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The LHC
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Huge recorded dataset from Run 2:
Thank you to the LHC team and machine!
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Why BSM?
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H

The “end” of the SM,
where quantum gravity 

takes over

Mass scale that binds hadrons

Mass scale of weak interactions,
electroweak unification

⇡
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But the Higgs interacts with other 
particles, which affects its mass

⇡ mPlanck

In the SM, this correction should 
set the Higgs mass to ~mPlanck

BSM can stabilize
the Higgs mass

To first order, the mass of the Higgs is 
a free parameter, and can be anywhere
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But we observe it at 125 GeV!
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Why BSM?
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We don’t understand the
majority of the universe!

BSM can provide 
Dark Matter candidates,
which we could produce

at the LHC

Atomic Matter
5%

Dark Matter
25%

Dark Energy
70%
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Why BSM?
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Matter

10,000,000,001

Antimatter

10,000,000,000

Where did the tiny matter/antimatter asymmetry
that leads to a matter dominated universe arise?

CP violation in the SM is not enough
BSM can explain the matter dominated universe
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How do we search for BSM physics at the LHC?
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Searching with Dijets
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One of the best BSM signatures:
pairs of jets

Huge dataset enables some of 
the best sensitivity yet!

But no hints of new physics…
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What about other particles?
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Searching with Leptons
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You can also search for BSM with
lepton resonances!

Not better luck here,
even with the full datasets
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What about 
more 
complicated 
signatures?

Could this be
dark matter?
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SUSY Signatures
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Supersymmetry predicts
more complicated final states…

But still no hints, even with full data!

ATLAS-CONF-2019-015 

CMS-SUS-19-006 

CMS-SUS-19-009 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-015/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-009/index.html
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Our Sensitivity is Better Than Ever
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Model Signature
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV ATLAS-CONF-2019-0151.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV ATLAS-CONF-2019-0151.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 139 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 ATLAS-CONF-2019-0150.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV SUSY-2018-310.23-1.35b̃1b̃1 Forbidden
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1
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0
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1

0 e, µ 2 c Emiss
T 36.1 m(χ̃
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0
1 )=50 GeV 1805.016490.46t̃1
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1)=5 GeV 1711.033010.43t̃1
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1)= 40 GeV ATLAS-CONF-2019-0160.86t̃2t̃2 Forbidden
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1)=0 1403.5294, 1806.022930.6χ̃±
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0

2
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T 139 m(χ̃
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0
1 )=5 GeV ATLAS-CONF-2019-0140.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ0.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
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0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 ATLAS-CONF-2019-0180.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7ℓ̃

2 e, µ ≥ 1 Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV ATLAS-CONF-2019-0140.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Are we done with 
BSM at the LHC?

But what’s next?
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• The low-hanging fruit is mostly gone, but that just means we have to 
work harder!

• Let’s take a look at the new methods which are enabling discovery today:

• Squeeze every last drop: reconstruction and machine learning 
makes the most of our data

• Rarer than rare: use huge datasets to access tiny signals

• Not your advisor’s signals: searching for things ATLAS and CMS 
weren’t designed for

• My apologies for omitting many interesting and exciting results!

BSM is More Vibrant Than Ever!
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Squeeze Every Drop
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Or: how advances in reconstruction, 
triggering, and machine learning are unlocking

new insights into BSM
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The Challenge of High pT
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W

Low pT Bosons

High pT Bosons

W

Extremely High pT Bosons

W

Measure two, well
resolved jets

Measure one jet, 
utilize substructure

???
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Utilize better spatial resolution
from tracker to separate energy

deposits in the calorimeter!

Enables strongest sensitivity yet
to boosted all-hadronic final states

ATLAS-HDBS-2018-31 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-31/
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The Challenge of Branching
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Vector-like tops are a consequence of many BSM models: 
can explain Higgs mass, etc.

But there are a huge number of final states!

How do you search for all of these efficiently?

T

T̄
W−, H, Z

b̄, t̄, t̄

b, t, t

W+, H, Z

g

g
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Multi-Node Tagging
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NN analysis
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Train a neural network to 
distinguish all signal

classes from background

Use the NN to search for 
new physics in many 
final states at once
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NN Output Visualization
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Visualization of the NN 
output phase space on 
a two-dimensional 
plane, where each axis 
is the difference of two 
output nodes.  In this 
way, the target of each 
particle species will be 
at (1,0), (0, 1), (-1, 0), 
or (0, -1), with the light 
jet target represented 
at (0,0) in this space.  
The individual samples 
are shown in the lego 
plots.CMS-DP-2017/027 

CMS-B2G-18-005 

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-18-005/index.html
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The Challenges of Dijets

 20

If we can produce DM
at the LHC like this…

Then the mediator should decay
back to jets!

But if the Z’ is low enough mass, 
we won’t trigger the event from the jets!
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Data Scouting

 21

Event  
Size

Event 
Ratex = Total 

Bandwidth

Event 
Size Ratex = Total 

Bandwidth

Size
Event 
Ratex = Total 

Bandwidth

Trigger limitations
come from

total bandwidth

Normally, we record
“full events,” so the 

rate gets limited

But we can reco
events in the trigger,
and save smaller data

If you save smaller events, you can save more of them!
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What You Can Accomplish

 22

Can probe unique physics
phase space by recording

only a portion of the events!
CMS-EXO-16-056 

Can collect huge datasets
at low mass using this technique!
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Extra Radiation

 23
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Photon or jet “initial state 
radiation” can also be used to 

trigger the event!

