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Look for a high-pT, high quality track with large dE/dx to find new physics!

Introduction & Strategy

χ

SM particles
New 

physics!

• The ionisation energy loss (dE/dx) of 
charged particles traversing a material 
depends on βγ


• We can use this property to look for 
massive, long-lived particles


• Massive particles will travel more 
slowly (smaller βγ) than light SM 
particles for a given momentum


• According to the Bethe-Bloch 
relationship, slower particles will ionize 
more (larger dE/dx)

Require pT > 120 GeV



What are we looking for?
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• Because the Bethe-Bloch relationship is 
governs all charged particles, the analysis is 
relatively model-independent


• Have broad sensitivity to charged, long-
lived, massive particles with lifetimes of ~ ns 
to stable

• With the full Run-2 dataset, targeting long-
lived gluinos, charginos, sleptons 

• Analysis is designed to be sensitive to a 
large range of masses and lifetimes

target m~2 
TeV

target 
m~300 

GeV

targeting 
m~1 TeV

long-lived gluinos 
hadronize and travel 

through the detector in 
R-hadrons
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Δ = energy loss
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• We use the ATLAS Inner Detector to measure pT, and the four innermost layers, the Pixel Detector, 
to measure dE/dx per layer


• The innermost layer (IBL) has an overflow bit which helps us further distinguish highly ionizing particles


• To condense the pixel layer dE/dx measurements to a track dE/dx, we apply a truncated mean 
algorithm 


• After measuring the dE/dx (which probes βγ) and momentum of each track, we can reconstruct the 
mass of the track, m = p/βγ

Measuring pT and dE/dx

Cartoon of Landau
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Special treatment of dE/dx
Using the dE/dx measurement requires a 
lot of custom analysis work, including:


dE/dx correction for radiation damage 
and detector effects  

data-driven dE/dx template replaces 
MC simulated values 

dE/dx to βγ calibration allows us to 
reconstruct mass of candidate tracks 
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Event selection
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Trigger on MET

Offline MET > 
170 GeV

Event selection

pT > 120 
GeV, |η| < 1.8 

Good track 
quality

Isolation & jet vetos, 
mT > 130 GeV

dE/dx > 1.8 
MeV g-1 cm2

Track selection

Detailed event & track selection

SR-Inclusive

Select highest 
pT track which 

passes 
requirements

SR-Mu-IBL0_Low

SR-Mu-IBL0_High

SR-Mu-IBL1

SR-Trk-IBL0_Low

SR-Trk-IBL0_High

SR-Trk-IBL1

SR-Inclusive_Low

SR-Inclusive_HighD
is

co
ve

ry
 

re
gi

on
s

Ex
cl

us
io

n 
re

gi
on

s

• Categorize tracks by


• Muon ID 


• Hit in IBL overflow?


• dE/dx in [1.8, 2.4] or [2.4,∞] 


• 6 exclusive signal regions

• Instead categorize tracks by


• dE/dx in [1.8, 2.4] or [2.4,∞] 


• 2 exclusive signal regions 

• Also easier for re-interpretation

added sensitivity for 
low mass signals

more sensitive



Background estimation
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Background consists of SM particles which leave well-isolated 
tracks, combined with high-tail Landau fluctuations in dE/dx —> 

very difficult to model in MC

Therefore, we use a data-driven technique to predict the 

expected mass distribution in signal region

Define two control regions: kin-
CR, dE/dx-CR 

Combine p and dE/dx (βγ) 
sample to get mass, where m = 

p/βγ, of each toy track

Randomly draw p = (1/pT, η) and 
dE/dx values from distributions in 

these regions

Normalize distribution to low mass 
region in data

binned in η
Repeat O(10) million times 



Validation regions
We estimate the background and check our estimation in two sets of validation regions, 


VR-LowPt and VR-HiEta
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Observed vs expected yields 
show good agreement within 
the background uncertainty

2.5 > |η| > 1.8

pT > 50 GeV

dE/dx > 1.6

110 > pT > 50 GeV

dE/dx > 1.8

VR-LowPt contains tracks with 110 > pT 
> 50 GeV subdivided into track & dE/dx 

categories in an analogous way to the SR


VR-HiEta checks background estimation 
method for high momentum tracks 8
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Results
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Observed mass distributions in SR-Inclusive_Low agrees with prediction 

SR-Inclusive_High has an excess of observed tracks at high mass


Mass distribution for other regions (which are subsets of these two regions) 
in backup

1.8 < dE/dx < 2.4 
MeV g-1 cm2

dE/dx > 2.4 
MeV g-1 cm2 
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What’s the significance?

Highest deviation observed is in the 
mass window from [1.1,2.8] TeV, in 
SR-Inclusive_High, where we see 

7 events and expect 0.7 +/- 0.4 
Local (global) significance is 3.6σ 

(3.3σ) 
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For added sensitivity, 
we look in pre-defined 

sliding mass windows, 
optimized to target 
ranges of particle 

masses and lifetimes, 
and calculate the 

significance in each 
window
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Evidence of these tracks coming from 
slower particles (β~0.5) was not 

confirmed by the available calorimeter / 
muon timing information


Time of flight measurements showed that 
the track β values are consistent with 1
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What’s in the excess?

