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CMS SVJ Z’ s-channel model 
▶ Leptophobic Z’ boson from broken U(1) symmetry

● Couples to SM quarks (g
q
) and dark quarks (g

χ
)

▶ Dark sector SU(2)
d
: N

c
=N

f
=2  

● Contains dark gluons (G
μν

d) and dark quarks (χ
a
) that bind into pseudoscalar π

d
 and vector ρ

d
 

hadrons (all with same mass m
d
)

● Dark coupling runs, depends on Λ
d
 (Q

d
=1 TeV): 

● These hadrons don’t have any SM charges 
● Some dark hadrons will be stable: π

d
DM and ρ

d
DM ⇦ DM candidates! 

● Unstable ρ
d
 can decay to a pair of SM quarks of any flavor with equal probability, if m

d
 ≥ 2m

q  
 

● Unstable π
d
 must decay through a mass insertion  prefer decays to heavier SM quarks

● Probability of producing ρ
d
 = 0.75 (3 spin-1 states + 1 spin-0 state)

▶ ℤ
2
 symmetry assumed for stable dark hadrons: only even production of dark hadrons is allowed

arXiv:1503.00009;1707.05326 

https://arxiv.org/abs/1503.00009
https://arxiv.org/abs/1707.05326
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χ 

χ 
χ
 

Model parameters
▶ Coupling choices aligned with LHC DM WG:

● g
q
 = 0.25; g

χ
=0.5 → Br(dark)~47%; Γ

Z’
/m

Z’
=5.6% 

● Same as LHC DM models with g
DM

 = 1.0 

▶ Generated with Pythia 8.226, 8.230 + HV module
▶ Signal depends on four parameters:

● m
Z’
: 19 values [1.5-5.1] TeV  

● r
inv

: fraction of stable dark hadrons 12 values [0,1]

● α
d
: chosen values depend on m

d
: αpeak maximizes 

multiplicity in dark shower, 1/2αpeak, 3/2αpeak  

● m
d
: 12 values [1,100] GeV → m

χ
=0.5m

d
  

▶ Benchmark values: 
● m

Z’
=3TeV; m

d
=20GeV; r

inv
=0.3; α

d
=peak

▶ Do three 2D scans (m
Z’
 vs m

d
, r

inv
, α

d
) → 475 points

● 4D scan would be 8208 points!
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Search strategy: bump hunt
▶ We assume unstable dark hadrons decay promptly
▶ Decay to SM quarks → SVJs are expected to be wide
▶ Bump hunt in transverse mass

● Kinematic edge at m
Z’
  

● Better resolution than m
JJ

 
● SM backgrounds have steeply falling distributions

▶ This is the first search for SVJ exploring new signal:
▶ Split into two different searches:

● “Inclusive” search using only event-level variables 
which should give “model-independent” results; 

● “BDT-based” search: train a SVJ tagger using our 
signal model, explore full sensitivity if our model is 
“correct”
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Semivisible jets vs WIMP signatures
▶ Typical WIMP signal: high MET, high Δϕmin(jet,MET)
▶ SVJ signal: moderate MET, low Δϕmin(jet,MET)
▶ QCD: low MET, low Δϕmin(jet,MET)
▶ High-MET searches (SUSY, MET+X) reject events with low Δϕmin(jet,MET)

● Jets aligned with MET considered to be “noise” (or mismeasurement)
▶ Previous DM searches never covered this phase space 
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Event selection
▶ Trigger 

● Unprescaled jet p
T
 and H

T
 triggers

▶ Preselection (J=AK8 jet)
● Signal topology: N

J
≥2; p

T
(J

1
,J

2
)>200GeV; |η(J

1,2
)|<2.4

● Trigger efficiency: m
T
>1500 GeV; Δη(J

1
,J

2
)<1.5  

● QCD rejection: R
T
 ≡ MET/m

T
 > 0.15

● Reject non-QCD: e/μ veto (p
T
>10GeV;|η| < 2.4)

● Data quality: CMS MET and jet filters + custom dead 
ECAL cells filter  

▶ Full selection:

● Δϕ
min

(J
1,2

,MET)<0.80 → rejects tt, W(ℓν), Z(νν) 

● ECAL Gap jet filter → data quality
▶ Control regions 

● Single muon: used for trigger efficiency measurements
● High-Δη = preselection except Δη(J

1
,J

2
) and m

T
 cuts: 

used for data quality studies, kinematics similar to signal 
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Instrumental backgrounds
▶ Usual jet ID and MET filters not enough to describe data
▶ Developed two filters specially for this analysis:
▶ ECAL dead cells: major source of fake MET

● Existing filters not tuned in this region of low Δϕ
min

 

● Developed custom filter vetoing events with AK4 jets with 
ΔR(j

1,2
, cell

dead
) < 0.1

● Killed 40% of QCD background, only ~5% of signal 
▶ Misreconstructed jets near barrel-endcap gap in ECAL 

● Observed excess of events in high-m
T
 tail, high MET 

● Arises from jets with high photon fraction, high p
T
,   

|η|~1.3
● Default spike killer not tuned in gap region for saturated 

rec-hits
● Veto events with p

T
(j

1
) > 1000 GeV and f

γ
(j

1
) > 0.7

▶ Important to use Control Regions to check MC-data 
agreement in data region free of signal

arxiv:1903.06078

https://arxiv.org/abs/1903.06078
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Inclusive search
▶ After full selection:

