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PART I 
Compressed Spectra
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Why Compressed?

❖ compressed spectra

✦ mass splitting:

✦ parameter space with small 𝝙m is called „compressed“ (determines possible decay modes)

❖ experimentally challenging - particles with low transverse momentum („soft“) produced in decay

✦ …and soft particles are hard to detect (at the LHC)

✦ initial state radiation (ISR) is relevant (boosts the system and produces large missing transverse energy (MET))

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

❖ also we haven’t found SUSY yet in uncompressed spectra, maybe it first pops up in the 
compressed models?

❖ will discuss compressed spectra in colored (stop particles) and electroweak SUSY (charginos)

✦ note: there are dedicated CMS talks on stop and electroweak searches later today and tomorrow!
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[*] C. Balázs et al., “Dark matter, light top squarks, and electroweak baryogenesis”, Phys. Rev. D 70 (2004), 015007, doi:10.1103/PhysRevD.70.015007

http://dx.doi.org/10.1103/PhysRevD.70.015007


leptonic searches 
CMS-PAS-SUS-16-048  
CMS-PAS-SUS-17-004

Compressed SUSY Searches
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CHARGINO-MEDIATED  
DECAY WITH OFF-SHELL W2-BODY DECAY (FCNC) 4-BODY DECAY VIA  

OFF-SHELL W

fully hadronic searches 
CMS-PAS-SUS-16-032  
CMS-PAS-SUS-16-036  
CMS-PAS-SUS-16-049

dedicated stop searches 
CMS-PAS-SUS-16-049  
CMS-PAS-SUS-16-052 

specialized searches 
CMS-PAS-SUS-16-048  
CMS-PAS-SUS-16-049  
CMS-PAS-SUS-16-052 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Stop-Pair Production

5

IN THIS TALK

TALK BY INDARA LATER TODAY
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ēt1

et1 e�+
1

t̄

e�0
1

e�0
1

W+

b

(c)

P1

P2

¯̃
t1

t̃1

b̄

f

f′

χ̃
0
1

χ̃
0
1

f′

f

b

(d)

P1

P2

¯̃
t1

t̃1

χ̃
−

1

W−∗

χ̃
+

1

W+∗

b̄
f

f′

χ̃
0
1

χ̃
0
1

f′

f
b

(e)

P1

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

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

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

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

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

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

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

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

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

decays are produced far off-shell.

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

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

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

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

1t(⇤) ec0
1, (b) “T2bW”: ! bec+

1 bec�
1 , (c) “T2tb”: ! tec0

1bec+
1 ,

(d) “T2ttC”: ! t⇤ ec0
1t⇤ ec0

1 ! bff̄0 ec0
1bff̄0 ec0

1,
(e) “T2bWC”: ! bec+

1 bec�
1 ! bW⇤+ ec0

1bW⇤� ec0
1, (f) “T2cc”: ! cec0
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An asterisk indicates the particle may be produced off-shell.
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Search for FCNC SUSY
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2 3 Event selection and Monte Carlo simulation

processes or anomalous noise in the calorimeter are rejected using dedicated filters [26, 27].44

For events with at least two jets, we start with the pair having the largest dijet invariant mass45

and iteratively cluster all selected jets using a hemisphere algorithm that minimizes the Lund46

distance measure [28, 29] until two stable pseudo-jets are obtained. The resulting pseudo-jets47

together with the ~pmiss
T are used to calculate the kinematic variable MT2 as:48

MT2 = min
~p miss

T
X(1)+~p miss

T
X(2)=~p miss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (1)

where ~pmiss
T

X(i) (i=1,2) are trial vectors obtained by decomposing ~pmiss
T , and M(i)

T are the trans-49

verse masses obtained by pairing any of these trial vectors with one of the two pseudojets. The50

minimization is performed over all trial momenta satisfying the ~pmiss
T constraint. The back-51

ground from QCD multijet events (discussed in Sec. 4) is characterized by small values of MT2,52

while larger MT2 values are obtained in processes with significant, genuine ~pmiss
T .53

Collision events are selected using triggers with requirements on HT, pmiss
T , Hmiss

T , and jet pT.54

The combined trigger efficiency, as measured in a data sample of events with an isolated elec-55

tron, is found to be >98% across the full kinematic range of the search. To suppress background56

from QCD multijet production, we require MT2 > 200 GeV in events with at least two jets and57

