Physics at Hadron Colliders

Part 2

Standard Model Physics

Test of Quantum Chromodynamics
- Jet production
- W/Z production
- Production of Top quarks

Electroweak measurements
- W mass
- Top-quark mass and other properties
- Single top production

Search for a SM Higgs Boson
- Introduction
- Tevatron results




QCD processes at hadron colliders
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...some NLO contributions
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» Hard scattering processes are dominated
by QCD jet production

» Originating from qq, qg and gg scattering

» Cross sections can be calculated in
QCD (perturbation theory)

Comparison between experimental data and
theoretical predictions constitutes an important
test of the theory.

Deviations?
— Problem in the experiment ?
Problem in the theory (QCD) ?
New Physics, e.g. quark substructure ?



Jets from QCD production: Tevatron vs LHC

» Rapidly probe perturbative QCD

in a new energy regime oy
+f1 QCD Jet cross-sections w5

(at a scale above the Tevatron, e WE2 3
. 10° b ———— CTEQ4M i
large cross sections) - crRoun
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» Experimental challenge: T i)

. S 3 :

understanding of the detector E o' 'fioleve“'l:f_l

- main focus on jet energy scale T cldy, Dy - R

- resolution N - '
 Theory challenge:

- improved calculations... :

(renormalization and factorization e T 2 T

scale uncertainties)
- pdf uncertainties



In addition to QCD test: Sensitivity to New Physics

Contact interactions:

Despite the relatively large jet energy scale
uncertainties (5-10%) expected with early
data, the LHC has large sensitivity to contact
interactions parametrized by a scale
parameter A

Search for deviations from QCD in the
high py region

Heavy resonances decaying into jets

e.g.
Search for resonant structures in dijet
invariant mass spectrum

Z —qq

— Results on Friday
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A two jet event at the Tevatron (CDF)

Event : 1222315 R

Dijet Mass = 1364 GeV/c?

E; =666 GeV
N = 043

il /)‘/ //// ,

CDF (0-r view)

E; =633 GeV
n=-0.19
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Jet measurements

dZG/dedn - N/(S'L'ApT'ATI)

* In principle a simple counting experiment

» However, steeply falling pr spectra are
sensitive to jet energy scale uncertainties
and resolution effects (migration between bins)
— corrections (unfolding) to be applied

— 10% cross section uncert. at |n|<0.4
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Test of QCD Jet production

Inclusive Jet Cross Section

Y

=10 (11 39

S «D@ Runll Data, L, =34 pb’ An “early” result from the
810’k _— DJ experiment (34 pb)
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Double differential distributions in pr and n

CDF Run II Preliminary
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» Measurement in 5-6 different rapidity bins, over 9 orders of magnitude, up to py ~650 GeV
« Data corresponding to ~ 1 fb-' (CDF) and 0.7 fo-' (DQ)



Comparison between data and theory

data / theory
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- CDF and D@ agree within uncertainties

Gluon distribution at QF = 10* GeV?
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Di-jet anqular distributions

* reduced sensitivity to Jet energy scale
* sensitivity to higher order QCD corrections preserved
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Good agreement with
Next-to-leading order QCD-predictions
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QCD aspects in W /Z (+ jet)
production

QCD at work
y < IO <
VY Ve VUV
v
cooo0 4()\‘4’,22222
g g
\

* Important test of NNLO Drell-Yan QCD prediction for the total cross section

antiproton

 Test of perturbative QCD in high p;region
(jet multiplicities, py spectra,....)

« Tuning and ,calibration“ of Monte Carlos for background predictions in searches
at the LHC
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How do W and Z events look like ?

As explained, leptons, photons and missing transverse energy are key
signatures at hadron colliders

— Search for leptonic decays: W —€v  (large P+ (2), large P Miss)
Z — 228

A bit of history: one of the first W events seen;
UA2 experiment

W/Z discovery by the UA1 and UA2 experiments at CERN
(1983/84)

Transverse momentum of
the electrons
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« DATA
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missing transverse momentum P,™iss (GeV/c)

10 20 30 40 50 60 70 80 90 100

Today’'s W/Z — ev/ee signhals

Trigger:

o Electron candidate > 20 GeV/c

Electrons

* Isolated el.magn. cluster in the calorimeter
* P> 25 GeV/c

» Shower shape consistent with expectation for electrons
» Matched with tracks

Z— ee
* 70 GeV/c2 <m_< 110 GeV/c?
W — ev

» Missing transverse momentum > 25 GeV/c

K. Jakobs
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Tevatron Z — |' I cross section measurements

CDF'04 (e) —- 2558+ 3.9+, +15.4 pb
CDF'04 () . 248.0+59+%01 149 pb
CDF'04 (e+y1) —-— 253.9+33+46+152pb
CDF'04 (1) ——e——  242+480+26+15pb
{preliminary)
D0'04 (e) —— 264.9+39+99+17.2pb
{prefiminary)
D004 (1) —s— 291.3+3.0+6.9+18.8pb
{preliminary)
D004 (t) — 252+16+19+ 17 pb

0 500

o x B, pb

Good agreement with
NNLO QCD calculations,

QCD corrections are large: factor 1.3-1.4
C.R.Hamberg et al, Nucl. Phys. B359 (1991) 343.

Precision is limited by systematic effects
(uncertainties on luminosity, parton densities,...)




