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! Only higgsinos enter Higgs mass at tree level 

• Classic naturalness arguments require light gluinos, stops, higgsinos
• Gluinos and stops with largest cross section, strong exclusion exist
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SlideManuel Franco Sevilla Search for SUSY in bbbb+MET

Baseline selection

ΔRmax, angle between b-tags, takes 
advantage of tt typical configuration

14

L = 35.9 fb�1 Other Single t QCD V+jets tt̄+X SM Bkg. TChiHH(225,1) TChiHH(400,1) TChiHH(700,1)

No selection – – – – – – 10479.4 1080.5 84.0
0`, 4-5 jets – – – – – – 4349.8 538.2 44.2
N

b,T

� 2 – – – – – – 2473.5 302.8 23.7
Emiss

T > 150, trigger e�ciency 117.0 1752.9 13201.4 2267.1 25391.7 42730.1±778.4 452.0 195.6 19.8
Track veto 87.5 1071.9 12251.8 1897.1 16021.8 31330.2±770.4 422.0 187.4 19.4
��

1,2 > 0.5,��
3,4 > 0.3 59.8 654.1 1649.0 1403.0 11400.1 15166.0±482.5 240.0 156.4 17.1

|�m| < 40 34.4 347.6 831.9 713.5 7280.1 9207.5±440.8 174.7 116.1 11.8
�R

max

< 2.2 13.7 131.4 147.0 323.4 2854.4 3469.9±90.1 88.4 78.4 9.8

HIG: 100 < hmi  140

HIG 3.7 40.3 14.0 72.5 941.5 1071.9±9.8 65.4 59.8 8.0
3b + 4b 0.1 3.3 3.2 6.8 103.4 116.8±3.9 49.3 45.1 6.1
4b 0.1 0.7 3.2 1.5 25.8 31.3±3.4 32.7 31.4 4.4
Emiss

T > 200 0.1 0.3 3.2 1.1 9.2 13.8±3.3 14.3 25.9 4.2
Emiss

T > 300 0.0 0.1 0.0 0.4 1.1 1.7±0.2 2.3 11.6 3.4
Emiss

T > 450 0.0 0.0 0.0 0.1 0.1 0.1±0.1 0.1 1.1 1.9

SBD: hmi < 100 or 140 < hmi  200

SBD 9.8 88.6 122.0 243.0 1892.6 2356.0±89.3 22.4 17.9 1.5
3b + 4b 0.5 9.0 11.1 19.9 203.6 244.2±8.0 14.3 11.5 1.0
4b 0.1 1.4 4.9 3.8 47.2 57.3±4.0 7.7 6.1 0.6
Emiss

T > 200 0.1 0.6 0.3 1.9 17.0 19.9±0.8 2.5 5.0 0.6
Emiss

T > 300 0.0 0.1 0.0 0.7 1.9 2.7±0.3 0.1 2.1 0.5
Emiss

T > 450 0.0 0.0 0.0 0.1 0.1 0.3±0.1 0.0 0.2 0.2
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Gauge mediated symmetry breaking

HH → bbbb (SUS-16-044/arXiv:1709.04896)

H→γγ razor (SUS-16-045/arXiv:1709.00384)

Analyses covered here

3

Soft$opposite'sign$ℓ$+$ETmiss
4
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• Soft'lepton'requirement'reduce'bkg'up'to'100.000'

• New'trigger'
• 2$opposite'sign$muons,$M(μμ)<60$GeV,$ETmiss$

• offline$ETmiss$>$125$GeV,$μpT>5$GeV$

• Analysis'much'improved'wrt'RunI:'lower'ETmiss'and'm(ℓℓ)'bins'

• ISR'+'soft'opposite(sign'leptons'+'low'ETmiss'

• ICHEP'Result'('EWKinos

TChiWZ'SMS'
Only'Wino'cross'
section'at'ICHEP16

Neutralino-chargino (         ) pair production

Soft opposite-sign leptons (SUS-16-048)
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2 1 Introduction
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Figure 1: Diagram for the gauge-mediated symmetry breaking signal model, ec0
1 ec0

1 ! HHeGeG
(TChiHH), where eG is a goldstino. The NLSPs ec0

1 are not directly pair produced, but are instead
produced in the cascade decays of several different combinations of neutralinos and charginos,
as described in the text.

interactions, would escape experimental detection. Achieving sensitivity to scenarios in which
the higgsino sector is nearly mass degenerate and contains the LSP poses a significant experi-
mental challenge because the events are characterized by low-pT SM decay products and small
values of pmiss

T [33–35]. Searches based on signatures involving initial-state radiation (ISR) re-
coiling against the pair produced higgsinos have already excluded limited regions of phase
space for these scenarios [36–40]. However, achieving broad sensitivity based on this strategy
is expected to require the large data samples that will be accumulated by the HL-LHC [41].

An alternative scenario arises, however, if the lightest higgsino/neutralino is not the LSP, but
the next-to-lightest SUSY particle (NLSP) [42]. The LSP can be another particle that is generic
in SUSY models, the goldstino (eG). The goldstino is the Nambu–Goldstone particle associated
with the spontaneous breaking of global supersymmetry and is a fermion. In a broad range
of models in which SUSY breaking is mediated at a low scale, such as gauge-mediated super-
symmetry breaking (GMSB) models [43, 44], the goldstino is nearly massless on the scale of the
other particles and becomes the LSP. If SUSY is promoted to a local symmetry, as is required
for the full theory to include gravity, the goldstino is “eaten” by the SUSY partner of the gravi-
ton, the gravitino (J = 3/2), and provides two of its four degrees of freedom. In the region
of parameter space involving prompt decays to the gravitino, only the degrees of freedom as-
sociated with the goldstino have sufficiently large couplings to be relevant, so it is common
to denote the LSP in either case as a goldstino. In these GMSB models, the goldstino mass is
generically at the eV scale.

