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Proton Collisions at 7 TeV

+ Colliding two beams of 3.5 TeV protons at the LHC as of
March 2010
- 1 TeV=10%%eV
- Factor 3.5 more energy than Tevatron p-anti-p collider

- First run ended last week: most of the data taken in 2




Overview

» Which questions do we want to answer with
the Large Hadron Collider (LHC)? What is the
LHC?

A collider detector (CMS) at the LHC, and how
we do physics with it.

* How do we search for New Physics, and first
results from the early data.
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The "Standard Model”

* Over the last 4 decades we have
developed a model that explains all known
phenomena and has extraordinarily
successful prediction power

- Quantum Chromo Dynamics + Unified
Electroweak Theory

+ We have tested it to energies O(100 GeV)
- ~10-18m
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The Standard Model (SM)

The Matter Particles (Fermions):

ciemonsd | @ | @ | @ | -
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quarks a Q Q273
6 “flavors” 0 e °
Q=-1/3

.plus antiparticles of opposite charge:

Electric charge
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- electron: M, =0.0005 GeV/c? (=10-3%q)
* u-Quark: M;=0.005 GeV/c?
* c-Quark: M =12 GeV/c?

* t-Quark: M; = 173.3£1.1 GeV/c?
~>almost as heavy as an atom of gold!!

These are experimental observations--
masses cannot be predicted in the SM
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transmitted by exchange of Spin 1 Gauge-Bosons
between the Spin 3 Fermions

Force Boson Mass Couples to
Strong Gluonsg O Quarks, gluons
(nucl.binding) Strongly charged
Electro- Photonsy O Leptons, ..
magnetic Electr. charged
Weak W+ 91 GeV  Quarks, leptons
wW,Z

0 :

(nucl decay) £ 80 GeV Weakly charged
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EWK symmetry breaking in the SM:

the "Higgs Mechanism”

* W, Z and the fermions acquire mass by interaction with
the Higgs field

u Analogy: effective mass of
<H> electron moving through
) AN crystal lattice

u

* Photon doesn't interact with Higgs, remains mass-less
(and long-range)

» Large Fermion mass hierarchy put in by hand via
appropriate coupling constants spanning 5 orders of
maghitude

. Higi]qs not (yet) observed. It would be observable at the
TeV scale.
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As the Higgs propagates, it interacts virtually with all
particles it can couple to, e.g. Fermions

this would contribute to the Higgs mass (“radiative
corrections”)

Higgs mass can receive enormous corrections
proportional to the largest scale in the theory ("Planck

Mass", 1012 GeV)
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One plausible solution:

Many theories suggested, one of them is
Supersymmetry (SUSY)

- We know that a boson loop would contribute to
Amy, with opposite sign
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- Supersymmetry allows for systematic cancellation
between Fermion and Boson loop contributions
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* Implies that for every known Fermion there
exists a new "superpartner” boson and vice-
versa.

+ If this is true, the superpartners must be
heavier than the ordinary particles, and they
exist at the TeV scale.

» The lightest superpartner (e.g. neutralino) is
neutral and stable and would be an ideal
candidate for dark matter
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Transmission of forces

11/17/2010
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name |spin | Super spin

BORIE) name |spin |Super |spin
photon |1 photino | 1/2 partner
gluon |1 gluino 1/2 lepton |1/2 |slepton |O
W+- |1 Wino 1/2 quark |1/2  |squark 0
L 1 Zino 1/2
Higgs |0 Higgsino | 1/2 Matter Particles




Summary: Part 1

* The fundamental questions we are trying to
answer with experiments at the TeV scale:

- Does the Higgs boson exist? If not, something else
must be at work at the TeV scale.

- What is the complete picture? SUSY? Is the
lightest Superpartner = Dark Matter?

*+ The LHC is the machine that allows us to
explore the TeV energy regime
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Summary: Part 1

* The fundamental questions we are trying to
answer with experiments at the TeV scale:

- Does the Higgs boson exist? If not, something else
must be at work at the TeV scale.

this talk
= What is the complete picture? SUSY? Is the
lightest Superpartner = Dark Matter?

*+ The LHC is the machine that allows us to
explore the TeV energy regime

11/17/2010 Julia Thom, Cornell



What is the Large Hadron

Collider (LHC)?

