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IntroducLon	to	myself
• Name:	Jae	Hyeok	Yoo	

• AffiliaLon:	Physics	department,	Korea	University	

• Research	topics		

• CMS:	RPV	SUSY,	SM	4top,	LLP	HCAL	performance,	MTD	

• SUBMET:	Search	for	millicharged	parLcle	at	J-PARC	

• Due	to	my	past	experience	in	LHC	since	grad	school,	I	am	
inevitably	biased	to	LHC	physics	…		
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Myself	3	years	ago	…	

Group	webpage.	Click	for	more	info!

https://sites.google.com/view/ku-hepex-group/home
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SM	is	extremely	successful
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CMS PreliminaryJune 2021

All results at: http://cern.ch/go/pNj7
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CMS 95%CL limits at 7, 8 and 13 TeV
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Theory prediction

Higgs

Standard	Model	(SM)
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But,	it	is	not	complete
• Though	SM	is	extremely	successful,	it	has	limitaLon	
to	explain	some	experimental	evidences	for	physics	
beyond	it	

• e.g.,	cosmological	evidence	for	existence	of	dark	
maaer	

• It	also	has	some	theoreLcal	issues	

• Hierarchy	problem,	gauge	unificaLon,		…		

• There	are	ideas	to	explain	these	limitaLons	

• Supersymmetry	has	been	one	of	the	leading	ideas	
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Jae'Hyeok'Yoo'(UCSB) Seminar'@'Hanyang'University'(06/02/2017)

Standard'Model'and'evidence'of'new'physics

2

• Standard'model'of'parKcle'physics' • Evidence'of'physics'beyond'standard'
model'(SM)'

• Non4zero'neutrino'mass'

• Dark'MaQer
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Why	Supersymmetry	(SUSY):	hierarchy	problem

• Hierarchy	problem
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Why	Supersymmetry	(SUSY):	hierarchy	problem

• Hierarchy	problem
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Hierarchy	problem	
why	is	Higgs	mass	so	much	less	

than	the	scale	of	gravity?

Fine-tuning	
	should	be	fine-tuned	

to	give	 	GeV2

m2
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Search	for	Supersymmetry	(SUSY)
• SUSY	solves	this	problem	by	introducing	partners	of	each	SM	parLcle	
with	spin	different	by	1/2		

• “fermion	=>	boson”	and	“boson	=>	fermion”	partners	

• Fermions	and	bosons	have	opposite	signs	in	quantum	correcLon	
calculaLon
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QuadraLc	divergence	term	gone!
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Naturalness	argument	
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R-Parity	ConservaLon	(RPC)
• R-parity	=	(-1)

3B+L+2s	

• ConservaLon	of	B	and	L	

• SM	parLcles:	+1,	SUSY	parLcles:	-1	

• If	conserved,	SUSY	parLcles	produced	in	pairs	
at	LHC	

• Lightest	SUSY	ParLcle	(LSP)	is	stable	 	if	Q=0,	
it	is	a	dark	maaer	candidate		

• Because	R-Parity	conservaLon	provides	dark	
maaer	candidate	and	is	favored	by	long	proton	
lifeLme,	it	is	a	preferred	assumpLon	for	SUSY	
searches		

• Most	SUSY	searches	have	targeted	RPC	models

→
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Figure 1. Gluino pair production and decay for the simplified models T1tttt (left) and T5tttt
(right). In T1tttt, the gluino undergoes three-body decay g̃ → ttχ̃0

1 via a virtual intermediate
top squark. In T5tttt, the gluino decays via the sequential two-body process g̃ → t̃1t, t̃1 → tχ̃0

1.
Because gluinos are Majorana particles, each one can decay to t̃1t and to the charge conjugate final
state t̃1t.

A challenge in performing searches for SUSY particles is obtaining sufficient sensitivity

to the signal, while at the same time understanding the background contribution from SM

processes in a robust manner. This analysis is designed such that the background in the

signal regions arises largely from a single process, dilepton tt production, in which both

W bosons from t → bW+ decay leptonically, but only one lepton satisfies the criteria

associated with identification, the minimum transverse momentum (pT) requirement, and

isolation from other energy in the event. The search signature is characterized not only by

the presence of high-pT jets and b-tagged jets, an isolated high-pT lepton, and large Emiss
T ,

but also by additional kinematic variables. Apart from resolution effects, the transverse

mass of the lepton + "pmiss
T system, mT, is bounded above by mW for events with a single

leptonically decaying W, and this variable is very effective in suppressing the otherwise

dominant single-lepton tt background. The quantity MJ , the scalar sum of the masses of

large-radius jets, is used both to characterize the mass and energy scale of the event, pro-

viding discrimination between signal and background, and as a key part of the background

estimation. A property of MJ exploited in this analysis is that, for the dominant back-

ground, this variable is nearly uncorrelated with mT. Because of the absence of correlation

between MJ and mT, the background shape at high mT, including the signal region, can

be measured to a very good approximation using a low-mT control sample. The quantity

MJ was first discussed in phenomenological studies, for example, in refs. [45–47]. Similar

variables have been used by ATLAS for SUSY searches in all-hadronic final states using

8TeV data [48, 49]. We have presented studies of basic MJ properties and performance

using early 13TeV data [50].

This paper is organized as follows. Section 2 gives a brief overview of the CMS de-

tector. Section 3 discusses the simulated event samples used in the analysis. The event

reconstruction is discussed in section 4, while section 5 describes the trigger and event

selection. Section 6 presents the methodology used to predict the SM background from the

event yields in control regions in data. The associated systematic uncertainties are also

discussed. The event yields observed in the signal regions are presented in section 7. These

– 3 –

An	example	of	RPC	model
Lightest	

Supersymmetric	
ParQcle	(LSP)		

→	DM	candidate

~	2	TeV
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Recent	SUSY	Searches

• Recent	searches	at	LHC	set	stringent	limits	on	R-parity	conserving	(RPC)	models:	excluded	 	
GeV,		 	GeV	region	(tension	in	ability	to	explain	hierarchy	problem	with	liale	fine	tuning)

mg̃ < 2
mt̃ < 1

10
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Mass	limits	for	a	
simplified	model	of	
top	squark	pair	
producLon	with	
squark	decays	to	a	on-	
or	off-shell	top	quark	
and	the	LSP,	leading	to	
final	states	with	two	
boaom	quarks,	two	W	
bosons,	and	two	LSPs

Mass	limits	for	a	
simplified	model	of	gluino	
pair	producLon	with	
gluino	decays	to	pairs	of	
top	quarks	and	the	LSP
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Where	to	look?
• No	sign	of	new	physics	does	NOT	mean	that	new	
physics	does	not	exist	

• It	just	means	that	it	does	not	exist	where	we	thought	
it	would	be	

• Now	is	the	Lme	to	travel	the	roads	less	traveled	

• Using	the	capability	of	the	CMS	detector	

• Probe	new	signatures,	e.g.,	long-lived	parLcles	

• Give	up	some	assumpLons,	e.g.,	R-Parity	ViolaQng	
(RPV)	SUSY	

• Build	a	new	(small)	detector	to	search	for	signatures	
CMS	is	not	designed	to	sensiLve	to	

11
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Why	R-Parity	ViolaLng	(RPV)	SUSY?
• RPC	searches	require	significant	
amount	of	Missing	Transverse	
Energy	(MET)	due	to	undetected	
LSPs	

• In	RPV	scenarios	LSP	can	decay	to	
SM	parLcles	→	removes	large	
MET	signature	→ RPC	searches	
kill	such	signal			

• This	disfavors	LSP	as	a	DM	
candidate,	but	can	weaken	
constraints	from	RPC	searches

12

The CMS Collaboration / Physics Letters B 783 (2018) 114–139 115

Fig. 1. Example diagram for the simplified model used as the benchmark signal in 
this analysis.

d j are the charged lepton, up-type quark, and down-type quark 
SU(2) singlets, while the various λ and µ factors denote the cou-
pling strengths for their corresponding interaction. Color indices 
are suppressed and letters i, j, k denote generation indices. More 
details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity vi-
olation, minimal flavor violating (MFV) SUSY [28], in which the 
R-parity violating couplings arise from the SM Yukawa couplings. 
This makes the third generation RPV couplings large and those of 
the first two generations small, which is consistent with the strong 
experimental constraints from proton decay searches on baryon 
and lepton number violation involving the lightest two genera-
tions [27]. The coupling λ′′ i jk must be antisymmetric in the last 
two indices because of gauge invariance, which requires λ′′ tbb to 
be 0. Therefore, the largest allowed MFV coupling is λ′′ tbs.

Due to the high g̃̃g cross section and large value of λ′′ tbs, 
a search for the pair production of gluinos that decay via g̃ →
t̃t → tbs is well motivated. The simplified model [29,30] that is 
used in the interpretation makes several assumptions about the 
SUSY mass spectrum. It is assumed that squarks other than the 
top squark are much heavier than the gluino, so they do not af-
fect the gluino decay, and the branching ratio of g̃ → t̃t → tbs is 
100%. The top squark is assumed to be virtual in its decay. This re-
sults in a three-body decay, so searches for dijet resonances, i.e., 
t̃ → bs, are not applicable in this scenario. It is further assumed 
that the gluinos decay promptly. An example diagram for this sim-
plified model is shown in Fig. 1. Although this benchmark is used 
for interpreting results, the search is structured to be generically 
sensitive to high-mass signatures with large jet and bottom quark 
jet multiplicities and either little or no pmiss

T , which are potential 
features of other models of physics beyond the SM. Previous limits 
on such MFV models were obtained by the ATLAS and CMS Col-
laborations at 

√
s = 8 TeV [31–33] and by the ATLAS Collaboration 

at 
√

s = 13 TeV [34], excluding gluino masses below ∼1 TeV and 
1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) fi-
nal state for an excess of events with a large number of identified 
bottom quark (b-tagged) jets in regions determined as a function 
of the jet multiplicity and the sum of masses of large-radius jets, 
MJ . Signal events are expected to contribute to this final state 
through the leptonic decay of one of the top quarks while popu-
lating the high jet multiplicity and high MJ kinematic regions due 
to the hadronic decay of the second top quark and the additional 
bottom and strange quark jets. The four b quarks, two from the 
top quark decays and two from the top squark decays, provide a 
high b-tagged jet multiplicity signature. The quantity MJ was pro-
posed in phenomenological studies [35–37] and was first used for 
RPC SUSY searches by the ATLAS Collaboration in all-hadronic fi-
nal states [38,39] and by the CMS Collaboration in single-lepton 
events [26,40].

2. The CMS detector, samples, and event selection

This search uses a sample of proton–proton collision data at a 
center-of-mass energy of 

√
s = 13 TeV corresponding to an inte-

grated luminosity of 35.9 fb−1, which was collected by the CMS 
experiment during 2016. The central feature of the CMS detector 
is a superconducting solenoid of 6 m internal diameter, providing a 
magnetic field of 3.8 T. Within the solenoid volume are the charged 
particle tracking systems, composed of silicon-pixel and silicon-
strip detectors, and the calorimeter systems, consisting of a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass 
and scintillator hadron calorimeter. Muons are identified and mea-
sured by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. A more detailed description of 
the CMS detector, together with a definition of the coordinate sys-
tem used and the relevant kinematic variables, is given in Ref. [41].

The background predictions use Monte Carlo (MC) simulation 
samples with corrections to the normalization and shape of distri-
butions measured in data control samples. MadGraph5_amc@nlo
2.2.2 is used in leading-order mode [42,43] to generate the tt, 
W + jet, quantum chromodynamics multijet (QCD), and Drell–
Yan background processes with extra partons. Comparison to a
powheg 2.0 [44–46] sample generated at next-to-leading order 
(NLO) shows that the NLO effects do not have a significant im-
pact. The ttW, ttZ, tttt, and t-channel single top quark produc-
tion backgrounds are generated with MadGraph5_amc@nlo 2.2.2 
in NLO mode [47], while the tW, tW, and s-channel single top 
quark processes are generated with powheg 2.0. The tt, W + jet, 
and QCD samples are generated with up to 2, 4, 2 extra partons, 
respectively. All samples are generated using a top quark mass of 
172.5 GeV and with the NNPDF3.0 set of parton distribution func-
tions (PDF) [48]. For the fragmentation and showering of partons, 
the generated samples are interfaced with PYTHIA 8.205 [49] and 
use the CUETP8M1 tune to describe the underlying event [50]. All 
samples use the highest precision cross sections available [51–57]. 
The detector response is simulated with Geant4 [58]. Simulated 
samples are processed through the same reconstruction algorithms 
as the data.

The signal samples are generated with up to two extra par-
tons in leading-order mode and dynamic factorization and renor-
malization scales by MadGraph5_amc@nlo 2.2.2. The same frag-
mentation, parton showering, simulation, and event reconstruction 
procedure as for the background samples is used. The samples 
are normalized to NLO + next-to-leading logarithmic cross sec-
tions [59].

The reconstruction of objects in an event proceeds from 
the candidate particles identified by the particle-flow (PF) algo-
rithm [60], which uses information from the tracker, calorimeters, 
and muon systems to identify the candidates as charged or neutral 
hadrons, photons, electrons, or muons. Charged-particle tracks are 
required to originate from the event primary vertex (PV), which 
is the reconstructed vertex with the largest value of summed 
physics-object squared transverse momentum (pT). The physics 
objects used for the PV reconstruction are those returned by a 
jet finding algorithm [61,62] with the tracks assigned to the vertex 
as inputs, and the associated missing transverse momentum, taken 
as the negative vector sum of the pT of those objects.

