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Boosted Higgsstrahlung

2)  Boosted Higgs: pT(h) > 200 GeV 

1)  Leptonic decay of W/Z into
    llbb, lνbb, ννbb.W,Z

h

q

q(‘)-

3)  BDRS Higgs tagger 



1)  “mass drop”
       

2)  “asymmetry”

3)  b-tag both subjets

4)  filter subjets 

Rbb

Higgs candidate mass -- 3 highest pT subjets 
reclustered with Rj1,j2,j3 = min(Rbb/2,0.3)

j21

j12

j22
j11

BDRS Higgs Tagger

physics scenario as well as the detector performance. Im-
portant details of the new physics model include the total
cross section of new physics, the fraction of new physics
produced that can be cleanly separated from standard
model backgrounds, the fraction of this sample that has
Higgs bosons resulting from new heavy particle decays,
and the fraction of these Higgs bosons that are boosted.
Important detector performance details include the b-tag
efficiency, which includes tagging a jet as well as subjets,
the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta
pt � mh. When the Higgs decays to bb̄, this high
transverse momenta causes the b-jets to be highly col-
limated. Conventional search strategies to identify the
Higgs through the reconstruction of two separate singly
b-tagged jets generally fails since it is much more likely
for the b-jets to be merged into a single jet. Going to
smaller cone size would seem prudent, except that this
has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique
to identify subjets within a “fat jet” consistent with the
decay of a Higgs to bb̄ [1]. Identifying subjets inside a
fat jet that resulted from the decay of a massive particle
is not straightforward. Jet mass, determined by some
algorithmic prescription applied to the subjets, is one
indicator. However, the distribution that results from
ordinary QCD production still has a long tail into high
jet masses. For a jet with transverse momentum pt, jet
mass mj , and cone size R2 = ∆η2 + ∆φ2, the leading
order differential QCD jet mass distribution goes as [5, 6]

dσ (R)
dptdmj

∼ αsCi

πm2
j

�
ln

R2p2
t

m2
j

+O (1)

�
. (1)

The challenge is thus to reduce the QCD jet background
without losing significantly in mass resolution. Further,
when a jet with substructure is identified, we also need to
determine the “heavy particle neighborhood” – the region
to which QCD radiation from the Higgs decay products
is expected to be confined.

Analysis of jet substructure has received considerable
attention. Distinct algorithms have been proposed to
identify Higgs decaying to bb̄ [1, 7], fully hadronic decays
of top [7, 8, 9, 10], and even neutralinos decaying to three
quarks [11, 12]. Refs. [13, 14, 15] have also recently in-
troduced a more general “pruning” procedure based on
jet substructure to more easily discover heavy particles.
Our work employs a modified version of the iterative de-
composition algorithm introduced by Ref. [1], which uses
an inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new
physics and SM background processes, is a set of final
(post-showering and hadronization) particles. We gener-
ate signal events using Pythia v6.4 [19], while the back-
ground events are first generated at parton-level using
ALPGENv13 [20]. We use PYTHIA v6.4 for showering
and hadronization of all events. We also use the ATLAS
tune [21] in Pythia to model the underlying event. We do
not perform any detector simulation or smearing of jets.
A realistic ATLAS/CMS specific search in the spirit of
Ref. [2] is beyond the scope of this work. However, since
high pt jets result in a large amount of energy deposited
in the calorimeter cells where energy resolution is excel-
lent, we do not expect smearing to significantly modify
our results.

We group the hadronic output of Pythia into “cells” of
size ∆η×∆φ = 0.1×0.1. We sum the four momentum of
all particles in each cell and rescale the resulting three-
momentum such as to make the cells massless [8]. If the
cell energy is bigger than 1 GeV, the cells become the
inputs to the jet algorithm. We use the inclusive C/A
algorithm as implemented in FastJet [22] to cluster the
input cells in jets with R = 1.2. As we are trying to
identify the Higgs through its decay to bottom quarks,
the b-tag efficiency is paramount. For simplicity we work
with a flat 60% acceptance, with a corresponding fake
rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-
tering, the two subjets j1 and j2 are labeled such
that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-
istence of a significant mass drop (mj1 < µmj) as
well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

∆R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)2 identical to Ref. [1]. Both subjets
are required to be b-tagged and the pt of the daugh-
ter jet j greater than 30 GeV. If these conditions
are satisfied, this stage of clustering (say, i-th) is
recorded and then the following is calculated:

Si =
min

�
p2

tj1
, p2

tj2

�

�
ptj1

+ ptj2

�2 ∆Rj1j2 . (2)

The quantity Si is an indicator of the similarity of
the two subjets and is weighted by their separation
∆Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as
j has further subjets.