If the lighter neutralinos and charginos are dominated by their higgsino content and are thus
nearly mass degenerate, their cascade decays can all lead to the production of the lightest neu-
tralino, ec0

1 (now taken to be the NLSP), and soft particles. Integrating over the contributions
from various allowed combinations of produced charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 ,

ec±
1 ec⌥

1 ) therefore leads to an effective rate for ec0
1 ec0

1 production [45, 46] that is significantly larger
than that for any of the individual primary pairs, resulting in a boost to the experimental sensi-
tivity. The higgsino-like NLSP would then decay via ec0

1 ! geG, ec0
1 ! HeG, or ec0

1 ! ZeG, where
the goldstino can lead to large pmiss

T . The branching fractions for these decay modes vary de-
pending on a number of parameters including tan b, the ratio of the Higgs vacuum expectation
values, and the branching fraction for ec0

1 ! HeG can be substantial. As a consequence, the
signature HH+pmiss

T with H ! bb can provide sensitivity to the existence of a higgsino sector
in the important class of scenarios in which the LSP mass lies below the higgsino masses.

Results are interpreted in the simplified model framework [47–49] using the model shown

EWK Combination (SUS-17-004)

Includes extension of SUS-16-039 
to target WZ-topology

EWK Combination (SUS-17-004)

Combination with 2-lep OS and 
multilepton

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



GMSB: HH→bbbb

4

! Search for new physics in the HH+MET final state
! Sensitive to higgsinos in the context of GMSB 
! Utilise largest Higgs branching fraction to bb 

! Reconstruct two H→bb candidates in events with 4 or 5 jets, 0l, and 
MET > 150 GeV 

! Minimise mass difference Δm = |m(H1)-m(H2)|, calculate average 
mass ⟨m⟩ 
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interactions, would escape experimental detection. Achieving sensitivity to scenarios in which
the higgsino sector is nearly mass degenerate and contains the LSP poses a significant experi-
mental challenge because the events are characterized by low-pT SM decay products and small
values of pmiss

T [33–35]. Searches based on signatures involving initial-state radiation (ISR) re-
coiling against the pair produced higgsinos have already excluded limited regions of phase
space for these scenarios [36–40]. However, achieving broad sensitivity based on this strategy
is expected to require the large data samples that will be accumulated by the HL-LHC [41].

An alternative scenario arises, however, if the lightest higgsino/neutralino is not the LSP, but
the next-to-lightest SUSY particle (NLSP) [42]. The LSP can be another particle that is generic
in SUSY models, the goldstino (eG). The goldstino is the Nambu–Goldstone particle associated
with the spontaneous breaking of global supersymmetry and is a fermion. In a broad range
of models in which SUSY breaking is mediated at a low scale, such as gauge-mediated super-
symmetry breaking (GMSB) models [43, 44], the goldstino is nearly massless on the scale of the
other particles and becomes the LSP. If SUSY is promoted to a local symmetry, as is required
for the full theory to include gravity, the goldstino is “eaten” by the SUSY partner of the gravi-
ton, the gravitino (J = 3/2), and provides two of its four degrees of freedom. In the region
of parameter space involving prompt decays to the gravitino, only the degrees of freedom as-
sociated with the goldstino have sufficiently large couplings to be relevant, so it is common
to denote the LSP in either case as a goldstino. In these GMSB models, the goldstino mass is
generically at the eV scale.

If the lighter neutralinos and charginos are dominated by their higgsino content and are thus
nearly mass degenerate, their cascade decays can all lead to the production of the lightest neu-
tralino, ec0

1 (now taken to be the NLSP), and soft particles. Integrating over the contributions
from various allowed combinations of produced charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 ,

ec±
1 ec⌥

1 ) therefore leads to an effective rate for ec0
1 ec0

1 production [45, 46] that is significantly larger
than that for any of the individual primary pairs, resulting in a boost to the experimental sensi-
tivity. The higgsino-like NLSP would then decay via ec0

1 ! geG, ec0
1 ! HeG, or ec0

1 ! ZeG, where
the goldstino can lead to large pmiss

T . The branching fractions for these decay modes vary de-
pending on a number of parameters including tan b, the ratio of the Higgs vacuum expectation
values, and the branching fraction for ec0

1 ! HeG can be substantial. As a consequence, the
signature HH+pmiss

T with H ! bb can provide sensitivity to the existence of a higgsino sector
in the important class of scenarios in which the LSP mass lies below the higgsino masses.

Results are interpreted in the simplified model framework [47–49] using the model shown

Goldstinos 
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8 6 Background estimation

Table 1: Event yields obtained from simulated event samples scaled to an integrated luminosity
of 35.9 fb�1, as the event selection criteria are applied. The category “tt+X” is dominated by
tt (98.5%), but also includes small contributions from tttt, ttW, ttZ, ttH, and ttg backgrounds.
The category “V+jets” includes Z+jets and W+jets backgrounds in all their decay modes. The
category “Other” includes ZZ, WZ, WW, WH(! bb), and ZH(! bb) processes. The event
selection requirements listed above the horizontal line in the middle of the table are defined
as the baseline selection. The trigger efficiency is applied as an event weight and is first taken
into account in the pmiss

T > 150 GeV row. The uncertainties in the “Total SM bkg.” column is
statistical only. The columns corresponding to the yields for three signal benchmark points are
labeled by TChiHH(mec0

1
,meG), with mec0

1
and meG in units of GeV. The simulated samples for

TChiHH(225,1), TChiHH(400,1), and TChiHH(700,1) are equivalent to 10, 100, and over 1000
times the data sample, respectively, so the statistical uncertainties in the signal yields are small.

