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Takeaway

✤ Hopefully, by the end of the talk you will be convinced that

1. When you perform a collider study, it’s worthwhile to consider 
different jet algorithms.  

• This choice can make an appreciable difference in sensitivity.

2. You should consider the boosted regime when designing a collider 
analysis. 

• Looking at boosted objects can simplify combinatorics, and give 
one access to new information (e.g. color structure).



Part I - Jets



What is a Jet?

✤ A jet is a kinematical object we construct from collider data. 

✤ Specifically, jets are collections of hadronic four-vectors used to 
approximate the kinematics of the hard scattering in a collider 
event.

✤ They help us map things we cannot easily calculate (the exact energy 
distribution in the calorimeter) to things we can (perturbative 
Feynman amplitudes)



What we calculate What we measure

Jets make this 
correspondence

Hadrons

Hadrons

Image: http://www.atlas.ch/photos/events-simulated-higgs-boson.html



Jet
Jet

Hadrons are 
clustered 

together to 
make jets

Image: http://www.atlas.ch/photos/events-simulated-higgs-boson.html



Jet Algorithms

✤ Jet Algorithms are what we use to make jets from collider data.

✤ There has been a lot of recent activity in this subject.

✤ Here I’ll discuss one particular jet algorithm - “Jet Trimming”.  



Jet Trimming

Source: DK, J. Thaler, and L. Wang, JHEP 1002 (2010) 084 [arXiv:0912.1342]

http://arxiv.org/abs/0911.3656
http://arxiv.org/abs/0911.3656


Messy Jets

✤ The LHC is a messy place.

✤ Contaminating radiation can 
always come from ISR and 
multiple interactions, but at 
the LHC a major source is 
pileup.

✤ Pileup is when multiple 
scatterings take place in 
the same bunch-bunch 
crossing



Quantifying Contamination

✤ How much contamination is there?

✤  Contamination density in GeV/area:

✤ The number of pileup events per crossing (NPU) depends on the LHC 
running parameters.  Roughly though, at 14 TeV we should start at 
~20 and go to ~40.  

Source: M. Rubin [1002.4557]

ρ ∼
�

1 +
NPU

4

�
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Motivation for Trimming

✤ When we cluster jets there’s inevitably a tradeoff: 

✤ Larger cones are less likely to miss radiation

✤ But, they’re also more susceptible to contamination
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✤ In Jet Trimming we investigated ways to systematically remove jet 
contamination and improve reconstruction.

✤ There’s a lot of room for reconstruction improvement.

✤ Irreducible contamination (we can’t distinguish radiation in the same 
cell) is not a problem

Improvement R0 Γ [GeV] M [GeV]
gg → φ→ gg

All cells - 1.2 69 518
FSR cells 309% 1.5 15 501

qq̄ → φ→ qq̄

All cells - 0.8 31 505
FSR cells 189% 1.5 11 501

Table 1: Improvement in the resonance reconstruction measure ∆ presented in Sec. 4 in going
from standard clustering (All cells) to an idealized situation where we only cluster those cells within
∆R = 0.2 of an cell containing more than 1 GeV of FSR (FSR cells). Here mφ = 500 GeV. The
definitions of Γ and M appear in Eq. (4.1). Because of the larger color charge of gluons compared
to quarks, there is more radiation in the gg → φ→ gg case compared to the qq̄ → φ→ qq̄ case, so
the potential improvement is correspondingly larger.
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Figure 3: Fraction of a jet’s pT attributable to ISR/MI for gg → φ→ gg (left) and qq̄ → φ→ qq̄
(right).

FSR were clustered, along with the distribution obtained without this restriction. The re-
stricted distribution is quite close to the one where only FSR was clustered, confirming the
minimum spatial overlap. By considering this sort of restriction to FSR-heavy cells, one
can calculate the maximum possible reconstruction improvement in going from ordinary
cones to such an idealized jet algorithm. This is shown in Table 1, where the improve-
ment is measured by the reconstruction measure ∆ presented in Sec. 4. We see potential
improvements of up to 3× in reconstruction. Of course, such an idealized jet algorithm
cannot exist since no physical observable can distinguish between FSR and ISR/MI, but
the room for improvement is compelling.