4. Select the stage of clustering for which Si is the
largest. We anticipate that the two b-tagged sub-
jets, at this stage, are most likely to have originated

2

(0.3)2

mj1 < 0.68 mj

∆R = 1.2 fat jet with C/A 



BDRS 0802.2470

BDRS Result:  14 TeV; 30 fb-1

• LHC 14 TeV; 30 fb-1; mh = 115 GeV
• HERWIG/JIMMY 
  cross-checked with PYTHIA with “ATLAS tune”
• 60% b-tag; 2% mistag
• no smearing
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BDRS “Higgs tagger” is great!

Standard Model sucks. 

*though still better than nothing!

h may not be < 125 GeV;
h pT boost > 200 GeV only 5% of σ;
V(->lep)h(->bb) S/B comparitively low*



If new physics source of Higgs...

Production can be large
Boost can be larger
Signature can be more distinctive

While revealing Higgs <-> new physics connection.

New Physics



Many Interesting Possibilities involving Higgs and/or SUSY

Katz,Son,Tweedie 1011.4523

Chen et al 1006.1151
Plehn et al 1006.2833, 1102.0557

Bellazzini et al 1012.1316
Fan et al 1102.0302
Thaler,Thomas 1103.1631

Butterworth et al hep-ph/0702150
Butterworth et al 0906.0728

...



new physics

Spectactular Great Promising

SUSY

cascade ends
NLSP -> h g~

cascade spits 
h

in decays

top partners

t’ -> t h

(h always light in MSSM) (h could be light)
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Squark Production to Gauginos

~ ~B,W+-0

q

q

~

typical σ(squarks)14 TeV ≈ several pb!

q~ q

~ ~B,W+-0

p p



Superpartner Decay Channels to Higgs

H~

h

G~
~ ~B,W+-0

H+-0~

h,z,w+-

BR up to 50%* BR ≈ 25%**

> 120 GeV
> 120 GeV

*Thaler-Thomas can get 100%! **Automatic via Goldstone equivalence



(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 3: Probability for a Higgs boson in squark decay chains, for MA = 1000 GeV. From lightest

to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25%, 30%. The gray hatched area is

excluded by LEP. Superimposed are the regions of correct relic density for tanβ = 10 (black) and

tanβ = 50 (green). The constraints from dark matter direct detection are not shown. The yellow

star indicates the benchmark point (I) discussed in Sec. 4.
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(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 3: Probability for a Higgs boson in squark decay chains, for MA = 1000 GeV. From lightest

to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25%, 30%. The gray hatched area is

excluded by LEP. Superimposed are the regions of correct relic density for tanβ = 10 (black) and

tanβ = 50 (green). The constraints from dark matter direct detection are not shown. The yellow

star indicates the benchmark point (I) discussed in Sec. 4.
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Boost

the Higgsinos and mix minimally to the rest of the gaugi-
nos throughout. As a result, the heavier mass eigenstates
(χ0

4 and χ±
2 ) are mostly winos. As indicated in Plot I in

Fig. 1, winos decay significantly to the lightest Higgs bo-
son. In fact, for M2 � 300 GeV, wino decay follows the
“Goldstone region”: roughly 3/4 of the time the wino
decays into longitudinal W/Z and 1/4 of the time it de-
cays into the lightest Higgs boson. For a large part of
the parameter space the mass gaps between χ0

3 and χ0
1,2

are not large enough to allow a two-body decay into the
lightest Higgs boson. Once outside the kinematically for-
bidden zone, however, the branching ratio of the decay
χ0
3 → h + χ0

1,2 rises quickly with increasing M1. In this
region, M1/µ is large and χ0

3 is mostly a bino.
The same spectrum is used to generate plot I in Fig. 2.

Note that the right-handed squarks decay mostly to the
bino and so Pq̃Rh looks almost identical to the branch-
ing ratio of χ0

3 decaying to Higgs boson. Similarly, the
left-handed squarks decay mainly to the winos and Pq̃Lh

follows the partial decay width of χ0
4 and χ±

2 to Higgs
bosons. The other feature to note in this plot is that
Pq̃Lh goes down for large M1, signifying that the decays
of squark to quark plus wino are beginning to be affected
by kinematical suppression from the heavy wino.