HT < 1500 GeV. This MT2 threshold is increased to 400 GeV for events with HT > 1500 GeV58

to maintain QCD multijet processes as a subdominant background in all search regions. To59

protect against jet mismeasurement, we require the minimum difference in azimuthal angle60

between the ~pmiss
T vector and each of the leading four jets, Dfmin, to be greater than 0.3, and61

the magnitude of the difference between ~pmiss
T and ~Hmiss

T to be less than half of pmiss
T . For the62

determination of Dfmin we consider jets with |h| < 4.7.63

Events containing at least two jets are categorized by the values of Nj, Nb, and HT. Each such64

bin is referred to as a topological region. Signal regions are defined by further dividing topo-65

logical regions into bins of MT2. Events with only one jet are selected if the pT of the jet is at66

least 250 GeV, and are classified according to the pT of this jet and whether the event contains67

a b-tagged jet. The search regions are summarized in Tables 5-7 in Appendix A. We also define68

super signal regions, covering a subset of the kinematic space of the full analysis with simpler in-69

clusive selections. The super signal regions can be used to obtain approximate interpretations70

of our result, as discussed in Section 5, where these regions are defined.71

Monte Carlo (MC) simulations are used to design the search, to aid in the estimation of SM72

backgrounds, and to evaluate the sensitivity to gluino and squark pair production in simplified73

models of SUSY. The main background and control samples, as well as signal samples of gluino74

and squark pair production, are generated with the MADGRAPH 5 generator [30] interfaced75

with PYTHIA 8.2 [31] for fragmentation and parton showering. Standard model samples are76

processed using the same chain of reconstruction programs as collision data, while the CMS77

fast simulation program [32] is used for the signal samples. The most precise available cross78

section calculations are used to normalize the simulated samples, corresponding most often to79

next-to-leading order (NLO) and next-to-NLO accuracy [33–39].80

To improve on the MADGRAPH modeling of the multiplicity of additional jets from initial state81

radiation (ISR), MADGRAPH tt MC events are weighted based on the number of ISR jets (NISR
j )82

so as to make the jet multiplicity agree with data. The same reweighting procedure is applied to83

SUSY MC events. The weighting factors vary between 0.92 and 0.51 for NISR
j between 1 and 6.84

We take one half of the deviation from unity as the systematic uncertainty in these reweighting85
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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.

MET

MT2

signal

multijet  
bkg

13

in which bottom (top) squarks are produced in pairs, with each decaying to a bottom (charm)
quark and an invisible massive particle.
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Figure 4: Yields in the signal regions targeting the non-compressed (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 two signal models are also shown. The lower panels
show the ratio of data over total background prediction in each signal region.

The 95% confidence level (CL) upper limits on SUSY production cross sections are calculated
using a modified frequentist approach with the CLS criterion [50–52] and asymptotic results for
the test statistic [53].

The 49 signal bins in E miss
T , HT, mCT, b- or c-tagged jet multiplicities, and selected SV, are used

as statistically independent channels in the limit calculation, and the correlations between all
the systematic uncertainties in different bins are taken into account.

The dominant systematic uncertainties on the signal yield predictions are accounted for as fol-
lows: the luminosity determination (2.6%), the signal acceptance and efficiency arising from the
jet energy corrections (5%); renormalization and factorization scale (5%); ISR recoil (5%–20%);
trigger efficiency (2%); b- and c-tagging efficiency (5%–30%); and selected SV efficiency (14–

❖ search with two c-tagged jets

✦ 2 jets (pT > 30 GeV) from cc + MET

✦ dominant bkgs: Z→νν, W+Jets, tt, single t

✦ strategy: search for shape difference in  
combination of variables (MET, HT, Nc-jets, …)

✦ 23 search categories for FCNC model  

❖ inclusive search with the MT2 variable (for more details see Myriam’s talk)

✦  

✦ MT2 provides great sig-bkg discriminator

✦ require ≥2 light flavor jets and significant HT

✦ dominant bkgs: Z→νν, W+Jets, tt, QCD multijet

14 6 Conclusion

50%). The statistical uncertainty, which is calculated point by point, varies from a few percent
to 100% and is not correlated with signal systematic uncertainties. While the uncertainties on
the b- and c-tagged jet and lepton efficiency corrections in simulation are correlated between
different processes and search bins, the uncertainties on transfer factors are treated as fully
uncorrelated. For the signal, all systematic uncertainties are correlated between the different
search regions.