Electrons are reconstructed by pairing a charged-particle track 
with an ECAL supercluster [63]. The resulting electron candidates 
are required to have pT > 20 GeV and |η| < 2.5, and to satisfy 
identification criteria designed to remove hadrons misidentified 
as electrons, photon conversions, and electrons from heavy-flavor 
hadron decays. Muons are reconstructed by associating tracks in 
the muon system with those found in the silicon tracker [64]. 
Muon candidates are required to satisfy pT > 20 GeV, |η| < 2.4, 
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Figure 1. Gluino pair production and decay for the simplified models T1tttt (left) and T5tttt
(right). In T1tttt, the gluino undergoes three-body decay g̃ → ttχ̃0

1 via a virtual intermediate
top squark. In T5tttt, the gluino decays via the sequential two-body process g̃ → t̃1t, t̃1 → tχ̃0

1.
Because gluinos are Majorana particles, each one can decay to t̃1t and to the charge conjugate final
state t̃1t.

A challenge in performing searches for SUSY particles is obtaining sufficient sensitivity

to the signal, while at the same time understanding the background contribution from SM

processes in a robust manner. This analysis is designed such that the background in the

signal regions arises largely from a single process, dilepton tt production, in which both

W bosons from t → bW+ decay leptonically, but only one lepton satisfies the criteria

associated with identification, the minimum transverse momentum (pT) requirement, and

isolation from other energy in the event. The search signature is characterized not only by

the presence of high-pT jets and b-tagged jets, an isolated high-pT lepton, and large Emiss
T ,

but also by additional kinematic variables. Apart from resolution effects, the transverse

mass of the lepton + "pmiss
T system, mT, is bounded above by mW for events with a single

leptonically decaying W, and this variable is very effective in suppressing the otherwise

dominant single-lepton tt background. The quantity MJ , the scalar sum of the masses of

large-radius jets, is used both to characterize the mass and energy scale of the event, pro-

viding discrimination between signal and background, and as a key part of the background

estimation. A property of MJ exploited in this analysis is that, for the dominant back-

ground, this variable is nearly uncorrelated with mT. Because of the absence of correlation

between MJ and mT, the background shape at high mT, including the signal region, can

be measured to a very good approximation using a low-mT control sample. The quantity

MJ was first discussed in phenomenological studies, for example, in refs. [45–47]. Similar

variables have been used by ATLAS for SUSY searches in all-hadronic final states using

8TeV data [48, 49]. We have presented studies of basic MJ properties and performance

using early 13TeV data [50].

This paper is organized as follows. Section 2 gives a brief overview of the CMS de-

tector. Section 3 discusses the simulated event samples used in the analysis. The event

reconstruction is discussed in section 4, while section 5 describes the trigger and event

selection. Section 6 presents the methodology used to predict the SM background from the

event yields in control regions in data. The associated systematic uncertainties are also

discussed. The event yields observed in the signal regions are presented in section 7. These
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Fig. 1. Example diagram for the simplified model used as the benchmark signal in 
this analysis.

d j are the charged lepton, up-type quark, and down-type quark 
SU(2) singlets, while the various λ and µ factors denote the cou-
pling strengths for their corresponding interaction. Color indices 
are suppressed and letters i, j, k denote generation indices. More 
details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity vi-
olation, minimal flavor violating (MFV) SUSY [28], in which the 
R-parity violating couplings arise from the SM Yukawa couplings. 
This makes the third generation RPV couplings large and those of 
the first two generations small, which is consistent with the strong 
experimental constraints from proton decay searches on baryon 
and lepton number violation involving the lightest two genera-
tions [27]. The coupling λ′′ i jk must be antisymmetric in the last 
two indices because of gauge invariance, which requires λ′′ tbb to 
be 0. Therefore, the largest allowed MFV coupling is λ′′ tbs.

Due to the high g̃̃g cross section and large value of λ′′ tbs, 
a search for the pair production of gluinos that decay via g̃ →
t̃t → tbs is well motivated. The simplified model [29,30] that is 
used in the interpretation makes several assumptions about the 
SUSY mass spectrum. It is assumed that squarks other than the 
top squark are much heavier than the gluino, so they do not af-
fect the gluino decay, and the branching ratio of g̃ → t̃t → tbs is 
100%. The top squark is assumed to be virtual in its decay. This re-
sults in a three-body decay, so searches for dijet resonances, i.e., 
t̃ → bs, are not applicable in this scenario. It is further assumed 
that the gluinos decay promptly. An example diagram for this sim-
plified model is shown in Fig. 1. Although this benchmark is used 
for interpreting results, the search is structured to be generically 
sensitive to high-mass signatures with large jet and bottom quark 
jet multiplicities and either little or no pmiss

T , which are potential 
features of other models of physics beyond the SM. Previous limits 
on such MFV models were obtained by the ATLAS and CMS Col-
laborations at 

√
s = 8 TeV [31–33] and by the ATLAS Collaboration 

at 
√

s = 13 TeV [34], excluding gluino masses below ∼1 TeV and 
1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) fi-
nal state for an excess of events with a large number of identified 
bottom quark (b-tagged) jets in regions determined as a function 
of the jet multiplicity and the sum of masses of large-radius jets, 
MJ . Signal events are expected to contribute to this final state 
through the leptonic decay of one of the top quarks while popu-
lating the high jet multiplicity and high MJ kinematic regions due 
to the hadronic decay of the second top quark and the additional 
bottom and strange quark jets. The four b quarks, two from the 
top quark decays and two from the top squark decays, provide a 
high b-tagged jet multiplicity signature. The quantity MJ was pro-
posed in phenomenological studies [35–37] and was first used for 
RPC SUSY searches by the ATLAS Collaboration in all-hadronic fi-
nal states [38,39] and by the CMS Collaboration in single-lepton 
events [26,40].

2. The CMS detector, samples, and event selection

This search uses a sample of proton–proton collision data at a 
center-of-mass energy of 

√
s = 13 TeV corresponding to an inte-

grated luminosity of 35.9 fb−1, which was collected by the CMS 
experiment during 2016. The central feature of the CMS detector 
is a superconducting solenoid of 6 m internal diameter, providing a 
magnetic field of 3.8 T. Within the solenoid volume are the charged 
particle tracking systems, composed of silicon-pixel and silicon-
strip detectors, and the calorimeter systems, consisting of a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass 
and scintillator hadron calorimeter. Muons are identified and mea-
sured by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. A more detailed description of 
the CMS detector, together with a definition of the coordinate sys-
tem used and the relevant kinematic variables, is given in Ref. [41].

The background predictions use Monte Carlo (MC) simulation 
samples with corrections to the normalization and shape of distri-
butions measured in data control samples. MadGraph5_amc@nlo
2.2.2 is used in leading-order mode [42,43] to generate the tt, 
W + jet, quantum chromodynamics multijet (QCD), and Drell–
Yan background processes with extra partons. Comparison to a
powheg 2.0 [44–46] sample generated at next-to-leading order 
(NLO) shows that the NLO effects do not have a significant im-
pact. The ttW, ttZ, tttt, and t-channel single top quark produc-
tion backgrounds are generated with MadGraph5_amc@nlo 2.2.2 
in NLO mode [47], while the tW, tW, and s-channel single top 
quark processes are generated with powheg 2.0. The tt, W + jet, 
and QCD samples are generated with up to 2, 4, 2 extra partons, 
respectively. All samples are generated using a top quark mass of 
172.5 GeV and with the NNPDF3.0 set of parton distribution func-
tions (PDF) [48]. For the fragmentation and showering of partons, 
the generated samples are interfaced with PYTHIA 8.205 [49] and 
use the CUETP8M1 tune to describe the underlying event [50]. All 
samples use the highest precision cross sections available [51–57]. 
The detector response is simulated with Geant4 [58]. Simulated 
samples are processed through the same reconstruction algorithms 
as the data.

The signal samples are generated with up to two extra par-
tons in leading-order mode and dynamic factorization and renor-
malization scales by MadGraph5_amc@nlo 2.2.2. The same frag-
mentation, parton showering, simulation, and event reconstruction 
procedure as for the background samples is used. The samples 
are normalized to NLO + next-to-leading logarithmic cross sec-
tions [59].

The reconstruction of objects in an event proceeds from 
the candidate particles identified by the particle-flow (PF) algo-
rithm [60], which uses information from the tracker, calorimeters, 
and muon systems to identify the candidates as charged or neutral 
hadrons, photons, electrons, or muons. Charged-particle tracks are 
required to originate from the event primary vertex (PV), which 
is the reconstructed vertex with the largest value of summed 
physics-object squared transverse momentum (pT). The physics 
objects used for the PV reconstruction are those returned by a 
jet finding algorithm [61,62] with the tracks assigned to the vertex 
as inputs, and the associated missing transverse momentum, taken 
as the negative vector sum of the pT of those objects.

Electrons are reconstructed by pairing a charged-particle track 
with an ECAL supercluster [63]. The resulting electron candidates 
are required to have pT > 20 GeV and |η| < 2.5, and to satisfy 
identification criteria designed to remove hadrons misidentified 
as electrons, photon conversions, and electrons from heavy-flavor 
hadron decays. Muons are reconstructed by associating tracks in 
the muon system with those found in the silicon tracker [64]. 
Muon candidates are required to satisfy pT > 20 GeV, |η| < 2.4, 
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Fig. 1. Example diagram for the simplified model used as the benchmark signal in 
this analysis.

d j are the charged lepton, up-type quark, and down-type quark 
SU(2) singlets, while the various λ and µ factors denote the cou-
pling strengths for their corresponding interaction. Color indices 
are suppressed and letters i, j, k denote generation indices. More 
details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity vi-
olation, minimal flavor violating (MFV) SUSY [28], in which the 
R-parity violating couplings arise from the SM Yukawa couplings. 
This makes the third generation RPV couplings large and those of 
the first two generations small, which is consistent with the strong 
experimental constraints from proton decay searches on baryon 
and lepton number violation involving the lightest two genera-
tions [27]. The coupling λ′′ i jk must be antisymmetric in the last 
two indices because of gauge invariance, which requires λ′′ tbb to 
be 0. Therefore, the largest allowed MFV coupling is λ′′ tbs.

Due to the high g̃̃g cross section and large value of λ′′ tbs, 
a search for the pair production of gluinos that decay via g̃ →
t̃t → tbs is well motivated. The simplified model [29,30] that is 
used in the interpretation makes several assumptions about the 
SUSY mass spectrum. It is assumed that squarks other than the 
top squark are much heavier than the gluino, so they do not af-
fect the gluino decay, and the branching ratio of g̃ → t̃t → tbs is 
100%. The top squark is assumed to be virtual in its decay. This re-
sults in a three-body decay, so searches for dijet resonances, i.e., 
t̃ → bs, are not applicable in this scenario. It is further assumed 
that the gluinos decay promptly. An example diagram for this sim-
plified model is shown in Fig. 1. Although this benchmark is used 
for interpreting results, the search is structured to be generically 
sensitive to high-mass signatures with large jet and bottom quark 
jet multiplicities and either little or no pmiss

T , which are potential 
features of other models of physics beyond the SM. Previous limits 
on such MFV models were obtained by the ATLAS and CMS Col-
laborations at 

√
s = 8 TeV [31–33] and by the ATLAS Collaboration 

at 
√

s = 13 TeV [34], excluding gluino masses below ∼1 TeV and 
1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) fi-
nal state for an excess of events with a large number of identified 
bottom quark (b-tagged) jets in regions determined as a function 
of the jet multiplicity and the sum of masses of large-radius jets, 
MJ . Signal events are expected to contribute to this final state 
through the leptonic decay of one of the top quarks while popu-
lating the high jet multiplicity and high MJ kinematic regions due 
to the hadronic decay of the second top quark and the additional 
bottom and strange quark jets. The four b quarks, two from the 
top quark decays and two from the top squark decays, provide a 
high b-tagged jet multiplicity signature. The quantity MJ was pro-
posed in phenomenological studies [35–37] and was first used for 
RPC SUSY searches by the ATLAS Collaboration in all-hadronic fi-
nal states [38,39] and by the CMS Collaboration in single-lepton 
events [26,40].

2. The CMS detector, samples, and event selection

This search uses a sample of proton–proton collision data at a 
center-of-mass energy of 

√
s = 13 TeV corresponding to an inte-

grated luminosity of 35.9 fb−1, which was collected by the CMS 
experiment during 2016. The central feature of the CMS detector 
is a superconducting solenoid of 6 m internal diameter, providing a 
magnetic field of 3.8 T. Within the solenoid volume are the charged 
particle tracking systems, composed of silicon-pixel and silicon-
strip detectors, and the calorimeter systems, consisting of a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass 
and scintillator hadron calorimeter. Muons are identified and mea-
sured by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. A more detailed description of 
the CMS detector, together with a definition of the coordinate sys-
tem used and the relevant kinematic variables, is given in Ref. [41].

The background predictions use Monte Carlo (MC) simulation 
samples with corrections to the normalization and shape of distri-
butions measured in data control samples. MadGraph5_amc@nlo
2.2.2 is used in leading-order mode [42,43] to generate the tt, 
W + jet, quantum chromodynamics multijet (QCD), and Drell–
Yan background processes with extra partons. Comparison to a
powheg 2.0 [44–46] sample generated at next-to-leading order 
(NLO) shows that the NLO effects do not have a significant im-
pact. The ttW, ttZ, tttt, and t-channel single top quark produc-
tion backgrounds are generated with MadGraph5_amc@nlo 2.2.2 
in NLO mode [47], while the tW, tW, and s-channel single top 
quark processes are generated with powheg 2.0. The tt, W + jet, 
and QCD samples are generated with up to 2, 4, 2 extra partons, 
respectively. All samples are generated using a top quark mass of 
172.5 GeV and with the NNPDF3.0 set of parton distribution func-
tions (PDF) [48]. For the fragmentation and showering of partons, 
the generated samples are interfaced with PYTHIA 8.205 [49] and 
use the CUETP8M1 tune to describe the underlying event [50]. All 
samples use the highest precision cross sections available [51–57]. 
The detector response is simulated with Geant4 [58]. Simulated 
samples are processed through the same reconstruction algorithms 
as the data.

The signal samples are generated with up to two extra par-
tons in leading-order mode and dynamic factorization and renor-
malization scales by MadGraph5_amc@nlo 2.2.2. The same frag-
mentation, parton showering, simulation, and event reconstruction 
procedure as for the background samples is used. The samples 
are normalized to NLO + next-to-leading logarithmic cross sec-
tions [59].

The reconstruction of objects in an event proceeds from 
the candidate particles identified by the particle-flow (PF) algo-
rithm [60], which uses information from the tracker, calorimeters, 
and muon systems to identify the candidates as charged or neutral 
hadrons, photons, electrons, or muons. Charged-particle tracks are 
required to originate from the event primary vertex (PV), which 
is the reconstructed vertex with the largest value of summed 
physics-object squared transverse momentum (pT). The physics 
objects used for the PV reconstruction are those returned by a 
jet finding algorithm [61,62] with the tracks assigned to the vertex 
as inputs, and the associated missing transverse momentum, taken 
as the negative vector sum of the pT of those objects.