Plots II in Figs. 1,2 are similar to Plots I except that
slightly heavier Higgsinos (|µ| = 200 GeV) are used.
Larger M1/µ is needed in order to open up χ0

3 decays
to Higgs bosons. A curious rise is seen in χ0

4 decays for
small M1. It is an artifact of decays χ0

4 → W
± + χ∓

1
shutting down, thereby, causing total decay width of χ0

4
to shrink. This feature is more prominent for negative
µ. Even if all parameters in the chargino mass matrices
are held fixed, taking M2 to have the opposite sign of µ
reduces the splitting among the mass eigenvalues. This
results in heavier χ±

1 and prevents the two-body decay
χ0
4 → W

± + χ∓
1 decays even for heavier χ0

4. Once again,
Pq̃Lh and Pq̃Rh follows the partial decay width of winos
and bino respectively. One thing to note is that even
though there is a sharp rise in χ0

4 and χ±
2 partial widths

for small M1, there is no such curious feature in Pq̃Lh. In
this limit, M2 ∼ |µ| and decays of squarks to χ0

4 and χ±
2

suffer because of rising Higgsino content in them.
Finally, for Plot III in Figs. 1,2, all parameters are

the same as Plots I except that the sleptons are taken
be lighter, in this case, 500GeV. As the wino mass is
increased above this value, the wino-like neutralino and
charginos begin to decay into slepton modes, reducing
the branching fraction to the lightest Higgs boson.

2. Boost of a Higgs boson in a Superpartner Cascade

In a typical cascade, a Higgs boson appears from the
decay of a massive superpartner. The large release in rest
mass results in a large recoil energy, i.e., Higgs bosons
from superpartner decays are naturally boosted. This is
demonstrated in Fig. 3, which shows that a significant
fraction of Higgs bosons are boosted with pT > 200 GeV

(and even with 300 GeV, as shown). The boost was found
by generating samples of 5000 supersymmetric events at
different values of M1/µ using PYTHIA v6.4 [32], and
plotting the Higgs transverse momenta.
Both of the plots in Fig. 3 are made with µ = 150 GeV,

tanβ = 10 and all squarks with mass of 1 TeV. Sleptons
have mass of 1 TeV in plot I and 500 GeV in plot II. The
presence of light sleptons reduces the fraction of super-
symmetric production that leads to a boosted Higgs bo-
son in the cascade. This is due not only does the overall
lower fraction of Higgs bosons appearing in the cascades
(see plot IIIA and IIIB in Fig. 2) when heavy neutralinos
and charginos decay to them, but also fewer of the Higgs
bosons in the decay chain are boosted.

FIG. 3. The fraction (in %) of boosted Higgs bosons as a

function of M1/µ with M2 = 2M1, µ = 150 GeV and tanβ =

10 in samples of events generated by PYTHIA. In the plots

the red and dotted lines represent the percentages of Higgs

bosons with pT > 200 GeV and the green dot-dashed lines

represent the fraction of Higgs with pT > 300 GeV. In the

left Figure the squark masses are 1 TeV, while in the right

Figure the squark masses are 750 GeV. All other relevant soft

supersymmetric breaking masses are kept at or above 1 TeV.

B. Smaller mA

The second interesting regime of the Higgs sector that
we consider is smaller mA, where

mA < min(|M2 − µ|, |M1 − µ|) . (16)

There are really two distinct regimes of smaller mA:
the first is when all the Higgs mass eigenstates
(h,H,A and H

±) are comparable in mass and the CP

5

Example:
msq = 1 TeV
wino = 2 bino
µ = 150 GeV

M1/µ
KMRS 1006.1656

pT >        GeV
300
200



Modest Improvment for Busy Events

physics scenario as well as the detector performance. Im-
portant details of the new physics model include the total
cross section of new physics, the fraction of new physics
produced that can be cleanly separated from standard
model backgrounds, the fraction of this sample that has
Higgs bosons resulting from new heavy particle decays,
and the fraction of these Higgs bosons that are boosted.
Important detector performance details include the b-tag
efficiency, which includes tagging a jet as well as subjets,
the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta
pt � mh. When the Higgs decays to bb̄, this high
transverse momenta causes the b-jets to be highly col-
limated. Conventional search strategies to identify the
Higgs through the reconstruction of two separate singly
b-tagged jets generally fails since it is much more likely
for the b-jets to be merged into a single jet. Going to
smaller cone size would seem prudent, except that this
has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique
to identify subjets within a “fat jet” consistent with the
decay of a Higgs to bb̄ [1]. Identifying subjets inside a
fat jet that resulted from the decay of a massive particle
is not straightforward. Jet mass, determined by some
algorithmic prescription applied to the subjets, is one
indicator. However, the distribution that results from
ordinary QCD production still has a long tail into high
jet masses. For a jet with transverse momentum pt, jet
mass mj , and cone size R2 = ∆η2 + ∆φ2, the leading
order differential QCD jet mass distribution goes as [5, 6]

dσ (R)
dptdmj

∼ αsCi

πm2
j

�
ln

R2p2
t

m2
j

+O (1)

�
. (1)

The challenge is thus to reduce the QCD jet background
without losing significantly in mass resolution. Further,
when a jet with substructure is identified, we also need to
determine the “heavy particle neighborhood” – the region
to which QCD radiation from the Higgs decay products
is expected to be confined.

