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OQutline 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: Whatis the origin of mass?
- How is the electroweak symmetry broken ?
- Does the Higgs boson exist ?

2. Unification: What is the underlying fundamental theory ?

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?
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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
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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
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Begin of a new era in particle physics




The Large Hadron Collider

Beam energy 3.5TeV (= 7TeV)

SC Dipoles 1232, 15 m, 8.33T
Stored Energy 362 MJ/Beam

Bunch spacing 25 ns
Particles/Bunch 1.15-10%

Luminosity 10%2 - 10%*cm2st

. became a reality in 2008

Int. luminosity 1-100 fbt/year
after ~15 years of hard work




The ATLAS experiment

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

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 um)
space resolution: ~ 15 um

* Energy measurement down
to 1° to the beam line

* Independent muon
spectrometer

(supercond. toroid system)
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CMS

, 4 Tesla ECAL HCAL
S 76k scintillating Plastic scintillator/brass

PbWO4 crystals  sandwich

Pixels
Silicon Microstrips
210 m? of silicon sensors

9.6M channels

Drift Tube Resistive Plate Cathode Strip Chambers (CSC)
Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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Scattering processes at a hadron collider

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

Leading order ...some NLO contributions

Y NCY P
WY o
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Calculation of cross sections

o = ) [dx, dx, f, x,,Q")f, (x,,Q%) G, (x,,X,.,)
ab

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: Kinj = 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
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» Very important to reduce cross section uncertainties at hadron colliders;
but still not good enough ..... (~ 10% errors for LHC cross sections)



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

a%c/dM/dY [pb/GeV]
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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?s?! 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% cm=2 s
100 fbl per year for L = 1034 cm=2 st
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O (proton - proton)

Cross Sections and Production Rates

Fermilab SSC

CERT l LHCl

1 mb

1ub

1nb

O Higgs
m,, = 500 GeV

E710
UA4/5

= 10°

—110

Events / sec for £ = 10%cm™ sec”
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VS

1.0 |
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Rates for L = 10%* cm? s1: (LHC)

* Inelastic proton-proton

reactions: 10° /s
 bb pairs 500 s
o tt pairs 8 /s
e W —ev 150 /s
e« Z —ee 154 Fs
* Higgs (150 GeV) 02 fks
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 ...
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ttbar: W’ (1.5 TeV): W' (1 TeV):
7/14 = 0.2 7/14 = 0.1 7(pp) / 2(ppbar) ~ 60

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



LHC re-start in Nov. 2009
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The collisions in the ATLAS and CMS

Candidate
Collision Event
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GATLAS CMS Experiment

2009-11-23, 14:22 CET
Run 140541, Event 171897

/Atlas/public/EVTDISPLAY/events. .html




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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Integrated Luminosity [pb/week]

Total Integrated Luminosity [fb™]
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Data taking in 2011

Original goal to collect 1 fb! already surpassed in June 2011
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After a huge effort from many people over a long time,
we arrived at physics analysis

Calibration
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Events / 2 GeV

Data / MC
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How well can the missing transverse energy be measured ?

X E;(event) [GeV]

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.

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
Is shown below the plot.
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How well can b-quarks be tagged ?

Jet

Displaced tracks

Decay lifetime
v Ly -~ “¥Secondary vertex
S

Primary vertex

Q

-

do v

7

Prompt tracks

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
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ATLAS results on b-tagging performance:

Untuned simulation & jet flavor fractions
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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.

Light jet rejection
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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 SATLAS 7
A EXPERIMENT |
| -

- Jet production Time 2010-10.0722:16:3 UTC ‘h -

- W/Z production
- Production of Top quarks

2. Measurement of electroweak
processes and parameters

- W and top quark masses " Wz->evpp Candidate
- Gauge boson pair production
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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 !
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2.1 Jets from QCD production

« Rapidly probe perturbative QCD

in a new energy regime A
(at a scale above the Tevatron, o' f| QCD Jet cross-sections . 4
large cross sections) all #  Creomn

ok e MRST -

10! E

« Experimental challenge: % el

understanding of the detector 2 oo ~10 events |

- main focus on jet energy scale 1 with 100 pb™ |

- resolution £ 4_ ______ e m

* Theory challenge: w T sty

- improved calculations. .. vatron

(renormalization and factorization LS S Z T S S
scale uncertainties) E; (TeV)

E pdf uncertainties A comparison between the Tevatron

and the LHC (14 TeV)



High p+ jet events at the LHC

o

SN

13 EXPERIMENT
AR
Number: 167607, Event Number: 40296085

Run

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

QAT LAS
1A EXPERIMENT

Run Number: 166198, Event Number: 100726931

Date: 2010-10-05 03:27:52 CEST

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

AU,

* 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)) E—

parton jet

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

s e ! T T T I ”
S F amas 1 An“early” result from the
2 10°0® o <28 < ATLAS experiment (17 nb, June 2010)
&F E o= I:l Systematic Uncertainties E
Q = |
% 104 EE — - NLO pQCD (CTEQ 6.6) x Non-pert. corr. E
© sl anti-k, jets, R=0.4 =
10 3 - [ra=17no’ s=7Tev) E 1 _
Pk == ] Inclusive Jet spectrum as a function
E == 3
: o : of Jet-P-
10 3
1E —3 Very good agreement with NLO
P — — pPQCD calculations over many
8 15¢ orders of magnitude !
c 1
S 0.5 - .
8 of 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




(full 2010 data set)