Electrons are reconstructed by pairing a charged-particle track 
with an ECAL supercluster [63]. The resulting electron candidates 
are required to have pT > 20 GeV and |η| < 2.5, and to satisfy 
identification criteria designed to remove hadrons misidentified 
as electrons, photon conversions, and electrons from heavy-flavor 
hadron decays. Muons are reconstructed by associating tracks in 
the muon system with those found in the silicon tracker [64]. 
Muon candidates are required to satisfy pT > 20 GeV, |η| < 2.4, 
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Fig. 1. Example diagram for the simplified model used as the benchmark signal in 
this analysis.

d j are the charged lepton, up-type quark, and down-type quark 
SU(2) singlets, while the various λ and µ factors denote the cou-
pling strengths for their corresponding interaction. Color indices 
are suppressed and letters i, j, k denote generation indices. More 
details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity vi-
olation, minimal flavor violating (MFV) SUSY [28], in which the 
R-parity violating couplings arise from the SM Yukawa couplings. 
This makes the third generation RPV couplings large and those of 
the first two generations small, which is consistent with the strong 
experimental constraints from proton decay searches on baryon 
and lepton number violation involving the lightest two genera-
tions [27]. The coupling λ′′ i jk must be antisymmetric in the last 
two indices because of gauge invariance, which requires λ′′ tbb to 
be 0. Therefore, the largest allowed MFV coupling is λ′′ tbs.

Due to the high g̃̃g cross section and large value of λ′′ tbs, 
a search for the pair production of gluinos that decay via g̃ →
t̃t → tbs is well motivated. The simplified model [29,30] that is 
used in the interpretation makes several assumptions about the 
SUSY mass spectrum. It is assumed that squarks other than the 
top squark are much heavier than the gluino, so they do not af-
fect the gluino decay, and the branching ratio of g̃ → t̃t → tbs is 
100%. The top squark is assumed to be virtual in its decay. This re-
sults in a three-body decay, so searches for dijet resonances, i.e., 
t̃ → bs, are not applicable in this scenario. It is further assumed 
that the gluinos decay promptly. An example diagram for this sim-
plified model is shown in Fig. 1. Although this benchmark is used 
for interpreting results, the search is structured to be generically 
sensitive to high-mass signatures with large jet and bottom quark 
jet multiplicities and either little or no pmiss

T , which are potential 
features of other models of physics beyond the SM. Previous limits 
on such MFV models were obtained by the ATLAS and CMS Col-
laborations at 

√
s = 8 TeV [31–33] and by the ATLAS Collaboration 

at 
√

s = 13 TeV [34], excluding gluino masses below ∼1 TeV and 
1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) fi-
nal state for an excess of events with a large number of identified 
bottom quark (b-tagged) jets in regions determined as a function 
of the jet multiplicity and the sum of masses of large-radius jets, 
MJ . Signal events are expected to contribute to this final state 
through the leptonic decay of one of the top quarks while popu-
lating the high jet multiplicity and high MJ kinematic regions due 
to the hadronic decay of the second top quark and the additional 
bottom and strange quark jets. The four b quarks, two from the 
top quark decays and two from the top squark decays, provide a 
high b-tagged jet multiplicity signature. The quantity MJ was pro-
posed in phenomenological studies [35–37] and was first used for 
RPC SUSY searches by the ATLAS Collaboration in all-hadronic fi-
nal states [38,39] and by the CMS Collaboration in single-lepton 
events [26,40].

2. The CMS detector, samples, and event selection

This search uses a sample of proton–proton collision data at a 
center-of-mass energy of 

√
s = 13 TeV corresponding to an inte-

grated luminosity of 35.9 fb−1, which was collected by the CMS 
experiment during 2016. The central feature of the CMS detector 
is a superconducting solenoid of 6 m internal diameter, providing a 
magnetic field of 3.8 T. Within the solenoid volume are the charged 
particle tracking systems, composed of silicon-pixel and silicon-
strip detectors, and the calorimeter systems, consisting of a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass 
and scintillator hadron calorimeter. Muons are identified and mea-
sured by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. A more detailed description of 
the CMS detector, together with a definition of the coordinate sys-
tem used and the relevant kinematic variables, is given in Ref. [41].

The background predictions use Monte Carlo (MC) simulation 
samples with corrections to the normalization and shape of distri-
butions measured in data control samples. MadGraph5_amc@nlo
2.2.2 is used in leading-order mode [42,43] to generate the tt, 
W + jet, quantum chromodynamics multijet (QCD), and Drell–
Yan background processes with extra partons. Comparison to a
powheg 2.0 [44–46] sample generated at next-to-leading order 
(NLO) shows that the NLO effects do not have a significant im-
pact. The ttW, ttZ, tttt, and t-channel single top quark produc-
tion backgrounds are generated with MadGraph5_amc@nlo 2.2.2 
in NLO mode [47], while the tW, tW, and s-channel single top 
quark processes are generated with powheg 2.0. The tt, W + jet, 
and QCD samples are generated with up to 2, 4, 2 extra partons, 
respectively. All samples are generated using a top quark mass of 
172.5 GeV and with the NNPDF3.0 set of parton distribution func-
tions (PDF) [48]. For the fragmentation and showering of partons, 
the generated samples are interfaced with PYTHIA 8.205 [49] and 
use the CUETP8M1 tune to describe the underlying event [50]. All 
samples use the highest precision cross sections available [51–57]. 
The detector response is simulated with Geant4 [58]. Simulated 
samples are processed through the same reconstruction algorithms 
as the data.

The signal samples are generated with up to two extra par-
tons in leading-order mode and dynamic factorization and renor-
malization scales by MadGraph5_amc@nlo 2.2.2. The same frag-
mentation, parton showering, simulation, and event reconstruction 
procedure as for the background samples is used. The samples 
are normalized to NLO + next-to-leading logarithmic cross sec-
tions [59].

The reconstruction of objects in an event proceeds from 
the candidate particles identified by the particle-flow (PF) algo-
rithm [60], which uses information from the tracker, calorimeters, 
and muon systems to identify the candidates as charged or neutral 
hadrons, photons, electrons, or muons. Charged-particle tracks are 
required to originate from the event primary vertex (PV), which 
is the reconstructed vertex with the largest value of summed 
physics-object squared transverse momentum (pT). The physics 
objects used for the PV reconstruction are those returned by a 
jet finding algorithm [61,62] with the tracks assigned to the vertex 
as inputs, and the associated missing transverse momentum, taken 
as the negative vector sum of the pT of those objects.

Electrons are reconstructed by pairing a charged-particle track 
with an ECAL supercluster [63]. The resulting electron candidates 
are required to have pT > 20 GeV and |η| < 2.5, and to satisfy 
identification criteria designed to remove hadrons misidentified 
as electrons, photon conversions, and electrons from heavy-flavor 
hadron decays. Muons are reconstructed by associating tracks in 
the muon system with those found in the silicon tracker [64]. 
Muon candidates are required to satisfy pT > 20 GeV, |η| < 2.4, 
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1L	RPV	SUSY	search	in	CMS
• Target	gluino	pair	producLon	where	gluino	decays	to	tbs	(via	B-number	violaLng	interacLon)		

• MoLvated	by	minimum	flavor	violaLng	SUSY	which	makes	3rd	generaLon	couplings	large		

• 1-lepton	final	state	with	large	jet	and	b	jet	mulQpliciQes	and	no	MET	requirement	

• Generic	search	sensiLve	to	such	high-mass	signatures	

• Backgrounds	

• 	a	(dominant),	QCD,	W+jets,	and	other	(single	top,	Drell-Yan,	di-boson,	etc)		

• Results	with	35.9	t-1	(2016	data)	are	presented	

• mg	of	interest		1.5-2	TeV		→	quarks	from	gluinos	significantly	boosted	

• Expect	jets	with	a	few	hundred	GeV	of	energy:	allows	to	use	fully	efficient	high	HT	(ΣpT,jet)	trigger	

• Results	with	137	t-1	data	in	2L	final	state	(SUS-19-008)
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Fig. 1. Example diagram for the simplified model used as the benchmark signal in 
this analysis.

d j are the charged lepton, up-type quark, and down-type quark 
SU(2) singlets, while the various λ and µ factors denote the cou-
pling strengths for their corresponding interaction. Color indices 
are suppressed and letters i, j, k denote generation indices. More 
details on RPV SUSY can be found in Ref. [27].

This search is motivated by a particular model of R-parity vi-
olation, minimal flavor violating (MFV) SUSY [28], in which the 
R-parity violating couplings arise from the SM Yukawa couplings. 
This makes the third generation RPV couplings large and those of 
the first two generations small, which is consistent with the strong 
experimental constraints from proton decay searches on baryon 
and lepton number violation involving the lightest two genera-
tions [27]. The coupling λ′′ i jk must be antisymmetric in the last 
two indices because of gauge invariance, which requires λ′′ tbb to 
be 0. Therefore, the largest allowed MFV coupling is λ′′ tbs.

Due to the high g̃̃g cross section and large value of λ′′ tbs, 
a search for the pair production of gluinos that decay via g̃ →
t̃t → tbs is well motivated. The simplified model [29,30] that is 
used in the interpretation makes several assumptions about the 
SUSY mass spectrum. It is assumed that squarks other than the 
top squark are much heavier than the gluino, so they do not af-
fect the gluino decay, and the branching ratio of g̃ → t̃t → tbs is 
100%. The top squark is assumed to be virtual in its decay. This re-
sults in a three-body decay, so searches for dijet resonances, i.e., 
t̃ → bs, are not applicable in this scenario. It is further assumed 
that the gluinos decay promptly. An example diagram for this sim-
plified model is shown in Fig. 1. Although this benchmark is used 
for interpreting results, the search is structured to be generically 
sensitive to high-mass signatures with large jet and bottom quark 
jet multiplicities and either little or no pmiss

T , which are potential 
features of other models of physics beyond the SM. Previous limits 
on such MFV models were obtained by the ATLAS and CMS Col-
laborations at 

√
s = 8 TeV [31–33] and by the ATLAS Collaboration 

at 
√

s = 13 TeV [34], excluding gluino masses below ∼1 TeV and 
1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) fi-
nal state for an excess of events with a large number of identified 
bottom quark (b-tagged) jets in regions determined as a function 
of the jet multiplicity and the sum of masses of large-radius jets, 
MJ . Signal events are expected to contribute to this final state 
through the leptonic decay of one of the top quarks while popu-
lating the high jet multiplicity and high MJ kinematic regions due 
to the hadronic decay of the second top quark and the additional 
bottom and strange quark jets. The four b quarks, two from the 
top quark decays and two from the top squark decays, provide a 
high b-tagged jet multiplicity signature. The quantity MJ was pro-
posed in phenomenological studies [35–37] and was first used for 
RPC SUSY searches by the ATLAS Collaboration in all-hadronic fi-
nal states [38,39] and by the CMS Collaboration in single-lepton 
events [26,40].

2. The CMS detector, samples, and event selection

This search uses a sample of proton–proton collision data at a 
center-of-mass energy of 

√
s = 13 TeV corresponding to an inte-

grated luminosity of 35.9 fb−1, which was collected by the CMS 
experiment during 2016. The central feature of the CMS detector 
is a superconducting solenoid of 6 m internal diameter, providing a 
magnetic field of 3.8 T. Within the solenoid volume are the charged 
particle tracking systems, composed of silicon-pixel and silicon-
strip detectors, and the calorimeter systems, consisting of a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass 
and scintillator hadron calorimeter. Muons are identified and mea-
sured by gas-ionization detectors embedded in the magnetic flux-
return yoke outside the solenoid. A more detailed description of 
the CMS detector, together with a definition of the coordinate sys-
tem used and the relevant kinematic variables, is given in Ref. [41].

The background predictions use Monte Carlo (MC) simulation 
samples with corrections to the normalization and shape of distri-
butions measured in data control samples. MadGraph5_amc@nlo
2.2.2 is used in leading-order mode [42,43] to generate the tt, 
W + jet, quantum chromodynamics multijet (QCD), and Drell–
Yan background processes with extra partons. Comparison to a
powheg 2.0 [44–46] sample generated at next-to-leading order 
(NLO) shows that the NLO effects do not have a significant im-
pact. The ttW, ttZ, tttt, and t-channel single top quark produc-
tion backgrounds are generated with MadGraph5_amc@nlo 2.2.2 
in NLO mode [47], while the tW, tW, and s-channel single top 
quark processes are generated with powheg 2.0. The tt, W + jet, 
and QCD samples are generated with up to 2, 4, 2 extra partons, 
respectively. All samples are generated using a top quark mass of 
172.5 GeV and with the NNPDF3.0 set of parton distribution func-
tions (PDF) [48]. For the fragmentation and showering of partons, 
the generated samples are interfaced with PYTHIA 8.205 [49] and 
use the CUETP8M1 tune to describe the underlying event [50]. All 
samples use the highest precision cross sections available [51–57]. 
The detector response is simulated with Geant4 [58]. Simulated 
samples are processed through the same reconstruction algorithms 
as the data.

The signal samples are generated with up to two extra par-
tons in leading-order mode and dynamic factorization and renor-
malization scales by MadGraph5_amc@nlo 2.2.2. The same frag-
mentation, parton showering, simulation, and event reconstruction 
procedure as for the background samples is used. The samples 
are normalized to NLO + next-to-leading logarithmic cross sec-
tions [59].

The reconstruction of objects in an event proceeds from 
the candidate particles identified by the particle-flow (PF) algo-
rithm [60], which uses information from the tracker, calorimeters, 
and muon systems to identify the candidates as charged or neutral 
hadrons, photons, electrons, or muons. Charged-particle tracks are 
required to originate from the event primary vertex (PV), which 
is the reconstructed vertex with the largest value of summed 
physics-object squared transverse momentum (pT). The physics 
objects used for the PV reconstruction are those returned by a 
jet finding algorithm [61,62] with the tracks assigned to the vertex 
as inputs, and the associated missing transverse momentum, taken 
as the negative vector sum of the pT of those objects.

