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1038?

Super top = Scalar top ("stop")

Why SUSY?

ミューオン౮ଞ჌ਞચ૨(g-2)
• 2021ফ4া, FNAL(フェঝミবয়ਸசஓଢ଼஢ਚ)のਈੂの੥ટが৅਀された。

– BNL(ブঝックヘブথবয়ଢ଼஢ਚ)の੥ટとは૮ဤ࿬な੥ટ。
– ৰୡと৶૛のずれはઁがった(ϯ.ϳ σ Æ ϰ.2 σ)。

• ਠ૔、Run-2/Run-3 のデータをੰෲর。
• ਈી৓(~Run-5) にはBNL の20೅のデータをฅめる੒৒。

• FNAL はBNL から୎ਝした໮஋জথグをઞ৷している。
Æਠ૔、FNAL, BNL とは৸く౮なる্ૄによるৰୡをJ-PARC で૆૟র。
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A. Fienberg, ICHEP2020PRL 126, 141801 (2021)

 Muon g-2

data and need to be careful while considering large tan�. We would like to notify

that the choice of sgn(µ) is also restricted as µM3 < 0 is severely constrained from

the measurement of BR(b ! s�). Also note that �aµ prefers sgn(µ) > 0. Hence

throughout this work, we only consider µ > 0.

In our analysis, the scalar masses are universal at the high scale, thus the splitting

between left- and right-handed sleptons are not large. However, through the renor-

malisation group evolutions, the o↵-diagonal terms in the slepton mass matrix can

be generated and that may lead to an open possibility of having contributions from

all generations of sleptons. Again if the µ term, i.e., the higgsino mass parameter is

larger than the masses of the left-handed smuons then the masses of the right-handed

smuons play crucial role (see left-top of Fig. 3.1). Then the contribution to �aµ from

this diagram decreases as mass of the right-handed smuon increases. Note that this

e↵ect is only visible if the diagrams in Fig. 3.1 dominate over the one in Fig. 3.2. In

general, if the lightest neutralino, lighter chargino, left- & right-handed smuons and

sneutrinos are nearly degenerate (within few tens of GeV) and also µ term is of the

same order, then the following diagrams dominantly contribute positively to aµ (see

top-left of Fig. 3.1 and Fig. 3.2). Note that if the sneutrinos are lighter than the

smuons and also the µ term (as in our case), the dominant contribution may come

from Fig. 3.2.
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H̃ B̃

W̃ H̃

Figure 3.1. Feynman diagrams that contribute to muon (g-2) involving neutralinos

(B̃, W̃ , H̃) and smuons (µ̃L,R).

4 Collider, Low energy and Dark Matter Searches Constraints

The recent searches at LHC continue to put severe exclusion limits on sparticle

masses and couplings. In case of SUSY, the parameter space is very sensitive to the

mass of the observed Higgs boson and other flavour data. Along with these collider

constraints one cannot ignore the impact of DM searches (direct, indirect) and also
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(a) Before ATLAS Run 1. (b) After ATLAS Run 1.

Figure 14. The density of pMSSM points projected onto the plane of dark matter relic density
versus LSP mass, before and after the constraints from the search analyses. The colours labelling
the different LSP types, as defined in table 4.

Track analysis [72]. Nevertheless some care is required in interpreting these results. The

degree of apparent overlap is subjective, in that it depends, in some cases sensitively, on the

metric used when sampling the pMSSM space. Even in cases where the apparent overlap

appears to be large, for example between the 0-lepton + 2–6 jets + Emiss
T and 0-lepton + 7–

10 jets + Emiss
T analyses, both searches are found to have regions of pMSSM space in which

they provide unique sensitivity. The Disappearing Track analysis is mostly sensitive to

model points with a wino-like LSP, so an alternative prior (or weighting by LSP type) of the

sample model points would directly affect the apparent relative sensitivity of this analysis.

The overall fraction of model points within the pMSSM space excluded by each analysis

for each of the LSP types is shown in table 7. Only the !h analysis is unable to constrain

the pMSSM set with the luminosity available. The lack of sensitivity for that analysis is

not unexpected since for simplified models it excludes only points with very light LSPs [70].

It should again be noted that the absolute values of the fractions of model points excluded

is strongly affected by the prior sampling, in particular by the upper mass bounds used

for the scan in selecting the pMSSM input parameters (see table 2). The relative fractions

of model points excluded by each analysis are a little more informative, but again care is

necessary in their interpretation since they too are sensitive to changes to the assumptions

or constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-

lepton + 2–6 jets + Emiss
T analysis for all LSP types, and the Disappearing Track analysis

for models with a wino-like LSP is unambiguous.

5.2 Impact of ATLAS searches on dark matter

The nature of the LSP has a strong influence on the expected dark matter relic density.

For the pMSSM points, the initial mass spectrum of the LSP — before applying any AT-

LAS SUSY search constraints — is sculpted by the requirement that the dark matter relic

density, as predicted from thermal production and annihilation calculations in the early uni-

– 32 –
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be generated and that may lead to an open possibility of having contributions from
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larger than the masses of the left-handed smuons then the masses of the right-handed

smuons play crucial role (see left-top of Fig. 3.1). Then the contribution to �aµ from

this diagram decreases as mass of the right-handed smuon increases. Note that this

e↵ect is only visible if the diagrams in Fig. 3.1 dominate over the one in Fig. 3.2. In

general, if the lightest neutralino, lighter chargino, left- & right-handed smuons and

sneutrinos are nearly degenerate (within few tens of GeV) and also µ term is of the

same order, then the following diagrams dominantly contribute positively to aµ (see

top-left of Fig. 3.1 and Fig. 3.2). Note that if the sneutrinos are lighter than the

smuons and also the µ term (as in our case), the dominant contribution may come

from Fig. 3.2.
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mass of the observed Higgs boson and other flavour data. Along with these collider

constraints one cannot ignore the impact of DM searches (direct, indirect) and also
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Figure 14. The density of pMSSM points projected onto the plane of dark matter relic density
versus LSP mass, before and after the constraints from the search analyses. The colours labelling
the different LSP types, as defined in table 4.

Track analysis [72]. Nevertheless some care is required in interpreting these results. The

degree of apparent overlap is subjective, in that it depends, in some cases sensitively, on the

metric used when sampling the pMSSM space. Even in cases where the apparent overlap

appears to be large, for example between the 0-lepton + 2–6 jets + Emiss
T and 0-lepton + 7–

10 jets + Emiss
T analyses, both searches are found to have regions of pMSSM space in which

they provide unique sensitivity. The Disappearing Track analysis is mostly sensitive to

model points with a wino-like LSP, so an alternative prior (or weighting by LSP type) of the

sample model points would directly affect the apparent relative sensitivity of this analysis.

The overall fraction of model points within the pMSSM space excluded by each analysis

for each of the LSP types is shown in table 7. Only the !h analysis is unable to constrain

the pMSSM set with the luminosity available. The lack of sensitivity for that analysis is

not unexpected since for simplified models it excludes only points with very light LSPs [70].

It should again be noted that the absolute values of the fractions of model points excluded

is strongly affected by the prior sampling, in particular by the upper mass bounds used

for the scan in selecting the pMSSM input parameters (see table 2). The relative fractions

of model points excluded by each analysis are a little more informative, but again care is

necessary in their interpretation since they too are sensitive to changes to the assumptions

or constraints applied to the initial model set. Nevertheless, the high sensitivity of the 0-
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T analysis for all LSP types, and the Disappearing Track analysis

for models with a wino-like LSP is unambiguous.
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Ωh2=0.12 →mSUSY WIMP < 3TeV

Introduction Hadronic SUSY

! SUSY has many variations and final states

! Low mass stop, charginos, or neutralinos
well motivated

! Decay cascades often have top, W , Z , H

! Large branching ratios to jets
! Hadronic final states have good statistics

! Backgrounds challenging, but
surmountable

! Complementary to lepton final states,
small backgrounds but small rates

! Focus today on Run 2 searches in
hadronic final states for:
! Stop squarks
! Charginos or neutralinos
! Higgsinos

Jon S. Wilson (BU) CMS hadronic SUSY Lepton Photon 21, 2022-01-11 2 / 15

Figure 18: Full-body view of the ATLAS detector [47]. The geometry is completely forward-back symmeric.

2.2.1 Coordinate System

For referencing the position of the detector as well as the orientation of particles, a right-handed Cartesian

coordinate system is defined with the interaction point being the origin and the x-axis pointing to the center

of the LHC ring. The y,z-axes are accordingly the direction of sky or the beam direction respectively. Polar

angle ✓ and azimuthal angle � are defined by the cylindrical representation (✓,�, z): ✓ ranges from 0 to 2⇡

with respect to the z-axis, and � runs from �⇡ to ⇡ from the x-axis. The two endcaps in the ATLAS detector

are referred as “A-side” and “C-side”, corresponding to the position of positive and negative coordinate in

the z-axis.

It is the unfortunate fate for hadron colliders that particles generated by collisions are usually highly

boosted along z-axis, since the energy of the initial interacting partons inside the hardons are asymmet-

ric. From this point of view, a set of variables with Lorentz-invariant nature are introduced for describing

momentum or position. In particular, it is useful to define the transverse component of variables, such as

transverse momentum pT := p sin ✓ or transverse energy E := E sin ✓. The advantage over the use of p or

E is obvious that they do express the intrinsic hardness of the particles in the center-of-mass frame of the

reaction, and also that the vectoral sum of all particles conserves before and after the collision.

Similarly, pseudo-rapidity ⌘ defined below commonly serves as the coordinate of polar angle:

⌘ := ln

✓
log

✓

2

◆
. (62)

It has two practical advantages over ✓ the di↵erence in pseudo-rapidity between particles �⌘ are invariant

against the boost towards z-direction. 8 ; ⌘ has an e↵ectively finer measure at very forward direction where

✓ su↵ers from the degeneracy i.e. cos ✓ ⇠ 1, thus more convenient in expressing the orientation of forward

particles.

8
This is true when the particles are massless, which is approximately valid given that the boos along z-axis is sourced by

the momentum of order of the beam energy.

37
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Dark matter

The Astrophysical Journal Supplement Series, 208:20 (54pp), 2013 October Bennett et al.

Figure 31. Detailed comparison between WMAP7 optimal power spectrum
estimator and suboptimal estimator from Larson et al. (2011). Top: difference
(Ĉoptimal

l − Ĉ
subopt
l )/Var(Ĉoptimal

l )1/2 between the two estimators in “sigmas,”
for every l, and boxcar-smoothed with ∆l = 10. Bottom: variance ratio between
suboptimal and optimal estimators.
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Figure 32. Nine-year WMAP TT angular power spectrum. The WMAP data are
in black, with error bars, the best-fit model is the red curve, and the smoothed
binned cosmic variance curve is the shaded region. The first three acoustic peaks
are well-determined.
(A color version of this figure is available in the online journal.)

the mean of the theory spectrum values in a bin is the mean of
the binned cosmic variance samples. Binning the mean of the
distribution at each l gives the mean of bin. (This is not true for
the median or the mode.) Likewise, we want to put an unbinned
error bar on the curve with the height of the upper error bar as
the height of the upper error bar on the binned value. In this way,

Figure 33. TE spectrum. The WMAP data points and error bars are in black. The
red theory curve is fit to the full WMAP data, including the TT angular power
spectrum data. Note that the vertical axis on these spectra is (l+1)Cl/(2π ) instead
of l(l + 1)Cl/(2π ); this vertical scale differs from that of the TT spectrum plot
by a factor of l. The lowest l TE bin where 2 ! l ! 7 has been adjusted using a
pixel likelihood code.
(A color version of this figure is available in the online journal.)

the average height of the cosmic variance curve over the bin is
the correct upper error bar for that bin. We then use a spline
interpolation of the upper and lower error bars between each bin
center. This makes the above statement fractionally less true,
but prevents abrupt changes in the height of the cosmic variance
curve at the bin edges. The measurements are cosmic variance
limited for l < 457 and have a signal-to-noise ratio above unity
for l < 946.

The change of the template cleaning method from the seven-
year to the nine-year analysis results in a slight change in the
low-l power spectrum. For 2 ! l ! 16, using the MASTER
method with the KQ85y9 mask, the absolute value of the change
in l(l + 1)/(2π )Cl due to the template cleaning is typically 4%
of cosmic variance per l.

Figure 33 shows the temperature cross-power spectrum with
the E-mode polarization (TE) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code, with the lowest 2 ! l ! 7 bin determined using the
more accurate pixel likelihood code. This was conditioned on
the maximum likelihood power spectrum, and varied the value
(l + 1)CTE

l /(2π ) = B2–7. The value B2–7 is independent of l.
To maintain the requirement that CTE

l !
√

CEE
l CTT

l for a given
bin value B2–7, we adjust the CEE

l spectrum upward from the
best-fit theory only as much as needed, on an l by l basis.
As we vary B2–7, the error bar is based on the minimum χ2

value, and where ∆χ2 = 1 in either direction. This gives an
asymmetric error bar. Note that this would be a 1σ error bar for
a Gaussian distribution, but it does not necessarily contain 68%
of the likelihood due both to conditioning on the higher l TT, TE
and EE power spectra, as well as to the non-Gaussian shape of
the power spectrum meaning that ∆χ2 = 1 does not correspond
exactly to a 68% confidence interval.

Figure 34 shows the temperature cross-power spectrum with
the B-mode polarization (TB) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code. The TB angular power spectrum is expected to be zero
and the data are consistent with this expectation. The 2 ! l !
7 EE power spectrum is shown in Figure 35. The 2 ! l ! 7 BB
power spectrum is shown in Figure 36.

