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W’ searched in direct lepton + neutrino decay 
à No access to right-handed sector (only hadronic decay) 
Most of the models have stronger coupling to third generation of 
quarks. 
 
Lagrangian: 

src:Z.Sullivan, Phys.Rev.D 66 075011 
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a transverse momentum (pT) resolution of about 1.5% for 100GeV particles. Matching

muons to tracks measured in the silicon tracker results in a relative transverse momentum

resolution for muons with 20 < pT < 100GeV of 1.3-2.0% in the barrel and better than 6%

in the endcaps. The pT resolution in the barrel is better than 10% for muons with pT up

to 1TeV [29].

A particle-flow (PF) algorithm [30, 31] combines the information from all CMS sub-

detectors to identify and reconstruct the individual particles emerging from all vertices:

charged hadrons, neutral hadrons, photons, muons, and electrons. These particles are then

used to reconstruct the Emiss
T (defined as the modulus of the negative transverse momen-

tum vector sum of all measured particles), jets, and to quantify lepton isolation. The PF

jet energy resolution is typically 15% at 10GeV, 8% at 100GeV, and 4% at 1TeV, to be

compared to about 40%, 12%, and 5% obtained when the calorimeters alone are used for

jet clustering.

3 Signal and background modelling

The W′ → tb → ℓνbb decay is characterized by the presence of a high-pT isolated lepton,

significant Emiss
T associated with the neutrino, and at least two high-pT b-jets (jets resulting

from the fragmentation and hadronization of b quarks). Monte Carlo (MC) techniques are

used to model the W′ signal and SM backgrounds capable of producing this final state.

3.1 Signal modelling

The signal modelling is identical to that in ref. [24] and uses the following lowest order

effective Lagrangian to describe the interaction of the W′ boson with SM fermions:

L =
Vfifj

2
√
2
gwf iγµ

(
aRfifj (1 + γ5) + aLfifj (1− γ5)

)
W′µfj + h.c., (3.1)

where aRfifj , a
L
fifj

are the right- and left-handed couplings of the W′ boson to fermions fi
and fj , gw = e/(sin θW ) is the SM weak coupling constant and θW is the weak mixing

angle; Vfifj is the Cabibbo-Kobayashi-Maskawa matrix element if the fermion f is a quark,

and Vfifj = δij if it is a lepton, where δij is the Kronecker delta and i, j are the generation

numbers. For our search we consider models where 0 ≤ aL,Rfifj
≤ 1. For a SM-like W′ boson,

aLfifj = 1 and aRfifj = 0.

We simulate W′ bosons with mass values ranging from 0.8 to 3.0TeV . The singletop

MC generator [27] is used, which simulates electroweak top-quark production processes

based on the complete set of tree-level Feynman diagrams calculated by the CompHEP

package [32]. Finite decay widths and spin correlations between resonance state production

and subsequent decay are taken into account. The factorisation scale is set to the W′-

boson mass for the generation of the samples and the computation of the leading-order

(LO) cross section. The LO cross section is scaled to next-to-leading order (NLO) using

a K factor of 1.2 based on refs. [33, 34]. In order to ensure that the NLO rates and

shapes of relevant distributions are reproduced, the singletop generator includes NLO

corrections, and normalisation and matching between various partonic subprocesses are
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Non-0 à interference with SM 

Similar production to single top 
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Atlas and CMS: lνbb (l=e,μ), luminosity: 20.3fb-1, 19.5 fb-1 

Selection: 
Single lepton trigger 
Isolated lepton with pT>30 GeV , 50 GeV 
Missing ET >35 GeV , >20 GeV  
Jets with pT>25 GeV, (sub-)leading pT>120 (40) GeV  
B-tagging: 2 b-tag jets using neural-network b-tagging (ε=70%),  

        1 or 2 b-tag with CSVM (ε= 70%) 
 
Reconstruction/Analysis: 
Both: Full reconstruction of the final state (neutrino solved via W-
mass constraint) [CMS 83% correct neutrino assignment for W’] 
Atlas: MT(W) +Met>60 GeV, studies performed in 2 or 3 jets bin;  
BDT used with 11 input variables changing in case of the jet bin as 
well as left-handed/right-handed case, no cut on BDT. 
CMS: cut based: pT(top)> 85 GeV, pT(vect(jet1+jet2))>140 GeV, 
130<M(top)<210 GeV. Work in one or two b-tag categories. 
Except the 2b-tag, looser selection in Atlas case. 

