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Outline
✦ LHC playground

✦ Easy SUSY

✦ Pulling all the stops (and sbottoms too!)

✦ Ms. SUSY and Mr. HIGGS

✦ Weak SUSY

✦ Shining light on SUSY

✦ Decompressing

✦ Conclusions
N.B.: I'll focus on most recent results (many were published in the past 3 
months!). Will skip many of the slides in this talk due to a lack of time, but leave 
them in for future reference.



The LHC  
Performance 
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2016 Data Taking
✦ About 40/fb has been delivered by the LHC in 2016, 

exceeding the integrated luminosity accumulated in all years 
before 2016 and expectations

✦ Thank you, the LHC, for a spectacular year!
✦ Most of the results in this talk are based on full 2016 data set
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The 2017 Run Progress
✦ LHC reached peak luminosity of 1.7 x 1034 cm-2s-1

๏ Scaled down to the design luminosity recently due to a problem with one 
dipole

✦ CMS has installed new, 4-layer pixel detector
๏ A bit of toothing pain, but taking data efficiently now
๏ About half of last year data already on tape with about 10 weeks to go
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SUSY 
Basics
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Three Miracles of SUSY
✦ Elegant solution 

to the hierarchy 
problem (i.e., 
why the Higgs 
boson mass is 
not found at the 
Planck scale)

7

✦ Gauge unification

✦ Dark matter candidate with the right abundance
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Four Pillars of SUSY Searches
✦ Signatures 
✦ Kinematic 

optimization 
✦ Background  

determination 
✦ Interpretation

8

SUSY
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Fine-Tuning in (p)MSSM
✦ Fine-tuning: cancellation of two or more large 

numbers

✦ In pMSSM:

9

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.

23

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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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 � 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

7

“Large” cancellations are “unnatural” 

Small stop mass 

Small higgsino masses 

since no hard info, yet, on the crucial configuration
SUSY still well alive,

see, e.g., Dimopoulos, Giudice for SUGRA-mediation, 1995
(to be made more precise in any given SB-mediation scheme)
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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 = m
˜t

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

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

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

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

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

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

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

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (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

˜t
)

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 = m2

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

Papucci, Ruderman, Weiler 
arXiv:1110.6926

✦ 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, push gluino reach, and look for EW boson partners

10
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๏ 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, push gluino reach, and look for EW boson partners
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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
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๏ And we most likely will find it by observing 3rd generation SUSY particles first
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generation partners, push gluino reach, and look for EW boson partners
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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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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
(

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

Bruno Casal (ETH) SUSY Search with MT2 02/04/2012 4 / 35

✦ 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
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More MT2-like Variables
✦ Co-transverse mass MCT [Tovey, arXiv:0802.2879; 

Polesello, Tovey, arXiv:0910.0174]

๏  

where v1 and v2 are visible decay products of the two 
decay chains


๏ Has an endpoint related to the mass of the decaying 
pair-produced states (X): 


๏ For the tt background with lost  
leptons, using b-jets as visible  
particles                                      
and taking into account  MX = Mt  
and Minv, so the endpoint  
is at the top quark mass

14
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1. Introduction

Techniques for measuring the masses of pair-produced particles decaying semi-invisibly

through short decay chains at hadron colliders have attracted considerable interest. The

principle motivation for the development of such techniques is the measurement of the

masses of supersymmetric particles (‘sparticles’) at the Large Hadron Collider [1, 2, 3, 4, 5,

6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16], however they may be applied more widely to measure

the mass of the top quark at the Tevatron [17] or LHC [18], or to identify fully leptonic

WW events [19].

Recently [9] a straightforward new variable, the ‘contransverse mass’ (MCT ), was pro-

posed which enables the measurement of a simple analytical combination of the masses of

the pair-produced heavy states δi (i = 1, 2) and their invisible decay products αi. The

contransverse mass is defined by

M2
CT (v1, v2) ≡ [ET (v1) + ET (v2)]

2 − [pT(v1)− pT(v2)]
2

– 1 –

M2
X �M2

inv

MX

3.3 Signal and background simulation 5
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Figure 2: Distributions in Mbb (top left), Emiss
T (top right), MT (bottom left), and MCT (bottom

right) for signal and background events in simulation after the preselection. The Emiss
T , MT,

and MCT distributions are shown after the 90 < Mbb < 150 GeV requirement. Expected signal
distributions are also overlaid as open histograms for various mass points, with the signal cross
section scaled up by a factor of 50 for display purposes. The legend entries for signal give the
masses (mec±

1
, mec0

1
) in GeV and the factor by which the signal cross section has been scaled.

order (LO) with the MLM matching scheme [56], while tW and single top quark t-channel
events are generated at next-to-leading-order (NLO) using POWHEG V2 [57–59]. A top quark
mass of mt = 172.5 GeV, and the NNPDF3.0 LO or NLO [60] parton distribution functions
(PDFs) are used in the event generation. Single top quark s-channel production is simulated
using MADGRAPH5 aMC@NLO 2.2.2 at NLO precision with the FxFx matching scheme [61].
Samples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG or MAD-
GRAPH5 aMC@NLO at NLO precision. Normalization of the simulated background samples
is performed using the most accurate cross section calculations available [55, 62–72], which
generally correspond to NLO or next-to-NLO precision.

The chargino-neutralino signal samples are also generated with MADGRAPH5 aMC@NLO at
LO precision. For these samples we improve on the modeling of initial-state radiation (ISR),
which affects the total transverse momentum (pISR

T ) of the system of SUSY particles, by reweight-

4 3 Event samples, reconstruction, and selection

tification and isolation requirements, and reject events where such a lepton is found. Second
leptons are required to satisfy psum

T /pT < 0.1, where psum
T is calculated here with a cone radius

of DR = 0.2 for plep
T  50 GeV, and DR = max(0.05, 10 GeV/plep

T ) at higher values of lepton
transverse momentum. We also reject events with reconstructed hadronically decaying tau
leptons with pT > 20 GeV [52], or isolated tracks with pT > 10 GeV and opposite electric charge
relative to the selected lepton. For this purpose, a track is considered isolated if psum

T /pT < 0.1
and psum

T < 6 GeV, where psum
T here is constructed with charged PF candidates compatible

with the primary vertex, the cone radius is DR = 0.3, and pT is the transverse momentum of
the track.

The final two requirements that complete the preselection are Emiss
T � 125 GeV and MT >

50 GeV, where MT is the transverse mass of the lepton-Emiss
T system, defined as

MT =
q

2p`TEmiss
T [1 � cos(Df)], (1)

where p`T is the transverse momentum of the lepton and Df is the angle between the transverse
momentum of the lepton and ~pmiss

T .

3.2 Signal region definition

The signal regions are defined by additional requirements on the kinematic properties of pres-
elected events. The invariant mass of the two b jets is required to be in the range 90  Mbb 
150 GeV, consistent with the Higgs boson mass within the resolution. The Mbb distribution for
signal and background processes is shown in Fig. 2 (top left), displaying a clear peak for signal
events near the Higgs boson mass.

To suppress single-lepton backgrounds originating from semileptonic tt, W + jets, and single
top quark processes, the preselection requirement on MT is tightened to >150 GeV. This is
because the MT distribution in these processes with a single leptonically decaying W boson has
a kinematic endpoint MT < mW, where mW is the W boson mass. The endpoint can be exceeded
by off mass-shell W bosons or because of detector resolution effects. The MT requirement
significantly reduces single-lepton backgrounds, as shown in Fig. 2 (bottom left).

In order to further suppress both semileptonic and dileptonic tt backgrounds, we utilize the
contransverse mass variable, MCT [53, 54]:

MCT =
q

2pb1
T pb2

T [1 + cos(Dfbb)], (2)

where pb1
T and pb2

T are the transverse momenta of the two jets, and Dfbb is the azimuthal an-
gle between the pair. As shown in Refs. [53, 54], this variable has a kinematic endpoint at
(m2(d)� m2(a))/m(d), where d is the pair-produced heavy particle and a is the invisible par-
ticle produced in the decay of d. In the case of tt events, when both jets from b quarks are
correctly identified, the kinematic endpoint corresponds to the top quark mass, while signal
events tend to have higher values of MCT. This is shown in Fig. 2 (bottom right). We require
MCT > 170 GeV.

After all other selections, we define two exclusive bins in Emiss
T to enhance sensitivity to signal

models with different mass spectra: 125  Emiss
T < 200 GeV and Emiss

T � 200 GeV. The Emiss
T

distribution is shown in Fig. 2 (top right).

3.3 Signal and background simulation

Samples of tt, W + jets, and Z + jets events, as well as tt production in association with a vec-
tor boson, are generated using the MADGRAPH5 aMC@NLO 2.2.2 [55] generator at leading
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Topness
✦ Another designer variable to partially reconstruct 

decays where kinematic information is not sufficient 
for full reconstruction

๏ Example: top quark pair dilepton decay

๏ Construct: 
 
 
 
where ai are typical resolutions


๏ Define topness [Graesser,  
Shelton, arXiv:1212.4495]: 


๏ Minimizes c.o.m. energy of the event within constraints
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FIG. 1: Stop pair branching fractions into (left) the mixed mode
t + �0, b + �±; (right) tt̄ + 2�0, for tan� = 20 and degenerate
Higgsinos with mass µ = 100 GeV.

tional soft daughters produced in the decay of heavier higgsi-
nos down to the (N)LSP �0

1 are not boosted enough to pass se-
lection cuts for hard isolated objects. We use a reference stop
pair branching fraction of BR(˜t˜t⇤ ! tb+E/T +X) = 0.5, and
show results for a reference signal point with mt̃ = 500 GeV,
m�0

1
= 200 GeV, �0

1 =

eh0
u unless otherwise specified. In all

signal points we take ˜t1 = cos ✓t˜tR + sin ✓t˜tL with mixing
angle cos ✓t = 0.833.

We have checked that the modes ˜t ! t�0
1 and ˜t ! t�0

2 !
t�0

1 +X pass our selection cuts with efficiencies differing by
O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly

small.

TOPNESS

The dominant backgrounds to semileptonic stop searches
are dileptonic t¯t where one of the leptons is either too soft or
too forward to be identified, and t¯t events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the
event be minimized. As the PDFs fall off steeply with

p
s, this

provides a good approximation to the true event kinematics.
We construct a function S which quantifies how well an event
can be reconstructed subject to the dileptonic top hypothesis:

S(pWx, pWy, pWz, p⌫z) =
(m2

W � p2W )

2

a4W

+

(m2
t � (pb1 + p` + p⌫)2)2

a4t
+

(m2
t � (pb2 + pW )

2
)

2

a4t

+

(4m2
t � (

P
i pi)

2
)

2

a4CM

, (1)

where in the last term the sum runs over all 5 assumed fi-
nal state particles. We have imposed transverse momentum
conservation as well as the mass shell conditions p2⌫ = 0,
p2W = m2

W to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-
ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where
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dition that the reconstructed center-of-mass energy of the
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provides a good approximation to the true event kinematics.
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remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-
ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where

3

-10 -5 0 5 10 15
0.

0.1

0.2

t
1êN

dN
êdt

-10 -5 0 5 10 15
0.

0.08

0.16

t

FIG. 2: Left: unit-normalized topness distributions for events passing
preselection cuts as described in the text (signal, red, solid; dileptonic
top, blue, dashed; one `, one ⌧ top, cyan, dotted). Right: topness dis-
tributions for the dileptonic background broken down into samples
with two truth b jets (blue, dashed) and one truth b jet (purple, dot-
ted).
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FIG. 3: Performance comparison of topness (red, solid) to the vari-
ables MCT (blue, dotted) and MW

T2 (purple, dashed) for the asym-
metric signal (left) and the symmetric signal tt̄ + 2�0

1 (right). The
quantity plotted is the gain in signal significance, assuming Gaussian
statistics, as a function of signal efficiency. Results are shown for
mt̃ = 500 GeV and m�0

1
= 200 GeV in both channels.

the background is dominated by dileptonic tops with a missed
lepton, most notably stop searches in other channels. The
right panel of Fig. 3 shows the relative performance of topness
on the traditional stop signal, ˜t˜t⇤ ! t¯t + 2�0

1, followed by
semileptonic top decay, with backgrounds given by missed-
lepton t¯t + 2j events. Events shown here have passed ob-
ject selection cuts analogous to those in [12], including the
requirement that mT (`, E/T ) > 150 GeV. Topness performs
comparably to MW

T2 in the symmetric search channel, realiz-
ing (by a slim margin) the largest gain in significance among
all three variables. The dilution in the efficacy of topness in
the t¯t + 2�0 channel, relative to the tb + E/T channel, is be-
cause the extra jets in the events give more possibilities for
signal to accidentally reconstruct as a top-like event. We do
comment, however, that our implementation of topness was
not optimized for the t¯t+ E/T signal.

HUNTING ASYMMETRIC STOPS

In this section we discuss a search strategy for stop pair
production in the mode ˜t˜t ! tb+ MET. We target semilep-
tonic top decay, so the final state of interest contains one
`, 2 b-jets, and missing energy. We impose the following
cuts at preselection: exactly one lepton satisfying pµ > 20

GeV, pe > 25 GeV, |⌘`| < 2.5; E/T > 200 GeV, with
mT (`, ~p/T ) > 150 GeV; and at least two jets with pT > 20

GeV and |⌘| < 2.5, at least one of which must be b-tagged.
The cut on mT suppresses all backgrounds where the E/T
arises from a single W , in particular semileptonic t¯t and the
enormous W+ jets, which is further suppressed by the b-tag
requirement. The major remaining background is therefore
dileptonic top pair events where one of the leptons is not iden-
tified, either because it falls outside acceptance, or because it
is a non-identified ⌧ . A secondary background is the asso-
ciated production of a top with a W boson, again with dou-
bly dileptonic decays and a missed lepton. All major SM
backgrounds can be reduced by identifying softer leptons in
the event; we thus reject events containing identified hadronic
taus with |⌘| < 2.5 and pT > 20 GeV or additional (isolated)
leptons with |⌘| < 2.5 and pT > 15 GeV. Importantly, the
additional soft decay products of the heavier Higgsinos in sig-
nal events have negligible impact on the ability of signal to
pass the veto. More aggressive vetos, as in [6], would further
reduce the backgrounds at little cost to signal.

In addition to cuts on the hardness of final state particles
and E/T , we add three novel variables which discriminate sig-
nal and background. First and by far the most important is
topness, discussed in the previous section. Another useful
variable can be constructed by exploiting the asymmetric sig-
nal kinematics. The b-jet coming from the decay ˜t ! b�+ is
typically much harder than the daughters of the top. The pT
asymmetry

rpT =

pTb1 � pT `

pTb1 + pT `
(3)

of the lepton and the highest pT b-jet, is thus useful for distin-
guishing signal and background. We also employ a centrality
variable,

C = max

���
�⌘j1,j2+`+~p/T

�� ,
��
�⌘j2,j1+`+~p/T

��� , (4)

formed from the two highest pT jets j1 and j2 in the event as
well as the lepton and missing momentum. Centrality is typ-
ically larger for backgrounds than for signal, reflecting both
the larger signal masses and the different kinematics of top
versus stop pair production [13]. Distributions of rpT and C
are shown in Fig. 4. This particular cut on rapidity separations
is most useful when used in conjunction with topness, because
background events with large topness have often selected an
ISR jet in place of one of the b jets, and this ISR jet is distinct
in rapidity from the other objects in the event.

We normalize signal [14] and background t¯t [15] and
tW [16] processes to inclusive NLO+N(N)LL 8 TeV cross-
sections. Events are generated in Madgraph [17], showered
in Pythia [18], and clustered in FastJet using the anti-kT al-
gorithm with R = 0.4 [19]. In generating tW + 1j events,
we forbid t¯t events from contributing when the momentum
in one of the internal top propagators lies in the window
|p2 � mt| < 15�t [20, 21]. Leptons are declared isolated if
the scalar sum-pT deposited in a cone of radius Riso = 0.2
around a lepton is less than riso = 0.2 times the lepton
pT . The isolation threshold is thus 4 GeV for a lepton with
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FIG. 1: Stop pair branching fractions into (left) the mixed mode
t + �0, b + �±; (right) tt̄ + 2�0, for tan� = 20 and degenerate
Higgsinos with mass µ = 100 GeV.

tional soft daughters produced in the decay of heavier higgsi-
nos down to the (N)LSP �0

1 are not boosted enough to pass se-
lection cuts for hard isolated objects. We use a reference stop
pair branching fraction of BR(˜t˜t⇤ ! tb+E/T +X) = 0.5, and
show results for a reference signal point with mt̃ = 500 GeV,
m�0

1
= 200 GeV, �0

1 =

eh0
u unless otherwise specified. In all

signal points we take ˜t1 = cos ✓t˜tR + sin ✓t˜tL with mixing
angle cos ✓t = 0.833.

We have checked that the modes ˜t ! t�0
1 and ˜t ! t�0

2 !
t�0

1 +X pass our selection cuts with efficiencies differing by
O(10%), with the single largest difference in efficiency com-
ing from isolated lepton acceptance. Thus to good approxima-
tion the asymmetric signal is insensitive to the details of the
neutralino mixings. We have chosen a relatively large mass
splitting for our reference Higgsino sector; in more degenerate
spectra, the difference between �0

1 and �0
2 would be negligibly

small.

TOPNESS

The dominant backgrounds to semileptonic stop searches
are dileptonic t¯t where one of the leptons is either too soft or
too forward to be identified, and t¯t events with one lepton and
one unidentified ⌧ . Although three of the six partons in these
final states are missing or unidentified, these backgrounds still
contain a large amount of kinematic information which can be
used to identify events consistent with top quark pair produc-
tion.

Much literature has been devoted to kinematic variables
which can identify particle masses in the presence of multiple
invisible particles. Two of the most studied variables are the
stransverse mass, MT2 [9], and the contransverse mass MCT

[10]. Both of these variables admit straightforward extensions
to the asymmetric decay chains that appear in top backgrounds
with missing leptons, as was studied for MT2 in [11].

We propose here a novel alternative. Dileptonic top events
are reconstructible when both leptons are identified: the mass
shell conditions provide enough constraints to completely
solve for the unmeasured components of the neutrino mo-

menta, up to discrete combinatoric and quadratic ambiguities.
Once one of the leptons is lost, this is no longer true: the miss-
ing particles are (by assumption) now a neutrino and a W , and
one of the mass-shell conditions is lost along with the lepton,
leaving an under-constrained system.

We replace the missing mass-shell condition with the con-
dition that the reconstructed center-of-mass energy of the
event be minimized. As the PDFs fall off steeply with

p
s, this

provides a good approximation to the true event kinematics.
We construct a function S which quantifies how well an event
can be reconstructed subject to the dileptonic top hypothesis:

S(pWx, pWy, pWz, p⌫z) =
(m2

W � p2W )

2

a4W

+

(m2
t � (pb1 + p` + p⌫)2)2

a4t
+

(m2
t � (pb2 + pW )

2
)

2

a4t

+

(4m2
t � (

P
i pi)

2
)

2

a4CM

, (1)

where in the last term the sum runs over all 5 assumed fi-
nal state particles. We have imposed transverse momentum
conservation as well as the mass shell conditions p2⌫ = 0,
p2W = m2

W to fix EW , E⌫ , p⌫x, and p⌫y in terms of the four
remaining undetermined variables. The denominators ak de-
termine the relative weighting of the mass shell conditions,
and should not be smaller than typical resolutions; we take
aW = 5 GeV, at = 15 GeV, and aCM = 1 TeV. The value of
S at its minimum quantifies how well an event can be recon-
structed according to the dileptonic top pair hypothesis. The
inputs to S are two jets, a lepton, and the ~p/T . To find the
best possible reconstruction, we sum over both possible pair-
ings of jets with reconstructed W bosons and keep the pairing
which minimizes minS. When the event contains two identi-
fied b-jets, we use them as input to S; when the event contains
only one identified b, we consider the two hardest untagged
jets with |⌘| < 2.5 and pT > 20 GeV, and use the pair (b, j)
which yields the minimum value for minS. We define top-
ness as

t = ln(minS). (2)

Minimization of S is a nontrivial computational problem. In
our implementation we use 10 iterations of the Nelder-Mead
algorithm per event. In general this is not sufficient to find
the global minimum; however, it will find a minimum that
is sufficiently close to the global minimum that cuts and dis-
tributions are insensitive to any difference. We show distri-
butions of topness for the major dileptonic and one-`-one-⌧
top backgrounds as well as signal in Fig. 2. In the left panel
of Fig. 3 we compare the performance of topness to both the
asymmetric implementation of MCT which we find most ef-
fective, and MW

T2, the MT2 variant identified as most effective
in [11]. Events shown here have passed preselection cuts as
described in the text below.

