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Luminosity and Cross Sections
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The Standard Model and the

Standard Questions We Have

= |s QCD the right theory for the
strong force?

— Are the calculations adequate?

= What is the origin of electroweak
symmetry breaking?

— Is there a Higgs boson?

= |s the CKM matrix the only source of
CP violation?

= What is the Dark Matter?
— Is it produced it at colliders?
= Are there new dimensions of space?

— Or e.g. extended gauge sectors,
more gauge bosons,...?

= |s there anything maybe that no one
has thought of and no one has
looked for and we missed it? 3



= Testing Particle Production
— Jets, W’'s and Z's, top quarks
= Electroweak Symmetry o Wem@
Breaking S O
— W boson mass and width

— Top quark mass
— Higgs boson search

= Beyond the Standard Model

— Supersymmetry and beyond

= Flavor physics:
— B lifetimes, mixing and Rare Decays




Production of Particles




Jet Cross Sections
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= Cross section measured over 7 orders of magnitude
= Data well described by Standard Model prediction up to

masses of 1.2 TeV



proton

W and Z production
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Z+ n jets
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Top Quark Production
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Top Quark: Kinematics+Properties
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= Kinematic properties, couplings and charge consistent with
Standard Model top prodiction so far
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Single Top Production

a 9 .
q t 4 DO Runll Preliminary ——DATA
. 12005 I - 1+jets (8.3)pb)
' . A e I € 1 (8.3)pb
\/ \j \/\j\ . w / I single top
W* *eunst “;" 1000 B wece
— ~ -
q b -‘ - . —Naess - Wbb
‘ ) A Wi
9 < § = [ AN
o b Multi-jet
8 T

1Jet 2Jets 3Jets >4Jets
CDF Run Il Preliminary, L=955pb'1 e} 2 _
l_ ‘ ' I S‘in le to 610 Dg 0'9 fb !
[l Single top -~
200 | Mb-like ] -
c-like e
Mistags c
M tt-bar ()
8 150 —-—téDbF Data I.E 10 e+u
S 2-4 jets
)
2 400 1-2 tags
g
(L 1
50
0 | . — 10—1 . .
0 0.2 0.4 0.6 0.8 1 0 6 0 7 0 8 0 9 1

Event Probability Discriminant

tb+tgb Decision Tree Output

Tevatron Run Il Preliminary

Neural Network: CDF 0.0 + 1.2
0.0
Matrix Element: COF 27+ 15
=13
Likeliho@ Function: CDF 0.3+ 1.2
=03
Decision Tree: DO 4.9+ 1.4
. 14
Matrix Element: DO 4.6 . 1.8
=15
Neural Network: DO 5 0! 1.9
19
Combined: DO 4 8'__ 1.3
=13
I | I
0 2 4 6

Single Top Production Cross Section (pb)

From D@ o result:
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= Recently D@ announced first evidence for single top production

— still rather poor precision and further data needed to clarify situation
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The Top Cross

" Cacciari et al., arXiv:0804.2800 é2008)
. Kidonakis & Vogt, arXiv:0805.3

44 (2008)

| Langenfeld, Moch & Uwer, arXiv:0906.5273 (2009)
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= Many measurements that use different techniques

= Good agreement
— between all measurements
— between data and theory

= Experimental Precision: ~6%

12 — Better than theoretical precision



Diboson Production

= Diboson production probes
trilinear couplings among the
gauge bosons (TGC)
— Direct prediction from SU(2)xU(1)
gauge group
s-channel — New physics could lead to
anomalous couplings
= WW, Wy, Z vy observed some
time ago:
— Agree with SM prediction
= Focus today:
t-channel — WZ cross section: og,=3.7 + 0.3 pb
— ZZ cross section: og,=2.1 £ 0.2 pb
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Diboson Production: WZ,Z2Z2
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Diboson Production Summary

Observation of Bosons at Hadron Colliders
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Higgs Boson is next in line (at Fermilab or CERN...) 15




Electroweak Symmetry

Breaking

16



The Electroweak Precision Data

= Precision measurements of
— muon decay constant and o
— Z boson properties (LEP,SLD)
— W boson mass (LEP+Tevatron)
— Top quark mass (Tevatron)

Measured to 0.015% Measured to 0.002%

e Halr) 1 Z 1

1% —/\/@Gr (1-(m3, /M%))(l_ AF)
Measured to 0.0009%—

Ar: O(3%) radiative corrections dominated by tb and Higgs

H
W B W W W
! o o o

Measured to 0.036%
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Lepton Energy Scale and Resolution
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Ultimate precision:
Tevatron: 15-20 MeV
19 LHC: unclear (5 MeV?)



