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• I will focus on specific topics of interest in 

•SUSY : Several analysis with newer results since Jan. 

•Exotic : Several analysis with really newer results since summer. 

•Starting from SUSY search results!!
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SUSY Analysis

https://arxiv.org/abs/1805.05784
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Searches for squarks and gluinos

● Strongly produced  largest cross sections.→

● E
T

       , (b) jets, (leptons). miss

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

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600 CMS Preliminary

1
0χ∼q q→ g~,  g~g~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
Observed

)miss
TSUS-16-033 (H

)T2SUS-16-036 (M

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

Tables 5 and 6.793

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY models.794

Two searches presented in this document are combined such that the final combined observed and expec-795

ted 95% CL exclusion limits are obtained from the signal regions with the best expected CLs value.796

In Figure 13, limits are shown for two classes of simplified models in which only direct production797

of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using798

the signal region with the best expected sensitivity at each point. In these simplified model scenarios,799

the upper limit of the excluded light-flavour squark mass region is 1.59 TeV assuming massless �̃0
1, as800

obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.05 TeV, if801

the �̃0
1 is massless, as obtained from the signal region Me�-4j-3000. The best sensitivity in the region802

of parameter space where the mass di�erence between the squark (gluino) and the lightest neutralino is803

small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra804

and where mass di�erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.805
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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 an806

intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0
1. Two sets of807

models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0
1
)/2 (or808

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

1
= 60 GeV. In the former models with squark-pair production,809

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.05 TeV with gluino-pair production.810

These limits are obtained from the signal region RJR-G2b and Me�-6j-2600, respectively. In the regions811

with very compressed spectra with mass di�erence between gluino (or squark) and �̃0
1 is less than 50 GeV,812
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Figure 6: Combined 95% CL exclusion limits in the di�erent SUSY models addressed by this analysis. In the top
row, the two gluino models with di�erent parametrisations are shown, with mg̃ and m�̃0

1
floating (left) or mg̃ and

x floating (right). In the bottom row the two squark models are presented, with mq̃ and m�̃0
1

floating (left) or mq̃
and x floating (right). The red solid line corresponds to the observed limit with the red dotted lines indicating the
±1� variation of this limit due to the e�ect of theoretical scale and PDF uncertainties in the signal cross-section.
The dark grey dashed line indicates the expected limit with the yellow band representing the ±1� variation of the
median expected limit due to the experimental and theoretical uncertainties. The exclusion limits at 95% CL by
previous ATLAS analyses [20, 21] are shown as the grey area.
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Figure 6: Combined 95% CL exclusion limits in the di�erent SUSY models addressed by this analysis. In the top
row, the two gluino models with di�erent parametrisations are shown, with mg̃ and m�̃0

1
floating (left) or mg̃ and

x floating (right). In the bottom row the two squark models are presented, with mq̃ and m�̃0
1

floating (left) or mq̃
and x floating (right). The red solid line corresponds to the observed limit with the red dotted lines indicating the
±1� variation of this limit due to the e�ect of theoretical scale and PDF uncertainties in the signal cross-section.
The dark grey dashed line indicates the expected limit with the yellow band representing the ±1� variation of the
median expected limit due to the experimental and theoretical uncertainties. The exclusion limits at 95% CL by
previous ATLAS analyses [20, 21] are shown as the grey area.
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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 , 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 [17]. 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, 27].
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 [17, 27].

3rd March 2017 – 20:15 36

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

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

 [G
eV

]
0 1
χ∼

m

0

200

400

600

800

1000

1200

1400

0
1χ∼ < m

q~m

))/20
1
χ∼) + m(q~)=(m(±

1
χ∼)=100%, m(0

1
χ∼ ± q W→ ±

1
χ∼ q → q~(B production, q~q~

ATLAS Internal
-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

, 8 TeV)-1Observed limit (20.3 fb

(a)

 [GeV]q~m
600 700 800 900 1000 1100 1200 1300 1400 1500

) [
G

eV
]

0 1χ∼ , q~
 m

(
∆)/0 1χ∼ , 

± 1χ∼
 m

(
∆

x=

0

0.2

0.4

0.6

0.8

1

1.2

1.4

)0
1
χ∼, q~ m(∆)/0

1
χ∼, ±

1
χ∼ m(∆ < x=q~m

) = 60 GeV0
1
χ)=100%,  m(0

1
χ∼ ± q W→ ±

1
χ∼ q → q~(B production,  q~q~

ATLAS Internal
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets
All limits at 95% CL.

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
, 8 TeV)-10L+1L combination obs. limit (20.3 fb

(b)

 [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

))/20
1
χ∼) + m(g~)=(m(±

1
χ∼)=100%, m(0

1
χ∼ ± qq W→ ±

1
χ∼ qq → g~(B production, g~g~

ATLAS Internal
-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

, 2015)-1Obs. limit (3.2 fb
, 2015)-11-lepton obs. limit (3.2 fb

(c)

 [GeV]g~m
1000 1200 1400 1600 1800 2000 2200 2400

) [
G

eV
]

0 1χ∼ , g~
 m

(
∆)/0 1χ∼ , 

± 1χ∼
 m

(
∆

x=

0

0.2

0.4

0.6

0.8

1

1.2

1.4

)0
1
χ∼, g~ m(∆)/0

1
χ∼, ±

1
χ∼ m(∆ < x=g~m

) = 60 GeV0
1
χ)=100%,  m(0

1
χ∼ ± qq W→ ±

1
χ∼ qq → g~(B production,  g~g~

ATLAS Internal
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets
All limits at 95% CL.
Meff (best expected)

)SUSY
theoryσ1 ±Obs. limit (

)expσ1 ±Exp. limits (
, 13 TeV)-11L obs. limit (3.2 fb

, 8 TeV)-10L+1L combination obs. limit (20.3 fb

(d)

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 , 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 [17]. 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, 27].
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 [17, 27].
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Figure 6: Up-to-date constraints set by ATLAS and CMS on (a) direct gluino decay: g̃ ! qq̄�̃0

1
, and (b)

1-step chargino-mediated gluino decay: g̃ ! qq̄�̃±

1
with the mass being in the middel between gluino and

the LSP. The article numbers for corresponding references are labeled on the plots.

Squarks Sine stop claims particular motivation for naturalness among all squarks, the analyzes are dedi-

catedly designed to address to wide range of decays of mass configurations. The strongest limits are provided

by LHC, and Fig. 8 presents the exlusion limits obtained by ATLAS and CMS on the most typical decay

scenario t̃ ! t�̃0

1
. Upto about 400 GeV ⇠ 1 TeV of stop mass is excluded for depending on the mass splitting,

which is similar to the other decay models as well including t̃ ! b�̃±

1
.

Electroweak Gauginos A number of searches have been performed in LEP, Tevatron and LHC, and the

LHC result set the majority of the current storngest limits. The target signatures are mainly pair produced

NLSPs (�̃±

1
or �̃0

2
) directly decaying to LSP, where wino dominated NLSP, bino-dominated LSP, and de-

coupled squarks are commonly assumed. 3 The signal regions typically require multiple leptons and large

missing ET in the final states. The exclusion limits set by ATLAS and CMS is shonw in Fig. 9. About upto

500 GeV of NLSP mass is excluded for cases with large NLSP-LSP mass splitting, and 200 � 250 GeV for

small mass splitting.

The scenario with wino LSP is explored using a strikingly di↵erent approach. Since the mass splitting

between NLSP wino-chargino and the wino-LSP is extremely compressed (150 ⇠ 160 MeV), wino-chargino

retains O(ns) of moderately long lifetime, resulting the characterstic disappearing track signature where a

visible charged track disappearing halfway in the tracker due to the decay. The result from ATLAS and

CMS (Run1) is given in Fig. 10. The exlusion runs upto 300 � 500 GeV of wino mass for the lifetime (or

the NLSP-LSP mass splitting) predicted by MSSM.

No intrepretation has been made for higgsino production and wide higgsino LSP scenario so far by LHC,

3
Under the decoupled squark scenario, bino production is strongly suppressed.
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Gluino探索の現状

■	LHC	(ATLAS/CMS)	の探索がup-to-date.	

■	最も単純なgluino	decay,	mass	spectraを仮定した探索のみやられてきた.

(thesis		1.4.3)

本D論:			

		先に仮定したSUSY	scenarioの下で考えられるgluino	decayとmass	spectraを網羅.
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Interesting grids for Boosted analysis

Slide from Danijela Bogavac, 1L team

https://indico.cern.ch/event/564201/contributions/2280083/attachments/1325408/1989613/1Lmeeting_22August.pdf

• Production Request made some months ago:
• https://indico.cern.ch/event/483393/contributions/1992435/attachments/1215424/1774670/

Inclusive_meeting_2101.pdf
• https://its.cern.ch/jira/browse/ATLMCPROD-2659
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production, in the
simplified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

used, while for the �+jets production the CT10 PDF set [58] is used, both in conjunction with dedicated144

parton shower-tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their145

NNLO cross-sections [59]. For the �+jets process the LO cross-section, taken directly from the Sherpa146

MC generator, is multiplied by a correction factor as described in Section 8.147

For the generation of tt̄ and single-top processes in the Wt and s-channel [60], the Powheg-Box v2 [61]148

generator is used with the CT10 PDF set. The electroweak (EW) t-channel single-top events are gen-149

erated using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO150

matrix-element calculations together with the fixed four-flavour PDF set CT10f4 [58]. For this process,151

the decay of the top quark is simulated using MadSpin tool [62] preserving all spin correlations, while for152

all processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428153

[63] with the CTEQ6L1 [64] PDF set and the corresponding Perugia 2012 tune (P2012) [65]. The top154

quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emis-155

sion beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to156

regulate the high-pT emission against which the ttbar system recoils [60]. The tt̄ events are normalized157

to the NNLO+NNLL [66, 67]. The s- and t-channel single-top events are normalized to the NLO cross-158

sections [68, 69], and the Wt-channel single-top events are normalized to the NNLO+NNLL [70, 71].159

The single-top associated with Z boson is generated with the MG5_aMC@NLO 2.2.1 generator at LO160

with CTEQ6L1 PDF set. The CTEQ6L1 PDF set and the corresponding P2012 tune is used for the parton161

shower, fragmentation, and the underlying event with the Pythia 6.428. The events are normalized to LO162

cross section by the generator.163

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [72], the MG5_aMC@NLO 2.2.3 generator at LO164

interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one165

(tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-event166
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production, in the
simplified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

used, while for the �+jets production the CT10 PDF set [58] is used, both in conjunction with dedicated144

parton shower-tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their145

NNLO cross-sections [59]. For the �+jets process the LO cross-section, taken directly from the Sherpa146

MC generator, is multiplied by a correction factor as described in Section 8.147

For the generation of tt̄ and single-top processes in the Wt and s-channel [60], the Powheg-Box v2 [61]148

generator is used with the CT10 PDF set. The electroweak (EW) t-channel single-top events are gen-149

erated using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO150

matrix-element calculations together with the fixed four-flavour PDF set CT10f4 [58]. For this process,151

the decay of the top quark is simulated using MadSpin tool [62] preserving all spin correlations, while for152

all processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428153

[63] with the CTEQ6L1 [64] PDF set and the corresponding Perugia 2012 tune (P2012) [65]. The top154

quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emis-155

sion beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to156

regulate the high-pT emission against which the ttbar system recoils [60]. The tt̄ events are normalized157

to the NNLO+NNLL [66, 67]. The s- and t-channel single-top events are normalized to the NLO cross-158

sections [68, 69], and the Wt-channel single-top events are normalized to the NNLO+NNLL [70, 71].159

The single-top associated with Z boson is generated with the MG5_aMC@NLO 2.2.1 generator at LO160

with CTEQ6L1 PDF set. The CTEQ6L1 PDF set and the corresponding P2012 tune is used for the parton161

shower, fragmentation, and the underlying event with the Pythia 6.428. The events are normalized to LO162

cross section by the generator.163

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [72], the MG5_aMC@NLO 2.2.3 generator at LO164

interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one165

(tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-event166
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production, in the
simplified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

used, while for the �+jets production the CT10 PDF set [58] is used, both in conjunction with dedicated144

parton shower-tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their145

NNLO cross-sections [59]. For the �+jets process the LO cross-section, taken directly from the Sherpa146

MC generator, is multiplied by a correction factor as described in Section 8.147

For the generation of tt̄ and single-top processes in the Wt and s-channel [60], the Powheg-Box v2 [61]148

generator is used with the CT10 PDF set. The electroweak (EW) t-channel single-top events are gen-149

erated using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO150

matrix-element calculations together with the fixed four-flavour PDF set CT10f4 [58]. For this process,151

the decay of the top quark is simulated using MadSpin tool [62] preserving all spin correlations, while for152

all processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428153

[63] with the CTEQ6L1 [64] PDF set and the corresponding Perugia 2012 tune (P2012) [65]. The top154

quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emis-155

sion beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to156

regulate the high-pT emission against which the ttbar system recoils [60]. The tt̄ events are normalized157

to the NNLO+NNLL [66, 67]. The s- and t-channel single-top events are normalized to the NLO cross-158

sections [68, 69], and the Wt-channel single-top events are normalized to the NNLO+NNLL [70, 71].159

The single-top associated with Z boson is generated with the MG5_aMC@NLO 2.2.1 generator at LO160

with CTEQ6L1 PDF set. The CTEQ6L1 PDF set and the corresponding P2012 tune is used for the parton161

shower, fragmentation, and the underlying event with the Pythia 6.428. The events are normalized to LO162

cross section by the generator.163

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [72], the MG5_aMC@NLO 2.2.3 generator at LO164

interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one165

(tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-event166
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1 Introduction

Supersymmetry (SUSY) [1–6] is a generalization of space-time symmetries that predicts new bosonic
partners to the fermions and new fermionic partners to the bosons of the Standard Model (SM). If R-parity
is conserved [7], SUSY particles are produced in pairs and the lightest supersymmetric particle (LSP) is
stable. The scalar partners of the left- and right-handed quarks, the squarks q̃L and q̃R, can mix to form
two mass eigenstates q̃1 and q̃2, ordered by increasing mass. SUSY can suppress scale hierarchy [8–11]
reducing unnatural tuning in the Higgs sector by orders of magnitude provided that the superpartners of
the top quark (stop, t̃1 and t̃2) have masses not too far above the weak scale. Because of the SM weak
isospin symmetry, the mass of the left-handed bottom quark scalar partner (sbottom, b̃L) is tied to the mass
of the left-handed top quark scalar partner (t̃L), and as a consequence the mass of the lightest sbottom
b̃1 is also expected to be close to the weak scale. The fermionic partners of the gluons, the gluinos (g̃),
are also constrained by naturalness [12, 13] to have a mass around the TeV scale in order to limit their
contributions to the radiative corrections to the stop masses. For these reasons, and because the gluinos
are expected to be pair-produced with a high cross-section at the Large Hadron Collider (LHC), the search
for gluino production with decays via stop and sbottom quarks is highly motivated at the LHC.