Our present interest is in the asymmetric stop decay mode,
but we emphasize that topness is useful in any search where

tt̄
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The Razor Variables
✦ Introduced as an alternative to MT2 

and other similar variables


✦ R-frame: the frame in which momenta 
of two (pseudo)jets are equal


๏ Applicable to a larger class of events 
than jets+MET


✦ Transforms signal into a peaking 
distribution on top of exponentially 
falling background a.k.a. “bump hunt”

16

4Hadronic SUSY Searches at the LHC12 March 2012

SUSY search with razor: 4.4 fb-1

 Analysis aimed at generic SUSY production, in particular squark and 
gluino production

 Physics objects are merged in 2 “megajets” used to calculate razor var.

 Analysis aimed at generic SUSY production, in particular squark and 
gluino production

 Physics objects are merged in 2 “megajets” used to calculate razor var.

SUS-12-005

+ The R-frame approx. – Spring 2010  
q̃q̃ ! (q�̃0

1)(q�̃
0
1)

squark rest frame!di-squark (CM) rest frame!lab frame!

q

�̃0
1

q̃

q̃q̃ q̃

~�CM �~�CM q̃
~�T

x 

z 

10 

Characteristic scale 
of process is 
reflected in 

momenta of quarks 
and LSP’s 

Squarks are heavy, so 
they are preferentially 

produced near 
threshold (�CM ≈ 1) 

The di-squark rest frame 
is approximately related 
to the lab frame by one 

longitudinal boost  

|~�T | � 1

~�CM ! 0~�T = 0

Rogan, arXiv:1006.2727
+ MR Derivation 
!  Let’s assume that               , such that                   and 

both squarks are at rest in the di-squark rest-frame 

! Even without observing the two LSP’s directly, we can 
move from the laboratory frame to the di-squarks rest 
frame through a longitudinal boost that takes us to a 
reference frame where the magnitude of the two jets’ 
momenta is equal - we will call this reference frame 
the “rough-approximation”-frame or R-frame 

!  We denote the magnitude of the jets’ momenta in the  

   R-frame as MR and the boost moving from the lab  

  frame to the R-frame as �R : 

arXiv:1006.2727v1 [hep-ph] 

Christopher Rogan (Caltech) - SLAC EPP Seminar - January 22, 2013 

+ The Razor  
!  Unfortunately, the rate of QCD (even at high      ) is 

prohibitively high such that we will not be able to observe this 
signal without some additional discriminating variable(s)   

!  Such a variable is the Razor, denoted R and defined as:
(                  ) 

!          behaves similarly to the stransverse mass or          , such 
that if                  then         has a kinematic endpoint at 

 

!  Hence, we take the ratio of two variables with dimension mass 
- two variables in ratio measure similar quantity, using different 
sets of information 

R ~ ½ for signal and is 
exponentially falling 
for QCD background

+
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HT+MHT Search
✦ Classical search in all-hadronic final states requiring at 

least two jets and significant HT, MHT > 300 GeV

✦ Categorization into 174 search regions (SRs):


๏ Nj = 2, 3-4, 5-6, 7-8, ≥9

๏ Nb = 0, 1, 2, ≥3

๏ 10 (HT,MHT) regions (8 for 

 Nj ≥ 7 

๏ Δφ >0.5 (j1, j2) or >0.3  

(j3, j4) (opening angle  
between the MHT vector  
and the jet momentum)


๏ Also 10 aggregate larger search regions for easier reinterpretation

✦ Backgrounds determined mostly from control samples in 

data, augmented with simulations

18
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Figure 2: Schematic illustration of the 10 kinematic search intervals in the Hmiss
T versus HT

plane. Intervals 1 and 4 are discarded for Njet � 7. The intervals labeled C1, C2, and C3 are
control regions used to evaluate the QCD background. The rightmost and topmost bins are
unbounded, extending to HT = • and Hmiss

T = •, respectively.

In addition, anomalous events with reconstruction failures or that arise from noise or beam halo
interactions are removed [42]. A breakdown of the efficiency at different stages of the selection
process for representative signal models is given in Tables A.1 and A.2 of Appendix A.

The isolated-track veto requirement suppresses events with a hadronically decaying t lep-
ton, or with an isolated electron or muon not identified as such; the mT requirement restricts
the isolated-track veto to situations consistent with W boson decay. The selection criteria on
DfHmiss

T ,ji
suppress background from QCD events, for which ~Hmiss

T is usually aligned along a jet
direction.

The search is performed in four-dimensional exclusive regions of Njet, Nb-jet, HT, and Hmiss
T .

The search intervals in Njet and Nb-jet are:

• Njet: 2, 3–4, 5–6, 7–8, �9;
• Nb-jet: 0, 1, 2, �3.

Intervals with Nb-jet � 3 and Njet = 2 are discarded since there are no entries. For HT and Hmiss
T ,

10 kinematic intervals are defined, as specified in Table 1 and illustrated in Fig. 2. Events with
both small HT and large Hmiss

T are not considered (see the hatched area in Fig. 2) because such
events are likely to arise from mismeasurement. For Njet � 7, the kinematic intervals labeled 1
and 4 are discarded because of the small number of events. The total number of search regions
is 174.

The intervals labeled C1, C2, and C3 in Fig. 2 are control regions defined by 250 < Hmiss
T <

300 GeV, with the same boundaries in HT as kinematic intervals 1, 2, and 3, respectively. These
regions are used in the method to estimate the QCD background described in Section 7.3.2.
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Figure 9: The observed numbers of events and prefit SM background predictions in the 174
search regions of the analysis, where “prefit” means there is no constraint from the likelihood
fit. Numerical values are given in Tables B.1–B.5. The hatching indicates the total uncertainty
in the background predictions. The lower panel displays the fractional differences between the
data and SM predictions. The labeling of the bin numbers is the same as in Fig. 3.

These results significantly extend those of our previous study [17], for which the corresponding
limits vary between 1440 and 1600 GeV.

The corresponding results for the T1tbtb model and for the mixed models of gluino decay to
heavy squarks are shown in the lower row of Fig. 12. In this case gluinos with masses as large
as 1850 to 1880 GeV are excluded, extending the limits of between 1550 and 1600 GeV presented
in Ref. [19]. Note that for the T1tbtb model, the acceptance is small for mec0

1
. 25 GeV and we

are unable to exclude the scenario. The reason is that as mec0
1

approaches zero, the mass of
the nearly mass-degenerate ec±

1 parent particle also becomes small. The ec±
1 becomes highly

Lorentz boosted, and more of the momentum from the parent ec±
1 is carried by the daughter

off-shell W boson [see Fig. 1 (upper right)] and less by the daughter ec0
1. The net effect is that

the Hmiss
T spectrum becomes softer for hadronic W⇤ decays, leading to reduced signal accep-

tance, while the charged-lepton or isolated-track pT spectrum becomes harder for leptonic W⇤

decays, increasing the probability for the event to be vetoed and thus also leading to reduced
signal acceptance. Furthermore, jets arising from the W⇤ decay tend to be aligned with the
missing transverse momentum from the ec0

1. When these jets become harder, as mec0
1

becomes
small, they are more likely to appear amongst the highest pT jets in the event, causing the
event to be rejected by the DfHmiss

T ,ji
requirements. Because of the small signal acceptance for

mec0
1
! 0, the relative contribution of signal contamination in this region becomes comparable

to the true signal content, and a precise determination of the search sensitivity becomes dif-
ficult. Therefore, for the T1tbtb model, we limit our determination of the cross section upper
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Data/Background Prediction
✦ Data agree well with the background predictions

19

SR7-10

CMS Collaboration 
arXiv:1704.07781
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Figure 9: The observed numbers of events and prefit SM background predictions in the 174
search regions of the analysis, where “prefit” means there is no constraint from the likelihood
fit. Numerical values are given in Tables B.1–B.5. The hatching indicates the total uncertainty
in the background predictions. The lower panel displays the fractional differences between the
data and SM predictions. The labeling of the bin numbers is the same as in Fig. 3.

These results significantly extend those of our previous study [17], for which the corresponding
limits vary between 1440 and 1600 GeV.

The corresponding results for the T1tbtb model and for the mixed models of gluino decay to
heavy squarks are shown in the lower row of Fig. 12. In this case gluinos with masses as large
as 1850 to 1880 GeV are excluded, extending the limits of between 1550 and 1600 GeV presented
in Ref. [19]. Note that for the T1tbtb model, the acceptance is small for mec0

1
. 25 GeV and we

are unable to exclude the scenario. The reason is that as mec0
1

approaches zero, the mass of
the nearly mass-degenerate ec±

1 parent particle also becomes small. The ec±
1 becomes highly

Lorentz boosted, and more of the momentum from the parent ec±
1 is carried by the daughter

off-shell W boson [see Fig. 1 (upper right)] and less by the daughter ec0
1. The net effect is that

the Hmiss
T spectrum becomes softer for hadronic W⇤ decays, leading to reduced signal accep-

tance, while the charged-lepton or isolated-track pT spectrum becomes harder for leptonic W⇤

decays, increasing the probability for the event to be vetoed and thus also leading to reduced
signal acceptance. Furthermore, jets arising from the W⇤ decay tend to be aligned with the
missing transverse momentum from the ec0

1. When these jets become harder, as mec0
1

becomes
small, they are more likely to appear amongst the highest pT jets in the event, causing the
event to be rejected by the DfHmiss

T ,ji
requirements. Because of the small signal acceptance for

mec0
1
! 0, the relative contribution of signal contamination in this region becomes comparable

to the true signal content, and a precise determination of the search sensitivity becomes dif-
ficult. Therefore, for the T1tbtb model, we limit our determination of the cross section upper
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Figure 10: The observed numbers of events and prefit SM background predictions in the 12 ag-
gregate search regions, with fractional differences displayed in the lower panel, where “prefit”
means there is no constraint from the likelihood fit. The hatching indicates the total uncertainty
in the background predictions. The numerical values are given in Table B.6.

limit to mec0
1
> 25 GeV.

Finally, Fig. 13 shows the results for the T2tt, T2bb, and T2qq models. Based on the NLO+NLL
cross sections, squarks with masses up to 960, 990, and 1390 GeV, respectively, are excluded.
Note that for the T2tt model we do not present cross section upper limits for small values of mec0

1
if meq �mec0

1
⇡ mtop, corresponding to the unshaded diagonal region at low mec0

1
visible in Fig. 13

(upper left). The reason for this is that signal events are essentially indistinguishable from SM
tt events in this region, rendering the signal event acceptance difficult to model. Note also for
the T2tt model that there is a small region corresponding to met . 230 GeV and mec0

1
. 20 GeV

that is not excluded by the data.

In addition to the main T2qq model, with four mass-degenerate squark flavors (up, down,
strange, and charm), each arising from two different quark spin states, Fig. 13 (lower) shows
the results should only one of these eight states (“one light eq”) be accessible at the LHC. In this
case, the upper limit on the squark mass based on the NLO+NLL cross section is reduced to
950 GeV.

9 Summary
A search for gluino and squark pair production is presented based on a sample of proton-
proton collisions collected at a center-of-mass energy of 13 TeV with the CMS detector. The
search is performed in the multijet channel, i.e., the visible reconstructed final state consists
solely of jets. The data correspond to an integrated luminosity of 35.9 fb�1. Events are required
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1 Introduction

The standard model (SM) of particle physics successfully describes a wide range of phenomena.
However, in the SM, the Higgs boson mass is unstable to higher-order corrections, suggesting
that the SM is incomplete. Many extensions to the SM have been proposed to provide a more
fundamental theory. Supersymmetry (SUSY) [1–8], one such extension, postulates that each
SM particle is paired with a SUSY partner from which it differs in spin by one-half unit. As
examples, squarks and gluinos are the SUSY partners of quarks and gluons, respectively, while
neutralinos ec0 (charginos ec±) arise from a mixture of the SUSY partners of neutral (charged)
Higgs and electroweak gauge bosons. Radiative corrections involving SUSY particles can com-
pensate the contributions from SM particles and thereby stabilize the Higgs boson mass. For
this cancellation to be “natural” [9–12], the top squark, bottom squark, and gluino must have
masses on the order of a few TeV or less, possibly allowing them to be produced at the CERN
LHC.

In R-parity [13] conserving SUSY models, as are considered here, the lightest SUSY particle
(LSP) is stable and assumed to be weakly interacting, making it a prime candidate for dark
matter, and leading to potentially large undetected, or “missing”, transverse momentum. Su-
persymmetry events at the LHC might thus be characterized by significant missing transverse
momentum, numerous jets, and — in the context of natural SUSY — jets initiated by top and
bottom quarks.

This note describes a search for gluino pair production and for direct squark-antisquark pro-
duction, both in the all-hadronic final state. The data, corresponding to an integrated luminos-
ity of 12.9 fb�1 of proton-proton (pp) collisions at a center-of-mass energy of

p
s = 13 TeV, were

collected with the CMS detector in 2016. Because of the large mass scales and their all-hadronic
nature, the targeted SUSY events are expected to exhibit large values of HT, where HT is the
scalar sum of the transverse momenta (pT) of the jets. As a measure of the missing transverse
momentum, we use the variable Hmiss

T , which is the magnitude of the vector pT sum of the jets.
We present a general search for gluino and squark pair production leading to final states with
large HT, large Hmiss

T , and large jet multiplicity. The data are examined in bins of Njet, Nb-jet, HT,
and Hmiss

T , where Njet is the number of jets and Nb-jet the number of tagged bottom quark jets
(b jets). The search is performed in exclusive bins of these four observables.
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Figure 1: Example event diagrams for the signal scenarios considered in this study: the (left)
T1tttt, (center) T5qqqqVV, and (right) T2tt simplified models. For the T5qqqqVV model, the
quark q and antiquark q do not have the same flavor if the gluino eg decays as eg ! qqec±

1 ,
where ec±

1 is the lightest chargino.

The SUSY scenarios examined are considered in the context of simplified models [14–17] of
new-particle production. For gluino pair production, we consider four scenarios, denoted
T1tttt, T1bbbb, T1qqqq, and T5qqqqVV [18]. A diagram for the T1tttt scenario is shown in
Fig. 1 (left). In the T1tttt scenario, gluino pair production is followed by the decay of each
gluino eg according to eg ! ttec0

1, where tt is a top quark-antiquark pair and ec0
1 is the lightest

neutralino, which is taken to be the LSP. The LSP is assumed to escape detection, leading to
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 12: The 95% CL upper limits on the production cross sections for the (upper left)
T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T5qqqqVV, and (lower left)
T1tbtb simplified models, shown as a function of the gluino and LSP masses meg and mec0

1
. The

solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [61–65], with the corresponding ±1 standard deviation uncertainties [80]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0

1
> 25 GeV

for the reason stated in the text.
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Figure 12: The 95% CL upper limits on the production cross sections for the (upper left)
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solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [61–65], with the corresponding ±1 standard deviation uncertainties [80]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
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1
> 25 GeV

for the reason stated in the text.
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Figure 12: The 95% CL upper limits on the production cross sections for the (upper left)
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solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [61–65], with the corresponding ±1 standard deviation uncertainties [80]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0
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Figure 12: The 95% CL upper limits on the production cross sections for the (upper left)
T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T5qqqqVV, and (lower left)
T1tbtb simplified models, shown as a function of the gluino and LSP masses meg and mec0

1
. The

solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [61–65], with the corresponding ±1 standard deviation uncertainties [80]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0

1
> 25 GeV

for the reason stated in the text.
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1

1 Introduction
The standard model (SM) of particle physics successfully describes a wide range of phenomena.

However, in the SM, the Higgs boson mass is unstable to higher-order corrections, suggesting

that the SM is incomplete. Many extensions to the SM have been proposed to provide a more

fundamental theory. Supersymmetry (SUSY) [1–8], one such extension, postulates that each

SM particle is paired with a SUSY partner from which it differs in spin by one-half unit. As

examples, squarks and gluinos are the SUSY partners of quarks and gluons, respectively, while

neutralinos

ec0

(charginos

ec±
) arise from a mixture of the SUSY partners of neutral (charged)

Higgs and electroweak gauge bosons. Radiative corrections involving SUSY particles can com-

pensate the contributions from SM particles and thereby stabilize the Higgs boson mass. For

this cancellation to be “natural” [9–12], the top squark, bottom squark, and gluino must have

masses on the order of a few TeV or less, possibly allowing them to be produced at the CERN

LHC.

In R-parity [13] conserving SUSY models, as are considered here, the lightest SUSY particle

(LSP) is stable and assumed to be weakly interacting, making it a prime candidate for dark

matter, and leading to potentially large undetected, or “missing”, transverse momentum. Su-

persymmetry events at the LHC might thus be characterized by significant missing transverse

momentum, numerous jets, and — in the context of natural SUSY — jets initiated by top and

bottom quarks.

This note describes a search for gluino pair production and for direct squark-antisquark pro-

duction, both in the all-hadronic final state. The data, corresponding to an integrated luminos-

ity of 12.9 fb

�1

of proton-proton (pp) collisions at a center-of-mass energy of

p
s = 13 TeV, were

collected with the CMS detector in 2016. Because of the large mass scales and their all-hadronic

nature, the targeted SUSY events are expected to exhibit large values of H
T

, where H
T

is the

scalar sum of the transverse momenta (p
T

) of the jets. As a measure of the missing transverse

momentum, we use the variable Hmiss

T

, which is the magnitude of the vector p
T

sum of the jets.

We present a general search for gluino and squark pair production leading to final states with

large H
T

, large Hmiss

T

, and large jet multiplicity. The data are examined in bins of N
jet

, N
b-jet

, H
T

,

and Hmiss

T

, where N
jet

is the number of jets and N
b-jet

the number of tagged bottom quark jets

(b jets). The search is performed in exclusive bins of these four observables.
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Figure 1: Example event diagrams for the signal scenarios considered in this study: the (left)

T1tttt, (center) T5qqqqVV, and (right) T2tt simplified models. For the T5qqqqVV model, the

quark q and antiquark q do not have the same flavor if the gluino eg decays as eg ! qq

ec±
1

,

where

ec±
1

is the lightest chargino.

The SUSY scenarios examined are considered in the context of simplified models [14–17] of

new-particle production. For gluino pair production, we consider four scenarios, denoted

T1tttt, T1bbbb, T1qqqq, and T5qqqqVV [18]. A diagram for the T1tttt scenario is shown in

Fig. 1 (left). In the T1tttt scenario, gluino pair production is followed by the decay of each

gluino eg according to eg ! tt

ec0

1

, where tt is a top quark-antiquark pair and

ec0

1

is the lightest

neutralino, which is taken to be the LSP. The LSP is assumed to escape detection, leading to

C
M

S 
C

ol
la

bo
ra

tio
n 

ar
Xi

v:
17

04
.0

77
81

9

P1

P2

g̃

g̃

b̄

b

�̃0
1

�̃0
1

b̄

b

P1

P2

g̃

g̃

t̄

t

�̃0
1

�̃0
1

t̄

t

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

P1

P2

¯̃
b

b̃

b̄

χ̃0
1

χ̃0
1

b

P1

P2

¯̃t

t̃

t̄

χ̃0
1

χ̃0
1

t

P1

P2

¯̃q

q̃

q̄

χ̃0
1

χ̃0
1

q

Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 13: (Left) The 95% CL upper limits on the production cross section for the (upper left)
T2tt, (upper right) T2bb, and (lower) T2qq simplified models, shown as a function of the squark
and LSP masses meq and mec0

1
. The diagonal dotted line shown for the T2tt model corresponds

to meq � mec0
1
= mtop. Note that for the T2tt model we do not present cross section upper limits

in the unshaded diagonal region at low mec0
1

for the reasons discussed in the text, and that there
is a small region corresponding to met . 230 GeV and mec0

1
. 20 GeV that is not included in the

NLO+NLL exclusion region. The results labeled “one light eq” for the T2qq model are discussed
in the text. The meaning of the curves is described in the Fig. 12 caption.
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MT2 Search
✦ Similar to earlier MT2 analyses


๏ Bin in Nj, Nb, HT, and MT2


๏ Includes a monojet category (MT2 is not defined, so a 
simple selection is used) and five HT multijet categories


๏ Δφ>0.5 (j1, ..., j4) or >0.3 (opening angle between the 
MET vector and the jet momentum


✦ Main backgrounds are lost lepton from W+jets and 
top quark events, irreducible Z(νν)+jets, and multijet

๏ Estimated from control regions in data, augmented with 

MC simulations

22



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- S

U
SY

 S
ea

rc
he

s 
at

 C
M

S 
- C

or
fu

  2
01

7

Background Predictions
✦ Data/background expectation agreement in some of 

the bins
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Gluino-Mediated Production
✦ Gluino-mediated sbottom, stop, and squark production limits
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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12 6 Summary

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

2000

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion1
0
χ∼ b b → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion1
0
χ∼ t t → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000 2200

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion1
0
χ∼ q q → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

Figure 6: Exclusion limits at 95% CL for gluino-mediated bottom squark production (above
left), gluino-mediated top squark production (above right), and gluino-mediated light-flavor
(u,d,s,c) squark production (below). The area enclosed by the thick black curve represents the
observed exclusion region, while the dashed red lines indicate the expected limits and their ±1
standard deviation ranges. The thin black lines show the effect of the theoretical uncertainties
on the signal cross section.
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Direct Squark Production
✦ Limits on direct stop, sbottom, and squark production
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1

1 Introduction
The standard model (SM) of particle physics successfully describes a wide range of phenomena.

However, in the SM, the Higgs boson mass is unstable to higher-order corrections, suggesting

that the SM is incomplete. Many extensions to the SM have been proposed to provide a more

fundamental theory. Supersymmetry (SUSY) [1–8], one such extension, postulates that each

SM particle is paired with a SUSY partner from which it differs in spin by one-half unit. As

examples, squarks and gluinos are the SUSY partners of quarks and gluons, respectively, while

neutralinos

ec0

(charginos

ec±
) arise from a mixture of the SUSY partners of neutral (charged)

Higgs and electroweak gauge bosons. Radiative corrections involving SUSY particles can com-

pensate the contributions from SM particles and thereby stabilize the Higgs boson mass. For

this cancellation to be “natural” [9–12], the top squark, bottom squark, and gluino must have

masses on the order of a few TeV or less, possibly allowing them to be produced at the CERN

LHC.