Top Quark Mass
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Top Quark Mass Results

Mass of the Top Quark (*Preliminary)
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Implications for the Higgs Boson

Relation: M,y vs m,, vs My my; =89*3 , GeV
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Candidate Events

W + 2 Jets, SVSV

CDF Preliminary, L = 5.6 fb"
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= For m,<135 GeV/c?:
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= Higgs causes peak in dijet mass
= Analyses make use of full event correlations to improve

Normalized to Data



H— WW® — |*|-vy

= Higgs mass reconstruction impossible due to
two neutrinos in final state

= Make use of spin correlations to suppress WW
background:
— Higgs has spin=0
— leptons in H —= WW®) — [|*I-vv are collinear

Main background: WW production

CDF Run Il Preliminary [ L=59m"
g [0SO dJets -
Wy
% 180k m,, - 160 Gevc? =
£ 160 "
DYy
3 140

Cww
—HWW x 10
—-Data

160 GeV Higgs




Tevatron Higgs Limit

95% CL Limit/SM

= Combine CDF and DQ analyses from all channels at

-
o

Tevatron Run Il Preliminary, L < 6.7 fb!
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low and high mass
— Exclude m;=158-175 GeV/c? at 95% C.L.
5 — my=120 GeV/c?: limit/SM = 1.5



Beyond the Standard Model
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Problems of the Standard Model

— — — e e — T — — —

mZH ~ (200 GGV)2 = mZHtree A m2Hgauge d mZHhiggs

= Large fine-tuning required:
— My<<Mp,

= Accounts for just 5% of the matter
on the Universe
— No dark matter candidate

= No prediction for

— fundamental constants, unification of
forces, number of generations, mass
values and hierarchy of SM patrticles,
anything to do with gravity

(1
- - \/_!’_‘r-‘f/\ ! &

——

- ‘fop | 00D

M. Schmaltz, ICHEP 02




What’s Nice about SUSY?

= Radiative corrections to Higgs 60 - e_l/a,

acquire SUSY corrections: Q  so-

— Nol/little fine-tuning required

— Particles masses must be near 7 a0 [
EWK scale A n:

= Unification of forces possible oo ST withSUSY
= Dark matter candidate exists: e

— lightest neutral gaugino Energy in GeV
= Changes relationship between 0T wmonter: Wl

My, mtop and my: . HEPISLD: darker reglon

— Also consistent with precision ;

measurements of M,, and My,

= SUSY particles must be near
EWK scale (~TeV) for SUSY to R
actually solve these problems 160" 65 70 s fes s 28
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MSSM Higgs Boson Search

(2] [
1000F T 1 = [ D@ Preliminary, 1.0 fb™
> CDF : § B Mteo™TT
O) L 21 WZ-w
w 100_ mA =140 GeV b g -é’ggu
i -
O B WV_\;T—)Vlvlv
T 10¢ ' !
90 F
N r i
8 [
> b 3
m E | |
0 50 100 150 200 250 300 O S0 100 150 200 250
m, (GeVic?) Visible Mass (GeV)
QE“OO:' Tevatron Run Il Preliminary, L= 1.8-2.2 fo . . .
S gof  nomixing, i=+200 Gev = Data mass distribution
80F- o e agrees with SM expectation
70 _ Expected limit . . .
| 0 e 26 = Limits placed on such
505\ supersymmetric Higgs
40 bosons
soé\x
20f
"
- gUNR g 1 | HEHNRICTHN : 1 ! 1 It 1 I Lo
100 120 140 160 180 200 29

m, [GeV/c?]



Supersymmetry Searches
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Supersymmetry Parameter Space
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Beyond SUSY
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What else could be there?

= Strong theoretical prejudices for SUSY being true

— However, we need to keep our eyes open
— particularly due to the lack of SUSY observation...

= There could be many other theories/particles, e.g.:
— Extra spatial dimensions:
« “Solve” hierarchy problem by making gravity strong at TeV scale
— Extra gauge groups: Z', W
* Occur naturally in GUT scale theories

— Leptoquarks:
« Would combine naturally the quark and lepton sector
— 27077

33



ee and yy Mass Spectra

Di-Electron Invariant Mass Spectrum

~ 10° Search for X—yy CDF Run Il Preliminary, 1155 pb'
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>
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= Dielectron mass spectrum and diphoton mass distributions
— Data agree well with Standard Model spectrum
— No evidence for mass peak or deviation in tail
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High Mass ee and vy

? V.1

V.l

= Resonance in diphoton or dielectron mass spectrum predicted in

— Z' models (ee only): Spin 1

— Randall-Sundrum graviton (ee and yy): Spin 2

95% CL Limits (Spin-1, e"e?)
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o 105 Z'g, (LO6.Brx1.3) =
@ —+—Z' (LOo.Brx13) I
T —o— 27, (LOGBrx13) |
S 1l —— Z,(LOG.Brx1.3) |
m —#— Z,(LO.Brx1.3) 3
© C ]
10" —~
107 TN S
. CDF Run Il Preliminary "
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Many More Searches

> P -1 e DATA
o D@ Run Il Preliminary 1.0 fb - R L -1
8‘“% . = e T 1BFennnnnnns l:ICDFu (1.17)
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The Flavor Sector
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Lifetimes: B_, A, B,

D@ Run 2 preliminary

a,
3
O
2
QO

Ay—INpA Bkg

T T IIIIIII

Candidates per 0.01 cm
CR)

T IIIIIII

—
o

I IIIIII

-0.2

Theo
l’yBs, Ayt hep-ex/0505100 (HFAG)

B.: Nucl. Phys. B585,353 (V.Kiselev et al.)

