Physics at Hadron Colliders

2. Test of the Standard Model

Tests of QCD
- Jet production
- W/Z production
- Top-quark production

Precision measurements
- W mass
- Top-quark mass




QOCD processes at hadron colliders

* Hard scattering processes are dominated
by QCD jet production

e Originating from quark-quark, quark-gluon and
gluon-gluon scattering

» Due to fragmentation of quarks and gluons in
final state hadrons
— Jets with large transverse momentum P+
in the detector

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

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




A two |et event at the Tevatron (CDF)

Dijet Mass = 1364 GeV/c?

E; =666 GeV
n= 043
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CDF (@-r view)

E; =633 GeV
n=-0.19




Test of OCD Jet production

Inclusive Jet Cross Section

(dc/dp,) [pb/(GeVic)]
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Inclusive Jet spectrum as a function

of Jet-PT

Data from the DG experiment
(Run II)

very good agreement over many
orders of magnitude !

within the large theoretical and
experimental uncertainties
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Similar data from the CDF experiment

CDF Run II Preliminary
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contributions of the various
sub-processes to the inclusive
jet cross section



Main experimental systematic uncertainties

 AJetis NOT a well defined object (fragmentation, detector
response)

- one needs an algorithm to define a jet (e.g., a cone
around a local energy maximum in the calorimeter)
typical cone values: AR =+ Ad2 + An2=0.5 J

« Cone energy # parton energy

Main corrections:

— Calorimeters show different response to e, y and hadrons

— Subtraction of energy not originating from the hard scattering

— Correction for jet energy outside the cone
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Jet Response vs Jet Energy (R = 0.7 Cone)

Jet response correction in D@:
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e measure response of particles
making up the jet

e use photon + jet data - calibrate
jets against the better calibrated
photon energy




Data / Theory

Comparison with Theory

Inclusive Jet Cross Section ZEUS
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Systematic uncertainties: - jet energy scale (red band)
- parton density functions
- renormalization scale



Test of W and Z production

P iq /
q v(/(_Z)
—

v ()

Drell-Yan production process

Tevatron: expected rates for 2 fb1l: 3MioW — fv events
LHC: expected rates for 10 fb-1: 60 MioW — {v events
LEP 1l recorded events: 40 000 W — fv events



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, (), large P ™miss
Z — 248 2leptons with large Pt ()

ql |
10 GeV |

EMERGY

(= SCALE e2 M

10 GEV

W/Z discovery by the UA1 and UA2 experiments at CERN (1983/84)
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missing transverse momentum P;™ss (GeV/c)

W/Z — ev/ee signals

Trigger:

e Electron candidate > 20 GeV/c

Electrons

¢ |solated e.m. cluster in the calorimeter with P

> 25 GeV/c

» Shower shape consistent with expectation for electr ons

* Matched with tracks

Z - ee

« 70 GeV/c2<m_ < 110 GeV/c?

W - ev

» Missing transverse momentum > 25 GeV/c




Entries / 3 GeV
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D2 Run Il Preliminary

Tevatron Z — I I cross section measurements

CDF'04 (e) —— 2558+3.9+5+154 pb
CDF'04 () . 248.0459+50414.9pb
CDF'04 (e+y) . 253.9+33+4.6+152pb
CDF'04 (1) ———  242+48.0+26+15pb
{prefiminary)
D004 (e) —— 264.9+39+99+17.2pb
{preliminary)
DO'04 (1) —e— 291.3+30+69+18.8pb
{prefiminary)
D0'04 (1) —e—  252+16+19+17pb

0 500

o x B, pb

Good agreement with

NNLO QCD calculations
C.R.Hamberg et al, Nucl. Phys. B359 (1991) 343.




Events / 2 GeV/c?

