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Why “Compressed SUSY” ? 
❖ theoretically interesting

✦ relic density of compressed models expected to be consistent  
with cosmological observations [*]

✦ natural SUSY expects light and compressed (MeV—GeV)  
higgsinos [**]

❖ experimentally motivated

✦ level of compression determines possible final states

✦ thus: same SUSY scenario leads to different final states

✦ especially particles with low transverse momentum („soft“)  
can be produced in decay

✦ hard to resolve compressed signatures at the LHC!

❖ and of course:

✦ we haven’t found SUSY yet in noncompressed spectra,  
maybe it pops up in the compressed?
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Colored SUSY
SUS-16-032 third-generation squark production and FCNC in the cc or bb + pTmiss final states PLB 778(2018)263

SUS-16-036 exploring the jets + pTmiss final state with the MT2 variable EPJC 77(2017)710

SUS-16-049 dedicated top squark search in all-hadronic signatures JHEP 10(2017)005

SUS-16-052 soft single lepton search for compressed top squark spectra CDS:2273394

SUS-17-005 soft single lepton search for compressed top squark spectra (MVA update) CDS:2308382

SUS-17-010 two opposite-sign lepton search for top squark models CDS:2309556

Electroweak SUSY
SUS-16-039 probing a multitude of final states with two or more leptons JHEP 03(2018)166

SUS-16-045 exploring the WH + pTmiss signature with H→ɣɣ decays using the Razor variables PLB 779(2018)166

SUS-16-048 search for light and compressed higgsinos in events with two soft opposite-sign leptons Submitted to PLB

SUS-17-004 search for SUSY in WZ + pTmiss events in the trilepton final state JHEP 03(2018)160

… at 13 TeV with the 2016 data set (35.9/fb):

❖ going to discuss the most recent and most challenging searches highlighted in blue

http://dx.doi.org/10.1016/j.physletb.2018.01.012
http://dx.doi.org/10.1140/epjc/s10052-017-5267-x
http://dx.doi.org/10.1007/JHEP10(2017)005
http://cds.cern.ch/record/2273394?ln=en
http://http://cds.cern.ch/record/2308382?ln=en
http://cds.cern.ch/record/2309556?ln=en
http://dx.doi.org/10.1007/JHEP03(2018)166
http://dx.doi.org/10.1016/j.physletb.2017.12.069
https://arxiv.org/abs/1801.01846
http://dx.doi.org/10.1007/JHEP03(2018)160


Search Strategy in the Compressed
❖ conventional searches designed for large mass splittings

✦ thus, large amounts of free energy in the particle decay

✦ yields hard final state objects, but also gives Lorentz boost to the LSPs

✦ also leads to large values of pTmiss in signal — shape difference between  
background and signal

✦ can trigger on hard visible objects (electrons, muons, jets) and/or pTmiss

❖ not so easy in the compressed region

✦ LSPs not boosted due to low 𝝙m — low values of pTmiss — no shape  
difference to SM bkg

✦ but: shape difference restored in initial state radiation (ISR) boosts the  
SUSY particle system

✦ cannot trigger on soft visible objects, but on pTmiss

✦ look for shape difference in other variables for events with high pTmiss
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the final

state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes detec-
tion to produce a large transverse momentum imbalance in the event. Another model, denoted
“T2tb”, is considered, under the assumption of equal branching ratios of the two aforemen-
tioned decay modes. This model, however, assumes a compressed mass spectrum in which the
mass of the ec±

1 is only 5 GeV greater than that of the ec0
1; as a result, the W bosons from chargino

decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-shell
W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where c is the
charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models, respec-
tively, where C denotes the hypothesis of a compressed mass spectrum in the first two cases.
Observations in such low Dm models are experimentally challenging since the visible decay
products are typically very soft (i.e. low-momentum), and therefore often evade identification.
Nevertheless, such models are particularly interesting because their dark matter relic density is
predicted to be consistent with the cosmological observations [49]. Specialized jet reconstruc-
tion tools and event selection criteria are therefore developed to enhance sensitivity to these
signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-
certainties assigned to the signal processes is also presented in Section 7. The results of the
search and their interpretation in the context of a variety of models ofet1 production and decay
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All modes begin as pp ! et1et1, with subsequent decay cascades denoted:
(a) “T2tt”: ! t(⇤) ec0
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ēt1

et1

t̄

e�0
1

e�0
1

t

(a)

