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Long-lived (charged) particles in SUSY models:

• Split SUSY 

The tree-level decay process is, on the other hand, suppressed by small Yukawa couplings since the

stop exchange process, which is large because of the top Yukawa coupling, is kinematically forbidden

for compressed gluinos.

Eventually, we see that the gluino decay length is approximately given by

c⌧eg =

8
>>>><

>>>>:

O(1� 10) cm⇥

 
�m

10 GeV

!�5 
em

10 TeV

!4

(bino or wino LSP)

O(0.01� 0.1) mm⇥

 
�m

10 GeV

!�3 
em

10 TeV

!4

(Higgsino LSP)

. (1)

The dependence of these approximated formulae on �m is captured by the above discussions. From

these expressions, we find that compressed gluinos generically have decay lengths of the order of

the detector size when the squark mass scale is & 10 TeV. We make the most of this observation to

probe the compressed gluino scenario.

There are several situations where the above tendency of gluino decay may be altered. For the

bino LSP case, the two-body decay channel can be important if the left-right mixing in the scalar

top sector is large and �m is very small. This decay branch can also be enhanced if there is a

sizable bino-Higgsino mixing. In addition, if �m ⌧ 10 GeV, the parton-level description gets less

appropriate, and the hadronic properties of decay products significantly a↵ect the gluino decay.

Further dedicated studies are required to give a precise theoretical calculation of the gluino decay

rate for this very small �m region, which is beyond the scope of this paper.

2.2 R-hadrons

A long-lived gluino forms a bound state with quarks and/or gluons once they are produced at col-

liders. Such bound states, being R-parity odd, are called R-hadrons [56]. R-hadrons are categorized

into several classes in terms of their constituents; if R-hadrons are composed of a gluino and a pair

of quark and anti-quark, egq̄q, they are called R-mesons; if they consist of a gluino and three quarks

(anti-quarks), egqqq (egq̄q̄q̄), they are called R-baryons (R-antibaryons); a bound state which is made

of a gluino and a gluon, egg, is referred to as an R-glueball.

The production fractions of R-hadron species have a direct impact on the gluino search sensitivi-

ties discussed below, as some of these search strategies rely on the production of charged R-hadrons.

A computation [57] in which hadronization is performed using Pythia [58] shows that the produc-

tion rates of R-mesons dominate those of R-baryons. The production fraction of R-glueball is, on

the other hand, theoretically unknown and thus regarded as a free parameter. In the analysis of

Ref. [57], this fraction is set to be 10%, which is the default value used in Pythia. Then, it is found

that the fraction of R-mesons is 88.5% while that of R-baryons is only 1.6%. Among them, charged

R-hadrons are 44.8%. This value however significantly decreases if we set the R-glueball fraction to

be a larger value. Taking this ambiguity into account, in the following analysis, we take di↵erent

values for the R-glueball fraction and regard the resultant changes as theoretical uncertainty.
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(mq̃ ≫ mg̃)

• Gravitino LSP

• RPV

• Stau-Coannihilaiton

  long-lived g̃

  Anything: e.g.   τ̃ τf̃ = 6× 10−12sec ·
(m3/2
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Figure 3. The (m0,m1/2) planes in the CMSSM (upper left), the NUHM1 (upper right) and the NUHM2
(lower left), showing the regions where the lowest-�2 points have ��

2
< 5.99 and 103s > ⌧⌧̃1 > 10�7s:

the lifetimes [7] of these points are colour-coded, as indicated in the legends. The red and blue contours
are for ��

2
< 2.30(5.99) relative to the absolute minimum. Also shown in these panels as solid purple

contours are the current LHC 95% exclusions from /ET searches in the ⌧̃1 coannihilation regions, and as
dashed purple contours the prospective 5-� discovery reaches for /ET searches at the LHC with 3000/fb
at 14 TeV, corresponding approximately to the 95% CL exclusion sensitivity with 300/fb at 14 TeV. As
discussed in the text, the sensitivities of LHC searches for metastable ⌧̃1’s in the ⌧̃1 coannihilation region
are expected to be similar [29]. The lower right panel shows the one-dimensional ��

2 function in the
pMSSM10 for the lifetime of the ⌧̃1 in the range 103s > ⌧NLSP > 10�7s.

4.4. Charginos and Neutralinos
The di↵erences between the dominant DM

mechanisms in the pMSSM10 and the other mod-
els studied are highlighted in Fig. 5, which dis-
plays the (m

�̃
±
1
,m�̃

0
1
) planes in the CMSSM (up-

per left), the NUHM1 (upper right), the NUHM2
(lower left) and the pMSSM10 (lower right). The

diagonal dashed lines indicate where m
�̃
±
1
= m�̃

0
1
.

As usual, the red and blue solid lines are the
��

2 = 2.30 and 5.99 contours. In the pMSSM10
case, the region preferred at the 68% CL is a nar-
row strip where m

�̃
±
1
�m�̃

0
1
is small, whereas in

the other models much of the 68% CL region is
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• Independent searches (with very different systematics, environment, 
assumptions, ..) are important for robust science. 

• There could be a model which is sensitive for MoEDAL but not much for 
ATLAS/CMS. 



• MoEDAL is primarily designed to 
look for Magnetic Monopoles 
(MMs)


• MoEDAL deploys Nuclear Track 
Detectors (NTD) ~2m away from 
the interaction point, and only 
MMs or slow moving charged 
particles can punch through 
the detector, leaving the etching 
signature


• Essentially no SM background. 

Signatures at MoEDAL 
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NTD Stack

VELO-LHCb	

NTDs	–	A-side	

NTDs	–	C-side	

NTDs	–	Top	

NTDs	–	Front	

NTD-High	Charge	Catcher	

MMT-2	
MMT-2	

MMT-3	

MoEDAL	 LHCb	

• Acceptance for at least one monopole from monopole pair 
production to hit NTDs ~70% (~90 m2 of plastic)

Geant 4 
Panoramix

LHCbMoEDAL

The MoEDAL Detector Today

The Signal in the NTDs

• Largest NTD array (80m2 ) ever deployed at an accelerator

– NTD tacks consist of CR39 (Thr. 5 mip) & Makrofol (Thr. 50 mip) 

– Damage  revealed by controlled etching - etch pits are formed

– Charge resolution is ~|0.1|e, where |e| is the electron charge

– Precision of each etch a pit measurement  ~20-50 microns

• NTDs are calibrated at heavy-ion beams at NSRL & NA61 

slow moving 
charged particleNTD



MoEDAL

β < 0.2

2m

MoEDAL can detect a singly charged particle if it has a low 
velocity: β < 0.2.  

The particle must pass the detector shell located 2m away 
from the interaction point.
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Typically β is not small…
We need a heavy particle. 



Signal Efficiency (β < 0.2) Signal Cross-Section

(for mτ̃ > 100GeV)ϵ · σ ∼ (< 10−3) · (< 100 fb−1)

MoEDAL is insensitive to stau direct production.
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MoEDAL is better at:

heavy  
fermion  

with large cross-section 

gluino pair production would serve the best scenario.



Long-lived gluino have been constrained by ATLAS/CMS

MoEDAL



ATLAS/CMS MoEDAL

Analyses simplenot simple, involving several 
detector components, triggers 

Background very small  
mainly from mismeasurements almost BG free

Signal Efficiency ~ 0.5 - 0.05 ~ 0.01  (β < 0.2)

Luminosity ~ 5% of ATLAS/CMS

In ordinary scenarios, 

ATLAS/CMS expects ~200 times more events than MoEDAL.

Long-lived particle searches



Compressed spectrum evades 
displaced vertices and prompt searches

∆m = mg̃ −mχ̃0
1
[GeV]
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Long-lived gluino have been constrained by ATLAS/CMS

MoEDAL

MoEDAL should be compared with Pixel dE/dx analyses



8 5 Background prediction

Table 1: Preselection criteria on the inner tracker track used in the various analyses as defined
in the text.

|Q| < 1e tracker+TOF tracker-only |Q| > 1e

|h| <2.1
pT (GeV/c) >45
dz and dxy (cm) <0.5
spT /pT <0.25
Track c2/nd <5
# Pixel hits >1
# Tracker hits >7
Frac. Valid hits >0.8
Sp

trk
T (DR < 0.3) (GeV/c) <50

# dE/dx measurements >5
dE/dx strip shape test yes no
Ecal(DR < 0.3)/p <0.3 �
Ih (MeV/cm) <2.8 >3.0
DR to another track <p � 0.3 �

Table 2: Preselection criteria on the muon system track used in the various analyses as defined
in the text.

tracker+TOF |Q| > 1e muon-only
# TOF measurements >7
s1/b <0.07
1/b >1
|h| � <2.1
pT ( GeV/c) � >80
dz and dxy (cm) � <15
# DT or CSC stations � >1
Opp. segment |h| difference � >0.1
|f| � <1.2 OR >1.9
|dt| to another beam crossing (ns) � >5

The multiply charged particle search uses the same preselection as the tracker+TOF analysis
except that the E/p selection is removed. Furthermore, given that a multiply charged parti-
cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.

