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Standard	Model	and	evidence	of	new	physics

• Standard	model	of	parKcle	physics
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• Evidence	of	physics	beyond	standard	model	(SM)	
• Non-zero	neutrino	mass	
• Dark	MaSeru
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Search	for	Supersymmetry	(SUSY)

• TheoreKcal	moKvaKon	for	physics	beyond	SM	

• hierarchy	problem,	gauge	coupling	unificaKon,	…		

• Hierarchy	problem
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quadraKc	divergence	
(	Λ	is	scale	of	theory)

Why	only	top	loop?	
Because	coupling	to	Higgs	is	
proporKonal	to	fermion	mass	
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quadraKc	divergence

1252	GeV2 1034	GeV2	
at	Λ=MPlanck	

m02	should	be	fine-tuned	to	>30	orders	of	magnitude!

To	get	mh=125	GeV,		
m02					=	1111	11111	11111	11111	11111	11111	15625	GeV2	

Δmh2	=	1111	11111	11111	11111	11111	11111	00000	GeV2
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Search	for	Supersymmetry	(SUSY)
• SUSY	solves	this	problem	by	introducing	partners	of	each	SM	
parKcle	with	spin	different	by	1/2		

• fermion	 	boson	partners	and	boson	 	fermion	partners	

• Fermions	and	bosons	have	opposite	sign	in	quantum	correcKon	
calculaKon

→ →
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quadraKc	divergence	term	gone!
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SUSY	is	broken
• SUSY	is	not	an	exact	symmetry	(SM	and	SUSY	parKcles	have	different	masses)	 	
SUSY	should	be	broken	

• No	consensus	on	how	to	break	SUSY	(there	are	a	few	ideas)	

• Major	SUSY	breaking	mechanisms	

• Gravity-Mediated	Supersymmetry	Breaking:	heavy	 	

• Gauge-Mediated	Supersymmetry	Breaking	(GMSB):	light	 	(eV	scale)	

• Anomaly-Mediated	Supersymmetry	Breaking	(AMSB)

→

G̃

G̃

7



Spring	2022,	KCMS	Lecture	 SUSY

Minimal	Supersymmetric	Standard	Model	(MSSM)
• Minimal	extension	of	the	SM	that	realizes	SUSY	

• Minimal	number	of	new	parKcles	and	
interacKons	

• More	than	100	parameters	in	addiKon	to	the	
18	SM	parameters	…			

• R-Parity	conservaKon	imposed	

• Higgs	sector	requires	2	complex	doublets		

• Mixing	between	charged	gauginos	and	charged	
higgsinos	=>	charginos	( 	or	 )	

• Mixing	between	neutral	gauginos	and	neutral	
higgsinos	=>	neutralinos	( 	or	 )

C̃±
1 , C̃±

2 χ̃±
1 , χ̃±

2

Ñ1, . . . χ̃0
1, . . .

8
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Naturalness	and	expected	SUSY	parKcles	masses

• Naturalness	argument	
provides	rough	constraint	on	
the	masses	of	some	SUSY	
parKcles	

• gluino,	stop,	and	higgsino	

• LHC	SUSY	searches	have	been	
focused	on	constraining	
masses	of	such	parKcles		

9
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mg̃ < ∼ 2
mt̃ < ∼ 1
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R-Parity
• R-parity	=	

• SM	parKcles:	+1,	SUSY	parKcles:	-1	

• MulKplicaKve	quantum	number	

• If	conserved,	SUSY	parKcles	produced	in	pairs	at	
the	LHC	

• Lightest	SUSY	ParKcle	(LSP)	is	stable:	if	Q=0,	it	is	
a	dark	maSer	candidate		

• Because	R-Parity	conservaKon	provides	dark	maSer	
candidate	and	is	favored	by	long	proton	lifeKme,	it	
is	a	preferred	assumpKon	for	SUSY	searches		

• Most	SUSY	searches	target	RPC	models	

• In	RPV	models,		LSP	allowed	to	decay	directly	to	SM	
parKcles

(−1)3(B−L)+2S
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Figure 1. Gluino pair production and decay for the simplified models T1tttt (left) and T5tttt
(right). In T1tttt, the gluino undergoes three-body decay g̃ → ttχ̃0

1 via a virtual intermediate
top squark. In T5tttt, the gluino decays via the sequential two-body process g̃ → t̃1t, t̃1 → tχ̃0

