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Why Jet Substructure?

• When the masses of new particles get higher 
and higher, their decay products also get more 
and more boosted

‣ Decay products can be W, Z, top, or Higgs

• The decay products of boosted particles tend 
to be collimated and reconstructed as one 
merged object in the detector

‣ We have to use new techniques to reconstruct 
these merged objects and study the inner 
structure
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When We Have Boosted Particles

4

ΔR =0.4→ΔR =0.8 ΔRmin ≈ 2
MB

pB
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But …

• Larger radius jets are more likely to contain 
noise, such as pileups
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•Pileup
– Additional pp collisions in the same or adjacent bunch 
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QCD Jet Mass
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Eur. Phys. J. C 67, 637
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Run-1 Jet Grooming
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Run-2 Jet Grooming

13 talk by Frédéric Dreyer 



Subjets
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Comparison of Performance for QCD Jets
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JHEP05(2013)090

https://link.springer.com/article/10.1007%2FJHEP05%282013%29090


Pruned Mass from QCD and W-Jets
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Mass Distributions of Soft-dropped Jets
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N-subjettiness
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Subjet b-tagging for Higgs Jets
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Caterina Vernieri (Boost 2015)

b-hadron



Subjet b-tagging for Higgs Jets
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Caterina Vernieri (Boost 2015)



Subjet b-tagging for Higgs Jets

21

Caterina Vernieri (Boost 2015)

AK8 subjet and AK4 b-tagging: 

efficiency 83% with a mis-tag rate 10% 

(loose working point)

efficiency 69% with a mis-tag rate of 1% 

(medium working point)
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Why Dark Matter?
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Complementarity of Dark Matter Searches

• Evidence of dark matter well established from astrophysical observations 

• The exact nature of DM is still unknown
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Complementarity of Dark Matter Searches

• Evidence of dark matter well established from astrophysical observations 

• The exact nature of DM is still unknown

arXiv:1305.1605
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Dark Matter Searches at Colliders

• LHC provides a prime laboratory for production of DM 

• Can probe a wide range of DM/SM interaction types

ATLAS CMS LHCb

1 GeV~1 TeV

Collider Reach
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• Neutral, weakly-interactive, massive, and stable on the distance-scales of tens 
of meters 

• Dark matter appears as missing transverse momentum in collider detectors

26

What Is Dark Matter at Colliders?

Missing  
transverse momentum

7m
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• Dark matter produced directly 

• Pair production of DMs 

• Mono-X signature where X=j, 𝜸, W, Z, 
h, bb, tt, t 

• Search for mediators 

• via dijet, dilepton, or Higgs

27

Search Approaches at Colliders

• Dark matter in cascade decays 

• SUSY WIMPs, with R-parity 
conservation, 2 LSPs in final state  

• NLSPs, LSPs, gluinos, or stops with 
long life time→displaced vertex, 
disappearing tracks, heavy stable 
charged particle (HSCP)

R = −1( )2s+3B+L

  =
+1 SM
−1 SUSY

⎧
⎨
⎩

⎫
⎬
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• mDM, M*, underlying coupling type, 
DM types 

• Valid when Qtr2 ≪ M2

28

Evolution of Models for Direct DM Production
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• SUSY simplified models to search 
for DMs in cascade decays are 
standardized already at Run I  

• Starting from Run II, simplified 
models for direct DM searches are 
standardized and discussed in the 
LHC DM forum and working group, 
GitLab 

• Consensus of simplified models for 
MET signatures 

• Guidelines for the comparison of 
LHC and non-LHC DM search 
results 

• Guidelines for the comparison of 
direct DM searches and visible 
mediator searches 

• Prediction of major background

29

LHC Dark Matter Forum and Working Group
arXiv:1507.00966

arXiv:1603.04156

arXiv:1703.05703

arXiv:1705.04664

http://lpcc.web.cern.ch/LPCC/index.php?page=dm_wg
https://gitlab.cern.ch/lhc-dmwg-material/
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• Mediator has minimal decay 
width 