- A 14 TeV proton-proton collider (currently at
7TeV)

- 1 TeV=10%eV
- A factor of 7 more energy than the Tevatron

+ 27 Km long tunnel, 100 m below ground

» 9300 superconducting magnets (1232 dipoles)
- 60 tons of liquid helium
- 11,000 tons of liquid nitrogen

* Energy stored in magnets = 10 GJ
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The LHC collider basic layout

accelerating cavities

bending magnets (dipoles)

7

focusing magnets

p+ Vacuum
- S chambers
injection at
450 «GeV
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» Each of the 1232 dipoles....

- is 15 m long
- carries 11.8 kA of current
- provides a fieldof 8.3 T

* There are 2808 "bunches" of protons in each
beam
- 10! protons per bunch
* When brought into collision the transverse
size of the bunches is of order 10 um
- O(20) collisions per crossing
- Crossing occurs every 25ns
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Where do the protons come from?
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Picture of the tunnel

- .‘
> &
-

11/17/2010 Julia Thom, Cornell



Overview

+ A collider detector (CMS) at the LHC, and how
we do physics with it.
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The CMS collaboration:
3170 scientists and engineers (incl.800 students)
from 169 institutes and 39 countries




The detector tries to measure the 4-momenta of all
particles in a pp collisions

3-momenta of charged particles are inferred by
reconstructing tracks as they bend in a 4T magnetic field

For neutrals (y, neutrons), energy is measured by size of
"shower" in instrumented material (calorimeter)

The interactions patterns
of particles with the detector
elements allows to "identify"

the particle species
- e.g., electron vs muon vs proton
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Central feature of detector is
superconducting solenoid with 4T axial field:

't ST g . e LY S ' " ' n
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Magnet insertion, 12,000 tons. Stores enough energy to melt 18 tons of gold.
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Bore of the solenoid is outfitted with various particle
detection systems. Among them: the silicon pixel and
strip tracker which measures particle trajectories.

i | N -
//’ L. i s
Insertion of the tracker.
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CMS silicon strip tracker

» Single-sided p-type strips on n-type bulk
» Thickness: 320-500 um, strip pitches: 80-200 um
»+ Small angle stereo angle of 100 mrad

Diameter 2.4m 7 I .
Lensth 5.4m vy I | .
Volume 24.4m3 - I .
5 ——
A5

Running temperature 2100

ik T
Dry atmosphere for 10 years M ’93" §

————

R

p— e S
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CMS silicon strip tracker

/ = == I‘&asmlc muon track, reconstructed

=~ _— = from charge deposition on Si strips

m—d

g ]~
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Silicon pixel detector

Adds crucial tracking resolution in the area closest to the beam

rear contact

R i _SENSOR
N ™ CHIP

.......
;

e Tregeny

.......

Sensor-substrate
(n-doped, depleted)

READOUT : I I O I I O
CHIP

BUMP

BONDS ‘
READOUT WIRE-BOND PADS FOR
CONTROL DATA OUTPUT, POWER,
CIRCUITRY AND CONTROL SIGNALS

3 layers + 2 forward disks
- 66 Million Pixels, 1m2 of silicon

- pixel size limited by readout circuit and
heat/power dissipation limit (150x150um)

+  Time to read out 1 hit: 6 bunch crossings
»  Charge deposition threshold on a pixel ~2500e
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Silicon pixel detector
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The Silicon tracker..

..allows us to reconstruct particle tracks with micrometer
precision and extrapolate to their origin within the beam pipe

SRS

INTE %2010 CEST

rEXpe gnha
SR
SN

un/Evel~r03 SN IR0 0OD [y
i sections18 N\ /
™LA\

\f

N

Data event display, zoomed into first
few cm. Observe 2 events (“Pile-up")
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Collision recorded at CMS, 2010

<
.

_\EMS Experiment at the LHC, CERN

b A : [ : Z
ecorded: 2010-Jul-08,02:25:58. 839811 GMT(04 2'%\‘.5 g{FST}f / / >
439779 / 4994198 \ \ ' A A ,

e of the OV
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What are the objects we can

reconstruct with this detector?

1) Gluons and quarks do not directly show up in
the detector. They form "Jets".

