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❖ Motivation of this search:



✦ Search for fermionic top partner (X5/3) as predicted in Composite Higgs Models



➡ In general you get many such partners, X5/3 often lightest



➡ 5e/3 charge gives 100% decay to tW+ → allows for same-sign dilepton decay



✦ CMS excluded X5/3 with masses below 800 GeV using 8 TeV data



!
❖ Why same-sign dileptons?



✦ SM processes relatively rare



➡ Striking signature of new physics



!
❖ Characteristics



✦ Dominant background is often instrumental 



➡ Motivation for data-driven estimates (reduce reliance on detector simulation)



✦ High quality leptons are essential to exploiting the rarity of this channel
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5
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Introduction/Motivation

2NB: In this talk lepton = electron, muon
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Background Sources 1/3
❖ Same sign dilepton Standard Model processes 



✦ Eg: ttV, WZ, VVV, W+W+, tttt



!

!

!

!

!

!

3

Example SM process (ttZ) which gives events with two 
real, prompt same-sign leptons. Background estimate 

for these sources is taken from Monte Carlo.

} l’ + X

l+ l-

❖ Same sign dilepton Standard Model processes 

Z
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Background Sources

6

Opposite sign dilepton processes where charge of 

Occurs when charge of one lepton is mis-
measured. Dominant contribution is from 
Drell-Yan events. Background contribution 

estimated using data-driven technique.

 -
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Background Sources 2/3
❖ Same sign dilepton Standard Model processes 



✦ Eg: ttV, WZ, VVV, W+W+, tttt



!

❖ Charge MisID



!

!

!

!

4

Occurs when charge of one lepton is mis-
measured. Background contribution estimated 

using data-driven technique. Measure 
probability of mis-measuring electron charge 

(parametrized by pseudo-rapidity). Derive 
event weight based on above and apply to 

opposite sign dilepton events.

 -

❖ Charge MisID

Wcmid = Pcmid(⌘1) + Pcmid(⌘2)� Pcmid(⌘1) ⇤ Pcmid(⌘2)

1

NB: Muon charge 
misidentification rate 

significantly lower than 
electrons → neglect
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Background Sources 3/3
❖ Same sign dilepton Standard Model processes 



✦ Eg: ttV, WZ, VVV, W+W+, tttt



!

❖ Charge MisID



✦ Opposite sign dilepton processes where charge of one 
lepton is mis-measured



!

❖ NonPrompt



✦ Events with one or more fake leptons
5

 b + l+

Occurs when one or more objects passing lepton ID 
requirements are non-prompt leptons (e.g. a lepton 
from hadronization). Contribution estimated using 

data-driven technique (next slide).❖ NonPrompt
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NonPrompt Background
❖ Some part (often dominant) of 

events with two high quality 
(‘tight’) leptons come from events 
with one or more ‘fake’ leptons



❖ Relative sizes of contributions 
depend on:



✦ Prompt Rate



➡ Rate at which prompt 
leptons pass tight ID



✦ Fake Rate



➡ Rate at which fake leptons 
pass tight ID

6

NTT

NPP 

(TTZ, 
CMID, 
etc.)

NFF (QCD)

NPF (ttbar)

Measured in suitable 
control regions and used 

to make prediction for this 
background
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Analysis Event Selection
❖ Two well-identified, same-

sign leptons w/ pT > 40 (30) 
GeV for leading (subleading)



❖ Veto if we find Z boson in 
the event



❖ Require large number of 
extra jets & leptons in the 
event (≥ 5 for results, ≥ 2 for 
plots)



❖ Optimize HT
lep (scalar sum of 

pT of leptons and jets) for 
sensitivity → HT

lep  ≥ 900 GeV
7

NB: Errors in plots include both statistics and systematics

8 6 The lepton+jets signature
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Figure 2: The Hlep
T distributions after the same-sign selection and Z/quarkonia lepton invariant

mass veto and requiring at least two AK4 jets in the event. The bottom histogram on all plots
shows the difference between the observed and the predicted number of events in that bin
divided by the total uncertainty (i.e. combined systematic and statistical).
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Figure 3: 95% CL expected and observed limits for a left-handed (left) and right-handed (right)
X5/3 for all channels combined.
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5
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8 6 The lepton+jets signature
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Figure 2: The Hlep
T distributions after the same-sign selection and Z/quarkonia lepton invariant