5/7 matched to muons (1-2,5-7)

Of the 7 tracks:

3/7 have two muons in the 
event (2,5,7)

6/7 have a jet back-to-back 
with signal track (1,2,4-7)

These tracks were examined 
for evidence of detector 

effects such as anomalous 
pixel clusters, poorly isolated 
tracks, and other systematic 
effects —> None were found 
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Limits are computed in the pyhf framework 
using toy experiments, using a multi-bin fit 

over all of the exclusion regions 
Metastable gluinos are excluded up to ~2.3 

TeV for τ = 20 ns  for a 100 GeV LSP 
(compressed scenario in backup), while stable 

gluinos were excluded up to ~2.1 TeV

Charginos were excluded up to ~1.05 TeV for 
τ = 30 ns, and staus were excluded from 

220-360 GeV at τ = 10 ns

Limitsgluinos, mX = 100 GeV charginos

staus

green = 
previous limit

https://pyhf.readthedocs.io/en/v0.6.3/
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Summary

• A new search with the ATLAS full Run-2 dataset was conducted to look for 
heavy, long-lived charged particles in LHC pp collisions


• Many analysis improvements were made from the previous search with 36 
fb-1:


• Improvements to the dE/dx calibration and modeling & higher dE/dx 
threshold


• New use of IBL pixel information to discriminate signal vs background


• Multi-bin exclusion strategy and improved track quality cuts


• A new validation region and better systematic uncertainty estimation


• Competitive limits were set on gluino, chargino, and stau models


• A 3.3σ excess was observed, and cross-checks were conducted. The existence 
of slow particles suggested by the excess was not confirmed using time of flight 
measurements from the muon and calorimeter systems.



Backup
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More about the signals
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target m~2 
TeV

target 
m~300 

GeV

targeting 
m~1 TeV

long-lived gluinos 
hadronize and travel 

through the detector in 
R-hadrons
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stau scenarios: massless gravitino



Signal kinematics
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Calculating dE/dx
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• Truncated mean algorithm —> throw away subset of the larger dE/dx clusters and 
average the rest


Algorithm:


• 1 cluster is removed for tracks with 2-4 clusters


• 2 clusters are removed for tracks with > 4 clusters


• Special treatment for tracks with IBL OF clusters


Probes MPV of dE/dx 

n m 3FNPWFE DMVTUFST *#- PWFS୯୳PX $POEJUJPOT
2− 4 1 ∆n /P
5+ 2 ∆n,∆n−1 /P
2 1 ∆*#- 0' :FT
3, 4 1 ∆*#- 0' :FT QNBY

OPO�*#- �Q*#- 0'
3, 4 2 ∆NBY

OPO�*#-,∆*#- 0' :FT QNBY
OPO�*#- �Q*#- 0'

5+ 2 ∆NBY
OPO�*#-,∆*#- 0' :FT

Table 6.1: ThedE/dx truncatedmean algorithm parameters. The table shows the number of clustersm removed

givenn used hits.QIBLOF refers to themaximum chargemeasurable in the IBL front-end. Due to the fact that the IBL

provides no numerical measurement for hits which set the overflow bit high, tracks with a hit in the IBLOF are treated

separately in the algorithm.

5BCMF ��� TIPXT UIF WBMVF PGm
 XIJDI EFQFOET PO n GPS B HJWFO USBDL� /PUF UIBU UIFSF JT B TQFDJBM

USFBUNFOU PG USBDLT XJUI B IJU JO UIF *OTFSUBCMF #ୖ-BZFS 0WFS୯୳PX 	*#- 0'

 TJODF UIF *#- GSPOU�FOE

FMFDUSPOJDT QSPWJEFT OP OVNFSJDBM NFBTVSFNFOU GPS UIFTF IJUT� 5SBDLT XJUI B IJU JO UIF *#- 0' BSF

SFGFSSFE UP BT IBL1 USBDLT
 BOE USBDLT XJUIPVU B IJU JO UIF *#- 0' BSF SFGFSSFE UP BT IBL0 USBDLT� "T

EJTDVTTFE JO $IBQUFS �
 UIF *#- IBT EJ୭GFSFOU GSPOU�FOE FMFDUSPOJDT XJUI SFTQFDU UP UIF PUIFS QJYFM

MBZFST� 5IF 5P5 WBMVF JT NFBTVSFE XJUI � CJUT� JG UIF 5P5 FYDFFET UIF NBYJNVN WBMVF NFBTVSBCMF
 B

CJU SFGFSSFE UP BT UIF PWFS୯୳PX CJU JT TFU IJHI�

*O UIF UBCMF
∆ SFGFST UP UIF dE/dxNFBTVSFNFOU PG B HJWFO DMVTUFS
 PSEFSFE JO JODSFBTJOH WBMVF

GSPN∆0,∆1,∆2, ...∆n� -FUQ*#- 0' SFGFS UP UIF NBYJNVN DIBSHF GPS XIJDI UIF *#- FMFDUSPOJDT

QSPWJEF B OVNFSJDBM NFBTVSFNFOU� *O UIF DBTF XIFSF POF PG UIF USBDL DMVTUFST IBE B IJU FYDFFEJOH

UIJT DIBSHF
 UIBU DMVTUFS JT BMXBZT SFNPWFE
 BOE B TVCTFU PG UIF OPO�*#- IJUT 	∆0
OPO�*#-, ...∆

NBY
OPO�*#-


BSF BMTP SFNPWFE�

'PS FYBNQMF�

ا *G B USBDL IBTm � �
 PS GPVS HPPE DMVTUFST
 XJUI OP IJUT JO UIF *#- 0'
 UIF IJHIFTU dE/dx

��



Calibrating dE/dx to βγ
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Using IBL OF information
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larger then IBL OF bit is set high 

and no numerical measurement is 
given


Useful tag for non-MIP like 
particles




Selection
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Se
le

ct
io

n

• Momentum/eta 
• pT > 120 GeV, passes p-dependent σp 

cut

• |η| < 1.8


• Track quality 
• Require hit in the IBL/B-layer 

• No split or shared hits

• >= 6 SCT hits


• Isolation/vetos 
• ΣpT in a cone of ΔR = 0.3 < 5 GeV

• EMfrac < 0.95 (dR 0.05)

• Ejet / ptrack < 1 (dR 0.05)


• Additional 
• mT (track,MET) > 130 GeV

• dE/dx > 1.8 MeV g-1 cm2

• GRL, Event Cleaning, Jet cleaning

• Event passes MET trigger

• Offline MET > 170 GeV

• Event has PV with >= 2 tracks

Event-level

Track-level

• Basic event-level 
selection


• Then look for highest pT 
Inner Detector track which 
passes track-level 
requirements


• Tracks which pass 
requirements go into 
SR-Inclusive signal 
region


• Then categorize track 
into signal region bin



Inclusive validation regions

21

0
5

10
15
20
25
30
35
40

En
tri

es
 / 

30
 G

eV

O
ve

rfl
ow

0 100 200 300 400

m [GeV]

1−10

1

10

Da
ta

 / 
Pr

ed
.