- Quarks and antiquarks are pulled from the
vacuum and bound states are formed (hadrons,
eg, pions, protons, etfc)

- If the original gluon or quark is energetic
enough, the result is a spray of hadrons (=" jet")
that preserves the direction and energy of the
original gluon or quark (more or less)
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Example: production of 2 gluons results in 2
jets (back to back) in the detector

» Can reconstruct the 4-vector of each jet and
determine the invariant mass

* Here: a di-jet data event with m;;=2.13 TeV

—_—

“Jet 1 Py: 585 GeV

."‘.
! \
i -,
! ~ .
: . -
-
Ny
.
- i \ \-

Jet 2 Py: 557 GeV
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2) Neutrinos (or dark matter particles)

+ They do not interact

* Their presence is inferred by conservation of
momentum ° B, = — 5 Pigipe

In practice this can only be done in
the plane transverse to the beam
direction, since particles escaping
down the beampipe are not measured

-called "Missing Transverse
Energy” MET

W—e +v
* Most SUSY models predict that dark matter
particles (LSPs) produce MET of at least 100 GeV
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MET: Experimental Challenge

‘False MET can be created
by instrumental noise and
other effects

- a "hot" channel in the
calorimeter mimics MET
in the opposite direction

- cosmics, beam halo,..

‘Great care has to be taken

to clean reconstructed MET

of these effects

11/17/2010
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—— Before cleaning
—— After ECAL noise cleaning
—— After HF noise cleaning

——— After HB+HE noise filtering

CMS data, 2010
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An example of the detector response

to a complex decay: top quarks

Heaviest known quark,
discovered in 1995 at the
Tevatron

Top pairs are produced at the
LHC as well. In the SM, each
top quark decays to a W
boson and a b quark.

Example final state:
- at least 2 jets (from b quarks)
- missing E+ from the two v's

- two leptons
11/17/2010 Julia Thom, Cornell




Event il ing is OFF Luml block id: 160

amary View
Add Collection Rho Phi N 3D Lego
&E Ecal

Electrons
Vertices
DT-segments
CSC-segments
Photons

MET

pMet




details: uu+jets event

CMS,_ | CMS Experiment at LHC, CERN
g Data recorded: Sun Jul 18 11:13122°2010 CEST

A Multiple primary vertices —
Br =57 GeV/c ¢ =22 multiple pp collisions (“pile-up”)

b-tagged jet

pr=458eWe n'Qu 12 = 09 Jets & muons originate from
same primary vertex

b_tagged iet ('|\1€:I LU [ lllllllll l lllllllll I lllllllll I lllllllll [I TT

pr=56 GeV/c, n =0.7, = 0.0 X 5 [} 5 10 15
R - _ L4/ NS Experimentat LHC\CERN
B pr 987 GRX/&Q@= @t © = -2.1 T | Dataecorded: SuRyul 18 11:13:22 2010 CEST
Run/EVen~140379¥.186650665 | 8

Lumi seclions 18§

Dimuon mass 26 GeV/c

m(uu) = 26 GeV/c?

Preliminarily reconstr. mass is in the
range 160—220 GeV/c? (consistent
with m,, )
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How top quark pairs (or
W ,Higgs,SUSY etc) are produced

» The interesting collisions are the "violent" collisions
where a lot of transverse momentum is exchanged

- Here we can think of collisions between the
components of the proton (quarks,

).

- Note: their momentum is unkngwn!

. -
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The hard scatters: the production
cross sections as calculated in the SM

sVS=2 7 14TeV
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-Jet production is so large
because it is a strong

process, €.9. gg->gg

- Top quark pair production
(and other interesting
physics) is suppressed by
many orders of magnitude

-SUSY particle production
of order 10-°mb



How we beat down 9 orders of magnitude
of background: the “Trigger"”
o(pp) ~ 100 mb
* Gives an "event rate" of order 100 MHz

» Each event is ~ 250 kb
+ 250 kb x 100 MHz = 25 Tbytes/second

|

N
WORGE CHAM B 200

- Trigger is the system that
selects the ~ 200
events/second that are
saved for further study

- Most of the events are
thrown away!!l!

ilia Thom, Cornell




The decision on what to trigger on has enormous impact
on the physics that we can do

Trigger selects objects (e, u, MET, jets..) or
combinations thereof
- Currently have O(100) triggers

All kinematical distributions fall steeply with Py >
trigger selects objects above a threshold