1.
Because gluinos are Majorana particles, each one can decay to t̃1t and to the charge conjugate final
state t̃1t.

A challenge in performing searches for SUSY particles is obtaining sufficient sensitivity

to the signal, while at the same time understanding the background contribution from SM

processes in a robust manner. This analysis is designed such that the background in the

signal regions arises largely from a single process, dilepton tt production, in which both

W bosons from t → bW+ decay leptonically, but only one lepton satisfies the criteria

associated with identification, the minimum transverse momentum (pT) requirement, and

isolation from other energy in the event. The search signature is characterized not only by

the presence of high-pT jets and b-tagged jets, an isolated high-pT lepton, and large Emiss
T ,

but also by additional kinematic variables. Apart from resolution effects, the transverse

mass of the lepton + "pmiss
T system, mT, is bounded above by mW for events with a single

leptonically decaying W, and this variable is very effective in suppressing the otherwise

dominant single-lepton tt background. The quantity MJ , the scalar sum of the masses of

large-radius jets, is used both to characterize the mass and energy scale of the event, pro-

viding discrimination between signal and background, and as a key part of the background

estimation. A property of MJ exploited in this analysis is that, for the dominant back-

ground, this variable is nearly uncorrelated with mT. Because of the absence of correlation

between MJ and mT, the background shape at high mT, including the signal region, can

be measured to a very good approximation using a low-mT control sample. The quantity

MJ was first discussed in phenomenological studies, for example, in refs. [45–47]. Similar

variables have been used by ATLAS for SUSY searches in all-hadronic final states using

8TeV data [48, 49]. We have presented studies of basic MJ properties and performance

using early 13TeV data [50].

This paper is organized as follows. Section 2 gives a brief overview of the CMS de-

tector. Section 3 discusses the simulated event samples used in the analysis. The event

reconstruction is discussed in section 4, while section 5 describes the trigger and event

selection. Section 6 presents the methodology used to predict the SM background from the

event yields in control regions in data. The associated systematic uncertainties are also

discussed. The event yields observed in the signal regions are presented in section 7. These

– 3 –

An	example	of	RPC	model
Lightest	

Supersymmetric	
ParAcle	(LSP)		

→	DM	candidate~	2	TeV
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SUSY	producKon	at	LHC
• Strong	and	EWK	producKons	

• At	m=2000	GeV,	
	s	

• Why	smaller	cross	secKon	
for	higher	parKcle	mass?

σ(pp → g̃g̃) ≈ 1

11

~14	events	in	Run2	(L~140	s-1)

~1400	events	in	Run2	(L~140	s-1)
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Models
• Simplified	models	(/SMS-T1tttt_…)	

• Less	dependent	on	fundamental	assumpKons	

• Enable	comprehensive	studies	of	individual	SUSY	topologies		

• Well-defined	cross	secKon	

• 100%	BR	for	the	interested	decay	chain	

• Limit	can	be	weakened	in	full	theory	(BR	!=	100%)	

• phenomenological-MSSM	(pMSSM)		

• Eliminate	parameters	that	are	free	in	principle	but	have	already	been	highly	constrained	by	
measurements				

• 19	more	parameters	in	addiKon	to	SM	 	More	realisKc	than	Simplified	Models→

12
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Ingredients	for	new	physics	search
• Detector	&	collider	

• Define	what	you	want	to	look	for	

• Target	model	(physics	moKvaKon)	or	interested	phase	space	(signature)	

• Design	trigger(s):	this	is	the	starKng	point	of	your	analysis	

• Define	analysis	strategy:	selecKon,	binning,	…		

• EsKmate	backgrounds:	new	physics	search	 	understanding	backgrounds	

• Background	=	SM	+	instrumental

≈

13
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12 Jeffrey D. Richman

4.2 Lessons Learned: Common Problems in Searches for New

Physics

What lessons can we learn from these (and many other) examples in our field? First
of all, searches are difficult! Here is a list of some common mistakes or situations
that occur. Do any of these affect your analysis?

• The detector may not be correctly calibrated or aligned, leading to mismeasured
objects in events.

• Limitations in the detector design or technology can produce spectacular mis-
measurements such as E

miss
T

or lepton isolation in rare circumstances. Event dis-
plays can be useful for identifying unusual problems, but they can also be used
in a problematic way to reject events without a well-defined procedure.

