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What is the Universe made of?

= Everything we see is made of molecules or chains of atoms
= Atoms contain a nucleus surrounded by electrons

= In the nucleus there are protons and neutrons

= Proton and neutrons are bound states of quarks and gluons

=  When we look closer we find an amazing world of particles and interactions
and we travel back in time.....

. electron
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The Standard Model of Particle Physics

The Standard Model describes

the fundamental particles and ELEMENTARY
the interactions between P ARTICLES

them;

Hadrons are composite states
of quarks and gluons;

Baryons (three quarks like
protons and neutrons)

Mesons (a quark and one
anti-quark)

Force carriers are particles
responsible for the
interactions

Force Carriers

Three Generations of Matter
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The Standard Model Properties
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The Thrill of Discovery: A Brief History of CDF

= 1985: First collisions with = 2001-present: Run II era
partial detector begins with essentially a new
= 1987: Core detector in place. detector, higher collisions
Jet Physics energy and more data.
= 1988-89: “Run 0” 4x the = 2004: First Run II physics
expected data, seen lots of papers published
W/Z's
= 1992-1995 : “Run I"” -added
silicon detector. Top quark
discovered!

12 countries, 59 institutions
706 physicists
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The Experimental Apparatus

Main Injector
& Recycler
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The Accelerator Chain

Start by accelerating protons

Some protons hit targets to

An electronvolt (symbol: eV) is the
amount of energy gained by a single
unbound electron when it falls through
an electrostatic potential difference of
one volt. Very small amount of energy:
1eV=1.602 x10-"° J.

MAIN INJECTOR
E

1 { = B, antlp, 160 GeV
make antiprotons +I'HEC,,|,CLEHH S
TEVATRON L =
Store antiprotons e — M)
i :'.--’"- L ..-f _.I
! F
o i DZERO 7, 2 TARGET HALL
Use main injector to send . j‘“ \\ \&/‘ RGO
p’s and antiprotons into : H“m;x NE= _SOURCE
the TeVatron e NS >)
T S \;’?‘v -~ BOOSTER g #6ev
Vet o7 =7 LINAC [Wikes
The TeVatron ramps up — —
COCKCROFT-WALTON

the beam energy
NEUTRINO - ,f‘ -
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H ™ jong, 750 KeV

Proton
Dirsation

i

Antipraten
Diiractian

Faimilah 00-635
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A small digression on Luminosity

The event rate R in a collider is proportional to the interaction cross section o

and the factor of proportionality is called Luminosity £

Luminosity is dependent
on the number of
bunches n, and n, of
particles colliding,

their frequency f

and the gaussian beam
profiles o o

(cm2 sV

y

The real important quantity is
the integrated Luminosity,
expressed in units inverse

to the cross section, pb-1, fb-1.
It tells us the number of events we

can see during the duration of the
experiment!

Weekly Integrated Luminosity {(pb™")
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Proton-Antiproton Collisions

Collisions:
= At high energies we go inside the protons and jot
_ : : 9
antiprotons where we collide the internal quarks L -~
and gluons e -
E = mc? | '

= Energy and mass are equivalent. With lots of
energy we can produce lots of particles

Production » .
= In the collision process we can produce several F \“\
. . . am
types of particles and study their properties 2
Decay €

= Some particles decay and the study of their daughters
gives us insight on the nature of the interactions
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Physics Processes and their Signatures

Physics Objects
= Tracks
= Jets
= Electron
= Photons
= Neutrinos
= Muons

Detector Components

= Tracking system
« COT
= Silicon detector

= Calorimeters
= Muon Chambers

11/12/04

An Overview of Results (incomplete)

= Leptons-only final states
= Z production
= Drell-Yan studies
= dilepton searches

... and Photons
= W production
= Multibosons

= Jet Physics

. Leptoquarks . :, SUSY and Background Cross-Sections
= TOp quark iz, o
= Higgs boson "

W/Z

sSuUsY
Toﬁ I—u squarks
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The CDF Detector

| The Experiment studies interesting collisions between protons and antiprotons

Muon System —
g Transparent tracking

in a magnetic field

Absorb most particles
with calorimeters

Surround the outside
with muon chambers

Electronics to read out
each subsystem

Computers to record
and analyze data

~ Partly New
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Tracking

CDF Tracking Volume
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[ ]
See I n g I ra C kS lrackirg  Hectromaonetic  Hadr Muorn
charmbar calarimad i chainbar

- Charged particles bend in the Innerrost Layer .~ . Outermast Laves
mag netic ﬂeld Event : 2276742 Run : 153374 !

= Jons (es) knocked off gas
molecules drift to the wires
giving electronic signals (drift
chambers)

= Hit patterns can be recognized
as tracks

= The higher the energy
(momentum) the straighter is
the track

= Beside momentum, tracks give
information about the collision
point

A 'ﬁ)p Event!
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Electrons and Photons

Trackirg  Electromagnetls  Hadron Buen
=1

calarimater caorimatar CRANSar

= Electrons and Photons chotons [
get easily absorbed by . |
the calorimeter ™ e Ly, g ro——
= Tracking association
gives the ability to run 1147806 event 1167222 Et(el)=44 GeV
identify a charge 20 Bt(e2)=42 GeV
particle, the electron. 60 Et(p1)=46 GeV

T 40 " S Et(p2)=26 GeV

20

MET=13 GeV

M(el-pl) =92 GeV/c?

M(e2-p2) =91 GeV/c?
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Muons

= Muon can penetrate lots of
material before getting absorbed.