Figure 5 right plot shows the expected and observed 95% confidence level upper limits on the
bottom squark cross sections in the (meb, mLSP) plane. The cross section is determined at NLO
in the strong coupling constant and includes the resummation of soft gluon emission at the
accuracy of next-to-leading-log (NLL) level [54–58]. The one standard deviation experimental
(theoretical) uncertainty is shown around the expected (observed) exclusion curve. The theo-
retical error is based on changing the renormalization and factorization scales by a factor of two
to illustrate the sensitivity of the exclusion to the signal cross section uncertainty. For small LSP
masses, the expected limit excludes bottom squark masses below 1225 GeV at 95% confidence
level.

Figure 5 right plot shows the expected and observed 95% confidence level upper limits on the
top squark cross sections in the (met, mLSP) plane. Top squarks with masses below 525 GeV are
excluded if the mass splitting between a top squark and an LSP is close to 10 GeV.
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Figure 5: The 95% CL limits on the cross section, assuming 100% BR for the decay of the top
squark shown in the legend (left). The combined 95% CL exclusion limits for top squark pair
production assuming 100% branching fraction to the decayet ! cec0

1. The mass limits are shown
as a black line for the observed limit and as a red line for the expected limit.

To facilitate re-interpretation, the covariance matrices for the background estimates in the com-
pressed and non-compressed search regions are provided and given in Appendix A.

6 Conclusion

A search for pair production of bottom and top squarks is reported, based on a data sample of
pp collisions collected with the CMS detector at

p
s = 13 TeV in 2016, corresponding to an inte-

grated luminosity of 36 fb�1. Final states with two, three, and four jets, two of which originate
from b or c quarks, and significant E miss

T have been analyzed. The search has been performed
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Figure 4: Test of the background prediction strategy in the low-Emiss
T validation sample for

the low Dm (left) and high Dm (right) selections. The ratio of the observed data to the SM
prediction derived from control regions is shown in the ratio plots. The shaded blue band
represents the statistical uncertainty and systematic uncertainty resulting from the top and
W tagging correction factors on the background prediction.

Table 3: Summary of the validation region selections.
Region Selection Emiss

T [ GeV ]
0 Nb = 0, NSV = 0, pT(ISR) > 500 GeV, 2  Nj  5 250�400
1 Nb = 0, NSV = 0, pT(ISR) > 500 GeV, Nj � 6 250�400
2 Nb = 0, NSV � 1, pT(ISR) > 500 GeV, 2  Nj  5 250�400
3 Nb = 0, NSV � 1, pT(ISR) > 500 GeV, Nj � 6 250�400
4 Nb = 1, NSV = 0, 300 < pT(ISR) < 500 GeV, pT(b) < 40 GeV 250�300
5 Nb = 1, NSV = 0, 300 < pT(ISR) < 500 GeV, 40 < pT(b) < 70 GeV 250�300
6 Nb = 1, NSV = 0, pT(ISR) > 500 GeV, pT(b) < 40 GeV 250�400
7 Nb = 1, NSV = 0, pT(ISR) > 500 GeV, 40 < pT(b) < 70 GeV 250�400
8 Nb = 1, NSV � 1, pT(b) < 40 GeV 250�300
9 Nb � 2, 300 < pT(ISR) < 500 GeV, pT(b12) < 80 GeV 250�300
10 Nb � 2, 300 < pT(ISR) < 500 GeV, 80 < pT(b12) < 140 GeV 250�300
11 Nb � 2, 300 < pT(ISR) < 500 GeV, pT(b12) > 140 GeV, Nj � 7 250�300
12 Nb � 2, pT(ISR) > 500 GeV, pT(b12) < 80 GeV 250�400
13 Nb � 2, pT(ISR) > 500 GeV, 80 < pT(b12) < 140 GeV 250�400
14 Nb � 2, pT(ISR) > 500 GeV, pT(b12) > 140 GeV, Nj � 7 250�400
15 Nb = 1, mT(b1,2, Emiss