• Trigger efficiencies (including their kinematic dependence) may not be fully ac-
counted for and can bias yields in the signal or control regions.

• Changes in the experimental conditions or calibrations may not be fully taken
into account. For example, at the LHC, the presence of multiple pp collisions
within a single beam crossing leads to multiple vertices and can affect many
reconstructed quantities. This effect is luminosity dependent.

• A prescription for a “standard” analysis method or reconstructed object (b-tagged
jets, leptons, etc.) may not give the correct result when applied in the sample of
events used in your analysis. Was the standard recipe validated in an event sample
in which the relevant properties are similar to yours?

• Monte Carlo event samples may not have been generated correctly.
• Monte Carlo event samples may not have correctly modeled the true physics. For

example, the number of extra jets from initial- or final-state radiation may not
be correct. The simulation may not model all of the kinematic correlations in the
signal, leading to an incorrectly estimated signal efficiency.

• The yield in signal region can be biased by tuning selection requirements on the
signal region in the data.

• The yield in the signal region can be biased by tuning selection requirements on
the region used to determine the background to be subtracted.

• The background shape or normalization may be estimated incorrectly. Back-
ground estimates are especially tricky if there are contributions from many
sources or if control samples are obtained with different triggers.

• Understanding the background in one kinematic region does not necessarily
mean that you understand it in another region. The background composition may
vary substantially from a control sample to a signal region, and the kinematic
distributions may also vary between these regions.

• The shapes used in a fit may not be adequate to describe the data, which can easily
produce a bias in the extracted signal yield. This effect is especially worrisome
in multidimensional fits, where the shapes may not fully track the correlations
among kinematic variables.

• Theoretical assumptions used to determine the backgrounds or their uncertainties
may be incorrect. Consultation with theorists can be valuable in such cases.

12 Jeffrey D. Richman

4.2 Lessons Learned: Common Problems in Searches for New

Physics

What lessons can we learn from these (and many other) examples in our field? First
of all, searches are difficult! Here is a list of some common mistakes or situations
that occur. Do any of these affect your analysis?

• The detector may not be correctly calibrated or aligned, leading to mismeasured
objects in events.

• Limitations in the detector design or technology can produce spectacular mis-
measurements such as E

miss
T

or lepton isolation in rare circumstances. Event dis-
plays can be useful for identifying unusual problems, but they can also be used
in a problematic way to reject events without a well-defined procedure.

• Trigger efficiencies (including their kinematic dependence) may not be fully ac-
counted for and can bias yields in the signal or control regions.

• Changes in the experimental conditions or calibrations may not be fully taken
into account. For example, at the LHC, the presence of multiple pp collisions
within a single beam crossing leads to multiple vertices and can affect many
reconstructed quantities. This effect is luminosity dependent.

• A prescription for a “standard” analysis method or reconstructed object (b-tagged
jets, leptons, etc.) may not give the correct result when applied in the sample of
events used in your analysis. Was the standard recipe validated in an event sample
in which the relevant properties are similar to yours?

• Monte Carlo event samples may not have been generated correctly.
• Monte Carlo event samples may not have correctly modeled the true physics. For

example, the number of extra jets from initial- or final-state radiation may not
be correct. The simulation may not model all of the kinematic correlations in the
signal, leading to an incorrectly estimated signal efficiency.

• The yield in signal region can be biased by tuning selection requirements on the
signal region in the data.

• The yield in the signal region can be biased by tuning selection requirements on
the region used to determine the background to be subtracted.

• The background shape or normalization may be estimated incorrectly. Back-
ground estimates are especially tricky if there are contributions from many
sources or if control samples are obtained with different triggers.

• Understanding the background in one kinematic region does not necessarily
mean that you understand it in another region. The background composition may
vary substantially from a control sample to a signal region, and the kinematic
distributions may also vary between these regions.

• The shapes used in a fit may not be adequate to describe the data, which can easily
produce a bias in the extracted signal yield. This effect is especially worrisome
in multidimensional fits, where the shapes may not fully track the correlations
among kinematic variables.

• Theoretical assumptions used to determine the backgrounds or their uncertainties
may be incorrect. Consultation with theorists can be valuable in such cases.
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• Systematic uncertainties may be underestimated or incomplete.
• Correlations may not be taken into account correctly. Correlations can arise from

many different mechanisms. Two kinematic quantities can become correlated not
only analytically, within a given sample of events, but also through a variation in
the sample composition as one variable is changed.