The preselection criteria applied on the inner tracker track for the analyses are summarized in
Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.
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cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.

The preselection criteria applied on the inner tracker track for the analyses are summarized in
Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.

An example of dE/dx analyses: 

CMS 7/8 TeV [1305.0491]



• A recipe to recast the CMS dE/dx search is given by CMS in [1502.02522]  

• The key idea is to estimate the total acceptance from the acceptance 
on each particles:

Atot = 1− (1−A1)(1−A2)
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acceptance 
for particle i Ai = P on

i (ki)P
off
i (ki)
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Figure A.3: Values taken by the probability P
off(300 GeV, k) as a function of the true particle-

variables pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the
study.
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Figure A.1: Values taken by the probability P
on(k) as a function of the true particle-variables

pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the study.
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Figure A.3: Values taken by the probability P
off(300 GeV, k) as a function of the true particle-

variables pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the
study.
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Figure A.3: Values taken by the probability P
off(300 GeV, k) as a function of the true particle-

variables pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the
study.
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Figure A.1: Values taken by the probability P
on(k) as a function of the true particle-variables

pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the study.
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Figure A.1: Values taken by the probability P
on(k) as a function of the true particle-variables

pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the study.
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Figure A.1: Values taken by the probability P
on(k) as a function of the true particle-variables

pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the study.
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Figure A.3: Values taken by the probability P
off(300 GeV, k) as a function of the true particle-

variables pT, b, and |h|. The binning in pT in these figures is coarser than the one used in the
study.



8 5 Background prediction

Table 1: Preselection criteria on the inner tracker track used in the various analyses as defined
in the text.

|Q| < 1e tracker+TOF tracker-only |Q| > 1e

|h| <2.1
pT (GeV/c) >45
dz and dxy (cm) <0.5
spT /pT <0.25
Track c2/nd <5
# Pixel hits >1
# Tracker hits >7
Frac. Valid hits >0.8
Sp

trk
T (DR < 0.3) (GeV/c) <50

# dE/dx measurements >5
dE/dx strip shape test yes no
Ecal(DR < 0.3)/p <0.3 �
Ih (MeV/cm) <2.8 >3.0
DR to another track <p � 0.3 �

Table 2: Preselection criteria on the muon system track used in the various analyses as defined
in the text.

tracker+TOF |Q| > 1e muon-only
# TOF measurements >7
s1/b <0.07
1/b >1
|h| � <2.1
pT ( GeV/c) � >80
dz and dxy (cm) � <15
# DT or CSC stations � >1
Opp. segment |h| difference � >0.1
|f| � <1.2 OR >1.9
|dt| to another beam crossing (ns) � >5

The multiply charged particle search uses the same preselection as the tracker+TOF analysis
except that the E/p selection is removed. Furthermore, given that a multiply charged parti-
cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.

The preselection criteria applied on the inner tracker track for the analyses are summarized in
Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.
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cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.
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Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.

An example of dE/dx analyses: 

CMS 7/8 TeV [1305.0491]

charged particle must be 
present in the pixel detector



τ̃±

χ̃0
1

long-lived collider-stable

Compressed

g̃ → q q̄ χ̃0
1, χ̃0

1 → τ∓ τ̃±1
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Table 1: Preselection criteria on the inner tracker track used in the various analyses as defined
in the text.

|Q| < 1e tracker+TOF tracker-only |Q| > 1e
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dE/dx strip shape test yes no
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Ih (MeV/cm) <2.8 >3.0
DR to another track <p � 0.3 �

Table 2: Preselection criteria on the muon system track used in the various analyses as defined
in the text.

tracker+TOF |Q| > 1e muon-only
# TOF measurements >7
s1/b <0.07
1/b >1
|h| � <2.1
pT ( GeV/c) � >80
dz and dxy (cm) � <15
# DT or CSC stations � >1
Opp. segment |h| difference � >0.1
|f| � <1.2 OR >1.9
|dt| to another beam crossing (ns) � >5

The multiply charged particle search uses the same preselection as the tracker+TOF analysis
except that the E/p selection is removed. Furthermore, given that a multiply charged parti-
cle might have a cluster shape different from that of a |Q| = 1e particle, the cluster cleaning
procedure is not applied for the multiply charged analysis.

The preselection criteria applied on the inner tracker track for the analyses are summarized in
Table 1 while the criteria on the muon system track are summarized in Table 2.

5 Background prediction
Candidates passing the preselection criteria (Section 4) are subject to two (or three) additional
selection criteria to further improve the signal-to-background ratio. For all of the analyses,
results are based upon a comparison of the number of candidates passing the final section
criteria with the number of background events estimated from the numbers of events that fail
combinations of the criteria.

An example of dE/dx analyses: 

CMS 7/8 TeV [1305.0491]

long-lived particle must 
point to the primary vertex

charged particle must be 
present in the pixel detector



q
q̄

τ̃±

|dxy|, |dz| χ̃0
1

τ∓

g̃

q q̄

τ̃±

τ∓

χ̃0
1

g̃ → q q̄ χ̃0
1, χ̃0

1 → τ∓ τ̃±1

Neutralino is long-lived despite a large mass gap.
(mχ̃0

1
−mτ̃±

1
= 300GeV)

CMS suffers twice:  (1) no pixel hit,  (2) too large impact parameters

long-lived collider-stableCompressed
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η

φ ∫
A(η)dη ≃ 18.7%
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position of Nuclear Track Detector (NTD)

NTD coverage in η
• Fractional coverage w.r.t. φ versus η
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• taking into account the 
geometrical coverage of NTD

