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• Analysis was published just recently on June 7th 
• https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.112003 

• Can also view aux material here as well as in our HEPData space 
• https://www.hepdata.net/record/ins1831992

Published!

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.112003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-36/
https://www.hepdata.net/record/ins1831992
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.112003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-36/
https://www.hepdata.net/record/ins1831992
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• SUSY introduces Baryon (B) and Lepton number (L) violating interactions 
• Popular solution: “R-parity” (R=(-1)3(B-L)+2s) conservation (RPC) which forbids B 

and L violation entirely 
• RPC requires a stable, lightest SUSY particle → convenient dark matter 

candidate   
→ However this solution is ad hoc 

• Instead, we can add a gauged U(1)B−L symmetry (with right handed neutrinos) 
and get away with only violating lepton number a bit  
→ consistent with proton stability and bounds on L violation 

• Call this the Minimal SUSY B-L Model 1604.08588, 1501.01886, 1503.01473, 
1811.05581

Minimal SUSY B-L Model

https://arxiv.org/abs/1604.08588
https://arxiv.org/abs/1501.01886
https://arxiv.org/abs/1503.01473
https://arxiv.org/abs/1811.05581
https://arxiv.org/abs/1604.08588
https://arxiv.org/abs/1501.01886
https://arxiv.org/abs/1503.01473
https://arxiv.org/abs/1811.05581
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• Theorists performed large statistical scan of SUSY initial parameters (10 million 
points) 
• LSP calculated for each point 

• Wino neutralino (𝜒0
w) and wino chargino (𝜒±

w) are have high LSP probability 
• Bino (𝜒0

B) production cross-section too low to be experimentally viable

4

Search Motivation: Signals of Interest 

Each of the black points corresponds to initial conditions satisfying all low
energy experimental constraints. However, they can have different LSPs.
We find that

Figure Caption:

For the present purposes we note that there are 

4,858 Wino chargino LSPs, 3 Higgsino chargino LSPs 
4,869 Wino neutrino LSPs

  arXiv:1811.05581 EPJC 74 (2014) 12

1 event 
per fb-1 ←

https://arxiv.org/abs/1811.05581
https://arxiv.org/abs/1811.05581
https://link.springer.com/article/10.1140/epjc/s10052-014-3174-y
https://link.springer.com/article/10.1140/epjc/s10052-014-3174-y
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• With that we are considering both 𝜒±
w 𝜒∓w and 𝜒±

w 

𝜒0
w production 

•  𝜒±
w and 𝜒0

w are assumed to be mass 
degenerate and both decay via RPV (more in 
back-up)  

• Will focus on 𝜒±
w→Zℓ→ℓℓℓ, giving us a  

resonance in the trilepton invariant mass

• 𝜒0
w decaying via RPV offers further 

discrimination power in 𝜒±
w𝜒0

w production 
• A 3 lepton resonance search has  

not been done in by either CMS or  
ATLAS since Run 1 (1506.01291) 
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Signals of Interest

https://arxiv.org/abs/1506.01291
https://arxiv.org/abs/1506.01291
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Signal Regions: Motivation
• Many final states possible  
• Some fully visible and many with >3 

leptons  
• Design 3 search regions to target these 

different final states  
• When other wino’s decay is fully visible, 

fully reconstruct both winos 
• When other wino decays semi-visibly, use 

extra leptons for discrimination with SM �̃
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Signal Regions: Definitions
• SR3ℓ: 3 ℓeptons  

mZℓ is the invariant mass of the only 3 leptons 
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• SR3ℓ: 3 ℓeptons  
mZℓ is the invariant mass of the only 3 leptons 

• SR4ℓ: 4 ℓeptons 
4th lepton introduces ambiguity→ match using 
ΔR or max mZℓ depending on energy
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Signal Regions: Definitions
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• SR3ℓ: 3 ℓeptons  
mZℓ is the invariant mass of the only 3 leptons 

• SR4ℓ: 4 ℓeptons 
4th lepton introduces ambiguity→ match using 
ΔR or max mZℓ depending on energy 

• SRFR: Fully Reconstructed   
Determine mZℓ 
for each leg  
via minimizing 
↓ 

B=Boson 
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Signal Regions: Definitions
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• Dominant backgrounds are WZ, ZZ, and ttZ  
• Design CRs and VRs to target these to better estimate their contributions 
• Fake backgrounds are estimated using data-driven fake factor method 
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Background Estimation: Control and Validation Regions
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• Cartoons depict 
the carved out 
phase space of 
our regions, and 
how orthogonality 
is maintained 

• Table and more 
details in back-up 

3ℓ Regions 4ℓ+ Regions



Meeting of the Division of Particles & Fields   7/12/21

• SM backgrounds are normalized to 
data in dedicated Control Regions 
(CR) and checked in Validation 
Regions (VR) via fit based on a 
profile likelihood test statistic 

• Top panel: Expected and observed 
yields in each CR and VR. Bottom 
panel: Significance of deviations 
between data and expectation  

• Good data/MC agreement in VRs 
post fit  

• VR pulls ~1.9𝜎 or less.  

• mZℓ dists. checked in regions and 
shapes agree well (no features 
observed).
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Background Estimation : Yields and Agreement
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• A simultaneous fit in mZℓ among all 3 SRs is done 
• Top panel: Expected and observed yields in each mZℓ bin of each SR. Bottom panel: 

Significance of deviations between data and expectation 
• Three example signal mass points overlaid 
• SRs show good agreement in the shape of the mZℓ distribution between data and the 

SM expectation, with no significant localized excesses.  
•
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Results
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• Exclusion limits on the generated SUSY 𝜒±
1/𝜒0

1 signal samples are derived 
at 95% confidence level through the profile log-likelihood ratio test using 
the CLS prescription and performed with HistFitter. 