Electrons are reconstructed by pairing a charged-particle track 
with an ECAL supercluster [63]. The resulting electron candidates 
are required to have pT > 20 GeV and |η| < 2.5, and to satisfy 
identification criteria designed to remove hadrons misidentified 
as electrons, photon conversions, and electrons from heavy-flavor 
hadron decays. Muons are reconstructed by associating tracks in 
the muon system with those found in the silicon tracker [64]. 
Muon candidates are required to satisfy pT > 20 GeV, |η| < 2.4, 
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Novel	variable:	MJ
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lepton

R=0.4

• MJ:	scalar	sum	of	masses	of	large-R	(R=1.2)	jets	

• To	form	a	large-R	jet,	regular	(R=0.4)	jets	and	
leptons	are	clustered	together
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lepton

R=0.4

R=1.2

• MJ:	scalar	sum	of	masses	of	large-R	(R=1.2)	jets	

• To	form	a	large-R	jet,	regular	(R=0.4)	jets	and	
leptons	are	clustered	together
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Novel	variable:	MJ
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m(J1) m(J2)

m(J3) MJ	=	m(J1)+m(J2)+m(J3)

lepton

R=0.4

R=1.2

• MJ:	scalar	sum	of	masses	of	large-R	(R=1.2)	jets	

• To	form	a	large-R	jet,	regular	(R=0.4)	jets	and	
leptons	are	clustered	together
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Novel	variable:	MJ
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m(J1) m(J2)

m(J3) MJ	=	m(J1)+m(J2)+m(J3)

lepton

R=0.4

R=1.2
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Use	MJ	to	suppress	background

• MJ:	scalar	sum	of	masses	of	large-R	(R=1.2)	jets	

• To	form	a	large-R	jet,	regular	(R=0.4)	jets	and	
leptons	are	clustered	together
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Analysis	strategy
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Make	bins	of	(Nb,	Njet)	and	use	
MJ	distribuLon	in	each	bin*	Baseline	selecLon:	Nlep=1,	HT>1200	GeV,	MJ>500	GeV,	Njet≥4	and	Nb≥0

Nb=1 Nb=2 Nb=3 Nb≥4Nb=0
Njet	

=4-5
Njet	

=6-7
Njet	

≥8

Use	three	variables	to	disLnguish	signal	from	background:	Nb,	Njet	and	MJ	
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Analysis	regions
• 5	Nb	bins	and	3	Njet	bins	

• Two	high	Nb	bins	are	merged	for	Njet	=	
4-5	due	to	limited	size	of	data	

• Control	region	(CR)	and	signal	region	(SR)	
are	defined	as	shown	in	the	table	

• Low	Njet,	low	Nb	region	is	used	to	validate	
the	analysis	procedure	and	to	constrain	
systemaLc	uncertainLes		

• SensiLvity	is	driven	by	Njet	≥	8	and	Nb	≥	3	
bins	

• Fit	MJ	distribuLons	(templates)	
simultaneously	across	(Njet,	Nb)	bins

22

Njet

Nb 4-5	(low) 6-7	(med) ≥8	(high)

0

1

2

3

≥4
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• 5	Nb	bins	and	3	Njet	bins	

• Two	high	Nb	bins	are	merged	for	Njet	=	
4-5	due	to	limited	size	of	data	

• Control	region	(CR)	and	signal	region	(SR)	
are	defined	as	shown	in	the	table	

• Low	Njet,	low	Nb	region	is	used	to	validate	
the	analysis	procedure	and	to	constrain	
systemaLc	uncertainLes		

• SensiLvity	is	driven	by	Njet	≥	8	and	Nb	≥	3	
bins	

• Fit	MJ	distribuLons	(templates)	
simultaneously	across	(Njet,	Nb)	bins

Analysis	regions
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Analysis	regions
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

32

JM

1−10
1

10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 5≤ jet N≤4 

 = 0bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10
1

10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 7≤ jet N≤6 

 = 0bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1

10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 8≥ jetN

 = 0bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1

10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 5≤ jet N≤4 

 = 1bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1
10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 7≤ jet N≤6 

 = 1bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1
10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 8≥ jetN

 = 1bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1

10

210

310

410

510

610
Ev

en
ts Data

QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 5≤ jet N≤4 

 = 2bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1
10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 7≤ jet N≤6 

 = 2bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

JM

1−10

1
10

210

310

410

510

610

Ev
en

ts Data
QCD
tt
W+jets
Other

 (13 TeV)-135.9 fbWork In ProgressCMS 

 = 1lepN
 8≥ jetN

 = 2bN

600 800 1000 1200 1400
JM

0.5
1

1.5

Da
ta

/F
it

Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

• 5	Nb	bins	and	3	Njet	bins	

• Two	high	Nb	bins	are	merged	for	Njet	=	
4-5	due	to	limited	size	of	data	

• Control	region	(CR)	and	signal	region	(SR)	
are	defined	as	shown	in	the	table	

• Low	Njet,	low	Nb	region	is	used	to	validate	
the	analysis	procedure	and	to	constrain	
systemaLc	uncertainLes		

• SensiLvity	is	driven	by	Njet	≥	8	and	Nb	≥	3	
bins	

• Fit	MJ	distribuLons	(templates)	
simultaneously	across	(Njet,	Nb)	bins
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.

ka
pp

a1
_n

je
ts

45
_q

cd
_2

01
6

ka
pp

a1
_n

je
ts

45
_t

tb
ar

_2
01

6

ka
pp

a1
_n

je
ts

45
_w

je
ts

_2
01

6

ka
pp

a1
_n

je
ts

67
_q

cd
_2

01
6

ka
pp

a1
_n

je
ts

67
_t

tb
ar

_2
01

6

ka
pp

a1
_n

je
ts

67
_w

je
ts

_2
01

6

ka
pp

a1
_n

je
ts

8_
qc

d_
20

16

ka
pp

a1
_n

je
ts

8_
ttb

ar
_2

01
6

ka
pp

a1
_n

je
ts

8_
w

je
ts

_2
01

6

ka
pp

a2
_n

je
ts

45
_q

cd
_2

01
6

ka
pp

a2
_n

je
ts

45
_t

tb
ar

_2
01

6

ka
pp

a2
_n

je
ts

45
_w

je
ts

_2
01

6

ka
pp

a2
_n

je
ts

67
_q

cd
_2

01
6

ka
pp

a2
_n

je
ts

67
_t

tb
ar

_2
01

6

ka
pp

a2
_n

je
ts

67
_w

je
ts

_2
01

6

ka
pp

a2
_n

je
ts

8_
qc

d_
20

16

ka
pp

a2
_n

je
ts

8_
ttb

ar
_2

01
6

ka
pp

a2
_n

je
ts

8_
w

je
ts

_2
01

6

pr
op

_b
in

ch
1_

bi
n2

7_
bi

n0

pr
op

_b
in

ch
1_

bi
n2

7_
bi

n1

pr
op

_b
in

ch
1_

bi
n2

7_
bi

n2

pr
op

_b
in

ch
1_

bi
n4

2_
bi

n0

pr
op

_b
in

ch
2_

bi
n2

5_
bi

n0

pr
op

_b
in

ch
2_

bi
n2

5_
bi

n1

pr
op

_b
in

ch
2_

bi
n2

5_
bi

n2

pr
op

_b
in

ch
2_

bi
n4

0_
bi

n0

pr
op

_b
in

ch
3_

bi
n2

6_
bi

n0

pr
op

_b
in

ch
3_

bi
n2

6_
bi

n1

pr
op

_b
in

ch
3_

bi
n2

6_
bi

n2

pr
op

_b
in

ch
3_

bi
n4

1_
bi

n0

pr
op

_b
in

ch
4_

bi
n2

4_
bi

n0

pr
op

_b
in

ch
4_

bi
n2

4_
bi

n1

pr
op

_b
in

ch
4_

bi
n2

4_
bi

n2

pr
op

_b
in

ch
4_

bi
n3

9_
bi

n0

pr
op

_b
in

ch
5_

bi
n2

2_
bi

n0

pr
op

_b
in

ch
5_

bi
n2

2_
bi

n1

pr
op

_b
in

ch
5_

bi
n2

2_
bi

n2

pr
op

_b
in

ch
5_

bi
n3

7_
bi

n0

pr
op

_b
in

ch
6_

bi
n2

3_
bi

n0

pr
op

_b
in

ch
6_

bi
n2

3_
bi

n1

pr
op

_b
in

ch
6_

bi
n2

3_
bi

n2

pr
op

_b
in

ch
6_

bi
n3

8_
bi

n0

pr
op

_b
in

ch
7_

bi
n2

8_
bi

n0

pr
op

_b
in

ch
7_

bi
n2

8_
bi

n1

pr
op

_b
in

ch
7_

bi
n2

8_
bi

n2

pr
op

_b
in

ch
7_

bi
n4

3_
bi

n0

pr
op

_b
in

ch
8_

bi
n3

0_
bi

n0

pr
op

_b
in

ch
8_

bi
n3

0_
bi

n1

pr
op

_b
in

ch
8_

bi
n3

0_
bi

n2

pr
op

_b
in

ch
8_

bi
n4

5_
bi

n0

pr
op

_b
in

ch
9_

bi
n2

9_
bi

n0

pr
op

_b
in

ch
9_

bi
n2

9_
bi

n1

pr
op

_b
in

ch
9_

bi
n2

9_
bi

n2

pr
op

_b
in

ch
9_

bi
n4

4_
bi

n0

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2

Po
st

-fi
t p

ul
ls

Work In Progress CMS , 13 TeV-135.9 fb

Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄

•	QCD	normalizaQon	is	determined	by	
0-lepton	region	for	each	(Nb,	Njet)	bin	
•	0-lepton	region	is	included	in	the	
simultaneous	fit			
•	PotenLal	mis-modeling	of	Nlep	is	
esLmated	and	incorporated	in	the	fit
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• Copy	of	(Nb,	Njet)	bins	in	Nlep=0	region	
• NormalizaLon	of	the	bins	in	the	same	
color	moves	together
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄

•	QCD	normalizaQon	is	determined	by	
0-lepton	region	for	each	(Nb,	Njet)	bin	
•	0-lepton	region	is	included	in	the	
simultaneous	fit			
•	PotenLal	mis-modeling	of	Nlep	is	
esLmated	and	incorporated	in	the	fit

•	Wjets	normalizaQon	is	
determined	by	a	global	
normalizaLon	parameter	largely	
constrained	by	low	Nb	bins	
•	RelaLve	normalizaLons	between	
Njet	bins	are	allowed	to	change	
based	on	the	constraints	
measured	in	Drell-Yan	sample
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Figure 19: Data/MC ratio of Njet bins in Drell-Yan events. The selection Nlep = 2, HT >
1200 GeV, Nb < 3, 80 < m`` < 100 GeV is applied.

4  Njet  5 and 6  Njet  7 bins are 25%, 35%, and 26% for 2016, 2017, and 2018, respec-408

tively. The differences between 6  Njet  7 and Njet � 8 bins are 33%, 33%, and 30% for 2016,409

2017, and 2018, respectively. The uncertainties are calculated using the difference between the410

central values added in quadrature with the statistical uncertainty of the data.411

Each process (tt , QCD, and W+jets) uses separate uncertainties on k (as described in the pre-412

vious section). In addtion, separate uncertainties are used for each Njet bin. However, all Nb413

bins share the same uncertainties, so they are constrained in low Nb bins where there is more414

statistical power to control them. Uncertainties on k1 and k2 are allowed to move indepen-415

dently. Kappa factors for tt are measured in Nb = 1 region. So, when performing the global fit416

including CR fits, the MJ shape information is not used (normalization is still used) in order to417

avoid using the same information twice.418

Uncertainty associated with MC statistics is taken into account by the automatic bin-wise un-419

certainties (autoMCStats) in combine tool.420

8.2 Signal injection study421

In order to test whether the fit model is able to extract a signal without bias, 1000 toys are422

generated around the expected signal yield and fit for each gluino mass point. Figure 20 shows423

the pull (µ � 1)/s as a function of gluino mass. For each mass point, the cental value is the424

median of the pull distribution and the error bars are the rms calculated with the positive side425

of the distribution (left side is not used due to the constraint of the combine that the fitted µ426

should be positive). We don’t observe any systematic bias.427

8.3 Fit validation in data control sample428

Fit model is validated in the region where contribution from signal is negligible. Low Nb429

and/or Njet =4–5 regions are studied before examining the signal region. After confirming430

robustness of the fit model, we proceed to unblinding the signal region bins.431

Unblinding signal region bins is done in stages:432

1. 0  Nb  2, 4  Njet  7: test all main backgrounds, QCD, tt, and W+jets433

2. all 0  Nb  2 region: test them more focused on ttbar434

3. 0  Nb  2 and all Nb bins in 4  Njet  5 region: check Nb extrapolation435

4. all bins including the bins signal region (Section 9).436
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄

•	QCD	normalizaQon	is	determined	by	
0-lepton	region	for	each	(Nb,	Njet)	bin	
•	0-lepton	region	is	included	in	the	
simultaneous	fit			
•	PotenLal	mis-modeling	of	Nlep	is	
esLmated	and	incorporated	in	the	fit

•	EsLmated	from	simulaLon

•	Wjets	normalizaQon	is	
determined	by	a	global	
normalizaLon	parameter	largely	
constrained	by	low	Nb	bins	
•	RelaLve	normalizaLons	between	
Njet	bins	are	allowed	to	change	
based	on	the	constraints	
measured	in	Drell-Yan	sample
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄

•	QCD	normalizaQon	is	determined	by	
0-lepton	region	for	each	(Nb,	Njet)	bin	
•	0-lepton	region	is	included	in	the	
simultaneous	fit			
•	PotenLal	mis-modeling	of	Nlep	is	
esLmated	and	incorporated	in	the	fit

•	EsLmated	from	simulaLon

•	Wjets	normalizaQon	is	
determined	by	a	global	
normalizaLon	parameter	largely	
constrained	by	low	Nb	bins	
•	RelaLve	normalizaLons	between	
Njet	bins	are	allowed	to	change	
based	on	the	constraints	
measured	in	Drell-Yan	sample

In	summary,	normalizaLons	
of	the	major	backgrounds	are	
determined	by	data	in	the	
global	fit

•	MJ	templates	for	each	process	are	
taken	from	simulaLon
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Figure 24: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. The top, middle, and
bottom row are with Nb = 0, 1, and 2, respectively. The left column is 4  Njet  5, the middle
column is 6  Njet  7 and the right column is Njet � 8. Signal (red dotted line) corresponds to
meg = 1.7 TeV.
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Figure 25: Pull plot from step2 CR fit with combined 2016 data (b-only fit).