- compromise between competing priorities

- A source of great debate in the collaboration

If you want to search for a particular NP signature:
1. Check that your events have been triggered on
2. If not, try to convince people to devote bandwidth to your idea
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* First decision (16Hz to 100 kHz) is made at detector level
+ Second decision (100 kHz to 150 Hz) is made with software
- Current total trigger processing time per event: <50 ms

CMS Trigger Design CMS Preliminary
£
parameters s HLT_L1Jot6U
- -]
) HLT Jet15U
o
Detectors 2 .
= HLT Jet30u
Digitizers T
HLT_L1Mu
Front end pipelines HLT L1Mu20 N
I Run 137028 HLT Mu3
I Monte Carlo -
~100 HLT Mus
kHz Readout buffers ]
HLT_Photon15_L1R
1 Tb/s M Switching networks HLT_Photon20_L1R
HLT Ele10_LW_L1R
HLT Processor farms 7
HLT Ele15_LW_L1R
HLT Ele20 LW L1R
~150 .
H = HLT_L1_BscMinBlasOR_BptxPlusORMinus

102 10" 1 10
11/17/2010 Julie Rate (Hz)



Summary: Part 2

* Physics objects we observe in the detector are:
- Jets

- MET

- electrons, muons, photons,...

+ They are the stable decay products of hard
scatters of the proton constituents

- Main process in hard pp scatters: jet production.
Higgs, top, SUSY, efc are very rare

* A trigger selects ~1 out of each million of events
to be saved for further study
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Overview

* How do we search for New Physics (NP), and
first results from the early data.
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how we plan to "discover NP”

1. Most dramatic: signals that stand out, e.g. mass peak
of di-jets
- E.g. a mass peak
X->AB, measure the 4-momenta of A & B, then, (P,+Pg)2=M,?

2. Less dramatic, but just as important: compare counts
of events of a given type with the SM expectations,

- e.q.if we select top quark decays, do we get the number of
events we expect?

3. compare distributions with the SM expectation,
- for example the MET in jet events.
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Example for a search for resonances:

the di-jet mass spectrum

*  Many NP models predict
new massive objects
coupling to q,g, resulting
In resonances

» Starting to exclude
certain NP ranges, e.g.

- string resonances with
m<2.6 TeV decaying to qg

- Composite excited quark
mass m<1.6 TeV

- Many others..

I I I I I I I I |
—e— CMS Data (2.9 pb™)
— Fit
[ ]10% JES Uncertainty

----- Excited Quark

do/dm (pb/GeV)
<

~

— —

Q o
nN —_

lllITl T IIIIHTI

—
Q
w

—
Q
H

| A

------ QCD Pythia + CMS Simulation

— - String \s=7TeV
M <25&IAnl<13 o

el

500

1 1 | | | | 1 | | | |
500 1000
Dijet Mass (GeV)

| I | |
2000

Reach extending beyond the Tevatron
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Less dramatic "signal” search: check if
number of events passing event selection
larger than SM expectation

arXiv:1010.5994 ; CERN-PH-EP-2010-039

I I I I

-Select events with 2 leptons (e,u)

(1] »
;:: - CMS ® Data ]
. . . . oo > [ 3.1pb" \Js =7TeV B tt signal ]
and high energetic jets, significani @ 12} L rents with soiron| @z predicton
PrT - mz 1
missing energy (MET>30 GeV) ok = 1
- Cw ]
. - [ Non-W/Z prediction -
'MIIQSTOHZ for' CMS: We hGVe 8- ;/?Z;//Zaz -:ckgwun:e::mtty ]
“rediscovered” the top quark [ 7 2 :
‘note: backgrounds are measured
from the data in control samples

0 2 3 =4
Number of jets

o(tt) =194 = 72(stat) = 24(syst) = 21(lum) pb

SM calculation: NLO: o(tt)=157+23 pb at m=172.5GeV/c?.

11/17/2010 25x bigger than at Tevatron!



