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Introduction & Motivation 
light Higgses are traditionally difficult to find

H-> bb decay mode revived for boosted Higgses via
 jet substructure (BDRS)

sufficiently boosted (pT > 200 GeV) Higgs in SM 
are rare (~5%)

so... what about boosted Higgses from BSM?

But: 

      h→ b̄b
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Higgs from BSM 

h

hh

h

new, 
potentially  

colored
stuff

high fraction of 
boosted Higgses

initial states are heavy           (∼ TeV)
while Higgs can be light 
                   

BSM stuff  often talks to the Higgs
BSM particles can decay to Higgses∴
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Higgs from BSM 

h

hh

h

new, 
potentially  

colored
stuff  a new source

 of Higgses=

high fraction of 
boosted Higgses

initial states are heavy           (∼ TeV)
while Higgs can be light 
                   

BSM stuff  often talks to the Higgs
BSM particles can decay to Higgses∴

3Friday, January 14, 2011



Higgs from BSM 

 BSM production often comes with new, effective 
           handles for suppressing SM backgrounds 

/ET ,high− pT jets, �, γ, HT , · · ·

If BSM contains new colored states, production at  
            LHC is easily in the     few pb range∼

comparable to or greater than 
  SM EW Higgs production

Higgses from BSM have all of the important 
ingredients for a successful substructure analysis
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Outline 

• Higgses from the MSSM

• Higgses from Top-partners

see arxiv: 0912.4731, 1006.1656
Kribs, AM, Spannowsky, Roy

 see arxiv: 1012.2866
Kribs, AM, Roy

BS
M

H
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H̃

W̃±,0, B̃
H = (h, W

±
, Z

0)

Higgs-Higgsino-
Gaugino interaction

 MSSM + boosted Higgses

g,g’
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H = (h, W

±
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Higgs-Higgsino-
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... fed into from squark 
production ( ~several pb)

 MSSM + boosted Higgses

g,g’
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H̃

W̃±,0, B̃
H = (h, W

±
, Z

0)

Higgs-Higgsino-
Gaugino interaction

Q̃ j

... fed into from squark 
production ( ~several pb)

= LSP

squarks prefer to decay to winos/binos 
(not higgsinos), therefore maximum # 

Higgses when: 

MQ̃ > M2, M1 > µ

 MSSM + boosted Higgses

g,g’

all events have large BSM MET
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conventional cuts kill SM background, substructure 
cleans up new physics background

the plan

2.) Impose some typical SUSY cuts (MET, HT, .. ) 

1.) Consider inclusive SUSY production

3.) find fat-jets, R=1.2, C/A, pT > 200 GeV and search for 
substructure via BDRS --> candidate Higgs

SUSY events are a lot more complicated than W/Z + H

Can improve slightly (~10-20%) with more complicated 
substructure algorithms (see 1006.1656), but BDRS does just fine

4.) look for bump in Mcand. h
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Neutralino LSP Results: #1
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 = 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

|µ|
M1

M2

750 GeV

600 GeV

300 GeV
−250 GeV

mQ̃3

1 TeVmQ̃1,2

35Thursday, February 18, 2010

150

mA

MET > 300 GeV, HT > 1 TeV, 3+ jets, 
no lepton, + 1 “tagged” Higgs

L = 10 fb−1,
√

s = 14 TeV

all results: ALPGEN -> PYTHIA6.4
                         -> 0.1 x 0.1 granularity

b-tagging: flat 60%/2% assumed
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150

mA
BR(ũL, d̃L → h + X) ∼ 23%
BR(ũR, d̃R → h + X) ∼ 16%

MET > 300 GeV, HT > 1 TeV, 3+ jets, 
no lepton, + 1 “tagged” Higgs

L = 10 fb−1,
√

s = 14 TeV

all results: ALPGEN -> PYTHIA6.4
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150

mA
BR(ũL, d̃L → h + X) ∼ 23%
BR(ũR, d̃R → h + X) ∼ 16%

ML̃

350 GeV

MET > 300 GeV, HT > 1 TeV, 3+ jets, 
no lepton, + 1 “tagged” Higgs

L = 10 fb−1,
√

s = 14 TeV

all results: ALPGEN -> PYTHIA6.4
                         -> 0.1 x 0.1 granularity
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candidate Higgs jet mass (GeV)
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“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
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Neutralino LSP Results: #2
technique holds up  at low         and    

               , where traditional 
approaches have the most trouble

M1

M2

1 TeVmQ̃

200 GeV
400 GeV

mA 150 GeV

µ = 200 GeV, tanβ = 5

tanβ
mA

Can even discover heavier 
A,H states!

