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News from the LHC: Tightening the
NeosefonkthelSiainda

With the recent turn-on of CERN's Large Hadron Collider
(LHC), particle physics has entered a new era in the
exploration of physics at the TeV scale.The LHC, the
world's highest energy particle accelerator, has been
performing extremely well.The large data sample already
recorded by the ATLAS detector at the LHC allows probes

of TeV scale physics with unprecedented sensitivity. Recent
ATLAS results will be discussed, including the race to
discover, or else rule out, the Standard Model Higgs
bosonas the origin of mass, as well as searches for new
physics beyond the Standard Model.
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

matter constituents
spin = 1/2, 3/2, 5/2, ...

FERMIONS

Leptons spin = 1/2

Mass  Electric
GeV/c2  charge

Quarks spin =172

Electric

Flavor
charge

Flavor

p_ electron
€ neutrino

€ electron [0.000511

<1x10-8 u up 2/3

d down -1/3

(nyon; <0.0002 C charm 2/3

M neutrino

A muon 0.106 S strange -1/3

VT tau <0.02 t top 175 2/3
neutrino

7T tau 1.7771 b bottom 43 -1/3

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = h/2n = 6.58x10725 GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~1% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc?), where 1 GeV = 10 eV = 1.60x10~'0 joule. The mass of the proton is 0.938 GeV/c?2
=1.67x10727 kg.

Size <107%m

ucleus
Size ~ 1074 m

€

Atom

Size =

10710m

Electron
Size < 10~ m

Neutron
and
Proton

Size = 10715 m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in

size and the entire atom would be about 10 km across.

force carriers
BOSONS spin =0, 1, 2, ...

Unified Electroweak spin =1 ‘ Strong (color) spin =1

Mass Electric Mass Electric

Name GeV/c2  charge W GeV/c2  charge

Color Charge

Each quark carries one of three types of

“strong charge,” also called “color charge.”

These charges have nothing to do with the

colors of visible light. There are eight possible

types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qq and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be

viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Interaction . St
— Gravitational
~ Fundamental
Quark  Electric  Mass

orvant e Gavie 5P Acts on: | Mass-Eneray | Favor |  ElectricCharge | Colorcharge | IRES RN symbol Name QL G | cevie
Particles experiencing: ‘“ Quarks, Leptons Electrically charged Quarks, Gluons m I | I I
i iating: Graviton -
Particles mediating: | [y A i A A 2 -
1 25

Strength relative to electromag | 10~18 m 10-41 0.8
for two u quarks at:

Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Mesons qq

Mesons are bosonic hadrons.

ProPertry” There are about 140 types of mesons.

Symbol Name

Not applicable
60 to quarks

Not applicable
to hadrons

3x10"7 m 104 104

for two protons in nucleus 10-36 107 20

070 +
RIPEEZsZ s ge==ct=tlhations The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

n—pe l7e
Matter and Antimatter ‘Bo s
For every particle type there is a corresponding antiparticle type, denot- j YA
ed by a bar over the particle symbol (unless + or — charge is shown). hadron® / . i
This chart has been made possible by the generous support of:
N\ quarks & —

U.S. Department of Energy
hadrons——
_*gluons

N
Particle and antiparticle have identical mass and spin but opposite o y
charges. Some electrically neutral bosons (e.g., Z, v, and m = ¢C, but not

KO = ds) are their own antiparticles.

Figures ?ﬂb w- < ‘ /%@

— U.S. National Science Foundation
\ Lawrence Berkeley National Laboratory
hadrons 0

Stanford Linear Accelerator Center
\ Z American Physical Society, Division of Particles and Fields
W N BURLE INDUSTRIES, INC.
Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence

particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see:

cue ot maner http://CPEPweb.org

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

b
An electron and positron b

(antielectron) colliding at high energy can Bo
annihilate to produce B and BY mesons
via a virtual Z boson or a virtual photon.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.




(Some of the) Experimental Tests of the SM

Measurement Fit  |O™meas_Qfft|/gmeas

0 . 2 .3

B SM has been very extensively

) m,[GeV] 91.1875=0.0021 91.1874
tested, and describes nature

I,[GeV]  2.4952+0.0023  2.4959

very well o0 [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
AYP 0.0992 = 0.0016  0.1039
AY° 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’6°?(Q,) 0.2324 =0.0012  0.2314

m, [GeV] 80.399=0.023  80.378

FW [GeV] 2.085 + 0.042 2.092
m, [GeV] 173.20 = 0.90 173.27
July 2011 6 | 1 | 2 | é
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Prohhoessesith the SM

B SM describes our experimental data very well, at typically % level

® So, why are most physicists convinced it is wrong??

B For one thing, the SM has 19 free parameters which cannot be calculated
within the SM, the values of which must be provided by experiment

m this “incompleteness” suggests the SM is not the final answer!
B We do not understand the matter-antimatter asymmetry in the universe
B Gravity is not included within the SM

B We have not verified the SM explanation of particle masses
(ie. we have not [yet] found the Higgs boson required by the SM)

B We do not know what makes up the Dark Matter that contributes ~1/4 of the
energy content of the universe

B We do not know the nature of the Dark Energy that dominates the energy
content of the universe

Sept. 26/11 John Parsons, Columbia University



Inflation
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The Large Hadron Collider

The LHC is the world’s most
powerful particle accelerator

Built in a tunnel 27 km around,
100 m underground, near
Geneva

Protons travel around ring
11,245 times per sec (speed =
0.99999999 ¢)

The counter-circulating proton
beams are so intense that they
will produce ~900 million
collisions per second!
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Experiments at the LHC

