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Roman Kogler Searches with boosted signatures in CMS

Overview
‣ Introduction  

‣ Reconstruction Methods 

‣ Searches at Run 1 

• WW, WZ, ZZ Resonances 

• WH, ZH Resonances 

• tt and tb Resonances 

• Vector-like quarks 

‣ Outlook for Run 2
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Discovery!
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FIG. 1: One-loop 1PI self-energy corrections to the Higgs mass
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FIG. 2: Tadpole feynman diagram with one external Higgs field in the SM

Higgs self-energy is

ΣT
H = −i

3(mH)2

v

i

−(mH)2
T, (7)

where i
−(mH)2 is the propagator of the Higgs boson carrying zero momentum, the Higgs three-point vertex is −i3(mH )2

v ,
with “T” represent feynman diagrams contributions shown in Fig. 2,
Up to one-loop level, the counter-term method requires ΣH(p2) + i(ZH − 1)p2 − i(Z0 − 1)m2

H = 0, combined with
the second formula given in Eq. (4) and the relation Zm = Z−1

H Z0, we can derive renormalization constant of the
Higgs mass (Zm).

C. Renormalization coupling constant Zm and anomalous dimension of the Higgs mass γmH

Scalar momentum integral which can give rise to quadratic divergences involved in self-energy calculations are
shown below and other momentum integrals are listed in section. A
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ddk

(2π)d
1

k2 −m2
= −i
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4π
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1− d/2
+ i

m2

2− d/2
(8)

where two poles 1/(1− d/2) and 1/(2− d/2) are all kept, while when one compute the momentum integration shown
in Eq. (8), one can expand results around d = 2 or d = 4, which give two different pole, when dimension d continued
to “4”, corresponding to four dimensionality physics, then there is no pole at d = 2, which give quadratic divergences
on the complex two dimensional plane in the sense of [1].
Proceeding calculations in DREG and keeping poles 1/(2 − d/2), renormalization constant of the Higgs field can

be calculated,

ZH = 1−
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(ξ − 3) + 3g2t
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, (9)
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Huge success of the SM!
Internally consistent

Many open questions!
Point to new physics?



Roman Kogler Searches with boosted signatures in CMS

BSM Theories
‣ Why is the weak force so much stronger than gravity? 

• Fine tuning of the SM parameters if SM is valid up to the Planck mass

‣ Possible solutions

• SUSY (not covered in this talk)

• Extra Dimensions
- Warped extra dimension models where fermions propagate in the bulk

• Composite Higgs
- Heavy Vector Triplet model with  

new W’±, Z’ states

‣ Contributions to S and T parameters  
should not be too large: 

• extra dimensions, MZ’ > 2-3 TeV 

• Composite Higgs, MW’ > 1-2 TeV
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⇒ Look for heavy resonances!
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Phenomenology Example
‣ Warped extra dimensions on the bulk, EWK KK modes

• increased BR to WLWL, ZLH, tt

• suppressed decays to light quarks and lepton pairs

‣ Also: composite Higgs models with Z’→tt and W’→WZ, WH, tb  
and heavy quark partners B→tW, bH, bZ and T→bW, tH, tZ
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Figure 2: The branching ratios of Z ′ into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode ℓℓ is very small, ranging in

10−3 − 10−4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ′ = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ′ = 2 TeV.

A1 Z̃1 Z̃X1

Γ(GeV) BR Γ(GeV) BR Γ(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7 × 10−3 0.12 10−3 28.5 0.21
ūu 0.28 2.7 × 10−3 0.2 1.7 × 10−3 0.05 4 × 10−4

d̄d 0.07 6.7 × 10−4 0.25 2.2 × 10−3 0.07 5.2 × 10−4

ℓ+ℓ− 0.21 2 × 10−3 0.06 5 × 10−4 0.02 1.2 × 10−4

W+
L W−

L 45.5 0.44 0.88 7.7 × 10−3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.
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Boosted Physics Searches
‣ Principle of resonance searches

‣ Heavy resonances (M ~ 2 TeV):

• decay products with pT ~ 1 TeV

• large γ factor (>3)

• boosted (collimated) final state topology

• min. distance between final state products:

6

t
b

q
q t

e,μ

ν
b

t
e,μ

ν

b

t
b

q

q

wide jet

hadronic decay

leptonic decay

PT

Z’

t

t

~MZ’ M [TeV]

dσ
 /d

M
 [

fb
/T

eV
] continuum SM  

production 

resonant  
production 

⇒ Jets with substructure and non-isolated leptons

�Rmin ⇡ 2m

pT
⇡ 0.2-0.4



Roman Kogler Searches with boosted signatures in CMS

Reconstruction Techniques

7
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PF and PU

‣ PF benefits from all sub-detectors, use the one with best resolution
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Jet reconstruction in CMS 

33 01 Jun 2015 Andreas Hinzmann 
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Non-isolated Leptons
Boosted W,Z decays 

‣ Z→ℓℓ case:  
remove other lepton  
from isolation cone

‣ ℓ+jet case (boosted top):   
use pTrel for separation  
of b,c meson decays in jets
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‣ Discriminate V jets based on substructure variables from q/g

• Pruned jet mass [Ellis et al. PRD81, 094023(2010)]

- remove soft/wide angle radiation

- strongly reduce q/g jet mass

• N-subjetiness ratio τ21 = τ2/τ1 [Thaler et al., JHEP 1103,015(2011)]

- one-step minimisation to obtain best subjet axes

- small N indicates compatibility with N-prong decay  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V Tagging

10

V

q
q’Vjet

N-subjettiness 

12 01 Jun 2015 Andreas Hinzmann 

•  N-subjettiness is a pT-weighted sum over all 
jet constituents of their distance w.r.t. the 
closest of N axes in a jet 

•  Axes obtained by undoing last (N-1) step(s) 
of kT algorithm 
•  Then optimize the axis directions once to 

minimize τN 
•  Small τN indicates compatibility with the 

hypothesis of N axes 

•  Discriminating variable between W-jet 
(initiated from 2 partons) and quark/gluon 
jets (initiated from 1 parton): 

•  Thaler, Tilburg: arXiv:1011.2268 
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[CMS JME-13-007, JHEP 12, 017 (2014)]

Pruned jet mass 

11 01 Jun 2015 Andreas Hinzmann 

•  Improve jet mass resolution by removing 
soft, large angle particles 

•  Strongly reduce the mass of quark/gluon-
jets 

•  Recluster each jet with Cambridge Aachen 
(CA) with R=0.8, requiring that each 
recombination satisfy the following: 

•  Ellis, Vermilion, Walsh: arXiv:0912.0033 
•  Other “grooming” algorithms studied in 

CMS-PAS-SMP-12-019 and 
CMS-PAS-JME-14-002 
•  More in backup! 
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Roman Kogler Searches with boosted signatures in CMS

V Tagging in Data

‣ Validation of substructure observables in  
W+jet, QCD multijet and tt production

‣ ME+PS simulations describe τ21 within 10%

• depends on shower and hadronisation model

‣ Efficiency described within 10% (absolute value depends on τ21 cut)

11

[CMS JME-13-007, JHEP 12, 017 (2014)]

Signal Signature
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Signal signature

Top quarks originating from a heavy resonance decay are produced with large boost 

SM top pair:

Signature:

● one charged lepton

● missing transverse energy (neutrino)

● 4 jets

Boosted tops:

Signature:

● one (often non-isolated) charged 

lepton 

● missing transverse energy

● 2 or more high-energetic jets
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H Tagging in H→bb
‣ Pruned jet mass main discriminator

• mass window [110,135] GeV exclusive to V taggers

‣ (Sub)jet b-tagging powerful tool for discrimination, use:

• subjets if well separated (ΔR>0.3)

• else, R=0.8 jet (at very high pT)
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‣ H→WW*→4q has second highest BR after H→bb

‣ Various combinations of τi possible 

• τ42 best discrimination against q/g/W/Z/H(bb) jets (1 or 2 prong)

‣ distribution of τ42 agrees in shape with simulation, but is shifted 
towards smaller values (similar, but opposite to τ21)

Roman Kogler Searches with boosted signatures in CMS

H Tagging in H→WW*→qqqq

13

H

W*
W

Hjet

42τ-subjettiness ratio N
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
01

0

5

10

15

20

25

30
310×

Data
bq' q→ Wb →Unmatched t 

bq' q→ Wb →Matched t
q/g MADGRAPH+PYTHIA

 4q→ WW* →H 
q'q →W/Z 

 (8 TeV)-119.7 fb

CMS

 < 135 GeVj110 < m
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BR(W/Z/H→XX) Mistag

V(qq) tagger 70%/68% 1.2%

H(bb) tagger 57% 0.5%

H(WW→4q) tagger 10% 1.5%

H(ττ) tagger 6% 0.03%

Comparison of V/H taggers at 35% efficiency

Background rejection of H(bb) better by factor of 2  
w.r.t V(qq) and H(4q) taggers

Dijets
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t Tagging

14

[CMS PAS JME-13-007]

5.3 Algorithm Performance Comparison in Simulation 13
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Figure 4: Mistag rate vs. top-jet tagging efficiency as measured from QCD PYTHIA 6 Monte
Carlo and POWHEG tt Monte Carlo, respectively. In the cases where a jet mass cut is applied,
the cut is not varied and is fixed at 140 < mjet < 250 GeV/c2. N-subjettiness is calculated
using R = 0.8 jets except when used in combination with the HEP Top Tagger in which case
R = 1.5 jets are used. Signal jets are matched to simulated all-hadronic generated top quarks,
while background jets are matched to simulated partons from the hard scatter. Distributions
are shown for three pT selections, where the pT cut is applied to the matched generated parton.

5.3 Algorithm Performance Comparison in Simulation 13

 = 8 TeVsCMS Simulation, 

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 400 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 600 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 800 GeV/c

T
p

CMS Top Tagger
subjet b-tag

2τ/3τN-subjettiness ratio 
CMS + subjet b-tag

 + subjet b-tag2τ/3τCMS + 
HEP Top Tagger

 + subjet b-tag2τ/3τHEP + 
HEP WP0
HEP Comb. WP1
HEP Comb. WP2
HEP Comb. WP3

CMS WP0
CMS Comb. WP1
CMS Comb. WP2
CMS Comb. WP3
CMS Comb. WP4

Figure 4: Mistag rate vs. top-jet tagging efficiency as measured from QCD PYTHIA 6 Monte
Carlo and POWHEG tt Monte Carlo, respectively. In the cases where a jet mass cut is applied,
the cut is not varied and is fixed at 140 < mjet < 250 GeV/c2. N-subjettiness is calculated
using R = 0.8 jets except when used in combination with the HEP Top Tagger in which case
R = 1.5 jets are used. Signal jets are matched to simulated all-hadronic generated top quarks,
while background jets are matched to simulated partons from the hard scatter. Distributions
are shown for three pT selections, where the pT cut is applied to the matched generated parton.

⎫
｜
⎬
｜
⎭⎫⎬⎭

R = 0.8

R = 1.5

5.3 Algorithm Performance Comparison in Simulation 13

 = 8 TeVsCMS Simulation, 

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 400 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 600 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 800 GeV/c

T
p

CMS Top Tagger
subjet b-tag

2τ/3τN-subjettiness ratio 
CMS + subjet b-tag

 + subjet b-tag2τ/3τCMS + 
HEP Top Tagger

 + subjet b-tag2τ/3τHEP + 
HEP WP0
HEP Comb. WP1
HEP Comb. WP2
HEP Comb. WP3

CMS WP0
CMS Comb. WP1
CMS Comb. WP2
CMS Comb. WP3
CMS Comb. WP4

Figure 4: Mistag rate vs. top-jet tagging efficiency as measured from QCD PYTHIA 6 Monte
Carlo and POWHEG tt Monte Carlo, respectively. In the cases where a jet mass cut is applied,
the cut is not varied and is fixed at 140 < mjet < 250 GeV/c2. N-subjettiness is calculated
using R = 0.8 jets except when used in combination with the HEP Top Tagger in which case
R = 1.5 jets are used. Signal jets are matched to simulated all-hadronic generated top quarks,
while background jets are matched to simulated partons from the hard scatter. Distributions
are shown for three pT selections, where the pT cut is applied to the matched generated parton.

Cambridge/Aachen jets

e

x

p

e

c

t

e

d

l

i

m

i

t

s

/ e + µ
c

o

m

b

i

n

a

t

i

o

n

]2 [GeV/cZ'
M

500
1000 1500 2000 2500 3000

 B
R 

[p
b]

× 
σ

up
pe

r l
im

it 
on

 

-210

-110

1

10

210

 l+jets→ t t→Z' 

 = 8 TeVs at 
-1L = 19.7 fb

=1.3 ]NLO

(Z') [ w=1%, K
σ

B2G-12-006 (expected)Expected (95% bayesian)
σ 1±

Expected 

σ 2±
Expected 

]2 [GeV/cZ'
M

500
1000 1500 2000 2500 3000

 B
R 

[p
b]

× 
σ

up
pe

r l
im

it 
on

 

-210

-110

1

10

210

 l+jets→ t t→Z' 

 = 8 TeVs at 
-1L = 19.7 fb

=1.3 ]NLO

(Z') [ w=10%, K
σ

B2G-12-006 (expected)Expected (95% bayesian)
σ 1±

Expected 

σ 2±
Expected 

]2 [GeV/cKK
gM

500
1000 1500 2000 2500 3000

 B
R 

[p
b]

× 
σ

up
pe

r l
im

it 
on

 

-210

-110

1

10

210

 l+jets→ t t→ KK
g

 = 8 TeVs at 
-1L = 19.7 fb

=1.3 ]NLO
) [ KKK

(gσ

B2G-12-006 (expected)Expected (95% bayesian)
σ 1±

Expected 

σ 2±
Expected 

Z Õ semileptonic

May 23, 2014 14 / 15

Roman Kogler

B2G-13-008, Search for tt-resonances

4

02/15/2013

Pre-approval B2G-12-006

3

Signal signature
Top quarks originating from a heavy resonance decay are produced with large boost 

SM top pair:

Signature:
● one charged lepton● missing transverse energy (neutrino)

● 4 jets

Boosted tops:

Signature:
● one (often non-isolated) charged 

lepton 
● missing transverse energy● 2 or more high-energetic jets

p
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b
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lν
b-jet

q q'b-jet
jetjet

p

pt

bt

W+

b W-

lν
b-jet

q
q'

