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• UTK has been on CMS since 2006 (same year as 
TDR!) 

• But group has grown by +200% since 2020 

• 3 PIs, 2 PDs, 1 visiting PD, 7 grad students, 
+ugrads 

• Wide ranging activities 

• TH: L1 tracking, LLPs, SUEPs, … 

• SS: BRIL, Pixel R&D, Rare Higgs Decays, … 

• LL: SUSY, AI/ML, LLPs, Phase-2 Outer 
Tracker, … 

• Open PD Position to work with LL on…
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FACULTY

CURRENT (ROCKSTAR) POSTDOCS

Tova Holmes Stefan Spanier Larry Lee

Sara FiorendiAndrés Delannoy

BIG HAPPY GROUP!

AND STILL GROWING!
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MACHINE 
LEARNING

• ML is not magic. It can’t solve all your 
problems. 

• … but it’s perfect for problems of high 
dimensional feature spaces 

• High multiplicity multijet signatures (from e.g. 
RPV SUSY) are hard to find! 

• Lots of discovery potential even at 13 TeV! 

• Perfect, underutilized use of ML! 

• Opportunities to help carry out this mission 
on CMS 

• (And publish dedicated phenomenological 
studies!)

most recent result from the ATLAS Collaboration loses exclusion sensitivity as low as 1 TeV in gluino mass
for low Higgsino masses [LL: Cite ATLAS].

While these are clearly difficult combinatorial problems to address, sitting at the edge of the LHC’s
current sensitivity could be a 500 GeV t̃, a 1 TeV g̃, or a 100 GeV Higgsino waiting to be found. All
of these would point to a low-mass, natural SUSY that has been hiding in the hadronic and combinatorial
backgrounds of the LHC for a decade [? ].

In this work, we focus our efforts on the simplest of these cases, (2 ⇥ 2) multijet signatures, as a proof
of concept for how well suited ML techniques are for this particular class of problems.

As the (2⇥ 2)multijet problem is fundamentally about finding Lorentz correlations in a very large input
space, a NN is uniquely well suited to extract interesting features from the kinematic information. With a
16D input space, available mass and angular information is inaccessible to rectangular selections.

There have been several attempts to use NNs to solve similar problems, but these have all involved
interpreting the detector output as an image, or multiple channels of a single image, and using Convolutional
NN (CNN) techniques for image classification to identify signal-like events [? ? ] [LL: Cite Steve,
others]. These studies tend to use the tracker, electromagnetic calorimeter, and hadronic calorimeter as three
separate channels of an image, in analogy to RGB channels of an image. In doing so, however, each layer is
represented by some energy flow in a 2D space, for example in a space of azimuth f and pseudorapidity h.
If, for example, one uses a 50 ⇥ 50 binning for this image, with three channels, there are 7, 500 dimensions
to this input feature space, a far cry from the 16 dimensions of the original (2 ⇥ 2) problem.
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Figure 3: Network structure of cannonball including
combination and Lorentz layers. Only some connec-
tions are shown for clarity. All neurons from the
Lorentz layer and after are fully connected. Neurons
represented by a circle correspond to scalar values,
while rectangles denote four-vector-valued neurons.

This image-based approach also yields an in-
put space which is sparsely populated; Most of the
detector does not contain interesting energy flow.
Because of this, the CNN may be overly compli-
cated and inefficient. These efforts also often use
binned jet constituents instead of fully formed and
calibrated jet objects, in an effort to feed low-level
information to the CNN. However, this neglects
all of the complex calibration work and jet physics
that has gone into distilling these objects into well-
understood four vectors.

For these reasons, we attempt to construct a NN
that takes a set of four-vectors as its input and pro-
vides a combinatorial solution. To reduce the com-
plexity of the NN, we employ the use of so-called
Lorentz layers (LL) [? ? ] that are built to under-
stand the Minkowski-relationship between the four
elements of a four-momentum, and calculate useful
kinematic quantities from them, such as invariant
masses, decay angles, etc. Unlike a NN with high-
level inputs, one containing a hidden LL has the op-
portunity to calculate high-level kinematic informa-
tion from learned combinations of four-momenta.

[LL: Describe technical tools used. pyTorch,
etc.]

This implementation of cannonball (Combina-
torial Artificial Neural Network ON a BAckronym

Lorentz Layer) takes five [LL: ?] input jet four-
momenta, maintaining their vector structure. In events with more than five jets, the five leading jets in pT
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is quickly swamped in a 200% combinatorial back-
ground, even in a pure sample of these signal events.

The problem becomes even more difficult in practice due to the existence of background processes with
four jets (primarily from purely strong interaction processes at hadron colliders) and the high-momentum
initial state radiation (ISR) giving rise to additional jets in the signal processes.

Searches for stop squarks have been a cornerstone of the LHC search program, but mass exclusions
extend beyond 1.2 TeV [? ? ], well beyond the naturalness-favorable mass range ofO(100)GeV. However,
once allowing /B, the existing t̃ mass constraints are considerably weaker with exclusions only reaching up
to 520 GeV in a search from the CMS Collaboration [? ].