= Easily identified as coincidence
between tracks and muon
chambers hits: MIP

CMX
0.6 < |eta| < 1.0

CMX Miniskirt: |
Wedges 16-19 |
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Neutrinos

= Neutrinos rarely interact at all.

= Since they have no charge,
there is no track associated
to them.

= They don't leave energy in
the calorimeter

= They leave the detector
undisturbed...

= The presence of the neutrino
is inferred by its absence!

= We deduce the presence of
neutrinos by calculating the
missing energy to the total
energy of the event.
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‘Loose’ muon:

An isolated track
pointing to a gap 1
the muon coverage
m| <1.0

‘ Starting the Puzzle

Central electron:

Plug electron: _
EM calorimeter clus
(silicon, COT hits ma
be attacheg

Neutrinos:

‘Tight’ Muon:
isolated track pointiRg
to a muon ‘stub’

Photons:
EM Calorimeter;
cluster with ng
associated tra
m| < 1.1
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Z0% Vector Boson Production

p AN

@
e
%

angle between 6

A Very low backgrounds (QCD., Z—TT, cosmics) @ < 1%

lmportant systematics : PDE’s, Material Descriptions

p and e- é‘
“L500F
> L « Z—ee DATA (4242)
9_400:— BZ->ee MC CDF Run Il Preliminary
£ r ILdt=720pb'1
3005 '

200—

100C \L L

0

g......

e P it
50 60 70 80 90,100 110 120 130
M, (GeVic)

OoxBR(Z—>ee) = 255.2 +3.9(stat) = 5.5 (sys) = 15.3(lum) pb
oxBR(Z—pp) = 248.9 +5.9(stat) *79_, (sys) = 14.9(lum) pb
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Extended measurements
of cross section are
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Drell-Yan Measurements

CDF Run Il Preliminary

_[Ldt =72.0pb’

|
Evis./GeV/c

angle between 6
p and e-

-

e-
_0(cost >0)-0(cosb <0)
o(cosO >0)+o(cosO <0)

s Z— eeDATA
m]

Ap

4] - F— 5 i 1% 20 25 3 3B W
<f' 1:_ CDF Run Il Preliminary * p, (GeVic)
0.8 J.L=72pb'1 I
0.6:_ - - 3 i S 0 oo - S A
- -. ” #= Production properties : eventually feed
0.4 INto precision measurements (M)
0.2
0 Zii* —e'e"MC _ -
C band includes || # |n°<3.0 : using full detector coverage
-0.2 " Calculations 1 - =
gl = e extract quark. lepton couplings & sin L?rw
0.4 Statistical " :
C . # sensitive to new physics
06 . . . otal }
40 60 100 200 300 600

M. (GeV)
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G-BriZ'— ee) (pb)

Searches in dileptons

i

«—1{Non SM! |

CDF Run Il Preliminary (1?3pb_1)

ARV %103 - — SM prediction
g 2 B aco dijets
- . 1
g ! e [] tau-tau, ww, wz, 2z,
-1 = ! tt, W+jets
. CDF Run I Preliminary (200 pb ) @ 10
10 - ' Lﬁ
& Br{Z '~ II) limit (95% C.L.) 4
o-Br{Z'— 1) LOx1.3
10 570 GeV (Z,) 10"
610 GeY {Eh,}
5
] 625 GeV | 10 . ] W
100 200 300 400 500 600 700
)' Mre_ (GeV)
0’ Forward
electrons ;
10
750 GeV Calorimeter
o , (£ SM couphing)) seeded Si
200 400 600 800 tracking
Z’ mass {GEVJ’CE'}I - w0 I ° *
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CDF Run 11 Preliminary (200 pb ")
Little Higgs 10 ' ‘
—— G-Bi(Z'— ee) limit (95% C.L.)
\

GBI(Z,— ee) LOX1.3 10

Calculate the acceptances for
resonant states for 3 different

spin assumption (0,1,2)

Searches in dileptons ( cont'd)

1F

10 F

o-Br(Zy— ee) (pb)

2
10 ¢

CDF Run 11 Preliminary (200 pb )

—=— G-Br(Z'— ee) limit (95% C.L.)
o-Br(pp,o— ee) LOx1.3

M, =M
P 2 a @
1k M =M, - 100 GeV]

<E 7chnicolor
/:

c-Br(Z’— ee) (pb)

2| My =400 GeV
10 M, =300 Ge
SUSY R | M, = 200 Ge
10 :
: 400 600 5 800 10'3 L L L
o u1|1 e 1m1n:ary ( VP /'T/ H PG mass (GeVic )
—e—— o Bri{,— ee) limit (95%C
5 ————— NLO &:Bri¥,— ee|
10 Choudhury, Majhi an -
CDF Run 11 Preliminary (200 pb ) /
10 : ‘
10 —— G.Bi(G—see) limit(95% C.L.) . .
'.é, G-Bir(G—see) PYTHIAX L3 EXtra = DI m e n SIO n S
’TB* 1¢F 10 Randall-Sundrum Model /A
T )
= 10 4 * Randall-Sundrum graviton model
”g . ERT < 4-dimensional metric multiplied by warp factor
10 e exponentially changing with the additional dimension
R 5 Generating a large hierarchy does not require a large r,
10 10'3 L
The coupling of individual KK states to matter is set by
10" : : . the weak scale (parameters : Mg and k/M; .. )
200 400 600 800 10° Lo . ‘ KK states can be observed as spin 2 resonances
V mass (GeVic ) 200 400 600, 800
Graviton mass (GeV/c )
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Searches in dileptons (cont'd)