• efficiency is modelled by

ϵ =
<latexit sha1_base64="QVsUsK6MG81PtEZdi1GuTmRi6To=">AAAB83icZVDLSgNBEOz1GeMr6tHLYAh4Crte9CIEvXiMYB6QLGF20kmGzM4sM7NCWPIZngQF8erXePJvnCSLmKSgoajqprsrSgQ31vd/vI3Nre2d3cJecf/g8Oi4dHLaNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfz/zWM2rDlXyykwTDmA4lH3BGrZM6XUwMF0qSW9Irlf2qPwdZJ0FOypCj3it9d/uKpTFKywQ1phP4iQ0zqi1nAqfFbmowoWxMh9hxVNIYTZjNT56SilP6ZKC0K2nJXP0/kdHYmEkcuc6Y2pFZ9Wbin1dZWmUHN2HGZZJalGyxaZAKYhWZBUD6XCOzYuIIZZq7YwkbUU2ZdTEVXQrB6s/rpHlVDfxq8OiXa3d5HgU4hwu4hACuoQYPUIcGMFDwAm/w7qXeq/fhfS5aN7x85gyW4H39AgR2kOI=</latexit><latexit sha1_base64="QVsUsK6MG81PtEZdi1GuTmRi6To=">AAAB83icZVDLSgNBEOz1GeMr6tHLYAh4Crte9CIEvXiMYB6QLGF20kmGzM4sM7NCWPIZngQF8erXePJvnCSLmKSgoajqprsrSgQ31vd/vI3Nre2d3cJecf/g8Oi4dHLaNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfz/zWM2rDlXyykwTDmA4lH3BGrZM6XUwMF0qSW9Irlf2qPwdZJ0FOypCj3it9d/uKpTFKywQ1phP4iQ0zqi1nAqfFbmowoWxMh9hxVNIYTZjNT56SilP6ZKC0K2nJXP0/kdHYmEkcuc6Y2pFZ9Wbin1dZWmUHN2HGZZJalGyxaZAKYhWZBUD6XCOzYuIIZZq7YwkbUU2ZdTEVXQrB6s/rpHlVDfxq8OiXa3d5HgU4hwu4hACuoQYPUIcGMFDwAm/w7qXeq/fhfS5aN7x85gyW4H39AgR2kOI=</latexit><latexit sha1_base64="QVsUsK6MG81PtEZdi1GuTmRi6To=">AAAB83icZVDLSgNBEOz1GeMr6tHLYAh4Crte9CIEvXiMYB6QLGF20kmGzM4sM7NCWPIZngQF8erXePJvnCSLmKSgoajqprsrSgQ31vd/vI3Nre2d3cJecf/g8Oi4dHLaNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfz/zWM2rDlXyykwTDmA4lH3BGrZM6XUwMF0qSW9Irlf2qPwdZJ0FOypCj3it9d/uKpTFKywQ1phP4iQ0zqi1nAqfFbmowoWxMh9hxVNIYTZjNT56SilP6ZKC0K2nJXP0/kdHYmEkcuc6Y2pFZ9Wbin1dZWmUHN2HGZZJalGyxaZAKYhWZBUD6XCOzYuIIZZq7YwkbUU2ZdTEVXQrB6s/rpHlVDfxq8OiXa3d5HgU4hwu4hACuoQYPUIcGMFDwAm/w7qXeq/fhfS5aN7x85gyW4H39AgR2kOI=</latexit><latexit sha1_base64="QVsUsK6MG81PtEZdi1GuTmRi6To=">AAAB83icZVDLSgNBEOz1GeMr6tHLYAh4Crte9CIEvXiMYB6QLGF20kmGzM4sM7NCWPIZngQF8erXePJvnCSLmKSgoajqprsrSgQ31vd/vI3Nre2d3cJecf/g8Oi4dHLaNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfz/zWM2rDlXyykwTDmA4lH3BGrZM6XUwMF0qSW9Irlf2qPwdZJ0FOypCj3it9d/uKpTFKywQ1phP4iQ0zqi1nAqfFbmowoWxMh9hxVNIYTZjNT56SilP6ZKC0K2nJXP0/kdHYmEkcuc6Y2pFZ9Wbin1dZWmUHN2HGZZJalGyxaZAKYhWZBUD6XCOzYuIIZZq7YwkbUU2ZdTEVXQrB6s/rpHlVDfxq8OiXa3d5HgU4hwu4hACuoQYPUIcGMFDwAm/w7qXeq/fhfS5aN7x85gyW4H39AgR2kOI=</latexit><latexit sha1_base64="xluuzVQqk2vfpJ7t713dUq4Iinc=">AAAB83icZVBNS8NAEJ34WetX1aOXxVLwVBIP6kUoevFYwX5AG8pmO2mXbnbD7kYooT/Dk6AgXv01nvw3pm0qtj4YeLw3w8y8IBbcWNf9dtbWNza3tgs7xd29/YPD0tFx06hEM2wwJZRuB9Sg4BIblluB7VgjjQKBrWB0N/VbT6gNV/LRjmP0IzqQPOSM2kzqdDE2XChJbkivVHar7gzkP/FyUoYc9V7pq9tXLIlQWiaoMR3Pja2fUm05EzgpdhODMWUjOsBORiWN0Pjp7OQJqWRKn4RKZyUtmal/J1IaGTOOgqwzonZoVr2p+OtVllbZ8NpPuYwTi5LNN4WJIFaRaQCkzzUyK8YZoUzz7FjChlRTZrOYirMULhfPr5JFCs2LqudWvQe3XLvN8yjAKZzBOXhwBTW4hzo0gIGCZ3iFNydxXpx352PeuubkMyewBOfzBwsAkPE=</latexit><latexit sha1_base64="xluuzVQqk2vfpJ7t713dUq4Iinc=">AAAB83icZVBNS8NAEJ34WetX1aOXxVLwVBIP6kUoevFYwX5AG8pmO2mXbnbD7kYooT/Dk6AgXv01nvw3pm0qtj4YeLw3w8y8IBbcWNf9dtbWNza3tgs7xd29/YPD0tFx06hEM2wwJZRuB9Sg4BIblluB7VgjjQKBrWB0N/VbT6gNV/LRjmP0IzqQPOSM2kzqdDE2XChJbkivVHar7gzkP/FyUoYc9V7pq9tXLIlQWiaoMR3Pja2fUm05EzgpdhODMWUjOsBORiWN0Pjp7OQJqWRKn4RKZyUtmal/J1IaGTOOgqwzonZoVr2p+OtVllbZ8NpPuYwTi5LNN4WJIFaRaQCkzzUyK8YZoUzz7FjChlRTZrOYirMULhfPr5JFCs2LqudWvQe3XLvN8yjAKZzBOXhwBTW4hzo0gIGCZ3iFNydxXpx352PeuubkMyewBOfzBwsAkPE=</latexit> {

<latexit sha1_base64="6e2obH3e6t4WYAFI0fs2MSj6YB8=">AAAB6nicZVDLSgNBEOyNrxhfUY9ehoSAp7DrxRyDXjxGMQ9IljA7mU2GzM4uM71CWPIHngQF8eLBP/Lk3zh5ICYpaCiquunuChIpDLruj5Pb2t7Z3cvvFw4Oj45PiqdnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWjzhJuB/RoRKhYBSt9NDL+sWyW3XnIJvEW5JyvQS5TwBo9IvfvUHM0ogrZJIa0/XcBP2MahRM8mmhlxqeUDamQ961VNGIGz+bXzolFasMSBhrWwrJXP0/kdHImEkU2M6I4sisezPxz6usrMKw5mdCJSlyxRabwlQSjMnsbzIQmjOUE0so08IeS9iIasrQplOwKXjrP2+S1lXVc6vevY3jBhbIwwWU4BI8uIY63EEDmsAghGd4hTdHOi/Ou/OxaM05y5lzWIHz9Qt5IY6Q</latexit><latexit sha1_base64="i0I5vH+xOCpnkn63EZNsV8argyg=">AAAB6nicZVDLSgNBEOyNrxhfUcGLHoaEgKew60WPQS8eo5gHJCHMTmaTIbOzy0yvEJb8gSdBQTx48Qf8Fk/+jZMHYpKChqKqm+4uP5bCoOv+OJm19Y3Nrex2bmd3b/8gf3hUN1GiGa+xSEa66VPDpVC8hgIlb8aa09CXvOEPbyZ+45FrIyL1gKOYd0LaVyIQjKKV7ttpN190y+4UZJV4c1KsFCDzcfJ1Vu3mv9u9iCUhV8gkNabluTF2UqpRMMnHuXZieEzZkPZ5y1JFQ2466fTSMSlZpUeCSNtSSKbq/4mUhsaMQt92hhQHZtmbiH9eaWEVBledVKg4Qa7YbFOQSIIRmfxNekJzhnJkCWVa2GMJG1BNGdp0cjYFb/nnVVK/KHtu2buzcVzDDFk4hQKcgweXUIFbqEINGATwBC/w6kjn2Xlz3metGWc+cwwLcD5/Aaf2j3I=</latexit><latexit sha1_base64="i0I5vH+xOCpnkn63EZNsV8argyg=">AAAB6nicZVDLSgNBEOyNrxhfUcGLHoaEgKew60WPQS8eo5gHJCHMTmaTIbOzy0yvEJb8gSdBQTx48Qf8Fk/+jZMHYpKChqKqm+4uP5bCoOv+OJm19Y3Nrex2bmd3b/8gf3hUN1GiGa+xSEa66VPDpVC8hgIlb8aa09CXvOEPbyZ+45FrIyL1gKOYd0LaVyIQjKKV7ttpN190y+4UZJV4c1KsFCDzcfJ1Vu3mv9u9iCUhV8gkNabluTF2UqpRMMnHuXZieEzZkPZ5y1JFQ2466fTSMSlZpUeCSNtSSKbq/4mUhsaMQt92hhQHZtmbiH9eaWEVBledVKg4Qa7YbFOQSIIRmfxNekJzhnJkCWVa2GMJG1BNGdp0cjYFb/nnVVK/KHtu2buzcVzDDFk4hQKcgweXUIFbqEINGATwBC/w6kjn2Xlz3metGWc+cwwLcD5/Aaf2j3I=</latexit><latexit sha1_base64="i0I5vH+xOCpnkn63EZNsV8argyg=">AAAB6nicZVDLSgNBEOyNrxhfUcGLHoaEgKew60WPQS8eo5gHJCHMTmaTIbOzy0yvEJb8gSdBQTx48Qf8Fk/+jZMHYpKChqKqm+4uP5bCoOv+OJm19Y3Nrex2bmd3b/8gf3hUN1GiGa+xSEa66VPDpVC8hgIlb8aa09CXvOEPbyZ+45FrIyL1gKOYd0LaVyIQjKKV7ttpN190y+4UZJV4c1KsFCDzcfJ1Vu3mv9u9iCUhV8gkNabluTF2UqpRMMnHuXZieEzZkPZ5y1JFQ2466fTSMSlZpUeCSNtSSKbq/4mUhsaMQt92hhQHZtmbiH9eaWEVBledVKg4Qa7YbFOQSIIRmfxNekJzhnJkCWVa2GMJG1BNGdp0cjYFb/nnVVK/KHtu2buzcVzDDFk4hQKcgweXUIFbqEINGATwBC/w6kjn2Xlz3metGWc+cwwLcD5/Aaf2j3I=</latexit><latexit sha1_base64="boikjOBqQGR40ZxvJfoFmFuQ77A=">AAAB6nicZVDLSsNAFL2pr1pfVcGNLoaWgquSuFCXRTcuq9gHtKFMppN26GQSZiZCCf0DV4KCuHDjD/gtrvwbp0krth64cDjnXu69x4s4U9q2v63cyura+kZ+s7C1vbO7V9w/aKowloQ2SMhD2fawopwJ2tBMc9qOJMWBx2nLG11P/dYDlYqF4l6PI+oGeCCYzwjWRrrrJr1i2a7aKdB/4sxIuVaC3PvR50m9V/zq9kMSB1RowrFSHceOtJtgqRnhdFLoxopGmIzwgHYMFTigyk3SSyeoYpQ+8kNpSmiUqn8nEhwoNQ480xlgPVTL3lT89SoLq7R/6SZMRLGmgmSb/JgjHaLp36jPJCWajw3BRDJzLCJDLDHRJp1CmsL5/PllMk+heVZ17Kpza+K4ggx5OIYSnIIDF1CDG6hDAwj48AjP8GJx68l6td6y1pw1mzmEBVgfP66Aj4E=</latexit><latexit sha1_base64="vuUsa68+mVVlLIgSUfrRUxea/k0=">AAAB6nicZVBNS8NAEJ34WetX1aOXxVLwVBIP6rHoxWMV+wFtKJvtpl262YTdiVBC/4EnQUG8+o88+W/ctqnY+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OmiVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0O/VbT1wbEatHHCfcj+hAiVAwilZ66Ga9UtmtujOQ/8TLSRly1Hulr24/ZmnEFTJJjel4boJ+RjUKJvmk2E0NTygb0QHvWKpoxI2fzS6dkIpV+iSMtS2FZKb+nchoZMw4CmxnRHFoVr2p+OtVllZheO1nQiUpcsXmm8JUEozJ9G/SF5ozlGNLKNPCHkvYkGrK0KZTnKVwuXh+lSxSaF5UPbfq3bvl2k2eRwFO4QzOwYMrqMEd1KEBDEJ4hld4c6Tz4rw7H/PWNSefOYElOJ8/H9CNmw==</latexit>