TChiHH TChiHH TChiHH
L = 35.9 fb�1 Other Single t QCD V+jets tt+X Total SM bkg. (225,1) (400,1) (700,1)

No selection — — — — — — 10477.0 1080.3 84.0
0`, 4–5 jets — — — — — — 4442.0 544.9 44.6
Nb,T � 2 — — — — — — 2509.3 308.9 23.9
pmiss

T > 150 GeV 122.3 1847.0 13201.4 2375.8 26797.7 44344.2± 778.5 509.5 204.2 20.4
Track veto 91.4 1130.1 12251.8 1987.0 16910.1 32370.5± 770.5 476.9 196.3 19.9
Df1,2 > 0.5, Df3,4 > 0.3 62.3 688.4 1649.0 1466.6 12027.0 15893.4± 482.6 267.2 162.3 17.5
|Dm| < 40 GeV 35.9 366.0 831.9 745.5 7682.3 9661.6± 440.8 191.8 119.4 12.2
DRmax < 2.2 14.2 138.2 147.0 336.9 3014.2 3650.5 ± 90.2 98.3 79.6 10.1

100 < hmi  140 GeV 3.8 42.3 14.0 75.2 992.0 1127.3 ± 10.1 72.9 61.0 8.3
3b + 4b 0.1 3.4 3.2 7.1 109.0 122.9 ± 3.9 54.9 46.5 6.3
4b 0.1 0.7 3.2 1.5 27.3 32.8 ± 3.4 38.1 32.8 4.6
pmiss

T > 200 GeV 0.1 0.3 3.2 1.1 9.4 14.1 ± 3.3 16.2 27.4 4.3
pmiss

T > 300 GeV 0.0 0.1 0.0 0.4 1.1 1.7 ± 0.2 2.0 11.5 3.5
pmiss

T > 450 GeV 0.0 0.0 0.0 0.1 0.1 0.1 ± 0.1 0.0 1.1 2.0

pmiss
T , Df, and Nb requirements.

As shown in Fig. 2, the pmiss
T distribution of the signal is highly dependent on the higgsino mass.

To further enhance the sensitivity of the analysis, we therefore subdivide the search region into
four pmiss

T bins: 150 < pmiss
T  200 GeV, 200 < pmiss

T  300 GeV, 300 < pmiss
T  450 GeV, and

pmiss
T > 450 GeV. The background estimation procedure described in Section 6 is then applied

separately in each of the four pmiss
T bins.

6 Background estimation
6.1 Method

The background estimation method is based on the observation that the hmi distribution is
approximately uncorrelated with the number of b tags. As shown in Fig. 3, the hmi shapes
for the three b tag categories agree within the statistical uncertainty in the simulated samples.
This behavior can be understood by noting that the background in all three b tag categories
is dominated by events containing only two b quarks, with the additional b-tagged jets in the
3b and 4b categories being mistagged light-flavor or gluon jets. The background simulation
indicates that only 20% (37%) of the events in the 3b ( 4b) selection have more than two b
quarks. As a result, the four jets used to construct hmi in the 3b and 4b categories arise largely
from the same fundamental processes as those with two b-tagged jets, and thus the shape of
the average mass distribution is independent of Nb for Nb � 2.

Taking advantage of this observation, we estimate the background contribution to each signal
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! Measure background ⟨m⟩ shape in 2b sample 
! Prediction for 3b and 4b samples normalized with ⟨m⟩ sidebands 
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Simple idea 

Use ⟨m⟩ shape in 2b to predict ⟨m⟩ shapes in 3b and 4b
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Figure 13: Comparison of the hmjji shape among the three b-tag categories.
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the shape of the average mass distribution is independent of Nb for Nb � 2.313

Taking advantage of this observation, we construct an ABCD method using hmjji and the b-tag
categories as illustrated in Fig. 15. Specifically, we define the HIG region as the events with
hmjji within the higgs mass window, 100 to 140 GeV, and the SBD region as the sum of all
events outside the mass window up to hmjji < 200 GeV. We then use the ratio of the yields in
the 2b HIG and SBD regions, together with the yield in the 3b (4b) SBD region to predict the
background rate in the 3b (4b) HIG region, independently for each Emiss

T bin, as follows:

µ
bkg
HIG,nb = NSBD,nb ⇥

✓
NHIG

NSBD

◆

2b
, (9)

The background prediction is unbiased in the limit that the two variables that define the ABCD
plane (in this case, the b-tag category and hmjji) are uncorrelated. The effect of any residual
correlation can be quantified with the double ratio k:

knb =

✓
NHIG

NSBD

◆

nb
/
✓

NHIG

NSBD

◆

2b
. (10)

2b 3b 4b
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The background prediction is unbiased in the limit that the two variables that define the ABCD
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As shown in Fig. 16, the k factors are close to unity for both the 3b and 4b ABCDs accross the302

full Emiss
T range, as expected when the two ABCD variables are uncorrelated or nearly so. Any303

potential signal contamination in the control regions is then accounted for by incorporating the304

constraints in Eqs. 9 and 10 into a fit that includes both signal and background components, as305

described in Section 6.2.306
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The method outlined in Section 6.1 is implemented with a likelihood function that incorporates308

the systematic uncertainties on the closure and corrects for for signal contamination in the309

control regions.310
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Figure 5: Comparison of the distributions of hmi in data and simulation in the single-lepton
control sample (left) and in the dilepton control sample (right), where in both cases we have in-
tegrated over pmiss