• Backgrounds peaking under the signal may not be fully taken into account.
• The signal efficiency may be incorrectly determined.
• The signal significance may not be be estimated correctly.
• The look-elsewhere effect may not have been taken into account in assessing the

statistical significance.
• A signal can be created artificially as a “reflection” of a background process that

produces a peak or other structure in a related kinematic variable.
• Averaging multiple measurements can be tricky; all uncertainties and their cor-

relations must be understood.
• Bug in your program. Bug in someone else’s program. Bug in ROOT.
• Advisor is in a hurry! Need to finish thesis! No time to look for more problems!
• People sometimes stop looking for mistakes or declare a result ready to be pre-

sented publically when they obtain a “desirable” result. In precision measure-
ments, people sometimes prefer to obtain agreement with previous results, lead-
ing to a clustering of measurements that is better than the uncertainties should
typically allow.

• A superposition of several of the above effects.

How many of these have you actually seen in practice? Based on conversations
with students at this school, I conclude that graduate students are quite familiar
with these problems, as well as many others not listed. A fundamental problem,
which may simply be a statement about entropy, is that there are many ways to
do something wrong, but far fewer ways to do things right! One approach, blind
analysis [39, 40], offers some valuable methods but also some potential problems,
especially when the event sample has not previously been explored. In general, it
is important to design your analysis with as many crosschecks and control sample
studies as you can to provide comprehensive tests of the analysis methods.

5 Characteristics of Standard Model Backgrounds

Before discussing specific searches for new physics, we consider in Section 5.1 the
main SM processes that typically contribute to the backgrounds. Section 5.2 focuses
on the properties of tt̄ events, which are the dominant source of background in many
new physics searches.

Jeff	Richman	(UCSB)
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Example
• Search	for	Higgs	boson:	there	were	3	main	decay	modes	

• H->ZZ->4l,	H->gg	and	H->WW->2l2v	

• H->ZZ->4l	and	H->gg	have	mass	peak	while	H->WW->2l2v	does	not
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Look	at	the	tail	of	distribuKons
• Search	is	possible	only	if	S/B	(signal/background)	is	large	

• For	B	to	be	small,	we	should	go	to	the	tail	of	distribuKon	of	a	variable	

• For	S	to	be	large,	cross	secKon	shouldn’t	be	small	

• There	are	usually	more	than	one	variable

variable	X
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Case	study

• Don’t	want	to	show	you	all	SUSY	analyses	in	CMS	…		

• Maybe	more	helpful	to	take	one	analysis	and	learn	as	much	about	SUSY	
search	as	possible

24
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1L	SUSY	search

• 1-lepton	SUSY	analysis	using	MJ	

• First	studied	in	2014	when	
machine	was	not	running	

• 3	papers	using	Run2	data	

• First	results	with	2015	data	(~2.3	
s-1)	

• Updates	with	35.9	and	137	s-1
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Figure 10. Interpretation of results in the T1tttt model. The colored regions show the upper
limits (95% CL) on the production cross section for pp → g̃g̃, g̃ → ttχ̃0

1 in the mg̃–mχ̃0
1
plane. The

curves show the expected and observed limits on the corresponding SUSY particle masses obtained
by comparing the excluded cross section with theoretical cross sections.

The top squark mass is assumed to be 175GeV above that of the neutralino. For most of

the excluded region, the boundary is close to that obtained for the T1tttt model, showing

that there is only a weak sensitivity to the value of the top squark mass. The uncertainty

on the boundary of the excluded region for the T5tttt model is similar to that shown for

the T1tttt model in figure 10. For mχ̃0
1
> 150GeV, the excluded value of mg̃ is typically

within 60GeV of that excluded for T1tttt. Models that have low values of mχ̃0
1
show a

reduced sensitivity because the neutralino carries very little momentum, reducing the value

of mT. In this kinematic region, the sensitivity to the signal is dominated by the events

that have at least two leptonic W boson decays, which produce additional Emiss
T , as well as

a tail in the mT distribution. Although such dilepton events are nominally excluded in the

analysis, a significant number of these signal events escape the dilepton veto. These events

include both W decays to τ leptons that decay hadronically, and W decays to electrons or

muons that are below kinematic thresholds or are outside of the detector acceptance.