1
<latexit sha1_base64="zeYqrBQZbIEc3q7+hj3EarJqvTE=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4sceiF49V7Ae0oWy2k3bpZhN2N0IJ/QeeBAXx6j/y5L9x2wax7YOBx3szzMwLEsG1cd0fp7C1vbO7V9wvHRweHZ+UT8/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OMyrNY/lkpgn6ER1JHnJGjZUePTIoV9yauwDZJF5OKpCjOSh/94cxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bXDojVasMSRgrW9KQhfp/IqOR1tMosJ0RNWO97s3FP6+6ssqEdT/jMkkNSrbcFKaCmJjM/yZDrpAZMbWEMsXtsYSNqaLM2HRKNgVv/edN0r6ueW7Ne3Arjds8jyJcwCVcgQc30IB7aEILGITwAm/w7gjn1flwPpetBSefOYcVOF+/TW6NBg==</latexit><latexit sha1_base64="zeYqrBQZbIEc3q7+hj3EarJqvTE=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4sceiF49V7Ae0oWy2k3bpZhN2N0IJ/QeeBAXx6j/y5L9x2wax7YOBx3szzMwLEsG1cd0fp7C1vbO7V9wvHRweHZ+UT8/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OMyrNY/lkpgn6ER1JHnJGjZUePTIoV9yauwDZJF5OKpCjOSh/94cxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bXDojVasMSRgrW9KQhfp/IqOR1tMosJ0RNWO97s3FP6+6ssqEdT/jMkkNSrbcFKaCmJjM/yZDrpAZMbWEMsXtsYSNqaLM2HRKNgVv/edN0r6ueW7Ne3Arjds8jyJcwCVcgQc30IB7aEILGITwAm/w7gjn1flwPpetBSefOYcVOF+/TW6NBg==</latexit><latexit sha1_base64="zeYqrBQZbIEc3q7+hj3EarJqvTE=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4sceiF49V7Ae0oWy2k3bpZhN2N0IJ/QeeBAXx6j/y5L9x2wax7YOBx3szzMwLEsG1cd0fp7C1vbO7V9wvHRweHZ+UT8/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OMyrNY/lkpgn6ER1JHnJGjZUePTIoV9yauwDZJF5OKpCjOSh/94cxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bXDojVasMSRgrW9KQhfp/IqOR1tMosJ0RNWO97s3FP6+6ssqEdT/jMkkNSrbcFKaCmJjM/yZDrpAZMbWEMsXtsYSNqaLM2HRKNgVv/edN0r6ueW7Ne3Arjds8jyJcwCVcgQc30IB7aEILGITwAm/w7gjn1flwPpetBSefOYcVOF+/TW6NBg==</latexit><latexit sha1_base64="zeYqrBQZbIEc3q7+hj3EarJqvTE=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4sceiF49V7Ae0oWy2k3bpZhN2N0IJ/QeeBAXx6j/y5L9x2wax7YOBx3szzMwLEsG1cd0fp7C1vbO7V9wvHRweHZ+UT8/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OMyrNY/lkpgn6ER1JHnJGjZUePTIoV9yauwDZJF5OKpCjOSh/94cxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bXDojVasMSRgrW9KQhfp/IqOR1tMosJ0RNWO97s3FP6+6ssqEdT/jMkkNSrbcFKaCmJjM/yZDrpAZMbWEMsXtsYSNqaLM2HRKNgVv/edN0r6ueW7Ne3Arjds8jyJcwCVcgQc30IB7aEILGITwAm/w7gjn1flwPpetBSefOYcVOF+/TW6NBg==</latexit><latexit sha1_base64="bZI6Y04cdle6UpNXIlo5mFfo1rA=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4UI9FLx6r2A9oQ9lsJ+3SzSbsboQS+g88CQri1X/kyX/jtk3F6oOBx3szzMwLEsG1cd0vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzPz2IyrNY/lgJgn6ER1KHnJGjZXuPdIvV9yaOwf5T7ycVCBHo1/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42v3RKqlYZkDBWtqQhc/X3REYjrSdRYDsjakb6rzcTf7zqyioTXvkZl0lqULLFpjAVxMRk9jcZcIXMiIkllClujyVsRBVlxqZTmqdwsXz+L1mm0DqveW7Nu3Mr9es8jyKcwCmcgQeXUIdbaEATGITwBC/w6gjn2Xlz3hetBSefOYYVOB/fU/iNFQ==</latexit><latexit sha1_base64="bZI6Y04cdle6UpNXIlo5mFfo1rA=">AAAB6nicZVBNS8NAEJ3Ur1q/qh69LJaCp5J4UI9FLx6r2A9oQ9lsJ+3SzSbsboQS+g88CQri1X/kyX/jtk3F6oOBx3szzMwLEsG1cd0vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzPz2IyrNY/lgJgn6ER1KHnJGjZXuPdIvV9yaOwf5T7ycVCBHo1/+7A1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42v3RKqlYZkDBWtqQhc/X3REYjrSdRYDsjakb6rzcTf7zqyioTXvkZl0lqULLFpjAVxMRk9jcZcIXMiIkllClujyVsRBVlxqZTmqdwsXz+L1mm0DqveW7Nu3Mr9es8jyKcwCmcgQeXUIdbaEATGITwBC/w6gjn2Xlz3hetBSefOYYVOB/fU/iNFQ==</latexit>

