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Outline
• Main features

• Classifying monotop signatures

• Baryogenesis

• A minimal model

• Monotop+MET with top quark channels

• Signal and background descriptions

• Monotop searches at the LHC

• Hadronic and leptonic monotops at 7, 8 and 13 TeV

• Baseline cuts (initial proposal)
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Main features
• Bottom-up strategy
• Start from a final state signature

• Key features
• Missing energy (DM candidates)

• Bosonic or fermionic state / One-particle or n-particle state

• Neutral, weakly-interacting, long-lived/stable/invisible

• One single top quark

• Enhanced coupling between the 3rd generation and the others

• Initial state: two possibilities

• A down-type (anti) quark pair

• → baryon-number-violating process

• An up-type quark / gluon associated 

• → flavor-changing neutral interactions

top + missing energy

s-channel resonant case
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Monotop signatures (I)
• MET is a fermion x (or nDM)

• Monotop produced via (resonant or not) exchange of 
a new bosonic state

• Examples

• R-parity-violating SUSY                              S=squark, x=lightest neutralino)

• SU(5) theories                           ,  V=leptoquark, x=neutrino)

• Four-fermion interactions (very heavy S or V), x ≡ spin 3/2 excitations, Etc.
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Monotop signatures (II)
• MET is a boson S or V

• Monotop produced via flavor-changing interactions 
(top-charm or top-up)

• Examples

• R-parity conserving SUSY:

• Compressed spectrum, Flavor-violating graviton couplings (spin 2), Etc.
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Motivation: baryogenesis

• A minimal extensions to SM with ~TeV color-triplet scalars (X) 
and one singlet fermion (nDM)

• Baryon-number-violating interaction mediated by heavy scalars X

• X couples to two d-quarks or one u-quark + DM

• DM couples to light fermions since it isn’t protected by a a parity

Probing Light Nonthermal Dark Matter at the LHC, PRD 89, 096009 (2014)

λ2 ~ 0.1 and mX ~ TeV

X index α =1, 2 for a minimal case with two X fields, required for successful baryogenesis

Quark generation indices ρ,δ={1,2,3} and SU(3) color indices i,j,k={1,2,3} 

|mDM - mproton| < melectron
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A minimal model

From the slide by Mykhailo and Youngdo

• New interaction terms and production mechanism 
are implemented within the FeynRules package and 
interfaced with the MadGraph 5 event generator
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Monotop + MET
assumed MX2 = 2MX1

	



Signal description

• Hadronic top decay

• 2 light jets + 1 b jet + missing energy

• Top reconstruction possible

• Leptonic top decay

• 1 lepton + 1 b jet + missing energy

• No top mass reconstruction

• Challenging due to two different invisible particles






Background

Z→ νν + 3 jets Irreducible

Fake missing energy

QCD multijet mis-reconstructed jet

W+jets
ttbar

diboson
non-reconstructed leptons from W

Single top non- or mis-reconstructed leptons

A first prospective parton-level study done at 7 TeV (1 fb-1)
→ Learning the key features necessary for a full analysis
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• Analysis strategy

• Large missing energy, three high-quality hard jets, large hadronic activity

• Effects on the background

• Comparable amount of multijet, ttbar, Drell-Yan and  W+jets events

• Single top and diboson contributions highly reduced

• Additional specific monotop search strategy

• Exactly one top → exactly 3 jets with one b tag

• Lepton veto

• The two light jets from a W boson (mW)

• The three jets from a top quark (mtop)

Simple selectionSimple selection
MET > 150 GeV

top pT > 50 GeV
SET(3 jets) > 300 GeV

Monotops with 1 fb-1 of 7 TeV (I)
CMS and ATLAS
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Monotops with 1 fb-1 of 7 TeV (II)

Slides from Benjamin (Seminar at U. Strasbourg)

Z+3 jets
background

Results based on a parton-level simulation for the signal and background

S: mX=300 GeV
V: mX=50 GeV

S: mX=50 GeV
V: mX=300 GeV

background in cyon:
four-fermion interactions 
with a massless invisible state 

IPHC%PHENO%11%03
arXiv:1106.6199
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(next) slides from Benjamin (Seminar at U. Strasbourg)

Monotops with 1 fb-1 of 7 TeV (III)

IPHC%PHENO%11%03
arXiv:1106.6199
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Monotops with 20 fb-1 of 8 TeV (I)

IPHC%PHENO%11%03
arXiv:1106.6199

CERN%PH%TH/2013%277
arXiv:1311.6478
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Monotops with 20 fb-1 of 8 TeV (II)

IPHC%PHENO%11%03
arXiv:1106.6199

CERN%PH%TH/2013%277
arXiv:1311.6478
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Monotops with 20 fb-1 of 8 TeV (III)