Events / 5 GeV/c 2

e 7' gauge bosons: M, > 735GeV/c? (SM-Like)
-

___CDF RUN Il Preliminary (200pb__) CDF Run Il Preliminary
. —e— Data CDF Run Luminosity (pb~1) M3z, 959,c.1, (GeVic?)
3 —All 1A 18.8 440
10 DY Z->up IB 88.6 575
B QCD+cosmics [IA (summer '02) 16 275
) . IA (winter'03) | 72.0 (56.0 for CMX) 455
10 § [IA (summer '03) | 126 (110 for CMX) 585
: IIA (winter '04) | 200 (180 for CMX) 735
10 E e E¢ Z' Limits:
CDF Run Il Preliminary
1 Model Mass Limit at 95%C.L (GeV/c?)
Run | | Run Il (summer '03) | Run Il (winter '04)
ARy 590 585 735
10'1 Z'y 495 465 600
Z'y 500 455 580
Z, 520 495 635
10'2 L - Z' 480 425 530
100 200 300 400 500 600 700 800
: 2
Dimuon Mass (GeVic ') e Littlest Higgs Z: M7, > 755GEV/C2 (cos# =0.9)
2 _ _
cos 9 = m (ﬁf—pg - El f;—) o400 CDIf FiUllﬂ I .Ffreliminarly(zqﬂ ptf")
T 5 —e— Data
>350) ! [Jovzaevin)l — ® RS Graviton of extra dimensions: Mg > 6D5G8V/C2 (k/Mp; =0.1)
&0 3 CDF Run Il Preliminary
2500 CDF Run Luminosity (pb~1) Mg 9s5%c.1 (GeV/c?)
(kMpl = 0.1)
2001 1A — —
150 1B - -
IIA (summer '02) 16 255
100f lIA (winter '03) | 72.0 (56.0 for CMX) 370
50 (summer '03) 126 (110 for CMX) 475
lIA (winter '04) | 200 (180 for CMX) 605

l:Illl 01 0.2 0.3 04 05 06 0.7 0.8 09 1

|cosB|
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W+ Production

W= vector boson production

Transverse Mass - W—ev

CDF Run Il Preliminary, 72pb'1

o 3000
b7 S « 37584W— ev Candidates
ha & 2500 O sum
_______ o~ DW—)EVMC
~ [Jacp
g W+ £ 2000 D w-cvme Transverse Mass - W—pv
] Zly »eeMC
— o ' CDF Runll Preliminary, 72pb'
1500 [« 2200 & 31722 Wopv Candid ales|
L3 : w
h EB = 2000° g [ sum
1000] [ 3 : [] Wi MC
~ 18m; Ziy s MC
500 g1 e
W~ Production g
W 033 40 60 80 100 120 o 1200
M, (Gevic) 1000
8§00
hoa d 600-
——————— 4mé
i W_ Backegrounds (QCD. W—tv, Z, cosmics) @ 6% (e), 11% (W) 200
— Important systematics : PDF’s. Energy Scales. Material Description ; T
h M, (GeV/c?)
B D015 T I o ¥
9000 CDF Run Il Preliminary, 72pb
% « 37584 W — e v Candidates
2 8000 = O sum
- OW-—>evMC
‘g 7000] ] acp
Ow-—-vMmC
61 L?J 6000 Zly' > e e MC
+ 50001 > 25 GeV
0 BR(pp =W —ev) =2782 x14(stat) s (syst) £167(lum)pb 7
4000/
3000]
o -BR(pp = W — uv) = 2772 16(stat)*% (syst) £ 166(lum)pb| o
pp Au y p 1000]
5% 40 60 TUEL 00
E (GeV)
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Following the same strategy
pursued in the |n| <1 region,
full tracking is used in the
forward region

*Two 3-D hits & vertex seed

silicon track (SISA)
Ol seeded by COT hits

Tracking Efficiency

0.8F
F \ % Combined

0.7} e . Ol

0.6

0.5F

0.41

Tracking efficiency / 0.1

03 ' . B
0.2

04

ot b o ¥ 1 e

1 12 14 16 1.8 2 22

o x BR(W—>ev) =
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+|O attaches COT hits to SISA

Events/2.5GeV/c?

=2]
o
o

2874 + 34 (stat) =

Inclusive W cross section (cont'd)

EM cluster is matched to a 3D
track reconstructed using the
Silicon detector only in the
region 1< |n| < 2.8

500

400

300

200

100

167 (sys) =

#Data Electrons 1.1<|n|<2.8
10461 W — e v Candidates

DSum

W - ev(MC)

CDF Runll Preliminary -

j L dt =64 pb”
Mar 2002 Jan 2003

20 40 60 80 100 120 990
M,.W(Ge\ﬂc)

172 (lumi) pb
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Summary and X-Sections Ratio

ifo)
N
—
an
é oxXBr(W—lv)
1
| Test of SM! |
oxBr(Z—1"T) ¢ CDFII (plug ¢)
10 £ % CDF (630) i CDF 11 (e+y1)
i NLO theory curves. T
Martin, Roberts, Stirling, Thorne % UATL (u) I CDFI1(e)
$ UA2(e) ¢ DOT(e)
0.4| | |Of6| | IOTSI - I1 - IITZ' | '1{4I I1{6. | IIISI . i |
E_, (TeV)
po O Bripp—W — &) o(pp—W) Tz Tw ) | [He = 10.88 2018y 20165
o:Brlpp—=Z =10t alpp=1Z) Tgz(fti-) Ty R, = 1.10= 0,27 (gtat) + 0.1 T(gyet)
The combined ratio is precise at 1.8% independent on the luminosity F = 10.4+0 lE'[ ot +10 13(‘. )
. . at) T UL 9 gyat)
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Di-boson Signals