• Each bin of the mZℓ distribution in each SR is fit independently, so there 
are effectively 48 SRs being fit simultaneously 

• The considered points in the lepton flavor scan are  
(BR(𝜒w → Be), BR(𝜒w→ B μ), BR(𝜒w → B τ))= (1,0,0),(0,1,0),(0,0,1), and 
(0.33,0.33,0.33), where B is a W boson for the neutralino, and can be 
either a Z or a higgs for the chargino 

• Then for each of these points, a finer granularity scan is performed over 
the BRs of the possible boson types of the wino decay

Setting Limits: Model Dependent 
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Setting Limits : Model Dependent 
• Showing exclusions in 

the plane of the 
branching fraction for  
𝜒±

1/𝜒0
1 decays to Z(y-axis) 

and 𝜒±
1/𝜒0

1  mass (x-axis) 

• Limits are for combined 
𝜒±

1 𝜒∓1  and  
𝜒±

1 𝜒0
1 production 

• Assume branching ratios 
of 𝜒±

1 and 𝜒0
1 are fully 

correlated 
• Direct lepton BR scanned 
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• Showing exclusions in the 
plane of the branching 
fraction for 𝜒±

1/𝜒0
1 decays  

to Higgs (y-axis) and 𝜒±
1/

𝜒0
1 decays to Z (x-axis) 

• Limits are for combined 
𝜒±

1 𝜒∓1  and  
𝜒±

1 𝜒0
1 production 

• Assume branching ratios 
of 𝜒±

1 and 𝜒0
1 are fully 

correlated 
• Direct lepton BR scanned 
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• A search was done for a trilepton resonance in 139 fb-1 of proton-proton 
collision data collected at ATLAS 

• No significant excess was seen  

• Model independent limits were set as well as model dependent limits in the 
mass-BR(Z) and BR(Z)-BR(H) planes 

• Current feasibility studies being done for a new analysis focusing on a  
𝜒±

w→Hℓ→bbℓ  resonance using large R jets

Summary and Conclusion



Thanks!



back up
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• Dominant SM and fake backgrounds change depending  
on lepton multiplicity 

• Dominant backgrounds are WZ, ZZ, and ttZ  
• Design CRs and VRs to target these to better estimate their contributions 

• WZ: Require 3 leptons. Cuts on ETmiss and mTmin 
• ttZ: Cuts on ETmiss, n-bjets≥2 (back-to-back ΔR(b0,b1)) 
• ZZ: Require two Zs (four leptons) 

• Fake backgrounds are estimated using data-driven fake factor method 
→ Systematic accounts for several sources and compositions 
→ Z+jets CR and VR also used for fake factor measurement

19

Background Estimation: Control and Validation Regions
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• Or if you prefer a classic table… 

Background Estimation: Control and Validation Regions
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• A fit based on a profile likelihood test statistic is performed on all CRs and SRs 
simultaneously using the HistFitter package to estimate the final postfit 
background prediction and uncertainty 

• Binning in the primary discriminating variable, mZℓ, is optimized for signal 
sensitivity and the variable binning below is used 

• This effectively gives us                                            independent SRs to fit 
simultaneously 

Statistical Treatment

mZℓ = 90,110,130,150,170,190,210,230,250,270,300,330,360,400,440, and 580 GeV

(3 SRs × 16 mZℓ bins) = 48
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• Inclusive and by-flavor observed and expected yields 
• Regions with a lepton subscript are yields determined from a fit requiring the direct 

non-Z lepton to be that specified flavor

Results
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Model Independent Results
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• Model independent limits are derived at 95% confidence level (C.L.) 
using the CLs prescription, and results are evaluated using 
pseudoexperiments. 

• A profile likelihood fit is performed on the numbers of observed and 
expected events in the target mZℓ bin of one SR and the three CRs, and 
a generic BSM process is assumed to contribute only to the target mZℓ 
bin 

• In this way no assumption is made concerning the 𝜒±
1/𝜒0

1 branching 
fractions or mZl shape of the BSM process

Setting Limits: Model Independent 
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Setting Limits: Model Independent 



Meeting of the Division of Particles & Fields   7/12/21 26

Distributions of the data and postfit background in the CRs and VRs 
that are relevant in the extrapolation to the SRs
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The mZl distributions of the data and postfit 
background in the CR and VRs
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The mZl distributions of the data and postfit 
background in the CR and VRs
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The relative uncertainties in the postfit SM background 
prediction as a function of mZl from the background-only fit
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Object Selection
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ATLAS DRAFT

Region Nlep Nb�jet �R(b, b)† E
miss
T [GeV] m

min
T [GeV] Second 4`2Z; mZ`

boson |m``,2 � mZ | [GeV] asymmetry

SROL3` ==3 - <1.5 >150 >125 - - -
CRWZ ==3 - <1.5 <80 [50,100] - - -
VRMet ==3 - <1.5 >80 <100 - - -

VRmTmin ==3 - <1.5 <80 >125 - - -
CRZj ==3 - <1.5 <30 <30 - - -
VRZj ==3 - <1.5 [30,80] <30 - - -

CRttZ �3 �2 >2.5 >40 - - veto; <20 -
VRttZ �3 �2 [1.5,2.5] >40 - - veto; <20 -

SROL4` �4 - <1.5 >80* - No veto; <20 -
SRTL �4 - <1.5 - - Yes veto; <20 < 0.1
CRZZ ==4 - <1.5 - - - require; <5 -
VRZZ ==4 - <1.5 - - - require; [5,20] -

Table 7: Kinematic selections for each region used in this analysis. All regions require a SFOS pair of light leptons
with an invariant mass between 81.2 GeV and 101.2 GeV and a third light lepton, the invariant mass of which (mZ`)
must be at least 90 GeV. The dagger (†) indicates that this cut is only applied for events with at least 2 b-jets. The
“second boson” requirement is shown to make the orthogonality between SROL4` and SRTL explicit. This second
boson is usually reconstructed from two jets, but it can also be reconstructed from two SFOS leptons, with an
invariant mass requirement that changes depending on the objects used, as described in Section 2. This is distinct
from the 4`2Z criterion which only applies to a leptonic Z. The asterisk (*) in the SROL4` E

miss
T cut indicates that

this cut is only applied for events with two pairs of SF leptons. This condition is also referred to as E
miss,SF
T .

