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A HEROIC PAST LEADS TO 
AN AMAZING FUTURE

• THE REMARKABLE ACHIEVEMENTS OF PARTICLE PHYSICS HAVE 
UNVEILED THE STRUCTURE OF MATTER AND ITS INTERACTIONS 
AT THE BASIC QUANTUM LEVEL 

• FROM THESE INSIGHTS WE HAVE GONE FURTHER TO FORMULATE 
GREAT QUESTIONS ABOUT THE UNIVERSE

• WE ARE DESIGNING AND BUILDING THE TOOLS NEEDED FOR THIS 
NEW ERA OF EXPLORATION

• WE EXPECT AMAZING DISCOVERIES IN THE NEAR FUTURE

“THESE ARE EXCITING TIMES!” 
- Peter Zerwas, DESY inForm, 5/2007



PHYSICS UP TO THE TERASCALE

• Terrestrial matter is composed of quarks and leptons

• Their nongravitational interactions are local, Lorentz invariant, 
quantum, and gauged

• Relativistic quantum field theory describes all basic phenomena

• We observe and measure the reality of “virtual” quantum effects 

Thanks to HERA, LEP, Tevatron, B factories, etc. etc. 



THE DOG THAT DID NOT BARK

• We have not seen any dependence in the Standard Model on a 
“cutoff” or other explicit mass scale

• Despite multi-TeV sensitivity to new physics in the electroweak 
sector, we have no clear signals

• Despite multi-TeV or higher sensitivity to new sources of quark 
flavor violation, we have no clear signals

• Despite sensitivity to log(M_h/M_Z), the best fit values are 
consistent with zero. Meanwhile the direct Higgs search at LEP 
saw no clear signal

What we could have seen, but did not, is very important:



MESSAGES FROM SPACE

• Most of the universe is composed of dark matter. The observed 
abundance is consistent with thermally produced weakly interacting 
relics with Terascale masses

• Neutrinos have mass (now confirmed with terrestrial neutrino sources)

• The expansion of the universe is accelerating

• There is an excess of matter over antimatter

Astrophysical discoveries have challenged us:



HINTS BEYOND THE TERASCALE

• The observed gauge coupling running suggests force 
unification at an ultrahigh scale,             GeV

• The observed particle content suggests some kind of 
matter unification

• The observed Newton’s constant suggest a quantum 
gravity scale of             GeV (or less)

• The observed tiny neutrino masses suggest a see-saw 
involving a superheavy Majorana sector, that could also 
explain the matter-antimatter asymmetry

• Outside a narrow window, the Higgs self-interactions either 
become nonperturbative or unstable at very high energies

Data gives strong hints of new fundamental high energy scales:

∼ 10
16

∼ 10
19



HINTS AT THE TERASCALE

• There is probably a Higgs. It is probably light.

• Some new physics stabilizes this light Higgs at the Terascale

• This new physics decouples efficiently and is minimal flavor 
violating, or close to it

• The new physics probably includes a new stable weakly 
interacting particle

Data gives strong constraints on new physics at the Terascale:
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string unification

supersymmetry extra dimensions

new Terascale physics

broken
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new long distance physics?

flavor origins? 

neutrino origins? 

100 GeV? 1 TeV? 10 TeV?



the largest scientific project ever attempted
• 30,000 tons of 8.4 Tesla dipole magnets cooled to 1.9 

degrees K by 90 tons of liquid helium

• 40 MHZ collision rate = 1 Terabyte/sec raw data rate from 
the CMS and ATLAS particle detectors

LHC



LHC phenomenology for string theorists Joseph Lykken

ATLAS versus CMS

Figure 3: The ATLAS detector in October 2006.

Object W eight in tons

Boeing 747 (fully loaded) 200

Endeavor space shuttle 368

ATLAS detector 7,000

Eiffel Tower 7,300

USS John McCain (destroyer warship) 8,300

CMS detector 12,500

The CMS detector has roughly the volume of a space shuttle but weighs

30 times more: 12,500 tons altogether. The ATLAS detector, shown in

Figure 3, has more than 10 times the volume of CMS, but weighs only

half as much. As can be seen in the figure, ATLAS has a barrel detector

somewhat like that of CMS, but it is surrounded by eight huge

superconducting air-core toroidal magnets. The structure is so spread

out that if you put ATLAS into a plastic bag and dropped it into Lac

Léman, it would float.

