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Why theorists like SUSY

• SUSY is the most 
complete microscopic 
theory conceived so far to 
go beyond the SM
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When I say “complete” I mean that it is a theory that 

• in principle can be used to compute any* observable quantity 
(famously the mass of the Higgs boson can be computed in SUSY, 

 at tree-level in the MSSM … )  
• in principle contains the ingredients to deal with all/most issues that 

the SM cannot address (e.g. can give/accommodate Dark Matter, 
can give/accommodate/not-disturb flavor, has something to say on 
gravity) 

• its main role and motivation for collider studies has been in the 
solution of the “weak/gravity hierarchy problem”

mh < mZ

Supersymmetric models are extremely compelling theoretically 
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What is to be liked in SUSY 
as an experimentalist?

• SUSY is the most 
complete “ATLAS” of 
experimental signals 
conceived so far to go 
beyond the SM
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When I say “complete” I mean that

• it is quite hard to find an experimental signature that can be attained 
in another model and cannot be attained in SUSY (including 
possible R-parity breaking) 

• the model also comes with “some” way to judge how likely it is the 
particular signal at hand (how much do I have to sweat to get this 
signal in a particular model) 

• the model allows to derive the experimental implications of 
observing such signal (what other signals should I see besides this?)
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Being “complete” in the theory and experimental sense

• you can use it to stress-test the capability of your 
present (or future) accelerator+experiment 

• create a solid ground for  exchange about 
reinterpretation/preservation of the searches 

th ↔ exp

Searches for supersymmetric models are extremely 
useful (even if SUSY is not realized in Nature) 
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Why SUSY in 2023 is as 
relevant as before

• because lots of things 
have not yet been tested
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SUSY models have posed a number of challenges in search

• it poses challenges that are open since the beginning of LHC and are 
not yet fully resolved 

- are we covering the entire space of signals that the NP can give? 
- are we communicating/presenting the results in a (re)usable way? 
- can we expect these result to remain usable after the end of LHC? 
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ARE WE COVERING THE ENTIRE SPACE OF 
SIGNALS THAT THE NP CAN GIVE?

can appear to be a 
“perverse” setting for 

new-physics

far from being perverse, 
it is a very effective and 
reasonable way to not 
have seen particle dark 

matter so far … 

SM

mtop
mh
mW,Z

mh̃1
≃ mh̃± ≃ mh̃2
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ARE WE COVERING THE ENTIRE SPACE OF 
SIGNALS THAT THE NP CAN GIVE?

SM

mtop
mh
mW,Z

mh̃1
≃ mh̃± ≃ mh̃2
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FIG. 2. Expected SI cross-sections for Dirac (blue) and com-
plex scalar n-plets (red) for each representation, neglecting
the contributions from the Higgs portals. The vertical error
bands correspond to the propagation of LQCD uncertainties
on the elastic cross-section (30), while the horizontal error
band comes from the theory determination of the WIMP freeze
out mass. In dark green we show the present experimental
contraints from XENON-1T [? ] and PandaX-4T [? ], the
green dashed line shows the reach of LZ [? ] and the brown
green dot-dashed line the ultimate reach of DARWIN [? ].
Finally, the light gray region show the neutrino floor for 200
ton/year exposure derived in Ref. [? ].

allowed by both the DD and the BBN bounds are com-
pared with the experimental bounds. A large exposure
experiment like DARWIN [? ] is in principle able to
exclude all the candidates with even n � 4, similarly to
what we have found for the real WIMP candidates in our
previous work [? ]. The only exceptions are the n = 2
WIMPs, whose SI cross-sections lie below the neutrino
floor [? ] and which are thus invisible to DD experi-
ments. The physical reason of this fact is the possible
cancellation that can occur between the various terms in
Eq. (31). For illustrative purposes, in Figure 3 we show
the SI cross sections for the values of {n, Y } of interest,
by keeping the Higgs mass as a free parameter. This plot
is a sort of update of the ones in [? ]. The first observa-
tion is that the n = 2 candidates are a↵ected by a huge
cancellation for the measured value of the Higgs mass.
On the contrary, for what concerns the even n � 4 rep-
resentations the entity of the cancellation is very similar
to what we have found for the real WIMP candidates in
our previous work [? ].

To summarize, we recall that in the SI cross-sections
shown in Figure 2 we have not included the contribution
from the Higgs portals. This is for sure a good approxi-
mation for the portals responsible for the charged-neutral
mass splitting. We anticipate here that in the non-
minimal splitting scenarion, instead, the Higgs-mediated
SI cross-sections sourced by the neutral-mixing operators
are again negligible in the scalar case, while in general can
give contributions to the fermionic cross-sections compa-
rable with the ones from EW loops.

[LV: Final paragraph on collider] For the above
reasons, it’s interesting to test the minimal splitting sce-
nario at colliders, especially for n = 2. The kinematic
constrain of pair producing the DM particles makes direct

FIG. 3. Spin-Independent (SI) cross section �SI as a function
of the Higgs mass mh for various choices of the couple {n, Y },
allowed by both the DD and the BBN constraints. [LV: To
be shown? If yes, no {3.1}]

searches at colliders of energies
p
s  14 TeV impossible

for n � 6. For the n < 6 candidates, the two strate-
gies available are the missing invariant mass (MIM) and
disappearing tracks (DT) searches. The former is essen-
tially independent on the splitting values: the needed col-
lider energies for DM pair production are O(1÷10) TeV,
much larger than the maximum generated splitting. We
will focus on these searches in the more general case of
Sec.IV and App.C. The DT searches in general require,
at fixed MDM, a scan in the (�m0, �m+) to compute the
signal. In general it’s not possible to neglect one of the
two splittings because the signal depends exponentially
on the lifetime of the charged particles, which are deter-
mined by a combination of both �m0, �m+, with a cubic
or quintic power depending on the kinematic threshold.
More importantly, the value of the two splittings deter-
mine the mass hierarchy of the particles in the multiplet:
this changes the expression of the track cross section.
In the minimal splitting case many of these subtleties
can be avoided: indeed for n < 6, the minimal splitting
between the neutral particles is of order O(100) KeV.
Prospected geometries for detectors at muon colliders en-
vision the position of the second double layer of the inner
tracker (the minimum needed to reconstruct a tracklet)
at roughly 5 cm from the interaction point [? ]. The dis-
appearing condition translates to decaying before reach-
ing the outer part of the tracker, which translates in the
proposed geometry to decaying before roughly 13 cm. By
estimating the lifetime of a charged particle with splitting
with the DM � as:

� =
GF �

3

8⇡
(32)

equating c⌧ = ��1 to the decay volume boundaries gives
� ⇠ O(100) MeV, much larger than the minimal split-
ting between the neutral particles. Therefore in the min-
imal splitting limit we can neglect �m0 and simply scan
over �m+. Following [? ], we employ two di↵erent DT
signal regions: i)events with at least one disappearing
track in addition to a hard photon with energy E� > 25
GeV, ii) events with two disappearing tracks, one of
which is short, and the hard photon. The former has
a signal-to-noise ratio of order 1, while the latter is back-
ground free. To compute the number of expected events,

2205.04486
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FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-
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ARE WE COMMUNICATING/PRESENTING THE 
RESULTS IN A (RE)USABLE WAY?

Observed limits

Expected limits
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results need to be obtained 
in some specific setting, 

e.g. assume t̃ → tχ0

lots of work goes into 
extracting that specific 

bound (think about 
background estimate)

results must be re-usable
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2306.17676

AN EXAMPLE OF REUSE WITH SMODELS 

plenty of other tools for “reuse”

https://smodels.github.io/docs/ListOfAnalyses.html
https://conference.ippp.dur.ac.uk/event/1178/
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ANOTHER EXAMPLE OF REUSE … 

normal theorist working to recast

inconclusive recast 
result due to too 

many options, too 
many models not 

overlapping

outright wrong 
results
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ANOTHER EXAMPLE OF REUSE … 

normal theorist working to recast

inconclusive recast 
result due to too 

many options, too 
many models not 

overlapping

outright wrong 
results

faithful recast

new interesting 
searches inspired 

by that
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SM

mtop
mh
mW,Z

mh̃1
≃ mh̃± ≃ mh̃2

mt̃

mB̃

A quite simple spectrum for the MSSM

light “bino”  ( )M1

slightly heavier “higgsino”  ( )μ

light stop (right-handed aka singlet)SU(2)

ANOTHER EXAMPLE OF REUSE … 
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SM

mtop
mh
mW,Z

mh̃1
≃ mh̃± ≃ mh̃2

mt̃

mB̃

SUSY states not well 
separated from SM states

mass-differences between 
SUSY states comparable 

to SM masses

final states similar 
to SM processes

Make everything a bit lighter now … 

χ+ → Wχ0 → ℓ + mET ≃ W → ℓν
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Measure pp → tt̄ as precise as you can!
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WHAT TO DO TO COVER THESE MODELS

turn the search into a 
SM measurement

big difference at 
large pT

SM
SM+NP

small difference 
at smaller pT

SM
SM+NP
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4 TAG AND PROBE
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#
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4 Tag and probe

Assuming that only pair production of top and stop is relevant we can
exploit the fact that in the mb` distribution there is one part of the dis-
tribution that is guaranteed to be free from BSM. This is generically due
to the fact that �̃+ and �̃

0 cannot be massless, hence the energy stored in
the mass of the t̃ in part goes into three-momenta of the final states and
in part has to be stored in the �̃

0 mass.
We use as an example the hypothesis that mb`  100 GeV for the stop

decay. In this situation any even in which mb` > 100 GeV can be as-
cribed to be a SM top quark event. The presence of a top quark, the tag,
can be signaled by either of two mb` in the event, as we have assumed
pair production. For definitness we use the positive charge lepton as tag.
Therefore

• an event is tagged as “top event” if mb`+ > 100 GeV.

The distribution of mb`� for the events in which the anti-lepton satisfy
the taggin condition can be take as a pure SM top quark distribution. In
the ideal case in which one is able to tag all the SM top events, in absence
of BSM, this distribution is expected to not depend on the threshold of
the tagger. The idea is that the two top quark decay independently and
the value of mb`� is independent from the value of mb̄`+ . For the ideal
case we see in Figure 11 that the ratio of the two normalized distribution
in mbe+ under different cuts on mb̄µ� are compatible with being identical
up to 1% errors due to having 1M events spread in 35 bins (averaging 14K
events per bin in the distribution with mb̄µ� > 100 GeV).
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4 Tag and probe

Assuming that only pair production of top and stop is relevant we can
exploit the fact that in the mb` distribution there is one part of the dis-
tribution that is guaranteed to be free from BSM. This is generically due
to the fact that �̃+ and �̃

0 cannot be massless, hence the energy stored in
the mass of the t̃ in part goes into three-momenta of the final states and
in part has to be stored in the �̃

0 mass.
We use as an example the hypothesis that mb`  100 GeV for the stop

decay. In this situation any even in which mb` > 100 GeV can be as-
cribed to be a SM top quark event. The presence of a top quark, the tag,
can be signaled by either of two mb` in the event, as we have assumed
pair production. For definitness we use the positive charge lepton as tag.
Therefore

• an event is tagged as “top event” if mb`+ > 100 GeV.