W > @v Cross Section
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Note: the longitudinal component of the
neutrino cannot be measured
— only transverse mass can be reconstructed

Tevatron W — | v cross section measurements

CDF'04 (n) —— 2768+ 16+ 7 + 166 pb
GDF'04 (e) —. 2780+ 14 + ¥ + 167 pb
CDF'04 (e+u) —.— 2780+ 14 + 55+ 167 pb
CDF'04 (e, plug) —e— 2784+ 34 + 167 + 172 pb
(preliminary)
CDF'03(t) —— 2620+ 70+ 210 + 160 pb
(preliminary )
Do'04 ge) —a— 2865+ 8+ 75+ 186 pb
(preliminaky)
PD'_OS %) —e——  3226+128+100+322 pb
preliminal

1000 3500 6000

o x B, pb

Good agreement with

NNLO QCD calculations
C.R.Hamberg et al, Nucl. Phys. B359 (1991) 343.




Comparison between measured W/Z
cross sections and theoretical prediction (QCD)

CDF and D@ Run 2 Preliminary
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Top Quark Physics

» 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




Why Is Top-Quark so important ?

EPTONS
Election Newting |  Muon Newtine Teus Neutrine
Mcss ~0 -0 -0
4 v ‘)I
Eleciion Mucn Tou
11 105.7 1777

QUARKS
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Up Chesrm
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160

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



Top Quark Production

Pair production : qqg and gg-fusion single top-quarks qqg, gb and gb-fusion
q>w<f ! / - -

| N N | >w‘r/[7*‘< I
Runl | Runll LHC Runl | Run I LHC

1.8 1.96 | 14 TeV 1.8 1.96 | 14 TeV
TeV TeV TeV TeV

qq 90% 85% 5% o(qq) (pb) | 0.7 0.9 10
g9 10% 15% 95% o (gb) (pb) | 1.7 2.4 250
o (pb) 5pb | 7pb | 600 pb o (gb) (pb) | 0.07 0.1 60




Top Quark Decays

tf Decay Channels

BR (t—Wb) ~ 100%
Both W’s decay via W - fv ({=e or u; 5%) alljots 4%

dileptons y

One W decays via W - {v ({=e or u; 30%)
lepton+jets

s 13
ﬁﬂﬂﬁ:%
Both W’'s decay via W - qq (44%) ‘w o
all hadronic, not very useful oo ¥

e+jats  15%

Important experimental signatures: : - Lepton(s)

- Missing transverse momentum
- b-jet(s)




D@ top candidate event with two leptons

pr(e) = 20.3 GeV/e
pr(K) = 58.1 GeV/é

E; =141.0,55.2 GeV




A CDF Lepton + Jet event
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tt cross section (lepton + |ets)
(no b-jet identification)

1 high-p; isolated lepton CDF Preliminary (195 pb-1)
. . - 80—N >I3 | | 1'0"""' A
Large missing E;r+ >3 jets jet = { £y 0.9 '
60} 0.8 ‘
£ 0.~ 6 8]
Q 40t oyt (Pb)
(]
top
W+jets
201 I other EW A
Il QCD
0 — =
0 100 200 300 400 500 600
Ht (GeV)

H. = scalar sum of all high P objects
(jets, leptons, E,miss)

Before b-tagging: background from W+jet events clearly dominates




Tagging of

b-quarks

4[ Soft lepton tagging]

e or lLin jet

o b— fvc (BR ~ 20%)
e b—c—fus (BR ~ 20%)

[ Silicon Vertex tag L

Jet

Secondary vix

N

Primary vix

'_‘,..-"'
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d
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o o J
- '
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Bt |
i
i
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Search for non-isolated soft lepton in a jet

B mesons travel ~ 3 mm before decaying:
— Search for secondary vertex



tt cross section (lepton + jets) (including double b -taq)

1 high-p; isolated lepton + Large missing ET + Two b-tagged jet
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Very clean top sample




tt cross section summary (preliminary)

T T T | T T T | T T 1 | LI | T T T | T T 1 | LI
[ cacciari et al. JHEP 0404:068 (2004) Assume m=175 GeV/c'
Kidonakis, Vogt PRD 68 114014 (2003) CDF Preliminary