EC-RTN Winter School CERN, 15-19 January 2007

The LHC Status of the LHC Experiments The Physics of LHC

Lowering the End Cap Disks



KEEP THE THEORISTS OUT OF THE TUNNEL!



THE BABY AND THE BATH WATER

• A 14 TeV event every 25 nanoseconds

• only 5 events out of a billion will be a Higgs



ILC ACTIVITY KEEPS GROWING



PARTICLE THEORY IN THE LHC/ILC ERA

• Data driven!

• Standard Model physics still primary

• But now we have to develop the same sophistication 
with Beyond the SM physics, e.g. supersymmetry



THE IMPORTANCE OF HIGHER ORDER
SUPERSYMMETRY CALCULATIONS

1. Supersymmetry in 2008

2. Supersymmetry in 2015

3. Supersymmetry with the ILC

THREE EXAMPLES:



SUPERSYMMETRY IN 2008

If the colored superpartner masses 
are less than ~ a TeV, a SUSY 
discovery could happen quickly

The CMS PHYSICS TDR VOL II of 2006 
gives an idea of what the physics groups 
are thinking for the 2008 analyses



4.2. Benchmark Channel: low mass supersymmetry 103

signature. The rest of the analysis path is designed based on elimination of the major classes
of backgrounds: the QCD production, top-anti-top pairs and the W/Z-QCD associated pro-
duction. In Table 4.2 the path is shown with a remark indicating the reason and aim of each
selection step.

Table 4.2: The Emiss
T + multi-jet SUSY search analysis path

Requirement Remark
Level 1 Level-1 trigger eff. parameter.
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup
Nj ≥ 3,|η1j

d | < 1.7 signal signature
δφmin(Emiss

T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,
δφ(Emiss

T − j(2)) > 20◦ QCD rejection
Isoltrk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection
ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT > 500 GeV signal/background optimisation

SUSY LM1 signal efficiency 13%

In the following sections the motivation and details of the analysis path are discussed.

4.2.5 Missing transverse energy in QCD production

Due the very high QCD production cross section the Standard Model background to a large
missing transverse energy plus jets data-sample is dominated by QCD events. The observed
missing transverse energy in QCD jet production is largely a result of jet mis-measurements
and detector resolution. In Figure 4.9 the missing transverse energy full spectrum is shown
for QCD 3-jet events in the p̂T region between 120 GeV/c and 1.8 TeV/c.
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Figure 4.9: Emiss
T distribution in QCD 3-jet events.

It is to be noted that due to finite computing resources and the large production cross sec-
tion it is unrealistic to fully simulate and reconstruct samples with adequate Monte Carlo

414 Chapter 13. Supersymmetry

13.5 Inclusive analysis with missing transverse energy and jets
The missing transverse energy plus multi-jets final state has been a canonical signature for
SUSY searches. This study is a search for the production and decay of gluinos and scalar
quarks in ≥3-jet events with large missing transverse energy. The large missing energy
originates from the two LSPs in the final states of the squark and gluino decays. The three or
more hadronic jets result from the hadronic decays of the squarks and/or gluinos. The full
analysis is presented in section 4.2. The analysis uses the LM1 test-point at which squark and
gluino production has a LO cross section of 49 pb. The major Standard Model background
components include production of Z+jets with the Z decaying invisibly, W+jets, top-anti-top
pairs, dibosons, single top and QCD jets. The trigger path used is the missing energy plus
jets both at Level-1 and at HLT.

13.5.1 Analysis path and results

Events that are accepted after clean-up pre-selection requirements, proceed through the analy-
sis path if they have missing transverse energy Emiss

T > 200 GeV and at least three jets with
ET ≥ 30 GeV within |η| < 3. In addition the leading jet is required to be within the central
tracker fiducial volume i.e. |η| < 1.7. These requirements directly define the searched for
signal signature. The rest of the analysis path is designed based on elimination of the major
classes of backgrounds: the QCD production, top-anti-top pairs and the W/Z-QCD associ-
ated production. In Table 13.5 the path is shown with a remark indicating the reason and
aim of each selection step.