Observed

Expected

VR-LowPt-Inclusive_High

1− = 13 TeV,  139 fbs
| < 1.8η [50, 110] GeV, |∈ trk

T
p

ATLAS

0

10
20
30

40
50

60
70

En
tri

es
 / 

10
0 

G
eV

O
ve

rfl
ow

m [TeV]

1−10

1

10

Da
ta

 / 
Pr

ed
.

0.08 50.2 0.30.4 0.6 1 2 3 4

Observed

Expected

VR-HiEta-Inclusive

1− = 13 TeV,  139 fbs
| < 2.5η > 50 GeV, 1.8 < |trk

T
p

ATLAS

Table 4: Expected and observed event yields in the validation-region bins.

Region Category Bin Expected Observed

VR-LowPt

Trk
IBL0_Low 65.6 ± 18.3 43
IBL0_High 6.8 ± 2.2 6
IBL1 3.8 ± 1.5 4

Mu
IBL0_Low 292 ± 17 300
IBL0_High 24.8 ± 3.6 32
IBL1 20.4 ± 3.7 19

Inclusive
Low 391 ± 24 361
High 37.2 ± 4.4 43

VR-HiEta

Trk
IBL0 26.6 ± 7.3 23
IBL1 8.0 ± 2.6 5

Mu
IBL0 56.4 ± 2.5 59
IBL1 15.1 ± 1.5 10

Inclusive — 101 ± 6 97

8 Systematic uncertainties

The systematic uncertainties associated with the background estimate are evaluated for each mass window, as
shown in Figure 14. The leading uncertainty at high masses is the template correlation uncertainty, labelled
‘Template corr.’, which estimates the e�ect of residual correlations between the template distributions used
to generate the background. To test the assumption that the kinematic and d⇢/dG templates can be sampled
separately to form a toy track, a pseudo signal region is defined in the CR-dEdx region (the one based
on inverting the ⇢

miss
T requirement) by requiring d⇢/dG > 1.8 MeV g�1cm2. The background estimation

procedure is then executed, extracting both the (?
�1
T , |[ |) pair and the d⇢/dG from the distributions in

the CR-dEdx region. The di�erence of the event counts in each mass window between the predicted and
observed mass distributions in the pseudo signal regions is taken as a systematic uncertainty. The size
of the uncertainty is evaluated for each signal-region bin separately. This uncertainty is the dominant
uncertainty in the target mass above ⇠1 TeV.

In the background estimation procedure, the d⇢/dG templates are sliced in |[ | due to the remaining
|[ |-dependence of the d⇢/dG tails. To ensure that the background estimate is not heavily dependent on
the choice of these bins, the background estimation is repeated with an alternative set of |[ | bins. The
di�erence between the resulting mass distribution and the nominal one is taken as a systematic uncertainty,
labelled ‘[ slicing’. The OFIBL = 1 region uses a reweighted version of the OFIBL = 0 region’s kinematic
template as explained in Section 7. An uncertainty is assigned to this method by generating an alternative
background distribution using the original OFIBL = 1 region’s kinematic template and comparing it with
the background distribution generated by the reweighted kinematic template. This uncertainty only a�ects
the IBL1 SR.

Since the ⇢miss
T trigger thresholds changed during Run 2, the d⇢/dG templates in the background estimation

are reweighted to correct for any bias which may arise in the CR-dEdx region, which is populated by events
with low ⇢

miss
T . An uncertainty labelled ‘MET trig.’, derived by comparing the predicted mass distributions

with and without this reweighting, is applied to cover any deficiencies in the reweighting.

Uncertainties that account for the e�ect of statistical fluctuations in the control-region templates are also
evaluated. The statistical uncertainties of the template histograms are derived by fluctuating each bin in the

23
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Figure 8.13: The predicted and observedmass distributions in the (a) VR-LowPt-Mu-IBL0_Low region, the (b)
VR-LowPt-Mu-IBL0_High, and the (c) VR-LowPt-Mu-IBL1 validation regions. The total uncertainty is shown as
a purple band [11].
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Figure 8.14: The predicted and observedmass distributions in the (a) VR-LowPt-Trk-IBL0_Low region, the (b)
VR-LowPt-Trk-IBL0_High, and the (c) VR-LowPt-Trk-IBL1 validation regions. The total uncertainty is
shown as a purple band [11].
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Figure 8.13: The predicted and observedmass distributions in the (a) VR-LowPt-Mu-IBL0_Low region, the (b)
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• Luminosity uncertainty, signal xsec uncertainties


• MC modeling of track/muon reconstruction, track kinematic 
properties, QCD radiation, MET, trigger efficiency


• Uncertainty of a track having a hit in the IBL overflow, 
associated with using a 2017 dataset for the data-driven 
template, is calculated by comparing the probability of having a 
hit in the OF with a similar 2018 dataset. Tracks were then 
reweighted and the difference in yields is taken as an 
uncertainty


• Largest uncertainties are the IBL1 uncertainty, ISR modeling, 
MET and track reconstruction uncertainties
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• Systematic uncertainty is calculated for each SR as a function of target mass window


