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Outline

✤ The Buried Higgs Model

✤ Challenging Phenomenology

✤ Discovering this with Substructure

✤ Conclusions



Takeaway

✤ Use jet substructure to find Higgs decaying to four gluons

✤ New observables sensitive to color flow

✤ Potential application to more general BSM physics (hidden valley..) 



Buried Higgs

✤ Model designed to realize interesting signatures

✤ Details not important to us.  For concreteness though:

✤ Start with SUSY little-Higgs model with SU(3)->SU(2)

✤ Higgs is a PGB.  Also have extra Goldstone: the singlet a

✤ a is naturally a few GeV, couples to the Higgs

• Buried Higgs, B. Bellazzini, C. Csaki, A. Falkowski, A. Weiler, [arXiv:0906.3026] Phys.Rev. D80 (2009) 075008
• Charming Higgs, B. Bellazzini, C. Csaki, A. Falkowski, A. Weiler, [arXiv:0910.3210] Phys.Rev. D81 (2010) 075017
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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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Buried Higgs Phenomenology

✤ The process h->aa can dominate the Higgs 
decay

✤ 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

Figure 6: The diagram for one loop η decay into gluons or photons.

where Mτ ≈ yτ1F/
√
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It depends on the sixth power of the tau mass and for this reason it is much more suppressed
than in the NMSSM models. For typical parameters, f ∼ 350 GeV and Mτ ∼ 200 GeV, the
width into tau is in the 10−14 − 10−13 GeV range corresponding to order millimeter decay
length.

Because of the suppression of the ητ τ̄ coupling, the pGB singlet decays dominantly into
two gluons, via the loop diagram in Fig. 6 with bottom and top and their fermionic partners
running in the loop (the scalar partners do not contribute to this decay amplitude). Quite
generally, starting with the coupling iỹψη(ψγ5ψ) to light or heavy fermions, one-loop effects
generate the effective coupling [25]

κgηεµνρσGa
µνG

a
ρσ , κg =

g2

32π2

∑

ψ

ỹψ

mψ
c2(ψ)τψf(τψ) (24)

where

τψ = 4m2
ψ/m2

η f(τ) =

{

arcsin2[τ−1/2] τ ≥ 1

−1

4

(

log[(1 +
√

1 − τ)/(1 −
√

1 − τ)] − iπ
)2

τ < 1
(25)

Furthermore, g = gs(mη) - the color SU(3) coupling at the scale of the singlet mass and c2

is the Dynkin index of the quark representation which is equal to 1/2 for the fundamental
representation. There is an analogous coupling κγ to the photon field strengths with g → gem

and c2 → NcQ2
ψ, Nc = 3. The decay width into two gluons and two photons is given by

Γη→gg = (N2
c − 1)

|κg|2

π
m3

η, Γη→γγ =
|κγ|2

π
m3

η. (26)

The pGB singlet has the largest coupling to the bottom and the top quarks,

ỹt '
m3

tf√
2v2

EWµ2
V

, ỹb '
mbm2

tf√
2v2

EWµ2
V

. (27)

Since κg ∼ ỹψ/mψ for mη ( 2mψ one would expect that the top and bottom loops dominate
the decay amplitude and give roughly the same contribution. This is not quite correct. In
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Figure 7: The partial widths and the branching ratios of the pGB singlet η for decays into
gg, γγ, bb, ττ and cc. The parameters are f = 350 GeV, µV = 500 GeV, Mc = 400GeV ,
Mτ = 200 GeV.

the model at hand there is a sum rule
∑

ỹψ/mψ ≈ O(1/F 2) separately in the bottom, top,
and tau sectors. This sum rule is the consequence of the fact that η, at the leading order in
1/F , couples to a gauge symmetry current that is necessarily anomaly free (one can see in
the parametrization of eq. (5) that η couples to a combination of the SU(3) T8 generator and
U(1)X). Thus, the operator ηGG̃ cannot be generated by integrating out fermions; the lowest
allowed operator is !ηGG̃. As a consequence, the amplitude is proportional to

∑

ỹψm2
η/m

3
ψ,

which is non-vanishing and largely dominated by the SM bottom quark contribution. One
finds

κg "
1

12
√

2

g2
s(mη)

64π2

m2
η

m2
b

m2
t f

µ2
V v2

EW

. (28)

For the photons, one should replace g2
s/2 → Ncg2

emQ2
b . The bottom-loop domination of

the decay amplitude has a practical consequence that the photonic branching ratio is more
suppressed than in the SM because |Qb| = |Qt|/2. At the end of the day the BR(η → γγ)
is of order 10−4. While this is not of much relevance for the LEP searches, the additional
suppression will make the LHC Higgs search even more difficult if possible at all.