The distribution of mb`� for the events in which the anti-lepton satisfy
the taggin condition can be take as a pure SM top quark distribution. In
the ideal case in which one is able to tag all the SM top events, in absence
of BSM, this distribution is expected to not depend on the threshold of
the tagger. The idea is that the two top quark decay independently and
the value of mb`� is independent from the value of mb̄`+ . For the ideal
case we see in Figure 11 that the ratio of the two normalized distribution
in mbe+ under different cuts on mb̄µ� are compatible with being identical
up to 1% errors due to having 1M events spread in 35 bins (averaging 14K
events per bin in the distribution with mb̄µ� > 100 GeV).
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Figure 1: Possible deviation from the Standard Model shape of the lepton-b-jet invariant
mass distribution and the b-jet energy distribution used for the top quark mass measurement
in Ref. [42] and Ref. [28]. The bottom panel shows the ratio of the new physics over the
Standard Model prediction. The effect of new physics is most apparent in certain regions of
the distribution, allowing for calibration of the Standard Model prediction elsewhere in the
data and test of the new physics hypothesis in the sensitive region.

new physics that embraces all Standard Model final states of top decay and new ones. In this
perspective we can envisage a generalization of present global determinations of the Standard
Model top quark branching rations [46] to encompass a broader set of observables and final
states, to test more widely the presence of tiny deviations from the Standard Model in a global
analysis of the properties of the top quark. The combined use of several observables, e.g. from
the several final states measured, will be a point of strength of this global approach. In view of
the results of Run I, this strategy will certainly be worth pursuing at Run II both to sharpen
our knowledge of the top quark in the Standard Model and at the same time test a large class
of new physics scenario, in particular those that might be most elusive in standard searches.

Many more opportunities wait to be caught exploiting the large amount of Run II top quark
data. A particularly useful technique can be imagined to search new physics in top-like final
states by exploiting one side of the tt̄ event as trigger, for instance requiring a leptonic top, and
scrutinizing the other half of the event in search for deviations of top quark properties from
the Standard Model prediction. This strategy can highlight the presence of a small branching
ratio of the top quark in supersymmetric particles, e.g. in light stop and neutralino (which
can easily be at the percent level [47]):

t ! t̃ �̃
0 ! jets , (2)

which can arise for light stop and light neutralino in R-parity violating models with sizable
UDD interactions. This type of decay might be highlighted by studies of standard Model
properties such as Refs. [46, 48, 49], which, still being general searches for deviations from
the Standard Model, can be suitably targeted towards this type of new physics, exploiting
obvious features as the presence of a on-shell dijet resonance from the stop decay into jets,
or the multi-jet decay of the neutralino, possibly enriched by a detectably displaced decay
of the latter. On a similar note, the study of top quark decay can help to discover, or put

5
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4 Tag and probe

Assuming that only pair production of top and stop is relevant we can
exploit the fact that in the mb` distribution there is one part of the dis-
tribution that is guaranteed to be free from BSM. This is generically due
to the fact that �̃+ and �̃

0 cannot be massless, hence the energy stored in
the mass of the t̃ in part goes into three-momenta of the final states and
in part has to be stored in the �̃

0 mass.
We use as an example the hypothesis that mb`  100 GeV for the stop

decay. In this situation any even in which mb` > 100 GeV can be as-
cribed to be a SM top quark event. The presence of a top quark, the tag,
can be signaled by either of two mb` in the event, as we have assumed
pair production. For definitness we use the positive charge lepton as tag.
Therefore

• an event is tagged as “top event” if mb`+ > 100 GeV.

The distribution of mb`� for the events in which the anti-lepton satisfy
the taggin condition can be take as a pure SM top quark distribution. In
the ideal case in which one is able to tag all the SM top events, in absence
of BSM, this distribution is expected to not depend on the threshold of
the tagger. The idea is that the two top quark decay independently and
the value of mb`� is independent from the value of mb̄`+ . For the ideal
case we see in Figure 11 that the ratio of the two normalized distribution
in mbe+ under different cuts on mb̄µ� are compatible with being identical
up to 1% errors due to having 1M events spread in 35 bins (averaging 14K
events per bin in the distribution with mb̄µ� > 100 GeV).
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Figure 1: Possible deviation from the Standard Model shape of the lepton-b-jet invariant
mass distribution and the b-jet energy distribution used for the top quark mass measurement
in Ref. [42] and Ref. [28]. The bottom panel shows the ratio of the new physics over the
Standard Model prediction. The effect of new physics is most apparent in certain regions of
the distribution, allowing for calibration of the Standard Model prediction elsewhere in the
data and test of the new physics hypothesis in the sensitive region.

new physics that embraces all Standard Model final states of top decay and new ones. In this
perspective we can envisage a generalization of present global determinations of the Standard
Model top quark branching rations [46] to encompass a broader set of observables and final
states, to test more widely the presence of tiny deviations from the Standard Model in a global
analysis of the properties of the top quark. The combined use of several observables, e.g. from
the several final states measured, will be a point of strength of this global approach. In view of
the results of Run I, this strategy will certainly be worth pursuing at Run II both to sharpen
our knowledge of the top quark in the Standard Model and at the same time test a large class
of new physics scenario, in particular those that might be most elusive in standard searches.

