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Overview
● Submitted a Letter of Interest as part 

of Snowmass 2021
– Basic goal: develop a strange tagger 

using ILD@ILC and apply the tagger to 
a simple SM H⭢ss or BSM H⭢cs 
analysis

● In line with ILC Snowmass 2021 study 
questions (2007.03650)

● Interplay with the instrumentation: strange 
tagging capabilities strongly depend on the 
detector (e.g., PID)

√s = 13 TeV, m
H
 = 125 GeV

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF1_EF2-IF3_IF0_Valentina_Maria_Martina_Cairo-047.pdf
https://snowmass21.org/
https://arxiv.org/abs/2007.03650
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H⭢ss and H⭢cs
● H⭢ss: likely to remain out of experimental reach 

unless enhanced relative to SM expectations
● H⭢cs: some BSM models allow for the 1st & 2nd 

generation fermion masses to be an additional 
source of EW symmetry breaking, resulting in a 
“SM” Higgs doublet (125 GeV) and a “heavy” 
Higgs doublet
– See 1610.02398 for instance
– Predicts an enhancement to Higgs cross section
– Charged heavy Higgs can undergo flavour violating 

decays (e.g., cs) – s/c-tagging can help here
Charged heavy Higgs 
branching ratios. Taken 
from Fig. 6 of 1610.02398.

https://arxiv.org/abs/1610.02398
https://arxiv.org/abs/1610.02398
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Different jet types, pictorially

Taken from Slide 5 of Tomohiko 
Tanabe’s 2020/11/24 presentation.

https://indico.slac.stanford.edu/event/6674/#2-summary-of-existing-studies
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ILD@ILC
● The ILD detector

– Detector overview: 1912.04601
– 3 double-layer pixel detectors for vertexing
– Time projection chamber (TPC) for tracking 

with inner/outer Si layers
● Low material assists in low-p tracking

– High granularity sampling calorimeters for 
particle flow reconstruction

● Challenge is reconstructing neutral hadrons
● Precise EM/hadronic design still under study

– Tracking/calorimetry contained in 3.5 T field ILD detector quadrant. Taken 
from Fig. 1 of 1912.04601.

https://arxiv.org/abs/1912.04601
https://arxiv.org/pdf/1912.04601.pdf#page=5
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Flavour tagging requirements
● Good impact parameter resolution, secondary 

vertexing
– Pertinent to b/c-tagging

● For strange versus up/down (“light”) quark 
tagging, there’s a need for kaon tagging
– TPC provides dE/dx, Si detectors on either side of 

TPC provide time-of-flight (TOF) measurement
– TOF works best at low p (< 10 GeV), expect dE/dx to 

work better for kaon tagging (where p > 10 GeV)

● ILD already provides BDT scores for b/c-taggers 
and an other (“o”) tagger per jet – these can be 
utilized ILD separation power for pions and kaons 

using dE/dx and TOF (100 ps resolution). 
Taken from Fig. 3 of 1912.04601.

https://arxiv.org/pdf/1912.04601.pdf#page=8
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Strange jet tagger
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Multiclassifier tagger and inputs
● Use a multiclassifier tagger, which assigns probabilities to the possible flavours of a jet 

simultaneously
● Train on ILD-reconstructed H⭢qq/gg samples (qq = uu, dd, ss, cc, bb) with √s = 250 

GeV and PL[e-] = -100% and PR[e+] = +100%
– Unskimmed, except for Njets ≥ 2, Nleptons = 0, and truth H⭢qq/gg cuts

● Use per-jet level inputs as well as variables on the 10 leading particles in each jet (with 
kinematics re-defined relative to the jet axis and re-normalized relative to jet 
momentum)
– Jets: momentum p, pseudorapidity η, polar angle ϕ, mass m, b/c/o-tagger scores, category, Nparticles

– Particles: p, η, ϕ, m, charge, truth electron/muon/pion/kaon/proton likelihoods (0 or 1, using PDG 
ID – dE/dx and TOF likelihoods not yet fixed in samples)

● “Kaons”: KS
0 (310), K+/- (321), Λ (3122)
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Tagger architecture
● We picked a relatively simple neural network (NN) architecture

– 3 layer (128 64 32 nodes) recurrent neural network (using gated ⭢ ⭢
recurrent units) for particle-level inputs – then concatenated with jet-
level inputs and fed into a 3 layer (128 64⭢ 32 nodes) multilayer ⭢
perceptron

– Architecture shows up in many different HEP measurement scenarios 
(e.g., recent ATLAS H⭢ZZ 4⭢ ℓ couplings measurement, see Section 5.2 
of 2004.03447); specifically, applied even to strange tagging 
performance at hadron colliders (used LSTMs instead of GRUs)

● “Maximum performance of strange-jet tagging at hadron colliders” (2011.10736)

https://arxiv.org/abs/2004.03447
https://arxiv.org/abs/2011.10736
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Tagger architecture: pictorially

GRU: 128 nodes

GRU: 64 nodes

GRU: 32 nodes

10 particles

MLP: 128 nodes

MLP: 64 nodes

MLP: 32 nodes

Concatenate

Jet variables

Output
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Performance: b, c, and g jets

● MVA likely returning b/c-tagger scores – should do just as well or better 
than input BDT scores

● Reasonable discrimination of gluon jets

ILD Preliminary ILD Preliminary ILD Preliminary
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Performance: s and u/d jets

● Separation of s and u/d is possible with using truth likelihoods
● At 50% strange tagging efficiency, we have 90% background rejection over 

70% for LCFIPlus Otag (see ROC curves in Backup and LCWS2021 talk)