The partial widths and the branching ratios of η are plotted in Fig. 7. One can see
that below the 2b threshold the dominant decay channel of the Higgs is the four-gluon
cascade decay. The branching ratio for h → ggγγ is of order 10−4. Discovering the Higgs
decaying almost exclusively to 4 gluons with such a small branching ratio into photons might
be impossible at the LHC [31]. Fermionic decay channels are also hugely suppressed, for
example the branching ratio for h → ggτ+τ− is in the range 10−5 − 10−3. This fermiophobic
feature of η implies that the recent D0 searches of h → ττµµ and h → 4µ [26,27], as well as
the BaBar and CLEO studies of υ decays [28, 29] do not constrain the parameter space of
our model. Furthermore, we estimate the branching ratio for υ → γ + η to be of order 10−5,
which is safely below the CLEO limit of 10−4 [30].
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Goal

✤ This Higgs is difficult to discover in colliders because it essentially 
decays into dijets

✤ Thus it is ``buried’’

✤ However, the jets exhibit some non-QCD like behavior.

✤ This might be a sufficient handle to allow us to ``unbury’’ the 
model



Substructure with a SM Higgs

✤ How do we look for the SM Higgs using substructure?

✤ In V+h channel:

✤ Look for jet recoiling against W/Z

✤ Groom the jet to improve mass resolution

✤ Require two b-tags

• Jet substructure as a new Higgs search channel at the LHC, J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam, 
[arXiv:0802.2470] Phys.Rev.Lett. 100 (2008) 242001

• Fat Jets for a Light Higgs, T. Plehn, G. P. Salam, M. Spannowsky, [arXiv:0910.5472] Phys.Rev.Lett. 104 (2010) 111801

http://arxiv.org/abs/0906.3026
http://arxiv.org/abs/0906.3026
http://arxiv.org/abs/0910.5472
http://arxiv.org/abs/0910.5472


✤ For the Buried Higgs there is no b-jet.

✤ Need to compensate for this.

✤ However, 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.
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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
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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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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].

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
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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].



Grooming Procedure

✤ To improve our mass resolution we apply jet 
trimming to our fat jets

✤ Although reconstructing boosted heavy 
particles was not the original goal of Jet 
Trimming, we find it can be quite effective.

✤ In limited testing can be competitive with 
filtering/pruning (see Soper and 
Spannowsky).

• Jet Trimming, DK, J. Thaler, L. Wang, [arXiv:0912.1342] JHEP 1002 (2010) 084
• Combining subjet algorithms to enhance ZH detection at the LHC, D. E. Soper, M. Spannowsky, [arXiv:1005.0417]
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Figure 7: Dijet resonance reconstruction with and without trimming using the anti-kT /VR and
anti-kT /VR (f , H) algorithms. The algorithm parameters are those that optimize the ∆ measure
of Eq. (4.3), as listed in Table 2. The upper curves are fitted to the sum of S(m) and B(m) from
Eqs. (4.1) and (4.2), while the lower curves display the contribution of B(m).

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.17

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.

We see that trimming of any sort is useful in reconstruction. However, the difference

between trimming techniques is apparent. By using an algorithm with a pT cut determined

as a fraction of the original pT (i.e. the samples whose trimming is parameterized by an

fcut) we are able to see significant gains beyond what is possible using a fixed number of

subjets. This reflects the fact that the structure of the jet from a light parton is not known

a-priori, unlike the jets from boosted heavy particles, so it is advantageous to trim with

a direct subjet pT cut. We further note that at this stage, the difference between using

H and pT to set Λhard makes only a small difference in reconstruction, reflecting the fact

17For 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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✤ Important point: filtering/pruning/trimming remove 
the soft radiation essential to our color flow 
observables 
✤ Must use trimmed jet for mass cut, untrimmed jet for 

substructure analysis!