T . The overall yields in simulation have been normalized to those observed in
data. The gray shading indicates the statistical uncertainty in the total simulated background.
The last bin includes overflow.

is also removed to further improve the statistical power of the control sample. Since the lep-
ton provides a way to trigger on events with lower pmiss

T , we add two additional pmiss
T bins,

pmiss
T < 75 GeV and 75 < pmiss

T  150 GeV, allowing us to study the pmiss
T dependence of the

closure in a wider range. In this control region, tt production accounts for over 90% of the
events, except for the two highest pmiss

T bins, where the total contribution of single top quark
and V+jets production can be as high as ⇠25%. Figure 5 (left) shows the comparison of the hmi
shapes between the data and the simulation.

As described in Section 6, since the 3b and 4b categories are dominated by events with two
true B hadrons and one or two additional mistagged jets, similar jet topologies contribute to
all b tag categories and thus the hmi distributions of the reconstructed b tag categories con-
verge. We validate this assertion in the single-lepton control sample by examining the value
of the k factors. Figure 6 shows the overall closure of the method across bins of pmiss

T , both in
the simulation and in data. We observe agreement within the statistical uncertainties, with k
values being consistent with unity across the full pmiss

T range for both data and simulation. This
observation is also confirmed with larger statistical precision by repeating the test in a more
inclusive sample obtained by removing the DRmax requirement.

An overall uncertainty in the validity of the method in tt-like events is assigned based on the
larger of the nonclosure and the statistical uncertainty in the closure test in data performed
after integrating over the full pmiss

T range. The results, shown to the right of the solid line in
Fig. 6, correspond to an uncertainty of 3% and 6% in the 3b and 4b bins, respectively.

7.2 Dilepton Z+jets control sample

As shown in Table 1, the second-largest background is Z+jets, with the Z boson decaying via
Z ! nn. Similarly to the tt case, we can validate the background estimation method for Z+jets
events by constructing a closure test in a representative data control sample rich in Z ! `+`�

decays. However, given the small branching fraction of Z ! `+`� decays and the large tt
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Figure 5: Comparison of the distributions of hmi in data and simulation in the single-lepton
control sample (left) and in the dilepton control sample (right), where in both cases we have in-
tegrated over pmiss

T . The overall yields in simulation have been normalized to those observed in
data. The gray shading indicates the statistical uncertainty in the total simulated background.
The last bin includes overflow.

is also removed to further improve the statistical power of the control sample. Since the lep-
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T , we add two additional pmiss
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T  150 GeV, allowing us to study the pmiss
T dependence of the

closure in a wider range. In this control region, tt production accounts for over 90% of the
events, except for the two highest pmiss

T bins, where the total contribution of single top quark
and V+jets production can be as high as ⇠25%. Figure 5 (left) shows the comparison of the hmi
shapes between the data and the simulation.

As described in Section 6, since the 3b and 4b categories are dominated by events with two
true B hadrons and one or two additional mistagged jets, similar jet topologies contribute to
all b tag categories and thus the hmi distributions of the reconstructed b tag categories con-
verge. We validate this assertion in the single-lepton control sample by examining the value
of the k factors. Figure 6 shows the overall closure of the method across bins of pmiss

T , both in
the simulation and in data. We observe agreement within the statistical uncertainties, with k
values being consistent with unity across the full pmiss

T range for both data and simulation. This
observation is also confirmed with larger statistical precision by repeating the test in a more
inclusive sample obtained by removing the DRmax requirement.

An overall uncertainty in the validity of the method in tt-like events is assigned based on the
larger of the nonclosure and the statistical uncertainty in the closure test in data performed
after integrating over the full pmiss

T range. The results, shown to the right of the solid line in
Fig. 6, correspond to an uncertainty of 3% and 6% in the 3b and 4b bins, respectively.
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As shown in Table 1, the second-largest background is Z+jets, with the Z boson decaying via
Z ! nn. Similarly to the tt case, we can validate the background estimation method for Z+jets
events by constructing a closure test in a representative data control sample rich in Z ! `+`�

decays. However, given the small branching fraction of Z ! `+`� decays and the large tt
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Figure 6: Comparison of the k values found in the single-lepton control sample, for data and
simulated events, for the 3b/2b and 4b/2b ABCD tests in each pmiss

T bin as well as after inte-
grating over pmiss

T (labeled as “Inclusive”).

contamination associated with a high-Nb selection, we validate the method by constructing
ABCD tests at lower b tag requirements, namely 1b/0b and 2b/1b.

The Z ! `+`� control sample is constructed in a similar manner to the search region. Events
with 4 or 5 jets are selected, and the reconstruction of a pair of Higgs bosons proceeds as de-
scribed in Section 4. We require two opposite-charge same-flavor signal leptons in the Z boson
mass window, 80 < m(`+`�)  100 GeV, with the pT of the leading and subleading lepton re-
quired to be greater than 40 and 20 GeV, respectively. We remove the lepton and isolated track
vetoes and, since the dilepton selection makes the contamination from QCD multijet events
negligible, we remove the Df requirement. Since we do not expect genuine pmiss

T in Z ! `+`�

events, we additionally require pmiss
T < 50 GeV, which reduces the contamination from other

processes from 20% to 10%.

We divide the sample in bins of pT(`+`�), ensuring kinematic correspondence with the Z ! nn
decays present in the various pmiss

T bins employed in the search region. Similarly to the single-
lepton sample, the presence of leptons allows us to extend the closure test to lower values of
pT(`+`�). Figure 5 (right) shows both the high purity of the sample and the excellent data-to-
simulation agreement in the hmi shape.

