(Tevatron)
qq—W 80 GeV 3
qg—2Z’gy, 1 TeV 50
gg—H 120 GeV 20
qq/gg —=tt 2x173 GeV 15

gg =99  2x400 GeV 1000

1000 ¢

X
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Hadron Colliders in Summary

o (proton - proton)
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- Higher Energy
* Broadband production

=> Discovery machines

* Large physics cross-section
* What is interesting is rare

- The ability to find rare events
is the consequence of evolved
detector design and
technological innovations




A bit of hadron
collider history

A short interlude




Hadron Colliders History: ISR

The ISR (Intersecting Storage Rings, 300m diameter)

the world's first hadron collider, and ran from 1971 to 1984, with a maximum
center of mass energy of 62 GeV.

“The ISR missed the J/v¢y and later missed the Y’ "

“...it took a long time to overcome two major difficulties of collider
physics. The first... the relatively low luminosity... The second...the very
wide angle spread over which particularly interesting events, such as
lepton pair events, may occur...

The answer is, of course, sophisticated detectors covering at least the
whole central region (45° < 6 < 135°) and full azimuth.”

" ..they stumbled on an unexpectedly strong hadron yield; large-p+
production had been discovered, a witness, as we now know, to the
pointlike structure within hadrons.

- Early ISR experiments were not prepared for the J/1y and later
ones were too late for the Y. They nevertheless learned a lot

and paved the way for UA1 and UA2 which were well-prepared
and on-time.




UA2 @ SppS

’ bulletin ©/8¢

WEEK MONDAY 30 AUGUST N°35/82

SEMAINE DU LUNDI 30 AOUT

A spectacular jet’ event seen by the UA2 experiment, in which the
JSragments of a violent 540 GeV p iproton collision ined
127 GeV of energy flying off at right angles to the initial collision axis.
The line lengths are proportional to particle energies.

Evénement spectaculaire ‘en jet’ observé au cours de I'expérience UA2 et
dans lequel les fragments d’une violente collision proton-antiproton de
540 GeV contenaient une énergie de 127 GeV fusant ¢ angle droit par
rapport d l'axe initial de la collision. La longueur des lignes est propor-
tionnelle a I'énergie des particules.

Jets et particules

Parmi les nouveaux résultats de physique annoncés lors
de la Conférence internationale de physique des parti-
cules qui s’est tenue récemment a Paris, le plus remar-

September 1981:
first (small) run
for UA2

First observation of
jets in hadronic collisions




Hadron Colliders History: SppS

8PS €pliider aperatian, 1382-138%

pperational features 1982 1883
Beam Energy {(Ge¥) 275 273
By Im) 1.5 4.2
8y {R) 0.7% | 0.4%
Integrated juninosity Ind 1) |

average per stoye 2.1

averave ger day ¢.4 .8

PEY yRAY 28 1513
Lumisosity (102Y cm™2.87%;
peak 0.5 1.7

average per store 0.1 8.5

Houre stheditled 1750 2064
| Hours realised 746 £8¢
| Neaber of stores 56 72
5 Average store duvat:ion (h) ‘3 13
5 % srores teveminatad by fanlits 41 Al

« Engineering run 1981 ~1 nb!
« 1st dijets at a hadron collider!

« Production and Properties of Jets...

Z.Phys.C20:117, 1982.
« Physics run 1982 ~20 nb-1
« Co-discovery of the W

« Observation of Single Isolated
Electrons of High Transverse
Momentum... Phys.Lett.B122:476-485,
1983.

« Inclusive Charged Particle Production

Phys.Lett.B122:322-328,1983.

|+ 1983 ~ 130 nb-t

« Co-discovery of the Z
o Evidence for 7' — e+e
Phys.Lett.B129:130-140, Aug. 1983.




Discovery W and Z

EVENTS WITHOUT JETS
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6 events in UAIl and the W
was djscovered!

First dijets at a hadron machine
Publication came out of the 1981 run!

UA2 saw 4 W events: they obtained a
central value of 80 GeV for M,y




Finish with accurate W/Z masses

Events per 2 GeV

y

Linal resulis Sl :
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Events per GeV




Fermilab’s Tevatron

‘3 protons on anti-protons at cm energy |.96 TeV |

q- --t-v...