Results



Results (W+h)
3

��

���


��

���


��

���


��� ��� �� ��� ���� ���� ���� ���� ��	�

�
#

"
$

$
�

�
�

�
%

�
"

!
�

�
�

�
�

�
�

�
�

�
�

�

��$$������

���!� 
�����#"&!�

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.45

 60  70  80  90  100  110  120  130  140

C
ro

ss
 S

ec
ti

o
n
 [

fb
/1

0
-G

eV
]

Mass [GeV]

Signal
Background

FIG. 1: Reconstructed mH = 100 GeV Higgs mass (left) in
the V +h channel, after the cuts of Table I (excluding the cut
on mH); (right) in the tt̄+h channel, after the cuts of Table II
(excluding the cut on mH). Error bars show statistical errors.

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 [18].

IV. ANALYSIS

Here we apply the substructure tools developed above
to two processes yielding a boosted Higgs: pp → hW
and pp → htt̄. Before proceeding with the analysis we
describe our Monte Carlo tools and assumptions.

We generate all signal and background events for htt̄
at tree level using MadGraph v4 [8] and shower them us-
ing Pythia 6.4.21 [9]. We incorporate underlying event
and pile-up using Pythia’s “DW” tune and assuming a
luminosity per bunch-bunch crossing of 0.05 mb−1. Our
tt̄+ jets sample is matched out to two jets using the kT -
MLM matching procedure [10] (our V + jets sample re-
quires no matching as it is dominated by 2 → 2 pro-
cesses). Jet clustering is performed using the anti-kT al-
gorithm [11] as implemented in Fastjet 2.3 [12]. When
constructing subjets our procedure is to re-cluster the
constituents of a jet using anti-kT with a smaller radius,
denoted Rsub.

A. Discovering a buried Higgs in the V + h channel

Here we consider a boosted Higgs recoiling against a
vector boson as in Ref. [4]. As the production rate for
pp → hW is larger than pp → hZ, and the branching
ratio of W into leptons is much larger than that of Z into
leptons, we will restrict ourselves to the process pp→ hW
where W → lν for l = e, µ.

Our events are clustered using jet radii R of 0.8, 1.0,
and 1.2 for mh of 80, 100, and 120 GeV, respectively.

TABLE I: Cut efficiencies for a mh = 100 GeV Higgs in the
pp→ hW channel using the procedure outlined in Sec. IV A.
At the end of the table we include results obtained using two
different values of pmin

T for β.

σsig (fb) σbg (fb) S/B S/
√

B

pT (j) > 200 GeV 16 30000 0.00052 0.9

subjet mass 12 19000 0.00062 0.9

Higgs window 7.1 400 0.018 3.6

α > 0.7 4.1 140 0.030 3.5

β < 0.005, pmin
T = 1 GeV 0.67 0.74 0.90 7.8

β < 0.005, pmin
T = 5 GeV 2.9 2.6 0.11 5.7

To force ourselves into the boosted region we will con-
sider events with a jet of pT > 200 GeV. The domi-
nant background then is pp → W + j. As one can see
in Table I, the initial backgrounds are horrendous. De-
manding that the average mass of the hardest two subjets
(using Rsub = 0.3) lie below 10 GeV and requiring the
trimmed [13] mass of the jet (using the trimming param-
eter fcut = 0.03) lie within mh ± 10 GeV helps, but it is
not sufficient for a Higgs discovery.

However, after cutting on the jet substructure variables
α > 0.7 and β < 0.005, 0.005, and 0.007 for mh of 80,
100, and 120 GeV, respectively, one finds a prominent
signal, discoverable regardless of whether one uses pmin

T =
1 GeV or a more conservative 5 GeV. The Higgs mass
distribution after these cuts is shown in Fig. 1. The final
signal significances for the three Higgs masses we consider
are shown in Table III.

B. Discovering a buried Higgs in the tt̄ + h channel

Here the signal process of interest is the associated
production of a Higgs with a tt̄ pair, followed by lep-
tonic decays of both top quarks and Higgs decaying as
h → aa → 4g. The final state consists of 2 b-tagged
jets, 2 opposite-sign leptons, and (at least) 2 hard jets.
The main background is tt̄+ jets, with secondary con-
tributions from Z + bb̄ and tt̄Z. Background processes
with jets faking a lepton or a b-jet are subleading. For
the signal we use the SM NLO tt̄H cross-section [14]; in
particular σtth ≈ 1 pb for mh = 100 GeV. We use the
NLO + NLL calculation of the inclusive tt̄+ jets cross-
section to normalize the tt̄+ jets background [15, 16],
σttj = 908 pb. The NLO cross-section for tt̄Z is much
smaller, σttZ = 1.1 pb [17].

