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Motivational arguments
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Lots of interesting physics at ~ 1 TeV
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The machine …
Proton-proton

 controlled environment
 14 TeV
 109 collisions/s
 ~decade operation

26.659 km circumference
9300 magnets 
Four experiments



ATLAS

Segment of 
4π detector



Local interest …

Robotic assembly of precision silicon tracker

Summer 2004 to Summer 2005



Electroweak symmetry
breaking

signal

background

background

Standard Model Higgs



If exotics can
be produced
singly they can
decay

No good for
Dark Matter
candidate

If they can
only be pair-
produced they
are stable

Only
disappear on
collision
(rare)

Producing WIMPs?

Time

standard

exotic

Time

standard
exotic

Time

standard

exotics

Time

standardexotics

Require an even number of exotic legs to/from blobs
(Conserved multiplicative quantum number)



“Seeing” WIMPs at the LHC

Events build from blobs
with 2 “exotic legs”
A pair of cascade decays
results
Complicated end result

Time

standard

2 exotics

Production part

Time

standard

heavy
exotic lighter

exotic

Decay part Time

Complete event

= exotic
= standard



Simulated SUSY event

Jets

Missing transverse momentum

Leptons
Heavy quarks



Measuring backgrounds

Example: SUSY BG
Missing energy + jets
from Z0 to neutrinos
Measure in Z → μμ
Use for Z → νν

Good match
Useful technique

Statistics limited
Go on to use W → μν to
improve

ννμμ

Measure in 
Z → µµ

Use in 
Z → νν R: Z −> νν

B: Estimated

Very many other cross-checks will also be made



mSUGRA A0=0, 
tan(b) = 10, m>0

Slepton Co-
annihilation
region

'Bulk' region:
t-channel
slepton exchange

’Focus point' region:
annihilation to gauge
bosons

WMAP constraints

Rule out 
with 1fb-1

Reach in cMSSM?

Health warning!



Mapping out the new world

Some measurements make high demands
on:
 Statistics ( time)
 Understanding of detector
 Clever experimental techniques

Gauge unification?
Dark matter candidate?

Mixings,
Lifetimes

Distinguish from
SUSY

Distinguish from
Extra Dim.Spins

Geometry  &
scale

Breaking
mechanismMasses

Extra
DimensionsSUSYLHC

Measurement



‘Measure’ relic density?

Use LHC measurements to “predict”
relic density of observed LSPs
Caveats:

Cant tell about lifetimes beyond
detector (need direct search)
Studies done so far in optimistic case
(light sparticles)

To remove mSUGRA assumption need
extra constraints:
1. All neutralino masses

• Use as inputs to gaugino & higgsino
content of LSP

2. Lightest stau mass
• Is stau-coannihilation important?

3. Heavy Higgs boson mass
• Is Higgs co-annihilation important?

More work is in progress
 Probably not all achievable at LHC
 ILC would help lots (if in reach)

mSUGRA
assumed



Discoveries?
What can we find

“rapidly”?
 Reasonable

cross-section
 Low

backgrounds
 Easily

reconstructed
 Limited

detector
understanding?

Some things will
stick out

Most need more
careful analysis

Lower backgrounds

Higher backgrounds

“Rediscover”

“Discover”

ZZ

WW



Media interest?

Initially modest…



Possible benefits?



Understated commentary
continued in popular press…



10th September

> 300 journalists on site

> 3500 press cuttings

LHC on the Google logo

450 television stations picked
up broadcast

100 million website hits

Lead news story on television
news across the world

CERN-MOVIE-2008-081.mpg



No beam: cosmic rays



First beam:
10th September 2008



Muon cloud hits detectors
CMS

LHCb
ALICE



10th September

Comments…

Journalist: "In my long experience of
covering big scheduled events, I find it
difficult to think of a similar occasion of
this importance and complexity when, as
a journalist, things went so smoothly.
Please pass on our thanks to everybody.“

School girl, 17: “This stuff is coolness!”

Parent: “My son is very interested in
science and came first in his class in
Physics with 97% in his last end of year
exam, so he's fascinated by all this.”



19th Sept

“Teething troubles at the start-up phase
are always possible…”

Warm-up, fix and cool-down needed
Experiments will make the most of it

make hardware fixes
finish commissioning with cosmics



… the beginning …

UK Politician:
“Fundamental science is critical … it turns out to be
a fantastic investment … there will be something
after the LHC - but that will come as a decision that
takes place in light of what people know and in the
next generation of technology”

Physics output will take some time, 
but benefits seen already…



Extras



At four places the
beams intersect

Collision points



“The LHC is on course for
first [900 GeV] collisions
in a matter of weeks.”

However…





ATLAS



Comments…
Journalist: "In my long experience of covering big scheduled events, I

find it difficult to think of a similar occasion of this importance and
complexity when, as a journalist, things went so smoothly.  Please
pass on our thanks to everybody.“

School girl, 17: “This stuff is coolness!”