Achannel Bychantel £

A) u-channel B) t-channel

q ANNT 9 ANNW i e T R WYV
q AVAVAL Y N\NNY ;

e e Y Y R e P L

C) s-channel " C) Lnner Bremsstrahlung
Triple Boson
Coupling
W
T ' [Non SM!
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Wy

i First select ‘n‘x'.—~.'. 1 cvents : . o(Wy)xBR(W—lv) = 19.7
= blectrons @ B =25 GeV: missing—E =25 GeV + 1.7 (stat) = 2.0 (sys)
= Muons : E =20 GeV: missing—E =20 GeV + 1.1 (lumi) pb

¢ Then look for additional photons :
= L (photon) = 7 GeV
= || <11
= AR(LY) > 0

For E(y) > 7 GeV and AR(l, y) > 0.7:
o(Wy)xBR(W—lv) (Theory) =193 + 1.4

CDF Run 2 Preliminary 202 /pb

> L | L | rTrrrrrr T rrr T T T T T T T TTT CDF Run 2 Preliminary 202 fpb
8 r —— @ data 259 events - gTn:|||||||||||||||||||.|||d|at|a|2|5|9|e|\;e|n|t;|—_
107 O Wy—slvwMC+BG o F ]
TOF 0 QCD+2Zy+tvy * 2 O Wy vy MC+BG |
(1] C ] ] — 5
8 —— O zy+tvy : 2 sn: O ;)CP+Z + vy
o | 8 v ] data well g O zr+wy
& 4 described over | 5 %F |
w“ 10 & - described over 5 ]
o] E E . C .
5 L : all photon E s B 4 + 3
o r - 2 T ]
E ¢ . and separations E ar + =
Z 1 . Z ]
: : > o E
104 Lo i E i—| | | | | | E
0 20 30 40 50 60 70 i L —— Ll
Photon E ; (GeV) o 1 2 3 4 5 6 7
AR(l,y)
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Ly

CDF Run 2 Preliminary 202/p

o(Zy)xBR(Z—11) =5.3

+ 0.6 (stat) = 0.4 (sys)
+ 0.3 (lumi) pb

0

s

Neve nts"o 3

For E(y) > 7 GeV and AR(l, y) > 0.7:
o(Zy)xBR(Z—1l) (Theory) =54 + 0.4

W

15

Neventsd7GeV

CDF Run 2 Preliminary 202/pb

TIT[TT AT [ TT T[T T[T T [T I T[TIr T TTIr[rrrryg

-
=
III|

# 69 candidates

DZT—>IITMC+BG -

35_IIII|IIII|IIII|IIII|IIII|IIII|IIII
- # B9 candidates

25 3 3
A R(near |,;,

N, (10 GeVicY)

CDF Run 2 Preliminary 202/pb

FoT T[T [T T TT [T [TIT[TIT[TTT[TTT[TTF

15F

u[l 20 40 60 80 100 120 140 160 180 200 220 240 -

wvill7) (GeVic)

DJet—> +BG E

=

11/12/04

Lob
1IJ ZIJ 3lJ 4IJ 5IJ EIJ TIJ BIJS

Now V+y cross-sections well established, we are:
 optimizing sensitivity to anomalous coupling

and new physics

* testing the Standard Model in
ways unique to the TeVatron

(e.g. observing RAZ in
W v production)

photon E; (GeV)
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Excited electrons

Observation of excited states of quarks
and leptons might confirm the
hypothesis that they are not
elementary particles , but composite
states

M./ A

CDF searched for excited electron (€")
using high pt electron data (L=200 pb!)

* an excited electron would decay into ey
» Select events with eey in the final state
» Look for resonance in M(ey)
« SM backgrounds :
Zvy + DY , Z+jets, WZ, Multi-jets, y y +jets,

08}

06}

04}

0.2}

q

CDF Run Il Preliminary
J-L -dt =200 pb ™'

95% C.L
Exclusion Region

200 400 600 800
M,. (GeV)

At Tevatron, € can be produced via contact
_interactions or gauge mediated interactions

I CDF Run Il Preliminary [ L .dt = 200 pb”
v . Run |l Prliminary | L dt=200 ph
'> Py ——CDFRun I
D 10 | ......ZEUS {1994-1997)
O
b R ETRRTRN H1
<
~—
Y

107}

%00 200 300 400
M,. (GeV)
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WW Production

Events/20 GeV

Further step towards limits on
anomalous WWZ, WWy

coupling

—— N

[J.-—(—J\N'\.-ﬁ'

# T'wo isolated 151_:*2{11 GieV leptons (e or 1) .
i Mlssing—li]_ =25 GeV.
# Remove events consistent with /Z decay.

i Remove top background by requiring no
additional jets.

<= Tight lepton selection complemented

by lepton + tracks selection
‘ Missing Transverse Energy

25

CDF Il Preliminary 200 pb'1

Wz zz et

it Remove fakes by requiring opposite sign.