The goal our jet trimming algorithm is to approach this ideal reconstruction as closely
as possible. To do so, we need some kind of criteria to determine whether a given patch of
the calorimeter is likely to contain substantial amounts of FSR. In light of the observation
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✤ If we knew what cells contained significant FSR, then we’d be able to 
remove everything else and nearly reproduce the distribution without 
contamination:
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✤ Contamination is usually quite soft 
(total ~5% of pT).

✤ Use this to our advantage by only 
keeping the hard parts of a jet.

Trimming in Practice
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Implementation

1. Cluster all calorimeter data using any algorithm

2. Take the constituents of each jet and recluster them using another, 
possibly different, algorithm (we advocate kT) with smaller radius 
Rsub (Rsub = 0.2 seems to work well).

3. Discard the subjet i if

4. Reassemble the remaining subjets into the trimmed jet

pTi < fcut · Λhard
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Results

✤ Find a significant improvement from using trimming to 
reconstruct a resonance decaying to dijets (gg → φ → gg)

Improvement fcut, Ncut Rsub R0, ρ Γ [GeV] M [GeV]

anti-kT - - - 1.0
∗

71 522

anti-kT (N) 40% 5
∗

0.2
∗

1.5
∗

62 499

anti-kT (f , pT ) 59% 3× 10
−2∗

0.2 1.5 52 475

anti-kT (f , H) 61% 1× 10
−2∗

0.2 1.5 50 478

VR 30% - - 200
∗

GeV 62 511

VR (N) 53% 5 0.2 275
∗

GeV 53 498

VR (f , pT ) 68% 3× 10
−2

0.2 300
∗

GeV 49 475

VR (f , H) 73% 1× 10
−2

0.2 300
∗

GeV 47 478

Filtering 27% 2 R0/2 1.3
∗

61 515

Table 2: Comparison of dijet resonance reconstruction using trimmed and untrimmed algorithms.

The first column specifies the algorithm, the second lists the change in ∆ over untrimmed anti-kT

(second row), the third lists the relevant trimming parameters, the fourth contains the subjet radius,

the fifth the seed jet parameters, the sixth the fitted width, and the seventh the fitted mass. For

each algorithm, we have optimized those parameters denoted by a
∗
, while the rest have remained

fixed.

4.1 Heavy Resonance Decays

The simplest test of a jet algorithm is how it reconstructs a heavy resonance decaying to

the two jets. As in Sec. 2, we use the process gg → φ→ gg where φ is a color octet scalar

with mφ = 500 GeV.

The results of this reconstruction are presented in Table 2. Here we are interested

primarily in two different comparisons: untrimmed algorithms versus those trimmed using

an fcut (so as to measure the full potential for improvement in reconstruction), and those

trimmed using an Ncut to those using an fcut. Now, the more parameter choices one

optimizes in an algorithm the more that algorithm stands to gain from arbitrary statistical

fluctuations. To guard against this and ensure that the first comparison above is fair, we

fully optimize the anti-kT (N) algorithm, using the resulting best choices of Rsub and R0 as

inputs to our optimization of anti-kT (f), for which we only optimize a single parameter:

fcut. The result is a fair comparison of untrimmed algorithms to those trimmed with an

fcut, and a comparison of Ncut to fcut trimming where Ncut trimming is given a statistical

advantage.
16

Several algorithms and trimming procedures are presented in Table 2. We have in-

cluded untrimmed anti-kT , anti-kT with a cut on the momenta of kT subjets (set relative to

both the jet’s pT and the event’s effective mass), anti-kT with a fixed number of kT subjets,

and for comparison with previous techniques anti-kT with two C/A subjets of half the seed

jet radius (i.e. the filtering procedure of Ref. [7]). Both trimmed and untrimmed VR jets

are also included. In Fig. 7, we display the reconstructed φ mass using both trimmed and

untrimmed anti-kT and VR algorithms.