Many more opportunities wait to be caught exploiting the large amount of Run II top quark
data. A particularly useful technique can be imagined to search new physics in top-like final
states by exploiting one side of the tt̄ event as trigger, for instance requiring a leptonic top, and
scrutinizing the other half of the event in search for deviations of top quark properties from
the Standard Model prediction. This strategy can highlight the presence of a small branching
ratio of the top quark in supersymmetric particles, e.g. in light stop and neutralino (which
can easily be at the percent level [47]):

t ! t̃ �̃
0 ! jets , (2)

which can arise for light stop and light neutralino in R-parity violating models with sizable
UDD interactions. This type of decay might be highlighted by studies of standard Model
properties such as Refs. [46, 48, 49], which, still being general searches for deviations from
the Standard Model, can be suitably targeted towards this type of new physics, exploiting
obvious features as the presence of a on-shell dijet resonance from the stop decay into jets,
or the multi-jet decay of the neutralino, possibly enriched by a detectably displaced decay
of the latter. On a similar note, the study of top quark decay can help to discover, or put
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4 Tag and probe

Assuming that only pair production of top and stop is relevant we can
exploit the fact that in the mb` distribution there is one part of the dis-
tribution that is guaranteed to be free from BSM. This is generically due
to the fact that �̃+ and �̃

0 cannot be massless, hence the energy stored in
the mass of the t̃ in part goes into three-momenta of the final states and
in part has to be stored in the �̃

0 mass.
We use as an example the hypothesis that mb`  100 GeV for the stop

decay. In this situation any even in which mb` > 100 GeV can be as-
cribed to be a SM top quark event. The presence of a top quark, the tag,
can be signaled by either of two mb` in the event, as we have assumed
pair production. For definitness we use the positive charge lepton as tag.
Therefore

• an event is tagged as “top event” if mb`+ > 100 GeV.

The distribution of mb`� for the events in which the anti-lepton satisfy
the taggin condition can be take as a pure SM top quark distribution. In
the ideal case in which one is able to tag all the SM top events, in absence
of BSM, this distribution is expected to not depend on the threshold of
the tagger. The idea is that the two top quark decay independently and
the value of mb`� is independent from the value of mb̄`+ . For the ideal
case we see in Figure 11 that the ratio of the two normalized distribution
in mbe+ under different cuts on mb̄µ� are compatible with being identical
up to 1% errors due to having 1M events spread in 35 bins (averaging 14K
events per bin in the distribution with mb̄µ� > 100 GeV).
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Figure 1: Possible deviation from the Standard Model shape of the lepton-b-jet invariant
mass distribution and the b-jet energy distribution used for the top quark mass measurement
in Ref. [42] and Ref. [28]. The bottom panel shows the ratio of the new physics over the
Standard Model prediction. The effect of new physics is most apparent in certain regions of
the distribution, allowing for calibration of the Standard Model prediction elsewhere in the
data and test of the new physics hypothesis in the sensitive region.

new physics that embraces all Standard Model final states of top decay and new ones. In this
perspective we can envisage a generalization of present global determinations of the Standard
Model top quark branching rations [46] to encompass a broader set of observables and final
states, to test more widely the presence of tiny deviations from the Standard Model in a global
analysis of the properties of the top quark. The combined use of several observables, e.g. from
the several final states measured, will be a point of strength of this global approach. In view of
the results of Run I, this strategy will certainly be worth pursuing at Run II both to sharpen
our knowledge of the top quark in the Standard Model and at the same time test a large class
of new physics scenario, in particular those that might be most elusive in standard searches.

Many more opportunities wait to be caught exploiting the large amount of Run II top quark
data. A particularly useful technique can be imagined to search new physics in top-like final
states by exploiting one side of the tt̄ event as trigger, for instance requiring a leptonic top, and
scrutinizing the other half of the event in search for deviations of top quark properties from
the Standard Model prediction. This strategy can highlight the presence of a small branching
ratio of the top quark in supersymmetric particles, e.g. in light stop and neutralino (which
can easily be at the percent level [47]):

t ! t̃ �̃
0 ! jets , (2)

which can arise for light stop and light neutralino in R-parity violating models with sizable
UDD interactions. This type of decay might be highlighted by studies of standard Model
properties such as Refs. [46, 48, 49], which, still being general searches for deviations from
the Standard Model, can be suitably targeted towards this type of new physics, exploiting
obvious features as the presence of a on-shell dijet resonance from the stop decay into jets,
or the multi-jet decay of the neutralino, possibly enriched by a detectably displaced decay
of the latter. On a similar note, the study of top quark decay can help to discover, or put
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4 Tag and probe

Assuming that only pair production of top and stop is relevant we can
exploit the fact that in the mb` distribution there is one part of the dis-
tribution that is guaranteed to be free from BSM. This is generically due
to the fact that �̃+ and �̃

0 cannot be massless, hence the energy stored in
the mass of the t̃ in part goes into three-momenta of the final states and
in part has to be stored in the �̃

0 mass.
We use as an example the hypothesis that mb`  100 GeV for the stop

decay. In this situation any even in which mb` > 100 GeV can be as-
cribed to be a SM top quark event. The presence of a top quark, the tag,
can be signaled by either of two mb` in the event, as we have assumed
pair production. For definitness we use the positive charge lepton as tag.
Therefore

• an event is tagged as “top event” if mb`+ > 100 GeV.

The distribution of mb`� for the events in which the anti-lepton satisfy
the taggin condition can be take as a pure SM top quark distribution. In
the ideal case in which one is able to tag all the SM top events, in absence
of BSM, this distribution is expected to not depend on the threshold of
the tagger. The idea is that the two top quark decay independently and
the value of mb`� is independent from the value of mb̄`+ . For the ideal
case we see in Figure 11 that the ratio of the two normalized distribution
in mbe+ under different cuts on mb̄µ� are compatible with being identical
up to 1% errors due to having 1M events spread in 35 bins (averaging 14K
events per bin in the distribution with mb̄µ� > 100 GeV).
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SM
SM+NP

small difference 
at smaller pT
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SM+NP

Figure 1: Possible deviation from the Standard Model shape of the lepton-b-jet invariant
mass distribution and the b-jet energy distribution used for the top quark mass measurement
in Ref. [42] and Ref. [28]. The bottom panel shows the ratio of the new physics over the
Standard Model prediction. The effect of new physics is most apparent in certain regions of
the distribution, allowing for calibration of the Standard Model prediction elsewhere in the
data and test of the new physics hypothesis in the sensitive region.

new physics that embraces all Standard Model final states of top decay and new ones. In this
perspective we can envisage a generalization of present global determinations of the Standard
Model top quark branching rations [46] to encompass a broader set of observables and final
states, to test more widely the presence of tiny deviations from the Standard Model in a global
analysis of the properties of the top quark. The combined use of several observables, e.g. from
the several final states measured, will be a point of strength of this global approach. In view of
the results of Run I, this strategy will certainly be worth pursuing at Run II both to sharpen
our knowledge of the top quark in the Standard Model and at the same time test a large class
of new physics scenario, in particular those that might be most elusive in standard searches.