• Systematic uncertainty increases as a function of target mass


• Largest uncertainties for SR-Inclusive_High include the template correlations 
uncertainty and the dE/dx tail uncertainty
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(a) SR-Inclusive_Low, Long lifetime regime
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Figure 14: Systematic uncertainties in the background estimate for each mass window targeting long lifetimes in the
(a) SR-Inclusive_Low region and (b) SR-Inclusive_High region.

template histograms according to a Poisson distribution with a mean equal to the number of entries in
the bin. The root-mean-square deviation of alternative mass distributions generated from the randomly
fluctuated templates is taken as the uncertainty, which is labelled ‘Stat.’. To quantify the e�ect of statistical
fluctuations in the tail of the d⇢/dG template distributions and assign an uncertainty, labelled ‘d⇢/dG tail’,
each tail is fitted with a Crystal Ball distribution, which is then used instead of the data in the d⇢/dG
template to generate an alternative mass distribution. A statistical uncertainty, labelled ‘Norm.’, in the
normalisation factor of the background prediction is also calculated and applied as a uniform uncertainty.

As described in the previous section, in validation-region bin VR-LowPt-Trk-IBL0_Low, a deficit of 35%
relative to the prediction is observed in the range < . 120 GeV, which is significantly larger than the
statistical uncertainty. In the other bins, no significant excesses or deficits are found. This deficit can be
attributed to the di�erence between the d⇢/dG tail distributions for d⇢/dG 2 [1.8, 2.4] MeV g�1cm2 in the
CR-LowPt-dEdx and VR-LowPt samples. An empirical scale uncertainty in the number of events, labelled
‘d⇢/dG scale’, is assigned based on the following considerations: the observed mismatch depends on the
amount of pile-up, and for the Mu categories the d⇢/dG tail fraction is stable and the observed yield agrees
with the prediction very well. The d⇢/dG response of well-isolated muon tracks is considered more robust
against pile-up than that of other tracks. Therefore, di�erent uncertainties are assigned to the Trk and Mu
categories, and the uncertainty is correlated over all validation- and signal-region bins in the same category.
With this global approach, a scale uncertainty of 27% (3%) is assigned to the Trk (Mu) category. For the
Inclusive category, the combined scale uncertainty is found to be 5%, and this is consistent with the
fact that the majority of the background tracks in the Inclusive category are identified as muons. The
derived ‘d⇢/dG scale’ uncertainty is assumed to be uniform over mass and is dominant, uniquely for the
Trk category, below ⇠1.0 TeV.

Additional systematic uncertainties associated with the modelling and predicted yield of the signals in

24
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dE/dx tail: 

- Instead of generating toy dE/dx distribution from the dE/dx-CR 
directly, do a fit to the dE/dx tail and sample the analytic fit instead

- Then compare background distribution with nominal one

- Probes effect of tail statistics on the background estimation

MET Trigger:

- Due to the changing trigger threshold across Run-2, the fraction of 
tracks sorted into the dE/dx-CR (MET<170) vs SR (MET>170) will vary 
across data-taking periods. In the background estimation, we calculate 
a weight to correct for this and apply to the dE/dx-CR

- For the systematic, we turn the weights off, redo the background 
estimation, and compare to the nominal

Background systematic uncertainties
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η slicing: 

- Because the dE/dx distribution varies as a function of η, we slice 
the dE/dx-CR template into η bins

- To probe any bias that comes from the choice of bins, we 
choose a different binning and compare the difference in the 
background distribution 

Statistics:

- The kinematic and dE/dx templates are poisson fluctuated to generate 
20 alternative background distributions. The spread in these is taken as 
the uncertainty

Background systematic uncertainties
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Normalization: 

- Statistical uncertainty on the normalization factor which is used 
to scale the total amount of toys in the background distribution

dE/dx scale:

- A disagreement was observed in one of the validation regions, VR-
LowPt-Trk-IBL0_Low, where the estimated yield was larger than the 
observed data. A conservative uncertainty is quantified by fitting any 
discrepancies in the validation regions

Background systematic uncertainties
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ATLAS DRAFT

Table 5: List of expected and observed events, ?0-value (capped at 0.5) and the corresponding / local significance,
as well as the 95% CLB upper limit of the expected and observed signal events ((95

exp. and (
95
obs.) in each mass window

for SR-Inclusive bins of “short” and “long” lifetime regimes.

Target
mass
[GeV]

Mass
window
[GeV]

Signal region bin
SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime
200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8

�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5
�1.7 7.8

300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8
�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0

�2.1 12.5
400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6

�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5
�1.8 6.5

450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6
�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2

�1.6 4.6
500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5

�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2
�1.3 5.2

550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5
�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5

�1.8 5.4
600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3

�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2
�1.6 4.0

650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4
�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9

�1.6 4.4
700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0

�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9
�1.0 4.3

800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8
�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8

�1.0 5.5
900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5

�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6
�0.9 6.8

1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6
�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9

�0.7 7.0
1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3

�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6
�0.8 10.0

1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1
�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4

�0.7 11.5
1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0

�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5
�0.5 11.8

1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8
�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1

�0.2 11.9
2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0

�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1
�0.1 9.4

Long lifetime
100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7

�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1
�1.0 6.7

200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7
�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6

�1.8 7.8
300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6

�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4
�1.4 8.0

400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3
�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9

�1.3 4.2
450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2

�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7
�1.3 4.3

500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3
�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9

�0.9 3.9
550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2

�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1
�1.5 4.2

600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4
�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2

�1.2 4.2
650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7

�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5
�1.2 4.6

700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8
�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0

�0.9 4.3
800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5

�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8
�0.8 5.8

900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0
�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8

�1.0 6.0
1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9

�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4
�0.8 7.5

1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5
�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2

�0.8 7.6
1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5

�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3
�0.6 10.4

1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9
�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2

�0.5 10.3
1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6

�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1
�0.1 11.9

1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8
�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2