Analysis of jet substructure has received considerable
attention. Distinct algorithms have been proposed to
identify Higgs decaying to bb̄ [1, 7], fully hadronic decays
of top [7, 8, 9, 10], and even neutralinos decaying to three
quarks [11, 12]. Refs. [13, 14, 15] have also recently in-
troduced a more general “pruning” procedure based on
jet substructure to more easily discover heavy particles.
Our work employs a modified version of the iterative de-
composition algorithm introduced by Ref. [1], which uses
an inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new
physics and SM background processes, is a set of final
(post-showering and hadronization) particles. We gener-
ate signal events using Pythia v6.4 [19], while the back-
ground events are first generated at parton-level using
ALPGENv13 [20]. We use PYTHIA v6.4 for showering
and hadronization of all events. We also use the ATLAS
tune [21] in Pythia to model the underlying event. We do
not perform any detector simulation or smearing of jets.
A realistic ATLAS/CMS specific search in the spirit of
Ref. [2] is beyond the scope of this work. However, since
high pt jets result in a large amount of energy deposited
in the calorimeter cells where energy resolution is excel-
lent, we do not expect smearing to significantly modify
our results.

We group the hadronic output of Pythia into “cells” of
size ∆η×∆φ = 0.1×0.1. We sum the four momentum of
all particles in each cell and rescale the resulting three-
momentum such as to make the cells massless [8]. If the
cell energy is bigger than 1 GeV, the cells become the
inputs to the jet algorithm. We use the inclusive C/A
algorithm as implemented in FastJet [22] to cluster the
input cells in jets with R = 1.2. As we are trying to
identify the Higgs through its decay to bottom quarks,
the b-tag efficiency is paramount. For simplicity we work
with a flat 60% acceptance, with a corresponding fake
rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-
tering, the two subjets j1 and j2 are labeled such
that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-
istence of a significant mass drop (mj1 < µmj) as
well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

∆R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)2 identical to Ref. [1]. Both subjets
are required to be b-tagged and the pt of the daugh-
ter jet j greater than 30 GeV. If these conditions
are satisfied, this stage of clustering (say, i-th) is
recorded and then the following is calculated:

Si =
min

�
p2

tj1
, p2

tj2

�

�
ptj1

+ ptj2

�2 ∆Rj1j2 . (2)

The quantity Si is an indicator of the similarity of
the two subjets and is weighted by their separation
∆Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as
j has further subjets.

4. Select the stage of clustering for which Si is the
largest. We anticipate that the two b-tagged sub-
jets, at this stage, are most likely to have originated

2

Choose 3 highest pT jets from stage which maximizes “S”

At each stage of unclustering, 
calculate “similarity”:

This helps improve the efficiency of finding the Higgs by 
≈ 10-20% by not rejecting fat jets with stray b-tagged jet.

FIG. 7. Comparison of the candidate resonance jet mass us-

ing the similarity algorithm (black) and the original BDRS

algorithm (red), applied to our b-tagged fat jet sample. The

signal point used for the comparison is SHSP 3 (see Table I),

and the vertical axis has been rescaled to correspond to an

integrated luminosity of L = 10 fb
−1

. While the accuracy of

the two algorithms is similar, the similarity algorithm is more

efficient.

SM particles we expect to find Z → bb̄
2
. Also, when

both H and A are light and decay to bb̄, our algorithm

can discover Higgs bosons as long as they are produced

in a superpartner cascade.

VI. RESULTS

Having demonstrated sparticle cascade decays as a vi-

able, important source of boosted Higgs bosons and de-

scribed our substructure algorithm in detail, we now

demonstrate the effectiveness of our proposal. To best

convey our results, we first propose a collection of Study

Points on which we use the candidate resonance jet find-

ing algorithm. While by no means exhaustive, the Study

Points have a diverse set of MSSM parameters. After in-

troducing the Study Points, we then list the set of back-

grounds we considered for this work and show the way

in which sets of conventional cuts can be used to reduce

these. The candidate resonance jet finding algorithm is

then run on this set of rarefied events (both signal and

background events). Finally, masses of the candidate res-

onance jets are plotted to estimate the signal significance.