B There are 4 experiments
at the LHC

B Two (ATLAS, CMS) are __
large, competing, general S
purpose experiments S

N ” -
- - S PR
bt
-

B The other two (LHC-B,
ALICE) are smaller
experiments which target
particular aspects of the
experimental program

Sept. 26/11 John Parsons, Columbia University 7



Sept. 26/11

Collaboration
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38 Countries
174 Institutions
3000 Scientists
1000 Students




The ATLAS Detector

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters
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B Overall length =42 m, diameter = 22 m, weight = 7000 tons
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ATLAS Detector Principles

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracking Tracker 7
Pixel/SCT
detector

http://atlas.ch
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Si Tracker as Seen by Converted Photons

ATLAS Preliminary
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The ATLAS Detector

Muon Detectors I Electromagnetic Calorimetersl

Solenoid

Forward Calorimeters
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EM Calorimeter Segmentation

B Pb:LAr “accordion” sampling calorimeter, with 3 longitudinal (depth)
segments of varying transverse segmentation

| TOtal Of ~180k ChannelS Towers in Sampling 3
Agsan = Q.054020.05 Back tail-catcher has

somewhat coarser
AnxA¢ ~ 0.05 x 0.025

Front divided into narrow
“eta strips” of AnxA¢ ~
(0.025/8) x (0.025*%4)

— - Square towers in
== gM Sampling 2
7

b =0.0245

Sept. 26/11 John Parsons, Columbia University 13



ATLAS Barrel Cryostat and Superconducting Solenoid
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The ATLAS Detector

Electromagnetic Calorimeters

Muon Detectors

Forward Calorimeters

Solenoid

I End Cap Toroid I

M
.
A

e £

)
Q“I

\

N

n

4

Shielding

Hadronic Calorimeters

Inner Detector

Barrel Toroid

John Parsons, Columbia University 15

Sept. 26/11



ATLAS Toroidal Magnet System

= 3 P& - )
X S
== 20

Barrel toroid

Endcap toroid B 90 km of superconductor, 700 ton cold mass

B total energy stored in magnetic field: 1.55 GJ

Sept. 26/11 John Parsons, Columbia University 16
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LHC Performance

Peak Luminosity per Fill [10 ** cm?2 s1]

B LHC operating with 1380 bunches (max. possible given current 50 ns separation)
B In April 2011, LHC exceeded Tevatron as highest luminosity hadron collider
B 2011 LHC goals: reach instantaneous lumi. of ~ 10 ecm s'! and deliver ~ 1 fb!

B LHC has recently reached instantaneous lumi. of ~ 3.3 x 103} cm 5! (beam
power ~ 107 MJ!) and has already delivered ~ 3.8 fb! !

O l o l' o " [ = 5_' L L L L L e

4 = ATLAS Online Luminosity Vs=7TeVv = Q ~ ATLAS Online Luminosity \s=7 TeV ]

E ® | HC Stable Beams E : B - LHC Delivered 7]

3.5 Peak Lumi: 3.31x 10% cm? s I8 40 []ATLAS Recorded —

3F o= £ |

= : [} = S  Total Delivered: 3.79 fo i

C ® = — 3 Total Recorded: 3.56 fb' —

2.5 o 1 3 B i

o X 1 @ L Most results shown .

C _ (@] B n

1 5E 4 3 £ 2:_t0day use ~1 fb’! -

- o i S - ]

e )‘v ° S - B -

o5t j . I : :

OZ_J | L@ | : P |: | ] | L . 0_ } Lo b v b b Ly ]
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Day in 2011 Day in 2011
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ATLAS Data Taking Performance

Subdetector Number of Channels | Approximate Operational Fraction
B Typ. ATLAS data taking efficiency rues 80 M 36 8%
iS ~ 94% SCT Silican Strips 6.3 M 99.1%
TRT Transition Radiation Tracker 350 k 97.5%
B Detector subsystems have >~ 97% AW Calorimeter 1ok 99.8%
of their channels operational e calonmeter 2500 e
Hadronic endcap LAr calorimeter 5600 99.6%
Forward LAr calorimeter 3500 99.8%
L\VL1 Calo trigger 7160 99.9%
VL1 Muon RPC trigger 370 k 99.5%
LVL1 Muon TGC trigger 320k 100%
MDT Muon Drift Tubes 350 k 99.7%
CSC Cathode Strip Chambers 3k 97.7%
RPC Barrel Muon Chambers 370k 97.0%
TGC Endcap Muon Chambers 320k 98.1%

Inner Tracking
Detectors

Calorimeters Muon Detectors Magnets

Fraction of data that is
pixel scT TRT v MATLAT me MDT RPC CSC TGC  Solencid  Toroid good for analysis

EM HAD FWD
(LAr > 96% after
recent reprocessing)

999 998 100 89.0 924 942 99.7 99.8 099.7 99.8 099.7 D 99.0

Luminosity weighted relative detector uptime and good quality data delivery during 2011 stable beams in pp collisions at Vs=7 TeV between
March 13* and June 29th (in %). The inefficiencies in the LAr calorimeter will partially be recovered in the future. The magnets were not
operational for a 3-day period at the start of the data taking.

Sept. 26/11 John Parsons, Columbia University 19



Pileup !