0
<latexit sha1_base64="d9Bsc1hF81HrYB7RmLvbWa605Sk=">AAAB6XicZVDLSgNBEOyNrxhfUY9eBkPAU5j1osegF48JmAckS5id9CZDZmeXmVkhhHyBJ0FBvPpJnvwbJ8kixhQ0FFXddHeFqRTGUvrtFba2d3b3ivulg8Oj45Py6VnbJJnm2OKJTHQ3ZAalUNiywkrsphpZHErshJP7hd95Qm1Eoh7tNMUgZiMlIsGZdVKTDsoVWqNLkE3i56QCORqD8ld/mPAsRmW5ZMb0fJraYMa0FVzivNTPDKaMT9gIe44qFqMJZstD56TqlCGJEu1KWbJU/07MWGzMNA5dZ8zs2Pz3FuKvV11bZaPbYCZUmllUfLUpyiSxCVm8TYZCI7dy6gjjWrhjCR8zzbh14ZRcCv7/nzdJ+7rm05rfpJX6XZ5HES7gEq7AhxuowwM0oAUcEJ7hFd68iffivXsfq9aCl8+cwxq8zx/2JIzb</latexit><latexit sha1_base64="MgqRMgdZoZEBrGrap/poAk/FI3U=">AAAB5XicZVBNS8NAEJ3Urxq/qlcvi6XgqSRe9Fj04rGC/YA2lM120i7dbMLuRiihv8CToODV3+TJf+OmDWLbBwOP92aYmRemgmvjeT9OZWd3b/+geugeHZ+cntXc865OMsWwwxKRqH5INQousWO4EdhPFdI4FNgLZw+F33tBpXkin808xSCmE8kjzqix0pM3qtW9prcE2SZ+SepQoj2qfQ/HCctilIYJqvXA91IT5FQZzgQu3GGmMaVsRic4sFTSGHWQLw9dkIZVxiRKlC1pyFL9P5HTWOt5HNrOmJqp3vQK8c9rrK0y0V2Qc5lmBiVbbYoyQUxCirfJmCtkRswtoUxxeyxhU6ooMzYc16bgb/68Tbo3Td9r+vXWfZlGFS7hCq7Bh1towSO0oQMMEF7hHT6cmfPmfK4aK045cQFrcL5+AYxXi7Q=</latexit><latexit sha1_base64="MgqRMgdZoZEBrGrap/poAk/FI3U=">AAAB5XicZVBNS8NAEJ3Urxq/qlcvi6XgqSRe9Fj04rGC/YA2lM120i7dbMLuRiihv8CToODV3+TJf+OmDWLbBwOP92aYmRemgmvjeT9OZWd3b/+geugeHZ+cntXc865OMsWwwxKRqH5INQousWO4EdhPFdI4FNgLZw+F33tBpXkin808xSCmE8kjzqix0pM3qtW9prcE2SZ+SepQoj2qfQ/HCctilIYJqvXA91IT5FQZzgQu3GGmMaVsRic4sFTSGHWQLw9dkIZVxiRKlC1pyFL9P5HTWOt5HNrOmJqp3vQK8c9rrK0y0V2Qc5lmBiVbbYoyQUxCirfJmCtkRswtoUxxeyxhU6ooMzYc16bgb/68Tbo3Td9r+vXWfZlGFS7hCq7Bh1towSO0oQMMEF7hHT6cmfPmfK4aK045cQFrcL5+AYxXi7Q=</latexit><latexit sha1_base64="MgqRMgdZoZEBrGrap/poAk/FI3U=">AAAB5XicZVBNS8NAEJ3Urxq/qlcvi6XgqSRe9Fj04rGC/YA2lM120i7dbMLuRiihv8CToODV3+TJf+OmDWLbBwOP92aYmRemgmvjeT9OZWd3b/+geugeHZ+cntXc865OMsWwwxKRqH5INQousWO4EdhPFdI4FNgLZw+F33tBpXkin808xSCmE8kjzqix0pM3qtW9prcE2SZ+SepQoj2qfQ/HCctilIYJqvXA91IT5FQZzgQu3GGmMaVsRic4sFTSGHWQLw9dkIZVxiRKlC1pyFL9P5HTWOt5HNrOmJqp3vQK8c9rrK0y0V2Qc5lmBiVbbYoyQUxCirfJmCtkRswtoUxxeyxhU6ooMzYc16bgb/68Tbo3Td9r+vXWfZlGFS7hCq7Bh1towSO0oQMMEF7hHT6cmfPmfK4aK045cQFrcL5+AYxXi7Q=</latexit><latexit sha1_base64="hYz0cETRZtoorlXkStJUESp+WIA=">AAAB5XicZVBNS8NAEJ3Urxq/qlcvi6XgqSQe1GPRi8cK9gPaUDbbSbt0swm7G6GE/gJPgoJXf5Mn/43bNhVbHww83pthZl6YCq6N5307pa3tnd298r57cHh0fFJxT9s6yRTDFktEoroh1Si4xJbhRmA3VUjjUGAnnNzP/c4zKs0T+WSmKQYxHUkecUaNlR69QaXq1b0FyH/iF6QKBZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPUsljVEH+eLQGalZZUiiRNmShizUvxM5jbWexqHtjKkZ601vLv56tbVVJroNci7TzKBky01RJohJyPxtMuQKmRFTSyhT3B5L2JgqyowNx12kcL16fpOsUmhf1X2v7lcbd0UaZTiHC7gEH26gAQ/QhBYwQHiBN3h3Js6r87FsLDnFxBmswfn8AZKli8M=</latexit><latexit sha1_base64="hYz0cETRZtoorlXkStJUESp+WIA=">AAAB5XicZVBNS8NAEJ3Urxq/qlcvi6XgqSQe1GPRi8cK9gPaUDbbSbt0swm7G6GE/gJPgoJXf5Mn/43bNhVbHww83pthZl6YCq6N5307pa3tnd298r57cHh0fFJxT9s6yRTDFktEoroh1Si4xJbhRmA3VUjjUGAnnNzP/c4zKs0T+WSmKQYxHUkecUaNlR69QaXq1b0FyH/iF6QKBZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPUsljVEH+eLQGalZZUiiRNmShizUvxM5jbWexqHtjKkZ601vLv56tbVVJroNci7TzKBky01RJohJyPxtMuQKmRFTSyhT3B5L2JgqyowNx12kcL16fpOsUmhf1X2v7lcbd0UaZTiHC7gEH26gAQ/QhBYwQHiBN3h3Js6r87FsLDnFxBmswfn8AZKli8M=</latexit>