● NNLO σ normalization for EWK processes
● QCD with LO σ plus empirical k-factor on MET at preselection
● Overall data/MC unimportant since bkgd is estimated from data

▶ Cut-based high-RT (RT>0.25) has optimal significance for a 
single region

▶ Adding low-RT region (0.15<RT<0.25) improves expected limit 
by ~60% and helps covering r

inv
~0 region

▶ Limits are derived for the combined low+high R
T
 regions

Process Yield [138 fb-1] Efficiency [%]

QCD 110684  ±  864 0.000016

tt     6716  ±   47 0.0060

W(ℓν)+jets     8458  ±   14 0.0029

Z(νν)+jets     5340  ±   15 0.0085

SVJ_3000_20_0.3_peak       941  ±     6 17

RT>0.25

0.15<RT<0.25
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SVJ tagger
▶ Try to discriminate between SVJ and SM background jets using jet substructure vars.

● Heavy object tagging: mSD, τ21, τ32, ECF: N2(1), N3(1)

● Quark-gluon discrimination: σmajor, σminor, girth, pT dispersion: 
● Flavor (energy fractions): fγ, fh±, fh0, fe, fμ  

▶ Train BDT with equal mix of QCD and tt, with signal mixture of many models
● Reweight background jet pT spectrum to match signal: avoid sculpting
● Ranking 5 most important variables: mSD, Δϕmin, τ21, τ32, DpT 
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SVJ tagger performance → BDT search
▶ Important to check that tagger has a flat efficiency vs mZ’  
▶ Overall very good performance AUC~0.94: 

● Choose working point 0.55 based on background estimation statistics
● 87% SVJ efficiency and 12-16% mistag of SM jets

▶ BDT search requires both leading jets with BDT>0.55 on top of low-RT and high-RT 
selection → low-SVJ2, high-SVJ2
● Reduce background by factor ~60 while preserving signal

High SVJ2

Low SVJ2
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▶ Perform analytic fit to mT data to 
estimate smoothly-falling 
backgrounds (x=mT/√s)

▶ Use Fisher testing to determine 
optimal number of parameters

▶ g(x) chosen as primary fit function, 
f(x) used for bias studies
● Generate toys with f, fit with g
● Ensure g can fit different data 

distributions
▶ Signals shown with cross section 

at observed limit 
▶ No significant deviations from SM

● Small pulls

Background Estimation
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Observed limits (Inclusive search)
▶ Observed (expected) exclusions:

● 1.5 < mZ’ < 4.0 TeV (1.5 < mZ’ < 4.3 TeV)
▶ Depending on mZ’:

● 0.07 < rinv < 0.53 (0.06 < rinv < 0.57)
● All md, αd variations
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Observed limits (BDT search)
▶ Observed (expected) exclusions:

● 1.5 < mZ’ < 5.1 TeV (1.5 < mZ’ < 5.1 TeV)
▶ Depending on mZ’:

● 0.01 < rinv < 0.77 (0.01 < rinv < 0.78)
● All md, αd variations
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Summary/Outlook
▶ First analysis on semivisible jets phase space with simplest signal: resonant Z’ search

● Lots of dedicated studies of Pythia vs Madgraph, and learning Pythia HV parameters
▶ Had to take extra steps to understand data with MET aligned with jets, understand JES for signal
▶ Dual strategy with inclusive and more model-dependent search with higher sensitivity

● Cut-based search is more general, can be reinterpreted for similar signals
● BDT-search improves background rejection by almost two orders of magnitude, but is model 

dependent → First SVJ tagger applied to data
▶ Analysis with 138 fb-1 of data excluded a large portion of semivisible jets model space

● Scanned a wide range mZ’, rinv, md values   
▶ Now working on low-mass Z’ boosted channel, t-channel with bifundamental mediator, and 

using scouting data to lower jet pT thresholds (reduced event reco size)
▶ Will use new techniques such as autoencoders for SVJ tagger to be more model independent

Direct production Associated production Pair productionBoosted
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Extra: high-SVJ2 candidate event
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Systematic Uncertainties
▶ Signal:

● Experimental (uncorrelated between years):
 Luminosity, trigger efficiency, jet energy 

corrections, jet energy resolution, pileup, 
statistical uncertainties in simulated samples

● Theoretical (correlated between years):
 PDFs, renormalization/factorization scale, 

parton shower modeling (ISR/FSR), jet 
energy scale/composition

▶ Background:
● Fit parameters: freely floating, uncertainties 

arise from statistical uncertainty in data
● Fit normalizations: also freely floating, can 

change up to 10% → most impactful 
uncertainty 

JES: Expect heavy quarks to appear 
more often in signal jets than in SM jets 
 Study p

T
(gen)/p

T
(reco) 

 larger spread than for SM
 propagate uncertainty to MET



Aran Garcia-Bellido (Rochester) 17/14

Mass sculpting

▶ Avoid direct cuts on mT components: MET, jet pT

▶ Relative variable (“transverse ratio”): RT = MET/mT

▶ Cutting on RT rejects QCD background without 
shifting mT 

sculpting
no sculpting
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