For running chains, we update the Sunyaev Zel’dovich
spectrum template to the spectrum given by Battaglia et al.
(2012). Their thermal SZ spectrum is multiplied by 3.61
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binned cosmic variance curve is the shaded region. The first three acoustic peaks
are well-determined.
(A color version of this figure is available in the online journal.)

the mean of the theory spectrum values in a bin is the mean of
the binned cosmic variance samples. Binning the mean of the
distribution at each l gives the mean of bin. (This is not true for
the median or the mode.) Likewise, we want to put an unbinned
error bar on the curve with the height of the upper error bar as
the height of the upper error bar on the binned value. In this way,

Figure 33. TE spectrum. The WMAP data points and error bars are in black. The
red theory curve is fit to the full WMAP data, including the TT angular power
spectrum data. Note that the vertical axis on these spectra is (l+1)Cl/(2π ) instead
of l(l + 1)Cl/(2π ); this vertical scale differs from that of the TT spectrum plot
by a factor of l. The lowest l TE bin where 2 ! l ! 7 has been adjusted using a
pixel likelihood code.
(A color version of this figure is available in the online journal.)

the average height of the cosmic variance curve over the bin is
the correct upper error bar for that bin. We then use a spline
interpolation of the upper and lower error bars between each bin
center. This makes the above statement fractionally less true,
but prevents abrupt changes in the height of the cosmic variance
curve at the bin edges. The measurements are cosmic variance
limited for l < 457 and have a signal-to-noise ratio above unity
for l < 946.

The change of the template cleaning method from the seven-
year to the nine-year analysis results in a slight change in the
low-l power spectrum. For 2 ! l ! 16, using the MASTER
method with the KQ85y9 mask, the absolute value of the change
in l(l + 1)/(2π )Cl due to the template cleaning is typically 4%
of cosmic variance per l.

Figure 33 shows the temperature cross-power spectrum with
the E-mode polarization (TE) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code, with the lowest 2 ! l ! 7 bin determined using the
more accurate pixel likelihood code. This was conditioned on
the maximum likelihood power spectrum, and varied the value
(l + 1)CTE

l /(2π ) = B2–7. The value B2–7 is independent of l.
To maintain the requirement that CTE

l !
√

CEE
l CTT

l for a given
bin value B2–7, we adjust the CEE

l spectrum upward from the
best-fit theory only as much as needed, on an l by l basis.
As we vary B2–7, the error bar is based on the minimum χ2

value, and where ∆χ2 = 1 in either direction. This gives an
asymmetric error bar. Note that this would be a 1σ error bar for
a Gaussian distribution, but it does not necessarily contain 68%
of the likelihood due both to conditioning on the higher l TT, TE
and EE power spectra, as well as to the non-Gaussian shape of
the power spectrum meaning that ∆χ2 = 1 does not correspond
exactly to a 68% confidence interval.

Figure 34 shows the temperature cross-power spectrum with
the B-mode polarization (TB) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code. The TB angular power spectrum is expected to be zero
and the data are consistent with this expectation. The 2 ! l !
7 EE power spectrum is shown in Figure 35. The 2 ! l ! 7 BB
power spectrum is shown in Figure 36.

For running chains, we update the Sunyaev Zel’dovich
spectrum template to the spectrum given by Battaglia et al.
(2012). Their thermal SZ spectrum is multiplied by 3.61

37

WMAP (2013)

⌦CDMh2 ⇠ 0.12

Lightest SUSY particle (LSP) → DM candidate

2-3

Muon g-2

S. Iwamoto

data and need to be careful while considering large tan�. We would like to notify

that the choice of sgn(µ) is also restricted as µM3 < 0 is severely constrained from

the measurement of BR(b ! s�). Also note that �aµ prefers sgn(µ) > 0. Hence

throughout this work, we only consider µ > 0.

In our analysis, the scalar masses are universal at the high scale, thus the splitting

between left- and right-handed sleptons are not large. However, through the renor-

malisation group evolutions, the o↵-diagonal terms in the slepton mass matrix can

be generated and that may lead to an open possibility of having contributions from

all generations of sleptons. Again if the µ term, i.e., the higgsino mass parameter is

larger than the masses of the left-handed smuons then the masses of the right-handed

smuons play crucial role (see left-top of Fig. 3.1). Then the contribution to �aµ from

this diagram decreases as mass of the right-handed smuon increases. Note that this

e↵ect is only visible if the diagrams in Fig. 3.1 dominate over the one in Fig. 3.2. In

general, if the lightest neutralino, lighter chargino, left- & right-handed smuons and

sneutrinos are nearly degenerate (within few tens of GeV) and also µ term is of the

same order, then the following diagrams dominantly contribute positively to aµ (see

top-left of Fig. 3.1 and Fig. 3.2). Note that if the sneutrinos are lighter than the

smuons and also the µ term (as in our case), the dominant contribution may come

from Fig. 3.2.
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Figure 3.1. Feynman diagrams that contribute to muon (g-2) involving neutralinos

(B̃, W̃ , H̃) and smuons (µ̃L,R).
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Why SUSY?

14 CHAPTER 1. INTRODUCTION

equation assuming the SM and the MSSM, respectively. Three forces are not merged at any energy
scale if we assume the SM particles only. If there are new particles at the TeV scale which modify the
running of the gauge couplings at the high energy close to the GUT scale (1016 GeV), the strength of
three interactions can be merged. This is also a good motivation to consider supersymmetry at the TeV
scale, although the MSSM is not complete unification because three gauge fields do not belong to one
gauge group4. The GUT scale 1016 GeV is much lower than the Planck scale of 1019 GeV, so that there
remains possibilities to establish further unified theory including gravity. In the MSSM, graviton and its
superpartner gravitino play important roles in a mechanism of the SUSY breaking (see Sec. 1.2.3).

In most of the supersymmetry models, a new quantum number R-parity is required to be conserved
(see details in Sec. 1.2.2). This leads to a consequence that the lightest neutral supersymmetric particle
(LSP) is stable and can be a strong candidate of the dark matter [50, 51].

There are no particular models established containing supersymmetry. From next sections, let us
discuss based on the MSSM.

Figure 1.7: Two-loop renormalization group evolution of the inverse gauge couplings ↵�1
a (Q) in the SM

(dashed lines) and the MSSM (solid lines) [30]. In the MSSM case, masses of the superpartners for the
SM fermions are treated as a common threshold varies between 500 GeV and 1.5 TeV, and ↵3 (mZ) is
varied between 0.117 and 0.121 (blue and red lines, respectively). For both cases, the strengths of three
forces are combined at the GUT scale (1016 GeV).

1.2.1 Minimum Supersymmetric Standard Model (MSSM)

Particles predicted in the MSSM are listed in Table 1.4. The tilde symbol is used to denote superpartners
of the SM particles.

The gauge super-multiplets consist of the gluons and their ‘gluino’ fermionic superpartoners and
S U(2)L ⇥U(1)Y gauge bosons and their ‘gaugino’ fermionic superpartners. The superpartners of W and
B bosons are called ‘wino’ and ‘bino’, respectively.

Leptons and quarks have their scalar superpartners, ‘sleptons’ and ‘squarks’, respectively. Slep-
tons and squarks are collectively referred as ‘sfermions’. Conventionally, we put ‘s’ to each of the SM

4Some GUT models e.g. S U(5) and S O(10) reduces number of parameters of the SM. Some combined models of the GUT
and supersymmetry are considered, but they are not explained in this thesis on account of limited space.

SM only

SUSY!!

Why SUSY is a big deal among many? → GUT

Although this doesn’t 

motivate light SUSY

(e.g. all 10TeV is fine)

No other problem-solving 
models have this kind of 
‘coincidence’
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Unblinded >500 times and no SUSY found 
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Search Strategy  -  Signature-based analyses
LHC-SUSY探索プログラム
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pTmiss := transverse momentum imbalance in the event

→ SUSY decays into SM
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Search Strategy  -  Signature-based analyses
LHC-SUSY探索プログラム
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SUSY “Simple” Models

Make some assumptions to reduce phase-
space and focus on specific decay chains or 
specific simplified models (typically 3 or 4 
parameters) 

Pro: (mostly) orthogonal searches for 
simplified models are easy to combine and 
re-interpret with alternative models 

Con: not physically realizable in the sense 
that nature won’t give us clean, 100% decays

4

124 free parameters!

! https://indico.cern.ch/event/724564/contributions/2982187/ 
! https://arxiv.org/abs/1309.5966
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Full model “Simplified models”

Floating masses 
Floating mass hierarchy 
Floating BRs 
Multiple production modes at the same time

Floating masses 
Fixed mass hierarchy

100% BRs 
Only one production mode considered

…

Signal characterization  →  Simplified model approach

O(100) parameters, O(10) free masses 2-3 free mass parameters

4-1

Other SUSYs are assumed 
to be decoupled in each case

100%

100%

100%

100%

100%
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Full model “Simplified models”

…

😃 General & realistic

😞 Hard to define benchmarks 

      Visualize results etc.

😃 Easy & systematic design of analyses

😃 Can draw exclusion limits on “mass planes”

😞 Obtained limits tend to be conditional

                                        (i.e. many caveats!)

Signal characterization  →  Simplified model approach

O(100) parameters, O(10) free masses 2-3 free mass parameters

4-2

Other SUSYs are assumed 
to be decoupled in each case

100%

100%

100%

100%

100%
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…

Signal characterization  →  Simplified model approach

2-3 free mass parameters

Design the best analyses for  
each production × decay chain

Examine the exclusion in the (pseudo-)full model space

ATLAS Run1 pMSSM

ATLAS Run1 pMSSM (WIMP DM topical)

CMS Run1 pMSSM

19

 mass [TeV]g~
0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

0

0.2

0.4

0.6

0.8

1

Prior from non-DCS data
pMSSM CMS

 mass [TeV]g~
0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

0

0.2

0.4

0.6

0.8

1

1.2

Combined, 7 + 8 TeV
pMSSM CMS

 mass [TeV]g~
0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

su
rv

iv
al

 p
ro

ba
bi

lit
y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1Combined, 7 + 8 TeV

pMSSM CMS

LCSP mass [TeV]
0 0.5 1 1.5 2 2.5

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

0

0.5

1

1.5

2

2.5

3
Prior from non-DCS data
pMSSM CMS

LCSP mass [TeV]
0 0.5 1 1.5 2 2.5

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

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

Combined, 7 + 8 TeV
pMSSM CMS

LCSP mass [TeV]
0 0.5 1 1.5 2 2.5

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

su
rv

iv
al

 p
ro

ba
bi

lit
y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1Combined, 7 + 8 TeV

pMSSM CMS

 mass [TeV]1t
~

0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
Prior from non-DCS data
pMSSM CMS

 mass [TeV]1t
~

0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2
pr

ob
. d

en
s.

 / 
Te

V

0

0.2

0.4

0.6

0.8

1

1.2

Combined, 7 + 8 TeV
pMSSM CMS

 mass [TeV]1t
~

0 0.5 1 1.5 2 2.5 3

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

su
rv

iv
al

 p
ro

ba
bi

lit
y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1Combined, 7 + 8 TeV

pMSSM CMS

(fb)]
10

) [logSUSY
8 TeVσ(

10
log

3− 2− 1− 0 1 2 3 4 5 6

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 T
eV

⋅
(fb

) 
10

pr
ob

. d
en

s.
 / 

lo
g

0

0.2

0.4

0.6

0.8

1

1.2

1.4
Prior from non-DCS data
pMSSM CMS

(fb)]
10

) [logSUSY
8 TeVσ(

10
log

3− 2− 1− 0 1 2 3 4 5 6

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 T
eV

⋅
(fb

) 
10

pr
ob

. d
en

s.
 / 

lo
g

0

0.2

0.4

0.6

0.8

1

1.2

Combined, 7 + 8 TeV
pMSSM CMS

(fb)]
10

) [logSUSY
8 TeVσ(

10
log

3− 2− 1− 0 1 2 3 4 5 6

 m
as

s 
[T

eV
]

10 χ∼

0

0.2

0.4

0.6

0.8

1

1.2

1.4

su
rv

iv
al

 p
ro

ba
bi

lit
y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1Combined, 7 + 8 TeV

pMSSM CMS

Figure 11: Marginalized non-DCS distributions (first column), compared with posterior distri-
butions (second column) and survival probabilities (third column) after inclusion of the con-
sidered CMS searches, are shown for the ec0

1 mass versus gluino mass (first row), the LCSP
mass (second row), the top squark mass (third row), and the logarithm of the cross section for
inclusive sparticle production at 8 TeV (bottom row).

pMSSM in 
19-parameter 
space

Technically intense. Don’t do very often.

4-3

If no excess found

https://arxiv.org/abs/1508.06608
https://arxiv.org/abs/1608.00872
https://arxiv.org/abs/1606.03577
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Recent Results
‘Recent’ = First conference appearance after winter 2021

ATLAS:  Publication / Preliminary / Summary 
CMS:     Publication / Preliminary / Summary

Name Target Signature Ref. Experiment

  RPC searches

EWK all-hadronic Generic EWKino pair production

Phys. Rev. D 104 112010 (2021)

(arXiv: 2108.07586) ATLAS

 CMS-PAS-SUS-21-002 CMS

EWK di-higgs 4b (Higgsino→h+Gravitino LSP)2  etc. arXiv: 2201.04206 CMS

Stau all-hadronic (Stau → τ + χ̃  1  0   )2 CMS-PAS-SUS-21-001 CMS

Photon + pTmiss (Gluino→ χ̃ 1 0     → (γ/Z/h)+Gravitino LSP)2 ATLAS-CONF-2021-028 ATLAS

Zh→2L+2b+pTmiss h→ χ̃ 1 0    χ̃   2  0   → aχ̃  1 0    χ̃  1 0    @NMSSM JHEP 01 063 (2022) 
(arXiv: 2109.02447) ATLAS

  RPV searches

eµ-asymmetry RPV smuon single-prod. arXiv: 2112.08090 ATLAS

5

Full list of the results 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CONFnotes
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://doi.org/10.1103/PhysRevD.104.112010
https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
https://arxiv.org/abs/2201.04206
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-028/
https://doi.org/10.1007/JHEP01(2022)063
https://arxiv.org/abs/2109.02447
https://arxiv.org/abs/2112.08090
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EWK all-had  -  Overview

6-1

Target:  Generic EWKino pair production w/ large Δm(heavy, light)
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

�̃heavy

�̃heavy
p

p

�̃light

W/Z/h

�̃light

W/Z/h

Δm > 400GeV

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
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Large Δm(heavy, light) → charginos/neutralinos don’t mix much

6-2

Target:  Generic EWKino pair production w/ large Δm(heavy, light)
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