β < βthr
<latexit sha1_base64="FCjS9tLUwZWhq0jlQSMy/YQIp3I=">AAACAXicZVC7SgNBFL0bXzG+ohYWWgyGgFXYtdHCImhjGcE8ILuE2ckkGTL7YOauEJat/BQrQUFs/Qwr/8bJJohJDgxzOOde7r3Hj6XQaNs/VmFtfWNzq7hd2tnd2z8oHx61dJQoxpsskpHq+FRzKULeRIGSd2LFaeBL3vbHd1O//cSVFlH4iJOYewEdhmIgGEUj9conrs+RkhuS/73UVQHBkcp65Ypds3OQVeLMSaV+BjkavfK3249YEvAQmaRadx07Ri+lCgWTPCu5ieYxZWM65F1DQxpw7aX5ARmpGqVPBpEyL0SSq/87UhpoPQl8UxlQHOllbyr+edWFUTi49lIRxgnykM0mDRJJMCLTOEhfKM5QTgyhTAmzLGEjqihDE1rJpOAs37xKWpc1x645DyaO21kcUIRTOIcLcOAK6nAPDWgCgwxe4A3erWfr1fqwPmelBWvecwwLsL5+AfYNloA=</latexit><latexit sha1_base64="FCjS9tLUwZWhq0jlQSMy/YQIp3I=">AAACAXicZVC7SgNBFL0bXzG+ohYWWgyGgFXYtdHCImhjGcE8ILuE2ckkGTL7YOauEJat/BQrQUFs/Qwr/8bJJohJDgxzOOde7r3Hj6XQaNs/VmFtfWNzq7hd2tnd2z8oHx61dJQoxpsskpHq+FRzKULeRIGSd2LFaeBL3vbHd1O//cSVFlH4iJOYewEdhmIgGEUj9conrs+RkhuS/73UVQHBkcp65Ypds3OQVeLMSaV+BjkavfK3249YEvAQmaRadx07Ri+lCgWTPCu5ieYxZWM65F1DQxpw7aX5ARmpGqVPBpEyL0SSq/87UhpoPQl8UxlQHOllbyr+edWFUTi49lIRxgnykM0mDRJJMCLTOEhfKM5QTgyhTAmzLGEjqihDE1rJpOAs37xKWpc1x645DyaO21kcUIRTOIcLcOAK6nAPDWgCgwxe4A3erWfr1fqwPmelBWvecwwLsL5+AfYNloA=</latexit><latexit sha1_base64="FCjS9tLUwZWhq0jlQSMy/YQIp3I=">AAACAXicZVC7SgNBFL0bXzG+ohYWWgyGgFXYtdHCImhjGcE8ILuE2ckkGTL7YOauEJat/BQrQUFs/Qwr/8bJJohJDgxzOOde7r3Hj6XQaNs/VmFtfWNzq7hd2tnd2z8oHx61dJQoxpsskpHq+FRzKULeRIGSd2LFaeBL3vbHd1O//cSVFlH4iJOYewEdhmIgGEUj9conrs+RkhuS/73UVQHBkcp65Ypds3OQVeLMSaV+BjkavfK3249YEvAQmaRadx07Ri+lCgWTPCu5ieYxZWM65F1DQxpw7aX5ARmpGqVPBpEyL0SSq/87UhpoPQl8UxlQHOllbyr+edWFUTi49lIRxgnykM0mDRJJMCLTOEhfKM5QTgyhTAmzLGEjqihDE1rJpOAs37xKWpc1x645DyaO21kcUIRTOIcLcOAK6nAPDWgCgwxe4A3erWfr1fqwPmelBWvecwwLsL5+AfYNloA=</latexit><latexit sha1_base64="FCjS9tLUwZWhq0jlQSMy/YQIp3I=">AAACAXicZVC7SgNBFL0bXzG+ohYWWgyGgFXYtdHCImhjGcE8ILuE2ckkGTL7YOauEJat/BQrQUFs/Qwr/8bJJohJDgxzOOde7r3Hj6XQaNs/VmFtfWNzq7hd2tnd2z8oHx61dJQoxpsskpHq+FRzKULeRIGSd2LFaeBL3vbHd1O//cSVFlH4iJOYewEdhmIgGEUj9conrs+RkhuS/73UVQHBkcp65Ypds3OQVeLMSaV+BjkavfK3249YEvAQmaRadx07Ri+lCgWTPCu5ieYxZWM65F1DQxpw7aX5ARmpGqVPBpEyL0SSq/87UhpoPQl8UxlQHOllbyr+edWFUTi49lIRxgnykM0mDRJJMCLTOEhfKM5QTgyhTAmzLGEjqihDE1rJpOAs37xKWpc1x645DyaO21kcUIRTOIcLcOAK6nAPDWgCgwxe4A3erWfr1fqwPmelBWvecwwLsL5+AfYNloA=</latexit><latexit sha1_base64="PfgOnBvm/sP2nLMokBAKnFsRYMg=">AAACAXicZVC7SgNBFL0bXzG+ohYWWgyGgFXYtVALi6CNZQTzgOwSZieTZMjsg5m7QlhS+SlWgoLY+hlW/o2TTSImHhjmcM693HuPH0uh0ba/rdzK6tr6Rn6zsLW9s7tX3D9o6ChRjNdZJCPV8qnmUoS8jgIlb8WK08CXvOkPbyd+85ErLaLwAUcx9wLaD0VPMIpG6hSPXJ8jJdck+zupqwKCAzXuFEt2xc5A/hNnRkrVE8hQ6xS/3G7EkoCHyCTVuu3YMXopVSiY5OOCm2geUzakfd42NKQB116aHTAmZaN0SS9S5oVIMvVvR0oDrUeBbyoDigO97E3EX6+8MAp7V14qwjhBHrLppF4iCUZkEgfpCsUZypEhlClhliVsQBVlaEIrZClczI9fJvMUGucVx6449yaOm2kckIdjOIUzcOASqnAHNagDgzE8wyu8WU/Wi/VufUxLc9as5xAWYH3+APyXlo8=</latexit><latexit sha1_base64="f2or5QwMUdrg9WxX/3Oh1HcDjfA=">AAACAXicZVDLSsNAFJ34rPUVdeHCzWApuCqJC3XhoujGZQX7gCaEyXTSDp08mLkRSsjKT3ElKIhbP8OVf+M0TcXWA8MczrmXe+/xE8EVWNa3sbK6tr6xWdmqbu/s7u2bB4cdFaeSsjaNRSx7PlFM8Ii1gYNgvUQyEvqCdf3x7dTvPjKpeBw9wCRhbkiGEQ84JaAlzzx2fAYEX+Pi9zJHhhhGMvfMmtWwCuD/xC5JDZVoeeaXM4hpGrIIqCBK9W0rATcjEjgVLK86qWIJoWMyZH1NIxIy5WbFATmua2WAg1jqFwEu1L8dGQmVmoS+rgwJjNSyNxV/vfrCKAiu3IxHSQosorNJQSowxHgaBx5wySiIiSaESq6XxXREJKGgQ6sWKVzMj18m8xQ65w3batj3Vq15U+ZRQSfoFJ0hG12iJrpDLdRGFOXoGb2iN+PJeDHejY9Z6YpR9hyhBRifP39HljM=</latexit>

β ≥ βthr
<latexit sha1_base64="3x0Ai/79uQSRG0f146LVw83d1UU=">AAACA3icZZDLSgNBEEVr4ju+Rl2JLhpDwFWYcaPLoBuXCiYGnCH0dCpJY8+D7hohDMGVn+JKUBC3foUr/8bOJIiPCw2HW1VU140yJQ153qdTmZtfWFxaXqmurq1vbLpb222T5lpgS6Qq1Z2IG1QywRZJUtjJNPI4Ungd3Z5N6td3qI1MkysaZRjGfJDIvhScrNV1d4MIibNggKykbhHomNFQj7tuzWt4pdh/8GdQa+5DqYuu+xH0UpHHmJBQ3Jgb38soLLgmKRSOq0FuMOPilg/wxmLCYzRhUZ4wZnXr9Fg/1fYlxEr350TBY2NGcWQ7Y05D87c2Mb9r9V+rqH8SFjLJcsJETDf1c8UoZZNAWE9qFKRGFrjQ0n6WiSHXXJCNrWpT8P/e/B/aRw3fa/iXNo7TaRywDHtwAIfgwzE04RwuoAUC7uERnuHFeXCenFfnbdpacWYzO/BLzvsXuziXgA==</latexit><latexit sha1_base64="3x0Ai/79uQSRG0f146LVw83d1UU=">AAACA3icZZDLSgNBEEVr4ju+Rl2JLhpDwFWYcaPLoBuXCiYGnCH0dCpJY8+D7hohDMGVn+JKUBC3foUr/8bOJIiPCw2HW1VU140yJQ153qdTmZtfWFxaXqmurq1vbLpb222T5lpgS6Qq1Z2IG1QywRZJUtjJNPI4Ungd3Z5N6td3qI1MkysaZRjGfJDIvhScrNV1d4MIibNggKykbhHomNFQj7tuzWt4pdh/8GdQa+5DqYuu+xH0UpHHmJBQ3Jgb38soLLgmKRSOq0FuMOPilg/wxmLCYzRhUZ4wZnXr9Fg/1fYlxEr350TBY2NGcWQ7Y05D87c2Mb9r9V+rqH8SFjLJcsJETDf1c8UoZZNAWE9qFKRGFrjQ0n6WiSHXXJCNrWpT8P/e/B/aRw3fa/iXNo7TaRywDHtwAIfgwzE04RwuoAUC7uERnuHFeXCenFfnbdpacWYzO/BLzvsXuziXgA==</latexit><latexit sha1_base64="3x0Ai/79uQSRG0f146LVw83d1UU=">AAACA3icZZDLSgNBEEVr4ju+Rl2JLhpDwFWYcaPLoBuXCiYGnCH0dCpJY8+D7hohDMGVn+JKUBC3foUr/8bOJIiPCw2HW1VU140yJQ153qdTmZtfWFxaXqmurq1vbLpb222T5lpgS6Qq1Z2IG1QywRZJUtjJNPI4Ungd3Z5N6td3qI1MkysaZRjGfJDIvhScrNV1d4MIibNggKykbhHomNFQj7tuzWt4pdh/8GdQa+5DqYuu+xH0UpHHmJBQ3Jgb38soLLgmKRSOq0FuMOPilg/wxmLCYzRhUZ4wZnXr9Fg/1fYlxEr350TBY2NGcWQ7Y05D87c2Mb9r9V+rqH8SFjLJcsJETDf1c8UoZZNAWE9qFKRGFrjQ0n6WiSHXXJCNrWpT8P/e/B/aRw3fa/iXNo7TaRywDHtwAIfgwzE04RwuoAUC7uERnuHFeXCenFfnbdpacWYzO/BLzvsXuziXgA==</latexit><latexit sha1_base64="3x0Ai/79uQSRG0f146LVw83d1UU=">AAACA3icZZDLSgNBEEVr4ju+Rl2JLhpDwFWYcaPLoBuXCiYGnCH0dCpJY8+D7hohDMGVn+JKUBC3foUr/8bOJIiPCw2HW1VU140yJQ153qdTmZtfWFxaXqmurq1vbLpb222T5lpgS6Qq1Z2IG1QywRZJUtjJNPI4Ungd3Z5N6td3qI1MkysaZRjGfJDIvhScrNV1d4MIibNggKykbhHomNFQj7tuzWt4pdh/8GdQa+5DqYuu+xH0UpHHmJBQ3Jgb38soLLgmKRSOq0FuMOPilg/wxmLCYzRhUZ4wZnXr9Fg/1fYlxEr350TBY2NGcWQ7Y05D87c2Mb9r9V+rqH8SFjLJcsJETDf1c8UoZZNAWE9qFKRGFrjQ0n6WiSHXXJCNrWpT8P/e/B/aRw3fa/iXNo7TaRywDHtwAIfgwzE04RwuoAUC7uERnuHFeXCenFfnbdpacWYzO/BLzvsXuziXgA==</latexit><latexit sha1_base64="riIr6dL5UcT42Ff/4ulFPnuDoI4=">AAACA3icZZDLSgNBEEVr4ju+Rl2JLhpFcBVmXKjLoBuXCiYRnBB6OpWkSc+D7hohDMGVn+JKUBC3foUr/8bOJBEfFxoOt6qorhumShryvE+nNDM7N7+wuFReXlldW3c3NusmybTAmkhUom9CblDJGGskSeFNqpFHocJG2D8f1Rt3qI1M4msapNiMeDeWHSk4WavlbgchEmdBF1lBrTzQEaOeHrbcfa/iFWL/wZ/AfnUXCl223I+gnYgswpiE4sbc+l5KzZxrkkLhsBxkBlMu+ryLtxZjHqFp5sUJQ3ZgnTbrJNq+mFjh/pzIeWTMIAptZ8SpZ/7WRuZ37eDXKuqcNnMZpxlhLMabOplilLBRIKwtNQpSAwtcaGk/y0SPay7IxlYuUjieHv8XpinUjyq+V/GvbBxn4zhgEXZgDw7BhxOowgVcQg0E3MMjPMOL8+A8Oa/O27i15ExmtuCXnPcvwcKXjw==</latexit><latexit sha1_base64="WX/gesBjT+JHI/dROfN5uGB+OjU=">AAACA3icZZDLSsNAFIYnXmu9RV2Jm8FScFUSF+qy6MZlBXuBJoTJ9LQdOrkwcyKUUFz5KK4EBXHrU7jybUzTVGz9YeDjP+dw5vx+LIVGy/o2VlbX1jc2S1vl7Z3dvX3z4LClo0RxaPJIRqrjMw1ShNBEgRI6sQIW+BLa/uhmWm8/gNIiCu9xHIMbsEEo+oIzzCzPPHZ8QEadAdCcvNRRAcWhmnhmxapZueh/sAuokEINz/xyehFPAgiRS6Z117ZidFOmUHAJk7KTaIgZH7EBdDMMWQDaTfMTJrSaOT3aj1T2QqS5+3ciZYHW48DPOgOGQ71cm5q/terCKuxfuakI4wQh5LNN/URSjOg0ENoTCjjKcQaMK5F9lvIhU4xjFls5T+FifvwyzFNonddsq2bfWZX6dZFHiZyQU3JGbHJJ6uSWNEiTcPJInskreTOejBfj3fiYta4YxcwRWZDx+QNEcpcz</latexit>

