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Qutline of the lectures:

1. Introduction

2. Test of the Standard Model
(QCD, Electroweak parameters)

3. Search for the Higgs Boson
4. Search for Supersymmetry

5. Search for Other New Phenomena
(New particles, Extra dimensions,...)

Disclaimer: | will try to highlight important first physics measurements and results on searches for
new physics. The coverage is not complete, i.e. not all results available will be presented; Results
from both general purpose experiments, ATLAS and CMS, are shown, but there might still be a
bias towards the experiment | am working on. This bias is not linked to the scientific quality of the
results.



The open questions



Key Questions of Particle Physics

1. Mass:. What is the origin of mass?
- How is the electroweak symmetry broken ?
- Does the Higgs boson exist ?

Can the interactions be unified at larger energy?
How can gravity be incorporated ?

Is our world supersymmetric ?

What is the Dark Matter in the universe made off?

3. Flavour: or the generation problem
- Why are there three families of matter?
- Neutrino masses and mixing?
- What is the origin of CP violation?






The role of the LHC

1. Explore the TeV mass scale

- What is the origin of the electroweak symmetry breaking ?
Does the Higgs boson exist?

- The search for “low energy” supersymmetry
Can a link between SUSY and dark matter be established?

- Other scenarios beyond the Standard Model

Look for the “expected”, but we need to be open for surprises

- perform as many searches (inclusive, exclusive...) for as many final states
as possible

2. Precise tests of the Standard Model

- There is much sensitivity to physics beyond the Standard Model in the precision area

- Many Standard Model measurements can be used to test and to tune the detector
performance



80 70 |- experimental errors 68% CL:
- LEP2/Tevatron (today)
. Tevatron/LHC
8060~ —— | c/Gigaz
< E
O 80.50—
O,
=
=
80.4
80.3
SME
MSSM
80.20 both models [
| Heinemeyer, Hollik, Stockinger, Webrr, Weiglein '10 7]
170 175 180 185

160 165
m, [GeV]
Predictions for future precision (including LHC), compared to the Standard Model

and its Minimal Supersymmetric Extension (MSSM)

Ultimate test of the Standard Model: compare direct prediction of Higgs mass
with direct observation



The Large Hadron Gollider (LHC)
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The Large Hadron Collider

.. became a reality in 2008
after ~15 years of hard work

Beam energy

SC Dipoles
Stored Energy

Bunch spacing
Particles/Bunch

Luminosity

Int. luminosity

3.5TeV (= 7 TeV)

1232, 15 m, 8.33T
362 MJ/Beam

25 ns
1.15 -101

1032 - 1034 cm=2st

1-100 fb1/year
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The ATLAS experiment

Diameter 25 m
Barrel toroid length 26m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons

 Solenoidal magnetic field
(2T) in the central region
(momentum measurement)

High resolution silicon
detectors:
- 6 Mio. channels

(80 um x 12 cm)
- 100 Mio. channels

(50 um x 400 pm)
space resolution: ~ 15 um

e Energy measurement down
to 1° to the beam line

* Independent muon
spectrometer

(supercond. toroid system)
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CMS

, 4 Tesla ECAL HCAL
— 76k scintillating Plastic scintillator/brass
PbWO4 crystals  sandwich

Pixels
Silicon Microstrips
210 mZ of silicon sensors
9.6M channels

Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
Chambers (DT)  Chambers (RPC) Resistive Plate Chambers (RPC)

12



Scattering processes at a hadron collider

Dominant hard scattering processes: qq, qg and gg “scattering”

Leading order ...some NLO contributions
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Calculation of cross sections

O = Ebfdxa dXb fa (Xa’ Qz) fb (Xb’ QZ) 6ab (Xa’ Xb’as)

Sum over initial partonic states a,b
O,, = hard scattering cross section

f. (X, Q%) = parton density function
... + higher order QCD corrections (perturbation theory)

meanwhile available for many signal and background processes !

which for some processes turn out to be large
(e.g. Higgs production via gg fusion)

usually introduced as K-factors: King = Oy / 90

a few examples: Drell-Yan production of W/Z: Knio ~ 1.2
Higgs production via gg fusion: Ky o ~ 1.8 14



Results from HERA on the proton structure

« Large data sets and combination of the two HERA experiments
(H1 and ZEUS) improve the precision on the parton distribution functions

2008

» Very important to reduce cross section uncertainties at hadron colliders;
but still not good enough ..... (~ 10% errors for LHC cross sections)
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Example: Drell-Yan production of W/Z bosons
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Example: Drell-Yan production of W/Z bosons (cont.)

Rapidity distributions for Z and W= production at LO, NLO, and NNLO

Note: LHC data will be used in the future to further constrain the parton
densities
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Luminosity

The rate of events produced for a given physics process is given by:

N = L - o0 L = Luminosity
O = Cross section

dimensions: s1 = cm?s?! - cm?

Luminosity depends on the machine:

important parameters: number of protons stored, beam focus at interaction region,....

In order to achieve acceptable production rates for the interesting physics
processes, the luminosity must be high !

L = 2-:10%% cm?2s?! design value for Tevatron Run Il
L = 10% cm?s?! planned for the initial phase of the LHC
L = 10% cm?s?! LHC designluminosity, very large !
(1000 x larger than LEP-2, 50 x Tevatron Run Il design)

One experimental year has ~10’s —

Integrated luminosity at the LHC: 10 fb! per year for L=103%3 cm=2 s
100 fbl per year for L = 1034 cm=2 st
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Cross Sections and Production Rates

Rates for L = 10%* cm? s1: (LHC)

* Inelastic proton-proton

reactions: 10° /s
 bb pairs SO0 s
o tt pairs 8 /s
e W —ev 150 /s
e Z —ee 15%Fs
* Higgs (150 GeV) 02 ks
e Gluino, Squarks (1 TeV) 0.03 /s

LHC is a factory for:
top-quarks, b-quarks, W, Z, ...,Higgs, ...
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Impact of reduced beam energy

 Ratio of parton luminosities for 7/14 and 10/14 TeV ...