Depending on the SUSY particle spectrum, more spectacular, higher multiplicity multijet signatures are
easily attainable. With a large enough l00, gluinos may directly decay to three quarks as studied in Refs. [?
? ? ? ? ? ]. Pair-produced gluinos may then give rise to six-jet events containing two separate three-jet
resonances, as shown in Figure 2. Clearly, the complexity of this problem has increased. We are now faced
with a 4N = 24-dimensional kinematic space. Using the same argument as above, before considering ISR
effects, there are already 10 possible combinatorial solutions leading to an incredibly large background. An-
alyzers must use additional information to constrain this space of solutions, some of which will be discussed
in the next section. This signature has been probed by both the ATLAS and CMS Collaborations [LL: those
papers] and collectively reach exclusion sensitivity at around 1.5 TeV, far weaker than the constraints on
gluinos in RPC contexts which reach well beyond 2 TeV. Because of the nature of these multijet searches,
the cross section sensitivity is often rather shallow, rarely reaching further than 10% of the nominal SUSY
production cross sections. This shallowness is important to consider since RPV decays of light Higgsinos
can give very similar signatures, but with cross sections several orders of magnitude smaller. There has been
no sensitivity to all-hadronic decays of Higgsinos since LEP, which was able to exclude EWKino masses in
/B models up to around 100 GeV.
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Figure 2: [Left] A leading order diagram showing g̃
pair productionwith each decaying to three quarks (via
off-shell squarks not pictured) leading to a (2x3) mul-
tijet signature. [Right] The leading order diagram for
the (2x5)multijet signature is shown including an RPC
decay of the gluino to a Higgsino that subsequently de-
cays via an RPV vertex.

Cascade decays of SUSY particles with a pair-
produced particle decaying via a standard RPC ver-
tex and then a subsequent SUSY particle decaying
via an RPV vertex enables even larger multiplic-
ity final states to dominate. Squark pair-production
with each decaying to a quark and a Higgsino, and
the Higgsino decaying to three quarks as above,
could lead to a (2⇥ 4)multijet signature. And sim-
ilarly, gluino pair production could cascade before
decaying via RPV vertices leading to (2 ⇥ 5) mul-
tijet signatures as shown in Figure 2 at leading or-
der. These cascade decays via on-shell intermediate
resonances, in addition to having a larger number of
degrees of freedom, can embed additional resonance
structure in this kinematic space from the interme-
diate particles. In the gluino cascade example, in
addition to the two five-jet resonances, each con-
tains an additional three-jet resonance inside of it.
To access all the peaking resonant mass structure, one would have to overcome the (10

5 )/2 = 126 unique
combinations to reconstruct each gluino, and then combat the (5

3) = 10 ambiguity for each gluino candidate.
This is clearly an untenable combinatoric background where it’s additionally difficult to obtain useful infor-
mation in correlations that exist in a 4N = 40-dimensional kinematic feature space, even before we move to
consider ISR effects. It’s for these reasons that searches for these signatures have proven rather weak. The
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LONG-LIVED 
PARTICLES

• Also looking for particles that have large lifetimes 
and travel macroscopic distances into detector 

• UTK has a huge amount of LLP experience 
(partially from prev. ATLAS exp) 

• Current focus: H→LLPs 

• Highly motivated. Still discovery potential! 

• What's needed to reach robust 10-3 BR  
sensitivity? 1 10 210 310 410 510 610 710
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Z + displaced jets
EXO-20-003

, 13 TeV-1117 fb
 = 15 GeVsm
 = 40 GeVsm
 = 55 GeVsm

Displaced jets
2012.01581

, 13 TeV-1132 fb
 = 40 GeVsm
 = 55 GeVsm

Hadronic MS
EXO-20-015

, 13 TeV-1137 fb
 = 15 GeVsm
 = 40 GeVsm
 = 55 GeVsm

4b→ss→h

CMSPreliminary May 2021

DISPLACED DECAYS
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• Looking to 
contribute to 
Phase-II Outer 
Tracker 

• Particularly in DAQ electronics 
integration, calibration software, etc. 

• Looking for significant effort at CERN and/or Fermilab 
to help this project succeed

HARDWARE 
ACTIVITIES



POSIT ION  
D E TAILS

• Job ad expected soon 

• Must apply via link in ad to be considered 

• Review of applications starts Nov 15 (tentatively) 

• To be based at CERN or Fermilab 

• Nominally 3 year position with likely support beyond 

• Flexible start date. Feb 2022 ideal. 

• PhD required, but no postdoc experience necessary 

• Several possible research paths available within these (and other) exciting 
research areas! 

• Looking for enthusiastic, motivated PD to help build program further
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GET  IN  TOUC H !  
L AW R E N C E . L E E . J R @ C E R N . C H  

J OI N  O U R  E N E RG E T IC  T E A M !  
U T K  C M S  W E B S I T E

mailto:lawrence.lee.jr@cern.ch
https://sites.google.com/utk.edu/utkcms/resources
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BACKU P



Γ ∼ ε2 ( m
Λ )

2n

Φ

Small couplings 
(e.g. RPV decays)

Effective Coupling 
(+Loop Suppression)

Small phase space 

Particles can gain a large lifetime (small 𝚪) a 
number of ways