8 Summary

Using a sample of proton-proton collisions at
√
s = 13TeV with an integrated luminosity

of 2.3 fb−1, a search for supersymmetry is performed in the final state with a single lepton,

– 21 –

cross sections that are 20%–50% higher than those result-
ing from the full analysis.
Figure 1 compares the shapes of the MJ distributions

observed in data in the single-lepton sample for mT ≤
140 GeV and mT > 140 GeV in two regions of pmiss

T . The
shapes of the twoMJ distributions for each pmiss

T region are
very similar, as expected in the absence of signal. A further
correction is applied via the κ factors listed in Table I inMJ
ranges larger than the binning shown in the figure. The
lower-pmiss

T region shows the background behavior with
higher statistics, while the higher-pmiss

T region has higher
sensitivity to the signal.
Figure 2 shows an interpretation of the results as

exclusion limits at 95% C.L. for T1tttt and T5tttt. The
limits are obtained using the CLs method with a profile-
likelihood ratio as the test statistic, using asymptotic
approximations for the distribution of the test statistic
[64–66]. The color map shows the cross section upper
limits as a function of mð~gÞ and mð~χ01Þ for T1tttt, assuming
a 100% branching fraction for the decay ~g → tt̄~χ01. The
T1tttt model points below the dark solid curve, which
extend up to gluino masses of about 1.9 TeV for neutralino
masses up to 1 TeV, have a theoretical cross section above
the observed cross section upper limit and are thus
excluded by this analysis. The dotted black lines around
the observed mass limits show the impact of the theoretical
uncertainties in the overall signal cross sections arising
from uncertainties in the parton distribution functions and
the renormalization and factorization scales.
Model points below the light solid curve are excluded at

95% C.L. for the T5tttt model, where it is assumed that the

top squark mass is 175 GeV above the neutralino mass, a
limiting case in terms of sensitivity to the decay kinemat-
ics. The T5tttt simulation does not explicitly include direct
top squark pair production. Studies presented in Ref. [16]
demonstrate that the effect of this contribution is very
small for most of the space of T5tttt model points
considered here. For most of the excluded region, the
boundaries for T1tttt and T5tttt are very similar, indicating
only a weak overall sensitivity to the value of the top
squark mass. At low values of mð~χ01Þ in T5tttt, the
sensitivity is reduced because the neutralino carries very
little momentum; however, some sensitivity is still pro-
vided by dilepton events that escape the lepton veto [16].
For both the T1tttt and T5tttt models, expected limits are
computed using the background-only hypothesis, with
nuisance parameters assuming their best fit values from
the observed data. All limits are computed using results
from the global fit.
In summary, we have performed a search for an excess

event yield above that expected for SM processes using a
data sample of proton-proton collision events with an
integrated luminosity of 35.9 fb−1 at

ffiffiffi
s

p
¼ 13 TeV. The

signature is characterized by large missing transverse
momentum, a single isolated lepton, multiple jets, and at
least one b-tagged jet. No significant excesses above the
SM backgrounds are observed. The results are interpreted
in the framework of simplified models that describe natural
SUSY scenarios. For gluino pair production followed by
the three-body decay ~g → tt̄~χ01 (T1tttt model), gluinos with
masses below 1.9 TeVare excluded at 95% confidence level
for neutralino masses up to about 1 TeV. For the two-body
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Target	model:																																	(T1SS)

• Relevant	in	the	context	of	natural	
SUSY	models	
• Not	too	heavy	gluino,	light	
stop,	sboSom,	and	Higgsinos	

• Can	a	gluino	decay	to	 ?	
• Actual	decay	chain	is	

	
• 	is	assumed	to	be	very	heavy	

• 4	tops	and	2	LSPs	

• Assume	off-shell	stop	
• 3-body	gluino	decay	

tt̄χ̃0
1

g̃ → tt̃ → tt̄χ̃0
1

t̃

26
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Target	model:																																	(T1SS)

27

Single	lepton	final	state:		
Highest	BR	for	e/μ
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Target	model:																																	(T1SS)

28

Two	LSPs	and		
one	neutrino

Signature:		
large	missing	transverse	
momentum	(MET)

Single	lepton	final	state:		
Highest	BR	for	e/μ
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Target	model:																																	(T1SS)