LHC 7 TeV
Tevatron
J.Stirling
http://projects.hepforge.org/mstwpdf/plots/plots.html
tthar: W’ (1.5 TeV): W' (1 Tev):

...but still large factor compared to the Tevatron (Vs =1.96 Te\z/%



LHC re-start in Nov. 2009

K Protons, Eyg,,= 0.45 TeV
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The collisions Iin the ATLAS and CMS

CMS Experiment
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Collected data in 2010:

~40 pb-1 recorded
~36 pb used in analysis
(good quality)

Both experiments have a very
high data taking efficiency !

Well known resonances appeared
“online”
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Data taking in 2011

Original goal to collect 1 fb-! already surpassed in June 2011

A e World record on instantaneous
=, ~ ATLAS Online Luminosity Vs =7 Tev luminosity on 22. April 2011
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After a huge effort from many people over a long time,
we arrived at physics analysis

H. Bachacou
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How well can the missing transverse energy be measured ?

Events / 2 GeV
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Distribution of E;™ss as measured in a data
sample of Z > ee events. The expectation from
Monte Carlo simulation is superimposed
(histogram) and normalized to data, after each
Monte Carlo sample is weighted with its
corresponding cross-section. The ratio of the
data distribution and the Monte Carlo distribution
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Resolution of E,™ssand E,™ss as a function of the total
transverse energy in the event calculated by summing
the p; of muons and the total calorimeter energy. The
resolution in Z->ee and Z->uu events is compared

with the resolution in minimum bias for data taken at

Vs = 7 TeV. The fit to the resolution in Monte Carlo
minimum bias and Z->ee events are superposed.
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How well can b-quarks be tagged ?

b quarks fragment into B hadrons (mesons and baryons)
B mesons have a lifetime of ~1.5 ps
They fly in the detector about 2-3 mm before they decay

—> reconstruction of a secondary vertex possible
(requires high granularity silicon pixel and strip detectors close to the
interaction point)

—> tracks from B meson decays have a large impact parameter w.r.t. the
primary vertex

27



ATLAS results on b-tagging performance:

Untuned simulation & jet flavor fractions
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Q = .. =
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Distribution of the signed transverse impact
parameter with respect to primary vertex for
tracks of b-tagging quality associated to jets, for
experimental data (solid black points) and for
simulated data (filled histograms for the various
flavors). The ratio data/simulation is shown at
the bottom of the plot.
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Light-jet rejection as a function of the b-jet
tagging efficiency for the early tagging
algorithms (JetProb and SV0) and for the high
performance algorithms, based on

simulated top-antitop events.
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Part 2: Test of the Standard Model

1. Test of Quantum Chromodynamics

- Jet production
- W/Z production
- Production of Top quarks

2. Measurement of electroweak
processes and parameters

- W and top quark masses
- Gauge boson pair production

29



It is important to establish the Standard Model reference processes:

- Test of the theory itself
Deviations - evidence for Physics beyond the Standard Model

- Important to understand the detector performance

-> understand the so called “Fake” or “instrumental” background,
in particular for leptons (e,u) and E;Mss

- Standard Model processes are important background processes for many
searches for Physics Beyond the Standard Model
“Physics Background”

Typical selections require: leptons, jets, E{™ss | ...

- WI/Z + jets and tt productions are omnipresent !

30



2.1 Jets from QCD production

« Rapidly probe perturbative QCD
in a new energy regime
(at a scale above the Tevatron, QCD Jet cross-sections
large cross sections)

« Experimental challenge:
understanding of the detector ~10 events
- main focus on jet energy scale bty 100 folor

- resolution ____________:/_:/m

e Theory challenge:
- improved calculations... Tevatron

(renormalization and factorization
scale uncertainties)

- pdf uncertainties A comparison between the Tevatron
and the LHC (14 TeV)

31



High p+ jet events at the LHC

Event display that shows the highest-mass central dijet event collected during 2010, where the two leading jets
have an invariant mass of 3.1 TeV. The two leading jets have (p-, y) of (1.3 TeV, -0.68) and (1.2 TeV, 0.64),
respectively. The missing E; in the event is 46 GeV. From :
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An event with a high jet multiplicity at the LHC

The highest jet multiplicity event collected, counting jets with p; greater than 60 GeV: this event has eight. 1st jet
(ordered by p;): pr =290 GeV, n=-0.9, ¢ = 2.7; 2nd jet: p; = 220 GeV, n = 0.3, ¢ = -0.7 Missing E; = 21 GeV,
¢ =-1.9, Sum E; = 890 GeV. 33



Jet reconstruction and energy measurement

« Ajetis NOT a well defined object

(fragmentation, gluon radiation, detector response)

» The detector response is different for particles

interacting electromagnetically (e,y) and for
hadrons

— for comparisons with theory, one needs to
correct back the calorimeter energies to the
wparticle level* (particle jet)

Common ground between theory and experiment

One needs an algorithm to define a jet and to
measure its energy
conflicting requirements between experiment and

theory (exp. simple, e.g. cone algorithm, vs.
theoretically sound (no infrared divergencies))

Energy corrections for losses of fragmentation products
outside jet definition and underlying event or pileup
energy inside
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Jet measurements

d2g/dp;dn = N / (e L-Apy-An)

* In principle a simple counting experiment

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

 Jet energy scale uncertainty: \
ATLAS: ~2.5- 4% (after one year)
(similar for CMS, impressive achievements) Nt
0.12——————— —rr

Anti-k, R=0.6, EM+JES, 0.3 = |n | < 0.8, Data 2010 + Monte Carlo QCD jets
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Single particle (calorimeter) = Additional dead material ]
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An “early” result from the
ATLAS experiment (17 nb-1, June 2010)

Inclusive Jet spectrum as a function
of Jet-P-

Very good agreement with NLO
pPQCD calculations over many
orders of magnitude !