Less dramatic “signal” search: check if
number of events passing event selection
larger than SM expectation

arXiv:1010.5994 ; CERN-PH-EP-2010-039

-Select events with 2 leptons (e,u)
and high energetic jets, significant
missing energy (MET>30 GeV)

(=)
(2]
=
(7]

—

3.1pb'at \s=7TeV
Events with ee/upu/en

A Data MWT
Data KIN T
------- All simulation MWT

Events / (20 GeV/cz)
0
|

F~y
LULENLE L L L L

‘Milestone for CMS: We have : s
“rediscovered” the top quark st o41e - Background MWT ]

aebfes Background KIN

All simulation KIN ]

20 L -
*Checking for consistency with the gy I | ]
top mass hypothesis - o | !
35 L s

100 150 200 250 300 350 400
Reconstructed top mass [GeV/c2]

o(tt) =194 = 72(stat) = 24(syst) = 21(lum) pb
SM calculation: NLO: o(tt)=157+23 pb at m=172.5GeV/c?
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How well can we predict the

backgrounds?

* Our SM calculations give well-tested predictions
for many processes

» But some background processes are difficult to
calculate, due to
- instrumental effects in the detector

- We don't know the fraction of transverse momentum
carried by the proton constituents

- Non-perturbative calculations

» Certain processes are unknown to O(2) or more

- Crucial to have a good estimatel Have to estimate
background from data itself, using clever tricks

- This is where 90% of the work goes!
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pp = jets + MET is a generic signature of SUSY:

1. Squark pairs are produced.

2. Each squark decays to a
quark and a Neutralino
(Dark Matter particle).

3. We would "see” 2 jets and
MET (~60GeV or more)

Pr(Darkl) 4+ Pr(Dark2) = — 3 Pr(visible)

* Not trivial to distinguish it from a di-jet event with
instrumental (fake) MET.
Can we rely on calculations and detector simulations?
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How well we can predict the tail of

the MET distribution?

Example di-jet events

%J 10* CMS Prellmmary 20105
O \'s=7 TeV
ﬁ —— Data
3
% 10 . Simulation
g ]
o2 Data: from small initidl data sef,
© . where we don't expect to have
2 ¢ any sensitivity to New Physics
5 10 !
Z |I

0 20 40 60 80 100 120 140
Pf I, [GeV]
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Example: MET shape prediction
from the data

Form templates from data to model (frue and fake) MET,
using Jet and y+jet triggers

+ Test template prediction in region relevant for SUSY
searches

CMS preliminary, 65 nb' at 7 TeV

e vy +23 jets data

:H —— Template prediction

L

[—
e}
L Ill

Events /5 GeV
;ﬁ

-1 NP B P - rs PN PR
109%77""10 20 30 a0 350 60 70
MET (GeV)
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Model Discrimination

Perelstein, JT, et al Phys.Rev.D79:075024,2009

 How much data is needed to
distinguish between two look-  Example Distribution: cos ©

alike New Physics models? between 2 most energetic jets
- For example: SuSy and Little F |
ioos wil [ra=opt
- Same signature in the CMS M- o e [
detector, but different spin 250/~ M_A—J | 1——-‘*—‘-]# |
- Jjet angular correlations carry 200 |
information ot

150%— data points: assume SuSy
100- Histogram: LHT model

b
50
b

» using full detector simulation:

at least 2 fb-! needed to
exclude wrong hypothesis

.l LA l LA l LA l A A A 1 A A A L A l - l LA l LA
017 08-06-04-02 0 02 04 06 08 1
cos 1y,
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Summary: Part 3

* We have begun to search for New
Physics in all ways we can think of
- Looking for mass peaks

- Looking for disagreement with SM
prediction, e.g. in MET shape

» Crucial: solid calibration of backgrounds
using data
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* Our initial data sample, taken at half the design
COM energy of 7 TeV, is large enough to gain a
very solid understanding of the detector effects
and response to Standard Candles

- we are measuring top, W, Z cross sections, and much
more

- All detector components are working well

* We may even see first discrepancies with the
SM, but will become much more sensitive with
the next run and higher energy.

» Stay tuned for results to come out this winter!
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LHC operations: the future

Short term: at least 1 fb-! delivered by end of 2011

- Will go back to pp collisions early next year

- Energy will increase slightly next year, and will increase to 14
TeV in 2013

Longer Term: 3000 fb-!collected by end of LHC life

Total Int (fb-1)

- Preliminary Long Ter

1000.00 +

100.00 -

10.00 +

1.00 +

0.10 -

0.01 -
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Backup Material
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SM Higgs Prospects

+ SM Higgs: combination of yy+WW+ZZ search
channels

+ With 7TeV, 1fb-! by end of 2011
- expected 95% CL exclusion range: 145-190 GeV
- Conservative estimate, based on yy+WW+ZZ channels only

