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Model-Independent Searches
๏ It is very tempting to try optimizing a search for an arbitrary signal 

★ Unfortunately, this is not mathematically possible, as has been shown 
by Pearson in 1930-ies  

★ Only the likelihood ratio (e.g., L(S+B)/L(B)) possess well-defined 
properties; while individual likelihoods change property under 
transformation of variables 

✤ That means that "optimizing" in, e.g., pT or pT2 yields completely different 
results 

★ Unfortunately, this is largely underappreciated in the HEP community, 
and every few years there is another attempt to reinvent the wheel and 
do "model-independent optimization", which is simply mathematically 
impossible (latest attempts use unsupervised machine learning) 

๏ What can be done is what's typically done in SUSY searches: 
create a large number of independent or overlapping search 
categories ("signal regions", SRs) and look for the maximum 
excess of events over the respective background prediction 
among them
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Look-Elsewhere Effect
๏ This brings us to a concept of the look-elsewhere effect (LEE) 

★ If one rolls a dice, a probability to get six is 1/6 ≈ 0.17 
★ If one rolls three dices, a probability that one of them will have six is 1 - (5/6)3 = 0.42 
★ The ratio r = 0.42/0.17 ≈ 2.5 is the trial factor 

๏ Similarly, if one looks for a signal in multiple search regions, the local p-value 
of the largest excess among them needs to be multiplied by a trial factor in 
order to get the global p-value of an excess 
★ The trial factor is usually estimated with pseudo-experiments, but there are also 

analytical asymptotic methods [Gross and Vitells, Eur. Phys. J. C 70 (2010) 525] 
๏ Therefore, the more SRs one has, the larger the trial factor is, and the lower 

the global p-value is, compared to the local one 
๏ Consequently these model-independent searches [e.g., D0's Sleuth, PRL 86 

(2001) 3712, ; ATLAS, Eur. Phys. J. C 79 (2019) 120; CMS' MUSiC, EPJC 81 
(2021) 629] are inherently less powerful than model-specific searches that can 
be properly optimized without paying the trial factor price 
★ They are good as a grand finale kind of thing: e.g., have we missed anything 

interesting in the LHC Run 2 data, despite all the model-specific searches we 
published? 

★While fun to conduct, they are unlikely to become a discovery tool
28
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An LEE Example
๏ Typically, LEE is very pronounced in searches in a high-resolution 

channel 
★ An infamous X(750) was a classic example of people underestimating LEE 

๏ Roughly speaking the trial factor is approximately equal to the search 
range divided by the average resolution, i.e., how many non- 
overlapping signals one could "fit" in the mass spectrum probed 

๏ In the case of ATLAS dielectron X(ee) search, the trial factor is ~50

29

210×3 310 310×2 310×3
 [GeV]X m

5−

4−

3−

2−

1−

0

1

2

3

4

5]
σ

 L
oc

al
 s

ig
ni

fic
an

ce
 [

ee channel
 channelµµ

ll channel

-1 = 13 TeV, 139 fbsATLAS
0-width resonance

Figure 2: Probability that the observed spectrum is compatible with the background-only hypothesis for the dielectron,
dimuon and combined dilepton channels. The local p0 is quantified in standard deviations � as a function of pole
mass mX .
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Figure 3: Upper limits at 95% CL on the fiducial cross-section times branching ratio as a function of pole mass
for (a) the zero-width, 3%, 10% and (b) 0.5%, 1.2%, 6% relative width signals for the combined dilepton channel.
Observed limits are shown as a solid line and expected limits as a dotted/dashed line. Also shown are theoretical
cross-sections for (a) Z

0
SSM (�/m = 3.0%) and (b) Z

0
� (�/m = 1.2%) and Z

0
 (�/m = 0.5%) in the fiducial region.

The signal theoretical uncertainties are shown as a band on the Z
0
SSM theory line and are derived as in Ref. [11]. They

are shown for illustration purposes, but are not included in the limit calculation.
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Fig. 1: Some measurements [6] as a function of time

neutron and lifetimes and of the width as a function of time, as shown in Fig. 1 [6]. These show
periods of surprisingly small variation, followed by jumps of several standard deviations (care should be
taken in interpreting the figures, as they actually show the running average, and not just the results of the
latest experiments as a function of time).