Since the buried Higgs does not produce b-quarks in its
decay, the combinatoric problems that contribute to the
difficulty of using the tt̄h channel in the SM are signifi-
cantly ameliorated. In the dileptonic channel, there is in
principle no combinatoric background: the decay prod-
ucts of the top quarks can be cleanly separated from the
decay products of the Higgs, much as in the W +h chan-
nel. We first cluster particles using the anti-kT algorithm
with Rsub = 0.4. To select for events containing 2 top

L=100 fb-1

Mass 
democracy

Color flow

Low subjet 
masses



Results (tt+h)

L=100 fb-1

4

σsig (fb) σbg (fb) S/B S/
√
B

preselection 8.1 6700 0.001 1.0

pT (j) > 125 GeV 3.1 750 0.004 1.1

pT (j2) > 40 GeV,m < 10 GeV 0.58 22 0.03 1.2

m(j) = mh ± 10 GeV 0.45 3.9 0.1 2.3

α > 0.7 0.40 2.0 0.2 2.9

β < 0.03, pmin
T = 1 GeV 0.28 0.21 1.3 6.1

β < 0.03, pmin
T = 5 GeV 0.29 0.25 1.1 5.7

TABLE II: Cut efficiencies for a mh = 100 GeV Higgs in the
tt̄h channel using the procedure outlined in Sec. IV B.

TABLE III: Final signal significance (S/
√
B) and signal-to-

background at L = 100 fb−1 for three different Higgs masses
in the pp → hW and pp → htt̄ channels. The numbers in
parenthesis are the significance using pmin

T = 5 GeV for the β
cut, while those outside the parenthesis are for pmin

T = 1 GeV.

mh = 80 GeV mh = 100 GeV mh = 120 GeV

pp → hW S/
√
B 6.6 (4.8) 7.8 (5.7) 7.0 (6.9)

S/B 0.34 (0.067) 0.90 (0.11) 0.80 (0.24)

pp → htt̄ S/
√
B 6.1 (5.9) 6.1 (5.7) 7.1 (7.1)

S/B 1.1 (0.97) 1.3 (1.1) 2.5 (2.5)

cuts are applied, and subsequently we neglect this con-
tribution to the background.

Next, we impose further selection criteria on the re-
maining untagged jets. We take jets with pT > 10 GeV
and further cluster them using the anti-kT algorithm into
fat jets with R = 1.5. We then trim the fat jets by
removing the contribution of Rsub = 0.4 subjets with
pT < 0.15 pT,fat from the fat jets. We select events con-
taining at least one fat jet with pT > 125 GeV.

The hardest fat jet is our Higgs candidate, and we
apply to it similar kinematic and substructure cuts as in
the W + h channel. We demand that the candidate jet
contains at least 2 Rsub = 0.4 subjets with pT > 40 GeV
with the average mass of the hardest two subjets below
10 GeV. Once again, at this stage bump-hunting for a fat
jet in the mh ± 10 GeV mass window is not enough for
a discovery, and we need to cut on the jet substructure.
Requiring α > 0.7 and β < 0.03 for pT,min = 1 GeV
brings us well above the discovery level for mh

<∼ 100.
The cut flow for mh = 100 GeV is shown in table II,
and the invariant mass distribution of the fat jet mass
after all cuts is shown in fig.1. For mh = 120 GeV we
need slightly harder kinematic cuts, pT (j) > 155 GeV,
pT (j2) > 50 GeV, β < 0.06 to lift the significance above
the discovery level. The final significance for all Higgs
masses is given in table III.

V. CONCLUSIONS

Here we have introduced a set of jet substructure tech-
niques designed to discover a Higgs undergoing challeng-
ing exotic decays. Remarkably, we found that these tools
are sufficient to discover a Higgs whose dominant decay
is to four gluons in both W + h and tt̄+ h channels after
L ∼ 100 fb−1. While the systematic errors in both the
background cross sections and the color flow cuts will
need to be carefully studied, the comfortable values of
S/B which we are able to obtain should ensure that dis-
covery is possible. One further lesson is that the tt̄ + h
channel can be relatively more useful for a non-standard
Higgs than it is in the SM. We believe that similar tech-
niques can be applied to boost the LHC discovery poten-
tial for a wider class of models where a light Higgs boson
undergoes complex decays, e.g. h → 4b or h → 4τ .