‘TevatroriRing
(=4 mlles)

o ) A Maln —— -
run-1:1990-1995 | B% nector >x
(1.8 TeV cm) ‘ :

run-ll: >200|
(1.96 TeV)
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Tevatron performance

e Stores routinely come in at > 3 103
e 60 - 70 pb-1 delivered/week is typical.

e Expect >2fb/year.

Initial Luminosity (x 10*° cm?2s™)
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DO and CDF luminosity profiles

Luminosity (/fb)

100 — > More than 7.6 fb! on tape
9.0 +— * More than 85% efficiency
h ]
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Discoveries still whowing up?

10

New physics shows up throughout!

single top discovery . rare Bs decays

Integrated luminosity (fb!)

1 -

fop discovery

Bs-mixing

exclusive charm
exclusive ee/GG

77

new physics in dimuons?

Y04 FY0S  FY06  FYO7  FYOS  FY09  FY10




Tevatron Research Program

e Precision Measurements, New Reach for Discoveries
e Mixing, CKM Constraints and CP Violation

Heavy Flavor Spectroscopy

New Heavy Baryon States

Tests of Quantum Chromodynamics

Di-Boson production and SM Gauge Couplings

New Exclusive/Diffractive Processes

Precise measurement of Top-quark and W-boson Masses
Top Quark Properties

e Unique Window into the unknown
e Searches for Supersymmetry, Extra Dimensions, Exotica

e Still at the Energy Frontier... for now

 Probing the Terascale with increased luminosity
e The Standard Model Higgs Boson is almost within reach!




Tevatron versus LHC

e Tevatron is impressive:

e Results on SM physics are very hard to beat for
the LHC

e Many analysis techniques very advanced after
years of running experience

e Dont close your eyes to what happens at
Tevatron!
e (...but they wont find the Higgs...:-) )
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\3 CDF & DO




Particle ID

* DO: e CDF:
e Retained from Run I e Retained from Run I
e Excellent muon coverage e Central Calorimeters
e Compact high granularity LAr CAL e Central muon chambers
e New for run 2: e Major upgrades for Run II:
e 2 Tesla magnet e Drift chamber: COT
e Silicon detector e Silicon: SVX, ISL, LOO
e Fiber tracker e Forward calorimeters
e Trigger and Readout e Forward muon system
e Forward roman e Time-of-flight
pots O Bearn PP
W Tcking e Preshower detector
B Magret Coil e Timing in EM calorimeter
EM .
:fm:eter e Trigger and DAQ

Calorimeter

[ Magnetized
Iron

Muon
u Chambers




Complicated events

e "Underlying event”:
e Initial state radiation

e Interactions of other
partons in proton

e Additional pp
Interactions
e LHC: ~1.5 (~23 at design values)
e Tevatron: ~10

e Many forward particles escape detection
e Transverse momentum ~0
e Longitudinal momentum >>0

Underlying Event




Jet cross sections @ Tevatron

¢ InCIUS|Ve Jets partonic subprocesses for
o Underlying process from _ 1 central inclusive jet cross section
qad, 49, 99 2 ;
. : 2 08
e Relative fraction depends = !
on pdf’s 8 06 a9
q q g d

200 400 600
pr (GeV)

e Highest Et probes shortest distances

e Tevatron: rq<10°¥ m
e LHC: rq<101® m

= RS———

| Tests perturbative |
ﬂQCD at highest energies

e Could e.qg. reveal substructure of quarks




Famous story of ~1996

Inclusive Jet cross section

nb/GeV

* e Tevatron runl

10? CDF Preliminary .
) ko b e Excess of events at very high Er
, i e Is this hint of quark sub-
NLO QCD prediction (EKS)
cteqdm y=E/2 R, =13 structure?
" e Uncertainties in gluon pdf
) e No constraints at high-x
e Inclusion gives good fit: signal
'0‘50 100 150 200 250 300 350 400 gone!
Transverse Energy (GeV)
oo criow Data/CTEQ3M -sgencreor Data/CTEQ4H
A DO (Prelir - A DO (Preliminary) *0.98
3 g
2 05 ! £ 05
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Jet physics

e Current status:

e QCD remains valid upto
8 orders of magnitude

e No sign of new resonances
beyond QCD
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Cross Section Ratio (Data / Theory)
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W and Z physics ?

antiproton

e Leptonic decays

e hadronic decays
swamped by
background

e Selection:
e Z: Two leptons pr>20 GeV

e Electron, muon, tau
e W: One lepton pr>20 GeV

e Large imbalance in transverse momentum

e Missing Er>20 GeV
Signature of undetected particle (neutrino)

e Excellent calibration signal for many purposes:
e Electron energy scale

Track momentum scale
Lepton ID and trigger efficiencies
Missing ET resolution

Luminosity .