Events | 2 GeV/c?

W - @v Cross Section

CDF Run Il Preliminary, 72pb'1
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Good agreement with

T NNLO QCD calculations
Note: the | I f th
ol e g eliel eomzaneit @i C.R.Hamberg et al, Nucl. Phys. B359 (1991) 343.
neutrino cannot be measured
— only transverse mass can be reconstructed Precision is limited by systematic effects

(uncertainties on luminosity, parton densities,...)
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Oz X Br(pb)
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Comparison between measured W/Z

cross sections and theoretical prediction (QCD)
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C. R. Hamberg, W.L. van Neerven and T. Matsuura, Nucl. Phys. B359 (1991) 343
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Jet multiplicities in Z+jet production

-
(=]
wn

—

=

s
T T IIIIII|

-
(=]
o

= BR{ZIv*—e"e") [fb]

O,
-
—
=y
P2

q
q

<

CDF Run Il Preliminary

e
PEE 2
BAYAYAVA AYAYAVA

v
| GP2e0

9

—4— CDF Data L=2.5f"
Systematic uncertainties
-2~ NLO MCFM CTEQ6E.1M
corrected to hadron level
"lé = Mé + pﬂzl’ Raap=1'3
....... NLO scale p = 2u, ;p = pf2
=== NLO PDF uncertainties
—— LO MCFM hadron level

—_——

e

|

- LO predictions fail to describe the data;

- Jet multiplicities and p spectra in agreement
with NLO predictions within errors;
NLO central value ~10% low

pr spectrum of leading jet
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comparison to different Monte Carlo predictions 3

* Comparison of pT spectra of leading, second and third jet in Z+jet events to
- PYTHIA and HERWIG  (parton shower based Monte Carlos)

- ALPGEN and SHERPA (explicit matrix elements (iree level) matched to parton showers)

Leading Jet Second Jet Third Jet
== Data == PYTHIA S0 =+ Daia == PYTHIA S0 =+ Data == PYTHIA SO
== HERWIG+JIMMY =~ Scale unc. ==HERWIG+JIMMY =~ Scale unc. == HERWIG+JIMMY == Scale unc.
20 == PYTHIA QW - == PYTHIA QW = PYTHIA QW
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i
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== ALPGEN+PYTHIA Scale unc. == ALPGEN+PYTHIA  — Scale unc. == ALPGEN+PYTHIA Scale unc.
20 - —-Scale unc. i 025k —= Scale unc. o —= Scale unc.
o Jo0fk — Q30 - -
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e Sl IS wE. L ——
=t ol TR Ao S i
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» Conclusions: (important for LHC)
- Parton shower Monte Carlos fail to describe the higher jet pT spectra;
- Better agreement for ALPGEN and SHERPA, parameters can be tuned to describe them,
but uncertainties -linked to the underlying tree level calculations- remain large;
- It would be desirable to have NLO matched calculations




W and Z Cross sections at the LHC

W-o-ev
Even with early data (10-50 pb), B 000 [ OMS  wee
high statistics of W and Z samples = wod BB s ]
-% [ EE/Ziee ;
. . B >V |
— data-driven cross-section measurements ijmese; v
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3 103'—dIJet & CMS Preliminary 3
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Limited by luminosity error: ~ 5-10% in first year, 1
Longer term goal ~ 2-3%

120 140
. L M, (GeV)
(process might be used later for luminosity measurement)



Top Quark Physics

ot znd 3rd

| Generﬂtiﬂns
* Discovered by CDF and D@ collaborations
at the Tevatron in 1995

* Run | top physics results are consistent with
the Standard Model

(Errors dominated by statistics)

* Run Il top physics program will take full
advantage of higher statistics
- Better precision

- Search for deviations from Standard Model
expectations
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Why is Top-Quark so important ?

:
The top quark may serve as a window
Emmj:nm Mumlilﬂmno Tmﬂéé.lﬂm to New PhYSics related to the

0 electroweak symmetry breaking;
Q

=
Elaciron MALIC Tou
A1 1067 1777

QUARK Why is its Yukawa coupling ~ 1 ??

. &
o ey 1
M . = ﬁ/%ﬂ/
‘i . _ M,
" 173.9GeV/

« We still know little about the properties of the top quark:
mass, spin, charge, lifetime, decay properties (rare decays), gauge couplings,
Yukawa coupling,...

- A unique quark: decays before it hadronizes, lifetime ~102*s
no “toponium states”
remember: bb, bd, bs..... CcC, CS..... Bound states (Mesons)



Top Quark Production

Pair production' qq and gg-fusion Electroweak production of single top-quarks

(Drell-Yan and Wg-fusion)

ji( j;ﬁ}>< }w< recently discovered by CDF and DJ at Fermilab

1.96 TeV |14 TeV 196 TeV | 14 TeV
qq 85% 5% G (gg) (pb) 0.9 10
g9 15% 95% 6 (gW) (pb) 2.4 250
G (pb) 7pb | 830pb c (gb) (pb) 0.1 60
K. Jakobs XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009




I*

Top Quark Decays AN ﬁ
BR (t—Wb) ~ 100% a;ﬁj \

Dilepton channel:
Both W’s decay via W— tv ({=e or u; 4%)

Top Pair Branching Fractions

lljets™ 46%

Lepton + jet channel:

One W decays via W — v (f=e or u; 30%)

T+jets 15%

Full hadronic channel:
Both W’s decay via W—qq (46%)

¢ e+iets 15% .
"dileptons" "lepton+jets”

Important experimental signatures: : - Lepton(s)

- Missing transverse momentum
- b-jet(s)

K. Jakobs XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



tt cross section (dilepton) ;\ /,

* Two high p; leptons (opposite charge)
€e, ey, uu

« Significant missing transverse momentum

- 21 jet(en), =2jets (ee, uu)

ee,eu and pup combined

."E’ 60 wb preliminary, 1.05 fb' 100 Pretag Top Candidates With Njet= 2
> ® Data : CDF Il Preliminary 2.8 fb™'
20k | E
2 T i : ]
o | [z data 1
‘q_; aol- [ Diboson Entries 162 ]
Qo B Fake - DATA ;
€ I 19 =87 PP
S5 [laco
= | | Pra
Hwz
20 . v
B Moy— v 7
- Hov s |]
0 2 3
3 4 5 6

Number of jets

secVix tag multiplicity

Top quark is needed to describe the
b-jet multiplicity distribution in dilepton events



tt cross section (lepton + jets) (including b-tagging)

b-tag selection:

* One high P lepton (e, )
- Significant E;™miss

« 21 b-tagged jet

u 1
€ COF Aun Il Prafistingry L =27 16
E m __ AR .ﬂala
i B \\ﬂ\\ R B Tor (7100}
L i \*K‘_ [l single Top
B .'i'h HF
300
200
100

Clear excess above the W+ jet background
in events with high jet multiplicity

Kinematic selection: ——r
* One high P+ lepton (e, 1) w
» Significant E;miss

« 24 jets

» Likelihood discriminant (it vs. W+jets)

D@ Runll Preliminary 913 pb™  KS =0.990 -= DATA 352

2 70 [ it 124
2 60 B WJets 168
[ Muttijet 62

|'_q._"'g""|""|

t;

04 05 06 07 08 09 1
Likelihood Discriminant



Tevatron b-tagqging performance

D0 NN Tagger |
+  Run lla Preliminary

g I Run Ilb Preliminary
3 80
Displaced tracks = L=
&
| @ 70
Doy Iifetl:r:}e /Q”\Secondary vertex j.; : 4/ :
o g Loose ---go---—%" Similar
Primary vertex / |
9\ / | for CDF
do~ ‘j/ Tlght —-'so:‘y
Prompt tracks a'
40} -
'f P> 15and 0<T[ <25 |
o 2 a4 e s e Tz
fake-rate (%)
Neural networks are used for optimal
combination of tagging information
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tt cross section summary (preliminary)

CDF Run Il preliminary’ July 2008

August 2008

" [ Cacciari et al., arXiv:0804.2800 (2008)  Assume m.=176 GeVic®: Dg Run " = preliminary
Kidonakis & Vagt, arXiv:0805.3844 (2008) k .
[ Moch & Uwer, arXiv:0807.2794 (2008)
N O I+jets & dilepton & tau+lepton* 0.46 +0.64
TR 8.3+1.3+0.7£0.5 ]J.O » HoH 783708 2% 0upb
“Lepton+Track: Vertex tag 10 11.841.140 6 I#jets (o-agged & topological, PRL) - - 7.42 1053 4046 1045 pb
(L=1.1fb) R 09
N i r A~ +052 4077
Y 6.7+0.8+0.4+0.4 I 1J§[;_fwal network b taggec) hHH 820 5 o gpt050pb
- = i . - "
gt 6.8+0.4+0.6+0.4 “]";F:_"“ (opologial Bot 703712007, ph
. — .
Leffg“;#iﬁi)\fe”ex Tag 7.2+0.4+0.5+0.4 IT::?S (b-tagged) P 5.0 719708 w03 pb
) »
e e 78124415405 tf';b""ll’m" (baggedy H—e—H 732, Summary of syst.
‘Lepton+Jets; Soft Muon Tag . tautjets (b-tagged)* 3 407 uncertalntles
(L= Z‘Ufbﬂ) 8.7+1.1:0.9+0.5 ] , (b-tagged) I ' l 541 ’:-;g :g‘;‘ 403 pb .
T et Vorton & . IDI-_‘*;: b-tag analysis (2.7 fb1):
+Jets: Vertex Tag 1.2 +2840. alljets (b-tagged, PRD) +20 14 .
e S 8.3+1.0+22:0.5 (ot} eyst) Qum) JET ENERGY SCALE 0.16 2.2
‘ i =175 Gay M W Cacciai cfal, ativ0804 2600
'CDF combingd 7.0+0.3+0.4+0.4 = © N. Kidonakis and R, Vogt, arkiv.0805.3844 CRINGLNECELE 0.38 0.2
(L=28f) w0 VLIS CTEQB 6M A ,
(stat)(syst(lumi) S. Moch and P. Uwer, arxiv-0804.14786 G TR 0.08 1.1
| | | | | | | —
o ) 4 5 8 10 12 14 0 2 4 6 8 10 12 MIS-TAGS 0.15 2.1
a(pp — tt) (pb) o (PE—)&) [b] ' CORRECTION. 0.23 3.2
LUMINOSITY 0.42 5.8
. QCD FRACTION & B
Good agreement: 0.02 02
i : it el 0.13 1.8
- among various exp. measurements (two experiments)
: - NTATISTE 004 06
- and with NLO + LL QCD prediction
TRIGGER EFFICIENCY 0.05 0.6
I I I o
- Systematic uncertainties at the 10% level e e
(luminosity, b-tagging) 0.67 0.3