These techniques demonstrate the potential for the
LHC to probe qualitatively new scenarios of physics be-
yond the SM as new jet substructure tools are devel-
oped. One important point of our analysis is that a lot
of discriminating power is contained in soft (a few GeV)
QCD radiation. Further progress in detector sensitivity
to soft radiation, as well as a better theoretical control
over QCD predictions at the low invariant mass region
of the spectrum could lead to further improvement in
the discovery potential of non-standard Higgs bosons, or
indeed to other non-standard new physics.

Note added: When this work was finished Ref. [20]
appeared in which the same Higgs decay is studied with
similar conclusions for the LHC discovery potential.
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σsig (fb) σbg (fb) S/B S/
√

B

preselection 8.1 6700 0.001 1.0

pT (j) > 125 GeV 3.1 750 0.004 1.1

pT (j2) > 40 GeV, m < 10 GeV 0.58 22 0.03 1.2

m(j) = mh ± 10 GeV 0.45 3.9 0.1 2.3

α > 0.7 0.40 2.0 0.2 2.9

β < 0.03, pmin
T = 1 GeV 0.28 0.21 1.3 6.1

β < 0.03, pmin
T = 5 GeV 0.29 0.25 1.1 5.7

TABLE II: Cut efficiencies for a mh = 100 GeV Higgs in the
tt̄h channel using the procedure outlined in Sec. IV B.

quarks decaying leptonically we require two opposite-sign
isolated leptons and two b-jets satisfying pT,e > 15 GeV,
pT,µ > 10 GeV, pT,b > 20 GeV, |ηl,b| < 2.5. We assume
a flat b-tagging efficiency of 0.6. To control the Z + bb̄
background we require that same-flavor leptons do not
reconstruct a Z, |m$$ −mZ | > 10 GeV. After these cuts
the cross-section for Z + bb̄ is approximately 10% of the
cross-section for dileptonic tt̄+ jets. The importance of
Z + bb̄ drops further relative to tt̄+ jets when kinematic
cuts are applied, and subsequently we neglect this con-
tribution to the background.

Next, we impose further selection criteria on the re-
maining untagged jets. We take jets with pT > 10 GeV
and further cluster them using the anti-kT algorithm into
fat jets with R = 1.5. We then trim the fat jets by
removing the contribution of Rsub = 0.4 subjets with
pT < 0.15 pT,fat from the fat jets. We select events con-
taining at least one fat jet with pT > 125 GeV.

The hardest fat jet is our Higgs candidate, and we
apply to it similar kinematic and substructure cuts as in
the W + h channel. We demand that the candidate jet
contains at least 2 Rsub = 0.4 subjets with pT > 40 GeV
with the average mass of the hardest two subjets below
10 GeV. Once again, at this stage bump-hunting for a fat
jet in the mh ± 10 GeV mass window is not enough for
a discovery, and we need to cut on the jet substructure.
Requiring α > 0.7 and β < 0.03 for pT,min = 1 GeV
brings us well above the discovery level for mh

<∼ 100.
The cut flow for mh = 100 GeV is shown in table II,
and the invariant mass distribution of the fat jet mass
after all cuts is shown in fig.1. For mh = 120 GeV we
need slightly harder kinematic cuts, pT (j) > 155 GeV,
pT (j2) > 50 GeV, β < 0.06 to lift the significance above
the discovery level. The final signifance for all Higgs
masses is given in table III.

V. CONCLUSIONS

Here we have introduced a set of jet substructure tech-
niques designed to discover a Higgs undergoing challeng-
ing exotic decays. Remarkably, we found that these tools
are sufficient to discover a Higgs whose dominant decay
is to four gluons in both W + h and tt̄ + h channels after

L ∼ 100 fb−1. While the systematic errors in both the

TABLE III: Final signal significance (S/
√

B) and signal-to-
background at L = 100 fb−1 for three different Higgs masses
in the pp → hW and pp → htt̄ channels. The numbers in
parenthesis are the significance using pmin

T = 5 GeV for the β
cut, while those outside the parenthesis are for pmin

T = 1 GeV.

