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内容
• イントロダクション
• Moriondまとめ
• イベント超過についてのおさらい
• まとめ
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標準理論と新物理の可能性
• 標準理論は高い精度で検証が行われており、今のところ有意なズレは見つ
かっていない。
• 標準理論には暗黒物質を説明する粒子は存在しない。 
• 階層性問題 
• 3-4 σ程度のズレはあり、新物理による可能性もある。
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• AMS-02の結果は~1TeV程度のダー
クマターを示唆
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超対称性
• Fermionとbosonの間の対称性

• スピンが1/2ずれたSM粒子のパートナーを導入 

• 階層性問題はFermionとbosonのループ補正のより解決される

• 安定な中性SUSY粒子がダークマターの候補

• Gauge couplingが1016GeVで統一される
• SMではそうならない
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超対称性理論
• 超対称性理論

• 標準模型の問題を解決する有力な理論の一つ
• 標準模型粒子に対応して、超対称性粒子の存在を予言

• Rパリティ保存を多くの場合仮定
• 超対称性粒子は対になってできる
• 最軽量超対称性粒子（LSP）は安定

• 加速器実験では消失運動量として観測
• 暗黒物質の良い候補

5典型的な超対称性粒子生成事象
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SUSY search

• 直接探索
• Energy frontierで生成されるSUSY粒子崩壊物の特徴的なパターンを探す。 

• 間接探索
• Intensity frontierでの探索 

• 低エネルギー現象を精密測定し、SMからのズレを探す。 
• 稀崩壊の探索
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SUSY search @ LHC
• 13 TeVでのデータ取得が2015年よりスタート

• 2016年では、安定したビームが供給され予定以上のデータを取得
• 2015 : 3 fb-1 
• 2015 + 2016 : 36 fb-1
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物理的背景 1 : エネルギー 
• エネルギーを8TeVから13(14)TeVにあげる 

11th Dec, 2014 フレーバー研究会 @ 浜名湖 21 

13TeVでの生成断面積 
8TeVの生成断面積 

• 13 TeVの2015+2016の結果が出てくるMoriondと夏のconferenceでの
発表が注目される。
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SUSY signature
• Squark/Gluino

• 0-lepton + jets 
• 1-lepton + jets 
• 2-lepton + jets 
• photon + jets 
• tau + jets 

• stop
• Electroweakino

• Long-lived
• Disappearing track 
• Displaced vertex 

• RPV
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• なぜSUSYがまだ見えていないか
• Squark/Gluinoが重い ?

• 感度を上げていく (統計、新たな変数、BGの推定方)

• 質量固有状態が縮退 ?
• 終状態に多くのtrackを要求しない解析 (e.g. ISR + 

ETmiss + …)

• RPVのためにETmissが小さい ?
• ETmissを要求しない探索

• まだ探索されていない終状態
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• LHCでは、squark/gluinoのcross sectionが大
きく、LHC解析ではメインのターゲット

•終状態のトポロジーによる複数の解析を行う。

• R-Parityが保存する場合は、SUSY粒子はペア
で生成し、複数のSM粒子と最終的には安定な
LSP (invisible)になる。

•大きなETmiss、複数のjet、レプトンのトポロ
ジーが基本的なsignatureとなる。

Squark/Gluino
• 強い相互作用で生成される

squark, gluinoはLHCでは特に
重要なターゲット

• 消失運動量を伴う様々な終
状態を包括的に探索

• 0-lepton+jets
• 1-lepton+jets
• 2-lepton+jets
• photon+jets
• tau+jets

7

重心系エネルギー13 TeVでの
生成断面積

1 fb
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Stop 1-lepton
• stop 1-lepton searchでは ǁ𝑡 → 𝑡χ10 SRで2.2σ
のexcess, DM SRでは3.3σのexcess（後
述）が出ており、新しい結果に期待

• その他の探索モードについては
20aK34-7 小野木より報告

13ATLAS-CONF-2016-050

• Naturalnessを信じるとstopは軽い(<1TeV)と
考えられる。

電弱ゲージーノ
•電弱ゲージーノは暗黒物質の候補となることか
ら、O(100 GeV)~O(1 TeV)にあると期待
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• Electroweak production
• LSPがダークマターならば<O(1 TeV)にある
と期待される。

• Gluino質量によらず探索可能
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• SUSY粒子が超寿命となるシナリオ
• 最も軽いチャージーノとニュートラリーノが縮退している
場合(両者が同粒子の場合 e.g. Wino LSP)

• スカラー質量が非常に大きい場合 (Split SUSY)
• Gravitino LSP, stau NLSP

• 信号
• 主崩壊点から離れた位置(O(mm) - O(10cm))から多数のト
ラックが現れる。
• Displaced vertex

• 荷電SUSY粒子が飛跡を検出器に残して途中でLSPに崩壊
• Disappearing track
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• R-Parityが保存しない場合は、ETmissは伴わないが、
非常に多くのjetが生成される特徴的な信号になる。

その他の超対称性粒子探索
• その他にもRパリティを破る崩壊過程の探索もRun2で行
われているが有意なexcessはない

• LSPによる消失運動量がない終状態
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Summary

 21

Presented eight new results using the full 13 TeV dataset collected so far

Large increase in sensitivity from the Run 1 results

But no significant deviation observed yet

Natural SUSY paradigm more and more under stress

Exploitation of the 13 TeV dataset has just started, can still hope for surprises

Search for long-lived charginos based on a disappearing-track signature in pp 
collisions at sqrt(s)=13TeV  with the ATLAS detector

Search for new phenomena in a lepton plus high jet multiplicity final state with 
the ATLAS experiment using sqrt(s)=13 TeV proton-proton collision data

Search for production of supersymmetric particles in final states with missing transverse 
momentum and multiple b-jets at sqrt(s)=13 TeV proton-proton collisions with the 
ATLAS detector

ATLAS-CONF-2017-017

Search for squarks and gluinos in final states with jets and missing transverse momentum 
using 36 fb−1 of sqrt(s)=13 TeV pp collision data with the ATLAS detector

Search for direct top squark pair production in events with a Higgs or Z boson, and missing 
transverse momentum in sqrt(s)=13 TeV pp collisions with the ATLAS detector

Search for a Scalar Partner of the Top Quark in the Jets+ETmiss 
Final State at sqrt(s)=13 TeV with the ATLAS detector

ATLAS-CONF-2017-020

ATLAS-CONF-2017-019

ATLAS-CONF-2017-022

ATLAS-CONF-2017-013

ATLAS-CONF-2017-021

A search for pair-produced resonances in four-jet final states at sqrt(s)=13 TeV 
with the ATLAS detector

ATLAS-CONF-2017-025

Search for long-lived, massive particles in events with displaced vertices and missing 
transverse momentum in 13 TeV pp collisions with the ATLAS detector

ATLAS-CONF-2017-026

ATLAS Moriondの発表
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Disappearing track

0 lepton

0/1 lepton + b-jets

stop all hadronic

stop → Higgs, Z

RPV 1 lepton

stop RPV

Displaced vertex
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Full Set of SUSY Searches

4

Moriond Electro-weak

Moriond QCD

Jets 1-lep

2-lep

multi-lep

Photons
• MHT SUS-16-33

• MT2 SUS-16-36

• ↵T SUS-16-38

• Stop Production SUS-16-49

• Search for b̃, t̃ with bb or cc SUS-16-32

• Higgsino Search with H ! bb SUS-16-44

1

• Summed Jet Mass SUS-16-37

1

• Stop Search SUS-17-001

• Same-sign Leptons SUS-16-35

• Soft opposite-sign Leptons SUS-16-48

1

• Multilepton Search for EWKinos SUS-16-39

1

• SUSY Search with Photon and EM HT SUS-16-47

1

1-lep

2-lep

multi-lep

• SUSY Search with Photon and Missing ET SUS-16-46

1

• SUSY Search with �� SUS-16-42

• Stop Search with 1-lepton SUS-16-51

1

• Opposite-sign Edge Z SUS-16-34

1

DRAGNET:17 SEARCHES 
covering a variety of SUSY Phase 

Space
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• Stop Production SUS-16-49

• Search for b̃, t̃ with bb or cc SUS-16-32

• Higgsino Search with H ! bb SUS-16-44

1

• Multi-leptons with b-jets SUS-16-041

1

• Razor Variables and H ! �� SUS-16-045

1

Rishi Patel Moriond 2017  

CMS Public SUSY results
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CMS Moriondの発表
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0-lepton + 2-6 jets + ETmiss
• 解析に用いる変数

• 従来のMeff : 24個のSR 

• Recursive Jigsaw Reconstruction (RJR)
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Figure 10: Observed me↵(incl.) distributions for the (a) Me↵-2j-2100, (b) Me↵-2j-2800, (c) Me↵-4j-1000, (d) Me↵-
4j-2200, (e) Me↵-6j-2600 and (f) Me↵-2jB-2400 signal regions, after applying all selection requirements except
those on the plotted variable. The histograms denote the MC background expectations prior to the fits described in
the text, normalized to cross-section times integrated luminosity. The last bin includes the overflow. The hatched
(red) error bands denote the combined experimental and MC statistical uncertainties.The arrows indicate the values
at which the requirements on me↵(incl.) are applied. Expected distributions for benchmark signal model points,
normalized to NLO+NLL cross-section (Section 3) times integrated luminosity, are also shown for comparison
(masses in GeV).
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Figure 10: Observed me↵(incl.) distributions for the (a) Me↵-2j-2100, (b) Me↵-2j-2800, (c) Me↵-4j-1000, (d) Me↵-
4j-2200, (e) Me↵-6j-2600 and (f) Me↵-2jB-2400 signal regions, after applying all selection requirements except
those on the plotted variable. The histograms denote the MC background expectations prior to the fits described in
the text, normalized to cross-section times integrated luminosity. The last bin includes the overflow. The hatched
(red) error bands denote the combined experimental and MC statistical uncertainties.The arrows indicate the values
at which the requirements on me↵(incl.) are applied. Expected distributions for benchmark signal model points,
normalized to NLO+NLL cross-section (Section 3) times integrated luminosity, are also shown for comparison
(masses in GeV).
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Figure 10: Observed me↵(incl.) distributions for the (a) Me↵-2j-2100, (b) Me↵-2j-2800, (c) Me↵-4j-1000, (d) Me↵-
4j-2200, (e) Me↵-6j-2600 and (f) Me↵-2jB-2400 signal regions, after applying all selection requirements except
those on the plotted variable. The histograms denote the MC background expectations prior to the fits described in
the text, normalized to cross-section times integrated luminosity. The last bin includes the overflow. The hatched
(red) error bands denote the combined experimental and MC statistical uncertainties.The arrows indicate the values
at which the requirements on me↵(incl.) are applied. Expected distributions for benchmark signal model points,
normalized to NLO+NLL cross-section (Section 3) times integrated luminosity, are also shown for comparison
(masses in GeV).
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Figure 11: Observed H PP

T 2,1 distributions for the (a) RJR-S1a and (b) RJR-S3a signal regions, H PP
T 4,1 distributions

for the (c) RJR-G1 and (d) RJR-G3 signal regions, and p CM
TS distributions for the (e) RJR-C2 and (f) RJR-C4 signal

regions, after applying all selection requirements except those on the plotted variable. The histograms denote the
MC background expectations prior to the fits described in the text, normalized to cross-section times integrated
luminosity. The last bin includes the overflow. The hatched (red) error bands denote the combined experimental
and MC statistical uncertainties.The arrows indicate the values at which the requirements on the plotted variable
are applied. When two arrows are shown, these correspond to the looser SR variation ‘a’ and the tighter variation
‘b’. Expected distributions for benchmark signal model points, normalized to NLO+NLL cross-section (Section 3)
times integrated luminosity, are also shown for comparison (masses in GeV).
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Figure 11: Observed H PP

T 2,1 distributions for the (a) RJR-S1a and (b) RJR-S3a signal regions, H PP
T 4,1 distributions

for the (c) RJR-G1 and (d) RJR-G3 signal regions, and p CM
TS distributions for the (e) RJR-C2 and (f) RJR-C4 signal

regions, after applying all selection requirements except those on the plotted variable. The histograms denote the
MC background expectations prior to the fits described in the text, normalized to cross-section times integrated
luminosity. The last bin includes the overflow. The hatched (red) error bands denote the combined experimental
and MC statistical uncertainties.The arrows indicate the values at which the requirements on the plotted variable
are applied. When two arrows are shown, these correspond to the looser SR variation ‘a’ and the tighter variation
‘b’. Expected distributions for benchmark signal model points, normalized to NLO+NLL cross-section (Section 3)
times integrated luminosity, are also shown for comparison (masses in GeV).
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search, indicated by the prefix ‘Me↵’. The first block of SRs targets Fig. 1 (a), the second block of SRs targets
Fig. 1 (d). The third and fourth blocks of SRs targets Fig. 1 (b) and (e). Each SR is labelled with the inclusive jet
multiplicity considered (‘2j’, ‘3j’ etc.) together with the degree of background rejection. The latter is denoted by
the value corresponding to the me↵ cut. The Emiss

T /me↵(Nj) cut in any Nj-jet channel uses a value of me↵ constructed
from only the leading Nj jets (me↵(Nj)). However, the final me↵(incl.) selection, which is used to define the signal
regions, includes all jets with pT > 50 GeV. Large-radius re-clustered jets are denoted as Large-R j.
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
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Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 17: Exclusion limits for inclusive squark-gluino productions in pMSSM models with (a) m�̃0
1
= 0 GeV, (b)

m�̃0
1
= 695 GeV and (c) m�̃0

1
= 995 GeV varying values of mg̃ and mq̃ assuming purely bino �̃0

1. Exclusion limits
are obtained by using the signal region with the best expected sensitivity at each point. The blue dashed lines show
the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions due to experimental and
background-only theoretical uncertainties. Observed limits are indicated by medium dark (maroon) curves where
the solid contour represents the nominal limit, and the dotted lines are obtained by varying the signal cross-section
by the renormalization and factorization scale and PDF uncertainties. Results (a,b) are compared with the observed
limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse momentum [17].
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,
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and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
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of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
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1, as
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of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
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of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
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1, as
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions

35

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
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of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
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1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.