mass veto and requiring at least two AK4 jets in the event. The bottom histogram on all plots
shows the difference between the observed and the predicted number of events in that bin
divided by the total uncertainty (i.e. combined systematic and statistical).
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Figure 3: 95% CL expected and observed limits for a left-handed (left) and right-handed (right)
X5/3 for all channels combined.
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Figure 2: The Hlep
T distributions after the same-sign selection and Z/quarkonia lepton invariant

mass veto and requiring at least two AK4 jets in the event. The bottom histogram on all plots
shows the difference between the observed and the predicted number of events in that bin
divided by the total uncertainty (i.e. combined systematic and statistical).
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Figure 3: 95% CL expected and observed limits for a left-handed (left) and right-handed (right)
X5/3 for all channels combined.

Results
❖ No significant excess seen



✦ Observed (Expected) limits of 950/910 (860/820) 
GeV for right/left handed X5/3



✦ Surpassing the 8 TeV result (800 GeV) with only 
2.2 /fb



➡ And looking forward to more data this year!



✦ More information in B2G-15-006:



➡ https://cds.cern.ch/record/2114805

8

RH < 950 (860) GeV

LH < 910 (820) GeV

5.3 Results 7

Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 4% 20%
ttZ 3% 12%
ttH 8% 14%
WZ 5% 12%
ZZ 4% 12%

W+W+ 4% 50%
WWZ 4% 50%
WZZ 6% 50%
ZZZ 6% 50%
tttt 6% 50%

background.

5.3 Results

Figure 2 shows the Hlep
T distributions after applying the quarkonia veto, associated Z-boson

veto, primary Z-boson veto, and a requirement of at least two AK4 jets in the event. These
distributions are for illustrative purposes only: the full selection is not applied to them due to
limited statistics. Both statistical and systematic uncertainties are included.

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right handed X5/3 of mass 800 GeV. We find
no significant excess in the data over the background prediction. We proceed to set limits and
calculate both expected and observed limits using the theta [27] package and Bayesian statistics
using a flat prior on the signal. Using the full set of analysis selection criteria and an integrated
luminosity of 2.2 fb�1, we obtain expected/observed limits of 860/950 (820/910) GeV for a
right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
limits for all three channels combined are shown in Fig 3.

Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
non-prompt, and charge misidentification backgrounds as well as observed data events after
the full analysis selection. Also shown are the number of expected events for a right handed
800 GeV X5/3 . The errors include both statistical and systematic uncertainties.

Channel PSS MC NonPrompt ChargeMisID Total Background 800 GeV X5/3 Observed
Di-electron 2.41 ± 0.29 2.16 ± 1.91 1.90 ± 0.60 6.47 ± 2.02 4.38 7

Electron-Muon 2.98 ± 0.36 5.20 ± 3.21 0.54 ± 0.18 8.72 ± 3.24 9.14 3
Di-muon 0.70 ± 0.12 2.09 ± 1.69 0.00 ± 0.00 2.80 ± 1.70 3.55 1

All 6.09 ± 0.67 9.45 ± 5.49 2.44 ± 0.76 17.98 ± 5.58 17.06 11

6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The

https://cds.cern.ch/record/2114805
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High HTlep Event

9

Jet 0: 800 GeV

Jet 1: 608 GeV
Jet 2: 303 GeV

Mu 1: 59 GeV

Mu 2: 42 GeV

HTlep ~2.2 TeV
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BACKUP

10
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X5/3 Signal Topology
❖ Pair production:



✦ Governed by QCD processes → 
Model Independent



❖ Decay (consider only 3rd generation 
couplings):



✦ X5/3 → tW+ → b W+ W+



➡ Allows same-sign dilepton 
topology



✦ Events have significant numbers 
of jets and leptons



❖ Three channels:



✦ dielectron, electron-muon, dimuon

11

2 4 Object reconstruction

silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity [9] coverage provided by the bar-
rel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [9].

3 Data and Monte Carlo samples

The data sample used in this analysis corresponds to 2.2 fb�1 of integrated luminosity and was
collected at a center of mass energy of

p
s = 13 TeV. The standard CMS selection of good runs

and luminosity sections was applied.

The X5/3 signal samples were produced with the MADGRAPH 5 [10] and PYTHIA 8 [11] gen-
erators for both left handed (LH) and right handed (RH) coupling scenarios. The CT10 [12]
next-to-leading order (NLO) parton distribution functions (PDF) were used with PYTHIA tune
CUETP8M1 [13]. The resulting events were simulated using the full GEANT4 [14] simulation
of the CMS detector. The full list of signal samples used is given in Table 1 along with their
cross sections [15].

