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What do we do at the LHC?
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 Search for signatures of new physics 
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Search for signatures of new physics 
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However …
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Novel? 

Unexplored signatures ignored so far … 
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Novel? 

Unexplored signatures ignored so far … 

Events we typically do not look at!



Principle of (social) distancing in 
object reconstruction!
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we followed it before it was cool …



Principle of (social) distancing in 
object reconstruction!

• Object reconstruction algorithms run independent 
of one another 

• Same detector signature can result in multiple 
objects being reconstructed, results in fakes! 

• Electrons as jets, and vice versa (jets contain 
neutral pions!) 

• Overlap removal to address the double counting
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Boosted Heavy Neutrino 
Search
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Boosted heavy neutrino search: 
electron in a large-radius jet

In ATLAS electron reconstruction assumed no nearby real jet, and 
applies implicit isolation requirement. That reduces signal efficiency, 

and the presence of such a jet affects the electron performance numbers



Boosted Heavy 
Neutrino Search
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Boosted Heavy Neutrino Search

2000 3000 4000 5000
 [GeV]

RWm

500

1000

1500 [G
eV

]
RN

m

ATLAS
-1 = 13 TeV, 80 fbs

Electron channel
Obs. 95% CL
Exp. 95% CL
Obs. resolved 95% CL

 BandσExp. 1 
 BandσExp. 2 

Not covered
Excluded

0 500 1000 1500 2000 2500 3000 3500 4000 4500
[GeV]j,e1m

3−10

2−10

1−10

1

10

210

310

410

510

Ev
en

ts
/2

00
 G

eV Electron channel
-1 = 13 TeV, 80 fbs

ATLAS

RW, M
RN

Signal: M
[GeV], [GeV]
300, 3000
400, 4000
Data
Z+jets fit
BG fit
BG uncertainties

0 500 1000 1500 2000 2500 3000 3500 4000 4500
[GeV]j,e1m

2−
0
2

Si
gn

ifi
ca

nc
e

Very small background 
due to the extreme topology Complementary strength 

from resolved analysis

Phys. Lett. B 798 (2019) 134942



Why stop at electrons?
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Why stop at electrons?
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Phys. Lett. B 798 (2018) 134942

Marvin Flores 
Former postdoc

Photon-in-jet



Lepton jet from dark photon
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… with Karien du Plessis, M. Flores, S. Sinha, and H. van der Schyf, SciPost Phys. 13, 018 (2022)  

   

Chimera scenario,  
two BSM particles!



Lepton jet from dark photon
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Chimera scenario,  
two BSM particles!

b

W ! qq

q

Lepton-jet

e+

e-

For dark photon masses < 200 MeV

SciPost Phys. 13, 018 (2022)



Search Strategy 
(hadronic channel)

• Light lepton jet and heavy top jet, both 
boosted! 

• Electron multiplicity -> misleading 

• Cannot reconstruct the lepton jet mass 

• Largest background: multijet 
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Not covering the lepton channel result, but mostly same considerations apply

SciPost Phys. 13, 018 (2022)



Then what?
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Lepton jet m/pT ratio 
is a strong 

discriminant

Results in an almost zero 
background search!

SciPost Phys. 13, 018 (2022)

Hannah Van Der Schyf:  
current PhD student



Then what?
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Lepton jet m/pT ratio is a 
strong discriminant

Results in an almost zero 
background search!
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Dark Matter
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Gravitational 
lensing seen 

in JWST image



Dark Matter Searches  
at the LHC
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So called mono-X 
signatures, X being 
any SM particle(s)  

or object(s). 

Large MET on  
one side!

So far, almost all dark matter searches in colliders are for WIMPs



However  so far …
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Into the Hidden valley:
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Secluded dark sector! 

Not a model, more like a 
framework

Not too weakly coupled to SM, particle masses must 
be accessible at the LHC!



Dark QCD/SIMP

• A simple replica of 
standard QCD! 

• Can give rise to rich 
phenomenology 

• Hadronisation in hidden 
sector, off-diagonal dark 
hadrons, invisible and 
stable while diagonal ones 
can decay back to SM 
quarks. 

24
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… into the hidden valley!



Semi-visible jets!
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Dark hadrons decaying in a 
QCD-like fashion, fully (dark 
jets) or partially back to 
visible sector (semi-visible 
jets, based on Cohen et al)

Rinv = Ratio of stable dark hadrons over number of hadrons



What We Searched for?
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SVJ in 
t-channel 

production  
mode 

Signal simulation  
Making use of 

Pythia8 HV 
module



The topology and the challenges 
for SVJ
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Same fraction 
of dark hadrons 

In each jet 

Why any MET?



The topology and the challenges
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A real event will 
look like this! 

Quantum 
fluctuations, and 

boost by extra 
jets 

Therefore MET
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SVJ Search

Results in jets interpersed with dark 
hadrons, with missing transverse 
momentum direction aligned  with one of 
the SVJs in leading order. Not so for 
events with extra jets and large boost. 

