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Inelastic Dark Matter
• Motivation: During early Universe, we might want to have a 

production channel for dark matter 
• Features such a channel would need: 

• coupling to standard model for thermalization with SM 
• having enough annihilations to be consistent with the observed 

relic abundance
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Inelastic Dark Matter
• Model Constituents 

• Dark Fermions ( , ), dark photon (A’)
• Parameters: 

• kinetic mixing term ( ), 

• dark photon to dark fermions coupling ( )

• stable dark fermion mass ( ), mass difference ( ), and dark 
photon mass (  or )

χ1 χ2

ϵ
αD = g2

X /4π
mχ1

Δm
mA′ mX
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Signal: ISR Photon
• Since this is our initial trigger, need to 

separate from background: an 
energetic photon (>1GeV), comes from 
the barrel, etc. 
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’s γISR Ecm
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Signal: A’ 
• Since we know the momentum and 

direction of the ISR photon + initial 
conditions, then  -  = pini pγ pA′ 
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• Two oppositely charged tracks emerge 
from a displaced vertex, comprising of  

. Powerful in rejecting backgrounds 
by using , 
l+l−

mV0
dr
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*dr2 = d x2 + dy2

Vertex mass (GeV/ )c2

simulated signal

Displaced Vertex
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Background: Composition

• While this iDM signature is clean, some 
standard model processes can fake it
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• Example: 
• Direct radiative pair production with an undetected photon (i.e. 

 with ) 

• Photo-conversions (  ) from direct radiative pair production 
or radiative photon pair production ( )

• Meson Decays (e.g.  where  )

e+e− → t+t−γ(γ) t = e, μ, π
γ → e+e−

e+e− → γγ(γ)
e+e− → K0

SK0
Lγ K0

S → π+π−
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Background vs. Signal Separation
• Applying all aforementioned pre-selections, 

we go from the entire Belle 2 dataset down 
to something manageable

• For more fine-tuned cuts to further 
suppress backgrounds: 
• Introduce a BDT using physically 

meaningful variables 
• Make signal model dependent cuts
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Features for BDT
• Total Extra Energy (GeV): For any additional tracks and photons 

(besides those used by signal), sum over their energies
• LeptonID: Checking the particle ID of each track forming the vertex 
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• light: 

• medium: 

• heavy: 

• (units are )

mA′ ≤ 0.96
0.96 ≤ mA′ ≤ 3.9

mA′ ≤ 3.9
GeV/c2
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BDT performance
(used Punzi FOM to optimize)
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Signal Dependent Cuts
• In addition, we can also do signal dependent cuts

• Vertex Mass ( )  , 

•  =   

mV0
≤ Δmχ

Emiss Eχ1,I
+ Eχ1,II

≤ 2mχ1
c2
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Signal Extraction 
• Given how few events we have remaining, let’s 

do a single bin counting experiment 
• For a given signal window and its dependent 

cuts, estimate signal vs. background
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•
• 1st term: data used to extract  signal events with  backgrounds

• 2nd term: information from MC or a control sample (where  is a 
pre-determined scale factor) 

•  is used 

ℒ = P∝(μ + b |n) × P∝(τb |m)
μ b

τ



Defining Signal Window
• Since we’re not fitting, we just need to define 

the region where we count events
• Do this by defining 90% CL (90% of events w/ 

equal areas from the median) 
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Upper Limit 
• With our selection, our signal extraction method, we should have 

some idea of how will perform. 
• Strategy: 

• Bootstrap our background MC samples and create a toy dataset
• Apply selection and obtain a signal yield -> convert to upper limit 
• Do this N times and obtain some default set of values 
• Use the median value from these toy trials for sensitivity plots 
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What a given trial looks like
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90% conf. 
interval
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• After performing 100 samplings per 
model, we get some 95% observed UL
• (from best fit signal value and 

knwoeldge of background)
• From here, we want to convert the 

median upper limit value to a cross 
section that relates # of events to 
something meaningful
• i.e. cross-section

 (GeV/ )mχ1
c2

 (GeV/ )mχ1
c2
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disclaimer: preliminary 

 (GeV/ )mχ1
c2

Preliminary 

link
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Next Steps
• Control Sample (K-Short Veto, γγ sample, ττ)
• Understanding BDT systematics
• Systematics?