5.1 3L regions548

Before any cuts, the largest 3` background is Z + jet, which is a reducible background since this process549

only has 2 prompt leptons. The handling of this background will be discussed in detail in Section 6.550

The major irreducible 3` background is Diboson3l (which is usually W Z), which has a dedicated CR551

(CRWZ) and two dedicated VRs (VRMet and VRmTmin), each designed to validate the extrapolation of552

one variable used to separate CRWZ from SROL3`. All selections in SROL3` are designed to reduce553

both Z + jet and Diboson3l backgrounds.554

Selection requirements are applied to the following kinematic observables:555

• E
miss
T . As shown in Fig. 4, and as explained in Section 2, many C1C1 and C1N1 final states which556

are targetd in SROL3` have real missing energy. In contrast, no real E
miss
T is expected in Z + jet,557

and little E
miss
T is expected in W Z since both bosons must decay leptonically in a 3` final state. A558

tight lower E
miss
T cut of 150 GeV is applied in SROL3`, and an upper cut of 80 GeV is applied in559

VRZj and CRWZ.560

• m
min
T . The standard definition of mT when trying to reconstruct the W mass is561

m
2
T(`, ⌫) = 2p

`
TE

miss
T [1 � cos(�` � �miss)] (3)

which should have a kinematic edge at the W mass of 80.4 GeV. In 3` final states, where the562

assumed process is W Z , the lepton used in this equation is traditionally the one which was not563

already assigned to the Z . It is shown in Appendix A that for signal, the leptonic Z reconstruction564

November 19, 2019 – 12:06 21

31

Region Definitions: SROL3ℓ

• 𝛥R(b0,b1): The angular separation between the two hardest b-jets in an 
event, (†) indicates that this cut is only applied for events with at least 
2 b-jets  

• ET
miss: missing transverse energy, expect real met in these events 

• mT
min: min of  mT

2(ℓ,𝜈) = 2pT
ℓET

miss[1-cos(𝜙ℓ-𝜙miss)]
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ATLAS DRAFT

Region Nlep Nb�jet �R(b, b)† E
miss
T [GeV] m

min
T [GeV] Second 4`2Z; mZ`

boson |m``,2 � mZ | [GeV] asymmetry

SROL3` ==3 - <1.5 >150 >125 - - -
CRWZ ==3 - <1.5 <80 [50,100] - - -
VRMet ==3 - <1.5 >80 <100 - - -
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VRttZ �3 �2 [1.5,2.5] >40 - - veto; <20 -
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SRTL �4 - <1.5 - - Yes veto; <20 < 0.1
CRZZ ==4 - <1.5 - - - require; <5 -
VRZZ ==4 - <1.5 - - - require; [5,20] -

Table 7: Kinematic selections for each region used in this analysis. All regions require a SFOS pair of light leptons
with an invariant mass between 81.2 GeV and 101.2 GeV and a third light lepton, the invariant mass of which (mZ`)
must be at least 90 GeV. The dagger (†) indicates that this cut is only applied for events with at least 2 b-jets. The
“second boson” requirement is shown to make the orthogonality between SROL4` and SRTL explicit. This second
boson is usually reconstructed from two jets, but it can also be reconstructed from two SFOS leptons, with an
invariant mass requirement that changes depending on the objects used, as described in Section 2. This is distinct
from the 4`2Z criterion which only applies to a leptonic Z. The asterisk (*) in the SROL4` E

miss
T cut indicates that

this cut is only applied for events with two pairs of SF leptons. This condition is also referred to as E
miss,SF
T .

5.1 3L regions548

Before any cuts, the largest 3` background is Z + jet, which is a reducible background since this process549

only has 2 prompt leptons. The handling of this background will be discussed in detail in Section 6.550

The major irreducible 3` background is Diboson3l (which is usually W Z), which has a dedicated CR551

(CRWZ) and two dedicated VRs (VRMet and VRmTmin), each designed to validate the extrapolation of552

one variable used to separate CRWZ from SROL3`. All selections in SROL3` are designed to reduce553

both Z + jet and Diboson3l backgrounds.554

Selection requirements are applied to the following kinematic observables:555

• E
miss
T . As shown in Fig. 4, and as explained in Section 2, many C1C1 and C1N1 final states which556

are targetd in SROL3` have real missing energy. In contrast, no real E
miss
T is expected in Z + jet,557

and little E
miss
T is expected in W Z since both bosons must decay leptonically in a 3` final state. A558

tight lower E
miss
T cut of 150 GeV is applied in SROL3`, and an upper cut of 80 GeV is applied in559

VRZj and CRWZ.560

• m
min
T . The standard definition of mT when trying to reconstruct the W mass is561

m
2
T(`, ⌫) = 2p

`
TE

miss
T [1 � cos(�` � �miss)] (3)

which should have a kinematic edge at the W mass of 80.4 GeV. In 3` final states, where the562

assumed process is W Z , the lepton used in this equation is traditionally the one which was not563

already assigned to the Z . It is shown in Appendix A that for signal, the leptonic Z reconstruction564
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32