29

There	are	10	quarks		
4	are	b	quarks

Signature:	
high	jet	multiplicity	and	
b-jets

Single	lepton	final	state:		
Highest	BR	for	e/μ
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Target	model:																																	(T1SS)

30

Signature:		
• one	lepton	(e	or	μ)	
• large	MET	
• large	jet	multiplicity	
• large	b-jet	multiplicity
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Compressed	vs	non-compressed

• Event	kinemaKcs	changes	
(significantly)	by	mass	difference	
( )	btw	gluino	( )	and	the	LSP	( )Δm g̃ χ̃0

1

31
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Compressed	vs	non-compressed

32
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Compressed	vs	non-compressed
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Many	signal	regions

34

Claudio	
Campagnari	

(UCSB)

Why Many Signal Regions (SR)

• Comprehensive coverage of unknown signals

• Improved sensitivity also for a particular signal
• Shape analysis vs. counting experiment

• Searches become almost ”signature based”
• Can be used to constrain (or discover!) something that you were not necessarily 

looking for 

• There ”better motivated” targets where a very focused search makes sense
• But even then, many SR help

9
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Challenge

36

SUSY	cross	section:	
Gluino-pair	production	
for	mgluino=2000	GeV	
∼	1	fb
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Quiz:	what	would	be	the	main	background?

37

Signature:		
• one	lepton	(e	or	μ)	
• large	MET	
• large	jet	multiplicity	
• large	b-jet	multiplicity

Sbar



Spring	2022,	KCMS	Lecture	 SUSY

Design	an	analysis
• How	to	separate	signal	from	backgrounds?	

• How	to	esKmate	backgrounds?	

• MC	based,	data-driven,	or	combinaKon	of	these	

38

Methods	

• Cut-and-count:	C&C	
• Shape	fit	
• ML	technique	
• …

KinemaAc	variables	

• Good	signal	vs	background	separaKon	
• Robust	modeling	(if	MC	is	used	at	all)	
• Cut	variable	vs	binning	variable
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Analysis	
variables

39
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Spring	2022,	KCMS	Lecture	 SUSY

MJ	variable:	idea

• MJ	is	the	scalar	sum	of	masses	of	fat	jets	(m(J))			

• Combines	informaKon	of	mulKplicity	(such	as	njets)	and	energy	scale/mass	of	event	(such	as	HT)		
• Works	well	for	accidentally	boosted	topology	(random	overlap	of	partons)	or	real	boost	objects	(e.g.,	boosted	

hadronic	tops)
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leptonic	top:		
m(J)	~	100	GeV

hadronic	top:	
m(J)	~	mtop

Two	hadronic	tops:	
m(J)	>	2mtop

leptonic	top:		
m(J)	~	100	GeV

leptonic	top:		
m(J)	~	100	GeV

ISR:	
m(J)	~	0	GeV

Signal Di-lepton	ttbar



Spring	2022,	KCMS	Lecture	 SUSY

MJ	variable:	validaKon

• MulKple	choices	for	clustering	:	PF	cands	vs	
AK4	jets(anK-kT,	R=0.4,	CMS	standard	jets),	
cone	size,	pT,	eta,	etc	

• Extensively	studied	for	opKmizaKon	

• Fat	jets	(FJ)	with	R=1.2	are	built	clustering	
AK4	jets	and	leptons	that	pass	object	
selecAon	using	anA-kT	algorithm	

• BeSer	signal	vs	background	separaKon	

• Use	of	official	calibraKons	including	PU	subtracKon	

• Observed	stability	of	MJ	distribuKon	w.r.t.	
pileup	in	all	MC	samples	studied	
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Spring	2022,	KCMS	Lecture	 SUSY

MJ	variable:	validaKon
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Spring	2022,	KCMS	Lecture	 SUSY

Trigger	and	objects

• Trigger	(online	requirement)	
• Lepton(pT>15	GeV,	very	
very	loose	isolaKon)	+	HT	
(>350	GeV)	

• Trigger	efficiency	not	100%		
• need	to	esKmate	it	

• Use	data	sample	collected	by	
trigger(s)	independent	to	the	
analysis	triggers

43

14 5 Event selection
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Figure 5: Trigger efficiencies as a function of Emiss
T in muon events for the OR of all lepton trig-

gers (left), all Emiss
T triggers (center), and all lepton and Emiss

T triggers together (right). Top, mid-
dle, and bottow rows correspond to 2016, 2017, and 2018 data. The efficiencies are measured
using a data sample collected using the HLT PFJet450(500) and HLT AK8PFJet450(500)

triggers for 2016 (2017 and 2018) data, and offline requirements of one muon, 4 or more jets,
and ST > 500 GeV.