B During LHC planning phase, had assumed 2 phases of (25 ns) operation:

B 3yrsat1E33 (30 fb'!) =» essentially no pileup (~2 collisions/bunch crossing)

B Then increase to 1E34 (design lumi) =» ~23 interactions/bunch crossing

B With recent LHC run conditions (L

~3E33 at 50 ns), have already reached an

inst.

avg of ~12 collisions/bunch crossing (and some evts with > 20 interactions/bc)

Sept. 26/11

Recorded Luminosity [pb ]
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10 = ATLAS Online 2011, \s=7 TeV Ldt=3.02 fb'1
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Mean Number of Interactions per Crossing
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Z. — ee Candidate in 2010 Data Taking

15 E; (GeV)

Run Number: 154817, Event Number: 968871 E, (€)= 45GeV E, (") = 40GeV

Date: 2010-05-09 09:41:40 CEST n (€)= 0.21 n (e") =-0.38
M_= 89 GeV
Z>ee candidate in 7 TeV collisions

21
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XPERIMENT
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Events / GeV

ATLAS Performance: Electrons (and Photons)
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Uncertainty in EM energy scale
~0.3-0.6%

Constant term in EM energy resolution
(design goal = 0.7%)

1.1732% in the barrel
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Energy scale uncertainty
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ATLAS Performance: Muons
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ATLAS Performance: Jets and E miss

Fractional JES systematic uncertainty

0.12 .| : —
B Anti-k, R=0.6, EM+JES, 0.3<|n | < 0.8, Data 2010 + Monte Carlo QCD jets i
0.1F 4 ALPGENHemwig+Jmmy v NoseTwesods o [Jpcertainty in jet energy scale
[ X JES calibration non-closure *  PYTHIA Perugia2010 7 y .l gy
- O Single particle (calorimeter) = Additional dead material{  ~ 3-49%% in 2010 data

0.08 =] Total JES uncertainty

(slightly larger in 2011 so far, due to pileup)

0.06 -
B ATLAS Preliminary ]
0.04m
L 4 0 O ]
0'02—55¢W?DDD ]
.- X % 4 v 4 i
0 --*.i,ééiiiiiﬁiii% L L L L L L D L
30 40 107 2x10° 10° 2x10°c  10° ATLAS é
pr [GeV] . £ 3
o 10°F e Data2010 E|
AT 045 ] MC MinBias 3
1
E JLdt=0.3 nb’! E
10°e \s=7TeV E
10°E E
Good data/MC agreement in tails  10E .
of E miss distribution ,E .
EI 1 1 l 1 1 1 I 1 1 I I"I 1 II-|H 1 1 I 1 1 l"l |§
0 20 40 60 80 100 120 140
E—Tiss [GeV]
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“Rediscovering” the Standard Model
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t tbar — ep + X Candidate Event

EXPERIMENT
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Measurement of t tbar Cross Section

G [pPb]

Sept. 26/11

107

10

-~ NLO QCD (pp) ® Combined 176 + . pb

i ¥ l+jets 186 + 23 pb
.A rox. NNLO
B i (Pp) (35 pb™, Prelim.)

~NLO QCD (pp) A Dilepton 171 + (2 pb

John Parsons, Columbia University

—— - Approx. NNLO (pp) (0.70 fb™", Prelim.) _—' =

_  mCDF —,’.-‘..‘..‘--'-"'"' _

- ¢ DO ' -

i ATLAS Preliminary |
.i'.: 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1

1 2 3 4 ) 6 7 8

\'s [TeV]
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Diboson Production

2 EXPERIMENT \

Run 166466 Event 26227945

‘ - WZ->evup Candidate

John Parsons, Columbia University




SM Cross Section Measurements

10
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95% CL Limit/SM

SM Higgs Situation Before LHC Results

10

100 110 120 130 140 150 160 170 180 190 200

LEP exclusion: m(H) <114.4 GeV

Tevatron Run Il Preliminary, L < 8.6 fo™

T NSRRI R
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Latest Tevatron combination

Observed exclusion:
100-109 and 156-177 GeV

Expected exclusion:
100-108 and 148-181 GeV
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SM Higgs Search Channels

'3' 10 T T T T 3
2 E \s=TTeV SM 3
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The SM Higgs Challenge !

. 2 10IIII|IIIIIIIIIIIIIIIIIIlIIIIlIIIIIIIl LI
m <1 detectable Higgs boson = 10 E dijet (p,> 8 GeV)
per 10'2 collisions ! © 0L
10 3
107k
10 °&
10°F
0L W'slv
: Wy
10k YA |
o
10 "k ?\’W single t
10 L WZ 7z
1 E H—-WW- Ivly
AE
10
-2
10
3f
10
0-4lllIIllIlllIlllIlllIllllIllIlllllllllllllllllllll
100 110 120 130 140 150 160 170 180 190 200

M, (GeV)
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H — vy

B Need excellent y-jet separation ! | 0\
to control reducible jet-jet and | \._ Y | Boe TC | : !
v-jet bkgnds, which have cross- ",\ | Y

sections ~ 2x10% and 800 times AR T i ST
larger than irreducible yy ‘ NN e
® An important ingredient is y-mt’
separation, using fine
granularity of EMcalorimeter

Entries / 0.50 [GeV]

<(>~5
o A A A L AL A B Need to reconstruct mass peak on top
_ ATLAS Preliminary — Photon Pointing . .
0.1 - of large irreducible yy bkgnd

- (Simulation) ---PVEIpZ ] .
0.08F- ' = m Requires excellent EM energy

N ) res’n as well as ability to find
0.06_ - . . . .