Many more opportunities wait to be caught exploiting the large amount of Run II top quark
data. A particularly useful technique can be imagined to search new physics in top-like final
states by exploiting one side of the tt̄ event as trigger, for instance requiring a leptonic top, and
scrutinizing the other half of the event in search for deviations of top quark properties from
the Standard Model prediction. This strategy can highlight the presence of a small branching
ratio of the top quark in supersymmetric particles, e.g. in light stop and neutralino (which
can easily be at the percent level [47]):

t ! t̃ �̃
0 ! jets , (2)

which can arise for light stop and light neutralino in R-parity violating models with sizable
UDD interactions. This type of decay might be highlighted by studies of standard Model
properties such as Refs. [46, 48, 49], which, still being general searches for deviations from
the Standard Model, can be suitably targeted towards this type of new physics, exploiting
obvious features as the presence of a on-shell dijet resonance from the stop decay into jets,
or the multi-jet decay of the neutralino, possibly enriched by a detectably displaced decay
of the latter. On a similar note, the study of top quark decay can help to discover, or put
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Figure 5: Post-fit distributions based on the best-fit templates for (a) m`b and (b) �Rmin( jb, jl). The background
contributions are combined. The lower panel shows the ratio of data to post-fit sum of tt̄ signal and background. The
eight analysis regions corresponding to di↵erent b-tag multiplicity and jet pseudorapidity are shown. The vertical
lines show the boundaries between the binned variables in di↵erent lepton and b-tag regions. The hatched band
shows the total uncertainty. The systematic uncertainties are calculated bin-by-bin from the systematic variations
by adding di↵erences in quadrature. Then, statistical and systematic uncertainties are added in quadrature to obtain
the quoted total uncertainty.
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Figure 5: Post-fit distributions based on the best-fit templates for (a) m`b and (b) �Rmin( jb, jl). The background
contributions are combined. The lower panel shows the ratio of data to post-fit sum of tt̄ signal and background. The
eight analysis regions corresponding to di↵erent b-tag multiplicity and jet pseudorapidity are shown. The vertical
lines show the boundaries between the binned variables in di↵erent lepton and b-tag regions. The hatched band
shows the total uncertainty. The systematic uncertainties are calculated bin-by-bin from the systematic variations
by adding di↵erences in quadrature. Then, statistical and systematic uncertainties are added in quadrature to obtain
the quoted total uncertainty.
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Colored Light SUSY Not everything covered, and can be fixed

CONCLUSION #1

measurements of top quark properties can give searches as spin-off 
or 

 searches can be inspired by these measurements

it is necessary to strike a balance between effort to attain precision 
and search reach
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = mt̃

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2
Hu

,

�m
2
Hu

= �
3y2

t

8⇡2

�
m

2
Q3

+m
2
u3

+ |At|
2
�
ln

✓
⇤

mt̃

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2
Hu

becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|
2 = 6m2

t̃
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m
2
H
|h|

2 +
�h

4
|h|

4
. (6)
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Figure 5: Allowed values of the OS stop mass reproducing mh = 125 GeV as a function of the stop mixing, with
tan� = 20, µ = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 2� experimental uncertainty from the top mass. The wiggle around the positive maximal
mixing point is due to the physical threshold when mt̃ crosses M3 +mt.

renormalization scale—even if the on-shell squark masses are positive, the DR stop mass becomes
highly sensitive to the renormalization scale when the gluino is more than a factor of 2÷3 above
it, which results in an instability of the estimate of the Higgs mass. What is happening is that
the physical on-shell squark masses becomes tuned and highly sensitive to the soft parameters.
The situation is similar to trying to compute the Higgs mass in terms of the soft parameter m2

Hu

instead of the on-shell (tuned) EW vev v.

All these problems disappear in the OS scheme, the gluino decouples up to a physical log
correction [16], there are no tachyons since the physical OS masses are given as input and larger
hierarchies can be introduced safely within the SUSY spectrum (with the usual caveat that large
logarithms may require resummation). Besides, the input masses are directly the physical quan-
tities to be compared with experiments.

For these reasons we also performed our computation in the OS scheme. Fig. 5 shows an
application of such calculation. It corresponds to the region of allowed OS stop masses (taken
degenerate in this case) which reproduces the observed Higgs mass for di↵erent At-terms. Our
definition of At in the on-shell scheme, eq. (27), is di↵erent from the usual one, this explains why
the point of maximal mixing is not at Xt/mt̃ ' 2. In the spirit of natural SUSY [46–48] we kept
the higgsino light at 300 GeV while the gauginos and first generation squarks safely above collider

14

1504.05200

1 5 10 50 100

110

115

120

125

130

135

mSUSY (TeV )

m
h
(G

eV
)

Xt /mSUSY=0, tanβ=20

FeynH
iggs

Suspe
ct

SUSYHD

Figure 3: Comparison between the EFT computation (lower blue band) and two existing codes: FeynHiggs [41]
and Suspect [39]. We used a degenerate SUSY spectrum with mass mSUSY in the DR-scheme with tan� = 20.
The plot on the left is mh vs mSUSY for vanishing stop mixing. The plot on the right is mh vs Xt/mSUSY for
mSUSY = 2 TeV. On the left plot the instability of the non-EFT codes at large mSUSY is visible.

due to the missing 2-loop corrections in the top mass7. Note that, as discussed in the previous
section, the uncertainty in the EFT approach is dominated by the 3-loop top matching conditions,
the 2-loop ones are thus mandatory in any precision computation of the Higgs mass. We checked
that after their inclusion, the FeynHiggs code would perfectly agree with the EFT computation
at zero squark mixing. At maximal mixing the disagreement would be reduced to 4 GeV, which
should be within the expected theoretical uncertainties of the diagrammatic computation.

