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Motivation

Imagine you see a couple of experiments giving these results, what would 
you think?
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Summary

The LHC has not found any of the models looked for.

Because the SM still has the same drawbacks, we still think there is new 
physics.

It is time to think about other experimental signatures rather than 
looking for the same ones again and again.
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Are there places where could new physics be hiding? 

Indeed, especially in difficult final states.

Example: complex objects such as boosted jets. In case an experiment finds 
something which is not what they look for.

Which is a possibility that definitely must be considered, because for many 
years the experiments have not found what they look for.
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LHC needs cleaning!
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Before computing the jet mass, 
some grooming is performed to 
eliminate extraneous stuff
[ISR, multiple interactions and pile-up]

Several grooming algorithms in the 
market, which work well for W, Z 
bosons.

Jets are tagged as W, Z or H 
depending on their mass, in a 
somewhat abritrary way

Butterworth et al 0802.2470
Krohn, Thaler, Wang 0912.1342

Ellis, Vermilion, Walsh 0912.0033
Larkoski et al. 1402.2657



21τ-subjettiness  N
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Jet substructure

It is required that jets look like they have two prongs by using some jet 
substructure variable, e.g. τ21 (CMS), D2 (ATLAS), … 
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Thaler, van Tilburg 1108.2701
Larkoski, Salam, Thaler, 1305.0007

Jets with τ21 
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are `LP tagged´



What happens when these tools are applied to four-pronged jets?

In other words, how would a four-pronged signal look in standard analyses 
looking for two-pronged signals?
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And how is its groomed substructure?
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Therefore, an increasingly harsher cut on groomed N21 makes the high-
mass bump move and disappear… 

9

0 100 200 300 400
mJ (GeV)

0

5

10

15

20

σ
 (a

rb
itr

ar
y 

sc
al

e)

β = 0 ; zcut = 0.10S →  WW

0 100 200 300 400
mJ (GeV)

0

5

10

15

20

σ
 (a

rb
itr

ar
y 

sc
al

e)

β = 0 ; zcut = 0.10S →  WW

0 100 200 300 400
mJ (GeV)

0

5

10

15

20

σ
 (a

rb
itr

ar
y 

sc
al

e)

β = 0 ; zcut = 0.10S →  WW

0 100 200 300 400
mJ (GeV)

0

1

2

3

4

5

σ
 (a

rb
itr

ar
y 

sc
al

e)

β = 0 ; zcut = 0.10S →  WW

X100
X50

X25X05



Interlude (1/4)

Example: LR models

If intermediate particles are `light´, their decay products are merged
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Interlude (2/4)
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Further example of multiboson signals:

Next-to-minimal extra-dimensional models
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Agashe et al. 1612.00047
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Further examples of multiboson signals:

Cascade decay of heavy scalars in SUSY

Any model you imagine with extra gauge bosons and/or extra scalars

Z´ + extra Higgs SU(2)L doublet

Z´+ scalar SU(2)L singlet (?)

… and more models we don’t yet imagine!
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Fidalgo et al. 1107.4614
Ellwanger et al. 1707.08522

Interlude (4/4)



Consequences I:

You may have a signal with a `W´ (or `Z´) that does not decay to leptons.

That is, if you look for the sister signal with leptonic decay of  W/Z you 
don’t find it:                  with one or two leptonic W decays doesn’t look 
like                     !
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Also when substructure
of ungroomed jet is used



Experimental results: 2 TeV

CMS search for Zγ resonances finds 3.2σ excess at M = 2 TeV in hadronic 
channel Jγ, no excess in leptonic channel [similar sensitivity].
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Experimental results: 2 TeV

With earlier 2.7 fb-1 analysis excess present too, but at the end of the 
spectrum.
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Consequences II

For looser selections, a freaking signal like this also might seriously pollute 
the control regions where the background is normalised, yielding 
unaccountable results… maybe dips in the signal region!
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ATLAS search for ZZ resonances in llJ channel has… big ~3σ dip at 800 

GeV!
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Handwaving arguments [not yet checked with a proper simulation].