CDF Run Il Preliminary L=2.7 fb:|



Top cross section in early LHC data

Large cross section:

~ 830 pb at Vs = 14 TeV

Reconstructed mass distribution after a simple selection of tt = Wb Wb — €vb qqb decays:

3 jets pT> 40 GeV +
1 jets p,> 30 GeV

Missing E, > 20 GeV No b-tagging

g 8 8B
T T

3

Number of events / 10.0 GeV
8

ATLAS
100 pb-"

Number of events / 5.04 GeW

III|IIII|IIII|IIII|IIIIII—

Clear W peak!

(=]

3 9of

2 sof

] ATLAS  [Ctow

-1 Moth

G o 100P0™ Bt
5ol W W+jets
4o after b-tagand -
30k W-mass selectio
20}
10

TTTTTTTTT

00 50 100 150 200 250 300 350 400 450 500

Mg [GEV]

Ll
100

50 200 250 300 350 CE

M, (GeV)

» Cross section measurement (test of perturbative QCD)
with data corresponding to 100 pb' possible with an
accuracy of £10-15%

» Errors are dominated by systematics
(jet energy scale, Monte Carlo modelling (ISR, FSR),...)

« Ultimate reach (100 fo'!): + 3-5%
(limited by uncertainty on the luminosity)




Electroweak parameters

- W mass
- Top Quark Mass & Properties

- Single top, V,,

% |
g
é
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Precision measurements of m,, and m,,

Motivation:

W mass and top quark mass are fundamental parameters of the Standard Model;
The standard theory provides well defined relations between my,, m,, and my,

Electromagnetic constant
measured in atomic transitions,
e+*e- machines, etc.

l 1/2

T Oy, 1
2 ' 1-A
/GF Sl%l 6, N, A

weak mixing angle radiative corrections

measured at Ar ~ f (mtop2’ log my)
LEP/SLC

mW:

Fermi constant
measured in muon

decay Ar =~ 3%

G, agy, SiN B

are known with high precision

Precise measurements of the
W mass and the top-quark
mass constrain the Higgs-
boson mass

(and/or the theory,

radiative corrections)




Relation between m,,, m,, and m,

80.70 .
80.60 N
> 8050]
g n
<
=
80.40
80.30 .
SMI s
MSSM i
80.20 both models ]
| Hei|nemeyer, Hollik, Stockinger, Webrr, Weiglein '07 7
| | | | | | | | | | | | | | | | | | LT

|
160 165 170 175 180 185
m, [GeV]
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The W-mass measurement

3-10¢

myy (from LEP2 + Tevatron) = 80.399 * 0.02&V3 GeV

My, (from Tevatron) = 170.9 £ 1.8 GeV

172

T 2e, Ji-Ar
2 Gg sin@,, V1-Ar
CDF Run 0/1 H @— 80.436 + 0.081
DO Runl ——e&—— 80.478 + 0.083
CDF Run 1l —e— 80.413 £ 0.048
Tevatron Run-0/I/11 —o— 80.432 £ 0.039
LEP2 average k= 80.376 + 0.033
World average (prel.) H®&H 80.399 + 0.025
DO Run Il m; (prel.) —e— 80.401+ 0.044

| ] ]

80 80.2 80.4 80.6
my, (GeV)

8070  experimental errors: LEP2/Tevatron (today) ]
L 68% CL ]
| == 95% CL
8060 — o
S 8050 MssM| -
9,
= i
E - —
80.40

80.30 |-

SIM EEEEEEH
MSSM T |
both models EEET |

it

A light Higgs boson is

LU _ . favoured by present
L ‘Hel‘ner‘ney‘er, ‘Hol‘lwk, ‘Sto‘ck\?ge‘r, V\‘Ieb‘er, ‘We:gle‘m ’?77
160 165 170 175 180 185 measurements
m, [GeV]

Ultimate test of the Standard Model: comparison between the direct Higgs boson
mass and predictions from radiative corrections....



Technique used for W mass measurement at hadron colliders:

E, Event topology: 10000

> B o g 1
g I DO Preliminary, 1 fb - DATA
Electron Y 2 7500 __ = FAST MC
~ ' B _ B Wt
5 5000 e
S a Fit Region Qch
*-.._Neutrino - 2 i
2500__ v/dof = 48/49
% 0 1 0010
my, GeV
Observables: P.(e), Py(had)
= Pq(v) =-(P(e) + Py(had)) long. component cannot be

= M‘f, = \/Z-PTI P’ -(l—COS A¢l’v) measured
In general the transverse mass M- is used for the determination of the W-mass

(smallest systematic uncertainty).
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Shape of the transverse mass distribution is sensitive to m,,, the measured
distribution is fitted with Monte Carlo predictions, where m,, is a parameter

MC template: Mw=80 GeV |
MC template: Mw=81 GeV |

100
M. (GeV)

Main uncertainties:

Ability of the Monte Carlo to reproduce
real life:

 Detector performance
(energy resolution, energy scale, )

* Physics: production model
pr(W), Ty ...,

« Backgrounds

K. Jakobs

XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



Systematic Uncertainties (Tevatron measurements)

CDF II : 200 pb-! DO Preliminary : 1 fb!