The validity of the extrapolation of the method to a sample consisting of lower b tag multiplic-
ities is supported by the observation that all jets in Z+jets events come from ISR, and thus their
kinematic properties are largely independent of the flavor content of the event. This expecta-
tion is confirmed in data by examining the overall closure of the method in bins of pT(`+`�) as
seen in Fig. 7, where the values of k found in the simulation and data are compared to unity.

Since we do not observe that the closure of the method has any dependence on pT(`+`�), we
proceed to combine all the pT(`+`�) bins into one bin to the right of the solid brown line and
repeat the closure test with improved statistical precision. The 1b/0b test shown in Fig. 7 shows
a statistically significant nonclosure of 11%, which may be due to higher order effects beyond
the precision of this search. A similar 2b/1b test shows good closure but with a higher statistical
uncertainty of 19%. We assign the larger uncertainty of 19% as the systematic uncertainty
in the closure of the background estimate method for Z+jets events. The robustness of this
result is further corroborated by similar checks in a more inclusive selection without the DRmax
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requirement.

7.3 Low Df QCD multijet control sample

Finally, to examine the validity of the ABCD method for QCD multijet events, we define a
control region enriched with such events by inverting the Df requirement. The high b tag
multiplicity region of this control sample has a limited event yield and high tt contamination.
To overcome these limitations, we exploit the fact that QCD multijet events, like Z+jets events,
have similar kinematic properties regardless of their flavor content. We thus check the hmi-Nb
independence in lower b tag multiplicity regions by constructing the 1b/0b and 2b/1b ABCD
tests. We observe agreement between the data and the simulation with a maximum deviation
of k from unity equal to 13%, which we assign as the systematic uncertainty in the closure of
the background estimation method for QCD multijet events.

7.4 Impact of the background composition

Having evaluated the closure of the method for each individual background, we proceed to
study the impact of mismodeling the relative abundance of the different background sources.

Since the hmi shape varies among background types, as shown for tt and Z+jets in Fig. 5,
significant differences in the process admixture in the 2b category with respect to the 3b or
4b category will result in hmi-Nb correlation and lead to the nonclosure of the method. From
simulation, the background composition is expected to be independent of the b tag category.
The validity of this prediction relies on the ability of the simulation to model the shape of the b
tag category and pmiss

T distributions equally well for each background contribution.

From comparisons in the respective control samples, we indeed observe that the Nb distri-
bution for each of tt, Z+jets, and QCD multijet production is similarly well modeled by the
simulation. The pmiss

T distribution in simulation is found to overestimate the data for large val-
ues of pmiss

T for tt and Z+jets events, while the opposite is observed for QCD multijet events. To
provide an estimate of the impact of mismodeling the background composition, we reweight
the simulation based on the data-to-simulation comparisons and then calculate the k factors
with the reweighted simulation, assigning 100% of the shift with respect to the nominal values
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DeepCSV performance in MC

 Performance curves obtained by determining the efficiency and 
misidentification probability for various cuts on the discriminator 
distribution

 DeepCSV performs better than CSVv2

CMS DP-2017/005
BTV-16-002

Improvements in algorithms…: HH→bbbb
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! Signal regions: 3b/4b xMET[150,200,300,450,Inf] 
! First users of DNN-based b-tagging using ~same inputs as previous standard (and 

successors already on the way)
! These are the kind of object improvements that help surpassing luminosity scaling of limits

! Exclude GMSB Higgsinos between 225 and 770 GeV 
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• Categorize to maximize signal-to-bkg discrimination

• SUSY signals exhibit 
large Higgs pT and 
often produce an 
additional Higgs or 
Z particles 

• The high resolution 
category generically 
enhances Higgs 
over non-resonant 
background

Event categories are 
exclusive (no overlaps)

GMSB: H→γγ razor
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2 1 Introduction

p

p χ̃
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χ̃
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G̃
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H

Figure 1: Diagram for the gauge-mediated symmetry breaking signal model, ec0
1 ec0

1 ! HHeGeG
(TChiHH), where eG is a goldstino. The NLSPs ec0

1 are not directly pair produced, but are instead
produced in the cascade decays of several different combinations of neutralinos and charginos,
as described in the text.

interactions, would escape experimental detection. Achieving sensitivity to scenarios in which
the higgsino sector is nearly mass degenerate and contains the LSP poses a significant experi-
mental challenge because the events are characterized by low-pT SM decay products and small
values of pmiss

T [33–35]. Searches based on signatures involving initial-state radiation (ISR) re-
coiling against the pair produced higgsinos have already excluded limited regions of phase
space for these scenarios [36–40]. However, achieving broad sensitivity based on this strategy
is expected to require the large data samples that will be accumulated by the HL-LHC [41].

An alternative scenario arises, however, if the lightest higgsino/neutralino is not the LSP, but
the next-to-lightest SUSY particle (NLSP) [42]. The LSP can be another particle that is generic
in SUSY models, the goldstino (eG). The goldstino is the Nambu–Goldstone particle associated
with the spontaneous breaking of global supersymmetry and is a fermion. In a broad range
of models in which SUSY breaking is mediated at a low scale, such as gauge-mediated super-
symmetry breaking (GMSB) models [43, 44], the goldstino is nearly massless on the scale of the
other particles and becomes the LSP. If SUSY is promoted to a local symmetry, as is required
for the full theory to include gravity, the goldstino is “eaten” by the SUSY partner of the gravi-
ton, the gravitino (J = 3/2), and provides two of its four degrees of freedom. In the region
of parameter space involving prompt decays to the gravitino, only the degrees of freedom as-
sociated with the goldstino have sufficiently large couplings to be relevant, so it is common
to denote the LSP in either case as a goldstino. In these GMSB models, the goldstino mass is
generically at the eV scale.