�0.1 10.7
1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9

�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2
�0.1 9.5

1800 [1400, 4250] 3+4
�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4

�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0
�0.1 8.1

2000 [1550, 4650] 3+4
�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9

�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0
�0.1 6.8

2200 [1650, 5900] 2+5
�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4

�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1
�0.1 6.8

2400 [1750, 6300] 2+4
�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5

�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8
�0.0 6.9

2600 [1900, 6500] 2+4
�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0

�1.6 4.0 0.25+0.31
�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7

�0.0 6.9
2800 [2000, 6700] 1.5+3.1

�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1
�1.4 4.2 0.2+0.4

�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6
�0.0 4.0

3000 [2100, 6700] 1.4+3.1
�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4

�1.1 4.3 0.2+0.4
�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4

�0.0 4.1
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Table 5: List of expected and observed events, ?0-value (capped at 0.5) and the corresponding / local significance,
as well as the 95% CLB upper limit of the expected and observed signal events ((95

exp. and (
95
obs.) in each mass window

for SR-Inclusive bins of “short” and “long” lifetime regimes.

Target
mass
[GeV]

Mass
window
[GeV]

Signal region bin
SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime
200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8

�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5
�1.7 7.8

300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8
�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0

�2.1 12.5
400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6

�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5
�1.8 6.5

450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6
�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2

�1.6 4.6
500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5

�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2
�1.3 5.2

550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5
�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5

�1.8 5.4
600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3

�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2
�1.6 4.0

650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4
�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9

�1.6 4.4
700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0

�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9
�1.0 4.3

800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8
�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8

�1.0 5.5
900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5

�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6
�0.9 6.8

1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6
�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9

�0.7 7.0
1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3

�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6
�0.8 10.0

1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1
�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4

�0.7 11.5
1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0

�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5
�0.5 11.8

1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8
�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1

�0.2 11.9
2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0

�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1
�0.1 9.4

Long lifetime
100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7

�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1
�1.0 6.7

200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7
�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6

�1.8 7.8
300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6

�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4
�1.4 8.0

400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3
�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9

�1.3 4.2
450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2

�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7
�1.3 4.3

500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3
�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9

�0.9 3.9
550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2

�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1
�1.5 4.2

600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4
�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2

�1.2 4.2
650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7

�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5
�1.2 4.6

700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8
�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0

�0.9 4.3
800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5

�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8
�0.8 5.8

900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0
�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8

�1.0 6.0
1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9

�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4
�0.8 7.5

1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5
�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2

�0.8 7.6
1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5

�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3
�0.6 10.4

1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9
�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2

�0.5 10.3
1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6

�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1
�0.1 11.9

1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8
�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2

�0.1 10.7
1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9

�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2
�0.1 9.5

1800 [1400, 4250] 3+4
�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4

�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0
�0.1 8.1

2000 [1550, 4650] 3+4
�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9

�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0
�0.1 6.8

2200 [1650, 5900] 2+5
�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4

�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1
�0.1 6.8

2400 [1750, 6300] 2+4
�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5

�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8
�0.0 6.9

2600 [1900, 6500] 2+4
�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0

�1.6 4.0 0.25+0.31
�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7

�0.0 6.9
2800 [2000, 6700] 1.5+3.1

�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1
�1.4 4.2 0.2+0.4

�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6
�0.0 4.0

3000 [2100, 6700] 1.4+3.1
�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4

�1.1 4.3 0.2+0.4
�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4

�0.0 4.1
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Table 5: List of expected and observed events, ?0-value (capped at 0.5) and the corresponding / local significance,
as well as the 95% CLB upper limit of the expected and observed signal events ((95

exp. and (
95
obs.) in each mass window

for SR-Inclusive bins of “short” and “long” lifetime regimes.

Target
mass
[GeV]

Mass
window
[GeV]

Signal region bin
SR-Inclusive_Low SR-Inclusive_High

Exp. Obs. p0 `local Y95
exp. Y95

obs. Exp. Obs. p0 `local Y95
exp. Y95

obs.

Short lifetime
200 [120, 225] 81 ± 4 76 5.00 ⇥ 10�1 0.0 21+8

�6 18 5.6 ± 0.7 7 2.65 ⇥ 10�1 0.6 6.3+2.5
�1.7 7.8

300 [200, 350] 72 ± 4 72 4.72 ⇥ 10�1 0.1 20+8
�6 20 9.2 ± 0.8 14 7.11 ⇥ 10�2 1.5 7.6+3.0

�2.1 12.5
400 [300, 500] 45.6 ± 3.3 43 5.00 ⇥ 10�1 0.0 16+6

�4 14 5.8 ± 0.4 6 4.39 ⇥ 10�1 0.1 6.1+2.5
�1.8 6.5

450 [350, 600] 37.6 ± 2.7 44 1.72 ⇥ 10�1 0.9 15+6
�4 20 5.1 ± 0.4 3 5.00 ⇥ 10�1 0.0 6.0+2.2

�1.6 4.6
500 [400, 700] 30.6 ± 2.2 42 3.41 ⇥ 10�2 1.8 13+5

�4 24 4.3 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.4+2.2
�1.3 5.2

550 [400, 800] 33.9 ± 2.5 45 4.74 ⇥ 10�2 1.7 14+5
�4 24 4.8 ± 0.4 4 5.00 ⇥ 10�1 0.0 5.8+2.5

�1.8 5.4
600 [450, 900] 27.5 ± 1.9 35 9.48 ⇥ 10�2 1.3 12.1+5.3

�3.5 19.3 3.91 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.5+2.2
�1.6 4.0

650 [500, 1000] 22.5 ± 1.6 29 1.03 ⇥ 10�1 1.3 11.2+4.4
�2.8 17.2 3.22 ± 0.31 2 5.00 ⇥ 10�1 0.0 5.2+1.9