�̃heavy

�̃heavy
p

p

�̃light

W/Z/h

�̃light

W/Z/h

W̃ , H̃

<latexit sha1_base64="BLy6+uhZop4U+DSCs/I7nXDaSK8=">AAACDHicbZDLSsNAFIYnXmu9Rbt0M1gEF1ISqeiy6KbLCvYCbSiTyUk7dCYJMxMhhL6Cr+BW9+7Ere/g1idx2mahrT8c+PjPOZzD7yecKe04X9ba+sbm1nZpp7y7t39waB8dd1ScSgptGvNY9nyigLMI2pppDr1EAhE+h64/uZv1u48gFYujB50l4AkyiljIKNHGGtqVgWY8gLw7vSioOR3aVafmzIVXwS2gigq1hvb3IIhpKiDSlBOl+q6TaC8nUjPKYVoepAoSQidkBH2DERGgvHz+/BSfGSfAYSxNRRrP3d8bORFKZcI3k4LosVruzcx/e75YuqzDGy9nUZJqiOjicJhyrGM8SwYHTALVPDNAqGTmd0zHRBKqTX5lE4q7HMEqdC5rbr12dV+vNm6LeEroBJ2ic+Sia9RATdRCbURRhp7RC3q1nqw36936WIyuWcVOBf2R9fkDt3Sbrg==</latexit>

W̃ , H̃, B̃, G̃, ã

<latexit sha1_base64="atrAvIw7nPuIEXRj4H4Ij5FLYX0=">AAACKnicbZDLSgMxFIYzXmu9jbp0EyyCCykzUtFlqQu7rGAv0A4lk8m0oUlmSDJCGeY5fAlfwa3u3RV34oOYtkPR1h8CH/85h3Py+zGjSjvOxFpb39jc2i7sFHf39g8O7aPjlooSiUkTRyySHR8pwqggTU01I51YEsR9Rtr+6G5abz8RqWgkHvU4Jh5HA0FDipE2Vt92e5qygKTt7DKn+oJqC7pfEMr6dskpOzPBVXBzKIFcjb791QsinHAiNGZIqa7rxNpLkdQUM5IVe4kiMcIjNCBdgwJxorx09rUMnhsngGEkzRMaztzfEyniSo25bzo50kO1XJua/9Z8vrRZh7deSkWcaCLwfHGYMKgjOM0NBlQSrNnYAMKSmtshHiKJsDbpFk0o7nIEq9C6KruV8vVDpVSt5fEUwCk4AxfABTegCuqgAZoAg2fwCt7Au/VifVgT63PeumblMyfgj6zvH/h3qHo=</latexit>

LSP or NLSP mass degenerate with it

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

EWK all-had  -  Overview

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

Hadronic final state  =  More signals & More BGs 
   Usually promising at large-Δm as it can afford tight cuts to cope with the BG.

�̃heavy

�̃heavy

p

p

�̃light

W/Z/h

q/b

q/b

�̃light

W/Z/h

q/b

q/b

m(
lig
ht
)

m(heavy)

Small Δm 
Low - moderate pT  
→ Hard to reject BG 
→ Leptonic final state

Large Δm 
High pT final state particles 
→ Easy to reject BG 
→ Hadronic final state

In typical SUSY analyses

m
(h

ea
vy

) =
 m

(lig
ht

)

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

ATLAS soft 2L:       1911.12606 
ATLAS 3L:              2106.01676 
CMS soft leptons:  2111.06296 
CMS multi-lepton:  2106.14246

EWK all-had  -  Overview

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
https://arxiv.org/abs/1911.12606
https://arxiv.org/abs/2106.01676
https://arxiv.org/abs/2111.06296
https://arxiv.org/abs/2106.14246
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

BUT! Wasn’t the case for the EWK production for a long time!  
due to the small xsec at high mass

Curse of low signal 👻

Low signal

Have to look at lower mass 
(more σ)

Can only probe smaller Δm  
(Δm < mheavy)

Need tighter cuts 
(or give up & look at leptonic final states)

Poor BG rejection

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

EWK all-had  -  Overview

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
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No more 👻

6-5
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

�̃heavy

�̃heavy

p

p

�̃light

W/Z/h

q/b

q/b

�̃light

W/Z/h

q/b

q/b

Only feasible recently thanks to 
Large full-Run2 datasets + boosted boson jet tagging.

Low signal

have to look at lower mass

can only probe smaller Δm 

need tighter cuts

poor BG rejection

Sufficient amount  
of signals

First EWKino search using “qqqq” final state at LHC!

Identify the two quark cores in a “fat” jet

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

EWK all-had  -  Overview

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
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Boosted boson jet tagging

Typical efficiency   Signal: 40~50%  BG: 0.1%-1% per jet

                                    → O(103-105) improvement in S/N with 2 jets tagged

7

20

particle list has 14 layers, and the one for the SV list has 10 layers. A convolution window of
length 3 is used, and the number of output channels in each convolutional layer ranges be-
tween 32 to 128. The ResNet architecture allows for an efficient training of deep CNNs, thus
leading to a better exploitation of the correlations between the large inputs and improving the
performance. The CNNs in the first step already contain strong discriminatory ability, so the
fully connected network in the second step consists of only one layer with 512 units, followed
by a ReLU activation function and a Dropout [95] layer of 20% drop rate. The NN is imple-
mented using the MXNET package [96] and trained with the ADAM optimizer to minimize the
cross-entropy loss. A minibatch size of 1024 is used, and the initial learning rate is set to 0.001
and then reduced by a factor of 10 at the 10th and 20th epochs to improve convergence. The
training completes after 35 epochs. A sample of 50 million jets is used, of which 80% are used
for training and 20% for validation. Jets from different signal and background samples are
reweighted to yield flat distributions in pT to avoid any potential bias in the training process.
The DeepAK8 algorithm is designed for jets with pT > 200 GeV and typical operating regions
for which the misidentification rate is greater than 0.1%.

………

 particles, ordered by pT

fe
at

ur
es

Particles

1D CNN
(10 layers)

………

 SVs, ordered by SIP2D

fe
at

ur
es

Secondary Vertices

Fully 
connected

(1 layer)

Output

1D CNN
(14 layers)

filter

filter

Figure 9: The network architecture of DeepAK8.

6.7.1 A mass-decorrelated version of DeepAK8

As will be discussed in Section 7, background jets selected by the DeepAK8 algorithm exhibit
a modified mass distribution similar to that of the signal. The mass of a jet is one of the most
discriminating variables and, although it is not directly used as an input to the algorithm, the
CNNs are able to extract features that are correlated to the mass to improve the discrimination
power. However, such modification of the mass distribution may be undesirable (as described
in Ref. [15]) if the mass variable itself is used for separating signal and background processes.
Thus, an alternative DeepAK8 algorithm, “DeepAK8-MD”, is developed to be largely decor-
related with the mass of a jet, while preserving the discrimination power as much as possible
using an adversarial training approach [97]. Jets from different signal and background samples
are also weighted to yield flat distributions in both pT and mSD to aid the training.

The architecture of DeepAK8-MD is shown in Fig. 10. Compared to the nominal version of
DeepAK8, a mass prediction network is added with the goal of predicting the mass of a back-
ground jet from the features extracted by the CNNs. The mass prediction network consists of 3
fully-connected layers, each with 256 units and a SELU activation function [98]. It is trained to
predict the mSD of background jets to the closest 10 GeV value between 30 and 250 GeV by min-
imizing the cross-entropy loss. When properly trained, the mass prediction network becomes
a good indicator of how strongly the features extracted by the CNNs are correlated with the
mass of a jet, because the stronger the correlation is, the more accurate the mass prediction will
be. With the introduction of the mass prediction network, the training target of the algorithm
can be modified to include the accuracy of the mass prediction for the background jets as a
penalty, therefore preventing the CNNs from extracting features that are correlated with the

e.g. CMS: Anti-kt R=0.8 + DNN

CMS: 
JINST 15 (2020) P06005
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Figure 17: The distribution of eB as a function of the generated particle pT for a working point
corresponding to eS = 30 (50)% for t quark (W/Z/H boson) identification. Upper left: t quark,
upper right: W boson, lower left: Z boson, lower right: H boson. The error bars represent
the statistical uncertainty in each specific bin, due to the limited number of simulated events.
Additional fiducial selection criteria applied to the jets are listed in the plots.

“DeepAK8”

CNN1: Extract jet substructure → 1-/2-/3-subjet “cores” 
               Input: jet particle level features 

               Multi-class output: W,Z,h

CNN2: Flavor-tagging at the same time (Z→qq vs bb etc.) 
Small ~ moderate pileup dependency (very cool)

ATLAS:

  W/Z→qq:  ATL-PHYS-PUB-2020-017

  Z/h→bb:   ATL-PHYS-PUB-2017-010

c.f. normal jets: R=0.4

R :=
p

(�⌘)2 + (��)2

<latexit sha1_base64="PrbkNMQ4dqglbh8sAjStGTcxKRE=">AAACInicbVDLSgNBEJz1GeMr6tHLYBAUIeyGiCIIQT14jGJUcNcwO+k1Q2YfzvQKYck3+BP+gle9exNPgie/xMlD0GjBQHVVN91TfiKFRtt+t8bGJyanpnMz+dm5+YXFwtLyuY5TxaHOYxmrS59pkCKCOgqUcJkoYKEv4cJvH/b8iztQWsTRGXYS8EJ2E4lAcIZGahQ2T+nePnX1rcJswz0CicwFZJvX5a3vMmkJU3YbhaJdsvugf4kzJEUyRK1R+HSbMU9DiJBLpvWVYyfoZUyh4BK6eTfVkDDeZjdwZWjEQtBe1v9Sl64bpUmDWJkXIe2rPycyFmrdCX3TGTJs6VGvJ/7r+eHIZgx2vUxESYoQ8cHiIJUUY9rLizaFAo6yYwjjSpjbKW8xxTiaVPMmFGc0gr/kvFxyKqXtk0qxejCMJ0dWyRrZIA7ZIVVyTGqkTji5J4/kiTxbD9aL9Wq9DVrHrOHMCvkF6+MLjVuixg==</latexit>

https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2724149
https://cds.cern.ch/record/2268678
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Figure 10: Summary of the observed data and predicted SM background in all SRs. The background prediction in
SR-4Q (SR-2B2Q) is obtained by a background-only fit to CR0L-4Q (CR0L-2B2Q). The total systematic uncertainty
in the background prediction is shown by the hatched area. Distributions of a few representative signals are overlaid.
For the (e, , e⌫)-SIM models, the label (900, 100) GeV indicates (<(ej±

1 ),<(ej0
1)). The bottom panel shows the

statistical significance of the discrepancy between the observed number of events and the SM expectation, following
the prescription described in Ref. [158].
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

Electroweakino searches WW , WZ , WH: CMS-PAS-SUS-21-002
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! b tag search region requires at least one
AK4 b tag

! Sensitive to WH and to WZ

! Use W tagger and bb̄ tagger to define
search regions

! Background from top production becomes
important here

! Use tagger veto to define control regions,
and also use events with one charged
lepton for more control regions

! Lepton control regions constrain top
backgrounds, tag-veto control regions
constrain 0-res backgrounds

Jon S. Wilson (BU) CMS hadronic SUSY Lepton Photon 21, 2022-01-11 10 / 15

No significant excess found

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

Selection:    pTmiss >200GeV, Δφ(ETmiss, jets)>0.3-1.5, hard jet kinematics etc.

   ATLAS:  SRs segmented based on di-boson species (WW, WZ, Wh, ZZ, Zh, OR of them)


   CMS:      + binned in ETmiss


BG:  W(→ℓν)/Z(→νν)+jets (“0 resonance”, 70-90%)

         V(→ℓν)V(→qq)+jets, ttbar etc. (“1 resonance”, 10-25%)

         Z(→νν)VV(→qqqq), ttbar+X etc. (“irreducible”, <10%)


   ATLAS:   VRs in 1-lepton & 1-photon regions


   CMS:      VRs defined by loosening the boson tagging

>=1 “Fake boson jets” 
   Semi-data-driven.  
   CR = boson tagging inverted

=2 real boson jets 
  Directly estimated from MC

EWK all-had  -  Selection & BG

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116
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Figure 4: Expected and observed 95% CL upper limits on the production cross section for
ec±

1 ec⌥
1 production assuming they each decay to a W boson (upper left) and ec±

1 ec0
2 production

assuming they decay to a W boson and a Z boson (upper right) or to a W boson and a H
boson (lower left and lower right). In the upper plots and the lower left plot, the red (black)
contours represent the expected (observed) mass exclusion limits. Mass exclusion limits are
computed assuming wino-like cross sections. In the lower right plot the ec0

1 mass is assumed
to be 1 GeV and the red and blue curves correspond to wino-like and higgsino-like production
cross sections, respectively. For the higgsino cross section curve, ec±

1 , ec0
2, and ec0

3 are considered
mass degenerate with an effective cross section equal to the sum of the ec±

1 ec0
2 and ec±

1 ec0
3 cross

sections.

Using wino-like pair production cross sections, 95% confidence level (CL) mass exclusions are
derived. For signals with WW, WZ, or WH final states, the NLSP mass exclusion limit for low-
mass LSPs extends up to 670, 760, and 970 GeV, respectively. When we consider models includ-
ing both wino-like NLSP ec±

1 ec0
2 and ec±

1 ec⌥
1 production with either ec0

2 ! Z ec0
1 or ec0

2 ! H ec0
1, the

NLSP mass exclusion extends up to 870 and 960 GeV, respectively. These mass exclusions are
the most stringent constraints to date set by CMS at high NLSP masses. Results are also shown
using the higgsino-like chargino-neutralino pair production cross section for signal events with
a WH pair in the final state. NLSP masses between 325 and 850 GeV are expected to be excluded
at 95% CL under the standard model hypothesis; however, the observed cross section upper
limits lie mostly below the theoretical cross section because of a modest excess in data.
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Figure 4: Expected and observed 95% CL upper limits on the production cross section for
ec±

1 ec⌥
1 production assuming they each decay to a W boson (upper left) and ec±

1 ec0
2 production

assuming they decay to a W boson and a Z boson (upper right) or to a W boson and a H
boson (lower left and lower right). In the upper plots and the lower left plot, the red (black)
contours represent the expected (observed) mass exclusion limits. Mass exclusion limits are
computed assuming wino-like cross sections. In the lower right plot the ec0

1 mass is assumed
to be 1 GeV and the red and blue curves correspond to wino-like and higgsino-like production
cross sections, respectively. For the higgsino cross section curve, ec±

1 , ec0
2, and ec0

3 are considered
mass degenerate with an effective cross section equal to the sum of the ec±

1 ec0
2 and ec±

1 ec0
3 cross

sections.