For comparison, in fig. 3 we also show the results obtained with a di↵erent code (Suspect [39])
which uses a diagrammatic approach but unlike FeynHiggs, does not perform RGE improvement
and its applicability becomes questionable for mSUSY in the multi TeV region.

3 Results

After having seen that the EFT computation is reliable for most of the relevant parameter space
we present here some of the implications for the supersymmetric spectrum. Given the generic
agreement with previous computations using the same approach, we tried to be as complemen-
tary as possible in the presentation of our results, putting emphasis on the improvements of our
computation and novel analysis in the EFT approach.

3.1 Where is SUSY?

Fig. 4 represents the parameter space compatible with the experimental value of the Higgs mass in
the plane of (m1/2,m0) for zero (blue) and increasing values (red) of the stop mixing. For simplicity
we took degenerate scalar masses m0 as well as degenerate fermion masses m1/2 = M1,2,3 = µ. All

7It was brought to our attention that a similar observation was also made in [42].

11

1504.05200

SUSY HD

THE IMPORTANCE OF KEEPING PUSHING
Heavy SUSY is not at all a bad thing!

The computation of  
in the MSSM points 

towards heavy SUSY

mh

1212.6971



><
ROBERTO FRANCESCHINI - 2023 OSLO ATLAS SUSY WORKSHOP - HTTPS://INDICO.CERN.CH/EVENT/1322199/

23

SUSY  TeV matters≫ Keep it up!

CONCLUSION #2

) [GeV]g~m(
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

) [
G

eV
]

q~
m

(

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

q~Decoupled 

g~
D

ec
ou

pl
ed

 

observed

expected

 ATLAS

0-leptons, 2-6 jets
All limits at 95 % CL

-1=13 TeV, 139 fbs

)expσ1 ±Exp. limit (
)SUSY

theoryσ1 ±Obs. limit (
Exp. limits MB
Exp. limits BDT
Exp. limits Model Ind.

[arXiv:1712.02332]
-10L obs. 36 fb

)=0 GeV0
1
χ∼Squark-gluino-neutralino model, m(

200 400 600 800 1000 1200 1400

) [GeV]1b~m(

0

200

400

600

800

1000

1200

) [
G

eV
]

 0 1χ∼
m

( )miss
T

 (b-jets + E0
1
χ∼ b → 1b~ [2101.12527]

)0
1χ∼

) =
 m

( 
1b~

m( 

)±
1χ∼

) =
 m

(t) 
+ m

( 

1b~
m( 

) = 100 GeV0
1
χ∼,  ±

1
χ∼ m( ∆, ±

1
χ∼ t → 1b~ [1909.08457]

) +
 13

0 G
eV

0
1χ∼

) =
 m

( 
1b~

m( 

) = 130 GeV0
2
χ∼, 0

1
χ∼ m( ∆ , 0

1
χ∼ b h → 0

2
χ∼ b → 1b~ [1908.03122, 2103.08189] 

 (monojet)0
1
χ∼ b → 1b~ [2102.10874]

 -1 = 13 TeV, 139 fbs March 2021

ATLAS Preliminary production1b~1b~

Limits at 95% CL

400 500 600 700 800 900 1000 1100 1200 1300
) [GeV]1t

~m(
100

150

200

250

300

350

400

450

500

550

600

) [
G

eV
]

10 χ∼
m

(

)0
1χ∼

) <
 m

(t)
 + 

m(

1t~
m(

0
1
χ∼W →

±

1
χ∼

0
1,2
χ∼, t ±

1
χ∼b →1t

~
0
1
χ∼,Z 0

1
χ∼h →

0
2
χ∼

≈) 0
1
χ∼,t ±

1
χ∼,b 0

2
χ∼BR(t 

: (45,10,45)% β, small tan Lt
~

: (33,33,33)% β, large tan Lt
~

: (25,50,25)% Rt
~

0L/1LLt
~

≈1t
~Best Observed limit 

) 0L/1Lβ(large tan Lt
~

≈1t
~Best Observed limit 

0L/1LRt
~

≈1t
~Best Observed limit 

Expected limit 0L [1709.04183]
Expected limit 1L [1711.11520]
ATLAS higgsino exclusion [1712.0819]

)+10 GeV, March 20180
1
χ∼) = m(0

2
χ∼)+5 GeV, m(0

1
χ∼) = m(±

1
χ∼production, m(1t

~
1t

~Higgsino LSP Model: 

-1= 13 TeV, 36.1 fbs
All limits at 95% CL

ATLAS Preliminary



><

SM

mtop
mh
mW,Z

ROBERTO FRANCESCHINI - 2023 OSLO ATLAS SUSY WORKSHOP - HTTPS://INDICO.CERN.CH/EVENT/1322199/
24

100 150 200 250 300 350
 [GeV]l~m

0

50

100

150

200

250

300

350

) [
G

eV
]

10 χ∼
m

(

)
1

0
χ∼

) =
 m(

l~
m(

)expσ1 ±Expected Limit (

)SUSY
theoryσ1 ±Observed Limit (

ATLAS 13 TeV, arXiv:1911.12606

ATLAS 8 TeV, arXiv:1403.5294

 excluded
R
µ∼LEP 

ATLAS 13 TeV, arXiv:1908.08215

1
0
χ∼ 

1
0
χ∼

-l+ l→
 -
L,Rl~

 +
L,Rl~

, All limits at 95% CL-1=13 TeV, 139 fbs
ATLAS

(a)