P1

P2
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the final

state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes detec-
tion to produce a large transverse momentum imbalance in the event. Another model, denoted
“T2tb”, is considered, under the assumption of equal branching ratios of the two aforemen-
tioned decay modes. This model, however, assumes a compressed mass spectrum in which the
mass of the ec±

1 is only 5 GeV greater than that of the ec0
1; as a result, the W bosons from chargino

decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-shell
W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where c is the
charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models, respec-
tively, where C denotes the hypothesis of a compressed mass spectrum in the first two cases.
Observations in such low Dm models are experimentally challenging since the visible decay
products are typically very soft (i.e. low-momentum), and therefore often evade identification.
Nevertheless, such models are particularly interesting because their dark matter relic density is
predicted to be consistent with the cosmological observations [49]. Specialized jet reconstruc-
tion tools and event selection criteria are therefore developed to enhance sensitivity to these
signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-
certainties assigned to the signal processes is also presented in Section 7. The results of the
search and their interpretation in the context of a variety of models ofet1 production and decay

Figure 1: Diagrams for the decay modes of pair-produced top squarks studied in this analysis.
All modes begin as pp ! et1et1, with subsequent decay cascades denoted:
(a) “T2tt”: ! t(⇤) ec0

1t(⇤) ec0
1, (b) “T2bW”: ! bec+

1 bec�
1 , (c) “T2tb”: ! tec0

1bec+
1 ,

(d) “T2ttC”: ! t⇤ ec0
1t⇤ ec0

1 ! bff̄0 ec0
1bff̄0 ec0

1,
(e) “T2bWC”: ! bec+

1 bec�
1 ! bW⇤+ ec0

1bW⇤� ec0
1, (f) “T2cc”: ! cec0

1cec0
1.

An asterisk indicates the particle may be produced off-shell.
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Single Soft Lepton Search
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❖ dedicated search for top squark decay via W and b

✦ exactly one electron (pT > 5 GeV) or muon (pT > 3.5 GeV)

✦ soft lepton (pT < 30 GeV) and one ISR jet with pT > 100 GeV

❖ expect pTmiss > 200 GeV and HT > 300 GeV

❖ 𝝙φ(jet1, jet2) < 2.5 rad — suppresses dijet and multijet background

✦ remaining background is dominated by W+Jets and ttbar

✦ estimate from simulation, extract normalization from control regions  
(lepton-pT > 30 GeV)

❖ two set of regions: for very low 𝝙m and higher 𝝙m

✦ lepton-pT spectrum depends on 𝝙m — use optimized lepton-pT bins 
(3.5-5-12-20-30)

✦ expect shape difference between signal and background in  
MT(ℓ, pTmiss) and pTmiss (in the bulk of the distributions!)  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Single Soft Lepton Search
❖ alternative search region extraction

✦ boosted decision tree (BDT) built on kinematic variables of the lepton and the jets in the event 

✦ separate training for different SUSY scenarios (= Δm); build 8 SR requiring a minimum BDT score

✦ largest improvement for mass splittings  40–80 GeV

❖ combination with all-hadronic analysis (SUS-16-049)
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Two OS Leptons
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❖ require leptonic decays from the on-shell W bosons 