Region Definitions: SROL4ℓ

• ET
miss : (*) indicates that this cut is only applied for events with two pairs of SF 

leptons,⇒ ET
miss→ET

miss,SF 

• 4l2Z: True for events with exactly 4 leptons and 2 pairs of SFOS leptons,  
• One SFOS pair, mℓℓ, required (mZ -10)<mℓℓ <(mZ +10) , as per Presel. 
• Mass requirement on the second SFOS pair, mℓℓ,2, varies for each region  
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Region Definitions: SRTL
ATLAS DRAFT

Region Nlep Nb�jet �R(b, b)† E
miss
T [GeV] m

min
T [GeV] Second 4`2Z; mZ`

boson |m``,2 � mZ | [GeV] asymmetry

SROL3` ==3 - <1.5 >150 >125 - - -
CRWZ ==3 - <1.5 <80 [50,100] - - -
VRMet ==3 - <1.5 >80 <100 - - -

VRmTmin ==3 - <1.5 <80 >125 - - -
CRZj ==3 - <1.5 <30 <30 - - -
VRZj ==3 - <1.5 [30,80] <30 - - -

CRttZ �3 �2 >2.5 >40 - - veto; <20 -
VRttZ �3 �2 [1.5,2.5] >40 - - veto; <20 -

SROL4` �4 - <1.5 >80* - No veto; <20 -
SRTL �4 - <1.5 - - Yes veto; <20 < 0.1
CRZZ ==4 - <1.5 - - - require; <5 -
VRZZ ==4 - <1.5 - - - require; [5,20] -

Table 7: Kinematic selections for each region used in this analysis. All regions require a SFOS pair of light leptons
with an invariant mass between 81.2 GeV and 101.2 GeV and a third light lepton, the invariant mass of which (mZ`)
must be at least 90 GeV. The dagger (†) indicates that this cut is only applied for events with at least 2 b-jets. The
“second boson” requirement is shown to make the orthogonality between SROL4` and SRTL explicit. This second
boson is usually reconstructed from two jets, but it can also be reconstructed from two SFOS leptons, with an
invariant mass requirement that changes depending on the objects used, as described in Section 2. This is distinct
from the 4`2Z criterion which only applies to a leptonic Z. The asterisk (*) in the SROL4` E

miss
T cut indicates that

this cut is only applied for events with two pairs of SF leptons. This condition is also referred to as E
miss,SF
T .

5.1 3L regions548

Before any cuts, the largest 3` background is Z + jet, which is a reducible background since this process549

only has 2 prompt leptons. The handling of this background will be discussed in detail in Section 6.550

The major irreducible 3` background is Diboson3l (which is usually W Z), which has a dedicated CR551

(CRWZ) and two dedicated VRs (VRMet and VRmTmin), each designed to validate the extrapolation of552

one variable used to separate CRWZ from SROL3`. All selections in SROL3` are designed to reduce553

both Z + jet and Diboson3l backgrounds.554

Selection requirements are applied to the following kinematic observables:555

• E
miss
T . As shown in Fig. 4, and as explained in Section 2, many C1C1 and C1N1 final states which556

are targetd in SROL3` have real missing energy. In contrast, no real E
miss
T is expected in Z + jet,557

and little E
miss
T is expected in W Z since both bosons must decay leptonically in a 3` final state. A558

tight lower E
miss
T cut of 150 GeV is applied in SROL3`, and an upper cut of 80 GeV is applied in559

VRZj and CRWZ.560

• m
min
T . The standard definition of mT when trying to reconstruct the W mass is561

m
2
T(`, ⌫) = 2p

`
TE

miss
T [1 � cos(�` � �miss)] (3)

which should have a kinematic edge at the W mass of 80.4 GeV. In 3` final states, where the562

assumed process is W Z , the lepton used in this equation is traditionally the one which was not563

already assigned to the Z . It is shown in Appendix A that for signal, the leptonic Z reconstruction564
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mZℓ
asym= |mZℓ - mBℓ|  

(mZℓ+mBℓ) : Asymmetry should be small if the boson-lepton 
pairs come from a particle with the same mass
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Ian Dyckes OCT 7, 2019 7

Fake Factor Derivation
• Code used to derive FFs is inspired by the FakeEffiencyTool, but 

only actually uses its utils.

• Wanted to run on our ntuples, so made num. & den. 

histograms ourselves.  Then used makePlots.C

• Use IFFTruthClassifier tool to classify leptons.

• Parameterize in 𝑝 = 𝑝 + iso cone instead of 𝑝 .

• Better handle on underlying jet 𝑝 .

• Less process dependence.  Z+jets HF fakes ~ ttbar HF fakes.

• Gave best agreement in FF VR and other analysis regions.

• Better data vs. MC agreement is seen with the muons.

• Believed to be due to the simpler composition.  Muons are 

dominated by HF decays.
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Fake Lepton Background Estimation

ATLAS DRAFT

6 Fake lepton background estimation668

Fake and non-prompt leptons are the result of misidentified light flavor jets, semi-leptonic decays of heavy669

flavor hadrons, and photon conversions. While the non-prompt leptons from heavy flavor decays and670

photon conversions are real, all three sources will be collectively labeled “fake” and estimated via the fake671

factor method.672

The processes contributing to the fake background vary significantly between the various analysis regions.673

Some processes that are almost entirely prompt backgrounds in the 3l regions contribute to the fake674

background in the 4l regions (e.g. WZ). The relative contributions of each process to the total fake675

background in various analysis regions is shown in Table 8. Also shown is the fake background as a676

percent of the total background. These percentages are measured in MC.677

fake process CRWZ VRMet VRmTmin CRttZ VRttZ SROL3l SROL4l SRTL
Z+jets/Z + � 74% 47% 63% 37% 23% 41% 22% 5%
W Z - - - - - - 45% 21%
Z Z - - - - - - 15% 19%
ttV - - - - - - - 40%
top-like 20% 43% 28% 54% 69% 48% 3% 10%
tot. fake / tot. bkgd 4% 5% 8% 12% 11% 7% 5% 2%

Table 8: The relative contributions of each process to the fake and total background in various analysis regions. The
“top-like” background includes tt̄, single top, and WW . The Z Z regions are very pure in real Z Z events and are not
included in the table.