Table 1: X5/3 signal samples and their cross sections. Samples for both LH and RH chiralities
were generated for the different mass points.

X5/3 Mass (GeV) Cross Section [fb]
700 442
800 190
900 88
1000 43
1100 22
1200 11
1300 6.2
1400 3.4
1500 1.9
1600 1.1

Monte Carlo (MC) background processes were produced using MADGRAPH 5, POWHEG v2 [16]
and MG5 AMCNLO (v5 2.2.2) [17]. PYTHIA was used to simulate parton showering, hadroni-
zation, and the underlying event. Next-to-next-to-leading order (NNLO) or NLO cross sections
were used, where available.

For all simulated samples, the additional proton-proton interactions in each bunch crossing
(pileup) were modeled by superimposing generated minimum-bias interactions onto simu-
lated events.

4 Object reconstruction
The analyses described in this note rely on the reconstruction of three types of objects: electrons,
muons and jets. The events are reconstructed using the Particle Flow (PF) approach [18, 19]
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5

X5/3

X5/3
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Background Systematics
❖ NonPrompt: 50%



❖ ChargeMisID: 30%



❖ Same-sign dilepton Standard Model processes



✦ Theory: ~10-50%



✦ Jet Energy Scale (JES): 3-6%



✦ Jet Energy Resolution: 2%



✦ Pileup: 6%



✦ Lepton triggering and reconstruction: 1-3%



✦ Luminosity: 4.6%
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6 5 Same-sign dilepton channel

determined using a data sample enriched in non-prompt leptons. To reduce the contribution of
leptons from W and Z boson decays, we require exactly one loose lepton and reject events with
more than one. We also require at least one jet with pT > 30 GeV and DR > 1.0 relative to the
lepton, Emiss

T < 25 GeV, and MT < 25 GeV where MT is the transverse mass of the lepton and
Emiss

T is the missing transverse energy. We also impose a Z-boson veto and reject events if the
invariant mass of the lepton and any jet is between 81 and 101 GeV. We then obtain fake rates
of 0.298 ± 0.003 and 0.371 ± 0.002 for electrons and muons, respectively. The contribution of
the non-prompt leptons to the total background is then estimated and the results are presented
in Table 4.

We perform a number of cross-checks and closure tests for confirming the validity of this tech-
nique for our analysis. Based on these studies, we assign a 50% systematic uncertainty on
the estimation of backgrounds due to fake leptons. This uncertainty takes into account varia-
tions due to the flavor composition of the background, any potential dependence on kinematic
parameters that alter the background composition (such as Hlep

T ) as well as any potential de-
pendence of the fake rate on h or pT.

5.2 Systematic uncertainties

The main systematic uncertainties in this analysis can be divided into three categories: uncer-
tainties related to the object selection, theoretical uncertainties which affect the normalization
of simulated samples, and uncertainties in our data-driven background estimates. The un-
certainties in our object selection include uncertainties in the efficiency of the trigger, lepton
reconstruction, lepton identification and isolation. These are derived from the Tag-and-Probe
studies mentioned in Sec. 4 and are summarized in Table 2. Lepton identification and isolation
uncertainties are applied per lepton while trigger uncertainties are applied per event. We also
include a 4.6% uncertainty in the luminosity measurement.

Table 2: Details of systematic uncertainties applied for lepton triggering, reconstruction (“ID”),
and isolation (“ISO”).

Source Value Application
Electron ID 1% per electron
Electron ISO 1% per electron
Electron Trigger 3% per event
Muon ID 1% per muon
Muon ISO 1% per muon
Muon Trigger 3% per event
Electron-Muon Trigger 3% per event

The jet energy scale (JES) uncertainties for the background contributions that are obtained from
simulation are summarized in Table 3. Table 3 also includes the overall normalization uncer-
tainty for each simulated background sample. This takes into account the uncertainty in the
cross section and the uncertainty related to the PDFs used to generate the samples. For the rare
backgrounds that have not been measured (well), we assume a conservative normalization un-
certainty of 50%. We also estimate uncertainties due to jet energy resolution (JER) and pileup
by varying the respective quantities in simulation. We see variations of up to 2% for JER and
up to 6% for pileup for some of the simulated background samples. For the signal, the JES, JER
and pileup uncertainties in the acceptance correspond to 3%, 1% and 1%, respectively.