CERN-PH-EP-2014-11 CERN-PH-EP-2014-232 
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Figure 1. The reconstructed invariant-mass distribution of the W′-boson candidates after the final
selection. Events with electrons (muons) are shown on the left (right) panel for data, background
and four different W′

R signal mass hypotheses (1.8, 2.0, 2.5, and 3.0TeV). All events are required
to have one or both of the two leading jets tagged as b-jets. The hatched bands represent the
total normalisation uncertainty in the predicted backgrounds. The pull is defined as the difference
between the observed data yield and the predicted background, divided by the uncertainty. For
these plots it is assumed that M(νR) ≪ M(W′

R) and for the purpose of illustration the expected
yields for the W′

R signal samples are scaled by a factor of 20.
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Figure 1. The reconstructed invariant-mass distribution of the W′-boson candidates after the final
selection. Events with electrons (muons) are shown on the left (right) panel for data, background
and four different W′

R signal mass hypotheses (1.8, 2.0, 2.5, and 3.0TeV). All events are required
to have one or both of the two leading jets tagged as b-jets. The hatched bands represent the
total normalisation uncertainty in the predicted backgrounds. The pull is defined as the difference
between the observed data yield and the predicted background, divided by the uncertainty. For
these plots it is assumed that M(νR) ≪ M(W′

R) and for the purpose of illustration the expected
yields for the W′

R signal samples are scaled by a factor of 20.
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Less events 
in Atlas at 
high masses 
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Figure 2. The expected (dashed black line) and observed (solid black line) 95% CL upper limits on
the production cross section of right-handed W′ bosons obtained for the electron sample (top left),
muon sample (top right), and their combination (bottom) along with the ±1σ and ±2σ uncertainty
in the expected exclusion limit. The theoretical cross section times branching fraction for right-
handed W′-boson production σ(pp → W′

R)× B(W′
R → tb → ℓνbb), where ℓ = e/µ/τ , is shown as

a solid (dot-dashed) red line, when assuming light (heavy) right-handed neutrinos.

couplings (aL, aR) = (1, 1), and σSM for SM couplings (aL, aR) = (0, 0). It is given by:

σ = σSM + aLuda
L
tb (σL − σR − σSM)

+
((

aLuda
L
tb

)2
+

(
aRuda

R
tb

)2)
σR

+
1

2

((
aLuda

R
tb

)2
+

(
aRuda

L
tb

)2)
(σLR − σL − σR) .

(7.1)

Note that for pure W′
R production this reduces to the sum of SM s-channel tb and W′

R

production. For pure W′
L or W′

LR production this reduces to the cross section of the W′
L

or the W′
LR sample which already includes SM s-channel tb production and its interference

with W′ production.
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CMS limit plots only for WR 
 
Stronger limit from CMS mainly 
coming the fact that CMS has 
higher expected signal events. 
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Different way of presenting the results… 

C
E

R
N

-P
H

-E
P

-2
0

1
4

-1
1

 
C

E
R

N
-P

H
-E

P
-2

0
1

4
-2

3
2

 



W’àtb Full hadronic 
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Atlas: Top + b : Boosted regime for Top 
Top – tagging algorithm used: 
Anti Kt “large R-radius” = 1.0 - Trimmed 
 
Selection: 
Trigger sum ETcaloTowers>700 GeV  
== 1 Large-R jet pT>350 GeV with  
√(d12)>40 GeV, τ32<0.65 and 0.4<τ21<0.9 
DR between two jets >2.0 
M(jj) > 1.1 TeV 
 
Selection of the analysis: 
Full hadronic final state à direct  
reconstruction of W’ mass 
Consider 2 categories: 1 b-tag, 2 b-tag (second b-tag is close by the 
Large-R jet [Top tag one]) 
 