 [GeV]q~m
400 600 800 1000 1200 1400 1600 1800

 [G
eV

]
0 1
χ∼

m

0

200

400

600

800

1000

1200

1400

0
1χ∼

 < m
q~m

)=100%0
1
χ∼ q → q~(B production, q~q~

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets

MEff or RJR (Best Expected)
All limits at 95% CL.

)c~,s~,d~,u~ (
R

q~+
L

q~

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
Exp. limits MEff
Exp. limits RJR

, 13 TeV)-10L obs. limit (3.2 fb

(a)

 [GeV]g~m
500 1000 1500 2000 2500

 [G
eV

]
0 1
χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

0
1χ∼

 < 
m

g~m

)=100%0
1
χ∼ qq → g~(B production, g~g~

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets

MEff or RJR (Best Expected)
All limits at 95% CL.

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
Exp. limits MEff
Exp. limits RJR

, 13 TeV)-10L obs. limit (3.2 fb

(b)

Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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1, as
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small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
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(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
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with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].
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グルイーノ→ top or bottom を探索

排他的な信号領域を設定
→ コンバインして質量の下限を見積もる

or sbottom are assumed to be o�-shell in order to have simplified models with only two parameters: the
gluino and �̃0

1 masses2. All other sparticles are decoupled.

Two simplified models are used to optimise the event selection in addition to interpreting the results. In
the Gbb (Gtt) model, illustrated in Figure 1(a) (1(b)), each gluino undergoes an e�ective three-body decay
g̃ ! bb̄ �̃0

1 (g̃ ! tt̄ �̃0
1) via o�-shell sbottom (stop) quarks, with a branching ratio of 100%. The Gbb

model is the simplest in terms of object multiplicity, resulting in the minimal common features of four
b-jets and two �̃0

1. In addition to these objects, the Gtt model produces four W bosons originating from the
top quark decays: t ! W b. The presence of these four W bosons motivates the design of signal regions
with a higher jet multiplicity than for Gbb models, and in some cases with at least one isolated electron or
muon.

g̃

g̃
p

p

�̃0
1

b

b

�̃0
1

b

b

(a) (b)

Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

This note includes a novel interpretation that probes the sensitivity of the search as a function of the gluino
branching ratio, in addition to the gluino and �̃0

1 masses. For that interpretation a third gluino decay
is considered: g̃ ! tb �̃±1 (via the o�-shell stop decay t̃1 ! b �̃±1 ). The �̃±1 is then forced to decay as
�̃±1 ! W ⇤ �̃0

1 ! f f̄ 0 �̃0
1 (where f stands for a fermion). To keep the numbers of model parameters at only

two, the mass di�erence between the �̃±1 and the �̃0
1 is fixed to 2 GeV. Such a small mass splitting between

the �̃±1 and the �̃0
1 is typical of models where the �̃0

1 is Higgsino-like (see e.g. Ref. [27]), which are well
motivated by naturalness. Consequently, the products of the decay W ⇤ ! f f̄ 0 are typically too soft to
be detected, except for very large mass di�erences between the gluino and the �̃±1 . Thus, in this model,
the gluino can decay as either g̃ ! bb̄ �̃0

1, g̃ ! tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0
1) or g̃ ! tt̄ �̃0

1, with the sum
of individual branching ratios adding up to 100%. This model probes more realistic scenarios where the
branching ratio to either g̃ ! bb̄ �̃0

1 or g̃ ! tt̄ �̃0
1 is not 100%, and where one, two or three top quarks, and

thus on-shell W bosons, are possible in the final state, in-between the Gbb (no top quarks) and Gtt (four
top quarks) decay topologies. The decay topologies that are considered in the variable branching ratio
model are illustrated in Figure 2. The model also includes the Gbb and Gtt decay topologies illustrated in
Figure 1. A limited set of 10 mass points are generated for this variable branching ratio model with mg̃

varying from 1.5 TeV to 2.3 TeV and m �̃0
1

varying from 1 GeV to 1 TeV.

The technical implementation of the simulated samples produced from these models is described in
Section 4.

2 Models with on-shell sbottom and stop were studied in Run 1 [26] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except when the stop is very light.
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Figure 8: Results of the likelihood fit extrapolated to the SRs for (a) the cut-and-count and (b) multi-bin analyses.
The data in the SRs are not included in the fit. The upper panel shows the observed number of events and the
predicted background yield. All uncertainties defined in Section 8 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄h and tt̄tt̄ events. The lower panel shows the pulls in each SR.
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(a) (b)

(c) (d)

Figure 2: The additional decay topologies of the varying gluino branching ratio model in addition to the ones of
Figure 1. The fermions originating from the �̃±1 decay are typically soft because the mass di�erence between the
�̃±1 and the �̃0

1 is fixed to 2 GeV.

3 ATLAS detector

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists
of silicon pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a
transition radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before the start
of Run 2, the new innermost pixel layer, the Insertable B-Layer (IBL) [28], was inserted at a mean sensor
radius of 3.3 cm. The ID is surrounded by a thin superconducting solenoid providing an axial 2 T magnetic
field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering |⌘ | < 3.2.
A steel/scintillator-tile calorimeter provides coverage for hadronic showers in the central pseudorapidity
range (|⌘ | < 1.7). The endcaps (1.5 < |⌘ | < 3.2) of the hadronic calorimeter are made of LAr active
layers with either copper or tungsten as the absorber material. The forward region (3.1 < |⌘ | < 4.9) is
instrumented with a LAr calorimeter for both EM and hadronic measurements. A muon spectrometer
with an air-core toroid magnet system surrounds the calorimeters. Three layers of high-precision tracking

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).

4

experimental systematic uncertainties in the signal are taken into account for this calculation. All the
regions of the multi-bin analysis are statistically combined to set model-dependent upper limits on the
Gbb, Gtt and variable branching ratio models.

The 95% CL observed and expected exclusion limits for the Gbb and Gtt models are shown in the LSP
and gluino mass plane in Figures 10(a) and 10(b), respectively. The ±1�SUSY

theory lines around the observed
limits are obtained by changing the SUSY cross-section by one standard deviation (±1�), as described in
Section 4. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. The increase
in integrated luminosity leads to an expected improvement of more than (200 GeV) 300 GeV in the gluino
mass sensitivity of the current search compared to the previous results [14], assuming massless LSPs in
the Gbb (Gtt) models. Gluinos with masses below 1.92 (1.97) TeV are excluded at 95% CL for neutralino
masses lower than 300 GeV in the Gbb (Gtt) model. The observed limit for the Gtt model at high gluino
mass is significantly weaker than the expected limits due to the mild excesses observed in the signal
regions SR-0L-HH and SR-1L-HI of the multi-bin fit analysis. The best exclusion limit on the LSP mass
is approximately 1.19 (1.20) TeV, which is reached for a gluino mass of approximately 1.68 (1.40) TeV
for Gtt and Gbb models, respectively.
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Figure 10: Exclusion limits in the �̃0
1 and g̃ mass plane for (a) the Gbb and (b) the Gtt models obtained in the

context of the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits,
respectively. The shaded bands around the expected limits show the impact of the experimental and background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainty. The 95% CL expected and observed limits from the
ATLAS search based on 2015 data [14] are also shown.

Limits are also set in the signal model described in Section 2 for which the branching ratios of the gluinos
to tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0

1), tt̄ �̃0
1, and bb̄ �̃0

1 are allowed to vary, with a unitarity constraint applied on the
sum of the three branching ratios. For a m( �̃0

1) = 1 GeV, all branching ratio configurations are excluded
at 95% CL for a gluino with a mass of 1.5 TeV, while no configuration is excluded for a hypothesis of
m(g̃) = 2.1 TeV, despite an expected exclusion at 95% CL for BR(g̃ ! tt̄ �̃0

1) > 75%. For an intermediate
gluino mass of 1.9 TeV, this analysis is expected to be sensitive to most of the configuration, except for
BR(g̃ ! tb �̃0

1) > 10%. Nevertheless, due to the mild excess observed in SR-0L-HH and SR-1L-HI, the
observed limits are looser and all configurations in which BR(g̃ ! tb �̃0

1) < 40% are excluded.
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.
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Figure 10: The 95% CL upper limits on the production cross sections for the (upper left)
T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T5qqqqVV, and (lower left)
T1tbtb simplified models, shown as a function of the gluino and LSP masses meg and mec0

1
. The

solid (black) curves show the observed exclusion contours assuming the NLO+NLL cross sec-
tions [59–63], with the corresponding ±1 standard deviation uncertainties [78]. The dashed
(red) curves present the expected limits with ±1 standard deviation experimental uncertain-
ties. (Lower right) The corresponding 95% NLO+NLL exclusion curves for the mixed models of
gluino decays to heavy squarks. For the T1tbtb model, the results are restricted to mec0

1
> 25 GeV

for the reason stated in the text.
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Aggregate search region binning
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Figure 8: The observed numbers of events and prefit SM background predictions in the 12
aggregate search regions, with fractional differences displayed in the lower panel. The hatching
indicates the total uncertainties in the background predictions. The numerical values are given
in Table B.6.

Table 3: Definition of the aggregate search regions.

Region Heavy flavor? Parton multiplicity Dm Njet Nb-jet HT [GeV] Hmiss
T [GeV]

1 No Low Small � 2 0 � 500 � 500
2 No Low Large � 3 0 � 1500 � 750
3 No Medium Small � 5 0 � 500 � 500
4 No Medium Large � 5 0 � 1500 � 750
5 No High All � 9 0 � 1500 � 750
6 Yes Low Small � 2 � 2 � 500 � 500
7 Yes Low Large � 3 � 1 � 750 � 750
8 Yes Medium Small � 5 � 3 � 500 � 500
9 Yes Medium Large � 5 � 2 � 1500 � 750
10 Yes High All � 9 � 3 � 750 � 750
11 et-like Small � 7 � 1 � 300 � 300
12 et-like Large � 5 � 1 � 750 � 750

SUS-16-033
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lepton to create a W-candidate
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• SUSY粒子の崩壊からの高pTのWを使う
• SUSYの場合はLSPとニュートリノがETmissとなる
ので、Δφ(W, l)はフラットになる

• W崩壊からのレプトンとETmissでSRを設定
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Dominant background is from W+jets 
and top-quark pair production

Estimated fully data-driven by deriving a scaling 
behaviour at lower jet multiplicities (5 to 7)

The b-jet multiplicity template for the top 
background is extracted from the 5-jet bin and 
evolved to the higher multiplicities by 
parametrising the b-jet emission probability

RPV 1l 8-12 jets

8

Search targeting final states with one lepton, high jet (8 to 12) and 
b-jets (up to 4) multiplicities, with no requirement on ETmiss

Interpreted in different RPV models with many top-quarks in the final state

8-10 jets, 6 b-jets 8 jets

PoissonstaircaseNjets+1/Njets

多数のジェット(8-12本)とレプトンを要求。
ETmissの要求はなし
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RPV 1l+8-12 jets

9

Analysis performed 
independently for three 
selections with jets with 
pT>40, 60, 80 GeV

Results are in agreement 
with the model 
prediction in all of the 
regions

gluinos hard to hide, 
even with RPV decays
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Figure 1: Diagrams of the four simplified signal benchmark models considered. The first three models involve pair
production of gluinos with each gluino decaying as (a) g̃ ! tt̄ �̃0

1 ! tt̄uds, (b) g̃ ! t̄ t̃ ! t̄ b̄s̄, (c) g̃ ! qq �̃0
1 !

qqqq`/⌫. The fourth model (d) involves pair production of top squarks with the decay t̃ ! t �̃0
1/2 or t̃ ! b �̃±1 and

with the LSP decays �̃0
1/2 ! tbs or �̃±1 ! bbs; the specific decay depends on the nature of the LSP. In all signal

scenarios, anti-squarks decay into the charge-conjugate final states of those indicated for the corresponding squarks,
and each gluino decays with equal probabilities into the given final state or its charge conjugate.