2 In practice, as light jets can occasionally fake b-jets, any boosted,
heavy particle which decays hadronically (t,W, · · · ) has a chance
of being picked up by the substructure algorithm.

A. Supersymmetric Higgs Study Points

The efficiency of our algorithm to find Higgs bosons is

demonstrated on a set of benchmark points, Supersym-

metric Higgs Study Points (SHSPs), tabulated in Table I.

These Study Points are grouped into three categories.

• Study Points 1,2 represent spectra in the decou-

pling limit (mA = 1 TeV) . In SHSP 1a and 1b the

LSP is mostly bino, all squarks are at 1 TeV, and

the sleptons are at 1 TeV and 350 GeV respectively.

In SHSP 2a and 2b the LSP is a maximal mixture of

Higgsinos and bino. In SHSP 2a once again we use

heavier squarks and sleptons while slightly lighter

squarks and sleptons are used in SHSP 2b.

• SHSP 3 has M1 � |µ| and large mA, such that

the LSP has a thermal relic density that matches

cosmological measurements.

• The final set of Study Points, SHSP 4,5 (|µ| =

150 GeV) and SHSP 6 (|µ| = 200 GeV) are repre-

sentatives of spectra in the smaller mA region. The

main difference between SHSP 4,6 versus SHSP 5 is

the sign of the µ term. As shown in Fig. 5, whenmA

is low the sign of µ greatly influences which Higgs

bosons the gauginos decay into. For SHSP 4, 6, de-

cays to h predominate, while H/A predominate in

SHSP 5.

To simulate the supersymmetric signal, we use

PYTHIA v6.4 to generate parton level events, with sub-

sequent showering and hadronization. The lowest-order,

inclusive superpartner production cross sections are large

(O(pb)) and are listed for all Study Points in Table I.

These cross sections are somewhat misleading, since the

quoted cross sections also include electroweak production

of light charginos and neutralinos. In the scenarios we are

considering, the lightest charginos and neutralinos have

a large Higgsino component and thus large couplings to

the Z boson. As a result, the LHC cross sections for

neutralino pair production χ0
1χ

0
2, chargino pair produc-

tion χ±
1 χ

∓
1 and associated chargino-neutralino produc-

tion χ0
1,2χ

±
1 are all quite large, O(0.5 − 1pb). While a

large chargino/neutralino production cross section will

likely enable the discovery of new physics, light neu-

tralinos and charginos do not decay to Higgs bosons so

these events are of no use for a Higgs search. There-

fore, in order to fairly judge our Higgs-finding algorithm,

we have included the fraction of supersymmetric events

containing a Higgs boson (h/H/A) in Table I. This frac-

tion was calculated by counting the number of on-shell

Higgs bosons, without any kinematic cuts, in samples

of PYTHIA-generated supersymmetric events. The final

row in Table I, σh/H/A, is simply the inclusive supersym-

metric cross section times the fraction of supersymmetric

events containing a Higgs boson.

9
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Results: Details

Signal:   SUSPECT2         PYTHIA6.4

Background:  ALPGEN            PYTHIA6.4 underlying event:
ATLAS tune

• All final-state hadrons grouped into 
cells of size (∆η ×∆φ) = (0.1× 0.1)

• Each cell is rescaled to be massless
this models detector response                 (Thaler, Wang ’08)

b-tagging: 

jet-photon fake rate:

60% efficiency, 

.1%

2% fake rate

jet gymnastics performed using FastJet (hep-ph/0512210)

34Thursday, February 18, 2010

Simulation details...



Example 1: MSSM with Higgsino LSP
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W + jets

Z + jets

SUSY

 = 14 TeVs, -1b invariant mass, L = 10 fbb

Results: Point #2

BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

Candidate Higgs-jet mass

3rd generation squarks and gluinos 
play a bigger role in SUSY production, 

more b/t quarks in the events

same ino spectrum as previous,  
  but light squarks now 1 TeV
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BR(ũR, d̃R → h + X) ∼ 16%MET > 300 GeV, HT > 1 TeV, 3+ jets, 

no lepton, + 1 “tagged” Higgs

10 fb-1 @ 14 TeV

KMRS 1006.1656



Example 2:  MSSM with mA = 200 GeV

Could discover heavier A,H states!bb
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new physics

Spectactular Great Promising

SUSY

cascade ends
NLSP -> h g~

cascade spits 
h

in decays

top partners

t’ -> t h

(h always light in MSSM) (h could be light)



“Goldstone region”
for m(t’) » m(t)

≈ 25% of time decay 
to h 

≈ 75% of time to 
longitudinal W/Z

Top Partners

t’

t

h

(little Higgs models, top color with light h, ...)

vector-like quarks with mixing through Higgs



Higgs from Top Partners

t/b

W/Z

h

t

T

T

p

p

always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

4+ bs, many jets! 