B . vertex (either by association with
0.04[- - tracks or by EMCAL “pointing”)
0.02 - m As pileup increases, use of

. ] pointing will be even more

910 112 114 116 118 120 122 124 126 128 130 Valuable

Less tail with pointing """
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EM Calorimeter Pointing

Entries

I B T T T ] ]
m Can use fine granularity of EM 0.03~ATLAS — Data E
. . = Preliminary 5
calorimeter to measure trajectory of .- 6=102x10" 4
photons (and therefore point back to - — MC .
° ___ — -3 __
correct production vertex) 0.02¢ 6=103x10" —
. . . . M —:
® Validate pointing performance with - Barrel -
Z. — ee events 0.01 -
0.005(— -
L L DL L L UL L I o: S T P :
200l ATLAS Preliminary J Lot — 1.08 " -0.04  -0.02 0 0.02 0.04
~ -e-Data 2011 \s =7 TeV ] 1’]pointing ) Tl'(rack
150(— [ ]MC (yv) ]
1 ®m Angular resolution corresponds to
1001~ . resolution of the average z-position at
the beamline of the 2 photons ~ 1.5 cm
501 -
- - (cf. beam spread of 6 ~ 5.6 cm)
950 100" 50 0 50 100~ 150
Az [mm]

CaloPointing
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95% CL limit on G/GSM

H — yy Results

150

B After final selection, purity of E T T
sample (ie. % of true diphoton o 400F ‘e = 7TeV’I Ldt=1.0810 E
eVeIltS) is ~ 72% E 350 Inclusile dipgoat:anzsoa:r:ple _g

g 300 Background exp. fit _:

B No excess seen in diphoton invariant @ osof  Teed T Ho o, =R Bt BOM =

mass spectrum 200 -

II]I|II|I|IIII|IIIIIIIII|IIII|I

100 SR :
| N L AL B R T | E
102E-  — Observed CL, limit — °0F ATLAS E
L . — PRI (N SN T ST NN SN ST SR N TN SN ST SR NN SR T SR S N U S S
SN Expected CL, limit 1 foo 10 120 130 140 150 _ 160
- N+ 1o ATLAS H —>€ Y i m,, [GeV]
i + 20 Data 2011, \s =7 TeV |
det =1.08fo" |

10

B Set limit on SM Higgs :

~ (3-4)X SM cross section,
using 1 fb-!
1

m(H) [GeV] -
—] 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 L 1 1 | 1 1 1 1 | 1 1 1 1 | L 1 1
110 115 120 125 130 135 140 145 150
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H— WW®) — |nu Inu

B Important channel for low/intermediate masses

B Main challenge arises from lack of mass peak due to neutrinos

=» is essentially a counting experiment

Table 4: The expected numbers of signal (mg = 150 GeV) and background events for the H+0 jet analysis
in 1.7 fb~! of integrated luminosity, as well as the observed numbers of events in data. The yields for
the ee, eu, and pu channels are added together, the composition in each of the lepton flavor channels is
shown only for the final stage of the selections. The W +jets background is entirely determined from data,
whereas for the other processes the expectations are taken from simulation. The uncertainties shown are

the combination of the statistical and all systematic uncertainties.
H + 0 jet channel results with 1.7 fb-!

Signal WwW W +jets  Z/y* +jets it tWitb/tgp ~ WZ[ZZ|/Wy  Total Bkg. | Observed
Jet Veto 82+17 430+40 7040 160+ 150 37+13 28 +7 11+3 740 + 160 738
IP.[r’I > 30 GeV 79+17 390+40 60 +30 28 £ 11 35+12 257 10+3 540 + 80 574
mge < 50 GeV 56 +12 98 13 177 12+7 6+3 4815 1.2+04 139 +20 175
Adgr < 1.3 48 + 11 76 +10 9+4 8+6 5+2 48+1.5 1.1+03 105 £ 16 131
0.75mpy <mt < My jpddededuy 43 + 6 5+2 2+4 22+14 12+08 07403 pe—Scem—"d 20
ee 52+12 |1 62+09 09+04 08+14 03+03 0+03 0.07 £0.05 82+1.7 9
eu 17 +4 22+3 28+1.3 0+13 1.1+05 08+06 031+0.19 27 +4 32
e 11+£2 14 +2 1.0+£0.6 1+£3 08+1.1 04+04 031+0.09 18+5 29
Expected signal for Expected bkgnd and
m(H) = 150 GeV observed Nevts
Sept. 26/11 John Parsons, Columbia University 37




H — WW®) — Inu Inu

B H +1 jet channel results with 1.7 fb-!

Table 8: The expected numbers of signal (my = 150 GeV) and background events for the H + 1 j analysis
in 1.7 fb~! of integrated luminosity, as well as the observed numbers of events in data. The yields for
the ee, eu, and pu channels are added together, the composition in each of the lepton flavor channels is
shown only for the final stage of the selections. The W+jets background is determined entirely from data,
whereas for the other processes the expectations are taken from simulation. The uncertainties shown are
the combination of the statistical and all systematic uncertainties.

Signal wWwW W + jets Z[y* + jets I tW/th[tgb  WZ[ZZ/Wy  Total Bkg. | Observed
1 jet 41 +7 158 £ 16 31+ 19 60 + 60 390 + 100 140 + 20 10.7+14 800 + 120 756
b-jet veto 40 +7 154+ 16 29+ 18 60 + 50 140 + 40 54+9 10614 450+70 440
P‘_lf’l<30GeV 32+6 127+ 13 16 +9 30+ 30 90 + 20 41+7 7.0+09 310 +50 312
Z — tTveto 32+6 124 + 14 14+7 30 +£20 84 + 19 39+7 6.8+14 300 + 30 301
mye < 50 GeV 22+5 27+5 21+1.0 8+6 17+6 9+2 1.5+04 64 +10 69
Aper < 1.3 19+4 21+4 1.8+0.9 4+5 14+5 8+2 1.2+03 50+9 54
0.75my < mp < my 10£2 0.8+04 1.1+18  69+19 34+14 0.6 £ 0.3 4 23
ee 1.4+04 0.12+£006 0.07+0.12 0.6+03 0.5+03 0.10+ 0.0 28+0.7 5
e 57+13 05+0.3 06+1.0 37+13 20+1.0 0.39+0.2 13+3 11
Uy 3.3+0.7 0.1+£0.2 05+0.5 26+1.5 1.0+ 0.9 0.08 £ 0.0 8+2 7
_
Expected signal for Expected bkgnd and

m(H) = 150 GeV

Sept. 26/11
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Results from H — WW®) — Inu Inu