100 120 140 160 180 200 220 240 260
 [GeV]l~m

0

10

20

30

40

50

60

70

80

) [
G

eV
]

10 χ∼ ,l~
 m

 (
∆

)expσ1 ±Expected Limit (

)SUSY
theoryσ1 ±Observed Limit (

ATLAS 13 TeV, arXiv:1911.12606

ATLAS 8 TeV, arXiv:1403.5294

 excluded
R
µ∼LEP 

ATLAS 13 TeV, arXiv:1908.08215

1
0
χ∼ 

1
0
χ∼

-l+ l→
 -
L,Rl~

 +
L,Rl~

, All limits at 95% CL-1=13 TeV, 139 fbs
ATLAS

(b)

Figure 6: Observed and expected exclusion limits on SUSY simplified models for slepton-pair production in the
(a) <(✓̃)–<( j̃0

1) and (b) <(✓̃)–�<(✓̃, j̃0
1) planes. Only 4̃ and ˜̀ are considered. The observed (solid thick line) and

expected (thin dashed line) exclusion contours are shown. The shaded band around the dashed line corresponds to
the ±1f variations of the expected limit, including all uncertainties except theoretical uncertainties in the signal
cross-section. The dotted lines around the observed limit illustrate the change in the observed limit as the nominal
signal cross-section is scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL. The
observed limits obtained at LEP [122] for ˜̀R and by the ATLAS experiment in previous searches are also shown [14,
16, 123].
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with a data-driven technique using events with two leptons of different flavour and opposite-sign electric
charge. In the chargino search, the signal results in both same-flavour and different-flavour lepton pairs and
the topology of the signal is close to the SM ,, process. In this case, a machine-learning technique is
used, based on boosted decision trees specifically trained on signal samples with <( j̃±

1 ) � <( j̃0
1) around

the ,-boson mass.

This paper is structured as follows. Section 2 and Section 3 describe the signal scenarios considered in
these searches and the ATLAS detector, respectively. The data and simulated Monte Carlo (MC) samples
used in the analyses, along with the trigger selections, are detailed in Section 4. Section 5 describes the
physics object definitions. The search strategies and the SM background estimations are discussed in
Sections 6 and 7, respectively. The experimental and theoretical systematic uncertainties considered in
the two searches are documented in Section 8. Finally, the results and their statistical interpretations are
presented in Section 9, followed by the conclusion in Section 10.

2 SUSY scenarios

The design of the analyses and the interpretation of the results are based on simplified models [24–26],
where the masses of relevant sparticles (in this case the ✓̃, j̃±

1 and j̃
0
1) are the only free parameters and all

the other sparticles are assumed to be heavy and decoupled.

In models with direct ✓̃✓̃ production (Figure 1(a)), each slepton decays into a charged lepton and a bino-like
j̃

0
1 with a 100% branching ratio. Only 4̃ and ˜̀ are considered in these models, and different assumptions

about the masses of the superpartners of the left-handed and right-handed charged leptons, 4̃L, 4̃R, ˜̀L and
˜̀R, are considered. Lepton flavour is conserved in all models.

The j̃
±
1 is assumed to be wino-like and decay into a bino-like j̃

0
1 via emission of a ,-boson, which may

decay into an electron or muon plus neutrino(s) either directly or through the emission of a leptonically
decaying g-lepton (Figure 1(b)).
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Figure 1: Diagrams of the supersymmetric simplified models considered, with two charged leptons plus weakly
interacting particles in the final state: (a) slepton pair production and (b) j̃+

1 j̃
�
1 production with ,-boson-mediated

decays. Only 4̃ and ˜̀ are included in the slepton model. In the final state, ✓ stands for an electron or muon, which
can be produced directly or, in the case of (b), via a leptonically decaying g-lepton along with additional neutrinos.
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the ±1f variations of the expected limit, including all uncertainties except theoretical uncertainties in the signal
cross-section. The dotted lines around the observed limit illustrate the change in the observed limit as the nominal
signal cross-section is scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL. The
observed limits obtained at LEP [122] for ˜̀R and by the ATLAS experiment in previous searches are also shown [14,
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charge. In the chargino search, the signal results in both same-flavour and different-flavour lepton pairs and
the topology of the signal is close to the SM ,, process. In this case, a machine-learning technique is
used, based on boosted decision trees specifically trained on signal samples with <( j̃±
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1) around

the ,-boson mass.

This paper is structured as follows. Section 2 and Section 3 describe the signal scenarios considered in
these searches and the ATLAS detector, respectively. The data and simulated Monte Carlo (MC) samples
used in the analyses, along with the trigger selections, are detailed in Section 4. Section 5 describes the
physics object definitions. The search strategies and the SM background estimations are discussed in
Sections 6 and 7, respectively. The experimental and theoretical systematic uncertainties considered in
the two searches are documented in Section 8. Finally, the results and their statistical interpretations are
presented in Section 9, followed by the conclusion in Section 10.

2 SUSY scenarios

The design of the analyses and the interpretation of the results are based on simplified models [24–26],
where the masses of relevant sparticles (in this case the ✓̃, j̃±

1 and j̃
0
1) are the only free parameters and all

the other sparticles are assumed to be heavy and decoupled.

In models with direct ✓̃✓̃ production (Figure 1(a)), each slepton decays into a charged lepton and a bino-like
j̃

0
1 with a 100% branching ratio. Only 4̃ and ˜̀ are considered in these models, and different assumptions

about the masses of the superpartners of the left-handed and right-handed charged leptons, 4̃L, 4̃R, ˜̀L and
˜̀R, are considered. Lepton flavour is conserved in all models.