✦ can give two opposite-sign (OS) leptons

❖ optimized for moderate mass splittings mW < 𝝙m < mt

✦ leading (trailing) lepton has pT > 25 (20) GeV 

✦ mℓℓ > 20 GeV to remove low-mass resonances

✦ remove Z resonances by requiring same-flavor pairs  
| mℓℓ - mZ | > 15 GeV

✦ require pTmiss > 140 GeV

❖ remaining backgrounds have W resonances but no LSPs

✦ use MT2 to discriminate between SM and SUSY

✦ discrimination power enhanced by ISR boost of LSPs
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this, a general high-acceptance baseline selection is defined, requiring two isolated leptons with
opposite charge, pseudorapidity |h| < 2.4, and transverse momentum pT � 25 (20) GeV for the
leading (trailing) lepton. To reduce the contributions from low-mass resonance and Drell-Yan
production, the invariant mass m`` of the lepton pair is required to be greater than 20 GeV,
and if both leptons have the same flavor (SF), m`` is further required to satisfy |m`` � mZ| >
15 GeV, where mZ is the Z boson mass. High missing transverse momentum pmiss

T > 140 GeV is
required. Events are further rejected if they contain a third lepton with pT > 15 GeV, |h| < 2.4,
and satisfying the veto lepton selection (Section 4). A summary of the baseline selection is
found in Table 1.

Table 1: Definition of the baseline selection used in the searches for chargino pair production
and top squark pair production.

Variable Selection
lepton flavor e+e�, µ+µ�, e±µ⌥

third lepton veto pT > 15 GeV, |h| < 2.4
leading lepton pT � 25 GeV, |h| < 2.4
trailing lepton pT � 20 GeV, |h| < 2.4

m`` � 20 GeV
|m`` � mZ| > 15 GeV only for ee and µµ events

pmiss
T � 140 GeV

The SM processes that contribute most after the baseline selection are tt̄, tW, and WW produc-
tions. For all these backgrounds, the lepton pair and the missing transverse momentum come
from a W boson pair. Consequently, if we construct the stransverse mass variable MT2 [69],
which generalizes the transverse mass (MT) for a system with two invisible particles, by using
the two leptons as the two visible systems:

MT2(``) = min
~p miss1

T +~p miss2
T =~p miss

T

⇣
max

h
MT(~p

lep1
T ,~p miss1

T ), MT(~p
lep2
T ,~p miss2

T )
i⌘

, (1)

we obtain an observable whose distribution for the considered backgrounds reaches a kine-
matic endpoint at the W boson mass. Signal events, instead, present stransverse mass spectra
without such an endpoint because of the additional contribution given by the neutralinos to
~pmiss

T . The sensitivity of the analysis is further enhanced by dividing the signal region in bins
of missing transverse momentum. This allows not only to exploit the larger tails in the pmiss

T
distribution of the signal events, but also to optimise the sensitivity to signals with different
mass separation between the produced supersymmetric particle and the LSP. Each pmiss

T bin
is in turn divided into events with SF and different flavor (DF) leptons to exploit the smaller
contamination from WZ, ZZ, and Drell-Yan production of the latter.

The signal regions are further subdivided based on the specific characteristics of each signal
model. A veto on b-tagged jets is applied to reject tt̄, tW, and tt̄Z events in the chargino search.
While not providing sensitivity for the signal production, events with b-tagged jets are kept
as a control region for the normalization of the background from tt̄ and tW production (see
Section 6). Events without b-tagged jets are in turn split in two sub-regions with or without
a jet (pT > 20 GeV, |h| < 2.4) in the pmiss

T bins below 300 GeV, to exploit the larger fraction
of signal events with no jets with respect to top background that still contaminate the signal
region after applying the b-tag veto requirement.