Sept. 26/11

5102_' 'ATLAS Preliminary  CLsLimits |
= [ o Expected f Ldt=1.7fo" ]
= [l+1o

= 10§ £26 (s=7TevV
S .
K9] | _
m - —

[ lIlIIll
L1 IIIIIII

101+

SM Higgs excluded @ 95% CL for m(H) in range 154-185 GeV
(expected exclusion is 135-196 GeV)

John Parsons, Columbia University 39



H—Z7Z7%* — 111

B Very clean, “golden channel”

B Runs out of statistics at high mass, so there revert to decays with higher
BR’s, such as H — ZZ) — Il nunu and H — ZZ®*) — 1l qq

N L L .
® DATA

Background ~ ATLAS Preliminary
[ Signal (mH=15O GeV)
@ Signal (mH=220 GeV)
[] Signal (mH=480 GeV)x 2

Events/10 GeV

H—zZ"' 41
[ Ldt=1.96-2.28 fb”
\s =7 TeV

-|® R0 9 9 ® —-

9
8
7
6
5
4
3
2
1

| |_T 1 T T i e SR ':'
‘PO 400 500 600
m,, [GeV]
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2.77 — pupp Candidate

GATLAS

J EXPERIMENT

Run Number: 183081, Event Number: 10108572

Date: 2011-06-05 17:08:03 CEST
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Overview of ATLAS SM Higgs Results

= T T T 1 T T T T T T T T LI 1]
bw — Exp. Obs. Exp. Obs. =
~ | - H-yy (1.08fb") ==== m—— H- ZZ— Il (1.96-2.28 fb™") _|
© [y . memm H- WW= vlv (1.70 fb™) ssriisns) s H— ZZ— llqq (1.04 fb™)
- W/ZH,H- bb (1.0afb") =-~-+ e Hs ZZ— llvv (1.04 fb™)
8 = H— 1t (1.06 fb™) |
IS
= 10
1 —
@ —
o\o |
LO -
m -
1 o
n ATLAS Prellmlnary L dt ~ 1.0-2.3 fb \(_-7 Tev CLs Ilmlts i
100 200 300 400 500 600
my, [GeV]
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Combination of ATLAS SM Higgs Results

b% ; ATLAS IPrIeIIm%lna}y' ~ ClsLimits ?
§ i — Observed i
= ---- Expected J

% 10 Mo Ld'[—1023fb_:
. I [(]+26 \s=7TeV 7
>

fp]

(@)

I IIIIII’

| llllll*

1 0-1 | | | | I | | | | I | | | | I | | | | I | | | | I
200 300 400 500 600

m,, [GeV]
SM Higgs boson mass excluded at 95% CL:
146-232, 256-282, 296-466 GeV

Expected exclusion range: 131 — 447 GeV

Sept. 26/11 John Parsons, Columbia University
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What about CMS Higgs Results?

= Combined -
o 10° Hooe ()
) H:;%é (51'.7 fb'))
H—s WW 1.5 o)
C HosZZ 4 (1.7170 |4
o HsZZ 5212t (1.1 1!
4 H— ZZ - 2l 2q %1.6fb'g
c HoZZ »2l2v. 1.6 b’
4 10 o o
O N N N
< —
O\ S
LO —_—
(®))

LoD piiil

lllLIJLllIIIlJlJI

100 200 300 400 500 600
Higgs boson mass (GeV/c?)

H
A y) i) L L 1 L L L I 1 N VRN N R D e
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CMS SM Higgs Combination

~

& . CMS Preliminary,\s=7TeV [ —s Observed | |
< | Combined, L =1.1-17 " B Expected + o
int . ,
P - O O N N AN Expected=20 ||
o o30Ce: 4 SRS NN RTINS -
et S, 2 —-— SRR RNy V /) LEP excluded .
- e \\\\\\\\\ \\\ \\ e 7| Tevatron excluded y
- RN N N \\\ _
s &
-0 \ WA \
5, I
SR N
ke SN \\ N
R N__ANNIN \
I/ | | | X\\I\\&\ | si.l\l | I \\\ | | | | | | | |
100 200 300 400 500 60

Higgs boson mass (GeV/c?)
Expected exclusion mass range: 130 — 440 GeV

Observed exclusion mass range: 145-216, 226-288, 310-400 GeV
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Comparison of Most Recent SM Higgs Limits

B Tevatron combination (CDF + DZero) — up to 8.6 fb!
B Observed exclusion: 100-109 and 156-177 GeV
B Expected exclusion: 100-108 and 148-181 GeV

B ATLAS — up to 2.3 fb’!

B Observed exclusion: 146-232, 256-282, 296-466 GeV
B Expected exclusion: 131-447 GeV

B CMS —up to 1.7 fb!