This note presents the search for gluino pair production decaying via stop or sbottom using a dataset of
14.8 fb�1 of proton–proton data collected with the ATLAS detector [14] at a center-of-mass energy of
13 TeV. The interpretation of the results is done using simplified models [15–17] with a single production
mode and 100% branching ratios to a specific decay chain. In these models, both gluinos are assumed to
either decay to stops via g̃ ! t̃1t, or to sbottoms via g̃ ! b̃1b. Each stop (sbottom) is then assumed to
decay exclusively to a top (bottom) quark and the LSP: t̃1 ! t �̃

0
1 (b̃1 ! b �̃

0
1). The LSP is assumed to

be the lightest neutralino �̃0
1, a linear superposition of the superpartners of the neutral electroweak and

Higgs bosons. The �̃0
1 interacts only weakly, resulting in final states with substantial missing transverse

momentum of magnitude E
miss
T . The sbottom and stop are assumed to be produced o�-shell such that the

gluinos e�ectively undergo the three-body decay g̃ ! bb̄ �̃
0
1 or g̃ ! tt̄ �̃

0
1, and that the only parameters of

the simplified models are the gluino and �̃0
1 masses.1 The masses of the SUSY particles not involved in

the process are set to very high values. Diagrams of the simplified models considered in this note, which
are referred to as “Gbb” and “Gtt” in the following, are shown in Figures 1(a) and 1(b), respectively.

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.

1 Models with on-shell sbottom and stop were studied in Run 1 [18] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except for stop masses below 500 GeV.
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1 Introduction

Supersymmetry (SUSY) [1–6] is a generalization of space-time symmetries that predicts new bosonic
partners to the fermions and new fermionic partners to the bosons of the Standard Model (SM). If R-parity
is conserved [7], SUSY particles are produced in pairs and the lightest supersymmetric particle (LSP) is
stable. The scalar partners of the left- and right-handed quarks, the squarks q̃L and q̃R, can mix to form
two mass eigenstates q̃1 and q̃2, ordered by increasing mass. SUSY can suppress scale hierarchy [8–11]
reducing unnatural tuning in the Higgs sector by orders of magnitude provided that the superpartners of
the top quark (stop, t̃1 and t̃2) have masses not too far above the weak scale. Because of the SM weak
isospin symmetry, the mass of the left-handed bottom quark scalar partner (sbottom, b̃L) is tied to the mass
of the left-handed top quark scalar partner (t̃L), and as a consequence the mass of the lightest sbottom
b̃1 is also expected to be close to the weak scale. The fermionic partners of the gluons, the gluinos (g̃),
are also constrained by naturalness [12, 13] to have a mass around the TeV scale in order to limit their
contributions to the radiative corrections to the stop masses. For these reasons, and because the gluinos
are expected to be pair-produced with a high cross-section at the Large Hadron Collider (LHC), the search
for gluino production with decays via stop and sbottom quarks is highly motivated at the LHC.

This note presents the search for gluino pair production decaying via stop or sbottom using a dataset of
14.8 fb�1 of proton–proton data collected with the ATLAS detector [14] at a center-of-mass energy of
13 TeV. The interpretation of the results is done using simplified models [15–17] with a single production
mode and 100% branching ratios to a specific decay chain. In these models, both gluinos are assumed to
either decay to stops via g̃ ! t̃1t, or to sbottoms via g̃ ! b̃1b. Each stop (sbottom) is then assumed to
decay exclusively to a top (bottom) quark and the LSP: t̃1 ! t �̃

0
1 (b̃1 ! b �̃

0
1). The LSP is assumed to

be the lightest neutralino �̃0
1, a linear superposition of the superpartners of the neutral electroweak and

Higgs bosons. The �̃0
1 interacts only weakly, resulting in final states with substantial missing transverse

momentum of magnitude E
miss
T . The sbottom and stop are assumed to be produced o�-shell such that the

gluinos e�ectively undergo the three-body decay g̃ ! bb̄ �̃
0
1 or g̃ ! tt̄ �̃

0
1, and that the only parameters of

the simplified models are the gluino and �̃0
1 masses.1 The masses of the SUSY particles not involved in

the process are set to very high values. Diagrams of the simplified models considered in this note, which
are referred to as “Gbb” and “Gtt” in the following, are shown in Figures 1(a) and 1(b), respectively.
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Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.

1 Models with on-shell sbottom and stop were studied in Run 1 [18] and the limits on the gluino and the �̃0
1 masses were found

to be mostly independent of the stop and sbottom masses, except for stop masses below 500 GeV.
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Gluino / Light-flavor squarks

■ 軽い理由特にない*. 重い方を目指して常にがんばる


■ High pT jets + large MET.   Light-flavor squarkも同じ枠組みで探せる.


■ ΔM大きいところはhadronic, 小さいところはleptonic解析が強力.

!7

* naturalnessを徹底するならstop mass (elementary scalar) の高次効果抑えるのにgluinoは軽い必要あり

   (higgs massのために軽いstopが要求されるのと同じ理由)

!7

2TeV

1.2TeV

→ 王道. σ大きい. 

Gluino / Light-flavor Squarks : 

•Royal Road, large cross section. 

•High pT jets + large ETmiss : Same strategy for light-flavor squark. 

•Large ΔM → hadronic 

•Small → leptonic analysis.

!4LHC Days in Split / BSM physics in ATLAS and CMS

1.2TeV

2TeV 2TeV

1TeV



Comparison ATLAS and CMS : e.g. Gluino 0L

•ATLAS : Cut & Count( > 40 SRs) 

•CMS : Inclusive → Multi-bin fit(> 100bins), Specific search → Cut & Count, MVA 

•Background estimation : Using similar technique, e.g. γ+jets to Z+jets, etc..

!5LHC Days in Split / BSM physics in ATLAS and CMS

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310

410  ATLAS
 -1=13 TeV, 36.1 fbs

Meff-2j-2100

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 direct,q~q~

)=(600, 595)0
1
χ
∼

, q~m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(a)

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310

  ATLAS
 -1=13 TeV, 36.1 fbs

Meff-2j-2800

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 direct,q~q~

)=(1500, 0)0
1
χ
∼

, q~m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(b)

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310

410
  ATLAS

 -1=13 TeV, 36.1 fbs
Meff-4j-1000

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 direct,g~g~

)=(1300, 900)0
1
χ
∼

, g~m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(c)

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310

410
  ATLAS

 -1=13 TeV, 36.1 fbs
Meff-4j-2200

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 direct,g~g~

)=(1800, 800)0
1
χ
∼

, g~m(

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(d)

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310
  ATLAS

 -1=13 TeV, 36.1 fbs
Meff-6j-2600

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 onestep,g~g~

)=(1705, 865, 25)0
1
χ
∼

, ±
1
χ
∼, g~m(

 

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(e)

Ev
en

ts
 / 

20
0 

G
eV

1

10

210

310
  ATLAS

 -1=13 TeV, 36.1 fbs
Meff-2jB-2400

Data 2015 and 2016
SM Total
W+jets

(+EW) & single toptt
Z+jets
Diboson
Multi-jet

 onestep,g~g~

)=(1600, 1590, 60)0
1
χ
∼

, ±
1
χ
∼, g~m(

 

(incl.) [GeV]effm
1000 1500 2000 2500 3000 3500 4000

D
at

a 
/ M

C

0
0.5

1
1.5

2

(f)
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 show the MC background predictions prior to the fits described in the
text, normalized using cross-section times integrated luminosity. The last bin includes the overflow. The hatched
(red) error bands indicate 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 using NLO+NLL cross-section (Section 3) times integrated luminosity, are also shown for
comparison (masses in GeV).
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Figure 9: The observed numbers of events and prefit SM background predictions in the 174
search regions of the analysis, where “prefit” means there is no constraint from the likelihood
fit. Numerical values are given in Tables B.1–B.5. The hatching indicates the total uncertainty
in the background predictions. The lower panel displays the fractional differences between the
data and SM predictions. The labeling of the bin numbers is the same as in Fig. 3.

evaluated as a function of meg and mec0
1
, or meq and mec0

1
. The test statistic is qµ = �2 ln

�
Lµ/Lmax

�
,

where Lmax is the maximum likelihood determined by allowing all parameters including the
SUSY signal strength µ to vary, and Lµ is the maximum likelihood for a fixed signal strength.
To set limits, asymptotic results for the test statistic [76] are used, in conjunction with the CLs
criterion described in Refs. [77, 78].

We evaluate 95% confidence level (CL) upper limits on the signal cross sections. The NLO+NLL
cross section is used to determine corresponding exclusion curves. When computing the limits,
the signal yields are corrected to account for possible signal contamination in the CRs. Beyond
the observed exclusion limits, we derive expected exclusion limits by using the expected Pois-
son fluctuations around the predicted numbers of background events when evaluating the test
statistic.

The results for the T1tttt, T1bbbb, T1qqqq, and T5qqqqVV models are shown in the upper and
middle rows of Fig. 12. Depending on the value of mec0

1
, and using the NLO+NLL cross sections,

gluinos with masses as large as 1960, 1950, 1825, and 1800 GeV, respectively, are excluded.
These results significantly extend those of our previous study [17], for which the corresponding
limits vary between 1440 and 1600 GeV.

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

1
. 25 GeV and we

1704.07781



Gluino to multi-b in ATLAS @80/fb

•Benchmark : g→tt/bb 

•> 3 b-jets, main background : ttbar + fake b-jets/tt+bb 

•There was 2.3σ excess @36/fb → disappeared @80/fb 

•New interpretation : simultaneous fit on g→tt/bb 

•More details from Daniela’s talk!!

!6LHC Days in Split / BSM physics in ATLAS and CMS

CONF-2018-041
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Figure 8: Results of the background-only fit extrapolated to the SRs for (a) the cut-and-count and (b) the 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 7 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄H and tt̄tt̄ events. The lower panel shows the pull in each SR.
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Figure 10: The expected (a) and observed (b) 95% CL exclusion limits on the gluino mass as a function of the gluino
branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either the Gtt or Gbb mode
are assumed to decay via Gtb instead. In this figure m( �̃0

1 ) is fixed to 1 GeV. The z-axis indicates the maximum
excluded gluino mass for each point in the branching ratio space. The white lines indicate contours at mass intervals
of 50 GeV. The exclusion limits were derived using the multibin analysis.
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Figure 11: The expected (a) and observed (b) 95% CL exclusion limits on the gluino mass as a function of the gluino
branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either the Gtt or Gbb mode
are assumed to decay via Gtb instead. In this figure m( �̃0

1 ) is fixed to 600 GeV. The z-axis indicates the maximum
excluded gluino mass for each point in the branching ratio space. The white lines indicate contours at mass intervals
of 50 GeV. The exclusion limits were derived using the multibin analysis.
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Gluino to multi-b in           @36fb-1

Benchmark: g→tt/bb 

■ >=3 b-jets. BGはtt+fake b-jets / tt+bb.


■ 36fb-1の時点でhigh mass SRで2.3 σ.


   ○ 統計的には大したことないが, いかんせんkinematicsはそれっぽい


■ 80fb-1で再び勝負. 順調に育つなら>3σ
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Searches for squarks and gluinos

● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 

● E
T

       , (b) jets, (leptons). miss
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Figure 1: The decay topologies in the (a) Gbb and (b) Gtt simplified models.
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Figure 2: The additional decay topologies of the variable gluino branching ratio model in addition to the ones of
Figure 1. (a) Both gluinos can decay as g̃ ! t b̄ �̃

�
1 with �̃�1 ! f f̄

0 �̃0
1 , or only one can with the other decaying as

(b) g̃ ! tt̄ �̃
0
1 or (c) g̃ ! bb̄ �̃

0
1 . (d) Finally, one gluino can decay as g̃ ! tt̄ �̃

0
1 and the other as g̃ ! bb̄ �̃

0
1 . The

charge conjugate processes are implied. The fermions originating from the �̃±1 decay have low momentum and are
not detected because the mass di�erence between the �̃±1 and the �̃0

1 is fixed to 2 GeV.
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M. Swiatlowski (UC) June 12, 2018

• Our goal: follow up on the ~2σ excess in one of our regions in the 2015+2016 data

• Our method: update the analysis to R21, use 2015+2016+2017 data

• Keep region definitions identical: no new optimization or R&D this round

Our Goal
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LLP/RPV reinterpretation

● Reinterpret RPC and RPV searches in

ATLAS-CONF-2018-003

gluino pair production
stop pair production

(a) RPC SUSY models with
variable R-hadron lifetimes 

● Analyses cover wide range of couplings and lifetimes.

● Potential improvements in transition regions.

(b) RPV SUSY models with
variable RPV-coupling strength 

g q

q~
- 36/fb

https://cds.cern.ch/record/2632347


Gluino to multi-b in ATLAS @80/fb

•Benchmark : g→tt/bb 

•> 3 b-jets, main background : ttbar + fake b-jets/tt+bb 

•There was 2.3σ excess @36/fb → disappeared @80/fb 

•New interpretation : simultaneous fit on g→tt/bb 

•More details from Daniela’s talk!!

