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Supersymmetry

less fine-tuned
universe

wimp miracle
candiate
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Approaches to supersymmetry

→ consider LHC-accessible pMSSM subspace, accounting for non-CMS
constraints
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Long-lived MSSM charginos
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Compressed higgsinos

minimization condition of the MSSM superpotential is
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Compressed higgsinos

Low-sensitivity corridor in ∆m(χ̃±1 , χ̃
0
1)
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Displaced signatures at the LHC

previous results from CMS: EXO-12-034, EXO-16-044, ATLAS: SUSY-2016-06
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A few glimpses of a new analysis

1 Benchmark signal models based on pMSSM and SMS signal points

FastSim and FullSim recipes are in place for analysis

2 Trigger and basic object studies
3 Selection optimization

disappearing track candidate selection (BDT)
signal region selection (RGS)

4 Background estimation strategy
5 Data-driven systematic studies of disappearing tracks

tracking efficiency for disappearing tracks
momentum resolution of disappearing tracks
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Trigger and basic objects performance

Events: FullSim/Geant4 recipe with long-lived charginos
trigger family: HLT PFMET100 PFMHT100, HLT PFMETNoMu100 PFMHTNoMu100

collection for reconstructing charginos offline: general tracks
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trigger efficiency well-behaved throughout range of τ(χ̃±
0 ), tracking is efficient for dXY> 10 cm
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Tagging disappearing tracks (DTs)

track quality properties

hit information: number of valid pixel
/ tracker hits

missing hit information: missing inner
/ middle hits

vertex consistency: dxy , dz

∆pT/p
2
T

fit quality χ2/ndof

high purity track quality

model-dependent: isolation, pT , η
disappearing track properties

missing outer hits

no calo deposit
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Disappearing track observables

Hand-picked cuts from Mario Masciovecchio

split track categories into short, medium and long
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Selection optimization

Two optimization methods explored, and hand-picked selection

Random Grid Search link

TMVA link
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BDT Selection with short tracks

BDT score (signal and background)

BDT response
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TMVA overtraining check for classifier: BDT

Significance

BDT allows
rejection of an
additional factor
of 15 background
for short tracks

tracks pT > 10 GeV basic presel. BDT hand-picked cuts

signal 28414 26631 22470 23031

SM background 22602396 540581 3708 23500

weighted sg. 7.31 6.85 5.78 5.92

ε(signal) - 93% 79% 80 %

weighted bg. 33526972.71 994036.05 4881.73 50329.31

ε(background) - 3% 1×10-4 % 1.5×10-3 %

work from Viktor Kutzner
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Event-level observables (MET)

Pre-selection: Emiss
T >200 GeV, n(disa. track)> 0
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Event-level observables (jet multiplicity)

Pre-selection: Emiss
T >200 GeV, n(disa. track)> 0
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Event-level observables (number of disappearing tracks)

Pre-selection: Emiss
T >200 GeV, n(disa. track)> 0

DTn
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Event selection and SR definitions

HT > 100 GeV

Hmiss
T > 200 GeV, Hmiss

T = |Σjets~pT|
pT > 30 GeV, |η| < 2.4

n(e)=n(µ)=0, with e (µ)

RGS-aided event selection/signal
regions
pT > 10 GeV, |η| <2.5 (2.4)

SR Hmiss
T /GeV njets nDT

1 200-300 1 1
2 ”” [2,3] 1
3 ”” ≥ 4 1
4 300-600 1 1
5 ”” [2,3] 1
6 ”” ≥ 4 1
7 ≥ 600 1 1
8 ”” [2,3] 1
9 ”” ≥ 4 1
10 200-300 ≥ 1 2
11 ≥ 300 ≥ 1 2

RGS optimzation

Examined sensitivity including
HT, n(b-tags)

did not increase sensitivity to
the 15 benchmark scenarios
new study of T1tbtb-LL
model may demonstrate
importance of b-tagging
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Main backgrounds

Prompt background

electrons with missing outer hits, no significant ECAL deposit (primary)
µ with missing outer hits and no muon system hits (minor)
pions with missing outer hits and little Calo deposition (minor)

Fake background

track mis-measurements
coincidental aligned hits
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Proposed method for prompt background

Goal: determine the expected number of disappearing tracks in a given
kinematic region KR due to electrons.