�1.6 4.4
700 [550, 1100] 18.7 ± 1.4 23 1.71 ⇥ 10�1 0.9 10.3+4.0

�2.7 14.3 2.64 ± 0.31 2 5.00 ⇥ 10�1 0.0 4.7+1.9
�1.0 4.3

800 [600, 1200] 15.6 ± 1.3 20 1.47 ⇥ 10�1 1.1 9.5+3.8
�2.9 13.7 2.22 ± 0.24 3 2.86 ⇥ 10�1 0.6 4.5+1.8

�1.0 5.5
900 [650, 1400] 13.8 ± 1.3 17 2.09 ⇥ 10�1 0.8 9.1+3.5

�2.5 11.9 2.0 ± 0.3 4 9.74 ⇥ 10�2 1.3 4.3+1.6
�0.9 6.8

1000 [700, 1850] 13.1 ± 1.3 17 1.54 ⇥ 10�1 1.0 8.8+3.6
�2.3 12.7 1.9 ± 0.5 4 9.01 ⇥ 10�2 1.3 4.1+1.9

�0.7 7.0
1200 [800, 2400] 11 ± 2 14 1.85 ⇥ 10�1 0.9 8.6+3.3

�2.5 11.9 1.5 ± 0.7 6 9.10 ⇥ 10�3 2.4 4.0+1.6
�0.8 10.0

1400 [900, 2900] 8.5 ± 2.1 11 2.37 ⇥ 10�1 0.7 8.1+3.1
�2.6 10.5 1.1 ± 0.7 7 2.08 ⇥ 10�3 2.9 4.0+1.4

�0.7 11.5
1600 [1000, 3450] 6.9 ± 2.4 9 2.57 ⇥ 10�1 0.7 7.8+3.0

�2.6 10.1 0.9 ± 0.5 7 6.03 ⇥ 10�4 3.2 3.6+1.5
�0.5 11.8

1800 [1100, 4000] 5.7 ± 2.6 8 2.35 ⇥ 10�1 0.7 7.3+2.8
�2.3 9.9 0.8 ± 0.6 7 8.87 ⇥ 10�4 3.1 3.5+1.1

�0.2 11.9
2000 [1200, 4600] 5 ± 4 6 3.03 ⇥ 10�1 0.5 7.3+3.0

�2.3 9.0 0.6 ± 0.5 5 4.92 ⇥ 10�3 2.6 3.1+1.1
�0.1 9.4

Long lifetime
100 [120, 200] 68 ± 4 63 5.00 ⇥ 10�1 0.0 19+7

�5 16 3.9 ± 0.6 5 2.81 ⇥ 10�1 0.6 5.4+2.1
�1.0 6.7

200 [150, 225] 63 ± 4 54 5.00 ⇥ 10�1 0.0 18+7
�4 13 5.5 ± 0.6 7 2.61 ⇥ 10�1 0.6 6.1+2.6

�1.8 7.8
300 [250, 350] 40.9 ± 2.7 35 5.00 ⇥ 10�1 0.0 15+6

�4 11 5.1 ± 0.5 7 2.01 ⇥ 10�1 0.8 5.9+2.4
�1.4 8.0

400 [350, 500] 29.2 ± 2.2 33 2.54 ⇥ 10�1 0.7 12.6+5.3
�3.2 16.0 3.83 ± 0.26 2 5.00 ⇥ 10�1 0.0 5.4+1.9

�1.3 4.2
450 [400, 550] 21.5 ± 1.6 30 5.03 ⇥ 10�2 1.6 11.0+4.2

�2.9 19.4 3.00 ± 0.23 2 5.00 ⇥ 10�1 0.0 5.1+1.7
�1.3 4.3

500 [450, 650] 19.4 ± 1.2 27 5.62 ⇥ 10�2 1.6 10.3+4.3
�2.6 17.4 2.73 ± 0.22 1 5.00 ⇥ 10�1 0.0 4.7+1.9

�0.9 3.9
550 [450, 700] 21.8 ± 1.5 29 7.73 ⇥ 10�2 1.4 11.0+4.2

�3.2 17.8 3.06 ± 0.32 2 5.00 ⇥ 10�1 0.0 5.0+2.1
�1.5 4.2

600 [500, 800] 18.4 ± 1.3 24 1.12 ⇥ 10�1 1.2 10+4
�3 15 2.64 ± 0.19 2 5.00 ⇥ 10�1 0.0 4.4+2.2

�1.2 4.2
650 [550, 850] 15 ± 1 19 1.32 ⇥ 10�1 1.1 9.1+3.7

�2.7 13.4 2.07 ± 0.17 2 5.00 ⇥ 10�1 0.0 4.5+1.5
�1.2 4.6

700 [550, 950] 16.6 ± 1.2 21 1.52 ⇥ 10�1 1.0 9.7+3.8
�2.8 13.7 2.4 ± 0.2 2 5.00 ⇥ 10�1 0.0 4.5+2.0

�0.9 4.3
800 [650, 1150] 12.0 ± 1.1 14 2.86 ⇥ 10�1 0.6 8.4+3.5

�2.3 10.4 1.74 ± 0.16 3 1.79 ⇥ 10�1 0.9 4.1+1.8
�0.8 5.8

900 [700, 1250] 10.4 ± 0.9 13 2.17 ⇥ 10�1 0.8 8.1+3.0
�2.6 10.3 1.5 ± 0.4 3 1.35 ⇥ 10�1 1.1 3.9+1.8

�1.0 6.0
1000 [800, 1550] 8.6 ± 0.8 11 2.16 ⇥ 10�1 0.8 7.5+2.9

�2.5 9.6 1.2 ± 0.6 4 3.73 ⇥ 10�2 1.8 3.8+1.4
�0.8 7.5

1100 [900, 1800] 7.1 ± 0.7 10 1.46 ⇥ 10�1 1.1 7.0+2.5
�1.9 9.8 1.0 ± 0.5 4 2.13 ⇥ 10�2 2.0 3.7+1.2