In R-parity [13] conserving SUSY models, as are considered here, the lightest SUSY particle

(LSP) is stable and assumed to be weakly interacting, making it a prime candidate for dark

matter, and leading to potentially large undetected, or “missing”, transverse momentum. Su-

persymmetry events at the LHC might thus be characterized by significant missing transverse

momentum, numerous jets, and — in the context of natural SUSY — jets initiated by top and

bottom quarks.

This note describes a search for gluino pair production and for direct squark-antisquark pro-

duction, both in the all-hadronic final state. The data, corresponding to an integrated luminos-

ity of 12.9 fb

�1

of proton-proton (pp) collisions at a center-of-mass energy of

p
s = 13 TeV, were

collected with the CMS detector in 2016. Because of the large mass scales and their all-hadronic

nature, the targeted SUSY events are expected to exhibit large values of H
T

, where H
T

is the

scalar sum of the transverse momenta (p
T

) of the jets. As a measure of the missing transverse

momentum, we use the variable Hmiss

T

, which is the magnitude of the vector p
T

sum of the jets.

We present a general search for gluino and squark pair production leading to final states with

large H
T

, large Hmiss

T

, and large jet multiplicity. The data are examined in bins of N
jet

, N
b-jet

, H
T

,

and Hmiss

T

, where N
jet

is the number of jets and N
b-jet

the number of tagged bottom quark jets

(b jets). The search is performed in exclusive bins of these four observables.

P1

P2

g̃

g̃

t̄

t

�̃0
1

�̃0
1

t̄

t

P1

P2

t̃

t̃

t

�̃0
1

�̃0
1

t

Figure 1: Example event diagrams for the signal scenarios considered in this study: the (left)

T1tttt, (center) T5qqqqVV, and (right) T2tt simplified models. For the T5qqqqVV model, the

quark q and antiquark q do not have the same flavor if the gluino eg decays as eg ! qq

ec±
1

,

where

ec±
1

is the lightest chargino.

The SUSY scenarios examined are considered in the context of simplified models [14–17] of

new-particle production. For gluino pair production, we consider four scenarios, denoted

T1tttt, T1bbbb, T1qqqq, and T5qqqqVV [18]. A diagram for the T1tttt scenario is shown in

Fig. 1 (left). In the T1tttt scenario, gluino pair production is followed by the decay of each

gluino eg according to eg ! tt

ec0

1

, where tt is a top quark-antiquark pair and

ec0

1

is the lightest

neutralino, which is taken to be the LSP. The LSP is assumed to escape detection, leading to
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.
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Figure 7: Exclusion limit at 95% CL for bottom squark pair production (above left), top squark
pair production (above right), and light-flavor squark pair production (below). The area en-
closed by the thick black curve represents the observed exclusion region, while the dashed red
lines indicate the expected limits and their ±1 standard deviation ranges. For the top squark
pair production plot, the ±2 standard deviation ranges are also shown. The thin black lines
show the effect of the theoretical uncertainties on the signal cross section. The white diagonal
band in the upper right plot corresponds to the region |met �mt �mec0

1
| < 25 GeV and small mec0

1
.

Here the efficiency of the selection is a strong function of met � mec0
1
, and as a result the precise

determination of the cross section upper limit is uncertain because of the finite granularity of
the available MC samples in this region of the (met, mec0

1
) plane.
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Figure 8: Exclusion limit at 95% CL for top squark pair production for different decay modes
of the top squark. For the scenario where pp ! etet ! bbec±

1 ec⌥
1 , ec±

1 ! W± ec0
1 (above left), the

mass of the chargino is chosen to be half way in between the masses of the top squark and the
neutralino. A mixed decay scenario (above right), pp ! etet with equal branching fractions for
the top squark decayset ! tec0

1 andet ! bec+
1 , ec+

1 ! W⇤+ ec0
1, is also considered, with the chargino

mass chosen such that Dm
�
ec±

1 , ec0
1
�

= 5 GeV. Finally, we also consider a compressed scenario
(below) where pp ! etet ! ccec0

1 ec0
1. The area enclosed by the thick black curve represents the

observed exclusion region, while the dashed red lines indicate the expected limits and their ±1
standard deviation ranges. The thin black lines show the effect of the theoretical uncertainties
on the signal cross section.

10 5 Results

5.1 Interpretation

The results of the search can be interpreted by performing a maximum likelihood fit to the
data in the signal regions. The fit is carried out under either a background-only or a back-
ground+signal hypothesis. The uncertainties in the modeling of the backgrounds, summarized
in Section 4, are inputs to the fitting procedure. The likelihood is constructed as the product
of Poisson probability density functions, one for each signal region, with constraint terms that
account for uncertainties in the background estimates and, if considered, the signal yields. The
result of the background-only fit, denoted as “post-fit background”, is given in Appendix B.

The results of the search are used to constrain the simplified models of SUSY shown in Fig. 5.
For each scenario of gluino (squark) pair production, the simplified models assume that all
SUSY particles other than the gluino (squark) and the lightest neutralino are too heavy to be
produced directly, and that the gluino (squark) decays promptly. The models assume that each
gluino (squark) decays with a 100% branching fraction into the decay products depicted in
Fig. 5. For models where the decays of the two squarks differ, we assume a 50% branching
fraction for each decay mode. Signal cross sections are calculated at NLO+NLL order in as [45–
49].

Typical values of the uncertainties in the signal yield for one of the models considered are listed
in Table 3. The sources of uncertainties and the methods used to evaluate their effect on the
interpretation are the same as those discussed in Ref. [6]. Uncertainties due to the luminosity,
ISR and pileup modeling, and b tagging and lepton efficiencies are treated as correlated across
search bins. Remaining uncertainties are taken as uncorrelated.
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we assume a 50% branching fraction for each decay mode.
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ēt1

et1

t̄

e�0
1

e�0
1

t

P1

P2

ēq

eq

q̄

e�0
1

e�0
1

q

P1

P2
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N.B. No significant improvement from the use of "designer variables" 
because of large cross section and very fine binning (limit-oriented 

analyses) - can be remedied by using "aggregate search regions" in case 
an excess is observed
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duction of bottom, top and light flavor squark pairs.

9

P1

P2

g̃

g̃

b̄

b

�̃0
1

�̃0
1

b̄

b

P1

P2

g̃

g̃

t̄

t

�̃0
1

�̃0
1

t̄

t

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

P1

P2

¯̃
b

b̃

b̄

χ̃0
1

χ̃0
1

b

P1

P2

¯̃t

t̃

t̄

χ̃0
1

χ̃0
1

t

P1

P2

¯̃q

q̃

q̄

χ̃0
1

χ̃0
1

q

Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Bottom) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs.

N.B. No significant improvement from the use of "designer variables" 
because of large cross section and very fine binning (limit-oriented 

analyses) - can be remedied by using "aggregate search regions" in case 
an excess is observed

Exclude gluinos with the masses below 2 TeV pretty much 

 in the entire allowed phase space!

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Moriond_2017_36_fb_1
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All-Hadronic Summary: Squarks
✦ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Moriond_2017_36_fb_1

28 N.B. Here "designer variables" help a bit, particularly for light-
generation squarks (SUS-16-032 also uses them, see later)
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2 3 Event reconstruction and Monte Carlo simulation
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Figure 1: Diagrams showing the pair production of bottom or top squarks followed by their
decays according to eb ! bec0

1 (left) andet ! cec0
1 (right).

farm decreases the event rate from around 100 kHz to less than 1 kHz, before data storage [43].
A more detailed description of the CMS detector, together with a definition of the coordinate
system and relevant kinematic variables, can be found in Ref. [44].

3 Event reconstruction and Monte Carlo simulation

Events are reconstructed with the particle flow (PF) algorithm [45], which combines informa-
tion from the subdetectors to optimize reconstruction and identification of produced stable
particles, namely charged and neutral hadrons, photons, electrons, and muons. Events selected
for this search are required to pass filters designed to remove detector- and beam-related noise
and must have at least one reconstructed vertex. Usually more than one such vertex is recon-
structed, due to pileup, i.e. multiple pp collisions within the same or neighbouring bunch cross-
ings. The reconstructed vertex with the largest value of summed physics-object p2

T is taken to
be the primary pp interaction vertex (PV), where pT is the transverse momentum. The physics
objects are the objects returned by a jet finding algorithm [46, 47] applied to all charged tracks
associated with the vertex, plus the corresponding associated missing transverse momentum.

Charged particles originating from the primary vertex, photons, and neutral hadrons are clus-
tered into jets using the anti-kT algorithm [46] implemented in FASTJET [47] with a distance
parameter of 0.4. The jet energy is corrected for the contribution from pileup based on the
jet area method [48]. Additional corrections to the jet energy scale are applied to compensate
for variations in detector response [49]. Jets are required to have pT greater than 25 GeV and
and to be contained within the tracker volume, |h| < 2.4. The momentum imbalance vector
(~pmiss

T ) is calculated as the negative vector sum of transverse momenta of all PF candidates
reconstructed in an event, and its magnitude is referred to as missing transverse momentum,
denoted pmiss

T [50].

Muons are reconstructed by combining the information from the silicon tracker and the muon
detectors in a global fit. An identification selection is performed using the quality of the ge-
ometrical matching between the tracker and the muon system measurements [51]. Electron
candidates are reconstructed by matching clusters of energy deposited in the ECAL to recon-
structed tracks. Selection criteria based on the distribution of the shower shape, track cluster
matching, and consistency between the cluster energy and track momentum are then used in
the identification of electron candidates [52]. Muon and electron candidates are required to
have pT > 10 GeV, to be within |h| < 2.4, and to originate from within 2 mm of the beam axis
in the transverse plane. Relative lepton isolation, Irel, is quantified as the sum of the pT of PF
candidates within a cone DR =

p
(Dh)2 + (Df)2 around the lepton (where f is the azimuthal

10 5 Results

5.1 Interpretation

The results of the search can be interpreted by performing a maximum likelihood fit to the
data in the signal regions. The fit is carried out under either a background-only or a back-
ground+signal hypothesis. The uncertainties in the modeling of the backgrounds, summarized
in Section 4, are inputs to the fitting procedure. The likelihood is constructed as the product
of Poisson probability density functions, one for each signal region, with constraint terms that
account for uncertainties in the background estimates and, if considered, the signal yields. The
result of the background-only fit, denoted as “post-fit background”, is given in Appendix B.

The results of the search are used to constrain the simplified models of SUSY shown in Fig. 5.
For each scenario of gluino (squark) pair production, the simplified models assume that all
SUSY particles other than the gluino (squark) and the lightest neutralino are too heavy to be
produced directly, and that the gluino (squark) decays promptly. The models assume that each
gluino (squark) decays with a 100% branching fraction into the decay products depicted in
Fig. 5. For models where the decays of the two squarks differ, we assume a 50% branching
fraction for each decay mode. Signal cross sections are calculated at NLO+NLL order in as [45–
49].

Typical values of the uncertainties in the signal yield for one of the models considered are listed
in Table 3. The sources of uncertainties and the methods used to evaluate their effect on the
interpretation are the same as those discussed in Ref. [6]. Uncertainties due to the luminosity,
ISR and pileup modeling, and b tagging and lepton efficiencies are treated as correlated across
search bins. Remaining uncertainties are taken as uncorrelated.
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ēb1

eb1

b̄

e�0
1

e�0
1

b

P1

P2
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Figure 5: (Upper) Diagrams for the three scenarios of gluino-mediated bottom squark, top
squark and light flavor squark production considered. (Middle) Diagrams for the direct pro-
duction of bottom, top and light-flavor squark pairs. (Lower) Diagrams for three alternate sce-
narios of direct top squark production with different decay modes. For mixed decay scenarios,
we assume a 50% branching fraction for each decay mode.

Figure 6 shows the exclusion limits at 95% CL for gluino-mediated bottom squark, top squark,

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Moriond_2017_36_fb_1
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Pulling all the Stops
✦ Direct stop production offers several search 

channels, which go beyond all-hadronic searches 
and that rely on special techniques, e.g., top quark 
reconstruction in a resolved and boosted cases 

๏ All-hadronic searches with top quark reconstruction

๏ All-hadronic searches targeting compressed spectra


✦ Also generic leptonic analyses that do not attempt 
to reconstruct top quarks in the decay chains, yet 
are highly optimized for top squarks

๏ Single-lepton search for gluino-mediated and direct 

stop production

๏ Same-sign dilepton search30
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Third Generation SMS
✦ Third-generation decays in natural SUSY are rather simple

✦ The kinematics is determined by just a few mass splittings


๏ Most of other 100+ MSSM parameters are typically of little relevance, 
which simplifies the searches and interpretation a lot


✦ Hence, move from cMSSM, pMSSM, etc framework to SMS 
(Simplified Model Spectra) - simple Feynman diagrams capturing 
most relevant aspects of a particular process


✦ For example, for direct squark pair productions, relevant 
transitions and possible mass hierarchies are relatively few:

31
1.2 Natural Supersymmetry Testing Naturalness and Natural Supersymmetry

1.2 Natural Supersymmetry

In minimal supersymmetry, naturalness (e.g. less than 10% tuning of weak scale parame-
ters) implies that the third generation squarks (stops and sbottoms) cannot be much heavier
than a few hundred GeV, the gluino must be around the TeV scale, and the Higgsinos must
also be light. All other SUSY particles can be very heavy; see for example Ref [1] for a dis-
cussion. In short, this is because large radiative corrections to the weak-scale are cancelled
mostly by the stop and sbottom. Radiative corrections from the gluino can make light stops
and sbottoms unnatural, so the gluino should not be too heavy. Finally, Higgsino masses are
partially set by tree-level terms that also directly control the weak scale (the µ-parameter),
and hence should be light. While these comments apply most directly to supersymmetry, the
structure suggested by naturalness is often mirrored in other scenarios with extra dimensions.
Moreover, in all known scenarios that address the naturalness problem, some kind of partner
particle of the top and bottom quark plays a crucial role. Typical natural SUSY spectra are
shown in Fig. 1.

Figure 1: Natural SUSY spectra. All other squarks can be very massive (i.e. more than 10
TeV), beyond the reach of the LHC.

Standard SUSY searches, e.g., jets + E/T , are only partially sensitive to SUSY scenarios
with light third-generation squarks. Given the attractiveness of naturalness in SUSY, it is
important to cover this phase space with targeted searches in CMS. There are two distinct
production mechanisms that need to be considered:

• Direct production of squark pairs, e.g., pp! t̃t̃;

• Gluino pair production, followed by gluino decay into third generation squarks, e.g.,
pp! g̃g̃, g̃ ! t̃t̄. Note that in scenarios where the first and second generation squarks
are very heavy, the gluino decays dominantly into third generation quarks/squarks.

As shown in Fig. 1, there are di↵erent possibilities, which can result in a large number of
final states. For pair production, at the workshop it was decided to mostly concentrate on
the signatures of the pairs of lightest colored particle, i.e., b̃b̃ in the left spectrum of Fig. 1,
and t̃t̃ for the other two spectra. This causes no loss of generality and simplifies matters
tremendously. The stop and sbottom decay modes, when taken to be the lightest colored
particle, are shown in Table 1.

5
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All-Hadronic Search
✦ Targets both compressed and non-compressed scenarios by binning 

in the number of (b) jets and MET, and reconstructing both boosted 
(merged) and resolved W and t candidates (high-ΔM) 
or ISR jet boost and number of SV (low-ΔM)
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Figure 7: Exclusion limits at 95% CL for top squark pair production followed by the decay
et1 ! tec0

1 (T2tt), in the mass plane mec0
1

versus met1
. The areas to the left and below the solid

black curves represent the observed exclusion and the ±1 standard deviation contours for the
NLO+NLL cross section calculations and their uncertainties [63]. The dashed red curves rep-
resent the corresponding expectation at 95% CL and ±1 standard deviation contours for the
associated experimental uncertainties. The “islands” represent regions that are not excluded
by this search. The diagonal area where Dm is very close to the top quark mass, corresponding
to a very light ec0

1, is left blank because the final states, which are similar to the SM tt back-
ground, have acceptance that varies strongly with ec0

1 mass, making it very difficult to model
the signal acceptance in this region.
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expectation at 95% CL and ±1 standard deviation contours for the associated experimental
uncertainties. In the lower left corner of the diagram, where Dm is close to the top quark mass,
the sensitivity of the search is significantly reduced due to the fact that the et1 decay products
are soft and often escape detection.
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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
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned 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,
respectively, 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 (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction 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-

Figure 1: Diagrams for the decay modes of pair-produced top squarks studied in this analysis.
The decay cascades are denoted: (a) T2tt, (b) T2bW, (c) T2tb, (d) T2ttC, (e) T2bWC, and (f) T2cc.
An asterisk indicates that the particle may be produced off-shell.

the basis for our searches are displayed in Fig. 1.

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
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned 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,
respectively, 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 (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction 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
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All-Hadronic Search (cont'd)
✦ Low-ΔM regions are sensitive to 4-body and  

chargino-mediated decays

✦ Sensitivity to FCNC decays comes from search regions with no 

b jets or secondary vertices

33

CMS Collaboration 
arXiv:1707.03316

2 1 Introduction

2 1 Introduction

the basis for our searches are displayed in Fig. 1.

p

p t̃1

t̃1

t

χ̃
0
1

χ̃
0
1

t

(a)

p

p t̃1

t̃1

χ̃
+

1

χ̃
−

1

b

W−

χ̃
0
1

χ̃
0
1

W+

b

(b)

p

p t̃1

t̃1

χ̃
+

1

t

χ̃
0
1

χ̃
0
1

W+∗

b

(c)

p

p t̃1

t̃1

b

f

f
′

χ̃
0
1

χ̃
0
1

f
′

f

b

(d)

p

p

¯̃
t1

t̃1

χ̃
−

1

W−∗

χ̃
+

1

W+∗

b̄
f

f
′

χ̃
0
1

χ̃
0
1

f
′

f
b

(e)

p

p t̃1

t̃1

c

χ̃
0
1

χ̃
0
1

c

(f)

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
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned 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,
respectively, 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 (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction 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-

Figure 1: Diagrams for the decay modes of pair-produced top squarks studied in this analysis.
The decay cascades are denoted: (a) T2tt, (b) T2bW, (c) T2tb, (d) T2ttC, (e) T2bWC, and (f) T2cc.
An asterisk indicates that the particle may be produced off-shell.
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Figure 10: Exclusion limits at 95% CL for top squark pair production followed by the four-
body decay et1 ! bff̄0 ec0

1 (T2ttC) in the mass plane Dm(et1, ec0
1) versus met1

. The areas to the
left and below the solid black curves represent the observed exclusion and the ±1 standard
deviation contours for the NLO+NLL cross section calculations and their uncertainties [63].
The dashed red curves represent the corresponding expectation at 95% CL and ±1 standard
deviation contours for the associated experimental uncertainties.
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Figure 11: Exclusion limits at 95% CL for top squark pair production followed by the decay
et1 ! bec±

1 ! bff̄0 ec0
1 (T2bWC) in the mass plane Dm(et1, ec0

1) versus met1
. The areas to the left and

below the solid black curves represent the observed exclusion and the ±1 standard deviation
contours for the NLO+NLL cross section calculations and their uncertainties [63]. The dashed
red curves represent the corresponding expectation at 95% CL and ±1 standard deviation con-
tours for the associated experimental uncertainties.
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Figure 12: Exclusion limits at 95% CL for top squark pair production followed by the decay
et1 ! cec0

1 (T2cc) in the mass plane Dm(et1, ec0
1) versus met1

. The areas to the left and below the
solid black curves represent the observed exclusion and the ±1 standard deviation contours for
the NLO+NLL cross section calculations and their uncertainties [63]. The dashed red curves
represent the corresponding expectation at 95% CL and ±1 standard deviation contours for the
associated experimental uncertainties.
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All-Hadronic Search w/ t Tagger
✦ Developed a sophisticated top quark tagged capable of 

optimal reconstruction merged and resolved topologies

✦ Uses MT2 (or HT), MET, and number of (b) jets to define 83 

search regions

✦ Sensitivity similar to the  

other all-hadronic search
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4.1 Top quark reconstruction 7
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Figure 2: The tagging efficiency of the top quark tagger as a function of the generator-level
hadronically decaying top quark pT. The efficiencies of the monojet (red boxes), dijet (magenta
upper-triangles), and trijet (green lower-triangles) categories are shown together with the ef-
ficiency of their combination (blue circles). The efficiency is computed using the T2tt signal
model with met = 850 GeV and mec0

1
= 100 GeV, and it is similar for tt events. The vertical bars

depict the statistical uncertainty.

the mass of each dijet combination, the angular separation and momentum of the jets in the
trijet rest frame, the b tagging discriminator value for each jet, and the quark-gluon discrimi-
nator [67] value for each jet. To keep the random forest from overtraining on the pT of the top
candidate, special measures were taken to remove the candidate pT and correlated variables.
The signal and background events were weighted to flatten the pT spectrum, and the kinematic
variables in the lab frame were replaced with their equivalent variables in the rest frame of the
trijet system. The jets are sorted by their momentum in the rest frame, because the leading mo-
mentum jet is most likely to originate from a b quark while the lowest momentum jet is almost
never the b-tagged jet.