Using wino-like pair production cross sections, 95% confidence level (CL) mass exclusions are
derived. For signals with WW, WZ, or WH final states, the NLSP mass exclusion limit for low-
mass LSPs extends up to 670, 760, and 970 GeV, respectively. When we consider models includ-
ing both wino-like NLSP ec±

1 ec0
2 and ec±

1 ec⌥
1 production with either ec0

2 ! Z ec0
1 or ec0

2 ! H ec0
1, the

NLSP mass exclusion extends up to 870 and 960 GeV, respectively. These mass exclusions are
the most stringent constraints to date set by CMS at high NLSP masses. Results are also shown
using the higgsino-like chargino-neutralino pair production cross section for signal events with
a WH pair in the final state. NLSP masses between 325 and 850 GeV are expected to be excluded
at 95% CL under the standard model hypothesis; however, the observed cross section upper
limits lie mostly below the theoretical cross section because of a modest excess in data.
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Figure 4: Expected and observed 95% CL upper limits on the production cross section for
ec±

1 ec⌥
1 production assuming they each decay to a W boson (upper left) and ec±

1 ec0
2 production

assuming they decay to a W boson and a Z boson (upper right) or to a W boson and a H
boson (lower left and lower right). In the upper plots and the lower left plot, the red (black)
contours represent the expected (observed) mass exclusion limits. Mass exclusion limits are
computed assuming wino-like cross sections. In the lower right plot the ec0

1 mass is assumed
to be 1 GeV and the red and blue curves correspond to wino-like and higgsino-like production
cross sections, respectively. For the higgsino cross section curve, ec±

1 , ec0
2, and ec0

3 are considered
mass degenerate with an effective cross section equal to the sum of the ec±

1 ec0
2 and ec±

1 ec0
3 cross

sections.

Using wino-like pair production cross sections, 95% confidence level (CL) mass exclusions are
derived. For signals with WW, WZ, or WH final states, the NLSP mass exclusion limit for low-
mass LSPs extends up to 670, 760, and 970 GeV, respectively. When we consider models includ-
ing both wino-like NLSP ec±

1 ec0
2 and ec±

1 ec⌥
1 production with either ec0

2 ! Z ec0
1 or ec0

2 ! H ec0
1, the

NLSP mass exclusion extends up to 870 and 960 GeV, respectively. These mass exclusions are
the most stringent constraints to date set by CMS at high NLSP masses. Results are also shown
using the higgsino-like chargino-neutralino pair production cross section for signal events with
a WH pair in the final state. NLSP masses between 325 and 850 GeV are expected to be excluded
at 95% CL under the standard model hypothesis; however, the observed cross section upper
limits lie mostly below the theoretical cross section because of a modest excess in data.
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Figure 4: Expected and observed 95% CL upper limits on the production cross section for
ec±

1 ec⌥
1 production assuming they each decay to a W boson (upper left) and ec±

1 ec0
2 production

assuming they decay to a W boson and a Z boson (upper right) or to a W boson and a H
boson (lower left and lower right). In the upper plots and the lower left plot, the red (black)
contours represent the expected (observed) mass exclusion limits. Mass exclusion limits are
computed assuming wino-like cross sections. In the lower right plot the ec0

1 mass is assumed
to be 1 GeV and the red and blue curves correspond to wino-like and higgsino-like production
cross sections, respectively. For the higgsino cross section curve, ec±

1 , ec0
2, and ec0

3 are considered
mass degenerate with an effective cross section equal to the sum of the ec±

1 ec0
2 and ec±

1 ec0
3 cross

sections.

Using wino-like pair production cross sections, 95% confidence level (CL) mass exclusions are
derived. For signals with WW, WZ, or WH final states, the NLSP mass exclusion limit for low-
mass LSPs extends up to 670, 760, and 970 GeV, respectively. When we consider models includ-
ing both wino-like NLSP ec±

1 ec0
2 and ec±

1 ec⌥
1 production with either ec0

2 ! Z ec0
1 or ec0

2 ! H ec0
1, the

NLSP mass exclusion extends up to 870 and 960 GeV, respectively. These mass exclusions are
the most stringent constraints to date set by CMS at high NLSP masses. Results are also shown
using the higgsino-like chargino-neutralino pair production cross section for signal events with
a WH pair in the final state. NLSP masses between 325 and 850 GeV are expected to be excluded
at 95% CL under the standard model hypothesis; however, the observed cross section upper
limits lie mostly below the theoretical cross section because of a modest excess in data.

EWK all-had - Simplified model limits
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 
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(b) C1N2-WZ
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(c) C1N2-Wh

Figure 15: Exclusion limits for (e, , e⌫)-SIM as a function of the produced wino mass <(ej±
1 /ej0

2) and the bino LSP
mass <(ej0

1). Expected (dashed) and observed (solid) 95% CL exclusion limits on (e, , e⌫) simplified models are
shown for (a) C1C1-WW, (b) C1N2-WZ, and (c) C1N2-Wh. The limits from the previous ATLAS searches on
C1C1-WW [23], C1N2-WZ [24], and C1N2-Wh [29] are shown by the shaded areas.
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Figure 15: Exclusion limits for (e, , e⌫)-SIM as a function of the produced wino mass <(ej±
1 /ej0

2) and the bino LSP
mass <(ej0

1). Expected (dashed) and observed (solid) 95% CL exclusion limits on (e, , e⌫) simplified models are
shown for (a) C1C1-WW, (b) C1N2-WZ, and (c) C1N2-Wh. The limits from the previous ATLAS searches on
C1C1-WW [23], C1N2-WZ [24], and C1N2-Wh [29] are shown by the shaded areas.
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(c) C1N2-Wh

Figure 15: Exclusion limits for (e, , e⌫)-SIM as a function of the produced wino mass <(ej±
1 /ej0

2) and the bino LSP
mass <(ej0

1). Expected (dashed) and observed (solid) 95% CL exclusion limits on (e, , e⌫) simplified models are
shown for (a) C1C1-WW, (b) C1N2-WZ, and (c) C1N2-Wh. The limits from the previous ATLAS searches on
C1C1-WW [23], C1N2-WZ [24], and C1N2-Wh [29] are shown by the shaded areas.

36

Great leap toward  
the high mass

ATLAS vs CMS: 
Similar or complementary

ATLAS:  Phys. Rev. D 104 112010 (2021)

CMS:     CMS-PAS-SUS-21-002

https://arxiv.org/abs/2108.07586
https://cds.cern.ch/record/2779116


Shion Chen                     SUSY Searches at LHC  -  La Thuile 2022

EWK all-had - “Less-simplified” model limits

10-1

combinations of ("2, `, tan V) where "2 2 [0, 1.2] TeV, ` 2 [�1.2, 1.2] TeV, and tan V = 2, 5, 10, 30 are
considered.

The vast majority of the previous electroweakino searches at the LHC have targeted the simplified (e, , e⌫)
model, where only a specific production channel and decay mode are considered (detailed in Section 4.2.2).
For ej±

1 ej⌥
1 production with decays into ,, , <(ej±

1 ) < 400 GeV is excluded for <(ej0
1) < 200 GeV [23, 31].

For ej±
1 ej0

2 production, <(ej±
1 /ej0

2) < 640 GeV is excluded for <(ej0
1) < 300 GeV when the ej0

2 is assumed
to decay into / and ej0

1 with 100% probability [24–26, 32, 33]. Alternatively, <(ej±
1 /ej0

2) < 740 GeV is
excluded for <(ej0

1) < 250 GeV [27–29, 34–36] when the ej0
2 decays solely into ⌘ and ej0

1 .

Figure 2: The electroweakino mass spectra and corresponding mass eigenstates in each model in the bino/wino/higgsino
LSP scenario. The solid (dashed) arrows represent the decay modes emitting a , (/ or ⌘) boson. A , boson is
generated when a chargino decays into a neutralino or vice versa; a / or ⌘ boson is emitted when a chargino decays
into a chargino or a neutralino decays into a neutralino.

2.2 GGM/naturalness-driven gravitino LSP model: ( eN, eM)

General gauge mediation (GGM), a class of SUSY breaking scenarios characterized by a messenger sector
to which only SM gauge bosons can couple, typically predicts a nearly massless gravitino (e⌧) as the LSP.
Motivated also by the naturalness argument, the production of a relatively light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1)
decaying into a gravitino LSP has been explored at ATLAS [30, 37] and CMS [33], as illustrated in
Figure 3(a). All of the four production modes are considered together: ej±

1 ej⌥
1 , ej±

1 ej0
1 , ej±

1 ej0
2 , ej0

1ej0
2 . A

moderately small higgsino–gravitino coupling is considered in this analysis, where the produced heavy
higgsinos (ej±

1 /ej0
2) always decay into a gravitino via the lightest neutral higgsino (ej0

1), while the ej0
1 still has

a short enough lifetime to be regarded as decaying promptly. In this model, the ej0
1 decays into a gravitino

and either a / or ⌘ boson, where the branching ratio B(ej0
1 ! /

e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)) is treated as a

free parameter and scanned in the limit setting. The previous searches have excluded masses of ej0
1 lighter

than 650–880 GeV depending on the branching ratio [30, 33, 37].

2.3 Naturalness-driven axino LSP model: ( eN, ã)

While the QCD Lagrangian generally allows for CP violation, the absence of such observation suggests a
highly unnatural tuning of the parameters in the theory, referred to as the “strong CP problem”. The Peccei–
Quinn mechanism aims to solve this problem by introducing an additional chiral U(1) symmetry [62].
Through its spontaneous symmetry breaking, the CP-violating term vanishes dynamically, leaving a
Nambu–Goldstone boson known as the axion [63, 64]. In the SUSY extension, the axino is introduced
as the superpartner of the axion. A model including a light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1) decaying into an

6

e.g. Bino LSP
Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].

Model Production Final states SRs simultaneously fitted Branching ratio
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provided by a system of three superconducting air-core toroidal magnets with eight coils each. The field
integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.

4 Data and Monte Carlo simulation

4.1 Data sample

The data events used in the analysis are from proton–proton collisions at
p
B = 13 TeV, recorded during

stable beam conditions at the LHC during 2015–2018. The collected dataset corresponds to an integrated
luminosity of 139 fb�1 after applying the data quality criteria [73]. The primary dataset was collected
by triggers targeting large missing transverse momentum [74]. Events were accepted when the ⇢

miss
T
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accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
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4.1 Data sample

The data events used in the analysis are from proton–proton collisions at
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B = 13 TeV, recorded during

stable beam conditions at the LHC during 2015–2018. The collected dataset corresponds to an integrated
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Consider all the  
prod. modes

Simultaneously target  
different di-boson signals

Scan the floating BRs 
(or the MSSM parameters dictating them)
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-

Phys. Rev. D 104 112010 (2021)
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✔ Realistic limit for these particular mass hierarchies 
✔ Small BR(→Z) vs BR(→h) dependency thanks to 

    that W/Z/h could be treated inclusively in the analysis.
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Figure 12: Exclusion limits for the (e, , e⌫) and ( e�, e⌫) models shown as a function of the wino/higgsino chargino
mass <(ej±

1 ) and the bino LSP mass <(ej0
1). The (a) expected and (b) observed limits for various B(ej0

2 ! /ej0
1)

hypotheses are overlaid. The outer and inner bundles correspond to the limits for the (e, , e⌫) and ( e�, e⌫) models
respectively. The limits set on the ( e�, e⌫) models are highly consistent and thus the contour lines are highly overlapped.
Expected (dashed) and observed (solid red) 95% CL exclusion limits are shown for the (c) (e, , e⌫) and (d) ( e�, e⌫)
models with a representative branching ratio B(ej0

2 ! /ej0
1) = 50%.

To summarize, a wino mass between 400 GeV and 1060 GeV is excluded for the wino production models
for <(ej0

1) < 400 GeV; and a higgsino mass between 450 GeV and 900 GeV is excluded for the higgsino
production models for <(ej0

1) < 240 GeV.
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Expected (dashed) and observed (solid red) 95% CL exclusion limits are shown for the (c) (e, , e⌫) and (d) ( e�, e⌫)
models with a representative branching ratio B(ej0

2 ! /ej0
1) = 50%.

To summarize, a wino mass between 400 GeV and 1060 GeV is excluded for the wino production models
for <(ej0

1) < 400 GeV; and a higgsino mass between 450 GeV and 900 GeV is excluded for the higgsino
production models for <(ej0

1) < 240 GeV.
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Figure 13: Expected (dashed green lines) and observed (green band) 95% CL exclusion limits on the //⌘-funnel
dark matter model described in Section 2.1, where the mass of bino-like LSP (ej0

1) is (a) half of the / boson
mass (42.6 GeV) or (b) half of the ⌘ boson mass (62.5 GeV). The areas surrounded by the green bands or dashed
lines represent the excluded range of ej0

2 . The overlaid red solid (blue dashed) line indicates for ` > 0 (` < 0) the ej0
2

mass that reproduces the observed dark matter relic density (⌦⌘
2 = 0.12) as function of tan V [55]; below (above)

these lines the predicted dark matter relic density is too small (too large).
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mLSP = mh/2

Bonus:  Re-interpretation on the “Z/h-funnel” DM scenarios

              Strongest limit for tanβ>10 including direct experiments

23

S
U

S
Y
 –

 a
 r

e
v
ie

w
 o

f 
th

e
 r

e
s
u
lt
s
 f
ro

m
 t

h
e
 L

H
C

 e
x
p
e
ri
m

e
n
ts

LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-

Phys. Rev. D 104 112010 (2021)EWK all-had - “Less-simplified” model limits

https://arxiv.org/abs/2108.07586
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Di-higgs(→4b) + pTmiss

GMSB/naturalness inspired

Higgsino NLSP→Gravitino LSP

Gluino→Wino/Higgsino NLSP→Bino LSP

Dedicated searches for EWKinos decaying via di-higgs→4b 

Selection:   3 or 4 b-tagged anti-kt R=0.4 jets, binned in pTmiss.