6.1 The fake factor method678

In addition to the signal (or “tight”) leptons defined in sections 4.4 and 4.5, the fake factor method679

uses a second, disjoint set of leptons referred to as “antiID” (or “loose”) leptons. These antiID leptons680

are required to pass the baseline lepton requirements, but fail at least one signal lepton requirement.681

Consequently, the antiID leptons are enriched in fakes. The antiID electron and muon requirements are682

summarized in Table 9.683

Currently, the muon quality cuts are only applied to the signal leptons. If a post-OR baseline muon is684

labeled as a cosmic muon, it becomes an antiID lepton. The bad muon event veto only considers muons685

that pass all other signal requirements. These cuts should probably not be extrapolated over between686

signal and antiID muons. Perhaps it is better to apply these quality cuts to all muons immediately before687

or after overlap removal. The impact of allowing antiID muons failing these cuts is expected to be small.688

689

The fake factor F is defined as the ratio of signal to antiID leptons, as measured in data in a kinematic690

region enriched in fake leptons. Typically, the fake factor is binned in some kinematic variable(s), as the691

probability of a fake lepton passing the signal criteria is kinematic-dependent. Ideally, the composition of692

the fake leptons in this region matches the other analysis regions in both process (e.g. Z+jets vs. top-like)693

and source (HF vs. LF vs. conversions). Alternatively, the fake factors can be binned in some variable694

that provides a handle on the composition (e.g. NB-jets), or the antiID definition can be tuned such that695

the fake factors are robust against composition changes. Any contamination from events with only real696
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• Relative contributions of each process to the fake and total background 
in various analysis regions 

• Fake background small in signal regions (7% or less) 
• Fake Factor method used to estimate the fake background 
• Derive the FFs in a region dominated by Z+jets events with fake leptons 
• Apply these Z+jets FFs to anti-ID events from all processes 
• Parameterized in pTcone= pT + iso cone instead of pT 

• Better handle on underlying jet 
• Less process dependence. Z+jets HF fakes ~ ttbar HF fakes 
• Gave best agreement in FF VR and other analysis regions
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Object Selection

Yes

≥4

≥3 leptons, one leptonic Z1

How many leptons?3

SROL3ℓ Yes(≥4 leptons and ≥2 jets) 
or ≥6 leptons?

No

1leptonic Z: SFOS dilepton pair with mℓℓ ∈ [81.2,101.2] GeV 
2Hadronic V: dijet pair with mjj ∈ [71.2,111.2] GeV 
3Higgs: dijet pair, 1 or 2 b-tagged, with mjj ∈ [71.2,150] GeV

SROL4ℓ

SRTL

No Hadronic V2 or Higgs3 
or second leptonic Z1?

If multiple boson candidates, 
choose the one with invariant 

mass closest to 91.2 GeV  
(91.2 GeV or 125 GeV if ≥1 b-jet)

• 3 types of Signal regions 
(SRs) defined by way of 
the object selection 

• SR3ℓ: 3 Leptons  
• SR4ℓ:  4 Leptons  
• SRFR: Fully 

Reconstructed 

SR3ℓ

SR4ℓ

SRFR
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Object Selection: Algorithms in Brief
• SR3ℓ: Very straight forward → just compute the invariant mass of the 3 leptons  
• SR4ℓ: Very much not straight forward → If a 2nd boson is not reconstructed there 

is ambiguity as to which lepton should be used for the trilepton leg. Because of the 
varying kinematics depending on chargino mass, there is no lepton matching 
choice that performs best for all mass points. Many options were studied and the 
chosen scheme uses LT, the scalar sum of the pT of all leptons in an event, as a 
proxy for the chargino mass. 

• LT <550 GeV: lepton closest in ∆R to the Z is assigned. At low mass the Z and 
the lepton from the same chargino leg are generally collimated  

• LT >550 GeV: lepton which maximizes mZℓ is assigned. At high mass it is 
unlikely that a random combination of Zℓ pairs would have a large invariant 
mass, in both signal and background   

• SRFR: Pretty straight forward → A 2nd boson (besides the Z) is successfully 
reconstructed and the leptons are matched in a way that the  
mZℓ asymmetry = |mZℓ - mBℓ| / (mZℓ+mBℓ)    is minimized
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• We will set limits across the full plane of possible wino decays by reweighting signal 
events according to truth decay  

•  Do a coarse scan in lepton flavor:  
• (BR(𝜒±

w→Be), BR(𝜒±
w→Bμ), BR(𝜒±

w→Bτ))=(1,0,0), (0,1,0), (0,0,1), (0.33,0.33,0.34)  
• For BR(𝜒±

w→Be/Bμ)=1, require that non-Z lepton is e or μ  
• SR3ℓ, SR4ℓ: requirement only on non-Z lepton  
• SRFR: requirement on both non-boson leptons 
• Effectively tripling our SR count. Expected yield tables will be included in 

appendix. 
• For each of these lepton BR points, do a fine scan of boson BR (increments of 0.25 or 

smaller)   
• Each lepton BR point will have a corresponding triangle limit plot (Higgs BR vs Z 

BR)  
• 𝜒±

w 𝜒0
w: Set BR(𝜒±

w→Zℓ)=1. Ignoring possible correlations between 𝜒±
w and 𝜒0

w BRs. No 
large correlation seen by theorists. 