DO (L=1.3 fb™) A, p X
1.28 + 312 + 0.09 ——

DO (L=1.0 fb™) J/WA Ab
1.298 +0.137 + 0.050 ——

CDF (L=1.0 fb™) J/¥A
1.593 + 0982 1+ 0.033 —e—

DO (L=0.4 fb™), D_p X

1.398 +0.044 + 0.028 8-
CDF (L=0.4 fb™), D_p/e X BS
1.38 +0.05 + 0.05 ~o-

CDF (L=0.4 fb™), D_(3)x
1.60 +0.10 + 0.02 ——

DO (L=0.2 fb™), J/¥ u X
—8——  0.448+ 012 1+ 0.121

B.
CDF (L=0.4 fb™), J/¥ e X
~—e— 0.463 + 2%7% +0.036

— 0.065 —

0.5 1 1.5
b Hadron Lifetime (ps)

heavy B states

Precision tests of Heavy Quark Effective Theory with
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B. -B, Oscillation Frequency

uct,? v = CDF Measurement:
L — — Prob. of stat. fluctuation: 8x10-8
B¢ — Am_=17.77 £ 0.10 £0.07 ps"’
0 S s
B S W W — |V4/V,|=0.2060+0.0007 *0-008 (th )
td' Vs -0.006
= D@: 17<Am <21 ps™
u,c,t,? _
— i CDF 4
CP-odd: By=pB + B § L
CP-even: B,=pB - qB = of
with IpP2+gl2=1 E |
. combined
B 1 Tyt 1|‘|1|
Bpiw=7"Ipe ™ (L+ AcosAm,t) o YY) — combined
2 20 A | \ / v, "._ n. ===semileptonic
P = 2FBSe (1 AcosAmSt) <6 o \/ .\’.-'."I ___________ VA
H. G. Moser, A. Roussarie, 10} ki -
T T T
NIM A384 (1997) -20% 5 - e 5 2570



1-CL

Impacto

T ‘ T
- s 1 CKM fit w/o Am,
1.2 seAuTY ol 4 CDF measurement !
[ WA Fa4 BR(B® — p%y)/ BR(B® — K*%y)]
]

08| .

06| .

0.4 - Rs WA - &0 = 117 + 0.08 (hep-ph/0603232) —

: r
L . (hep-lat/0510113)
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Z.Ligetietal., PRL97:101801,2006

- Significant impact on unitarity triangle
- Some new physics constrained tightly
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B.—u*u” Branching Ratio

= Standard Model prediction: < 25ED Run 1ib Preliminary _
BR=(3.42+0.54) x 109 % of Sideband 1  Signal region Sideband 2
A.J. Buras PhysIett.B 566, 115 (2003) % 1.55—
. L C
= Large enhancements e.g. in 2 15
Supersymmetry possible 2 050 ‘ ‘ ‘
b MSSM ot = = | | | | |
o 046 48 5 52 54 56 58 6 6.2 6.4
. Invariant mass (u* 1) [GeV/c”]
Lo ? ~ tan®p/m ,* o
P b/m,s 0 -1 €R-pPh/06 0310
° ~tan68 i 0
CDF DO b
Sy allo
L=0.8fb" | L=2.0fb" | g = Weq
= )
Nexo 1.47 2.3 ks BR(BS ZNQ
Nobs 0 3 eXC\\;\ded Miysy =1 TeV
. » X, =1TeV
Limitat | <10x10® | <9.3x10°® N
(o) 100 120 140 160 180 200 220 240
95%CL M, (GeV)

Severe constraints on SUSY parameter space 41




Conclusions and Outlook

" Observation of Bosons at Hadron Colliders
= Tevatron + experiments operating YEEF § 1 N
We" 105_Evj z | g ?_Ezeorr\;ed
= Analyses mostly based on ~5 fb-’ il BeR b
= 9 b delivered by Tevatron § 1 CERN | 5 oz
= Physics result cover broad range: g wE FJ?.;?ﬁa: Wﬂ o
= QCD thoroughly being tested: ‘% 1°E Ferﬁﬂ?:b ::%7 22 | o
= works very well even in complicated final & 1 . Fermilab’ 2008 :
states! - E : Fegrmilabé
= Electroweak precision data getting mf
more and more precise:
= |ndirect : my<158 GeV
= Direct: 114<m,<158 GeV or my > 175 wrok pemena s ]
GeV i |
= Flavor physics: 00— Loigaz S
= Unitarity triangle closes 3 wso- vssw|
= no signs of new physics yet 2 |

= Searches beyond the Standard Model

= Many searches but no sign of new Tom o ]
phySiCS yet 80200 T both models I |

Heinemeyer, Hollik, Stockinger, Webr" Weiglein '07 7
P T T T N TS ST AR 3

L 1 L
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