8.3.1.2 Step2: all 0  Nb  2 region Figure 24 shows the post-fit MJ distributions in the444

Step2 region. The ratio of data to fitted templates is closer to unity than the ratio in the pre-fit445

•	MJ	templates	for	each	process	are	
taken	from	simulaLon

•	 	normalizaQon	is	determined	using	
the	total	yield	in	each	(Nb,Njet)	bin	
(dominated	by	500<MJ	<800	GeV)

tt̄

•	QCD	normalizaQon	is	determined	by	
0-lepton	region	for	each	(Nb,	Njet)	bin	
•	0-lepton	region	is	included	in	the	
simultaneous	fit			
•	PotenLal	mis-modeling	of	Nlep	is	
esLmated	and	incorporated	in	the	fit

•	EsLmated	from	simulaLon

Challenge:		
correcQng	potenQal	mis-
modeling	of	MJ	shape	

•	Wjets	normalizaQon	is	
determined	by	a	global	
normalizaLon	parameter	largely	
constrained	by	low	Nb	bins	
•	RelaLve	normalizaLons	between	
Njet	bins	are	allowed	to	change	
based	on	the	constraints	
measured	in	Drell-Yan	sample
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• Correct	MJ	templates	using	data	in	CR	

• 	factors:	 	and	 	where		 	

• 		and		 	

• Then,	let	the	fit	determine	 	factors	using	low	Nb	bins	

• 	factors	in	low	and	high	Nb	bins	should	be	consistent		

• Check	this	using	MC	by	imposing	systemaLc	effects
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MJ	shape	correcLon	using	data	
• Correct	MJ	templates	using	data	in	CR	

• 	factors:	 	and	 	where		 	

• 		and		 	

• Then,	let	the	fit	determine	 	factors	using	low	Nb	bins	

• 	factors	in	low	and	high	Nb	bins	should	be	consistent		

• Check	this	using	MC	by	imposing	systemaLc	effects
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Figure 1: Composition of backgrounds in Nlep = 1 region in 2016 samples. meg = 1.7 TeV
(red) is also included to show the level of contribution from signal. From the top, each row
corresponds to Nb = 0, 1, 2, 3, and � 4. The first three columns are 4  Njet  5, the middle
three columns are 6  Njet  7, and the last are Njet � 8. Each each Njet region, the first,
second, and third column corresponds to 500 <MJ < 800 GeV, 800 <MJ < 1100 GeV, and
MJ > 1100 GeV.

The Njet and Nb distributions are difficult to be modeled properly in MC. This difficulty is180

avoided by binning the sample in Njet and Nb and then fitting the MJ distribution to data.181

This approach allows to determine the normalization of main backgrounds in each (Njet, Nb)182

bin. Normalization of tt is largely determined by the lowest MJ bin of each (Njet, Nb) bin.183

Normalization of QCD is controlled using Nlep = 0 events. Same selection as baseline selection184

is applied except Nlep = 0. In addition, Njet threshold is shifted by 2 in order to account for185

the difference in jet multiplicity between hadronic (Nlep = 0) and semileptonic (Nlep = 1) tt186

events. For W+jets normalization, we use one global normalization parameter for all (Njet, Nb)187

bins. Since the Njet shape may not be well modeled in MC, the ratio of normalizations between188

adjacent Njet bins is allowed to change within an uncertainty measured with Drell-Yan events,189

which have similar kinematics with W+jets events.190

In addition, by binning in Nb, the analysis becomes less sensitive to systematic effects that191

can potentially alter Nb shape such as gluon splitting and composition of jet flavor. Gluon-192

splitting was the main systematic uncertainty in the previous version of the analysis and the193

new strategy helps to mitigate such effect.194

MJ templates are taken from MC with the standard corrections (JEC, btag SF, etc) applied. Even195

after applying these corrections, the modeling of MJ shapes may not be perfect. So, residual196

correction is needed. We measure the correction factors, k factors hereafter, in independent197

control samples, and the measured correction factors and their uncertainties are used as input198

to the global fit in the Nlep = 1 region shown in Figure 5.199

Jet flavor information is not used when constructing the MJ variable, so MJ shape is largely200

independent of Nb. This allows us to constrain the measured correction factors in low Nb201

region and use them for high Nb region. The idea is to assign range of k values based on the202

measurements in independent control region, and let the fit determine the final value of the k203

7. Fit model and validation 27

7.3.1 2016 data401

7.3.1.1 0  Nb  1 Figure 20 shows the pre-fit MJ distributions in 0  Nb  1 with 2016402

data. There is a downward trend in data/MC ratio in all Njet bins.403
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Figure 21: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. Top row is Nb = 0 and
bottom row is Nb = 1. Left column is 4  Njet  5, middle column is 6  Njet  7, and right
column is Njet � 8. Signal (red dotted line) corresponds to meg = 1.7 TeV.

Figure 21 shows the post-fit MJ distributions in 0  Nb  1 with 2016 data. The ratio of data404

to fitted shapes is closer to unity than in the pre-fit plots. Figure 22 shows the impact plot.405

The signal strength is restricted to be within ±0.1 since this region is almost signal-free. Pull of406

all nuisance parameters are within ±1s. Global W+jets normalization (normwjets_2016) is407

pulled down by 0.6s which was also observed in the 2016 analysis [16].408
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Independence	of	 	factors	on	Nb	in	MCκ
• Impose	gluon-spli}ng	up/
down	variaLons	to	MC	and	
take	it	as	data,	then	
calculate	 	factors	

• 	factors	are	consistent	
across	Nb	bins	

• Have	checked	other	
systemaLc	effects	and	
drawn	the	same	conclusion

κ

κ
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5. Validation of MJ correction method in MC 15
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Figure 8: Kappa factors with isr ±1s variation imposed. This is for 2016 sample. The grey
bands are the statistical uncertainty of MC.
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Measurement	of	 	factorsκ
• 	factors	are	constrained	by	CR	in	the	global	fit	

• Need	reasonable	range	( ,	 ,	and	 )	as	input	

• Measure	 	factors	in	independent	regions	

• Not	try	to	measure	them	precisely	but	to	esLmate	some	
conservaLve	range	

• Use	separate	 	factors	for	the	main	backgrounds	( ,	QCD,	and	
Wjets)	

• Measurement	regions	

• :	Nlep	=	1,	Nb	=	1	

• QCD:	Nlep	=	0,	Nb	=	0	

• Wjets:	DY	region

κ

σtt̄
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tt̄
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Figure 1: Composition of backgrounds in Nlep = 1 region in 2016 samples. meg = 1.7 TeV
(red) is also included to show the level of contribution from signal. From the top, each row
corresponds to Nb = 0, 1, 2, 3, and � 4. The first three columns are 4  Njet  5, the middle
three columns are 6  Njet  7, and the last are Njet � 8. Each each Njet region, the first,
second, and third column corresponds to 500 <MJ < 800 GeV, 800 <MJ < 1100 GeV, and
MJ > 1100 GeV.

The Njet and Nb distributions are difficult to be modeled properly in MC. This difficulty is180

avoided by binning the sample in Njet and Nb and then fitting the MJ distribution to data.181

This approach allows to determine the normalization of main backgrounds in each (Njet, Nb)182

bin. Normalization of tt is largely determined by the lowest MJ bin of each (Njet, Nb) bin.183

Normalization of QCD is controlled using Nlep = 0 events. Same selection as baseline selection184

is applied except Nlep = 0. In addition, Njet threshold is shifted by 2 in order to account for185

the difference in jet multiplicity between hadronic (Nlep = 0) and semileptonic (Nlep = 1) tt186

events. For W+jets normalization, we use one global normalization parameter for all (Njet, Nb)187

bins. Since the Njet shape may not be well modeled in MC, the ratio of normalizations between188

adjacent Njet bins is allowed to change within an uncertainty measured with Drell-Yan events,189

which have similar kinematics with W+jets events.190

In addition, by binning in Nb, the analysis becomes less sensitive to systematic effects that191

can potentially alter Nb shape such as gluon splitting and composition of jet flavor. Gluon-192

splitting was the main systematic uncertainty in the previous version of the analysis and the193

new strategy helps to mitigate such effect.194

MJ templates are taken from MC with the standard corrections (JEC, btag SF, etc) applied. Even195

after applying these corrections, the modeling of MJ shapes may not be perfect. So, residual196

correction is needed. We measure the correction factors, k factors hereafter, in independent197

control samples, and the measured correction factors and their uncertainties are used as input198

to the global fit in the Nlep = 1 region shown in Figure 5.199

Jet flavor information is not used when constructing the MJ variable, so MJ shape is largely200

independent of Nb. This allows us to constrain the measured correction factors in low Nb201

region and use them for high Nb region. The idea is to assign range of k values based on the202

measurements in independent control region, and let the fit determine the final value of the k203
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Figure 3: Composition of backgrounds in Nlep = 0 region in 2016 samples. meg = 1.7 TeV
(red) is also included to show the level of contribution from signal. From the top, each row
corresponds to Nb = 0, 1 and 2. The first three columns are 4  Njet  5, the middle three
columns are 6  Njet  7, and the last are Njet � 8. Each each Njet region, the first, second, and
third column corresponds to 500 <MJ < 800 GeV, 800 <MJ < 1100 GeV, and MJ > 1100 GeV.

variables Njet, MJ, and Nb. The signal yield is extracted in a fit of the MJ distribution in the230

signal regions.231

Nlep	=	1

Nlep	=	0

7. Fit model and validation 27

7.3.1 2016 data401

7.3.1.1 0  Nb  1 Figure 20 shows the pre-fit MJ distributions in 0  Nb  1 with 2016402

data. There is a downward trend in data/MC ratio in all Njet bins.403
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Figure 21: Post-fit MJ distributions in Nlep = 1 region in 2016 sample. Top row is Nb = 0 and
bottom row is Nb = 1. Left column is 4  Njet  5, middle column is 6  Njet  7, and right
column is Njet � 8. Signal (red dotted line) corresponds to meg = 1.7 TeV.

Figure 21 shows the post-fit MJ distributions in 0  Nb  1 with 2016 data. The ratio of data404

to fitted shapes is closer to unity than in the pre-fit plots. Figure 22 shows the impact plot.405

The signal strength is restricted to be within ±0.1 since this region is almost signal-free. Pull of406

all nuisance parameters are within ±1s. Global W+jets normalization (normwjets_2016) is407

pulled down by 0.6s which was also observed in the 2016 analysis [16].408

	mg̃ = 1700	GeV
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Figure 12: MJ distributions in Nlep = 0 and Nb = 0 region. Left column is 6  Njet  7, middle
column is 8  Njet  9, and right column is Njet � 10. Top, middle, bottom rows correspond to
2016, 2017, and 2018, respectively.

6. Measurement of k factors in control regions 21

• MJ > 500 GeV312

• Nb = 1.313

As shown in Figure 3, this region is dominated by tt in high Njet region while W+jets domiates314

low Njet region. QCD contribution is not negligible as well. Because of low purity of the sample,315

the measurement of tt k factors is prone to mismodeling of the MJ shape of QCD and W+jets.316

This potential issue is mitigated by performing a fit using 0  Nb  1 region. No constraints on317

the MJ shape of tt are imposed while the k factors for W+jets and QCD and their uncertainties318

are included as nuisance parameters.319

Figure 15 shows data vs MC comparison in each Njet bin in 2016 and 2017+2018. The contri-320

butions from W+jets and QCD are the results of the fit while tt is pre-fit templates. These are321

used to calculated the k factors for tt .322
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Figure 15: MJ distributions in Nlep = 1 and Nb = 1 region. Left column is 4  Njet  5, middle
column is 6  Njet  7, and right column is Njet � 8. Top and bottom rows correspond to 2016
and 2017+2018, respectively.

6.4 Summary323

Figures 16 and 17 show the k factors measured in the dedicated control regions described in the324

previous subsections. All the measured k factors are slightly less than unity as expected from325

Figures 12, 14, and 15.326

In each year, all k factors for QCD are measured in good accuracy, at the level of < 5%. Great327

accuracy allows us to use these k factors as correction to QCD MJ shapes. Therefore, the QCD328

MJ templates in Nlep = 1 region are corrected based on these k factors and their uncertainties329

are used as shape variation.330

On the other hand, k factors for tt and W+jets, particularly, k2, have large uncertainties due to331

small number of events in data. This makes the measurements prone to statistical fluctuation.332

Therefore, we don’t correct the MJ templates of tt and W+jets in Nlep = 1 region, but take the333

quadratic sum of the statistical precision of the kappa factors and their deviations from unity334
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Figure 14: Data vs. MC comparison of MJ distributions in DY region. Left column is 4  Njet 
5, middle column is 6  Njet  7, and right column is Njet � 8. Top, middle, bottom rows
correspond to 2016, 2017, and 2018, respectively.

6. Measurement of k factors in control regions 21

• MJ > 500 GeV312

• Nb = 1.313

As shown in Figure 3, this region is dominated by tt in high Njet region while W+jets domiates314

low Njet region. QCD contribution is not negligible as well. Because of low purity of the sample,315

the measurement of tt k factors is prone to mismodeling of the MJ shape of QCD and W+jets.316

This potential issue is mitigated by performing a fit using 0  Nb  1 region. No constraints on317

the MJ shape of tt are imposed while the k factors for W+jets and QCD and their uncertainties318

are included as nuisance parameters.319

Figure 15 shows data vs MC comparison in each Njet bin in 2016 and 2017+2018. The contri-320

butions from W+jets and QCD are the results of the fit while tt is pre-fit templates. These are321

used to calculated the k factors for tt .322
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Figure 15: MJ distributions in Nlep = 1 and Nb = 1 region. Left column is 4  Njet  5, middle
column is 6  Njet  7, and right column is Njet � 8. Top and bottom rows correspond to 2016
and 2017+2018, respectively.

6.4 Summary323

Figures 16 and 17 show the k factors measured in the dedicated control regions described in the324

previous subsections. All the measured k factors are slightly less than unity as expected from325

Figures 12, 14, and 15.326

In each year, all k factors for QCD are measured in good accuracy, at the level of < 5%. Great327

accuracy allows us to use these k factors as correction to QCD MJ shapes. Therefore, the QCD328

MJ templates in Nlep = 1 region are corrected based on these k factors and their uncertainties329

are used as shape variation.330

On the other hand, k factors for tt and W+jets, particularly, k2, have large uncertainties due to331

small number of events in data. This makes the measurements prone to statistical fluctuation.332

Therefore, we don’t correct the MJ templates of tt and W+jets in Nlep = 1 region, but take the333

quadratic sum of the statistical precision of the kappa factors and their deviations from unity334

• Nlep	=	0,	Nb	=	0	region	
• High	purity	and	large	stats	

	measurementsκQCD 	measurementsκWjets 	measurementsκtt̄

• DY	and	Wjets	are	kinemaLcally	similar						
	Measure	 	using	DY	events	

• SelecLon:	Nlep	=	2,	80	<	mll	<	100	GeV	
→ σWjets

1/2

• Nlep	=	1,	Nb	=	1	region	
• Some	bins	have	large	contribuLons	

from	non- 	backgrounds	
• Correct	QCD	and	Wjets	MJ	shapes	

before	subtracLon

tt̄



XVIII	Saga-Yonsei	Workshop Road	Less	Traveled:	where	is	new	physics	hidden?