ATLAS search for ZZ → llJ normalises background calculation to fit 

data outside the Z mass window for J.

can conceive mismodeling, maybe from off-Z window signals.
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Consequences III

If you convert your observed limits on σ x eff to limits on σ by assuming 
the efficiency of some given signal, you can get notorious differences 
between different event selections.

20

100 150 200 250 300 350 400
M (GeV)

1

10

10
2

σ
 (

fb
)

Asimov X
0.05

Limits assuming spin-1 eff

100 150 200 250 300 350 400
M (GeV)

1

10

10
2

σ
 (

fb
)

Asimov X
0.5

Limits assuming spin-1 eff

Experiment A Experiment B

Never again say you don’t believe a bump may be something 
interesting because the other experiment doesn’t see it.
Agreed?



Experimental results: 2 TeV

Five little bumps appear around M = 2 TeV in diboson resonance searches in 
the fully hadronic channel
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Most recent ATLAS result with 36.7 fb-1 shows no excess around 2 TeV. 
New jet mass calibration, new D2 / jet mass cut optimisation. 

22

m(V') [TeV]
2 3 4 5

W
W

+W
Z)

 [f
b]

→
 B

(V
'

×
V'

+X
) 

→
(p

p
σ

1

10

210

310
ATLAS  

-1 = 13 TeV, 36.7 fbs
 qqqq→VV Observed 95% CL limit

Expected 95% CL limit
σ 1±Expected limit 
σ 2±Expected limit 

 = 1vHVT model A, g
 = 3vHVT model B, g

1500 2000 2500 3000 3500

Ev
en

ts
 / 

0.
1 

Te
V 

1−10

1

10

210

310

Data
Fit

 10)×Fit + Bulk RS m=1.5 TeV (
 10)×Fit + Bulk RS m=2.4 TeV (

ATLAS 
-1 = 13 TeV, 36.7 fbs

WW+ZZ SR
/DOF = 4.1/82χ

 [TeV]JJm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
0
2

Disappointing? Certainly.
Conclusive? Not really.

ATLAS 1708.04445



Final consequence

There are many caveats in the searches, especially for complicated boosted 
objects.

New physics can be hiding there. The fact that ATLAS / CMS have not found 
what they looked for, does not mean that there isn’t anything out there 
beyond the SM and at the reach of the LHC.
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Extra!



Stealth bosons

When a very boosted particle S undergoes a cascade decay into several 
coloured particles, e.g.

it produces a multi-pronged fat jet J. All the previously seen heavy scalar 
decays can be of such type

And these scalars will be very boosted if they are produced in the decay of 
a much heavier resonance Z´ / W´/ …

Why I call them stealth? 
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Jet substructure

We have mentioned it is required that fat jets J look like they have two 

prongs by using some jet substructure variable, e.g. τ21 (CMS)
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But stealth bosons with four-pronged decays don’t look as signal but 
as background !!!

This feature may explain `inconsistent´ size of 
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Jet mass

We have mentioned that several grooming algorithms exist in the market, 
which work well to recover the mass of W, Z bosons from their hadronic 
decay
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But they don’t work so well for 
stealth bosons
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Generic anti-QCD tagger

Machine learning techniques allow to build generic anti-QCD taggers that 
efficiently discriminate multipronged jets [considered as signals] against jets 
from quarks and gluons [considered as background].

These taggers use as input a generalised set of variables measuring the jet 
N-subjettiness [i.e. how it looks N-pronged]

of which the previously seen τ21 corresponds to τ21/τ11.

These variables are the input to a neural network that is trained using

signals: jets with 2, 3 and 4-pronged decays, model-agnostic.

background: jets from quarks and gluons.

And the tagger even learns to identify signals for which it is not trained.
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Example: tagger performance for particles with M = 80 GeV
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Mass-decorrelated taggers that do not shape background can spot signals 
with masses different from those used for training
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