Monte Carlo simulation. In addition, the background estimation procedure is validated with simulated
events, and some of the systematic uncertainties are estimated using simulated samples. The samples used
are shown in Table 1 and more details on the generator configurations can be found in Refs. [38–41].

4 Object reconstruction

For a given event, primary vertex candidates are required to be consistent with the luminous region and to
have at least two associated tracks with pT > 400 MeV. The vertex with the largest

P
p2

T of the associated
tracks is chosen as the primary vertex of the event.
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1/2 ! tbs or �̃±1 ! bbs; the specific decay depends on the nature of the LSP. In all signal

scenarios, anti-squarks decay into the charge-conjugate final states of those indicated for the corresponding squarks,
and each gluino decays with equal probabilities into the given final state or its charge conjugate.

Monte Carlo simulation. In addition, the background estimation procedure is validated with simulated
events, and some of the systematic uncertainties are estimated using simulated samples. The samples used
are shown in Table 1 and more details on the generator configurations can be found in Refs. [38–41].

4 Object reconstruction

For a given event, primary vertex candidates are required to be consistent with the luminous region and to
have at least two associated tracks with pT > 400 MeV. The vertex with the largest

P
p2

T of the associated
tracks is chosen as the primary vertex of the event.
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Figure 8: The expected background and observed data in the di�erent jet and b-tag multiplicity bins for the 80 GeV
jet pT threshold. The background shown is estimated by including all bins in the fit. For the five, six and seven jet
slices the control regions used to estimate the W+jets and Z+jets normalization are also shown (labeled `�, `+, and
m``). An example signal for the g̃ ! tt̄ �̃0

1 ! tt̄uds model with mg̃ = 2000 GeV and m �̃0
1

= 500 GeV is also overlaid
(although its contribution is very small in most of the jet multiplicity slices shown). The bottom panels show the
ratio between the observed data and the background prediction, as well as the ratio between the prediction from MC
simulation and the estimated background. All uncertainties, which are correlated across the bins, are included in
the error bands (shaded regions).
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Figure 9: Observed and expected exclusion limits on the g̃ and �̃0
1 or t̃ masses in the context of the RPV SUSY

scenarios probed, with simplified mass spectra featuring g̃g̃ pair production with exclusive decay modes. The
contours of the band around the expected limit are the ±1� results, including all uncertainties except theoretical
uncertainties on the signal cross-section. The dotted lines around the observed limit illustrate the change in the
observed limit as the nominal signal cross-section is scaled up and down by the theoretical uncertainty. All limits
are computed at 95% CL. The diagonal lines indicate the kinematic limit for the decays in each specified scenario.

60 fb (84 fb expected), which is 6.5 (9.1 expected) times the SM cross-section for this process (taken to
be 9.2 fb).11

11 No uncertainty on the theoretical modelling of the four-top process is included when setting the cross-section limit, although
uncertainties related to the b-tagging, jet and lepton reconstruction are taken into account.
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Displaced vertex
• 超寿命新粒子の崩壊を探索 

• 内部飛跡検出器内のバーテックスからの複数のジェット 

• 専用のトラッキング (Large Radius Tracking)で効率を向上
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1 Introduction

The lack of explanation for the Dark Matter observed in the universe [1], the gauge hierarchy problem [2, 3],
and the lack of exact gauge coupling unification at high energies [4] all indicate that the Standard Model
(SM) is incomplete and needs to be extended. Many attractive extensions of the SM have been proposed,
but decades of searches have set severe constraints on the masses of promptly decaying particles predicted
by these models. Searches targeting the more challenging experimental signatures of new long-lived
particles (LLPs) have therefore become increasingly important and must be pursued at the Large Hadron
Collider (LHC).

A number of beyond-SM (BSM) models predict production of massive particles with lifetimes in the
picoseconds to nanoseconds range. These particles would then decay in the inner tracker volume of the
experiments at the LHC. The decay products of such particles often contain several electrically charged
particles, which can be reconstructed as tracks. If the LLP decays within the tracking volume but at a
discernible distance from the interaction point (IP) of the incoming beams, a displaced vertex can be
reconstructed by using dedicated tracking techniques.

There are various mechanisms by which particles obtain significant lifetimes in BSM theories. The
decays of such particles can be suppressed in so-called Hidden Valley models [5] where large barrier
potentials reduce the rate of kinematically allowed decays. Long-lived particles also appear in models
with small R-parity violating couplings in Supersymmetry (SUSY) [6, 7]. Finally, decays via a highly
virtual intermediate state also result in long lifetimes, as is the case for a simplified model inspired by Split
SUSY [8, 9] used as a benchmark model for the search presented here. In this model, the supersymmetric
partner of the gluon, the gluino (g̃), is kinematically accessible at LHC energies while the corresponding
partner particles of the quarks, the squarks (q̃), have masses that are many orders of magnitude larger.
Figure 1 shows pair-production of gluinos decaying to two quarks and the lightest supersymmetric particle
(LSP), assumed to be the lightest neutralino ( �̃0

1). The g̃ ! qq̄ �̃0
1 decay is suppressed as it proceeds via

a highly virtual squark. Depending on the scale of the squark mass, the gluino lifetime is picoseconds
or longer, which is above the hadronisation time scale. The long-lived gluino, transforming as a colour
octet, is expected to hadronise and form a bound colour singlet state with SM particles known as an
R-hadron [10]. The lifetime of the constituent gluino determines the location of the decay of the R-hadron
which can be detected as a displaced vertex.

This search utilises the ATLAS detector and attempts to reconstruct the decays of massive R-hadrons
as displaced vertices (DVs). The vertex reconstruction employed is sensitive to LLP decays occurring

g̃

g̃

q̃⇤

q̃⇤

p

p

q

�̃0
1

q

q

�̃0
1

q

Figure 1: Diagram showing pair-production of gluinos decaying through g̃ ! qq̄ �̃0
1. In Split SUSY scenarios, the

gluinos are long-lived enough to hadronise to R-hadrons that can give rise to displaced vertices when they decay.
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Figure 2: Vertex reconstruction e�ciency as a function of its radial position RDV. The e�ciency is defined as
the probability for a true LLP decay to be matched with a reconstructed vertex fulfilling the base vertex selection
criteria, in events with a reconstructed primary vertex. The e�ciencies with and without the special LRT processing
are shown for one benchmark signal.
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Figure 3: Two-dimensional maps of the observed vertex density in regions vetoed by the material map, projected in
the (a) x-y plane and (b) R-z plane.
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Figure 3: Two-dimensional maps of the observed vertex density in regions vetoed by the material map, projected in
the (a) x-y plane and (b) R-z plane.
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物質量の多い位置をvetoし、BGを低減
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Displaced vertex
• バックグランド 

• ハドロン相互作用 
• 複数のバーテックスがマージされた場合 
• 物理BGはない 

• バックグランド予想 0.2 ± 0.2 

• 観測 : 0 event

23
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Table 2: The observed number of vertices for the control and validation regions are shown along with the background
expectations for the 32.7 fb�1of data. The last row shows the expected and observed signal region event yields.

Selection Sub-Region Estimated Observed
Event pre-selection
ntrk = 3, mDV > 10 GeV 3093

Event pre-selection
ntrk = 4, mDV > 10 GeV

���� 9 ± 2 9
��� 150 ± 60 177

Event pre-selection
ntrk � 5, mDV > 10 GeV

5-tracks 2.2 ± 2.8 1
6-tracks 0.6 ± 0.6 1
�7-tracks 1 ± 3 3

Total 4.2 ± 4.1 5

Full SR selection Total 0.02 ± 0.02 0

final SR yields are highlighted, with 0 events observed (0.02 ± 0.02 expected) in 32.7 fb�1of data from
2016.
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-1= 13 TeV, L = 32.7 fbs

Figure 6: The two-dimensional distribution of mDV and track multiplicity is shown for DVs in events that satisfy
all signal region event selection criteria. Drawn numbers correspond to the observations in data, while the colour-
representation shows an example distribution for an R-hadron signal with (mg̃ , m �̃0

1
, ⌧)=(1400 GeV, 100 GeV, 1 ns)

used as a benchmark in this search. The dashed line represents the boundary of the signal region requirements.

In the absence of a statistically significant excess in the data, exclusion limits are placed on R-hadron
models. These 95% confidence-level (CL) upper limits are calculated using the CLs prescription [69]
with the profile likelihood used as the test statistic, using the HistFitter [70] framework with pseudo-
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Figure 8: Expected and observed upper limits on the gluino mass are shown as a function of the gluino lifetime for
a fixed neutralino mass of 100 GeV. The shaded area indicates the region in which signal e�ciencies are estimated
by an extrapolation from lower masses.

8 Conclusions

A search for massive, long-lived particles giving rise to displaced multi-track vertices was performed with
32.7 fb�1 of pp collisions at

p
s = 13 TeV collected by the ATLAS experiment. The search presented is

sensitive to models predicting events with significant E

miss
T and at least one displaced vertex with five or

more tracks and a visible invariant mass greater than 10 GeV. With an expected background of 0.02±0.02
events, no events in the data sample were observed in the signal region. With results consistent with
the background-only hypothesis, exclusion limits are derived for models predicting the existence of such
particles, reaching roughly mg̃ = 2000 GeV to 2300 GeV for m �̃0

1
= 100 GeV and gluino lifetimes between

0.02 and 10 ns.
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Figure 1: Simulated pp! �̃+1 �̃�1 + jet event, with long-lived charginos. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the four pixel layers.

Two signal processes are studied in this paper. One search targets direct electroweak gaugino pair
production where the final state contains a disappearing track, a jet from initial state radiation, and Emiss

T .
The second search targets gluino pair production with a final state composed of a disappearing track, four
jets, and Emiss

T .

This paper is organised as follows. A brief overview of the ATLAS detector is given in Section 2. In
Section 3, the signal processes (electroweak pair-production of charginos and strong pair-production of
gluinos) are described. The data samples used in this analysis and the simulation model of the signal
processes are described in Section 4. The reconstruction algorithms and event selection are presented in
Section 5. The analysis method is discussed in Section 6. The systematic uncertainties are described in
Section 7. The results are presented in Section 8. Section 9 is devoted to conclusions.

2 The ATLAS detector

ATLAS [18] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around a collision point of the LHC.2 The inner tracking detector (ID) consists
of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5, surrounded
by a transition radiation tracker (TRT), which improves the momentum measurement and enhances
electron identification capabilities. The pixel detector spans the radius range from 3 to 12 cm, the strip
semiconductor tracker (SCT) from 30 to 52 cm, and the TRT from 56 to 108 cm. The pixel detector has
four barrel layers and three disks in the forward and backward directions. The barrel layers surround the
beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These layers are equipped with
pixel read-out elements with a pitch of 50 µm in the transverse direction. The pitch sizes in the longitudinal
direction are 250 µm for the first layer and 400 µm for the other layers. The innermost layer, the insertable
B-layer [19, 20], was added during the first long shutdown, and improves the reconstruction of short tracks

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of
the object of interest.
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Figure 2: Example diagrams of the benchmark signal processes used in this analysis. In the case of direct char-
gino/neutralino production (a), the signal signature consists of a long-lived chargino and initial state radiation. In
the case of the strong channel (b), each gluino decays to two quarks and a chargino or neutralino. A long-lived
chargino and multiple quarks, which are observed as jets, are the signatures of this signal.

(pT > 24–26 GeV) or muon (pT > 24–26 GeV). After applying basic data quality requirements, the data
sample corresponds to an integrated luminosity of 36.1 fb�1. The uncertainty in the combined 2015+2016
integrated luminosity is 3.2%. It is derived, following a methodology similar to that detailed in Ref. [23],
from a preliminary calibration of the luminosity scale using x-y beam-separation scans performed in
August 2015 and May 2016.

The simulated signal samples are generated assuming the minimal AMSB model [8, 9] with the ratio of
the Higgs vacuum expectation values at the electroweak scale set to tan � = 5, the sign of the higgsino
mass term set to be positive, and the universal scalar mass set to m0 = 5 TeV. The proper lifetime and
the mass of the chargino are scanned in the range from 10 ps to 10 ns and from 100 GeV to 700 GeV
respectively. For the strong production, samples are generated for gluino masses varying from 700 GeV
to 2200 GeV with LSP mass from 200 GeV to mg̃ � 100 GeV. The SUSY mass spectrum, the branching
ratios and decay widths are calculated using ISASUSY ver.7.80 [24]. The signal samples are generated
with up to two extra partons in the matrix element using MG5_aMC@NLO 2.3.3 [25] at leading order
(LO) interfaced to P����� 8.186 [26] for parton shower, hadronisation and SUSY particle decay. The
NNPDF2.3LO [27] parton distribution function (PDF) set is used. Renormalisation and factorisation
scales are determined by the default dynamic scale choice of MG5_aMC@NLO. The CKKW-L merging
scheme [28] is applied to combine tree-level matrix elements containing multiple partons with parton
showers. A scale parameter for merging is set to a quarter of the mass of the wino for the wino-pair
production or a quarter of the gluino mass for the strong production channel. The A14 [29] set of tuned
parameters with simultaneously optimised multiparton interaction (MPI) and parton shower (ISR, FSR)
parameters is used for underlying event together with the NNPDF2.3LO PDF set. Charginos are forced to
decay into a pion and a neutralino.