CERN%PH%TH/2013%277
arXiv:1311.6478
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Monotops with 20 fb-1 of 8 TeV (IV)

CERN%PH%TH/2013%277
arXiv:1311.6478
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CMS monotop at 8 TeV
20 fb-1 of 8 TeV

Baseline selectionBaseline selection

jet pT > 35 GeV and |η| < 2.4jet pT > 35 GeV and |η| < 2.4

leading jets pT > 60, 60, 40 GeV

Number of jets = 3Number of jets = 3

veto events w/ any additional jetsveto events w/ any additional jets

MET > 350 GeV

mjjb cut (see next page)

b tagging efficiency ≈ 70%b tagging efficiency ≈ 70%

mistag rate: 1-4 %mistag rate: 1-4 %

CMS-B2G-12-022
CERN-PH-EP-2014-225

arXiv:1410.1149
Accepted by PRL
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Number of events
20 fb-1 of 8 TeV

Baseline selectionBaseline selection

jet pT > 35 GeV and |η| < 2.4jet pT > 35 GeV and |η| < 2.4

leading jets pT > 60, 60, 40 GeV

Number of jets = 3Number of jets = 3

veto events w/ any additional jetsveto events w/ any additional jets

MET > 350 GeV

mjjb < 250 GeV

b tagging efficiency ≈ 70%b tagging efficiency ≈ 70%

mistag rate: 1-4 %mistag rate: 1-4 %

CMS-B2G-12-022
CERN-PH-EP-2014-225

arXiv:1410.1149
Accepted by PRL
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Lower limits on mass
20 fb-1 of 8 TeV

S > 330 GeV V > 650 GeV

CMS-B2G-12-022
CERN-PH-EP-2014-225

arXiv:1410.1149
Accepted by PRL
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                               B2G PHYS14 status                                      Feb 12th, 2015 !17

DM+mono top (hadronic)K. Sung

CMS Upgrade & Physics Week https://indico.cern.ch/event/367179/contribution/7/0/material/slides/0.pdf

Expected yields for 5 fb-1 at 13 TeV

��



!"#$%#!& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! "

!"#$%&'#(#)%*+$

! !"#$%&'()*#'+,"$$&,'-!"#$%&'()*+$,-.*/0$12.'-/"+0'!1.

! 2345+%6'034&'5.-,637)'8'/"+0'7-/"+0'!1.

! 8&%9:*';'<=>?
! @&+4@';'?=>
! AB'C'DD'E&F

! G*'*+0&,'":*%4+&H'%&A+*#'-&%&5+,*#'*,'()*#.'/"+0'AB'C'><'$&F'4#H'@I@';'

?=J'-8&%9:*'K'<=?<'L*,'()*#:'4#H'<=>M'L*,'&%&5+,*#:.

! 9,-3&,5,:-4'83;'AB'C'D<'E&FN'@I@';'?=JN'O&+'9P'%**:&N'5*,,&5+"*#'*L'O&+'

&#&,$6',&:*%)+"*#N

! <-.=3&,5,:-4'83;'Q&H")('RSN'T+4$'U!F',&:04A&:'):"#$'H4+4'
&LL"5"&#5"&:N

! (>#'B6A&>N'5*,,&5+&H'L*,'V28N

! Q4"#'W45X$,*)#H:'7'RYO&+:N'++W4,N':"#$%&'+*A=

Leptonic monotop at 8 TeV (AN-14-279)

same backgrounds
to hadronic monotop!

��



!"#$%#!& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! '

!"#$%&'&(&)*#)+,%

!"!"#!$#%&'#!(!")*#+,!#'-&./#$!01*2+3!456!(!778(-!#'-&./#$!09*:+3!45!('$!(!
;&<'(=!5#<&>'!01*1+3?!

#"!"#!@->$A.#!B70"3C+#B@=(+#,! %>-! ,&<'(=! ('$! .>'+->=! -#<&>',!(..>A'+&'<!

%>-!(==!8(.D<->A'$,!('$!,E,+#B(+&.,?

$"%"#!%&+!+/#!+/-##!-#<&>',!0")*#+,6!778(-6!;&<'(=3!(+!+/#!,(B#!+&B#!+>!8#++#-!
.>',+-(&'! +/#! 8(.D<->A'$,?!7/#! %&+! &,! @->.##$#$! (,,AB&'<! (! 8(.D<->A'$C
>'=E!/E@>+/#,&,?!F==!,E,+#B(+&.,!(-#!+-#(+#$!(,!'A&,('.#!@(-(B#+#-,?