Limit Setting Strategy
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• Detector uncertainties: CP/PMG/SUSY recommendations are used.  
• Jet energy scale and resolution (8 JES and 8 JER), flavor tagging, pileup tagging 
• Lepton scale and resolution and efficiencies (including trigger)  
• MET uncertainties  
• Luminosity: 1.7%  

• Theory systematics:  
• Diboson, Triboson, and ttZ samples:  

• Using internal weights (scale, αS, PDF). Diboson and Triboson are ready, currently implemented in HF as a flat 
systematic. Results binned in mZℓ are available but not yet implemented in HF.  

• We will run available alternative samples through SimpleAnalysis for hard scatter, PS, ISR. Not all samples are available 
(ttZ ISR)  

• Other background samples, including Higgs: flat uncertainty is taken  
• Signal samples: Private alternative samples will be generated to assess relevant variations.  

• Fake systematics:  
• Propagation of statistical uncertainty from measurement region 
• Prompt subtraction, to account for MC cross section uncertainty  
• Closure, to account for differences in source and composition between regions  
• Parameterization, to account for FF dependence on kinematic variables other than pTcone

Uncertainties
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• Mass splitting between 𝜒±
w and 𝜒0

w is small regardless of which is LSP (≤200 
MeV for most cases)  

• Can assume both particles RPV decay 
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Search Motivation: Signals of Interest 
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Figure 3: a) Mass distribution of the Wino chargino LSP’s for the 4,858 valid black points. The
masses range from 200 GeV to 1820 GeV, peaking towards the low mass end. b) Mass distribution of
the Wino neutralino LSP’s for the 4,869 valid black points. The masses range from 200 GeV to 1734
GeV, peaking towards the low mass end.

component of the Wino chargino is given by the linear combination of a charged Wino and charged
Higgsino presented in (2.3), where the charged Wino component dominates. The smaller RPV con-
tribution to the Wino chargino was presented in subsection 5.1 of [1]. For the case at hand, where
|M2|< |µ|, this was found to be
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. We sum (3.1) and (3.2) over i = 1, 2, 3.
One of the goals of of this paper is to predict the possible signals produced by the RPV decays

of Wino chargino LSPs, were such particles to exist and be light enough to be detected at the LHC. In
our previous paper [1], we analyzed RPV decay channels using 4-component spinor notation for the
mass eigenstates. For example, the Dirac spinor associated with the Weyl fermions �̃

±
W

is defined to
be

X̃
±
W
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±
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!
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– 12 –

(a)

0 500 1000 1500 2000
MNLSP � MLSP/MeV

100

101

102

103

N
um

b
er

of
p
oi

nt
s

MX̃0
W̃

� MX̃±

W̃

(b)

Figure 17: a) The Wino neutralino NLSPs are all almost degenerate in mass with the LSPs, the Wino
charginos. The mass difference is smaller than 200 MeV for most of the valid black points, as can
be seen in the mass difference histogram. b) The Wino chargino NLSPs are all almost degenerate in
mass with the LSPs, the Wino neutralinos. The mass difference is smaller than 200 MeV for most of
the viable cases, as can be seen in the mass difference histogram

we plot the mass difference in MeV between the Wino chargino and the Wino neutralino for all 4,869
Wino neutralino black points. It is clear that for every Wino neutralino LSP, the NLSP is a Wino
chargino whose mass is larger than, but very close to, the mass of the LSP– as in Figure 16b. Once
again, this is hardly surprising since the dominant contribution to the mass of both sparticles is given
by the soft supersymetry breaking parameter M2.

Because the mass difference between the two species is so small, both the Wino chargino and the
Wino neutralino will be produced at the LHC; assuming that one of them is the LSP and sufficiently
light. We have already analyzed the decays of the LSP, both for the case in which the LSP is a Wino
chargino and when the LSP is the Wino neutralino. These particles can decay into SM particles due
to the RPV couplings in the B-L MSSM model we are studying. The NLSPs, however, as with any
other sparticle in the mass spectrum that is not the LSP, can decay via channels that either violate
R-parity or channels which conserve it. In general, the RPC couplings are much stronger than the
RPV couplings introduced in our theory, since the latter need to be small enough to be consistent with
the observed neutrino masses and not lead to unobserved effects such as proton decays. Therefore, the
RPC decays of sparticles that are not the LSP are, in general, expected to have much higher branching
ratio than the RPV decays. However, in the cases that we focus on, the NLSP is almost degenerate
in mass with the LSP. The mass difference is so small that an RPC decay of a Wino neutralino NLSP
into a Wino chargino LSP (or vice versa) might prove highly suppressed. Therefore, the NLSP would
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Figure 3: a) Mass distribution of the Wino chargino LSP’s for the 4,858 valid black points. The
masses range from 200 GeV to 1820 GeV, peaking towards the low mass end. b) Mass distribution of
the Wino neutralino LSP’s for the 4,869 valid black points. The masses range from 200 GeV to 1734
GeV, peaking towards the low mass end.

component of the Wino chargino is given by the linear combination of a charged Wino and charged
Higgsino presented in (2.3), where the charged Wino component dominates. The smaller RPV con-
tribution to the Wino chargino was presented in subsection 5.1 of [1]. For the case at hand, where
|M2|< |µ|, this was found to be
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One of the goals of of this paper is to predict the possible signals produced by the RPV decays

of Wino chargino LSPs, were such particles to exist and be light enough to be detected at the LHC. In
our previous paper [1], we analyzed RPV decay channels using 4-component spinor notation for the
mass eigenstates. For example, the Dirac spinor associated with the Weyl fermions �̃