The list of resolved top quark candidates is obtained by selecting all trijet candidates with
random forest discriminator value above 0.85. If any trijet combinations share one or more
AK4 jets, the combination with the largest discriminator value is chosen, and the others are
discarded.

The final list of all tagged top quarks encompasses the non-overlapping candidates from all
three reconstruction techniques. The total efficiency of the top quark tagging algorithm, includ-
ing a breakdown into the different categories, is shown in Fig. 2. The efficiency is measured
using a T2tt(850, 100) signal sample based on the number of generator-level top quarks that
are matched to a reconstructed top quark candidate divided by the total number of generator-
level top quarks that decay hadronically. The matching between the generator-level top quarks
and the reconstructed top quarks requires that the overall reconstructed top is matched to the
generator-level top quark within DR < 0.4. The fake rate is measured in Z ! nn MC requiring
no electrons or muons with pT > 10 GeV, Emiss

T > 250 GeV, at least four jets, and at least one b
tagged jet and is found to be 20% on average.
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Figure 7: Exclusion limit at 95% CL for the simplified model of direct top squark pair produc-
tion withet ! tec0

1 decays (T2tt model). The solid black curves represent the observed exclusion
contour with respect to NLO+NLL signal cross section calculations [51] and the correspond-
ing ±1 standard deviation uncertainties. The dashed red curves indicate the expected exclu-
sion contour and the ±1 standard deviation uncertainties including experimental uncertain-
ties. No interpretation is provided for signal models for which |met � mec0

1
� mt|  25 GeV and

met  275 GeV because of significant differences between the fast simulation and the GEANT4-
based simulation for these low-Emiss

T scenarios.

to 1810 GeV and LSP masses up to 1100 GeV are excluded. These results significantly extend
the mass reach compared to previous analyses at 13 TeV, which excluded gluino masses up to
about 1780 GeV and LSP masses up to about 1020 GeV for the T1tttt model.

7 Summary

Results have been presented from a search for direct and gluino-mediated top squark produc-
tion in final states that include tagged top quark decays. The search uses all-hadronic events
with at least four jets and a large imbalance in transverse momentum (Emiss

T ), selected from data
corresponding to an integrated luminosity of 35.9 fb�1 collected in proton-proton collisions at
a center-of-mass energy of 13 TeV with the CMS detector. A set of search regions is defined
based on Emiss

T , MT2, HT, the number of top quark tagged objects, and the number of b-tagged
jets. No statistically significant excess of events is observed above the expected standard model
background. Exclusion limits are set at 95% confidence level for simplified models of direct top
squark pair production and of gluino pair production, where the gluinos decay to final states
that include top quarks. For simplified models of pair production of top squarks, which decay
to a top quark and a neutralino, top squark masses up to 1020 GeV and neutralino masses up to
430 GeV are excluded at 95% confidence level. For simplified models of gluino pair production,
gluino masses up to 2040 GeV and neutralino masses up to 1150 GeV are excluded for T1tttt
models. For T5ttcc models, gluino masses up to 1810 GeV and neutralino masses up to 1100
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Single-Lepton Stop Search
✦ Targets both neutralino- and chargino-mediated 

decays of the top squark, resulting in the same final 
state


✦ Require an e or µ, 2 or more jets (with 1 or more b-
tagged) and MET > 250 GeV, and MT > 150 GeV


✦ After these selections, the main background is from 
top quark pair production in the dilepton channel, 
with a lost lepton
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1 Introduction
Supersymmetry (SUSY) [1–8] is an extension of the standard model (SM) that postulates the
existence of a superpartner for every SM particle with the same gauge quantum numbers but
differing by one half-unit of spin. The search for a low mass top squark, the scalar partner
of the top quark, is of particular interest following the discovery of a Higgs boson [9–11], as
it substantially contributes to the cancellation of the divergent loop corrections to the Higgs
boson mass, providing a possible solution to the hierarchy problem [12–14]. We present results
of a search for top squark pair production in the final state with a single lepton (` = e or µ)
with high transverse momentum (pT), jets, and significant pT imbalance. Dedicated top squark
searches have been carried out by the ATLAS [15] and CMS [16, 17] Collaborations based on
13 TeV proton-proton (pp) collisions at the CERN LHC, with data sets corresponding to inte-
grated luminosities of 3.2 and 2.3 fb�1, respectively. In this paper we report on an extension
of the search of Ref. [16] in the single-lepton final state that exploits the data sample collected
with the CMS detector [18] in 2016, corresponding to the much larger integrated luminosity of
35.9 fb�1 . We find no evidence for an excess of events above the expected background from
standard model processes, and interpret the results as limits on simplified models [19–22] of the
pair production of top squarks (et) decaying into top quarks and neutralinos (ec0

1) and/or bottom
quarks and charginos (ec±

1 ), as shown in Fig. 1. We take the ec0
1 to be the lightest supersymmetric

particle (LSP) and to be stable.
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Figure 1: Simplified-models diagrams corresponding to top squark pair production, followed
by the specific decay modes targeted in this paper. (a) pp ! etet ! tec0

1 tec0
1; (b) pp ! etet !

bec+
1 bec�

1 ; (c) pp ! etet ! bec+
1 tec0

1. Charge-conjugate decays are implied.
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Figure 5: The exclusion limits at 95% CL for direct top squark pair production with decay
etet ! tec0

1 tec0
1. The interpretation is done in the two-dimensional space of met vs. mec0

1
. The color

indicates the 95% CL upper limit on the cross section times branching fraction at each point
in the met vs. mec0

1
plane. The area to the left of and below the thick black curve represents the

observed exclusion region at 95% CL assuming 100% branching fraction, while the dashed red
lines indicate the expected limits at 95% CL and their ±1s experimental standard deviation
uncertainties. The thin black lines show the effect of the theoretical uncertainties (stheory) in the
signal cross section. The whited out region is discussed in Section 7.
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Single-Lepton Results
✦ No excess seen in any of the 

categories
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Figure 4: Observed data yields compared with the SM background estimations for the 31 signal
regions of Tables 2 and 3. The total uncertainty in the background estimate, determined as the
sum in quadrature of statistical and systematic uncertainties, is shown as a shaded band. The
expectations for three signal hypotheses are overlaid. The corresponding numbers in paren-
theses in the legend refer to the masses in GeV of the top squark and the neutralino.

compressed mass region by ⇠15–30%. When computing the limits, the expected signal yields
are corrected for possible contamination of SUSY events in the data control regions. These
corrections are typically around 5–10%.

A summary of the uncertainties in the signal efficiency is shown in Table 6. The largest un-
certainties are due to the limited size of the simulated signal samples, the b tagging efficiency,
and the jet energy scale. For model points with a small mass splitting, the ISR uncertainty de-
scribed in Section 3 is also significant. Since new physics signals are simulated using the CMS
fast simulation program, additional uncertainties are assigned to the correction of the lepton
and b tagging efficiencies, as well as to cover differences in Emiss

T resolution between the fast
simulation and the full GEANT4-based model of the CMS detector. The latter uncertainty is
small in the bulk of the model space, but may reach up to 25% in scenarios with a compressed
mass spectrum. Uncertainties due to the integrated luminosity, ISR modeling, Emiss

T resolution,
and b tagging and lepton efficiencies are treated as fully correlated across search regions.

Figure 5 shows the 95% confidence level (CL) upper limit on pp ! etet ! tec0
1 tec0

1, assuming
unpolarized top quarks in the decay chain, together with the upper limit at 95% CL on the
signal cross section. We exclude top squark masses up to 1120 GeV for a massless LSP and LSP
masses up to 515 GeV for a 950 GeV top squark mass. The white band corresponds to the region
|met � mt � mec0

1
| < 25 GeV, met < 275 GeV where the selection efficiency of top squark events

changes rapidly and becomes very sensitive to details of the model and the simulation. No
cross section limit is established in that region.
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Figure 6: The exclusion limit at 95% CL for direct top squark pair production with decay
etet ! bec+

1 bec�
1 , ec±

1 ! W± ec0
1. The mass of the chargino is chosen to be (met + mec0

1
)/2. The

interpretation is done in the two-dimensional space of met vs. mec0
1
. The color indicates the 95%

CL upper limit on the cross section times branching fraction at each point in the met vs. mec0
1

plane. The area between the thick black curves represents the observed exclusion region at
95% CL assuming 100% branching fraction, while the dashed red lines indicate the expected
limits at 95% CL and their ±1s experimental standard deviation uncertainties. The thin black
lines show the effect of the theoretical uncertainties (stheory) in the signal cross section.

Kingdom); DOE and NSF (USA).
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Figure 5: The exclusion limits at 95% CL for direct top squark pair production with decay
etet ! tec0

1 tec0
1. The interpretation is done in the two-dimensional space of met vs. mec0

1
. The color

indicates the 95% CL upper limit on the cross section times branching fraction at each point
in the met vs. mec0

1
plane. The area to the left of and below the thick black curve represents the

observed exclusion region at 95% CL assuming 100% branching fraction, while the dashed red
lines indicate the expected limits at 95% CL and their ±1s experimental standard deviation
uncertainties. The thin black lines show the effect of the theoretical uncertainties (stheory) in the
signal cross section. The whited out region is discussed in Section 7.
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Figure 4: Observed data yields compared with the SM background estimations for the 31 signal
regions of Tables 2 and 3. The total uncertainty in the background estimate, determined as the
sum in quadrature of statistical and systematic uncertainties, is shown as a shaded band. The
expectations for three signal hypotheses are overlaid. The corresponding numbers in paren-
theses in the legend refer to the masses in GeV of the top squark and the neutralino.

compressed mass region by ⇠15–30%. When computing the limits, the expected signal yields
are corrected for possible contamination of SUSY events in the data control regions. These
corrections are typically around 5–10%.

A summary of the uncertainties in the signal efficiency is shown in Table 6. The largest un-
certainties are due to the limited size of the simulated signal samples, the b tagging efficiency,
and the jet energy scale. For model points with a small mass splitting, the ISR uncertainty de-
scribed in Section 3 is also significant. Since new physics signals are simulated using the CMS
fast simulation program, additional uncertainties are assigned to the correction of the lepton
and b tagging efficiencies, as well as to cover differences in Emiss

T resolution between the fast
simulation and the full GEANT4-based model of the CMS detector. The latter uncertainty is
small in the bulk of the model space, but may reach up to 25% in scenarios with a compressed
mass spectrum. Uncertainties due to the integrated luminosity, ISR modeling, Emiss

T resolution,
and b tagging and lepton efficiencies are treated as fully correlated across search regions.

Figure 5 shows the 95% confidence level (CL) upper limit on pp ! etet ! tec0
1 tec0

1, assuming
unpolarized top quarks in the decay chain, together with the upper limit at 95% CL on the
signal cross section. We exclude top squark masses up to 1120 GeV for a massless LSP and LSP
masses up to 515 GeV for a 950 GeV top squark mass. The white band corresponds to the region
|met � mt � mec0

1
| < 25 GeV, met < 275 GeV where the selection efficiency of top squark events

changes rapidly and becomes very sensitive to details of the model and the simulation. No
cross section limit is established in that region.
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Figure 6: The exclusion limit at 95% CL for direct top squark pair production with decay
etet ! bec+

1 bec�
1 , ec±

1 ! W± ec0
1. The mass of the chargino is chosen to be (met + mec0

1
)/2. The

interpretation is done in the two-dimensional space of met vs. mec0
1
. The color indicates the 95%

CL upper limit on the cross section times branching fraction at each point in the met vs. mec0
1

plane. The area between the thick black curves represents the observed exclusion region at
95% CL assuming 100% branching fraction, while the dashed red lines indicate the expected
limits at 95% CL and their ±1s experimental standard deviation uncertainties. The thin black
lines show the effect of the theoretical uncertainties (stheory) in the signal cross section.

Kingdom); DOE and NSF (USA).
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Figure 7: The exclusion limit at 95% CL for direct top squark pair production with decayetet !
bec+

1 tec0
1, ec±

1 ! W± ec0
1. The mass splitting of the chargino and neutralino is fixed to 5 GeV. The

interpretation is done in the two-dimensional space of met vs. mec0
1
. The color indicates the 95%

CL upper limit on the cross section at each point in the met vs. mec0
1

plane. The area between
the thick black curves represents the observed exclusion region at 95% CL, while the dashed
red lines indicate the expected limits at 95% CL and their ±1s experimental standard deviation
uncertainties. The thin black lines show the effect of the theoretical uncertainties (stheory) in the
signal cross section.
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OS Dilepton Search
✦ Search for direct stop pair production in the dilepton 

final states, ee, eµ, µµ

๏ Two MT2 variables (ll and blbl) are used to control the top 

quark background and define 12 signal regions
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Figure 10: As Fig. 9, but combining all channels.
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Figure 11: Expected and observed limits at 95% CL for the “direct decay” modeet ! tec0
1 in the

met, mec0
1

mass plane (left) and for the “chargino decay” modeet ! bec± ! W ec0
1 (right).
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Top Squark Summary
✦ Direct top squark searches are fairly optimized for 

this particular SUSY signature and also explore 3- 
and 4-body decays, as well as FCNC ones
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Single-Lepton Search w/ Merged Jets
✦ Target gluino mediated stop production 

using sum of large-radius jet masses, MJ

๏ Highly sensitive at large gluino masses

๏ Low sensitivity to stop mass, as indicated 

by the blue limit for compressed stop decay
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Figure 1: Distributions of MJ observed in data for 200 < pmiss
T  350 GeV (left) and pmiss

T >
350 GeV (right) with the baseline selection and either mT  140 GeV or mT > 140 GeV. In each
plot, the data at low mT have been normalized to the yield observed at high mT. The vertical
dashed lines at MJ = 250 GeV and 400 GeV show the boundaries separating the control and
signal regions. The data are integrated over Njets � 6 and Nb � 2. Two SUSY benchmark
models, whose contributions are small in the lower pmiss

T region, are shown in the solid and
dashed red histograms. Overflow events are included in the uppermost bins.

with masses below 1.9 TeV are excluded at 95% confidence level for neutralino masses up to
about 1 TeV. For the two-body gluino decay eg ! et1t with et1 ! tec0

1 (T5tttt model), the results
are generally similar, except at low neutralino masses, where the excluded gluino mass is some-
what lower. These results extend previous gluino mass limits by about 300 GeV and are among
the most stringent constraints on these simplified models of SUSY to date.
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Table 4: Number of expected background events and the measured number of events in the
aggregated signal regions.

nb njet LT/ GeV HT/ GeV Pred. background (± stat) Observed data
� 1 � 6 � 600 � 1000 11.18 ± 3.51 13
� 3 � 6 � 600 � 1000 0.84 ± 0.47 1
� 2 � 9 � 450 � 500 1.61 ± 0.41 3
� 2 � 9 � 450 � 1500 0.64 ± 0.32 1
� 3 � 9 � 250 � 500 4.58 ± 0.74 3
� 3 � 9 � 250 � 1500 0.81 ± 0.32 0
� 3 � 9 � 450 � 500 0.37 ± 0.16 0
� 3 � 9 � 450 � 1500 0.05 ± 0.05 0

0 � 5 � 650 � 750 18.37 ± 5.1 14
0 � 6 � 450 � 500 28.77± 6.8 37
0 � 6 � 650 � 1000 5.07± 1.8 4
0 � 7 � 450 � 500 9.73± 2.5 11
0 � 7 � 650 � 500 3.8± 1.2 4
0 � 8 � 250 � 1250 7.19± 1.9 8
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Figure 3: Zero-b search: comparison of the numbers of events observed in the data and the
numbers expected from the estimated SM backgrounds in the 28 search bins defined in the
text. Upper panel: the data are shown by black points with error bars, while the total SM back-
ground expected is shown as a grey line with a hatched region that represents the uncertainty.
The filled, stacked histograms represent the predictions for tt+jets, W+jets events, and the re-
maining backgrounds. The expected yields from two T5qqqqWW model points are shown as
solid lines. lower panel: the ratio of the number of events observed in data to the number of
events expected from the SM background, for each search bin. the error bars on the data points
indicate the combined statistical and systematic uncertainty in the ratio. the grey hatched re-
gion indicates the uncertainty on the ratio that arises from the uncertainty on the background
estimate.

contribution from multijet events in the CRs is also included. A possible signal contamination
is taken into account by including signal terms in the likelihood for the low jet multiplicity
regions as well as the control regions. For the zero-b analysis, the relative contributions from
W+jets and tt+jets events as determined in the fits to the nb distribution in the CRs are treated
as external measurements. The correlation between the W+jets and tt+jets yields introduced
by these fits is taken into account. A profile likelihood ratio is used as test statistic. The limits at

9

6-8j
1b
HT01
LT12

6-8j
2b
HT01
LT12

6-8j
3b≥

HT01
LT12

6-8j
1b
HT23
LT12

6-8j
2b
HT23
LT12

6-8j
3b≥

HT23
LT12

6-8j
1b
HT4i
LT12

6-8j
2b
HT4i
LT12

6-8j
3b≥

HT4i
LT12

6-8j
1b
HT01
LT3

6-8j
2b
HT01
LT3

6-8j
3b≥

HT01
LT3

6-8j
1b
HT23
LT3

6-8j
2b
HT23
LT3

6-8j
3b≥

HT23
LT3

6-8j
1b
HT4i
LT3

6-8j
2b
HT4i
LT3

6-8j
3b≥

HT4i
LT3

6-8j
1b
HT01
LT4

6-8j
2b
HT01
LT4

6-8j
1b
HT23
LT4

6-8j
2b
HT23
LT4

6-8j
1b
HT4i
LT4

6-8j
2b
HT4i
LT4

6-8j
3b≥

HT0i
LT4i

6-8j
1b
HT0i
LT5i

6-8j
2b
HT0i
LT5i

9j≥
1b
HT03
LT12

9j≥
2b
HT03
LT12

9j≥
3b≥

HT03
LT12

9j≥
1b
HT4i
LT12

9j≥
2b
HT4i
LT12

9j≥
3b≥

HT4i
LT12

9j≥
1b
HT03
LT3i

9j≥
2b
HT03
LT3i

9j≥
3b≥

HT03
LT3i

9j≥
1b
HT4i
LT3i

9j≥
2b
HT4i
LT3i

9j≥
3b≥

HT4i
LT3i

Pr
ed

ic
tio

n
D

at
a

0
1
2
3
4

6-8j
1b
HT01
LT12

6-8j
2b
HT01
LT12

6-8j
3b≥

HT01
LT12

6-8j
1b
HT23
LT12

6-8j
2b
HT23
LT12

6-8j
3b≥

HT23
LT12

6-8j
1b
HT4i
LT12

6-8j
2b
HT4i
LT12

6-8j
3b≥

HT4i
LT12

6-8j
1b
HT01
LT3

6-8j
2b
HT01
LT3

6-8j
3b≥

HT01
LT3

6-8j
1b
HT23
LT3

6-8j
2b
HT23
LT3

6-8j
3b≥

HT23
LT3

6-8j
1b
HT4i
LT3

6-8j
2b
HT4i
LT3

6-8j
3b≥

HT4i
LT3

6-8j
1b
HT01
LT4

6-8j
2b
HT01
LT4

6-8j
1b
HT23
LT4

6-8j
2b
HT23
LT4

6-8j
1b
HT4i
LT4

6-8j
2b
HT4i
LT4

6-8j
3b≥

HT0i
LT4i

6-8j
1b
HT0i
LT5i

6-8j
2b
HT0i
LT5i

9j≥
1b
HT03
LT12

9j≥
2b
HT03
LT12

9j≥
3b≥

HT03
LT12

9j≥
1b
HT4i
LT12

9j≥
2b
HT4i
LT12

9j≥
3b≥

HT4i
LT12

9j≥
1b
HT03
LT3i

9j≥
2b
HT03
LT3i

9j≥
3b≥

HT03
LT3i

9j≥
1b
HT4i
LT3i

9j≥
2b
HT4i
LT3i

9j≥
3b≥

HT4i
LT3i

Ev
en

ts

2−10

1−10

1

10

210

310

 (13 TeV)-135.9 fbCMS Preliminary

 (2l) + jetstt  (1l) + jetstt
W + jets tt/

Vtt DY + jets
T1tttt (1900/100) T1tttt (1400/1100)
Pred. Uncertainty Data

Figure 2: Multi-b search: comparison of the number of events observed in the data and the
numbers expected from the estimated SM backgrounds in the 39 search bins defined in the text.
Upper panel: the data are shown by black points with error bars, while the total SM background
expected is shown as a grey line with a hatched region that represents the uncertainty. For
illustration, the relative fraction of the different SM background contributions, as determined
from simulation, is shown by the stacked, colored histograms, which are normalized so that
their sum is equal to the background estimated using data control regions, as described in the
text. The expected event yields for two T1tttt SUSY benchmark models are shown by open
histograms. Lower panel: the ratio of the number of events observed in data to the number of
events expected from the SM background, for each search bin. The error bars on the data points
indicate the combined statistical and systematic uncertainty in the ratio. The grey hatched
region indicates the uncertainty on the ratio that arises from the uncertainty on the background
estimate.
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Figure 4: Cross section limits at a 95% CL for the (left) T1tttt and (right) T5qqqqWW models,
as a function of the gluino and LSP masses. In T5qqqqWW, the pair-produced gluinos decay to
a first- or second-generation quark-antiquark pair (qq) and a chargino (ec±

1 ) with its mass taken
to be m

ec±
1
= 0.5(m

eg + m
ec0

1
). The solid black (dashed red) lines correspond to the observed (ex-

pected) mass limits, with the thicker lines representing the central values and the thinner lines
representing the ±1s uncertainty bands related to the theoretical (experimental) uncertainties.

the 95% confidence level (CL) are calculated with the asymptotic formulae [70], using the CLs
criterion [71, 72].

