
Based mostly on this prompt… 
Plausibility of the anomaly as detector effect vs. statistical fluctuation vs. new physics 

T. Lecompte

5

Priors and Prejudice

 I asked about two dozen people if they would believe a result based 
only on a boosted signature
– Nobody gave an unqualified “yes”
– Everyone said “it would depend what it was”
– There was a desire for a confirming result

• A second channel
• Interestingly, the same thing from the other experiment was viewed as weak 

confirmation.  The concern is that there is some common systematic.

 There is no simple standard of proof
– People will accept weaker evidence for things that they feel are likely than 

things that they feel are unlikely
– What would you need to believe that a new, predicted, hadron was 

discovered?
– What would you need to believe that charge non-conservation has been 

discovered?

 My prejudice: I would not believe a discovery based on an excess 
above a calculation.  I would want to see an excess over something 

14

Confirmation, Comfort and Credibility

 The credibility of a boosted discovery depends on what the discovery 
is
– We can argue whether this should be this way or not, but I believe it is 

true.

 Even weak confirmation goes a long way towards credibility
– This is essentially DAMA/LIBRA’s problem
– Both top and Higgs had this

 Better integration of the “boosted community” in the experiments 
can only help
– People need to get comfortable with these new ideas, and this is one way 

to do this
– A parade of SM results using boostology would be helpful
– Top Group sociology enters into this in non-trivial ways

Some of us had this 
conversation 2 years ago!  

http://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/lecompte.pdf


Jet Mass [GeV]
20 40 60 80 100 120 140

C
ro

ss
 S

ec
tio

n 
[A

.U
.]

0

0.02

0.04

0.06

0.08

0.1

Solution: Sum over Trees

✤ We propose that rather than assigning a single number to each event, 
instead each event should contribute a distribution obtained by 
summing the observable over many trees.

✤ When we sum these together, the result is much more stable than the 
histogram we would have had if we just considered one number per 
event.
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D. Krohn
An interesting application 
of QJets

building confidence… 

In the same way that often experiments show many kinematic distributions 

1. Cross-experiment check, use each other’s methods 
2. Show not just the tagging variables used but a whole suite of substructure 

variables (e.g. not τ21, but also yfilt, etc) 

http://pages.uoregon.edu/soper/TeraJets2013/TeraJets2013Talks/krohn.pdf
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Figure 6. Left: generator level cos θJ distributions for longitudinally and transversely polarized
W bosons. Right: subjet angular observables after a selection on pruned jet mass of WL and WT

samples for jets with 250 < pT < 350GeV.

transverse momentum of the W jet. For higher jet pT, the difference in the reconstructed

cos θJ and ∆R between WL and WT becomes larger since the more QCD-like topology of

the transversely polarized W bosons becomes important, i.e. it is easier to distinguish WL

and WT. The τ2/τ1 discrimination power is also degraded for WT, although, to a smaller

degree than the pruned jet mass.

The composition of the QCD background also influences the discrimination of the

variables discussed in section 5, since the properties of quark- and gluon-initiated jets differ.

For example, gluon jets tend to have a larger jet mass than quark jets and therefore fewer

gluon jets are rejected by the pruned jet mass selection; this can be seen in figure 4 (right).

On the contrary, the τ2/τ1 discriminator rejects more gluon jets than quark jets and for

these reasons a similar performance for quarks and gluons is achieved for the working point

of τ2/τ1 < 0.5.

6 Performance in data and systematic uncertainties

6.1 Comparison of data and simulation

We compare the distributions of substructure observables between simulation and data

in inclusive dijet, W+jet and tt samples. The W+jet and dijet events are compared in

respective jet pT bins of 250–350GeV and 400–600GeV, and with jets in the tt sample with

pT > 200GeV. Simulation with different parton shower models of pythia 6, pythia 8 and

herwig++ are also compared.

In figure 7, the pruned jet mass distribution is shown for both data and simulation in

the dijet and W+jet samples that probe the W-tagging variables using QCD jets. We find

that the agreement is good between data and simulation, but herwig++ agrees better

than pythia 6, and pythia 8 shows best agreement. Similar findings have been reported
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We also study the performance of jet substructure tagging algorithms by convolving

pileup, CMS detector resolution, and efficiencies in reconstructing the particles that form

the jets. In figure 4 (left), the generator level predictions without pileup are compared with

the performance after full CMS simulation with pileup. A small degradation is observed

relative to generator level, but the performance at detector level is almost as good as

predicted at particle level, although the W jet and the QCD jet τ2/τ1 distributions are

shifted up significantly by pileup and detector effects, as seen in figure 2.