CERN-PH-EP-2014-152 



W’àtb Full hadronic 

10 Lower limits than in l+jets final state 

CERN-PH-EP-2014-152 



Monotop 
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Production of particle decaying in top quark and either a neutral 
boson (non resonant) which do not interact or a neutral fermion 
(resonant). 
Assumption: both neutral particle have BR~1 to decay in hidden 
sector or to have decay length is long enough to not be detected 
inside detector 
à Search for single Top quark + large missing Et  
 
Lagrangian: 
 

CMS used a0,1
FC =0.1 (for non 0-terms), Atlas: 0.2 (0.5, 1.0) 

CERN-PH-EP-2014-225 CERN-PH-EP-2014-231 



Monotop - Analysis - CMS 
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All Hadronic final state à Full reconstruction of Top 
 
 
Selection: 
Trigger: Missing ET>150 GeV 
3 jets pT>40 GeV, 2 jets pT> 60 GeV,  
veto events if additional jet pT> 35 GeV 
M(jjj) < 250 GeV 
1 b-tag jet (ε=70%) 
Veto on isolated e/mu>20/10 GeV 
Missing ET> 350 GeV 
 
 
Difficulty: 
Using 3 control samples to derived multijet, Z(àνν) + jets and 
W(àlν)+jets [lepton outside of detector acceptance] from data. 
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Monotop - Results - CMS 
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Monotop – Analysis - Atlas 
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Atlas: lνb (l=e,μ) 
Selection: 
Single lepton trigger 
Isolated lepton with pT>30 GeV 
Missing ET >35 GeV  
== 1 jet with pT>25 GeV 
B-tagging:  
1 b-tag jets (ε=57%, ε_light=0.2%) 
 
Reconstruction/Analysis: 
MT(W) +MET>60 GeV 
MT(W) >150 GeV 
Work in region of MT(W) and| Δφ(l,b)|

Signal will stand at MT(W)>200 GeV 
 
Defined 3 control samples to validate  
simulated background in W+jets  
enriched , multijet and ttbar enriched. 
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Monotop - Results - Atlas  
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Not exactly the same model than in Atlas… 
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Stop searches 

16 

Analysis not really taking into account the Top presence by 
reconstructing the object, only working via “boxes” following the 
variables: 
 

3

~ g

~ t

~ b

!
χ 

±

!
χ 

0

~

~

t ➝ bχ± 
~~

t ➝ tχ0 
~~

b ➝ tχ± 
~~

b ➝ bχ0 
~~

g ➝ tbχ± 
~~

χ± ➝ W*χ0 
~~

g ➝ bbχ0 
~~ _

g ➝ tt χ0 ~~ _

Figure 1: Simplified natural SUSY spectrum considered as a benchmark for result interpreta-
tions. The neutralino is forced to be the lightest SUSY particle. The difference in mass between
the chargino and the neutralino is fixed at 5 GeV. Gluino and same-flavor squark pair produc-
tion are considered in separate models, scanning the masses of the produced SUSY particle and
the neutralino.

In the context of this natural spectrum, five simplified models [23–27] are considered for gluino79

pair production, based on three-body gluino decays [34]:80

• T1bbbb: pair-produced gluinos, each decaying with a 100% branching fraction to a81

pair of bottom quarks and the LSP.82

• T1tbbb: pair-produced gluinos, each decaying with a 50% branching fraction to a83

pair of bottom quarks and the LSP or a top quark, a bottom quark, and the NLSP.84

• T1ttbb: pair-produced gluinos, each decaying with a 50% branching fraction to a85

pair of bottom quarks and the LSP or a pair of top quarks and the LSP.86

• T1tttb: pair-produced gluinos, each decaying with a 50% branching fraction to a87

pair of top quarks and the LSP or a top quark, a bottom quark, and the NLSP.88

• T1tttt: pair-produced gluinos, each decaying with a 100% branching fraction to a89

pair of top quarks and the LSP.90

The corresponding Feynman diagrams are shown in Fig. 2. Similar models were not consid-91

ered, for which the same final states are obtained from two-body gluino decays to squark and92

quark and the consequent cascade.93

In addition, the following three simplified models are considered for the production of top-94

squark pairs:95

• T2bW

⇤: pair-produced top squarks, each decaying with a 100% branching fraction96

to a bottom quark and the NLSP.97

• T2tb: pair-produced top squarks, each decaying with a 50% branching fraction to a98

top quark and the LSP or a bottom quark and the NLSP.99

• T2tt: pair-produced top squarks, each decaying with a 100% branching fraction to a100

top quark and the LSP.101

The corresponding Feynman diagrams are shown in Fig. 2.102
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Figure 2: Diagrams displaying the event topologies of gluino (upper 5 diagrams) and top-
squark (lower 3 diagrams) pair production considered in this paper.