16 5 Event selection
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Figure 7: Trigger efficiencies in muon events as a function of Njets, Nb, MJ , and mT from left
to right. Top, middle, and bottow rows correspond to 2016, 2017, and 2018 data. The ef-
ficiencies are measured using a data sample collected using the HLT PFJet450(500) and
HLT AK8PFJet450(500) triggers for 2016 (2017 and 2018) data, and offline requirements of
one electron, 4 or more jets, and ST > 500 GeV and Emiss

T > 200 GeV.

ϵtrig =
Number	of	events	that	passed	

independent	trigger(s)

Number	of	events	that	passed	
denominator	+	trigger(s)	to	be	tested
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mT:	suppress	single-lepton	Sbar

44

L=2.1	fb-1 ttbar	(1l) ttbar	(2l) All	others All	bkg. T1tttt	NC T1tttt	C

Baseline	
MJ>250	GeV	

nb≥2
194.1 39.4 37.0 270.5 6.4 11.5

mT>140	GeV 2.5 14.7 3.9 21.1 5.0 6.4

After	mT>140	GeV,	background	
dominated	by	di-lepton	ttbar	(~70%)	

140	GeV

mT = 2pl
T MET (1 − cos(ϕl − ϕMET)

MJ

m
T

14
0

400

Signal	region:	high	MJ,	high	mT



Spring	2022,	KCMS	Lecture	 SUSY

Background	esKmaKon

• Search	is	understanding	background	(correct	background	predicKon)	

• Both	amount	and	uncertainty	

• UnderesKmated	background	interpreted	as	excess	in	data	

• OveresKmated	background	can	hide	signal	

• MC-based	vs	data-driven	

• Out	of	the	box	MC:	e.g.,	rare	MC	processes	

• Extrapolate	using	MC:	transfer	factor	from	MC		

• 	Extrapolate	using	data:	transfer	factor	from	data	sample

45

CR SR

Transfer	factor	f

Npred
SR = NCR × f



Spring	2022,	KCMS	Lecture	 SUSY

Background	esKmaKon:	ABCD	method

• If	variable	x	and	y	are	not	correlated,	A:B=C:D	

• If	we	know	
• x	and	y	are	not	correlated	
• A,B	and	C	

• We	can	predict	D	
• D=BC/A	

• Pu}ng	differently		
• Measure	shape	of	x	in	A	and	B,	and	do	
extrapolaKon	from	C	

• Transfer	factor	=	B/A
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C D

A B
Variable	x

Va
ria

bl
e	
y



Spring	2022,	KCMS	Lecture	 SUSY

Background	esKmaKon	:	ABCD	with	mT	and	MJ

• mT	and	MJ	are	largely	
uncorrelated		

• ABCD	regions:	R1-4	

• Perform	ABCD	predicKon	for	R4	
(high	MJ,	high	mT)

47

 [GeV]JM
0 200 400 600 800 1000

 [G
eV

]
T

m

0

50

100

150

200

250

300

350

400
=0.05ρ (1l), tt =0.03ρ (2l), tt =0.04ρT1tttt(1500,100), 

R1 R2

R3 R4
CMS
Simulation

 = 13 TeVs

Signal	region

R1



Spring	2022,	KCMS	Lecture	 SUSY
Jae	Hyeok	Yoo	(UCSB)	@	SNU
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Signal	region

Small	correlation	between	mT	and	
MJ	corrected	by	κ	derived	from	MC:		
Small	correction	➝	κ=1

R1
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Di-lepton	systemaKcs:	concept
• Validate	the	background	esKmaKon	method	using	Sbar	events	with	two	reconstructed	leptons		

• Replace	R3	and	R4	(dominated	by	di-lepton	Sbar	with	one	lepton	lost)	by	D3	and	D4		

• MET<400	GeV	and	nb≤2	to	alleviate	signal	contaminaKon	

• njets	requirement	loosened	by	1	in	order	to	have	same	number	of	objects	in	fat	jet	clustering		

• Test	done	in	two	njets	bins	:	6-8	and	≥9	for	R2	/	5-7	and	≥8	for	D4
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Di-lepton	systemaKcs:	result