Source ler(my ) MeV mr |

Electrons

; Electron Energy Nonlinearity 4
REGO" Scale . W oand £ Electron energy 4
Recoll BEEDIUHDH loss differences
Uy E'ﬁ'.iI:IEI'IB'hIr Recoil Model fi
LEptDFI Removal Electron Efficiencies 3

Backgrounds 2
BEG-I(gFﬂUﬂdE Experimental Total 35
DTI:W} W production and
PDF decay model
QED PDF 9
. QED T
QI S ‘ . IEIZZI!:‘-'UIL Pr 2
i e W model Total 12
Total 37
Statistical 23
Total 44

Dominant error: knowledge of the lepton energy scale of the detector !



What precision can be reached in Run Il and at the LHC ?

Int. Luminosity CDF DO LHC
Numbers for a 0.2 fb 1 b 10 fb-
single decay Stat. error 48MeV | 23MeV | 2MeV
channel Energy scale, lepton res. | 30 MeV | 34 MeV 4 MeV
W — ev Monte Carlo model 16 MeV | 12 MeV 7 MeV

(P{W, structure functions,

photon-radiation....)

Background 8 MeV 2 MeV 2 MeV

Tot. Syst. error 39 MeV | 37 MeV 8 MeV

Total error 62 MeV | 44 MeV | ~10 MeV

» Tevatron numbers are based on real data analyses
» LHC numbers should be considered as ,ambitious goal*
- Many systematic uncertainties can be controlled in situ, using the large Z — /¢ sample
(PT(W), recoil model, resolution)
- Lepton energy scale of = 0.02% has to be achieved to reach the quoted numbers

Combining both experiments (ATLAS + CMS, 10 fb-'), both lepton species and
assuming a scale uncertainty of + 0.02% a total error in the order of
= Amy ~ £10-15MeV might be reached.



Signature of Z and W decays

Underlying event
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What precision can be reached in Run Il and at the LHC ?

Int. Luminosity CDF DO LHC
Numbers for a 0.2 fb 1 b 10 fb-
single decay Stat. error 48MeV | 23MeV | 2MeV
channel Energy scale, lepton res. | 30 MeV | 34 MeV 4 MeV
W — ev Monte Carlo model 16 MeV | 12 MeV 7 MeV

(P{W, structure functions,

photon-radiation....)

Background 8 MeV 2 MeV 2 MeV

Tot. Syst. error 39 MeV | 37 MeV 8 MeV

Total error 62 MeV | 44 MeV | ~10 MeV

» Tevatron numbers are based on real data analyses
» LHC numbers should be considered as ,ambitious goal*
- Many systematic uncertainties can be controlled in situ, using the large Z — /¢ sample
(PT(W), recoil model, resolution)
- Lepton energy scale of = 0.02% has to be achieved to reach the quoted numbers

Combining both experiments (ATLAS + CMS, 10 fb-'), both lepton species and
assuming a scale uncertainty of + 0.02% a total error in the order of
= Amy ~ £10-15MeV might be reached.



Top mass measurements

Top mass determination:
No simple mass reconstruction possible,
Monte Carlo models needed

— template methods,...
matrix element method...

Most precise single measurements:

m,,, =172.1 £ 0.9 (stat) +1.3 (syst) GeV/c? (CDF)

m,,, = 173.7 £ 0.8 (stat) + 1.6 (syst) GeV/c* (DQ)

* Reduce jet energy scale systematic by
using in-situ hadronic W mass in tt
events

(simultaneous determination of m, and
energy scale)

w F
W, og lepton+jets with prior

Events{5.0 GeV)

D@ Run llb Preliminary, L=2.6 fb

1.052—
1.04;
1.032—
1.022—

1.01F

CDF Run Il Preliminary (2.8 b

m rec
i =2 tags events m
sl —+— Data
[ - Fitted tt
sl [0 Fitted Bkg
30l %%Ndof =202 /22

Prob = D.568

100 150 200 250 300

m (GeV)

full hadronic channel




Example: template method

« Calculate a per-event observable that is

sensitive to m, B-tagged signal templates

» Make templates from signal and
background events

D M,,,=150 GeVic’
! M, =175 Gevic?

B ., -200 Gevic®

» Use pseudo-experiments (Monte Carlo)
to check that method works

» Fit data to templates using maximum
likelihood method

100 150 200 250 300
reconstructed M,,, (GeV/c?)
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Future Prospects for the top quark mass measurement

Mass of the Top Quark (*Preliminary) SR L B L
. & 80.70 | experimental errors 68% CL: _
CDF-1 di- +10 3+ - |
- 167.4+10.3+4.9 B LEP2/Tevatron (today) i
DO-I i 16844123+ 36 i Tevatron/LHC i
. . | | —
PRSIkl 171.2£2.7+ 29 080 —— ILc/Gigaz
. _ L n
L D011 di- 1747+29+24 — i
) L ] > B
COF-1 ) 176.1£5.1+5.3 & 80501
| O, -
DOHE] 180.1+3.9+ 36 <
. i i
+ Sl 172.1£0.9+ 1.3 8040
. _ o '
D01 173.7208+ 1.6
=
CDF-1 all-j 186.0+10.0+ 5.7 80.30
P COF-Il ally 1748+1.7+1.9 MSSM 4
80.20 both models
. | Hei|nemeyer, Hollik, ‘Stockinger, Webrr, Weiglein '07 7
+ + | | | | | | | | | | | | | | | | | | | [
1?3‘179&%7 1rs'y18t 160 165 170 175 180 185
73/dof = 6.310.0 (79%) m, [GeV]

o ¥1o0 160 170 180 190 200
o 2
Mgy (GeVicT)

Expected LHC precision for 10 fb':

(Combination of several methods, maybe somewhat conservative) <~ 1GeV/c?