The cross sections of the electroweak production are calculated at the next-to-leading order (NLO) in
the strong coupling constant using P�������2 [30]. The cross sections of the strong production are
calculated in the same way as in the electroweak channel, adding the resummation of soft gluon emission
at next-to-leading-logarithmic accuracy (NLO+NLL) [31]. In both channels, an envelope of cross-section

5

Decay radius [mm]
0 200 400 600 800 1000

R
ec

on
st

ru
ct

io
n 

ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

= 0.2 ns)±

1
χ∼
τ= 400 GeV, ±

1
χ∼

m(EW prod., 
Fraction of chargino decays

] 
-1

Fr
ac

tio
n 

of
 c

ha
rg

in
o 

de
ca

ys
 [ 

m
m

0
0.2
0.4
0.6
0.8
1
1.2
1.4

1.6
1.8
2

Pixel tracklets
Standard tracks

ATLAS Simulation Preliminary

-310×

Pixel SCT TRT

Figure 3: Chargino reconstruction e�ciency as a function of decay radius. The distribution of the decay radius for
charginos with a lifetime of 0.2 ns is shown in blue. The reconstruction e�ciency of pixel tracklets before applying
the fake-rejection criteria is shown in red, while that obtained with the standard tracking algorithm is shown in
green. The yellow shaded regions correspond to the coverage of each detector.

geometry and conditions, must be zero. The number of low quality hits3 associated to the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0, with respect to the beam line, |d0 |/�(d0) < 2 (where �(d0) is the uncertainty
of the d0 measurement), and |z0sin(✓) | < 0.5 mm. The �2-probability of the fit is required to be
larger than 10%.

(3) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(4) Disappearing condition: The number of SCT hits associated to the tracklet must be zero.

The isolation and quality requirements are mainly useful to reduce fake tracklets, which typically tend
to have large impact parameters. The requirement on ⌘ excludes tracklets with ⌘ ⇠ 0, where the
muon spectrometer has low e�ciency. Including tracklets in this region would increase the background
significantly, as the lepton rejection is less e�cient. Tracklets with |⌘ | > 1.9 are rejected because the
probability of a particle scattered by detector material to be reconstructed as a tracklet increases with |⌘ |.
The disappearing condition is used to identify tracklets which disappear between the pixel and the SCT
detectors. The selection e�ciency for chargino tracks is about 90% and 65% to 70% for the requirements
(1) and (2) respectively, assuming a chargino lifetime of 0.2 ns, and varies depending on the chargino
mass. The ine�ciency of the quality requirements is mostly due to temporarily inactive modules of the
pixel detector. The number of background events is reduced by four orders of magnitude by applying
requirements (1) and (2). The signal e�ciency is 85% to 90% and 75% to 85% for requirements (3) and
(4), respectively, for a chargino lifetime of 0.2 ns. After all the selection requirements, the signal e�ciency
is 4% for electroweak production of a 400 GeV chargino with a lifetime of 0.2 ns. In the strong production

3 A hit is categorised as low quality when the single hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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ATLAS
• O(10cm)で崩壊するSUSY粒子の飛跡を検出
• 通常よりも短い飛跡に適した再構成を行う

• Run2から入った最内層のピクセル検出器で感度向上
• Electroweakとstrongプロダクションの解析
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Figure 7: Disappearing tracklet pT spectrum in various regions. (a) Electroweak channel in the low-Emiss
T region. (b)

Strong channel in the low-Emiss
T region. (c) Electroweak channel in the high-Emiss

T region. (d) Strong channel in the
high-Emiss

T region. Observed data are shown with markers and the background components for the background-only
fit are shown with lines. An example of the expected signal spectrum is overlaid for comparison. The bottom panels
show the ratio of the data and the background predictions. The error band shows the uncertainty of the background
expectation including both statistical and systematic uncertainties.
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].
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Figure 9: Exclusion limit at 95% CL obtained in the strong production channel in terms of the gluino and chargino
masses. The limit is shown assuming a chargino lifetime of (a) 0.2 ns and (b) 1.0 ns. The yellow band shows the 1�
region of the distribution of the expected limits. The median of the expectation is shown in a dashed line. The red
line shows the observed limit and the orange band around it shows the impact on the observed limit of the variation
of the nominal signal cross-section by ±1� of its theoretical uncertainties. Observed limits in the electroweak
production search are shown as a green shaded region.
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8 Conclusions

A search for massive, long-lived particles giving rise to displaced multi-track vertices was performed with
32.7 fb�1 of pp collisions at

p
s = 13 TeV collected by the ATLAS experiment. The search presented is

sensitive to models predicting events with significant E

miss
T and at least one displaced vertex with five or

more tracks and a visible invariant mass greater than 10 GeV. With an expected background of 0.02±0.02
events, no events in the data sample were observed in the signal region. With results consistent with
the background-only hypothesis, exclusion limits are derived for models predicting the existence of such
particles, reaching roughly mg̃ = 2000 GeV to 2300 GeV for m �̃0

1
= 100 GeV and gluino lifetimes between

0.02 and 10 ns.
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Displaced vertex

experimental systematic uncertainties in the signal are taken into account for this calculation. All the
regions of the multi-bin analysis are statistically combined to set model-dependent upper limits on the
Gbb, Gtt and variable branching ratio models.

The 95% CL observed and expected exclusion limits for the Gbb and Gtt models are shown in the LSP
and gluino mass plane in Figures 10(a) and 10(b), respectively. The ±1�SUSY

theory lines around the observed
limits are obtained by changing the SUSY cross-section by one standard deviation (±1�), as described in
Section 4. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. The increase
in integrated luminosity leads to an expected improvement of more than (200 GeV) 300 GeV in the gluino
mass sensitivity of the current search compared to the previous results [14], assuming massless LSPs in
the Gbb (Gtt) models. Gluinos with masses below 1.92 (1.97) TeV are excluded at 95% CL for neutralino
masses lower than 300 GeV in the Gbb (Gtt) model. The observed limit for the Gtt model at high gluino
mass is significantly weaker than the expected limits due to the mild excesses observed in the signal
regions SR-0L-HH and SR-1L-HI of the multi-bin fit analysis. The best exclusion limit on the LSP mass
is approximately 1.19 (1.20) TeV, which is reached for a gluino mass of approximately 1.68 (1.40) TeV
for Gtt and Gbb models, respectively.
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Figure 10: Exclusion limits in the �̃0
1 and g̃ mass plane for (a) the Gbb and (b) the Gtt models obtained in the

context of the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits,
respectively. The shaded bands around the expected limits show the impact of the experimental and background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainty. The 95% CL expected and observed limits from the
ATLAS search based on 2015 data [14] are also shown.

Limits are also set in the signal model described in Section 2 for which the branching ratios of the gluinos
to tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0

1), tt̄ �̃0
1, and bb̄ �̃0

1 are allowed to vary, with a unitarity constraint applied on the
sum of the three branching ratios. For a m( �̃0

1) = 1 GeV, all branching ratio configurations are excluded
at 95% CL for a gluino with a mass of 1.5 TeV, while no configuration is excluded for a hypothesis of
m(g̃) = 2.1 TeV, despite an expected exclusion at 95% CL for BR(g̃ ! tt̄ �̃0

1) > 75%. For an intermediate
gluino mass of 1.9 TeV, this analysis is expected to be sensitive to most of the configuration, except for
BR(g̃ ! tb �̃0

1) > 10%. Nevertheless, due to the mild excess observed in SR-0L-HH and SR-1L-HI, the
observed limits are looser and all configurations in which BR(g̃ ! tb �̃0

1) < 40% are excluded.
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0/1 lepton + b jets

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 9: Exclusion limit at 95% CL obtained in the strong production channel in terms of the gluino and chargino
masses. The limit is shown assuming a chargino lifetime of (a) 0.2 ns and (b) 1.0 ns. The yellow band shows the 1�
region of the distribution of the expected limits. The median of the expectation is shown in a dashed line. The red
line shows the observed limit and the orange band around it shows the impact on the observed limit of the variation
of the nominal signal cross-section by ±1� of its theoretical uncertainties. Observed limits in the electroweak
production search are shown as a green shaded region.
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1 Introduction

Supersymmetry (SUSY) [1–6] is an extension of the Standard Model (SM) that can resolve for example
the gauge hierarchy problem [7–10] by introducing supersymmetric partners of the known bosons and
fermions. The SUSY partner to the top quark, the top squark1 (t̃), plays an important role in canceling
potentially large top-quark loop corrections in the Higgs-boson mass.

In R-parity conserving SUSY models [11], the supersymmetric partners are produced in pairs. Top
squarks are produced by strong interactions through quark-antiquark (qq̄) annihilation or gluon-gluon
fusion, and the production cross section of direct top squark pairs is largely decoupled from the specific
choice of SUSY model parameters [12–15]. The decay of the top squark depends on the masses, the
mixing of the superpartners of left- and right-handed top quarks, and the mixing parameters of the
fermionic partners of the electroweak and Higgs bosons, which are collectively known as charginos, �̃±i ,
i = 1, 2, and neutralinos, �̃0

i , i = 1, ..., 4, where �̃0
1 is the lightest supersymmetric particle (LSP) and

�̃0
2 is the next lightest supersymmetric particle (NLSP). Two di�erent decay scenarios are considered

in this search: (a) both top squarks decay via t̃ ! t (⇤) �̃0
1 and (b) at least one of the top squarks decay

via t̃ ! b �̃±1 ! bW (⇤) �̃0
1, with various hypotheses for m �̃0 and m �̃±1

, as illustrated in Fig. 1(a)�(b),
respectively. The lightest neutralino, �̃0

1, is stable and a dark matter candidate [16, 17]. Interpretations for
scenario (a) are provided in this note using simplified models where only one decay step is allowed. A grid
of signal samples are generated across the plane of the top squark and �̃0

1 masses with a grid spacing of
50 GeV across most of the plane assuming the chirality of the top squark resulting from maximal mixing
between left and right-handed top squarks.

In addition to direct pair production, top squarks can be produced indirectly through gluino decays, as
shown in Fig. 1(c). This search considers models where the mass di�erence between the top squark and the
neutralino is small, i.e., �m(t̃, �̃0

1) = 5 GeV. In this scenario, the jets originating from the t̃ decays have
low momenta compared to experimental acceptance resulting in a nearly identical signature to t̃ ! t �̃0

1
signal models.

(a) t̃ ! t (⇤) �̃0
1 (b) t̃ ! b �̃±1 ! bW (⇤) �̃0

1 (c) g̃ ! tt̃ ! t �̃0
1+soft

Figure 1: The decay topologies of the signal models considered with experimental signatures of four or more jets
plus missing transverse momentum.

This note presents a search for top-squark pair production using a time-integrated luminosity of
R
L dt =

(36.1 ± 1.2) fb�1 of pp collisions data provided by the Large Hadron Collider (LHC) at a center-of-mass

1 The superpartners of the left- and right- handed top quarks, t̃L and t̃R, mix to form the two mass eigenstates t̃1 and t̃2, where
t̃1 is the lighter one. Throughout this note t̃1 is noted as t̃.
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SR.

zero- and one-lepton channels by 250 GeV. Additional constraints are set in the case when mt̃ ⇡ mt +m �̃0 ,
for which top-squark masses between 235�590 GeV are excluded. The limits in this region of the exclusion
are new compared to the 8 TeV results and come from the inclusion of SRC which takes advantage of an
ISR system to discriminate between signal and the dominant tt̄ background.

The SRE results are interpreted for indirect top-squark production through gluino decays in terms of the
�̃0

1 vs. g̃ mass plane with �m(t̃, �̃0
1) = 5 GeV. Gluino masses up to mg̃ = 1800 GeV with m �̃0 < 800 GeV

are excluded are shown in Fig. 9.
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Stop → Z, Higgs
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Stop to Z/higgs
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Search for stop in decays with Z- or Higgs-bosons
Bosons produced ether in the decays of the stop1         
or of the neutralinos

Z-bosons channel: 

Requires three leptons (one Z candidate) and one b-jet

Dominated by ttZ and diboson background

Higgs-bosons channel:  

Requires one/two leptons and four b-tags (one H candidate)

Dominated by ttbar background

Stop1/stop2 masses up to 800 GeV are excluded

1L4b
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Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a) t̃1 ! t �̃0
2 and

�̃0
2 ! h/Z �̃0

1 decays, and (b) t̃2 ! h/Zt̃1 and t̃1 ! t �̃0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic field. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One significant upgrade for the running period
at
p

s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-
action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for |⌘ | <
1.7. The endcap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|⌘ | < 2.4 and |⌘ | < 2.7, respectively.