COF Run Il Preliminary - Dilepton Mass |

32— [ ]ww+Bkgnd

7::— [-]BKkgna

sf._ e « Daia

A3 L =184 pb"

<

3E- L

2t

1; ,__,r| ” — JKXS
B W 2 e o L O I e

0 20 40 60 80 100 120 140 160 180 200

Dilepton Invariant Mass (GeV)

+ Drell-Yan

—-— + fakes

+ WW (measured o)
—&— CDF || Data

Events { 20 GaV¥
-]
|

Larger fakes oF N <1
contamination and g jet =
uncertainty =

[ A | A e 1 Loy
0
0 20 40 60 80 100 120 140 160 180 200

MET (GeV)

Gww = 19.4 + 5.1 (stat) + 3.5 (sys) + 1.2 (lumi)

14.3%3% (stat) + 1.6 (syst) + 0.9 (lum) pb
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Jets

= A quark or gluon fIylng out of llmuzkEn; zlectromaegnetic Ea;:rn d.*wtuf:n
the interaction point will T B e
generate lots of hadrons — B
moving in the same general 1 e
. . . . B R |
direction: a jet. —
Inrermoet ager. P Chibarrnost Lasrar

Highest mass event
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QCD and Jet Physics

The Tevatron is a Jet Factory

All production processes are “"QCD realated”

Optimal understanding is basic for all analyses:
- Main parameters (ex: gluon PDFs in high x)
- Non perturbative regime (ex: underlying event studies)
- Studies of specific processes where QCD is important

Probing higher energy scales:

Precise test of perturbative QCD at NLO 5.,
= NLO QCD (JETRAD)
Look for deviations from SM predictions T Cone R=0.7, |n| < 0.5
as a sign of new physics 10°
10
10° s = 1.96 Tev
10~ x5@600GeM
will dramatically 10° Ns =18 Tev
increase the kinematic range of 10 l
measuring jet production and the potential :: | | e@d0cev
for discovery new physics. 100 200 300 400 =00 '[G:gg
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Inclusive Jet Cross Section

e In Runl the inclusive cross section exhibited an excess at high jet E;.

e Global PDF analyses by CTEQ have shown that one explanation is a
larger than expected gluon distribution at high x.

e The gluon distribution at high x has indeed increased in recent PDF fits
(CTEQG6, CTEQG6.1) leading to better agreement with the CDF inclusive

jet cross section measurements.

'

CDF Run Il Preliminary
Integrated L =177 pb'1
0.1 < Npeel < 0.7

JetClu ConeR=10.7

d?c 1 dE, dn (nb/GeV)

10 * Run I Data
10" & [_]+/- Systematic Uncertainty
107 & —NLO pQCD Uncertainty (CTEQ 6.1)

S | | | |

The error band shows the
change in the cross section due
to the 5% energy scale

uncertainty

0 I100I | | \ZDDI | | ISDDI 1 1 I400\ | |

11/12/04

\500I 1 1
Inclusive Jet E  (GeV)

CDF Run Il Preliminary

Integrated L = 177 pl:l‘1
0.1 < nped < 0.7
JetClu Cone R =0.7 ] +

o ratio (Data/CTEQ6.1)
o - [

®  CDFRun liData, V& =1.96TeV

[ systematic Uncertainty
= NLO pQCD Uncertainty (CTEQ 6.1)

]

2
2
8
6
4
2
1E
8F
5
5
4
5
3
5
2
5
1
5

o ratio (Data/CTEQ#6.1)

D—\Nm:h

|

100 200 300 400 500

o

Inclusive Jet E, (Ge
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Completing the Puzzle....

Jets:
energy deposit in
n-¢ cone
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Leptoquarks

Leptoquarks (LQ) are hypothetical particles
which appear in many SM extensions to
explain symmetry between leptons and
quarks

= SU(5) GUT model

= superstring-inspired models

= ‘colour’ SU(4) Pati-Salam model
= composite models

= technicolor

*LQs are coupled to both leptons and
quarks and carry SU(3) color,
fractional electric charge, baryon (B)

ulclt LY
dlslblg
wlvlv|iZ
LQs can have: Slulz W

-spin 0 (scalar)

«couplings fixed, i.e., no free parameters
*Isotropic decay
-spin 1 (vector)
anomalous magnetic (k,) and electric
quadrupole (),) model-dependent
couplings
-Yang-Mills coupling: k,= 2 ,=0
-Minimal coupling: K,=1, A ;=0
-Pecay amplitude proportional fo (1 + ¢cos0’)?

and lepton (L) numbers
= Experimental evidence searched:

S g Qg wEEE, T LQ indirectly: LQ-induced 4-fermion

}E{m LQ interactions
o \LQ g Lo _____ LQ dire_ctly: prod!.lction cross sections at

collider experiments

g L % &7 LQ

i&%:"" La
g Q4 -a
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LQ search in vvijj

Signature: Large MET and 2 jets B =BR(LQ—vq) = 1

Flavor independent

CDF Run Il Preliminary

> L CDF Run Il Preliminary (191 pb ™)
S s [La ) Sample Composition: | 3
o | t=191pb S
Z ot i g CDF Upper Limit, 95% CL
2 40 —— Data W/Z v Jets = 107} Theoretical ion (PRL 79, 1
g ] I:l QCD prediction top N \ eoretical cross section ( 79, 1997)
M ant (] R CD fak NN CTEQS5M, Q=m(LQ)
- + SMEWK/1t prec"‘?'"" Q dKes CTEQSM, Q=0.5m(LQ), 2m(LQ)
- I Lam=125GeV/¢)
20
; Expected =118+14
10
o e 4o 10;_

oLl

50 100 150 200 250 300
Missing E | (GeV)

78 - 117 GeV/&

124 events seen after analysis cuts A N
80 100 120 140 »
Leptoquark Mass (GeV/c")
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B e D PP S

S PUPEPIBE PP &

Search For First Generation Scalar Leptoquarks

0

240

|
220

iminary

re
I
200

i 1
160
Leptoquark Mass (GeV/&)