mh = 80 GeV mh = 100 GeV mh = 120 GeV

pp → hW S/
√

B 6.6 (4.8) 7.8 (5.7) 7.0 (6.9)

S/B 0.34 (0.067) 0.90 (0.11) 0.80 (0.24)

pp → htt̄ S/
√

B 6.1 (5.9) 6.1 (5.7) 7.1 (7.1)

S/B 1.1 (0.97) 1.3 (1.1) 2.5 (2.5)

background cross sections and the color flow cuts will
need to be carefully studied, the comfortable values of
S/B which we are able to obtain should ensure that dis-
covery is possible. One further lesson is that the tt̄ + h
channel can be relatively more useful for a non-standard
Higgs than it is in the SM. We believe that similar tech-
niques can be applied to boost the LHC discovery poten-
tial for a wider class of models where a light Higgs boson
undergoes complex decays, e.g. h→ 4b or h→ 4τ .

These techniques demonstrate the potential for the
LHC to probe qualitatively new scenarios of physics be-
yond the SM as new jet substructure tools are devel-
oped. One important point of our analysis is that a lot
of discriminating power is contained in soft (a few GeV)
QCD radiation. Further progress in detector sensitivity
to soft radiation, as well as a better theoretical control
over QCD predictions at the low invariant mass region
of the spectrum could lead to further improvement in
the discovery potential of non-standard Higgs bosons, or
indeed to other non-standard new physics.
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Another Approach (Chen et. al.)

• Search for the Elusive Higgs Boson Using Jet Structure at LHC, C. Chen, M. Nojiri, W. Sreethawong, [arXiv:1006.1151]

Selection cut Wh Wjj WW tt̄ tq tW tbW
(mη = 8 GeV)

pre-selection cuts 551 264,941 2,889 76,584 4,588 6,796 15,508

nj ≤ 3 452 197,044 1,867 3,363 3,428 1,726 676

mj ≤ 12 GeV 398 87,122 1,364 15,619 1,908 1,898 3,142
pTj1,2 ≥ 100, 50 GeV 92 7,381 34 15,552 122 682 2,812

all cuts except subjet cut 42 248 2 46 6 16 14
after including subjet cut 16 9 0 1 0 0 0

Table 5: Number of expected signal and background events after cuts in the dijet invariant

mass window 115 GeV≤ mjj ≤ 125 GeV for L = 30 fb−1 at the LHC. The analysis is based

on KT algorithm.
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Figure 6: Dijet invariant mass distributions for pp → Wh and h → 2η → 2j (mη = 8 GeV)

and SM backgrounds from jet substructure analysis using CA algorithm (left) and KT

algorithm (right) for L = 30 fb−1 at the LHC.

looser so that many numbers of backgrounds can survive.

We show in Table 6 the cross section of
Jet algorithm σS (fb) S/

√
B

CA 0.43 3.75
KT 0.53 5.06

Table 6: Signal cross section and statis-

tical significance after all cuts in a dijet

invariant mass window 115 GeV≤ mjj ≤
125 GeV from jet substructure analysis

for L = 30 fb−1 at the LHC.

signal and statistical significance after im-

posing all cuts. It can be seen that, in the
mass window between 115 GeV and 125 GeV,

one can reach a statistical significance lager
than 3σ and 5σ using CA and KT jet-finding
algorithms, respectively, with 30 fb−1 lumi-

nosity at the LHC. We also notice that the
KT algorithm seems to perform better than

the CA algorithm. However, the statistics is rather low, so it is more reasonable to
conclude that they perform equally well. The dijet invariant mass distributions after
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✤ Look in different kinematic regime

✤ Each a gets its own jet (R=0.5)

✤ Require each subjet show a mass drop

✤ Require symmetric subjets

✤ Cut on jet mass

Note that this is for L = 30 fb−1

http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Chen%2C%20Chuan%2DRen%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Chen%2C%20Chuan%2DRen%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Nojiri%2C%20Mihoko%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Nojiri%2C%20Mihoko%20M%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sreethawong%2C%20Warintorn%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sreethawong%2C%20Warintorn%22


Conclusions

✤ Substructure techniques help us to ``unbury’’ h->aa->gggg

✤ Pushing detector technology (resolutions/thresholds) can lead to 
immediate and significant improvements in this sort of analysis.

✤ Allows one to push harder with color flow cuts

✤ Color sensitive substructure observables may find wider application 
in BSM analyses.