A two-level trigger system is used to select events [32]. The first-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o✏ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseu-
dorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln

⇥
(E + pz )/(E � pz )

⇤

where E denotes the energy and pz is the component of the momentum along the beam direction.
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Figure 6: Exclusion limits at 95% CL from the analysis of 36.1 fb�1 of 13 TeV collision data on the masses of the
t̃2 and �̃0

1, for a fixed m(t̃1) � m( �̃0
1) = 180 GeV and assuming (a) BR(t̃2 ! Zt̃1) = 1 or (b) BR(t̃2 ! ht̃1) = 1.

The dashed line and the shaded band are the expected limit and its ±1� uncertainty, respectively. The thick solid
line is the observed limit for the central value of the signal cross-section. The expected and observed limits do not
include the e↵ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e↵ect on the
observed limit when varying the signal cross-section by ±1� of the theoretical uncertainty. The shaded green area
shows the observed exclusion from the ATLAS

p
s = 8 TeV analysis [19, 29].
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Figure 6: Exclusion limits at 95% CL from the analysis of 36.1 fb�1 of 13 TeV collision data on the masses of the
t̃2 and �̃0

1, for a fixed m(t̃1) � m( �̃0
1) = 180 GeV and assuming (a) BR(t̃2 ! Zt̃1) = 1 or (b) BR(t̃2 ! ht̃1) = 1.

The dashed line and the shaded band are the expected limit and its ±1� uncertainty, respectively. The thick solid
line is the observed limit for the central value of the signal cross-section. The expected and observed limits do not
include the e↵ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e↵ect on the
observed limit when varying the signal cross-section by ±1� of the theoretical uncertainty. The shaded green area
shows the observed exclusion from the ATLAS

p
s = 8 TeV analysis [19, 29].
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Searches with Leptons
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P1

P2

t̃∗2

t̃2

t̃∗1

t̃1

H

t̄

χ̃0
1

χ̃0
1

t

Z

 [GeV]
2t
~m

300 400 500 600 700 800 900 1000 1100

 [G
eV

]
1t~

m

300

400

500

600

700

800

900

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS  Preliminary 

1
0
χ∼ t → 1t

~ Z, 1t
~ → 2t

~, 2t
~ 

*

2t
~ →pp 

NLO+NLL exclusiontheoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

 [GeV]
2t
~m

300 400 500 600 700 800 900 1000

 [G
eV

]
1t~

m

200

300

400

500

600

700

800

900

3−10

2−10

1−10

1

 (13 TeV)-135.9 fbCMS  Preliminary 

1
0
χ∼ t → 1t

~ H, 1t
~ → 2t

~, 2t
~ 

*

2t
~ →pp 

NLO+NLL exclusiontheoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

SUS-16-041

Heavy to light stop decay
• Lower MET search regions: [50,150],[150,300] 300+ 

GeV  
• Require at least 3 light flavor leptons and up to 2-bjets 
• Classify by mass of opposite-charge same flavor pairs 

of leptons  

Mix of these two 
topologies: 

 (Additional Slide)

• Categorizing also inΗΤ 
(Jet activity) gives 
sensitivity to a range 
of mass splittings 

Rishi Patel Moriond 2017  

Would be an interesting for fully hadronic signals too! Searches with Leptons
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Would be an interesting for fully hadronic signals too! 

CMS
SUS-16-041ATLAS-CONF-2017-019



R.Sawada

stop RPV

29

Stop in RPV
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Search targeting the pair production of new 
resonances, each decaying into two jets

SUSY scenarios with top squark LSP, and decays through 
R-parity violating couplings into d,s or b,s quarks

Two resonance candidates are built pairing the four leading jets according to 
their angular separation

An inclusive selection and a two-tag selection requiring a b-tagged jet per 
candidate resonance are defined: 

As final discriminant the average mass of the two candidates is used:
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The background from multijet production is 
estimated from data with an ABCD method

ABCD in the two-tag selection performed in a b-tag 
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Figure 7: The mavg spectrum in the signal region for the inclusive (left) and two-tag (right) selections shown in
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like mass bin, 5 events are observed and 1.5 expected, yielding a weaker observed limit for511

these mass points. The 300-400 GeV non-tt like mass bin contains 0 observed events compared512

to an expectation of 3.5 and causes the stronger observed limit on the c̃0
2 mass of about 500 GeV.513
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limit.
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Figure 6: Exclusion limits at 95% CL for T6gg (top left) T6Wg (top right), T5gg (bottom left)
and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
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the expected exclusion contours and the experimental uncertainties.
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 2: For strong gluino pair-production the simplified scenarios T5gg (a) and T5Wg (b) and
for squark pair-production the simplified scenarios T6gg (c) and T6Wg (d) are studied. The
neutralino decays as ec0

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons

10 6 Conclusion

Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232

S�
T = Emiss

T + p�T Sensitivity driven by both 
photon pT and Jet activity

EMHT = Emiss
T + p�T
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Figure 6: Exclusion limits at 95% CL for T6gg (top left) T6Wg (top right), T5gg (bottom left)
and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 2: For strong gluino pair-production the simplified scenarios T5gg (a) and T5Wg (b) and
for squark pair-production the simplified scenarios T6gg (c) and T6Wg (d) are studied. The
neutralino decays as ec0

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

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

1,
and q̃ !qec±
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1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons

10 6 Conclusion

Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 2: For strong gluino pair-production the simplified scenarios T5gg (a) and T5Wg (b) and
for squark pair-production the simplified scenarios T6gg (c) and T6Wg (d) are studied. The
neutralino decays as ec0

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons
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Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232
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Figure 6: Exclusion limits at 95% CL for T6gg (top left) T6Wg (top right), T5gg (bottom left)
and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 2: For strong gluino pair-production the simplified scenarios T5gg (a) and T5Wg (b) and
for squark pair-production the simplified scenarios T6gg (c) and T6Wg (d) are studied. The
neutralino decays as ec0

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

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

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons
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Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.
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T, increasing the separation power of signal and SM background.

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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1 ! geG, while the chargino decays as ec±
1 ! W±eG. In the T5Wg and

T6Wg scenario, a branching ratio of 50 % is assumed for the decays g̃ !qqec±
1 and g̃ !qqec0
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unconverted or late-converting photons arising from the H ! gg decay. The remaining barrel
photons have an energy resolution of about 1.3% up to a pseudorapidity of |h| = 1, rising to
about 2.5% at |h| = 1.4. In the endcaps, the energy resolution of unconverted or late-converting
photons is about 2.5%, while the remaining endcap photons have a resolution between 3 and
4% [30].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons
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Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.

 (GeV)g~m
1400 1600 1800 2000 2200 2400

 (G
eV

)
10 χ∼

m

0

500

1000

1500

2000

2500

3000

1

10

 (13 TeV)-135.9 fbCMS  Preliminary 

G~γ → 10χ
∼, 1

0χ∼ qq→ g~, g~g~ →pp 

 NLO-NLL exclusion

theory 1 s.d.±Observed 
experiment 1 s.d.±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
(fb

)
Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

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

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

T . A dataset

10 6 Conclusion

 (GeV)NLSPm
400 600 800 100095

%
 C

L 
up

pe
r l

im
it 

/ c
ro

ss
 s

ec
tio

n 
(p

b)
   

3−10

2−10

1−10

exp. σ 1 ± σ 2 ±

obs. limit
cross section σ 1 ±

, 1
±χ∼1

0χ∼→pp 
G~±/Wγ → 1±0/χ∼

 (13 TeV)-135.9 fb PreliminaryCMS

Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.

Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.
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T, increasing the separation power of signal and SM background.

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232
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Figure 6: Exclusion limits at 95% CL for T6gg (top left) T6Wg (top right), T5gg (bottom left)
and T5Wg (bottom right) models. The solid black curve represents the observed exclusion
contour and the uncertainty due to the signal cross section. The red dashed curves represent
the expected exclusion contours and the experimental uncertainties.
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2 2 The CMS detector

Figure 1: In the TChiWg scenario, the gauginos are mass-degenerate, and the ec0
1 decays as

ec0
1 ! geG and the chargino decays as ec±

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

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

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

1,
and q̃ !qec±

1 and q̃ !qec0
1, respectively.

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

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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T6Wg scenario, a branching ratio of 50 % is assumed for the decays g̃ !qqec±
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unconverted or late-converting photons arising from the H ! gg decay. The remaining barrel
photons have an energy resolution of about 1.3% up to a pseudorapidity of |h| = 1, rising to
about 2.5% at |h| = 1.4. In the endcaps, the energy resolution of unconverted or late-converting
photons is about 2.5%, while the remaining endcap photons have a resolution between 3 and
4% [30].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in [31].
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Figure 6: Comparison of measurement and prediction in the signal region in four exclusive bins
of Sg

T. For guidance, two SUSY benchmark signal points are stacked on the SM background
prediction, where the TChiWG SUSY signal point corresponds to a NLSP mass of 700 GeV and
the T5Wg signal point corresponds to a gluino mass of 1750 GeV and a NLSP mass of 1700 GeV.
Events with values of Sg

T beyond the shown range are included in the last bin.

function of mNLSP in Fig. 7 together with the theoretical cross section. The analysis excludes
NLSP masses below 750 GeV at the 95% CL in the TChiWg scenario. Due to the slight excess
observed with respect to the SM background prediction especially in the highest Sg

T bins, the
observed limit is weaker than the expected exclusion limit of 870 GeV.

The results are also interpreted in simplified models of strong production scenarios. The two
scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 8 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
NSLP masses because of the acceptance loss, which mostly arises from the lower energy of the
photons and the gravitinos accompanied by a larger hadronic activity in the event.

Similar scenarios, T6gg and T6Wg, based on squark production are also used for interpretation
and shown in Fig. 9. Here, squark masses up to 1750 (1660) GeV can be excluded.

The mass limits on squarks are weaker compared to those on gluinos due to the lower produc-
tion cross section. However, for squark production the hadronic activity in the event is lower
compared to gluino production, slightly reducing the dependence on the q̃ � ec0

1/ec±
1 mass dif-

ference. The higher sensitivity in the T5gg and T6gg models is due to the fact that two photons
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Figure 7: Observed and expected upper cross section limits as a function of the NLSP mass for
the TChiWg model together with the corresponding theoretical cross section.
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Figure 8: The 95% CL limits for the T5gg and T5Wg SMS models in the gluino-
neutralino/chargino mass plane. The color scale encodes the observed upper cross section
limit for each point. The lines represent the observed (black) and expected (red) exclusion
contours and their uncertainties.

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

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

T and significance plots for all SMS are
provided as additional material (Sec. 7).
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For the reinterpretation of the results, the covariance and correlation matrices [55] for the back-
ground prediction of the four signal region bins in Sg
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provided as additional material (Sec. 7).
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Figure 5: Observed data compared to the background prediction. Two signal models are shown
added to the background. The expectation for the T5Wg signal scenario with a gluino mass of
1600 GeV and a gaugino mass of 100 GeV and the T6gg signal scenario with a squark mass of
1750 GeV and a neutralino mass of 1650 GeV are shown added to the background. The low-
(high-)EMHT selection is shown on the left (right). Below the pmiss

T distributions, the data di-
vided by the background prediction are shown as black dots, and the relative background
components are shown as colored areas.

Table 1: Observed data compared to the background prediction and the expected signal yields
for the T5Wg model with mg̃ = 1600 GeV and mgaugino = 100 GeV. The quadratic sum of
statistical and systematical uncertainties are given. Only experimental uncertainties for the
signal model are stated.