‘Runll P
|
180

15t
|

|
140

1st generation LQ

g

CDF Il Preliminary, 203 pb

0 © w0 N w
© o -

SjuaAg Jo JequinN
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2nd generation LQ at CDF ,'

1

N

ax$

Signature: 2 muons and 2 jets f =BR(LQ—uqg) =1

@ -1
Ti ht ’S Selection Com Iemented — |CP|P“R|u|n|1-|-[-|P]|-e|ll|lIlllI|]all)|l gllgl8 ‘plt)l )I 1 LU L It
g !"L p '8_ 1 — Theoretical Cross Sections, Phys Rev Lett 79, 341, '97 —
by u + track selection wF \ ———— CTEQMM. Q=M q :
% B \ CTEQ4M, Q=05,2M ]
o S 1
;'500'5(‘""“‘”'9‘/["?‘(?"""“”"t"”“ItL _—p i \ CDF upper limit, 95% CL
$ 450 ’ = ;
BaCkground: %40.)? | | : LQ m=220 MC 10 E_ k\ —2 events observed _E
. F 350 o ' . [ - -
Z + 2 jets s | el : ;
top Smc 3 " Search for 2™ Generation \ I
N A ' = I
QCD fakes B E . Scalar Leptoquarks, p=1 \2
b NG _ 3 10 3 M, > 240 GeVic \ E
50; l. é |_ L ‘ L | J_J__L | |- | | . | J_L | | |- | | | J. I_
o e e L 160 180 200 220 240 260 280 300 320
expected 3.15 + 1,17 | 7w wm e b b o Leptoquark Mass (GeV/c)
CDF Run Il Preliminary (198 pb")

T T
Theoretical Cross Sections

B Phys. Rev. Lett. 79, 341 (1997) | B = 0 5
F CTEQ4M, Q=M E M

CTEQ4M, Q = 0.5 Mg, 2 Mg ]

a x 23(1-B) (pb)

2 events seen after analysis cuts

CDF upper limit, 95% CL |
LQLQ - uqvg

2
M, o> 175 GeV/c

.| Search for 2™ Generation |
|  Scalarleptoquarks =~ & ]
740 160 180 200 220 240 260
Leptoquark Mass (GeV/c 2)
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Top Quark

Pair production via strong interactions
Central, spherical events
Large transverse energy
High P isolated leptons (tracks)
Heavy-Flavored Jets

q

0.88:0.11 pb

¥

ol b

EW single-top production,
x2 smaller rate, not (yet) seen

q q' iq

New Physics 7

W 1.98£0.24 pb
b
h

11/12/04 Simona Rolli, Tufts University

40



Top Data Samples

W'’s decay modes used
to classify the final states:
dileptons, lepton + jets, all-hadronic

| B(t—Wb) = 100%

~

O e-e(1/81)
Omu-mu (1/81)
® tau-tau (1/81)
me-mu(2/81)
e -tau(2/81)
H mu-tau (2/81)
O e+jets

= fnutjets(12/8

1)
® tau+jets(12/8

Event count per jet bin

1)
O jets (36/81)

g CDF 1l Profiminary 200 o5 Samples are defined by counting leptons and jets
:gm = WW+WZ +ZZ ) .
3. + DrelYan Cross section results validate
S e et top-enriched samples
* e — | can also point toward new physics
S 1' -2

jet

11/12/04 Simona Rolli, Tufts University
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Top Dilepton Cross Section

y

&

s &

Small sample but very clean for top signal: 2 leptons, 2 jets and &

), deg
NN
ey [e2] (o]
(=] [==) o
.

r

.

)

o
T

100

o
(=1
T

AG(MET, closest | or j
5 2

[~}
(=]
T

0 1 L 1 1 1 L L 1 1
0 20 40 60 80 100 120 140 160 180 200

MC
@ ee DATA
CDF Run i M pp DATA
Preliminary X DATA
eun
[ ]
¥ ¥
| X
L]
¥ *g
[ |
X
¥ ¥

MET, GeV

*
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Tight e/u selection
complemented by

e/u + track selection It is sensitive to T lepton final state

Lepton + track sample has looser
ID requirements for second lepton

CDF Run Il Preliminary | L dt =193 pb™ Dilepton Invariant Mass

- Missing E;

—_
£
=
=
©
(L]
n
o,
8
[
]
>
(]
—
[
1)
@
r-)
E
5
=

CDF Il Preliminary 200 pb"

= WW o+ WZ +ZZ
Moy ee £ +Drell-Yan
. lepton fakes
vz = + fakes

zZom [ — +1i (measured o)

N _ >2
jet

« Data

Pic=-57pb

=
(=]
T

Events / 25 GaV
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Heavy Flavor jets: tagging tools

B hadrons in top signal events

ertex of displaced tracks Identify low-pt muon from decay

displaced
tracks

Secondary
vertex

e or |Lin jet

Prlmary 1

vertex .-
L="h
o b— luc (BR ~ 20%)
e b—c—fus (BR ~ 20%)

prompt tracks

55% Top Event Tag Efficiency 15%
0.5% False Tag Rate (QCD jets) 3.6%
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Cross Section Results using Tagging