B Observed exclusion: 145-216, 226-288, 310-400 GeV
B Expected exclusion: 130-440 GeV

Sept. 26/11 John Parsons, Columbia University
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Rate of Progress in ATLAS Combined SM Higgs Result

—
o

95% CL Limit on o/cg),

ATLAS

101 Preliminary

—— Observed —— Observe s=7 TeV
---- Expected

fl_dt ~35pb’

---- Expected CL, Limits

ILdt ~1.0-12fb"

—— Observed [+ 1o

-1
J. Ldt~1.0-23fb —mm. Expected |:, + 20

100

Sept. 26/11

200 300 400 500 600

my, [GeV]
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Sept. 26/11

Selected Examples of
ATLAS Searches

for BSM Physics

John Parsons, Columbia University
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ATLAS Searches* - 95% CL Lower Limits (Status: BSM-LHC 2011)

MSUGRA/CMSSM : 1-lep +js +E,

MSUGRA/CMSSM : multijets + £,

Simpl. mod. (light i:) (0-lep+js+E

Simpl. mod. (light i.) (0-lep+js+E

Simpl. mod, (light 21) (0-lep+js+E,

Simpl. mod. (light % ') 10-lep +b-jets +j's+E,

Simpl. mod. (g—tty ) : 1-lep by bjets +js+E, .o
Pheno-MSSM (Iighsi ):2-lepSS+E

Pheno-MSSM (light ) ! 2-lep OS,__ +E ...
Simpl. mod. (§— gy ): 1-lep+Js+E

GMBB (GGI\SI + giqr%pL modal 17y + E M=

GMSB : stable ©

Stable massive particles : R-hadrons

Stable massive particles : R-hadrons

Stable massive particles : R-hadrons

Hypercolour scalar gluons : 4 jets, m,=m,

RPV (/1‘3”=0.10, Am=0.05) : high-mass eu
Bilinear RPV (¢t ., <15 mm): 1-lep +j's + E

T.miss
T miss

T miss

Supersymmetry

RS with k/M,, = 0.1 : diphoton, m, ,
RS withk/M, = 0.1 : dilepton, M
RSWithg _ Jg.=-0.20 1 Hy + Ej e
Quantum Bisck hole (QBH) :m, gt F(x)
QBH : High-mass &,
ADD BH (M, /M,=3) : multijet £p , N

ADD BH (MmlM =3): 88 dimuon N
7 qaqq contact interaction : F,(m )

qguu contact interaction : m.
....................................................................... SSM i
up

SSM :m

o EXxtra dims

......................................................................................... Tely..

Scalar LQ pairs (5=1) : kin. vars. in egjj, evjj

4™ generation : dd,—~ widit tZ-Iep S8S)
St+AA Tep+jets + £,
Techni-hadrons : dilepton, m__, up
Major. neutr. (LRSM, no mixing) : 2-lep + jets
Major. neutr. (LRSM, no mixing) : 2-lep + jets

H." (DY prod., BR(H’L*—mu)=1§ M s
Excited quam‘s( : mdgn]
Axigluons : My

Color octet scalar : m

Tleh Qen.

Other exotica

.................................................................................................. diet..

.......................... ch. part..

QQ,— WqWg

g mass N
gmass (foB m(b) < 600 GeV)
g mass (for m(y ,) <80 GeV)
g mass
g mass
% mass (for m(g) < 600 GeV, (m(i’) - m(% )/ (m(@) - m(3 )} > 1/2)
g mass (for m(bino) > 50 GeV)
T mass

ATLAS

Preliminary

J.Ldt =(0.031 - 1.60) fb™'

Vs=7TeV

= g mass
b mass
t mass
sgluon mass (excl: m,, < 100 GeV, My = 140 + 3 GeV)
V. mass
g=gmass
Mp (8=2)
Compact. scale 1/R
Graviton mass
Graviton mass
KK gluon mass
Mp (5=6)
Mo
My (5=6)
M (5=6)
L=36 pb (2010) [arXiv:1103.3864 {Bayesian limit)] 6TTev. A
L=42 pb™ (2010) (arXiv:1104.4338] 45TV A
L=1.0841.21 fb” (2011} [arXiv:1108.1582] 183Tev Z' mass
L=1.04 fb™ (2011) [arXiv:1108.1316) 2457w W' mass
1 gen. LQ mass
2™ gen. LQ mass
Q, mass
d, mass
T mass
p fw; mass (for m(pTImT) -min;) = 100 GeV)
N mass (for m(W R) =1TeV)
W, mass (for 230 < m(N) < 700 GeV)
H'* mass
qQ* mass
Axigluon mass
Scalar resonance mass
I I I | | I I I | | IIIIIII| | I |
107 1 10

Mass scale [TeV]
49

*Only a selection of the available results leading to mass limits shown
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Models with Extra Dimensions

B Motivated by string theory, models arose in the late 1990s using extra
dimensions to try explain the hierarchy problem of the SM

B The original proposal of Arkani-Hamed, Dimopoulos and Dvali (ADD)
postulated the existence of a number n of large (~1 /eV) extra flat spatial
dimensions, into which only gravity can propagate

B Expect “Kaluza-Klein (KK) tower” of massive (eV-spaced, ie. almost
continuous) graviton states which, if produced, would escape detection -
E miss

B A year later, Randall and Sundrum (RS) proposed a model with an additional
~1/TeV-scale “warped” extra dimension

B KK tower of TeV-spaced massive gravitons, which decay to SM particles

B  While both models originally assumed only gravity could propagate in the bulk,
it was soon realized that a subset, or even all, of the SM particles could also

B In “Universal Extra Dimensions” case, expect KK towers for all SM
particles

Sept. 26/11 John Parsons, Columbia University 50



Search for RS Graviton

B Can search for lightest RS KK graviton by looking for a resonance at high
mass in the invariant mass distribution of SM particle-antiparticle pairs

