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No new particles have been discovered yet at the LHC. 

This is not for lack of persistence and ingenuity.  The 
search for new particles at the LHC has many layers of 
difficulty, and these have been overcome by a variety of 
fascinating techniques.  In this lecture, I will describe 
these, layer by layer.



For string theorists, the most attractive model of new 
particles and forces is supersymmetry. 

Here is a quote from Brian Green’s book “The Elegant 
Universe”: 

"The masses and charges of the superpartner particles 
would reveal the detailed way in which supersymmetry is 
incorporated into the laws of nature. String theorists 
would then face the challenge of seeing whether this 
implementation can be fully realized or explained by 
string theory."  



I quoted this in a talk that I gave at the KITP in 2001.  
Here is a figure from that talk:

We expected:   m2 ⇡ mh ⇡ 100 GeV

alternative models of 
the SUSY spectrum



At first sight, it seems not so hard to discover SUSY at 
the LHC. 

It is difficult to avoid conservation of R-parity: 

This implies that the lightest superpartner is stable.  If 
it is also neutral and weakly coupled — other options 
are ruled out by cosmology — it is invisible to LHC 
detectors.   Then we look for events with large activity 
and unbalanced visible momentum. 

R parity also makes the lightest superpartner a good 
dark matter candidate.   This makes a very attractive 
picture.

R = (�1)B�L+2J
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In fact, searches for SUSY and other models of new physics 
at the LHC must face many levels of difficulty: 

Low event rates under overwhelming backgrounds 

Complexity of multijet processes in the Standard Model 

Difficulty of inferring momenta and identities of parent 
particles in an event
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the ATLAS experiment
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The LHC experiments record a few hundred events/sec , compared 
to the bunch crossing rate of                        .    

At about 3 Mb/event, this gives a database of  10 Pb / yr.  

The reduction from 40 MHz to 300 Hz must be done automatically. 
This is done by the trigger, a network of computers and data 
pipelines.  In ATLAS, the trigger has 3 levels. Conceptually, 

                                allowed rate             decision time 

              Level 1             1 MHz                      100 microsec 
              Level 2            30 kHz                        10 msec 
              Level 3            300 Hz                          1 sec 

The data from each bunch collision is stored in a pipeline and 
thrown away if that collision is rejected by the trigger.

40� 106/sec



more precisely:

N. Ellis,   ATLAS



Missing momentum 
is a tricky variable 
to understand.  If 
part of the detector 
is not working, we 
will observe spurious 
missing momentum. 

It is thus necessary 
to carefully qualify 
each element of the 
hadron calorimeter, 
correcting for dead 
or hyperactive 
regions.



ATLAS missing ET performance at 13 TeV   (2015 data)



After solving all of these problems, we come to the dominant 
sources of background in actual analyses that search for new 
particles. 

These are Standard Model reactions that produce the known 
heavy particles -             - plus extra jets from QCD radiation.  

These reactions already offer missing energy, leptons, and  
and multiple jets.  The cross sections are still large compared to 
our signals: 

W, Z, tt

W (� ⇧�) 10 nb
Z(� ⇧+⇧�) 1 nb
tt(� ⇧�jjj) 0.3 nb

new particles 10�3 nb



This is genuinely scary.  Processes such as 

have cross sections comparable to the SUSY signal and 
might compete with it.



8-jet event



ATLAS 13 TeV   9 jet event



At least, we can discover heavy particles of the 
Standard Model that are known to be there.
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CMS t tbar candidate in  e + MET + 4 jets





ATLAS boosted top-
antitop event

electron

b-tagged jet

b-tagged jet
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Now we can look into various particle searches, from 
easy to difficult. 

The easiest searches are resonance searches in 2-jet or 
2-lepton events at the highest energy.   These events 
are easily triggered. 

The main difficulty is in the measurement of ET for the 
jets and the energy/sign measurement for the leptons.











It is possible to do a parallel search for single production 
of a W’ boson, i.e.,  

Here it is not possible to reconstruct a resonance, since 
the neutrino is not observed.   The pT of the neutrino can 
be measured as the missing ET of the rest of the event.  
However, the longitudinal momentum of the ν is lost.

qq ! `⌫



However, there is a tool to make the distribution sharper.  
Write the lepton momenta in terms of rapidity as  

The mass of the parent is then 

It makes sense to define the transverse mass of the W’ as 

p⌫ = (pT⌫ cosh ⌘⌫ , pT⌫ n̂⌫ , pT⌫ sinh ⌘⌫)

p` = (pT ` cosh ⌘`, pT `n̂`, pT ` sinh ⌘`)

m2
W 0 = 2p` · p⌫

� 2p`p⌫(1� n̂`n̂⌫)

= 2p`p⌫(cosh(⌘` � ⌘⌫)� n̂`n̂⌫)

m2
T = 2p`p⌫(1� n̂`n̂⌫)
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Now turn to SUSY searches.   In this discussion, I will 
assume R parity conservation, so that the lightest SUSY 
particle is absolutely stable.   This being so, it must be 
neutral; then it will be weakly interacting and exit the 
detector with no signal. 

The generic signature of SUSY would be production of 
an energetic event including production of a high-
momentum invisible particle.



How do we impose quantitative restrictions on candidate 
events ? 

Longitudinal momentum imbalance cannot be measured. 
Work with transverse variables:

6ET = �
X

~ETi (MET)

HT =
X

i

ETi

meff =
4X

i=1

ETi+ 6ET



example:  ATLAS 2011







An important assumption of this plot is the 
description of the SUSY spectrum with a small 
number of parameters using grand unification. 