!7LHC Days in Split / BSM physics in ATLAS and CMS

CONF-2018-041
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Figure 8: Results of the background-only fit extrapolated to the SRs for (a) the cut-and-count and (b) the 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 7 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄H and tt̄tt̄ events. The lower panel shows the pull in each SR.
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Figure 10: The expected (a) and observed (b) 95% CL exclusion limits on the gluino mass as a function of the gluino
branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either the Gtt or Gbb mode
are assumed to decay via Gtb instead. In this figure m( �̃0

1 ) is fixed to 1 GeV. The z-axis indicates the maximum
excluded gluino mass for each point in the branching ratio space. The white lines indicate contours at mass intervals
of 50 GeV. The exclusion limits were derived using the multibin analysis.
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Figure 11: The expected (a) and observed (b) 95% CL exclusion limits on the gluino mass as a function of the gluino
branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either the Gtt or Gbb mode
are assumed to decay via Gtb instead. In this figure m( �̃0

1 ) is fixed to 600 GeV. The z-axis indicates the maximum
excluded gluino mass for each point in the branching ratio space. The white lines indicate contours at mass intervals
of 50 GeV. The exclusion limits were derived using the multibin analysis.

24

80/fb

g→tt/bb  
simultaneous 

https://cds.cern.ch/record/2632347


Electroweak Gauginos

•Curse loop : Electroweak production → small cross-section → low mass search → large 
background → low pT multi-lepton final state → … ??  

•How can we avoid this loop? 

•More stat → We are in Run2, its’ already 80/fb!! 

•Change strategy → Use new technique ? Boosted Boson tagging would be powerful on 
higher mass region.

!8LHC Days in Split / BSM physics in ATLAS and CMS
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Figure 1: Diagrams for the physics scenarios studied in this paper: (a) �̃±1 �̃
0
2 with decays via leptonically decaying W

and Z bosons, (b) �̃±1 �̃
0
2 with decays to two-lepton plus two-jet plus Emiss

T final states through a hadronically decaying
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2 production in association with an initial state radiation

jet (labeled ‘ j’ in the figure) with decays via leptonically decaying W and Z bosons and (d) �̃±1 �̃
0
2 production in

association with an initial state radiation jet with decays to two-lepton plus two-jet plus Emiss
T final states through a

hadronically decaying W boson and a leptonically decaying Z boson.
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   χ1±χ20		decay via WZ/Wh~ ~
代表的な信号

/ h

�14

EWK Gauginos

!14

(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tan β, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2 <µ (M1 <µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2 <M1 <µ

(µ<M1 <M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tan β = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –

charged leptons and neutrinos (ẽL, µ̃L, ⌧̃L and ⌫̃). Intermediate slepton masses, when relevant, are chosen
to be midway between the mass of the heavier charginos and neutralinos and that of the �̃0

1 neutralino,
which is pure bino, and equal branching ratios for the three slepton flavours are assumed. Lepton flavour is
conserved in all models. Diagrams of processes considered are shown in Figure 1. For models exploring
�̃+1 �̃

�
1 production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay

chains, as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production:

in one case, the �̃±1 chargino and �̃0
2 neutralino can decay into final-state SM particles and a �̃0

1 neutralino
via an intermediate ˜̀L or ⌫̃L, with a branching ratio of 50% to each (Figure 1(b)); in the other case the �̃±1
chargino and �̃0

2 neutralino decays proceed via SM gauge bosons (W or Z). For the gauge-boson-mediated
decays, two distinct final states are considered: three-lepton (where lepton refers to an electron or muon)
events where both the W and Z bosons decay leptonically (Figure 1(c)) or events with two opposite-
sign leptons and two jets where the W boson decays hadronically and the Z boson decays leptonically
(Figure 1(d)). In models with direct ˜̀ ˜̀ production, each slepton decays into a lepton and a �̃0

1 with a
100% branching ratio (Figure 1(e)), and ẽL, ẽR, µ̃L, µ̃R, ⌧̃L and ⌧̃R are assumed to be mass-degenerate.

(a) (b)

(c) (d) (e)

Figure 1: Diagrams of physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 production with ˜̀-mediated decays into

final states with two leptons, (b) �̃±1 �̃
0
2 production with ˜̀-mediated decays into final states with three leptons, (c)

�̃±1 �̃
0
2 production with decays via leptonically decaying W and Z bosons into final states with three leptons, (d)

�̃±1 �̃
0
2 production with decays via a hadronically decaying W boson and a leptonically decaying Z boson into final

states with two leptons and two jets, and (e) slepton pair production with decays into final states with two leptons.

Events are recorded using triggers requiring the presence of at least two leptons and assigned to one of
three mutually exclusive analysis channels depending on the lepton and jet multiplicity. The 2`+0jets
channel targets chargino- and slepton-pair production, the 2`+jets channel targets chargino-neutralino
production with gauge-boson-mediated decays, and the 3` channel targets chargino-neutralino production
with slepton- or gauge-boson-mediated decays. For each channel, a set of signal regions (SR), defined
in Section 6, use requirements on E

miss
T and other kinematic quantities, which are optimized for di�erent

3

×

 Prod.   Decay  

■ Electro-weak prod. → 低い生成断面積 

   → Low massしか探索できない

   → 終状態の運動量が低め. BGが多い.

   → Multi-lepton (2L,3L,4L) を要求せざるを得ない

   → W/Zのleptonic branch: 2-10%

   → さらにsignal少なくなる   ...という泥沼に永らくハマっていた


■ Run2中盤の統計でようやくまともな感度 (呪いからの解放)   今とてもアツい！

基本Diboson + MET

Production Decay
Typical signal diagram

X →

https://arxiv.org/abs/1805.05784


Electroweak Gauginos Searches

•WZ → multi-lepton, Wh → 1L+bb analysis 

•Main target is wino production & Bino LSP. 

•ATLAS has higgsino LSP direct search.

!9LHC Days in Split / BSM physics in ATLAS and CMS
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Table 16: Expected and observed yields from the background-only fit for the 3` SRs. The errors shown are the
statistical plus systematic uncertainties. Uncertainties in the predicted background event yields are quoted as sym-
metric, except where the negative error reaches down to zero predicted events, in which case the negative error is
truncated.

Signal region SR3`_High SR3`_Int SR3`_Low SR3`_ISR

Total observed events 2 1 20 12

Total background events 1.1± 0.5 2.3± 0.5 10± 2 3.9± 1.0

Other 0.03+0.07
�0.03 0.04± 0.02 0.02+0.34

�0.02 0.06+0.19
�0.06

Triboson 0.19± 0.07 0.32± 0.06 0.25± 0.03 0.08± 0.04
Fit output, VV 0.83± 0.39 1.9± 0.5 10± 2 3.8± 1.0

Fit input, VV 0.76 1.8 9.2 3.4
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Figure 9: The observed and expected SM background yields in the CRs, VRs and SRs considered in the 3` chan-
nel. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
experimental and theoretical uncertainties. The bottom panel shows the di↵erence in standard deviations between
the observed and expected yields.
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2L/3L RJR Analysis in ATLAS 36/fb

•Recursive Jigsaw Reconstruction(RJR, 1705.10733) 

•Extended of RAZOR(1006.2727), reconstruct decay chain 

•Using reconstructed “RJ variable” for kinematic selection 

•Signal Region : 4 bin(ΔM) x 2L/3L → 8 regions.  

•Background Estimation :  

•Diboson : Correction from CR extrapolate to SR 

•Z+jets : gamma+jet method(γ replaced to Z) 

•Results : 2~3σ excess at independent SRs.

!11LHC Days in Split / BSM physics in ATLAS and CMS

 
1806.02293

LAB

PP

aP

aV aI
bP

bV bI

Lab State

Decay States

Visible States

Invisible States

(a)

LAB

2
 0
χ∼ 

1
± χ∼

1
± χ∼

W

1
j

2
j
1 a
 0χ∼

2
 0
χ∼

Z
1l 2l

1 b
 0χ∼

Lab State

Decay States

Visible States

Invisible States

(b)

LAB

2
 0
χ∼ 

1
± χ∼

1
± χ∼

aν + 
1 a

 0
χ∼ 1l

2
 0
χ∼

Z
2l 3l

1 b
 0χ∼

Lab State

Decay States

Visible States

Invisible States

(c)

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

(d)

Figure 2: (a) The “standard” decay tree applied to pair-produced sparticles (“parent” objects), P, decaying to visible
states “V” and invisible states “I”. (b) Decay trees for the 2` + 2 jets final state and (c) 3` final state. (d) The “com-
pressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and invisible momentum I
recoils from a jet-radiation system ISR.

6 The recursive jigsaw reconstruction technique

The RJR technique [13, 14] is a method for decomposing measured properties event by event to provide
a basis of kinematic variables. This is achieved by approximating the rest frames of intermediate particle
states in each event. This reconstructed view of the event gives rise to a natural basis of kinematic observ-
ables, calculated by evaluating the momentum and energy of di↵erent objects in these reference frames.
Background processes are reduced by testing whether each event exhibits the anticipated properties of the
imposed decay tree under investigation while only applying minimal selection criteria on visible object
momenta and missing momenta.
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Table 15: Expected and observed yields from the background-only fit for the 2` SRs. The errors shown are the
statistical plus systematic uncertainties. Uncertainties in the predicted background event yields are quoted as sym-
metric, except where the negative error reaches down to zero predicted events, in which case the negative error is
truncated.

Signal region SR2`_High SR2`_Int SR2`_Low SR2`_ISR

Total observed events 0 1 19 11

Total background events 1.9± 0.8 2.4± 0.9 8.4± 5.8 2.7+2.8
�2.7

Other 0.02± 0.01 0.05+0.12
�0.05 0.02+1.07

�0.02 0.06+0.33
�0.06

Fit output, Wt + tt̄ 0.00± 0.00 0.00± 0.00 0.57± 0.20 0.28+0.34
�0.28

Fit output, VV 1.8± 0.7 2.4± 0.8 1.5± 0.9 2.3± 1.1
Z+jets 0.07+0.78

�0.07 0.00+0.74
�0.00 6.3± 5.8 0.10+2.58

�0.10

Fit input, Wt + tt̄ 0.00 0.00 0.63 0.28
Fit input, VV 1.9 2.6 1.6 2.4
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Figure 8: The observed and expected SM background yields in the CRs, VRs and SRs considered in the 2` chan-
nel. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
experimental and theoretical uncertainties. The bottom panel shows the di↵erence in standard deviations between
the observed and expected yields.

29

2L 3L

LAB

PP

aP

aV aI
bP

bV bI

Lab State

Decay States

Visible States

Invisible States

(a)

LAB

2
 0
χ∼ 

1
± χ∼

1
± χ∼

W

1
j

2
j
1 a
 0χ∼

2
 0
χ∼

Z
1l 2l

1 b
 0χ∼

Lab State

Decay States

Visible States

Invisible States

(b)

LAB

2
 0
χ∼ 

1
± χ∼

1
± χ∼

aν + 
1 a

 0
χ∼ 1l

2
 0
χ∼

Z
2l 3l

1 b
 0χ∼

Lab State

Decay States

Visible States

Invisible States

(c)

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

(d)

Figure 2: (a) The “standard” decay tree applied to pair-produced sparticles (“parent” objects), P, decaying to visible
states “V” and invisible states “I”. (b) Decay trees for the 2` + 2 jets final state and (c) 3` final state. (d) The “com-
pressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and invisible momentum I
recoils from a jet-radiation system ISR.

6 The recursive jigsaw reconstruction technique

The RJR technique [13, 14] is a method for decomposing measured properties event by event to provide
a basis of kinematic variables. This is achieved by approximating the rest frames of intermediate particle
states in each event. This reconstructed view of the event gives rise to a natural basis of kinematic observ-
ables, calculated by evaluating the momentum and energy of di↵erent objects in these reference frames.
Background processes are reduced by testing whether each event exhibits the anticipated properties of the
imposed decay tree under investigation while only applying minimal selection criteria on visible object
momenta and missing momenta.
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Gaugino to slepton 
■ Gauginoの感度がなかった頃に盛んにやられてた, 少し都合のよすぎる信号*


■ g-2 anomalyで好まれるSUSY scenario (軽いwino, smuon [1]) がカバーできる.


  ○ 来年以降のFermi E989の結果次第で一気に有力になる可能性あり. 

charged leptons and neutrinos (ẽL, µ̃L, ⌧̃L and ⌫̃). Intermediate slepton masses, when relevant, are chosen
to be midway between the mass of the heavier charginos and neutralinos and that of the �̃0

1 neutralino,
which is pure bino, and equal branching ratios for the three slepton flavours are assumed. Lepton flavour is
conserved in all models. Diagrams of processes considered are shown in Figure 1. For models exploring
�̃+1 �̃

�
1 production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay

chains, as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production:

in one case, the �̃±1 chargino and �̃0
2 neutralino can decay into final-state SM particles and a �̃0

1 neutralino
via an intermediate ˜̀L or ⌫̃L, with a branching ratio of 50% to each (Figure 1(b)); in the other case the �̃±1
chargino and �̃0

2 neutralino decays proceed via SM gauge bosons (W or Z). For the gauge-boson-mediated
decays, two distinct final states are considered: three-lepton (where lepton refers to an electron or muon)
events where both the W and Z bosons decay leptonically (Figure 1(c)) or events with two opposite-
sign leptons and two jets where the W boson decays hadronically and the Z boson decays leptonically
(Figure 1(d)). In models with direct ˜̀ ˜̀ production, each slepton decays into a lepton and a �̃0

1 with a
100% branching ratio (Figure 1(e)), and ẽL, ẽR, µ̃L, µ̃R, ⌧̃L and ⌧̃R are assumed to be mass-degenerate.

(a) (b)

(c) (d) (e)

Figure 1: Diagrams of physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 production with ˜̀-mediated decays into

final states with two leptons, (b) �̃±1 �̃
0
2 production with ˜̀-mediated decays into final states with three leptons, (c)

�̃±1 �̃
0
2 production with decays via leptonically decaying W and Z bosons into final states with three leptons, (d)

�̃±1 �̃
0
2 production with decays via a hadronically decaying W boson and a leptonically decaying Z boson into final

states with two leptons and two jets, and (e) slepton pair production with decays into final states with two leptons.

Events are recorded using triggers requiring the presence of at least two leptons and assigned to one of
three mutually exclusive analysis channels depending on the lepton and jet multiplicity. The 2`+0jets
channel targets chargino- and slepton-pair production, the 2`+jets channel targets chargino-neutralino
production with gauge-boson-mediated decays, and the 3` channel targets chargino-neutralino production
with slepton- or gauge-boson-mediated decays. For each channel, a set of signal regions (SR), defined
in Section 6, use requirements on E

miss
T and other kinematic quantities, which are optimized for di�erent

3

* ○ sleptonがちょうどgauginoの間にある.