Double differential cross sections, as function of p; and rapidity y:
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|_1 01 2 —__._ - —O—_O_ —.—_._ — ; = = uncertaint
Q u - 0o ® - = 21 e e, 3 | Grdos.
-Q 9 __—D— _-_ 'O'_o_ —.— — (U L _.__._ - Non-pert. corr.

o) 1 O — — - —m— O O _g. — o o o 3
) — _D_—D— _.__._ - —0O— — 0.5 ‘ —]

F—aA— —8- -_m- -O- — o E
O 0P —0- " u O = 15F ' E
L —A— -0 I-_._ O- _ 36<lyl<44 E
3k A, = - - ]
10° T a3 a5 ;
— _A_—A— ' == — :_ +—.—_._ _:
1 oy A A 7 0.5 ]
T A - = | 3 .
[ e == — . .
3F o == = 2 3
10 ;lj Systematic _V__v_ = @ = 10 p1?GeV]
6 c uncertainties = _ T
10 il NLO pQCD (CTEQ 6.6)x =
-g L] Norvpert.co ATLAS Preliminary | 3
1 0 1 1 Lol 1 [ R R R A i
10° 10°
P, [G eV]

- 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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Invariant di-jet mass spectra, ratio data/theory:

FTT | T T T T T T 1T T T T
8
= Systematic uncertainties v £'1 <yl <28 (X 106)_—
= —6—1.2<|y|m1 <21 (x10°)-
X 4
= NLO pQCD (CTEQ6.6) —&— 08<lyl <12 (x10)=
- x Non-pert. corr. ——03<lyl <08 (x107)7
— —— vl . <03 (x10°)
= Yy —
- ©0 Yvy N
B -Or O vvv ]
- —A- Co. v =
- -A- OO V. ]
B -A- S} v =
-A- o v
— —O— A, %0 Yy —
- —b- A, o N
- -0 Ay Op v =
—0— -0, LN OO A
B —_—— -D'_D_ AA O | n
il —e- Jag ‘a, OoO N
- —.- ; o 8 _
- *oy D":’IIIE| S
B . . - . = -
— anti-k, jets, R =0.4 °-o-,.. DDE\:' A S
- Ns=7TeV, [Ldt-37pb" So, o 5
—_— [ ) —
009
~ ATLAS Prelimi * 9l -
- reliminary I ]
1 1 | | | | | | T | | |
107 2x10" 1 2 3 45
m,, [TeV]

- Test of QCD
- Search for new resonances
decaying into two jets (see later)

Ratio wrt NLO pQCD Ratio wrt NLO pQCD Ratio wrt NLO pQCD Ratio wrt NLO pQCD

Ratio wrt NLO pQCD
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anti-k jets, R=0.4

Data with
- statistical error

Systematic
uncertainties

NLO pQCD
(CTEQ 6.6) x
Non-pert. corr.
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Invariant di-jet mass spectra, ratio data/theory:

;1017 -

g = CMS o lyl <05 ]

g o 05<lyl  <10(x10)

.8_ Ly =36 pb” m 10<lyl <15(x10)

121 B o 15<lyl <20(x10%)

V,JO B Ns=7TeV v 20<lyl  <25(x10%

_g | antik, R=0.7 __
.
© 7L
310 i
= M
S L
(qV] -
o 10°]

- — pQCD at NLO® Non Pert. Corr. i

103} PDF4LHC g

— — pave

i W =p, =p3 __

0.2 03 1 2 3 4

M, (TeV)

Important for: - Test of QCD

Data/Theory

Data/Theory

—
(8]

CMS
Lin = 36 pb’"
\s=7TeV
anti-k; R=0.7
e Data/Theory
Exp. Uncertainty
= PDF @ a Uncertainty

= = = Scale Uncertainty
----- Non. Pert. Uncertainty

- 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
[ ]
.. . > 4 D _
Di-jet mass spectrum provides large M 10t e .
S . 3i q*(1000) s=7TeV -
sensitivity to new physics 10§ . 315;;2:;; N
102; -

e.g. Resonances decaying into qq, i
. 10; —

excited quarks g*, .... :
1? \\ E
Search for resonant structures in the @“’;AT'?AS ‘ — j\_.l_'* =
di-jet invariant mass spectrum 7 |
A -2F .

Il I Il Il Il Il ‘ Il Il Il Il I Il Il
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 <my.<1.26 TeV

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

QCD at work
e e
J & &l
AvAVAVA AvAVAVA
A% v
_RORZL

O\ ; O\ ;

proton

antiproton

» 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 — it

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

Forward detecters

. O08Ba M | |
» 2 w 4 st 5 10
£y (GeV)

-

il : [ () Contrat catarimeter
:
]
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W/Z selections in the ATLAS / CMS experiments

7 > F A A
(3.10000? Dwa@, 7 S)': 7000; —§— Data 2010 {/5=7TeV) é
! e* S Cw-e
2 8000 gm ] & 8000F e €
2 B ] 8 5000 Cw=e =
6000: f Ldt=36pb’ * - 4000§ f L dt=36pb" .
4000 ATLAS Preliminary h 3000f ATLAS Preliminary
2000- ]
2000 - 1000, E
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
E; [GeV] B, [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

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

W — ev

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

%QOOOfHWHHwxHMHWHHMHWHHMH%
C i Data 2010 5=7 TeV) ]

O] 8000;j’Ldt=36pb1 - b = I

L0 C W —ev +

ol C i ]

< 70000 ATLAS Preliminary |:|QCD e =

..(2 C ]

[ r .