EMHT ( GeV) < 2000 > 2000
pmiss

T ( GeV) (350,450) (450,600) (600,•) (350,450) (450,600) (600,•)
Non-genuine Emiss

T 9.6 ± 11.1 2.2 ± 5.5 0.0 ± 0.0 2.83 ± 2.51 1.31 ± 0.74 0.73 ± 0.86
gW 51.3 ± 9.7 29.1 ± 5.5 11.6 ± 2.5 1.58 ± 0.58 0.70 ± 0.37 1.23 ± 0.43
gtt 17.1 ± 5.4 5.6 ± 2.6 1.9 ± 0.4 0.97 ± 0.38 0.45 ± 0.29 0.40 ± 0.22
gZ 11.5 ± 2.4 9.7 ± 1.8 7.1 ± 1.4 0.12 ± 0.07 0.25 ± 0.11 0.21 ± 0.10
e ! g 15.1 ± 4.6 6.3 ± 1.9 1.4 ± 0.5 0.21 ± 0.10 0.13 ± 0.07 0.05 ± 0.04
Total 104.6 ± 16.5 53.0 ± 8.6 22.0 ± 3.0 5.72 ± 2.60 2.84 ± 0.89 2.62 ± 0.99
Data 103 82 21 6 10 4
Signal 0.4 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 3.66 ± 0.40 3.09 ± 0.40 2.41 ± 0.32

with data. The reweighting factors vary between 0.92 and 0.51 for NISR
J between 1 and 6. We224

take one half of the deviation from unity as the systematic uncertainty on these reweighting225

factors.226

The data in the search regions are interpreted in simplified models motivated by GMSB. These227

models are described in Section 3, and their corresponding Feynman diagrams can be seen in228

Fig. 1.229

The 95% confidence level (CL) upper limits on the SUSY cross section are calculated using230

the asymptotic formulation of the LHC-style CLs method [38–41]. Log-normal nuisance pa-231

rameters are used to describe the systematic uncertainties. The observed cross section limits,232

S�
T = Emiss

T + p�T Sensitivity driven by both 
photon pT and Jet activity

EMHT = Emiss
T + p�T

Rishi Patel Moriond 2017  
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Higgsino production→h+G

• GMSB
• h→bbからの4b終状態 (分岐比33%)

• [225,770] GeVを棄却

32

Higgsino decays H—>bb

14

• Use a GMSB model
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• Require H—>bb to give a 4b final state. 33% of the total branching fraction and 
the main background is top-production

• Simple Background method: mass 
sideband and 2b control region is rich 
in background

• Integrate over contributions from chargino/
neutralinos pairs to give an effective Higgsino-like 
reference cross-section
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Figure 8: Distributions of hmi in data and two signal benchmark models. The points with error
bars show the data in the 3b (top) and 4b bins (bottom) for 150 < pmiss

T  200 GeV (left) and
pmiss

T > 200 GeV (right). The histograms show the shape of the hmi distribution observed in
the 2b bin with an overall event yield normalized to those observed in the 3b and 4b samples.
The shaded areas reflect the statistical uncertainty on the hmi distribution in the 2b data. The
ratio plots demonstrate that the shapes are in agreement.

in the (SBD, 4b) region, the parameter µ
bkg
4b,SBD is fitted to be 0, pushing against its physical512

boundary and leading to the underestimation of the associated uncertainty. We account for513

this by including an additional uncertainty that makes the uncertainty on µ
bkg
4b,SBD consistent514

with having observed 1 event. In all cases, the event yields observed in data are consistent515

with the predictions within 2s, and no pattern of deviations is evident.516

Figure 8 shows the distributions in data of hmi in the 3b and 4b bins for 150 < pmiss
T  200 GeV517

and pmiss
T > 200 GeV. In each plot, the renormalized histogram of the hmi distribution in the518

2b bin is overlaid for comparison. The shapes of the hmi distributions are consistent. The519

signal region (HIG) in hmi lies between the two vertical dotted lines, and no significant excess520

is observed, in either the 3b or in the 4b bins.521

~
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeVt̃1 205-950 GeV

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.5294ℓ̃ 90-335 GeV

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±
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0
1 )) ATLAS-CONF-2016-093580 GeVχ̃±

1
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1
χ̃0
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0
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±
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0
1)) ATLAS-CONF-2016-0961.0 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029χ̃±

1 , χ̃
0

2 425 GeV
χ̃±

1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV
GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV
GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-015t̃1 0.4-1.0 TeV

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
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√
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ATLAS SUSY Searches* - 95% CL Lower Limits
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*Only a selection of the available mass limits on new states or
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simplified models, c.f. refs. for the assumptions made.
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1 Introduction

Supersymmetry (SUSY) [1–6] is a well motivated extension of the Standard Model (SM) that introduces
supersymmetric partner (superpartner) particles to each of the SM particles and that provides a natural
solution [7, 8] to the hierarchy problem [9–12]. The top squark or stop (t̃), which is the superpartner
of the top quark, is expected to be relatively light due to its large contribution to the Higgs boson mass
radiative corrections [13, 14]. A common theoretical strategy for avoiding strong constraints from the
non-observation of proton decay [15] is to introduce a multiplicative quantum number called R-parity. If
R-parity is conserved [16], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable. This analysis follows the typical assumption that the lightest neutralino1 ( �̃0

1) is the LSP.
Since the �̃0

1 interacts only weakly, it can serve as a candidate for dark matter [17, 18].

The analysis described in this note closely follows and extends the previous search for stop production
using 2015 data [19]. This note presents a search targeting the direct production of the lighter stop2 (t̃1),
illustrated by the diagrams in Figure 1. The stop can decay into a variety of final states, depending amongst
other things on the SUSY particle mass spectrum, in particular on the masses of the stop, chargino and
lightest neutralino. When the decay into b �̃±1 is kinematically allowed, the t̃1 decay branching ratio (BR)
is determined by the stop mixing matrix and the field content of the neutralino/chargino sector.

In addition to the direct stop search, a dark matter (DM) scenario [20–22] is also studied. Figure 2
illustrates a Feynman diagram where the DM particles (represented by �) are pair-produced via a spin-0
mediator (either scalar or pseudo-scalar). The mediator couples to the SM particles by mixing with the
Higgs sector.

t̃1

t̃1
p

p

�̃0
1

t

�̃0
1

t

t̃1

t̃1

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W±

b

�̃0
1

W⌥

Figure 1: Diagrams illustrating the direct pair production of t̃1 particles and their decays, which are referred to as
t̃1 ! t + �̃0

1 (left) and t̃1 ! b + �̃±1 (right). Furthermore, a mixed decay scenario where each t̃1 decays via either
t̃1 ! t + �̃0

1 and t̃1 ! b + �̃±1 for various BR is considered (not shown). For simplicity, no distinction is made
between particles and antiparticles.

The analysis presented here targets final states with one lepton, where the W boson from one of the top
quarks decays to an electron or muon (either directly or via a ⌧ lepton) and the W boson from the other

1 The charginos �̃±1,2 and neutralinos �̃0
1,2,3,4 are the mass eigenstates formed from the linear superposition of the charged and

neutral superpartners of the Higgs and electroweak gauge bosons (higgsinos, winos and binos).
2 The superpartners of the left- and right-handed top quarks, t̃L and t̃R, mix to form the two mass eigenstates t̃1 and t̃2, where

t̃1 is the lighter one.

2
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Figure 7: The Emiss
T (left) and mT (right) distributions in SR1. In each plot, the full event selection in the corresponding

signal region is applied, except for the requirement (indicated by an arrow) that is imposed on the variable being
plotted. The predicted backgrounds are scaled with the NFs documented in Table 7. The uncertainty band includes
statistical uncertainties. The last bin contains the overflow. Benchmark signal models are overlaid for comparison.
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Figure 8: The Emiss
T (left) and mT (right) distributions in tN_high. In each plot, the full event selection in the

corresponding signal region is applied, except for the requirement (indicated by an arrow) that is imposed on the
variable being plotted. The predicted backgrounds are scaled with the NFs documented in Table 7. The uncertainty
band includes statistical uncertainties. The last bin contains the overflow. Benchmark signal models are overlaid for
comparison.

21

2.2σの超過
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Figure 11: Expected (black dashed) and observed (red solid) 95% excluded regions in the plane of mt̃1 versus m �̃0
1

for direct stop pair production assuming t �̃0
1 decay with a branching ratio of 100%. The excluded regions from

previous publications [19, 24] (gray shaded area) are obtained under the hypothesis of mostly-right-handed stops,
while new results are obtained with an unpolarized signal assumption.
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Figure 12: Expected (black dashed) and observed (red solid) 95% excluded regions in the plane of mt̃1 versus m �̃0
1

for direct stop pair production assuming b �̃±1 decay with a branching ratio of 100%. The chargino mass is assumed
to be twice the neutralino mass (left) or close to the stop mass, m �̃±1

= mt̃1 � 10 GeV(right). The excluded regions
(gray shaded area) from previous publications, stop search in the one-lepton channel at 8TeV (left) [24] and ATLAS
stop search at 8TeV (right) [25], are obtained under the hypothesis of mostly-left-handed stops, while new results
are obtained with an unpolarized signal assumption.

24

 [GeV]
1t

~m
200 300 400 500 600 700 800 900 1000

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

700
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ t →1t

~

1
0
χ∼ t →1t

~

1
0
χ∼ W b →1t

~

1
0
χ∼ c →1t

~

-1=8 TeV, 20 fbs

t

) <
 m

1
0

χ∼,
1t~

 m
(

∆

W

 + 
m

b

) <
 m

1
0

χ∼,
1t~

 m
(

∆
) <

 0
1

0
χ∼, 

1t~
 m

(
∆

1
0
χ∼ t →1t

~ / 1
0
χ∼ W b →1t

~ / 1
0
χ∼ c →1t

~ / 1
0
χ∼ b f f' →1t

~ production, 1t
~
1t

~ Status: Moriond 2017

ATLAS Preliminary

1
0
χ∼W b 

1
0
χ∼c 

1
0
χ∼b f f' 

Observed limits Expected limits All limits at 95% CL

=13 TeVs
 [CONF-2017-020]-1t0L 36.1 fb
 [CONF-2016-050]-1t1L 13.2 fb
 [CONF-2016-076]-1t2L 13.3 fb
 [1604.07773]-1MJ   3.2 fb

Run 1 [1506.08616]

ATLAS
ICHEP2016



R.Sawada

Moriond前に見えていた超過 (II)
0-lepton

35

結果
•以上の背景事象推定により、各信号領域で下図
の結果が得られた

11

4j-1800, 4j-2200
6j-1800に1.5σ程度
の超過が見られる
ものの、有意な超
過はない
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in
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若干(1.5σ)の超過は大きな変化なし
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2-lepton+jets+ETmiss解析
• Same flavor opposite sign 2-lepton+jets+ET

miss

解析ではATLAS, CMSともに少しのexcess
• 高統計での検証が必要！

• ただし、それぞれ別のチャンネル
• On-shell Z: 

• 81 GeV<mll<101 GeV, ET
miss>200 GeV, HT>600 GeV

• Single bin counting
• mll edge:

• mll>12 GeV, 2 jets, ET
miss>200 GeV, HT>0,400,700 GeV

• multi-bin counting

8

ATLAS (EJPC75(2015)318,ATLAS-CONF-2015-082) CMS (JHEP04(2015)124,CMS-PAS-SUS-16-021)

On-shell Z 2.2 σ (13 TeV, 3.2 fb-1)
3.0 σ (8 TeV, 20 fb-1)

No excess (13 TeV, 12.9 fb-1)
No excess (8 TeV, 19.4 fb-1)

mll “edge” --
No excess (8 TeV, 20 fb-1)

2.0 σ (13 TeV, 12.9 fb-1)

2.4 σ (8 TeV, 19.4 fb-1)

Local significance

8.2 Results of the edge search 17
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Figure 6: Fit of the dilepton mass distributions to thesignal-plus-background hypothesis in the
baseline signal region, projected on the same-flavor (left) and opposite-flavor (right) event sam-
ples. The fit shape is shown as a blue, solid line. The individual fit components are indicated
by dashed lines. The flavor-symmetric (FS) background is shown with a black dashed line.
The Drell–Yan (DY) background is displayed with a purple dashed line. The extracted signal
component is displayed with a red dashed line.
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Figure 5: Results of the counting experiment of the edge search. For each signal region, the
number of observed events, shown as black data points, is compared to the total background
estimate, shown as a blue line with a blue uncertainty band. The non flavor symmetric back-
ground component from instrumental Emiss

T is indicated as a green area while the non flavor
symmetric background with neutrinos is shown as a violet area.

an excess in the observed number of events compared to the SM background prediction of
2.3(1.5) s local (global) standard deviations.

Table 5: Results of the unbinned maximum likelihood fit for event yields in the signal region,
including the DY and FS background components, along with the fitted signal contribution
and edge position. The fitted value for RSF/OF and the local and global signal significances are
also given. The quoted uncertainties account for both statistical and systematic sources.