&"!"#!A,#! +/#! +/#+(! %-(B#G>-D! 0A,&'<!H(E#,&('! +#./'&IA#,6!G&==!8#!.->,,C
./#.D#$!G&+/!4J,3! +>!.>B@A+#! +/#!#K.=A,&>'! =&B&+,!(+!LM!N!4J!A,&'<!#(./!
,&<'(=?

!"##$%&'()'*+,'-%,./("0'*$12

! O4P!%A==E!$(+(C$-&Q#'!%->B!('!R!&,>=(+&>'!&'Q#-+#$!S!-#<&>'!0&,>!T!2?93?
! ;@=&+!+/#!")*#+,!,(B@=#!$#@#'$&'<!>'!+/#!%=(Q>A-!086!.6!=&</+3?

Leptonic monotop at 8 TeV (AN-14-279)

��



!"#$!#%& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! '

!"#$%&'('&)$%*#+,$

!"#$%&%'()"%*+,&-.#(/#*&0&-(,"12&'$-(3(4567

! ,!"#(8(5999(:";<(,=%>(8(?99(:"; @(8(9ABC((D)

! ,!"#(8(5999(:";<(,=%>(8(599(:"; @(8(9ABC((D)

! ,!"#(8(E99(((:";<(,=%>(8(599(:"; @(8(EAE?((D)((/*$>"-"1()F(GHIG46

JKLK()"%*+,&-.#(/>"*'$-(MN(3(4C6(7

! ,=%>(8(C99(:";@(8(9AO9(((D)(/*$>"-"1()F(GHIG4(&%1(KN46

! ,=%>(8(O99(:";@(8(9A5C(((D)(/*$>"-"1()F(GHIG4(&%1(KN46

! ,=%>(8(P99(:";@(8(9A9PC(D)(/*$>"-"1()F(GHIG4(&%1(KN46

!"#$%&(@(2#(Q2>"%(+"-"(*$%#21"-2%Q('+"(0"D'$%2*(1"*&F(&%1(R%1"-(
'+"#"(*$%>"%'2$%#(/KN46A

GHIG4(7@(8(5A99((D)

GHIG4(

@(8(5ASP(D)

@(8(9ASB(D)

@(8(9A5P(D)

Leptonic monotop at 8 TeV (AN-14-279)

��



!"#$!#%& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! '

!"#"#$"%&&&'

!"#l-b$%&%'()%%

!"#$%&'()#"*$

*"#l-b$ +,-

.
-
#/$

+,-%0%'11%234%

+,,"$#' -./l-b0'
1)23&%1)4'"$'15)'6"17''

+,,"$#' 89:'
1)23&%1)4'"$'15)'6"17''

.-#/$%0%51%234%

FocusingCmoreConCFCNC...

Leptonic monotop at 8 TeV (AN-14-279)

��



!"#$!#%& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! %$

!"#$%&'()#"*$'+*,-."-

! /0123'4'56'7)8'

! /90'4':66'7)8

! ;0123'4'<6'7)8

! 1!" &=>3'?':@A'!!!

!"#$%&'%()")*()*#(%+(,+#*"--.%*/%)0+%1+2.%+/3%&'%)0+%)"*-%45)%2+"(&/"4-+%
"62++7+/)8%

Leptonic monotop at 8 TeV (AN-14-279)

��



!"#$!#%& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! %'

!"#"$%&'()*)+&,&-./0&)12

!"#$%&'()*+,$(-./01. 2/($3-41)*+,$(-./01.

!"#$%&'&()*+,'(-("56*78$9$::;$<-= !"#$%&'&()*+,'(-("56*78$9$>?;;$<-=

34&56.7&$8&594%47$&$:4&94%;6$%&$:4&%.#4&<.=&.%&>89&$:4&:./987"?&?:.77460

Leptonic monotop at 8 TeV (AN-14-279)

��



!"#$!#%& !"#$%&'()*%&%$%#+,+-.+/0$$'1&%! %'

!"#"$%&'()*)+&,&!-./&01!02

!"#!$%&'()*+( ,)&%&'()*+(

34-5&6-%789"5:&$;&$4-&%8#-&<%-7$";5&'%--&01!02=&8
5;5>6-%

&?&@/A&+

!!"#$%&'#()*+#,+'%-(&*./01#

!"#$%&'&()*+,'(-(-./012%3%4567%8'9 !"#$%&'&()*+,'(-(:;<=>&>?*'%+;%!"#!$

Leptonic monotop at 8 TeV (AN-14-279)

�	



CMS Upgrade & Physics Week https://indico.cern.ch/event/367179/contribution/7/0/material/slides/0.pdf

!"#$%&$'()*(+,-. /+0(12'3-4(5&6#7$"" -8

97:7;<7=(>?"=@(A"?"B<C7:
! 9DE(&:F(9E(FC3<$C#%<C7:3(C:(6%7:(B2&::"?