Electron and muon identification

e High efficiency for isolated electron
e Low misidentification of jets

e Performance:
e Efficiency: 60-100% depending on |n]
e Measured using Z’s
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o . w [ o e
0.6F = . Loose ID Cuts
- o All - 0.2i- 1
0.5¢" = Stand-alone ¢ : CDF Il Preliminary L=1fb -
0 4% o Combined e o.
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Z-mass reconstruction

e / mass reconstruction
e Invariant mass of
two leptons

e The target at Tevatron
is not to beat the

LEP accuracy

e Use MZ to calibrate
electron energy
scale by comparison
to LEP measured
value of MZ
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W-boson mass measurement

10000

e Requirements: g  [(@D0,1fb" —PAST MC
. ] w0 m Background
 Precise EM calorimeter S 75001 x‘ldot = 48/49
calibration with Z events g 5000
e Detailed model of recoiling -
particle production and detector 2500
response = A
211 bbb o
e E.g. W—ev mode in 1 fb! AR Wasiihawu il
e 499,830 W's 50 60 70 80 rgg(Geb())o
mp = \/ypgy2 + |p4 |2 — (P + P2 | Mw = 80.401% 0.021(stat)|
ii + 0.038(syst) GeV

e Analysis in pt, ET™ss and mr

e Systematics: for mr method 34 MeV
for electron calibration out of 37 MeV total

e Uncorrelated...combination ,dThis morning new ;ombi'nehd DosCOF ‘
| paper on : better than




W and Z cross

sections

e Uncertainties:

e Experimental: 2%
e Theoretical: 2%
e Luminosity: 6%

e Can we use
these processes
to normalize
luminosity?

e Is theory reliable
enough?

 OrnanL0o=268754pb |

NNLO ThOOl'y (Martin, Roberts, Stirling, Thorne)

NNLO Theory (Martin, Roberts, Stirling, Thorne)

OrnnLo=251.315.0pb

CDF (i)
o= 2768 + 65 cate COF (1)
: 248+ 9
COF (e) —
e 2780 + 61 . 255+ 6
CDF (e + ) CDF (e + 1)
* 2775+ 53 - anis &
DO prel. (e) DO prel. (e)
S 2865 + 75 - 264+ 10
DO prel. (1) DO prel. (1)
2989 + 82 e 201+ 7
CDF prel. (e): n|>1 DO prel. (1)
e 28744170 . 237+ 23
CDF prel. (1) . CDF prel. (1)
e —— 2
2620 + 221 242+ 54
l [ 1 l
2500 3000 3500 4000 2%° 250 300 350

W Cross Section (pb)

Z Cross Section (pb)

400




1995: discovery of the top-quark

News Release - March 2, 1995

PHYSICISTS DISCOVER TOP QUARK

Batavia, IL--Physicists at the Department of Energy’s Fermi Natic
subatomic particle called the top quark, the last undiscovered qual
sought the top quark since the discovery of the bottom quark at Fe
of the structure of matter.

+—+— 3 meters ——»

Tracking View

Physicists Discover Top Quark

CDF AND DO RESULTS

HE RESULTS FROM THE TWO COLLABORAT IONS

wWae romarkably similar. COF found 8 dilepion events

wih a background of 1.3, 21 single-lepian everis in
which 27 cases of & DQUANK tag by the Weriex delctor (wih
0.7 background tags expected), and 22 singk-bptan
ovents wih 23 cases of & b tag theough leplonk: decay twan
15 4 backgrourd tage expectas). 02 fourks 3 dilepion
ovents (0 65 background events), B single-Bpion everts
with wpokgical tagging (1.9 background events), and 6 sn-
glo-lepion events with B leptan tags (1. 2 background
ovants). A parculary sirking oxample of a diepion evernt
With very enengetic ekctron, muan, and missing £y (due 1o
1he NOUl NOS), Plus Two (918, (8 shown below Fom the DO
data. The plot shows the dewctar unlokied on to a plane,
With 1he enesgy of the VArous objects Indicad by the
neght of the bars. This ovent has a very low probabsty 1
be explaned by any known background The probabiity
that backgrownd fLCtuations coukd explan the cbserved
Sgnal was one-in-a-milion 1or COF and wo-in-a-mian for
DS—suMciently sold that each experiment was able 1o
claim the observation of the 1p Ndeperciently.