Drell–Yan 191 ± 19
OF yield 768 ± 24
RSF/OF 1.07 ± 0.03
Signal events 61.4 ± 27.9
medge

`` 144.2+3.3
�2.2 GeV

Local significance 2.3 s

Global significance 1.5 s

2-lepton+jets+ETmiss解析
• Same flavor opposite sign 2-lepton+jets+ET

miss

解析ではATLAS, CMSともに少しのexcess
• 高統計での検証が必要！

• ただし、それぞれ別のチャンネル
• On-shell Z: 

• 81 GeV<mll<101 GeV, ET
miss>200 GeV, HT>600 GeV

• Single bin counting
• mll edge:
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• multi-bin counting
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まとめ

• ATLAS, CMSそれぞれ多くのチャンネルで結果を更新

• SUSYの兆候はなし
• 制限

• グルイーノ ~2TeV 
• stop ~1 TeV 

• Electroweak production, long-lived, Higgsino等のチャン
ネルや、解析・オブジェクト再構成・IDの改良にも期待

37
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Targeted signal q̃q̃, q̃! q�̃0
1

Requirement Signal Region [Me↵-]
2j-1200 2j-1600 2j-2000 2j-2400 2j-2800 2j-3600 2j-2100 3j-1300

Emiss
T [GeV] > 250

pT( j1) [GeV] > 250 300 350 600 700
pT( j2) [GeV] > 250 300 350 50
pT( j3) [GeV] > – 50
|⌘( j1,2)| < 0.8 1.2 –
��(jet1,2,(3), ~Emiss

T )min > 0.8 0.4
��(jeti>3, ~Emiss

T )min > 0.4 0.2
Emiss

T /
p

HT [GeV1/2] > 14 18 26 16
me↵ (incl.) [GeV] > 1200 1600 2000 2400 2800 3600 2100 1300

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement Signal Region [Me↵-]
4j-1000 4j-1400 4j-1800 4j-2200 4j-2600 4j-3000 5j-1700

Emiss
T [GeV] > 250

pT( j1) [GeV] > 200 700
pT( j4) [GeV] > 100 150 50
pT( j5) [GeV] > – 50
|⌘( j1,2,3,4)| < 1.2 2.0 –
��(jet1,2,(3), ~Emiss

T )min > 0.4
��(jeti>3, ~Emiss

T )min > 0.4 0.2
Emiss

T /me↵ (Nj) > 0.3 0.25 0.2 0.3
Aplanarity > 0.04 –
me↵ (incl.) [GeV] > 1000 1400 1800 2200 2600 3000 1700

Targeted signal g̃g̃, g̃! qq̄W�̃0
1 and q̃q̃, q̃! qW�̃0

1

Requirement Signal Region [Me↵-]
5j-1600 5j-2000 5j-2600 6j-1200 6j-1800 6j-2200 6j-2600

Emiss
T [GeV] > 250

pT( j1) [GeV] > 200
pT( j6) [GeV] > 50 100
|⌘( j1,...,6)| < – 2.0 –
��(jet1,2,(3), ~Emiss

T )min > 0.4 0.8 0.4
��(jeti>3, ~Emiss

T )min > 0.2 0.4 0.2
Emiss

T /me↵ (Nj) > 0.15 – 0.25 0.2 0.15
Emiss

T /
p

HT [GeV1/2] > – 15 18 –
Aplanarity > 0.08 – 0.04 0.08
me↵ (incl.) [GeV] > 1600 2000 2600 1200 1800 2200 2600

Targeted signal g̃g̃, g̃! qq̄W�̃0
1 and q̃q̃, q̃! qW�̃0

1

Requirement Signal Region
Me↵-2jB-1600 Me↵-2jB-2400

Emiss
T [GeV] > 250

pT(Large-R j1) [GeV] > 200
pT(Large-R j2) [GeV] > 200
m(Large-R j1) [GeV] [60,110]
m(Large-R j2) [GeV] [60,110]
��(jet1,2,(3), ~Emiss

T )min > 0.6
��(jeti>3, ~Emiss

T )min > 0.4
Emiss

T /
p

HT [GeV1/2] > 20
me↵ (incl.) [GeV] > 1600 2400

Table 2: Selection criteria and targeted signal model from Fig. 1 used to define signal regions in the Me↵-based
search, indicated by the prefix ‘Me↵’. The first block of SRs targets Fig. 1 (a), the second block of SRs targets
Fig. 1 (d). The third and fourth blocks of SRs targets Fig. 1 (b) and (e). Each SR is labelled with the inclusive jet
multiplicity considered (‘2j’, ‘3j’ etc.) together with the degree of background rejection. The latter is denoted by
the value corresponding to the me↵ cut. The Emiss

T /me↵(Nj) cut in any Nj-jet channel uses a value of me↵ constructed
from only the leading Nj jets (me↵(Nj)). However, the final me↵(incl.) selection, which is used to define the signal
regions, includes all jets with pT > 50 GeV. Large-radius re-clustered jets are denoted as Large-R j.

15
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Targeted signal g̃g̃, g̃! q�̃0
1

Requirement Signal Region
RJR-S1 RJR-S2 RJR-S3 RJR-S4

H PP
1,1 /H

PP
2,1 � 0.55 0.5 0.45 -

H PP
1,1 /H

PP
2,1  0.9 0.95 0.98 -

p PP
Tj2/H

PP
T 2,1 � 0.16 0.14 0.13 0.13
|⌘ j1, j2|  0.8 1.1 1.4 2.8
�QCD � 0.1 0.05 0.025 0

p lab
PP, T/

⇣
p lab

PP, T + H PP
T 2,1

⌘
 0.08

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b RJR-S4
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2100 2400
H PP

1,1 [GeV] > 800 1000 1200 1400 1700 1900 2100

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement Signal Region
RJR-G1 RJR-G2 RJR-G3 RJR-G4

H PP
1,1 /H

PP
4,1 � 0.45 0.3 0.2 -

H PP
T 4,1/H

PP
4,1 � 0.7 0.7 0.65 0.65

min
⇣
p PP

Tj2i/H
PP

T 2,1 i

⌘
� 0.12 0.1 0.08 0.07

max
⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.96 0.97 0.98 0.98

|⌘ j1,2,a,b|  1.4 2.0 2.4 2.8
�QCD � 0.05 0.025 0 0

p lab
z, PP/

⇣
p lab

z, PP + H PP
T 4,1

⌘
 0.5 0.55 0.6 0.65

p lab
PP, T/

⇣
p lab

PP, T + H PP
T 4,1

⌘
 0.08

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b RJR-G4
H PP

T 4,1 [GeV] > 1200 1400 1600 2000 2400 2800 3000
H PP

1,1 [GeV] > 700 800 900 1000

Targeted signal compressed spectra in g̃g̃ (g̃! q�̃0
1); g̃g̃ (g̃! qq̄�̃0

1)

Requirement Signal Region
RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5

RISR � 0.95 0.9 0.8 0.7 0.7
p CM

TS [GeV] � 1000 1000 800 700 700
��ISR, I/⇡ � 0.95 0.97 0.98 0.95 0.95

��(jet1,2, ~Emiss
T )min > - - - 0.4 0.4

MTS [GeV] � � 100 200 450 450
N V

jet � 1 1 2 2 3
|⌘ jV |  2.8 1.2 1.4 1.4 1.4

Table 3: Selection criteria and targeted signal model from Fig. 1 used to define signal regions in the RJR-based
search, indicated by the prefix ‘RJR’. Each SR is labelled with the targeted SUSY particle or the targeted region
of parameter space, such that ‘S’, ‘G’ and ‘C’ denote regions searching for squark-, gluino-pair production, or
compressed spectra, respectively.

7.3 Me↵-based and RJR-based signal region comparison

Even though the selection requirements which define the Me↵-based and RJR-based SRs are based on
di↵erent sets of kinematic observables, the regions are not necessarily orthogonal. The fraction of events
in common between di↵erent regions, for both SM backgrounds and SUSY signals, is reflective of the
complementarity of using these two approaches. For models with large q̃/g̃ masses, the signal e�ciency
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SRs probing the Gtt model in 0-lepton channel are described in Table 4. They follow a similar strategy
as for the Gtt 1-lepton regions above. Background composition studies performed on simulated event
samples show that semileptonic tt̄ events, for which the lepton is out of acceptance or is a hadronically
decaying ⌧-lepton, dominate in the SRs. Thus, CRs to normalise the tt̄ +jets background make use of
the 1-lepton channel, requiring the presence of exactly one signal lepton. An inverted selection on mT is
applied to suppress overlaps with the 1-lepton SRs. The background prediction is validated in a 0-lepton
region, inverting the M⌃J selection to suppress any overlap with the SRs.

Regions targeting the Gbb model are presented in Table 5. The region definition follows the same pattern
as for Gtt-0L regions, in particular for regions A–C. For very small values of �m, the Gbb signal does
not lead to a significant amount of Emiss

T , except if a hard ISR jet recoils against the the gluino pair. Such
events are targeted by region D that identifies an ISR-jet candidate as a non-b-tagged high-pT leading jet
(j1), with a large azimuthal separation ��j1 with respect to ~pT

miss. Similarly, the normalisation of the tt̄
background is performed in a 1-lepton CR, to which an inverted selection on mT is applied to suppress the
overlaps with Gtt 1-lepton SRs and the corresponding signal contamination. 0-lepton VRs are constructed
in the 0-lepton channel with selections very close to the SR ones. They are mutually exclusive due to an
inverted Emiss

T selection in the VR.

7.2 Multi-bin analysis

Figures 3 and 4 show that a good separation between signal and background can be achieved with various
kinematic variables. The distribution of Njet and me� for di�erent signal benchmarks and �m values is
used to build a two-dimensional slicing of the phase space in a set of non-overlapping SRs, CRs and VRs
that can be statistically combined. The slicing scheme is presented in Figure 5.

The low-Njet region probes especially Gbb-like models, for which the number of hard jets is lower than
decay topologies containing top quarks. This category of events will thus only be considered in the
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Figure 5: Scheme of the multi-bin analysis for the (a) 0-lepton and (b) 1-lepton regions. The name of the regions
is also displayed: "H" stands for "high", "I" for "intermediate" and "L" for "low". The first letter describes the jet
multiplicity bin, while the second defines the me� bin. In the 0-lepton channel, the 0L-ISR region is represented in
red. It is a subset of IL, LL, II and LI regions, and maintained mutually exclusive with them as detailed in the text.
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Figure 8: The observed numbers of events and prefit SM background predictions in the 12
aggregate search regions, with fractional differences displayed in the lower panel. The hatching
indicates the total uncertainties in the background predictions. The numerical values are given
in Table B.6.

Table 3: Definition of the aggregate search regions.

Region Heavy flavor? Parton multiplicity Dm Njet Nb-jet HT [GeV] Hmiss
T [GeV]

1 No Low Small � 2 0 � 500 � 500
2 No Low Large � 3 0 � 1500 � 750
3 No Medium Small � 5 0 � 500 � 500
4 No Medium Large � 5 0 � 1500 � 750
5 No High All � 9 0 � 1500 � 750
6 Yes Low Small � 2 � 2 � 500 � 500
7 Yes Low Large � 3 � 1 � 750 � 750
8 Yes Medium Small � 5 � 3 � 500 � 500
9 Yes Medium Large � 5 � 2 � 1500 � 750
10 Yes High All � 9 � 3 � 750 � 750
11 et-like Small � 7 � 1 � 300 � 300
12 et-like Large � 5 � 1 � 750 � 750
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ATLASrespect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9

is equivalent to dividing the event according to the axis of maximum back-to-back pT in the event’s CM
frame where the total pT of all accepted objects sum to zero. In events with strong ISR, the axis of
maximum back-to-back pT, also known as the thrust axis, should approximate the direction of the ISR and
sparticles’ back-to-back recoil.

The selection criteria for this signal region are summarized in Table 2. The events are divided into five
windows defined by non-overlapping ranges of the reconstructed RISR, and target di�erent top squark
and �̃0

1 masses: e.g., SRC2 is optimized for mt̃ = 300 GeV,m �̃0 = 127 GeV and SRC4 is optimized for
mt̃ = 500 GeV,m �̃0 = 327 GeV. Five jets or more are required to be assigned to the sparticle hemisphere
of the event (NS

jet), and at least one of those jets (NS
b�jet) must be b-tagged. Transverse-momentum

requirements on pISR
T , the highest-pT b-jet in the sparticle hemisphere (p0,S

T,b), and the fourth-highest-pT

jet in the sparticle hemisphere (p4,S
T ) are applied. The transverse mass between the entire sparticle system

(include the invisible part) and the Emiss
T , defined as mS, is required to be > 300 GeV. The ISR system

is also required to be separated in azimuth from the Emiss
T in the CM frame; this variable is defined as

��ISR,Emiss
T

.

Table 2: Selection criteria for SRC, in addition to the common preselection requirements described in the text. The
signal regions are separated into windows based on ranges of RISR.

Variable SRC1 SRC2 SRC3 SRC4 SRC5

Nb�jet � 1

NS
b�jet � 1

NS
jet � 5

p0,S
T,b > 40 GeV

mS > 300 GeV

��ISR,Emiss
T

> 3.0

pISR
T > 400 GeV

p4,S
T > 50 GeV

RISR 0.30-0.40 0.40-0.50 0.50-0.60 0.60-0.70 0.70-0.80

Signal Regions D

SRD is optimized for direct top-squark pair production where both top squarks decay via t̃ ! b �̃±1 where
m �̃±1

= 2m �̃0 . In this signal region, at least five jets are required, two of which must be b-tagged. The
sum of the pTs of the two jets with the highest b-tagging weight (p0,b

T +p1,b
T ) as well as the second (p1

T),
fourth (p3

T), and fifth (p4
T) jet pTs are used for additional background rejection. SRD-low and SRD-high

are optimized for mt̃ = 400 GeV,m �̃0 = 50 GeV and mt̃ = 700 GeV,m �̃0 = 100 GeV, respectively. The
models considered for the optimization have m( �̃±1 ) = 2m( �̃0

1). Tighter leading and sub-leading jet pT
requirements are made for SRD-high, as summarized in Table 3.
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Table 3: Selection criteria for SRD, in addition to the common preselection requirements described in the text.

Variable SRD-low SRD-high

�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

Nb�jet �2

�R (b, b) > 0.8

p0,b
T +p1,b

T > 300 GeV > 400 GeV

⌧-veto yes

p1
T > 150 GeV

p3
T > 100 GeV > 80 GeV

p4
T > 60 GeV

mb,min
T > 250 GeV > 350 GeV

mb,max
T > 300 GeV > 450 GeV

Signal Region E

SRE is designed for models which have highly-boosted top quarks. Such signatures can arise from direct
pair production of high-mass top partners, or from the gluino-mediated compressed t̃ scenario with large
�m(g̃, t̃). In this regime, reclustered jets with R = 0.8 are utilized to optimize experimental sensitivity to
these highly-boosted top quarks. In this signal region, at least four jets are required, two of which must
be b-tagged. Additional discrimination is provided by a measure of the Emiss

T significance: Emiss
T /
p

HT,
where HT is the scalar sum of the pT of all reconstructed R = 0.4 jets in an event. The selection criteria
for SRE, optimized for mg̃ = 1700 GeV,mt̃ = 400 GeV,m �̃0 = 395 GeV, are summarized in Table 4.