T ) < 175 GeV, Nj � 7, Nres � 1 200�250
16 Nb � 2, mT(b1,2, Emiss

T ) < 175 GeV, Nj � 7, Nres � 1 200�250
17 Nb = 1, Nj � 7, Nt = 0, Nres = 0, NW = 0 200�250
18 Nb � 2, Nj � 7, Nt = 0, Nres = 0, NW = 0 200�250
19 Nb = 1, Nt � 1, Nres = 0, NW = 0 200�450
20 Nb = 1, Nt = 0, Nres � 1, NW = 0 200�250
21 Nb = 1, Nt � 1, Nres = 0, NW � 1 200�450
22 Nb = 1, Nt = 0, Nres � 1, NW � 1 200�250
23 Nb � 2, Nt = 1, Nres = 0, NW = 0 200�450
24 Nb � 2, Nt = 0, Nres = 1, NW = 0 200�250
25 Nb � 2, Nt = 0, Nres = 0, NW = 1 200�250
26 Nb � 2, Nt = 1, Nres = 0, NW = 1 200�450
27 Nb � 2, Nt = 0, Nres = 1, NW = 1 200�250
28 Nb � 2, Nt = 1, Nres = 1, NW = 0 200�250
29 Nb � 2, Nt � 2, Nres = 0, NW = 0, mT(b1,2, Emiss

T ) < 175 GeV or Emiss
T < 250 GeV >200

30 Nb � 2, Nt = 0, Nres � 2, NW = 0, mT(b1,2, Emiss
T ) < 175 GeV 200�250

31 Nb � 2, Nt = 0, Nres = 0, NW � 2, mT(b1,2, Emiss
T ) < 175 GeV 200�250

7 Systematic uncertainties

The background estimation strategy relies heavily on translating event counts from data control
regions to the search regions with the use of transfer factors obtained from simulation. These
transfer factors, as well as the signal predictions, are thus sensitive to a variety of systematic
uncertainties related to the modeling of the experiment, particle kinematics, or to theoretical
sources. We discuss below those sources which we consider and summarize their effect on the
predictions in Table 4.

❖ hadronic final states for multiple decay modes of the stop pair 

✦ covering the broad range of parameter space (from compressed to uncompressed)

❖ for compressed region with 𝝙M < MW: select at least 2 jets with pT > 20 GeV 

✦ jets can be b-tagged but MT(b-jet) < Mt (reject any t or W candidate)

❖ require also one ISR jet (light flavor (udsg), pT > 200 GeV, back-to-back with MET)

❖ dominant background (data-driven estimation)

✦ if b’s are involved: „lost lepton“ (tt, W+Jets, tt+W, single t)
๏ leptonic decay, but lepton fails acceptance or is reconstructed as a jet

✦ if b’s are not involved: Z→νν (Z+Jets, tt+Z)

❖ 53 low-𝝙M regions for compressed spectra

✦ categorization in Nj, Nb, NSV, pT(ISR-jet), pT(b-jet), MET 

Inclusive Stop-Pair Production Search

7
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❖ the lower 𝝙M, the less energy is available in the  
compressed case to produce a jet

✦ jet-pT threshold at 20 GeV - will miss all the soft stuff

❖ in order to recover signal selection efficiency (and  
improve bkg rejection), deploy soft b-tagging algorithm  
in addition to „default“ b-tagged jets

✦ collect all secondary vertices (SV) in the event

✦ Inclusive Vertex Finder (IVF) algorithm based on impact paramater variables

✦ SV: select low pT tracks and no „default“ jet associated to it

❖ higher MET (in case of ISR boost) will more significantly displace b hadrons

❖ 20% selection efficiency at 3% mistag rate

3.9 Lepton selection 11

Jet
threshold

Figure 4: Generator-level b quark pT for three representative T2fbd signal model mass points
showing the large fraction of soft (pT < 20 GeV) b quarks which may be recovered by the soft
b-tagging.