µ = −150 GeV, tanβ = 6.5
√

s = 14 TeV
L = 10 fb−1
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jet mass (BDRS) (GeV)
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SUSY

“What about at 7 (or 8) TeV?”
Neutralino LSP, squished spectrum:

M1

M2

mQ̃

M3

µ 170 GeV
250 GeV
350 GeV

800 GeV

450 GeV

avoids all Tevatron/LEP/LHC1.0 bounds      

Higgs discovery < 1 fb-1, 7 TeV

/ET > 175 GeV, 0 leptons
substructure +

HT > 600 GeV
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In MSSM Higgs searches, the final state always 
contained two BSM particles (LSPs) -> an automatic 

handle for suppressing SM background (MET)

BUT, new physics may not have such a distinct feature

To study this, consider a minimal extension of the SM 
by a new vector-like quark T

(3, 1)2/3T = (TL, TR) same Q# as tR

Higgses from Top-partners

Can we still use BSM-Higgs interactions + 
substructure to assist Higgs discovery?
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Higgses from Top-partners
vector-like  T can mix with SM

this simple extension is part of most Little Higgs scenarios, 
composite models (topcolor) and their 5D counterparts

we are still assuming the Higgs is light

yt Q3 H t
c +M T T

c + δ T t
c + h.c.

even from a sample of 10 fb
−1

of data [62, 63]. What

sets this work apart is the fact that unlike weak scale

supersymmetry, the final states consist solely of SM par-

ticles and hence do not automatically have large missing

energies. Without a clean sample of new physics events,

finding Higgs resonance is more challenging. We propose

a strategy that combines various boosted object taggers

(such as top and W/Z taggers) with conventional cuts

and requirements. We find that for top-partners up to

about 800 GeV, the algorithm is capable of discovering

the Higgs boson in the bb̄ channel with high significance

before any SM search.

The setup of this paper is the following: In Sec. II

we describe the minimal vector-like top-partner model

and define the mass eigenstates and couplings. Next,

in Sec. III we describe the analysis strategy – the tools,

both conventional and unconventional that we will use,

the flow of analysis cuts. In Sec. IV we give further simu-

lation details and present our results. Following our main

results, we provide two example models whose low energy

effective theory contains the exact states and interactions

necessary for our study (Sec. V). We then conclude in

Sec. VI with a discussion.

II. MIXING TOP-PARTNERS WITH THE TOP

While there are many possible vector-like extensions

of the SM, in this work we will focus on the vector-like

top. We enlarge the SM by two Weyl fermions: T ≡
(3, 1) 2

3
, T

c ≡ (3̄, 1)− 2
3
. With these quantum numbers,

the simplest, renormalizable interactions we can write

down involving the new fermions are:

L ⊃ y1Q3Ht
c
+ δ Ttc +MTT

c
, (1)

where Q3 is the (SM) third generation electroweak dou-

blet (t, b). Note that an additional term Q3HT
c
is also

allowed under all symmetries. It can, however, be elimi-

nated by rotating t
c
and T

c
and consequently redefining

δ and M .

The mass eigenstates are combinations of the quarks

t
c
and T

c
. The full mass matrix, including nonzero Higgs

vacuum expectation value (vev) is given by

�
t T

��m 0

δ M

��
t
c

T
c

�
, (2)

where m =
y1√
2
v and v is the Higgs vev. In general, this

mass matrix is not symmetric and can be diagonalized by

a bi-unitary transformation which rotates the left handed

and the right handed quarks by different angles. Under

such a rotation, the quark mass eigenstates are related

to the quarks in Eq. (1) in the following way

�
t1

t2

�
=

�
cos θl − sin θl
sin θl cos θl

��
t

T

�

�
t
c
1
t
c
2

�
=

�
cos θr − sin θr
sin θr cos θr

��
t
c

T
c

�
.