• Minimal flavor violation 

• Minimal set of parameters 

• coupling structure, MMED, mDM, gSM 

(gq), gDM

Simplified Models for Direct DM Production

Features of Mediators

Tae Min Hong, LHCP 2017

q

q
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DM Searches with 
Missing Transverse 

Momentum Signatures

31
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Mono-X Diagrams of Direct DM Production

Mono-jet Mono-W/Z(hadronic)Mono-Z(leptonic)

Mono-photon Mono-tt/bbMono-h (bb, 𝜸𝜸)

Mono-top
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• Anomalous high MET can be due 
to: 

• Particles striking sensors in the 
ECAL photodetectors 

• Beam halo 

• Dead cells in ECAL or HCAL 

• Noise in ECAL or HCAL

33

Challenges of Missing Transverse Momentum
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Mono-X Searches in Hadronic Final State

Mono-h (bb)
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• Rely on MET triggers (offline MET cut ≳200 GeV) 

• Major background from Z(→𝝂𝝂)+jets, W(→l𝝂)
+jets 

• Estimated from a binned likelihood fit to five control 
samples: Z(→ee), Z(→µµ), γ, W(→e𝝂), W(→µ𝝂) + 
jets data, transfer factors from MC reweighed with 
NLO QCD and nNLO EWK, uncertainty studied 
following 1705.04664 

• 3 QCD uncertainties: scale variation, shape with pT 
dependence, difference between K-factors 

• 3 EWK uncertainties: missing NNLO effects, 
difference between NNL Sudakov approx. and NLO 
EWK, unknown Sudakov logs

35

Mono-X Searches in Hadronic Final State

https://arxiv.org/abs/1705.04664
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Estimation of W+Jets and Z+Jets Background
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Estimation of W+Jets and Z+Jets Background
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Mono-X Searches in Hadronic Final State

https://arxiv.org/abs/1705.04664
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• Z(→𝝂𝝂)+jets constrained from Z(→ee), Z(→µµ), and γ+jets  

• W(→l𝝂)+jets constrained from W(→e𝝂), W(→µ𝝂) 

• W+jets/Z+jets cross section ratios constrained with theory input 

39

Estimation of Z+Jets and W+Jets Background
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• Uncertainties on the ratios reduced by at least a factor of 3-4

40

Improvement of Uncertainty on Transfer Factors



Shin-Shan Eiko Yu

• Uncertainties on the ratios reduced by at least a factor of 3-4

40

Improvement of Uncertainty on Transfer Factors
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Mono-X Searches in Hadronic Final State

https://arxiv.org/abs/1705.04664
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EWK, unknown Sudakov logs
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Mono-X Searches in Hadronic Final State
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Mono-X Searches in Non-Hadronic Final States

Mono-Z(leptonic)

Mono-photon Mono-h (𝜸𝜸)
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• Rely on lepton or photon triggers, can probe 
models with lower MET 

• Mono-Z (ll), mono-photon:  

• Major background is W/Z+X where X=Z or 𝜸, 
estimated from a binned likelihood fit of MET in 
the control regions (by reverting the lepton-veto) 

• Transfer factor derived from simulation with 
NNLO QCD and NLO EWK corrections 

• Mono-h (𝜸𝜸) 

• Fit to the m𝜸𝜸 spectra in data, background 
includes resonant and non-resonant contribution
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Mono-X Searches in Non-Hadronic Final State
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Searches for Visible 
Mediator Decays

44
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• high-pT/HT trigger for large-Mjj, ISR 𝜸/jet tag 
or data with only trigger-level objects (data 
scouting) for small-Mjj  
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Visible Mediator Searches
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• Sensitive to wide mediators or non-resonant signature 

• Dijet resonance searches exclude gq in the range of 0.07-0.35 
depending on MMED
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Dijet Angular Distributions
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Mono-X With Vector/Axial Mediators

Mono-jet

Mono-W/Z(hadronic)Mono-Z(leptonic)