  Two sub-categories: 
  ○ “Resolved”: Targeting small Δm, reconstructing h→bb by pairing anti-kt R=0.4 jets.

                          Based on minimizing the mass diff. between the 2 higgs candidates.


  ○ “Boosted”: Targeting larger Δm, reconstructing h→bb by tagging a single anti-kt R=0.8 jets.

                         Deep learning bb-tagging:  90% efficiency for h→bb (5% for LF quark jets).

                         #(boosted higgs candidate) = 1 or 2.
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Figure 1: Diagrams for (left) the TChiHH-G signal model, ec0
1 ec0

1 ! HH eG eG, in which the ec0
1 NL-

SPs are produced indirectly through the cascade decays of several combinations of neutralinos
and charginos, as described in the text; (center) TChiHH, in which the electroweak produc-
tion of two neutralinos leads to two Higgs bosons and two neutralinos (ec0

1); (right) T5HH, the
strong production of a pair of gluinos, each of which decays via a three-body process to quarks
and a neutralino, with the neutralino subsequently decaying to a Higgs boson and a ec0

1 LSP.
In each diagram, the hatched circle represents the sum of processes that can lead to the SUSY
particles shown.

is the goldstino. In a broad range of scenarios in which SUSY breaking is mediated at a low
scale, such as gauge-mediated supersymmetry breaking (GMSB) models [72, 73], the goldstino
is nearly massless on the scale of the other particles and is the LSP. The ec0

1 is then the next-to-
lightest supersymmetric particle (NLSP) [74]. The NLSPs are produced in the cascade decays
of several different combinations of neutralinos and charginos, and the goldstino is taken to
be approximately massless. An important case arises when the lighter neutralinos ec0

1,2 and
charginos ec±

1 are dominated by their higgsino content and, as a consequence, are nearly mass
degenerate. In this case, all of their cascade decays can lead to the production of the NLSP and
soft particles. Integrating over the contributions from the allowed combinations of produced
charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 , ec±

1 ec⌥
1 ) leads to an effective rate for ec0

1 ec0
1 pro-

duction [75, 76] that is significantly larger than that for any of the individual primary pairs. We
assume a branching fraction of 100% for ec0

1 ! H eG.

In the TChiHH simplified model (Fig. 1, center), two higgsinos ec0
2 and ec0

3 are produced. The
ec0

1 is the LSP, assumed to be a bino (the superpartner of the SM boson corresponding to the
U(1) weak hypercharge gauge field B), while ec0

2 and ec0
3, nearly degenerate in mass, are the

NLSPs. The other higgsinos have allowed decay channels, such as ec±
1 ! W± ec0

1, that do not
lead to Higgs bosons. This type of mass hierarchy can arise in various scenarios, as discussed
in Refs. [77, 78]. Unlike in the TChiHH-G simplified model described above, where the heavier
higgsino states were assumed to decay directly to the lightest one, here only the exclusive
ec0

2 ec0
3 higgsino production cross section contributes; we are not sensitive to the other higgsino

production channels ec±
1 ec⌥

1 , ec±
1 ec0

3, and ec±
1 ec0

2. (The identical-particle combinations ec0
2 ec0

2 and
ec0

3 ec0
3 are not produced because their couplings to the Z boson are suppressed [78].) The cross

section for ec0
2 ec0

3 alone is about 17% of that for the sum of all six higgsino cross sections [75, 76].

Some SUSY models [79, 80] predict production rates for energetic Higgs bosons that are greater
in gluino cascade decays than in direct higgsino production, because of the much larger strong
production cross section for gluinos. Figure 1 (right) corresponds to a model (T5HH) in which
two gluinos are produced, each of which decays via a three-body process to a quark, an anti-
quark, and a ec0

2. The ec0
2 decays to a Higgs boson and a ec0

1, which is taken to be the LSP.

This paper is organized as follows. Section 2 provides an overview of the analysis strategy,
while Sections 3 and 4 describe the CMS detector and the simulated event samples, respec-
tively. The event triggers and reconstruction of the data are presented in Section 5, while event
selection and the reconstruction of Higgs boson candidates are discussed in Section 6. The
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Figure 1: Diagrams for (left) the TChiHH-G signal model, ec0
1 ec0

1 ! HH eG eG, in which the ec0
1 NL-

SPs are produced indirectly through the cascade decays of several combinations of neutralinos
and charginos, as described in the text; (center) TChiHH, in which the electroweak produc-
tion of two neutralinos leads to two Higgs bosons and two neutralinos (ec0

1); (right) T5HH, the
strong production of a pair of gluinos, each of which decays via a three-body process to quarks
and a neutralino, with the neutralino subsequently decaying to a Higgs boson and a ec0

1 LSP.
In each diagram, the hatched circle represents the sum of processes that can lead to the SUSY
particles shown.

is the goldstino. In a broad range of scenarios in which SUSY breaking is mediated at a low
scale, such as gauge-mediated supersymmetry breaking (GMSB) models [72, 73], the goldstino
is nearly massless on the scale of the other particles and is the LSP. The ec0

1 is then the next-to-
lightest supersymmetric particle (NLSP) [74]. The NLSPs are produced in the cascade decays
of several different combinations of neutralinos and charginos, and the goldstino is taken to
be approximately massless. An important case arises when the lighter neutralinos ec0

1,2 and
charginos ec±

1 are dominated by their higgsino content and, as a consequence, are nearly mass
degenerate. In this case, all of their cascade decays can lead to the production of the NLSP and
soft particles. Integrating over the contributions from the allowed combinations of produced
charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 , ec±

1 ec⌥
1 ) leads to an effective rate for ec0

1 ec0
1 pro-

duction [75, 76] that is significantly larger than that for any of the individual primary pairs. We
assume a branching fraction of 100% for ec0

1 ! H eG.

In the TChiHH simplified model (Fig. 1, center), two higgsinos ec0
2 and ec0

3 are produced. The
ec0

1 is the LSP, assumed to be a bino (the superpartner of the SM boson corresponding to the
U(1) weak hypercharge gauge field B), while ec0

2 and ec0
3, nearly degenerate in mass, are the

NLSPs. The other higgsinos have allowed decay channels, such as ec±
1 ! W± ec0

1, that do not
lead to Higgs bosons. This type of mass hierarchy can arise in various scenarios, as discussed
in Refs. [77, 78]. Unlike in the TChiHH-G simplified model described above, where the heavier
higgsino states were assumed to decay directly to the lightest one, here only the exclusive
ec0

2 ec0
3 higgsino production cross section contributes; we are not sensitive to the other higgsino

production channels ec±
1 ec⌥

1 , ec±
1 ec0

3, and ec±
1 ec0

2. (The identical-particle combinations ec0
2 ec0

2 and
ec0

3 ec0
3 are not produced because their couplings to the Z boson are suppressed [78].) The cross

section for ec0
2 ec0

3 alone is about 17% of that for the sum of all six higgsino cross sections [75, 76].

Some SUSY models [79, 80] predict production rates for energetic Higgs bosons that are greater
in gluino cascade decays than in direct higgsino production, because of the much larger strong
production cross section for gluinos. Figure 1 (right) corresponds to a model (T5HH) in which
two gluinos are produced, each of which decays via a three-body process to a quark, an anti-
quark, and a ec0

2. The ec0
2 decays to a Higgs boson and a ec0

1, which is taken to be the LSP.

This paper is organized as follows. Section 2 provides an overview of the analysis strategy,
while Sections 3 and 4 describe the CMS detector and the simulated event samples, respec-
tively. The event triggers and reconstruction of the data are presented in Section 5, while event
selection and the reconstruction of Higgs boson candidates are discussed in Section 6. The
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

arXiv: 2201.04206

ROC Comparison 
DeepDoubleBvL
Figure 1. Performance of the double-b and
the DeepDoubleBvL quark-antiquark pair jet
identification algorithms demonstrating the
probability of misidentifying QCD jets as a
function of the tagging efficiency. These
receiver operating characteristic curves are
obtained from a combined sample of QCD
and Hbb.

7/5/2018 7

CMS-DP-2018-046

https://arxiv.org/abs/2201.04206
https://cds.cern.ch/record/2630438?ln=en
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Electroweakino searches HH +MET: CMS-PAS-SUS-20-004
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! Split events according to H

boson pT, missing pT, number of
reconstructed candidates, and
(for low pT case) largest dijet
separation

! Estimate backgrounds using
control regions and simulation

! Low pT backgrounds dominated
by top pair production

! High pT backgrounds dominated
by QCD and top

! No more than modest excess in
one or two bins

Jon S. Wilson (BU) CMS hadronic SUSY Lepton Photon 21, 2022-01-11 13 / 15

Di-higgs(→4b) + pTmiss

12

BG:  ttbar+X, Z(→νν)+jets estimated by ABCD method 
   ○ Resolved:   mbb (window vs sideband)  vs  nb-jet (2b vs 3-4b)                         

   ○ Boosted:    mH (window vs sideband)  vs  nH (0 vs 1-2) 


No significant excess found. 

✔ Most stringent limit on a few models involving neutralinos with large BR(→h)

    GGM Higgsino→h+Gravitino LSP,  Gluino→heavy neutralino→h+LSP etc.
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Figure 11: Observed and expected upper limits at 95% CL on the cross section for the GMSB-
motivated simplified model TChiHH-G. The symbol Xsoft in the legend represents low-energy
particles emitted in the transitions to the ec0

1 NLSPs. The dashed black line with green and
yellow bands shows the expected limit with its 1- and 2-s.d. uncertainties, while the solid
black line shows the observed limit. The theoretical cross section is indicated by the dashed red
line under the assumption that the decay chains leading to the ec0

1 ec0
1 intermediate state include

a degenerate set of all charginos and neutralinos, and by the dotted magenta line under the
assumption that only the combination ec0

1 ec0
2 contributes.

sensitive is about 800 GeV for the expected limits, and 600 GeV for the observed limits since the
SRs of the boosted signature show no excess in the data.

For the TChiHH model (Fig. 1, center) the cross section limit is presented in Fig. 13 as a function
of the independent masses m(ec0

2) and m(ec0
1). While the expected limit would exclude a sub-

stantial region of this plane, the observed exclusion is limited to a small region where m(ec0
1) is

less than 15 GeV, again because of the single-bin excess. For m(ec0
1) = 1 GeV the excluded range

of m(ec0
2) is 265–305 GeV.

Figure 14 shows the cross section upper limit as a function of m(eg) for the T5HH model (Fig. 1,
right) of gluino pair production with a ec0

2 NLSP slightly less massive than the gluino and a light
LSP. Masses m(eg) < 2330 GeV are excluded. This is the strongest mass limit for this model to
date, extending a previous CMS result [51], which excluded m(eg) < 2010 GeV. Most of the
sensitivity to this model is provided by the boosted signature. This reflects the choice of large
NLSP mass, which leads to energetic H boson daughters.

global 1.9σ

1020GeV
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

arXiv: 2201.04206

https://arxiv.org/abs/2201.04206
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eµ-asymmetry search

1 Introduction

Under the Standard Model of particle physics, the ratio of the production cross section of a positron and
muon together in a proton–proton interaction is expected to be very similar to the production cross section
for an electron and anti-muon. This similarity is a consequence of the lepton flavour universality of the
electroweak boson interactions that produce these leptons, in combination with charge conservation and the
relatively low mass of these leptons with respect to the mass of the electroweak bosons. As was explored
in Ref. [1], measuring the ratio of these cross sections can serve as an experimental test of this aspect
of the Standard Model (SM) and could have sensitivity to physics Beyond the Standard Model (BSM).
Specifically, the ratio:

d ⌘
f(?? ! 4

+
`
�
+ -)

f(?? ! 4
�
`
+ + -)

(1)

is defined, where the leptons are all taken to be promptly produced in the primary interaction1. Scenarios
are considered where the presence of a BSM process would bias d to be significantly greater than one
(more 4

+
`
� than 4

�
`
+). Two concrete examples of such BSM models are considered in this Letter. The

first is an '-parity-violating supersymmetry model. As was noted in Ref. [1], a non-zero '-parity-violating
_
0

231 coupling (defined in Refs. [2–4]) linking smuons to top and down quarks could easily drive d > 1 as
the proton’s down quarks would result in
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The second model considered to drive d > 1 is a scalar leptoquark with couplings permitting (1 ! D4
�

and (1 ! 2`
�. In that case, processes such as

D
(1

D

6
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�

2

4
+

would be favoured over charge conjugates.

1 The - in Eq. (1) contains no further prompt leptons.
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Most of di-leptonic SM process: ρ~1 
   ○ Experimental effects often bias to ρ<1 (e.g. efake > µfake)  → Search for ρ>1


   ○ Test of ρ on top of the cut & count at the SM tail → can differentiate the BSM model.


Selection:   Large pTmiss & large ΣmT selection → Measure ρ in each bin of mT2 or HP variable.


BG:              ttbar, di-boson
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-

New analysis at LHC!
arXiv: 2112.08090

SUSY benchmark:   RPV smuon single-production
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Figure 2: Distributions of data in the 4+`� and 4
�
`
+ channels of the general signal regions, binned in "T2 for ��-���,

and �P for ��-���, to correspond to the ratio measurement binning. The data has the muon charge and sagitta-bias
corrections applied and corresponding uncertainties are added in quadrature in the error bar with the statistical
uncertainty of the data. The fake-lepton background estimate is also shown, along with its uncertainty components
added in quadrature, illustrating larger yields in the 4

�
`
+ channel as expected. The lower panel shows the fraction

that each SM process contributes to the total SM background in each bin, estimated using standard MC simulations.
The dominant background is CC̄, whilst the importance of the fake-lepton background increases in higher bins of each
variable. Benchmark RPV-supersymmetry signal models are shown for ��-���, and benchmark scalar leptoquark
models are shown for ��-���, which all strongly favour the 4

+
`
� final state over 4�`+, as expected.

where the expectation in each bin is the combination of a fake-lepton background estimate, �+�/�+

8
, and a

total SM expectation, #exp,8 , which is a floating parameter in the likelihood. Uncertainties associated with
the Likelihood Matrix Method estimate and the non-closure uncertainty in the fake-lepton background
estimate are included by parameterising �

+�/�+

8
with Gaussian-constrained nuisance parameters, U. Muon

charge and sagitta-bias corrections are already applied to the observed yields,5 Æ#
+�/�+

obs,i , with the relative

uncertainties on these corrections included in the F+�/�+

8
( Æ\) term and corresponding Guassian-constrained

nuisance parameters on the expected yields, \ 9 . The ‘residual-bias’ uncertainty is included in the same
manner. A global ratio measurement from combining all bins in a region gives d = 0.987+0.022

�0.021 for ��-���
and ��-���. The binned measured ratios (maximum-likelihood estimators of d8) are shown in Figure 3.
In the lower bins of these variables the residual-bias uncertainty dominates; in the final two bins of "T2

and three bins of �P the fake-lepton and statistical uncertainties dominate. Figure 3 also shows one-sided
p-values for a hypothesis test of d = 1 using a modified profile-likelihood-ratio test statistic that equals
zero when d8  1, calculated using asymptotic approximations [48]. No significant upward deviation from

5 These corrections are su�ciently close to unity to support the Poisson modelling assumption for the corrected yields (further
evidence can be seen in Table 1).
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λ’231>0 → µL production

Other target: leptoquarks

µL NLSP &  
mLSP < mtop  → no RPV decay

contain at least one jet with transverse momentum greater than 20 GeV.