�0.8 7.6
1200 [950, 2100] 6.7 ± 1.3 10 1.38 ⇥ 10�1 1.1 7.0+2.5

�2.3 10.2 0.9 ± 0.5 6 1.65 ⇥ 10�3 2.9 3.7+1.3
�0.6 10.4

1300 [1000, 2200] 6.1 ± 1.2 9 1.48 ⇥ 10�1 1.0 6.5+2.9
�1.4 9.7 0.8 ± 0.4 6 5.47 ⇥ 10�4 3.3 3.5+1.2

�0.5 10.3
1400 [1100, 2800] 5.2 ± 1.7 8 1.76 ⇥ 10�1 0.9 6.5+2.6

�2.0 9.6 0.7 ± 0.4 7 1.46 ⇥ 10�4 3.6 3.2+1.1
�0.1 11.9

1500 [1150, 2900] 4.9 ± 2.4 7 2.41 ⇥ 10�1 0.7 6.6+2.8
�1.9 9.3 0.6 ± 0.4 6 6.09 ⇥ 10�4 3.2 3.2+1.2

�0.1 10.7
1600 [1250, 3400] 4.2 ± 3.4 5 3.24 ⇥ 10�1 0.5 7.0+2.9

�2.2 8.4 0.54 ± 0.35 5 1.19 ⇥ 10�3 3.0 3.1+1.2
�0.1 9.5

1800 [1400, 4250] 3+4
�3 4 2.74 ⇥ 10�1 0.6 7.2+2.4

�1.5 8.3 0.44 ± 0.32 4 3.36 ⇥ 10�3 2.7 3.2+1.0
�0.1 8.1

2000 [1550, 4650] 3+4
�3 3 3.14 ⇥ 10�1 0.5 6.2+1.9

�2.1 6.9 0.36 ± 0.25 3 6.96 ⇥ 10�3 2.5 3.1+1.0
�0.1 6.8

2200 [1650, 5900] 2+5
�2 4 2.18 ⇥ 10�1 0.8 6.0+2.4

�2.2 8.2 0.33 ± 0.28 3 8.85 ⇥ 10�3 2.4 3.0+1.1
�0.1 6.8

2400 [1750, 6300] 2+4
�2 3 3.17 ⇥ 10�1 0.5 5.5+1.5

�1.5 6.7 0.29 ± 0.28 3 9.75 ⇥ 10�3 2.3 3.2+0.8
�0.0 6.9

2600 [1900, 6500] 2+4
�2 1 5.00 ⇥ 10�1 0.0 4.9+2.0

�1.6 4.0 0.25+0.31
�0.25 3 9.71 ⇥ 10�3 2.3 3.1+0.7

�0.0 6.9
2800 [2000, 6700] 1.5+3.1

�1.5 1 5.00 ⇥ 10�1 0.0 4.5+2.1
�1.4 4.2 0.2+0.4

�0.2 1 1.07 ⇥ 10�1 1.2 3.0+0.6
�0.0 4.0

3000 [2100, 6700] 1.4+3.1
�1.4 1 5.00 ⇥ 10�1 0.0 4.4+1.4

�1.1 4.3 0.2+0.4
�0.2 1 9.43 ⇥ 10�2 1.3 2.9+0.4
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Figure 17: The observed mass distribution in the Trk and Mu signal-region bins. The band on the expected background
indicates the total uncertainty of the estimation. Several representative signal models are overlaid. Events outside the
shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward triangle markers at the bottom
of the panels indicate that no events are observed in the corresponding mass bin, while upward triangle markers in
the lower panels indicate that the observed data is beyond the range.
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Figure 17: The observed mass distribution in the Trk and Mu signal-region bins. The band on the expected background
indicates the total uncertainty of the estimation. Several representative signal models are overlaid. Events outside the
shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward triangle markers at the bottom
of the panels indicate that no events are observed in the corresponding mass bin, while upward triangle markers in
the lower panels indicate that the observed data is beyond the range.
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Figure 17: The observed mass distribution in the Trk and Mu signal-region bins. The band on the expected background
indicates the total uncertainty of the estimation. Several representative signal models are overlaid. Events outside the
shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward triangle markers at the bottom
of the panels indicate that no events are observed in the corresponding mass bin, while upward triangle markers in
the lower panels indicate that the observed data is beyond the range.
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Figure 16: The observed ?T, |[ | and d⇢/dG distributions in the Inclusive signal-region bins. The band on the
expected background indicates the total uncertainty of the estimation. Several representative signal models are
overlaid. Events outside the shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward
triangle markers at the bottom of the panels indicate that no events are observed in the corresponding bin, while the
upward triangle marker at the top of the lower panel in (b) indicates that the observed data is beyond the range.
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Figure 16: The observed ?T, |[ | and d⇢/dG distributions in the Inclusive signal-region bins. The band on the
expected background indicates the total uncertainty of the estimation. Several representative signal models are
overlaid. Events outside the shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward
triangle markers at the bottom of the panels indicate that no events are observed in the corresponding bin, while the
upward triangle marker at the top of the lower panel in (b) indicates that the observed data is beyond the range.
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pT, η, dE/dx distributions

39

3−10

2−10

1−10
1

10

210

310

410

510

610

En
tri

es
 / 

50
 G

eV

O
ve

rfl
ow

 [TeV]trk
T

p

1−10

1

10

Da
ta

 / 
Pr

ed
.