Unlike SUSY, require multiple “tags” involving
the varied final states, including

boosted top and boosted W tagging.



Exploit Boosted t,W (as well as h)

FIG. 6. Flow diagram to summarize our selection procedure. The flow has been devised so that no event can be counted more
than once. In the figure, 1+ means one or more objects are required. Additional cuts on HT > 1, 1.3 TeV are imposed for
top-partner masses of 800, 1000 GeV respectively.

the branching fraction of Z → b̄b is � 0.15, so the Z
feature is small. Hadronic W are also produced in T de-

cay, however the majority of them are removed by cuts

preceding the Higgs-tagger.

The measure we use for how well a particular analysis

or sub-channel performs is the significance, which we de-

fine simply as S/
√
B. In addition to the SM background,

we also include the new physics background – hadroni-

cally decaying W , Z from T decay mentioned above. To

account for this new physics background we define the to-

tal background to be the average of the number of events

in the bins ±2 from the putative Higgs peak. This is a

crude, and somewhat conservative estimate for the sig-

nificance. The significance in each channel, as well as

the significance of all channels combined is summarized

below in Table II.

As Table II shows, the most significant channel(s) vary

with the mass of the top-partner. When the top-partner

is light, the cross section is large, but the boost of a Higgs

or top from T decay is smaller. Consequently, channels

which require several substructure tags (Ch. 3, 5) are in-

efficient, while the high cross section makes up for small

branching ratios in the multi-lepton channels (Ch. 2, 4).
At high mass, the channels swap roles; the multi-lepton

channels don’t receive enough events, while the efficiency

of substructure taggers improves greatly. For the inter-

mediate point, mT = 600 GeV all channels are equally

effective.

400 GeV 600 GeV 800 GeV 1 TeV

S/
√
B S/B S/

√
B S/B S/

√
B S/B S/

√
B S/B

Ch 1 2.0 0.4 4.3 1.3 2.0 1.0 ** **

Ch 2 4.3 0.5 5.2 0.9 2.5 1.2 ** **

Ch 3 * * 6.6 2.2 2.7 1.2 2.0 1.6

Ch 4 2.7 0.7 4.4 1.8 ** ** ** **

Ch 5 * * 4.1 1.1 3.1 1.2 1.4 0.8

sum 5.2 0.5 10.5 1.2 5.2 1.2 2.4 1.2

TABLE II. The S/
√
B and S/B obtained for the various

search channels, as well as for the summed significance of
all channels. The search was done for the heavy quark mass
of 400 GeV, 600 GeV, 800 GeV and 1 TeV, all assuming√
s = 14 TeV and 10 fb−1 of integrated luminosity. The

starred entries have significance less than 2 and are not in-
cluded in the summed significance. The double-starred en-
tries have fewer than 2 events in the signal, and are also not
included in the total significance.

V. TOP-PARTNERS IN SPECIFIC MODELS

Vector-like top-partners are self-contained extensions

of the standard model. Nevertheless, they often ap-

pear as ingredients in larger extensions. Here we demon-

strate how our results from previous sections on jet sub-

structure and Higgs-finding apply directly to two general

classes of models: little Higgs theories and topcolor the-

6

Different pathways better for different t’ masses.



Top partner production & decay:
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X
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FIG. 1. Branching fraction of T to t + h, mh = 120 GeV

(solid), b + W (dotted) and t + Z (dashed) as a function of

mT . An η value of 0.5 has been chosen, though the branching

ratios are essentially independent of η.
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FIG. 2. Comparison of the production cross sections σ(pp →
T T̄ ) (solid) and σ(pp → T+j, T̄+j) (dotted) with at least one

T → th at a 14 TeV LHC. The η parameter, which enters into

single production, has been set to 1/2. Smaller η decreases

the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T−channel. As long as
mT � 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp → T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate suffi-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production

followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.
scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >

15 GeV, |η| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% efficiency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |η| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all

3

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

80

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70

80  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

 = 400 GeVTm

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

80

90

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70

80

90  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

 = 600 GeVTm

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

5

10

15

20

25

40 60 80 100 120 140 160 180 2000

5

10

15

20

25  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

 = 800 GeVTm

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

1

2

3

4

5

6

7

40 60 80 100 120 140 160 180 2000

1

2

3

4

5

6

7
 + jetstt

b+btt
+Ztt

Z(ll) + jets
bbZ(ll) + 

T

 = 1000 GeVTm

FIG. 7. Resonance jet mass distribution. We assume an integrated luminosity of 10 fb
−1

at a 14 TeV center of mass LHC.