Events with two central jets, MET trigger, leading jet pT > 250 GeV, HT > 600 
GeV, MET 600 > GeV, jet closest to MET with 𝞓Φ<2 

Define: SR (muon veto), and three CRs, 1L, 1L1B, 2L (with muons and b-
tagged jets)

Usually signs of detector noise, so discarded in analyses

Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


SVJ Search

Results in jets interpersed with dark 
hadrons, with missing transverse 
momentum direction aligned  with one of 
the SVJs in leading order. Not so for 
events with extra jets and large boost. 

Events with two central jets, MET trigger, leading jet pT > 250 GeV, HT > 600 
GeV, MET 600 > GeV, jet closest to MET with 𝞓Φ<2 

Define: SR (muon veto), and three CRs, 1L, 1L1B, 2L (with muons and b-
tagged jets)

Usually signs of detector noise, so discarded in analyses
      

    U
nique collider to

pology - m
ostly overlooked in searches!

Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub
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Two sensitive 
observables:

Used to 
Form a  
9-bin grid, 
with yields in 
each bin 
treated as 
observables:

Partially data-driven method, 
simultaneously fit SR and three 
CRs to obtain scale factors for 
each bg process:

Multijet 
reweighed in 
using a 
dedicated VR 
given by MET 
within 250 to 
300 GeV, then 
fitted

Absence of signal, good 
postfit agreement :(

0 0.5 1 1.5 2 2.5 3
|

min
φ - maxφ|

3−10

2−10

1−10

1

10

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 0

.1
4

 600 GeV≥ miss
T 600 GeV, E≥ TH

 = 13 TeVs

ATLAS Simulation
inv

 [TeV], R
Φ

Signal m

1, 0.6
1, 0.8
2, 0.4
2, 0.6
3, 0.2
3, 0.4
Total background

< 2.0 2.7−2.0 > 2.7 < 2.0 2.7−2.0 > 2.7 < 2.0 2.7−2.0 > 2.7
0.9

1
1.1

D
at

a 
/ B

kg
.

| : 
min
φ - maxφ|

 < 0.6bal
T

p  < 0.9bal
T

0.6 < p bal
T

0.9 < p

10

210

310

410

510

610

710

810

Ev
en

ts ATLAS
-1 = 13 TeV, 139 fbs

SR
 600 GeV≥ miss

T 600 GeV, E≥ TH
Post-Fit

inv
 [TeV], R

Φ
Signal mData

W+jets 1, 0.6
Z+jets 1, 0.8
tt 2, 0.4
Single top 2, 0.6
Diboson 3, 0.2
Multijet 3, 0.4
Bkg. Unc

Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub
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Results

Excellent agreement between data and background prediction: 
HT and MET

Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


Results
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Excellent agreement between data and background prediction: 
PTbalance and max-min ɸ

Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


Results
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Excellent agreement 
between data and 
background prediction. 

Limits on mediator 
mass separately for 
each Rinv 

Data yield in SR, proxy 
for model independent 
limit with this SR 
selections

Sukanya Sinha: 
former PhD student, now 

in UofM
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https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


An Aside: Why Limits?
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We all want to find new physics. 

But out of 100 new physics models, at least 99 are wrong, 
possibly all 100 are! 

So null results also tell us a lot. 

And techniques/methods developed can help in a future 
discovery!



Results
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For mediator 
mass of 2.5 TeV 
or higher can also 
express the limits 
in terms of the q-
qd-ɸ vertex 
coupling strength 
λ, with the XS 
scaling as λ4 

 Phys. Lett. B 848 (2024) 138324

https://cds.cern.ch/record/2815284?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


ATLAS briefing!
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https://atlas.cern/Updates/Briefing/Semi-Visible-Jets
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SVJ with Heavy Flavour
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Can we reduce non dominant 
backgrounds?

What if SVJ is produced  
exclusively with b-jets? 

Turns out it is a theoretically 
well motivated scenario! 

Better handle on identifying/
reconstructing the SVJ!

-> Better 
reconstruction 
with Variable 
Radius jets  

https://arxiv.org/abs/2207.01885

Wandile Nzuza: 
current masters student



Summary
• Novel signatures are fun! 

• Perhaps we need more a bottom up/
signature driven approach than a top 
down/model driven approach? 

• Unless we search for them, can’t really 
rule them out, can we?
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If you can’t access 
online, ask me ;-)



Backups
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Signal Samples: into the 
Hidden Valley

• Simplest possible 
implementation to give a 
search-able experimental 
signature. 

• Single dark QCD flavour, 
one loop running of dark 
QCD coupling, 
confinement scale of 6.5 
GeV,  coupling between 
dark and SM sector 
taken to be unity.
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Results
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Excellent agreement 
between data and 
background prediction. 

Limits on mediator 
mass separately for 
each Rinv 

Data yield in SR, proxy 
for model independent 
limit with this SR 
selections

Sukanya Sinha: 
former PhD student, now 

in UofM
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Resonant search:

JHEP 06 (2022) 156

arXiv:2305.18037

http://dx.doi.org/10.1007/JHEP06(2022)156


ATLAS DarkJets
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Dark quarks decay fully back to SM, but 
results in jets with higher track multiplicity

No bumps found … limits set …

ATLAS-CONF-2023-047