N̂KR
DT,prompt = κNKR

single el.

κ = NDT/Nsingle el.

where κ depends on p∗T, η, isolation,
but independent of KR.
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∗electron pT must be smeared for the electron to correspond to the
disappearing track
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Response and resolution of electrons (i)

momentum response for electrons:
R = pRECO

T /ptrue
T

Poor resolution for DT

Electrons smeared to mimic
resolution of disappearing tracks

smearing templates derived in
simulation for short, medium
and long tracks ∗

)
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∗data-based estimate of these response functions in development (Alex’s thesis)
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Meta closure test with and without smearing

Using W-jets sample to derive and apply κ factors using gen matching

: electrons: gen-matched RECO ele’s, smeared by DT response

: disappearing track (DT): DTs matched to gen. electrons
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Data-driven measurement of κ factors

tag: electron passing
ICHEP2016 tight ID, pT > 30
GeV, |η| < 2.4

probe:

passing track quality
smeared in case of reco
electron match
disappearing track

|m(tag, probe)−m(Z)| < 30 GeV

κ̂ = n(DT probes)
2·n(reco. ele probes)

gen info used to validate
data-driven method

work from Akshansh Singh
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Data-driven systematic studies

Data-driven measurement of
tracking efficiency vs missing
outer hits:

1 select high-quality muons in
data with pT > 15 GeV,
|η| < 2.4 (denominator)

2 remove clusters associated
with the track by hand from
outside in

3 each iteration, run the full
reconstruction

4 look for a matched track
(denominator)
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Data-driven efficiency of short tracks

Measurement of tracking efficiency vs missing outer hits:

4.4M events collected
by SingleMuon trigger
(each sample)

with ≥ 1 candidate
muon with no missing
inner, middle, or outer
silicon hits

this tool provides
means of for deriving
scale factors for
simulated short tracks

Efficiency > 60% even for shortest track category; work from Alex Tews
→Measurement of momentum response for disappearing tracks (soon from Benjamin Lutz!)
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Plans

Toward a complete picture of the anlaysis:
1 submit requests for event simulation for SMS scans
2 background estimation development

bin-by-bin closure test with prompt background method
non-prompt background estimation

3 treatment of systematic uncertainties
4 derivation of scale factors and response functions
5 control region validation

tracking efficiency for disappearing tracks
momentum resolution of disappearing tracks

Dimensions under exploration: b-tagging, de/dx
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Backup
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Phenomenological MSSM (pMSSM)

A realization of the R-parity conserving MSSM with

no new sources of CP violation

no flavor changing neutral currents

1st and 2nd generation squarks are mass degenerate

lightest supersymmetric particle is the neutralino

Free parameters reduced from 105 to 19:

Gaugino mass parameters M1, M2, and M3

Higgs sector parameters tan(β), µ, and mA

10 sfermion mass parameters mi

Trilinear couplings At , Ab, Aτ
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Disappearing track observables

Several track-related variables relevant for enhancing the signal over background:

selection studied with T1qqqq-like model (mg=1800, mchi=1400) with χ̃±

lifetimes varying
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Event-level observables (iii)

∆φ∗ = ∆φ(
∑
~p DT

T , ~pmiss
T )

*φ∆
0 0.5 1 1.5 2 2.5 3

1−10

1

10

210

310

410

510
WJetsToLNu
TTJets

QCD
ZJetsToNuNu

Diboson
DYJets

Rare

pMSSM12_28_737434
pMSSM12_44_855871
pMSSM12_12_865833
pMSSM12_4_252033
pMSSM12_13_547677