2.1 Do the LEP Experiments Agree Too Well?
Fig. 2 shows the value of as obtained by several of the different LEP experiments. The per
degree-of-freedom is 0.92/7, showing clearly that there is significantly less variation between the dif-
ferent measurements than one would expect for independent measurements. One possible reason for
this could be that perhaps the systematic errors are overestimated, although the original authors would
doubtless reject this unlikely interpretation. In order to check this possibility, we also calculated the
per degree of freedom ignoring the systematic errors and found that it is still only 2.1/7, still rather

too small, expecially considering that there must be some real systematic errors, which are ignored in
this calculation. Another possible reason for the smallness of the variation between the measurements, in
comparison with the quoted errors, is that the measurements are subconciously biased towards each other
and/or towards the standard model prediction, perhaps for one or several of the reasons suggested above.
We also note that the mean value of all the measurements is surprisingly close to the Standard Model
value. One last possible reason for these effects is that we have simply chosen a particularly striking
example from an ensemble of ensembles of LEP measurements of different quantities which together
display a reasonable distribution of values. A complete study of such measurements would surely be
an interesting exercise in its own right but is beyond the scope of this talk.

1E-mail:p.f.harrison@qmul.ac.uk

279

Blind Analysis
๏ Removes (often subconscious!) bias of an observer 
๏ Many examples in particle physics, biology, medicine

30
History of some of the measurements, P.F. Harrison, J. Phys. G28 (2002) 2679

https://iopscience.iop.org/article/10.1088/0954-3899/28/10/312/pdf
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Justice is Blind...
๏ Optimization of the analysis is done exclusively in the control 

regions 
๏ “Peeking” in the signal region is strictly not allowed 
๏ Example: H → ZZ → 4l: [110,140] GeV mass region is blinded

31
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CMS Unblinding Event
๏ The unblinding of all the Higgs channel took place at a special event on 

June 15, 2012, with roughly 80% of total statistics - no changes in any of 
the analyses after unblinding

32

June 15 “Unblinding Event” - 250 people 
in the HOT! room and >500 via video!
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CMS Unblinding Event
๏ The unblinding of all the Higgs channel took place at a special event on 

June 15, 2012, with roughly 80% of total statistics - no changes in any of 
the analyses after unblinding
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June 15 “Unblinding Event” - 250 people 
in the HOT! room and >500 via video!
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Looking for SUSY
๏ Everything you always wanted to know about 

SUSY but were afraid to ask: 
★What is SUSY? - Answered for you by Tim 
★ Three SUSY miracles 
★ Supersymmetric particle zoo - Answered for you by 

Tim 
★ “Natural” SUSY 

๏ SUSY and Higgs - the marriage made in heaven 
★What did we learn about SUSY in the aftermath of 

the Higgs discovery?

34
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Three Miracles of SUSY
๏ Elegant solution 

to the hierarchy 
problem (via the 
cancellation of 
fermionic loops 
with bosonic  
ones)

35

✦ Gauge unification

✦ Dark matter candidate with the right abundance
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Fine-Tuning in (p)MSSM
๏ Fine-tuning: cancellation of two or more large 

numbers 
๏ In pMSSM:

36

Naturalness for Experimentalists 

5/17/13 10 

is based on the fundamental relationships between the 19§ weak scale soft SUSY-breaking
parameters of the pMSSM, denoted here as pi (1 ⇥ i ⇥ 19), the mass of the Z boson and the
e⇥ective scalar mass parameters in the Higgs potential. Specifically, we consider the relation

M2
Z = �2µ2 + 2

m2
Hd

� t2� m2
Hu

t2� � 1
, (4)

where t� = tan � and m2
Hd,u

are the usual doublet mass terms in the Higgs potential. This re-
lationship is assumed to hold beyond tree-level and include well-known radiative corrections.
Since the masses m2