“fat” jet

boosted    l + jets

(partially) merged jets

l+jets analysis
Changes since publication
‣ trigger on electron channel
‣ tag+probe studies for lepton selection efficiency

‣ studies of top-tagging and substructure

‣ categorization of events based on top-tags 

and number of b-tagsResults
‣ narrow Z’: mass limits > 2.1 GeV

Status
‣ all systematic uncertainties implemented 

(conservative estimates)‣ refining analysis for combination



Roman Kogler Searches with boosted signatures in CMS

t Tagging: Performance in Data

‣ Performance study in tt events

• reconstruct leptonic hemisphere using mass constraints and b-tagging

• validate top-tagging on single jet on hadronic hemisphere 

‣ good general agreement, efficiencies described within 10-20%  
(depends on definition of tagger, pT and |η|)
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[CMS PAS JME-13-007]
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VV Resonances
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X V
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‣ Highest BR, highest background

‣ Trigger using HT and Mjj, fully efficient for Mjj > 900 GeV

‣ Vjet selection

• pruned mass: 70 < mpruned < 100 GeV 

• high purity (HP): τ21 < 0.5, low purity: 0.5 < τ21 < 0.75

Roman Kogler Searches with boosted signatures in CMS

VV → (qq) (qq)

17

p p
V

V

q
q’

q
q’

Vjet

Vjet

[EXO-12-024, JHEP08, 173 (2014)]
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VV → (qq) (qq)

18

‣ four categories (HP, LP)

• single Vjet, sensitive to q*→qV

• double Vjet, sensitive to X→VV

‣ parametrise background with smoothly  
falling function

• rely on data only, not affected by  
mismodelling in simulation

• sensitivity to bumps

• no sensitivity to enhancements

‣ corrections for  
signal efficiency  
obtained in tt  
control region

[EXO-12-024, JHEP08, 173 (2014)]
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Signal signature

Top quarks originating from a heavy resonance decay are produced with large boost 

SM top pair:

Signature:

● one charged lepton

● missing transverse energy (neutrino)

● 4 jets

Boosted tops:

Signature:

● one (often non-isolated) charged 

lepton 

● missing transverse energy

● 2 or more high-energetic jets
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WV → ℓν (qq)
‣ Trigger high pT lepton: pT > 80 (40) GeV for e (μ) 

‣ Reconstruct one W from lepton and ETmiss

‣ Second W reconstructed from V-tagged jet 

‣ W+jets background estimated from lower jet mass side-band  
(α method)

19

[EXO-13-009, JHEP08, 174 (2014)]
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‣ Follow similar strategy as in ℓν channel 
‣ Dilepton triggers (reach lower MVV)

‣ Remove other lepton from isolation cone

‣ Higher purity but less sensitivity due to smaller BR
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ZV → ℓℓ (qq)
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[EXO-13-009, JHEP08, 174 (2014)]
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Combination of VV Searches

21
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‣ Highest sensitivity 
from ℓν+jet channel  

‣ Sensitivity of Jet+Jet 
channel comparable 
at high mass

‣ ℓℓ+jet channel 
reaches lower mass

‣ Combination 
improves sensitivity 
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[EXO-13-009, JHEP08, 174 (2014)]



Roman Kogler Searches with boosted signatures in CMS

Combination of VV Searches
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ATLAS VV → (qq) (qq)
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in

16

ATLAS dijet search,  
similar to CMS one  

‣ 3.4σ (local) at M = 2 TeV  
(2.5σ global)

‣ also analysed WW and ZZ 
channels, but highly correlated

‣ 84 citations since June  
(~15 per month) 

• rather exceptional for an 
experimental publication 
(except the H discovery)

• many interpretations  
(left-right models, VLQs, 
SUSY, extra dimensions, 
2HDM,…)

[ATLAS EXOT-2013-08, arXiv:1506.00962]
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present the results in terms of p0 values, best fit points, and confidence regions at 68% and
90% CL.

II.1. Vector boson pair production

WW resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 11.1 19.6 1.2 5.2
CMS hadronic [9] 12.2 17.9 1.0 6.0
ATLAS single lepton [6] 13.2 12.4 0.0 0.0
CMS single lepton [5] 7.2 8.1 0.3 1.2

Table I. Expected and observed limits, significance of any excess present, and the potential signal
cross section for WW pair production at 1.8 TeV. Values may di↵er from those reported in the
experimental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on
the resolution and binning of the selected analysis.

WZ resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 14.2 25.8 2.4 6.9
CMS hadronic [9] 11.9 17.5 1.0 5.8
ATLAS single lepton [6] 27.6 25.7 0.0 0.0
CMS single lepton [5] 14.9 16.8 0.3 2.4
ATLAS double lepton [7] 19.5 28.9 0.3 4.1
CMS double lepton [5] 14.4 27.4 1.5 10.0

Table II. Expected and observed limits, significance of any excess present, and the potential signal
cross section for WZ production at 1.8 TeV. Values may di↵er from those reported in the exper-
imental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on the
resolution and binning of the selected analysis.

The relevant searches targeting the resonant production of a pair of vector bosons ei-
ther require both bosons to decay hadronically [1, 5] or one boson leptonically [5–7]. Un-
fortunately, branching ratio suppression dictates that searches where both bosons decay
leptonically are currently uncompetitive.

In this set of analyses, the ATLAS fully hadronic search presently contains the largest
single excess with 3.4 � reported by the experiment for an invariant mass of 2.0 TeV. Our cut-
and-count analysis focuses on a slightly lower invariant mass window, leading to a reduced
peak significance of 2.4 �, see Tab. II. In order to fit the di↵erent final states we make use of
the fact that the analysis has a mild discrimination between W and Z bosons based on the
invariant mass of a reconstructed ‘fat jet’. This leads to a slight preference for either a WZ

Simple fit of observed events vs. expected 
‣ use data around M = 1.8 TeV (no correlations)

comparable  
sensitivity

5

ZZ resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 9.7 25.2 1.3 8.1
CMS hadronic [9] 11.7 17.1 1.0 5.7
ATLAS double lepton [7] 9.5 14.1 0.3 2.0
CMS double lepton [5] 7.0 13.4 1.5 4.9

Table III. Expected and observed limits, significance of any excess present, and the potential signal
cross section for Z pair production at 1.8 TeV. Values may di↵er from those reported in the
experimental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on
the resolution and binning of the selected analysis.
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Figure 1. p values for a 1.8 TeV resonance decaying into a combination of WZ and WW pairs
(left), or ZZ and WW pairs (right). The 68% (90%) preferred region is shown with a solid (dotted)
line. The star represents the best fit point.

or ZZ final state to explain the excess present with a cross section of ⇠ 7� 8 fb, see Tab. II
and III. Since a smaller peak is seen in the purely WW channel, a smaller cross section of
⇠ 5 fb is found for this channel, see Tab. I. We again note that many of the events seen in
the excess region are shared between all three final states; thus the total cross section in the
excess region is substantially smaller than if we simply sum the three fitted cross sections
together.

The CMS fully hadronic analysis search is very similar and also finds an excess in the
same mass range, although with a slightly smaller signal of ⇠ 1 �, see Tab. I – III. In this
analysis no real preference is seen for any of the di↵erent final states and a cross section of
⇠ 6 fb fits all three equally well.