CMS simulation preliminary -1=13 TeV, L = 35.9 fbs

R∗ = |
∑
~p DT

T | / |~pmiss
T )|

*R
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

1−10

1

10

210

310

410

510

610
WJetsToLNu
TTJets

QCD
ZJetsToNuNu

Diboson
DYJets

Rare

pMSSM12_28_737434
pMSSM12_44_855871
pMSSM12_12_865833
pMSSM12_4_252033
pMSSM12_13_547677

CMS simulation preliminary -1=13 TeV, L = 35.9 fbs

selection: Emiss
T > 200 GeV, nDT > 1
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Optimum SR table (include Emiss
T )

RGS (random grid search) arXiv:1706.09907

σ =
√

2((s + b) ∗ ln(1 + s/b)− s)
see Glen Cowen slides:
https://indico.desy.de/indico/event/19085/contribution/4/material/slides/0.pdf

model Emiss
T ≥ s b σ

10 374794 337 576.7 481.4 22.65
12 865833 1076 15.6 0.4 9.47
13 547677 367 1265.2 338.7 49.58
20 690321 1001 2.8 0.7 2.37
22 237840 834 1.2 3.7 0.57
24 345416 374 0.3 327.1 0.01
27 969542 221 2433.6 3348.9 38.07
28 737434 620 227.4 13.3 30.67
44 855871 579 286.5 18.4 33.75
47 872207 594 104.4 15.7 16.72
4 252033 791 7.6 5.0 2.84
5 448429 1009 13.5 0.7 7.61
8 373637 327 793.7 572.5 28.09

Emiss
T is sensitivity workhorse
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Optimum SR table (include Emiss
T , nj)

model Emiss
T ≥ nj≥ s b σ ∆σ

10 374794 324 3 567.9 355.2 25.05 +2.39
12 865833 1074 1 15.8 0.4 9.31 -0.16
13 547677 367 1 1265.2 338.7 49.58 +0.0
20 690321 1090 4 1.7 0.2 2.35 -0.03
22 237840 834 2 1.2 3.7 0.58 +0.01
24 345416 374 6 0.3 49.7 0.04 +0.02
27 969542 222 1 2382.2 3271.3 37.7 -0.37
28 737434 620 2 201.2 12.8 28.34 -2.33
44 855871 613 1 260.2 14.1 33.27 -0.48
47 872207 595 2 103.0 15.2 16.71 -0.01
4 252033 791 2 7.6 4.9 2.87 +0.03
5 448429 1009 5 8.5 0.2 7.15 -0.47
8 373637 340 1 718.7 462.5 27.89 -0.21

∆σ is with respect to the optimum omitting last observable

nj increases sensitivity by 2.39σ to model 10 374794, which has a crowded TeV-scale
strong sector.
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Optimum SR table (include Emiss
T , HT )

model Emiss
T ≥ HT≥ s b σ ∆σ

10 374794 292 410 675.2 631.2 23.46 +0.8
12 865833 1058 1810 11.3 0.1 9.57 +0.1
13 547677 372 337 1240.4 326.4 49.34 -0.23
20 690321 1001 1224 2.6 0.4 2.61 +0.24
22 237840 834 967 1.2 3.3 0.6 +0.03
24 345416 374 1102 0.3 26.3 0.05 +0.04
27 969542 223 107 2313.6 3240.6 36.85 -1.22
28 737434 624 627 218.7 12.6 30.16 -0.51
44 855871 577 623 280.1 17.9 33.41 -0.34
47 872207 595 519 103.7 15.7 16.65 -0.07
4 252033 791 801 7.6 4.9 2.85 +0.02
5 448429 1009 1378 12.1 0.3 8.23 +0.62
8 373637 328 198 778.0 561.7 27.8 -0.29