Hd,u
themselves depend upon the various pi via these loop corrections,

the usual quantities

Zi =
⇤(logM2

Z)

⇤(log pi)
=

pi
M2

Z

⇤M2
Z

⇤pi
(5)

can then be directly calculated. We then define the overall amount of FT in a given pMSSM
model via the single parameter [23, 24]

� = max(|Zi|) , (6)

although an alternative definition of fine-tuning,

⇥ =
�⇤

i

Z2
i

⇥1/2
, (7)

will also be considered briefly in the discussion below. Clearly in the limit that only one of
the Zi dominates in this sum these two definitions will yield essentially identical results. In
practice, this need not be the case, although the contributions to both fine-tuning measures
are indeed dominated by only a few of the Zi. Generally we expect that in a given model, ⇥
will be somewhat larger (by factors of a few) than �. Thus requiring ⇥ to lie below a specific
value will place a stronger fine-tuning constraint than requiring � to be below that same
value.

In performing our calculations of fine-tuning we employ the same assumptions used
during the generation of our two model sets (in particular, that the masses and Yukawa
couplings and, for consistency, the associated A-terms of the SM fermions of the first two
generations are zero). In this case, the 1-loop, leading-log (LL) contributions to the Zi

arising from the five pMSSM Lagrangian parameters MQ1,2, ML1,2, Mu1,2, Md1,2 and Me1,2

are all identically zero and, in addition, the corresponding 2-loop, next-to-leading-log (NLL)
contributions from these same parameters are very highly suppressed and can be safely
ignored.

For a generic pi, contributions to the corresponding Zi may first appear at tree-level,
LL or NLL order. Although in most cases we will keep only the leading term, in some cases
the numerics warrant including the higher order contribution as well. All of the various

§For the gravitino LSP model set, the e�ect of m3/2 on the fine-tuning is completely negligible.
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b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M ⇥ 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v � 246GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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determine the phase of µ. Taking |µ|2, b, m2
Hu

and m2
Hd

as input parameters, and m2
Z and tan β as

output parameters obtained by solving these two equations, one obtains:

sin(2β) =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (8.1.10)

m2
Z =

|m2
Hd

−m2
Hu

|
√
1− sin2(2β)

−m2
Hu

−m2
Hd

− 2|µ|2. (8.1.11)

(Note that sin(2β) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2β) is negative;
otherwise it is positive.)

As an aside, eqs. (8.1.10) and (8.1.11) highlight the “µ problem” already mentioned in section 6.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the effective value of µ to the supersymmetry-breaking mechanism in some way; see sections
11.2 and 11.3 and ref. [66] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (8.1.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan β,
eq. (8.1.11) becomes

m2
Z = −2(m2

Hu
+ |µ|2) + 2

tan2 β
(m2

Hd
−m2

Hu
) +O(1/ tan4 β). (8.1.12)

Typical viable solutions for the MSSM have −m2
Hu

and |µ|2 each much larger than m2
Z , so that signifi-

cant cancellation is needed. In particular, large top squark squared masses, needed to avoid having the
Higgs boson mass turn out too small [see eq. (8.1.25) below] compared to the direct search limits from
LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the several

per cent level, or worse. It is impossible to objectively characterize whether this should be considered
worrisome, but it certainly causes subjective worry as the LHC bounds on superpartners increase.

Equations (8.1.8)-(8.1.11) are based on the tree-level potential, and involve running renormalized
Lagrangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections ∆V to the effective potential Veff(vu, vd) = V +∆V as a
function of the VEVs. The impact of this is that the equations governing the VEVs of the full effective
potential are obtained by simply replacing

m2
Hu

→ m2
Hu

+
1

2vu

∂(∆V )

∂vu
, m2

Hd
→ m2

Hd
+

1

2vd

∂(∆V )

∂vd
(8.1.13)

in eqs. (8.1.8)-(8.1.11), treating vu and vd as real variables in the differentiation. The result for ∆V has
now been obtained through two-loop order in the MSSM [135, 188]. The most important corrections
come from the one-loop diagrams involving the top squarks and top quark, and experience shows that
the validity of the tree-level approximation and the convergence of perturbation theory are therefore
improved by choosing a renormalization scale roughly of order the average of the top squark masses.