Within the large theoretical and
experimental uncertainties
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Double differential cross sections, as function of p; and rapidity y:

(full 2010 data set)
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- Data are well described by NLO pert. QCD calculations (NLOJet++)

- Experimental systematic uncertainty is dominated by jet energy scale uncertainty

- Theoretical uncertainties: renormalization/ factorization scale, pdfs, a.,
uncertainties from non-perturbative effects




Double differential cross sections, as function of p; and rapidity y:
(full 2010 data set)
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- Data are well described by NLO pert. QCD calculations (NLOJet++)

- Experimental systematic uncertainty is dominated by jet energy scale uncertainty

- Theoretical uncertainties: renormalization/ factorization scale, pdfs, a., ...,
uncertainties from non-perturbative effects
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Important for:

Invariant di-jet mass spectra, ratio data/theory:
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- Test of QCD
- Search for new resonances

decaying into two jets (see later)
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Invariant di-jet mass spectra, ratio data/theory:

Important for:

-

S cMms

= Ly = 36 pb™!
& Vs =7Tev
- anti-k; R=0.7
o)

e Data/Theory
Exp. Uncertainty
= PDF @ a Uncertainty
== = Scale Uncertainty
----- Non. Pert. Uncertainty

Data/Theory

07 1 2 3
M) (TeV)

- Test of QCD
- Search for new resonances decaying into two jets (= next slide)
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In addition to QCD test: Sensitivity to New Physics

%) L L L B
" d g 4 Data j
Di-jet mass spectrum provides large w10 — R
o o o 3: ‘ —e— (g*(1000) s=7TeV
sensitivity to new physics M T [y ggppt
- 4 8%, g*(2500)
102; =
e.g. Resonances decaying into qq, -
. 10 —
excited quarks g*, ....
Search for resonant structures in the @1°'21ATHAS SRR B i S
di-jet invariant mass spectrum = of :
.
1000 2000 3000
Reconstructed m, [GeV]
CDF (Tevatron), L =1.13 fb: 0.26 < m,.<0.87 TeV

ATLAS (LHC), L=0.000315fb?t exclude (95% C.L) g* mass interval
0.30 <mg . <1.26 TeV

L =0.036 fb?: 0.60 <m, . < 2.64 TeV
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2.2 QCD aspects in W/Z (+ jet)
production

QCD at work
& < & <
AvAVAVA AvAVAVA
A% v
_RORZL2

O\ ; O\ ;

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

 Test of perturbative QCD in high p;region
(jet multiplicities, p; 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 ({), large E{™s9)
Z — Ut

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)

24

Transverse momentum of
the electrons
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W/Z selections in the ATLAS / CMS experiments
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7 80001 Hewo € 1 < 6000 o € -
£ 8000 N P F Cle ]
2 o 1 g 5000~ Cwee :
6000 fL dt = 36 pb™ *: - 40002 fL dt=36pb* é
4000 ATLAS Preliminary 1 3000F ATLAS Preliminary |
2000- ]
2000 - 1000; E
b L e \ leesdl ;‘_‘_‘_'“Mm— L e | e
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
E; [GeV] Er [GeV]
Electrons:
- Trigger: high pT electron candidate in calorimeter
- Isolated el.magn. cluster in the calorimeter
- P>25GeV/c
- Shower shape consistent with expectation for electrons
- Matched with tracks
/Z — ee

W — ev

76 GeV/c? < m,, < 106 GeV/c?

Missing transverse momentum > 25 GeV/c
Transverse mass cut M; > 50 GeV

>QOOOJHWHHwxHMHWHHMHWHHMHL
[ C B ]
O :,detZSG pb'l —+—Data2010(\/§—7TeV)j
& 8000} .,

ol C i ]
; 7000; ATLAS Preliminary |:|QCD e =
-

[ r .
S 6000/

>

W 5000
4000
3000/
2000}
1000-

= T [ BN
40 50 60 70 80 90 100 110 120
m; [GeV]

M =.2-P P -l-cosAg™)

Transverse mass
(longitudinal component of the
neutrino cannot be measured)
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number of events / 1 GeV

=

o o o

o
N
T T

First measurements of W/Z production at the LHC
-CMS data from 2010: 36 pbt -

x10° CMS preliminary

36 pb™ at \'s =7 TeV

o © = [N}
T ‘ T 1 ‘ T 1 1 ‘ T 1 1 ‘ T
|

>
\‘\\

L L L | L L L | L L L
60 80 100 120
M(e'e) [GeV]

Distributions of the missing
transverse energy, E;™ss, (left) and
transverse mass mT (right) of
electron candidates for data and
Monte Carlo simulation,

broken down into the signal and
various background components.

Distributions of the invariant di-electron mass, m,,, for events
passing the Z selection. The data are compared to

Monte-Carlo simulation, the background is very small.
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W and Z production cross sections at LHC

Measured cross section values in comparison to NNLO QCD predictions:

8 10 12
o(pp— WX ) x B(W =) [nb]

CMS 36pbtat Vs=7TeV CMS 36 pbtat \'s=7TeV
T T I T T T I T T T I T T T I T T T I T T T I T T T | | | T T T | T | T T T | T
NNLO, FEWZ+MSTWO08 prediction NNLO, FEWZ+MSTWO08 prediction, 60-120 GeV
[with PDF4LHC 68% CL uncertainty] [with PDF4LHC 68% CL uncertainty]
10.44 + 0.52 nb 0.97 +0.04 nb
W —ev o4 Z—ee - HoH—]
10.48+0.03, £ 0.17,,, £ 0.42,,,; nb 0.992+0.011,, +0.024 __ +0.040,, . nb
10.18+0.03, * 0.16 5, £ 0.4, ND 0.968 + 0.008 _,,, + 0.020 _ + 0.039,, . nb
W — |v (combined) ot Z—ll (combined) —HeH—
e o ey 1
. . 1 . . 1 . . 1 . . . . L . .
0 2 4 6 0 0.2 0.4 0.6 EXR

0(pp—>ZX)xB(Z—>II) [nb]