3.9 Lepton selection280

There are two sets of selection criteria used in the analysis for electrons and muons. A set of281

veto criteria are used to efficiently reject events with an isolated electron or muon in the search282

region, while more stringent requirements are imposed in some control regions that require283

high purity samples of isolated leptons.284

Electron candidates are identified via a set of selection criteria established by the EGamma285

POG based on “Spring15” simulated samples in the 25ns bunch spacing scenario [16]. The cor-286

responding thresholds imposed on relevant variables are summarized in Table 3. The “Veto”287

working point is used to keep events with electrons out of the final search region. The “Medium”288

working point is used for the selection of leptonic control regions.289

Veto working point Medium working point
Barrel Endcap Barrel Endcap

sihih(full 5 ⇥ 5) < 0.0114 0.0352 0.0101 0.0283
|Dhin| < 0.0152 0.0113 0.0103 0.00733
|Dfin| < 0.216 0.237 0.0336 0.114
h
E < 0.181 0.116 0.0876 0.0678
1
E � 1

p < 0.207 0.174 0.0174 0.0898
|d0| < 0.0564 0.222 0.0118 0.0739
|dz| < 0.472 0.921 0.373 0.602
N(expected missing inner hits)  2 3 2 1
Conversion veto pass pass pass pass

Table 3: Electron identification requirements, defined separately for electrons in the ECAL bar-
rel (supercluster |h| < 1.479) and endcap (supercluster |h| � 1.479) regions. The tabulated
numbers for each working point are the thresholds applied to the corresponding quantities in
the first column.

The loose muon definition recommended by the Muon POG [17] is used for the purposes of290

the muon veto. A loose muon is identified as a PF muon and can be either a global muon or291

jet-pT  
threshold
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Figure 10: Exclusion limits at 95% CL for simplified models of top squark pair production in
the pureet1 ! bff̄0 ec0

1 (“T2ttC”) four-body decay scenario. The solid black curves represent the
observed exclusion contours with respect to NLO+NLL cross section calculations [57] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.
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Figure 11: Exclusion limits at 95% CL for simplified models of top squark pair production in
the pure et1 ! bec±

1 ! bff̄0 ec0
1 (“T2bWC”) decay scenario. The solid black curves represent the

observed exclusion contours with respect to NLO+NLL cross section calculations [57] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.
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8 Results and interpretation

The observed event counts in data and the SM background predictions are summarized in
Figs. 5 and 6, and Tables 5 and 6, for the low and high Dm categories, respectively. The ob-
served data are in general agreement with the predictions. The two search regions with the
most significant discrepancies correspond to the low Dm SR defined by the selection Nb � 2,
mT(b1,2, Emiss

T ) < 175 GeV, pT(ISR) > 500 GeV, pT(b12) < 80 GeV, Emiss
T > 650 GeV, and to

the high Dm SR defined by Nb = 1, mT(b1,2, Emiss
T ) > 175 GeV, Nt � 1, Nres = 0, NW � 1,

Emiss
T > 550 GeV. In these two search regions, the observed excess of data events above the

prediction corresponds to local significances of 2.3 and 1.9 standard deviations, respectively. In
both cases the deviation can be attributed to a statistical fluctuation of the data.
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Figure 5: Observed data events and SM background predictions for the low Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do
not include the effects of the maximum likelihood fit to the data. The ratio of observed data
to prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

The statistical interpretation of the results in terms of exclusion limits for the signal models
we consider is based on a binned likelihood fit to the observed data, which takes into account
the predicted background and signal yields in each SR. The extraction of exclusion limits is
based on a modified frequentist approach with the CLS criterion [84, 85] using the asymptotic
assumption for the test statistic [86, 87]. All SRs, as well as the corresponding CRs, are fit
simultaneously to determine the cross section we exclude at 95% confidence level (CL) for each
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8 Results and interpretation

The observed event counts in data and the SM background predictions are summarized in
Figs. 5 and 6, and Tables 5 and 6, for the low and high Dm categories, respectively. The ob-
served data are in general agreement with the predictions. The two search regions with the
most significant discrepancies correspond to the low Dm SR defined by the selection Nb � 2,
mT(b1,2, Emiss

T ) < 175 GeV, pT(ISR) > 500 GeV, pT(b12) < 80 GeV, Emiss
T > 650 GeV, and to

the high Dm SR defined by Nb = 1, mT(b1,2, Emiss
T ) > 175 GeV, Nt � 1, Nres = 0, NW � 1,

Emiss
T > 550 GeV. In these two search regions, the observed excess of data events above the

prediction corresponds to local significances of 2.3 and 1.9 standard deviations, respectively. In
both cases the deviation can be attributed to a statistical fluctuation of the data.
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Figure 5: Observed data events and SM background predictions for the low Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do
not include the effects of the maximum likelihood fit to the data. The ratio of observed data
to prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