Vertex Secondary
Vertex

S millimeters

by the need 1 entily the Garmect ComBINAION of [és with
parent quarks in the decay and 10 accammaodiate 1he ten-
dency of the STONG IMEraction 1 generae addtinal (s
Adanonal sidies helped 10 es1ableh thatthe new signal  The two experiments oblaines consistont resuits 1or this

tern nrtandd tha ban neinsl Gath avassimmants s Ahila s ——— - ——. . ATIO AN VAN e A 4 AR CAR PN




Top-quark discovery

i? events '

DO

Fitted Mass (GeV/c?)

5 || 1 1 1

\ _19 events o |
3* JH

2._

8L T R P
8

i)
0 120 160 200 240 280
Reconstructed Mass  (GeV/c?)

Events/(10 GeV/c?)

1995, CDF and D@
experiments, Fermilab

e discovery in 1995 by CDF and DO




Top-quark discovery

‘l7evems _, | ®discovery in 1995 by CDF and DO

{Today: I

~1000 events
05l
. mel()oewc’) Mtreco
“ COF Run i Preliminary (4.8 fb )
5 I I I ! ; 250'__ —e— Data
19 events é |
§ 4l - gm: .bkgd."op‘?SM-172560Vfc:
§ sl | e —
L 1
100}~
1 rﬂ-ﬂ- - I+4 jets
oLr S b 501 2> 1 b-tag
80 120 160 200 240 280 x

Reconstructed Mass  (GeV/c?)
ass (GoVIc)
1995, CDF and D@ Mass (GeV/c

experiments, Fermilab




Top production

e Dominated at
Tevatron by

q t
uark annihilation
G >am< 85%
q T
g t g t g t
g t g tg t

S e

+0.48

0c; PP INNNLO

o= 7.46
u (m,_ = 172.5 GeV)

\
|
I

approx




Top-quark decay

e Top-quark decay:
e full 100% to b-quark
plus W-boson
e Decay of W-boson
determined signature
e |lepton+neutrino
e quarks

I
|

~100% v, q

' .
;4;‘ tt decay modes
all jet
46%
cs
-
| 2,
- oIA®
= -
W  4d .

| |
et ut

dilepton (e/n)
6%

e/n + jet
34%




Lepton+jets: signal + background

. . 3000 times higher rate
e Signhal with electron q b
Oor muon.: g -
. b
e Easy trigger ‘
e background W + jets <
® W+jet5 w+ q
e multijet-events 'V
q ¢

Q
-3

multijets g




Di-lepton signatures: signal and bkgnd

o Slgnal with 2 IeptonS background
e 2 leptons, with 2 neutrino’s
. 300 times higher rate
q g b
A _ Z + jets
b Z

* |ess statistics

» less background

| €€, €U, HH




Top-quark cross section

e Measure production rate g DO preliminary, L=4.3 fb’
e is as predicted by NLO QCD? 1

e kinematic properties

e allow separation between
signal and background

e Use energy-dependent
quantities:

e e.g. Transverse mass of leptonic § 10 DO preliminary, L=4.3 fb"
e e.g. sphericity e.g. sphericity = :: top pair
e Boosted Decision Trees 10
2, W+jets' |
W % 00 0.1 02 03 04 05 06 07 08 09 1
‘../’\ ?. sphericity




Determination cross section

c 450 - 1
% —— data D@ Preliminary, L=4.3 fb t op
=2 400 .
B top pair pair
350 B other
300 W-jets /
w . 250 B multijets
+jets 200
\150
100
50
— 07 o1 02 03 04 05 06 07 08 09 1
multi jets Discriminant Output
=7.70°7 (stat+syst+lumi) pb
m,, = 172.5 GeV O = £+19 02 y P




b-tagging

e B hadron lifetime T ~ 1 ps
e B hadrons travel Lxy ~ 3 mm before decay

e Secondary vertex tagger 50-60% b-jet tagging efficiency
e with fake rate of 1%

~N O
° ° l°[lll°]l

Secondary vtx

'
'
v
'
’
- ’
- '
~
-~

Primary vtx

b-jet Efficiency (%)

{ p,430GeV, il <1.1

i p, 3 15GeV, <25

llll A1 A ' 111111

10’ o 1 10
Fake Rate (%)

displaced track

W & O O
III?IIIIQIIII LI LI
|
"

N
°|




top-quarks with b-tagging

Nthber _?f eve_t‘rts
e 8 8
o o o

* D@ Preliminary, 4.3 fb'

N i
B other

Wijets

B Multijet

top
pair

v

multﬁets

1
m,, = 172.5 GeV

+1.