Counting experiments with vertex tag and soft muon¥tag in 3,4-jet bins

¥

CDF Il preliminary
I

E I O mistags ] W + =3 jets CDF Il Preliminary
160 Istag - C . Bkg+Top Mean:-248 06 RMS:88. 40
] Wbb ] 5[ 5 Wb"-:j““fﬂ Data Mean:222 58 RMS-66.55
E \:é?:iw _: C B 7 sealed to o =4.1 pb
B — F [ Towm! Background with T H
£ I We ] £ 4l ¥ Dewz-n6+7p” T
2 I WWWZ,Z—1t . o L
3 [ Single top ] s .
o £ Tot bkgd £ 1o ] b C =‘.;
e e Data(162pb™) J 2 3 ¥ S
5 - s L &
I- C n ‘G B
3 s0= - s 2l — _
E L . 2
3 40 — require H; > 200 for> 3 jets_: E E
20— — — C
of ! ! _— -
1 2 3 = 4 50 100 150 200 250 300 350 400 450 500
Number of jets In W+jets H; [GeV]

Backgrounds estimate in the lepton + jets sample carried on:
» using data as much as possible (non-W QCD, fake tags)
= using MC calculations for diboson and W + heavy flavor
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Lepton + jets: NN results

Statistical and systematic uncertainties
improved compared to single-variable fit.

ttbar and W+jets kinematics
differ modestly, but do so in
several different variables.

No b tagging information is used

Develop a neural net
to use this
information optimally.

| CDF Preliminary (195 pb ™)

a 80i OOOOOO wbar: 17.6 +3l%
= ] Wijets : -0 Fogie
[Predicted NN output (195 pb )| 0 70 l — & QCD: 6.3 *55%
o Wejets 76.0 +77%
. Njz3 ttbar 19.0% 60! ‘ T Nj=3
59- W4+3p 63.6%
] other ewk 11.1% * 505 ‘
Good separation 40| |
between signal 30 1l
and background 0 L, o §
e 1o§ T | }
% 02 o0a o6 os
) 0.2 NN output
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Hadronic top

Signature: six jets, 2 tagged
Large QCD background

Kinematical selection of the sample 20
complemented by b-tagging of at least | | &,
one jet 2s0l-
“aof
Cross Section is a function of the Jrle
number of observed tagged jets 1o
a0l
b
ObservedTags — ExpectedTags a0/~
O; = ave £0 20

€1 €e L —

I

——il—— Bokg

djets Sjets

6jets >=7jets

b-tag

Kinematics

11/12/04 Simona Rolli, Tufts University
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.
CDF Top Cross Section Summary "

. Top Production Cross Sections, AL
] m=175 GeV/e? - CDF Run 2 Preliminary —_——
§ —_ i i -1 7 Q 49 B(ctatl 4.7  (eye)
1 ~AlE !%P‘ﬂﬂfﬂ.‘f Tag + Kinematic 165 pb 7.8 +2.5(stat) * SYsS

ots: Lepton Tug (P4 N 4.140 ,  (stat.) £ 1.9 (syst.)

AAAAAAA

-Jets: Vertex Tag 162 pb'7 5.6*" '2-1_0(Stat') h '0—0.7(SySt-)

739 6.0 ;(stat.) £ 0.8 (syst.)

—{ =
Sl

+ Jets: Kinematie NV 195pb" 6.7+ 1.1(stat) + 1.6(sys)
o Snemati 195pb' 4.7 + 1.6(stat.) + 1.8 (syst.)
o

"~ “Lepton + Track 202pb?  6.9%27,, (stat.) + 1.3 (syst.)

: X Lepton + Lepton 193 pb" 8.7+39, (stat.) £ 1.5 (syst.)
0 2 4 6 8 10 12 14
s(p — 1) (vb)
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The Search for the Higgs Boson  #*

&

SUSY/Higgs Workshop
100} Higgs Sensitivity ain il
Study ('03)

* Higgs Sensitivity Study (2003)
* combined CDF/DO sensitivity

[fh"lfmtp.l

10

2d luminos

5 discovery

— N e 30 evidence

& I EUSwHigg_a Workshibp {'98-'96) 95% CL exclusion

u. 1 L 1 1
- L . i i 120/ 140 160 180 200
tIE Higgs Sensitivity Study ('03) my (GeV)

— statistical power only

2 10} (no systematics)

8 F | upgraded silicon
E i 10% mass resolution
2 NN selection

° . "

% oc discovery

- 3o evidence

E 1 ! . 95% CL exclusion

= . . .

= i | I RCEPEECE R R How much

TS BRI BT
100 105 110 115 120 125 130 135 1

0 data will we get?
my (GeV)
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The Search for the Higgs Boson

* gg—H dominates but
dijet background too
big...

* bb and WW decay
modes are best!

. SM Higgs branching ratios (HDECAY)

cross section (pb)

0.4}

branching ratio

SM Higgs cross section (HIGLU, V2HV)

1.0 PP, Vs=1.96TeV
gg—H
WH
0.1
ZH
100 120 140 160 180 200

my (GeV/c?)

WH+ZH ~300 fb at 115 GeV

typical efficiencies ~ 2%

100 120 140 160
my (GeV/cd)

11/12/04

180

A daunting proposition!

Evidence for New Physics! —p ®* R

Simona Rolli, Tufts University

Indirect Searches

o

‘\Qﬂg\“\ﬂ'ﬂi

130 140 150 160 170 180 190 200
Mgy (GeV)

v ?

o

130 140 150 160 170 180 190 200
Mygp (GeV)
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Higgs Search -Results

gg—H

s — L96TeV | p]—) —WH — ZVbB

Cross Section (pb)

0 120 140 160 180 200
m,(GeV/c)

—_
o

Selection:

eHigh pt lepton data

*One high pt central e or u, large MET (MET>20 GeV)

o2 jets (at least one is tagged as b-jet)
eVeto events with >1 lepton (suppress ttbar)