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

Data are well described by NNLO QCD calculations

Precision is already dominated by systematic uncertainties
[The error bars represent successively the statistical, the statistical plus systematic and the total
uncertainties (statistical, systematic and luminosity). All uncertainties are added in quadrature.]
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W cross sections at the LHC
-charge separated, e/u universality

E T T | T T .I . I T
£ 357 ATLAS Preliminary 7
+° I

|

+

3

% -

. 3- —
ot .
5t fL dt=33-36 pb” -

@ Data2010\s=7Tev) mmm total uncertainty
O MSTwos —@- sta @ sys
A ABKMO9 uncertainty
25 ¢ JRrRo9 68.3% CL ellipse area —
i 1 | 1 1 1 I 1 | 1
1.8 2 2.2

ofid . BR(W = [¥) [nb]

Good agreement between data and NNLO QCD predictions for all

measurements
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Gy, x Br(W— 1v) [nb]

10

W and Z production cross sections at hadron colliders

ATLAS / CMS W— Iv
ATLAS /CMS W'— Iy
ATLAS/CMS W — |'v
CDF W— (I/e) v
DO W— (e/u)v
® UALW-Iv

v UA2W—ev

-
e
.
-
.
-
-
.
.
.
.
.
- .

\\\\\\\
‘‘‘‘‘
‘‘‘‘‘
‘‘‘‘

-
‘‘‘‘‘‘‘‘‘
------
‘‘‘‘‘
- w
‘‘‘‘‘‘‘
----

- w

"""""""

..... o : + .

Jiosp W W W
Z E

= 3 1b

C MSTW2008 NNLO © F

C Co.95F i

B + 68%CL PDF uncertainty :

t | P
1 10

0. % Br(Zhy*= ) [nb]
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]
<« O e m O O o

ZIy* (pp)
Zly* (pp)

ATLAS Zi*— I
CMS  Ziy*— I
CDF
DO Zi*—ee
UA1
UA1
UA2

Zly*— eeluu
Zly*— ee
Zly*— up

Zly*— ee

.
Le*
-
.
.
.
.
.®
.*
-

MSTW2008 NNLO
68%CL PDF uncertainty

.®
.
.
.*
.
.*
.
-

.
.
.

2
Py
P
P
o2
.

ATLAS Preliminary
Data 2010 \s = 7 TeV)

Data/NNLO

[y

o

a
T

=
T

0.95F

o

1

10

\'s [TeV]

- Theoretical NNLO predictions in very good agreement with the experimental

measurements (for pp, ppbar and as a function of energy)

- Good agreement as well between the ATLAS and CMS experiments
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First physics signals with hadronic tau final states

Taus are more difficult to detect

They decay with a short lifetime (0.3 ps) into 1 or 3 charged hadrons (65%) and a neutrino

Taus have to be separated from hadronic jets

3 800 e T T g
o _ _ - ] 5 « Data 2010 (\s =7 TeV)
1© 700F- EJ W=, v 3 s E W= ]
P E EW background 3 5 EW background —
§ 600:_ ﬁ [ QCD background (B) g ] QCD background (B)
g F == 1 4 E ]
5 900 NN det=34pb1 ] fra=sap’
é 400;—L nnie = .
IR ] 7
= 300 §§§§stss 3 :
200§§§§§\\\\ _: _-
100 =
F— ] [P NS RS FETE R
L] 5 6 7 8 9 10

£ NN
%0 25 30 35 40 45 50 55 60 65 70

Number of tracks
TP, [GeV]

VL2 RaF

W=>1v

First tau signals established in both ATLAS and CMS
Important reference signals for searches with taus in Higgs and SUSY areas
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First physics signals with hadronic tau final states

W-=><tv Z21TT

ATLASW —>tv, - :

e Data 2010 (s = 7 TeV)
—— Stat uncertainty
Sys @ Stat

ATLASW — e v, o [
: —— Sys @ Stat @ Lumi
---------- Prediction (NNLO)
Theory uncertainty
ATLASW — v, '-“'

IIIIIIIIIIIIIIIIIIIIllélIIIIIIIIIIIIIIIIIIIIIIIIII
6 7 8 9 10 11 12 13 14 15 16

(W — lv) [nb]

Good agreement between the measured cross sections in the three lepton flavours

Experimental uncertainites (Z - tt) already comparable to Tevatron
measurements
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Can the parton distribution functions be constrained?

« Sensitive measurement: charge asymmetry as function of rapidity

 LHCb contributes significantly, since W production can be measured at
forward rapidities

0.3 \s=7 TeV et ATLAS+CMS+LHCb
n Preliminary ]
O . 2 e _-,:»..-5;7’,51525-} LXSRER R Mt

ATLAS (extrapolated data, W — Iv) 35 pb™ All data are UﬂfOlded,
CMS (W— uv) 36 pb™*
LHCb (W— uv) 36 pb*
MSTWO8 prediction (MC@NLO, 90% C.L.)
HHHEE CTEQS66 prediction (MC@NLO, 90% C.L.)

0.3 £ HERAL.0 prediction (MC@NLO, 90% C.L.)
-'_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

Lepton charge asymmetry
o
[EY

=} 0

P(l) > 20 GeV

Can be used in pdf fits

0O 05 1 15 2 25 3 35 4
Im |
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Can the parton distribution functions be constrained?

