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In the previous lecture, I defined what I see as the key problem for high energy 
physics in the next two decades:

What is the complete spectrum of particles at the TeV energy scale ? 

In this lecture, I will sketch how we might find this out.



Much of the possible region for new particle searches was already covered by e+e- 
colliders operating before 2000.   The highest energy experiments of this type were 
done at LEP 2.

I have some nostalgia for these searches.   In e+e-, new particles and Standard Model 
particles have similar production rates.   So signals stand out dramatically above 
backgrounds.  Also, backgrounds are generated by electroweak cross sections and 
can be precisely modelled.

Here are some figures from the OPAL search for supersymmetry at LEP 2.

I should define:

   neutralino:  supersymmetry partner of 
       (4 linear combinations; Majorana fermions)

   chargino:     supersymmetry partner of 
        (2+2 linear combinations; Dirac fermions)

    and, supersymmetry requires 2 Higgs multiplets, so it gives an 
         extended Higgs sector
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However, there is a price.   It is difficult to accelerate electrons to TeV energies. 
Protons can be accelerated to TeV energies with well-understood technologies.

But, there is also a price for working with protons:   (14 TeV)

          pp total cross section                100  mb
          W, Z production                        100  nb
          top quark pair production             1  nb

          Higgs boson production                30 pb

          new particle production           <    1 pb

So, we need to detect processes that occur at             or less of the total cross 
section.  

This requires

           high luminosity,   and radiation-hard detectors
           triggers that reject all but          of the data set without human supervision

           precise understanding of complex Standard Model processes
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It can be done.   The top quark was discovered at the Tevatron at            of the total 
cross section.   The processes actually used to discover the Higgs boson at the LHC 
occur at less than  1 in                    pp events.
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Look in more detail at the search for a vectorlike top quark, one of the key signatures 
of extra-dimensional and Little Higgs models.

Decay modes:    

Search for these modes by looking for events with 2 isolated leptons, 2 b-tagged jets, 
large multijet and (jl) invariant masses.

Here is a figure from the CMS analysis:

The background must be plotted on a log scale.  The dominant background comes 
from                        .  This must be precisely understood.

T ! bW+, tZ, th (2 : 1 : 1)

pp ! tt+ ng







With planned energy and luminosity upgrades, this search will access 
masses of T close to 2 TeV.   This will test the expected range of masses 
for the vectorlike T in extra dimension and Little Higgs models.





Note that high luminosity entails large numbers of collisions per proton bunch crossing 
-- high pileup.  

It is a black art to correct observed events, using all available information, so that the 
effect of many soft pp collisions is subtracted and the single hard event in a bunch 
crossing is rendered accurately.

CMS



ATLAS anti-pileup strategy -- SLAC’s Ariel Schwartzman
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Assuming that we can do physics at high pileup, 

how do we think about increasing luminosity ?

Kane’s rule of thumb:

  A factor of 2 in energy is equivalent to a factor of 10 in luminosity

(as long as we are not already at the extreme values of parton distribution 
functions)



Ellis, Stirling, and Webber

Kane scaling



so, luminosity is a big advantage until we reach new particle masses of ~ 2 TeV.

After that, gains are difficult,    ~ 30% reach increase for a factor of 10 in lumi.



With this introduction, discuss searches for supersymmetry at the LHC.

The expection, before the LHC, was that even 7 TeV running would be very powerful.

Squarks, gluinos have large QCD cross sections,   SUSY with decay to dark matter 
yields events with unbalanced visible momentum (“missing transverse energy”).

If we can control missing energy resolution for detector, pileup effects -- and, this has 
been a big success of ATLAS and CMS -- the experiments should look for these events 
very sensitively.



Buchmuller, ... , DeRoeck, Ellis ...
2008
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The models discussed in these figures are generated from a hypothesis called 
MSUGRA.  This leads to generic SUSY spectra that are relatively easy to discover or 
exclude.



but, perhaps, the SUSY spectrum has a different form.  What does “naturalness” 
say?

Equation for the Higgs potential minimum  v   in  supersymmetry:

The parameters that appear are the Higgsino mass       , the Higgs masses,
and 

The top squark masses appear implicitly, since            becomes negative due to a 
renormalization effect from these particles.    The gluino appears more implicitly, 
because this gives a large positive correction to the stop masses.

I conclude that naturalness predicts

and the 1st and 2nd generation squarks are hardly constrained.
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This has important implications for the visibility of SUSY at the various stages of 
the LHC.

If Higgsinos are the lightest supersymmetric particles, they are also quite 
degenerate in mass.   They are very hard to detect, except maybe as missing 
energy in 

Top squarks have relatively small cross sections.   Recently, ATLAS and CMS have 
launced dedicated searches.

The gluino may be too heavy for LHC-8.  But  LHC-14 should be enough to see 
striking missing energy events.

pp ! ISR jet + (missing)











There is much more to discuss here, but we need to move on to other subjects.