βthr = 0.1, 0.15, 0.2
<latexit sha1_base64="3FUvSJeesyP3b80YgeGObC8ZoXU=">AAACDHicZVDLSgMxFL1TX7W+qi51EVoKLkqZKYhuhKIblxXsAzqlZNK0Dc08SO4IZejelZ/iSlAQt/6AK//GdFrE1gNJDufcy809XiSFRtv+tjJr6xubW9nt3M7u3v5B/vCoqcNYMd5goQxV26OaSxHwBgqUvB0pTn1P8pY3vpn5rQeutAiDe5xEvOvTYSAGglE0Ui9fcD2OtJe4yic4UlNyReyKU3bL5j5Pn2ovX7QrdgrynzgLUqydQop6L//l9kMW+zxAJqnWHceOsJtQhYJJPs25seYRZWM65B1DA+pz3U3SXaakZJQ+GYTKnABJqv7tSKiv9cT3TKVPcaRXvZn465WWRuHgspuIIIqRB2w+aRBLgiGZJUP6QnGGcmIIZUqYzxI2oooyNPnlTArO6s7/SbNacUxydyaO63kckIUTKMAZOHABNbiFOjSAwSM8wyu8WU/Wi/VufcxLM9ai5xiWYH3+APe8mEI=</latexit><latexit sha1_base64="3FUvSJeesyP3b80YgeGObC8ZoXU=">AAACDHicZVDLSgMxFL1TX7W+qi51EVoKLkqZKYhuhKIblxXsAzqlZNK0Dc08SO4IZejelZ/iSlAQt/6AK//GdFrE1gNJDufcy809XiSFRtv+tjJr6xubW9nt3M7u3v5B/vCoqcNYMd5goQxV26OaSxHwBgqUvB0pTn1P8pY3vpn5rQeutAiDe5xEvOvTYSAGglE0Ui9fcD2OtJe4yic4UlNyReyKU3bL5j5Pn2ovX7QrdgrynzgLUqydQop6L//l9kMW+zxAJqnWHceOsJtQhYJJPs25seYRZWM65B1DA+pz3U3SXaakZJQ+GYTKnABJqv7tSKiv9cT3TKVPcaRXvZn465WWRuHgspuIIIqRB2w+aRBLgiGZJUP6QnGGcmIIZUqYzxI2oooyNPnlTArO6s7/SbNacUxydyaO63kckIUTKMAZOHABNbiFOjSAwSM8wyu8WU/Wi/VufcxLM9ai5xiWYH3+APe8mEI=</latexit><latexit sha1_base64="3FUvSJeesyP3b80YgeGObC8ZoXU=">AAACDHicZVDLSgMxFL1TX7W+qi51EVoKLkqZKYhuhKIblxXsAzqlZNK0Dc08SO4IZejelZ/iSlAQt/6AK//GdFrE1gNJDufcy809XiSFRtv+tjJr6xubW9nt3M7u3v5B/vCoqcNYMd5goQxV26OaSxHwBgqUvB0pTn1P8pY3vpn5rQeutAiDe5xEvOvTYSAGglE0Ui9fcD2OtJe4yic4UlNyReyKU3bL5j5Pn2ovX7QrdgrynzgLUqydQop6L//l9kMW+zxAJqnWHceOsJtQhYJJPs25seYRZWM65B1DA+pz3U3SXaakZJQ+GYTKnABJqv7tSKiv9cT3TKVPcaRXvZn465WWRuHgspuIIIqRB2w+aRBLgiGZJUP6QnGGcmIIZUqYzxI2oooyNPnlTArO6s7/SbNacUxydyaO63kckIUTKMAZOHABNbiFOjSAwSM8wyu8WU/Wi/VufcxLM9ai5xiWYH3+APe8mEI=</latexit><latexit sha1_base64="3FUvSJeesyP3b80YgeGObC8ZoXU=">AAACDHicZVDLSgMxFL1TX7W+qi51EVoKLkqZKYhuhKIblxXsAzqlZNK0Dc08SO4IZejelZ/iSlAQt/6AK//GdFrE1gNJDufcy809XiSFRtv+tjJr6xubW9nt3M7u3v5B/vCoqcNYMd5goQxV26OaSxHwBgqUvB0pTn1P8pY3vpn5rQeutAiDe5xEvOvTYSAGglE0Ui9fcD2OtJe4yic4UlNyReyKU3bL5j5Pn2ovX7QrdgrynzgLUqydQop6L//l9kMW+zxAJqnWHceOsJtQhYJJPs25seYRZWM65B1DA+pz3U3SXaakZJQ+GYTKnABJqv7tSKiv9cT3TKVPcaRXvZn465WWRuHgspuIIIqRB2w+aRBLgiGZJUP6QnGGcmIIZUqYzxI2oooyNPnlTArO6s7/SbNacUxydyaO63kckIUTKMAZOHABNbiFOjSAwSM8wyu8WU/Wi/VufcxLM9ai5xiWYH3+APe8mEI=</latexit><latexit sha1_base64="0ONFpUVcFJXxzM2liLaxm5JqiMY=">AAACDHicZZBLS8QwEMenvl1fVY96CIrgQZZ2wcdFWPTiUcFVwZaSZrNuMElLMhWWsndPfhRPgoJ49Qt48tuY7ar4GEjy5z8zTOaX5lJYDIJ3b2R0bHxicmq6NjM7N7/gLy6d2awwjLdYJjNzkVLLpdC8hQIlv8gNpyqV/Dy9Phzkz2+4sSLTp9jLeazolRYdwSg6K/HXopQjTcrIKIJd0yf7JKiHW9GWu7erp5H460E9qIL8F+GnWG+uQhXHif8WtTNWKK6RSWrtZRjkGJfUoGCS92tRYXlO2TW94pdOaqq4jctqlz7ZcE6bdDLjjkZSuT87Sqqs7anUVSqKXfs3NzC/cxu/RmFnLy6Fzgvkmg0ndQpJMCMDMqQtDGcoe05QZoT7LGFdaihDx69WUdj5Wv6v+KJw1qiHjtyJw3EwxAFTsAJrsAkh7EITjuAYWsDgFu7hEZ68O+/Be/ZehqUj3mfPMvwK7/UD/kaYUQ==</latexit><latexit sha1_base64="412k4Ujbt9aCcNVVY/2ysdpe254=">AAACDHicZVDLSgMxFM3UV62vUZduQkvBRSkzBR8boejGZQX7gM5QMmnahmYeJHeEMnTvyk9xJSiIW3/AlX9jOp2KrQeSHM65l5t7vEhwBZb1beTW1jc2t/LbhZ3dvf0D8/CopcJYUtakoQhlxyOKCR6wJnAQrBNJRnxPsLY3vpn57QcmFQ+De5hEzPXJMOADTgloqWcWHY8B6SWO9DGM5BRfYatqV5yKvs/Sp9YzS1bVSoH/EzsjJZSh0TO/nH5IY58FQAVRqmtbEbgJkcCpYNOCEysWETomQ9bVNCA+U26S7jLFZa308SCU+gSAU/VvR0J8pSa+pyt9AiO16s3EX6+8NAoGl27CgygGFtD5pEEsMIR4lgzuc8koiIkmhEquP4vpiEhCQedXSFM4Xyy/ShYptGpVWyd3Z5Xq11keeXSCiugU2egC1dEtaqAmougRPaNX9GY8GS/Gu/ExL80ZWc8xWoLx+QOA9pf1</latexit>