• Additional sanity checks on produced signal
• Better contour plotting code…

• Write…
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Tha t ’s  
a l l  f o l k s !



Ex t ra
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Ana l ys i s  De ta i l s
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grouping by mA’ 
averaging and std for y, yerr

From ISR photon
min. energy req.

reapply and check
signal retention

slide 22
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• data point =  ±   models

•

• Showed all  

⟨eff⟩ σeff ∀

σeff = (n/d) 1/n + 1/d
ε, mχ

•  ± 

• Averaged over  

⟨eff⟩w=1/σeff
⟨σeff⟩/ n

ε, mχ
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• data point =  ±   models

•

• Showed all  

n/d σeff ∀

σeff = (n/d) 1/n + 1/d
ε, mχ

•  ± 

• Averaged over  

• Let me check lowE to check

⟨n/d⟩w=1/σeff
⟨σeff⟩/ n

ε, mχ
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• data point =  ±   models

•

• Showed all  

n/d σeff ∀

σeff = (n/d) 1/n + 1/d
ε, mχ

•  ± 

• Averaged over  

• Let me check lowE to check

⟨n/d⟩w=1/σeff
⟨σeff⟩/ n

ε, mχ
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•

• Could do 
 but this 

would now depend on  (kinetic 
mixing) so hesitant 

εeff = Npost cut & reco/Npost reco

εeff = Npost cut & reco/Ngen

ϵ
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Playing around with BDTs
• One subtle thing we’ve been playing around with is the influence of 

leptonID is utilized

42

• Model 1 (top): muon and 
electron ID are done 
separately, and choose 
highest output

• Model 2 (bottom): single 
leptonID variable

• Model 3 (in-progress): muon 
and electron ID variables at 
the same time
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• Still preliminary but these are efficiency tables used for upper limits 
• Retention: # of events post cut & reconstruction / # of events post reconstruction
• Full: # of events post cut & reconstruction / # of generated events
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Minor details on BDT usage
• Actually doing what Tia Crane called a “Boosted Decision Forest”
• Train N = 4 (can increase later) BDTs and, using the ideas from 

random forests, average them (also helps define uncertainty)
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•  = prediction for an event with the i’th trial/tree

•  = average over all the N=4 trials

• (Maybe there are other measures for BDT variance 
but… This was first thought 

BDTi

⟨BDTi⟩

• Usage: Measure for systematics by fluctuating BDT 
cuts post PFOM cut by ~0.02 - 0.03 
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DM Ev idence  
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Evidence for Dark Matter 
• From Astronomy/Cosmology [1]

• Galaxy rotation curves [2]
• Bullet Cluster
• CMB Anisotropies 
• Lyman α-Forests 
• Nucleosynthesis
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M33 Galaxy’s rotation curves [3]

v2 =
GM(r)

r

constant density outside central density

v2 =
4πGρ0

3
r2 v2 =

GMtot

r

w/o DM



Evidence for Dark Matter 
• From Astronomy/Cosmology [1]

• Galaxy rotation curves 
• Bullet Cluster [2]
• CMB Anisotropies 
• Lyman α-Forests
• Nucleosynthesis
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Gravitational Lensing Plasma Clouds
PC: [2]



Evidence for Dark Matter 
• From Astronomy/Cosmology [1]

• Galaxy rotation curves
• Bullet Cluster
• CMB Anisotropies [4,5,6] 
• Lyman α-Forests
• Nucleosynthesis
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PC: [3]

 (1/rad)ω

Δ
T(

μK
)

COBE PlanckWMAP

likelihood fit results

baryon

total matter
cold DM
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Evidence for Dark Matter 
• From Astronomy/Cosmology [1]

• Galaxy rotation curves 
• Bullet Cluster 
• CMB Anisotropies 
• Lyman α-Forests [2]
• Nucleosynthesis 
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Evidence for DM
• From Astronomy/Cosmology [1]

• Galaxy rotation curves 
• Bullet Cluster 
• CMB Anisotropies 
• Lyman α-Forests 
• Nucleosynthesis
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PC: [5]

PC: [6]

ρ(
Η

e4
)/ρ

b
D

/H
H

e-
3/

H

baryon photon ratio ( )ηb
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