Table 13.5: The Emiss
T + multi-jet SUSY search analysis path

Requirement Remark
Level 1 Level-1 trigger efficiency parametrisation
HLT, Emiss

T > 200 GeV trigger/signal signature
primary vertex ≥ 1 primary cleanup
Fem ≥ 0.175, Fch ≥ 0.1 primary cleanup
Nj ≥ 3,|η1j

d | < 1.7 signal signature
δφmin(Emiss

T − jet) ≥ 0.3 rad, R1, R2 > 0.5 rad,
δφ(Emiss

T − j(2)) > 20◦ QCD rejection
Isolead trk = 0 ILV (I) W/Z/tt̄ rejection
fem(j(1)), fem(j(2)) < 0.9 ILV (II), W/Z/tt̄ rejection
ET,j(1) > 180 GeV,ET,j(2) > 110 GeV signal/background optimisation
HT ≡ ET (2) + ET (3) + ET (4) + Emiss

T > 500 GeV signal/background optimisation
SUSY LM1 signal efficiency 13%

A detailed explanation of the analysis path requirements and variables used is given in sec-
tion 4.2. The global signal efficiency for the analysis is 13% while the signal to background
ratio is ∼ 26. The results are shown in Table 13.6 for 1 fb−1.

In summary the major background components and their uncertainties are as follows:

Table 13.6: Selected SUSY and Standard Model background events for 1 fb−1

Signal tt̄ single t Z(→ νν̄)+ jets (W/Z,WW/ZZ/ZW ) + jets QCD
6319 53.9 2.6 48 33 107

CMS Physics TDR Vol. II, CERN/LHCC 2006-021

SUPPOSE WE SEE THIS SIGNAL - WHAT IS IT?



pp → q̃ g̃
→ q̃ q

→ χ̃
±
1

q

→ τ̃1 τ

→ χ̃
0

1 τ

pp → g̃ g̃
→ χ̃

±
1

qq

→ χ̃
0

1 qq

pp → g̃ g̃
→ t̃1 t

→ χ̃
±
1

b

→ χ̃
0

1 qq

SUSY model LM1:

SUSY model NM1:

SUSY model NM2:

ALL THREE MODELS GIVE THE SAME 
SIGNAL IN THIS ANALYSIS



• In making this claim I used the Next-To-Leading Order production 
cross sections as computed by Prospino2

• Since I tune the cross sections to the data, I mostly care about the 
ratios of cross sections of different SUSY models

• Conventional wisdom says that for these ratios a Leading Order 
SUSY calculation is good enough

• But this is not correct:

WHICH SUSY SIGNAL?

σLO(Model LM1)/σLO(Model NM1)

σNLO(Model LM1)/σNLO(Model NM1)
= 1.26



SUPERSYMMETRY IN 2015

• Suppose we discover several new particles consistent with SUSY

• We have measured many mass differences with reasonable 
precision

• Now we want to attempt a serious fit to a SUSY model run down 
from the unification scale

• How large are the theory errors in this exercise?

numbers from an on-going CMS SUSYBSM study,
S. Kraml, S. Sekmen, L. Pape, M. Spiropulu
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SUPERSYMMETRY WITH THE ILC

• Suppose we discover several new particles consistent with SUSY

• With ILC we verify that this is indeed supersymmetry

• From a combined LHC and ILC analysis, we extract the full 
spectrum of superpartners with good precision

• Now we extrapolate up to find out all we can about physics at the 
string/unification/Planck scale



Extrapolating running 
couplings to higher energies

example: discovery of matter unification in supersymmetry

G. Blair, W. Porod, P. Zerwas, 2002
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Figure 3: LR–SUGRA with νR: Evolution of (a) gaugino mass parameters, (b) evolution

of third generation slepton mass parameters and Higgs mass parameters M2
H2

; (c) evolution

of first–generation sfermion mass parameters and Higgs mass parameters M2
H2

; (d) evolu-

tion of third generation sfermion mass parameters and Higgs mass parameters M2
H1

. The

mSUGRA point probed is characterized by the parameters M0 = 200 GeV, M1/2 = 250 GeV,

A0 = -100 GeV, tan β = 10, and sign(µ) = (+). [The widths of the bands indicate the 1σ

CL.]
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G. Blair, W. Porod, P. Zerwas, 2002
G. Kane, P. Kumar, D. Morrissey, M. Toharia, 2006

example: effect of the superheavy neutrinos on 
SUSY matter unification



Table 8: Comparison of the experimentally reconstructed values with the ideal fundamental

parameters in a specific example for a string effective field theory.