The Higgs scalar fields in the MSSM consist of two complex SU(2)L-doublet, or eight real, scalar
degrees of freedom. When the electroweak symmetry is broken, three of them are the would-be Nambu-
Goldstone bosons G0, G±, which become the longitudinal modes of the Z0 and W± massive vector
bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars h0
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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
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> 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)

7

|µ| is small → light higgsinos

m2Hu is small → lights stops (at one-loop level)  
and gluinos (at two-loop level)

{
stops

gluino-top loop drives the stop mass further up
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7
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๏ If SUSY is natural, we should find it soon: 
★And we most likely will find it by observing 3rd generation SUSY particles 

first 
๏ Requires shifting of the SUSY search paradigm: going for the third-

generation partners, pushing gluino reach, and looking for EW  
boson partners
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SUSY Searches: General Approach
๏ Given that the SUSY signal is typically seen in multiple channels, 

hard to find good control regions that are signal free 
๏ Also, given the landscape of SUSY models, the signal can be 

present at various multiplicities of different particles and in 
different kinematic regions 

๏ Common to all R-parity conserving scenarios: generally large 
amount of MET due to the LSPs 

๏ Hence, a search is typically done by signatures (e.g., jets + MET, 1l 
+ jets + MET, etc.) 

๏ The phase space is diced into multiple rectangular search regions, 
often O(100) per search (e.g., 3 jets, ≥1 b jet, MET > 300 GeV) 

๏ Backgrounds are determined from a mixture of simulation and 
control regions targeting specific backgrounds 

๏ The search often targets the main backgrounds via dedicated 
kinematic variables

38
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Electroweakino Production
๏ In natural SUSY, the lightest Higgsino is light, so it's a natural 

particle to search for 
★ Unfortunately, it's most often an LSP, i.e. undetectable 
★ It is also produced with EW cross section, i.e., feebly 
★ Additionally, if the chargino-neutralino mass difference is small, 

searches are complicated because of soft final-state particles and 
small amount of MET
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Pulling all the Stops!
๏ Top quark partner ("stop") is expected to be light, if SUSY offers a 

natural solution to the hierarchy problem 
★ Not surprisingly, a lot of effort went into top squark searches 

๏ With the top squark masses excluded as high as ~1 TeV, a 
paradigm shift in filling gaps at low masses, via challenging 3- and 
4-body decays
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Figure 10: The 95% CL upper limits in the (m(et1), Dm) plane on the cross section for the pro-
duction and four-body decay of the top squark using the combined 2016, 2017, and 2018 data.
The color shading represents the observed upper limit for a given point in the plane, using the
color scale to the right of the figure. The solid black and dashed red lines show the observed
and expected 95% CL lower limits, respectively, on m(et1) as a function of Dm. The thick lines
give the central values of the limits. The corresponding thin lines represent the ± 1 standard
deviation (stheory) variations in the limits due to the theoretical uncertainties in the case of the
observed limits, and ± 1 and 2 standard deviation (sexperiment) variations due to the experimen-
tal uncertainties in the case of the expected limits.
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Search for Light Top Squarks
๏ A particularly challenging case is when the mass of  

the top squark is nearly degenerate with the sum of  
the top quark and neutralino masses:   

๏ In this case the neutralino is produced nearly at rest and not being 
detected, does not contribute to the missing transverse momentum 
★ Consequently, the process looks just like top quark pair production! 