! 0CG":(#HI(<&C?3(&$"(?7:I"$*(327%?F(B7:3CF"$(9E(JC:F7J(K7$(&(

B%<;&:F;B7%:<(&:&?'3C3

!"#$%&%'()$*"+(,-'.
/0(1(234(5"6(&%*

/7(1(822(9"6

6":'$;(%$%<;"#$%&%'
)$*"+(,-'.(
/6(1(23=(5"6

!18

K. Sung, M. Buttignol, J. Andrea

Expected yields for 5 fb-1 at 13 TeV (con’t)
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MET trigger (HLT_PFMET150)MET trigger (HLT_PFMET150)

veto events with isolated μ (e) pT > 10 (20) GeV veto events with isolated μ (e) pT > 10 (20) GeV 

jet pT > 35 GeV and |η| < 2.4jet pT > 35 GeV and |η| < 2.4

leading jets pT > 60, 60, 40 GeV

number of jets = 3 jets (0 or 1 b-tagged jet)number of jets = 3 jets (0 or 1 b-tagged jet)

veto events w/ any additional jets pT > 35 GeVveto events w/ any additional jets pT > 35 GeV

(caveat: zero b jets at low working point = b veto)(caveat: zero b jets at low working point = b veto)

PT (top) > 50 GeV

MET Type1 > 350 GeV

∆φ(j,j) < 2.8

mjjb < 250 GeV

CSVM b tagging efficiency ≈ 70%CSVM b tagging efficiency ≈ 70%

mistag rate: 1-4 %mistag rate: 1-4 %

Baseline cuts with a good vertex
Hadronic monotop Leptonic monotop

Single muon trigger (HLT_IsoMu24_eta2p1)Single muon trigger (HLT_IsoMu24_eta2p1)

muon pT > 30 GeV, |η| < 2.1, Rel.lso < 0.12muon pT > 30 GeV, |η| < 2.1, Rel.lso < 0.12

veto events w/ other isolated μ (e) pT > 10 (20) GeVveto events w/ other isolated μ (e) pT > 10 (20) GeV

jet pT > 30 GeV and |η| < 2.4jet pT > 30 GeV and |η| < 2.4

leading jet pT > 70 GeV

number of jets = 1 b-tagged jetnumber of jets = 1 b-tagged jet

veto events w/ any additional jets pT > 30 GeVveto events w/ any additional jets pT > 30 GeV

Mt (W) > 40 GeV

PT (W) > 50 GeV

MET Type1 > 100 GeV

∆φ(l,b) < 1.7

CSVM b tagging efficiency:  TBCCSVM b tagging efficiency:  TBC

mistag rate: TBCmistag rate: TBC

Initial proposal (not yet electron channel)
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Summary

• Bottom-up approach:

• Start from the signature

• Construct an appropriate effective theory and study 
at colliders

• Monotop production at the LHC:

• Search for hadronic/leptonic top in association with 
missing energy

• Provide initial proposal of baseline cuts

In case that we are missing some signature not predicted 
by any model (and not investigated before)
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Backup
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CMS monotop at 8 TeV

Baseline selectionBaseline selection

jet pT > 35 GeV and |η| < 2.4jet pT > 35 GeV and |η| < 2.4

leading jets pT > 60, 60, 40 GeV

Number of jets = 3Number of jets = 3

veto events w/ any additional jetsveto events w/ any additional jets

MET > 350 GeV

b tagging efficiency ≈ 70%b tagging efficiency ≈ 70%

mistag rate: 1-4 %mistag rate: 1-4 %

Zero b tags One b tag
CMS-B2G-12-022

CERN-PH-EP-2014-225
arXiv:1410.1149
Accepted by PRL
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Missing ET distribution
a b tag veto to enrich V+jets Two b tags to enrich ttbar events

CMS-B2G-12-022
CERN-PH-EP-2014-225

arXiv:1410.1149
Accepted by PRL
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Number of events
20 fb-1 of 8 TeV CMS-B2G-12-022

arXiv:1410.1149
Accepted by PRL

��



Collider phenomenology
Single-X channel: X →u + nDM 

• The monojet channel occurs via an s-channel X 
resonance
• The jet recoils against the missing particle nDM, 
and its pT peaks near one half of the resonance 
energy MX1 ()
• The interaction terms are described by two 
scalar couplings and the masses of two X fields

Probing Light Nonthermal Dark Matter at the LHC, PRD 89, 096009 (2014)

Jet

MET

High pT jet signature
• The signal requires a high pT cut in monojet 
searches
• In contrast, in models where DM must be pair 
produced, monojet events arise from initial state 
radiation, and the jet pT would peak at low 
energy due to infrared and collinear divergences

MX1 = 1 TeV
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