Summary	of	 	factor	measurementsκ
• Summary	of	 	
measurements	

• For	QCD,	correct	the	
MJ	shapes	based	on	
the	measurements	and	
the	deviaLon	from	
unity	is	taken	as	 	

• For	Wjets	and	 ,	use	
the	deviaLon	from	
unity	as	 	(due	
to	limited	stats)

κ

σQCD
1/2

tt̄

σWjets/tt̄
1/2

37

Summary of 𝝹 measurement

19

QCD W+jets ttbar

QCD W+jets ttbar

QCD W+jets ttbar

QCD W+jets ttbar

2016 2017+8

𝝹1

𝝹2

Ɣ Summary of 𝝹1/2 measurements

Ɣ 𝝹2 value is negative in low Njets region 
in 2017+2018 in ttbar

ż Take the quadratic sum of 
deviation from unity and stats 
uncertainty as uncertainty

ż Note that we are not trying to 
PeaVXUe ț SUeciVeO\ heUe, bXW Ze 
want to estimate a reasonable 
range

ż Low Njets bins have no sensitivity to 
signal
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• Now	we	have	all	ingredients	to	perform	a	global	fit	

• Before	doing	it,	test	the	fit	model	in	two	ways		

• Inject	signal	and	check	whether	the	fiaed	signal	
strength	is	consistent	with	the	input	

• No	bias	up	to	 	TeV	

• Perform	CR	fit	in	stages	

• Step1:	0	≤	Nb	≤	2	and	low	and	mid	Njet	region		

• Step2:	All	regions	in	0	≤	Nb	≤	2	

• Step3:	All	regions	in	0	≤	Nb	≤	2	and	all	Nb	 

regions	in	low	Njet	region	

mg̃ = 2.2

Fit	validaLon

38

Njet

Nb 4-5	(low) 6-7	(med) ≥8	(high)

0 CR CR CR
1 CR CR CR
2 CR CR CR
3

CR
SR SR

≥4 SR SR
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Fit	validaLon
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Results	of	step2:	2016

41

Fit validation : pre-fit - 2016

24

Ɣ The pre-fit MJ distributions in 0 � Nb � 2 
bins with 2016 data

Ɣ There is a general downward trend in 
data/MC ratio

MJ [GeV]

MJ [GeV]

MJ [GeV]

MJ [GeV]
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MJ [GeV]

MJ [GeV]

MJ [GeV] 28

Fit validation : step 2 - 2016
Ɣ FLW UeVXOWV Rf VWeS 2: aOO 0 � Nb � 2 bins

Ɣ The post-fit MJ distributions with 2016 data

Ɣ The ratio of data to fitted templates is closer 
to unity than pre-fit plotsMJ [GeV]
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Fit validation : step 2 - 2017+2018
Ɣ FLW UeVXOWV Rf VWeS 2: aOO 0 � Nb � 2 bins

Ɣ Post-fit MJ distributions in 2017+2018 data

Ɣ The ratio of data to fitted templates is 
closer to unity than pre-fit plots
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Fit validation : pre-fit - 2017+2018
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Ɣ The pre-fit MJ GLVWULbXWLRQV LQ 0 � Nb � 2 
bins with 2017+2018 data

Ɣ There is a general downward trend in 
data/MC ratio
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Results	of	step2:	2017+2018
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Exclusion	limit

• Expected	limit:	 TeV	

• About	200	GeV	improvement	
compared	to	the	2016	results

mg̃ = 1.85

43

2 2 The CMS detector, samples, and event selection

Figure 1: Example diagram for the simplified model used as the benchmark signal in this anal-
ysis.

a top, bottom, and strange quark, and the gluino decays primarily via eg ! tet ! tbs. Pair43

production of gluinos that decay in this way is used as the benchmark signal for this analysis.44

The simplified model [24, 25] that is used in the interpretation makes several assumptions45

about the SUSY mass spectrum. It is assumed that squarks other than the top squark are much46

heavier than the gluino, so they do not affect the gluino decay, and the branching ratio of47

eg ! tet ! tbs is 100%. The top squark is assumed to be off-shell in its decay. This results48

in a three-body decay, so searches for dijet resonances, i.e., et ! bs, are not applicable in this49

scenario. It is further assumed that the gluinos decay promptly. An example diagram for50

this simplified model is shown in Fig. 1. Although this benchmark is used for interpreting51

results, the search is structured to be generically sensitive to high-mass signatures with large52

jet and bottom quark jet multiplicities and either little or no p
miss
T , which are potential features53

of other models of physics beyond the SM. Previous limits on MFV models were obtained by54

the ATLAS and CMS Collaborations at
p

s = 8 TeV [26–28] and by the ATLAS Collaboration at55 p
s = 13 TeV [29].56

This analysis searches in a single-lepton (electron or muon) final state for an excess of events57

with a large number of identified bottom quark (b-tagged) jets in regions determined as a func-58

tion of the jet multiplicity and the sum of masses of large-radius jets, MJ. Signal events are59

expected to contribute to this final state through the leptonic decay of one of the top quarks60

while populating the high jet multiplicity and high MJ kinematic regions due to the hadronic61

decay of the second top quark and the additional bottom and strange quark jets. The four b62

quarks, two from the top quark decays and two from the top squark decays, provide a high63

b-tagged jet multiplicity signature. The quantity MJ was proposed in phenomenological stud-64

ies [30–32] and was used for RPC SUSY searches by the ATLAS Collaboration in all-hadronic65

final states [33, 34] and by the CMS Collaboration in single-lepton events [21, 35].66

2 The CMS detector, samples, and event selection67

This search uses a sample of proton-proton collision data at a center-of-mass energy of
p

s =68

13 TeV corresponding to an integrated luminosity of 35.9 fb�1, which was collected by the CMS69

experiment during 2016. The central feature of the CMS detector is a superconducting solenoid70

of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are71

the charged particle tracking systems, composed of silicon-pixel and silicon-strip detectors,72

T1tbs
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Summary	-	RPV	SUSY
• RPV	SUSY	can	evade	the	constraints	from	RPC	SUSY	
searches	by	allowing	LSP	to	decay	to	SM	parLcles	resulLng	
in	signatures	without	MET	

• CMS	is	performing	a	search	in	the	single-lepton	final	state	
targeLng	gluino	pair	producLon	where	gluino	decays	to	
tbs	

• Data-driven	analysis	that	is	insensiLve	to	background	
modeling	

• With	full	Run2	data,	expect	to	set	the	limit	of	1850	GeV	at	
95%	CL	for	gluino	mass

44
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MoLvaLon
• Since	its	discovery	in	Robert	Millikan’s	oil	drop	
experiment,	electric	charge	quanLzaLon	is	a	long-
standing	quesLon	in	parLcle	physics	

• Well-moLvated	dark-sector	models	have	been	proposed	
to	predict	the	existence	of	millicharged	parLcles	(mCPs,	
s)	while	preserving	the	possibility	for	unificaLon		

• Such	models	can	contain	a	rich	internal	structure,	
providing	candidate	parLcles	for	dark	maaer	

• Results	of	EDGES	experiment	[Nature	555,	67–70	(2018)]	
can	be	explained	if	a	fracLon	of	DM	is	millicharged

χ

45

Robert	MillikanOil	drop	experiment	apparatus

Ref:	haps://en.wikipedia.org/wiki/Oil_drop_experiment
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LETTERRESEARCH

observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:

Ω
Ω≈ . ×










. 






+ 









 .









−







T z x z z h T z
T z

( ) 0 023 K ( ) 0 15 1
10 0 02

1 ( )
( )21 H

m

1
2 b R

S
I

where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be "ve and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise ampli"er; S11, input re#ection coe$cient; N/A, not applicable.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Millicharged	parLcles
• There	are	mulLple	ways	to	get	mili-charged	
parLcles	

• A	new	U(1)	in	dark	sector	with	massless	dark-
photon	( )	and	massive	dark-fermion	( )	

• 	and	 	kineLcally	mix		

• Charge	of	 	is	proporLonal	to	mixing	( )
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New	proposal	at	J-PARC:	SUBMET
•SUB-Millicharge	ExperimenT	

• ScinLllator-based	detector	in	proton	fixed-target	
experiment	at	J-PARC	

• Feasibility	study	has	been	published	(JHEP	05	(2021)	031)
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Abstract

We propose a new experiment sensitive to the detection of millicharged particles produced

at the 30 GeV proton fixed-target collisions at J-PARC. The potential site for the experiment

is B2 of the Neutrino Monitor building, 280 m away from the target. With NPOT = 1022, the

experiment can provide sensitivity to particles with electric charge 3 ⇥ 10�4
e for mass less

than 0.2 GeV/c2 and 1.5⇥ 10�3
e for mass less than 1.6 GeV/c2. This brings a substantial

extension to the current constraints on the charge and the mass of such particles.
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Abstract

We propose a new experiment searching for sub-millicharged particles (�s) using 30 GeV

proton fixed-target collisions at J-PARC. The detector is composed of two layers of stacked

scintillator bars and PMTs and is proposed to be installed 280 m from the target. The

main background is a random coincidence between two layers due to dark counts in PMTs,

which can be reduced to a negligible level using the timing of the proton beam. With

NPOT = 5⇥1021 which corresponds to running the experiment for three years, the experiment

provides sensitivity to �s with the charge down to 6⇥ 10�5
e in m� < 0.2 GeV/c2 and 10�3

e

in m� < 1.6 GeV/c2. This is the regime largely uncovered by the previous experiments.
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J-PARC	complex
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ProducLon	of	mCPs
• s	can	be	produced	from	the	decay	of	neutral	mesons	

• 	through	a	photon	( )	

• 	and	 	directly	to	 	( )

χ

π0, η π0, η → γγ * → γχχ̄

ρ, ω, ϕ, J/ψ χχ̄ ρ, ω, ϕ, J/ψ → γ * → χχ̄

53

γ

γ*
χ

χ̄

π0, η
χ

χ̄
ρ, ω, ϕ, J/ψ

• In	both	cases,	 	up	to	 	is	allowedmχ mmeson/2
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ProducLon	of	mCPs

• The	number	of	 s	produced	at	the	proton-target	collisions	is	proporLonal	to	

																																																														 	

- :	number	of	mesons	produced	per	proton-on-target	(POT)		

- :	 	where	 	is	the	charge	of	 	and	 	is	the	electron	charge	

- :	total	number	of	POT		

- :	phase	space	related	integral	that	depends	on	 	and	 	

• The	values	of	 	for	each	meson	are	esLmated	from	Pythia	simulaLon	

• Validated	the	simulaLon	by	comparison	with	measurements	(flux	of	muons	passing	through	the	
beam	dump	[PTEP	2015	(2015)	5,	053C01],	producLon	rate	of	 	[PLB	638	407-414	(2006)])

χ

cmesonϵ2NPOT × f (
m2

χ

m2
meson )

cmeson

ϵ Q/e Q χ e

NPOT

f mχ mmeson

cmeson

J/ψ
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ProducLon	of	mCPs

• Expected	number	of	 s	that	
reach	 	m2	detector	
area	( )	in	

	

• Expect	 	 s	where	the	
exclusion	limit	is	placed

χ
0.5 × 0.5
Nχ

NPOT = 5 × 1021

∼ 106 χ

55

2 Production of millicharged particles at J-PARC

Figure 1: Expected number of �s that reach 0.25 m2 detector area located at 280 m from the
target. NPOT = 5⇥ 1021 is assumed.

At proton fixed-target collisions at J-PARC, �s with charge Q can be produced from the

decay of ⇡0, ⌘, ⇢,!,� and J/ neutral mesons. The ⌥ production is not relevant because the

center-of-mass energy is 7.5 GeV for the collisions between the 30 GeV proton beam and the

fixed target. The lighter mesons (m = ⇡
0
, ⌘) decay through photons (m ! ���̄), while ⇢,!,�,

and J/ decay to a pair of �s directly (m ! ��̄). In both cases, m� up to mm/2 is kinematically

allowed. The number of produced �s (N�) can be calculated by the equation in [16],

N� / cm✏
2
NPOT ⇥ f

 
m

2
�

m2
m

!
(2)

where cm is the number of mesons produced per proton-on-target (POT), NPOT is the total

number of POT, ✏ = Q/e, and f is a phase space related integral. The cm of each meson is

extracted using PYTHIA8 [17] and the estimated values are c⇡0 = 1.9, c⌘ = 0.21, c⇢ = 0.24,

c! = 0.24, c� = 4.9 ⇥ 10�3, and cJ/ = 2.5 ⇥ 10�9. The result of the simulation is validated

by comparing it with existing measurements. Particularly, the flux of muons passing through

the beam dump [18] and the production rate of J/ [19] in simulation and measurements are

3

NPOT = 5 × 1021
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PotenLal	experimental	site

56

PTEP	2012,	02B005	

A prototype of a detector with a similar design has been installed at the LHC, and shown

robustness and sensitivity to �s [10].

At the end of each scintillator bar, a photodetector is attached to convert the photons to an

electronic signal. Photomultipliers (PMTs) are suitable for this experiment because of their large

area coverage, low cost, and low dark current. The total volume of the detector is approximately

0.5⇥ 0.5⇥ 4 m3 including the PMTs.

The signal acceptance rate, the fraction of �s that go into the detector area of 0.5 m2 at 280

m from the target, is calculated as a function of distance from the beam axis to the detector. As

shown in Figure 4, it is in the order of O(10�5) and does not strongly depend on position, up to

at least 10 meters from the axis, since the detector is located far from the target. This provides

some flexibility in selecting the location of the detector. The e↵ect of energy loss and multiple

Coulomb scattering in the sand is estimated to be negligible for the charge range of interest,

particularly below 10�3
e, so they have a small impact on the sensitivity of the experiment.
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Figure 4: Signal acceptance rate at 280 m from the target as a function of distance from the
beam axis to the detector location. One bin corresponds to the width of the detector 0.5 m.