More discrimination of the final states is available by using the semi-leptonic searches.
Here, the one-lepton analyses require that aW boson is present while the two-lepton searches
reconstruct at least one Z boson. If we first examine the one-lepton searches we see that no
excess is seen by ATLAS [6], while CMS [5] only has a very mild excess of ⇠ 0.3�. These
searches place a significant constraint on the WW final state with CMS in particular giving

Combination of all channels 

‣ σ × BR(X→WZ) ≈ 6 fb−1

‣ while σ × BR(X→WW) ≈ 0 fb−1

‣ within about 2σ of SM

‣ what about HV and tb final states?

[J. Brehmer et al., arXiv:1507.00013]
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present the results in terms of p0 values, best fit points, and confidence regions at 68% and
90% CL.

II.1. Vector boson pair production

WW resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 11.1 19.6 1.2 5.2
CMS hadronic [9] 12.2 17.9 1.0 6.0
ATLAS single lepton [6] 13.2 12.4 0.0 0.0
CMS single lepton [5] 7.2 8.1 0.3 1.2

Table I. Expected and observed limits, significance of any excess present, and the potential signal
cross section for WW pair production at 1.8 TeV. Values may di↵er from those reported in the
experimental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on
the resolution and binning of the selected analysis.

WZ resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 14.2 25.8 2.4 6.9
CMS hadronic [9] 11.9 17.5 1.0 5.8
ATLAS single lepton [6] 27.6 25.7 0.0 0.0
CMS single lepton [5] 14.9 16.8 0.3 2.4
ATLAS double lepton [7] 19.5 28.9 0.3 4.1
CMS double lepton [5] 14.4 27.4 1.5 10.0

Table II. Expected and observed limits, significance of any excess present, and the potential signal
cross section for WZ production at 1.8 TeV. Values may di↵er from those reported in the exper-
imental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on the
resolution and binning of the selected analysis.

The relevant searches targeting the resonant production of a pair of vector bosons ei-
ther require both bosons to decay hadronically [1, 5] or one boson leptonically [5–7]. Un-
fortunately, branching ratio suppression dictates that searches where both bosons decay
leptonically are currently uncompetitive.

In this set of analyses, the ATLAS fully hadronic search presently contains the largest
single excess with 3.4 � reported by the experiment for an invariant mass of 2.0 TeV. Our cut-
and-count analysis focuses on a slightly lower invariant mass window, leading to a reduced
peak significance of 2.4 �, see Tab. II. In order to fit the di↵erent final states we make use of
the fact that the analysis has a mild discrimination between W and Z bosons based on the
invariant mass of a reconstructed ‘fat jet’. This leads to a slight preference for either a WZ

Simple fit of observed events vs. expected 
‣ use data around M = 1.8 TeV (no correlations)

comparable  
sensitivity

5

ZZ resonance analyses

Analysis Expected Observed Excess Fitted cross
95% CLs [fb] 95% CLs [fb] significance [�] section [fb]

ATLAS hadronic [1] 9.7 25.2 1.3 8.1
CMS hadronic [9] 11.7 17.1 1.0 5.7
ATLAS double lepton [7] 9.5 14.1 0.3 2.0
CMS double lepton [5] 7.0 13.4 1.5 4.9

Table III. Expected and observed limits, significance of any excess present, and the potential signal
cross section for Z pair production at 1.8 TeV. Values may di↵er from those reported in the
experimental papers since we integrate over signal regions in the vicinity of 1.8 TeV depending on
the resolution and binning of the selected analysis.
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Figure 1. p values for a 1.8 TeV resonance decaying into a combination of WZ and WW pairs
(left), or ZZ and WW pairs (right). The 68% (90%) preferred region is shown with a solid (dotted)
line. The star represents the best fit point.

or ZZ final state to explain the excess present with a cross section of ⇠ 7� 8 fb, see Tab. II
and III. Since a smaller peak is seen in the purely WW channel, a smaller cross section of
⇠ 5 fb is found for this channel, see Tab. I. We again note that many of the events seen in
the excess region are shared between all three final states; thus the total cross section in the
excess region is substantially smaller than if we simply sum the three fitted cross sections
together.

The CMS fully hadronic analysis search is very similar and also finds an excess in the
same mass range, although with a slightly smaller signal of ⇠ 1 �, see Tab. I – III. In this
analysis no real preference is seen for any of the di↵erent final states and a cross section of
⇠ 6 fb fits all three equally well.

More discrimination of the final states is available by using the semi-leptonic searches.
Here, the one-lepton analyses require that aW boson is present while the two-lepton searches
reconstruct at least one Z boson. If we first examine the one-lepton searches we see that no
excess is seen by ATLAS [6], while CMS [5] only has a very mild excess of ⇠ 0.3�. These
searches place a significant constraint on the WW final state with CMS in particular giving

Combination of all channels 

‣ σ × BR(X→WZ) ≈ 6 fb−1

‣ while σ × BR(X→WW) ≈ 0 fb−1

‣ within about 2σ of SM

‣ what about HV and tb final states?

[J. Brehmer et al., arXiv:1507.00013]

 1) Should we be excited about this? 
     Intriguing, since upward fluctuations in several channels, BUT:  
     • the fluctuations are small 
     • the “signal” is not visible in all channels  
     • nothing in most sensitive channel (ℓν+jet) 

 2) Should I try to explain this with a new BSM theory? 
     If you like…
 
 3) Will you follow up in Run 2?
     Definitely! We will know more with 3-5 fb−1 at 13 TeV!
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VH→(qq)(bb) or (qq)(qqqq)
‣ Fraction of H→bb events failing b-tagging,  

but passing τ42 selection non-negligible  
since BR(H→bb) > BR(H→WW→qqqq)

• Need to consider all possible Higgs decays in analysis

• Check for H→bb tag before H→WW→qqqq tag

‣ analysis similar to VV→jet+jet case
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‣ Analysis similar to WV→ℓν Vjet 

• Background estimate from lower Mjet sideband region

• Extrapolation of MWH shape to signal region (α method)

‣ See 3 events at MWH ~ 1.8 TeV (< 0.3 expected)

• nothing in μ channel
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WH→ (ℓν) (bb)
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H!ττ-tagging 

26 01 Jun 2015 Andreas Hinzmann 

•  Main discriminator of taus against q/g-jets is MVA-
based isolation summing reconstructed particle 
energies in various cones around tau decay 
products 
•  Decay products of one excluded from isolation 

cone of other tau forming the H!ττ 
 
•  Higgs mass reconstructed from visible tau decay 

products and missing transverse energy 
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‣ take all decay modes into account

• main discriminator of τhad vs q/g is MVA based isolation,  
summing energies of particles around cones of τ decay products

• remove decay products of other τ from isolation cone

H!ττ-tagging 
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•  Main discriminator of taus against q/g-jets is MVA-
based isolation summing reconstructed particle 
energies in various cones around tau decay 
products 
•  Decay products of one excluded from isolation 

cone of other tau forming the H!ττ 
 
•  Higgs mass reconstructed from visible tau decay 

products and missing transverse energy 
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ZH→(qq) (τ+τ−)

29

p p
H

Z

q
q’

τ−
τ+

Vjetdecay mode BR[%]
τ→eνν 17.8
τ→μνν 17.4
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Z’→tt  ℓ+Jets Resolved