Parent: “My son is very interested in science and came first in his class
in Physics with 97% in his last end of year exam, so he's fascinated
by all this.”

UK Politician: “Fundamental science is critical … it turns out to be a
fantastic investment … there will be something after the LHC - but
that will come as a decision that takes place in light of what people
know and in the next generation of technology”

Science as a whole benefits



Constraining masses
Mass constraints
Invariant masses in

pairs
 Missing energy
 Kinematic edges

Observable: Depends on:

Limits depend on 
angles between
sparticle decays

Frequently-
studied
decay chain



Mass
determination

Basic technique
 Measure edges
 Try with different SUSY

points
 Find likelihood of fitting

data

Event-by-event
likelihood
 In progress

Measure
edges

Variety of edges/variables

Try various
masses in 
equations

• Narrow bands in ΔM
• Wider in mass scale
• Improve using cross-
   section information



SUSY mass measurements

Extracting
parameters of
interest

Difficult problem
Lots of competing
channels
Can be difficult to
disentangle
Ambiguities in
interpretation
Lots of effort has
been made to  find
good techniques

Try
various
decay
chains

Look for
sensitive variables 

(many of them)

Extract
masses



SUSY mass measurements:

LHC clearly cannot fully constrain all
parameters of mSUGRA
 However it makes good constraints

• Particularly good at mass differences [O(1%)]
• Not so good at mass scale
• [O(10%) from direct measurements]
• Mass scale possibly best “measured” from

cross-sections
 Often have >1 interpretation

• What solution to end-point formula is
relevant?

• Which neutralino was in this decay chain?
• What was the “chirality” of the slepton “ “ “ ?
• Was it a 2-body or 3-body decay?



SUSY spin measurements
The defining property
of supersymmetry

Distinguish from e.g.
similar-looking Universal
Extra Dimensions

Difficult to measure @
LHC

No polarised beams

Missing energy

Indeterminate initial
state from pp collision

Nevertheless, we have
some very good
chances…



Universal Extra Dimensions
TeV-scale universal extra
dimension model
Kaluza-Klein states of SM
particles

same QN’s as SM
mn

2 ≈ m0
2 + n2/R2

[+ boundary terms]
KK parity:

• From P conservation in
extra dimension

• 1st KK mode pair-
produced

• Lightest KK state
stable, and weakly
interacting

First KK level looks a lot
like SUSY

BUT same spin as SM

hep-ph/0205314 
Cheng, Matchev

Radius of extra 
dimension ~ TeV-1

KK tower of 
masses n=0,1,…

Dubbed “Bosonic Supersymmetry”

R

S1/Z2



Measuring spins of
particles

Basic recipe:
 Produce polarised particle

 Look at angular distributions in its
decay

spin
θ



Left Squarks
-> strongly interacting
-> large production
-> chiral couplings

m
as

s/
Ge

V

Revisit “Typical” sparticle spectrum

Some sparticles omitted

χ10 
–> Stable
-> weakly interacting

Right slepton
(selectron or smuon)
-> Production/decay
produce lepton
-> chiral couplings

LHC point 5

χ2
0 = neutralino2

–> (mostly) partner
of SM W0

χ1
0 = neutralino1

–> Stable
-> weakly interacting



Spin projection factors

Approximate SM particles as massless
-> okay since m « p

Lq
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Chiral coupling



Spin projection factors

Lq
~ Lq

0

2

~!

1

0~
=Lq

P

S

0

1~0
2

=! S

Σ=0

Spin-0

Produces polarised 
neutralino

Approximate SM particles as massless
-> okay since m « p



Spin projection factors

Approximate SM particles as massless
-> okay since m « p

(near) 

R
l
+
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Scalar

Fermion

Polarised
fermion



Spin projection factors

Approximate SM particles as massless
-> okay since m « p

(near) 

R
l
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~ Lq

!

R
l
~

0

2

~!
+

R
l

mql – measure
invariant mass1
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=Lq
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S



 lnearq invariant mass

m/mmax = sin ½θ*

Back to back
in χ2

0 frame

θ*

quark

lepton

Phase space -> factor of sin ½θ*
Spin projection factor in |M|2:
   l+q -> sin2 ½θ*
   l-q -> cos2 ½θ*

l+

l-

Phase space

Pr
ob

ab
ili

ty

Lq
~ Lq

!

R
l
~

0

2

~!
+

R
l

Invariant mass



After detector simulation

l+

l- parton-level * 0.6

-> Charge asymmetry survives detector simulation
-> Same shape as parton level (but with BG and smearing)

detector-level
Invariant mass

Ch
ar

ge
 a

sy
m
m
et

ry
,

spin-0

Ev
en

ts

SU
SY

Change in shape
due to charge-
blind cuts



Distinguishing between models

Sin (θ*/2)
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As expected, UED differs
from all-scalar (no-spin)
and from SUSY

Smillie et al.