• 2 signal events (N=2) is used 
as the discovery criterion 

NTD coverage in η
• Fractional coverage w.r.t. φ versus η

V.A. Mitsou
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Detector acceptance in φ vs η plane

∫
A(η)dη ≃ 18.7%
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Previously we were assuming MoEDAL is half sphere (acceptance ~ 50%)
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Conclusion
• It is important to look for long-lived BSM particles independently 

from ATLAS/CMS; in a experiment that has very different 
systematics, environment, assumptions, ..


• MoEDAL requires (β < 0.2), implying it is sensitive to a production of 
heavy fermions with a large cross-section: 👉 Gluinos!


• MoEDAL efficiency is about an order of magnitude smaller than 
ATLAS/CMS dE/dx analyses, and the luminosity is ~5% of ATLAS/
CMS: 👉 Need to look for holes in the ATLAS/CMS analyses.


• dE/dx analyses require (1) the charged particle to point the primary 
vertex, (2) a hit in the Pixel detector.


• In a model with long-lived neutralino, we showed MoEDAL may 
explore the region that is not sensitive to the current ATLAS/CMS 
analyses.



Backup



g̃ → q q̄ χ̃0
1, χ̃0

1 → τ∓ τ̃±1

• How can one realise this simplified model?

• How can one make neutralino long-lived keeping a large mass gap?

An example: introduce a doublet D (and D): D = (χ̃0
1, χ̃

−)

W ∋ λqQdcRD + λτLτ
c
RD

g̃

q
q̄

τ̃±

τ∓

χ̃0
1

λτ

λq
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Table 2: Signal acceptance estimated from the fast technique and with the full simulation of the
detector, as well as the corresponding expected and observed cross section limits. Results are
provided for both the pair production and the inclusive production of staus as predicted by the
GMSB model. The mass threshold, the corresponding expected background and the observed
numbers of events is also shown.

Mass mthresh Predicted Data Full simulation Fast technique
(GeV) (GeV) backgrounds counts Acc. Exp. (fb) Obs. (fb) Acc. Exp. (fb) Obs. (fb)

Pair production of staus
126 0 44 ± 9 42 0.24 4.38 4.11 0.24 4.53 4.24
156 0 44 ± 9 42 0.28 3.66 3.43 0.29 3.81 3.57
200 100 5.6 ± 1.1 7 0.34 1.06 1.28 0.35 1.08 1.30
247 100 5.6 ± 1.1 7 0.40 0.90 1.09 0.40 0.93 1.13
308 100 5.6 ± 1.1 7 0.46 0.77 0.93 0.47 0.79 0.96
370 200 0.56 ± 0.11 0 0.53 0.41 0.31 0.53 0.42 0.32
494 200 0.56 ± 0.11 0 0.61 0.36 0.27 0.62 0.37 0.28
745 300 0.09 ± 0.02 0 0.66 0.24 0.24 0.67 0.25 0.24
1029 300 0.09 ± 0.02 0 0.58 0.28 0.27 0.59 0.28 0.27

Inclusive production of staus
126 0 44 ± 9 42 0.25 4.22 3.95 0.25 4.43 4.15
156 0 44 ± 9 42 0.32 3.21 3.01 0.32 3.38 3.16
200 100 5.6 ± 1.1 7 0.41 0.87 1.05 0.42 0.90 1.09
247 100 5.6 ± 1.1 7 0.50 0.72 0.87 0.50 0.76 0.91
308 100 5.6 ± 1.1 7 0.56 0.64 0.77 0.56 0.67 0.81
370 200 0.56 ± 0.11 0 0.60 0.36 0.27 0.60 0.37 0.28
494 200 0.56 ± 0.11 0 0.66 0.33 0.25 0.65 0.35 0.26
745 300 0.09 ± 0.02 0 0.67 0.24 0.23 0.67 0.25 0.24
1029 300 0.09 ± 0.02 0 0.58 0.28 0.27 0.58 0.29 0.28

Because the online selection in Ref. [12] uses a missing transverse energy (Emiss
T ) trigger in com-

bination with a single-muon trigger, there is one caveat to the proposed factorization method:
the efficiency of the E

miss
T trigger cannot be modeled accurately in terms of single long-lived

particle kinematic properties. Accounting for the presence of other undetectable particles us-
ing a Monte Carlo method would not help because E

miss
T often depends significantly on detector

effects due to the other particles. The assumption that the E
miss
T trigger adds negligibly to the

event selection performed by the muon trigger must therefore be satisfied in order to apply the
method to a given signal. Deviations from this assumption would result in an underestimation
of the signal acceptance. The assumption is satisfied by models with lepton-like long-lived par-
ticles. Models with long-lived colored particles, such as top squarks or gluinos, do not satisfy
this condition and thus cannot currently be tested with the technique presented in this paper.
Long-lived colored particles hadronize in color singlet bound states [19] that could interact
with the detector material leading to complex situations, detailed in Refs. [12, 20], and induc-
ing significant instrumental E

miss
T . For instance, pair-produced colored long-lived particles may

hadronize to a charged and a neutral hadron. In this case the E
miss
T is strongly modified by the

presence of the neutral hadron since it is not visible in the tracker and deposits only O(1)GeV
in the calorimeter. Moreover, the interactions of the color singlet bound states with matter may
lead to a modification of the electric charge of the bound states [19]. In this case, the hadron
containing a long-lived colored particle can be electrically charged at production, but neutral
in the muon system and therefore fail the muon reconstruction. The probabilities P

on(k) and
P

off(mthresh, k) do not account for the possible modification of the electric charge experienced
by the hadron-like particles.

(1502.02522)

6 3 Estimation of signal acceptance
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Figure 2: Signal acceptance as a function of the chargino production mechanism for a bench-
mark model having a chargino of mass 200 GeV (left) and 700 GeV (right), with a mass threshold
of 100 GeV and 300 GeV, respectively. From left to right, the production mechanisms considered
are: direct pair production of charginos; pair production of gluinos that each decay to a heavy
quark (b,t) and a chargino; pair production of gluinos that each decay to a light quark (u,d,s,c)
and a chargino; and pair production of squarks that each decay to a quark and a chargino. The
panel below each figure shows the ratio of acceptance from the fast technique with the isolation
requirements to the acceptance obtained from a full simulation of the detector. The estimated
acceptance is given with and without the generator-level isolation. Pileup is present only in the
full simulation samples.

Table 1: Summary of the information needed to set limits on a signal model predicting lepton-
like charged long-lived particles. The mass threshold, the corresponding expected background,
and the observed numbers of events, as well as the uncertainty in the signal acceptance evalu-
ated with the fast technique, are provided as a function of the long-lived particle mass.

Mass mthresh Predicted Data Signal Unc.
(GeV) (GeV) backgrounds counts (%)

m < 166 0 44 ± 9 42 25
166 < m < 330 100 5.6 ± 1.1 7 25
330 < m < 500 200 0.56 ± 0.11 0 25

500 < m 300 0.090 ± 0.02 0 25

mthresh is chosen in the two cases. In Ref. [12] the value was varied in steps of 10 GeV in order
to optimise the resultant limit. In this paper a simpler approach has been followed with mthresh
varied in 100 GeV steps and chosen to be the largest value satisfying the condition mthresh 

0.6m. The latter approach generally results in a somewhat higher estimation of the background
and therefore a more conservative limit. In the most extreme case, the pair production of staus,
with m = 308 GeV, the background is estimated to be 5.6 ± 1.1 events with mthresh = 100 GeV,
compared with the estimate of 0.7 ± 0.1 events obtained with mthresh = 190 GeV in Ref. [12],
resulting in a cross section limit that is about three times higher in the former case. Nonetheless,
the limits agree within ⇠15% in almost all cases, allowing restrictive limits to be set on a general
class of models.
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