The cross section limits obtained for the T1tttt model using the multi-b analysis, and for the
T5qqqqWW model using the zero-b analysis, are shown in Fig. 4 as a function of m

eg and m
ec0

1
,

assuming branching fractions of 100%, as shown in Fig. 1. Using the egeg pair production cross
section calculated at NLO within NLL accuracy, exclusion limits are set as a function of the
(m

eg, m
ec0

1
) mass hypothesis.

8 Summary

A search for supersymmetry has been performed with 36 fb�1 of proton-proton collision data
recorded by the CMS experiment at

p
s = 13 TeV in 2016. Several exclusive search bins, dif-

fering in the number of jets, the number of b-tagged jets, the scalar sum of all jet transverse
momenta as well as the scalar sum of the missing transverse momentum and the transverse
momentum of the lepton. The main background, which arises from W+jets and tt+jets events,
is reduced significantly by requiring a large azimuthal angle between the directions of the mo-
menta of the lepton and of the reconstructed W boson, attributing all the Emiss

T in the event to
a neutrino from the leptonic decay of a W boson. The data observed are in agreement with the
estimate of the standard model background, which is based on data samples and corrections
based on simulation. The lack of any significant excess of events is interpreted in terms of limits
on the parameters of two simplified models that describe gluino pair production.

For the T1tttt model, in which each gluino decays through an off-shell top squark to a tt pair and
the lightest neutralino, gluino masses up to 1.8 TeV are excluded for neutralino masses below
800 GeV. Neutralino masses below 1.1 TeV can be excluded for a gluino mass up to 1.7 TeV.

The second simplified model, T5qqqqWW, also contains gluino pair production, with the gluinos
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12 6 Summary
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Figure 5: Data and the background-only post-fit Nb distribution for bins with large expected
signal contribution: 800 < MJ  1000 GeV, 6  Njet  7 (top-left), 800 < MJ 
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(Data/Fit) is from the statistics of the data sample.
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9.2 Interpretations using simplified models 19

9.2 Interpretations using simplified models

The gluino GMSB model leads to a signature containing at least 6 jets in the final state when
one of the Z bosons decays leptonically and the other decays hadronically. Therefore most of
the sensitivity of the on-Z search is provided by the high jet multiplicity signal regions defined
within the SRC category. All of the strong on-Z regions are considered, however, to set lim-
its in this model. The expected and observed limits are presented in Fig. 7. We are able to
probe gluino masses up to 1500–1770 GeV depending on the mass of c̃0

1. This represents an
improvement of around 500 GeV compared to the previously published CMS result [13].
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Figure 7: Cross section upper limits and exclusions contours at 95% CL obtained from the
results of the on-Z search interpreted in the gluino GMSB model. The region to the left of the
red dotted (black solid) line shows the masses which are excluded by the expected (observed)
limit.

The on-Z search for electroweak production is interpreted using the model descried in Sec. 4.
For the model of c̃±

1 -c̃0
2 production decaying to WZ, the VZ signal regions primarily contribute.

Figure 8 shows the cross section upper limits and the exclusion lines at 95% CL as a function of
the c̃±

1 and c̃0
1 masses. The analysis is sensitive for c̃±

1 masses between approximately 160 and
610 GeV, depending on the mass of c̃0

1.

The edge search is interpreted using the slepton-edge model, combining the seven invariant
mass bins and the two likelihood regions. Figure 9 shows the exclusion contour as a function
of the bottom squark mass and the second neutralino mass. We exclude bottom squark masses
up to 1200 GeV. A decrease of the sensitivity is observed for those models where the neutralino
mass is in the range ⇠ 200–250 GeV. The m`` distribution for these kind of models has an edge
in the range ⇠ 100–150 GeV, and most of the signal events fall into the signal regions with the
highest background prediction or in the invariant mass region close to the Z boson mass which
is vetoed for this part of the analysis. The observed limit in this regime is weaker than the
expected one due to the 2.0 s deviation in the non-tt like, 96-150 GeV mass bin. For high c̃0
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✦ Classic channel where SUSY could result in an "edge"  

in dilepton mass

๏ Some excitement from CMS Run 1 result (and ATLAS Run 1 on-Z excess)

๏ Flavor-symmetric backgrounds estimated from eμ sample

43

4 5 Signal regions
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Figure 1: Diagrams for gluino and b̃ pair production and decays realized in the simplified
models (top row). The GMSB model targeted by the strong on-Z search is shown on the left.
On the right, the slepton-edge model features characteristic edges in the m`` spectrum given
by the mass difference of the c̃0

2 and c̃0
1. The electroweak production model EWK-WZ (bottom)

shows the production of a c̃0
2 together with a c̃±

1 , resulting in a final state with a Z, and a W
boson and two c̃0

1 s.

depending on the mass difference between the neutralinos, and decays according to its SM
branching fractions. The second one features sequential two-body decays with an intermediate
slepton ˜̀: c̃0

2 ! ˜̀` ! ``c̃0
1. The masses of the sleptons (ẽ, µ̃) are assumed degenerate and equal

to the average of the c̃0
2 and c̃0

1. The masses of the b̃ and c̃0
2 are free parameters, while mc̃0

1
is

fixed at 100 GeV. This scheme allows the position of the signal edge to vary along the invariant
mass distribution according to the mass difference between the c̃0

2 and c̃0
1. The mass of the

c̃0
1 has been chosen in such a way that the difference to the c̃0

2 mass is above 50 GeV, setting
the minimum possible edge position at 50 GeV. An example for one of the possible decays is
shown in Fig. 1 (right).

The simplified model for the electroweak search, referred to as the EWK-WZ model, can be
seen in the bottom of Fig. 1. It shows the production of a c̃0

2 and the lightest chargino c̃±
1 ,

which decay into a c̃0
1 and a Z, and a c̃0

1 and a W boson, respectively. The masses of the c̃0
2 and

c̃±
1 are assumed to be equal in this simplified model.

5 Signal regions
The signal regions are designed to provide sensitivity to a range of new physics models, includ-
ing the simplified models defined above. In the case of the strong on-Z and the edge search,
an additional signal region is included to investigate excesses seen by the ATLAS collaboration
when analyzing the 8 TeV data set [16] and the 13 TeV data set collected in 2015 [17]. Finally, a
signal region designed to investigate the excess seen by the CMS collaboration when analyz-
ing the 8 TeV data set [14] is also included in this analysis. The selections described below are
applied in addition to the dilepton selection described in Section 3.
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masses, the majority of signal events fall into the highest mass bins, which are nearly back-
ground free. This results in an increased sensitivity for these mass points. In the highest non-tt
like mass bin, 5 events are observed and 1.5 expected, yielding a weaker observed limit for
these mass points. The 300-400 GeV non-tt like mass bin contains 0 observed events compared
to an expectation of 3.5 and causes the stronger observed limit on the c̃0

2 mass of about 500 GeV.
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Figure 1: Diagrams for models with decays containing at least one dilepton pair stemming
from a Z decay are shown. The gluino GMSB model targeted by the strong on-Z search is
shown in the left. The right diagram shows the chargino-neutralino production model resulting
in a final state with a Z boson, a W boson, and two LSPs. In the gluino GMSB model, G̃ denotes
the massless gravitino.

the LSPs. Two primary signatures are considered and used to categorize the search regions.
First, one neutralino is considered to decay into the LSP and an on-shell Z boson producing a
resonant lepton signature in the final state. Second, the neutralino is considered to decay into
the LSP and an off-shell Z boson, or into a pair of lepton-slepton, with the slepton decaying into
another lepton and the LSP, both exhibiting an edge-like shape in the dilepton invariant mass
distribution. These two decay modes will be referred as the “on-Z” signature and the “edge”
signature.

The search targeting “on-Z” signatures is performed for strongly and electroweakly produced
SUSY using signal regions designed to target different scenarios. The first simplified model
used for interpretation of the on-Z signal regions assumes gauge mediated supersymmetry
breaking (GMSB) [48–50]. It assumes strong production of a pair of gluinos (g̃) that each decay
into a pair of quarks (u, d, s, c, or b) and the lightest neutralino, c̃0

1. The c̃0
1 in turn decays into

a massless gravitino and a on-shell Z boson. This gluino GMSB model is shown in Fig. 1 (left).

The other model used for the on-Z search assumes electroweak production. The right diagram
in Fig. 1 shows c̃±

1 -c̃0
2 production, with c̃±

1 decaying to a W boson and the LSP, c̃0
1, while

c̃0
2 decays to a Z boson and c̃0

1. The cross section used for this model assumes that the c̃±
1

and c̃0
2 are wino-like states. Gauge mediated supersymmetry breaking is not assumed for this

model, and the c̃0
1 is allowed to be massive. The Z and W bosons are always assumed to decay

according to their SM branching fractions.

The signal model for the edge search, referred to as slepton-edge, assumes the production of a
pair of bottom squarks, which decay to the next-to-lightest neutralino c̃0

2 and a b quark. Two
decay modes of the c̃0

2 are considered each with 50% probability. In the first one, the c̃0
2 decays

to a Z boson and the lightest neutralino c̃0
1, which is stable. The Z boson can be on- or off-shell,

depending on the mass difference between the neutralinos, and decays according to its SM
branching fractions. The second one features sequential two-body decays with an intermediate
slepton ˜̀: c̃0

2 ! ˜̀` ! ``c̃0
1. The masses of the sleptons (ẽ, µ̃) are assumed degenerate and equal

to the average of the c̃0
2 and c̃0

1. The masses of the b̃ and c̃0
2 are free parameters, while mc̃0

1
is

fixed at 100 GeV. This scheme allows the position of the signal edge to vary along the invariant
mass distribution according to the mass difference between the c̃0

2 and c̃0
1. The mass of the

c̃0
1 has been chosen in such a way that the difference to the c̃0

2 mass is above 50 GeV, setting
the minimum possible edge position at 50 GeV. An example for one of the possible decays is
shown in Fig. 2.
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4 3 Search strategy

at NLO precision. Parton showering and hadronization, as well as decays of SUSY particles,
are simulated with PYTHIA.The detector simulation is carried out with the CMS fast simulation
package [21]. A series of cross checks is performed to ensure that fast simulation results are in
agreement with the ones obtained with GEANT4-based detector simulation.

The NNPDF3.0LO [22] parton distribution functions (PDFs) are used for the simulated sam-
ples generated at LO, and the NNPDF3.0NLO [22] PDFs for the samples generated at NLO.
Simulated events are processed with the same chain of reconstruction programs that is used
for data.

3 Search strategy

The analysis strategy presented in this report follows the strategy already used in an earlier
search based on 2015 data [4].

Several signal models can produce SS lepton pairs signatures, and those will lead to different
event compositions, in numbers of light-flavor jets, b-tagged jets, and W bosons. In addition,
the considered SUSY particle mass spectrum will impact the kinematics of final decay products,
implying differences in event kinematic variables, such as the pT of the leptons, HT, and Emiss

T .

We consider models of gluino pair production decaying via the ttttc̃0
1c̃0

1 or qq̄qq̄WWc̃0
1c̃0

1 chan-
nels, where c̃0

1 is the lightest supersymmetric particle (LSP). The Feynman diagrams corre-
sponding to these two models, referred to as T1tttt and T5qqqqWW, are shown in Figure 1.
The kinematics of the decay products are determined by the gluino and LSP masses, as well as
the chargino mass in the T5qqqqWW model. In addition to these simplified models, we also
set limits on the cross section of SS top-quark production, and on that of the rare SM process tt
tt.
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Figure 1: Diagrams for SUSY processes possibly yielding two same-sign leptons in the final
state.

To be sensitive to a large variety of signal topologies, a number of signal regions are defined us-
ing several physics observables, leading to different background composition in these regions.

Three exclusive event selections based on the lepton momenta are defined:

• high-high (HH) selection: two tight leptons with pT > 25 GeV;
• high-low (HL) selection: one tight lepton with pT > 25 GeV and one tight lepton

with 10 < pT < 25 GeV; and
• low-low (LL) selection: two tight leptons with 10 < pT < 25 GeV.

These selections allow to target signals producing high-pT leptons in the HH selection, and
compressed-spectrum models inducing soft leptons from off-shell W bosons decays in the HL
and LL signal regions. The background composition also differs among the selections, with
mostly irreducible SM backgrounds populating the HH region, and leptons not originating
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given point in the SUSY particle mass plane. Observed and expected limit lines indicate the
boundaries of excluded regions (to the left and below the curve).
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Figure 5: Exclusion regions at 95% CL in the mec0
1

versus meg plane for the T1tttt (a) and
T5ttbbWW (b) models, with off-shell third-generation squarks, and the T5tttt (c) and T5ttcc (d)
models, with on-shell third-generation squarks. For the T5ttbbWW model, mec±

1
= mec0

1
+ 5 GeV,

for the T5tttt model, met �mec0
1
= mt, and for the T5ttcc model, met �mec0

1
= 20 GeV and the decay

proceeds throughet ! cec0
1. The right-hand side color scale indicates the excluded cross section

values for a given point in the SUSY particle mass plane. The solid, black curves represent the
observed exclusion limits assuming the NLO+NLL cross sections [46–51] (thick line), or their
variations of ±1 standard deviation (thin lines). The dashed, red curves show the expected
limits with the corresponding ±1 and ±2 standard deviation experimental uncertainties. Ex-
cluded regions are to the left and below the limit curves.
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Figure 2: Diagrams for scalar (pseudoscalar) production in association with top quarks.

3 The CMS detector and event reconstruction
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
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 measured in gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. 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. [49].

Events of interest are selected using a two-tiered trigger system [50]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors 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 (HLT), 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 less than 1 kHz before data storage.

Events are processed using the particle-flow (PF) algorithm [51, 52], which reconstructs and
identifies each individual particle with an optimized combination of information from the
various elements of the CMS detector. The energy of photons is directly obtained from the
ECAL measurement. The energy of electrons is determined from a combination of the elec-

Figure 2: Diagrams for scalar (pseudoscalar) boson production in association with top quarks.

in the context of the Type II 2HDM of Ref. [23]. The mass of the new particle is varied in the
range [350, 550] GeV, where the lower mass boundary is chosen in such a way as to allow the
decay of the (pseudo)scalar into on-shell top quarks.

3 The CMS detector and event reconstruction
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [52].

Events of interest are selected using a two-tiered trigger system [53]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors 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 (HLT), consists of a farm of processors running a
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Figure 4: Background prediction and observation in the 23 off-Z signal regions and in the 23
on-Z signal regions. The hatched area represents the statistical and systematic uncertainties on
the prediction. The lower panels show the ratio of observation to prediction.

Table 5: Observed and expected yields in the off-Z search regions with the 35.9 fb�1 of data.
The uncertainties shown are statistical then systematic.

b-tags HT (GeV) Emiss
T (GeV) MT (GeV) Expected Observed SR

0 b-tags

60-400
50-150

< 120 206 ± 6 ± 35 201 SR1a
� 120 1.4 ± 0.5 ± 0.2 3 SR1b

150-300
< 120 25.9 ± 2.1 ± 4.3 24 SR2a
� 120 0.84 ± 0.34 ± 0.12 0 SR2b

400-600
50-150

< 120 15.6 ± 1.6 ± 2.1 21 SR3a
� 120 0.19 ± 0.09 ± 0.02 0 SR3b

150-300
< 120 6.0 ± 0.8 ± 0.7 5 SR4a
� 120 0.19 ± 0.09 ± 0.04 0 SR4b

1 b-tags
60-400

50-150

inclusive

202 ± 6 ± 44 191 SR5
150-300 25.6 ± 1.9 ± 4.6 25 SR6

400-600
50-150 15.4 ± 1.3 ± 2.2 21 SR7

150-300 7.3 ± 1 ± 1.1 7 SR8

2 b-tags
60-400

50-150

inclusive

47.7 ± 2.8 ± 7.6 51 SR9
150-300 5.3 ± 0.5 ± 0.6 5 SR10

400-600
50-150 5.8 ± 0.7 ± 0.8 9 SR11

150-300 2.9 ± 0.5 ± 0.4 2 SR12

� 3 b-tags 60-600 50-300 inclusive 3.9 ± 0.7 ± 0.6 6 SR13

inclusive
� 600

50-150
< 120 14.4 ± 1.2 ± 1.6 20 SR14a
� 120 0.28 ± 0.14 ± 0.04 0 SR14b

150-300
< 120 12.1 ± 1.4 ± 1.6 10 SR15a
� 120 0.40 ± 0.12 ± 0.05 0 SR15b

� 60 � 300
< 120 12.1 ± 1.5 ± 1.9 7 SR16a
� 120 0.70 ± 0.25 ± 0.11 0 SR16b
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Figure 5: Excluded region at 95% confidence in the m(ec0) versus m(eg) plane for the simplified
models of gluino pair production with four top quarks (a) and a VV + jets (b) in the final state.
The excluded regions are to the left and below the observed and expected limit curves. The
color scale indicates the excluded cross section at a given point in the mass plane.
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Figure 6: Excluded region at 95% confidence in the m(ec0) versus m(eb) plane for the simplified
models of eb pair production with two top quarks and two W boson + jets (b) in the final state.
The excluded regions are to the left and below the observed and expected limit curves. The
color scale indicates the excluded cross section at a given point in the mass plane.
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Figure 7: Excluded region at 95% confidence in the m(et2) versus m(et1) plane for the simplified
models ofet2 pair production with 2 top quarks and two Z or H boson + jets (b) in the final state.
Different branching ratio of the decay et2 ! et1Z are considered: 0% (a), 50% (b) and 100% (c).
The excluded regions are to the left and below the observed and expected limit curves. The
color scale indicates the excluded cross section at a given point in the mass plane.
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Search for Stopped Particles
✦ Search for long-lived gluinos and 

top squarks stopped in the detector 
and decaying out of sync with beam 
crossings in the CMS calorimeters


✦ Sensitive to 13 orders of magnitude 
in lifetime
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Clean-Shaved Higgs
✦ New search for Higgs bosons in SUSY decay chains using Razor 

variables

๏ Exploring clean H(γγ) decay mode for 

one of the Higgs bosons

47

3

computed as follows:

MR ⌘
q
(|~pj1 |+ |~pj2 |)2 � (pj1

z + pj2
z )2, (1)

R2 ⌘
✓

MR
T

MR

◆2

, (2)

where ~p is the momentum of a hemisphere and pz is its longitudinal component, and j1 and j2
are used to label the two hemispheres. In the definition of R2, the variable MR

T is defined as:

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T )� ~pmiss
T · (~p j1

T + ~p j2
T )

2
. (3)

The razor variables MR and R2 provide discrimination between SUSY signal models and stan-
dard model background processes. SUSY signals typically have large values of MR and R2,
while the standard model background exhibits an exponentially falling spectrum in both vari-
ables.