The final states produced in the top squark decays are characterized by the presence of two
bottom quarks. When the difference in the mass of the top squark and the neutralino is small,

2 1 Introduction
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the final

state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes detec-
tion to produce a large transverse momentum imbalance in the event. Another model, denoted
“T2tb”, is considered, under the assumption of equal branching ratios of the two aforemen-
tioned decay modes. This model, however, assumes a compressed mass spectrum in which the
mass of the ec±

1 is only 5 GeV greater than that of the ec0
1; as a result, the W bosons from chargino

decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-shell
W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where c is the
charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models, respec-
tively, where C denotes the hypothesis of a compressed mass spectrum in the first two cases.
Observations in such low Dm models are experimentally challenging since the visible decay
products are typically very soft (i.e. low-momentum), and therefore often evade identification.
Nevertheless, such models are particularly interesting because their dark matter relic density is
predicted to be consistent with the cosmological observations [49]. Specialized jet reconstruc-
tion tools and event selection criteria are therefore developed to enhance sensitivity to these
signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-
certainties assigned to the signal processes is also presented in Section 7. The results of the
search and their interpretation in the context of a variety of models ofet1 production and decay

Figure 1: Diagrams for the decay modes of pair-produced top squarks studied in this analysis.
All modes begin as pp ! et1et1, with subsequent decay cascades denoted:
(a) “T2tt”: ! t(⇤) ec0

1t(⇤) ec0
1, (b) “T2bW”: ! bec+

1 bec�
1 , (c) “T2tb”: ! tec0
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1 ,

(d) “T2ttC”: ! t⇤ ec0
1t⇤ ec0

1 ! bff̄0 ec0
1bff̄0 ec0

1,
(e) “T2bWC”: ! bec+

1 bec�
1 ! bW⇤+ ec0

1bW⇤� ec0
1, (f) “T2cc”: ! cec0

1cec0
1.

An asterisk indicates the particle may be produced off-shell.
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Electroweak SUSY: WZ + pTmiss
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❖ inclusive multilepton search probes chargino-neutralino 
production with moderate mass splittings

✦ covering broad region of parameter space (small to large 𝝙m)

❖ significant loss in sensitivity at 𝝙m ~ mZ („WZ corridor“)

✦ signal has mZ available to produce W or Z boson

✦ hence, signal is very similar to SM WZ process

❖ but signal is a bit different

✦ due to mass constraint from 
chargino / neutralino signal  
rarely has mℓℓ > 105 GeV

✦ in case of an ISR boost, pTmiss and  
MT(ℓ3, pTmiss) larger for signal  
than for bkg due to LSPs

SUS-16-039 and SUS-17-004
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Electroweak SUSY: WZ + pTmiss

❖ finer granularity binning in 75 < mℓℓ < 105 GeV region via additional HT bins 

✦ significant limit improvement of about 60 GeV (or 30%) along the WZ corridor

❖ quite impressive (combined) CMS exclusion in compressed scenarios for EWK model

✦ for more details see Mia’s talk (plenary) and Carlos’ talk (parallel)
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Soft OS Leptons Pairs
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❖ two soft leptons from off-shell bosons

✦ EWK: opposite-sign same-flavor pair from Z  (+ hadronic W)

✦ Top squarks: opposite-sign any-flavor pair from two W’s

❖ μ (e) pT between 3.5 (5) and 30 GeV
✦ dedicated ID and trigger strategy

✦ pTmiss ≥ 125 GeV possible in μμ final state  
thanks to specially developed soft μμ + pTmiss trigger

❖ strong suppression against important backgrounds

✦ boosted Drell-Yan→𝛕𝛕 — reconstruct m𝛕𝛕 to remove the bkg

✦ dilepton ttbar — reject events with b jets

✦ diboson production — suppress events with MT(ℓ, pTmiss) > 70 GeV

❖ challenge: reject misidentified leptons (e.g. from jets)

LHCP	2017 M.	Peruzzi	-	SUSY	electroweak	searches	with	CMS

Soft	dilepton	search

15
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❖ top squarks case

✦ categorize events in pTmiss and leading lepton pT

❖ exclude top squarks up to 450 GeV at 𝝙m ~ 30 GeV
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Soft OS Leptons Pairs
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❖ electroweak case (WZ-like model)

✦ categorize events in pTmiss and invariant mass mℓℓ

❖ exclude wino-like charginos / neutralinos up to  
230 GeV at  𝝙m ~ 20 GeV

SUS-16-048



❖ when it comes to natural SUSY, particular interest lies upon higgsinos!