∆σ is with respect to the optimum omitting last observable

HT has a similar but slightly less beneficial impact on σ to model 10 374794 as nj ,
degrades sensitivity to model 27 969542 by 1σ
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Optimum SR table (include Emiss
T , nj , nb)

model Emiss
T ≥ nj≥ nb≥ s b σ ∆σ

10 374794 324 3 0 569.5 358.3 25.03 -0.02
12 865833 1074 1 0 15.8 0.4 9.31 +0.0
*13 547677 367 1 0 1265.2 338.7 49.58 +0.0
20 690321 745 4 1 2.5 0.4 2.48 +0.14
*22 237840 834 2 0 1.2 3.7 0.58 +0.0
24 345416 374 6 1 0.3 17.3 0.06 +0.02
27 969542 222 1 0 2382.2 3271.3 37.7 +0.0
28 737434 620 2 0 201.2 12.8 28.34 +0.0
*44 855871 613 1 0 260.2 14.1 33.27 +0.0
47 872207 595 2 0 103.0 15.2 16.71 +0.0
4 252033 791 2 0 7.6 4.9 2.87 +0.0
5 448429 1011 7 1 3.6 0.0 7.4 +0.25
*8 373637 340 1 0 718.7 462.5 27.89 +0.0

∆σ is with respect to the optimum omitting last observable

nb offers no gain in sensitivity, even for models with light stops:

uncompressed: *13 547677

small cτ : *22 237840

compressed: *44 855871, *8 373637

Sam Bein, Viktor Kutzner, Isabell Melzer-Pellmann, Canay Oz, Sezen Sekmen, Akshansh Singh, Alexandra TewsSearch for Charginos with Disappearing Tracks June 20, 2018 33 / 25



Optimum SR table (include Emiss
T , nj , n`)

model Emiss
T ≥ nj≥ n`≥ s b σ ∆σ

10 374794 324 3 0 567.9 355.2 25.05 +0.0
12 865833 1074 1 0 15.8 0.4 9.31 +0.0
13 547677 367 1 0 1265.2 338.7 49.58 +0.0
20 690321 1090 4 0 1.7 0.2 2.35 +0.0
22 237840 834 2 0 1.2 3.7 0.58 +0.0
24 345416 374 6 0 0.3 49.7 0.04 +0.0
27 969542 222 1 0 2382.2 3271.3 37.7 +0.0
28 737434 620 2 0 201.2 12.8 28.34 +0.0
44 855871 613 1 0 260.2 14.1 33.27 +0.0
47 872207 595 2 0 103.0 15.2 16.71 +0.0
4 252033 710 3 0 7.6 5.9 2.67 -0.19
5 448429 1009 5 0 8.5 0.2 7.15 +0.0
8 373637 340 1 0 718.7 462.5 27.89 +0.0

∆σ is with respect to the optimum omitting last observable

Requiring leptons really adds nothing
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Optimum SR table (include Emiss
T , nj , ∆φ∗)

model Emiss
T ≥ nj≥ ∆φ∗≤ s b σ ∆σ

10 374794 326 3 3.14 561.2 349.9 24.93 -0.12
12 865833 1076 3 1.53 12.4 0.2 8.83 -0.48
13 547677 224 1 2.46 2927.3 2842.9 48.11 -1.47
20 690321 1302 4 0.85 0.9 0.0 2.54 +0.19
22 237840 834 2 0.09 1.2 1.3 0.9 +0.32
24 345416 374 6 0.58 0.3 9.9 0.08 +0.04
27 969542 201 1 2.53 2913.5 4924.7 38.19 +0.49
28 737434 624 2 1.35 175.0 9.0 27.57 -0.78
44 855871 573 2 1.76 257.9 16.4 32.1 -1.16
47 872207 551 3 3.14 107.8 17.5 16.67 -0.03
4 252033 791 2 2.5 7.6 4.1 3.05 +0.19
5 448429 1009 5 2.96 8.3 0.2 7.0 -0.15
8 373637 340 1 1.96 679.2 377.9 28.57 +0.69