Production Cross-Section
Production Kinematics

Spin Polarization

Production via interm. Resonances
t' Production

Top Mass
Top Charge
Top Lifetime
Top Spin

Anomalous Couplings

CP Violation

Rare / non-SM Decays
Branching Fractions

CKM matrix element IVmI

W Helicity

Other top properties

Lepton angular decay

= longitudinal
++= right-handed
= 5um (SM)

dN

dcos 0"

0.6

0.4

0.2

05 0 05 fi
cos
Tevatron Result luminosity
(fo!)
Mass 173.1 1.3 GeV ~ 3.0 D 2227 gl
. DO Run Il Preliminary
W helicity CDF: f,=0.66 +0.16, f, =-0.03 +0.07 1.9 T P
DQ@: f,=0.49+0.14 f =0.11+0.08 | 22_27 e et
Charge ruleoutQ=+4/3  (90.% C.L.) 1.5 e
Lifetime I, <13.1 GeV (95% C.L.) i
0.4 '\
V, V, >0.89 (95% C.L.) ~1.0 ; N
BR(t—Wb) / 02
BR(W—-Wq) R = 0.97 (+0.09) (-0.08) 0.9 o
BR (t — Zq) <3.7% (95% C.L.) e
0.2 0 02 04 06 08 1 1.2




Event Yield

First observation of Single Top Production

at the Tevatron

d
" q W !
W
t a Vrb E
b Vrb
500 7} .
¢ Dat - IS sults
o, Siow D@ 23fb § Combined Re
400 - = e w L Significance Ostt
B Wi+ Wej _
R mzee [(b=l] Exp. Obs.  [ph]
300 - i
- £+ 100 +0.9
—nty DO 23 45 500 3.9%9°
200 ® 32 595 500 23708
100
0 0.2 0.4 0.6 0.8 1
. 0.2 0.4 0.6 0.8 1 Super Discriminant
Combination Output
o — % .. D@ 2.3 fb”
%‘ D@ 2.3 b’ CDF Fun Il Praliminary, L= 3.2 lh'-;*l:;"':i;'m !
g 20 Bl 2-4 quS g u:_ﬁ.llchannsls T L e Cikptar] ,o_ [
-é | 1-2 b-tags 2 1 5, |Vepfy!| =1.07 £ 0.12
4.
2 ap- ::E ﬂa- flat prior = 0
I.I=j 14— L
— 127 0.5
% % 05 1 15 2 75 3
3 V.. f
& 100 150 200 : \VaofL|

Missing E_[GeV] 6™ 120 140 160 120 200 720 m |Vipfia| = 1.07 £ 0.12,

e MiSS/GeV |Vep| > 0.78 at 95% CL



Where is the

Higgs Boson ?




The Search for the Higgs Boson

LS
¢ K

+ ,Revealing the physical mechanism that is responsible for the breaking
of electroweak symmetry is one of the key problems in particle physics”

* ,,A new collider, such as the LHC must have the potential to detect
this particle, should it exist.”

K. Jakobs XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



Properties of the Higgs Boson

The decay properties of the Higgs boson g (4)
are fixed, if the mass is known: o, W
= W+, Z, t, b, €, THeeecceeeeee 58 Y W
g (M
W-, Z, t, by, C T yeeeeennene » 8 Y
F(H - ff) = 4«f m3(Mi) Mu

Higgs boson likes mass:

ME—=VV) = 51,-’

o5 Mi (1-4z+122%) By |t couples to particles proportional
to their mass

where: 8§z = 1,8 =2, == MJ/MZ, B = velocity . .

— decays preferentially in the

G a?(M2) e heaviest particles kinematically
F o 3 e,
F(H — gg) = Lom Mj [1 + (T _ TI) ?] Allowed

2
M(H =) = S M} [INce? - 7]
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Properties of the Higgs Boson

102k TEGev) ]

50 100 200 500 1000
M,, [GeVT

Upper limit on Higgs boson mass: from unitarity of WW scattering M, <1 TeV/c?
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Higas Boson Production at Hadron Colliders

(i) Gluon fusion (ii) Vector boson fusion
SUUBBBUOY t
g HO
ty ol
g t HO
Q09900000
g g fusion

WW, ZZ fusion =9

(iii) Associated production (W/Z, tt)

W, Z bremsstrahlung + T fusion
usi
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Higgs Boson Production cross sections