  ○ Leptonic branch 100% (c.f. WZ mediated: 2%)

Scalar lepton ("slepton") 

[1] M. Endo et. al. 1309.3065

Slepton Search

•Direct search : very small cross-section 

•CMS light-flavor slepton(1806.05264)  

•CMS stau(1807.02048) 

•No significant excess on both analysis.. 

•Gaugino to slepton : well motivated from g-2 
anomaly(1309.3065) 

•Will be (possibly) interesting topic depending 
on Fermi E989 results!!

!12LHC Days in Split / BSM physics in ATLAS and CMS
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Figure 10: Excluded et pair production cross section as a function of the et mass for the left-
handed et scenario, and for different ec0

1 masses of 1, 10, 20, 30, 40, and 50 GeV from upper left
to lower right, respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The red line indicates the NLO+NLL prediction for the signal
production cross section, while the red hatched band represents the uncertainty in the predic-
tion.
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charged leptons and neutrinos (ẽL, µ̃L, ⌧̃L and ⌫̃). Intermediate slepton masses, when relevant, are chosen
to be midway between the mass of the heavier charginos and neutralinos and that of the �̃0

1 neutralino,
which is pure bino, and equal branching ratios for the three slepton flavours are assumed. Lepton flavour is
conserved in all models. Diagrams of processes considered are shown in Figure 1. For models exploring
�̃+1 �̃

�
1 production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay

chains, as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production:

in one case, the �̃±1 chargino and �̃0
2 neutralino can decay into final-state SM particles and a �̃0

1 neutralino
via an intermediate ˜̀L or ⌫̃L, with a branching ratio of 50% to each (Figure 1(b)); in the other case the �̃±1
chargino and �̃0

2 neutralino decays proceed via SM gauge bosons (W or Z). For the gauge-boson-mediated
decays, two distinct final states are considered: three-lepton (where lepton refers to an electron or muon)
events where both the W and Z bosons decay leptonically (Figure 1(c)) or events with two opposite-
sign leptons and two jets where the W boson decays hadronically and the Z boson decays leptonically
(Figure 1(d)). In models with direct ˜̀ ˜̀ production, each slepton decays into a lepton and a �̃0

1 with a
100% branching ratio (Figure 1(e)), and ẽL, ẽR, µ̃L, µ̃R, ⌧̃L and ⌧̃R are assumed to be mass-degenerate.

(a) (b)

(c) (d) (e)

Figure 1: Diagrams of physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 production with ˜̀-mediated decays into

final states with two leptons, (b) �̃±1 �̃
0
2 production with ˜̀-mediated decays into final states with three leptons, (c)

�̃±1 �̃
0
2 production with decays via leptonically decaying W and Z bosons into final states with three leptons, (d)

�̃±1 �̃
0
2 production with decays via a hadronically decaying W boson and a leptonically decaying Z boson into final

states with two leptons and two jets, and (e) slepton pair production with decays into final states with two leptons.

Events are recorded using triggers requiring the presence of at least two leptons and assigned to one of
three mutually exclusive analysis channels depending on the lepton and jet multiplicity. The 2`+0jets
channel targets chargino- and slepton-pair production, the 2`+jets channel targets chargino-neutralino
production with gauge-boson-mediated decays, and the 3` channel targets chargino-neutralino production
with slepton- or gauge-boson-mediated decays. For each channel, a set of signal regions (SR), defined
in Section 6, use requirements on E

miss
T and other kinematic quantities, which are optimized for di�erent

3

Direct search 
■ 断面積が非常に低い (gauginoの1/10)


   呪いから未開放


■ Light-flavor sleptonは主にhigh massで感度


■ Stauはまだ感度がない

�18

Scalar lepton ("slepton") 
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Second generation sleptons

CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

CMS light-flavor slepton 

combination 1806.05264
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CMS-PAS-SUS-17-008
● Search for resonant production of second generation                            

sleptons via RPV coupling.

● Final state with two same-sign muons                                                
and at least two jets.

M(μ,μ,jets) = 

2L+3L

2tau

2L

2tau

CMS stau 

https://arxiv.org/pdf/1806.05264.pdf
https://arxiv.org/pdf/1807.02048.pdf
https://arxiv.org/abs/1309.3065
http://muon-g-2.fnal.gov/
https://arxiv.org/abs/1805.05784
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Long-lived SUSY Searches
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BSM粒子が長寿命になる代表的なパターン

質量縮退がやばい 

e.g. 

○ Pure wino LSP

   (ΔM~160 MeV)

中間状態むちゃくちゃ重い  

e.g. 

○ 10 TeV sq.経由のgluino崩壊

○ 100 TeV higgsino経由

    のwino→bino崩壊

Couplingが猛烈に小さい  

  e.g. 

   ○ Small RPV coupling

   ○ Gravity (into gravitino)

2Jun 7, 2018 -- LHCP S. Pagan Griso

Physics motivation

● Long-lived particles naturally arise in a variety of BSM theories

● In SUSY theories common mechanisms include:

small couplings

e.g. R-Parity Violation

off-shell decays

e.g. split-SUSY with
squarks mass > 10 TeV

phase-space 

Small mass splitting
e.g. AMSB

● Benchmarks often chosen as representative simplified models
– re-interpretation material is key to ensure full exploration of coverage
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● In SUSY theories common mechanisms include:

small couplings

e.g. R-Parity Violation

off-shell decays

e.g. split-SUSY with
squarks mass > 10 TeV

phase-space 

Small mass splitting
e.g. AMSB

● Benchmarks often chosen as representative simplified models
– re-interpretation material is key to ensure full exploration of coverage

Heavy intermediate particle  
• e.g. 10TeV squark → gluinos  
• e.g. 100TeV higgsino → wino/bino

Long-Lived SUSY Searches

!13LHC Days in Split / BSM physics in ATLAS and CMS

 

•Why long-lived SUSY particles are long lived?  

•How can we detect long-lived particle(LLP)? 

•Detect LLP itself at detector → Large dE/dx, disappearing track 

•Detect SM particle from LLP decay → Displaced vertex, displaced late photon…
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• e.g. Gravity(into gravitino)
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off-shell decays
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squarks mass > 10 TeV
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Small ΔM 
• e.g. pure wino LSP(ΔM~160MeV)

https://arxiv.org/abs/1805.05784
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Figure 7: Observed and expected 95% CL upper limits on cross section times branching fraction
squared for multijet signals (left) and dijet signals (right), as a function of mass for a fixed ct of
0.3 mm (upper), 1 mm (middle), and 10 mm (lower). The gluino pair production cross section
is overlaid for the multijet signals, and the top squark pair production cross section is overlaid
for the dijet signals. The uncertainty in the theoretical cross sections include those due to the
renormalization and factorization scales, and the parton distribution functions.

•LLP pair production → 2 DV at event !! 

•DV : at least 5 tracks(pT>1GeV, σd0>4, d0 < 20mm ) 

•Final discriminant : distance between two DVs 

•Background : random crossing → Using data template 

•Add track randomly to 1DV data sample 

•No significant excess…

Displaced Vertex(DV) with jets in CMS @38.5/fb

!14LHC Days in Split / BSM physics in ATLAS and CMS

 

1. Introduction 1

1 Introduction
Many theories for physics beyond the standard model (SM) predict the pair production of
long-lived particles decaying to final states with two or more jets. Some examples include R-
parity violating (RPV) supersymmetry (SUSY) [1], split SUSY [2], hidden valley models [3],
and weakly interacting massive particle baryogenesis [4]. Searches for long-lived particles sig-
nificantly expand the parameter space of physics beyond the SM probed by the experiments at
the CERN LHC.

This analysis is sensitive to models of new physics in which pairs of long-lived particles decay
to final states with multiple charged particles. We present results for two benchmark signal
models, as well as a method for applying the results more generally. The “multijet” benchmark
signal is motivated by a minimal flavor violating model of RPV SUSY [5] in which the lightest
SUSY particle is a neutralino or gluino, either of which is produced in pairs. The neutralino or
gluino is long-lived and decays into a top antiquark and a virtual top squark, and the virtual
top squark decays into strange and bottom antiquarks, resulting in a final state with many jets.
The “dijet” benchmark signal is a phenomenological model in which pair-produced long-lived
top squarks each decay into two down antiquarks, which is also an RPV scenario [6]. The
diagrams for the multijet and dijet signal models are shown in Fig. 1.
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Figure 1: Diagrams for the multijet (left) and dijet (right) benchmark signal models used in this
analysis. The long-lived particles are shown in red, and the quarks to which they decay are
shown in blue. In the multijet signal model, long-lived neutralinos (ec0) or gluinos (eg) decay
into top, bottom, and strange antiquarks, via a virtual top squark (et). In the dijet signal model,
long-lived top squarks decay into two down antiquarks. The charge conjugate processes are
also allowed.

The experimental signature of these long-lived exotic particles is a pair of displaced vertices,
each consisting of multiple charged-particle trajectories intersecting at a single point. In this
analysis, a custom vertex reconstruction algorithm identifies the displaced vertices. We focus
on signals with intermediate lifetimes, with mean proper decay lengths from 0.1 to 100 mm,
by identifying vertices that are displaced from the beam axis but within the radius of the beam
pipe. The signal is distinguished from the SM background based on the separation between the
vertices: signal events have two well-separated vertices, while background events are domi-
nated by events with only one displaced vertex, usually close to the beam axis.

The CMS Collaboration searched for displaced vertices in proton-proton (pp) collisions at a
center-of-mass energy of

p
s = 8 TeV in 2012 [7]. This analysis is an improved version of

the search, using pp collisions collected at
p

s = 13 TeV in 2015 and 2016. A similar analysis
was performed by the ATLAS Collaboration [8]. The CMS and ATLAS Collaborations have
also searched for displaced jets [9–12], displaced leptons [13, 14], displaced photons [15], and
displaced lepton jets [16]. The analysis reported here is sensitive to shorter lifetimes than those
probed by previous analyses.
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pipe. The signal is distinguished from the SM background based on the separation between the
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Figure 5: Distribution of the x-y distance between vertices in two-vertex events. The points
show the data (dVV), and the solid lines show the background template (d C

VV) normalized to the
data, for events with two 3-track vertices (upper left), one 4-track vertex and one 3-track vertex
(upper right), two 4-track vertices (lower left), and two �5-track vertices (lower right). The last
bin includes the overflow events. The dotted lines indicate the boundaries between the bins
used in the fit.
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https://arxiv.org/abs/1805.05784
https://cds.cern.ch/record/2621291/files/EXO-17-018-pas.pdf


•Stable charged particle w/ τ > 1nsec : measure track dE/dx on Pix detector 

•Calibrate proton/Kaon/pion using minimum bias sample 

•Estimate βγ from dE/dx 

•Background : Estimated by template from low ETmiss and low dE/dx region. 

•2.4σ local excess around long lifetime SR!!(Of course, might be small w/ global p-value.)

Pixel dE/dx Search in ATLAS @36/fb

!15LHC Days in Split / BSM physics in ATLAS and CMS

 CONF-SUSY-2016-31

2.4σ

Well fitted!!

dE/dx

https://arxiv.org/abs/1805.05784
httpshttps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/://cds.cern.ch/record/2621291/files/EXO-17-018-pas.pdf
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Exotic Analysis

https://arxiv.org/abs/1805.05784


•W’,Z’, DM mediator, RSgraviton… : Many signal can be considered. 

•Background : Estimated two method for low/high mass region separately. 

•Fit method : Using                          extracted mass shape. 

•Ratio method : Apply several transfer factor using Δη CR.

Dijet Signature in CMS @78/fb

!17LHC Days in Split / BSM physics in ATLAS and CMS
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Figure 1: The pseudorapidity separation between the two wide-jets for the signal and control
regions. Data (black points) are compared to QCD predictions from the Pythia-8 MC with
detector simulation (red line) normalized to the data. A signal from an RS graviton decaying
to two quarks is also shown (blue line) normalized to the same number of events as the data.

3. Dijet data and QCD predictions 5
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Figure 2: The dijet mass spectra of the data and Pythia simulation in the SR (black points and
red line), CRmiddle (triangles and blue line), and CRhigh (crosses and magenta line).
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factors between data and simulation (Raux.
ext.

Data/R
aux.
ext.

Simulation). The uncertainty on the param-
eters from the auxiliary region is ⇠ 2 times larger than the final constrained parameters. The
signal plus background fit is a simultaneous one performed in SR and CRhigh, taking signal
contamination in CRhigh into account. Signal injection tests were performed to investigate the
potential biases in both background predictions methods and they were found to be negligible.
These tests included signal injection in SR, CRmiddle and CRhigh, and were performed both for
a 2s and a 5s injected signal.
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Figure 5: Left: R
aux.
ext. auxiliary transfer factor for data (black points) and pythia (blue line) on

the top, along with their ratio fitted with the correction function on the bottom (magenta line
with 68% CL error band). Right: Rext. transfer factor for data (black points), Pythia (blue line),
Powheg (red line) and corrected Pythia (magenta line) shown on the top. The ratio of data
to Pythia (black points) fitted with the correction function (blue line), along with the ratio
of Powheg to Pythia (red line), and the ratio of corrected Pythia to uncorrected Pythia (ma-
genta line) are shown on the bottom. The corrected Pythia transfer factor (magenta line) using
CRmiddle agrees with the data one (blue line).

The ratio method is an orthogonal approach to the parametric fit yielding very consistent re-
sults with a more rigid background parametrization. This builds confidence for the validity
of both methods. The advantages of this method with respect to the parametric fit are the
following:

• If a signal is observed, the ratio method provides a verification and measurement of
the signal, using a background estimate that is independent from the parametric fit.

• In the presence of a signal, the ratio method has smaller uncertainties on the back-
ground prediction, leading to less biased values of observed signal significance.

• The ratio method has smaller systematic uncertainties when the same fitting range
as the parametric fit is used.

• The ratio method has increased sensitivity compared to the parametric fit as the
resonance width increases.