The signal-optimised regions, however, make use of three more flavour-symmetric event variables: S, "T2

and �P.

• S is the so-called ‘object-based Æ?
miss
T significance’ defined in Eq. (15) of Ref. [46]. It is a

dimensionless measure of the degree to which the apparent missing transverse momentum in the
event is ‘real’ (i.e. attributable to momentum carried away by invisible particles) rather than due to
object mismeasurement or pile-up.

• "T2 ⌘ min
Æ0+ Æ1= Æ?

miss
T

max
h
<T(4, Æ0),<T(`, Æ1)

i
was proposed in Ref. [45], where Æ0 and Æ

1 represent the

contributions to ?
miss
T from each semi-leptonic decay of a pair-produced particle, and all possible

values that sum to the observed ?
miss
T are minimised over. It is evaluated using the algorithm of

Ref. [47].

• �P ⌘ | Æ?
4

T | + | Æ?
`

T | + | Æ?
91
T | is a simple sum of the magnitudes of the transverse momenta of the two

leptons and the most energetic jet in the event.

��-��� is defined to require S > 10 and "T2 > 100 GeV. The first requirement anticipates that neutralinos
(j̃0

1) of the supersymmetric signals should carry away missing transverse momentum, while the second
suppresses SM ,

+
,

� backgrounds. In all other respects, ��-��� is identical to ��-���.

In contrast, the targeted leptoquark model processes have no invisible particles in the final state, so ��-��
requires S < 6. Furthermore, SM backgrounds in this region are suppressed by requiring events to have
�P > 1 TeV. In all other respects, ��-�� is the same as ��-���.

6 Results

The observed data and fake-lepton background estimate in the 4
+
`
� and 4

�
`
+ channels of ��-��� and

��-��� are shown in bins of "T2 and �P respectively in Figure 2. Benchmark RPV-supersymmetry or
leptoquark signal yields are included to demonstrate that these BSM models favour 4+`� over 4�`+. In the
lower panels of Figure 2, an estimate of the proportion of SM background processes in each bin is given,
showing that CC̄ is expected to dominate in most bins apart from the tails, where the fake-lepton, diboson,
and single-top backgrounds become proportionally more important.

The ratio, d, is measured in bins, 8, of "T2 (�P) in the ��-��� (��-���) by maximising a parameterised
likelihood model of the observed yields, Æ#

+�/�+

obs,i . The likelihood model assumes an independent Poisson
distribution for the yield in each bin of the charge–flavour channels (4+`� or 4�`+):

L( Æ#
+�/�+

obs | Æ\, ÆU, Æd) =
÷
82bins

h
Pois(#�+

obs,8 |F
�+

8
( Æ\)#exp,8 + �

�+

8
(ÆU))

⇥ Pois(#+�

obs,8 |d8F
+�

8
( Æ\)#exp,8 + �

+�

8
(ÆU))

i
⇥

÷
:2 fake lepton uncertainties

Gaus(0|U: , 1)

⇥

÷
92 data uncertainties

Gaus(0|\ 9 , 1). (3)
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https://arxiv.org/abs/2112.08090
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Figure 3: A summary of the ratio d measurement in the full Run-2 data for ��-��� binned in "T2, and ��-��� binned
in �P. Muon charge and sagitta-bias corrections are applied to data along with corresponding uncertainties, and the
likelihood matrix method is used to estimate the charge–flavour-biased fake-lepton background such that it can be
subtracted from the data. A 2% uncertainty in d, encompassing remaining observed detector biases, is also included.
The lower panel shows the ?-value for a one-sided discovery test to reject the SM hypothesis that d  1.

one is seen in any bin, meaning that the SM hypothesis of d  1 is not excluded anywhere. The largest
upward deviation of d from one has a local significance of 1f. The largest downward deviation from one is
d = 0.929+0.023

�0.022, with a local significance of 3.1f. The goodness-of-fit significance to the model that d = 1
in all bins is 1.6f, estimated using a likelihood ratio test statistic with the asymptotic approximation.

The CLs method [49] is used to obtain 95% confidence level (CL) upper limits on the number of possible
signal events ( entering ��-��� and ��-���, with a fraction I entering the 4

+
`
� channel, and these are

shown in Figure 4 for a range of I values. These limits are calculated using a profile-likelihood-ratio test
statistic with the likelihood function from Eq. (3) after fixing the ratio values to d8 = 1 and adding signal
components to the Poisson expectations: (I in the 4

+
`
� channel, and ((1 � I) in the 4

�
`
+ channel, where

( is the parameter of interest.

Having seen consistency with the SM hypothesis in the ratio measurement, limits are placed on parameters
of the two benchmark BSM models. RPV-supersymmetry model exclusion limits are calculated with a
one-sided profile-likelihood-ratio test statistic, where a likelihood function is defined for the observed
yields in the 4

+
`
� and 4

�
`
+ channels of both ��-��� and a corresponding control region ��-���. This

likelihood function is similar to Eq. (3) with signal yield terms added to the Poisson expectations (these
signal terms are scaled by a signal strength parameter `) and 8 labelling the regions instead of the bins
(each region in this model has a single bin). The d8 are also replaced by a single d that is common to both
regions. In this respect, the control region drives the measurement of d and the signal region determines
the value of `, which is used as the parameter of interest in the test statistic. The variance of d across the
(S,"T2)-plane (‘RPV-plane’) outside of the signal region is estimated with measurements of the ratio in
bins of the plane axis observables: the binning was chosen to approximately match the statistical precision
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Known significant detector biases affecting 𝝆 to max. the sensitivity 
  ○ Muon reconstruction/ID efficiency (µ+ vs µ-) due to the toroidal magnet geometry

  ○ Fake lepton estimation done separately for e/µ and +/-.

  ○ Validated in the CRs/VRs using both MC and data


No significant R>1 observed 
  ○ First & strongest limit set on the model as the function of λ’231

eµ-asymmetry search
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-

arXiv: 2112.08090
New analysis at LHC!

https://arxiv.org/abs/2112.08090


Ways forward
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Loopholes in our searches?

 To our theorist friends:  Any final states unexpectedly insensitive to your models?

15

Analysis workflow automation: REANA

json likelihood (example) 
easily processable by pyhf

 Selection emulator: SimpleAnalysis

More re-interpretation materials/tools are becoming available

https://reanahub.io
https://www.hepdata.net/record/resource/2482102?landing_page=true
https://pyhf.readthedocs.io/en/v0.6.3/
https://simpleanalysis.docs.cern.ch
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Comments to a few commonly held connotations about SUSY searches

○ SUSY is dead → Wrong
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Prospects

2015年12月21-23日、テラスケール研究会Ჺ東京工業大学 30

最ኳ的には(3000 fb-1) ~3 TeVグルイーノまで探ኧできる。

Comments to a few commonly held connotations about SUSY searches

○ SUSY is dead → Wrong 

○ SUSY that can be probed in LHC is dead → Wrong 
   Many searches are stat-limited → More data always helps.

   But it takes much more time to double the data size (sad but we should be correctly sad).

significant, but take 10 yr
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Comments to a few commonly held connotations about SUSY searches

○ SUSY is dead → Wrong 

○ SUSY that can be probed in LHC is dead → Wrong 
   Many searches are stat-limited → More data always helps.

   But it takes much more time to double the data size (sad but we should be correctly sad).


○ Low-mass SUSY is dead → Wrong 
   Compressed mass spectra in the EWK sector is vibrantly alive.

   Build lepton colliders or we do better (next page).
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○ SUSY is dead → Wrong 

○ SUSY that can be probed in LHC is dead → Wrong 
   Many searches are stat-limited → More data always helps.

   But it takes much more time to double the data size (sad but let’s be sad correctly).


○ Low-mass SUSY is dead → Wrong 
   Compressed mass spectra in the EWK sector is vibrantly alive.

   Build lepton colliders or we do better (next page).


○ I don’t believe SUSY anymore bc. I searched and didn’t find it → Fine, but logically wrong 
   Nobody is this explicit but it seems an underlying mentality across the community recently.

16-4

Comments to a few commonly held connotations about SUSY searches
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150GeV SUSY is viable!

Not even in a contrived way e.g. 
  ○ (Pseudo-) pure higgsino LSP

  ○ Compressed slepton-/stau-bino (muon g-2, bino DM co-annihilation)

Upcoming LHC-Run3 is exciting but just adding more data won’t help much.

New schemes wanted!  e.g. γγ-collision, semi-long-lived signatures, loop?, bound-state? 

17

SUSY: Direct production of sleptons, staus 14

Sleptons have low cross sections (cross section depends on slepton chirality).

• Selectron/smuon searches in 2 leptons + ETmiss.  

(soft 2 leptons for small Δm(slepton - N1) scenarios)

• Stau searches in 2 hadronic τs + ETmiss.

• Relevant for consistency with DM relic density.

• Pure left-handed stau CMS exclusion: 115-340 GeV.

Stau searches at HL-LHC with 2 hadronic taus 
or one hadronic tau + lepton + ETmiss.

Stau exclusion (discovery) up to 730 (530) GeV 
for ATLAS, 650 (470) GeV for CMS.
CMS-PAS-FTR-18-010c.f. Need 1TeV to achieve correct DM relic density  

CMS-PAS-FTR-18-010 

Stau ATLAS-PHYS-PUB-2018-031

SUSY: Chargino search for Higgsinos 13

EWK gauginos have a dominant higgsino component for |μ| << |M1|, |M2|):.  

Smaller direct production cross sections wrt bino or wino-dominanted case.

Explore compressed spectra with small Δm(C1/N2, N1).

• Larger Δm —> Prompt C1 decays: Low pT leptons + large ETmiss + ISR jet.

• Smaller Δm —> Long-lived C1 decays: Disappearing tracks + large ETmiss. 

(at HL-LHC, sensitivity will improve with new tracking detectors).

Run2 HL-LHC

ATLAS-PHYS-PUB-2018-031

350GeV

Higgsino

Co-annihilation  
corridor with  
bino LSP

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiM_YnZ-Lv2AhVlyoUKHVQYD0gQFnoECBMQAQ&url=https://arxiv.org/abs/1811.06465&usg=AOvVaw3R5HfqLni4SXKpHF3GbuEa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjciJjn-Lv2AhVJzhoKHahcBbwQFnoECAYQAw&url=https://arxiv.org/abs/1910.08065&usg=AOvVaw17DZqCpgRbTV-Z8SQScC02
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/index.html
https://cds.cern.ch/record/2647294
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Summary

The first round of full Run2 results becoming complete 
     Now most of the Run1 searches have the Run2 updates.


No sign of promptly decaying SUSY yet 
     Stick around the talks today for the long-lived part! J. Burr & I. Siral & D. Trischuk.  

The search scope has been increasingly extended 
     New handles:   Charge asymmetry, tailored jet tagging technique etc.

     More non-minimal models:   NMSSM, Stealth SUSY etc.


LHC Run3 is coming!  
     Will ~double the data statistics in 3 years, with a bit higher √s (13TeV→13.6TeV),

     better detector performance, reconstruction techniques and measurements.


It’s double but only double 
     Some most appealing & challenging scenarios don’t get addressed much by the increased data stats.

     Time to think outside of the box to fill those gaps…!

18

Reminder: 100GeV higgsino, 150GeV slepton, 1TeV gluino (RPV) are all alive

https://agenda.infn.it/event/28365/timetable/?view=standard#48-searches-for-dark-matter-an
https://agenda.infn.it/event/28365/timetable/?view=standard#56-search-for-new-charged-long
https://agenda.infn.it/event/28365/timetable/?view=standard#55-displaced-vertex-search-for


Backup



Shion Chen                     SUSY Searches at LHC  -  La Thuile 2022

A Typical SUSY Analysis

Signal region† (SR):   Test SM expectation vs data 
  ○ Look for subtile excesses on the SM tail.

      Typycally HT :=ΣpT(jet), meff := pTmiss + HT,   mT, mT2 etc.


  ○ Either one-bin or multi-bin.


BG estimation: 
  ○ Irreducible BG → “semi-data-driven” method 
       MC normalized in the control regions (CRs) nearby SRs

       made by inverting cuts of variables well modeled by MC.


  ○ Reducible BG → fully (or more) data driven method 
       e.g. Fake lepton estimation:

              Measure the “fake rate” in pre-selection regions

              and apply it to the “anti-ID leptons” in the SR.


  ○ Validation regions (VRs)  
      Testing the methodology and assigned uncertainties.
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Typical SUSY search
• Signal region (SR)

▫ may be single-bin (“cut & count”) or mul8-bin

▫ op8mised for best discovery in targeted produc8on/decay mode

▫ to cover different mass hierarchies ➜ few SRs for each final state

• Data-driven background es8mate

▫ irreducible backgrounds es8mated using control region (CR) data as a 

constraint and Monte Carlo to extrapolate from CR to SR

▫ reducible background (fake/non-isolated leptons, MET from jet 

mis-measurement) from data

▫ valida8on regions (VR) to check background es8mate method and 

CR→SR variable modelling

• Likelihood fit of data in SRs and CRs

▫ hypothesis tes8ng of signal models ➜ 95% CL cross-sec8on upper limits

▫ background versus data ➜ model-independent upper limits at 95% CL in 

visible cross-sec8on

V.A. MitsouCorfu2019
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† ATLAS nomenclature. CMS calls “search regions”.
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W/Z→qq:  pT-dependent cuts in

                  jet mass, energy correlation, nTracks                 

                  ATL-PHYS-PUB-2020-017

ATLAS: Anti-kt R=1.0 + multi-dim cuts
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Figure 17: QCD and top jet double b-tagging rejection as a function of pT for a fixed Higgs jet e�ciency of 50%.
The error bars include statistical uncertainties only.
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Figure 18: QCD and top jet single b-tagging rejection as a function of pT for a fixed Higgs jet e�ciency of 50%.
The error bars include statistical uncertainties only.