« First studies of the impact of the ATLAS and CMS data have been performed,
e.g. NNPDF collaboration, arXiv:1108.1758

| Q%= M, ratio to NNPDF2.1 |

NNNNNNNN

bands of relative
uncertainties

\\\\\\\\\\\\\\Q\\\\\\m\mgmi

of u and d quark
distributions

* Reduction of the relative uncertainty of the u- and d- valence quark distribution
at low x values by ~10-20%

 LHCb data probe smaller and larger values of x, that are less constraint
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QCD Test in W/Z + jet production

Sl g
K L

 CMS inclusive spectra of jets associated to W/Z production (36 pb?);

» At detector level, compared to Monte Carlo Simulation (Madgraph + PYTHIA)
(normalized to (N)NLO calculations)

W - ev W =2 uv g MV ]

 Good agreement at that stage (jets with pT > 30 GeV),
» Top contribution clearly visible in high multiplicity bins of W + jet production
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A

W/Z + jet cross section measurements

e e
ol apnd
AN AN

v v
20002 4()\‘1’,22222

g \ g

Jet multiplicities in W+jet production

o(W + zNJ_et jets) [pb]

Theory/Data

10*

10

f Ldt=33 pb™

I I I
W—ev + jets =
“®- Data 2010,\/s=7 TeV -

v ALPGEN b

A SHERPA N

<& PYTHIA

1) BLACKHAT-SHERPAT]
MCFM 3

ATLAS Preliminary

Inclusive Jet Multiplicity, Net

- 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

3
';'10

10°

f Ldt=33 pb™

_ATLAS Preliminary

I T I
W—ev + jets
@ Data 2010,\Vs=7 TeV
V ALPGEN
/A SHERPA
.7 BLACKHAT-SHERPA
MCFM

Theory/Data Theory/Data

200 300
First Jet P, [GeV]
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Ratio of cross sections

Ratic O(W tn-jet)/o(Z +n-jet)
less sensitive to syst. uncertainties
— pdfs and energy scales

— experimental jet energy scale and
resolution

— new physics might upset ratio

Measured by ATLAS forn = 1 vs p;
threshold for counting jets

Good agreement with NLO predictions

— overall uncertainty is 4% for p; > 30
GeV

— will gain from higher statistics

— largest systematic is boson
reconstruction

— can also extend to higher n
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Measured by ATLAS using 2010 data sample

W + b jets

Important background for many studies (Higgs, SUSY, top)
Measurements at the Tevatron exceed NLO prediction

— studied W + 1 jetand W + 2 jets
— require at least one b-tagged jet

Events / 0.5 GeV

T
2]
—
> 1
wn

50—

Electron + 2 jets
40
30

20

10

L L L I L
—e— Data 2010,Vs= 7 TeV]
B W+b
[ w+c
[ WHlight
[ multi-jet
B

[ Single top
[ Other EW

fL dt=35pb™

3 4 5 6

Secondary Vertex Mass [GeV]

W>ev +2 jets

Distribution of the mass of the particles
associated to the secondary vertex for

b-tagged jets

= N
(¢) o

[EEY
o

o(W— Iv += 1 b-jet) [pb]

- A Electron Chan. | | ATLAS
~ Il Electron and Muon Chan. Data 2010,\'s=7 TeV
" ¥V Muon Chan. 1
| — NLOSFNS det =35 pb
L= ALPGEN + JIMMY

(b-jet from ME and PS)

Lo ALPGEN + JIMMY

(b-jet only from ME)

- PYTHIA

g
| | |

1jet 2 jet 1+2 jet

Results from e and y combined.
Measurements ~1.50 above NLO
prediction, but still consistent within
uncertainties
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2.3 Top Quark Physics

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

 Tevatron top physics results are consistent
with expectations from the Standard Model,
however, often limited by statistics

» Tevatron achieved an impressive precision on
the measurement of the top quark mass

 LHC: huge production rates
(for Vs = 7 TeV: about a factor 25 larger
Cross sections than at the Tevatron)

- 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
to New Physics related to the
electroweak symmetry breaking;

Why is its Yukawa coupling ~ 1 ??

1

M,=—=Ay
V2

M

t

J = _
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,...

 Aunique quark: decays before it hadronizes, lifetime ~10%°s
no “toponium states”

remember: bb, bd, bs..... ceres g bound states (mesons)
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Top Quark Production

Pair production: qq and gg-fusion

NLO corrections completely known
NNLO partly known
approximate NNLO results:

Tevatron LHC

1.96 TeV |14 TeV
aq 85% 5%
gg 15% 95%
o (pb) 7.0 pb 887 pb

For LHC running at Vs = 7 TeV, the cross section is reduced by a factor of ~5,
but it is still a factor 25 larger than the cross section at the Tevatron
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Top Quark Decays

BR (t—>Wb) ~ 100%

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

Lepton + jet channel:

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

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

Important experimental signatures: : - Lepton(s)

- Missing transverse momentum

- b-jet(s)
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First measurements of Top Quark production at the LHC

Event display of a top pair
e-u dilepton candidate with
two b-tagged jets. The
electron is shown by the
green track pointing to a
calorimeter cluster, the muon
by the long red track
intersecting the muon
chambers, and the missing
E direction by the dotted
line on the xy-view.

The secondary vertices of
the two b-tagged jets are
indicated by the orange
ellipses on the zoomed

vertex region view.
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Events

First results on top production from the LHC

I I I i
ATLAS tagged e/utjets |
® data

i L 29pbt  []tt ]
100 Bl singletop ]
Z +jets i

W + jets =
-QCD :
7/ uncertainty

=4

Number of jets

Event Selection:

» Lepton trigger
e One identified lepton (e,u) with p; > 20 GeV

« Missing transverse energy: E;™ss > 35 GeV
(significant rejection against QCD events)

« Transverse mass: M; (I,v) > 25 GeV
(lepton from W decay in event)

e One or more jets with p; > 25 GeV and
n<25
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Events / (25 GeV)

Description of the invariant mass distributions in the I-had channel

—~ e A —~ 10

1405 ATLAS Preliminary [utjets] % 30F ATLAS Prellmlnary [M+JetS] % ATLAS Preliminary [u+jets] ]
(0120 O ; i O ]
100F Ldt=35pb" o 25F Ldt=35pb" ERT 8 Ldt=35pb" _
805- 3 jets / 0 b-tag E 20F 3jets/1b-tag E 6 3 jets / =2 b-tag -

60;— —— I\D/Iatj | g 15;_ — :\D/lat: | _ E . —— ,\D/Ia? |
F —— Mode o 10E —— Mode 1 3 — Mode 1
40: - = = Background * - - = Background J 5 - = = Background