16For the VR algorithms we will take the anti-kT optimized R0, fcut, and Ncut as inputs (R0 will set

Rmax) and optimize the ρ parameter.
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✤ Trimming was designed to clean up boosted “QCD Jets”.  There are 
other approaches focused on cleaning up jets from boosted heavy 
objects

1. Jet Pruning (Ellis, Vermilion, Walsh): 0903.5081, 0912.0033 

2. Filtering (Butterworth, Davison, Rubin, Salam): 0802.2470

http://inspirebeta.net/author/Ellis%2C%20Stephen%20D.?ln=en
http://inspirebeta.net/author/Ellis%2C%20Stephen%20D.?ln=en
http://inspirebeta.net/author/Vermilion%2C%20Christopher%20K.?ln=en
http://inspirebeta.net/author/Vermilion%2C%20Christopher%20K.?ln=en
http://inspirebeta.net/author/Walsh%2C%20Jonathan%20R.?ln=en
http://inspirebeta.net/author/Walsh%2C%20Jonathan%20R.?ln=en
http://inspirebeta.net/author/Butterworth%2C%20Jonathan%20M.?ln=en
http://inspirebeta.net/author/Butterworth%2C%20Jonathan%20M.?ln=en
http://inspirebeta.net/author/Davison%2C%20Adam%20R.?ln=en
http://inspirebeta.net/author/Davison%2C%20Adam%20R.?ln=en
http://inspirebeta.net/author/Rubin%2C%20Mathieu?ln=en
http://inspirebeta.net/author/Rubin%2C%20Mathieu?ln=en
http://inspirebeta.net/author/Salam%2C%20Gavin%20P.?ln=en
http://inspirebeta.net/author/Salam%2C%20Gavin%20P.?ln=en


✤ Still a lot of room for improvement!

Pruning + Trimming
Trimming only
Pruning only
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Figure 4: The log likelihood ratio in tt̄ production as a function of the trial top quark mass m,
assuming an integrated luminosity of 30 pb−1. We construct L({n},m) for eight different values
of m. Then we take the expectation value of these quantities in the signal + background theory
with the true top mass, Mtop. The results are shown for trimming alone, pruning alone, and for
trimming and pruning combined.

3. HZ production

We now turn to the production of a Higgs boson in association with a Z-boson, where the

Z-boson decays into e
+
e
− or µ+

µ
− and the Higgs boson decays into bb̄. This process was

considered in ref. [1] and found to contribute to the overall signal significance for a Higgs

boson search when MH ≤ 130 GeV. The idea is to demand that the Z-boson have large

transverse momentum. Then the recoiling Higgs boson has large transverse momentum

and is easier to find against the backgrounds even though the cross section for this process

is small. The backgrounds that we consider are ZZ production and, most importantly,

Z + jets production. In the part of our analysis that uses the methods of ref. [1], we find

good agreement with the results of ref. [1]. Our purpose is to extend the analysis of ref. [1]

by investigating the improvement in background rejection obtained by using more than

one algorithm for the analysis of subjets.

The HW production process is also important for a Higgs search, for the same reason

as for HZ. However, this signal has an additional important background, tt̄ production.

In this paper, we restrict the analysis to the simpler HZ case.

We generate the HZ, ZZ and Z + jets samples using Pythia 8. We include an event

in our sample if it has an electron or muon pair with

80 GeV < mll < 100 GeV , (3.1)

pT,ll > 200 GeV . (3.2)

The leptons are required to have rapidity |η| < 2.5. We further require that there be no

additional leptons with |η| < 2.5 and pT > 30 GeV. We examine events for jets using the

– 9 –

✤ If you combine multiple algorithms together and statistically 
optimized you can do better:

Figure source: Combining subjet algorithms to enhance ZH detection at the LHC, D. E. Soper, M. Spannowsky, [arXiv:1005.0417] 

http://arxiv.org/abs/1005.0417
http://arxiv.org/abs/1005.0417


Part II - Jet Substructure



Jets

✤ We just discussed how jet algorithms operate.

✤ They allow us to make the connection between what we calculate 
(feynman diagrams) and what we measure in the detector.

✤ For instance, we’d expect to see two jets for each h->b bbar decay.



Event picture from http://atlas.ch/photos/events.html

What we calculate What we measure

Jets make this 
correspondence

Hadrons

Hadrons

http://atlas.ch/photos/events.html
http://atlas.ch/photos/events.html


✤ However, this correspondence between jets and partons 
breaks down when things become collimated. 



Kinematics of Boosted Particles

✤ The cone containing the decay products of a particle scales as

✤ At LHC energies, even the heaviest particles we know of (Top, W, Z, 
Higgs) become can become collimated.  