< 6000

>

"' 50001
4000
3000
2000;
1000

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

My =2 PR -(1-cosAg'™)

Transverse mass
(longitudinal component of the
neutrino cannot be measured)
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First measurements of W/Z production at the LHC
-CMS data from 2010: 36 pb -

20 x10° _ |CIM'S ‘pr?lifni‘na‘ry 0 oMS
1 T L |
- T 36pb" at Vs =7TeV - b 36pb" at \s=7TeV ]
S b - 3 f ]
0 i o, ® data i (LrD) 00 F- e data s
Ql 4 2 B ]
>~ B W - ev _ B Woey A 3 4 ’ . .
s (M L = s ] g F | mewar Distributions of the missing
g W= oaco & ; ] transverse energy, E{™'ss, (left) and
q) — —— - . . : -
5 1 5 10 . transverse mass mT (right) of
— e} - -
£ N 5 E electron candidates for data and
2 i : ] Monte Carlo simulation,
1 T broken down into the signal and
i ] e VSATLPeiaar various background components.
= VYL LIPS '5....|...’.“|.....
BN 0 50 100 150
i ——— M; [GeV]
80 100
x10° CMS preliminary
121 36pb’ at\s=7TeV
> i ]
G 1 7]
N i ° ]
*3 081~ [ z—ee g
= i
> - i
D06 =
5 [ §
S04l .
S B ]
> - i
€02 j ]
ok : Distributions of the invariant di-electron mass, m, for events
. gL passing the Z selection. The data are compared to
P Monte-Carlo simulation, the background is very small.
60 80 100 120

M(e'e) [GeV] 45



CMS

W and Z production cross sections at LHC

Measured cross section values in comparison to NNLO QCD predictions:

0(pp—>%NX)><B(W—>Iv) [nb]

CMS 36 pb'at \s=7TeV CMS 36pbTat \s=7TeV
T T I I I T T I T T T I T T T I T T T | | T T | T T T I T I T T T I 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 Fod Z— ee e
10.48 = 0.03,, = 0.17 = 0.42,,; nb 0.992 = 0.011,,, = 0.024 __ + 0.040,, . nb
W — uv pod Z—uu HeH
10.18=0.03 ;= 0.16, = 0.41,,, b 0.968 = 0.008 .., + 0.020 = 0.039,, . nb
W — v (combined) Foi Z—l (combined) Hol
10.31+0.02,,, = 0.13,, = 041, nb 0.975 = 0.007 ., = 0.019 = 0.039,,. nb
P TR P P | IS S NN NN S R R N
. . . 1 . . 1 . . 1 . . . 1 . . . L . . . 1
0 2 4 6 10 12 0 0.2 0.4 0.6

0.8 1 1.2
o(pp —>ZX)xB(Z— 1) [nb]

Data are well described by NNLO QCD calculations
C.R.Hamberg et al, Nucl. Phys. B359 (1991) 343.

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

% 35_I T T T T .' .I T T T T I_ CMS 36 pb-1at \'E=7TeV
— . A TLAS Prellmlnary I lumi. uncertlainty: +4% I I
b B _
JT I | GxB(W) - 0.986+0.009,, + 0.028
+
= | | Gx B (W*) b 0.982+0.010,,, + 0.030
o N i
m
-3 - GxB (W) N 0.992+0.010,,, +0.029
o4 . ;
¥t fL dt=33-36 pb"
L i oxB(2Z) ol 1.002+0.010,,, £0.032,
| @ Data2010Ns=7Tev) mmm total uncertainty
O MSTWO08 —@-sta ®sys Ry ef 0.981+0.010 = 0.015 -
T A ABKMO9 uncertainty e :
2.5 ¢ JRo9 68.3% CL ellipse area — R,,. HaH 0.990+0.011_,, £0.023
i 1 1 | 1 1 1 | 1 1 1 | 1 |_ : . . . L . . . I
1.8 2 29 0.6 0.8 A 1.2 14
Ratio (CMS/Theory)

ofid - BR(W = ) [nb]

Good agreement between data and NNLO QCD predictions for all
measurements
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W and Z production cross sections at hadron colliders

oy - ®/0 ATLAS/CMSW—1l «eueeew W (pp) —_—
c [ mw/0 ATLAS/CMS W'— 'y — WP o) L @ ATLAS ZA*— 1l =eesess Z/* (pP)
oy L A/A ATLAS/CMSW—Iv ... W* (pp) = o cMS zZA*— 1l — 2 (op)
> ®/O CDFW- (I/e) v o ey e = 1= ®/0O CDF Z/y*— ee/uw
- 10 = m/0 DOW- (e/uv T = " D0 Zyee
- ® UATW-Iv e W C ® UAl Zy*—ee P
é B v UA2W—ev '_‘_-‘.-' :::: ')‘>_ - O UA1 Zi*»uw L2
©/0 Phenix W— (e'/e)y .w@ " . LeT - Y UA2 Zh*—see o et o
E - VS~ N ATLAS Preliminary
---------- e B ‘,»"
1= e e e e e Data 2010 (\'s = 7 TeV)
x B g e Data 2010 (s = 7 TeV) o)
= Coe e X =
@) Cot A 3 C
...... o + o
i J1sp W W W O - S 05
Z L 1.
107 = E 1 L % 1
- . MSTW2008 NNLO S i MSTW2008 NNLO S $
Co . 0.95F
C + 68%CL PDF uncertainty ; 102l 68%CL PDF uncertainty 0.95
L L L L 1 C 1 oo | 1 1 1 L L
1 10 1 10
\'s [TeV] \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