Conventional analysis

‣ 1 isolated lepton

‣ 4 jets, at least on b-tag

Reconstruction of tt system

31

Signal Signature

3Roman Kogler Approval B2G-12-006

02/15/2013 Pre-approval B2G-12-006 3

Signal signature

Top quarks originating from a heavy resonance decay are produced with large boost 

SM top pair:

Signature:

● one charged lepton

● missing transverse energy (neutrino)

● 4 jets

Boosted tops:

Signature:

● one (often non-isolated) charged 

lepton 

● missing transverse energy

● 2 or more high-energetic jets
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5 The tt Event Reconstruction
The reconstruction of tt candidates begins by assigning the final-state objects in each event to
either the leptonic or hadronic side of the tt decay. We first assign the charged lepton and Emiss

T
to the leptonic side of the event, where Emiss

T is taken to be the transverse component of the neu-
trino’s momentum. We then form a quadratic equation for the longitudinal component of the
neutino’s momentum using the invariant mass of the lepton and neutrino, which is constrained
to the W boson mass (80.4 GeV). If two solutions are found for the neutrino momentum, hy-
potheses are built for both cases, effectively increasing the number of combinations for that
event by a factor of two. Given several possibilities, we chose the best hypothesis based on its
c2 value, as explained below.

In the threshold analysis, four or more jets are considered. The choices of neutrino solution and
jet association are made simultaneously by forming a c2 of the fit, where c2 is defined as

c2 = c2
m(tlep) + c2

m(thad) + c2
m(whad) + c2

pT(tt)
. (1)

The individual c2 terms have the form

c2
x = (xmeas � xMC)

2/s2
MC, (2)

where the individual terms are

• c2
m(tlep): Mass of the leptonic top quark.

• c2
m(thad): Mass of the hadronic top quark.

• c2
m(whad): Mass of the hadronic W boson.

• c2
pT(tt)

: Transverse momentum of the tt system.

The central values and widths used in the c2 calculation are obtained from the distributions of
these quantities in the Monte Carlo simulation for tt events, and are found to be very similar
in Z0 MC events. The b-tagged jets must be associated to a b quark in the decay chain. This
requirement reduces the number of possible combinations. The combination with the smallest
value of c2 is chosen for each event. Approximately 80% of jets are assigned correctly to the
W boson and the b quarks in simulated tt events for which the four jets in the decay chain are
reconstructed.

In the boosted analyses, we follow the technique used in our previous publication [28] and
consider all mass hypotheses that have exactly one jet assigned to the leptonic side, and at least
one jet assigned to the hadronic side. We construct a two-term c2 defined as

c2 = c2
m(tlep) + c2

m(thad), (3)

including the invariant masses of the reconstructed leptonic and hadronic top quark, respec-
tively. The combination with the smallest value of c2 (labeled c2

min) is chosen for each event.
We require c2

min < 10 for both channels, which rejects most of the W+jet background and max-
imizes the sensitivity on the expected limits. Finally, we categorize events according to the
number of b-tagged jets as either events with zero b-tagged jets, or with at least one b-tagged
jet.

The fraction of simulated semileptonic signal events passing the threshold selection varies be-
tween 7 and 13% for resonance masses between 0.6 and 1.5 TeV. For the boosted selection, the
fraction varies from 13 to 24% for resonance masses between 1 and 3 TeV.
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with

Background

‣ continuously falling function

Signal

‣ fit to MC templates



Selection of two non-isolated leptons (ee, eμ, μμ)

‣ 1 tight or 2 loose b-tagged jets

‣ control tt background in sideband region,  
defined by ΔRmin(ℓ2,jet) > 1.5

Roman Kogler Searches with boosted signatures in CMS
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26 8 Results

Figure 12: Upper limits on the production cross section times branching ratio versus mass for
narrow width Z0 (top left), wide width Z0 (top right) and gKK (bottom) signal. Also shown are
the theoretical predictions [4, 12, 38].
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dilepton analysis

3

Non-isolated dilepton selection

‣ ee, μμ, eμ channels

‣ one CSVM or two CSVL tags

‣ selection in ΔR(l,jets): boosted topology

‣ limits using template shapes of ST(l1l2j1j2ET)

Results

‣ narrow Z’: mass limits >1.45 GeV

Status

‣ pre-approval at May 13th

‣working on homework, 
ARC review to start soon

‣ aim: PAS available in about one month

sideband

signal

[PAS-B2G-12-007, B2G-13-008, arXiv:1506.03062]



‣ Cascading selection with non-isolated lepton

• highly boosted events with 1 CMS t-tagged jet

• χ2 discriminator: select partially resolved and 
merged hadronic decays

‣ Mistag rate of t-tagged jets from W+jets sideband
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Signal signature

Top quarks originating from a heavy resonance decay are produced with large boost 

SM top pair:

Signature:

● one charged lepton

● missing transverse energy (neutrino)

● 4 jets

Boosted tops:

Signature:

● one (often non-isolated) charged 

lepton 

● missing transverse energy

● 2 or more high-energetic jets
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boosted    
l + jets

(partially) merged jets

l+jets analysis

Changes since publication

‣ trigger on electron channel

‣ tag+probe studies for lepton selection efficiency

‣ studies of top-tagging and substructure

‣ categorization of events based on top-tags 
and number of b-tags

Results

‣ narrow Z’: mass limits > 2.1 GeV

Status

‣ all systematic uncertainties implemented 
(conservative estimates)

‣ refining analysis for combination

Nt-tag = 1 Nt-tag = 0
Nb-tag = 0

[B2G-13-008, arXiv:1506.03062]



Roman Kogler Searches with boosted signatures in CMS

Z’→tt Fully Hadronic
‣ 2 CA jets, back-to-back

• R=0.8, pT > 400 GeV: CMS t tagger

• R=1.5, pT > 200 GeV: HEPTopTagger

‣ QCD multijet background estimation from  
mistag rate in sideband region (inverted mass criteria)

• mistag rate depends on pT, τ32 and b-tag discriminator
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Figure 45: Expected and Observed limits on the cross section for RS KK Gluon production (top
left), narrow Z’ production (top right), and wide Z’ production (bottom). These results are for
the combination of the CMSTT and HEPTT analyses.

the CMSTT analysis is most sensitive.695

Figure 45 shows the limit plots for the combination of the two analysis selections. We also show696

the results numerically in Table 22.697

8.3 Nuisance Parameter Values698

During limit setting, the likelihood fit is performed to determine the best values for each of the699

nuisance parameters applied to the input templates. We can extract these values at the maxi-700

mum of the likelihood to see how various uncertainties are constrained, and to what degree,701

during the limit setting procedure. Figure 46 shows the post-fit central value and post-fit er-702

ror on each of the uncertainties applied to the analysis. The values shown are in units of one703

standard deviation of the input size of the uncertainty. For example, if the point is at 0.5 ± 0.2704

sigma, this means the best value for that uncertainty is to shift up by 50% of the 1-sigma in-705

put value, and the fit can constrain the error to be 0.2 sigma of the input value. Because we706

have many orthogonal signal regions, we use the different background compositions in each to707

constrain the backgrounds more strongly.708

Roman Kogler B2G-13-008, Search for tt-resonances

all-hadronic analysis

5

jet with top-tag

jet with top-tag

Changes since publication

‣ subjet b-tagging and substructure cut
(Nsubjettiness)