6. Conclusion

Three new Higgs tagging techniques using subjets have been developed which show strong perform-
ance improvements over the nominal R = 0.2 track jet technique for identifying h ! bb̄ decays with
pT > 1000 GeV. The variable radius track jet, exclusive-kT subjet, and center-of-mass subjet techniques
outperform the R = 0.2 track jet technique in this pT region in both b-tagging metrics and performance
metrics which do not involve b-tagging (e.g. b-hadron axis reconstruction). Across the jet pT range stud-
ied, the CoM algorithm has the best performances among the Higgs tagging techniques under study. In
addition to the subjet reconstruction optimizations investigated here a number of additional identification
methods can further be optimized in the future. These include alternative track-to-subjet association prior
to the determination of the flavor tagging discriminant as well as the optimization of the multivariate-
based discriminant itself. These investigations as well as those concerning data modelling and systematic
uncertainties are outside the scope of this note and will provide an important next step for future work.
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the 80% , tagger working point and the two / tagger working points are shown in Figures 14, 15, and 16
in Appendix A.
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Figure 3: Cuts used to define the , tagger 50% signal e�ciency working point. Cuts are simultaneously optimized
on <

comb (a) and ⇡
V=1.0
2 (b) as well as =track in bins of ?T. Smooth functions are fit to the optimized cut values. The

?T-dependent cut on =track is found to be consistent with a fixed upper bound cut of 26 and therefore not shown here.

The background rejection of the, and / taggers in multÚet events, defined as the inverse of the background
e�ciency, is shown in Figure 4.

0 500 1000 1500 2000 2500
 [GeV]

T
-HW�S

0

50

100

150

200

250

300

350)
bk

g
ε

Ba
ck

gr
ou

nd
 re

je
ct

io
n 

(1
/

=�50%sigε

=�80%sigε

T

ATLAS� � � � � � � � � � � � � � � � �Simulation 3UHOLPLQDU\
s�=�13 TeV

Trimmed anti-NW 5 = 1.0
S��>�200 GeV, |η|�<�2.0

:�WDJJHU

(a)

0 500 1000 1500 2000 2500
 [GeV]

T

0

50

100

150

200

250

300

350)
bk

g
ε

Ba
ck

gr
ou

nd
 re

je
ct

io
n 

(1
/

=�50%sigε

=�80%sigε

-HW�S

=�WDJJHU

T

ATLAS� � � � � � � � � � � � � � � � �Simulation 3UHOLPLQDU\
s�=�13 TeV

Trimmed anti-NW 5 = 1.0
S��>�200 GeV, |η|�<�2.0

(b)

Figure 4: Background jet rejections in multÚet events for the , and / taggers as a function of jet ?T. Rejection is
defined as 1/nbkg where nbkg is the background e�ciency. The 50% and 80% signal e�ciency working points are
shown for the , (a) and / (b) taggers.

3.3.2 Top tagger optimization

Two top taggers are defined, one to identify jets that are labeled as contained tops and the other to identify
jets that are labeled as inclusive tops. Both taggers use jet-moment-based deep neural networks (DNN) to
produce a single discriminant that can be used to identify signal jets from background jets. The method to
define and optimize the DNN taggers follows Ref. [8] and the same 13 jet moments are used as inputs for
training which include the jet <comb and ?T. Working points are defined at 50% and 80% signal e�ciency
using a simple cut on the DNN output.

6

Boosted boson jet tagging

20

Z/h→bb:   jet mass cut 

                      + sub-track-jet b-tagging

                  ATL-PHYS-PUB-2017-010

https://cds.cern.ch/record/2724149
https://cds.cern.ch/record/2268678
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EWK all-had  -  “Less-simplified” model limits

Too many floating BRs. What do we do?

→ Parameter scan within a pMSSM sub-space: 3D scan in (M2, µ, tanβ).
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(d) ( e�, e,) with tan V = 10, ` > 0

Figure 14: 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models. The limits are projected onto a two-
dimensional plane either as a function of the wino/higgsino mass parameters ("2, `) (top figures), or of the physical
electroweakino masses (<(ej±

2 ),<(ej0
1)) representing (<(ejheavy),<(ejlight)) (bottom figures). For the limits shown

on the ("2, `) plane, the excluded regions are indicated by the area inside the contours. The round excluded area in
the top part corresponds to the excluded parameter space in the (e, , e�) model ("2 > |` |), while the two small areas
at the bottom are that in the ( e�, e,) model ("2 < |` |).
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combinations of ("2, `, tan V) where "2 2 [0, 1.2] TeV, ` 2 [�1.2, 1.2] TeV, and tan V = 2, 5, 10, 30 are
considered.

The vast majority of the previous electroweakino searches at the LHC have targeted the simplified (e, , e⌫)
model, where only a specific production channel and decay mode are considered (detailed in Section 4.2.2).
For ej±

1 ej⌥
1 production with decays into ,, , <(ej±

1 ) < 400 GeV is excluded for <(ej0
1) < 200 GeV [23, 31].

For ej±
1 ej0

2 production, <(ej±
1 /ej0

2) < 640 GeV is excluded for <(ej0
1) < 300 GeV when the ej0

2 is assumed
to decay into / and ej0

1 with 100% probability [24–26, 32, 33]. Alternatively, <(ej±
1 /ej0

2) < 740 GeV is
excluded for <(ej0

1) < 250 GeV [27–29, 34–36] when the ej0
2 decays solely into ⌘ and ej0

1 .

Figure 2: The electroweakino mass spectra and corresponding mass eigenstates in each model in the bino/wino/higgsino
LSP scenario. The solid (dashed) arrows represent the decay modes emitting a , (/ or ⌘) boson. A , boson is
generated when a chargino decays into a neutralino or vice versa; a / or ⌘ boson is emitted when a chargino decays
into a chargino or a neutralino decays into a neutralino.

2.2 GGM/naturalness-driven gravitino LSP model: ( eN, eM)

General gauge mediation (GGM), a class of SUSY breaking scenarios characterized by a messenger sector
to which only SM gauge bosons can couple, typically predicts a nearly massless gravitino (e⌧) as the LSP.
Motivated also by the naturalness argument, the production of a relatively light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1)
decaying into a gravitino LSP has been explored at ATLAS [30, 37] and CMS [33], as illustrated in
Figure 3(a). All of the four production modes are considered together: ej±

1 ej⌥
1 , ej±

1 ej0
1 , ej±

1 ej0
2 , ej0

1ej0
2 . A

moderately small higgsino–gravitino coupling is considered in this analysis, where the produced heavy
higgsinos (ej±

1 /ej0
2) always decay into a gravitino via the lightest neutral higgsino (ej0

1), while the ej0
1 still has

a short enough lifetime to be regarded as decaying promptly. In this model, the ej0
1 decays into a gravitino

and either a / or ⌘ boson, where the branching ratio B(ej0
1 ! /

e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)) is treated as a

free parameter and scanned in the limit setting. The previous searches have excluded masses of ej0
1 lighter

than 650–880 GeV depending on the branching ratio [30, 33, 37].

2.3 Naturalness-driven axino LSP model: ( eN, ã)

While the QCD Lagrangian generally allows for CP violation, the absence of such observation suggests a
highly unnatural tuning of the parameters in the theory, referred to as the “strong CP problem”. The Peccei–
Quinn mechanism aims to solve this problem by introducing an additional chiral U(1) symmetry [62].
Through its spontaneous symmetry breaking, the CP-violating term vanishes dynamically, leaving a
Nambu–Goldstone boson known as the axion [63, 64]. In the SUSY extension, the axino is introduced
as the superpartner of the axion. A model including a light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1) decaying into an
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Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].

Model Production Final states SRs simultaneously fitted Branching ratio
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provided by a system of three superconducting air-core toroidal magnets with eight coils each. The field
integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.

4 Data and Monte Carlo simulation

4.1 Data sample

The data events used in the analysis are from proton–proton collisions at
p
B = 13 TeV, recorded during

stable beam conditions at the LHC during 2015–2018. The collected dataset corresponds to an integrated
luminosity of 139 fb�1 after applying the data quality criteria [73]. The primary dataset was collected
by triggers targeting large missing transverse momentum [74]. Events were accepted when the ⇢

miss
T
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provided by a system of three superconducting air-core toroidal magnets with eight coils each. The field
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Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.

4 Data and Monte Carlo simulation

4.1 Data sample

The data events used in the analysis are from proton–proton collisions at
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B = 13 TeV, recorded during

stable beam conditions at the LHC during 2015–2018. The collected dataset corresponds to an integrated
luminosity of 139 fb�1 after applying the data quality criteria [73]. The primary dataset was collected
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accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.
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(b) Observed limits

Figure 23: Expected and observed 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models with various choices
of tan V and sign(`) overlaid. Little dependency on tan V and sign(`) is found based on the overlapped lines.
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(d) ( e�,
e
⌧)

Figure 24: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) C1C1-WW, (b) C1N2-WZ, and
(c) C1N2-Wh, and (d) ( e�,

e
⌧) models. The black numbers represents the expected cross-section upper-limits.
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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EWK all-had  -  Limits on an Axino LSP model
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Figure 15: Expected (dashed) and observed (solid red) 95% CL exclusion limit derived for the ( e�,
e
⌧) model, as a

function of the lightest higgsino mass (<(ej0
1)) and the branching ratio B(ej0

1 ! /
e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)). The

excluded region is indicated by the area inside the contour. The exclusion limits from the previous ATLAS search
using 4-lepton final states [26] (cyan, denoted as “4L”), or final states with three or more 1-jets [25] (violet, denoted
as “multi-1”) are shown by the shades.
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(b) Variable B(ej0
1 ! /0̃)

Figure 16: 95% CL exclusion limits for the ( e�, 0̃) model as a function of mass of axino (<(0̃)) and the lightest
higgsino (<(ej0

1)). (a) Expected (dashed line) and observed (solid red line) limits calculated for B(ej0
1 ! /0̃) = 100%.

(b) Expected (dashed lines) and observed (solid lines) limits with various B(ej0
1 ! /0̃) (= 1 � B(ej0

1 ! ⌘0̃))
hypotheses. No expected limit is derived for the case with B(ej0

1 ! /0̃) = 25% as no mass point on the plane can be
excluded.
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○ Inspired by a very consistent pursuit for “naturalness“ (arXiv: 1407.1218) 
    Hierarchy problem → SUSY   /   EW naturalness → Light higgsino

    Strong CP problem → Axion → (SUSY should exist) → Axino


○ Axino LSP: Interesting in the context of DM 

○ Large Δm favors short-lived higgsino

ATLAS DRAFT

B(ej0
1 ! /0̃) (= 1 � B(ej0

1 ! ⌘0̃)) is scanned over 25%, 50%, 75%, and 100% in the interpretation. The179

model is similar to ( e�,
e
⌧), except that the LSP can be massive.180
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Figure 3: Diagrams of signals considered in the (a) ( e�,
e
⌧) and (b) ( e�, 0̃) models. In the ( e�,

e
⌧) and ( e�, 0̃) model,

the higgsino triplets (ej±
1 , ej0

2 , ej0
1) are collectively represented by e�.

Table 1: Summary of the production modes, final states, signal regions (SRs) used for the hypothetical tests and the
branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs are
described in Section 6.2. (e, , e⌫) and ( e�,

e
⌧) model are used for optimizing the selection, and the rest are considered

for interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also interpreted in
order to compare with the ATLAS electroweakino search results [18, 19, 24, 54].
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First dedicatedly probed at LHC 
Excluded up to max. 950GeV
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 
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Photon+Jets+pTmiss

(a) W// model (b) W/⌘ model

Figure 1: Examples of production diagrams of gluinos and their subsequent decay to a final state with photons, jets
and missing transverse momentum (from the gravitinos) for the W// (a) and W/⌘ (b) models.

surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and
hadron calorimeters, and a muon spectrometer. The inner tracking detector (ID) covers the pseudorapidity
range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |[ | = 4.9. The muon spectrometer (MS) surrounds the calorimeters
and is based on three large superconducting air-core toroidal magnets with eight coils each. The field
integral of the toroids ranges between 2 and 6 T m across most of the detector. The MS includes a system
of precision tracking chambers and fast detectors for triggering. A two-level trigger system is used to select
events [13]. The first-level trigger is implemented in hardware and uses a subset of the detector information
to accept events at a rate below 100 kHz. This is followed by a software-based trigger that reduces the
accepted event rate to 1 kHz on average depending on the data-taking conditions. An extensive software
suite [14] is used for real and simulated data reconstruction and analysis, for operation and in the trigger
and data acquisition systems of the experiment.