๏ The new analysis in the dilepton channel looks for an excess of events 
above the dominant background using shape differentiation offered by 
a DNN based on MT-like variable (MT2) & dilepton mass, MET, and HT

41

1

1 Introduction

The standard model (SM) of particle physics accurately describes the vast majority of the ob-
served particle physics phenomena. However, there are several open problems that cannot be
explained by the SM, such as the hierarchy problem, the need for fine tuning to explain the
large difference between the electroweak and the Planck scale [1, 2], and the lack of a candidate
particle that explains the nature of dark matter in cosmological and astrophysical observa-
tions [3, 4]. Supersymmetry (SUSY) [5–13] is a well-motivated extension of the SM that pro-
vides a technically natural [14, 15] solution to both of these problems, through the introduction
of an additional symmetry between bosons and fermions. In SUSY models, large quantum loop
corrections to the masses of the Higgs bosons, mainly produced by the top quark, are mostly
cancelled by the one produced by its SUSY partner, the top squark (et1), if their masses are close
in value. Similar cancellations occur for other particles, resulting in a natural solution to the
hierarchy problem. Furthermore, SUSY introduces a new quantum number, R-parity [16], that
distinguishes between SUSY and SM particles. If R-parity is conserved [16], top squarks are
produced in pairs and the lightest SUSY particle is stable, which if neutral (ec0

1) provides a good
candidate for dark matter. The lighter SUSY particles may have masses close to those of the
SM particles, and therefore could be produced in proton-proton (pp) collisions within the en-
ergy reach of the CERN LHC. In certain scenarios the lightest top squarks are expected to have
a mass (met1

) close to the top quark mass (mt), leading to a natural solution to the hierarchy
problem [14, 15, 17].

This paper presents a search for the production of a pair of scalar top partners and neutralinos
that are degenerate or nearly degenerate in mass with the top quark (met1

� mec0
1
' mt), using

events produced in pp collisions at a centre-of-mass energy of 13 TeV recorded with the CMS
detector at the LHC. A data sample collected during 2016 and corresponding to an integrated
luminosity of 35.9 fb�1 is used.

Top squarks in this search are assumed to decay aset1 ! tec0
1, as shown in Fig. 1. In particular,

this analysis uses events in which the resulting top (anti)quark decays into a bottom (anti)quark
and a W boson that in turn decays into a lepton and a neutrino, and selects final states charac-
terized by the presence of an opposite-sign electron-muon pair.

Given that the target SUSY signal and the SM top quark pair (tt) production processes are
characterized by equivalent final states with very similar kinematics, most of the top squark
searches by the ATLAS [18–22] and CMS [23–30] Collaborations do not have enough sensitiv-
ity for observing the production of top squarks in these scenarios. Limits on the production
cross section of signals described by these models have previously been set through tt produc-
tion cross section measurements at 8 TeV by the CMS [31] and ATLAS [32, 33] Collaborations,
excluding the presence of a top squark with a mass of up to 191 GeV for a neutralino mass of
1 GeV.

The analysis is performed as a search for an excess above a large tt background, which must
be estimated precisely to attain sensitivity to the signal. Further separation is achieved by
exploiting the distribution of signal and background events in a discriminating variable (MT2).

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker covering the full range of the azimuthal angle 0 < j < 2p and a pseudorapidity of

2

p

p t̃1

t̃1

t

χ̃
0
1

χ̃
0
1

t

Figure 1: Diagram of the top squark pair production with further decay into a top (antitop)
quark and the lightest neutralino.

|h| < 2.5, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintil-
lator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

Events of interest are selected using a two-tiered trigger system [34]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 µs. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [35].

3 Monte Carlo simulation

A correct estimate of the tt background is crucial for this analysis and the uncertainties on the
modelling of this process plays an important role, especially the theoretical uncertainties on the
tt cross section.

The POWHEG v2 [36–38] generator is used to simulate tt events at the next-to-leading order
(NLO) in quantum chromodynamics (QCD), as well as to calculate the dependency of the tt
acceptance on mt, and on the factorization (µF) and renormalization (µR) scales. A parameter,
denoted as damping factor hdamp, is used to limit the resummation of higher-order effects by
the Sudakov form factor to below a given transverse momentum (pT) scale [39]. The central
value and uncertainties of hdamp will be discussed later.