Figure 6 shows the dijet mass spectra, defined as the observed number of events in each bin

8

4 Search for narrow dijet resonances
The dijet mass spectrum is fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
(1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 48.1/37. The functional form in Eq. (1)
was also used in previous searches [3–16, 47] to describe the data.

The main idea of the “ratio method” is to predict the QCD background in the signal region
(SR) in a data driven way, using the mjj distribution in a control region (CRhigh), defined by a
|Dh| sideband between the two leading wide-jets. The data dijet mass spectrum in the control
region (CRhigh), corrected with an almost flat transfer factor from simulation, produces the
QCD prediction in the SR. Symbolically, we could describe the method as follows:

N(mjj)
Prediction
SR = Rext. ⇥ N(mjj)

Data
CRhigh

(2)

Rext. = Corr(mjj)⇥ N(mjj)
Simulation
SR /N(mjj)

Simulation
CRhigh

(3)

The prediction in the SR is constructed by weighting each dijet mass bin in CRhigh with the
corrected simulated transfer factor. As seen in Fig. 5 (right top plot), the dijet mass spectra in
the SR and CRhigh are very similar shape-wise, yielding a slowly varying and almost flat trans-
fer factor, however differences are present between the data and Pythia transfer factors (right
bottom plot) due to theoretical and experimental systematic effects. Dedicated studies have
shown that these are due to missing higher QCD orders and electroweak (EW) effects from the
LO Pythia simulation, and experimental systematic effects yielding differences between data
and simulation at higher jet h’s. The higher QCD orders, the EW effects, and the differences
between data and simulation at higher jet h’s produce a similar effect shape-wise in the trans-
fer factor, described by the functional form shown in Eq. 5. The NLO and EW effects change
the LO Pythia transfer factor by roughly the same amount each at the high end of the dijet
mass spectrum,the rest of the effect is due to experimental systematic effects. Hence, we cor-
rect (Corr(mjj)) the transfer factor obtained from LO Pythia simulation using a two parameter
function shown in Eq. 5, and a second control region (CRmiddle) with very small signal contam-
ination and whose events have very similar kinematic characteristics (jet h distributions) with
the ones in the SR. This second control region allows us to define an auxiliary transfer factor,
R

aux.
ext. shown in the Eq. 4, and estimate the correction to the main one obtained from simulation,

Rext., by performing a fit to the data over simulation ratio of R
aux.
ext. , as shown in Eq. 5. The data

over simulation ratios of the two transfer factors, R
aux.
ext. and Rext. and their fits, are almost iden-

tical, as expected, and are shown in Fig. 5 left bottom plot (magenta line) and right bottom plot
(blue line) respectively.

R
aux.
ext. = N(mjj)CRmiddle /N(mjj)CRhigh (4)

Corr(mjj) =
R

aux.
ext.

Data

R
aux.
ext.

Simulation = P0 + P1 ⇥ (mjj/
p

s)4 (5)

P0 and P1 are treated as nuisance parameters with gaussian priors in the final signal plus back-
ground fit. Their mean and sigma are determined by fitting the ratio of the auxiliary transfer

MC comparison

CRSR

CR

TF(high→middle)

TF(MC→Data)

middle

High
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Figure 9: The 95% CL upper limits on the universal quark coupling g
0
q as a function of resonance

mass for a leptophobic Z0 resonance that only couples to quarks. The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Dotted horizontal lines show the coupling strength for which the cross
section for dijet production in this model is the same as for a DM mediator.
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•No significant excess… 

•Set 4 limits for qq,qg,gg production and RS graviton signal. 

•Also set limit on universal quark coupling gq’ as a function of Z’ mass. 

•(Highest dijet mass is 8TeV!!)
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•Allow one additional lepton : Less model-dependent search, trigger free analysis 

•Signal : W’, Z’, H±(→qq) expected → e/μ + 2jets + v, (no cut on ETmiss). 

•Background : Validated at CR → 2jets + one additional jet. 

•Fitting with below function w/ x = mjj/√s  

•No significant excess…

Dijet Signature w/ lepton in ATLAS @80/fb
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1 Introduction

Searches for resonances in dijet invariant mass distributions provide a means to investigate a wide range of
theories beyond the Standard Model (BSM). Such searches are sensitive to heavy particles that decay into
two partons which, following hadronisation, form two jets. Previous heavy resonance searches in dijet
mass distributions have been performed by ATLAS [1–3] and CMS [4–6]. They exclude heavy resonances
in a wide range of masses for a variety of BSM models. In contrast to the searches in inclusive events,
selecting events with a final-state lepton in addition to dijets increases sensitivity to a di�erent range of
exotic models. In addition, exploitation of the lepton for event selection gives an opportunity to probe
smaller dijet invariant masses than in the previous dijet searches based on jet triggers.

Many BSM models predict new heavy resonances accompanied by a lepton, wherein the former decays to
form jets. If a resonance has a large coupling to partons, possible processes include qq̄

0 ! W X ! l⌫qq̄

(Fig. 1(a)) and qq̄
0 ! X

0 ! W X ! `⌫qq̄ (Fig. 1(b)), as well as gluon-gluon fusion induced production,
where X and X

0 can be either scalar or vector particles. Examples of such models are technicolor
models, qq̄ ! ⇢T ! W⇡T ! l⌫qq̄ [7] (where a technirho decays to a W boson and a technipion), the
Sequential Standard Model [8], W

0 ! W Z
0 ! l⌫qq̄ (where W

0 and Z
0 are new heavy gauge bosons) and

charged Higgs models (bb̄ ! W
±

H
⌥ ! l⌫qq̄) [9]. A number of Dark Matter models also predict new

resonances with associated vector bosons [10] that can decay leptonically. While the majority of models
with associated W/Z production also include a neutrino in the final state, not imposing a requirement on
missing transverse momentum allows a less model-dependent search strategy.

The study presented in this note focuses on a generic search for BSM resonances in the dijet invariant
mass distribution constructed from events with at least one isolated lepton (muon µ or electron e). The
search uses an integrated luminosity of 79.8 fb�1 of

p
s = 13 TeV proton-proton collision data recorded

by the ATLAS detector.

(a) (b)

Figure 1: Representative Feynman diagrams for a generic resonance, X , decaying to two partons in association with
a leptonically decaying a W boson in the (a) t-channel and (b) s-channel. The latter channel includes a resonance
X
0 decaying to a W and an X .
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Figure 2: The dijet mass distribution for events with leptons (e or µ) of pT > 60 GeV using 79.8 fb�1 of data
collected between 2015-2017. The data are shown together with the background fit (shown with the red line). The
fit corresponds to �2/ndf = 1.02 in the considered mass range, 0.22 < m j j < 6.3 TeV. The lower panel shows
the bin-by-bin significances of the data–fit di�erences [39] considering only statistical uncertainties. The vertical
dashed lines on the lower panel indicate the most discrepant intervals using the BH procedure, with a p-value of 0.7.

uncertainties are determined to be negligible. All aforementioned uncertainties are included as nuisance
parameters in the Bayesian limit calculations.

6 Results

Figure 2 shows the m j j distribution together with the fit to the background hypothesis discussed in Sect. 5
for the combined e and µ channels. The fit procedure describes the data well, with �2/ndf = 1.02.
The lower panel of Fig. 2 shows the bin-by-bin significances of the data–fit di�erences [39], which are
calculated from the Poisson probability considering only statistical uncertainties.

BumpHunter is used to quantify the statistical significance of localized deviations in the m j j distribution,
should they exist. The largest deviation reported is at a value of m j j = 3.56 TeV, as indicated by the
vertical dashed lines in the lower panel of Fig. 2. Considering only statistical uncertainties, this deviation
corresponds to a global p-value of 0.7 for the BumpHunter statistic. The p-value calculation takes into
account the look elsewhere e�ect in the dijet mass spectrum beginning at m j j = 0.22 TeV. Locally, the
p-value at m j j = 3.56 TeV is p0 = 6 ⇥ 10�3, corresponding to a significance of 2.5 standard deviations.
The width of the largest deviation is consistent with the m j j resolution of 75 GeV in this region.

In the absence of any significant excess indicating the presence of new phenomena beyond the Standard
Model, the Bayesian method is used to set 95% CL upper limits on the cross-section for new processes
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Figure 3: The 95% CL upper limits obtained from the m j j distribution on cross-section times acceptance (A),
e�ciency (✏) and branching ratio (BR), for a BSM signal with a cross-section that produces a Gaussian contribution
to the particle-level m j j distribution, as a function of the mean of the Gaussian mass distribution. The observed and
expected limits (shown with ±1 � and ±2 � bands) are calculated for di�erent widths, �X , from a width defined by
the detector resolution to 15% of the mass mX .
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than the mass of ⇡T , which is a maximum bound for the expected cross section. The signal width for these
models is approximately 15% of the predicted mass.

All MC samples were passed through the full ATLAS detector simulation [30] based on Geant4 [31].
Additional simulated proton–proton collisions generated using P�����8 with the A14 set of tuned param-
eters were overlaid to simulate the e�ects of pile-up. The pile-up distribution is reweighted to match that
in data. Simulated events are reconstructed and analysed with the same algorithms as used for data.

5 Analysis procedure

The presence of a new resonant state of mass mX decaying to partons that hadronise to two jets may lead
to an excess of events at m j j = mX in an otherwise smooth and monotonically decreasing dijet invariant
mass distribution. This analysis presents a search for such an excess in the range 0.22 < m j j < 6.5 TeV.

Bin widths of the m j j distribution are chosen to be approximately equal to the resolution at a given mass,
and therefore widen with increasing m j j from 13 GeV to 120 GeV. The following fit function [3] is used
to establish the shape of the estimated background,

f (x) = p1(1 � x)p2 x
p3+p4 ln x+p5 ln2 x, (1)

where x ⌘ m j j/
p

s and the pi are five free parameters to be estimated. Due to the wider m j j range
considered herein compared to the previous studies [1, 2, 32–34], a higher-order parameter, p5, is used to
allow for more flexibility at low m j j .

To verify the applicability of Eq. 1 to the signal region, a likelihood fit is performed using the background
MC simulations of QCD multijet, W+jets and tt̄ samples. The function Eq. 1 provides a good description
of the signal region in MC, with a �2/ndf = 1.3. The combined contribution from W and top quark
processes in the MC simulations varies from 1% to 10% as a function of m j j .

Biases arising from jet reconstruction can lead to leptons being misidentified as jets or narrow structures
in m j j , which may be misinterpreted as potential signal. Thus, a 3-jet control region (CR), denoted as the
“2+1 jets” CR is constructed to check for such biases. It is defined by the nominal selection, but requires
a third jet with pT > 60 GeV instead of a charged lepton (e or µ). Removing the requirement of a final
state lepton increases the statistics of the dominant QCD multijet background by more than an order of
magnitude. No significant deviations of the data from the fit hypothesis of Eq. 1 are observed in the 2+1
jets CR. Furthermore, this CR emphasises the increased contributions from W and top quark processes
when requiring a final state lepton; in the 2+1 jets CR, W and top processes contribute to the overall
background at a level of less than 0.1% relative to QCD multijet, whereas their combined contribution is
approximately 10% in the signal region.

To complement the 2+1 jets CR used in MC studies, a “loose electron” control region (LE-CR) using
data is defined. It is populated by selecting dijet events with at least one electron that satisfies the
loosest identification criteria but fails more stringent identification criteria, ensuring orthogonality with
the defined signal region. The LE-CR has a factor of ten larger statistics than the 2+1 jets CR used
in MC. To model this high-statistics distribution, the sliding-window fit procedure [2] is used. It fits
subregions (i.e. windows) of m j j and has more flexibility to describe the m j j spectrum considered. The
sliding-window algorithm is configured to use Eq. 1 for window sizes which are at least three times the
width of the widest signal considered, and evolves to a single fit with Eq. 1 for m j j > 1 TeV. This region
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•Spin0 itermidate a: decays into 2 photon or 3π0 → two collimated photon-jets 

•Photon-jets : Using EM cluster shape information → calibrated with π0→γγ data. 

•Signal Regions : Define two Sos with ΔE(photon-jets) is low or high. 

•Background : Unbinned fit with                                                                 (similar w/ dijet) 

•No significant excess… 

•Limit on cross-section w/ several intermediate a mass as a function of mX.

Photon-jets resonance pair in ATLAS @36/fb
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Figure 1: Diagrams for BSM scenarios that result in events with pairs of photon-jets in the final state.

2 ATLAS detector

The ATLAS detector [1] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry.1 The detector covers nearly the entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting solenoid, EM and hadronic calorimeters,
and a muon spectrometer incorporating three large superconducting toroid magnets.

The inner-detector system is immersed in a 2 T axial magnetic field and provides charged-particle tracking
in the range |⌘ | < 2.5. The high-granularity silicon pixel detector covers the vertex region. The innermost
layer of the pixel detector, the insertable B-layer [16], was installed between Run 1 and Run 2 of the
LHC. The pixel detector typically provides four measurements per track. It is followed by the silicon
microstrip tracker that normally provides four two-dimensional measurement points per track. These
silicon detectors are complemented by the transition radiation tracker, which enables radially extended
track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2, EM
calorimetry is provided by a high-granularity lead/liquid-argon (LAr) EM calorimeter. The EM calorime-
ter is divided into a barrel section covering |⌘ | < 1.475 and two endcap sections covering 1.375 < |⌘ | < 3.2.
For |⌘ | < 2.5, the EM calorimeter is composed of three sampling layers in the longitudinal direction of
shower depth. The first layer is segmented into high-granularity strips in the ⌘ direction, with a typical
cell size of �⌘ ⇥ �� = 0.003 ⇥ 0.1 for the ranges |⌘ | < 1.4 and 1.5 < |⌘ | < 2.4, and a coarser cell size
of �⌘ ⇥ �� = 0.025 ⇥ 0.1 for other regions. This fine granularity in the ⌘ direction allows identification
of events with two overlapping showers originating from the decays of neutral hadrons in hadronic jets,
mostly ⇡0 ! �� decays. The second layer has a cell size of �⌘ ⇥ �� = 0.025 ⇥ 0.025. This layer
collects most of the energy deposited in the calorimeter by photon and electron showers. The third
layer is used to correct for energy leakage beyond the EM calorimeter from high-energy showers. The
thicknesses of the first, second, and third layers at ⌘ = 0 are 4.3 radiation lengths (X0), 16 X0, and 2 X0,
respectively, and they vary with the pseudorapidity range [1]. Placed in front of these layers, an additional
thin LAr presampler layer covering |⌘ | < 1.8 is used to correct for energy loss in material upstream of the

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector and
the z-axis along the beam pipe. The x-axis points from the interaction point to the center of the LHC ring, and the y-axis
points upwards. 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 ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘
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Figure 1: Diagrams for BSM scenarios that result in events with pairs of photon-jets in the final state.