7 Background estimation

The main SM background process in SRA, SRB, SRD, and SRE is Z ! ⌫⌫̄ production in association
with heavy flavor jets. The second most dominant background is tt̄ production where one W decays via a
lepton and neutrino and the lepton (particularly a hadronically decaying ⌧ lepton) is either not identified
or is reconstructed as a jet. This process is the major background contribution in SRC and an important
background in SRB, SRD and SRE as well. Other important background processes are W ! `⌫ plus
heavy flavor jets, single top and the irreducible background from tt̄ + Z , where the Z decays to two
neutrinos.

The main background contributions are estimated primarily from comparisons between data and simulation
outside the signal regions. Control regions (CRs) are designed to enhance a particular background process,
and are orthogonal to the SRs while probing a similar event topology. The CRs are used to normalize
the simulation to data, but extrapolation from the CR to the SR are taken from simulation. Su�cient
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Table 4: Selection criteria for SRE in addition to the common preselection requirements described in the text.

Variable SRE

�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

Nb�jet �2

m0
jet,R=0.8 > 120 GeV

m1
jet,R=0.8 > 80 GeV

mb,min
T > 200 GeV

Emiss
T > 550 GeV

HT > 800 GeV

Emiss
T /
p

HT > 18
p

GeV

data are needed to avoid large statistical uncertainties in the background estimates, and the CR definitions
are chosen to be kinematically as close as possible to all SRs, to minimize the systematic uncertainties
associated with extrapolating the background yield from the CR to the SR. Where CR definitions are
farther from the SR definition, validation regions are employed to cross-check the extrapolation. In
addition, control-region selection criteria are chosen to minimize potential contamination from signal that
could shadow contributions in the signal regions. The signal contamination is below 8% in all CRs for all
signal points that have not been excluded by previous ATLAS searches. As the CRs are not 100% pure
in the process of interest, the cross-contamination between CRs from other processes is estimated. The
normalization factors and the cross contamination are determined simultaneously for all regions using a
fit described below.

Detailed CR definitions are given in Tables 5, 6, and 7 and are defined by the presence of one or more
leptons that make them orthogonal with the signal regions. The �����

⇣
jet0,1,2, pmiss

T

⌘ ���and mT(`, Emiss
T )

requirements are designed to reduce contamination from SM multijet processes. The number of leptons
is indicated by N` and the transverse momentum of the lepton is indicated by p`T. In all one-lepton CRs,
once the trigger and minimum p`T selection are applied, the lepton is treated as a non-b-tagged jet (to
emulate the hadronic ⌧ decays in the SRs) in the computation of all jet-related variables. In the two-lepton
CRZs, a lepton-pT requirement of at least 28 GeV is made to be fully e�cient for the trigger selection.
The invariant mass of the two oppositely-charged leptons, indicated by m``, is selected to be consistent
with the leptons having originated from a Z . The transverse momenta of these leptons are then vectorially
added to the p

miss
T to mimic the Z ! ⌫⌫̄ decays in the SRs, forming the quantity Emiss0

T . Quantities that
depend on the Emiss

T are recalculated in the CRZs using Emiss0
T and identified by the addition of a prime (e.g.

mb,min0
T and mb,max0

T ). Requirements such as the maximum mT(`, Emiss
T ) and the minimum �R between the

two highest-weight b-tagged jets and the lepton, �R (b, `)min, are used to enforce orthogonality. In CRST,
the requirement on the �R between the two highest-weight b-tagged jets, �R (b, b), is used to reject tt̄
contamination from the control region enriched in single-top events. Finally, the normalization of the
tt̄+W /Z background in the signal region, which is completely dominated by tt̄ + Z (! ⌫⌫), is estimated
with a tt̄ + � control region (CRTTGamma). The same lepton triggers and lepton-pT requirements are
made as in the CRZs. Additionally, the presence of a photon with pT > 150 GeV is required which is

12
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6 5 Background Estimation

value of HT (greater and lower than 400 GeV) and Emiss
T (greater and lower than 150 GeV).

Three additional SR with significant amount of HT (SR 14,15) and Emiss
T (SR 16), respectively

have been defined since various noncompressed SUSY model can yield events with very high
Emiss

T or HT. These regions are inclusive in the number of b jets. The split in Mmin
T greater

or lower than 120 GeV is done for 0 b-tag jet category and as well for 3 regions with high
number of hadronic activity and Emiss

T . Motivated by the low expected yield of events with 3
or more b jets, one inclusive SR with Emiss

T < 300 and HT < 600 has been defined for high b jet
multiplicities � 3 (SR 13).

Table 2: Summary of the definition of the signal regions. The minimum Emiss
T requirement is

raised from 50 to 70 GeV only for on-Z SR1 and SR5. The dagger sign indicates signal regions
that are further subdivided at Mmin

T = 120 GeV. The search regions are mirrored in on- and
off-Z region.

Njets Nb jets HT (GeV) 50(70) GeV  Emiss
T < 150 GeV 150 GeV  Emiss

T < 300 GeV Emiss
T � 300 GeV

� 2

0 60 � 400 SR1 † SR2 †

SR16 †

400 � 600 SR3 † SR4 †

1 60 � 400 SR5 SR6
400 � 600 SR7 SR8

2 60 � 400 SR9 SR10
400 � 600 SR11 SR12

� 3 60 � 600 SR13
inclusive � 600 SR14 † SR15 †

In order to provide a simplified version of the analysis for easier interpretation and repro-
ducibility, a small set of aggregate signal regions has been defined, providing a compromise
between simplicity and analysis sensitivity. The definition of the super signal regions is de-
scribed in Table 3.

Table 3: Definition of super signal regions. A simpler classification is proposed for reinter-
pretations, depending on the presence of a Z candidate and the number of b jets, along with
additional simultaneous requirements on Mmin

T , Emiss
T and HT.

Mmin
T � 120 GeV

on-Z Nb jets  2 Nb jets � 3
HT � 200 GeV Emiss

T � 250 GeV HT � 60 GeV Emiss
T � 50 GeV

No SSR1 SSR2
Yes SSR3 SSR4

5 Background Estimation

Backgrounds for the multi-lepton final state can be divided in three categories:

• Nonprompt or misidentified leptons are leptons from heavy-flavor decays, misiden-
tified hadrons, muons from light-meson decays in flight, or electrons from uniden-
tified photon conversions. For this analysis tt events can enter the signal regions if
nonprompt leptons are present in addition to the prompt leptons from the W decays.
Top quark pair production is characterized by low HT and low Emiss

T and therefore
predominately populate signal regions 1 and 5, with 0 and 1 b jet respectively. Apart
from tt, Drell-Yan events can enter the baseline selection, however they are largely
supressed by the Emiss

T > 50 GeV selection and additional rejection is achieved by in-
creasing the Emiss

T requirement to 70 GeV for on-Z regions with low HT and low Emiss
T .

Processes which yield only one prompt lepton in addition to nonprompt ones like
W+jets and various single top channels are effectively suppressed by the three lep-
ton requirement because of the low probability that two nonprompt leptons satisfy
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include requirements on the transverse mass mT (computed using the Emiss
T and the lepton momentum:

mT =
q

2p`T Emiss
T (1 � cos(��(`,Emiss

T ))).

Table 3: Definition of the signal regions used in the 1`4b selection (see text for details).

Requirement / Region SR1`4b
A SR1`4b

B SR1`4b
C

Number of leptons 1–2 1–2 1–2
nb�tagged jets � 4 � 4 � 4
mT [GeV] – >150 >125
HT [GeV] > 1000 – –
Emiss

T [GeV] > 120 > 150 > 150
Leading b-tagged jet pT [GeV] – – <140
mbb[GeV] 95–155 – –
pbbT [GeV] > 300 – –
njets (pT >60 GeV) � 6 � 5 –
njets (pT >30 GeV) – – � 7

5 Background estimation

The main SM background processes satisfying the SR requirements are estimated by simulation, which is
normalized and verified in separate statistically-independent regions of the phase space. Dedicated control
regions (CRs) enhanced in a particular background component, such as the production of top-quark pairs
in association with a Z boson (tt̄ Z) and multi-boson production in the 3`1b selection, and tt̄ in the 1`4b
selection, are used for the normalisation. For each signal region, a simultaneous “background” fit is
performed to the number of events found in the CRs, using a statistical minimisation based on likelihoods
with the HistFitter package [87]. In each fit, the normalisations of the background contributions having
dedicated CRs are allowed to float, while the other backgrounds are determined directly using simulation
or from additional independent studies in data. Whenever possible, the agreement of the background
prediction with data is compared in dedicated validation regions (VRs), which are not used to constrain
the background normalization or nuisance parameters in the fit. When setting 95% CL upper limits on
the cross-section of specific SUSY models, the simultaneous fits also include the observed yields in the
SR.

Systematic uncertainties in the MC simulation a↵ect the ratio of the expected yields in the di↵erent
regions and are taken into account to determine the uncertainty on the background prediction. Each
uncertainty source is described by a single nuisance parameter, and correlations between background
processes and selections are taken into account. The fit does not a↵ect either the uncertainty, nor the
central value of these nuisance parameters. The systematic uncertainties considered in the fit are described
in Section 6.

5.1 Background estimation in the 3`1b selection

The dominant SM background contribution to the SRs in the 3`1b selection is expected to be from tt̄ Z ,
with minor contribution from multi-boson production (mainly W Z) and backgrounds containing fake

8

4.1 3`1b selection

Events of interest are selected if they contain at least three signal leptons (electrons or muons), with at
least one same-flavour opposite-sign lepton pair whose invariant mass is compatible with the Z boson
mass (|m`` � mZ | < 15 GeV, with mZ = 91.2 GeV). To maximise the sensitivity in di↵erent regions of
the mass parameter space, three overlapping signal regions (SRs) are defined as shown in Table 2. Signal
region SR3`1b

A is optimized for large mass splitting between the t̃2 and �̃0
1, where the Z boson in the

t̃2 ! Zt̃1 decay is boosted, and large p``T and leading jet pT are required. Signal region SR3`1b
B covers the

intermediate case, featuring slightly softer kinematic requirements than in SR3`1b
A . Signal region SR3`1b

C
is designed to improve the sensitivity for compressed spectra (mt̃2 & m �̃0

1
+ mt + mZ ) with softer jet pT

requirements and an upper bound on p``T .

Table 2: Definition of the signal regions used in the 3`1b selection (see text for details).

Requirement / Region SR3`1b
A SR3`1b

B SR3`1b
C

Number of leptons � 3 � 3 � 3
nb�tagged jets � 1 � 1 � 1
|m`` � mZ | [GeV] < 15 < 15 < 15
Leading lepton pT [GeV] > 40 > 40 > 40
Leading jet pT [GeV] > 250 > 80 > 60
Leading b-tagged jet pT [GeV] > 40 > 40 > 30
njets (pT > 30 GeV) � 6 � 6 � 5
Emiss

T [GeV] > 100 > 180 > 140
p``T [GeV] > 150 – < 80

4.2 1`4b selection

Similarly to the 3`1b case, three overlapping SRs are defined in the 1`4b selection to have a good sens-
itivity in di↵erent regions of the mass parameter space. Only events with one or two signal leptons
are selected to ensure orthogonality with the SRs in the 3`1b selection, with at least one lepton with
pT > 30 GeV, and the electron candidates are also required to satisfy the tight likelihood-based identific-
ation requirement as defined in Refs. [74, 75]. These SRs are defined as shown in Table 3.

Signal region SR1`4b
A is optimized for large mass splitting between the t̃2 and �̃0

1, where the Higgs boson
in the t̃2 ! ht̃1 decay is boosted. In this signal region, the pair of b-tagged jets with the smallest �Rbb

is required to have an invariant mass consistent with the Higgs boson mass (|mbb � mh | < 15 GeV, with
mh = 125 GeV), and the transverse momentum of the system formed by these two b-tagged jets (pbbT )
is required to be above 300 GeV. Signal region SR1`4b

B covers the intermediate case, featuring slightly
harder kinematic requirements than SR1`4b

A . Finally, signal region SR1`4b
C is designed to be sensitive to

compressed spectra (mt̃2 & m �̃0
1
+mt+mh). This region has softer jet pT requirements and an upper bound

on the pT of the leading b-tagged jet. Signal region SR1`4b
A includes requirements on HT (computed

as the scalar sum of the pT of all the jets in the event), while both signal regions SR1`4b
B and SR1`4b

C

7
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チャージーノ質量への制限 グルイーノ質量への制限

最新のDVの結果はまだ入っていない