First, though, I would like to list special advantages of the high-luminosity phase of 
the LHC.   This upgrade entails expensive upgrades of the detectors.  It needs to be 
explicitly justified.  In fact, it is strongly justified.

for searches

     increased reach for many important searches, including
       searches exploiting the tails of parton distributions
              e.g.     extra-dimensional resonance  
        electroweak production of SUSY and other partners of 
                 W, Z, Higgs
        additional Higgs bosons in   

for precision measurement, especially W and Z scattering processes
        and Higgs processes   (one billion Higgs bosons)

for followup of the discoveries I have predicted for LHC-14, 
          discovering new, rarer, decay modes, polarization studies 

G ! tRtL
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Polland - Kotwal



Projections of Higgs coupling accuracy from LHC:

Little certainty here.  No full simulations.  Assumption that pileup can be controlled 
to the level where it plays no role.

CMS:   very aggressive “scenario 2”:   current theoretical errors halved, experimental 
errors decreasing as         .

p
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There is an excellent opportunity here!



On the other hand, there is a better question to ask about the Higgs boson.  Can we 
observe a discrepancy in Higgs couplings at the few-percent level.  This requires 
experimental precision at 1% or below.  Can this be done ?

What is the importance of percent accuracy ?  This is the typical scale of deviations 
in the Higgs couplings if only very massive new particles are seen at the LHC.

Examples:   

Supersymmetry:

Little Higgs:

Composite Higgs:

reach:   roughly 3 TeV in new particle masses for the most sensitive deviations.



To perform these measurements properly to the required percent accuracy, we 
need to bring a lepton collider back into play.

Lepton colliders bring important advantages to the study of the Higgs Boson 
couplings:

Higgs rates are  1% of the total cross section, not         .

Low backgrounds and high flavor tagging efficiency make possible the direct 
observation of hadronic decay channels                          .

The reaction                      provides tagged Higgs decay.   This gives a tool for 
measuring branching fractions and a way to discover invisible and otherwise 
unexpected Higgs decays.
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ILC -  Technical Design Report just completed



ILC appears in the 
LDP Election 
Manifesto



A very urgent issue for the leaders of the country 
is to take the lead in science and technology 
innovation and aim for new growth in order to 
develop the future society and economy.

... and make Japan play a leading role in the 
formation of an international scientific 
innovation base that includes, for example, the 
plan for the ILC ...



meeting of Lyn Evans and Prime Minister Abe, March 27, 2013









It is important to realize that a comprehensive Higgs program requires running 
at multiple energies.  The ILC will provide this:

250 GeV:     tagged Higgs,   branching ratios

350-500 GeV:     W fusion production, absolute normalization of the couplings

> 700 GeV:       Higgs coupling to top      (4%)

> 700 GeV:       Higgs self-coupling       (16%;   maybe reducible to 10%)





Seidel, Simon, and Tesar

top quark:  precision mass measurement and precision 
electroweak coupling measurement





In the natural-SUSY scenario described earlier in this lecture, the almost degenerate 
Higgsinos can be discovered and their properties measured at ILC.

In fact, ILC will be a Higgsino factory.

Sert



example of dark matter relic density prediction in a 
“stop coannihilation” scenario



Many other facilities are being considered for the farther future.

I have time to discuss these only briefly:

   CLIC   --    “Compact Linear Collider” at CERN

        extends lepton collider searches and Higgs interaction measurements 
                             to higher energy

   TLEP   --     e+e- synchrotron in a 100 km tunnel.

         use the methods of super-B factor design to produce a 250 GeV 
                 event sample with  multi-ab-1  integrated luminosity
                  for precision Higgs studies and precision electroweak
 
                         (but limited to 350 GeV)

   Muon Collider   -- muon synchrotron at Fermilab

              exploit                           ;  eventually, multi-TeV lepton collisions

     VLHC or VELHC  --   100 TeV  pp collisions

            searches for the heaviest particles of the TeV new particle spectrum

µ+µ� ! h



«Pre-Feasibility Study for an 80-km tunnel at CERN»
John Osborne and Caroline Waaijer, 
CERN, ARUP & GADZ,  submitted to ESPG

even 
better
100 km?



51

TLEP Higgs coupling predictions    (Bachtis):

Note:   direct searches with tagged Higgs give  < 0.1% here.  
All couplings should improve accordingly.



Han and Liu

muon collider at the Higgs resonance:

requires muon cooling by        ; achieved so far:  1.1106



Han and Liu



HE-LHE study of WZ scattering



sensitivity to a new gauge boson

Yu



In the first lecture of this series, I told you to expect a rich new particle spectrum 
at the TeV mass scale. 

Now you see that many tools are potentially available to discover these particles at 
colliders and explore their properties directly.

It is our job to bring these experiments to reality.