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
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First tau signals established in both ATLAS and CMS

Important reference signals for searches with taus in Higgs and SUSY areas




First physics signals with hadronic tau final states

W-=><tv

ATLAS

ATLASW — tv, T e o

e Data 2010 \'s =7 TeV)
—— Stat uncertainty

ATLASW — e v, oeete [
—— Sys ® Stat ® Lumi
---------- Prediction (NNLO)
Theory uncertainty
ATLASW — wvy

6

7 8 9 10 11 12 13 14 15 16
o(W — lv) [nb]

2% T
CI\IIISI prlelifnirllar'y — 3|6 plb‘1|atl\sl = ,7 T.ev
e CMS Z — ee, uut
et € + Trag
et M+ Trag
e W+
H—O—H e+
H-O-H CMS Z — 11 (combined)
et DO Run 11 1 fb™ 1 + Trug
H-v-O—H CDF Run 110.35 fb™ & + Ty
0.5 1 1.5 2

o(pp — ZX) x BR(Z — 11) / Oineory (NNLO)

2.5

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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CMS
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 ek ATLAS+CMS+LHCb
Preliminary

0.1 p. > 20 GeV

ATLAS (extrapolated data, W — Iv) 35 pb" All data are unfolded,
CMS (W— uv) 36 pb™
LHCb (W— uv) 36 pb™
MSTWO8 prediction (MC@NLO, 90% C.L.)
HEHE CTEQ66 prediction (MC@NLO, 90% C.L.)

0.3 £ HERA1.0 prediction (MC@NLO, 90% C.L.)
-'_|||||IIII|IIII|I||||||||||||||||II|IIII|II

Lepton charge asymmetry

=} 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

bands of relative
uncertainties

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

 CMS inclusive spectra of jets associated to W/Z production (36 pb1);
» At detector level, compared to Monte Carlo Simulation (Madgraph + PYTHIA)
(normalized to (N)NLO calculations)

CMS preliminary
T T

» T T T T CMS preliminary CMS preliminary
]
c ] _ (2] T T T T T T (2] T T T T T T 3
=7 TeV < = =3 3
(] 10° % pb _?t\s © S F 36 pb” at\'s=7 TeV 5 0ok 36pb' at\s=7TeV ]
[0 E et > > 10° > £ 3
e [ Er™ > 30 GeV I E/*' > 30 GeV o E/>30GeV 3
o L 5 E 3
o e data o 10" E =3
[0 o 10° e data o E e data E
o 10°E [ E 3
'CE’ [] W ev (MadGraph) -g 3 [] W pv (MadGraph) -g F [ Z-> un (MadGraph) ]
= [ top 5 B top S 10°E [ ! backgrounds E
< [l other backgrounds € 10 B other backgrounds = 3

10°

10?

8 e * e e S g B * ¢ T

B o5 T gosp . g ; . e o5 . . . 4

© 0 1 2 3 4 5 =6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
exclusive jet multiplicity exclusive jet multiplicity

exclusive jet multiplicity

W - ev W = uv g M1V

 Good agreement at that stage (jets with pT > 30 GeV),
« Top contribution clearly visible in high multiplicity bins of W + jet production 53
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W/Z + jet cross section measurements

il

Jet multiplicities in W+jet production

Theory/Data

10 \ \ \ 3
E W—ev + jets E
F “®- Data 2010,\s=7 TeV -
= v ALPGEN h
3 A SHERPA .
3 S PYTHIA

10° (11 BLACKHAT-SHERPAS
E MCFM 3
B ATLAS Preliminary
10? = 3
i f Ldt=33 pb” 1
10 =

1= | | | ]

Inclusive Jet Multiplicity, NJet

- 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

103
=10

10

& 1o:qfL

_ATLAS Preliminary

T ‘ T
W—ev + jets
‘@ Data 2010,\'s=7 TeV
V ALPGEN
/\ SHERPA
. BLACKHAT-SHERPA
MCFM

Theory/Data Theory/Data

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

Ratio OW +n-jet)/ 6(Z + n-jet)

—
=]

Illllllll|III|III|III|III|IIIIIII

less sensitive to syst. uncertainties - Dam e Channels comoined [at=s3pp’

— pdfs and energy scales
— experimental jet energy scale and

Total syst. uncertainty

-y
N

—
N
T | T I T I T T

Total syst. @ stat. uncertainty
MCFM ATLAS Preliminary

o(W (= Iv) + 1-jet)
o(Z (—11) + 1-jet)

: nl <25, p_> 20 GeV —

resolution T -

— new physics might upset ratio 10 ]
Measured by ATLAS for n = 1 vs p; 8 -

o

threshold for counting jets

Good agreement with NLO predictions
— overall uncertainty is 4% for p; > 30

IIIIIIIIIlIIIIIIIIIIIlIIlIllIlII
T T T T T T T T

=) - -

GeV T E o pmia v o =
" . ». g 12F 1 men " :

— will gain from higher statistics S gyt rreto: 1, =
— largest systematic is boson g 22 =

reconstruction
— can also extend to higher n

40 60 80 100 120 140 160 180 _ 200
jet p_ Threshold [GeV]
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Measured by ATLAS using 2010 data sample

W + Db 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
>
=
>
(7))

50—
Electron + 2 jets

40

30

20

10

LA L B R I R g
—e— Data 2010,\s= 7 TeV_]
N W+b
[ W+c
[ W+light
[ multi-jet
i

[ Single top
[ Other EW

det =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

(W= Iv += 1 b-jet) [pb]
S

T
- A Electron Chan.
" 'V Muon Chan.

| ----- ALPGEN + JIMMY
(b-jet from ME and PS)
bo--ee ALPGEN + JIMMY
(b-jet only from ME)

- PYTHIA

| ATLAS
- M Electron and Muon Chan. Data 2010,\Vs=7 TeV

[ — NLO5FNS det =35 pb'1

1 jet 2jet 1+2 jet

Results from e and p 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 ?