The selected events are categorized into four mutually exclusive categories. An event is cate-
gorized as “HighPt” if the pT of the selected Higgs candidate is larger than 110 GeV. Otherwise
it is categorized as “H(gg)-H/Z(bb)” if the event contains two b-tagged jets whose invari-
ant mass is in the Z mass region between 76 GeV and 106 GeV, or in the Higgs mass region
between 110 GeV and 140 GeV. Remaining events are categorized as “HighRes” (“LowRes”)
if the mass resolution estimate sM/M is less (greater) than 0.85%, where sM is computed as
1/2 ⇥

q
(sE,g1/Eg1)2 + (sE,g2/Eg2)2. The “HighPt” category is intended to isolate events from

SUSY signals that produce high-pT Higgs bosons. The “H(gg)-H/Z(bb)” category is moti-
vated by the fact that many SUSY signal models predict events with two Higgs bosons or a
Higgs boson and a Z boson in the final state. Finally, the “HighRes” and “LowRes” categories
are intended to capture other SUSY signals, including compressed models. The categorization
procedure is illustrated in Figure 2.

Each event category is divided into bins by rectangular cuts on MR and R2. The binning is
chosen via an optimization procedure that uses the sbottom pair production simplified model
discussed in Section 1 as a benchmark model to determine the best bin boundaries. The algo-
rithm begins with a single bin covering the entire MR-R2 plane. A division is made in either
MR or R2 at the value, which maximizes the expected statistical significance. This process is
repeated on each newly created bin, and until convergence is achieved. Each bin returned by
the algorithm is treated as a separate analysis search region. This procedure is not performed
on the LowRes category; the binning in the LowRes category is instead taken to be the same as
that in the HighRes category. The definition of the individual search regions is summarized in
Table 1.

To illustrate how events from a typical SUSY signal might be distributed in these bins, the
distribution of events in the MR and R2 plane for the sbottom pair production signal model
discussed in Section 1 is shown in Figures 3 and 4 for the HighPt, HighRes, and LowRes cate-
gories, respectively.

4 Background Estimation
Within each search bin, we extract a potential signal by fitting to the diphoton mass spectrum.
There are two types of backgrounds: a non-resonant background that is primarily due to QCD

11
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Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.
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Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.
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1 Introduction

The discovery of the Higgs boson [1–3], the first fundamental scalar particle ever observed, has
opened a new window for exploring physics not described by the standard model (SM) of parti-
cle physics. Many models of physics beyond the standard model (BSM) postulate the existence
of cascade decays of heavy states involving Higgs bosons [4, 5]. In the minimal supersymmetric
standard model (MSSM) [6], Higgs bosons may be produced in a variety of ways. The bottom
squark, the supersymmetric partner of the bottom quark, produced via the strong interaction,
may decay to a Higgs boson, quarks, and the lightest supersymmetric particle (LSP). Similarly
charginos or neutralinos produced through the electroweak interaction may decay to a Higgs
boson and the LSP. Of particular interest are scenarios with gauge-mediated supersymmetry
breaking (GMSB), where the lightest neutralino may decay to a Higgs boson and the goldstino
LSP (eG) [7, 8]. The decay signature depends on whether the chargino and neutralino mixed
states are dominated by the Wino or higgsino components, the respective SUSY partners of
the W and Higgs bosons. Diagrams of simplified models [9] for the scenarios considered are
shown in Fig. 1. In this paper, we denote the Higgs boson as H to indicate that it is the par-
ticle observed by the ATLAS and CMS experiments. In the MSSM, this particle is typically
assumed to correspond to the lighter of the two CP-even Higgs particles and is often denoted
as h. For the GMSB scenario, we consider simplified models where Higgsino-like charginos
and neutralinos are nearly mass-degenerate and both chargino-neutralino and neutralino pair
production result in very similar final state signatures, and are hereafter collectively referred to
as chargino-neutralino production in this paper. These examples of BSM production of Higgs
bosons motivate an inclusive search for anomalous Higgs boson production that is broadly
sensitive to a wide range of supersymmetric scenarios. Similar searches have been performed
by the ATLAS and CMS collaborations in the past using 8 TeV collision data and can be found
in references [10–12].
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1 Introduction

The discovery of the Higgs boson [1–3], the first fundamental scalar particle ever observed, has
opened a new window for exploring physics not described by the standard model (SM) of parti-
cle physics. Many models of physics beyond the standard model (BSM) postulate the existence
of cascade decays of heavy states involving Higgs bosons [4, 5]. In the minimal supersymmetric
standard model (MSSM) [6], Higgs bosons may be produced in a variety of ways. The bottom
squark, the supersymmetric partner of the bottom quark, produced via the strong interaction,
may decay to a Higgs boson, quarks, and the lightest supersymmetric particle (LSP). Similarly
charginos or neutralinos produced through the electroweak interaction may decay to a Higgs
boson and the LSP. Of particular interest are scenarios with gauge-mediated supersymmetry
breaking (GMSB), where the lightest neutralino may decay to a Higgs boson and the goldstino
LSP (eG) [7, 8]. The decay signature depends on whether the chargino and neutralino mixed
states are dominated by the Wino or higgsino components, the respective SUSY partners of
the W and Higgs bosons. Diagrams of simplified models [9] for the scenarios considered are
shown in Fig. 1. In this paper, we denote the Higgs boson as H to indicate that it is the par-
ticle observed by the ATLAS and CMS experiments. In the MSSM, this particle is typically
assumed to correspond to the lighter of the two CP-even Higgs particles and is often denoted
as h. For the GMSB scenario, we consider simplified models where Higgsino-like charginos
and neutralinos are nearly mass-degenerate and both chargino-neutralino and neutralino pair
production result in very similar final state signatures, and are hereafter collectively referred to
as chargino-neutralino production in this paper. These examples of BSM production of Higgs
bosons motivate an inclusive search for anomalous Higgs boson production that is broadly
sensitive to a wide range of supersymmetric scenarios. Similar searches have been performed
by the ATLAS and CMS collaborations in the past using 8 TeV collision data and can be found
in references [10–12].
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3

computed as follows:

MR ⌘
q
(|~pj1 |+ |~pj2 |)2 � (pj1

z + pj2
z )2, (1)

R2 ⌘
✓

MR
T

MR

◆2

, (2)

where ~p is the momentum of a hemisphere and pz is its longitudinal component, and j1 and j2
are used to label the two hemispheres. In the definition of R2, the variable MR

T is defined as:

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T )� ~pmiss
T · (~p j1

T + ~p j2
T )

2
. (3)

The razor variables MR and R2 provide discrimination between SUSY signal models and stan-
dard model background processes. SUSY signals typically have large values of MR and R2,
while the standard model background exhibits an exponentially falling spectrum in both vari-
ables.

The selected events are categorized into four mutually exclusive categories. An event is cate-
gorized as “HighPt” if the pT of the selected Higgs candidate is larger than 110 GeV. Otherwise
it is categorized as “H(gg)-H/Z(bb)” if the event contains two b-tagged jets whose invari-
ant mass is in the Z mass region between 76 GeV and 106 GeV, or in the Higgs mass region
between 110 GeV and 140 GeV. Remaining events are categorized as “HighRes” (“LowRes”)
if the mass resolution estimate sM/M is less (greater) than 0.85%, where sM is computed as
1/2 ⇥

q
(sE,g1/Eg1)2 + (sE,g2/Eg2)2. The “HighPt” category is intended to isolate events from

SUSY signals that produce high-pT Higgs bosons. The “H(gg)-H/Z(bb)” category is moti-
vated by the fact that many SUSY signal models predict events with two Higgs bosons or a
Higgs boson and a Z boson in the final state. Finally, the “HighRes” and “LowRes” categories
are intended to capture other SUSY signals, including compressed models. The categorization
procedure is illustrated in Figure 2.

Each event category is divided into bins by rectangular cuts on MR and R2. The binning is
chosen via an optimization procedure that uses the sbottom pair production simplified model
discussed in Section 1 as a benchmark model to determine the best bin boundaries. The algo-
rithm begins with a single bin covering the entire MR-R2 plane. A division is made in either
MR or R2 at the value, which maximizes the expected statistical significance. This process is
repeated on each newly created bin, and until convergence is achieved. Each bin returned by
the algorithm is treated as a separate analysis search region. This procedure is not performed
on the LowRes category; the binning in the LowRes category is instead taken to be the same as
that in the HighRes category. The definition of the individual search regions is summarized in
Table 1.

To illustrate how events from a typical SUSY signal might be distributed in these bins, the
distribution of events in the MR and R2 plane for the sbottom pair production signal model
discussed in Section 1 is shown in Figures 3 and 4 for the HighPt, HighRes, and LowRes cate-
gories, respectively.

4 Background Estimation
Within each search bin, we extract a potential signal by fitting to the diphoton mass spectrum.
There are two types of backgrounds: a non-resonant background that is primarily due to QCD

11

 [GeV]b~m
250 300 350 400 450 500 550 600

 [G
eV

]
10 χ∼

m

0

100

200

300

400

1

10
CMS  (13 TeV)-135.9 fb

1
0
χ∼  bH → 

2
0
χ∼ b → b~, b~b~ →pp 

NLO+NLL exclusion

 = 130 GeV
1
0χ∼

 - m
2
0χ∼

m
theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 [GeV]
2
0
χ∼

 = m
1
±χ∼

m
140 160 180 200 220 240 260 280 300

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

1

10
CMS  (13 TeV)-135.9 fb

1
0
χ∼  H → 

2
0
χ∼,  

1
0
χ∼ ± W→ 

1
±χ∼;   

2
0
χ∼ 

1
±χ∼ →pp 

NLO+NLL exclusion

theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.
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Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.
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of cascade decays of heavy states involving Higgs bosons [4, 5]. In the minimal supersymmetric5

standard model (MSSM) [6], Higgs bosons may be produced in a variety of ways. The bottom6

squark, the supersymmetric partner of the bottom quark, produced via the strong interaction,7

may decay to a Higgs boson, quarks, and the lightest supersymmetric particle (LSP). Similarly8

charginos or neutralinos produced through the electroweak interaction may decay to a Higgs9

boson and the LSP. Of particular interest are scenarios with gauge-mediated supersymmetry10

breaking (GMSB), where the lightest neutralino may decay to a Higgs boson and the goldstino11

LSP (eG) [7, 8]. The decay signature depends on whether the chargino and neutralino mixed12

states are dominated by the Wino or higgsino components, the respective SUSY partners of13

the W and Higgs bosons. Diagrams of simplified models [9] for the scenarios considered are14

shown in Fig. 1. In this paper, we denote the Higgs boson as H to indicate that it is the par-15

ticle observed by the ATLAS and CMS experiments. In the MSSM, this particle is typically16

assumed to correspond to the lighter of the two CP-even Higgs particles and is often denoted17

as h. For the GMSB scenario, we consider simplified models where Higgsino-like charginos18

and neutralinos are nearly mass-degenerate and both chargino-neutralino and neutralino pair19

production result in very similar final state signatures, and are hereafter collectively referred to20

as chargino-neutralino production in this paper. These examples of BSM production of Higgs21

bosons motivate an inclusive search for anomalous Higgs boson production that is broadly22

sensitive to a wide range of supersymmetric scenarios. Similar searches have been performed23

by the ATLAS and CMS collaborations in the past using 8 TeV collision data and can be found24

in references [10–12].25
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Figure 1: Diagrams displaying the simplified models that are being considered. Upper left:
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tom: the two relevant decay modes for higgsino-like neutralino pair production in the GMSB
scenario.
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Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.

8 Summary247

A search for anomalous Higgs boson production through decays of supersymmetric particles248

is performed with the proton-proton collision data collected in 2016 by the CMS experiment249

at the LHC. The sample corresponds to an integrated luminosity of 35.9 fb�1 at the center-of-250
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Figure 1: Diagrams displaying the simplified models that are being considered. Upper left:
bottom squark pair production; upper right: wino-like chargino-neutralino production; bot-
tom: the two relevant decay modes for higgsino-like neutralino pair production in the GMSB
scenario.

1 Introduction

The discovery of the Higgs boson [1–3], the first fundamental scalar particle ever observed, has
opened a new window for exploring physics not described by the standard model (SM) of parti-
cle physics. Many models of physics beyond the standard model (BSM) postulate the existence
of cascade decays of heavy states involving Higgs bosons [4, 5]. In the minimal supersymmetric
standard model (MSSM) [6], Higgs bosons may be produced in a variety of ways. The bottom
squark, the supersymmetric partner of the bottom quark, produced via the strong interaction,
may decay to a Higgs boson, quarks, and the lightest supersymmetric particle (LSP). Similarly
charginos or neutralinos produced through the electroweak interaction may decay to a Higgs
boson and the LSP. Of particular interest are scenarios with gauge-mediated supersymmetry
breaking (GMSB), where the lightest neutralino may decay to a Higgs boson and the goldstino
LSP (eG) [7, 8]. The decay signature depends on whether the chargino and neutralino mixed
states are dominated by the Wino or higgsino components, the respective SUSY partners of
the W and Higgs bosons. Diagrams of simplified models [9] for the scenarios considered are
shown in Fig. 1. In this paper, we denote the Higgs boson as H to indicate that it is the par-
ticle observed by the ATLAS and CMS experiments. In the MSSM, this particle is typically
assumed to correspond to the lighter of the two CP-even Higgs particles and is often denoted
as h. For the GMSB scenario, we consider simplified models where Higgsino-like charginos
and neutralinos are nearly mass-degenerate and both chargino-neutralino and neutralino pair
production result in very similar final state signatures, and are hereafter collectively referred to
as chargino-neutralino production in this paper. These examples of BSM production of Higgs
bosons motivate an inclusive search for anomalous Higgs boson production that is broadly
sensitive to a wide range of supersymmetric scenarios. Similar searches have been performed
by the ATLAS and CMS collaborations in the past using 8 TeV collision data and can be found
in references [10–12].
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Figure 15: Interpretation of the results in the tau-enriched model with mass parameter x = 0.05
(left), x = 0.5 (center) and x = 0.95 (right) obtained with events of categories A and C. The
shading in this figure are as described in Figure 13.

 [GeV]0
2
χ∼

=m±

1
χ∼

m
200 400 600

 [G
eV

]
0 1χ∼

m
0

100

200

300

400

-310

-210

-110

1

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 (13 TeV)-135.9 fbCMS Preliminary

ττ∼ντ∼ → 0
2
χ∼±

1
χ∼ →pp 

0
2
χ∼

+0.5m±

1
χ∼

 = 0.5m
τ∼

)=1, mτ∼τ→0
2
χ∼BR(

NLO-NLL excl.theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

Figure 16: Interpretation of the results in the tau-dominated model with mass parameter x =
0.5 obtained with events of category B-F. The shading in this figure are as described in Figure 13.
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Figure 17: Interpretation of the results in the ec±
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2 ! WZ (left) model obtained with events of
category A and the ec±
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sign, trilepton and four lepton). The shading in this figure are as described in Figure 13.

25

 [GeV]0
2
χ∼

 = m±

1
χ∼

m
500 1000

 [G
eV

]
0 1χ∼

m

0

500

1000

-410

-310

-210

-110

1

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 (13 TeV)-135.9 fbCMS Preliminary

l~lν∼ l→ 0
2
χ∼±

1
χ∼ →pp 

0
1
χ∼

+0.5m±

1
χ∼

 = 0.5m
l~

)=0.5, ml~ l→
0
2
χ∼BR(

NLO-NLL excl.theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

Figure 13: Interpretation of the results in the flavor-democratic model with mass parameter
x = 0.5 obtained with events of category A. The shading in the mec0

1
versus mec0

2
(= mec±

1
)

plane indicates the 95% CL upper limit on the chargino-neutralino production cross section
times branching fraction. The contours bound the mass regions excluded at 95% CL assum-
ing the NLO+NLL cross sections. The observed, ±1stheory observed, median expected, and
±1sexperiment expected bounds are shown.
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Figure 14: Interpretation of the results in the flavor-democratic model with mass parameter
x = 0.05 (left) and x = 0.95 (right) obtained with the combination of the same-sign category
and category A. The shading in this figure are as described in Figure 13.
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EW Production: Multileptons
✦ Analysis uses SS dileptons (e, μ), trileptons (e, μ, up to two τh), and 
≥4 leptons (e, μ, up to τh)


✦ Low backgrounds, mainly from simulation, WZ normalized to 
control sample


✦ Several signal scenarios considered
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è

è
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Figure 1: Chargino-neutralino pair production with decays mediated by (a) sleptons and
(b) sneutrinos and leading to leptonic final states. Chargino-neutralino pair production de-
caying directly to an LSP via a W and (c) a Z boson or (d) a Higgs boson. (e) Gaugino pair
production decaying to a gravitino LSP via a Z boson.

2 Event selection and Monte Carlo simulation

A detailed description of the CMS detector, together with a definition of the coordinate system
and the relevant kinematic variables, can be found in Ref. [17].

The analyzed events are recorded with several sets of online event selection algorithms called
triggers, requiring the presence of either one e or µ, or two leptons (e, µ or t). The searches
with at least two e or µ in the final state rely on dilepton triggers with very loose isolation
requirements and pT > 17 (23) GeV for the leading and pT > 8 (12) GeV for the subleading
muon (electron). For the final state with two th and one e or µ a combination of several trigger
algorithms is utilized: single lepton triggers requiring an isolated µ (e) with pT > 22 (27) GeV,
and triggers including th selection, demanding events with one µ (e) with pT > 19 (22) GeV
and |h| < 2.1 and a th with pT > 20 GeV.

Typical trigger efficiencies for leptons satisfying the offline selection criteria applied in this
search as described below, are 92% (98%) per muon (electron), and 96% per th. In final states
with three or more leptons, the total trigger efficiency is close to 100% due to a higher proba-
bility of a positive trigger decision induced by the presence of an extra lepton.

In the offline analysis, the information from all sub-detectors is combined by the CMS particle-
flow (PF) algorithm [18, 19] in order to reconstruct and identify individual particles and to
provide a global interpretation of the event. The particles are classified into charged hadrons,
neutral hadrons, photons, muons and electrons.

PF candidates are clustered into jets using the anti-kT algorithm with a distance parameter
DR =

p
Dh2 + Df2 of 0.4, as implemented in the FASTJET package [20, 21]. Jets are required to

satisfy quality requirements [22] to remove those consistent with anomalous energy deposits.
Charged hadrons are not considered if they do not originate from the selected primary vertex,
that is, the collision vertex for which the summed p2

T of the associated tracks is the largest.
After the estimated contribution from additional pp interactions in the same or adjacent bunch
crossings (pileup) is subtracted, jet energies are corrected for residual non-uniformity and non-

Slepton-mediated decays Stau-mediated decays

CMS Collaboration 
SUS-16-039
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7 Interpretations of the searches

The results of the trilepton and same-sign dilepton searches are interpreted in the context of the
simplified models of chargino-neutralino pair production. Four-lepton search regions, which
are sensitive to the final states with two Z bosons and Emiss

T , are not used in the interpretations
presented herein. We compute 95% confidence level (CL) upper limits on the new-physics cross
sections using the CLs method [46–48], incorporating the uncertainties on the signal efficiency
and acceptance and the uncertainties on the expected background described in Section 5. The
NLO+NLL cross sections from Refs. [49–51] are used to derive constraints on the masses of
the charginos and neutralinos. The results from search regions with lepton flavor and charge
requirements corresponding to the topology of the interpreted model are combined in order to
increase sensitivity to the model in question.

Several scenarios of the mass hierarchy of gauginos and sleptons are considered in the inter-
pretations as discussed in Section 1. In the case where sleptons and sneutrinos are lighter than
ec0

2 and ec±
1 , the sleptons are produced in the decay chains of the charginos and neutralinos as

shown in Fig. 1a and 1b. The search sensitivity in these scenarios depends on the mass m ˜̀ of
the intermediate slepton (if left-handed, taken to be the same for its sneutrino en), parametrized
in terms of a variable x ˜̀ as:

m ˜̀ = men = mec0
1
+ x ˜̀ (mec � mec0

1
), (3)

where 0 < x ˜̀ < 1. We consider interpretations for x ˜̀ = 0.50, i.e., the slepton mass equal to
the mean of the LSP and the ec masses, and in some cases for more compressed spectra with
x ˜̀ = 0.05 or 0.95, i.e., the slepton mass close to either the LSP or the ec mass, respectively.