This implies that all 12 squarks have roughly the 
same mass. 

Note that the production cross sections for u and d 
squarks are much larger than those for squarks of 
2nd, 3rd generations.



Prospino:  Beenacker, Plehn, Spira et al.
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An influential paper (2011): 

Papucci, Ruderman, Weiler:  “Natural SUSY Endures”

spectrum orig. proposed by Cohen, Kaplan, Nelson (1996)



PRW minimal requirements for natural SUSY theory:

This changes the game.   These stops and Higgsinos are 
very difficult to discover at the LHC.   Stops are difficult 
not only at large mass but also when                      .m(et) ⇡ mt
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Another tool to sharpen the SUSY signal 
    (Lester and Summers (1999)) 

Consider   
   or, if there are more jets, cluster these into 2 hemispheres 

Decompose the MET into 2 transverse vectors  

Define  

(where the tranverse mass calculation includes an assumed 
mass for the missing particle).  Then          is bounded above 
by the mass of the parent, and typical values tend to be 
close to that bound.

pp ! 2 jets+ 6ET

6~pT = 6~pT 1 + 6~pT 2

MT2 = min

6~pT 1
+ 6~pT 2

[max(MT 1,MT 2)]

MT2



Lester and Summers

pp ! X + è+ è� ! X + `+`�N0N0





A sophisticated literature has grown up around          .  
In particular, in a model with multi-stage SUSY decay. 

For example, in  
it is possible to tailor          according to which final 
jets and leptons are well-measured. 

A number of different          definitions and 
corresponding event selections are used to cover all 
accessible regions in the stop parameter space.

MT2

pp ! etet⇤ ! N0N0tt ! · · ·
MT2

MT2
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Oddly, though, the logic that makes the squark search 
harder makes the gluino search easier. 

Since the stop and sbottom are the lightest squarks in 
“natural SUSY”,  the gluino decays to these particles 
(real or virtual) and through them to 3rd generation 
quarks.    

Thus, we can search for gluinos by using the standard 
variables                  together with selections for a large 
number of  b-tagged jets.

meff , 6ET
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If we give up on SUSY, the “gauge hierarchy problem” is 
still with us.   I like to say, more physically, that we are 
still obligated to explain the symmetry-breaking form of 
the Higgs potential.    

Why is the point                 unstable? 

In SUSY models, we derive the Higgs potential by 
integrating out the system:  

In composite Higgs or extra-dimensional models, we 
derive the Higgs potential by integrating out the system:  

where T is a heavy quark with vectorlike couplings. 

So, we ought to give attention to searches for T. 

hhi = 0

(etL,etR,�u)

(tL, T,�)



In the simplest scheme,  T is an SU(2) singlet that 
coupling to                 through 

Then the decay scheme of T is  

The branching ratios are different in different models, 
so we should search systematically for all three decays, 
independently on the two sides of a pair-production 
event.

(tL, bL)

�L = g T�⇤
✓
tL
bL

◆

T ! th (25%)

! tZ (25%)

! bW+ (50%)



ATLAS search for T in  

using
pp ! TT ! tZtZ� > t+ b+ 6ET

minMT2(b+ 6ET )







0 0.2 0.4 0.6 0.80
0.2
0.4
0.6
0.8

Unphysical

 = 1150 GeVTm

0 0.2 0.4 0.6 0.8

Unphysical

 = 1200 GeVTm

0 0.2 0.4 0.6 0.8 1

Unphysical

 = 1300 GeVTm

0.2
0.4
0.6
0.8

Unphysical

 = 1000 GeVTm

Unphysical

 = 1050 GeVTm

Unphysical

 = 1100 GeVTm

0.2
0.4
0.6
0.8

Unphysical

 = 900 GeVTm

Unphysical

 = 950 GeVTm

0.2
0.4
0.6
0.8

Unphysical

 = 800 GeVTm

Unphysical

 = 850 GeVTm
1

 Wb)→BR(T 

 H
t)

→
BR

(T
 

ATLAS Preliminary
-1 = 13 TeV, 3.2-36.1 fbs

SU(2) doublet SU(2) singlet

Exp. limit Obs. limit

[EXOT-2016-14]

-1Wb+X - 36.1 fb

[CONF-2016-104]

-1Ht+X - 13.2 fb

[arxiv:1705.10751]

-1)t+X - 36.1 fbννZ(

[CONF-2016-032]

-1Same-sign - 3.2 fb



A huge amount of ingenuity has gone into these 
searches, with no payoff so far. 

However, we have still not solved the problem of the 
origin of the Higgs VEV and the electroweak mass scale.



The LHC has current analyzed about 40        of data per 
experiment.  The goal of the high-luminosity phase of 
LHC is 3000       , that is, about  100 x more data. 

However, it is much easier to extend particle searches 
with higher energy, not higher luminosity.    ATLAS 
estimates the ultimate limit of its searches at 13 TeV as 

                  ~  6000 GeV    for  W’ 
                  ~  2500 GeV    for  gluino 
                  ~  1600 GeV    for  T 

Other targets, in particular, those with electroweak 
production, may get as much as a factor 2 improvement.  
But, already, we see the need for either a much higher 
energy accelerator or a genuinely new strategy  (e.g.  
Higgs precision measurements)   to make progress.

fb�1

fb�1