‣ HEP Top Tagger analysis to increase sensitivity 
in low-mass region

‣ new background estimation in different categories

‣ categorization on |y| and number of b-tags

Results

‣ narrow Z’: mass limits > 2.2 GeV

Status

‣ finalizing systematic uncertainties

‣ updating documentation, answering 
questions from first review

[B2G-13-008, arXiv:1506.03062]
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Figure 45: Expected and Observed limits on the cross section for RS KK Gluon production (top
left), narrow Z’ production (top right), and wide Z’ production (bottom). These results are for
the combination of the CMSTT and HEPTT analyses.

the CMSTT analysis is most sensitive.695

Figure 45 shows the limit plots for the combination of the two analysis selections. We also show696

the results numerically in Table 22.697

8.3 Nuisance Parameter Values698

During limit setting, the likelihood fit is performed to determine the best values for each of the699

nuisance parameters applied to the input templates. We can extract these values at the maxi-700

mum of the likelihood to see how various uncertainties are constrained, and to what degree,701

during the limit setting procedure. Figure 46 shows the post-fit central value and post-fit er-702

ror on each of the uncertainties applied to the analysis. The values shown are in units of one703

standard deviation of the input size of the uncertainty. For example, if the point is at 0.5 ± 0.2704

sigma, this means the best value for that uncertainty is to shift up by 50% of the 1-sigma in-705

put value, and the fit can constrain the error to be 0.2 sigma of the input value. Because we706

have many orthogonal signal regions, we use the different background compositions in each to707

constrain the backgrounds more strongly.708

Roman Kogler B2G-13-008, Search for tt-resonances

all-hadronic analysis

5

jet with top-tag

jet with top-tag

Changes since publication

‣ subjet b-tagging and substructure cut
(Nsubjettiness)

‣ HEP Top Tagger analysis to increase sensitivity 
in low-mass region

‣ new background estimation in different categories

‣ categorization on |y| and number of b-tags

Results

‣ narrow Z’: mass limits > 2.2 GeV

Status

‣ finalizing systematic uncertainties

‣ updating documentation, answering 
questions from first review

Roman Kogler Searches with boosted signatures in CMS

Z’→tt Fully Hadronic

‣ Categorization of events

• low and high mass, HT, |Δy| and Nbtag

‣ Estimation of t-tagging efficiency correction

• combined maximum-likelihood with lepton+jets channel
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boosted searches better

Observed limits: no significant deviations from expected

Exclude gKK → tt for MgKK < 2.8 TeV (2.7 expected)

[B2G-13-008, arXiv:1506.03062]
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Background prediction  
‣ Verified in sideband regions for W+jets and tt 

Exclusion limits
‣ M(W’R) > 2.03 TeV (2.09 TeV expected)
‣ Limits for left- and right-handed couplings 
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W’→tb ℓ+Jets Resolved
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Changes since publication

‣ trigger on electron channel

‣ tag+probe studies for lepton selection efficiency

‣ studies of top-tagging and substructure

‣ categorization of events based on top-tags 
and number of b-tags

Results

‣ narrow Z’: mass limits > 2.1 GeV

Status

‣ all systematic uncertainties implemented 
(conservative estimates)

‣ refining analysis for combination
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Figure 45: Expected and Observed limits on the cross section for RS KK Gluon production (top
left), narrow Z’ production (top right), and wide Z’ production (bottom). These results are for
the combination of the CMSTT and HEPTT analyses.

the CMSTT analysis is most sensitive.695

Figure 45 shows the limit plots for the combination of the two analysis selections. We also show696

the results numerically in Table 22.697

8.3 Nuisance Parameter Values698

During limit setting, the likelihood fit is performed to determine the best values for each of the699

nuisance parameters applied to the input templates. We can extract these values at the maxi-700

mum of the likelihood to see how various uncertainties are constrained, and to what degree,701

during the limit setting procedure. Figure 46 shows the post-fit central value and post-fit er-702

ror on each of the uncertainties applied to the analysis. The values shown are in units of one703

standard deviation of the input size of the uncertainty. For example, if the point is at 0.5 ± 0.2704

sigma, this means the best value for that uncertainty is to shift up by 50% of the 1-sigma in-705

put value, and the fit can constrain the error to be 0.2 sigma of the input value. Because we706

have many orthogonal signal regions, we use the different background compositions in each to707

constrain the backgrounds more strongly.708
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all-hadronic analysis

5

jet with top-tag

jet with top-tag

Changes since publication

‣ subjet b-tagging and substructure cut
(Nsubjettiness)

‣ HEP Top Tagger analysis to increase sensitivity 
in low-mass region

‣ new background estimation in different categories

‣ categorization on |y| and number of b-tags

Results

‣ narrow Z’: mass limits > 2.2 GeV

Status

‣ finalizing systematic uncertainties

‣ updating documentation, answering 
questions from first review

p p
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W’→tb Fully Hadronic

‣ QCD multijet background  
from sideband

• Nsubjets < 3, no b-tag on ak5 jet

• other kinematics unchanged

‣ Similar sensitivity as l+jets channel

‣ Combination with lepton+jets channel

38

[B2G-12-009, arXiv:1509.06051]

1 anti-kT jet R = 0.5 (ak5)  
b-tag and mjet < 70 GeV

1 CMS t-tagged jet:  
pT > 450 GeV, τ32 < 0.55, subjet b-tag
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Table 4: Branching fractions considered in the scan (first three columns) and the resulting ex-
pected and observed limits on the mass of the T, in GeV/c2. Only combinations for which a
non-null observed limit is found are reported. When the limit lies outside the scanned mass
region between 500 GeV/c2 and 1000 GeV/c2, < 500 is indicated.

bW tZ tH Observed limit Expected limit Expected±1s Expected±2s

0.0 0.3 0.7 594 655 [<500,752] [<500,792]
0.0 0.2 0.8 680 679 [529,769] [<500,822]
0.0 0.1 0.9 699 688 [574,782] [<500,841]
0.0 0.0 1.0 747 701 [581,797] [<500,864]
0.1 0.2 0.7 560 638 [<500,729] [<500,796]
0.1 0.1 0.8 634 667 [<500,764] [<500,820]
0.1 0.0 0.9 680 681 [550,778] [<500,836]
0.2 0.0 0.8 608 641 [<500,751] [<500,805]

11 Conclusion

A search for heavy resonances decaying to top quarks and Higgs bosons has been performed.
The benchmark model is a heavy vector-like T quark which is allowed to decay into bW, tZ and
tH. For the first time, a search is presented for vector-like quarks in the all-hadronic final state.
The analysis makes use of jet substructure techniques such as top tagging, subjet b-tagging and
Higgs tagging. If the heavy T quark has an exclusive branching ratio BR(T ! tH) = 100%,
the observed (expected) exclusion limit on the mass of the T quark is 747 GeV/c2 (701 GeV/c2)
after analysing 19.7 fb�1 of integrated luminosity of proton-proton collision data collected atp

s = 8 TeV. In addition, limits have been derived for non-exclusive branching ratios.
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Figure 8: HT (left) and Higgs-candidate mass (right) for the multi Higgs-tag category. The QCD
background (blue) is derived from data. The tt background is derived from simulation. The
hypothetical signal is shown by the coloured lines for three different mass points: 500, 700 and
1000 GeV. The hatched error bands in the stack plots show the quadratic sum of all systematic
and statistical uncertainties on the background. In the ratio plot, the statistical uncertainties on
the background are depicted by the darker grey central band, while the outer light grey band
shows the systematic uncertainties and statistical uncertainties added in quadrature.