We do not explicitly consider the corresponding simplified models for the bottom squark.103

Within the considered scenarios, a top-quark decay to a chargino (neutralino) is topologi-104

cally similar to a bottom-squark decay to a neutralino (chargino). In the limit of degenerate105

charginos and neutralinos, the decay products of the chargino decay are generically too soft106

to be detected and this correspondence is exact. However, for large mass differences between107

the squarks and the chargino, the chargino decay products may be boosted enough to become108

observable, breaking the correspondence. With respect to the models without the intermediate109

decay to charginos, this implies a migration of reconstructed events from the low-background110

2 b-Jet box to the high-background MultiJet box, and a consequently relatively weaker limit for111

the simplified model with decays to charginos. The exclusive single-lepton search is conser-112

vatively assumed to only have sensitivity when both top squarks decay to a top quark and a113

neutralino.114

Events for the eight simplified models are generated with the MADGRAPH V5 simulation [35,115

36], in association with up to two partons. The SUSY particle decays are treated with PYTHIA116

V6.4.26 assuming a constant matrix element (phase space decay). The event is showered in117

PYTHIA and matched to the matrix element kinematic configuration using the MLM algo-118

rithm [37], before being processed through a fast simulation of the CMS detector [38]. The119

SUSY particle production cross sections are calculated to next-to-leading order (NLO) and next-120

to-leading-logarithm (NLL) accuracy [39–43], assuming the decoupling of the other SUSY part-121

ners. The NLO+NLL cross section and the associated theoretical uncertainty [44] are taken as122

a reference to derive the exclusion limit on the SUSY particle masses.123

3 The CMS detector124

The central feature of the CMS detector [45] is a superconducting solenoid of 6 m internal di-125

ameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are126
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squark (lower 3 diagrams) pair production considered in this paper.
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Events for the eight simplified models are generated with the MADGRAPH V5 simulation [35,115
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ameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are126
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1 Introduction1

Supersymmetry (SUSY) is a proposed symmetry of nature, which introduces a bosonic partner2

for every fermion and vice versa [1–9]. Supersymmetric extensions of the standard model (SM)3

that include a stable new particle at the electroweak scale are well-motivated because they may4

explain the origin of the dark matter and allow for the grand unification of strong and elec-5

troweak forces. The discovery of the Higgs boson [10–12] at the Large Hadron Collider (LHC)6

has renewed interest in “natural” SUSY models, which minimize the fine-tuning associated7

with the observed value of the Higgs boson mass and its radiative corrections in the SM. In8

the typical spectrum of these models, the lightest neutralino and chargino are the lightest (LSP)9

and next-to-lightest (NLSP) SUSY particles, respectively. The bottom and top squarks are the10

lightest squarks, and the gluino is heavier than these particles but potentially accessible at the11
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Table 1: Kinematic and multiplicity requirements defining the nine razor boxes. Boxes are
listed in order of event filling priority. The ranking is introduced to unambiguously associate
an event to the first box it fills.

Requirements
Box Lepton b-tag Kinematic Jet

Two-lepton boxes

MuEle � 1 tight electron and

� 1 b-tag � 2 jets

� 1 loose muon

MuMu � 1 tight muon and (MR > 300 GeV and R2 > 0.15) and
� 1 loose muon (MR > 350 GeV or R2 > 0.2)

EleEle � 1 tight electron and
� 1 loose electron

Single-lepton boxes
MuMultiJet 1 tight muon

� 1 b-tag
� 4 jets

EleMultiJet 1 tight electron (MR > 300 GeV and R2 > 0.15) and
MuJet 1 tight muon (MR > 350 GeV or R2 > 0.2) 2 or 3 jetsEleJet 1 tight electron