3 Samples of simulated processes

Samples of the targeted SUSY signals and SM backgrounds were simulated using dedicated Monte Carlo
(MC) generators at

p
B = 13 TeV. For the model interpretation of the results, a grid of signal points

is simulated with a set of benchmark parameter values covering the region in which the signal can be
observed. In these particular regions of the GGM model space, the lightest neutralino is a mixture of bino
and higgsino fields; the neutral wino is much heavier so it does not contribute. The gluino is regarded as
the only relevant colored sparticle, since all squark soft masses are decoupled. The full model parameters
include the * (1), (* (2) and (* (3) gauge partner mass parameters ("1, "2 and "3, respectively), the

upwards. Cylindrical coordinates (A , q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Figure 7: Distribution of the missing transverse momentum E
miss
T for the sample satisfying all requirements of the

(left) SR�j
H and (right) SR�j

L or SR�j
L200 selection except the E

miss
T requirement itself. Overlaid are the expected SM

backgrounds, separated into the various contributing sources. Also shown are the signal expectations for points in
the mg̃–m�̃0

1
parameter space of the GGM model relevant to the photon+jets analysis (mass values in GeV). The

value of the gluino mass arises from the choice M3 = 1900 GeV. The �̃0
1 mass values of 1868, 1920, 442 and

652 GeV arise from the choices µ = 1810, 1868, 400 and 600 GeV, respectively, combined with the constraint that
the branching fraction of �̃0

1 ! �G̃ be 50%. The vertical dashed lines and right-pointing arrows show the region
of the E

miss
T observable selected for inclusion in SR�j

H and SR�j
L ; for SR�j

L200, the E
miss
T requirement is 200 GeV rather

than 300 GeV. The lower panels show the ratio of observed data to the combined SM expectation. For these plots, the
band represents the range of statistical uncertainty in the SM expectation. Events outside the range of the displayed
region are included in the highest-value bin.

the systematic uncertainty is larger (approximately ±20%), due partially to an increased sensitivity to the
jet energy scale and resolution associated with the multiple-jet requirement.

9 Results

The number of events observed in each SR is shown in Table 8, along with the size of the expected SM
background. These results are also illustrated in Figures 4 and 6, with the expected background broken
down into its contributing SM sources. No significant evidence of physics beyond the SM is observed in
any of the SRs.

The most significant excess relative to the expected background is observed in SR�j
L200 of the photon+jets

analysis. Considering both statistical and systematic uncertainty, and assuming that all observed events
are from SM sources, an observation of eight or more events over an expected background of 2.68+0.64

�0.63
events represents an upward fluctuation with a probability of occurrence of approximately 0.9%.

Based on the observed and expected numbers of events in the seven SRs shown in Table 8, 95% C.L.
upper limits are set for each SR on the number of events from any scenario of physics beyond the SM.

20

The number of events in each SR for data and the contributions from the di�erent SM backgrounds are
shown in Table 5. Since no significant excess above the SM background is observed in the SRs, these are
used to set limits on the number of new physics events (model-independent limits), and in the GGM signal

(a) SRL (b) SRM

(c) SRH

Figure 3: Observed (points with error bars) and expected background (solid histograms) distributions for ⇢miss
T in the

signal region SRL (a), SRM (b) and SRH (c) after the background-only fit. The predicted signal distributions for the
two models with a gluino mass of 2000 GeV and neutralino mass of 250 GeV (SRL), 1050 GeV (SRM) or 1950 GeV
(SRH) are also shown for comparison. The uncertainties in the SM background are only statistical.

13

(a) W// model (b) W/⌘ model

Figure 4: Observed and expected exclusion limit in the gluino-neutralino mass plane at 95% CL combined using the
signal region with the best expected sensitivity at each point, for the full Run-2 dataset corresponding to an integrated
luminosity of 139 fb�1, for W// (a) and W/⌘ (b) signal models.

< j̃0
1

is 2050/2100 GeV, as expected due to the low signal acceptance of the analysis in this region.
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-
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2.36σ local

similar limit for γ/h signal as well

GMSB-inspired 


Gluino → neutralino → γ/Z/h + Gravitino

Selection: Photon trigger (pT>145GeV)

                  ETmiss>250GeV, HT>1.6TeV

BG: 　　　Real photon BGs (γ+jets etc.) → semi-data-driven

                  Fake photon BGs → ABCD method (ID×isolation)

Results:  No excess. 
                Mild excess seen in the previous analysis @36fb-1

                → Not confirmed @139fb-1 in the similar phase space.

ATLAS-CONF-2021-028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-028/
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Figure 6: Upper limits at 95% CL on the cross section for degenerate (left) and purely left-
handed (right) et pair production in the m(et )� m(ec0

1) plane for the combined 2016, 2017, and
2018 datasets. The thick black (red) curves show the observed (expected) exclusion limits as-
suming NLO+NLL predictions for the signal cross sections. The thin black curves represent the
variations in the observed limits obtained when varying the cross sections by their ±1 standard
deviation uncertainties. The thin dashed red curves indicate the region containing 68% of the
distribution of limits expected under the background-only hypothesis.
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Figure 7: Expected and observed 95% CL cross section upper limits for the combined 2016,
2017, and 2018 datasets as a function of et mass for long-lived et in the maximally-mixed sce-
nario for an LSP mass of 1 GeV, and for ct0 values of 0.01, 0.05, 0.1, 0.5, 1, and 2.5 mm (upper
left to lower right).
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Figure 2: Event counts and predicted yields in each SR for the SM background before (up-
per) and after (lower) a maximum-likelihood fit to the data. The yields expected for 3 bench-
mark models of left-handed et pair production assuming prompt et decays, and one model of
long-lived et pair production in the maximally-mixed scenario are overlaid. The numbers in
parentheses correspond to the masses of the et and LSP in units of GeV for the different signal
models. The first 29 bins correspond to the prompt SRs, while bins 30 and 31 correspond to the
displaced SRs, as labelled in Table 1.

2

displaced electrons and muons. The search excluded et 1,2 masses up to 340 GeV for a proper
lifetime of 0.1 ns [40].

This note presents an update of the search reported in Ref. [37], for final states with two th.
The data collected with the CMS detector in 2018 has been incorporated, resulting in a sample
corresponding to a total integrated luminosity of 137 fb�1 and a significant improvement in the
search sensitivity. Improved techniques are used to describe the SM background with t leptons
through a method called “embedding,” [41] which estimates the background with two genuine
th from data, with minimal input from simulation. As noted above, this analysis also targets
scenarios in which the et is long-lived.

p

p τ̃
+

τ̃
−

τ
−

χ̃
0
1

χ̃
0
1

τ
+

Figure 1: Diagram for direct et pair production, followed by decay of each et to a t lepton and
a ec0

1.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crys-
tal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter, each
composed of a barrel and two endcap sections, reside within the solenoid volume. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. Events of interest are selected using a two-tiered trigger system [42]. The
first level, composed of custom hardware processors, uses information from the calorimeters
and muon detectors to select events at a rate of around 100 kHz within a time interval of less
than 4 µs. The second level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, which
reduces the event rate to about 1 kHz before data storage. A more detailed description of the
CMS detector, together with definitions of the coordinate system and kinematic variables, can
be found in Ref. [43].

3 Event reconstruction and simulation
The event reconstruction uses a particle-flow (PF) algorithm [44], which aims to reconstruct
and identify each individual particle in an event, with an optimized combination of informa-
tion from the various elements of the CMS detector. The missing transverse momentum vector,
~pmiss

T , is computed as the negative of the vector sum of the transverse momentum (pT) of all PF
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

○ Target: Stau (L/R/L+R) → Bino (prompt decay)

               Stau (L-R mixed) → Gravitino (long-lived)

                    † Often NLSP & weak coupling to G~ in GMSB.

22

○ SR: Binned in mT2, ΣmT, nJets etc.

○ Main BG:   Z→ττ  
                  Estimated using the “embedding” method i.e.

                  replace the µ to simulated τ in Z→µµ data.

○ Fake τh BG: data-driven estimation.

CMS-PAS-SUS-21-001

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-001/index.html
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Higgs decay into NMSSM singlet (2L+2b+pTmiss)
7 Results

The <
9 9

distribution in the SR is shown in Figure 2. The observation is consistent with the background
model for the SM hypothesis. The long tail on the example signal distribution comes from selecting a jet
that does not come from the 0 ! 11̄ decay. For the signal models considered below, which include <

0

from 20 GeV to 65 GeV, the smallest ?-value [89] is 0.39 for the model with (<
0
, <

j̃
0
1
, <

j̃
0
2
) = (50 GeV,

10 GeV, 110 GeV).
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Figure 2: Distribution of the dÚet invariant mass in the signal region, shown together with the parameterized
background model (labelled ‘Bkg Model’). For reference, the MC prediction for the SM background is also shown
(labelled ‘SM MC’). The Z+HF and tt scale factors, described in the text, have been applied to the simulated samples.
The signal region is defined to have dÚet invariant mass > 20 GeV. The total statistical and systematic uncertainties
are denoted by the hatched band. The distribution labelled ‘Signal’ is for the model with (<

0
, <

j̃
0
1
, <

j̃
0
2
) = (45 GeV,

10 GeV, 80 GeV), setting all branching ratios to 100% in the decay chain � ! j̃
0
2 j̃

0
1 ! 0 j̃

0
1 j̃

0
1 ! 11̄ j̃

0
1 j̃

0
1 . The

long tail on the signal distribution comes from selecting a jet that does not come from the 0 ! 11̄ decay. The lower
panel shows the ratio of the observed data to the expectation from the parameterized background model.

The dominant uncertainty limiting the final result is statistical and comes from the limited number of events
in the signal region. The dominant systematic uncertainty is again statistical in nature and comes from the
normalization of the background shape function to the data observed in the SR; for signal models where this
analysis has sensitivity, this uncertainty has a 6%–10% e�ect on the fitted `sig. Subdominant systematic
uncertainties in this analysis include the theoretical uncertainty of the Z+HF <

9 9
shape correction (2%–3%),

the jet energy resolution (1%–3%), the flavour dependence of the jet energy scale (1%–2%), and the
statistical uncertainties of the background shape parameters (1%–3%), which arise from the limited number
of data events in CRZ and CRTop.
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analysis has sensitivity, this uncertainty has a 6%–10% e�ect on the fitted `sig. Subdominant systematic
uncertainties in this analysis include the theoretical uncertainty of the Z+HF <

9 9
shape correction (2%–3%),

the jet energy resolution (1%–3%), the flavour dependence of the jet energy scale (1%–2%), and the
statistical uncertainties of the background shape parameters (1%–3%), which arise from the limited number
of data events in CRZ and CRTop.

Upper limits at 95% CL on the ?? ! /� cross section times branching ratio for / ! ✓
+
✓
� (where

11

Motivation

• Searches for rare and exotic decays of the Higgs 
boson are an important component of the 
͞precision͟ Higgs program

• This analysis searches for decays of the H(125) 
boson into the bbbar+MET final state

• Models such as the NMSSM in the Peccei-Quinn 
limit allow for such final states, via

• H ї ʖ2ʖ1 ї aʖ1ʖ1

• For ͞a͟ boson masses aboǀe ƚhe b-quark pair threshold, 
ƚhe aї bbbar resonant decay dominates

• Often cited by the e+e- collider community as a 
challenging decay mode for the (HL-)LHC
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Figure 4: Upper limits at 95% CL on the cross section ?? ! /� times branching ratio for / ! ✓
+
✓
� (where

✓ = 4, ` or g) and � ! j̃
0
2 j̃

0
1 ! 0 j̃

0
1 j̃

0
1 ! 11̄ j̃

0
1 j̃

0
1 as a function of <

0
for several values of <

j̃
0
1

and <
j̃

0
2

for
the NMSSM scenario described in the text. All branching ratios in the Higgs boson decay chain after the decay

� ! j̃
0
2 j̃

0
1 are set to 100%. The di�erent ranges in <

0
reflect di�erences in the allowed event kinematics. The lines

joining the <
0

points come from an assumed linear interpolation of the limits. The SM value for the cross section
f(?? ! /�) ⇥ ⌫'(/ ! ✓

+
✓
�) is shown for reference.

8 Conclusion

A search for the exotic decay of the Higgs boson (�) into a bb resonance plus missing transverse momentum
has been performed with the ATLAS detector at the Large Hadron Collider in 139 fb�1 of pp collisions atp
B = 13 TeV . The search was designed to target Higgs bosons produced in association with a Z boson and

was conducted in events with two leptons, two or more jets, at least one of which must be 1-tagged, and
missing transverse momentum. The analysis was optimized on a model in the Peccei–Quinn symmetry

limit of the NMSSM where � ! j̃
0
2 j̃

0
1 , with j̃

0
2 ! 0 j̃

0
1 , and 0 is a new, light pseudoscalar Higgs boson.

The decay of the 0 boson into a pair of 1-quarks results in a resonance in the dÚet invariant mass. Such
models di�er from those considered in past searches for exotic Higgs boson decays involving the production
of 0, where the NMSSM was considered in the '-symmetry limit in which the dominant decay channel
is � ! 00. Observations are consistent with SM expectations and upper limits on the ?? ! /� cross

section times the branching ratio for / ! ✓
+
✓
� and � ! j̃

0
2 j̃

0
1 ! 0 j̃

0
1 j̃

0
1 ! 11̄ j̃

0
1 j̃

0
1 have been obtained

for a three-dimensional scan of masses of the j̃
0
1 , j̃

0
2 and 0 boson. Assuming the SM cross section for /�

production, and assuming 100% branching ratios for the decays j̃
0
2 ! 0 j̃

0
1 and 0 ! 11, an upper limit on

the branching ratio BR(� ! j̃
0
2 j̃

0
1) of 31% is obtained at 95% confidence level for a range of <

0
values

between 35 and 55 GeV for fixed values of <
j̃

0
1
= 10 GeV and <

j̃
0
2
= 80 GeV. These represent the first

direct limits on this exotic Higgs boson decay from the LHC.

13

BR(h→N1N2) upper limit: 40-50%
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
-

23

signal:

○ “a”:  additional higgs in the SM sector in NMSSM. m(χ̃  2  0) < m(a) < m(χ̃  1 0).

○ Zh production, Z→ℓℓ, h→ χ̃  2  0    χ̃  1  0    

○ Di-bjet resonance peaking at m(a).

○ Main BG:  Z(→ℓℓ) + b-jets, ttbar

                    mjj template derived using CR data + normalized using MC

○ No significant excess found.

ETmiss

arXiv: 2109.02447

https://arxiv.org/abs/2109.02447
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How to read the summary plots

4626

950GeV (if sleptons are not relevant) 1.35 TeV (if mslepton is exactly between mLSP and m(χ̃  2  0 ))

This is about: 
Wino NLSP→ (stable) bino LSP  
   σ is ~1/4 if Higgsino

Simplified model 
   BR(χ̃  2   0→Z χ̃  1 0)=100% assumption is 

   unrealistic when Δm(χ̃  2   0, χ̃  1  0  ) > mh

These numbers are derived  
for very specific conditions! 
Be sure what they are when  
quoting “~GeV is excluded”!

e.g. When finding the χ̃  1   ±     χ̃  2   0 limits 