2 ATLAS detector

The ATLAS detector [1] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry.1 The detector covers nearly the entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting solenoid, EM and hadronic calorimeters,
and a muon spectrometer incorporating three large superconducting toroid magnets.

The inner-detector system is immersed in a 2 T axial magnetic field and provides charged-particle tracking
in the range |⌘ | < 2.5. The high-granularity silicon pixel detector covers the vertex region. The innermost
layer of the pixel detector, the insertable B-layer [16], was installed between Run 1 and Run 2 of the
LHC. The pixel detector typically provides four measurements per track. It is followed by the silicon
microstrip tracker that normally provides four two-dimensional measurement points per track. These
silicon detectors are complemented by the transition radiation tracker, which enables radially extended
track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2, EM
calorimetry is provided by a high-granularity lead/liquid-argon (LAr) EM calorimeter. The EM calorime-
ter is divided into a barrel section covering |⌘ | < 1.475 and two endcap sections covering 1.375 < |⌘ | < 3.2.
For |⌘ | < 2.5, the EM calorimeter is composed of three sampling layers in the longitudinal direction of
shower depth. The first layer is segmented into high-granularity strips in the ⌘ direction, with a typical
cell size of �⌘ ⇥ �� = 0.003 ⇥ 0.1 for the ranges |⌘ | < 1.4 and 1.5 < |⌘ | < 2.4, and a coarser cell size
of �⌘ ⇥ �� = 0.025 ⇥ 0.1 for other regions. This fine granularity in the ⌘ direction allows identification
of events with two overlapping showers originating from the decays of neutral hadrons in hadronic jets,
mostly ⇡0 ! �� decays. The second layer has a cell size of �⌘ ⇥ �� = 0.025 ⇥ 0.025. This layer
collects most of the energy deposited in the calorimeter by photon and electron showers. The third
layer is used to correct for energy leakage beyond the EM calorimeter from high-energy showers. The
thicknesses of the first, second, and third layers at ⌘ = 0 are 4.3 radiation lengths (X0), 16 X0, and 2 X0,
respectively, and they vary with the pseudorapidity range [1]. Placed in front of these layers, an additional
thin LAr presampler layer covering |⌘ | < 1.8 is used to correct for energy loss in material upstream of the

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector and
the z-axis along the beam pipe. The x-axis points from the interaction point to the center of the LHC ring, and the y-axis
points upwards. 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 ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘
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21

corresponding to mX = 729 GeV and ma = 0.1 GeV for the decay X ! aa ! 4�. The width of the signal
mass shape for mX = 729 GeV and ma = 0.1 GeV is 6 GeV, and thus this deviation appears as a small area
in Figure 7. A small excess of events is also observed centered around mX = 1.1 TeV and ma = 7 GeV,
which corresponds to a local deviation of 2.2�. The observed maximum local deviation is less significant
than the median of the largest deviation obtained in background-only pseudo-experiments, calculated in
the search region defined by mX values from 200 GeV to 2.7 TeV and ma values from 0.1 GeV to 0.01⇥mX .
The m�R�R mass distribution is found to be consistent with the background-only hypothesis.

The 95% CL observed and expected upper limits on the cross-section for the production via gluon–gluon
fusion of a high-mass scalar particle, X , with narrow width times the branching ratios into a pair of a
particles and the subsequent decay of each a into a pair of photons, �X ⇥B(X ! aa) ⇥B(a ! ��)2, are
shown in Figure 8, separately for di�erent values of ma. The same result is presented in Figure 9, with
the ratio ma/mX shown on the horizontal axis. This plot illustrates the two features of this search. First,
when the ratio ma/mX is larger than a threshold of roughly 0.0015, more signal events are expected in the
high-�E category, which has a significantly better signal-to-background ratio compared with the low-�E
category, thus leading to stronger upper limits. Second, for larger values of ma/mX , the decrease in the
signal selection e�ciency leads to weaker upper limits.

The 95% CL observed and expected upper limits on the cross-section times product of branching ratios
for the decay of the a into three neutral pions, �X ⇥B(X ! aa) ⇥B(a ! 3⇡0)2, are shown in Figure 10,
separately for di�erent values of ma. This result shows features similar to that shown in Figure 8, with
slight di�erences arising mainly from the di�erent trend of the category fraction, f , with respect to the
mass values mX and ma.
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Figure 6: Observed distributions of the mass of two reconstructed photons passing all analysis selections, m�R�R , for
the two signal region categories. The background-only fit result is superimposed. The ±1� uncertainty originating
from the uncertainties in the fit function parameter values is shown as a shaded band around the fit. The lower
panel of each plot displays the significance associated with the observed event yield in each bin, calculated before
considering systematic uncertainties. The calculation assumes that the event yield in each bin is Poisson-distributed
with a mean given by the background-only fit. The computation is performed with a one-sided test based on the
positive or negative tail of the Poisson distribution, depending on the sign of the di�erence between the event yield
and the fit estimate, with negative significance values quoted for negative di�erences [39].
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Typical diagrams

Table 3: Summary of the measured background compositions for the two categories.
Low-�E category High-�E category

�� 0.930+0.027
�0.031 0.48 ± 0.16

� j 0.051+0.021
�0.018 0.32+0.08

�0.09
j� 0.014+0.004

�0.005 0.108+0.001
�0.016

j j 0.005+0.006
�0.003 0.09+0.09
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Figure 4: Comparison of the observed E iso
T spectra and the expected spectra based on the background composition

measurement results. The modeled spectra of �� (dashed), � j (dotted), j� (dot-dashed), and j j (long-dashed)
components are added using the background composition measured with the matrix method. The results are
compared for each of the two �E categories where (a) shows the leading reconstructed photon in the low-�E
category, (b) the subleading reconstructed photon in the low-�E category, (c) the leading reconstructed photon in
the high-�E category, and (d) the subleading reconstructed photon in the high-�E category.

luminosity for this search, 36.7 fb�1. A family of functions, adapted from those used by searches for new
physics signatures in dijet final states [34], is chosen to describe the shape of the m�R�R distribution:
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•New boosted boson tagging technique : Using Track CaloClusters(TTC) 

•TTC : improve large-R jet mass and D2 response → 50% gain!! 

•Signal : Heavy Vector Triplet(HVT), KK RS graviton or other scalar signals → WW/ZZ or WZ 

•Background : Validated at CR → ABCD-like method,  

•Signal accumption : several mass width/production are tested with  

•No significant excess…

Diboson in ATLAS @80/fb

!21LHC Days in Split / BSM physics in ATLAS and CMS
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Figure 1: A comparison of the fractional jet (a) mass and (b) D2 resolution for topo-cluster jets (solid black lines),
and jets built using combined and neutral TCC objects as a function of truth jet pT. Only the two jets with the
highest pT per event matched to a truth jet from a W or Z boson are shown.

6.4 Muons

Muon identification relies on matching tracks in the inner detector to muon spectrometer tracks or track
segments. Muons are required to have pT > 25 GeV, be found in the central barrel of the detector,
|⌘ | < 2.5, and to satisfy the “loose” selection criterion [55] and the “loose” track isolation [55].

7 Selection

To avoid contamination from non-collision backgrounds such as from calorimeter noise, beam halo,
and cosmic rays, events containing an anti-kt jet built from calorimeter-cell clusters with R = 0.4 and
pT > 20 GeV failing the loose criteria for consistency with production in pp collisions are rejected [56].
In addition, events with leptons meeting the requirements defined in Section 6 are rejected. There are no
further requirements on leptons which are aligned with jets.

Events are required to have at least two anti-kt , R = 1.0 jets originating from the primary vertex4, one
with pT > 500 GeV and the second with pT > 200 GeV. The leading (highest pT) and subleading of these
jets must be within |⌘ | < 2.0 (to guarantee a good overlap with the tracking acceptance), have masses
> 50 GeV, and their invariant mass, mJJ, must be larger than 1200 GeV. The last requirement ensures that
the used triggers are fully e�cient. These selections are referred to as pre-selections.

The pair of jets is then required to have a small separation in rapidity, |�y12 |<1.2. This requirement reduces
the multi-jet background, which is mainly produced in t-channel processes with large rapidity di�erences,
in contrast to signal events which are expected to be produced in s-channel processes with small rapidity
di�erences. Additionally, to reject events with potentially badly reconstructed jets, a criterion is applied
on the pT asymmetry, A = (pT1� pT2) / (pT1+ pT2) < 0.15, where pT1 and pT2 are the transverse momenta
of the leading and subleading jets, respectively.

4 In case more than one vertex is reconstructed, the one with the highest sum of p
2
T of the associated tracks is regarded as the

primary vertex.
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Figure 4: Jet mass distribution for data in the region enhanced in V + jets events after boson tagging based only on
the D2 variable. The result of fitting to the sum of functions for the V + jets and background events is also shown.
On the bottom, the fitted contribution to the observed jet mass spectra from the V + jets signal is shown. The fitted
relative e�ciency of the D2 cut is sD2 = 0.86 ± 0.08, where the uncertainty is purely statistical.

7.3 Signal and background selection e�ciency

After boson-tagging, the data is categorised in five non-exclusive signal regions (SRs): events with two
jets identified as WW , Z Z , and W Z , and events with two jets identified as either W Z or WW , and either
WW or Z Z . The selection requirements are summarised in Table 1.

The selection e�ciency, defined as the number of selected events at di�erent stages of the selection divided
by the number of generated events, as a function of the resonance mass, is shown for the HVT Z

0 decaying
to WW and for the bulk GKK decaying to Z Z in Figure 5. Similar e�ciency values are obtained in the
W Z final state for the HVT model and in the WW final state for the bulk RS models. Multijet background
events are suppressed with a rejection factor of approximately 106 at low mJJ to 105 at mJJ = 5 TeV,
as determined from simulation. The figure shows that, among the di�erent selection criteria described
above, the boson tagging reduces the signal e�ciency the most. However, this particular selection stage
also provides the most significant suppression of the dominant multijet background. The resulting width
of the mJJ distributions in the signal region for a HVT model A W

0 ! W Z (Bulk RS graviton ! Z Z) is
about 6% (10%) of its mean value across the studied mass range, corresponding to about 120 GeV (200
GeV) at 2 TeV.

8 Background Parameterisation

The search for diboson resonances is performed by looking for narrow peaks above the smoothly falling
mJJ distribution expected in the Standard Model. The background to the search is estimated empirically
from the observed mJJ spectrum in the signal region. The background estimation procedure is based on
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Figure 8: Background-only fits to the dijet mass (mJJ) distributions in data after tagging in the combined (a) W Z+WW ,
and (b) WW + Z Z signal region. The significance shown in the inset for each bin is the di�erence between the data
and the fit in units of the uncertainty on this di�erence.

signal strength from the binned maximum-likelihood fit of the signal-plus-background model to the data.
The likelihood model is defined as,

L =
÷
i

Ppois(niobs |niexp) ⇥ G(↵) ⇥N(✓) (2)

where Ppois(niobs |niexp) is the Poisson probability to observe n
i
obs events if n

i
exp events are expected, G(↵) are

a series of Gaussian probability density functions modelling the systematic uncertainties, ↵, related to the
shape of the signal, and N(✓) is a log-normal distribution for the nuisance parameters, ✓, modelling the
systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise sum
of those expected for the signal and background: nexp = nsig + nbg. The number of expected background
events in dijet mass bin i, n

i
bg, is obtained by integrating dn/dx obtained from Equation 1 over that bin.

Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected signal events,
nsig, is evaluated based on MC simulation assuming the cross section of the model under test multiplied
by the signal strength and including the e�ects of the systematic uncertainties described in Section 9.

The significance of observed excesses over the background-only prediction is quantified using the local
p0-value, defined as the probability of the background-only model to produce a signal-like fluctuation at
least as large as observed in the data. This value is purely statistical, and no systematic uncertainties are
considered. In this analysis, the most extreme p0 has a local significance of 1.8 standard deviations, and
is found when testing the HVT W

0 ! W Z hypothesis at a resonance mass of 3.5 TeV. This is within the
expected fluctuation of the background.

Upper limits at the 95% confidence level (CL) on the production cross section times branching fraction to
diboson final states for the benchmark signals are set with the modified-frequentist CLs prescription [65]
using the lowest order asymptotic approximation [64]. All systematic uncertainties are considered. The
cross section limits extracted for the di�erent benchmark scenarios in the two signal regions are shown in
Fig. 9. A spin-1 vector triplet with couplings predicted by the HVT model A (B) with gV = 1 (gV = 3)
is excluded in the range 1.20 TeV < m(V 0) < 3.40 TeV (1.20 TeV < m(V 0) < 4.15 TeV), at the 95%
confidence level (CL). Production of a GKK in the bulk RS model with k/MPl = 1 is excluded in the ranges
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D2 resolution

50% !!

V→qq  
well modeled SR data

https://cds.cern.ch/record/2275636/files/ATL-PHYS-PUB-2017-015.pdf
https://arxiv.org/abs/1805.05784
https://cds.cern.ch/record/2621302


•Full combination of heavy resnances into bosonic/leptonic :  

•VV: WZ→qqqq, lvqq, lvll,  WW→qqqq, lvqq, lvlv, ZZ→qqqq, vvqq, llqq, llvv, llll 

•VH : WH → qqbb, lvbb, ZH→qqbb, vvbb, llbb 

•Signal : production w/ ggF, VBF, DY 

•bulk RSKK graviton(spin-2), Scalar, HVT 

•Exclusion limit on 1D and 2D plane(couplings) are achieved.