20F SF + + E + +
C 0 C A sl e 4 [~ N ]
OO 200 400 600 800 1000 0 200 400 600 800 1000 o0 200 400 600 800 1000
m;; [GeV] m;; [GeV] my [GeV]
90F T T T T - < F T T T T < o T ]
805_ ATLAS Preliminary  [utjets] 3 % S0 ATLAS Preliminary [utjets] 7 %_, %g_ ATLAS Prellmlnary [H’“JetS] 3
] ] O ¢t _ ] O I8t E
70F L dt = 35 pb™ E S L dt = 35 pb™ ] %g;_ L dt = 35 pb™ _
605’ =4jets/Obtag 3 < ,AF =4 jets / 1 b-tag < 14F >4 jets [ =2 b-tag 3
50F - wn 30 0 12F 3
F —e— Data = X —e— Data c 3 —e— Data 3
40 1 O nf o 10F E
30E — Model  § 7 20F —Model {7 8F — Model =
20;_ -=- Background.i 103 - - = Background ] 2' = = = Background3 ;
10F E : ] 2t 1. o 3
00 200 400 600 800 1000 OO 200 400 600 800 1000 00 200 400 600 800 1000

my; [GeV] my; [GeV] my; [GeV]

» Top fractions increase with number of b-tags
* Good description for all jet-multiplicity and b-tag combinations
« Data are consistent with top quark production with mass of 173 GeV
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Evidence for top quark in many different decay modes

(i) Dilepton selection in both ATLAS and CMS (0.7 fb't — 1.14 fb1)

Multiplicity distributions of b-tagged jets
(small backgrounds, mainly from Z+jet production)

-'(2 _\ TT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T \\_
§ - ATLAS Preliminary All channels A
T , e« Data ]
i Z/y*+jets ]
. Fake leptons |
800 Bl Other EW
I 7. 7 i
6001 ) -
i / i
400 ]
e i
2001 .
0‘\\\\\\\\\\Hﬁww_

0 1 2 3 =4

Number of b-tagged jets
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OS - SS Events

Evidence for top quark in many different decay modes

(i) u + < final states in both ATLAS and CMS

(0.7 fbl — 1.14 fb)

Require: w + hadronically decaying t, E;™sS + b-jets
(significant backgrounds, but signal contribution needed)

1400 ATLAS Preliminary * Data
[ th—>u1:had+b5:
1205f|_ dt=1.08fs" [ ST, diboson-
i Z+jet 1
100 W + jet B
i 2 tt—ll+bb
80 Mii—l+jjbb
r Juncertainty -
60— o
r BDTj >0.7]
40F 3
20 -

0
0 1 2 3 45 6 7 8 9 10
Jet Multiplicity

OS - SS Events

700

600

5001

400

300

200

100F

- ATLAS Preliminary ¢ Data .
[ [ Jtt—utr _+bb]
L 1 _had i
jfL dt=1.08 fb ST, dlbosoni
[ Z+jet
- '} W + jet .

; % ti—ll+bb
- | Mtt—l+jjbb -
r VJuncertainty 1

/BDT, <0.7]

o ]
0 1 2 3 4 5 6 7 8 9 10

Jet Multiplicity

ATLAS: Multivariate analysis
Jet multiplicity distribution in signal (left)
and background (right) regions

reconstructed mass in CMS
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o.: [pb]

Top cross section measurements based on 2010 data

from ATLAS

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
| --'NLO QCD (pp) @ Combined 176 = 1; pb i
=, V¥ I|+jets 186 = 23 pb
| —Approx. NNLO (pp) (35 pb™, Prelim.) . /—:_‘_‘,,——"
NLO QCD (pb) A Dilepton 171 = 12 pb g
102 - - Approx. NNLO (pF)  (0.70 fb™, Prelim) _.-:2225 =
- mcoF > .
- ¢ DO 1
10 y 4 3
- ﬂ"" / ]
N f ,'/ ATLAS  Preliminary ) ) L3 :
12058 7 72
1 |I 1 1 I: I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1 2 3 4 5 6 7 8
\'s [TeV]
T T T T I T T T T T T T T T T I T T T T I T T T T I T
------- Theory (approx. NNLO)
_ A
JLdt =35 pb™* (L+jets, 2010) m, = 172.5 GeV
det =0.70 fb™ (dilepton, 2011)
L+jets w/ b-tagging i 18610 2 +6
Dilepton w/o b-tagging ket 171+6 2 =8
Combination - 176 +5 2«7
L+jets w/o b-tagging i 171+ 17 f'1270 =6
Dilepton w/ b-tagging ke 177+6 ‘U *3
: (stat)=(syst)=(lumi)
1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ Il 5 1 1 I 1 1 1 1 1 1 1 1 I 1
0 50 100 150 200 250 300
o;lpb]

-log Mo _)

five-channel

Vs=7 TeV

0.5

£ ATLAS Preliminary
C. Loy o by 1oy |

8.5 06 07 08 09 1

RV N .
1.1 1.2 13 14 15

O sm

Best fit (ATLAS) gives

a slightly higher cross-section
than the expected approx.
NNLO QCD value,

but consistent within 1 o

(red: likelihood, stat errors only;
blue: stat + syst. uncertainties)
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Summary of ATLAS and CMS measurement on
the tt cross section in pp collisions at Vs = 7 TeV

A. De Roeck, Lepton-Photon 2011

Summary:

e Perturbative QCD calculations
(approx. NNLO) describe the data well

« Total uncertainty now at the level of
+7% (most precise measurement)
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2.4 Electroweak parameters

- W mass
- Top Quark Mass & Properties

- Gauge Boson pair production

Measurement Eitse® 8| OR3* - 0N foRe2

0

1

2

3

m,[GeV] 91.1875=0.0021 91.1874
I,[GeV] 2495200023 24959
ob.,[Nb]  41.540+0.037 41478