[B2G-14-002, arXiv:1503.01952]

All-hadronic analysis in t+H channel 
‣ Special substructure analysis 

• 1 HEP top-tagger jet and 1 or 2 H→bb jets
• Analysis possible because of subjet b-tagging

‣ Exclusion limits:  MT < 747 (701) GeV for 100% BR T→t+H

T
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Figure 45: Expected and Observed limits on the cross section for RS KK Gluon production (top
left), narrow Z’ production (top right), and wide Z’ production (bottom). These results are for
the combination of the CMSTT and HEPTT analyses.

the CMSTT analysis is most sensitive.695

Figure 45 shows the limit plots for the combination of the two analysis selections. We also show696

the results numerically in Table 22.697

8.3 Nuisance Parameter Values698

During limit setting, the likelihood fit is performed to determine the best values for each of the699

nuisance parameters applied to the input templates. We can extract these values at the maxi-700

mum of the likelihood to see how various uncertainties are constrained, and to what degree,701

during the limit setting procedure. Figure 46 shows the post-fit central value and post-fit er-702

ror on each of the uncertainties applied to the analysis. The values shown are in units of one703

standard deviation of the input size of the uncertainty. For example, if the point is at 0.5 ± 0.2704

sigma, this means the best value for that uncertainty is to shift up by 50% of the 1-sigma in-705

put value, and the fit can constrain the error to be 0.2 sigma of the input value. Because we706

have many orthogonal signal regions, we use the different background compositions in each to707

constrain the backgrounds more strongly.708
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Changes since publication

‣ subjet b-tagging and substructure cut
(Nsubjettiness)

‣ HEP Top Tagger analysis to increase sensitivity 
in low-mass region

‣ new background estimation in different categories

‣ categorization on |y| and number of b-tags

Results

‣ narrow Z’: mass limits > 2.2 GeV

Status

‣ finalizing systematic uncertainties

‣ updating documentation, answering 
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[PAS B2G-12-013, PAS B2G-12-017, B2G-12-015 PLB 279, 149 (2014), B2G-13-005, arXiv:1509.04177]

Inclusive lepton analyses 
‣ Single-lepton channel

• Hadronic W-tag and top-tagging
• Kinematic fit for reconstruction
• BDT for best overall sensitivity

‣ Multi-lepton channel
• Counting experiment in high ST region

All-hadronic analysis 
‣ 2 V-tagged jets, 1 or 2 b-tagged jets

‣ Combination: sensitivity for 
bW, tZ and tH final states

‣ Exclusion limits:  
between 790 and 890 GeV

22 8 Summary

versus T quark mass distributions shown in Fig. 8. The results are visualized graphically in the
triangular plane of branching fractions in Fig. 9. The numerical upper limits on the T quark
production cross section are given in Table 18 for a full range of branching fractions and the
numerical results of the limits on the mass of the T quark are given in Table 19. A different
visualization of the mass limits is presented in Fig. 10.
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Figure 9: Expected (left) and observed (right) 95% CL limits of the combined analysis, visual-
ized in a triangle representing the branching fractions of the T quark decay.
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Figure 10: Expected (left) and observed (right) 95% CL limits of the combined analysis, for
combinations of branching fractions to tH, tZ, and bW. The branching fraction to tZ is not
explicitly reported, since it is given by 1 � B(tH)� B(bW).

Depending on the assumed branching fractions, the expected limits lie between 790 and 890 GeV,
while the observed limits are in a range between 720 and 920 GeV. In much of the triangular
plane of branching fractions these are the most stringent limits on T quark pair production to
date.

8 Summary
A search for pair production of vector-like T quarks of charge 2/3 has been performed. In most
models the hypothetical T quark has three decay modes: T ! tH, T ! tZ, and T ! bW. The
following five distinct topologies have been investigated: inclusive lepton events covering all
possible decay modes, single-lepton events optimized to find T ! bW decays, all-hadronic
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Harvest of Run 1
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‣ Various methods are studied for pileup mitigation in Run 2

‣ Example: PUPPI (PileUp Per Particle Identification)

• Use knowledge of origin of PU charged particles to deduce 
information on neutral PU component

• Reweight neutrals according to their probability to originate from PU

‣ Intuitive correction for jet substructure observables
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PU in Run 2
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Figure 1: The distribution of ↵
i

, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F

i

(left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C

i

(right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

p

T

> 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

charged particles from the leading vertex as a proxy for all particles from the leading vertex.

To be explicit, in the central region the sum in Eq. (2.1) can be decomposed as

X

j

=
X

j2Ch,PU

+
X

j2Ch,LV

+
X

j2Neutral

, (2.2)

where Ch,PU refers to charged pileup, Ch,LV refers to charged particles from the leading

vertex, and Neutral refers to all neutral particles both from pileup and the leading vertex.

This leads to defining two versions of ↵ for when tracking information is and is not available.

↵

C

i

= log
X

j2Ch,LV

⇠

ij

⇥(R
min

 �R

ij

 R

0

), (2.3)

↵

F

i

= log
X

j2event
⇠

ij

⇥(R
min

 �R

ij

 R

0

). (2.4)

Notice that ↵F

i

⌘ ↵

i

in Eq. (2.1). Here it is renamed to stress the fact that we use this version

of ↵
i

in the forward region of the detector, as opposed to ↵

C

i

which is used in the central

region. E↵ectively, when tracking information is not available, we assume all particles in the

sum are from the leading vertex. While there are noise contributions from pileup, these are

suppressed relative to contributions from leading vertex particles by the p
Tj

in the numerator.

Thus the algorithm can still assign weights in regions where there is no tracking.

Fig. 1 (right) shows the distributions of ↵C . When there are no particles from the leading

vertex around particle i to sum over, formally ↵

i

! �1. In these cases the particle is assumed

– 5 –

[PAS PAS JME-14-001]

[Bertolini et al. ,  JHEP 1410, 59 (2014)]

PUPPI
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V Tagging in Run 2
‣ Jet pT > 1.5 TeV: tracking resolution and efficiency degrade, such that 

ECAL and HCAL dominate jet substructure reconstruction 

‣ Extend particle flow algorithm 

• use fine ECAL granularity to determine multiplicity of hadrons in jet

• Split hadron excess energy in ECAL+HCAL according to direction 
and energy distribution of ECAL clusters (“split PF neutrals”)

‣ New tool: Softdrop for mass reconstruction and subjet finding
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5.3 Performance studies 13

decays is fragmented and has high off-axis energy dispersion due to the presence of two hard
legs, the QGL tags signal jets as more gluon-like than quark-like. This is expected as typical
gluon showers are wider and more fragmented than quark showers.
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Figure 8: Jet mass for a large cone jet groomed with soft-drop method in a region dominated
by tt events. The grooming algorithms used have a value of b = 0 (top-left), b = 2 (top-right),
b = �1 (bottom-left). For the signal region where b = �1, the first mass bin is removed. For
comparison, the Z + jets background region is shown for b = �1 (bottom-right). The contri-
bution from single top, W/Z + jets and di-boson events has been considered in the simulation
and is reported as ”Other bkgs.”