CDF Run Il Preliminary 162 pB

W +2jets ( =1 b-tag)
L ] Data

W Hlight flavors
W* +heavy flavors
Top

Events / 10 GeV/c?
=

WEZOWHW 2920 and P—tr

non-W*
I WEH 10 (my = 115 GeV/ic)
al Mean = 104.1+ 0.2 GeVic’

Width = 17.3+ 0.2 GeV/c®

P ;}

U murlee=== I P

0 50 100 150 200 250 300 350 400 450 500
2

Mass (GeV/c)

eMistags
*\Wbb, Wcc, Wc

eQCD S/ B =0.054

o tt, single t, di-
boson, Z(—tt)
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Higgs Search (cont'd)

CDF Run Il Preliminary (162 pb ")

Future improvements :

Include forward electron
Improvement jet energy resolution
Improve b-tagging

Combine with other channels

o)
a2
?10 R S l
-
o S— -]
0
X
T
; 1kF B W+2jets (Data)
T e Standard Model
[ v Pseudo Experiment
(mean and rms)
oL '\.\V.\
110 115 120 125 130
Higgs Mass (GeV/c’)

Improved limit over Runl, but sensitivity
of current search is limited by statistics

CDF PRELIMINARY Run 1
95% CL upper limits |

e o= = = = = = = e e e o o [t =

-
o
T
<
<
(o}
o

VH combined

LEP EXCLUDED

-—
T

s(pp—VH)xB(H—bb) (pb)
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Top Quark Mass Measurement

= The Top Quark Mass is a fundamental parameter
of the Standard Model

80.6 ———————————
= Only fermion with mass near electroweak scale 1 —LEP1, SLD Data
_ | -+ LEP2, pp Data
= Correlated to other SM parameters via 8051 es8% cL
electroweak corrections ] ’
>
t H ? 8 CDF/DO
S e = 8044 | 2fb'goal
v U -
b W , 80.3 1
AMy o M2 AMy, aln My New Physics |m, [Ge ]
114300/ 1 Preliminary
802 +————F——Ff
130 15 170 190 210

= Precise measurement provides stringent SM

test
= Constrains the mass of the Higgs Boson

11/12/04 Simona Rolli, Tufts University
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[GeV]
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Top Mass Measurement Challenges

» Why so challenging?
not just a calculation of M(W+b) Il
* missing neutrino

e confusion in ID (additional jet
from ISR/FSR, b-tag: not 100%)

* jet energy scale

Link observables to parton-level energies
» Accurate detector simulation vital to
precision physics measurements
» Large systematic uncertainty from energy scale

Method: reconstruct Mtop with 2 constraints,

M(W*)=M(W-), M(1)=M() data is fitted to most likely
mass template from Top MC
- Take the best combination over all 12 combinations

- Use all combinations(12) weighted by the diff. cross

section (full kinematic info): dependence on tt event
kinematics?
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Top Mass Measurements

CDF Run 2 Praliminary

Maximum Likelihood Mass ﬁ . ®
| CDF Run Il Preliminary (162 pb™) |~ Mt Prediciion 1ni V72,89 o soant
H Signal MC M, = 1?56:‘4’:-:{? b | — Signat ubarcy | eep— 176.5 %155 243 (L~ 1930b7)
i ® ¥ Data 22 eveils ] ey & S
C v {Lepton+Jets: M., 0 b-tags 179.1+%27 +34 1= 19307
o - 4
S 4 —y— ) p— °
r 1? e 4 | |Lepton+Jets: M., =1 b-tags174.9+71+%% 1= 1620
= o
o - -
Iﬂ I_f —v— __ b 2 . M M
. {Lepton+Jets: Multivariate 1796 £33 +30 L= 16200
E — i
t}; ] T PTTY 4.5 6.2
130 140 130 160 170 180 190 200, 210 230 {Lepton+Jets: DLM 177.8 + 55 £¢5
Mazximum Likelihood MTHF{GEWE‘!) : " L= 162007
] NP S——
1Run 1 CDF Lepton+Jets 17613132 (Runioniy
» Prospect:om,,,~ 2-3 GeV with 2fb’! ] "
imPPGVEd_JET energy ecale 1Run 1 DO Lepton+Jets 180.1+£38+32  (Runloniy)
- Accurate detector simulation ( jETS) . — =
M ¥ ] 27,1313 wnlo
— v +JET ET, Z"‘JET bﬂlﬂﬂﬂE, w mass :Flun1 World Average 178037135 (Runloniy
|r1|r1||1|Tr1rr1r:|'||||r[|||||||r1||||r||r1
from top 160 165 170 175 180 185 190 195
— Z—=>bb mass for b-JETS Ton Mass (GeV/c')
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Combined Run I Top mass

Old D@ top mass average: 172.1 £ 5.2(stat.) + 4.9(sys.) GeV

New D@ top mass average: 179.0 + 3.5(stat.) £ 3.8(sys.) GeV

New Higgs mass
constraint 31

14 Regian

excluded
{ by direct
s2arches

— All data, with old
world-average M,

sor Al data, with new

warld-average M,

20

11/12/04

% I Theary uncertanty
:

100

400

Higgs Boson Mass [GeV/c?]

Simona Rolli, Tufts University

x2.. = 2.6 for 4 degrees of freedom: 63.2% probability.

ol
Q

om
<

I
I

Experiment | Measurement | Pull# | Weight [%]
CDF leptons+jets —0.32 22.2
di-leptons —1.01 71
all-hadronic +0.75 6.9
DY leptons+jets | +0.66 57.8
di-leptons —0.80 6.0

#Pull: (z; — =)/ \/o? — o2

+40.20

2.077575;

My = 11715 Gev

or < 251 GeV (95% CL)
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