If the lighter neutralinos and charginos are dominated by their higgsino content and are thus
nearly mass degenerate, their cascade decays can all lead to the production of the lightest neu-
tralino, ec0

1 (now taken to be the NLSP), and soft particles. Integrating over the contributions
from various allowed combinations of produced charginos and neutralinos (ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 ,

ec±
1 ec⌥

1 ) therefore leads to an effective rate for ec0
1 ec0

1 production [45, 46] that is significantly larger
than that for any of the individual primary pairs, resulting in a boost to the experimental sensi-
tivity. The higgsino-like NLSP would then decay via ec0

1 ! geG, ec0
1 ! HeG, or ec0

1 ! ZeG, where
the goldstino can lead to large pmiss

T . The branching fractions for these decay modes vary de-
pending on a number of parameters including tan b, the ratio of the Higgs vacuum expectation
values, and the branching fraction for ec0

1 ! HeG can be substantial. As a consequence, the
signature HH+pmiss

T with H ! bb can provide sensitivity to the existence of a higgsino sector
in the important class of scenarios in which the LSP mass lies below the higgsino masses.

Results are interpreted in the simplified model framework [47–49] using the model shown

Goldstinos 
(negligible mass)

! Require 2 photons in barrel 
region, in Higgs mass window 
(103-160 GeV)

! Require 1 pt>30 GeV jet for 
razor variable computation 

! Categorize events to maximise 
signal-to-background 
discrimination

Vinay’s talk for details
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Figure 14: The 95% CL upper limits on the production cross sections as a function of mec0
1

for the
model of ec0

1 ec0
1 production with three choices of B(ec0

1 ! HeG): (top) 0%, yielding the ZZ topol-
ogy, (middle) 100%, yielding the HH topology, and (bottom) 50%, yielding the ZH mixed topol-
ogy. The solid black line represents the observed exclusion. The dashed black line represents
the expected exclusion, while the green and yellow bands indicate the ±1 and 2 standard de-
viation (s) uncertainties in the expected limit. The red lines shows the theoretical cross section
with its uncertainty. The other lines in each plot show the observed exclusion for individual
analyses.
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to-lightest SUSY particles (NLSPs) and an effectively massless gravitino (eG) as the LSP [41–43].
All of ec±

1 , ec0
2, and ec0

1 are assumed to be nearly degenerate in mass, such that in the production
of any two of these, ec±

1 or ec0
2 decay immediately to ec0

1 and soft particles that do not impact the
analysis, effectively yielding pair production of ec0

1 ec0
1. The ec0

1 then decays to eG and either a Z or
H boson, and we consider varying branching fractions from 100% decay into Z to 100% decay
into H including intermediate values. The possible decays in this model are shown in Fig. 2.

The production cross sections for the GMSB scenario are computed at NLO plus next-to-leading-
log (NLL) precision [44, 45] in a limit of mass-degenerate higgsino states ec±

1 , ec0
2, and ec0

1, with
all the other sparticles assumed to be heavy and decoupled. Following the convention of real
mixing matrices and signed neutralino masses [46], we set the sign of the mass of ec0

1 (ec0
2) to

+1 (�1). The lightest two neutralino states are defined as symmetric (anti-symmetric) combi-
nations of higgsino states by setting the product of the elements Ni3 and Ni4 of the neutralino
mixing matrix N to +0.5 (�0.5) for i = 1 (2). The elements U12 and V12 of the chargino mixing
matrices U and V are set to 1.
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Cross section calculations to next-to-leading order (NLO) plus next-to-leading-logarithm (NLL)
accuracy [44, 45, 47–49] in perturbative quantum chromodynamics (QCD) are used to normal-
ize the signal samples for the results presented in Sections 6 and 7. In this section, we present
cross section calculations to NLO accuracy [44] to demonstrate the dependence of these values
on assumptions made in decoupling other SUSY particles. The same qualitative conclusions
also hold for the NLO+NLL calculations used in the final results.

Figure 3 shows the NLO cross section for ec±
1 ec0

2 production at
p

s = 13 TeV assuming mass-
degenerate wino ec±

1 and ec0
2. The various curves show different assumptions on the masses of
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also hold for the NLO+NLL calculations used in the final results.
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to-lightest SUSY particles (NLSPs) and an effectively massless gravitino (eG) as the LSP [41–43].
All of ec±

1 , ec0
2, and ec0

1 are assumed to be nearly degenerate in mass, such that in the production
of any two of these, ec±

1 or ec0
2 decay immediately to ec0

1 and soft particles that do not impact the
analysis, effectively yielding pair production of ec0

1 ec0
1. The ec0

1 then decays to eG and either a Z or
H boson, and we consider varying branching fractions from 100% decay into Z to 100% decay
into H including intermediate values. The possible decays in this model are shown in Fig. 2.