As described in Secs. 5.1.2 and 5.1.3, we also include a 30% uncertainty for the charge misiden-
tification probability and a 50% uncertainty associated with the estimation of the fake lepton

5.3 Results 7

Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 4% 20%
ttZ 3% 12%
ttH 8% 14%
WZ 5% 12%
ZZ 4% 12%

W+W+ 4% 50%
WWZ 4% 50%
WZZ 6% 50%
ZZZ 6% 50%
tttt 6% 50%

background.

5.3 Results

Figure 2 shows the Hlep
T distributions after applying the quarkonia veto, associated Z-boson

veto, primary Z-boson veto, and a requirement of at least two AK4 jets in the event. These
distributions are for illustrative purposes only: the full selection is not applied to them due to
limited statistics. Both statistical and systematic uncertainties are included.

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right handed X5/3 of mass 800 GeV. We find
no significant excess in the data over the background prediction. We proceed to set limits and
calculate both expected and observed limits using the theta [27] package and Bayesian statistics
using a flat prior on the signal. Using the full set of analysis selection criteria and an integrated
luminosity of 2.2 fb�1, we obtain expected/observed limits of 860/950 (820/910) GeV for a
right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
limits for all three channels combined are shown in Fig 3.

Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
non-prompt, and charge misidentification backgrounds as well as observed data events after
the full analysis selection. Also shown are the number of expected events for a right handed
800 GeV X5/3 . The errors include both statistical and systematic uncertainties.

Channel PSS MC NonPrompt ChargeMisID Total Background 800 GeV X5/3 Observed
Di-electron 2.41 ± 0.29 2.16 ± 1.91 1.90 ± 0.60 6.47 ± 2.02 4.38 7

Electron-Muon 2.98 ± 0.36 5.20 ± 3.21 0.54 ± 0.18 8.72 ± 3.24 9.14 3
Di-muon 0.70 ± 0.12 2.09 ± 1.69 0.00 ± 0.00 2.80 ± 1.70 3.55 1

All 6.09 ± 0.67 9.45 ± 5.49 2.44 ± 0.76 17.98 ± 5.58 17.06 11

6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The
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Same-sign NonPrompt Background
❖ NonPrompt background



✦ Instrumental/Fake: Use Tight-Loose Method
1
 which utilizes lepton ‘Prompt’ 

and ‘Fake’ rate



✦ Relates number of events with one or more leptons which pass a loose 
selection (but fail a tighter selection) to number of events with one or 
more fake leptons in signal region



❖ Prompt Rate:



✦ Rate at which real, prompt, loosely selected leptons pass tighter selection 
requirements (those used in analysis to select leptons)



✦ Measured in data using Z peak

13

Lepton Flavor Prompt Rate

Electrons 0.873 +/- 0.001

Muons 0.940 +/- 0.001

1doi:10.1007/JHEP06(2011)077 
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Fake Rate
❖ Fake Rate measured using control sample collected with single lepton 

triggers



❖ Goals for control sample:



✦ Enrich in QCD like events:



➡ Allow only one lepton per event



➡ Require the presence of a jet which is back-to-back with lepton



✦ Remove events which have W-boson or Z-boson in them

14

Lepton Flavor Fake Rate

Electrons 0.298 +/- 0.003

Muons 0.371 +/- 0.002
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Discriminating Variables 1/4
❖ Many SM background 

processes involve picking 
up a lepton from Z-boson



✦ ‘Associated Z-Veto’



➡ Veto any event where 
one lepton in same-
sign pair forms a Z-
boson with lepton 
outside of the pair

15

vs.

 C. Fantasia 12

Backgrounds

 WZ
 Same signature
 Softer spectrum

 ZZ
 Missed lepton 

appears as 3 lepton 
+ ET

Miss
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5

X5/3

X5/3
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Discriminating Variables 2/4
❖ Dilepton Mass:



✦ Dileptons in signal 
events are not from 
resonance



➡ Veto events where 
leptons have low 
invariant mass, or 
reconstruct to Z-
boson
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.
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Discriminating Variables 3/4
❖ Extra W-bosons in event 

compared to ttbar:



✦ Expect larger hadronic 
energy



✦ More final state objects 
in general
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5

X5/3

X5/3
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A The Fake Rate Method583

Note: this description is borrowed from [28], though the method is much older than that.584