I//

“Dilepton
A %? 8.3:1.5:1.0+0.5
‘Loptoni.legs: Kinmat § o 6.0-0.6:0.9:0.3 QCD prediction:
LeptomtJets: “ﬂ*f-'ﬂa%é 8.2+0.6+0.9+0.5 - Cacciari et al., hep-ph/0303085
(L= 695 pb”) / ''''''' : : X

. Z - Kidonakis et al., hep-ph/0303086
Lepton+Je1_:$: Soft Muon 53+3.3 i1 3"‘0.3
{L=183pb’) % 1.0~
: . % Good agreement among
MET+Jets: Vertex Tag 1.4
e 111.2 £,,+0.4 .

various exp. measurements
and with QCD prediction
(similar results for DY)

6.
: L
All-hadronic: Vertex Tag// 8.
(L= 317 pb”)

0+1.7 +5340.5

"Combined

7.3+0.5+0.6+0.4

1

(L= 760 pb

' 00 po (stat) + (syst) + (lumi)
T N T I T T

gl

2 4 6 8 10 12 14
o(pp — tt) (pb)



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 m,,,, m, and m,

top

Electromagnetic cpnstant_ _ G, Oy, SiN 6,
measured in atomic transitions
are known with high precision
l Precise measurements of the
1/2 W mass and the top-quark
JL EM 1 mass constrain the Higgs-
m W — boson mass
/ f \/ - (and/or the theory,
2 G F SIin HW 1 ATr radiative corrections)
Fermi constant iati '
e tred o weak mixing angle rAad_laftlve C;)rlrectlons
decay measured at r= (mtOp , log m,)
LEP/SLC

SOy

b



The W-mass measurement

1/2
m = Ty 1
w :
\/_ZGF sing,, v1-Ar
4104
ALEPH [prel]  —== 80.379:0.058 my, (from LEP2 + Tevatron) = 80.410 + 0.032 GeV

DELPHI [prel.] —— 80.404-0.074

L3 [prel. 5 80.376-0.077 M., (from Tevatron) = 172.5 + 2.3 GeV
OPAL ([final] "'l— 80.449+0.063 X

LEP Preliminary - 80,392+0.039 o
: x°/dof = 29.2/35 1 —LEP1 and SLD

CDF [Run-1] —— 80.433:0.079 80.5 -~ LEP2 and Tevatron (prel.)
' 68% CL

DZ [Run-1] H— 80.483+0.084 . . _

g > light Higgs boson
Tevatron [Run-1] —= 80.452+0.059 ) 1 .

; Yfdof= 0271 S g04a- is favoured
B 2 by present
Overal| average =+ = 80.410+0.032 = measurements

80.0 81.0 -
M,,[GeV] 80.3
150 175 200
m, [GeV]

Ultimate test of the Standard Model: comparison between the direct Higgs boson
mass (from observation, hopefully) and predictions from rad. corrections....



Techniqgue used for W-mass measurement at hadron coll iders:

Event topology: D@ Run 2 Preliminary
o C
O -
%‘ o0 ——data
- OalMC
g 600 Woo ay
N 500 Z5
™ OW v
42' 400 4 QCD bkg substracted
A 0300
| \“:--. _Neutrino I.I>] L P} > 20 GeV
\ S
200
100
0 11 1 | — I. 1| | | 1| ‘ 111 ‘ | ‘-";‘ |
0 20 40 60 80 100 120 140,
M, (GeVic')

Observables: P(e), Pf(had) = P(v) =-(P{(e) + Py(had))

The transverse mass M is used for the determination of the W-mass

M, = 2R [P [{L-coshg”)



The shape of the transverse mass distribution is sensitive to m,,

Main uncertainties:

* detector performance
(energy resolution, energy scale, ....)