✤ When this happens we say that they’re “boosted”.

✤ So we find that EW scale particles are clustered as a single jet as soon 
as their pT exceeds a few hundred GeV.

R ∼ 2mX

pT



Here one can see the effect - as we boost more and more (i.e. go 
to higher pT), the particles become more collimated.



Boosted Collider Physics

✤ This can be a problem!

✤ Most new physics models include heavy states at the TeV scale

✤ If these decay down to W/Z/t, what do we do if everything’s 
collimated?

✤ Traditional answer: use the leptonic decays to avoid this mess.

✤ Modern answer: look inside the jet and make use of QCD to see if the 
jet came from a boosted heavy object.



Tools

✤ QCD jets look really different than the jets of boosted heavy objects.

✤ QCD has soft/collinear singularities.

✤ If we start with a high energy gluon/quark, it wants to emit soft/
collinear gluons:

✤ Here P(z) measures how much a particle wants to emit another 
with energy fraction “z” (Altarelli-Parisi splitting fcns.).  

For unpolarized measurements, the φ-dependence is uniform, so the phase space of M → AB
is characterized by two independent quantities QM and cos θ. In order to study the QCD soft
singularity, the natural variables for fat jets are the invariant mass QM and some energy sharing
variable z = EA/EM ,13 and in general there will be a Jacobian d cos θ/dz in the transformation
from cos θ to z.

If z is interpreted strictly as EA/EM , then two-body kinematics restricts the range for z to
be

∣

∣

∣

∣

z −
1

2

(

1 +
Q2

A

Q2
M

−
Q2

B

Q2
M

)
∣

∣

∣

∣

≤
βM

2
λ(Q2

M , Q2
A, Q2

B), βM =
√

1 − Q2
M/E2

M , (20)

where βM is the boost magnitude from the M center-of-mass frame to the lab frame. Because
these limits depend on QA and QB , in a parton shower with multiple emissions, the correct z
limits on M → AB can only be determined after one knows how A and B will split which sets
the values of QA and QB. In particular, a value of z that satisfies Eq. (20) for QA,B = 0 might
be invalid for QA,B > 0. There are various ways to deal with this ambiguity [23], and most
parton showers employ some kind of momentum reshuffling procedure, but it means that the
interpretation of z in dfM→AB can depend on QA and QB in a non-trivial and algorithm-specific
way.

We can now compare the differential distributions dfM→AB between the narrow width ap-
proximation and QCD radiation. In the narrow width approximation, the mother M is exactly
on-shell:

dfNWA
M→AB =

dQ2
M

2π

dΦM→AB
2

V2
Br(M → AB)δ(Q2

M − m2
M ), (21)

where V2 ≡
∫

dΦ2 is the volume of two-body Lorentz invariant phase space, which depends on
the masses of A and B. Note that dfNWA is uniform in cos θ.

In the soft-collinear QCD case, one can use a parton shower language [23] where the nat-
ural variables are the evolution variable µ and the energy sharing variable z, both of which
are functions of {Q2

M , cos θ}. Unlike the narrow width approximation, the parton M is never
on-shell, and its off-shellness is determined by the evolution variable µ(Q2

M , cos θ). Using unpo-
larized splitting functions defined in terms of the energy sharing variable z(Q2

M , cos θ), the QCD
splitting is described by

dfQCD
M→AB = d log µ2 dφ

2π
dz

αs(µ)

2π
PM→AB(z)∆(µstart, µ), (22)

where PM→AB(z) are the usual Altarelli-Parisi splitting functions [20]

Pq→qg(z) = CF
1 + z2

1 − z
,

Pg→gg(z) = CA

[

1 − z

z
+

z

1 − z
+ z(1 − z)

]

,

Pg→qq̄(z) = TR

[

z2 + (1 − z)2
]

, (23)

and ∆(µstart, µ) is a Sudakov factor [35]

∆(µstart, µ) = exp

[

−
∑

AB

∫ µstart

µ

d log µ′

∫

dφ

2π

∫

dz
αs(µ′)

2π
PM→AB(z)

]

. (24)

13In the main body of the text, we define z as min(EA, EB)/EM since A and B are indistinguishable. Here, A
and B have meaningful quantum numbers, so it makes sense to talk about z = EA/EM .