±
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is defined to
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Figure 6: Branching ratios for the four possible decay channels of the Wino chargino LSP, presented
for the three M

X̃
±
W

mass bins and four tan � regions. The colored horizontal line inside each box indi-
cate the median value of the branching fraction in that bin, the colored box indicates the interquartile
range in that bin, while the dashed error bars show the range between the maximum and the mini-
mum values of the branching ratio for that bin. The case percentage indicate what percentage of the
valid initial points have tan � values within the range indicated. For each channel, we sum over all
three families of possible leptons. Note that X̃

±
W

! h
0
`
± is strongly favored– except perhaps in the

1.2 < tan � < 5 bin. The calculations were performed assuming a normal neutrino hierarchy, with
✓23 = 0.597.
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Figure 6: Branching ratios for the four possible decay channels of the Wino chargino LSP, presented
for the three M

X̃
±
W

mass bins and four tan � regions. The colored horizontal line inside each box indi-
cate the median value of the branching fraction in that bin, the colored box indicates the interquartile
range in that bin, while the dashed error bars show the range between the maximum and the mini-
mum values of the branching ratio for that bin. The case percentage indicate what percentage of the
valid initial points have tan � values within the range indicated. For each channel, we sum over all
three families of possible leptons. Note that X̃

±
W

! h
0
`
± is strongly favored– except perhaps in the

1.2 < tan � < 5 bin. The calculations were performed assuming a normal neutrino hierarchy, with
✓23 = 0.597.
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Figure 12: Branching ratios for the three possible decay channels of a Wino neutralino LSP divided
over three mass bins and four tan � regions. The colored horizontal lines inside the boxes indicate
the median values of the branching fraction in each bin, the boxes indicate the interquartile range,
while the dashed error bars show the range between the maximum and the minimum values of the
branching fractions. The case percentage indicate what percentage of the physical mass spectra have
tan � values within the range indicated. We assumed a normal neutrino hierarchy, with ✓23 = 0.597.

each of these, we compute the decay rates via RPV processes, using the expressions (E.2)-(E.8) with
n = 2 given in Appendix E. The branching ratios of the main channels take different values for
different valid points in our simulation. These values are scattered around the median values of these
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Figure 12: Branching ratios for the three possible decay channels of a Wino neutralino LSP divided
over three mass bins and four tan � regions. The colored horizontal lines inside the boxes indicate
the median values of the branching fraction in each bin, the boxes indicate the interquartile range,
while the dashed error bars show the range between the maximum and the minimum values of the
branching fractions. The case percentage indicate what percentage of the physical mass spectra have
tan � values within the range indicated. We assumed a normal neutrino hierarchy, with ✓23 = 0.597.

each of these, we compute the decay rates via RPV processes, using the expressions (E.2)-(E.8) with
n = 2 given in Appendix E. The branching ratios of the main channels take different values for
different valid points in our simulation. These values are scattered around the median values of these

– 26 –

• Targeting the very visible 3-lepton resonance  𝜒±
w→Zℓ±→ℓ±ℓ∓ℓ±   

• The reconstruction of 𝜒0
w →Wℓ±→qqℓ±  and 𝜒±

w→Hℓ±→bbℓ±  when possible* also 
adds sensitivity 

• We are setting limits for a large scan of  𝜒±
w and 𝜒0

w BRs which will cover the 
other possible decays

*discussed in “Two Leg”  
alg in slide 12

https://arxiv.org/abs/1811.05581
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Figure 6: Branching ratios for the four possible decay channels of the Wino chargino LSP, presented
for the three M

X̃
±
W

mass bins and four tan � regions. The colored horizontal line inside each box indi-
cate the median value of the branching fraction in that bin, the colored box indicates the interquartile
range in that bin, while the dashed error bars show the range between the maximum and the mini-
mum values of the branching ratio for that bin. The case percentage indicate what percentage of the
valid initial points have tan � values within the range indicated. For each channel, we sum over all
three families of possible leptons. Note that X̃

±
W

! h
0
`
± is strongly favored– except perhaps in the

1.2 < tan � < 5 bin. The calculations were performed assuming a normal neutrino hierarchy, with
✓23 = 0.597.
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Figure 12: Branching ratios for the three possible decay channels of a Wino neutralino LSP divided
over three mass bins and four tan � regions. The colored horizontal lines inside the boxes indicate
the median values of the branching fraction in each bin, the boxes indicate the interquartile range,
while the dashed error bars show the range between the maximum and the minimum values of the
branching fractions. The case percentage indicate what percentage of the physical mass spectra have
tan � values within the range indicated. We assumed a normal neutrino hierarchy, with ✓23 = 0.597.

each of these, we compute the decay rates via RPV processes, using the expressions (E.2)-(E.8) with
n = 2 given in Appendix E. The branching ratios of the main channels take different values for
different valid points in our simulation. These values are scattered around the median values of these
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• Limits are set across the full BR plane of possible wino decays, both boson type  
(Z, W, H) and lepton flavor (e,μ,𝜏) 

• BRs can inform neutrino hierarchy 
• We will also calculate a model-independent significance for each mZℓ bin

Setting Limits 

Figure 10: Branching ratios into the three lepton families, for each of the three main decay channels
of a Wino chargino LSP. The associated neutrino hierarchy and the value of ✓23 is specified by the
color of the associated data point.

then the hierarchy is inverted. Depending on whether the experimental result is a green or a blue point,
implies that ✓23 will be 0.421 or 0.529 respectively. However, if the branching ratios to either the
second or third family leptons are highly dominant, then the hierarchy will be normal, with ✓23 given,
most likely, by 0.597 and 0.417 respectively. That is, with sufficiently precise measured branching
ratios one could determine the type of neutrino hierarchy and the value of the ✓23 mixing angle from
the color of the associated data point.
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Figure 7: Branching ratio to h
0
`
± versus branching ratio to Z