5.3 Performance studies

First, to understand which variables are the most interesting for the construction of a V tagger,
the performance curve for each variable are shown in Figure 10. To compute the curves, signal
jets are taken from simulation and background jets from the Z + jets sample in data. From the
comparison of the mass obtained with different grooming algorithms, it appears that the most
discriminating variables of this class are mTrim and mFilt. For what concerns jet substructure
variables, N-subjettiness and Qjet volatility appear to perform best.
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t Tagging in Run 2
New methods and algorithms available 
A few examples
‣ Soft drop for mass and subjet 

reconstruction
‣ Shower deconstruction

• calculate probability for a jet to 
originate from a top quark decay
- using QCD splitting functions

- similarity to matrix-element method

‣ MultiR HEP Top Tagger

• shrink effective cone size of jet, adds 
additional separation power

‣ Improvements in subjet b tagging

• Secondary vertex finding 
independent of jets
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Summary 

‣ Substructure methods crucial for new physics searches 

• WW, WZ, ZZ Resonances

• WH, ZH Resonances

• tt and tb Resonances

• Vector-like quarks

‣ Even more important at Run 2
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Conclusion
‣ Celebrated a huge success not long ago 
 
 
 
 
 

‣ Depressing that we did not find anything else? 

‣ We have just started!

‣ Run 1: only a glimpse into the parameter space that’s explorable

‣ Consider it a ‘training run’ (for BSM searches)

• Incredible how much we learned about the tools and techniques

‣ No one said it would be easy…

48
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But no one said it'd be this hard
No one said it would be easy

No one thought we'd come this far
[Sheryl Crow, 1993]
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Additional Material
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Jet Grooming
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Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 6

Jet grooming
“Trimming” http://arxiv.org/abs/0912.1342                                                                 
(D. Krohn, J. Thaler, L. Wang)

● uses kt algorithm to create subjets of size Rsub from the constituents of the large-R jet: 

any subjets failing pTi / pT < fcut are removed

“Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

● Recombine jet constituents with C/A or kt while vetoing wide angle (Rcut) and softer (zcut) 

constituents. Does not recreate subjets but prunes at each point in jet reconstruction

 Tuned parameters: 
 fcut and Rsub 

 Tuned parameters: 
 Rcut and zcut

free parameters:  
fcut and Rsub

free parameters:  
zcut and Rcut
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Jet Grooming
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Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 5

Jet grooming
“Mass drop/filtering” http://arxiv.org/abs/0802.2470                                                 
(J. Butterworth, A. Davidson, M. Rubin, G. Salam)

● Identify relatively symmetric subjets, each with significantly smaller mass than their sum

● Was optimized for H→bb search using C/A jets...not applied to anti-kt jets!

 Tuned parameter: μfrac  

 (ycut set to 0.09)

Mass drop: create 2 subjets

Filtering: constituents of j1, j2 are reclustered using C/A

Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 5

Jet grooming
“Mass drop/filtering” http://arxiv.org/abs/0802.2470                                                 
(J. Butterworth, A. Davidson, M. Rubin, G. Salam)

● Identify relatively symmetric subjets, each with significantly smaller mass than their sum

● Was optimized for H→bb search using C/A jets...not applied to anti-kt jets!

 Tuned parameter: μfrac  

 (ycut set to 0.09)

Mass drop: create 2 subjets

Filtering: constituents of j1, j2 are reclustered using C/A

free parameters:  
μfrac and ycut

free parameter:  
Rfilt
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V+Jets Background in ℓν+Jet and ℓℓ+Jet

‣ Obtain V+jets background from low mass sideband in Mjet

‣ Shape of MVV extrapolated to signal region using transfer function 

‣ Correct sideband for non-V+jets backgrounds

‣ Validate in simulation and high Mjet sideband
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[EXO-13-009, JHEP08, 174 (2014)]
6.1 Background estimation 13

The shape of the mVV distribution of the V+jets background in the signal region is determined
from the low mjet sideband only, through an extrapolation function aMC(mVV) derived from the
V+jets simulation, defined as:

aMC(mVV) =
FV+jets

MC,SR(mVV)

FV+jets
MC,SB (mVV)

, (2)

where FV+jets
MC,SR(mVV) and FV+jets

MC,SB (mVV) are the probability density functions used to describe
the mVV spectrum in simulation for the signal region and low mjet sideband region, respec-
tively. The high mjet sideband was not considered in order to exclude possible contamination
from beyond-SM resonances decaying into a V boson and a SM Higgs boson, H, with mass
of 125.6 GeV [74], in addition to the VV final state considered here. The partial compositeness
model [14] is an example of such a scenarios. These signal events from HV resonances, in
which the Higgs boson is reconstructed as a jet in the CMS detector and the V decays leptoni-
cally, would populate the high-mass sideband region of both the `n+V-jet (mjet 2 [105, 130]GeV)
and ``+V-jet (mjet 2 [110, 130]GeV) analyses. This possibility cannot be ignored because this
search is not limited only to the bulk graviton model but includes also a model-independent
interpretation of the results (Section 8.2).

The mVV distribution observed in the lower sideband region is corrected for the presence of
minor backgrounds in order to have an estimation of the V+jets contribution in the control
region of the data, FV+jets

DATA,SB(mVV). The shape of the V+jets background distribution in the
signal region is obtained by rescaling FV+jets

DATA,SB(mVV) for aMC(mVV). The final prediction of the
background contribution in the signal region, NBKGD

SR (mVV), is given by

NBKGD
SR (mVV) = CV+jets

SR ⇥ FV+jets
DATA,SB(mVV)⇥ aMC(mVV) + Â

k
Ck

SR Fk
MC,SR(mVV), (3)

where the index k runs over the list of minor backgrounds and CV+jets
SR and Ck

SR represent the
normalizations of the yields of the dominant V+jets background and of the different minor
background contributions. The ratio aMC(mVV) reflects small kinematic differences between
the signal region and sideband, which are mostly independent from the theoretical prediction
of cross sections. To test the validity and the robustness of the method, a closure test with
data has been performed, predicting successfully the normalization and shape of the V+jets
background in an upper sideband using the lower sideband data. The mVV distribution of
the background in the signal region is described analytically by a function defined as f (x) µ
e�x/(c0+c1x). Alternative fit functions have been studied but their usage does not change the
final performance. The mVV range of the fit determines the region of masses probed by the
searches. The range has been chosen such that there is a smoothly falling spectrum, in order
to have a stable fit and robust control of the background estimation. For the `n+V-jet analysis,
the fits are carried out in the mVV range [700, 3000] GeV. In the ``+V-jet analysis, the ranges for
the HP and LP categories are [500, 2800] and [650, 2800] GeV, respectively. The fits are always
unbinned. In the ``+V-jet analysis, the shapes of the background distributions for the muon
and electron channels are found to be statistically compatible. The final shape estimation for
the ``+V-jet analysis has been carried out integrating over the two lepton flavors in order to
reduce the statistical uncertainties in the fitted parameters.

Figure 7 shows the final observed spectrum in mWW of the selected events in the four categories
of the `n+V-jet analysis. The observed data and the predicted background agree with each
other. The highest-mass event in the `n+V-jet channel is from the electron LP category and it
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