5.4 W-polarization and quark-gluon composition

An important factor that influences the W-tagging performance is the polarization of the

reconstructed W bosons. Furthermore, the W polarization can be used to identify the

nature of any new phenomena, such as, for example, through studies of new WW reso-

nances, W boson helicities at large tt masses, or WW scattering. We study the effect of

W polarization by comparing simulated samples of X → WW, where the W bosons are

either purely longitudinally (WL) or transversely (WT) polarized. The key observable is

the helicity angle of W → qq′ decays (cos θJ) as defined in the rest frame of the W bo-

son relative to the W direction of motion [31]. The distribution of cos θJ at the parton

level, where quarks are treated as final state particles, is presented in figure 6 (left). After

reconstruction, the polarization in W jets can be recovered using the pruned subjets as

a proxy for the W decay quarks. However, using the subjets, it is not possible to dis-

tinguish the fermion and antifermion in the W decay, which restricts the distributions to

0 ≤ cos θJ ≤ 1. Figure 6 (right) shows the helicity angle between the two pruned subjets for

a 600GeV X resonance, differing from figure 6 (left) in that it includes reconstruction and

acceptance effects. The depletion of events at |cos θJ | ≈ 1 is due to two acceptance effects.

When θJ ≈ 0, the partons would be overlapping and thus reconstruction of two subjets is

difficult. When θJ ≈ π, the one subjet tends to be much softer than the other and this

can cause the loss or misidentification of the subjet originating from one of the W decay

partons. It appears that transversely polarized W bosons decay with the quarks emitted

closer to the direction of the W, and therefore can be used to determine the polarization

of the W boson. Going further, the reconstructed cos θJ is compared to the parton-level

information. The resolution on the angular distance between two subjets in the laboratory

frame is approximately 10mrad, which translates to a resolution of approximately 65mrad

on θJ in the W rest frame. The resolution remains relatively constant over a large range

of W jet pT.

Figure 4 (right) compares the signal-to-background discrimination of the W tagger for

pure WL and pure WT signal samples. We observe that the pruned jet mass selection

is less efficient for WT; this is consistent with figure 6 (right), where the WT jets with

| cos θJ | ≈ 1 are removed by the pruned jet mass selection. This can be explained by a

higher asymmetry in the pT of the two quarks from the WT decay, such that the pruning

algorithm in a considerable fraction of events rejects the particles from the lower pT quark

and yields a much lower jet mass. In addition, the ∆R separation between the partons

for pure WL bosons is smaller on average than for WT bosons and is more likely to be

accepted by a CA8 jet. Of the two effects, the dominant contribution depends on the
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expect 3σ separation with ~100 events 
HZZ4L spin-parity measurements made at time of discovery…

8 3 Lepton Measurements

Motivated by this, we consider the production of a
resonance X at the LHC in gluon-gluon and quark-
antiquark partonic collisions, with the subsequent decay
of X into two Z bosons which, in turn, decay leptonically.
In Fig. 1, we show the decay chain X ! ZZ !
eþe"!þ!". However, our analysis is equally applicable
to any combination of decays Z ! eþe" or!þ!". It may
also be applicable to Z decays into " leptons since "’s from
Z decays will often be highly boosted and their decay
products collimated. We study how the spin and parity of
X, as well as information on its production and decay
mechanisms, can be extracted from angular distributions
of four leptons in the final state.

There are a few things that need to be noted. First, we
obviously assume that the resonance production and its
decays into four leptons are observed. Note that, because of
a relatively small branching fraction for leptonic Z decays,
this assumption implies a fairly large production cross
section for pp ! X and a fairly large branching fraction
for the decay X ! ZZ. As we already mentioned, there are
well-motivated scenarios of BSM physics where those
requirements are satisfied.

Second, having no bias towards any particular model of
BSM physics, we consider the most general couplings of
the particle X to relevant SM fields. This approach has to be
contrasted with typical studies of e.g. spin-two particles at
hadron colliders where such an exotic particle is often
identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this
case as the ‘‘minimal coupling’’ of the spin-two particle to
SM fields.

The minimal coupling scenarios are well motivated
within particular models of new physics, but they are not

sufficiently general. For example, such a minimal coupling
may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restric-
tion opens an interesting possibility to understand the
couplings of a particle X to SM fields by means of partial
wave analyses, and we would like to set a stage for doing
that in this paper. To pursue this idea in detail, the most
general parameterization of the X coupling to SM fields is
required. Such parameterizations are known for spin-zero,
spin-one, and spin-two particles interacting with the SM
gauge bosons [7,8], and we use these parameterizations in
this paper. We also note that the model recently discussed
in Refs. [21–23] requires couplings beyond the minimal
case in order to produce longitudinal polarization
dominance.
Third, we note that while we concentrate on the decay