Single top quark and antiquark production in association with a W boson (tW) is simulated at
NLO using the POWHEG v1 [40] generator. The Drell–Yan process (DY), and the production of
W or Z bosons in association with tt events (referred to as ttV), are generated at NLO using the
MG5 aMC@NLO v2.2.2 [41] generator. The production of the DY process is simulated with up
to two additional partons and the FxFx scheme is used for the matching of the matrix elements
and parton showers [42]. The contributions from WW, WZ, and ZZ (collectively referred to as
VV) processes are simulated at leading order (LO) using PYTHIA v8.205 [43].

The T2tt model from the simplified model spectra [44, 45] is used to model the SUSY signal,
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Figure 8: Upper limit at 95% CL on the signal cross section as a function of the top squark mass
for Dm

�et1, ec0
1
�

of 175 GeV (upper left), 185 GeV (upper right) and 165 GeV (lower). The green
and yellow bands represent the regions containing 68 and 95%, respectively, of the distribution
of limits expected under the background-only hypothesis. The purple dotted line indicates the
approximate NNLO+NNLL production cross section.

the dilepton result is not interpreted in terms of this model. Top squark masses up to 1175 GeV
are excluded in this model when the LSP is massless, and up to 1000 GeV for LSP masses up to
570 GeV.

As shown in Fig. 9 (upper left), the region of the parameter space of the simplified SUSY models
considered for interpretation in this analysis, which is favored by the naturalness paradigm, is
now further constrained by the exclusion limits.

7.3 Search for dark matter in association with top quarks

The results of the inclusive top squark searches are interpreted in simplified models of associ-
ated production of DM particles with a top quark pair, shown in Fig. 2. The interaction of the
DM particles and the top quark is mediated by a scalar or pseudoscalar mediator particle. As-
suming a dark matter particle mass of 1 GeV, scalar and pseudoscalar mediators with masses
up to 400 and 420 GeV are excluded at 95% CL, respectively, as shown in Fig. 10. The obtained
upper limits on s(pp ! ttcc̃)/stheory are independent of the mass of the DM fermion (mc),
as long as the mediator is produced on-shell [46]. Previous results are improved by more than
100 GeV [50, 51] and the sensitivity extends beyond mf/a > 2mt for the first time. The compet-
ing decay channel of the mediator into a top quark pair, f/a ! tt , is taken into account in the
signal simulation and cross section calculation.
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SUSY Kinematics
๏ Look for pair-produced particles that cascade-decade with invisible particle 

emission 
★ Generally can cluster all visible products in each hemisphere to form “pseudojets”, 

resulting in a dijet + MET topology 
๏ How to optimize the search to reduce backgrounds and at the same time 

retain information about characteristic SUSY masses? 
★ CMS explored a number of different kinematic variables to optimize SUSY 

searches
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The αT Variable
๏ Alternative approach to requiring large MET in the event; does not 

rely on MET reconstruction  
and tails 

๏ Combine visible decay products in the  
event into two (pseudo)jets: 

๏ For a perfectly balanced dijet event, αT = 0.5 
๏ For QCD events with mismeasured MET,  
αT < 0.5 

๏ For signal, long tail of αT > 0.5

Kinematic variables 
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αT 

MT2 

Razor R 

CMS hadronic searches make use of 

dedicated kinematic variables 

in order to suppress QCD 
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Figure 2: Distribution of aT for di-jet events (left) and � 3-jet events (right), requiring HT >
350 GeV. Events with aT > 1.5 are included in the rightmost bin. In both figures the hatched
area corresponds to the uncertainty in the SM estimate as defined in Section 3.1.