[a _=7.93
tt

04 .
0ol (stat+syst+lumi) pb

]

>2

b-jets

*> limited by systematics
* luminosity dominates at ~6%
* b-tagging second largest




Mass of the top-quark

e Many advanced method
being exercised

e Lepton + jets dominate the
world average
e matrix methods
e template methods

e All methods consistent

M, = 173.1 £ 0.6 (stat.) + 1.1 (syst.) GeV /¢
M, = 173.1+ 1.3 GeV/c?

e Top mass known to 0.75% |

precision
e Approaching 1 GeV!

| | Hargl to beat for LHC!

|

Mass of the Top Quark (*Preliminary)

CDF-I di- 167.4+103+49
_ -

DO-1 di-l 168.4+123+ 36

. ‘ ———

COF-1l di-| 1712+27+29

& . H—p—

DO-11 i 1747+29+24

) ———
COF-I14 176151153
. ' ’

DO-11+ 180139+ 36

. ) o

COF-llk+ 1721+09+13

. _ -

DO-111+§ 173.7+08+1.6

_ .

CDF-l all 186.0+100+5.7

N . ——

CDF-Il all-} 1748+1.7£19

® H
CDF-ll rrk 175.3+6.2+3.0
Tevatron March'09 1731+ '0.6 i; 1'__1
(stat) £ (syat
1%/dof = 8.3/10.0 (79%)
I I | l |
150 160 170 180 190 200

Mo (GeVIc?)




Precision Miop and o(tt)

e Compare measured
mass and cross section

e Related via cross section
calculations with Mtop
as input

e State of the art in NNLO
calculations

e Uncertainty bands due to
unknown higher orders
in theory (beyond NNLO)
comparable to experimental
uncertainties

e Renormalisation scale
dependence

e Progress in theory needed!

|Q_4_: . CDF Run Il Preliminary 4.6 fb"' -
Q" [
‘b’ ~ Moch & Uwer, arXiv:0807.2794 (2008)

3

-------------- Cacciari et al., arXiv:0804.2800 (2008)

2 Kidonakis & Vogt, arXiv:0805.3844 (2008)

17 -

Oq llllllllllllll lllllllllllll [

10

IIII]I]IT]]]II...,.IIIIIITIIIIII_

167 168 169 170 171 172 173 174 175 176 177
Top Quark Mass (GeV/c?)




Search for new physics in top




Search for new physics

* NO resonance
production in

tt system is expected

e some models predict tt
bound states: e.q.
leptophobic Z' with strong
3 generation coupling

prooabiiity dens y 20 GeV

Q|

CDF | %re:imiNav AR
L] L]

400 fnn ROO ‘ nnn 1,00
s >
g [CaVa

Search for bumps in
tt reconstructed mass
spectrum:

Mz > 800-900 GeV




Single top production

Electroweak production of top quarks
e probe on CKM matrix element Vib /

q t
....... Vekm =|Vea Vs Voo
W Vi Vie Ve,
q b

s-channel ~1 pb

b = t Muon
W*§
q : q’
t-channel ~2 pb
e Experimental challenge

e Single top backgrounds very large:
e Only 0.5 out of 1019 events contains a single top




Multivariate analyses

Matrix Elements

9 b

Boosted Decision Boosted
Trees Neural Networks
&=,
=
QQ Q
D@ Single Top 2.3 fb"

e Small but
convincing
signal

Single Top Quark Cross Section December 2009

Data
tb+tqgb

Wijets
tt Il

¢
N =
g 1o uncertainty I .
|  onbackground S5 Multijets -

Event Yield
(o)}
S
|

0.4 0.6 0.8
Discriminant Output

D@ e/u+jets 2310

D@ <c+jets 48fb

)t in combination

CDF e/u+jets 3.2fb"
CDF #.+jets 2.1fb'

Tevatron Combination

Preliminary '