24



✤ However, a high energy heavy particle (W/Z/t/h) just 
decays - it has no singularity.
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Figure 4: Comparison of a jet formed from the decay of a boosted heavy particle (left) with one

from the showering of light flavor/gluons (right). Specifically, the left hand panel shows the jet

formed from h → bb̄ while the right is a gluon jet. The (x, y)-axes are (y, φ)-distances as measured

from the jet center and the area of each calorimeter cell is proportional to its pT .

comparable pT s) we are limited to Rsub � R0/2 under the assumption that the initial jet

was chosen to be just large enough to encompass the entire decay of the heavy particle.

The situation changes when we consider jets from light quarks or gluons (compare

the two panels in Fig. 4). The first difference is that there is only one hard final state at

lowest order in αs. Softness is therefore more naturally established directly via a cut on

subjet pT rather than by restricting to a fixed number of subjets. Later we will establish

different subjet pT cuts for different kinematic regimes. The second difference is that there

is no natural size for the subjets as this depends upon the the pT cut for the subjets; a

larger/smaller subjet size will necessitate a harder/softer subjet pT cut. With these two

differences in mind, we can now define our jet trimming procedure.

3. Implementation

In this section, we present an explicit algorithm implementing the jet trimming technique

outlined above.10 Our choice of algorithm is motivated primarily by simplicity and the

ability to re-use existing jet finding procedures. Many more sophisticated choices could

easily be imagined, but these are beyond the scope of the present work.

Since our jet trimming procedure will make use of well-known sequential recombination

jet algorithms, we will briefly review how these work. Recall that in a recursive jet algorithm

one begins with an initial set of four-momenta (these could be tracks, calorimeter cells, etc.),

assigning every pair a “jet-jet distance measure” dij and every individual four-momenta a

10
Our implementation is available as a plug-in to the FastJet package [20, 21], which is available from

the authors upon request.
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QCD JetBoosted Heavy Particle

Hard splitting, energy shared equally Softer splittings.  Unequal sharing of energy 
(note only one hard center)



✤ Moreover, QCD jets have a continuum mass distribution, while the 
jets of boosted heavy particles have a fixed mass.

✤ These will form our main tools.

1. Jet radiation distribution

2. Jet mass                                                                                                                                                                                                                                                                                                    

5

signal(B) tt+ jets W+ jets Wbb+ jets

generated 6,000 80,995 138,801 19,053
∑

pT > 1800 GeV 2,610 21,272 44,175 6,197

lepton pT > 100 GeV 864 2,791 12,634 1,548

pT/ > 100 GeV 745 2,035 8,857 1014

at least one b-tag 387 1,009 483 302

∆Rlj > 1.0 246 182 314 210

ST > 0.1 210 96 149 117

TABLE II: For the B portion of the signal and the dominant
background processes, the numbers of events that pass the
successive cuts, scaled to an integrated luminosity of 100 fb−1.
For the background processes the first row gives the number
of events after the generator-level cut described in the text.
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FIG. 1: Jet mass distributions for jets with pT > 350 GeV,
for events that pass the cuts described in the text. We take
100 fb−1 for the integrated luminosity.

(187) as a background value to compare with the total
number of jets in the 60–90 GeV bins (281), giving a 6.9σ
excess. More conservatively, taking the total number of
jets in the 30–60 GeV bin (218) as the background value
gives a 4.3σ excess. Finally, taking the total number of
jets in the 40–70 GeV bin (200) as the background value
for the total number of jets in the 70–100 GeV bins (280)
gives a 5.7σ excess. For each of these three measures, the
standard model contribution to the number of events in
the peak is smaller than the standard model contribution
to the estimated background value.

The PGS detector simulator does not include particle
deflection by the magnetic field, but to get a rough idea
of how sensitive our results are to this effect, we follow
[26] and impose a shift in azimuthal angle for charged
particles in the signal samples,

|δφ| = sin−1(0.45/pT ), (9)

where the sign of the shift depends on the charge of the
particle. We find that our results are not dramatically
affected by this shift. The significance estimates above
change to 6.8σ, 4.2σ, and 5.9σ, respectively.