The statistical interpretation of the results in terms of exclusion limits for the signal models
we consider is based on a binned likelihood fit to the observed data, which takes into account
the predicted background and signal yields in each SR. The extraction of exclusion limits is
based on a modified frequentist approach with the CLS criterion [84, 85] using the asymptotic
assumption for the test statistic [86, 87]. All SRs, as well as the corresponding CRs, are fit
simultaneously to determine the cross section we exclude at 95% confidence level (CL) for each



Search with 1 Soft Lepton
❖ dedicated search for stop-decay via W and b

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

❖ compressed means small 𝝙M: 

✦ signal leptons will be quite soft - hence, require pT < 30 GeV

✦ also, expect ISR jet with pT > 100 GeV

❖ expect MET > 200 GeV and HT > 300 GeV

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

✦ remaining background is dominated by W+Jets and tt

✦ estimate from simulation + normalization from control regions (lep-pT>30GeV)

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

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

✦ expect shape difference between signal and background in MT(l,MET) and MET 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for more details have a look at Mateusz’s poster!
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Figure 4: Limits at 95% CL for the four-body decay of the top squark in the m(et)–Dm(et, ec0
1)

plane. The colour shading corresponds to the observed limit on the cross section. The solid
(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 2: Distributions of (left) lepton pT and (right) mT after the preselection. Data are indi-
cated by dots. The background distributions from simulation are represented as filled, stacked
histograms, and the shapes for two example signal points as dashed lines. The error bars and
the dark, shaded bands indicate the statistical uncertainties of data and simulation, respec-
tively. The lower panels show the ratio of data to the sum of the SM backgrounds.

lection is applied by using the combined variable CT1 ⌘ min(pmiss
T , HT � 100 GeV). The choice171

of this variable is based on the correlation between pmiss
T and HT in both main backgrounds and172

signal. An interval in this combined variable carves an L-shaped region in the two-dimensional173

space of the corresponding two variables. The requirements on pmiss
T and HT from preselection,174

equivalent to CT1 > 200 GeV, are tightened to CT1 > 300 GeV in SR1.175

The second set of signal regions (SR2) mainly targets signals with higher mass splitting, where176

some of the b jets enter the acceptance. Therefore, the b-jet veto in the region 30 < pT(b-jet) <177

60 GeV is reversed, and at least one such jet is required. Events with one or more b-tagged178

jets with pT(b-jet) > 60 GeV are still rejected to reduce the tt background. The requirement on179

CT1 used in SR1 is replaced with a requirement on a variable CT2 ⌘ min(pmiss
T , pT(leading jet)�180

25 GeV) of CT2 > 300 GeV that is more effective in rejecting the remaining tt background181

enhanced by the reverted soft b-tag condition.182

For signal points at low Dm, mT is typically small, mainly due to the soft lepton pT spectrum.183

With increasing Dm, the average mT increases and eventually the distribution extends to values184

above m(W). To cover the full range of Dm values, each SR is therefore divided into three185

subregions, a–c, defined by mT < 60 GeV, 60 < mT < 95 GeV, and mT > 95 GeV, respectively. In186

addition, each subregion in SR1 (SR2) is divided into two by the value of CT1 (CT2 ) of 400 GeV.187

The letters X and Y are used to refer to the low and high CT1 and CT2 regions, respectively.188

4.1 Background estimation189

The following background contributions are estimated by using data: W+jets and tt production190

with a prompt lepton in the final state, which are the dominant components in most of the191

signal regions, and backgrounds due to nonprompt leptons from (Z ! nn)+jets and multijet192

production, as well as W+jets and tt events with a lost prompt lepton. Rare backgrounds with193

prompt leptons (other Z/g⇤ processes, diboson, single top quark production, and production194

of tt with an additional W, Z or g ) are predicted from simulation.195

The prompt W+jets and tt yields from simulation are normalized in control regions associated196
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• Focus%on%the%presence%of%Z*N>ℓℓ,%i.e.%production%modes%
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❖ soft leptons from off-shell bosons