-‘9 1 06 I I I I I I I 1 I IDI ;
C e Data 2011 =
g ATLAS A =
w10 J‘ 1 [ Diboson =
= ) B i =
10 Ldt=108f" B¢
‘ e — CJQcCD -
10°E \s=7TeV [JG*(1000 GeV)o
= [1G*(1250 GeV) =
10° s [JG*(1500 GeV)J
10 E
1E E
107" | =
1072 E g=t
1 | I | 1 1 1 1 1 1 1
Ph.D. thesis of E. Wulf, 80 100 200 500 1000 2000
RS G — eeand G — vy m,. [GeV]
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Dielectron Event with m(ee) = 959 GeV

80 ET (GeV)

70

60

50

40

30

20

10

Run Number: 183462, Event Number: 48979599

Date: 2011-06-14 02:48:15 PDT
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Search for Z’ — upn

B In addition to RS Graviton, can use high mass dilepton spectrum to search
for heavy Z’ bosons

I | I I | I I

2 10° -
o ATLAS T
> 5 2y B
w 10 J‘ 1 [ Diboson E
= ] Bt .

10° Ldt=1.211b B . Jets =

e [JQcD =

10° \s=7TeV [JZ'(1000 GeV) 3
[1Z'(1250 GeV) =

10° [JZ'(1500 GeV)

10 -

80 100 260 500 1000 2000
m,, [GeV]
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¢ B [pb]

RS Graviton and Z’ Search Results

T IIlIIIIIIIIIIIlII|III|III|I3‘ II|III|II|III|III|III|I
1 ATLAS - Expected limit == 1| ATLAS - Expected limit -
. \s=7TeV  mlExpectedtic J - \s=7TeV  mExpectedtic 3
N G* = ee Expected+ 26 B G* = up Expected+ 26 7
u — Observed limit _| N — Observed limit |
1 e /M, = 0.1 y w= k/Mp, = 0.1
107 kM, =005 5 107§ KMy =0.05 =
3 — kM, =0.03 3 - — kM, =003 7
n — kM =001 ] n — kM =001
102 = 107 =
Eee:det -1.08b" ] :uu:_[l_dt =121 ]
10-3||||1||||11||||1|||1|1|l|1||1|1 ||| 10'311"‘I'l||1|ll|1lllllllIlllllll i
02 04 06 0.8 1 12 14 16 1.8 2 0.2 04 06 0.8 1 12 14 16 18 2
m [TeV] m [TeV]
TABLE III: Observed (Expected) 95% C.L. mass lower
limits in TeV on Zigy resonance and G* graviton (with
IC/]VIPIZO.I).
Model ete” T (AN
ZLsm 1.70 (1.70) 1.61 (1.61) 1.83 (1.83)
G* 1.51 (1.50) 1.45 (1.44) 1.63 (1.63)
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UED Analysis in yy + E miss Final State

B Consider case of 1 UED with compactification radius R, embedded in larger
space of N “ADD-type” extra dimensions

B Pair of KK quarks/gluons would cascade
decay down to “LKP”, the lightest KK photon

B If “KK parity” broken by gravitational
interactions, allows decay y* — v+ G

B Final state would be yy + E miss

*

® Previous DO limit (from former Columbia s _vl\'— .
Y

student’s thesis) was 1/R > 477 GeV @ 95% CL

B First ATLAS result (one of first BSM results, using only 3 pb-!!) increased
this limit to 1/R > 728 GeV @ 95% CL

(recent update with 1 fb-! increases further, to 1/R > 1226 GeV)
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UED Analysis in yy + E miss Final State

B Given quality of understanding of detector from day one, we were able with
VERY early data in 2010 to already demonstrate our control of the
backgrounds, and in particular tails in E miss distribution

—
o
N

Entries / 5 GeV
o

10

10

Sept. 26/11

- ~Data 2010 (\s =7 TeV)
salii == Misidentified jets -
n ) WZ—ee ]
- = = W(— ev)i i
= __a JLdt =3.1pb’ | 5
- ATLAS
. ' j | | §
0O 10 20 30 40 50 75
ET"*° [GeV]

—_
o
N

—
o
T IIIIIIII

Entries / 5 GeV
| Illlml.

—
Qe

T [IIIIII| T IIIIIII| T IIIIIIII

—
Q
\V]

ATLA

det = 3.1 pb’

S

—— Data 2010 (\s =7 TeV)
&= Total background

[ JUED 1/R = 500 GeV

[ JUED 1/R = 700 GeV

lIlllII | llllllll | Illlllll |

| Illlllll 11 lIIll[ |

| ] |

0 10 20 30 40 50

John Parsons, Columbia University

150 | 600
E™s [GeV]
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Large ED (ADD) : monojet

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: BSM-LHC 2011)