Diboson Combination in ATLAS @36/fb

!22LHC Days in Split / BSM physics in ATLAS and CMS
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Figure 1: Feynman diagrams for heavy resonance production and decay: (a) Drell–Yan production and decay into
`⌫/``, (b) Drell–Yan production and decay into VV /VH, (c) vector-boson fusion production and decay into VV , and
(d) gluon–gluon fusion production and decay into VV (with V = W or Z).

nearly degenerate charged, W
0±, and neutral, Z

0, states collectively denoted by V
0.1 For the interpretation

performed in this article, the W
0 and Z

0 masses are taken to be the same. The model allows one to explore
di�erent coupling strengths of those states to quarks, leptons, vector bosons, and Higgs bosons with the
following interaction Lagrangian:

Lint
W = �gqWa

µ q̄k�
µ�a

2
qk � g`Wa

µ
¯̀
k�

µ�a
2
`k � gH

⇣
Wa

µ H
†�a

2
iD

µ
H + h.c.

⌘
, (1)

where qk and `k represent the left-handed quark and lepton doublets for fermion generation k (k = 1, 2, 3);
H represents the Higgs doublet; �a (a = 1, 2, 3) are the Pauli matrices; and gq, g` , and gH correspond to
the coupling strengths between the triplet field W and the quark, lepton, and Higgs fields, respectively.2
Interactions with fermions of di�erent generations are assumed to be universal and right-handed fermions
do not participate. The triplet field interacts with the Higgs field and thus with the longitudinally polarized
W and Z bosons by virtue of the equivalence theorem [21–23]. In this framework, the branching fractions

1 The charged state is denoted W
0 in the remainder of this article.

2 The coupling constants gH , gf , gq , and g` are used in this article. They are related to those in Ref. [20] as follows: the
Higgs coupling gH = gV cH and the universal fermion coupling g f = g2

cF/gV , where g is the SM SU(2)L gauge coupling,
while the c parameters and the coupling gV are defined in Ref. [20]. Couplings specific to quarks and leptons are given by
gq = g2

cq/gV and g` = g2
c`/gV .

3

Table 1: Cross sections for production of heavy resonances of di�erent masses in HVT models A and B via the
Drell–Yan process, in HVT model C via vector-boson fusion, and in the bulk RS model via gluon–gluon fusion and
the Drell–Yan process.

HVT model A HVT model B HVT model C Bulk RS
m �(W 0) �(Z 0) �(W 0) �(Z 0) �(W 0) �(Z 0) �(GKK)
[TeV] [fb] [fb] [fb] [fb] [fb] [fb] [fb]
1.0 2.20 ⇥ 104 1.12 ⇥ 104 987 510 1.30 0.888 583
2.6 219 100 14.0 6.44 4.78 ⇥ 10�3 3.14 ⇥ 10�3 1.41
4.0 9.49 4.37 0.626 0.288 1.27 ⇥ 10�4 7.92 ⇥ 10�5 3.25 ⇥ 10�2

Table 2: Signal models, resonances, and decay modes considered in the combination.

Model \ Decay mode WW W Z Z Z WH ZH `⌫ ``
HVT Z

0
W

0
W

0
Z
0

W
0

Z
0

Bulk RS GKK GKK
Scalar Scalar Scalar

1 TeV. Corresponding values for the WW (Z Z) final state range from 34% to 20% (18% to 10%). Table 1
presents production cross sections for several heavy resonance masses in the HVT models A, B, and C,
and the bulk RS model.

The last model considered is an empirical model with a narrow heavy scalar resonance produced via the
ggF and VBF mechanisms and decaying directly into VV . The width of this new scalar is assumed to be
negligible compared with the detector resolution, and the relative branching fractions for decay into the
WW and Z Z final states approximately follow a 2 : 1 ratio. This benchmark is used to explore sensitivity
to extended Higgs sectors. Table 2 summarizes the channels considered in the interpretation for each
signal model.

3 ATLAS detector

The ATLAS experiment [26, 27] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.4 It consists of an inner detector for
tracking surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromag-
netic and hadronic calorimeters, and a muon spectrometer. The inner detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition-radiation tracking detectors.
A new innermost pixel layer [27] inserted at a radius of 3.3 cm has been used since 2015. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
4 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. 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 ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2.
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Figure 2: Generator-level mass distributions for HVT model A and the bulk RS signal model at resonance masses
of 1.0, 2.6, and 4.0 TeV. The histograms are normalized to an area equal to unity.

modeled using P�����-B�� with next-to-next-to-leading-order QCD and NLO electroweak corrections.
More specific details can be found in the papers for each analysis.

For all MC samples, except those produced with S�����, b-hadron and c-hadron decays were performed
with E��G�� v1.2.0 [40]. The production of the simulated event samples included the e�ect of multiple pp

interactions per bunch crossing, as well as the e�ect on the detector response due to interactions from bunch
crossings before or after the one containing the hard interaction. These e�ects are collectively referred to
as “pileup.” The simulation of pileup collisions was performed with P����� 8 and tuned to reproduce the
average of 23 pileup interactions observed in the data in addition to the hard-scatter interaction. Most of
the MC samples were processed through a detailed simulation of the detector response with G���� 4 [41,
42]. A small subset of MC samples were processed with a fast parameterization of the calorimeter
response [43] while the response for the other detector components used G���� 4. In all cases, events
were reconstructed with the same software as was used for the data.

5 Event reconstruction

The event selection discussed in Section 6 relies on the reconstruction of electrons, muons, jets, and
missing transverse momentum (with magnitude E

miss
T ). Although the requirements vary for the di�erent

channels, the general algorithms are introduced below. The small di�erences between the e�ciencies
measured in data and MC simulation are corrected for by applying scale factors to the MC simulation so
that it matches the data.

Measurements in the inner detector are used to reconstruct tracks from charged particles. The resulting
tracks are then used to reconstruct collision vertices from pp interactions along the beam axis as well
as vertices from the decays of b- and c-hadrons that are displaced from that axis. Out of the multiple
collision vertices in each bunch crossing, a primary vertex is selected as the vertex with the largest

Õ
p

2
T,

where the sum is over all tracks with transverse momentum pT > 0.4 GeV which are associated with the
vertex. Tracks associated with the primary vertex are identified as electrons or muons if they satisfy a set of
criteria. Electrons are identified as tracks matching energy clusters in the electromagnetic calorimeter with
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Figure 11: Observed 95% CL exclusion contours in the HVT parameter space (a) {gH, gf } and (b) {gq, g`} for
resonances of mass 3, 4, and 5 TeV for the combination of VV , VH, and `⌫/`` channels. The areas outside the
curves are excluded, as are the filled regions which show the constraints from precision EW measurements. Also
shown are the parameters for models A and B, where applicable.
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Typical diagrams

Several  
signal module

1TeV 2TeV

4TeV

New!! 
8/Aug

https://arxiv.org/abs/1805.05784
https://arxiv.org/pdf/1808.02380.pdf


•Favored from RK/RD anomaly on b-physics. 

•1st/2nd generation leptoquarks : ee/μμ+jets or e/μ + jets + ETmiss final state 

•Simple analysis : LQ → e/μ + quark  

•Using selection of me(μ)J, me(μ)ν/μμ, STe(μ)νjj/ee(μμ)jj as a function of reconstructed mLQ 

•No significant excess… 

•Limit on 2D plane of the bracing ratio β and mLQ are set and interpretation for LLP RPV 
SUSY.
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Other two diagrams are  
considered as LO process

EXO-17-009

EXO-17-003

Electron  
channel

Muon  
channel

https://arxiv.org/abs/1805.05784
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-009/index.html
https://cds.cern.ch/record/2621302
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Figure 1: Post-fit distributions for M
rec
LQ (category A, left) and ST (category B, right) after ap-

plying the full selection and estimating the tt̄+ DY+jets background contribution from data
in category B. All backgrounds are normalised according to the post-fit nuisance parameters
based on the corresponding SM cross sections. In the upper parts the dashed areas correspond
to the total uncertainty. In the lower parts, the dark grey and light grey bands indicate the
statistical and the total uncertainty, respectively.
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Figure 2: Observed upper limits on the production cross section for pair production of LQs
decaying into a top quark and a muon or a t lepton (left) and LQs decaying into a top quark
and a muon or into a b quark and a neutrino (right) at 95% CL in the MLQ �B(LQ ! tµ) plane.
The solid and dashed lines show the observed and expected mass exclusion limits while the
dotted lines indicate the 68% CL region of the expected mass exclusion limit. The mass limit is
derived by using the prediction for the LQ signal calculated at NLO [31].

•Favored from RK/RD anomaly on b-physics. 

•3rd generation leptoquarks : μμ + b-jet + jets + ETmiss + e/μ. 

• tμ, bμ, bν, tμ are considered as decay mode. 

•Using reco mtop for leptonic/hadronic : mℓℓ > 111GeV, ST > 200GeV. 

•No significant excess  

•Limit on 2D plane of the bracing ratio β and mLQ are set.
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Figure 1: Post-fit distributions for M
rec
LQ (category A, left) and ST (category B, right) after ap-

plying the full selection and estimating the tt̄+ DY+jets background contribution from data
in category B. All backgrounds are normalised according to the post-fit nuisance parameters
based on the corresponding SM cross sections. In the upper parts the dashed areas correspond
to the total uncertainty. In the lower parts, the dark grey and light grey bands indicate the
statistical and the total uncertainty, respectively.
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Figure 2: Observed upper limits on the production cross section for pair production of LQs
decaying into a top quark and a muon or a t lepton (left) and LQs decaying into a top quark
and a muon or into a b quark and a neutrino (right) at 95% CL in the MLQ �B(LQ ! tµ) plane.
The solid and dashed lines show the observed and expected mass exclusion limits while the
dotted lines indicate the 68% CL region of the expected mass exclusion limit. The mass limit is
derived by using the prediction for the LQ signal calculated at NLO [31].
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Figure 1: Post-fit distributions for M
rec
LQ (category A, left) and ST (category B, right) after ap-

plying the full selection and estimating the tt̄+ DY+jets background contribution from data
in category B. All backgrounds are normalised according to the post-fit nuisance parameters
based on the corresponding SM cross sections. In the upper parts the dashed areas correspond
to the total uncertainty. In the lower parts, the dark grey and light grey bands indicate the
statistical and the total uncertainty, respectively.
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Figure 2: Observed upper limits on the production cross section for pair production of LQs
decaying into a top quark and a muon or a t lepton (left) and LQs decaying into a top quark
and a muon or into a b quark and a neutrino (right) at 95% CL in the MLQ �B(LQ ! tµ) plane.
The solid and dashed lines show the observed and expected mass exclusion limits while the
dotted lines indicate the 68% CL region of the expected mass exclusion limit. The mass limit is
derived by using the prediction for the LQ signal calculated at NLO [31].
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•Favored from RK/RD anomaly on b-physics. 

•3rd generation leptoquarks : two hadronic tau + jets  

•Right-handed boson/neutrino : e/μ + e/μ + τhadτhad is considered. 

•Background : ABCD method for fake-τ background(ETmiss,iso). 

•No significant excess : 1D limit and 2D limit(mWR and mNτ)
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Table 2: Estimated pre-fit background and signal yields in the SR and their statistical uncertain-
ties. The Z+jets and tt̄ background normalizations are determined by correcting the predictions
obtained from the simulated samples with scale factors, SF

Z!µµ
dijet

and SF
tt̄, determined in ded-

icated data control samples. The QCD multijet background event rate is determined with a
data-driven method utilizing the number of QCD multijet events containing two non-isolated
th candidates and scaled by the TL ratio. The expected number of events for the WR signal
sample assume m(Nt) = m(WR)/2.

Process Yield
tt̄ 49.8 ± 7.8
QCD 33.8 ± 6.0
Z+jets 23.4 ± 4.7
W+jets 13.4 ± 3.9
Single top 4.6 ± 2.1
VV 2.0 ± 1.4
Total 127.0 ± 11.8
Observed 117
m(WR) = 3.0 TeV 17.3 ± 0.3
m(LQ) = 1.0 TeV 14.2 ± 0.3
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https://arxiv.org/abs/1805.05784
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-016/index.html


Summary and Outlook
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•There are no significant sign of new BSM physics. 

•But there are many BSM physics not searched/considered yet at the LHC. 

•Recently new technique have been introduced,  

•e.g. Machine Learning : Boost sensitivity Jet-imaging, TrackML,  

•e.g. Complicated FPGA based trigger : Boost data-taking, hls4ml, FTK. 

•Also we have more data right now!! Will reach ~ 100/fb order,  

•This will help us to find more complicated/low cross section signal. 

•Our quest for BSM physics has been just started!!

https://arxiv.org/pdf/1511.05190.pdf
https://www.kaggle.com/c/trackml-particle-identification
https://indico.cern.ch/event/649482/contributions/2993319/attachments/1689369/2717753/HLS4ML_BOOST2018_Ngadiuba.pdf
https://cds.cern.ch/record/1552953?ln=en


“backup” 



SUSY Search Strategy

• In general, consider three scenarios :  
• Standard scenario : Neutralino LSP, R-parity conserving(RPC) 

• GSM-like spectra : G LSP, (Possibly Axino LSP or Singlino LSP) … 

• R-parity Violation(RPV) : LSP decay into SM particles. 

•Consider a model as inclusive as possible : Search all possible final state and mass spectra.
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Stop/Sbottom : 

•Naturalness → Light stop 

•Stop decay (tN, bC) or LSP components(bino/wino/higgsino) → several signature!!
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(a) stst-ttN1N1.tex (b) stst-bbWWN1N1.tex

(c) stst-bqqbqqN1N1-tt.tex (d) stst-blvbqqN1N1-tt.tex

(e) stst-blvblvN1N1-tt.tex

Figure 13:
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■ Naturalness → 軽いstop 

■ Stopの崩壊 (tN, bC) やLSPの成分 (bino/wino/higgsino)などで多様な信号 

Scalar top / bottom ("stop/sbottom")

!11

Overview of stop searches 
•  With bino LSP, stop1 and neutralino1 can be the only 

light sparticles.  
–  Depending on (stop1, N1) mass splitting, stop1 can decay via 2,3,4-body. 

•  With wino NLSP or Higgsino LSP, even more light 
sparticles exist.   

à In order to fully cover these rich signatures with 
various final states, a broad search program has been 
performed both in ATLAS and CMS since Run-1. 