The production cross sections for the GMSB scenario are computed at NLO plus next-to-leading-
log (NLL) precision [44, 45] in a limit of mass-degenerate higgsino states ec±

1 , ec0
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1, with
all the other sparticles assumed to be heavy and decoupled. Following the convention of real
mixing matrices and signed neutralino masses [46], we set the sign of the mass of ec0

1 (ec0
2) to

+1 (�1). The lightest two neutralino states are defined as symmetric (anti-symmetric) combi-
nations of higgsino states by setting the product of the elements Ni3 and Ni4 of the neutralino
mixing matrix N to +0.5 (�0.5) for i = 1 (2). The elements U12 and V12 of the chargino mixing
matrices U and V are set to 1.
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nations of higgsino states by setting the product of the elements Ni3 and Ni4 of the neutralino
mixing matrix N to +0.5 (�0.5) for i = 1 (2). The elements U12 and V12 of the chargino mixing
matrices U and V are set to 1.
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Cross section calculations to next-to-leading order (NLO) plus next-to-leading-logarithm (NLL)
accuracy [44, 45, 47–49] in perturbative quantum chromodynamics (QCD) are used to normal-
ize the signal samples for the results presented in Sections 6 and 7. In this section, we present
cross section calculations to NLO accuracy [44] to demonstrate the dependence of these values
on assumptions made in decoupling other SUSY particles. The same qualitative conclusions
also hold for the NLO+NLL calculations used in the final results.

Figure 3 shows the NLO cross section for ec±
1 ec0

2 production at
p

s = 13 TeV assuming mass-
degenerate wino ec±

1 and ec0
2. The various curves show different assumptions on the masses of
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and the LSP.

to-lightest SUSY particles (NLSPs) and an effectively massless gravitino (eG) as the LSP [41–43].
All of ec±

1 , ec0
2, and ec0

1 are assumed to be nearly degenerate in mass, such that in the production
of any two of these, ec±

1 or ec0
2 decay immediately to ec0

1 and soft particles that do not impact the
analysis, effectively yielding pair production of ec0

1 ec0
1. The ec0

1 then decays to eG and either a Z or
H boson, and we consider varying branching fractions from 100% decay into Z to 100% decay
into H including intermediate values. The possible decays in this model are shown in Fig. 2.

The production cross sections for the GMSB scenario are computed at NLO plus next-to-leading-
log (NLL) precision [44, 45] in a limit of mass-degenerate higgsino states ec±

1 , ec0
2, and ec0

1, with
all the other sparticles assumed to be heavy and decoupled. Following the convention of real
mixing matrices and signed neutralino masses [46], we set the sign of the mass of ec0

1 (ec0
2) to

+1 (�1). The lightest two neutralino states are defined as symmetric (anti-symmetric) combi-
nations of higgsino states by setting the product of the elements Ni3 and Ni4 of the neutralino
mixing matrix N to +0.5 (�0.5) for i = 1 (2). The elements U12 and V12 of the chargino mixing
matrices U and V are set to 1.
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Cross section calculations to next-to-leading order (NLO) plus next-to-leading-logarithm (NLL)
accuracy [44, 45, 47–49] in perturbative quantum chromodynamics (QCD) are used to normal-
ize the signal samples for the results presented in Sections 6 and 7. In this section, we present
cross section calculations to NLO accuracy [44] to demonstrate the dependence of these values
on assumptions made in decoupling other SUSY particles. The same qualitative conclusions
also hold for the NLO+NLL calculations used in the final results.

Figure 3 shows the NLO cross section for ec±
1 ec0

2 production at
p

s = 13 TeV assuming mass-
degenerate wino ec±

1 and ec0
2. The various curves show different assumptions on the masses of
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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.

P1

P2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

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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Figure 17: Interpretation of the results in the t-dominated model with mass parameter x = 0.5
obtained with events of category B–F. The shading in this figure is as described in Fig. 14.

 (GeV)0
2
χ∼

=m±

1
χ∼

m
100 200 300 400 500 600

 (G
eV

)
0 1χ∼

m

0

100

200

300

-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
1
0χ∼

1
0χ∼ WZ→ 0

2
χ∼±

1
χ∼ →pp 

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

 (GeV)0
2
χ∼

 = m±

1
χ∼

m
150 200 250 300

 (G
eV

)
0 1χ∼

m

0

50

100

150

200

-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
1
0χ∼

1
0χ∼ WH→ 0

2
χ∼±

1
χ∼ →pp 

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

Figure 18: Interpretation of the results in the ec±
1 ec0

2 ! WZec0
1 ec0

1 (left) model obtained with
events of category A and the ec±

1 ec0
2 ! WHec0

1 ec0
1 (right) model obtained with events of all cat-

egories (SS dilepton, trilepton, and four-lepton). The shading in this figure is as described in
Fig. 14. The dashed grey line on the left plot corresponds to a mass difference between the ec±

1
and ec0

1 equal to the Z mass.

10 6 Search for three light leptons consistent with WZ production and pmiss
T

Search region

Ev
en

ts

-110

1

10

210

310

410
WZ-Corridor

Data
WZ(200/100)→±χ∼

0
χ∼

WZ(350/250)→±χ∼
0
χ∼

WZ
τ/µNonprompt e/

ZZ/H
Conversions
VVV

Xtt
Total bkg. unc.

 (13 TeV)-135.9 fbCMS Preliminary

Search region

01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57

D
at

a 
/ p

re
d.

0

1

2

3
Stat. bkg. unc. Total bkg. unc.

 (GeV)llM

 (GeV)TH

 (GeV)TM

< 
75

75 - 105

> 105

< 
20

0

> 
20

0

< 
10

0

10
0 

- 2
00

 > 200TH

< 
10

0

10
0 

- 1
60

> 
16

0

< 
10

0

10
0 

- 1
60

> 
16

0

< 
10

0

10
0 

- 1
60

> 
16

0,

< 
10

0

10
0 

- 1
60

 > 160llM
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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.