Parameter Ideal Reconstructed

m3/2 180 179.9 ± 0.4

〈S〉 2 1.998 ± 0.006

〈T 〉 14 14.6 ± 0.2

sin2 θ 0.9 0.899 ± 0.002

g2
s 0.5 0.501 ± 0.002

δGS 0 0.1 ± 0.4

nL -3 -2.94 ± 0.04

nE -1 -1.00 ± 0.05

nQ 0 0.02 ± 0.02

nU -2 -2.01 ± 0.02

nD +1 0.80 ± 0.04

nH1
-1 -0.96 ± 0.06

nH2
-1 -1.00 ± 0.02

tanβ 10 10.00 ± 0.13

ideal values in Table 8. The errors for the basic parameters sin θ, 〈T 〉/m3/2 are displayed in

Figs. 6(b).

Thus, high-precision measurements at high energy proton and e+e− linear colliders pro-

vide access to crucial derivative parameters in string theories.

5 Conclusions

In supersymmetric theories stable extrapolations can be performed from the electroweak

scale to the Grand Unification scale close to the Planck scale. This feature has been com-

pellingly demonstrated in the evolution of the three gauge couplings to the unification point

in the minimal supersymmetric theory.

Such extrapolations are made possible by high-precision measurements of the low-energy

parameters. The operation of the e+e− colliders LEP and SLC has been crucial in this con-

text. In the near future an enormous extension of this area will be possible if measurements

at LHC and prospective e+e− linear colliders are combined to draw, if realized in Nature, a

comprehensive high-precision picture of the supersymmetric particles and their interactions.

Based merely on measurements at low energies, the parameters of the theory can be evolved

to high scales by means of renormalization group techniques.

Supersymmetric theories and their breaking mechanisms have the simplest structures and

25

G. Blair, W. Porod, P. Zerwas, 2002

example: what string vacuum do we live in?



EXPERIMENTAL STRING THEORY?

• Is this forecast for LHC/ILC physics overly optimistic?

• How do we reconcile it with the following statement of 
conventional wisdom:

“Because the Planck scale is so high, 10^19 GeV,
we will never have experimental access to string physics”



EXPERIMENTAL STRING THEORY?

• With slight modification, this “obvious” statement becomes 
obviously false

• The real physics question has to do with the chain of inference 
between the data and the fundamental theory

“Because top quarks decay in 10^-25 seconds,
we will never have experimental access to top physics”



EXPERIMENTAL STRING THEORY?

• One challenge for the particle theory community will be to raise 
a generation of genuine string phenomenologists

• We need to do a much better job of mapping statements about 
the high scale theory into statements about Terascale physics

• The mapping does not have to be unique to be useful!



Bobby Acharya, Abdus Salam ICTP (KITP String Phenom 8-29-06) The LHC and Hierarchies in String-M Theory Page 7
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LIGHT ON DARK MATTER
WHAT IS DARK MATTER?

HOW CAN WE MAKE IT IN THE LABORATORY?

• There is no reason to think that dark matter should 
be any simpler than visible matter

• A major goal of the LHC and ILC is to identify one 
or more components of dark matter by producing it 
in the laboratory and studying its properties

• Together with direct searches, this could tell us 
both the what and the why of this dark matter



THIS IS WHY THE ILC HAS AN ESSENTIAL ROLE IN 
DISCOVERING THE IDENTITIES OF DARK MATTER



TERASCALE COSMOLOGY

• Exploration of SUSY with LHC/ILC can give direct 
access to T ~ 10 GeV, the temperature of dark matter 
freeze-out

• Exploration of the Higgs sector with LHC/ILC can give 
direct access to T ~ 100 GeV, the electroweak phase 
transition

ASTROPHYSICAL DATA GIVES ONLY A FEW CLUES ABOUT 
THE ERA BEFORE BIG BANG NUCLEOSYNTHESIS, i.e. 
TEMPERATURES > 1 MEV



OUTLOOK

• SHORT TERM

• LONG TERM



!"#$%&'()'*+&,$-&$.)+/)'- 012034456475058993

:;*/$";,,/<;6=&+/'/2>#=

?@&$4,* A@B,/(,$+C'D



LONG TERM:
CONCRETE ANSWERS ABOUT PLANCK SCALE PHYSICS

• Determine the string scale

• Determine who gets unified and who doesn’t get unified

• Find evidence for one or more extra dimensions and features of 
how they are compactified, warped or otherwise hidden

• Determine the role of Planckian physics, e.g. string moduli, in 
supersymmetry breaking

• Determine where we are in the string landscape, with 
implications for the initial configuration of the Big Bang



“This provides us with the unique 
opportunity to shed light on an energy 
domain where the roots of particle physics 
in particular, and physics in general, may 
be located.”

“Collider experiments will thus be essential instruments for 
unraveling the fundamental laws of nature”