EPTONS .
The top quark may serve as a window

toction Nouno | oonouino | Tauouino to New Physics related to the
electroweak symmetry breaking;

o | @

Eleciion Muon Tou
511 105.7 1777

QUARK Why is its Yukawa coupling ~ 1 ??

() b

Mg?;;s ?‘5'03" ~180 000 1
‘ ' M, =—Av
Down Shggo Battom \/5
- M, _
173.9GeV/c”

« 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..... cc, cs..... bound states (mesons)
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Top Quark Production

Pair production: qq and gg-fusion

> ¢ ST IR p— GEEOGG0GG000
%, t t
K
o
GOGG006G0G60
o
,\)999 g \
S V_QJ_Q_GJD_D_Q_DJ J_Q_D_Oﬂﬂ_/r)ﬁ)ﬁ)

>€0‘0"'€’TC€€07\<

Top-quark pair production in the Born approximation.

Tevatron LHC
NLO corrections completely known 1.96 TeV |14 TeV
NNLO partly known
approximate NNLO results: qq 85% 5%
ag 15% 95%
ovic = (887135 (scale) 13 (PDF)) pb (14 TeV), o (b) | 7.0pb | 887 pb

oy = (7.047038 (scale) 7015 (PDF)) pb  (1.96 TeV).

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 5\ FL ;
BR (t—Wh) ~ 100% a/fg \

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

Top Pair Branching Fractions

. “alljets"™ 46%
Lepton + jet channel:
One W decays via W — {v ({=e or u; 30%) ,
t+jets 15%
Full hadronic channel:

y . 10/0
Both W’s decay via W—qq (46%) v 2%
e ofo !
"\V\'\i . %_o,;\%!o u+jets 15%
¥ore ctiets 15% .
‘dileptons” "lepton+jets”

Important experimental signatures: : - Lepton(s)
- Missing transverse momentum

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

VE
N

%ATLAS
. EXPERIMENT

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 11:01:12 BST

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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@2 |
& [ ATLAS
L

: fL =29pb"
100

tagged e/u+jets |

® data
[ ]tt
B single top
Z + jets
W + jets
B acop
uncertainty

7,

7

3 =4

First results on top production from the LHC

Event Selection:

Number of jets

» Lepton trigger
« 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

62



— — e maaaad i e ARAAL Raasaat —~ 10
>1405 ATLAS Preliminary  [u+jets] % 30F ATLAS Prellmlnary [M+JetS] % ATLAS Preliminary [u+jets] ]
(b 120F O] ; i O ]
1 00k Ldt=35pb’ 0 25F Ldt=35pb’ E 8 Ldt=35pb’ _
Z 805- 3 jets /0 b-tag Z 20F 3 jets /1 b-tag = g 6 3jets /=2 b-tag
[72] [ [72] C 3 (%] b
"GE) 60:- —e— Data "GC'J' 15F —e— Data 3 g —e— Data
> "F —— Model >t —— Model ] 5 4 —— Model
TR I 10F i W ]
- = = = Background : * = = = Background 3 ) = = = Background ]
20f 5f 'y ; f
E O: m B d e~ L ]
00 200 400 600 800_ 1000 0 200 400 600 800 1000 O0 200 400 600 800_ 1000
my; [GeV] my; [GeV] m;; [GeV]
< 90_ T T T T = < F T T T T < - T ]
> 80 ATLAS Preliminary [u+jets] 3 3 50F ATLAS Preliminary [u+ets] ] g%_ ATLAS Preliminary  [u+ets] 3
O _F i O I . 1 O aF E
o 70F L dt=35pb’ 1 1o 40 L dt=35pb’ ] ]g;_ L dt=35pb’ _
E gg; =4 jets /0 b-tag :\n’ 30k =4 jets / 1 b-tag E 14F >4 jets /22 b-tag
% 40%— —e— Data E "qE) —e— Data ] % -1%: —e— Data :
Lﬁ 305_ ‘ — Model _ Lﬁ 20:' — Model 3 Lﬁ 8— — Model —
205_ -=- Background.é 103 - - = Background ] 2' - = = Background3 ;
10F 3 : : of "
3 L 3 L M ane® 1 J E Ll - 3
00 200 400 600 800 1000 o0 200 400 600 800 1000 OO 200 400 600 800 1000
my; [GeV] my; [GeV] m;; [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

63



Evidence for top quark in many different decay modes

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

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

Events

1000

800

600:

400

200

0

TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT
- ATLAS Preliminary All channels
i ; » Data i
_det=O.70fb O B
i W Z/y *+jets ]
. Fake leptons |
N Bl Other EW ]
0, 2 1
— 3 ) —
7.
i i
gnnn”nn‘n”_
0 1 2 3 =4

Number of b-tagged jets

Eyents
(=)
o
o

1500

1000

500

—

Obs/Exp Ratio
o
o Ul a4 U N>

——T 77
L Vo h -1 ® data
. CMS preliminary, 1.14 fb aw

ee, LU, el channels Hw
Wl o B 2= (I=e )
Bzttt
B W+jets + QCD

+ tt other
M tt signal

Illlllllllllllllllllll_

0 i 2 5 »
b-tagged jet multiplicity
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OS - SS Events

140

120

100}

60

20

80

40

Evidence for top quark in many different decay modes

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

(057 T

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

[ [2]
| ATLAS Preliminary * Data 1 5
r [ ft— u‘chad+bl_7: i
- f Ldt=1.081" [ ST, diboson| &
r mz+ jt::'t 8
Wjet 500
2 tt—Il+bb
.tt—>l+jij . 400k
/) uncertainty -
BDT,; > 0.7 300p
o 200"
i B 100
07&7 r
0 12 3 456 7 8 910 0

Jet Multiplicity

ATLAS: Multivariate analysis
Jet multiplicity distribution in signal (left)

and background (right) regions

700~ ATLAS Preliminary * Data .