The T quarks do contribute somewhat to the signal,
because their decays can produce Z bosons, which are
not resolved from W ’s using this method. However, this
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FIG. 2: Jet mass distributions for the signal plus total back-
ground and for total background alone, for events that pass
the cuts described in the text. As before, only jets having
pT > 350 GeV are included for each qualifying event, and we
take 100 fb−1 for the integrated luminosity.

contribution is relatively small. Recalculating the signifi-
cance in each of the three ways described previously, this
time including only the B contribution to the signal, we
find excesses of 6.3σ, 3.5σ, and 4.5σ, respectively.

We have seen that the jet mass distribution for the sig-
nal is peaked around the W mass and less so around the
top mass, due to the presence of highly boosted W ’s and
tops. Because the B quark decays as B → tW− (and
the T quark decays as T → tZ half of the time), one
might hope to observe a peak in the invariant mass dis-
tribution of pairs of jets whose masses are near mW and
mt, respectively. So, for each event passing our cuts, we
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FIG. 3: Invariant mass distribution for pairs of W and top
candidates, after 100 fb−1 of integrated luminosity.

identify as W candidates all jets with masses satisfying
|mjet − mW | < 20 GeV, and we identify as top candi-
dates all jets with masses satisfying |mjet − mt| < 30
GeV. Then, for each event we pair up the W candidates
with the top candidates in all possible ways, and calcu-
late the invariant mass for each pairing. A histogram of

Figure source: Using jet mass to discover vector quarks at the LHC, W. Skiba, D. Tucker-Smith, [hep-ph/0701247]  Phys.Rev. 
D75 (2007) 115010

http://arxiv.org/abs/hep-ph/0701247
http://arxiv.org/abs/hep-ph/0701247


Application - Buried Higgs



Unburied Higgs

✤ The Buried Higgs model was created to yield an interesting 
phenomenology.

✤ Here the process h->aa can dominate the Higgs decay (a is a 
pseudoscalar)

✤ a will decay to gluons via a loop

✤ Thus the main decay mode of the Higgs can be (depending on the a 
mass)

✤ h->aa->gggg

Unburied Higgs, A. Falkowski, D. Krohn, J. Shelton, A. Thalapillil, L. Wang, [arXiv:1006.1650] 

http://arxiv.org/abs/1006.1650
http://arxiv.org/abs/1006.1650


✤ The Buried Higgs model is very challenging to 
discover.

✤ Because the Higgs decays to gluons, it is “Buried” in 
the SM background.

✤ The trick to finding the Buried Higgs is to use 
substructure.



✤ A boosted Buried Higgs is distinguished in 
(at least) three ways

1. Each a subjet has a relatively low mass 
(ma<2mb)

2. Each subjet inside the Higgs has 
roughly the same mass

3. Color is only resolved at the very end of 
the decay, at low mass and small angles.

l

ν



Color 
singlet

Color 
singlet

All within 
one jet



Buried Higgs QCD Background

This kind of 
emission is 

suppressed in the 
signal process



Observables

✤ Therefore we define three substructure observables sensitive to these 
characteristics

1. A subjet mass cut

2. A mass democracy variable

3. A color flow variable

2

derivative interaction with the pseudoscalar a,

Lha2 ∼ v

f2
h(∂µa)

2 (1)

where v is the electroweak scale, f is the global symmetry
breaking scale, and c is a coefficient of order unity. As
long as f is not much larger than the electroweak scale
the decay h → 2a dominates over the standard h → bb̄
mode. The pseudoscalar is not stable because it has
Yukawa couplings to the SM fermions, iỹψaψ̄γ5ψ. The
largest Yukawa coupling is to the 3rd generation quarks,
while it is suppressed for leptons and lighter quark gener-
ations. Thus, for ma > 2mb ∼ 10 GeV the pseudoscalar
decays almost exclusively into bottom quarks, resulting
in the h → 4b cascade. For ma < 2mb the structure of
the pseudoscalar Yukawa couplings means that the de-
cay into two gluons via a loop of 3rd generation quarks
dominates over tree level decays to (e.g.) 2τ or 2c. The
net result is a h → 4g cascade decay occurring with a
0.8 ∼ 0.9 branching fraction. For this decay mode, the
current limit on mh is only 86 GeV assuming the Higgs
is produced with the SM cross section [3] For simplicity
and clarity of presentation, in this paper we assume a
100% Higgs branching fraction into four gluons.