∆σ is with respect to the optimum omitting last observable

selection on ∆φ∗ = ∆φ(
∑
~p DT

T , ~pmiss
T ) adds sensitivity to some models, may help to

construct fake-enriched control region.
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Pipe dream SR table (include Emiss
T , nj , ∆φ∗, R∗)

R∗ >= 0.2 &&φ∗ <=2.8
model Emiss

T ≥ nj≥ R∗≥ ∆φ∗≤ s b σ ∆σ
10 374794 293 4 0.77 1.82 246.3 5.5 37.89 +12.96
12 865833 941 3 0.14 1.77 11.7 0.1 9.32 +0.49
13 547677 311 1 0.51 1.32 893.1 60.1 59.02 +10.91
20 690321 1308 5 0.02 0.13 0.6 0.0 2.57 +0.03
22 237840 834 2 0.08 0.09 1.2 0.4 1.41 +0.51
24 345416 374 6 0.23 0.58 0.3 4.9 0.11 +0.03
27 969542 159 1 0.42 2.73 3307.6 3722.8 48.21 +10.02
28 737434 624 2 0.05 1.35 161.8 7.0 27.42 -0.14
44 855871 346 3 0.65 1.39 222.0 4.2 36.88 +4.77
47 872207 303 2 1.1 0.78 83.4 2.9 20.44 +3.77
4 252033 791 2 0.05 2.5 6.5 2.8 3.04 -0.02
5 448429 1009 5 0.07 2.96 6.1 0.0 7.09 +0.09
8 373637 388 2 0.68 1.58 252.7 2.7 42.62 +14.05

∆σ is with respect to the optimum omitting last observable

selection on R∗ = |
∑
~p DT

T | / |~p
miss
T )| adds significant sensitivity to most models, combines

information on candidate pT and directional relation to MET - potentially useful for a
control test region.
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Comparison: proposed vs. ideal SR sensitivities

Sensitivity of 1st and 2nd best signal regions for each model,
compared with the pipe dream signal region sensitivity, σmax.

model SR1 s1 b1 σ1 SR2 s2 b2 σ2 σmax

10 374794 6 275.6 74.9 23.0 9 64.2 2.3 17.9 37.9
12 865833 8 8.0 1.5 4.3 9 8.0 2.3 3.9 9.3
13 547677 4 322.5 18.7 36.6 1 570.6 203.9 30.4 59.0
20 690321 9 1.3 2.3 0.8 8 0.6 1.5 0.4 2.6
22 237840 5 1.2 167.4 0.1 3 1.2 676.7 0.0 1.4
24 345416 6 0.3 74.9 0.0 2 0.0 1288.7 0.0 0.1
27 969542 1 634.1 203.9 33.2 4 205.7 18.7 26.5 48.2
28 737434 8 56.9 1.5 17.6 9 39.4 2.3 12.8 27.4
44 855871 9 90.7 2.3 22.6 6 205.3 74.9 18.1 36.9
47 872207 9 35.2 2.3 11.8 8 21.0 1.5 8.9 20.4
4 252033 8 1.1 1.5 0.8 6 6.5 74.9 0.7 3.0
5 448429 9 7.7 2.3 3.8 8 3.3 1.5 2.1 7.1
8 373637 8 63.2 1.5 18.9 5 280.4 167.4 17.9 42.6

Sum of sensitivities of best 2 SRs typically comparable with the pipe dream.