600 f Ldt=1.08 "

?

_

[ ti— mhadmsf
ST, diboson-|
W Z +jet 1
W + jet .
tt—Il+bb
M ti—/1+jjbb |
uncertainty

BDT, <0.7"

012 3 4 5 6 7 8 9 10

Jet Multiplicity

50

40

Events / (15 GeV/c?)

30

20

10

~
o
T

60}

Ns=7TeV, 1.09

1.14 fb)

fb' CMS Preliminary
|IIT]IYIIIIIIIIITI|VI

TTII] TTTTTTTT [lll

T[T T[T rrrprrrrrrrr

L

—o— data

B tt— putbbvv

[ other tt
Bl W+jets
I Single t
[ ]DY+jets
Il Diboson

0 50 100 150 200 250 300 350 400 450

My, [GeV/c?]

reconstructed mass in CMS

65



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 T T T T I T T T T I T T T T
| --'NLO QCD (pp) ® Combined 176 = }l; pb i
=, V¥ |+jets 186 = 23 pb
L Approx. NNL(_3 (pP) (35 pb™", Prelim.) » ‘_:—_:____,_
,| N-OQCPEP) 4 piepon 171+ Ppb oz
10 E~ - Approx. NNLO (pB) ~ (0.70 fb™, Prelim.) _.-:2222% =
- mcoF ]
- ¢ DO .
1 —_— ,, =
0 - ﬂw / .
B /' atLAs Preliminary . . ] :
N 1205y 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)
-1 .
JLdt =35 pb™ (L+jets, 2010) m, = 172.5 GeV
det =0.70 fo! (dilepton, 2011)
L+jets w/ b-tagging .—.—.—.—| 186 = 10 f'2201 +6
Dilepton w/o b-tagging .—.-.-.—| 17126 *'° =8
Combination .._.*._. 1765 /3 =7
L+jets w/o b-tagging e 171217 1 26
Dilepton w/ b-tagging I—-—i—‘—!—i 1776 *) 2
: (stat)=(syst)=(lumi)
1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ | a 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 50 100 150 200 250 300
o:lpb]

-logA(c_)

3.5

2.5

five-channel

Vs=7TeV

0.5

= ATLAS Preliminary
C. Loy o by 1oy |

8.5 0.6 0.7 08 09 1 11 1.2 13 14 15

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

LHC.\Js=7 TeV

CMS dilepton (ee up,eu)
TOP-11-005 (L=1.14/%)

ATLAS dilepton (ee up,.ep)
ATLAS-CONF-2011-100 (L=0.7/f)

CMS dilepton (ee up,eu) .
anXiv:1105.5661 (L=38/pb)

ATLAS dilepton (ee up.ep)
arXiv-1108 3699 (L=35/pb)

CMS e/u+ets+btag ¢
arXiv-1108.3773 (L=38/pb)

ATLAS e/p+jetst  _
ATLAS-CONF-2011-121 (L=0.7/)

ATLAS e/y+jets+btag
ATLAS-CONF-2011-035 (L=35/pb)

CMS elp-+ets
arXiv-1106.0902 (L=386/pb)

ATLAS e/u+jets
ATLAS-CONF-2011-023 (L=35/pb)

CMS dilepton (ut) N
TOP-11-006 (L=1.00/®)

ATLAS dilepton (ut) |
ATLAS-CONF-2011-119 (L=1.08/b)

CMS all-hadronic
TOP-11-007 (L=1.09/%)

§
3
2
:

170+ 4+ 15 + 8
(val = stat. + syst + lum)

171+ 6., + 8
(val + stat + syst + lum)
168+ 18+ + 7
(val * stat. + syst. + lum)
171220+ 5 + ¢
(val = stat. + syst + lum)

150+ 9+)1 £ 6
(val = stat. + syst + lum)

179+10+ 7
(val £ wot. + lum)

186+ 102 + 6
(val * stat. + syst. + lum)

17314130+ 7
(val = stat. + syst + lum)

171217+ 5+ 6
(val = stat. + syst + lum)

149+24:3%2 + 9
(val + stat. + syst + lum)

142421450+ 5
(val + stat. + syst. + lum)

136+20+ 4 + 8
(val = stat. + syst + lum)

mm#x%ﬁ'oﬁmm |
0 50 100 150 200 250 300
o(tf) (pb)

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

Ay?

m,

=161 GeV

6 July 2011
(5)

5 - .-. .'_ Aahad = =l

31 — 0.02750+0.00033

i1 0.02749+0.00010
4 - "..'\"' incl. low Q° data -
3 N
2 - .
1 il —
0 Excluded e

30 100

m,, [GeV]