Start by defining two types of leptons: tight and loose. Tight leptons must be exactly the same585

as those used in the analysis whereas loose leptons are arbitrary except that they must comprise586

a strict superset of the tight with at least some of the tight requirements loosened. Furthermore,587

define the “prompt rate”, p`, as the probability that a loose, prompt lepton is also tight and the588

“fake rate”, f`, as the probability that a loose, non-prompt lepton is also tight.589

With these definitions in mind, consider events with two loose leptons. The total number of
these events is given by

Nl = Lpp + Lp f + L f p + L f f (1)

where Lpp is the number of events with two prompt leptons, Lp f is the number of events where590

one type of lepton is prompt and the other is non-prompt, L f p is the same but with the the first591

type of lepton prompt and the second non-prompt and L f f is the number with two non-prompt592

leptons. In the case of dielectrons and dimuons, Lp f and L f p can be combined since the leptons593

are identical. The combined value is referred to as Lp f (i.e. L f p is omitted). For the electron-594

muon case, the first index always refers to the electron and the second index to the muon (for595

example, Lp f has a prompt electron and a non-prompt muon).596

Events with two loose leptons can also be classified by the number of tight leptons in the event.
The same total as above is given by

Nl = Nt11 + Nt10 + Nt01 + Nt00 (2)

where Nt11 is the number of events with two tight leptons, Nt01 is with the first type of lepton
tight and the second not tight, Nt10 is with the second type tight and the first not tight and Nt00
is with both leptons loose, but not tight. As with Lp f and L f p, there is no difference between
Nt01 and Nt10 in the dielectron and dimuon cases so they are combined into Nt10. Likewise, in
the electron-muon case, the first index always refers to the muon and the second to the electron.
Using the fake rates from the previous section, the expected numbers of events with various
numbers of tight leptons can be written as:

Nt00 = (1 � p1)(1 � p2)Lpp + (1 � p1)(1 � f2)Lp f + (1 � f1)(1 � p2)L f p + (1 � f1)(1 � f2)L f f

Nt10 = p1(1 � p2)Lpp + p1(1 � f2)Lp f + f1(1 � p2)L f p + f1(1 � f2)L f f

Nt01 = (1 � p1)p2Lpp + (1 � p1) f2Lp f + (1 � f1)p2L f p + (1 � f1) f2L f f

Nt11 = p1 p2Lpp + p1 f2Lp f + f1 p2L f p + f1 f2L f f

These equations can be solved for the numbers of events with prompt and non-prompt leptons:

Lp f = D(� f1 p2Nt00 + (1 � f1)p2Nt10 + f1(1 � p2)Nt01 � (1 � f1)(1 � p2)Nt11)

L f p = D(�p1 f2Nt00 + (1 � p1) f2Nt10 + p1(1 � f2)Nt01 � (1 � p1)(1 � f2)Nt11)

L f f = D(p1 p2Nt00 � (1 � p1)p2Nt10 � p1(1 � p2)Nt01 + (1 � p1)(1 � p2)Nt11).

42 A The Fake Rate Method

where D = 1/((p1 � f1)(p2 � f2)).597

The top partner selection requires two tight leptons. Therefore, the background to this selection
due to non-prompt leptons is given by the sum of Np f = p1 f2Lp f , Nf p = f1 p2L f p and Nf f =
f1 f2L f f . Nxy have the same meaning as Lxy, but with two tight leptons rather than two loose
leptons. If we now apply the assumption pe = pµ = 1 and define the fake rate weight, #` =
f`/(1 � f`), these equations can be simplified to:

Np f = #µNt10 � #e#µNt00 (3)

Nf p = #eNt01 � #e#µNt00

Nf f = #e#µNt00.

for the electron-muon case and to

Np f = #`Nt10 � 2#2
`Nt00 (4)

Nf f = #2
`Nt00. (5)

for the dielectron and dimuon cases.598
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NonPrompt Background
❖ Some part (often dominant) of 

events with two high quality 
(‘tight’) leptons come from events 
with one or more ‘fake’ leptons



❖ Relative sizes of contributions 
depend on:



✦ Prompt Rate



➡ Rate at which prompt 
leptons pass tight ID



✦ Fake Rate



➡ Rate at which fake leptons 
pass tight ID

19

NTT

NPP 

(TTZ, 
CMID, 
X5/3 ? 
etc.)

NFF (QCD)

NPF (ttbar)

Measured in suitable 
control regions and used 

to make prediction for this 
background