* theory: production model
Pr(W), My oo

» backgrounds

Dominant error (today at theTevatron, and most likely also at the LHC) :
Knowledge of lepton energy scale of the detector !




Calibration of the detector energy scale:

Example : EM calorimeter

e beam m
CALO | T

E =100 GeV

Emeasured

To measure m,, to ~ 20 MeV, we need to know the
energy scale to_0.02%, i.e. If E  c4on = 100 GeV
then 99.98 GeV < E,..cureq < 100.02 GeV

= one of most serious
experimental challenges !!



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

Int. Luminosity 0.08 fb-1 2 bt 10 fb-!
Stat. error 96 MeV | 19 MeV 2 MeV
Energy scale, leptonres. | 57 MeV | 20 MeV | 16 MeV
Monte Carlo model 30 MeV | 20 MeV | 17 MeV
(P, structure functions)

Background 11 MeV 2 MeV 1 MeV
Tot. Syst. error 66 MeV | 28 MeV | 24 MeV
Total error 116 MeV | 34 MeV | 25 MeV

* Total error per lepton species and per experiment at the LHC is estimated to be + 25 MeV

at the Tevatron + 34 MeV
« Main uncertainty: lepton energy scale (goal is an uncertainty of £ 0.02 %)

Combining both experiments (ATLAS + CMS, 10 fb-1), both lepton species and
assuming a scale uncertainty of + 0.02% = Amy ~ £15MeV

Tevatron: 2 fbt: Am, ~ +30MeV



Top mass measurements

— Kinematic fit under (tt) hypothesis
— compute likelihood for observed events
as a function of the top quark mass

Most precise single measurements

My, = 173.4 £3.5 (stat) + 1.3 (syst) GeVic> (CDF)

My, = 170.6 £4.4 (stat) + 1.4 (syst) GeVic? (DY)

_ — Lepton+jets (=1 b-tag)
DY Run Il Preliminary

tt+Background
=====: Background
—— Data

L=230 pb-!

-Log(Likelihood)
2 0= 08 ¥
—.—

Events/(10 GeV)
o

[=;]
Q_III|III|IIIIIIIIIIIIIII|III|II

8
4
2 af- i T
___+_ U
o vy o by vy by vy by | .:--l-l--l-':--l-“"l"l- ~=pmyad.
% 100 120 140 160 180 200 220 240 260 280

Fit Mass (GeV)



Future Prospects for the top quark mass measurement

Mass of the Top Quark (*Preliminary)

Measurement Mtop [GeV/cz]
CDF-l di- e 167.4 £ 11.4
D2l dil ol 168.4 +12.8
CDF-Il di-* —e— 1645+ 5.5
DIl di-I* o 176.6+ 11.8
CDF-l l4] 1ilo— 176.1 £ 7.3
DDl I+ ' o— 180.1 + 5.3
CDF-Il l+* —h— 1734+ 2.8
DIl 1+* — 170.6 + 4.6
CDF- all o 186.0+ 11.5

x°/dof = 8.1/8
Tevatron Run-I/1I* -é- 1725+ 2.3

150 170 190
M., [GeV/c?]

Expected Tevatron precision :
Expected LHC precision :

Expected ILC precision :

M, [GeV]

80.70

80.60

80.50
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80.20 =

experimental errors 68% CL:
— L EP2/Tevatron (today)
Tevatron/LHC
ILC/Gigad

A

oot | I 11

SM EEEEE
MSSM T
both models FEEEE

Hamameaysr, Weiglain 08 ]
L1 11 .

160

165 170 175

m, [GeV]

+ 1.5 GeV/c?

~ 1 GeV/c?

~ 0.1 GeV/c?

L1l
180 185 190



Summary of the Lecture

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

® Predictions of Quantum Chromodynamics can be tested in
- High P jet production
- WI/Z production
- Top quark production

* Precise measurements of Standard Model parameters ¢ an be
carried out.

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

— Higgs mass constrained indirectly