Hadronic boxes
MultiJet none � 1 b-tag (MR > 400 GeV and R2 > 0.25) and � 4 jets

� 2 b-tagged jet none � 2 b-tag (MR > 450 GeV or R2 > 0.3) 2 or 3 jets

from the analysis. Given this selection, the multijet background from quantum chromodynam-213

ics processes is reduced to a negligible level due to the fact that these processes are typically214

balanced in the transverse plane and thus are peaking at zero in R2 and exponentially sup-215

pressed above zero [30, 31].216
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Figure 3: Definition of the sideband and the signal-sensitive regions used in the analysis, for
(a) the hadronic boxes and (b) the other boxes.

6 Modeling of the standard model backgrounds217

Under the hypothesis of no contribution from new physics processes, the event distribution218

in the considered portion of the (MR, R2) plane can be described by the sum of the elec-219

troweak massive vector boson plus jets production (V+jets where V = W, Z) and the top quark-220

antiquark and the single top quark production, generically referred to as the tt contribution.221

Using Monte Carlo simulation, the contribution from other processes was verified to be negli-222

gible.223

Generic analysis mainly 
performed in pair of 
stop produced 
à Could have only one 
top in the final state if 
second object decaying 
in other mode 

CERN-PH-EP-2014-015 



Single Production 
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Single b*/’ production (7 TeV) 
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Atlas: lνbjj (l=e,μ) or lνlνb 
2 cases: excited b-quark (b*), vector  
like quark (VLQ) (b’) 
 
Lagrangians: 

Selection: 
Single lepton trigger 
Isolated lepton with pT>25 GeV 
Jets with pT>30 (25) GeV (l+jets) 
B-tagging: b-tag jets (ε=70%) 
Reconstruction/Analysis: 
L+jets: 1 μ + MET>25 GeV  

  or 1e + MET>30 GeV 
MT(W) +MET>60 GeV 
MT(W) >30 GeV 
>=3 jets 
==1 b-jet 

Dilepton:  
2 opposite charge lepton 
|Zmass – m(ll)|>10 GeV 
MET>50 GeV 
| Δφ(l,MET)|<2.5 rad
==1 b-jet 



Single b*/’ production - Results  
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In Lepton + jets channel: 
Full mass reconstructed by 
considering MET pz=0  

In Dilepton channel: 
HT is the main discriminative 
variable 



Single b*/’ production - Limits 
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Limits on the 
various coupling 
depending on the 
model. 



Single B’/T’ production 
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Vector Like Quark B’/T’, so far CMS looked 
for pair production, but single production 
can be interesting too… 

Higher cross 
section for single 
production mode 

than pair 
production 

Atlas analysis looking at 
pair and single production 

in Zt/Zb final states 

C
E

R
N

-P
H

-E
P

-2
0

1
4

-1
8

8
 



Single B’/T’ production 
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Forward jets: pt>20 GeV and 2.5<|η|<4.5 

Containing a Z in the final state à use lepton decay (full mass 
reconstruction) 
Triggers: single lepton triggers 
2 leptons opposite charge same flavor 
|Zmass –m(ll)|<10 GeV 
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Single B’/T’ production 
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Using fully the 
properties of the 
single production 

mode in the 
selection. 

CERN-PH-EP-2014-188 



Single B’/T’ production 
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Presenting limits only on the “single production mode” of B’/T’. 
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Single T’ production in CMS 
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First look on going (samples just got produced at 8 TeV): 
On going analysis (no public results yet) in tH final state 
Look for full hadronic mode for the moment, following pheno 
studies, signal can be extracted thanks to full reconstruction of 
the events (relying on top and Higgs presence to decrease 
background). 

arXiv:1401.5979v2 



Conclusion 

26 

A lot of varieties of analysis have top quark in the final 
state: 
 
Top is the most massive quark so far, its decay is used 
to select the events (either b-quark or lepton from the 
W) 
 
Other particles produced in single production mode 
à Start to use forward jet, expertise from single Top  
 
 
è A lot of more analysis to start with 13 TeV data to 
push limit forward! 