50

D3 D4

R1 R2njets≥6		
Nobs	=	330

5≤njets≤7		
Npred	=	11.3±2.4	

Nobs	=	12

njets≥8	
Npred	=	1.4±0.5	

Nobs	=	2

6≤njets≤8		
Nobs	=	101

njets≥9	
Nobs	=	14
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nobs	=	31
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6.1 Background uncertainties 19

this number affects the MJ distribution. Since we include leptons in the clustering, the dilepton351

Njets requirement must be reduced by 1 in all bins to compensate for the additional lepton. To352

improve the statistical precision of the test, we include dilepton events with Nb = 0, 1 or 2, but353

we exclude Nb � 3 to avoid signal contamination. The uncertainty for nb � 3 is taken to be354

equal to the one found in nb = 2.355
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Figure 14: Uncertainty measurement using the dilepton sample in data (2.1 fb�1). Distribution
of MJ for single-lepton mT < 140 GeV (blue histogram) and di-lepton events (black points
with error bars). The overall yield from the singe-lepton events is normalized to that for the
di-lepton sample to compare shapes.

Figure 14 compares the shape of the distribution of MJ for single-lepton events with mT <356

140 GeV events (regions R1 and R2) with that for di-lepton events (regions D3 and D4). Al-357

though statistics in the di-lepton sample are limited, the shapes are in agreement.358

The uncertainty is assessed in the two Njets bins in D4 by comparing the dilepton background359

prediction with the yield in data, Table 4. For 5  Njets  7, this method predicts 11.3 ± 2.4360

events and we observe 12. For Njets � 8, the prediction is 1.4 ± 0.5 and we observe 2. The good361

agreement between predictions and observations validates the method, and assis the statistical362

precision of this test (the sum in quadrature of the uncertainty on the prediction and the square363

root of the prediction) as a systematic uncertainty. This results in 37% a low Njets and 90% at364

high Njets.365

Table 4: The result of the background prediction from the predictive fit to 2.1 fb�1 of data.
Data and MC yields in R1 and R2 (single-lepton events) and D3 and D4 (di-lepton events), and
the predicted background in each region are shown. For MC, the “other” category includes
all backgrounds but tt̄. The R2 and D4 are divided into two bins in Njets, 6  Njets  8 and
Njets � 9 for R2, and 5  Njets  7 and Njets � 8 for D4.

tt̄ Other MC bkg. Bkg. Pred. Observed
R1: mT  140, MJ  400 433.7 48.3 482.0 330.1 ± 18.2 330
R2: 6  Njets  8, mT  140, MJ > 400 148.5 26.2 174.7 101.0 ± 10.0 101
R2: Njets � 9, mT  140, MJ > 400 33.3 2.8 36.1 14.0 ± 3.7 14
D3: MJ  400 51.3 4.4 55.7 31.0 ± 5.6 31
D4: 5  Njets  7, MJ > 400 21.4 2.6 24.0 11.3 ± 2.4 12
D4: Njets � 8, MJ > 400 4.4 0.2 4.6 1.4 ± 0.5 2

D3 D4

R1 R2
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What	does	a	limit	plot	tell	us?

• Color	map	

• cross	secKon	upper	limit	in	s	

• Region	le�	to	the	red	line	is	expected	to	be	
excluded	if	data	is	equal	to	background	predicKon	

• Region	le�	to	the	black	line	(observed)	is	excluded	
assuming	theoreKcal	cross	secKon	of	the	model		

• Worse	limit	in	compressed	region	WHY?	

• Event	kinemaKcs	is	different	

• Why	is	observed	limit	worse	than	expected	limit?		

• Excess	in	data	(or	underesKmaKon	of	
background)
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Overview of SUSY results: squark pair production

Moriond 2021CMS (preliminary)

137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.

Where	do	we	stand?
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Overview of SUSY results: gluino pair production
Moriond 2021CMS

137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.
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Where	do	we	stand?

• Natural	SUSY	seriously	challenged	…		

• Era	of	cross	secKon/luminosity	jump	has	
ended	

• EWKino	producKon	is	less	constrained	due	to	
smaller	cross	secKons	than	strong	producKon	

• Should	think	if	we	have	missed	any	phase	
space/signatures	(leave	no	stones	unturned)	

• RPV,	LLP,	…
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