ILD Preliminary ILD Preliminary

https://indico.cern.ch/event/995633/contributions/4256914/attachments/2209029/3739981/210318_Basso_LCWS2021_Strange-Tagging-with-ILC_v2.pdf#page=20
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H⭢ss analysis
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Analysis overview
● Analysis performed on the same flavour tag samples as for training 

(500K events per flavour) as well as 2f_Z_hadronic and 
4f_ZZ_hadronic samples (~1M events each)
– Cross sections assume √s = 250 GeV and PL[e-] = -80%, PR[e+] = +30%

– Accordingly, use the cross sections decorated onto the miniDSTs and 
multiply by BR[H inv] * BR[⭢ H⭢qq/gg], BR[Z had], or BR[⭢ Z had]⭢ 2

● N.B.: BR[H⭢ss], BR[H⭢uu], and BR[H⭢dd] aren’t available, so we take BR[H⭢cc] 
and scale using ratios of quark masses squared

– BR[H⭢ss] ~ 2E-4, BR[H⭢uu] ~ 2E-6, BR[H⭢dd] ~ 5E-7

– Multiply cross sections by integrated luminosity of 2000 fb-1 to yield events
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Analysis cuts
● Preliminary selection:

– Leading and subleading jet momenta, pj > 30 GeV

– Dijet mass, Mjj ϵ [120, 140] GeV

– Dijet energy, Ejj ϵ [125, 160] GeV

– Missing mass, Mmiss ϵ [75, 120] GeV

– Angular separation, ΔRjj,miss = √(Δϕjj,miss
2 + Δηjj,miss

2) < 4

– Leading and subleading LCFIPlus tagger scores, scoreb
j < 0.2 && scorec

j < 0.35

– Number of PFOs per event, NPFOs/event ϵ [30, 60]

– Number of PFOs per jet, NPFOs/jet ϵ [10, 40]
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Cutflow

● We use Durham2Jets, so we always have 2 jets
● Largest decrease in signal efficiency at Mjj cut

– Provides one of the strongest handles on reducing 2f_Z_hadronic, however

● Net result: 29% signal efficiency, 0.016% background efficiency
– H⭢bb s/b ~ 0.0007 @ No cut can be compared to that in the 4-jet channel, 0.00077 (Backup)
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Histograms: p
j0
 and p

j1

**Unstacked green line is signal**
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Histograms: M
jj
 and E

jj

**Unstacked green line is signal**
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Histograms: M
miss

 and ΔR
jj,miss

**Unstacked green line is signal**
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Histograms: b-tagger scores

**Unstacked green line is signal**
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Histograms: c-tagger scores

**Unstacked green line is signal**
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Histograms: N
PFOs

/event

**Unstacked green line is signal**

Should we soften this cut 
to keep more signal? 67% 
efficiency for signal, but 
11% efficiency for H⭢gg
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Histograms: N
PFOs

/jet

**Unstacked green line is signal**
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Signal discriminant(s)

We can look at sum of leading and subleading jet strange scores (right) or product (left)
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Signal discriminant (2)
Sensitivity peaks only 
because s < 1 and b ~ O(1) 
(bins not populated by 
2f_Z_hadronic)

Using asymptotic significance assuming Asimov data (neglecting MC stats):
Z

0
 = √(2 * ((s + b) * ln(1 + s / b) - s))
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Discussion
● Generally, cutting on the sum of the strange jet scores seems more stable

– Discovery measurement seems unlikely, even after using truth info in the tagger
– We will convert the results into limits on the Higgs to strange BR as the “money” 

plot (neglecting stat uncertainties on 2f_Z_hadronic? Would likely dominate the 
result, and these can probably be reduced with enlarged samples)

● Any gains in the analysis would come from reducing the 2f_Z_hadronic 
background
– Tricky, as even now we only keep <10 raw events per 15,000 raw events when 

processing this background (similar for 4f_ZZ_hadronic)

– As a suggestion from the ILD community, quantities like Δϕjj or pT
j should help
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Summary
● Presented progress towards strange tagging with ILD and a H⭢ss 

analysis
– Sensitivity is limited – we are looking at the best case scenario in terms of 

tagger (save other architectures), analysis could better optimized more, however
– We are also happy to scale the results to other scenarios
– More statistics for both 2f_Z_hadronic and 4f_ZZ_hadronic would be beneficial – 

at the same time, having MC for a 2HDM H⭢cs decay could provide prospects 
for BSM scenarios with enhanced yields

● Ongoing discussion on whether to enlarge samples statistics 

– Looking to write up what has been done as a contribution to Snowmass 2021
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Questions?
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Backup
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Neutral heavy Higgs BRs

Neutral heavy Higgs branching ratios. Taken from Fig. 3 of 1610.02398.

https://arxiv.org/abs/1610.02398
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ROC curves: b and c jets

ILD Preliminary ILD Preliminary
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ROC curves: g jets

ILD Preliminary
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ROC curves: s and u/d jets

ILD Preliminary ILD Preliminary
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e+e- cross 
sections

Table 2, taken from page 62 
of Tomohisa Ogawa’s thesis

https://ir.soken.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=5889&item_no=1&page_id=29&block_id=155
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H⭢bb analysis: 
histograms

Figure 66, taken from page 87 
of Tomohisa Ogawa’s thesis

https://ir.soken.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=5889&item_no=1&page_id=29&block_id=155
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H⭢bb analysis: cutflow
Table 4, taken from page 89 of Tomohisa Ogawa’s thesis

https://ir.soken.ac.jp/?action=pages_view_main&active_action=repository_view_main_item_detail&item_id=5889&item_no=1&page_id=29&block_id=155
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