The results for of the interpretation in the “flavor-democratic” scenario with x ˜̀ = 0.5 by using
search regions from the trilepton search in category A are shown in Fig. 7. The corresponding
interpretation for the mass hierarchy with x ˜̀ = 0.05 is summarized in Fig. 8. In this scenario,
the same-sign dilepton search allows to probe the region where one of the leptons is out of
the kinematical acceptance of the trilepton search. Figure 8a shows the interpretation obtained
with the search regions from the category A of the trilepton search, Fig. 8b contains the results
obtained with the same-sign dilepton search regions, and Fig. 8c shows the combination of the
two searches.

Figure 9 shows the results of the interpretation of the trilepton search in the tau-dominated
scenario. In this case search regions B, D, E and F are used to place limits on the production
cross section of charginos and neutralinos.

If the sleptons are too heavy and do not enter the cascade decays of the gauginos, we consider
a scenario where a chargino is assumed to always decay to a W boson and the ec0

1 LSP, while
a neutralino can decay to a Z boson or the Higgs boson and an LSP. We consider two limiting
cases, in which either B(ec0

2 ! Zec0
1) = 1, or B(ec0

2 ! Hec0
1) = 1. The sensitivity in a generic

model lies between these two extremes. Figure 10a shows the interpretation for the final state
with a W and Z boson pair and Emiss

T obtained with the results of the trilepton search in category
A events. In Figure 10b the interpretation for final states with a W and H boson pair and Emiss

T
is shown, which is a result of the combination of all 88 trilepton search regions A-F.
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Figure 7: Interpretation of the results of the three-lepton search in the flavor-democratic signal
model with slepton mass parameter x ˜̀ = 0.5. The shading in the mec0

1
versus mec0

2
(= mec±

1
)

plane indicates the 95% CL upper limit on the chargino-neutralino production cross section
times branching fraction. The contours bound the mass regions excluded at 95% CL assum-
ing the NLO+NLL cross sections for a branching fraction of 50%, as appropriate for the visi-
ble decay products in this scenario. The observed, ±1stheory observed, median expected, and
±1sexperiment expected bounds are shown.
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Figure 15: Interpretation of the results in the tau-enriched model with mass parameter x = 0.05
(left), x = 0.5 (center) and x = 0.95 (right) obtained with events of categories A and C. The
shading in this figure are as described in Figure 13.
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Figure 16: Interpretation of the results in the tau-dominated model with mass parameter x =
0.5 obtained with events of category B-F. The shading in this figure are as described in Figure 13.
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Figure 17: Interpretation of the results in the ec±
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2 ! WZ (left) model obtained with events of
category A and the ec±

1 ec0
2 ! WH (right) model obtained with events of all categories (same-

sign, trilepton and four lepton). The shading in this figure are as described in Figure 13.
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Figure 1: Chargino-neutralino pair production with decays mediated by (a) sleptons and

(b) sneutrinos and leading to leptonic final states. Chargino-neutralino pair production de-

caying directly to an LSP via a W and (c) a Z boson or (d) a Higgs boson. (e) Gaugino pair

production decaying to a gravitino LSP via a Z boson.

2 Event selection and Monte Carlo simulation

A detailed description of the CMS detector, together with a definition of the coordinate system

and the relevant kinematic variables, can be found in Ref. [17].

The analyzed events are recorded with several sets of online event selection algorithms called

triggers, requiring the presence of either one e or µ, or two leptons (e, µ or t). The searches

with at least two e or µ in the final state rely on dilepton triggers with very loose isolation

requirements and p
T

> 17 (23) GeV for the leading and p
T

> 8 (12) GeV for the subleading

muon (electron). For the final state with two t
h

and one e or µ a combination of several trigger

algorithms is utilized: single lepton triggers requiring an isolated µ (e) with p
T

> 22 (27) GeV,

and triggers including t
h

selection, demanding events with one µ (e) with p
T

> 19 (22) GeV

and |h| < 2.1 and a t
h

with p
T

> 20 GeV.

Typical trigger efficiencies for leptons satisfying the offline selection criteria applied in this

search as described below, are 92% (98%) per muon (electron), and 96% per t
h

. In final states

with three or more leptons, the total trigger efficiency is close to 100% due to a higher proba-

bility of a positive trigger decision induced by the presence of an extra lepton.

In the offline analysis, the information from all sub-detectors is combined by the CMS particle-

flow (PF) algorithm [18, 19] in order to reconstruct and identify individual particles and to

provide a global interpretation of the event. The particles are classified into charged hadrons,

neutral hadrons, photons, muons and electrons.

PF candidates are clustered into jets using the anti-k
T

algorithm with a distance parameter

DR =
p

Dh2 + Df2

of 0.4, as implemented in the FASTJET package [20, 21]. Jets are required to

satisfy quality requirements [22] to remove those consistent with anomalous energy deposits.

Charged hadrons are not considered if they do not originate from the selected primary vertex,

that is, the collision vertex for which the summed p2

T

of the associated tracks is the largest.

After the estimated contribution from additional pp interactions in the same or adjacent bunch

crossings (pileup) is subtracted, jet energies are corrected for residual non-uniformity and non-
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è

è
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Figure 1: Chargino-neutralino pair production with decays mediated by (a) sleptons and

(b) sneutrinos and leading to leptonic final states. Chargino-neutralino pair production de-

caying directly to an LSP via a W and (c) a Z boson or (d) a Higgs boson. (e) Gaugino pair

production decaying to a gravitino LSP via a Z boson.

2 Event selection and Monte Carlo simulation

A detailed description of the CMS detector, together with a definition of the coordinate system

and the relevant kinematic variables, can be found in Ref. [17].

The analyzed events are recorded with several sets of online event selection algorithms called

triggers, requiring the presence of either one e or µ, or two leptons (e, µ or t). The searches

with at least two e or µ in the final state rely on dilepton triggers with very loose isolation

requirements and p
T

> 17 (23) GeV for the leading and p
T

> 8 (12) GeV for the subleading

muon (electron). For the final state with two t
h

and one e or µ a combination of several trigger

algorithms is utilized: single lepton triggers requiring an isolated µ (e) with p
T

> 22 (27) GeV,

and triggers including t
h

selection, demanding events with one µ (e) with p
T

> 19 (22) GeV

and |h| < 2.1 and a t
h

with p
T

> 20 GeV.

Typical trigger efficiencies for leptons satisfying the offline selection criteria applied in this

search as described below, are 92% (98%) per muon (electron), and 96% per t
h

. In final states

with three or more leptons, the total trigger efficiency is close to 100% due to a higher proba-

bility of a positive trigger decision induced by the presence of an extra lepton.

In the offline analysis, the information from all sub-detectors is combined by the CMS particle-

flow (PF) algorithm [18, 19] in order to reconstruct and identify individual particles and to

provide a global interpretation of the event. The particles are classified into charged hadrons,

neutral hadrons, photons, muons and electrons.

PF candidates are clustered into jets using the anti-k
T

algorithm with a distance parameter

DR =
p

Dh2 + Df2

of 0.4, as implemented in the FASTJET package [20, 21]. Jets are required to

satisfy quality requirements [22] to remove those consistent with anomalous energy deposits.

Charged hadrons are not considered if they do not originate from the selected primary vertex,

that is, the collision vertex for which the summed p2

T

of the associated tracks is the largest.

After the estimated contribution from additional pp interactions in the same or adjacent bunch

crossings (pileup) is subtracted, jet energies are corrected for residual non-uniformity and non-
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Figure 15: Interpretation of the results in the tau-enriched model with mass parameter x = 0.05
(left), x = 0.5 (center) and x = 0.95 (right) obtained with events of categories A and C. The
shading in this figure are as described in Figure 13.
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Figure 16: Interpretation of the results in the tau-dominated model with mass parameter x =
0.5 obtained with events of category B-F. The shading in this figure are as described in Figure 13.
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Figure 17: Interpretation of the results in the ec±
1 ec0

2 ! WZ (left) model obtained with events of
category A and the ec±

1 ec0
2 ! WH (right) model obtained with events of all categories (same-

sign, trilepton and four lepton). The shading in this figure are as described in Figure 13.
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Figure 15: Interpretation of the results in the tau-enriched model with mass parameter x = 0.05
(left), x = 0.5 (center) and x = 0.95 (right) obtained with events of categories A and C. The
shading in this figure are as described in Figure 13.
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Figure 16: Interpretation of the results in the tau-dominated model with mass parameter x =
0.5 obtained with events of category B-F. The shading in this figure are as described in Figure 13.
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Figure 17: Interpretation of the results in the ec±
1 ec0

2 ! WZ (left) model obtained with events of
category A and the ec±

1 ec0
2 ! WH (right) model obtained with events of all categories (same-

sign, trilepton and four lepton). The shading in this figure are as described in Figure 13.
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EWkinos via WH(bb)
✦ Looking for a mass peak in the bb mass 

spectrum after additional requirements on MET, 
MT, MCT


✦ Significant improvement relative to Run 1 results 
(~250 GeV in chargino mass)

51

2 3 Event samples, reconstruction, and selection
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Figure 1: Diagram corresponding to the SUSY simplified model targeted by this analysis, i.e.,
chargino-neutralino production, with the chargino decaying to a W boson and an LSP, while
the heavier neutralino decays to a Higgs boson and an LSP.

minosity of 35.9 fb�1 of pp collisions collected at a center-of-mass energy of 13 TeV with the
CMS detector in 2016. The results are interpreted in the simplified SUSY model with chargino-
neutralino production depicted in Fig. 1.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and
6 m in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume are
several particle detection systems. Charged-particle trajectories are measured with silicon pixel
and strip trackers, covering 0  f < 2p in azimuth and |h| < 2.5 in pseudorapidity, where
h ⌘ � ln[tan(q/2)] and q is the polar angle of the trajectory of the particle with respect to the
counterclockwise beam direction. The transverse momentum, the component of the momen-
tum p in the plane orthogonal to the beam, is defined in terms of the polar angle as pT = p sin q.
A lead-tungstate crystal electromagnetic calorimeter and a brass and scintillator hadron calor-
imeter surround the tracking volume, providing energy measurements of electrons, photons,
and hadronic jets in the range |h| < 3.0. Muons are identified and measured within |h| < 2.4
by gas-ionization detectors embedded in the steel flux-return yoke of the solenoid. Forward
calorimeters on each side of the interaction point encompass 3.0 < |h| < 5.0. The detector
is nearly hermetic, allowing momentum imbalance measurements in the plane transverse to
the beam direction. A two-tier trigger system selects pp collision events of interest for use in
physics analyses. A 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. [39].

3 Event samples, reconstruction, and selection
3.1 Object definition and preselection

Event reconstruction is based on the particle-flow (PF) algorithm [40, 41], which combines in-
formation from the tracker, calorimeter, and muon systems to reconstruct and identify PF can-
didates, i.e., charged and neutral hadrons, photons, muons, and electrons. To select collision
events, we require at least one reconstructed vertex. The reconstructed vertex with the largest
value of summed physics-object p2

T is taken to be the primary pp interaction vertex. The physics
objects are the objects returned by a jet finding algorithm [42, 43] applied to all charged tracks
associated with the vertex, plus the corresponding associated missing transverse momentum.
The missing transverse momentum vector, ~pmiss

T , is defined as the negative vector sum of the
momenta of all reconstructed PF candidates projected onto the plane perpendicular to the pro-

10 6 Interpretation

5 Results
Figure 5 shows the distributions of Mbb in data compared with the SM background prediction
after all signal region requirements except the Mbb selection. No significant deviations from
the predictions are observed. Table 2 shows the expected SM background yields in the signal
region compared to the observation.
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Figure 5: Distributions in Mbb after all signal region kinematic requirements for the two ex-
clusive Emiss

T bins (left: 125  Emiss
T < 200 GeV, right: Emiss

T � 200 GeV). The signal region is
90  Mbb  150 GeV. The hatched band shows the total uncertainty in the background pre-
diction, including statistical and systematic components. The expected signal distribution for a
reference SUSY model is overlaid as an open histogram, and the legend (on the last line) gives
the masses as (mec±

1
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) in GeV.

6 Interpretation
The results of this analysis are interpreted in the context of the simplified SUSY model de-
picted in Fig. 1, ec±

1 ec0
2 ! W±Hec0

1 ec0
1. The ec±

1 and ec0
2 are assumed to have the same mass, and

the branching fractions for the decays listed above are taken to be 100%. The W and Higgs
bosons are taken to decay according to their SM branching fractions. Cross section limits as a
function of the SUSY particle masses are set using a modified frequentist approach, employing
the CLs criterion and an asymptotic formulation [80–83]. Both signal regions are considered
simultaneously in setting limits. The production cross sections are computed at NLO plus
next-to-leading-log (NLL) precision in a limit of mass-degenerate wino ec±

1 and ec0
2, light bino

ec0
1, and with all the other sparticles assumed to be heavy and decoupled [84, 85].

The systematic uncertainties in the signal yield are summarized in Table 3. The signal models
with the largest acceptance uncertainties are those with Dm = mec0

2
� mec0

1
' mH. For these

models, the kinematic properties of the events are most similar to those from SM backgrounds,
and as a result, the acceptance is smaller than for models with larger Dm. For these models
with compressed mass spectra, the largest uncertainties in the signal yields arise from the jet
energy scale (up to 40%), Emiss

T resolution in fast simulation (up to 50%), and limited size of MC
samples (up to 60%). These uncertainties reach their maximal values only for models where
the acceptance of this analysis is very small and the sensitivity is similarly small. For models

12 7 Summary

 [GeV]
2
0χ∼ = m

1
±χ∼m

100 200 300 400 500 600 700

C
ro

ss
 s

ec
tio

n 
[p

b]

3−10

2−10

1−10

1

10

210

310
 = 1 GeV

1

0χ∼
; m

2
0χ∼

1
±χ∼→pp

0
1

χ∼ H →
2
0χ∼,0

1
χ∼± W→

1
±χ∼

 (13 TeV)-135.9 fbCMS

Observed limit
Expected limit

 1 s.d.±Expected
 2 s.d.±Expected

NLO+NLLσTheoretical

 [GeV]
2

0 = m
1

±m
100 200 300 400 500 600

 [G
eV

]
10

m

0

50

100

150

200

250

300

 [p
b]

95
%

 C
L 

up
pe

r 
lim

it 
on

 

310

210

110

1

10

theory 1 s.d.±Observed limit, 
exp.

Expected limit, +1 s.d.
 no exclusion)

exp.
(-1 s.d.

;
2

0 
1

± pp 0

1
 H 

2

0, 0

1
 ± W

1

±

NLO + NLL exclusion

 (13 TeV)-135.9 fbCMS

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000

 [G
eV

]
0 1

m

0

200

400

600

800

1000

1200

1400

1600

1800

2000
 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion
1

0 b b  g~, g~ g~ pp 

theory 1 ±Observed 

experiment 1 ±Expected 

 [GeV]g~m
600 800 1000 1200 1400 1600 1800 2000

 [G
eV

]
0 1

m

0

200

400

600

800

1000

1200

1400

1600

1800

2000
 (13 TeV)-135.9 fbCMS   

  NLO+NLL exclusion
1

0 b b  g~, g~ g~ pp 

theory 1 ±Observed 

experiment 1 ±Expected 

Figure 6: (left) Cross section exclusion limits at the 95% CL are shown for ec±
1 ec0

2 ! W±Hec0
1 ec0

1
as a function of mec±

1
, assuming mec0

1
= 1 GeV. The solid black line and points represent the

observed exclusion. The dashed black line represents the expected exclusion, while the green
and yellow bands indicate the ±1 and 2 standard deviation (s.d.) uncertainties in the expected
limit. The magenta line shows the theoretical cross section with its uncertainty. (right) Exclu-
sion limits at the 95% CL in the plane of mec±

1
and mec0

1
. The area below the thick black (dashed

red) curve represents the observed (expected) exclusion region. The thin dashed red line indi-
cates the +1 s.d.exp. experimental uncertainty. The -1 s.d.exp. line does not appear as no mass
points would be excluded in that case. The thin black lines show the effect of the theoretical
uncertainties (±1 s.d.theory) on the signal cross section.

7 Summary
A search is performed for beyond the standard model physics in events with a leptonically de-
caying W boson, a Higgs boson decaying to a bb pair, and large transverse momentum imbal-
ance. The search uses proton-proton collision data recorded by the CMS experiment in 2016 atp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. The event yields observed
in data are consistent with the estimated standard model backgrounds. The results are used
to set cross section limits on chargino-neutralino production in a simplified supersymmetric
model with degenerate masses for ec±

1 and ec0
2 and with the decays ec±

1 ! W± ec0
1 and ec0

2 ! Hec0
1.

Values of mec±
1

between 220 and 490 GeV are excluded at 95% confidence level by this search
when the ec0

1 is massless, and values of mec0
1

are excluded up to 110 GeV for mec±
1
⇡ 450 GeV.

These results significantly extend the previous best limits, by up to 270 GeV in mec±
1

and up to
90 GeV in mec0

1
.
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1900 GeV can be excluded for high gaugino masses. The acceptance drops for low neutralino
masses, since more energy is transferred to jets, leaving less energy available for the photon
and the gravitinos, and therefore resulting in a lower value of pmiss

T . If the chargino mass is
close to the W boson mass, less momentum is transferred to the gravitino, leading to smaller
pmiss

T values and, therefore, lower sensitivity. This yields a squark mass exclusion of 1500 and
1300 GeV for the T6gg and T6Wg model, respectively, and a gluino mass exclusion of 1750 and
1500 GeV for the T5gg and T5Wg model, respectively. For squark pair production, the mass
exclusion is determined assuming eight mass-degenerate squark states, corresponding to the
SUSY partners of the left- and right-handed u, d, s, and c quarks.
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Figure 6: Exclusion limits at 95% CL for the T6gg (top left), T6Wg (top right), T5gg (bottom
left) and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.

3

transverse momentum from the two gravitinos escaping detection. The T6Wg model is similar,
except the squarks decay with a probability of 50% to a quark and a neutralino, and a 50%
probability to decay to quark and a chargino. The chargino further decays to a W boson and a
gravitino, resulting in signatures with at least two jets, two gravitinos, and two bosons. These
two bosons can either be two photons, one photon and one W boson, or two W bosons. The
T5gg and T5Wg models consist of gluino pair production. For these models, the squark masses
are assumed to be much larger than the gluino mass, leading to a three-body decay of the
gluino to two jets and a gaugino. For the T5gg model, the gauginos are neutralinos, while
for the T5Wg model, the gluino can also decay to jets and a chargino. Branching fractions are
assumed to be 100%, except the squark to neutralino branching fraction in the T6Wg model
and the gluino to neutralino decay in the T5Wg model, which are 50% each. Feynman-like
diagrams of these processes are shown in Fig. 1.
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Figure 1: Representative Feynman-like diagrams for the simulated signal processes: T6gg (top
left), T6Wg (top right), T5gg (bottom left), and T5Wg (bottom right).

The CMS detector response is simulated using GEANT4 [38] for SM processes, while for signal
events we use the CMS fast simulation [39, 40]. In the latter case, scale factors are applied to ac-
count for any differences with respect to the full simulation. Event reconstruction is performed
in the same manner as for collision data.
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The CMS detector response is simulated using GEANT4 [38] for SM processes, while for signal
events we use the CMS fast simulation [39, 40]. In the latter case, scale factors are applied to ac-
count for any differences with respect to the full simulation. Event reconstruction is performed
in the same manner as for collision data.
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1900 GeV can be excluded for high gaugino masses. The acceptance drops for low neutralino
masses, since more energy is transferred to jets, leaving less energy available for the photon
and the gravitinos, and therefore resulting in a lower value of pmiss

T . If the chargino mass is
close to the W boson mass, less momentum is transferred to the gravitino, leading to smaller
pmiss

T values and, therefore, lower sensitivity. This yields a squark mass exclusion of 1500 and
1300 GeV for the T6gg and T6Wg model, respectively, and a gluino mass exclusion of 1750 and
1500 GeV for the T5gg and T5Wg model, respectively. For squark pair production, the mass
exclusion is determined assuming eight mass-degenerate squark states, corresponding to the
SUSY partners of the left- and right-handed u, d, s, and c quarks.
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Figure 6: Exclusion limits at 95% CL for the T6gg (top left), T6Wg (top right), T5gg (bottom
left) and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.