6

B1

B2
haps://indico.phys.vt.edu/event/34/contribuLons/708/

aaachments/581/746/HallsjoMIND.pdf

	beamν

acceptance	 	≈ 2.5 × 10−5

beam	axis

• PotenLal	experimental	site	is	on	B2	of	Neutrino	
Monitor	building	

• Behind	the	V-INGRID	( )	and	a	few	meters	from	the	beam	axis	

• Negligible	difference	in	flux	of	 s	from	the	beam	axisχ
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Basic	idea	of	mCP	detecLon

57

Beam dump

Muon 

monitor

Decay volume

Target

SUBMET
30 GeV 
proton

0 m120 m280 m

Neutrino 
Monitor 
building

Protons	hit	the	target	and	produce	hadrons
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Basic	idea	of	mCP	detecLon
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Beam dump

Muon 

monitor

Decay volume

Target

SUBMET
30 GeV 
proton

0 m120 m280 m

Neutrino 
Monitor 
building

hadrons

Hadrons	are	stopped	in	beam	dump
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Basic	idea	of	mCP	detecLon
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Beam dump

Muon 

monitor

Decay volume

Target

SUBMET
30 GeV 
proton

0 m120 m280 m

Neutrino 
Monitor 
building

hadrons

muon

Muons	pass	the	beam	dump,	but	lose	energy	in	sand	(5	MeV/cm)	
before	reaching	the	Neutrino	Monitor	building	



XVIII	Saga-Yonsei	Workshop Road	Less	Traveled:	where	is	new	physics	hidden?

Basic	idea	of	mCP	detecLon

60

Beam dump

Muon 

monitor

Decay volume

Target

χSUBMET
30 GeV 
proton

0 m120 m280 m

Neutrino 
Monitor 
building

hadrons

muon

Only	mCPs	(and	neutrinos)	reach	the	detector	
(energy	loss	for	mCPs	with	 	is	<0.1	MeV	)Q = 10−3e
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DetecLon	principle
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scinLllator

charged	
parLcle

• When	a	charged	parLcle	goes	
through	a	scinLllator,	photons	are	
produced	

• For	a	muon,	the	number	of	photons	
	is	 	

• The	produced	photons	are	detected	
by	a	PMT	

• 	is	proporLonal	to	 	

• For	 ,	

Nγ O(106)

Nγ ϵ2

ϵ = 10−3 Nγ = O(1)
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DetecLon	principle
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scinLllator

PMT

muon

γ

Geant4	simulaLon

• When	a	charged	parLcle	goes	
through	a	scinLllator,	photons	are	
produced	

• For	a	muon,	the	number	of	photons	
	is	 	

• The	produced	photons	are	detected	
by	a	PMT	

• 	is	proporLonal	to	 	

• For	 ,	

Nγ O(106)

Nγ ϵ2

ϵ = 10−3 Nγ = O(1)
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DetecLon	principle
• When	a	charged	parLcle	goes	
through	a	scinLllator,	photons	are	
produced	

• For	a	muon,	the	number	of	photons	
	is	 	

• The	produced	photons	are	detected	
by	a	PMT	

• 	is	proporLonal	to	 	

• For	 ,	

Nγ O(106)

Nγ ϵ2

ϵ = 10−3 Nγ = O(1)
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scinLllator

PMT

		
( )

χ
ϵ = 10−3

γ
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DetecLon	principle

• For	 ,		 	

• 	is	the	mean	of	Poisson,	
so	there	is	sLll	a	probability	
for	photons	to	be	produced		
(mostly	single	photon)	

• For	small	charges	
( ),	it	becomes	a	
maaer	of	measuring	single	
photoelectron

ϵ < 10−3 Nγ < O(1)

Nγ

ϵ < 10−3

64

scinLllator

PMT

		
( )

χ
ϵ < 10−3

γ
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Detector	concept
• Number	of	 s	detected	by	 	scinLllators	is	 		

• 	is	the	number	of	 s	that	reach	the	detector	

• 	is	the	detecLon	probability	per	scinLllator		

• Stack	of	modules	(10x10)	to	increase	acLve	volume	

• Module	=	scinLllator	(5x5x150	cm3)	+	PMT	

• Detector	area	=	0.5	x	0.5	m2	=	0.25	m2	

• Divide	them	to	2	layers	to	control	backgrounds	

• More	layers	 	easier	to	control	backgrounds	

• Less	layers	 	higher	detecLon	probability

χ n Nsignal = NχPn

Nχ χ

P

→

→

65

χ
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Detector	concept

66

0.
5 

m

1.5 m

0.5 m

PMT
ScinLllator	(BC-408	)

Module
• Number	of	 s	detected	by	 	scinLllators	is	 		

• 	is	the	number	of	 s	that	reach	the	detector	

• 	is	the	detecLon	probability	per	scinLllator		

• Stack	of	modules	(10x10)	to	increase	acLve	volume	

• Module	=	scinLllator	(5x5x150	cm3)	+	PMT	

• Detector	area	=	0.5	x	0.5	m2	=	0.25	m2	

• Divide	them	to	2	layers	to	control	backgrounds	

• More	layers	 	easier	to	control	backgrounds	

• Less	layers	 	higher	detecLon	probability

χ n Nsignal = NχPn

Nχ χ

P

→

→
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Detector	concept
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• Number	of	 s	detected	by	 	scinLllators	is	 		

• 	is	the	number	of	 s	that	reach	the	detector	

• 	is	the	detecLon	probability	per	scinLllator		

• Stack	of	modules	(10x10)	to	increase	acLve	volume	

• Module	=	scinLllator	(5x5x150	cm3)	+	PMT	

• Detector	area	=	0.5	x	0.5	m2	=	0.25	m2	

• Divide	them	to	2	layers	to	control	backgrounds	

• More	layers	 	easier	to	control	backgrounds	

• Less	layers	 	higher	detecLon	probability

χ n Nsignal = NχPn

Nχ χ

P

→

→
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Detector	concept
• Align	the	two	layers	such	that	a	 	goes	through	
them		

• Require	small	Lme	interval	between	hits	
( 	ns)	in	the	two	layers	and	use	the	
Lming/structure	of	the	proton	beam	( 	
reducLon)	

• can	reduce	backgrounds	significantly	

χ

Δt = 10
O(10−6)

68

PMT

0.
5 

m

1.5 m

0.5 m

χ

80	ns

600	ns 1.32	ns

~	5	us
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Backgrounds	(detector)
• Random	coincidence	of	PMT	dark	counts	

• Random	coincidence	rate:	 	

• :	number	of	layers	

• :	dark	count	rate	per	PMT	

• :	coincidence	window	

• Using	 	Hz,	 ,	and	 	ns	and	reducLon	of	
	using	beam	Lming,	total	coincidence	rate	is	15	per	

year	

• Can	you	reproduce	this	number?	

• By	cooling	PMTs,	this	background	can	be	reduced	to	a	
negligible	level,	e.g.,	<1	for	 	Hz	

nNnτn−1

n

N

τ

N = 500 n = 2 τ = 10
O(10−6)

N = 100

69

0.
5 

m

1.5 m

0.5 m

DCR	=	500	Hz

DCR	=	500	Hz
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Backgrounds	(beam-related)
• Muons	from	hadron	decays	do	not	reach	detector	due	
to	energy	loss	

• Neutrino	interacLons	with	scinLllator	

• Refer	to	the	measurements	by	INGRID:		8×107	for	
NPOT	=	5×1021	

• Iron:	denser	material	 	upper	bound	

• Considering	volume	difference	(1/50)	and	
requiring	coincidence,	the	rate	becomes	negligible	

• Muons	from	interacLons	between	neutrinos	and	the	
material	of	the	building	can	be	idenLfied/rejected	by	
installing	scinLllator	plates	in	front	of	the	detector	

→

70

NIMA	694	(2012)	211–223
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Backgrounds	(cosmic	muons)
• Shower	produced	by	cosmic	muons	hi}ng	
the	structure	of	the	building	

• Shower	parLcles	can	hit	both	layers	at	the	
same	Lme	

• Typically	large	number	of	hits	and	larger	
energy	deposits	

• Can	be	rejected	by	scinLllator	panels	covering	
top/sides	or	using	the	outermost	bars	

• Precise	measurement	should	be	performed	in	
situ

71

0.
5 

m

1.5 m

0.5 m

μ
building

ScinLllator	panels
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ProducLon	 	detecLon→

72

Number	of	 s	that	reach	
the	detector	( )

χ
Nχ

Number	of	 s	detected	
by	SUBMET	( )	

χ
Nsignal

P = (1 − e−NPE)2

DetecLon	efficiency	 	
2	=	number	of	layers

P

Figure 5: Number of signal events Nsignal observed by the SUBMET detector for NPOT =
5⇥ 1021. Dashed lines indicate Nsignal = 1, 102, 104, and 106.

signal events measured by the detector can be calculated as s = N�P . The number of signal

events is shown in Figure 5. Due to small P , we expect < 1 events to be detected for ✏ below

⇠ 5⇥ 10�5.

Figure 6 shows the 95% CL exclusion curve for NPOT = 5 ⇥ 1021. SUBMET provides the

exclusion down to ✏ = 6 ⇥ 10�5 in m� < 0.2 GeV/c2 and ✏ = 10�3 in m� < 1.6 GeV/c2.

Systematic uncertainty on b is not considered because it does not have a significant impact on

the exclusion limit [15]. The sudden degradation of sensitivity at m� = 0.2 GeV/c2 is because

of the small production rate of J/ with the 30 GeV proton beam.

As shown in Fig 5, the number of signal events recorded by the detector drops rapidly in

✏ < 10�3 due to small NPE. Therefore, one can expect that increasing NPE or N� would not

have a large impact on the sensitivity.

6 Summary and discussion

We propose a new experiment, SUBMET, sensitive to millicharged particles produced at the 30

GeV proton fixed-target collisions at J-PARC. The detector, inspired by the milliQan experi-

9

2 Production of millicharged particles at J-PARC

Figure 1: Expected number of �s that reach 0.25 m2 detector area located at 280 m from the
target. NPOT = 5⇥ 1021 is assumed.

At proton fixed-target collisions at J-PARC, �s with charge Q can be produced from the

decay of ⇡0, ⌘, ⇢,!,� and J/ neutral mesons. The ⌥ production is not relevant because the

center-of-mass energy is 7.5 GeV for the collisions between the 30 GeV proton beam and the

fixed target. The lighter mesons (m = ⇡
0
, ⌘) decay through photons (m ! ���̄), while ⇢,!,�,

and J/ decay to a pair of �s directly (m ! ��̄). In both cases, m� up to mm/2 is kinematically

allowed. The number of produced �s (N�) can be calculated by the equation in [16],

N� / cm✏
2
NPOT ⇥ f

 
m

2
�

m2
m

!
(2)

where cm is the number of mesons produced per proton-on-target (POT), NPOT is the total

number of POT, ✏ = Q/e, and f is a phase space related integral. The cm of each meson is

extracted using PYTHIA8 [17] and the estimated values are c⇡0 = 1.9, c⌘ = 0.21, c⇢ = 0.24,

c! = 0.24, c� = 4.9 ⇥ 10�3, and cJ/ = 2.5 ⇥ 10�9. The result of the simulation is validated

by comparing it with existing measurements. Particularly, the flux of muons passing through

the beam dump [18] and the production rate of J/ [19] in simulation and measurements are

3

Used	PMT	QE	=	30%

Very	steep	drop	in	 	
	in	this	regime,	

ϵ < 10−3

→ Nsignal ∝ ϵ6

NPOT = 5 × 1021 NPOT = 5 × 1021
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SensiLvity	of	SUBMET

73

Figure 6: Exclusion at 95% CL for NPOT = 5⇥1021. Two DCR scenarios are shown, DCR=100
Hz and DCR=500 Hz. The constraints from previous experiments are shown as shaded areas.
The expected sensitivity of FerMINI [16] is drawn in the gray dotted line. There are other
proposed experiments [23, 28], but only FerMINI with the NuMI beam and NA64µ [29] are
included because they are in a similar time scale of SUBMET (within next 5 years).

ment, is based on long scintillators and is located in the Neutrino Monitor building 280 m from

the target. With 5⇥1021 protons on target, the experiment is sensitive to particles with electric

charge 6⇥ 10�5
e for mass less than 0.2 GeV/c2 and 10�3

e for mass less than 1.6 GeV/c2.

SUMBET would place the best limit in low mass region m� < 0.2 GeV/c2 among existing

and proposed experiments. In this regime, the NPE is very small so the probability to ob-

serve a photon produced by millicharged particles per layer (Player = (1� e
�NPE)) is extremely

small. Since the total probability is a power of Player by the number of layers, using two lay-

ers significantly enhances the probability compared to the detector designs with 3 or 4 layers.

10

ϵ
=

Q
/e

	[GeV/c2]mχ

NPOT = 5 × 1021
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Figure 6: Exclusion at 95% CL for NPOT = 5⇥1021. Two DCR scenarios are shown, DCR=100
Hz and DCR=500 Hz. The constraints from previous experiments are shown as shaded areas.
The expected sensitivity of FerMINI [16] is drawn in the gray dotted line. There are other
proposed experiments [23, 28], but only FerMINI with the NuMI beam and NA64µ [29] are
included because they are in a similar time scale of SUBMET (within next 5 years).

ment, is based on long scintillators and is located in the Neutrino Monitor building 280 m from

the target. With 5⇥1021 protons on target, the experiment is sensitive to particles with electric

charge 6⇥ 10�5
e for mass less than 0.2 GeV/c2 and 10�3

e for mass less than 1.6 GeV/c2.

SUMBET would place the best limit in low mass region m� < 0.2 GeV/c2 among existing

and proposed experiments. In this regime, the NPE is very small so the probability to ob-

serve a photon produced by millicharged particles per layer (Player = (1� e
�NPE)) is extremely

small. Since the total probability is a power of Player by the number of layers, using two lay-

ers significantly enhances the probability compared to the detector designs with 3 or 4 layers.

10

SensiLvity	of	SUBMET
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Q
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Nsignal

NPOT = 5 × 1021

Figure 5: Number of signal events Nsignal observed by the SUBMET detector for NPOT =
5⇥ 1021. Dashed lines indicate Nsignal = 1, 102, 104, and 106.

signal events measured by the detector can be calculated as s = N�P . The number of signal

events is shown in Figure 5. Due to small P , we expect < 1 events to be detected for ✏ below

⇠ 5⇥ 10�5.

Figure 6 shows the 95% CL exclusion curve for NPOT = 5 ⇥ 1021. SUBMET provides the

exclusion down to ✏ = 6 ⇥ 10�5 in m� < 0.2 GeV/c2 and ✏ = 10�3 in m� < 1.6 GeV/c2.