The j̃
±
1 is assumed to be wino-like and decay into a bino-like j̃

0
1 via emission of a ,-boson, which may

decay into an electron or muon plus neutrino(s) either directly or through the emission of a leptonically
decaying g-lepton (Figure 1(b)).
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Figure 1: Diagrams of the supersymmetric simplified models considered, with two charged leptons plus weakly
interacting particles in the final state: (a) slepton pair production and (b) j̃+

1 j̃
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1 production with ,-boson-mediated

decays. Only 4̃ and ˜̀ are included in the slepton model. In the final state, ✓ stands for an electron or muon, which
can be produced directly or, in the case of (b), via a leptonically decaying g-lepton along with additional neutrinos.
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Sections 6 and 7, respectively. The experimental and theoretical systematic uncertainties considered in
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with a data-driven technique using events with two leptons of different flavour and opposite-sign electric
charge. In the chargino search, the signal results in both same-flavour and different-flavour lepton pairs and
the topology of the signal is close to the SM ,, process. In this case, a machine-learning technique is
used, based on boosted decision trees specifically trained on signal samples with <( j̃±

1 ) � <( j̃0
1) around

the ,-boson mass.

This paper is structured as follows. Section 2 and Section 3 describe the signal scenarios considered in
these searches and the ATLAS detector, respectively. The data and simulated Monte Carlo (MC) samples
used in the analyses, along with the trigger selections, are detailed in Section 4. Section 5 describes the
physics object definitions. The search strategies and the SM background estimations are discussed in
Sections 6 and 7, respectively. The experimental and theoretical systematic uncertainties considered in
the two searches are documented in Section 8. Finally, the results and their statistical interpretations are
presented in Section 9, followed by the conclusion in Section 10.

2 SUSY scenarios

The design of the analyses and the interpretation of the results are based on simplified models [24–26],
where the masses of relevant sparticles (in this case the ✓̃, j̃±

1 and j̃
0
1) are the only free parameters and all

the other sparticles are assumed to be heavy and decoupled.

In models with direct ✓̃✓̃ production (Figure 1(a)), each slepton decays into a charged lepton and a bino-like
j̃

0
1 with a 100% branching ratio. Only 4̃ and ˜̀ are considered in these models, and different assumptions

about the masses of the superpartners of the left-handed and right-handed charged leptons, 4̃L, 4̃R, ˜̀L and
˜̀R, are considered. Lepton flavour is conserved in all models.

The j̃
±
1 is assumed to be wino-like and decay into a bino-like j̃

0
1 via emission of a ,-boson, which may

decay into an electron or muon plus neutrino(s) either directly or through the emission of a leptonically
decaying g-lepton (Figure 1(b)).

(a) (b)

Figure 1: Diagrams of the supersymmetric simplified models considered, with two charged leptons plus weakly
interacting particles in the final state: (a) slepton pair production and (b) j̃+

1 j̃
�
1 production with ,-boson-mediated

decays. Only 4̃ and ˜̀ are included in the slepton model. In the final state, ✓ stands for an electron or muon, which
can be produced directly or, in the case of (b), via a leptonically decaying g-lepton along with additional neutrinos.
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turn the   
measurement  
into a search
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EW Light SUSY Not everything covered, and can be fixed

CONCLUSION #3

measurements of weak boson properties, , can give searches as spin-off  
or  

searches can be inspired by these measurements

mW

it is necessary to strike a balance between effort to attain precision 
and search reach
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CONCLUSIONS AND OUTLOOK
SUSY has ruled the world of 
phenomenology for long time

its phenomenology keeps providing very 
hard challenges with which to confront 

in the experimental practice

Run3 and beyond may give the 
opportunity to face long standing issues
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CONCLUSIONS AND OUTLOOK
RUN3 AND BEYOND MAY GIVE THE OPPORTUNITY TO FACE LONG STANDING ISSUES

BSM signals (of all sorts) that look too much like the SM are difficult at LHC 

For “outside SUSY”: Do we trust the methods that we use in measurements?  
Do we trust them so much that we can use them (possibly extended) to perform searches?  

In my opinion this makes a test of these methods, that are otherwise tested “only” by confronting 
measurements from other experiments (e.g.  and  quark properties from ATLAS and from CMS or CDF) mW top

big difference at 
large pT

SM
SM+NP

small difference 
at smaller pT

SM
SM+NP

searches ↔ measurements
SUSY searches are a very established compartment of the physics program.  

• Can lead the way on “precision searches”  
• Can lead the way on the preservation and reinterpretation 
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Keep it steady explore new (joint) approaches
https://outdoors.stackexchange.com/questions/15074/can-i-participate-in-rail-biking-without-my-own-equipment-or-experience/15075

https://outdoors.stackexchange.com/questions/15074/can-i-participate-in-rail-biking-without-my-own-equipment-or-experience/15075
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Thank you!
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The 95% CL exclusion limits on χ̃1+χ̃1- and χ̃1±χ̃20 production with SM-boson-mediated decays, as a function of the χ̃1±, χ̃20 and χ̃10 masses. The 
production cross-section is for pure wino χ̃1+χ̃1- and χ̃1±χ̃20. Each individual exclusion contour represents a union of the excluded regions of one or 
more analyses.
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Figure 5: Post-fit distributions based on the best-fit templates for (a) m`b and (b) �Rmin( jb, jl). The background
contributions are combined. The lower panel shows the ratio of data to post-fit sum of tt̄ signal and background. The
eight analysis regions corresponding to di↵erent b-tag multiplicity and jet pseudorapidity are shown. The vertical
lines show the boundaries between the binned variables in di↵erent lepton and b-tag regions. The hatched band
shows the total uncertainty. The systematic uncertainties are calculated bin-by-bin from the systematic variations
by adding di↵erences in quadrature. Then, statistical and systematic uncertainties are added in quadrature to obtain
the quoted total uncertainty.
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