3

transverse momentum from the two gravitinos escaping detection. The T6Wg model is similar,
except the squarks decay with a probability of 50% to a quark and a neutralino, and a 50%
probability to decay to quark and a chargino. The chargino further decays to a W boson and a
gravitino, resulting in signatures with at least two jets, two gravitinos, and two bosons. These
two bosons can either be two photons, one photon and one W boson, or two W bosons. The
T5gg and T5Wg models consist of gluino pair production. For these models, the squark masses
are assumed to be much larger than the gluino mass, leading to a three-body decay of the
gluino to two jets and a gaugino. For the T5gg model, the gauginos are neutralinos, while
for the T5Wg model, the gluino can also decay to jets and a chargino. Branching fractions are
assumed to be 100%, except the squark to neutralino branching fraction in the T6Wg model
and the gluino to neutralino decay in the T5Wg model, which are 50% each. Feynman-like
diagrams of these processes are shown in Fig. 1.
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Figure 1: Representative Feynman-like diagrams for the simulated signal processes: T6gg (top
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The CMS detector response is simulated using GEANT4 [38] for SM processes, while for signal
events we use the CMS fast simulation [39, 40]. In the latter case, scale factors are applied to ac-
count for any differences with respect to the full simulation. Event reconstruction is performed
in the same manner as for collision data.
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Figure 1: Representative Feynman-like diagrams for the simulated signal processes: T6gg (top
left), T6Wg (top right), T5gg (bottom left), and T5Wg (bottom right).

The CMS detector response is simulated using GEANT4 [38] for SM processes, while for signal
events we use the CMS fast simulation [39, 40]. In the latter case, scale factors are applied to ac-
count for any differences with respect to the full simulation. Event reconstruction is performed
in the same manner as for collision data.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

contribute to Sg
T, increasing the separation power of signal and SM background.

For the reinterpretation of the results, the covariance and correlation matrices [55] for the back-
ground prediction of the four signal region bins in Sg

T and significance plots for all SMS are
provided as additional material (Sec. 7).

6 Conclusion
We have searched for electroweak and strong production of gauginos in the framework of
gauge mediated supersymmetry breaking in final states with photons and pmiss

T . A dataset

Can also probe 
EW production

2 2 The CMS detector
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Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as
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1 ! geG and the chargino decays as ec±

1 ! W±eG.
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Figure 2: For strong gluino pair-production the simplified scenarios T5gg (a) and T5Wg (b) and
for squark pair-production the simplified scenarios T6gg (c) and T6Wg (d) are studied. The
neutralino decays as ec0

1 ! geG, while the chargino decays as ec±
1 ! W±eG. In the T5Wg and

T6Wg scenario, a branching ratio of 50 % is assumed for the decays g̃ !qqec±
1 and g̃ !qqec0

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

unconverted or late-converting photons arising from the H ! gg decay. The remaining barrel
photons have an energy resolution of about 1.3% up to a pseudorapidity of |h| = 1, rising to
about 2.5% at |h| = 1.4. In the endcaps, the energy resolution of unconverted or late-converting
photons is about 2.5%, while the remaining endcap photons have a resolution between 3 and
4% [30].

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 [31].

CMS Collaboration 
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Search for 4-body Stop Decays
✦ For small mass splittings between stop and neutralino, 

expect 4-body decays via virtual chargino and W boson

✦ Require at least one soft lepton (30 > pT > 3.5-5 GeV) 

and a hard ISR jet to aid the efficiency and triggering

✦ Background is dominated by diboson and W+jets 

production and determined using control regions in data

✦ Also sensitive to chargino-mediated stop decays

56 C
M

S 
C

ol
la

bo
ra

tio
n 

SU
S-

16
-0

52

2 2 Detector and object definition
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Figure 1: Signal models for top squark pair production with subsequent four-body (left) or
chargino-mediated (right) decays.

The most recent result from CMS targeting the four-body decay in the single lepton final state
is [16] while the interpretation using the chargino-mediated decay is presented here for the
first time. The most recent ATLAS result studying similar SUSY parameter space in the single
lepton final state is [17]. Similar results were obtained also in all-hadronic final state [18] and
di-lepton final state [19].

2 Detector and object definition

The CMS detector has been described in detail in Ref. [20]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and < 2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and pmiss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [21], which identifies leptons, photons, and charged and neutral hadrons by
combining information from all subdetectors. The PF candidates are clustered into jets by using
the anti-kT algorithm [22] with a distance parameter of 0.4. Jets are required to have pT >
30 GeV and |h| < 2.4, and to pass loose quality criteria [23] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of pmiss

T and the corresponding direction. Jet energies and pmiss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),
and residual differences between data and simulation [24, 25]. Jets originating from b quarks
are identified (“tagged”) using the combined secondary vertex algorithm [26, 27] at a working
point corresponding to an efficiency of about 70% and a misidentification probability for light-
quark jets of about 1%. Hadronic decays of t leptons are identified using the “hadrons-plus-
strips” algorithm [28, 29].

Muons and electrons are required to have pT above 3.5 GeV and 5 GeV, respectively. Stan-
dard loose identification requirements [30, 31] are applied to reduce the background from non-
prompt leptons produced in semileptonic hadron decays and from jets misidentified as leptons.
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(dashed) lines show the observed (expected) mass limits, derived using the expected top squark
pair production cross section. The thick lines representing the central values and the thin lines
the variations due to the theoretical (experimental) uncertainties.
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Figure 1: Signal models for top squark pair production with subsequent four-body (left) or
chargino-mediated (right) decays.

The most recent result from CMS targeting the four-body decay in the single lepton final state
is [16] while the interpretation using the chargino-mediated decay is presented here for the
first time. The most recent ATLAS result studying similar SUSY parameter space in the single
lepton final state is [17]. Similar results were obtained also in all-hadronic final state [18] and
di-lepton final state [19].

2 Detector and object definition

The CMS detector has been described in detail in Ref. [20]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and < 2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and pmiss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [21], which identifies leptons, photons, and charged and neutral hadrons by
combining information from all subdetectors. The PF candidates are clustered into jets by using
the anti-kT algorithm [22] with a distance parameter of 0.4. Jets are required to have pT >
30 GeV and |h| < 2.4, and to pass loose quality criteria [23] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of pmiss

T and the corresponding direction. Jet energies and pmiss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),
and residual differences between data and simulation [24, 25]. Jets originating from b quarks
are identified (“tagged”) using the combined secondary vertex algorithm [26, 27] at a working
point corresponding to an efficiency of about 70% and a misidentification probability for light-
quark jets of about 1%. Hadronic decays of t leptons are identified using the “hadrons-plus-
strips” algorithm [28, 29].

Muons and electrons are required to have pT above 3.5 GeV and 5 GeV, respectively. Stan-
dard loose identification requirements [30, 31] are applied to reduce the background from non-
prompt leptons produced in semileptonic hadron decays and from jets misidentified as leptons.
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Soft OS Dilepton Search
✦ Could also require 2 OS dileptons (5 < pT < 30 GeV) via dedicated trigger

✦ Sensitive to EW SUSY and direct stop production in small mass splitting 

scenarios
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2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.
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Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec
±
0 ! ec0

1 ec0
1Z⇤W⇤ process with a pure Wino production cross section, while

a simplified model of the et pair production, followed by the et ! ec±
1 b and the subsequent

ec±
1 ! ec0

1W⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.

3

package [36], while a detailed simulation of the CMS detector is based on the GEANT4 [37]
package. A fast detector simulation [38] is used for large samples of signal corresponding to
different sparticle masses, the so-called “signal scans”.

We consider a mass scan for neutralino-chargino (ec0
2-ec±

1 ) pair production where the ec0
2 and ec±

1
are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤ boson, the SM
branching fractions for decays to the different fermions are assumed. These branching fractions
are a function of the maximal fermion pair mass M( f f ), which is the mass difference between
ec0

2 and ec0
1. The simulation of the ec0

2 decay takes the Breit-Wigner of the Z boson into account.
The production cross sections used correspond to those for pure Wino production [39, 40]. The
second scan simulates a simplified model ofet-pair production, in which the chargino mediates
the decay of theet into leptons and ec0

1, namelyet ! ec±
1 b followed by ec±

1 ! ec0
1W⇤. The mass of

the ec±
1 is set to (Met + Mec0

1
)/2 and the mass difference betweenet and ec0

1 is set to be less than 90
GeV. Figure 1 illustrates the signal models considered.
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Figure 1: Left: electroweakino pair production and decay. Right: chargino-mediated et pair
production and decay.

4 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS particle flow
(PF) algorithms [41] and requirements. The PF algorithm reconstructs individual particles by
combining information from all sub-detector systems. The difficulties in reconstructing the
event of interest, due to the average number of interactions per bunch crossing (pileup), are
mitigated using a primary vertex selection and other methods described below.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm [42]. The reconstructed primary vertex is chosen as the vertex with the largest quadratic
sum of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from
the center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are required to have pT and h inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5 GeV, |h| <
2.4 (|h| < 2.5). An upper requirement of pT < 30 GeV on the leading lepton is also applied;
this threshold is identified as the pT value below which the current analysis is more sensitive in
excluding the benchmarks in the compressed regions, compared to other analyses in CMS. In
order to further increase the sensitivity to the compressed regime, in some parts of the analysis
the lower threshold on the pT of the subleading muon is set to 3.5 GeV.

Muons are required to pass soft muon identification criteria [43] and to be isolated within a
cone in h � f space of radius DR =

p
Dh2 + Df2 < 0.3: the sum of the transverse momenta
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2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.
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Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly
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package [36], while a detailed simulation of the CMS detector is based on the GEANT4 [37]
package. A fast detector simulation [38] is used for large samples of signal corresponding to
different sparticle masses, the so-called “signal scans”.

We consider a mass scan for neutralino-chargino (ec0
2-ec±

1 ) pair production where the ec0
2 and ec±

1
are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤ boson, the SM
branching fractions for decays to the different fermions are assumed. These branching fractions
are a function of the maximal fermion pair mass M( f f ), which is the mass difference between
ec0

2 and ec0
1. The simulation of the ec0

2 decay takes the Breit-Wigner of the Z boson into account.
The production cross sections used correspond to those for pure Wino production [39, 40]. The
second scan simulates a simplified model ofet-pair production, in which the chargino mediates
the decay of theet into leptons and ec0

1, namelyet ! ec±
1 b followed by ec±

1 ! ec0
1W⇤. The mass of

the ec±
1 is set to (Met + Mec0

1
)/2 and the mass difference betweenet and ec0

1 is set to be less than 90
GeV. Figure 1 illustrates the signal models considered.
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Figure 1: Left: electroweakino pair production and decay. Right: chargino-mediated et pair
production and decay.

4 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS particle flow
(PF) algorithms [41] and requirements. The PF algorithm reconstructs individual particles by
combining information from all sub-detector systems. The difficulties in reconstructing the
event of interest, due to the average number of interactions per bunch crossing (pileup), are
mitigated using a primary vertex selection and other methods described below.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm [42]. The reconstructed primary vertex is chosen as the vertex with the largest quadratic
sum of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from
the center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are required to have pT and h inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5 GeV, |h| <
2.4 (|h| < 2.5). An upper requirement of pT < 30 GeV on the leading lepton is also applied;
this threshold is identified as the pT value below which the current analysis is more sensitive in
excluding the benchmarks in the compressed regions, compared to other analyses in CMS. In
order to further increase the sensitivity to the compressed regime, in some parts of the analysis
the lower threshold on the pT of the subleading muon is set to 3.5 GeV.

Muons are required to pass soft muon identification criteria [43] and to be isolated within a
cone in h � f space of radius DR =

p
Dh2 + Df2 < 0.3: the sum of the transverse momenta
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Soft OS Dilepton Search
✦ Could also require 2 OS dileptons (5 < pT < 30 GeV) via dedicated trigger

✦ Sensitive to EW SUSY and direct stop production in small mass splitting 

scenarios
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2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.
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Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly
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package [36], while a detailed simulation of the CMS detector is based on the GEANT4 [37]
package. A fast detector simulation [38] is used for large samples of signal corresponding to
different sparticle masses, the so-called “signal scans”.

We consider a mass scan for neutralino-chargino (ec0
2-ec±

1 ) pair production where the ec0
2 and ec±

1
are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤ boson, the SM
branching fractions for decays to the different fermions are assumed. These branching fractions
are a function of the maximal fermion pair mass M( f f ), which is the mass difference between
ec0

2 and ec0
1. The simulation of the ec0

2 decay takes the Breit-Wigner of the Z boson into account.
The production cross sections used correspond to those for pure Wino production [39, 40]. The
second scan simulates a simplified model ofet-pair production, in which the chargino mediates
the decay of theet into leptons and ec0

1, namelyet ! ec±
1 b followed by ec±

1 ! ec0
1W⇤. The mass of

the ec±
1 is set to (Met + Mec0

1
)/2 and the mass difference betweenet and ec0

1 is set to be less than 90
GeV. Figure 1 illustrates the signal models considered.
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Figure 1: Left: electroweakino pair production and decay. Right: chargino-mediated et pair
production and decay.

4 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS particle flow
(PF) algorithms [41] and requirements. The PF algorithm reconstructs individual particles by
combining information from all sub-detector systems. The difficulties in reconstructing the
event of interest, due to the average number of interactions per bunch crossing (pileup), are
mitigated using a primary vertex selection and other methods described below.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm [42]. The reconstructed primary vertex is chosen as the vertex with the largest quadratic
sum of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from
the center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are required to have pT and h inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5 GeV, |h| <
2.4 (|h| < 2.5). An upper requirement of pT < 30 GeV on the leading lepton is also applied;
this threshold is identified as the pT value below which the current analysis is more sensitive in
excluding the benchmarks in the compressed regions, compared to other analyses in CMS. In
order to further increase the sensitivity to the compressed regime, in some parts of the analysis
the lower threshold on the pT of the subleading muon is set to 3.5 GeV.

Muons are required to pass soft muon identification criteria [43] and to be isolated within a
cone in h � f space of radius DR =

p
Dh2 + Df2 < 0.3: the sum of the transverse momenta
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Compressed Stop/Sbottom Search
✦ Dedicated all-hadronic analysis  

with charm tagging and the use  
of MCT variable:
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Figure 5: Exclusion limits at 95% CL for direct bottom squark pair production for the decay
mode eb1 ! bec0

1. The regions enclosed by the black curves represent the observed exclusion
and the ±1 standard deviation for the NLO+NLL cross section calculations and their uncer-
taintes [68]. The dashed red lines indicate the expected limits at 95% CL and their ±1 standard
deviation experimental uncertainties.
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Figure 6: The combined 95% CL exclusion limits for top squark pair production assuming 100%
branching fraction to the decayet ! cec0

1. Notations are as in Fig 5.
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in SM processes, the higher misidentification rate of the loose working point provides only a
small increase in the SM background. The third and fourth jet if present, are required to have
pT > 30 GeV.

In tt events with a lost lepton, the transverse mass distribution of the neutrino and b quark
from the same top quark decay has an endpoint at the mass of the top quark. The observ-
able Mmin

T (pT(j1,2), pmiss
T ) is defined as

Mmin
T (pT(j1,2), pmiss

T ) ⌘ min[MT(pT(j1), pmiss
T ), MT(pT(j2), pmiss

T )], (2)

where MT(pT(j1,2), pmiss
T ) =

p
2pT(j1,2)(1 � cos Df(j1,2, pmiss

T )), pT(j1) and pT(j2) are the
transverse momenta of the two leading jets, and Df(j1,2, pmiss

T ) is the azimuthal angle be-
tween leading (sub-leading) jet and ~pmiss

T . Imposing a minimum requirement of 250 GeV on
Mmin

T (pT(j1,2), pmiss
T ) reduces a significant portion of the tt background.

Events in this sample are then categorized by HT, defined as the scalar sum of the pT of the two
leading jets, and the boost-corrected contransverse mass [69, 70], MCT, defined as:

M2
CT(j1, j2) = 2pT(j1)pT(j2)(1 + cos Df(j1, j2)), (3)

where Df(j1, j2) is the azimuthal angle between two leading jets. For models in which parti-
cles are pair produced and have the same decay chain, the MCT distribution has an endpoint
determined by the masses of the parent and daughter particles. For the decay eb1 ! bec0

1, this
endpoint is at mass (m2

eb1
� m2

c̃0
1
)/meb1

.

For signals with compressed mass spectra, high-pT ISR jet is required to reconstruct the decay
chain quarks as jets and to obtain a large value of pmiss

T . Since such ISR jets are not expected to
originate from b or c quarks, the leading jet is required to fail the loose b tagging and medium
c tagging requirements to define the ISR system according to whether the next-to-leading jet is
b- or c-tagged. If the next-to-leading jet pT in the event is >50 GeV and is neither b- or c-tagged,
the ISR system is defined by the two leading jets; otherwise only the leading jet is considered
as the ISR system. The ISR system pT is required to exceed 250 GeV. The jet imbalance in
the transverse plane is quantified as the vector sum of the ISR system ~pT and ~pmiss

T , divided
by pmiss

T , |(~pT(ISR) + ~pmiss
T )|/pmiss

T . For the topology of interest, the transverse momentum
imbalance must be small and we therefore require that |(~pT(ISR) + ~pmiss

T )|/pmiss
T < 0.5.

The b- or c-tagged jet, using medium b and c tagging requirements, must have pT > 25 GeV,
and if a b-tagged jet is also identified as c-tagged jets, it is only counted once as a b-tagged jet.

The MCT observable loses its discriminating power in the compressed models when the mass
splitting between the parent particle and the ec0

1 is small. Therefore, we use as the main dis-
criminants the number of b- and c-tagged jets (Nb–tags and Nc–tags, respectively) and number of
selected SVs (NSV), pmiss

T , Hb
T, and Hc

T that reflect the scalar sums of transverse momenta of b-
and c-tagged jets, respectively.

The baseline selections in both the noncompressed and compressed regions are summarized in
Table 1, and the signal region definitions in both regions are shown in Tables 2 and 3, respec-
tively.

The discriminating power of the kinematic quantities used in the analysis is shown in Figs. 2
and 3. In the noncompressed region, the distributions of MCT and pT(j1)+ pT(j2), after applying
all selection requirements (defined in Table 1), are shown in Fig. 2. The combined number
of b-, c-tagged jets and SV multiplicity for all events passing selection requirements in the
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Figure 4: Yields in the signal regions targeting the noncompressed (top left) and compressed
(top right: Nb–tags = 1, 2, bottom left: Nc–tags = 1, 2, bottom right: Nb–tags + Nc–tags = 0)
scenarios. Data are shown as black points. The background predictions are represented by the
stacked, filled histograms. The expected yields for several signal models are also shown. The
lower panels show the ratio of data over total background prediction in each signal region. The
hatching indicates the total uncertainty in the background predictions.

top squark and the LSP is small.
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Supersymmetry or Supercemetry?

✦ Summary of all recent results:
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Summer_Conferences_2017_36_fb_1

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Summer_Conferences_2017_36_fb_1
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Read the Fine Print!
✦ Much of the natural SUSY 

parameter space has been 
probed


✦ Yet, keep in mind that:

๏ Searches typically assume 

100% branching fraction in a 
particular channel'


๏ Many searches assume mass 
degeneracy between various 
SUSY particles, e.g. squarks


๏ Interpretation is simplified via 
SMS


✦ Important to read the fine 
print!
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Paradigm Shift
✦ Having found no SUSY so far in "standard" channels 

(strong production, large mass splittings), the searches 
shifted in the following directions

๏ Search for SUSY in compressed spectrum scenarios (e.g, 

stop nearly degenerate with top quark + neutralino 
masses)

✤ Use ISR as an important tool to boost compressed system


๏ Search for EW production of SUSY particles

✤ First sensitivity for Higgsino pair production in Run 1; now 

rapidly increasing the reach

๏ Search for SUSY via Higgs boson in decay chains


✤ Just started to be sensitive

๏ VBF SUSY production


✤ Not yet sensitive - but a powerful tool for the future
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New Paradigms and New Tools
✦ These new paradigms require new tools:


๏ Soft-lepton triggers

๏ Jet substructure techniques

๏ Ever increasing use of ISR as a tag

๏ Charm tagging

๏ Use of "designer" kinematic variables

๏ Optimal top quark reconstruction


✦ These tools are common between SUSY and many 
other searches, leading to significant cross-
pollination spreading across the search fields and 
also now being used in precision measurements
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Conclusions
✦ Number of SUSY searches performed in Run 2, 

some using novel techniques

✦ Generally exceed Run 1 sensitivity across the board

✦ Focus on natural SUSY, with or without compressed 

spectrum

✦ So far, no exciting signs have been seen, but the 

quest continues

✦ Doubling of the data set expected this year and 

future data will allow us to cover more parameter 
space and start probing EW SUSY production in 
variety of channels, including VBF


✦ Stay tuned - we are not done yet!
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The Hunt is 
Going on!