After the selection requirements on aT, DRECAL and Rmiss, the QCD multijet background pre-
dicted by PYTHIA 6.4 is less than one event for an integrated luminosity of 35 pb�1. This esti-
mate is also obtained with PYTHIA 8.1 [36] (tune 1) and with the MADGRAPH generator. After
all selection requirements, the only significant remaining background stems from electroweak
processes with genuine E/T in the final state. In the di-jet case, the largest backgrounds with real
missing energy are the associated production of W or Z bosons with jets, followed by the weak
decays Z ! nn̄ and W ! tn, or by leptonic W/Z decays in which one or more leptons are not
reconstructed. At higher jet multiplicities, tt̄ production followed by semileptonic weak decays
of the t and t̄ quarks becomes important. In this case, the three backgrounds, Z ! nn̄ + jets, W
+ jets and tt̄, are of roughly equal size. The largest fraction of the W + jets and tt̄ backgrounds
stem from W ! tn decays where in two thirds of the cases the t decays hadronically and is
identified as a jet. The two remaining backgrounds from electrons or muons produced in W
decays that fail either the isolation or acceptance requirements (pT > 10 GeV and h coverage)
are of similar size.

4 Background Estimate from Data

The SM background in the signal region is estimated directly from data using two independent
methods. The first method makes use of control regions at lower HT to estimate the total back-
ground from all SM processes (Section 4.1), while the second method estimates the contribution
from electroweak processes using W ! µn + jets (Section 4.2) and g + jets (Section 4.3) events
in the data.

4.1 Inclusive background estimate

The total background can be estimated from two control regions at low HT: the HT250 region,
which contains events with HT between 250 and 300 GeV, and the HT300 region, which contains
events with HT between 300 and 350 GeV. Given the current experimental limits on the squark
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Introduction

• The stransverse mass MT2 is a generalization of
the transverse mass for decay chains with two
unobserved particles, typical in SUSY events

MT2 = min
pc1T +pc2T =/pT

[

max
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m(1)
T ,m(2)

T

)]

• For the simplified case of no ISR and zero masses:

(MT2)
2 ! 2pvis(1)T pvis(2)T (1+ cosφ12)

• Multijet events divided into 2 massless pseudo-jets using a hemisphere
algorithm

• MT2 ≈ /ET for symmetric SUSY-like topologies

• MT2 is a QCD killer
• MT2 ≈ 0 for back-to-back events with no genuine MET
• MT2 < /ET still highly suppressed for nearly back-to-back QCD mismeasurements

• MT2 provides a very good discriminating power between SM and SUSY-like
events, and in this analysis is used as a discovery variable
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The MT2 Variable
MT2 vs /ET
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๏ MT2: “stransverse mass” - a 
generalization of the 
transverse mass in case of a 
pair of invisible particles 

๏ For a simplified case of no 
extra jets and zero masses for 
visible and invisible systems: 

★MT2 ~ MET for symmetric 
SUSY-like topologies 

๏ MT2 kills QCD background 
very efficiently: 
★MT2 ~ 0 for dijets 
★MT2 < MET in case of 

mismeasured dijets
45
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Supercemetery?
๏ At first glance, the TeV scale SUSY is simply not 

there: strongly produced superpartners of gluons 
and quarks, gluinos and squarks, have been 
excluded to ~2 and ~1 TeV, respectively...
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1

0`: arXiv:1909.03460;1908.04722 one light squark (ũ, d̃, c̃, or s̃)

0`: arXiv:1909.03460;1908.04722 q̃R + q̃L(ũ, d̃, c̃, s̃)

pp ! q̃q̃

2` same-sign and ∏ 3`: arXiv:2001.10086 M¬̃0
1

= 50 GeV

0`: arXiv:1909.03460;1908.04722

pp ! b̃b̃

2`: arXiv:2008.05936 x = 0.5

0`: arXiv:2103.01290 ¢M < 80 GeV (max. exclusion)

0`: arXiv:1909.03460;2103.01290 ¢M < 80 GeV (max. exclusion), x = 0.5

0`: arXiv:1909.03460;2103.01290 ¢M < 80 GeV (max. exclusion)

1`: arXiv:1912.08887
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Combination: SUS-20-002 x = 0.5
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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.
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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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Read the Fine Print!
๏ Keep in mind that: 
★ Searches typically assume 

100% branching fraction in 
a particular channel, which 
does not have to be the 
case 

★Many searches assume 
mass degeneracy between 
various SUSY particles, 
e.g., squarks of different 
generation 

★ Interpretation is usually 
done via simplified model 
framework, not in the full 
model47
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