Even lower regions of mediator 
mass can be explored with
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Can even search as low as 10 GeV!

CMS-EXO-17-027 

ATLAS-EXOT-2018-05 

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-05/
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The Big Picture for Z’

 24
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95% CL upper limits
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TraditionalIn the hunt for Z’, new techniques 
are taking center stage!
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Rarer than Rare

 25

Or: how huge datasets and clever strategies
 are enabling searches for vanishingly

small signals
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Why Search for Rare Signals?

 26

LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
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Because many theories predict low cross-section signals!

If you’ve already excluded
gluinos and squarks

and stops…

Higgsinos and sleptons
might still be in sight!
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Higgsinos: The Challenge

 27
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“Normal SUSY”

Δm
~TeV

g̃
“Classic” SUSY searches

exploit large mass splittings

Cascades from initial sparticles
will be high energy, 

lots of missing energy

Higgsinos are another story…

No large mass splitting:
very soft visible particles, 
no obvious missing energy
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Searching for Rare Higgsinos

 28
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Then, look for low-mass Z* decays
Critical to reconstruct leptons

at extremely low pT 
New lepton + track region extends
sensitivity to even lower masses!

Use an ISR jet to boost 
the system and trigger

ATLAS-CONF-2019-008 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-008/
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Even Rarer: Staus
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post-fit

Staus are an even larger challenge:
incredibly low cross-section!

Effective triggers and the large
dataset enable first substantial 

sensitivity at the LHC!

ATLAS-CONF-2019-018 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-018/
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Di-Higgs at the LHC

 30

Di-Higgs is another exciting
new target for the LHC

Interference between SM
diagrams leads to very low x-sec

Exciting signal: can reveal
the shape of the Higgs potential!

But small deviations from the SM can
lead to huge x-sec increases!

H
H

Hκƛκt

H

H

κt

κt

κƛ1 (SM)

σ

30 fb

500 fb
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Results on Di-Higgs

 31
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Median expected
68% expected
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Theoretical Prediction

SM

Many orthogonal channels
can be combined to 
increase sensitivity!

Note the use of b-jets: rare 
signals mean that high-BR decays 

of the Higgs need to be used

Wide range of couplings still allowed!
Even more data still necessary
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Hunting Rare SM Deviations

 32

University of Alberta Xiaohu SUNATLAS approval on the HH weekly meeting

Non-resonant VBF production

• Leading LO diagrams scaled by 
c2V, cV2, cVκλ respectively 

• Leading contribution is scaled by 

• c2v varies by 1 => xs varies > 50x 

• Scan points (table on the right)

!5
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Eur. Phys. J. C (2017) 77 :481
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Interference in other SM 
diagrams lead to similar 
vanishingly small x-sec

VBF di-Higgs production 
is one example!

First limits on the 4-point 
VVHH coupling

ATLAS-CONF-2019-030 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-030/
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Not Your 
Advisor’s Signals

 33

Or: how new reconstruction strategies are expanding
our sensitivity to signals our detectors weren’t

built to measure
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Your Advisor’s Signals

 34

Jets
(and b-jets)

Electrons

Muons

Missing Energy

Photons

Taus
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Not Your Advisor’s Signals

 35

displaced leptons,
lepton jets,

or lepton pairs

displaced 
multi-track vertices

disappearing 
or kinked tracks non pointing

 or late photons

emerging jets

(meta-)stable
charged particles

trackless
low EMF-jets

multi-track vertices
in muon spectrometer

Heather Russell



Special algorithms can reconstruct
these “displaced tracks” and look for

displaced vertices

Long-lived particles will
travel an appreciable distance

before they decay
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Displaced Vertex + μ
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Stops can be long-lived in RPV
models with small couplings

Data-driven backgrounds estimate
~0 background, with no signal observed

Strongest limits yet on stops!
ATLAS-CONF-2019-006 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-006/
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Disappearing Tracks
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With extremely small mass
splittings between SUSY particles,
charginos can become long-lived!
ATLAS Simulation

�+

�0
1

~ �+
1

~

Can interact with the first few layers
of the tracker, and then “disappear”

CMS-SUS-19-005 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html


!39

Can also extend reconstruction using additional information: timing

This photon was measured 
2 ns after the rest of the 
event: could this be BSM?
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Delayed Photons

 40
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Many models (GMSB SUSY, 
etc.) have long-lived particles 

decaying to photons

These appear “late” compared to 
other energy in the event: use 

crystal timing in CMS to search

CMS-EXO-19-005 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-005/
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Conclusions

 41
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Keep Looking!

 42

Low Hanging Fruit Records 

BSM is extremely well motivated
at the LHC!

Naturalness, dark matter, and 
baryogenesis all need answers,
and the LHC could find them

Searches are moving 
into a new era: the low-
hanging fruit has been 

picked, and the 
challenge is increasing

But new tools, large datasets, and creative reconstruction 
mean we can rise to the challenge!
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Thank you!

 43
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Backup

 44
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Data Scouting

 45

But for some analyses, we don’t need the full event: 
just the jets can be enough to do physics!

If you make the event small, then
you can record a lot more data!

Most of the time, record the “full event” when triggered
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Machine Learning for di-Higgs

 46
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Rare signals are an excellent
target for machine learning!

ATLAS uses a DNN to search for 
di-Higgs in bbll final state 

Machine learning can make this
rarer channel competitive
in the hunt for di-Higgs!
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