note: n(DT)=2 bins are not considered here, but are more sensitive than the ideal for
many bins.
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Conclusions

a set of signal regions that optimally probe most of the benchmark
points has been proposed

the most important variables for sensitivity are the Emiss
T and number

of disappearing tracks

there seems to be no added benefit from including b-tagging, lepton
multiplicity, or HT in the search

additional variables from Akshansh studied may be useful for
sensitivity and control region definitions

additional possible studies could alter these conclusions:

icorporating a couple of simplified models like T1qqqq and T1tttt into
the study (Akshansh)
when the signal recipe is working with the new geometry, a repeat of
this study with the Phase I geometry (Viktor)
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Backup: optimum SR table (include Emiss
T , exclusive nj)

model Emiss
T ≥ nj == s b s/

√
n ∆σ

10 374794 274 5 192.6 137.1 10.61 -7.54
12 865833 560 3 10.2 5.2 2.6 -2.23
13 547677 168 1 2083.8 1376.9 35.42 -5.13
20 690321 849 5 1.1 0.3 0.96 -0.79
22 237840 834 2 1.2 0.6 0.86 +0.34
24 345416 374 6 0.3 37.6 0.04 +0.03
27 969542 164 1 1850.9 1712.0 31.01 -1.45
28 737434 168 1 542.4 1376.9 12.38 -2.62
44 855871 320 5 125.7 52.1 9.43 -10.01
47 872207 301 3 122.0 147.7 7.43 -4.36
4 252033 586 3 5.4 4.7 1.7 -0.48
5 448429 741 5 4.1 0.9 1.84 -2.48
8 373637 348 3 268.5 72.1 14.55 -7.79

∆σ is with respect to the optimum omitting last observable

Exclusive nj does not generally help the single-bin sensitivity.
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Comparison: proposed SRs vs. RGS best case

Sensitivity of 1st and 2nd best signal regions for each model,
compared with the best case sensitivity, σmax.

σ =
√

2((s + b) ∗ ln(1 + s/b)− s) (Asimov significance)

model SR1 s1 b1 σ1 SR2 s2 b2 σ2 σmax

10 374794 6 275.6 74.9 23.0 9 64.2 2.3 17.9 37.9
12 865833 8 8.0 1.5 4.3 9 8.0 2.3 3.9 9.3
13 547677 4 322.5 18.7 36.6 1 570.6 203.9 30.4 59.0
20 690321 9 1.3 2.3 0.8 8 0.6 1.5 0.4 2.6
22 237840 5 1.2 167.4 0.1 3 1.2 676.7 0.0 1.4
24 345416 6 0.3 74.9 0.0 2 0.0 1288.7 0.0 0.1
27 969542 1 634.1 203.9 33.2 4 205.7 18.7 26.5 48.2
28 737434 8 56.9 1.5 17.6 9 39.4 2.3 12.8 27.4
44 855871 9 90.7 2.3 22.6 6 205.3 74.9 18.1 36.9
47 872207 9 35.2 2.3 11.8 8 21.0 1.5 8.9 20.4
4 252033 8 1.1 1.5 0.8 6 6.5 74.9 0.7 3.0
5 448429 9 7.7 2.3 3.8 8 3.3 1.5 2.1 7.1
8 373637 8 63.2 1.5 18.9 5 280.4 167.4 17.9 42.6

Sum of sensitivities of best 2 SRs typically comparable with the pipe dream.
note: n(DT)=2 bins not considered here, are more sensitive than the ideal for many bins.

Sam Bein, Viktor Kutzner, Isabell Melzer-Pellmann, Canay Oz, Sezen Sekmen, Akshansh Singh, Alexandra TewsSearch for Charginos with Disappearing Tracks June 20, 2018 40 / 25



Fake rate study

Measurement of tracking efficiency vs missing outer hits:

Simulated tt̄ events at√
s = 13 TeV, no event

selection

Looking at all tracks with
pT > 0.9 GeV, |η| < 2.5

Tracks categorized in terms
of track length

Visible features of tracking
and tracker geometry (4 hit
layers)

Fake rate ranges from 5-25% in simulation
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Response and resolution of electrons (ii)

Using W+jets, DY+jets, and TT+jets samples
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BDT optimization scan
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