0
`
± for Wino chargino LSP decays, for

both normal and inverted hierarchy. Wino chargino LSP decays via the X̃
±
W

! Z
0
`
± channel tend to

be more abundant for a normal hierarchy. The choice of the angle ✓23 has no impact on the statistics
of these decays, for any of the two possible hierarchies. The percentages indicate what proportion of
the points is contained within each third of the four plots.

ever, from the distribution of points– plotted as percentages –in the subsections of each plot, that the
difference in branching ratios between the normal and inverted hierarchies is relatively small, on the
order of a few percent. This is consistent with our statement above that the “new median values of
the branching ratios (for the inverted hierarchy) change, but are never outside the interquartile ranges
displayed in Figure 6 (the normal neutrino hierarchy).” Moreover, in the next section we show that
the chargino decay lengths are generally smaller when we assume the inverted hierarchy, compared to
when we assume a normal one.
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Neutrino Hierarchy

Figure 10: Branching ratios into the three lepton families, for each of the three main decay channels
of a Wino chargino LSP. The associated neutrino hierarchy and the value of ✓23 is specified by the
color of the associated data point.

then the hierarchy is inverted. Depending on whether the experimental result is a green or a blue point,
implies that ✓23 will be 0.421 or 0.529 respectively. However, if the branching ratios to either the
second or third family leptons are highly dominant, then the hierarchy will be normal, with ✓23 given,
most likely, by 0.597 and 0.417 respectively. That is, with sufficiently precise measured branching
ratios one could determine the type of neutrino hierarchy and the value of the ✓23 mixing angle from
the color of the associated data point.
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.

Figure 15: Branching ratios into the three lepton families, for each of the three main decay channels
of a Wino neutralino LSP. The associated neutrino hierarchy and the value of ✓23 is specified by the
color of the associated data point.

Additionaly, note that in a Wino neutralino decay via X̃
0
W

! h
0
⌫i, the decay rate has a dominant term

proportional to the square of [V †
PMNS]ij✏j . The combination leads to a branching ratio distribution as

that observed in Figure 15–no ⌫⌧ neutrino is produced in the case of an inverted hierarchy and no ⌫e

is produced in the case of a normal hierarchy.
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Statistical Scan of MSSM B-L RPV Model

These are indicated by cyan colored points in the Figure. Finally, it turns out that of these 342,236
points, only 67,576 also lead to the currently measured Higgs mass given in equation (4.6). That
is, of the 100 million sets of randomly scattered initial conditions, 67,576 satisfy all present phe-
nomenological requirements. In Figure 2, we represent these “valid” points in black. That is, of the
100 million randomly scattered initial points, approximately .067% satisfy all present experimental
conditions. Although this might– at first sight –appear to be a small percentage, it is worth noting
that these initial points not only break B �L symmetry appropriately and have all sparticle masses
above their present experimental lower bounds, but also give the measured experimental values
for the mass of the EW gauge bosons and, remarkably, the Higgs boson mass as well! From this
point of view, this percentage of valid black points seems remarkably high. The electroweak gauge
boson masses were obtained, as discussed above, by fine-tuning the parameter µ. For example, a
typical value of the fine-tuning of µ is of the order of 1 in 1000 [43]. However, one might also be
concerned that getting the Higgs mass correct might require some other fine-tuning of the 24 initial
parameters that may not be apparent. However, in previous work [44] it was shown that the 24
parameters associated with any given black point are generically widely disparate with no apparent
other fine-tuning.

Figure 2: Plot of the 100 million initial data points for the RG analysis evaluated at MI . The
4,351,809 green points lead to appropriate breaking of the B�L symmetry. Of these, the 3,142,657
purple points also break the EW symmetry with the correct vector boson masses. The cyan points
correspond to 342,236 initial points that, in addition to appropriate B � L and EW breaking, also
satisfy all lower bounds on the sparticle masses. Finally, as a subset of these 342,236 initial points,
there are 67,576 valid black points which lead to the experimentally measured value of the Higgs
boson mass.

We conclude that the B � L MSSM, in addition to arising as a vacuum of heterotic M-theory
and having exactly the mass spectrum of the MSSM, satisfies all present experimental low-energy
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Long Lived?
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Figure 9: Wino Chargino LSP decay length in milimeters, for individual decay channels, for both
normal and inverted hierarchies. We have chosen ✓23 = 0.597 for the normal neutrino hierarchy and
✓23 = 0.529 for the inverted hierarchy. The choice of ✓23 has no impact on the decay lengths. All
individual channels have decay lengths < 1mm

ratio into a third family lepton is the largest, whereas for a point near the bottom right corner, the
branching ratio into a first family lepton is the largest. Finally, using the fact that

Br
X̃

±
W !Z0e± + Br

X̃
±
W !Z0µ± + Br

X̃
±
W !Z0⌧± = 1 , (3.16)

it follows that for a point near the the bottom left corner, the branching ratio into a second family
lepton is the largest. Perhaps the most striking feature of each such graph is the connection between
the Wino chargino decays, the neutrino hierarchy and the ✓23 angle. Should experimental observation
measure these branching ratios with sufficient precision, that could help shed light on the neutrino
hierarchy and the value of ✓23. For each neutrino hierarchy, there are two sets of points of different
color, since the present experimental data allows for two values of ✓23.

For example, let us consider the subgraph associated with the X̃
±
W

! Z
0
`
± decay channels. If

experimental observation finds that electrons are predominant after the Wino chargino LSP decays,
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