The production of buried Higgses at the LHC proceeds
through similar vertices as in the SM. We shall assume
here that the Higgs couples to the electroweak bosons
and the top quarks with the same strength as in the SM,
although in some models realizing the buried Higgs sce-
nario these couplings may again be slightly modified.

III. JET SUBSTRUCTURE TOOLS

A buried Higgs is difficult to discover because its decay
products are difficult to distinguish from ordinary QCD
radiation. In the case at hand, because ma � mh, the
gluons from each a are very collimated, and so an un-
boosted buried Higgs will be resolved as two jets. This
will be very difficult to distinguish from the enormous
backgrounds from QCD radiation. The extreme kine-
matic configuration where the Higgs has a large pT , and
is thus resolved entirely in one jet, is far more difficult for
background processes to mimic. In this regime, the two
jets from Higgs decay are themselves collimated into a
single fat jet with a characteristic substructure. We will
consider two such boosted scenarios, pp → hW (adopting
the basic kinematic cuts of Ref. [4]) and pp → htt̄ with a
mildly boosted Higgs.

The first step of our analyses is to cluster our events
into relatively large jets and identify a candidate boosted
Higgs jet. We then, along the lines of Ref. [4, 6], use a
cleaning procedure to remove contamination from pileup
and underlying event from the jet and place a cut on
its mass. To make further progress we must look to the
distinguishing features of the exotic decays.

One characteristic feature of the signal is that the jets
from decays of light pseudoscalars a have small invariant

masses, of order ma
<∼ 10 GeV. This is clearly indepen-

dent of the a’s pT , while the invariant mass of a QCD jet
grows with pT :

�
�m2

J� ∼ C̄αs
π pTR, where C̄ = 3(4/3)

for gluon (quark) initiated jets [7]. Because we work in
the boosted regime where the a’s have a large pT , we
expect the bulk of the QCD background subjets to have
masses above 10 GeV. Thus, requiring that the average
mass of the two hardest subjets be small (throughout we
will denote the ith hardest subjet as ji),

m ≡ m(j1) +m(j2)

2
< 10 GeV,

is an efficient way to separate signal from background.
The signal events are also distinguished by the sym-

metry of their decay products: both subjets arise from
particles of equal mass. This can be distinguished by a
cut on mass democracy:

α = min

�
m(j1)

m(j2)
,
m(j2)

m(j1)

�
(2)

At the parton level α = 1 at leading order, while for the
background there is no reason for the QCD radiation to
produce democratic jets.
Finally, signal and background events differ by their

color structure [8]. For signal events color is only seen
very late in the Higgs decay process: neither the Higgs
nor the a’s carry color charge QCD processes therefore
only becomes operative only at the scale ∼ 10 GeV af-
ter the pseudoscalars decay into gluons. By contrast,
the background jets are initiated by hard colored parti-
cles, which are color-connected to the rest of the event;
moreover, there is more phase space for QCD radiation.
Therefore, we expect that the background has more ra-
diation inside the fat jet cone than the signal does. We
can quantify this intuition using the flow variable

β =
pT (j3)

pT (j1) + pT (j2)
, (3)

which is motivated by the fact that the signal is unlikely
to yield radiation aside from that constituting the two
collimated a’s. We therefore expect the typical value of
β for background processes to be much larger than for the
signal. Before proceeding, we note that β can be sensi-
tive to very soft radiation, depending on the cut one uses.
Therefore, we employ β with a threshold: pmin

T and set
β = 0 for pT (j3) < pmin

T . Other flow variables could be
defined to further boost discovery of the buried Higgs. In
particular, since signal radiates less, a simple cut on the
number of subjets above pmin

T ∼ 1 GeV falling inside the
fat jet cone adds more discriminating power. However
we have not included this cut here because QCD predic-
tions for the number of soft jets are not entirely reliable
at the present stage. Measuring the number of tracks
emanating from the leading subjets could also efficiently
separate signal from background [9].
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Conclusions

✤ Jets and jet substructure constitute one of the most exciting recent 
developments in collider physics

✤ The choice of jet algorithm used in an analysis can make a big 
difference in its sensitivity

✤ Jet substructure helps to reduce combinatorics and gives one 
sensitivity to new information (e.g. color structure)

✤ Still a young field - much remains to be done.