300

Measurement Eitw® | ORe3°- 0 ijniee

O]l d2es S
m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952:0.0023  2.4959
o [nb] 41.540 = 0.037 41.478
R, 20.767 £0.025  20.742
AY 0.01714 = 0.00095 0.01646
A(P,) 0.1465 + 0.0032  0.1482
R, 0.21629 + 0.00066 0.21579
R, 0.1721£0.0030  0.1722
AL 0.0992 = 0.0016  0.1039
AL 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’057'(Q,,) 0.2324 =0.0012  0.2314
my [GeV]  80.399 =0.023  80.378
Iy [GeV]  2.085x0.042 2.092
m,[GeV]  173.20 = 0.90 173.27

July 2011 0 1 2 3



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

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

[

T Oy, 1
J2.G, siTné’W Jl—%r

Fermi constant / £
measured in muon weak mixing angle
measured at

m,, =

decay
LEP/SLC
b H X
W Q w W w w w
e g _ + + P = e + - - — — - — —
BN /! AN /I
t W w

top @Nd My,

G, Ogys SIN By

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)
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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 Oy, .
w = :
V2 G, sing,, v1-Ar 3-10-4
4
m,, (from LEP2 + Tevatron) = 80.399 + 0.023 GeV
M, (from Tevatron) = 173.2 = 0.9 GeV
W-Boson Mass [GeV] gogmen 0.8%
—LEP2 and Tevatron
TEVATRON 80.420 + 0.031 | M g LEP1 and SLD
68% CL
LEP2 80.376 + 0.033
>

Average 80.399 + 0.023

2 +/DoF: 0.9 /1 8 80.4 |4
NuTeV R 80.136+0.084 =

£

LEP1/SLD —a 80.362 + 0.032 3
LEP1/SLD/m, -4 80.363 + 0.020 | — A light Higgs boson is

. . 80.3 - favoured by present

80 80.2 80.4 80.6 ! measurements

my [GeV] e 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:

10000

7500

5000

Events/0.5 GeV

2500

Observables: P (e) , P.(had)

- DO Preliminary, 1 b’

Fit Region

- DATA
== FASTMC
T W-stv
7->e0
QCD

y2idot = 48/49

=  Py(v) =-(Py(e) + Py(had))

My =2 PR -(1-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_ I’eal I|fe

» Detector performance
(energy resolution, energy scale, )

* Physics: production model

_— W)l i,
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
W — ev 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.
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Top-quark mass measurement

Top-Quark Mass [GeV]

CDF o 172.5 = 1.00

D]%) - 1749 £ 1.4

Average 173.2 + 0.90
x?/DoF: 6.1/10

+ 13.5

LEP1/SLD 172268~

+ 11.7

LEP1/SLD/m,,/T, . 179.7 7 4
'1E|50ﬁ > '17r0' | '1é07 '1SI)O' ' ;

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

B-tagged signal templates

g'o.ou;
$ 0.022F
© &
2 0.02f
S 0.018F
Q =
© 0.016f
o =
0.014F
0.012}
0.01F
0.008
0.006F
0.004f
0.002
0

-1 0 150 200 250 300
reconstructed M,,, (GeV/c?)

/6



Number of Events / 20 GeV

First top quark mass measurements at the LHC

o Use lepton + jet channel (e,u + 4 jets, at least 1 b-tagged jet)
e Include part of the 2011 data (0.7 fb1)

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

CMS Preliminary, L = 36 pb’

L —+ Data 2 L B L L L B B
60— M 0] c ATLAS Preliminary
- wol o 250 0.70 fo" E
Si IVT g C : A A A A
ingle-Top i3 - E = ATLAS Preliminary E
Bz S 200 103 0.70 fb" E
a0 aco i - 1025 E
150} 1015 =
e + jets channel 100 0.995- E
20— C ]
E 0.98F E
50/ e g
_____________ 0.97 =
. . N S i e At Y OPTTIUPNPNTPNTSTIPTPSTT N e
N I = LT 100 150 200 250 300 350 400 0 171 172 173 174 175 176 177 178 179 180
0 100 300 400 500 600 My, [GeV]

Fitted Top Mass [GeV] mise’ [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, l, o
anomalous triple gauge couplings (TGC) >Www§\

Allowed Standard Model vertices
-ylZ > 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
gl = Ky 5 KZ SFil

/8



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

10*

§ E] ] % A ]' T 3 '[ B | Trr T L 'I L L) I T g
= - CMS 2010, 36 pb”! W :
2 10‘5—._\S:7Tev —e— Data Y E
= : Wy =
= 7 Wjets 7
10 —» y =
= - Other backgrounds 3
3 = aTGC Ak, = 0,1, =0.5 7
= —
. — 10 E L,i, =
< £ 3
~ E * N
553 1 B E
o E 3
) E 3
> L
B 10l ;

TTTT]

Illllllllllllllllllllllllllllllllllll
20 40 60 80 100 120 140 160 180 200
A
E! [GeV]

Events / (bin width/10 GeV)

107

(¢) FSR

(b) t-channel

w v

\s=7TeV

=

T IIIIIII T

!

|

| I AL DL DL DL
CMS 2010, 36 pb™!

—e— Data
Zy

—— Z+jets

— aTGC h} =0.12

b\

I

1 llllllll 1 1 lllllll 1 llllllll L rm

T Ill”ll[ T Illl”ll T Illl]lll T

|

ya vy VA

lll llill
20 40 60

llllllll
80 100

1 l 1 1 1 1 1 I L1
120 140 160 180 200
El [GeV]
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Events / 10 GeV

Wy and Zy production (cont.)