✦ i.e. charginos and neutralinos with dominant higgsino component

❖ re-interpretation of the WZ-like model with dominant higgsino component (left)

✦ improvement of the LEP limit (~ 100 GeV) for the first time!

❖ also interpretation in pMSSM framework as function of M1=(1/2)M2 and μ (right)
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Soft OS Leptons Pairs
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MASS PARAMETERS:  
μ = higgsinos 

M1 = bino 
M2 = wino 

M3 = gluino (decoupled)



Conclusion
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❖ excellent performance of LHC in 2016 provided CMS with enough data to search for new 
physics in yet unprobed regions of phase space

❖ extensive search program performed at CMS covering a huge variety of topologies, both for 
colored SUSY and EWK SUSY

❖ development and optimization of key analysis tools allows probing of very compressed regions

✦ tackle shape different between SUSY and SM in regimes with ISR

✦ novel techniques improve sensitivity to difficult regions of phase space

✦ first time sensitivity to higgsino at the LHC, improving the LEP limit!

❖ larger data sets and improved techniques will allow to  
probe more unconventional scenarios

✦ long-lived higgsinos?

✦ disappearing tracks?

❖ if you want to search for higgsinos (and thus natural SUSY),  
this is the time!

LHCP	2017 M.	Peruzzi	-	SUSY	electroweak	searches	with	CMS

Outlook
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line with wino-like cross sections

 (GeV)
1
±χ∼

 = m
2

0
χ∼

m
120 140 160 180 200 220 240 260 280 300 320

 (G
eV

)
10 χ∼

 - 
m

1± χ∼
 m

 =
 m

∆
10

15

20

25

30

35

40

-135.9 fb
-1300 fb

-13000 fb

2
0
χ∼

1
0
χ∼ + 

2
0
χ∼

1
±χ∼higgsino-like cross sections 

CMS-PAS-SUS-16-048 obs.

My projection

e�0
2

e�±
1

e�0
1

�m±
1 ,01

= any

wino+bino spectrum
e�0
2

e�±
1

e�0
1

�m = O(1-10)GeV
higgsino spectrum

whole new sensitivity to an unprobed before at the LHC SUSY scenario is opened!
new result =) no official projections to HL-LHC (yet)
p
L scaling leads to 230 GeV @ �m = 7.5 GeV with 3000/fb
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• Collision	data	provided	by	the	LHC	in	2016 
have	opened	the	way	to	probing	new	territory  
in	searches	for	EWK	SUSY	production	

• CMS	has	performed	a	wide	program  
of	complementary	analyses,	extending 
exclusion	limits	significantly	over	previous	results	

• Developments	in	key	analysis	tools	allow  
probing	the	most	challenging	corners 
of	the	parameter	space	

• Constraining	Higgsino	production	models	

• Work	is	ongoing	to	tackle	challenging	regions	
more	effectively	and	interpret	our	observations 
in	more	models	:	stay	tuned	for	upcoming	results!

Private extrapolations by L. Shchutska, shown at Moriond EW
(2017)



The End
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The CMS Detector
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❖ excellent muon system, tracking and EM energy resolution give good particle identification

✦ ideally suited for search for new physics in final states with little hadronic activity (as for EWK SUSY)
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What is “Compressed SUSY” ? 
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…

…

hard  
collision

particle  
decay

SM particle  
detection

particle  
acceleration

SUSYPROTONS SM AND SUSY  
PARTICLES

TYPICAL LHC PROCESS:

❖ mass splitting:

✦ small 𝝙m ↔ „compressed“ parameter space

❖ translates to the „being close to the 
diagonal“ in typical exclusion limit plots

+ MASS(„INCOMING“ SUSY PARTICLE)  
 - MASS(„OUTGING“ SUSY PARTICLE)

= MASS SPLITTING =: 𝝙m

❖ R-parity:

✦ avoids L- or B-number violation

✦ common for „mainstream“ SUSY searches

❖ consequence: compressed spectra
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