✦ two (soft) leptons of opposite-sign same-flavor (Z) + Whadronic

❖ electroweakinos considered mixing of gauginos

✦ Higgsino spectrum expected to be compressed

✦ this search manages the connection between colored 
and electroweak natural SUSY

❖ μ(e) pT between 3.5 (5) and 35 GeV

✦ dedicated ID and trigger strategy

✦ MET ≥ 125 GeV possible in μμ case

❖ lepton aligned with MET in signal (MT(l,MET) < 70 GeV for EWK case)

❖ minimum M𝛕𝛕 against boosted Drell-Yan→𝛕𝛕 and b-jet veto against tt

❖ reject mis-identified leptons (e.g. from jets) is the key challenge

❖ shape difference in Mll (EWK scenario) or lep-pT (strong scenario) and MET

Soft Opposite-Sign Dilepton Search

11

LHCP	2017 M.	Peruzzi	-	SUSY	electroweak	searches	with	CMS

Soft	dilepton	search
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Results and Interpretations
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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 theet search. 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.
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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 theet search. 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.
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Figure 3: Left: Electroweakino search region for 125 < Emiss
T < 200 GeV (muon only channel)

for 33.2 fb�1; Middle: 200 < Emiss
T < 250 GeV (muon and electron channel) for 35.9 fb�1; Right:

Emiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;
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Electroweak Scenario - the „WZ Corridor“
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❖ chargino-neutralino production also probed in other  
analyses, namely the inclusive multilepton search

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

❖ significant loss in sensitivity at 𝝙M ~ MZ („WZ corridor“)

✦ signal has MZ available to produce W or Z boson

✦ hence, signal is very similar to SM WZ process

❖ but signal is a bit different

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

✦ in case of an ISR boost (high  
values of HT), MET and  
MT(lep3,MET) are larger for  
signal than for bkg due to 
the presence of the LSPs
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Results and Interpretation
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❖ finer granularity binning in 75 < Mll < 105 GeV  
region via additional HT bins (0-100-200-∞)
✦ limit improvement ~50 GeV along the WZ corridor

❖ quite impressive (combined) CMS exclusion in  
compressed scenarios for electroweak model
✦ for more details see Mia’s talk tomorrow

CMS-PAS-SUS-17-004
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PART II 
Decays via Higgs Bosons
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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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SUSY Analyses with Higgses at CMS

❖ electroweakino particles are mixing of gauginos

✦ typically expect Higgsino spectrum to be compressed

❖ two ways Higgs can occur in EWK SUSY

✦ Wino NLSP and Bino LSP - e.g. WH-signature

✦ GMSB scenario with Higgsino NLSP and Gravitino LSP

❖ today, discuss one GMSB analysis in detail: HH→4b signature

16
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Decay(chains
5

If%sleptons%are%too%heavy%to%participate

Signatures%covered%in%this%presentation:%%
• 3%or%4%ℓ%(including%τh)%+%ETmiss%![CMS4PAS4SUS4164039](

• Z→ℓℓ%+%jets%+%ETmiss%%[CMS4PAS4SUS4164034])%

• h→bb%+%1ℓ%+%ETmiss%[CMS4PAS4SUS4164043]%

• h→bb%+%h→bb%+%ETmiss%%[CMS4PAS4SUS4164044]

~!10 G~

!10
~!1±

~

!20
~

WZ/h Z/h/γ

(B)
~

(W)~ W/Z/h(in(the(decay(chain,(Δm(>(m(Z,W,h),(
hadronic(final(states(too(much(SM(like:%

Need%Leptonic%decays%(ℓ(e,μ)%and%τh)%or%
Higgs%boson%tagging
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4b + Missing Energy Search

❖ GMSB scenario, HH→bbbb + MET in final state 

❖ MET > 150 GeV and 4-5 jets with pT > 25 GeV

❖ veto additional leptons and tracks (reduces tt)

❖ veto light flavor jets aligned with missing energy (reduces QCD)

❖ categorize 3b and 4b events in bins of missing energy
✦ 2b category serve as control region for irreducible bkg

❖ irreducible bkg has 2 real b’s, but additional mis-tagged jets
✦ dominant process is single-lepton ttbar, also DY(inv) + jets

✦ lepton fails acceptance (fails selection or is not reconstructed)

❖ improved b-tagging algorithm using deep neural networks (DNN)
✦ +20% efficiency at 0.1% mistag rate

