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Prologue: 
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Dark QCD/Strongly 
Interacting Dark Sector

• A simple replica of 
standard QCD! 

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

• The fraction decaying back 
to SM determines if we get 
a visible, invisible or semi-
visible jet! 7
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Experimental Results 
(so far …)

• CMS s-channel search 

• ATLAS t-channel 
search 

• ATLAS (s-channel) 
dark-jets search

11



Work in Progress

• Diverse signatures 

• Reviewing/benchmarking the models: 
alternate approaches, checking constraints 
from other collider and non-collider results 

• Better discriminating observables including 
Machine-learning based approaches
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Make best use of our data ;-)           
This is all we are going to have!



13



B-philic SVJ
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Can we reduce our dominant 
background in the most signal-
rich region? 

Theoretically: well motivated, 
helicity flipping suppression can 
force the dark ⍴ to go to bb̅. 

The advantage: the SVJ 
candidate can be better identified 
by the presence of b-hadrons.Not excluded 

by the  
above result!

https://arxiv.org/abs/2207.01885

with: Sukanya Sinha and Wandile Nzuza



Jets to use:
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Rinv=0.33

Jet multiplicity: 
indicative of 


signal selection 
efficiency

J04: typically SVJs have a 
larger spread 

J10: higher pT threshold 

VRJ: expanded radius 
based on a mass-like 
parameter ⍴/pT of the jet 
(used j04 as inputs) 

DRJ: allows the radius by 
an additional term, which 
captures the pT-weighted 
standard deviation of the 
distances between pairs 
of constituents.

https://arxiv.org/abs/2207.01885

https://arxiv.org/abs/0903.0392
https://arxiv.org/abs/2301.13074


Example Events
Shows the advantage of using VR jets

J04 
VRJ 
MET 

Dark hadrons 
B-hadrons

https://arxiv.org/abs/2207.01885



Signal Models

• Only Pythia8 HV model 
so far, and the model 
parameters are still 
being discussed* … 

• Herwig7 dark shower 
model, almost there …
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WiP: Estimating constraints from current 
results/Reinterpretation

The CONTUR 
(Constraints On New 
Theories Using Rivet) 
approach

18

with: Clarisse Prat, Sukanya Sinha, Suchita Kulkarni, Jon 
Butterworth, Andy Buckey

Expected and observed exclusion contours at 
95% CL for semi-visible jets signal, using the 
mono-jet analysis selection.
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WiP: New Observables

SVJs rather than having prongs like top-quarks, have holes.

19

with: Andy Buckey

Can we calculate overlap with cylindrical Bessel functions?

vs

SVJ Q/G Jet
Very Preliminary

Very Preliminary



WiP: New Observables

SVJs rather than having prongs like top-quarks, have holes.
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with: Andy Buckey

Can we calculate overlap with cylindrical Bessel functions?

Very Preliminary

We can, somewhat …

SVJ, Rinv=0.33
SVJ, Rinv=0.67
Q/G jets



WiP: Using AD

• Standard approach: use multiple 
signal simulations, single bg 
simulation to extract anomaly, to use 
on data. 

• Drawback: for a not so well defined 
signal model, inherent bias.  

• Enter BEAD: Background Enhanced 
Anomaly Detection

21

with: Sukanya Sinha, Pratik Jahwahar, Caterina Doglioni



WiP: BEAD

• Use multiple background 
simulation models, apply 
loose requirements based 
on general signal 
characteristics. 

• Try to find gaps in a 
multidimensional latent 
space! 

• Proof-of-principle 
approach.

22

Very Preliminary



Summary
• Novel signatures (i.e SVJ!) 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?



Backup



ATLAS SVJ Search
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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)      

    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


The topology and the challenges
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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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Results

Excellent agreement between data and background prediction: 
HT and MET

Phys. Lett. B 848 (2024) 138324

Sukanya Sinha: 
former PhD student, 
now in UofM

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


Results
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Limits on mediator 
mass separately for 
each Rinv 

Data yield in SR, 
proxy for model 
independent limit 
with this SR 
selections: 17388

Phys. Lett. B 848 (2024) 138324

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


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
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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 :(
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Phys. Lett. B 848 (2024) 138324

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub
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Excellent agreement between data and background prediction: 
PTbalance and max-min ɸ

Phys. Lett. B 848 (2024) 138324

ATLAS SVJ-t Results

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


ATLAS SVJ-t 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