The search strategy is described in Sec. III B and in Fig. 6. An additional cut on HT > 1, 1.3 TeV is imposed for top-partner

masses of 800, 1000 GeV.

ories. In particular, we map our parameter space onto

two specific examples of these models: the simplest lit-

tle Higgs model [13] and the top quark seesaw theory of

electroweak symmetry breaking [78].

A. The Simplest Little Higgs

In the simplest little Higgs model, the Higgs boson

is naturally light because it is a Nambu-Goldstone bo-

son of a spontaneously broken symmetry (SU(3)W ×
U(1)X)/(SU(2)W ×U(1)Y ). Nonzero vevs of two scalars

(say, φ1 and φ2) in the triplet representation of SU(3)W

break the full symmetry down to SU(2)W ×U(1)Y at the

scale f > v. Interactions of SM Higgs doublet can easily

be calculated in the following parametrization of the φi

fields:

φ1 = exp

�
i

�
H

†

H

���

f

�
(9)

φ2 = exp

�
−i

�
H

†

H

���

f

�
(10)

The quadratic divergences associated with the top

Yukawa is cancelled by extending the SU(3) symmetry

to the Yukawa couplings. First, the quark doublets are

enlarged into SU(3) triplets: Ψ ≡ (Q3, T ), transforming

under the SU(3)W gauge symmetry. Second, two color-

triplet, SU(3)W -singlets T
c
1 and T

c
2 are introduced. The

U(1)X charges of T
c
1 and T

c
2 are chosen to be equal and

identical to the U(1)X charge of t
c
.

LYukawa = λ1φ
†
1ΨT

c
1 + λ2φ

†
2ΨT

c
2 . (11)

Expanding φ1 and φ2 around their vevs (as in Eq. (9))
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In preparation...SUSY @ 7 TeV, 1-2 fb-1
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FIG. 1: Results for the point 1
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FIG. 2: Results for point 2.
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Appendix A: Simulation Details

The supersymmetric spectra and decay tables were calculated using SUSPECT and SUSY-HIT, whose output is

fed to PYTHIA6.4 [19] for event generation. All background processes were computed with ALPGENv13 [20] using

CTEQ6L1 parton distribution functions and the default factorization/renormalization schemes for each process. The

parton-level background events are subsequently run through PYTHIA for showering and hadronization. A table

collecting the most relevant backgrounds and their simulation details is included below:

The final state particles from the PYTHIA are grouped into calorimeter ‘cells’ of size ∆η × ∆φ = 0.1 × 0.1.

Following [6] the three-momenta in each cell is rescaled such that the cell has zero invariant mass. All cells with

energy > 1 GeV are retained and used as input into the jet clustering routines.

[1] G. D. Kribs, A. Martin, T. S. Roy, and M. Spannowsky, Phys.Rev. D81, 111501 (2010), arXiv:0912.4731.
[2] G. D. Kribs, A. Martin, T. S. Roy, and M. Spannowsky (2010), arXiv:1006.1656.
[3] J. Butterworth, B. Cox, and J. R. Forshaw, Phys.Rev. D65, 096014 (2002), hep-ph/0201098.
[4] J. M. Butterworth, A. R. Davison, M. Rubin, and G. P. Salam, Phys.Rev.Lett. 100, 242001 (2008), arXiv:0802.2470.
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To get an estimate for the 2010 LHC reach in the jets plus /ET channel we will follow the analysis in the CMS TDR.
Specifically, we count the number of events for a given SUSY spectrum after the following cuts have been imposed:

/ET > 200 GeV
≥ 3 jets, pT > 30 GeV, |ηj | < 3.0

lead jet: pT > 180 GeV, |η| < 1.7, subleading jet: pT > 110 GeV
HT ≡ pT,j2 + pT,j3 + pT,j4 + /ET > 500 GeV (1)

These cuts were designed and optimized for the benchmark SUSY spectra in the TDR and assuming a
√

s = 14 TeV
collider. Further optimization, especially to account for the lower collider energy, is certainly possible and may yield
more events. However, we carry out this analysis on events processed with PGS, a fast, but certainly overly optimistic
detector simulator. The exaggerated acceptance and efficiencies in PGS partially compensate for the fact that we
are recycling an old analysis. Overall, we expect this exercise gives us a rough, order-of-magnitude estimate for the
number of events, which is sufficient for our purposes.