17
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DNN References:
❖ CMS Collaboration, “Heavy flavor identification at CMS with deep neural networks”, CMS Detector Performance Report CMS-DP-2017-005, CERN, 2017.
❖ D. Guest et al., “Jet Flavor Classification in High-Energy Physics with Deep Neural Networks”, Phys. Rev. D 94 (2016), no. 11, 112002, doi:10.1103/PhysRevD.94.112002

General(strategy
40

• Events%with%ETmiss%>%150%GeV%(trigger),%4%or%5%jets%(25%GeV)%
• Reject(jets(that(are(closely(aligned(with(ETmiss:((((((((((((((((((((((
reduce%QCD%bkg(

• No(leptons(and(no(isolated(tracks:(((((((((((((((((((((((((((((((((((
reduce%main%bkg,%single%lepton%(τh)%ttbar((

• Reconstruct%two%hN>bb%candidates:%
• Three(possible(h1h2(pairings(from(4(highest(b2tagging(
discriminator(jets(

• Select(pair(that(minimise(Δmh%=%mh1Nmh2%(Δm<(40(GeV)(and(
use(<m>([1002140](GeV(for(signal(extraction(

• ΔRmax=(max(ΔRh1,ΔRh2)(<(2.2(against(ttbar(

• Categories:%%
• 2b(tight),(3b(tight,(tight,(medium),(4b(tight,(tight,(medium,(loose)(

• 4(ETmiss(bins:(1502200230024502∞%

• Main%Residual%Backgrounds:(

ZN>vv%+%Jets%(10%)%Single%lepton%(τh)%ttbar%(85%)

CMS-PAS-SUS-16-044

https://cds.cern.ch/record/2255736?ln=en
http://dx.doi.org/10.1103/PhysRevD.94.112002


4b + Missing Energy Search - Results

❖ strategy

✦ reconstruct two H→bb candidates from 4 jets with highets b-tag score (3 pairs of candidates)

✦ select the pair of H candidates that minimizes 𝝙mH = mH1-mH2

✦ use <m> for signal extraction (uncorrelated with number of b-tags)

✦ data-driven ABCD method: use shape in 2b control region to predict shape in 3b and 4b regions

❖ exclusion between 230 and 770GeV in GMSB model
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Summary and Outlook
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❖ excellent performance of LHC in 2016 provided CMS with enough data to search for new 
physics in yet unprobed regions of phase space

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

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

✦ soft b-tagging recovers signal efficiency below jet-pT threshold

✦ dedicated and trigger strategy for opposite-sign lepton pairs allows going down to 3.5 GeV in momentum

❖ challenging new physics in decays with Higgs bosons
✦ remember, we found this one only 5 years ago!

❖ no hint for new physics observed, large regions of parameter 
space were excluded

❖ work to cover even more topologies and probe even larger  
regions of parameter space

✦ as particle physicists like to say: stay tuned!

LHCP	2017 M.	Peruzzi	-	SUSY	electroweak	searches	with	CMS

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

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

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

• Constraining	Higgsino	production	models	

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

Private extrapolations by L. Shchutska, shown at Moriond EW



Check out other CMS SUSY Contributions!

❖ Myriam Schönenberger: Searches for supersymmetry via strong production in fully hadronic 
final states at CMS (Thursday 15:00)

❖ Christian Schomakers: Searches for supersymmetry via strong production in events with one 
or more leptons at CMS (Thursday 15:30)

❖ Indara Silva: Searches for production of third generation squarks at CMS (Thursday 17:30)

❖ Miaoyuan Liu: Search for electroweak production of supersymmetry at CMS (Friday 14:45)

❖ Marc Weinberg: Search for supersymmetry in events with photons at CMS (Friday 15:15) 

❖ Mateusz Zarucki: Search for Supersymmetry with a Highly Compressed Mass Spectrum in 
the Single Soft Lepton Channel with the CMS Experiment at the LHC (Poster)

❖ me: Search for EWK Production of SUSY in Final States with Multiple Leptons at the CMS 
Experiment at the CERN LHC (Poster)
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End
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The CMS Detector
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❖ excellent muon system, tracking and EM energy resolution give good particle identification

✦ ideally suited for search for new physics in final states with little hadronic activity (as for EWK SUSY)