T 1
Mo (6=2

UED:yy+E_
RS with k/M_, = 0.1 : diphoton, m.,

Compact. scale 1/R

Graviton mass

ATLAS

Preliminary

9
% RS with k/M,,, = 0.1 : dilepton, m, Graviton mass J’-df = (0.031 - 1.60) fb"
é RS with gqquK/ g.=020:H,+ E; ., KK gluon mass Vs=7TeV
g Quantum black hole (QBH) : m,,..,. F(x) M, (5=6)
h QBH : High-mass o, ,
ADD BH (M,/M,=3) : multijet 5p N,
ADD BH (M/M,=3) : 8S dimuon N, ... M, (5=6)
\ ....................................... qqqq contactmteractlonFl(mduet) L=36 pb” (2010) [arXiv:1103.3864 (Bayesian limit)] 6rTev. A
Q .............................. qqup contact interaction :mHH L=42 pb” (2010) [arXiv:1104.4308] 49TV A
S I SSM:m,... |e=1.08-4.21 " (2011) farxiv:1108.1582] 183Tev. Z' Mass I
SSM: My |L=1.04 b7 (2011) [arXiv:1108.1316) 2451ev. W' mass
o Scalar LQ pairs (=1) : kin. vars. in eejj, evjj * gen. LQ mass
- Scalar LQ pairs (f=1) : kin. vars. in ppjj, pvijj 2" gen. LQ mass
"""""""""""" 4" generation : coll. mass in Q @, WaWq_ Q, mass
4" generation : d484—> WtWt (2-lep SS) d, mass
TTyhgen = HFAA 1 1-lep +jets + E, T mass
Techni-hadrons : dilepton, Mo pr/"’T mass (for m(PT/‘”r) -m(n;) = 100 GeV)
E, Maijor. neutr. (LRSM, no mixing) : 2-lep + jets N mass (for m(W ) = 1 TeV)
O Maijor. neutr. (LRSM, no mixing) : 2-lep + jets W, mass (for 230 <m(N) < 700 GeV)
H.* (DY prod., BR(Hil—mu)=1) M ikesign HE* mass
Excited quarks : M jien q* mass
Axigluons : m ., Axigluon mass
Color octet scalar : m,,, Scalar resonance mass
.......................................................................................................................... ol Sl ol
10™ 1 10 10°

*Only a selection of the available results leading to mass limits

shown

Mass scale [TeV]



Gauge Mediated SUSY Breaking Models

B In GMSB models, SUSY breaking communicated by usual gauge interactions
B An advantage is the “natural” absence of FCNC

B In GMSB models, a light (~keV) gravitino is the LSP

B Phenomenology dominated by nature of “next-to-lightest” SUSY particle
(NLSP)

B NLSP can be lighest neutralino, which then decays via x,' = v+ G

B Assuming R parity conversation, strong production of squark and/or gluino
pairs leads to a final state of yy + E miss

B Can reinterpret UED study of this final state in GMSB context
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GMSB vy + E;miss Result

m [GeV]
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GMSB (cont’d)

B In GMSB, NLSP can have a finite lifetime, giving rise to the possibility of
photons which are non-pointing and delayed, as compared to those coming
from prompt production/decays (Ph.D. thesis of N. Nikiforou)

beamline

B Use ability of EM calorimeter, using its fine segmentation, to measure
trajectory of photon (as shown before for H — yy analysis)

B Can also use excellent timing resolution of the EM calorimeter
B Currently, we have calibrated the timing with a resolution of ~ 600 ps

B  Good first step, but there a lot of work to do to reach final expected

value of ~ 100 ps (fortunately, we have a lot of data to work with!)
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: BSM-LHC 2011)

MSUGRA/CMSSM : 0-lep + j's + £ ... §=gmass ATLAS
MSUGRA/CMSSM : 1-lep + j's + E; .. 5 = 5 mass Prellminary
MSUGRA/CMSSM : multijets + E; .. gmass (for m(q) = 2m(Q)) jl_dt =(0.034 - 1.34) fb™'
Simpl. mod. (light ) : 0-lep + |'s + E e, §=gmass Vs =7TeV
Simpl. mod. (light i?) 10-lep +j's+E; g mass
Simpl. mod. (light i?) 10-lep +j's+E; g mass
Simpl. mod. (light 7.) : 0-lep + b-jets + 's + £ ., g mass (for m(b) < 600 GeV)

T miss

Simpl. mod. (§-tT7,) : 1-lep + brjets +j's + E gmass (for m(%;) < 80 GeV)

Pheno-MSSM (light 7.) : 2-lep SS + Er dmass

Pheno-MSSM (light 72(1]) : 2-lep OSSF +EL s g mass

SUSY

7° mass (for m(@) < 600 GeV, (m(7") -m(z°)) / (m(@) - m(%")) > 1/2)

_§ mass (for m(bino) > 50 GeV)

T mass

Simpl. mod. (§— qgg ) : 1-lep +j's + E, ..
GMSB (GGM) + Simpl. model : yy + E

T .miss

GMSB : stable T

Stable massive particles : R-hadrons g mass

Stable massive particles : R-hadrons b mass

Stable massive particles : R-hadrons t mass

Hypercolour scalar gluons : 4 jets, m; =~ m,, sgluon mass (excl: m,, < 100 GeV, my, = 140 = 3 GeV)

RPV (4;,,=0.10, 2,,,=0.05) : high-mass ep

3 V. mass

Bilinear RPV (ct o, < 15 mm): 1-lep +j's + E; ..

g=gmass

10" 1 10

. . . . Mass scale [TeV]
*Only a selection of the available results leading to mass limits shown
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Summary and Outlook

B ATLAS has recorded > 3.5 fb™! of 7 TeV pp collisions

B Physics analysis is in full swing
B During 2010, collected ~ 40 pb-! and submitted 16 papers

B During 2011, submitted 54 papers so far (with 20 more undergoing
internal review)

B So far, no sign of new physics (despite many searches probing scales > 1 TeV)

B SM Higgs boson running out of places to hide:
B Excluded at 95% CL for m(H) in ranges 146-232, 256-282, 296-466 GeV

B Data taken by end of 2011 run should be sufficient to cover mass range
down to LEP limit

B These are exciting times, and the outlook is very bright!

B Plan to run at 7 TeV (or perhaps slightly higher) thru end of 2012, before
shutting down to prepare for operation at 14 TeV design energy

B Longer term planning for lumi. upgrade (and even eventual energy
upgrade) are already underway
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