LHC M. Spira et al. Tevatron M.Spira et al.
F L L L L L L L DL L IR L L IR LR L L 1 1 Dz =
o(pp—H+X) [pb] - E
2L - - — X
0%} s = 14 TeV pb i olpp— H + X} [pbl
\ M, =175 GeV ] 10 E vs =2 TaV
10 F CTEQ4M Fag— H
1 L \ AN \\\ C e 1 ET )
0L Fie S S 9@ —HW ] T Hw
e S T E Hag el
021 N \ - T
I i, T HZ
it g ge,qq—HE F ---
10° L N g T e i E Htt - )
E ~~\\~~. -, E -x B - _
F q@q—HZ =~ -~ (LU e
10'4....|....|....|....|....|....|....|....|....|.... E
0 200 400 600 800 1000 4l | | | | |
My, [GeV] ® ag 100 120 140 180 180 200

qq - W/Z+H cross sections
gg —>H

M, (GeV/c*)

~10 x larger at the LHC
~70-80 x larger at the LHC

K. Jakobs
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ER (H)

10-1

10-2

Higgs Boson Decays at Hadron Colliders

AL Djouadl, J. Kallnowskl, b, Splra

m
Ao
T

7

102
My (GeV)

3 DD

at high mass:
Lepton final states are essential
(viaH —- WW |, Z2)

at low mass:
Lepton and Photon final states
(via H - WW*, ZZ*)

Tau final states

The dominant bb decay mode is only
useable in the associated production
mode (ttH, W/Z H)

(due to the huge QCD jet background)

K. Jakobs

XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



Searches for a low mass Higgs
at the Tevatron

(mhu < 135 GeV: h

Associated production WH
kand ZH with H—bb decay )

K. Jakobs XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



Main low mass search channels

L + E;™ss + bb: WH — fvbb
Largest VH production cross section
More backgrounds than ZH — #bb

U+bb: ZH — bb
Less backgrounds
Fully constrained
Smallest Higgs signal

E.mss + bb: ZH — vwbb

3x more signal than ZH — £ bb
(+WH — tv bb when lepton missing)
: Large backgrounds which are

= difficult to handle




(i)

(i)

(i)

Events / 12.00 GeV

x10°
n _|llll|-||.|||||||-ll||||
s 3 D_Qng!ellmmary (2.1b")
g R
s 250 -z:ielszl_.f_)
> B Wiblc-jets
w C Werjets(lf.)
21— Diboson
| B Multijet
C — Hx500 (115 Ge
1.5
=
Optimize separation power by multivariate ~ *°-

60

50

40

30

20

10

Select events consistent with Z/W + 2 jets
(large W+jet and Z+jet backgrounds)

Apply b-tagging

(most discriminating variable: dijet inv. mass)

discrimination

Example: ZH —vv bb

(— Decision tree output)

I 1 T T T I T
st
._I_.

|

Illlll]lllllll]]llllllll]llll]l

25 3 3.5
min Ay(Jets, ET)

1

T T T T I T T T T I T T T T ] g. :
DO preliminary (2.1 fb™) =
preliminary ( )] S 3o0f
I Top ] E B
Z+blc-jets _l o -
I Z+jets(1.£) — S 25¢
Web/c-jets 7 w B
Wajets(l.f) a B
Diboson _‘ 20.__
I Muttijet ] -
— Hx10 (115 GeV} : -
. 151~
= 101
E s
% 0.1

200 250 300
DiJet Invariant Mass (GeV)

0.2

0.4

&

B——
il e ol 4 Pri] ini

0.5

||I||III|IIII|IIII|IIi|_
D@ preliminary (0.9 fb™)
= Data =
I o
Z+bio-jats
Zajets{li)
W Hnie-jats
Wjets(l.1)
Dibasan
B Mutijet
= Hx25 (115 GeV)

0.6 0.7 0.8 0.9
DT discriminant



(iv) Split data into several sub-samples with different final state topologies
- maximize sensitivity due to S:B variations

Events

- different background composition in the different classes

Example: WH — &v bb

700

5001
400F
300f
2001

1001

600

C L=271b"
- D@ Preliminary

W + 2jets / 1b-tag

® Data
W +jets
- multijet
| I
Eweb
.other
OwH x 10

% 50 100 150 200 250 300 350 400

DiJet Mass (GeV)

Events

E L=27fb" W + 2jets / 2b-tag
90; D@ Preliminary ® Data
80 W +jets

E - multijet
70 B

B Ewbb
60 Z_ .other
50 Owkx 10
a0
30
20
100

DiJet Mass (GeV)

% 50 100 150 200 250 300 350 400

Events

80

70

60

50

40

30

20

10

C L=27fb"
D@ Preliminary

% 50 100 150 200 250 300 350 400

W + 3jets / 2b-tag

® Data
[CIW +jets
- multijet
| I
Ewob
.other

OwHx 10

DiJet Mass (GeV)



Sensitivity in individual channels

« Limits on individual channels a factor of 5-10 away from SM cross section at
« — The combination of all contributing channels is crucial

—_
o
N

95% CL Limit/SM

95% CL Limit/SM

—_
o

10

] T T

-

i L
150

140

.130‘ .

120

m,, (GeV/c?) Higgs Mass (GeV/c?)