Systematic uncertainty on b is not considered because it does not have a significant impact on

the exclusion limit [15]. The sudden degradation of sensitivity at m� = 0.2 GeV/c2 is because

of the small production rate of J/ with the 30 GeV proton beam.

As shown in Fig 5, the number of signal events recorded by the detector drops rapidly in

✏ < 10�3 due to small NPE. Therefore, one can expect that increasing NPE or N� would not

have a large impact on the sensitivity.

6 Summary and discussion

We propose a new experiment, SUBMET, sensitive to millicharged particles produced at the 30

GeV proton fixed-target collisions at J-PARC. The detector, inspired by the milliQan experi-

9
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Detector	System
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HV	supply

DAQ	
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delay

Control	
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Module	Assembly

76

Teflon Aluminum	foil 	black	tape

PMT

Taegyu	Lee	
(Now	@Indiana)	

Measured	number	of	
photoelectrons	by	MIP	

(cosmic	muon)	by	
comparing	pulse	area	
by	MIP	and	single	
photon	(from	LED)

Fig. 6: The result of the simultaneous fitting of the cosmic muon and the single photon

data is shown. According to the fitting result, 3259± 14 photoelectrons were produced in

the scintillator bar.

by the cosmic muon. The transition point of the step function is set to 3.07 because the

transition point should be between log10 1100 and log10 1250.

Figure 6 is the result of the experiment. The five points on the left are obtained from

cosmic muon and the five points on the right are obtained from the single photon. According

to the fitting result, 3259 ± 14 photoelectrons were produced in 5 cm ⇥ 5 cm ⇥ 100 cm

scintillator bar.

V. GEANT4 SIMULATION

Validation of the experimental result was done using Geant4 simulation program. The

dimension of the scintillator bar was made equal to that of the experiment. And the reflec-

tivity of the scintillator wall was set as 0.98 considering the reflectivity of the Teflon tape.

The muon beam is set to fall orthogonal to one side of the scintillator bar at 36 cm from the

detector. To calculate the average quantum e�ciency of the PMT, the convolution of the

quantum e�ciency distribution in the function of wavelength and the probability distribu-

tion of the wavelength of the scintillator was needed. The quantum e�ciency distribution

was obtained from Hamamatsu R7724 datasheet [3] and the distribution of the photon wave-

length from the scintillator bar was obtained from a previous study of the emission spectra

[4] of the BC-408 scintillator bar. Finally, the quantum e�ciency distribution and the proba-

bility distribution of wavelength were convoluted to calculate the average quantum e�ciency

8

~3000	PEs	for	5	cm	path	
length	(compaLble	with	

Geant	simulaLon)

BC-408

μ
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PhotomulLplier
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ET9814B

R7725
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Readout	System

• Test	if	cascading	4	channels	is	implemented	properly	
by	feeding	sine	wave	from	a	funcLon	generator	

• Confirmed	conLnuous	sampling	for	6	us

78

• TesLng	prototype	readout	board	using	DRS4	
chips	(manufactured	by	NOTICE	KOREA)		

• Cascade	4	channels	to	achieve	4096	
sampling	depth	at	0.7	GSPS	(corresponds	to	
6	us	acquisiLon	window)

DRS4 DRS4

samples samples

AD
C

samples

AD
C

samples
ch1					ch2					ch3				ch4								ext	trig
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Signal	detecLon	efficiency
• EsLmated	sensiLvity	assumed	100%	
detecLon	efficiency	for	SPE	signals	

• Don’t	expect	inefficiency	due	to	
triggering	

• Plan	to	trigger	events	using	beam	
signal	

• How	large	is	a	SPE	signal?	

• Shine	dim	LED	on	PMT	photocathode	
and	measure	pulse	heights	

79

Fig. 1: The schematic of the single photon experiment is shown. The LED is placed in

front of the PMT and in between, there exists a filter to reduce the light flux.

A sophisticated filter was unnecessary because the aim of the filter is to reduce the mean

number of photon below 1.

1. Single Photon Detection

The first experiment aims to observe a single photon using the PMT. By changing the

LED voltage with the PMT high voltage (HV) fixed, the appropriate LED voltage for the

PMT to detect a single photon can be found.

Figure 2 is the histogram of the pulse area for each LED voltage. The LED voltage

was increased from 0.9 V to 1.2 V. As the LED voltage increased, the histogram showed

additional peaks. For precise measurement of a single photon peak, it is desirable to use the

fitting result of the histogram. The fitting model of the experiment is based on [2], which has

a similar experimental set-up with that of ours. Each photon peak is a Gaussian distribution

and a pedestal peak is an exponentially modified Gaussian distribution in order to include

the e↵ect of a dark current. Furthermore, because the PMT is used for low intensity source,

the envelope of the histogram is assumed to be a Poisson distribution.

In the fitting process, the assumption was made that the distance between the position

of the peaks, including the pedestal, is equal and the height of each peak follows the Poisson

distribution. According to Fig 2, the fitting result was in good agreement with the histogram

and it implies that the distance between the position of the peaks is constant. If the first

peak, after the pedestal, is not from the single photon, the distance between the peaks can

not be constant and if the distance is not constant, the fitting result will not agree with the

histogram. Another notable result is that the position of the first peak was almost equal in

all four figures in Fig. 2. Because the HV for the PMT is kept constant, even if the LED

2
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Signal	detecLon	efficiency
• Typical	SPE	signals	with	
Hamamatsu	R7725	at	HV	=	1.3	
kV	(top)	

• Average	pulse	height	is	21	mV	
and	width	is	6.5	mV	(boaom)	

• RMS	of	pedestal	of	the	
readout	board	is	<2	mV	

• Can	select	SPE	signals	with	
~100%	efficiency

80

 / ndf 2χ  77.42 / 52
Constant  2.6± 108.7 
Mean      0.00014± 0.02101 
Sigma     0.000125± 0.006468 
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MagneLc	field	shielding
• PMTs	are	very	sensiLve	to	
magneLc	fields	

• Gain	is	reduced	significantly	

• ParLcularly,	when	the	
direcLon	of	the	field	is	
perpendicular	to	the	PMT	axis	

• Reduce	effect	of	magneLc	field	
by	shielding	PMT	with	mu-
metal

81

B	=	0	mT	
No	shielding

B	=	3	mT	
No	shielding
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Schedule
• Assuming	we	get	the	stage-II	approval	at	the	next	PAC	meeLng,	the	following	is	a	
rough	schedule	of	construcLon	and	installaLon	of	the	detector	

• Two	steps	due	to	funding	availability

82

Year 2022 2023

Quarter Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

ConstrucLon

InstallaLon

OperaLon
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Summary	-	SUMET

• We	propose	a	new	experiment	to	search	for	millicharged	parQcles	using	
30	GeV	proton	beam	at	J-PARC	

• Unique	opportunity	to	probe	low	mass	( 	GeV)	millicharged	
parLcles		

• SensiLve	to	 s	with	 	in	 	GeV	and	 	in	
		GeV	with	 	

• Can	set	the	leading	limit	even	with	a	couple	of	months	of	data	

• Plan:	construct/install	the	detector	before	the	proton	beam	later	this	year!	

mχ < 1.6

χ ϵ = 6 × 10−5 mχ < 0.2 ϵ = 10−3

mχ < 1.6 NPOT = 5 × 1021

83

Figure 6: Exclusion at 95% CL for NPOT = 5⇥1021. Two DCR scenarios are shown, DCR=100
Hz and DCR=500 Hz. The constraints from previous experiments are shown as shaded areas.
The expected sensitivity of FerMINI [16] is drawn in the gray dotted line. There are other
proposed experiments [23, 28], but only FerMINI with the NuMI beam and NA64µ [29] are
included because they are in a similar time scale of SUBMET (within next 5 years).

ment, is based on long scintillators and is located in the Neutrino Monitor building 280 m from

the target. With 5⇥1021 protons on target, the experiment is sensitive to particles with electric

charge 6⇥ 10�5
e for mass less than 0.2 GeV/c2 and 10�3

e for mass less than 1.6 GeV/c2.

SUMBET would place the best limit in low mass region m� < 0.2 GeV/c2 among existing

and proposed experiments. In this regime, the NPE is very small so the probability to ob-

serve a photon produced by millicharged particles per layer (Player = (1� e
�NPE)) is extremely

small. Since the total probability is a power of Player by the number of layers, using two lay-

ers significantly enhances the probability compared to the detector designs with 3 or 4 layers.

10

NPOT = 5 × 1021
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RPC	SUSY

millicharged	
parQcle

RPV	SUSY
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RPC	SUSY

millicharged	
parQcle

RPV	SUSY

We	don’t	know	where	new	physics	is	hidden	

Leave	no	stone	unturned!
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ProducLon	of	milli-charged	parLcles	(mCP)	is	proporLonal	to	 	where	 .	DetecLon	efficiency	per	
scinLllator	( )	for	parLcles	with	 	is	approximately	proporLonal	to	 	as	well.	The	acceptance	of	
the	detector	is	 .	The	detector	is	composed	of	two	scinLllator	layers	 	as	shown	in	the	cartoon.	
For	 ,	the	number	of	mCPs	produced	at	collisions	is	 	and	the	detecLon	efficiency	 	is	 .	

1. If	 ,	what	is	the	number	of	events	that	contain	hits	in	two	layers	at	the	same	
Lme?	Assume	that	there	is	one	mCP	per	event.	

2. What	is	 	for	 ?	

3. If	the	expected	background	events	is	 ,	how	many	observed	signal	events	do	you	need	to	exclude	
your	model	at	95%	CL	(p-value	=	0.05)?	Use	Poisson	as	your	likelihood.		

4. In	this	case,	what	is	the	corresponding	value	of	 ?

ϵ2 ϵ = Q/e
P ϵ ≤ 10−3 ϵ2

A (n = 2)
ϵ = 10−3 N−3 P 1

Nsig = N−3A = 1010

Nsig ϵ = 10−4

10

ϵ

mCP
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Other	proposals/experiments

88
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FIG. 2. Left: Parameter space for MCPs shown in the plane of the fractional charge ✏ versus MCP mass m�. The sensitivity
reach of FORMOSA-I shown as a solid magenta curve corresponds to placing the minimal detector (16 bars per layer) 2 m o↵-axis
at the LHC UJ12 hall, assuming 3000 fb�1 of integrated luminosity. The solid (dashed) red line shows the expected sensitivity
of FORMOSA-II on-axis (2 m o↵-axis) at FPF (expanded UJ12 hall), assuming the same luminosity. Exclusions from other
previous studies are shown in gray and projections for milliQan HL-LHC [23] (dashed cyan), FerMINI at LBNF/DUNE [26]
(dashed blue) and SUBMET at J-PARC (dashed purple) [27] are shown for comparison (see the text for further details). Right:
The sensitivity reaches of FORMOSA-II in the millicharged SIDM window is shown in terms of the reference cross-section �̄e,ref

defined in the text. In addition to accelerator constraints we show constraints from direct-detection experiments (assuming
0.4 % DM abundance for the direct-detection experiments) [54].

background can be reduced to a negligible level with the
requirement of quadruple coincidence. We also assume
the beam-produced muon background can be reduced to
a negligible level if one install suitable PMTs and apply
appropriate cuts to eliminate the afterpulse backgrounds.
These sensitivity projections can be easily adjusted with
more realistic background determinations. The line cor-
responds to FORMOSA-I placed 2 m o↵-axis is colored
magenta. FORMOSA-II on-axis (2 m o↵-axis) is plotted
red (orange and dashed).

We plot the existing constraints as gray-shaded re-
gions. These include bounds from SLAC [16], LEP [17,
86], CMS [87, 88], LSND and MiniBooNE [25], Ar-
goNeuT at Fermilab [89], proto-milliQan at LHC [52],
and cosmic-ray produced MCP constraint from Super-
K [55]. For comparison, we also show the sensitivity
projections from the full milliQan experiment at 14 TeV
LCH with 3 ab�1 integrated luminsoity [23], the proposed
FerMINI experiment at LBNF/DUNE with a beam en-
ergy of 120 GeV and 1021 POT [26], and the proposed
SUBMET experiment assuming 1022 POT at the 30 GeV
proton beam at J-PARC [27].

Base on our analysis, one can see that FORMOSA-I,
a low-cost minimal detector to be placed in UJ12, would
provide a better sensitivity reach in comparison to the
full MilliQan run. As discussed above, this is due to an
enhanced flux of MCP in the forward region, in compari-
son to that of the transverse region. Up to O(106) signal
events at m� = 1 GeV near the proto-milliQan bound
are possible.

Also note that, although we derive our sensitivity pro-
jections based on the luminosity of HL-LHC, it could be
possible to employ a similar setup already during Run
3 of the LHC. In particular, one could install the proto-

milliQan detector in the TI12 cavern and perform a test
run for FORMOSA to better understand the detector
environment and experimental challenges.

We further show that FORMOSA-II provides leading
sensitivity projections in a large window of MCP mass
from 100 MeV to 100 GeV, exceeding the reaches of other
similar proposals. We also see that, even if the detector
is placed a few meters o↵ the beam axis, the sensitivity
would not be strongly a↵ected. This allows to directly
place FORMOSA inside the existing cavern UJ12.

The features of the sensitivity projections of FOR-
MOSA can be easily understood. In the high mass re-
gion, the detection probability is (1 � e�NPE)4 ⇠ 1, and
the number of produced MCPs controls the signal event
rate. In contrast, in the low mass region and for ✏ . 10�3,
we expect a small number of PEs, leading to a sharp drop
in the number of signal events as we reach the detection
limit of the scintillator [26, 27].

Millicharged Strongly-Interacting DM - MCP in
our parameter of interest can account for a fraction of the
dark matter (DM) abundance, and cannot be detected by
the direct-detection experiments when the cross-section
is larger than certain critical values (derived in [54]). The
ambient DM with a substantial cross-section with Stan-
dard Model (SM) particles can lose most of its kinetic
energy through the interactions with SM particles. For
some model parameters, the DM particles lose most of
their energy and hence cannot be detected by ground-
based direct detection experiments after interacting with
the atmospheric particles and the crust. These DM par-
ticles are generally referred to as strongly interacting DM
(SIDM) [90–92]. In [54, 55], an unconstrained region of
parameter space is identified, which can be referred to as

arXiv:2010.07941	

There	are	proposals	at	LHC	
(milliQan,	FORMOSA)	and	at	
FNAL	(FerMINI),	which	are	
sensiLve	to	higher	mass	
regime	 	complimentary→

SUBMET

https://arxiv.org/abs/2010.07941
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