3 LHCP2018 Search for direct production of third generation squarks (Yu Nakahama) 

Mass relations and stop decays Considered diagrams  
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.
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•  Dedicated SRs improved 
sensitivities to 2-body diagonal, 
3-body and 4-body decays. 

•  Up to 1.1 TeV stops for a 
massless neutralino1. 

LHCP2018 Search for direct production of third generation squarks (Yu Nakahama) 

縮退領域は制限弱い→軽いstopはまだ生きてる!

書い
てな
いだ
けで

sto
p~

45
0G

eV
まで

ex
clu

de

1.1TeV
550 GeV

ここも生きてる

4-
bo

dy

550GeV

1.1TeV

Alive!!

https://arxiv.org/abs/1805.05784
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Figure 8: Distributions of (a) the me� and (b) the m(hcand) in the inclusive SRA region; (c) the leading jet pT and
(d) the m(hcand1, hcand2)avg for the average mass of the Higgs candidates in the SRB region; (e) Emiss

T and (f) S
for SR C-type regions. All SR selections are applied except for the selection on the variable shown, where the
selection on the variable under consideration is denoted by an arrow, except in the case of (e), where the full SRC
selection is applied. All uncertainties as defined in Section 7 are included in the uncertainty band. For illustration,
contributions expected for scenarios with di�erent bottom squark, �̃0

2 and �̃0
1 masses depending on the SR considered

are superimposed.
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Other 3rd generation squark signature

•Charm tagging technique, ISR tagging → No significant excess 

•5 SRs and validate w/ CR 

• (Z+jets, W+jets, Top) 

•c-tagging syst. ~ 8% 

•0L + ETmiss > 250GeV, 3 or 4 b-jet → No significant Excess 

•3 SRs w/ different event kinematics 

•
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(a) sq3sq3-q3q3N1N1.tex (b) sq3sq3-q3q3WWN1N1.tex

(c) sbsb-ttWWN1N1.tex (d) sbsb-bbN1N1.tex

(e) sbsb-bbN2N2.tex (f) sbsb-bbhhN1N1.tex

Figure 17:
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Figure 1: Production diagrams for the pair production of top and charm squarks with subsequent decay into charm
quarks and two LSPs. The di�erentiation of particles and anti-particles is omitted in the diagrams but it is implicitly
assumed. The direct squark production processes produce a top and charm squark–antisquark pair, respectively.

tector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition-radiation tracking detectors.
The newly installed innermost layer of pixel sensors [24] was operational for the first time during the
2015 data-taking, leading to an improvement of the flavour-tagging performance [25]. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
A hadron (steel/scintillator-tile) calorimeter covers the central pseudorapidity range (|⌘ | < 1.7). The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |⌘ | = 4.9. The muon spectrometer surrounds the calorimeters and is based on three
large air-core toroidal superconducting magnets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 Tm across most of the detector. The muon spectrometer includes a system
of precision tracking chambers and fast detectors for triggering. A two-level trigger system [26] is used
to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to reduce the accepted rate to at most 100 kHz. This is followed by a software-based trigger
level that reduces the accepted event rate to about 1 kHz.

3 Data and simulated event samples

The data used in this analysis were collected by the ATLAS detector in pp collisions at the LHC withp
s = 13 TeV and 25 ns proton bunch crossing interval over the 2015 and 2016 data-taking periods. The

full dataset corresponds to an integrated luminosity of 36.1 fb≠1 after the application of beam, detector,
and data-quality requirements. The uncertainty in the combined 2015+2016 integrated luminosity is
2.1%. It is derived, following a methodology similar to that detailed in Ref. [27], from a calibration of the
luminosity scale using x�y beam-separation scans performed in August 2015 and May 2016. On average,

upwards. 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 ✓ 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. Angular distance is measured
in units of �R ⌘

p
(�y)2 + (��)2.

3

CONF-2018-040

Stop → charm(New)

Sbottom → hNeutralino(New)
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Figure 5: Comparison between data and expectation after the background-only fit for the Emiss
T distribution (a) in

SR1, (b) in SR2, (c) in SR3, (d) in SR4, and (e) in SR5. The shaded band indicates the detector-related systematic
uncertainties and the statistical uncertainties of the MC samples, while the error bars on the data points indicate
the data’s statistical uncertainty. The final bin in each histogram includes the overflow. The lower panel shows the
ratio of the data to the SM prediction after the background-only fit. In each plot, the distribution is also shown for a
representative signal point. 19

https://arxiv.org/abs/1805.01649
https://cds.cern.ch/record/2632345/files/ATLAS-CONF-2018-040.pdf


Stop 4-body decay in CMS @36/fb

•Soft-lepton + soft b-tagging technique, pT> 5/3.5 GeV for electron/muon. 

•Cut & Count SR(for comb.) + MVA SR 

•MVA : ΔM =10-80 GeV w/ 10GeV step, w/ 12 input variables 

•No significant excess in data
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1

1 Introduction
Searches for new phenomena, in particular supersymmetry (SUSY) [1–6], are among the main
objectives of the physics programme at the CERN LHC. Supersymmetry, which is one of the
most promising extensions of the standard model (SM), predicts superpartners of SM particles,
where the spin of each new particle differs by one-half unit with respect to its SM counterpart.
If R-parity [7], a new quantum number, is conserved, supersymmetric particles would be pair-
produced and their decay chains would end with the lightest supersymmetric particle (LSP).
Supersymmetric models can offer solutions to several shortcomings of the SM, in particular
those related to the explanation of the mass hierarchy of elementary particles [8, 9] and to the
presence of dark matter in the universe. The search for SUSY has special interest in view of the
recent discovery of the Higgs boson [10–12] as it naturally solves the problem of quadratically
divergent loop corrections to the mass of the Higgs boson by associating with each SM particle
a supersymmetric partner having the same gauge quantum numbers. In many models of SUSY,
the lightest neutralino ec0

1 is the LSP and, being neutral and weakly interacting, would match
the characteristics required for a dark matter particle.

Supersymmetry predicts a scalar partner for each SM left- and right-handed fermion. When
SUSY is broken, the scalar partners acquire masses different from those of their SM counter-
parts, and the mass splitting between the two squark mass eigenstates is proportional to the
mass of their SM partner. Given the large mass of the top quark, this splitting can be the largest
among all squarks. Therefore the lightest supersymmetric partner of the top quark, the et1, is
often the lightest squark. Furthermore, if SUSY is a symmetry of nature, cosmological obser-
vations may suggest the lightest top squark to be almost degenerate with the LSP [13]. This
motivates the search for a four-body et1 decay: et1 ! bff

0 ec0
1, where the fermions f and f

0
can

be either quarks or leptons. Here, due to the small mass difference between the et1 and the ec0
1,

two-body (et1 ! tec0
1,et1 ! bc̃+

1 ) and three-body (et1 ! bW+ ec0
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Figure 4: Distributions of the BDT output at the preselection level in data and simulation in
10 GeV steps of Dm from 10 (top-left) to 40 GeV (bottom-right). For each case, a representative
(m(et1), m(ec0

1)) signal point is also shown, but is not added to the SM background. The shaded
area on the Data/MC ratio represents the statistical uncertainty of the simulated background.
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Table 5: The MVA search: prediction of the W+jets, tt, nonprompt lepton, and other back-
grounds in the eight SRs defined by the threshold on the BDT output reported in the second
column. The prediction of the first three processes is based on data, while that of N

SR(Rare),
i.e. rare backgrounds, is based on simulation. The uncertainties are the quadrature sum of
the statistical uncertainties, the systematic uncertainties of Table 4, and for the backgrounds
predicted from simulation, the cross section uncertainties. The number of total expected back-
ground (N

SR(B)) and observed data (N
SR(D)) events in each SR are also reported.

BDT> Y
SR
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SR
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SR
nonprompt N

SR
N

SR(B) N
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(W+jets) (tt) (Rare)
Dm = 10 GeV 0.31 18.4 ± 3.6 1.8 ± 4.8 8.0 ± 2.9 2.3 ± 1.4 30.3 ± 6.7 39
Dm = 20 GeV 0.39 9.0 ± 2.0 1.3 ± 1.7 11.2 ± 3.2 3.1 ± 1.9 24.7 ± 4.5 20
Dm = 30 GeV 0.47 4.0 ± 2.5 1.2 ± 0.6 8.8 ± 2.5 1.7 ± 1.2 15.7 ± 3.7 22
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Dm = 70 GeV 0.46 4.9 ± 1.6 3.4 ± 1.1 5.4 ± 1.6 3.2 ± 1.9 16.8 ± 2.9 20
Dm = 80 GeV 0.44 7.1 ± 1.6 5.1 ± 0.9 5.3 ± 1.6 5.2 ± 3.0 22.8 ± 3.3 26
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Figure 6: The CC approach: summary of observed and expected background yields in all SRs
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of the data and the total uncertainty in the prediction, respectively. The lower panel shows the
ratio of data to prediction.
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•W’→B/T VTQ: VLQ decay into top/bottom + Higgs   

•HT trigger is used w/ 1TeV threshold → eff. Is measured by single-muon-trigger 

•Higgs/top-jet tagging : soft drop/subjetness variable is used !! 

•Selection : mtop and mH, sub-b-tag(top), double b-tag(Higgs) 

•Background : QCD is main bkg estimated using CR data.

W’ into VLQ + top/bottom hull hadronic in CMS @36/fb
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1 Introduction

Many extensions of the standard model (SM) predict new massive charged gauge bosons [1–
3]. The W0 boson is a hypothetical heavy partner of the SM W gauge boson that could be
produced in proton-proton collisions at the CERN LHC. Searches for this new particle have
been performed at the CMS and ATLAS Collaborations in the lepton-neutrino [4, 5], diboson [6,
7], and diquark [8, 9] final states. Vector-like quarks (VLQ) are beyond the SM predicted heavy
quarks for which the left and right-handed chiralities transform the same way under SM gauge
groups. The decay of the W0 boson to a heavy B or T VLQ along with a bottom (b) or top quark
respectively is predicted for instance by composite Higgs theories with custodial symmetry
protection [10]. These models predict the stabilization of quantum corrections to the Higgs
mass and preserve naturalness. The W0 branching fraction to one quark and one VLQ depends
on the VLQ mass, with a maximum of around 50%.

A search for the W0 boson in this decay mode is presented for the first time. The analysis
considers the decay channel where the B or T VLQ decays into a Higgs boson and either a top
or b quark, respectively. This results in the same final state particles, as can be seen in Fig.1.
Because of the high W0 and VLQ masses considered in this analysis, the final state particles
are highly Lorentz boosted. The high mass of these boosted particles can lead to the decay
products being reconstructed as a single jet with a distinct substructure, which is used in the
analysis to distinguish these jets from SM multijet production. An inclusive search for a W0

boson in the top quark, Higgs boson, and b quark final state is performed. The SM background
is dominated by events comprised of jets produced through the strong interaction, referred to
as quantum chromodynamics (QCD) multijet events, and top quark pair production (tt) events.
These backgrounds are modeled by a combination of Monte Carlo (MC) simulation and control
regions in data. The invariant mass distribution of the three-jet system, mthb, is used to set the
first limits on the W0 production cross section in the decay channel to a B or T VLQ. The data
sample used in the analysis corresponds to 35.9 fb�1 of

p
s = 13 TeV data [11] recorded in 2016.

The theoretical framework followed in the analysis is described in Ref. [12] as evaluated at
sL = 0.5 and cot(q2) = 3. The sL parameter determines the degree of top compositeness and q2
determines the angle between the superposition of elementary and composite W0 states. The W0

cross section is inversely proportional to cot2(q2), but low cot(q2) values tend to be dominated
by the leptonic W0 decay mode. A high sL parameter increases the relative phase space for
the decay into two VLQ, whereas a low sL parameter tends to prefer the W0 diboson decays.
The signal cross sections in the analysis are evaluated using this framework at 13 TeV from
mW0 = 1.5 to 4.0 TeV in the assumption that W0 !VLQ branching fraction is evenly distributed
between Bt and bT, and the VLQ!qH branching fraction is 50%.
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Figure 1: The W0 boson decays considered in the analysis. The analysis assumes equal branch-
ing fraction for W0 to tB and bT and 50% for each VLQ to qH.
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Figure 3: Normalized distributions of discriminating variables in tt, QCD, and signal MC simu-
lation. The QCD distributions are extracted from sets with minimum generator HT >1000 GeV.
From upper left to lower right, maximum subjet b tag for top quark discrimination, t3/ t2
for top quark discrimination, softdrop mass used for top quark discrimination, double b tag
discriminant used for Higgs jet tagging, and softdrop mass used for Higgs jet tagging. Each
variable distribution in this set of figures requires an event that passes the selection on all other
variables in order to preserve possible correlations.
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•W’→B/T VTQ: VLQ decay into top/bottom + Higgs   

•Background : QCD is main bkg estimated using CR data. 

•No significant excess… 

•Limit on mW’ : w/ Low/Central/High VLQ mass hyop(1/2, 2/3, 3/4 mVLQ ). 

•Need more sensitivity → Run2 full data will help!!

W’ into VLQ + top/bottom hull hadronic in CMS @36/fb
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tom) VLQ mass range (see Tab.1) are shown.
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Figure 6: Reconstructed W0 mass distributions (mthb) in the QCD MC in the signal region for
the purposes of validation. The agreement given the systematic uncertainties is at the 1s level.
The background uncertainty takes into account all systematic and statistical uncertainties used
for limit setting.
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Figure 5: Reconstructed W0 mass distributions (mthb) in the b candidate inverted validation
region (CR4) shown for data and background contributions. Several signal hypotheses are
shown to demonstrate the low signal contamination. The background uncertainty takes into
account all systematic and statistical uncertainties considered.

Table 3: Event yield table after various selections. All MC yields are scaled to 35.9 fb�1 and the
theory cross section . Refer to Tab.2 for the definition of each region. The uncertainties here are
shown for the validation region and the signal region and are pre fit; the posteriori uncertainties
for tt and QCD are constrained down by approximately 40% and 14% respectively.

Region Data QCD tt
SR 284 ± 17 208 ± 49 71 ± 28

CR1 79104 — 332
CR2 398 — 25
CR3 45646 — 1365
CR4 844 ± 30 659 ± 150 236 ± 83
CR5 288926 — 543
CR6 1330 — 76
CR7 154608 — 1991

CR
SR
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