115 120 125 130 135 140 145 150

100 105 110

losiozialon,
100 110

» Main systematic uncertainties for low mass channels:
- Signal (total 15%): cross section, b-tagging, ID efficiencies
- Background (total 25-30%): normalisation of W/Z+jets heavy flavour samples,
modelling of the multijet and W/Z+jet backgrounds, b-tagging

« At high values of the discriminant output, S:B is typically 1/10 - 1/20 for the most sensitive
low mass channels



Searches for a high mass Higas
at the Tevatron

(n > 135 GeV: A

gg — H productionwith decay
{o WW )




H — €€ vv >

Dominant decay for my>135 GeV: H —» W*W

Leptons in final state
— exploitation of gg—H is possible

=hl

Signal contribution also from W/Z+H, gqH production
— Consider all sources of opposite sign di-lepton + missing Et

Split analysis in ee, uu, and ep final states

Backgrounds: Drell-Yan, dibosons, tt, W+jet, multijet production

1] LT I L BN LN RN BEJE I NN n L L N L B LA NI L B N
[} 5 =
= 10 H 0 —e— dat; < L . . —e— dat:
= Dg Prellmlna_qy ® 10° e“ DO Prellmlna_qy ot
© \ Runll, 4.2 fb — . = Runll, 4.2 fb
10 z5 C H—->WW —eu |:|21t
s — 107
10 diboson E + ¥ |:| Dibo:
— - +
102 ’7 Wajets/y 10 E_ + !IW-»]ets/y
10 m - |
multijet 1 = multijet
1 — = |:|
7 itbar — ttbar
11— 10" =
10 E
0 — (H+X)x10 M,=165GeV| = — (H+X) x 10 M, =165
Cod Lo Lo Lo b by by a b Loy Loy
0 20 40 60 8|0 1(|)0 150 1z|10 1(;0 180 200 0 20 40 60 80 100 120 140 160 180 200

M, [GeV] M., [GeV]

Inv



H — Il vv

Dominant Drell-Yan background can
be reduced with cuts on Et™iss and its
isolation (distance to nearest object)

LIS L e

DO Prellmmary
Runll, 4.2 fb™

entries

0 20 40 60 80 100 120 140 160 180 200

EMs[GeV]

Spin correlation gives main discrimination
against irreducible background from non-
resonant WW production

ents / 8 GeV

L >
W-

\ 4

s
[=]
=)

E
8

[+1}
=)

B
=)

20

CDF Run Il Preliminary J|_=:a.ts1b’1

[0S 1 Jets Wijets
- M, = 160 GeV/c* vy

Cut at 25 (15 for ep)
already applied

20 40 60 100 120 14D 160
ET SIn(A(PEr nhearest lepton or]et) (GeV)

Ap(lL])

CDF Run Il Preliminary [L:a.s "

(] L
S [0S0 Jets -xﬂets
21001 M, = 160 GeV/c? —
c
g WZ
w 7L

o ww +

60

40

20

Oww
—HWW x 10

\I\‘IIC_In-ll\Il\I\
Q
>
)

0 0.5 1 1.5 2 25 3



H — €€ vy

To increase sensitivity:

DA: Split the samples according to
lepton flavour and combine result

Neural Network with 11 kinematic
and topological input variables

CDF Run Il Preliminary

;08 0 Jets, High /B
- M, = 165 GeV/c®

Events / 0.05
, 2 . 3 &
-t \IIIHl T IIIIIH| T II\IHI-.I \IIIIII|

-
Q
]

-0.8 -D.6 -D.4 -D.2 D D2 04 06 D8 1
NN Output

Events / 0.05
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Systematic uncertainties

R —————————— Main systematic uncertainties:
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Exclusion limits per experiment:
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m,=165 GeV m,=165 GeV
Exp(Obs): 1.7(1.3) x Osm Exp(Obs): 1.4(1.5) x osm

With additional luminosity expect single experiment exclusion around
mu = 165 GeV

K. Jakobs XIV LNF Spring School “Bruno Touschek”, Frascati, May 2009



Combination — limit setting

Combination of all channels and of the two experiments:
(note that exclusion is not possible in a single channel / experiment)
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Combined Tevatron limits

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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A fluctuation in the data allows the Tevatron to set a 95% CL exclusion of a SM Higgs
boson in the mass region around 160-170 GeV (first direct exclusion since LEP)

At m,=115 GeV Expected limit: 2.4 x gsm
Observed limit: 2.5 x cSM
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Conclusions on the Tevatron Higgs search

» The Tevatron experiments are about to reach sensitivity (expected limit) for the
SM Higgs boson in the mass range around 160 GeV

« With increased luminosity the sensitivity in this region is expected to reach

the 3o level

— either a large mass region can be excluded with 95% C.L. or
first evidence (3c) for a SM Higgs boson can be found;

» The Higgs search in the mass range
below ~130 GeV is difficult
(also at the LHC);

Search for the bb final state will provide

complementary information to the LHC
Higgs search
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Summary of the 2. Lecture

* Hadron Colliders Tevatron and LHC play an important role in
future tests of the Standard Model

® Predictions of Quantum Chromodynamics can be tested in
- High p+ jet production
- W/Z production
- Top quark production

In addition, precise measurements of Standard Model parameters can be
carried out.

Examples: W mass can be measured to ~10 - 15 MeV
Top-quark mass to better than ~ 1 GeV

The Tevatron experiments are about to reach sensitivity for a SM Higgs
boson in the mass range around 160 -170 GeV

With an integrated luminosity of 10 fb-' a 95% CL exclusion might be
possible over the mass range up to ~180 GeV .or. 3s evidence in some
mass regions