X ! ZZ ! lþ1 l
"
1 l

þ
2 l

"
2 , the technique discussed in this pa-

per is more general and can, in principle, be applied to final
states with jets and/or missing energy by studying such
processes as X ! ZZ ! lþl"jj, X ! WþW" ! lþ#jj,
etc. In contrast with pure leptonic final states, higher
statistics, larger backgrounds, and a worse angular resolu-
tion must be expected once final states with jets and miss-
ing energy are included. We plan to perform detailed
studies of these, more complicated final states, in the
future. However, we note that many results in this paper
are applicable to these final states as well.
The remainder of the paper is organized as follows: In

Sec. II, we describe the parameterization of production and
decay amplitudes that is employed in our analyses. In
Sec. III, we calculate helicity amplitudes for the decay of
a resonance into a pair of gauge bosons or into a fermion-
antifermion pair; helicity amplitudes for resonance pro-
duction are obtained by crossing. In Sec. IV, angular dis-
tributions for pp ! X ! ZZ ! f1 !f1f2 !f2 for resonances
with spins zero, one, and two are presented. This is fol-
lowed by detailed Monte Carlo simulation, which includes
all spin correlations and main experimental effects and
which is shown in Sec. V. Analysis using the multivariate
maximum likelihood technique is applied to several key
scenarios to illustrate separation power of different helicity
amplitudes for all spin hypotheses and in both production
and decay, as discussed in Sec. VI. For completeness,
angular distributions, including distributions for other de-
cay channels, are given in the appendix.

II. INTERACTIONS OF AN EXOTIC PARTICLE
WITH STANDARD MODEL FIELDS

In this section, the interaction of a color- and charge-
neutral exotic particle X with two spin-one bosons V (such
as gluons, photons, Z, or W bosons) or a fermion-
antifermion pair (such as leptons or quarks) is summarized.
The spin of X can be zero, one, or two. We construct the
most general amplitudes consistent with Lorentz invari-
ance and Bose symmetry, as well as gauge invariance with

FIG. 1. Illustration of an exotic X particle production and
decay in pp collision gg or q !q ! X ! ZZ ! 4l#. Six angles
fully characterize orientation of the decay chain: $$ and "$ of
the first Z boson in the X rest frame, two azimuthal angles" and
"1 between the three planes defined in the X rest frame, and two
Z-boson helicity angles $1 and $2 defined in the corresponding Z
rest frames. The offset of angle "$ is arbitrarily defined and
therefore this angle is not shown.

GAO et al. PHYSICAL REVIEW D 81, 075022 (2010)

075022-2

Figure 2: Illustration taken from Ref. [61] for the angles that fully characterize the decay chain
X ⇥ ZZ(�) ⇥ 4�, for an exotic X particle production and decay in pp collisions. Six angles fully
characterize orientation of the decay chain: ⇥� and �� of the first Z boson in the X rest frame,
two azimuthal angles � and �1 between the three planes defined in the X rest frame, and two
Z-boson helicity angles ⇥1 and ⇥2 defined in the corresponding Z rest frames. An offset of angle
�� (not shown here) is arbitrarily defined and not used in the analysis.

is controlled at the LHC using tag-and-probe methods in inclusive single Z production. In the247

case of the muons, this can be complemented by tag-and-probe using J/⇥ production. In the248

low pT range, a full combination of information provided by the tracker and electromagnetic249

calorimetry (for electrons) or by the tracker and muon spectrometer (for muons) becomes es-250

sential for the reconstruction, identification and isolation of leptons. Otherwise, the single Z251

production is an ideal candle for this analysis, covering leptons in the pT range from O(10) to252

O(100) GeV/c.253

3.1 Lepton Reconstruction and Identification254

3.1.1 Electrons255

The electron reconstruction combines ECAL and tracker information. Electron candidates are256

reconstructed from clusters of energy deposits in the ECAL, which are then matched to hits257

in the silicon tracker. The standard CMS electron reconstruction algorithm is used [62–64] for258

this analysis. The energy deposited in the electromagnetic calorimeter (ECAL) is measured in259

clusters of clusters (superclusters) which collect Bremsstrahlung photons emitted in the tracker260

volume. Superclusters are used to search for hits in the innermost tracker layers whic are used261

to seed electron tracks. This procedure is complemented by a tracker-driven approach allow-262

ing to improve the reconstruction efficiency at low pT. Trajectories in the tracker volume are263

reconstructed using a dedicated modeling of the electron energy loss and fitted with a Gaus-264

sian Sum Filter. A cleaning is performed to resolve ambiguous cases where several tracks are265

reconstructed due to the conversion of radiated photons in the tracker material. Electron can-266

didates are preselected using loose cuts on track-cluster matching observables so to preserve267

the highest possible efficiency while removing part of the QCD background. The electron track268
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