CMS Preliminary: projection for 7 TeV, 1 fb” Mar 17 2010

=
2]
L
3 104 Hyy + HWW + HZZ
bc»

— 95% CL exclusion: mean
1 B 95% CL exclusion: 68% band
o ] 95% CL exclusion: 95% band
1 95% CL exclusion: mean (no sys)

100 120 140 160 180 200
11/17/2010 Higgs mass, m  [GeV/c 7]



SM Higgs: Tevatron

Status as of Summer 2010 (have 2x more data)

- o -1
I'evatron Run II Preliminary, <L> =359 b

- — —e — — .
ﬁ LLEP Exclusion Tevatron
= 10 | “ _ Exclusion
S amaas Expected .
§ R . ety : /
) — :ln ::.\pﬂ:ltg .
20 Expect
- ol 20
o
X
wn
=

SM=1

e | OV AL nl xclusion

July 19,2000 Tevatron Projection

100 110 120 130 140 150 160 170 180 190 200

Tevatron extension through 2014
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mH(GeV/c )

N x
;- ~

NP PP PR PR PP PP PP P RS
100 110 120 130 140 150 160 170 180 190 200

Higgs Mass (GeV/c?)

Expected Significance (o)

N

Julia Thom, Cornc..



CMS: Integrated Luminosity 2010

E
2500

2000

1500

1000

500

0 1 L 4 1
30/03 10:10 29/04 02:29 28/05 18:47 27/06 11:05
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CMS CMS Experiment at LHC, CERN

: Data recorded: Mon Nov 8 11:30:53 2010 CEST
| Run/Event: 150431 / 630470
—"_ | Lumi section: 173

now taking
Pb-Pb data
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What happens when two protons
collide?

* Most of the times: not very much

» The protons might break up with most
daughter particles going down the
beampipe. A few ( ~50-100) particles
with small fransverse momentum (P-)
show up in the detector
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Elements of Particle Detectors

* Momentum measurement of charged particles
- path radius of charged particles in Magnetic Field

* Measure tracks of charged particles through
charge deposition on silicon microstrips an
silicon pixels (3D)

* Measure Energy (Calorimeters)
- Through electromagnetic and hadronic interactions

» Identify muons from tracks and hits in muon
drift chambers
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Experimental Challenges

- High Interaction rate

- data for only ~10 out of 1 million bunch crossings
can be recorded.

- Need to make quick decision if event should be
recorded (" Trigger")

» 20 superimposed proton collisions in each
bunch crossing
- ~1000 tracks stream into detector every 25 ns

- need high granularity of detector -> large humber
of readout channels

» High radiation levels
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Higgs Production at LHC

* Proton Collision Center of Mass Energy is
7 TeV

* Probability to produce Higgs
is ~1in 10%3

» That's ~100 Higgs Bosons per day™

+ detect them through their (stable) decay

products —
* Not necessarily recorded!
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Higgs Decay Modes

. SM Higgs branching ratios (HDECAY)

bb
.g WW
e
4
'g 0.1} 144 _
L R
cc
102

100 120 140 160 180 0
my, (GeV/c?)
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Higgs decays

* assuming my~ 200 GeV

» Can decay into two Z bosons, each of which
decay into 2 muons,

- Final State: 4 muons M \
./-
7 M

p H/p

— ) -

/z

‘w/.&"'
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Computing Power

* Average event size 1Mbyte
» Data production: 1TByte/day
+ 300 readout crates, 10000 electronics boards

Level-1 Detector Frontend
— IH[H]H]HI IH] lFieadout

Systems
ME‘,’;;L, Builder Networks e
L L LI Jsystems
I I I
Computing Services
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Have found 4 muons..are we done?

* Background from

- 4 unrelated muons from other decays
- Particles that look like muons

* Need other characteristics of H->ZZ->4u to
reject these and estimate remaining
background events

* use energy measurement of the muons: they
have to add up to to a Higgs mass
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Events/ 2 GeV
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Red: simulated muons from Higgs
Blue: backgrounds from b, cosmics, ...
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More realistically..

We know that Higgs mass is <200GeV
Most probable detection mode is H->yy

V
H
»A
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Very difficult measurement..