0.12 30.2 0.3 0.4 0.6 1 2 3

Observed

Expected

) = 10 nsg~(τ) = 100 GeV, 0
1
χ∼) = 2.2 TeV, m(g~m(

) = 10 ns±

1
χ∼(τ) = 1.3 TeV, ±

1
χ∼m(

) = 10 nsτ∼(τ) =  400 GeV, τ∼m(

SR-Inclusive_Low

1− = 13 TeV,  139 fbs
| < 1.8η > 120 GeV, |trk

T
p

ATLAS

(a) SR-Inclusive_Low

3−10

2−10

1−10
1

10

210

310

410

510

610

En
tri

es
 / 

50
 G

eV

O
ve

rfl
ow

 [TeV]trk
T

p

1−10

1

10

Da
ta

 / 
Pr

ed
.

0.12 30.2 0.3 0.4 0.6 1 2 3

Observed

Expected

) = 10 nsg~(τ) = 100 GeV, 0
1
χ∼) = 2.2 TeV, m(g~m(

) = 10 ns±

1
χ∼(τ) = 1.3 TeV, ±

1
χ∼m(

) = 10 nsτ∼(τ) =  400 GeV, τ∼m(

SR-Inclusive_High

1− = 13 TeV,  139 fbs
| < 1.8η > 120 GeV, |trk

T
p

ATLAS

(b) SR-Inclusive_High

0
5

10
15
20
25
30
35
40
45

En
tri

es
 / 

0.
1 

0 0.5 1 1.5

|!|

1"10

1

10

Da
ta

 / 
Pr

ed
.

Observed

Expected

) = 10 nsg~(#) = 100 GeV, 0
1

$%) = 2.2 TeV, m(g~m(
) = 10 ns±

1
$%(#) = 1.3 TeV, ±

1
$%m(

) = 10 ns#%(#) =  400 GeV, #%m(

SR-Inclusive_Low

1" = 13 TeV,  139 fbs
| < 1.8! > 120 GeV, |trk

T
p

ATLAS

(c) SR-Inclusive_Low

0

2

4

6

8

10

12

E
nt

rie
s 

/ 0
.1

 

0 0.5 1 1.5

|!|

1"10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(#) = 100 GeV, 
0

1
$%) = 2.2 TeV, m(g~m(

) = 10 ns
±

1
$%(#) = 1.3 TeV, 

±

1
$%m(

) = 10 ns#%(#) =  400 GeV, #%m(

SR-Inclusive_High

1" = 13 TeV,  139 fbs

| < 1.8! > 120 GeV, |trk
T

p
ATLAS

(d) SR-Inclusive_High

0

20

40

60

80

100

120

140

160

2
 c

m
1!

E
nt

rie
s 

/ 0
.1

2 
M

eV
 g

O
ve

rf
lo

w

2 2.5 3 3.5

]2 cm1!dE/dx [MeV g

1!10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(") = 100 GeV, 
0

1
#$) = 2.2 TeV, m(g~m(

) = 10 ns
±

1
#$(") = 1.3 TeV, 

±

1
#$m(

) = 10 ns"$(") =  400 GeV, "$m(

SR-Inclusive_Low

1! = 13 TeV,  139 fbs

| < 1.8% > 120 GeV, |trk
T

p
ATLAS

(e) SR-Inclusive_Low

0
2
4
6
8

10
12
14
16
18
20
22

2
 c

m
1!

E
nt

rie
s 

/ 0
.1

2 
M

eV
 g

O
ve

rf
lo

w

2 2.5 3 3.5

]2 cm1!dE/dx [MeV g

1!10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(") = 100 GeV, 
0

1
#$) = 2.2 TeV, m(g~m(

) = 10 ns
±

1
#$(") = 1.3 TeV, 

±

1
#$m(

) = 10 ns"$(") =  400 GeV, "$m(

SR-Inclusive_High

1! = 13 TeV,  139 fbs

| < 1.8% > 120 GeV, |trk
T

p
ATLAS

(f) SR-Inclusive_High

Figure 16: The observed ! T, |" | and d# / d$ distributions in the Inclusive signal-region bins. The band on the
expected background indicates the total uncertainty of the estimation. Several representative signal models are
overlaid. Events outside the shown range are accumulated in the rightmost bin indicated as ‘Overflow’. Downward
triangle markers at the bottom of the panels indicate that no events are observed in the corresponding bin, while the
upward triangle marker at the top of the lower panel in (b) indicates that the observed data is beyond the range.
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Compressed R-hadrons
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Chargino 1.3 TeV, 10 ns cutflow
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Selection Events E! ciency
Total 20.8 1
Event and jet Cleaning 20.6 0.995
Trigger 11.2 0.539
Primary vertex 11.2 0.539
! miss

T > 170GeV 7.9 0.381
Track in PV 7.8 0.378
" T > 50GeV 6.8 0.326
Track quality requirements 5.8 0.279
Track isolation 5.1 0.244
" T > 120GeV 5.0 0.242
Track momentum uncertainty 4.80 0.231
|# | < 1.8 4.39 0.211
$ T (track, !" miss

T ) > 130GeV 3.80 0.183
Electron veto 3.80 0.183
Hadron/tau veto 3.80 0.183
d! / d%" [1.8, 2.4] MeV g#1cm2 0.80 0.039
d! / d%> 2.4 MeV g#1cm2 1.92 0.092
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Timing cross-check

• Two independent β measurements provided by muon ToF and 
calorimeter ToF


• Calorimeter ToF: Averaged across cells, with each cell weighted by 
timing resolution (FWHM/2.35 = 0.050 (trk),0.075 (mu))


• Muon ToF: Fit tracks with floated β (FWHM/2.35 = .045)


• No deviation from β ~ 1, while measured dE/dx would point to β ~ 
0.5
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dE/dx quantifiersATLAS DRAFT
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Figure 162:Bethed! / d" , two examples of restricted energy loss, and the Landau most probable energy per unit
thickness in silicon. The change of! #/ " with thickness" illustrates its$ ln " + %dependence. Minimum ionization
(d! / d" |min) is 1.664MeV g! 1cm2. Radiative losses are excluded. The incident particles are muons [25].
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