B. Sample Spectra and Backgrounds

The most relevant parameters are the first/second generation squark masses and the electroweak ino mass param-
eters M1, M2, µ. The squark mass sets the overall production cross section and determines how much boost it can
impart on successive cascade decay products, while the other three parameters set the hierarchy of wino, bino, and
higgsino masses. This in turn controls how often Higgses appear in cascades. To maximize the amount of Higgses pro-
duced within ∼ few fb−1 while avoiding all Tevatron and LEP constraints, the SUSY spectrum needs to be ‘squashed’
– meaning the four relevant soft parameters are all within a few hundred GeV. Two example points we will consider
are:

Point 1 Point 2

m
Q̃1,2

500 GeV 800 GeV(L), 730 GeV(R)

m
Q̃3

900 GeV 900 GeV

M1 350 GeV 440 GeV

M2 270 GeV 370 GeV

M3 800 GeV 1 TeV

µ 170 GeV 260 GeV

LHC σNLO 5.12 pb 0.68 pb

Tevatron σNLO

Events at 40 pb−1 ∼ 19 ∼ 4

BR(Q̃1,2 → h + X) 30%(R) , 8%(L) 34%(R) , 12%(L)

TABLE I: Two ‘squashed’ SUSY points. The supersymmetry parameters not listed above are common to both points. Specif-
ically, all slepton masses and mA are 1 TeV, tan β = 20, and the only nonzero A term is At = 700 GeV. The largish mA and
At are necessary to enhance the Higgs mass above the LEP limit and otherwise play no role in our analysis. Similarly, the
sleptons have all been decoupled to remove any effect they could have on the cascade decays. The NLO cross sections were
computed using PROSPINO. The L/R in parenthesis indicates left- or right-handed squarks.

The last line is the fraction of first and second squark decays which yield a Higgs. First and second generation
squarks dominate the colored superpartner production in these schemes and are therefore the primary source of
cascade-Higgses.

These two spectra have several features in common: the µ parameter is the lightest mass parameter, with M1 and
M2 at least 100 GeV heavier. As a result, he lightest chargino and lightest neturalino are predominantly Higgsino
and both have a mass ∼ |µ| > 150 GeV, making them safe from all Tevatron/LEP bounds. The near-degeneracy
between the lightest electroweak inos makes these points especially difficult to detect searches since particles ejected
in the χ±1 → χ0

1 + X cascades will be soft and hard to detect. A second feature both point share is M1 > M2 leads

to large BR of RH squarks to higgses.. explain how.
From Point 1 we expect O(20) events to show up in a jets plus /ET search. Without a dedicated study of the

backgrounds and their uncertainties, including multijet QCD, at 7 TeV we cannot say conclusively whether this is
sufficient for discovery but.... This number can be decreased slightly by raising the squark and gluino masses, however
the electroweak inos alone have a cross section of roughly 2.5 pb, and therefore cause 5 − 10 of the total LHC 2010
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to large BR of RH squarks to higgses.. explain how.
From Point 1 we expect O(20) events to show up in a jets plus /ET search. Without a dedicated study of the

backgrounds and their uncertainties, including multijet QCD, at 7 TeV we cannot say conclusively whether this is
sufficient for discovery but.... This number can be decreased slightly by raising the squark and gluino masses, however
the electroweak inos alone have a cross section of roughly 2.5 pb, and therefore cause 5 − 10 of the total LHC 2010

2

KMR...



Summary
•  BDRS Higgs tagger versitile tool to search for Higgs in 
   new physics production/decay signals

•  MSSM h ideal candidate; large rate from squark production;
   large boost from cascade decay.  Could discover h faster
   than SM -- maybe this year!

•  Top-partners produced with large rate; large boost;
   large decay fraction into Higgs; can also help discover
   and measure top-partner properties. 

Rethink mA -tan(b) plane!!

New tools can dramatically improve
New Physics <-> Higgs connection



Extra
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 = 14 TeVs, -1L = 10 fb

“What good is that fancy substructure?”

HT > 1 TeV, /ET > 300 GeV
HT > 1 TeV, /ET > 300 GeV
4+ high− pT jets,no leptons

Comparison*: with substructure analysis vs. with PGS

Mbb̄

3
+
high-pT jets, no leptons

1 candidate Higgs

*not totally fair

2+ b-tags

(Stolen from A. Martin slides)