Also kinematic distributions are well described by Standard Model

expect signal
here

processes
No evidence for anomalous couplings /
anomalous Wy / Zy production
45:"| T UL
10LATLAS s = 7TeV, f Lt = 35pb”
352_ —e— data
30E WY [ IW(v)+y
E [ W(lv)+et
3 W)
201 [Jttbar
15;_ =z
10F
5F

o TTT

ol
o

150

200 250 300
mT (|7V7Y) [GeV]

Events / 10 GeV

My, [GeV]

200 T T T T T AR T T T T U T T
180 ZyMC % AR ZY .
I 605— e Zy—seey Data '-:' ‘;
1405_ e Zy—uuy Data s 3 ..0' _f

C ° 0ty i gh 7
120 o:g* Crrgts —

E AR ® o.. 2
100:_ .. .o \:... s —:

E g s"*"ﬁ’@““ ]
80 A - 1

5 Ee CMS Preliminary 2010, 36 pb™ ]
P} N B IR BT I BRI PR

(%O 60 70 80 90 100 110 120

M, [GeV]

22— L L B I B
20EATLAS \'s = 7TeV, [ Ldt = 35pb™
18F .
16~ ~+- data expect signal
14 Y 2+ here
12 2 Z(I+jets %
10 |:|ttbar

0 50

—h
o
o
-—
6]
o
N
o
o
N
a
o
W
o
o
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WW production

Expected contributions within the Standard Model
(TGC contribution, gg-box is higher order)

v q ) ! . L N

‘ Ly
VA TGO vertex

Search for WW production in di-leptonic decays
(WW=> Iv Iv)

Major backgrounds:

- Drell-Yan production pp =2 Z/y* =2 I

- W - lv + jet production, one jet fakes a lepton,
E,™ss from mis-measurement

- tt production, with di-leptonic decays:tt 2> Ivblv b

This is an important background process for
Higgs boson searches inthe H > WW = v lv
channel

Events / 5GeV

data/MC

Events / 5GeV

data/MC

L e e T T T LA e B

.
g —
10" aTLAS Pretiminary B e o E
b . =i -
=] Ldt = 1.02" \s=7Tev B W+jets/Dijet E
= [ Diboson =
105 CJww->e"ve'y —
10° -
s =
10°kE E|
10°E f
10 b
L_ i em J _ ; il
17.1“.‘1..‘..‘ i i . h =
2 : f
15531 i
i *** i *ﬁ* +H } IHHH
0" 50 160 150 200 300 350 400
M(e'e)[GeV]
RRRRE - — N —
10°% ATLAS Preliminary B oata E
_ = top ]
L) Ldt=1.02f67" Ns=7TeV B W+jets/Dijet 7
10 [ Diboson E|
CIww->e've'y E
2
002040 60 80 100 120 140 160 180 200
EnSGev]

Di-lepton mass and E,™iss
after basic selection of two
high p; leptons (25 / 20 GeV)
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WW production (cont.)

« Accepted number of events after various cuts:

L L e B e T

T
—4— Data

Cuts ee+ Ef"* pu +ED™ ep +EF™ g ZZZ ;Ji::i :J’:r:"r"m:ZNev E %}‘{[_ﬂ;}{" é
2 leptons (SS+0S) 205199 391374 3969 700F- Bloboson =
2 leptons (OS) 204023 391238 3739 600 3
leading electron pt > 25GeV 200285 - 2990 S00E E|
trigger matching 199913 391050 2989 4001 E
My > 15 GeV, Mgy, > 10 GeV 199585 388701 2984 %00 E
Z mass veto 16463 40632 - 2008 3
EMss  cut 308 425 1227 > e L3
Njet(0.1.2.34.>=5) (74.7894.45.143) (97.93.147.62.20.6) (243.283.412,203,62.24) g T
Jet veto (No. of jet=0) 74 97 243 % 5E .
6 7 8 9 10

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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o After jet-veto cuts:

WW production (cont.)

Final State ete  EP' uruTEPSS eTuTEMS Combined
Observed Events 74 97 243 414
Background estimations

Top(data-driven) 9.5+0.3+3.6 123 £0.4+47 36.8+1.3+£14.0 58.64+2.1+£22.3
W-jets (data-driven) 53404417 124429452  32.9+3.849.2 50.5+4.84+14.7
Drell-Yan (MC/data-driven) 18.7£1.9+1.9 19.24+1.742.1 16.0£2.8£1.7 54.0+3.7+£ 4.5
Other dibosons (MC) 0.94+0.1+£0.1  2.440.2+0.3 3.4+0.3£0.4 6.8+0.44+0.8
Total Background 34.4+2.0+4.4 463+3.4+73  89.1+£4.94+16.8  169.8+6.4+27.1
Expected WW Signal 29.5+£0.3+3.0 52.5+£0444.9 150.5+0.7£13.4 232.4+0.9+21.5
Significance (S/v/B) 5.0 7.7 15.9 17.8

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

» Backgrounds largely estimated using data
(define control regions that are dominated by one

background source, normalize there, use Monte Carlo
for extrapolation in signal region)

tt: require b-tagging in control sample
WH+jets: “invert” electron ID (fake letpons from jets)
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These are important distributions for the H > WW search



WZ and ZZ production

Expected contributions within the Standard Model
(t-, u, s-channel contributions for WZ)
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(t- and u- channel contributions for ZZ)
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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
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LHC limits are becoming competitive with limits from the Tevatron
(significant gain with more data expected)
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Final cross section summary
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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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