R, 20.767 £0.025  20.742
A 0.01714 + 0.00095 0.01646
AP 0.1465 + 0.0032  0.1482
Ry 0.21629 + 0.00066 0.21579
R, 0.1721 +0.0030  0.1722
AL 0.0992 = 0.0016  0.1039
R 0.0707 = 0.0035  0.0743
A, 0.923 + 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 + 0.0021  0.1482

sin?0'°?(Q,) 0.2324=0.0012  0.2314
m,, [GeV] 80.399=0.023  80.378
T, [GeV] 2.085 = 0.042 2.092

m, [GeV]  173.20 = 0.90 17327

July 2011 0



Precision measurements of
m,, and my,;

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

[

T Oy, 1 BT
are known with high precision

\/E G F SlTn 9W \/1 > %r Precise measurements of the

/ W mass and the top-quark

G, agy SIN By

m,, =

Fermi constant mass constrain the Higgs-

measured in muon weak mixing angle
deca measured at boson mass
y LEP/SLC (and/or the theory,

radiative corrections)
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Relation between m,,, m,, and m

M, [GeV]

80.70

80.60

80.50

o o | | T T 1 | T T 1 | T

80.40 ¢

80.30 |
SM

both models

80.20

I I | 1 [ | | I | L1 L1 | |

MSSM s

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 7

160 165 170 175 180
m, [GeV]

185
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The W-mass measurement

1/2

T
mw_( EM

1
P ﬁGF) sing,, v1-Ar 3-104

m,, (from LEP2 + Tevatron) = 80.399 + 0.023V GeV

M, (from Tevatron) = 173.2 + 0.9 GeV
805 July2011l . . I : . :
> LEP2 and Tevatron

----- LEP1 and SLD
68% CL

A light Higgs boson is
favoured by present
measurements

155 175 195
m, [GeV]

Ultimate test of the Standard Model. comparison between the direct Higgs boson
mass and predictions from radiative corrections....
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Technigue used for W mass measurement at hadron colliders:

E, Event topology:

| \\>~.._Neutrino

Observables: P (e) , P (had)
= Pi(v) =-(P(e) + Pr(had))
M =2-P P’ -{l-cosAg")

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

L — — Main uncertainties:

= MC template: Mw=80 GeV | Ability of the Monte Carlo to reproduce
- MC template: Mw=81 GeV_ real I|fe

» Detector performance
(energy resolution, energy scale, )

* Physics: production model

_— YA B GO
50 70 80 90 100 Pr(W) % '

M; (GeV) » Backgrounds
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What precision can be reached in Run Il and at the LHC ?

Int. Luminosity CDF D@ LHC
Numbers for a 0.2 fb? 1fb? 10 fb-t
single decay Stat. error 48 MeV | 23MeV | 2 MeV
channel Energy scale, leptonres. | 30 MeV | 34 MeV 4 MeV
V=S oy Monte Carlo model 16 MeV | 12 MeV 7 MeV

(P;Y, 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

(pr(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 fb1), both lepton species and
assuming a scale uncertainty of * 0.02% a total error in the order of
= Am,, ~ £10-15MeV might be reached.

74



Top-quark mass measurement

Top-Quark Mass [GeV]

CDF o 172.5+1.00

DY —- 1749+14

Average 173.2 £ 0.90
+*/DoF: 6.1/ 10

+ 135

LEP1/SLD iy (e

+ 11.7

LEPl/SLD/mW/FW & 1L ARTa
'1(|30ﬁ > ‘17r0' | '18‘307 A ‘1S|30' ' :

mt [GEV] July 2011
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Example: template method

» Calculate a per-event observable that is
sensitive to m,

» Make templates from signal and
background events

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

 Fit data to templates using maximum
likelihood method
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Number of Events / 20 GeV

First top quark mass measurements at the LHC

» Use lepton + jet channel
* Include part of the 2011 data (0.7 fb-1)

(e,u + 4 jets, at least 1 b-tagged jet)

« Combined fit of top mass and jet energy scale (in situ) a la Tevatron

CMS Preliminary, L = 36 pb*

—4- Data S L B e L
60— M < g 250:_ ATLAS Preliminary ]
-1
= \g_)'lv . 2 - 0.701b e
- Z}S?—)ellrop é 200: ] 1_03? ATLQ7SOPfL§Jiminary E
401~ QCD w E 1.02F 3
150F 1015 E
C = E
e e+ jets channel 100 - 0_99§ é
50/ e 098~ E
B . 0.97 E
o 0706180200 250 300 380 oo  CoMOITL iR irs i i i i 17479 Too
GO 100 400 500 600 reco Miop [GeV]
Fitted Top Mass [GeV] me” [GeV]
CMS: m,=173.4 + 1.9 (stat) £ 2.7 (syst) GeV (incl. di-lepton channel)

ATLAS: m,=175.9 £ 0.9 (stat) + 2.7 (syst) GeV

Already impressive precision reached at that early stage of the experiment !
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Di-boson production: Wy, WW, WZ, ZZ

Motivation: - test of the Standard Model gauge structure
- search for deviations,
anomalous triple gauge couplings (TGC)

Allowed Standard Model vertices
-ylIZ > WW
-W 2> Wy
-W > WZ

Forbidden Standard Model vertices: y 2> ZZ or Zy
Z > ZLor Zy

Start from most general ansatz for TGCs in Lagrangian
- 14 couplings
CP invariance and gauge invariance
=~ 5 parameters A, =A;=0
g,=K =K;=1
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Wy and Zy production

Expected contributions within the Standard Model

(including initial and final state radiation)

Additional contribution from quark and
gluon fragmentation (W/Z + jet production)

Search for an additional isolated photon
in W and Z events

E. spectra of photons are in agreement with
the expectations from the Standard Model

Wy
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Events / 10 GeV

Wy and Zy production (cont.)