Il B.W. Harris et al., PRD 66, 054054 (2002)
N. Kidonakis, PRD 74, 114012 (2l006)

I 1 l

$

3.94 1388 pb
34 29 pb
217 2328 pb
50 25 pb

+0.58
2.76 X035 pb

Myop = 170 GeV

PR |

0 2

6 8

o (pp = tb+X, tgb+X) [pb]

['VuJ = 0.88i0.07]

arXiv:0908.2171 [hep-ex]




Lessons of the top quark

Top Event Decays
W helicity (V-A) Top Quark Production

 Branching ratios » Mechanism

« Top to charged higgs » Top Pair Cross Section
* Top sample (W+HF) » Ewk Production (single top)
* FCNC  Forward-backward asymmetry

» Resonances decaying to top
» stop or t’' production

Top Properties

| . ]
+ Top Mass Everything we know about
 Top Quark Width

« Charge of Top Quark the top, we have learned
PREENBSEE S from the Tevatron

- |




Tevatron’s top its raison d’etre




Last step before Higgs:

e WW and WZ di-boson final states

CDF Run Il Preliminary [L dt = 4.30 b CDF Run Il Preliminary, L=4.6 fb” | [EXT
o~ r T T T
=2 x?/ndf = 25.63/36 | —* Muon Data o [ |wejets
= 0] W+jets
8 5.2 O |mm cco 10* 5'4 dw [Non-w
‘E" 1000 | = f‘:::ms 100 — .Z'm’
50
S . WWeWwZ 8 . B
ZZ . :
a | - 8 101 7 075 08 085 09 095 1‘.0313
8]
©
500 S 2
b 10
10
0 50 100 150 200 0 0.2 04 0.6 0.8 1
M, GeV/c*

o= 18.1 +3.35tat i 2.55ys pb

e WW/WZ measurements in Lepton + Jets

Event Probability Discriminant

0 =16.5 +3.3/-3.0stat £ 3.5sys pb

e Using matrix element techniques and mjj calibration with

4.3-4.6 fb!




Where is the Higgs?

e Use latest
results
on Mp and
Mw

e push Higgs
mass to even
lighter values

| m, =87+, GeV ﬁ ]
m, <157 GeV@95%C.L.

m,, > 114 GeV(direct)

my (GeV)

= L I ) L) ]' Ll Ll L} L} ] Ld Ll Ll T ' -
80.7 Tevatron/LEP 268% cL .
LEP1/SLD: darker region )

80.6} —
80.5[ —
80.4| . -
80.3} = 114" -
:l - 400 GeV -

we . .
80.2 — Heinemeyer, Holiik, Stockinger, Weber, Waeiglein 09
i W T S T | s 2 a2 a1 2 2 2 a1l 2 2 2 | PR TN T
160 165 170 175 180 185

mtop (GeV)




Higgs production

10
o [fb]

10

1

SM Higgs boson production cross section

I L L L L ] L l L L I L L
3 Tevatron  _
1.96 TeV 3
2 —
C Vv ]
. AR/ TsSsSSe— — \ H :
) Vv
T
= qq—Zh =
L 99,99 :
i TeV4LHC Higgs working group . ]
Al L L Ll 1 1 l Al L L L 1.1 l Al 1l 1 L 1.1 I LA L L 1 1 “IL‘\I"L_I Al 1
100 120 140 160 180 200

m, (GeV)




Higgs signatures

1 SM Higgs branching ratios (HDECAY)

e Light Higgs:
e bb dominates
e tau playes a role

0.1

e Heavy Higgs
e WW dominant
e ZZ with leptons
in the final state has

too small branching 0-2
ratio

3
100 140 160 180 200
my, (GeV/c?)




Events: the challenge

e These are production numbers
e — trigger, acceptance, ID efficiency not yet factored in.

0 ‘Events produced at CDF in 1 fb'1|

» 7

€ 600\

g E ' -----------------------------

I 90 D o P e
402 """"""""" | |
30 —Hi WWelvlv |
20E ................. W.!i.::..'..\..ﬁ!? |

. | ZH — vvbb
1 0.-_ . + ZH—»IIbb """"""""
2 e

10 120 130 140 150 160 170 180
Higgs mass (GeV)




Tevatron channels

e gg—H—bb/1T suffer too much background

e = high mass channels: H-WW and VH->VWW







Combined Tevatron Results
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