Events/500 MeV for 100 fb—1
S
S

120 130 140

MW (GeV)
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Summary

+ We believe that we're just around the corner of a
revolution in particle physics- the LHC is our tool
for the next decades of experiments

* LHC has started taking data and is reaching the
critical point where we could make discoveries any

day now. Stay tuned!




ME- resolution dtMEﬂpiJg,Q&chl\QTeirQaponse etc

strongly depends on the associated sum of transverse

energy, XE+

Very good (5-10 %) ME+ resolution, esp. for particle flow
and track-corrected ME+, as measured in minimum-bias

data
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» Think of the LHC as a parton-parton collider

» Broadband collider. Partons in the proton can
take any fraction of the proton momentum.

* Ina probabilistic way, that we cannot
calculate from first principles > measure it

aaaaaa u|

D#+2= 100 GeVes2
— up MRST2002NLO
- down MRESTZ002NLO
gluon MRSTZ002NLO
—.-. strange MRST2002NLQ

+ f.(x) = prob of parton i
having momentum
><*Ppro‘ron

« Parton Distribution
Function (pdf)

- Note that there are
many many many gluons.

—~Thom, Cornell
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Run 162592 Event 3450755 Fri Oct 25 11:57:25 2002
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A two jet event from DO
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Cornell's experimental HEP group at
the Large Hadron Collider

+ 7 faculty, 7 postdocs, 8 graduate students and 10
undergraduate students, working at CERN and CU

* Our contribution to ’rhe Compac’r Muon Solenoid (CMS)
Experiment

- Software

- Pixel Detector

- Trigger

- Calorimeter

- Physics analysis
- Tracker Upgrade
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18 superimposed pp collisions,
as seen by internal part of CMS siicon central tracker.
Among them 4 muons from a higgs decay.
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Reconstructed tracks of p, > 2 GeV.
Among them well visible 4 muons from the higgs decay.

The solution is possible if detector occupancy ~1%
—> microstrip area ~1mm’

— >10" readout channels
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CMS pixel detector

+ "Hybrid active pixels”. Presently
only technology for LHC application

* Need pixels because of huge track
multiplicity

- Readout chip has same pixelation as sensor, bump-bonded onto
sensor

- pixel size limited by readout circuit and heat/power dissipation limit
(150x150um)

- 2% XO per layer (3 pixel layers 4, 7, 11cm, material budget driven by
COOLING)

- Readout chip:0.25u CMOS technology

* rad hard "Complemetary metal oxide semiconductor”, Field effect
Transistor circuit (fast)
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Vertexing and track reconstruction in a harsh
environment!
- Radiation:
» dose: 3x10%pcm-2yr
- Rate
* up to 20MHz/cm? of particles
For b-tagging, vertex reconstruction: 100GeV B
jet, flight path ~100u
- need ~20 u resolution, 3D space point
- All hit information has to be stored until L1 decision
- Trigger latency: 3us, 10Tbit/sec stored and
transferred by ROC
Also want low cost, easy cooling & cabling, low
material budget
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CMS pixel detector

- 66 Million Pixels, 1Im2 of silicon

- pixel size limited by readout circuit and
heat/power dissipation limit (150x150um)

11/17/2010



Higgs Mechanism

* Introduce weak doublet spin O “higgs field" H with
classical potential

V=m,|HI’+A|H|

» H acquires non-vanishing vacuum-expectation value
. . 2
if Higgs mass m;%<0 —
(H) =
2A

+ If superpartners too heavy introduce a mini-
hierarchy problem (Amy proportional to mg?)

Am,, = Ln‘ [2AUV+6m In(Ay, /m;)+.. ]
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"Indirect”:
- Top and Higgs loops contribute to W and Z
t

Mass

b

+ We have measured W and Z masses with high
precision, can indirectly constrain Higgs mass

mHSM < 200 GeV

Direct searches in current experiments:
m,SM > 115 GeV
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* High energy: electromagnetic and weak
forces are unified, i.e. equal couplings:
gauge bosons mass-less

* Observation: M =0 but MzM, ~100 GeV
- How does this difference arise?

11/17/2010 Julia Thom, Cornell



» Introduce Spin O Higgs field

» Introduce classical potential for Higgs field such
that at minimum Higgs acquires "vacuum
expectation value" (F) =0

» Higgs is electrically neutral (doesn't couple to
photons) but weakly charged

- "Spontaneous symmetry breaking"
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