P1

P2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

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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Figure 9: The analysis with the best expected exclusion limit at each point in the plane of mec±
1

and mec0
1

for the models of ec±
1 ec0

2 production with (top) the WZ topology, (middle) the WH
topology, or (bottom) the mixed topology 50% branching fraction to each of WZ and WH.
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Figure 10: Exclusion contours at the 95% CL in the plane of mec±
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The decay modes assumed for each contour are given in the legends.
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EWK Combination (SUS-17-004)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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! Improving reconstruction and analysis techniques is key for probing beyond “early SUSY”
! Improved trigger for soft opposite-sign lepton search (muons down to 3.5 GeV) and DNN-b-

tagging for GMSB HH→bbbb search prominent examples
! No supersymmetric neutral Higgs boson partners found, yet, but putting everything in place to 

harvest Run 2 dataset to the fullest 
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Particle Flow (PF) approach
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Position, momentum 
of charged particles : 
e±, π±, μ±

Silicon Tracker Electromagnetic 
Calorimeter
Position & ID, energy 
of e±,γ, π0

Hadron Calorimeter

Energy of hadrons : 
p, n, π±, K ..

Position & momentum 
of μ±

Muon Chambers

2016/2017 upgrades
New pixel (next slide).                            HE(20°)/HF —>SiPM readout       
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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

!

!

Supersymmetry or Supercemetry? 

! No surprises with full 
2016 dataset

! But: Simplified Model 
Searches (SMS) trick 
the eye (e.g. typically 
assume 100% 
branching fraction in a 
particular channel + 
mass degeneracy)

! Focus on 
compressed/EW/
Higgs/VBF and usage 
of new tools
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Neutralino-chargino (        ) pair production 

18

! Multilepton analysis (see Leonora/Laurent) excludes a large part of phase space also in this model
! However: Not very sensitive in compressed region + WZ-corridor (m          
! Add HT binning to improve sensitivity in WZ-corridor (SUS-17-004)
! Soft opposite-sign leptons specifically tailored for compressed region

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.

P1

P2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

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

8 6 Search for three light leptons consistent with WZ production and pmiss
T
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Figure 4: Distributions of pmiss
T for two representative signal points in the WZ corridor as well

as the expected SM background for HT < 100 (left) and > 200 GeV (right). For larger values of
HT the shape difference between signal and background becomes more pronounced due to the
presence of the LSPs.

processes such as triboson production, ttW, and ttZ. The contribution of the nonprompt lepton
background is predicted using the “tight-to-loose” ratio method [79], which relies entirely on
data. External and internal photon conversions as well as rare SM processes are predicted from
simulation, and a dedicated data control region is used to constrain the normalization of the
conversion background.

The SM WZ background normalization is constrained in a data control region requiring 75 <
m`` < 105 GeV, MT < 100 GeV, 35 < pmiss

T < 100 GeV, and HT < 100 GeV. The fraction of
selected background events arising from SM WZ production in this region is approximately
86%. The validation of the pmiss

T and MT shape modeling is done using a data control sample
enriched in Wg events, with the remainder of events coming mainly from W+jets production.
A photon with pT > 40 GeV is required together with a lepton and pmiss

T > 50 GeV, correspond-
ing to a leptonic W boson decay. The minimum photon pT threshold ensures that the photon
does not arise from final-state radiation. The reasoning behind this selection is that the W bo-
son MT distribution in both Wg and W+jets events is found to be consistent with that of SM
WZ production. A systematic uncertainty is assigned to the signal region bins with high MT
and pmiss

T based on the statistical precision of this control region.

Distributions of key kinematic observables for the events entering the search regions are shown
in Fig. 5 with two representative signal mass points included. The comparison between ex-
pected and observed yields in the search regions is shown in Fig. 6 and Table 3. The inter-
pretation of the results in the WZ topology is presented in Fig. 7. Compared to Ref. [29], the
expected lower mass limit in the WZ corridor region has improved from around (mec0

2
, mec0

1
) =

(200, 100)GeV to around (225, 125)GeV, with a slightly larger improvement in the observed
limit. The expected limit contour for signal points with mec0

2
� mec0

1
> mZ has also improved by

as much as 25 GeV due to the new selections.

The event selections in Table 2 are used to replace the selections for category A in Ref. [29] in
the combination below with other analyses, when interpreting results in the models with either
100% or 50% branching fraction to the SUSY WZ topology.

HT>200 GeV

Soft$opposite'sign$ℓ$+$ETmiss
4

• ISR'can'lead'to'large'ETmiss'(mono(jet'like)'

• Soft'lepton'requirement'reduce'bkg'up'to'100.000'

• New'trigger'
• 2$opposite'sign$muons,$M(μμ)<60$GeV,$ETmiss$

• offline$ETmiss$>$125$GeV,$μpT>5$GeV$

• Analysis'much'improved'wrt'RunI:'lower'ETmiss'and'm(ℓℓ)'bins'

• ISR'+'soft'opposite(sign'leptons'+'low'ETmiss'

• ICHEP'Result'('EWKinos

TChiWZ'SMS'
Only'Wino'cross'
section'at'ICHEP16
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Figure 17: Interpretation of the results in the t-dominated model with mass parameter x = 0.5
obtained with events of category B–F. The shading in this figure is as described in Fig. 14.
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Figure 18: Interpretation of the results in the ec±
1 ec0

2 ! WZec0
1 ec0

1 (left) model obtained with
events of category A and the ec±

1 ec0
2 ! WHec0

1 ec0
1 (right) model obtained with events of all cat-

egories (SS dilepton, trilepton, and four-lepton). The shading in this figure is as described in
Fig. 14. The dashed grey line on the left plot corresponds to a mass difference between the ec±

1
and ec0

1 equal to the Z mass.