Mono-photon
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Collider Results Only
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If We Use Different Parameter Values
Discussion in the  
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SI)
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Collider v.s. Non-Collider Experiments (SD)
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Mono-X with Scalar/Pseudo-Scalar Mediators
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• For the mono-V channel, pseudo-scalar/scalar limits 
include ggZH diagrams only because VH generators 
do not yet include mixing with SM Higgs 

• ttbar is the best at low-mass
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Collider Results for Scalar/Pseudo-Scalar
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• Recast for mono-tt, limits better than mono-jet for low-mass scalars
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Reinterpretation of           Searches
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Searches for Mono-h at 
CMS (arXiv:1703.05236)
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http://arxiv.org/abs/1703.05236
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• DM searches at LHC have been 
performed with various mono-X + 
missing Et signatures (where X=W, 
Z, jet, or γ).  

• Here, X could be emitted directly 
from a quark as ISR or as part of 
new effective vertex coupling of 
DM to SM 

• Unlike W, Z, jet, or γ, Higgs ISR is 
highly suppressed→mono-Higgs 
signal could probe directly the 
structure of the effective DM-SM 
coupling
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Why Mono-Higgs?
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Mono-Higgs Models on the Market

• Effective Field Theory: DM 
couples directly to Higgs via n-
dimensional operator, valid at 
energies below cutoff scale Λ. 
→6 EFTs 

• Simplified Models: New massive 
particle mediates Higgs-DM 
interaction, including baryonic Z’, 
Z’ from hidden sector,  pseudo 
scalar A0 from 2HDM, and scalar 
mediator
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baryonic Z’ hidden sector

scalarZ’-2HDM

arXiv:1312.2592
axXiv:1402.7074

https://arxiv.org/abs/1312.2592
https://arxiv.org/abs/1402.7074
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Our Benchmark Model: Z’-2HDM

MMED=100 GeV MMED=1TeV
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• Higgs sector: Type-II 2HDM with Φu and Φd 

• Gauge sector: extended by a U(1)z’ group 

• mDM: mass of dark matter particles, mDM≤ 100 GeV 

• mA: mass of the pseudo-scalar boson A, 300 ≤ mA ≤ 800 GeV 

• mZp: mass of Z’, 600 ≤ mZp ≤ 2500 GeV 

• gDM: coupling of A with DM particles, gDM=1 

• gZ’: coupling of Z’, gZ’=0.8 

• tanβ: ratio of the vacuum expectation values, tanβ=1
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Model Parameters We Considered
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Generator-Level Kinematic Distributions
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• MET distributions have little dependence on model parameters
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Generator-Level Kinematic Distributions
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CMS Data Used in This Analysis

1 barn=10−28  m2
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• H→bb 

• Wide mass peak (10%), with highest 
branching ratio (58%) 

• In general, this decay dominates the 
search sensitivity 

• H→γγ 

• Narrow mass peak (1-2% mass 
resolution), but lower branching ratio 
(0.2%) 

• Not limited by the MET trigger, can 
probe models which predict lower 
MET 
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Why H→bb And H→γγ?
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Mono-Higgs Team at CMS

H→bb

Shin-Shan Yu Raman Khurana Fang-Ying Tsai

Ching-Wei Chen Shu-Xiao Liu Michele de Gruttola

H→γγ

H→bb

Livia Soffi Margaret Zientek Peter Wittich
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• Our average Higgs pT spans from 120 GeV to 1200 GeV 

• Two different jet cone sizes are used: 0.4 (AK4) and 0.8 (AK8)
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Mono H→bb: Resolved and Boosted Jets

Anti-KT  ΔR = 0.4 →ΔR = 0.8

ΔRmin ≈ 2
MB

pB
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• 600 (770) < mZ’ < 1860 (2040) GeV excluded for gz’=0.8  (formula)
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Combining the Two Decay Channels
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Combining the Two Decay Channels
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23.48 2.95 1.66 2.02 2.40 4.35 13.53 

10.49 3.44 1.75 3.04 5.07 14.86 

45.01 8.68 4.58 4.22 6.00 16.55 
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)b DM+h(b→Z'
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Expanding the Mass Of A
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