» Also kinematic distributions are well described by Standard Model
processes

. : Z
* No evidence for anomalous couplings / i
anomalous Wy / Zy production
45: T T I T T 29
o _ _ 1 % :'"'|'"'|""|""|""|""E
AOEATLAS \e = 7Tev’f it =358 O 20EATLAS \s = 7TeV, f Ldt = 35pb™
35F —e—data . S 18F = f
oF Wy Sy expect signal 3 g - ~daa J expect signal
g 0 W(v) et here 5 1 &Y C1zih+ 3  here
25 — T . Ezhmes 3/
20F- [ ttbar 10 Cltbar 2
15 i pA() i E
105 aF ]
5E 2 E
S 0 50 100 150 200 ZEIJO 3_00
0 50 100 150 200 250 300 my,, [Gev]

my (Lv.y) [GeV]
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WW production

ST T T B e S A
10°F T —+— Data

« Expected contributions within the Standard Model P =l
El Ldt=1.02fb™ Ns=7TeV E\é\ggfstzﬁ?l]et

CIww->e've'y

Events / 5GeV
=)

(TGC contribution, gg-box is higher order)

\Ill\l il [ 11 I| \IIH\l

Lol

10
1 q

IS 135* ..................................
Y, i ++H MHH}
© 0" 5'0 160 150 200 ‘ 380400
M(e e)[GeV]
e Search for WW production in di-leptonic decays 3 F macrimay | e
©° - e itop 1
(WW% I'V I\/) g 1< Ldt= 1020 Ns=TTev éﬁgﬁi .
« Major backgrounds: i
- Drell-Yan production pp =2 Z/y* =2 I E
- W - lv + jet production, one jet fakes a lepton, |
E.™ss from mis-measurement ¢ .
- tt production, with di-leptonic decays: tt > lvb v b § o 3
ETSs{GeV]
e This is an important background process for _ .
Higgs boson searches in the H > WW > Iv v DI-ISoRgmEs s AW, 58
h | after basic selection of two
iz e high p; leptons (25 / 20 GeV)
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WW production (cont.)

« Accepted number of events after various cuts:

@ e
§ 900 ATLAS Preliminary ot iy 3
w N 1 Drell-Yan 3
800F] Ldt=1.02 " \s=7Tev =l top 3

[l W+jets/Dijet 3

700 [ Diboson —

600 =

data/MC\

A T )
Jet multiplicities

Jet multiplicity distribution
« Jet veto applied to suppress large remaining top contribution after all cuts

l.e. require no jet with p; > 30 GeV within |n| < 4.5
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WW production (cont.)

After jet-veto cuts:

§ 140 E IATI‘.AS Prelir‘nilnalryll | é \El)l\lavtva-;l‘vl'v a f

2 SfLdt- 102 Ns=TTev  Eigp ]

g B koot o

@ - o 7

LE 100_ + 2] Ostatrsyst i

80| =

60[- .

m: ;

20 ]

e 1§j3 7 I ; ‘ ;

I S

& om0z 36;+i -

My(I"TEF"")[GeV]

Signal-to-background ratio between 1:1 and 2:1

< L B B B B S Ty
S 140" ATLAS Preliminary é Efv';’*_ Ty _
i 1 ’g Cf Ldt=1.02f 5=7TaV — orelI-Yan ]
Backgrounds largely estimated using data § gl T B,

B VV+jets/Dijet
[ Csiatesyat

(define control regions that are dominated by one e
background source, normalize there, use Monte Carlo
for extrapolation in signal region)

60}
40

20

tt: require b-tagging in control sample

. : » o 2 : :
WH+jets: “invert” electron ID (fake letpons from jets) < ;3 e E LA L g eSS
S L I B
AO(I'T)

These are important distributions for the H > WW search



WZ and ZZ production

» Expected contributions within the Standard Model

ibuti T R RS R AR AR RS AR R
(t-, u, s-channel contributions for W2) 8 o ATLAS Preliminary ~+ Data E
2 s Ldt=1.02ib" \s=7TeV =% E
%) F CEIW/Z+X
€ 30 [0 Ostat+syst 3
()
>
L

25F- =
20 =
15E- + E
10F- I =

| ! |
L

O 20 40 60 80 100 120 140 160 180 200
MY [GeV]

(t- and u- channel contributions for ZZ)

o Search for di-boson production in three (WZ-> v Il)
and four (ZZ-> Il ll) lepton final states

 These are important background processes for
Higgs boson searches, e.g. H 2> 4|
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Limits on anomalous gauge couplings

» Observed rates and differential distributions do not allow for significant
contributions from anomalous gauge couplings
- 95% C.L. limits on anomalous couplings are extracted

|IITI‘TITI‘ITTI{IIIT

| ATLAS Preliminary

- __- innss senal
fl :
v S
f4 B —
Z
1:5

7
fz 95% C.I.
4

{ 1T T T { 1T T T |
@8 ATLAS, [Ldt = 1.02 fb™

\s=7TeV, A=

L ATLAS, f Ldt=1.02 fb™
\s=7TeV, A=2 TeV

=LEP, f Ldt = 700 pb*
\/s= 130~209 GeV

o DO,det =1

\s= 1.96 TeV, A= 1.2 TeV

AK?

Ag?

ATLAS Preliminary

LAs,det -1.0fo"

\s=7TeV, A=3TeV

H CDF,det =191’

\s=1.96TeV, A=2TeV

s DO,det =411’
\'s=1.96TeV,A=2TeV |

" S— S— SO B— —
L

W'z ivil
95% C.L.

P

'
S
'

-1 -0.5 0

0.5 1

LHC limits are becoming competitive with limits from the Tevatron
(significant gain with more data expected)
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Final cross section summary

. ATLAS Preliréninary

. fL dt =0.035 - 1.04 b’
' ' : : \s=7TeV!
Theéry

W Data 2010 (+35 pb?)
. O Data 2011
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Summary of the 15t lecture

After a long way of design, construction, installation, commissioning of both
machine and experiments the LHC had an excellent start in 2010

The running in 2011 is superb; the integrated luminosity > 2 fb! already
Physics analyses are done with incredible speed

The Standard Model has been established, all relevant processes measured
down to cross sections of 10 fb...

In many areas measurements have reached the precision phase

So far: no deviations from the Standard Model seen

Ready for direct searches of low cross section processes
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