(3)

The angles θl, θr and the mass eigenvalues can be deter-

mined to be

θl =
1

2
tan

−1

�
2 δm

M2 −m2 + δ2

�

θr =
1

2
tan

−1

�
2 δM

M2 −m2 − δ2

�
(4)

mt = cos θl cos θr (m+ δ tan θl +M tan θl tan θr)

mT = cos θl cos θr (M − δ tan θr +m tan θl tan θr)

In a more useful parametrization, the angles and the cou-

plings may be expressed as a function of mt,mT and

η = δ/M .

tan θr =
mT

mt
tan θl (5)

θl =
1

2
sin

−1

�
η

2mtmT

m2
T −m2

t

�
(6)

In order to study the collider phenomenology of

this minimal setup we introduce four component Dirac

spinors tD =

�
t1

t
c†
1

�
and TD =

�
t2

t
c†
2

�
. The non-diagonal

interactions of heavy top can then be recast in the form

L ⊃ mt cos
2 θl

v
h T̄D(tan θr PL + tan θl PR) tD

+
g2 sin θl cos θl

2 cos θW
Zµ

�
T̄Dγµ

PLtD + t̄Dγµ
PLTD

�

+
g2 sin θl√

2

�
W

+
µ T̄Dγµ

PLbD +W
−
µ b̄Dγµ

PLTD

�
,

(7)

where PL,R are the usual projectors.

Within the minimal model, the top-partner can only

decay to the Higgs boson, W or Z. In the limit of infi-

nite T mass, the branching fractions for these modes are

essentially governed by “Goldstone equivalence”: T can

only decay into Higgs degrees of freedom via the first term

in Eq. (1) – two of these degrees of freedom are eaten to

become the longitudinal polarization of W
±
, one is eaten

by the Z, and the remaining one is the physical Higgs bo-

son. Therefore, we have:

BR(T → t+ h) ∼ 25%, BR(T → t+ Z) ∼ 25%

BR(T → b+W ) ∼ 50%.
(8)

Different kinematics among the three modes alters this

ratio, especially for lighter mT , however it remains a de-

cent approximation [64]. To demonstrate this, we plot

the branching fraction to the three modes as a function

of mT in Fig. (1).

III. BOOSTED HIGGS BOSONS FROM
TOP-PARTNERS

A. Pair production versus single production of
top-partners

Because of the T -b -W coupling in Eq. (7), single pro-

duction of T is possible. However, the cross section
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Higgses from Top-partners

Branching ratio, up to small corrections,  
    set by Goldstone equivalence:

new interaction

q3

×
T tc

H
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Higgses from Top-partners

Branching ratio, up to small corrections,  
    set by Goldstone equivalence:

new interaction

q3

T decay modes

∼ 25% ∼ 25% ∼ 50%

T

h

t t

Z

b

W

×
T tc

H
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Higgses from Top-partners

• final state contains only SM particles 
• minimal extension -> relatively small cross section
• many combinatoric problems 

Searching for Higgses from T decay seems tricky because:

But, well suited to substructure techniques:

• lots of Higgses (~50% of T Tbar events)
• Higgses are efficiently boosted
• Higgses are produced in association

  with other ‘taggable’ particles (W/Z/t)

(Aguilar-Saavedra)
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t/b

W/Z

h

t

T

T

p

p

Higgses from Top-partners
always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

4+ bs, many jets! 
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t/b

W/Z

h

t

T

T

p

p

Higgses from Top-partners
always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

final state characterized by multiple, highly 
boosted resonances

require multiple ‘tags’ (Higgs + top, Higgs + W, etc.) to 
suppress SM background, ease combinatorics

4+ bs, many jets! 
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Analysis strategy:

“No event left behind”

2.) look for tops
    (HEP-tagger,0910.5472)

1.) always require:
    1+ lepton, 1+ jets 
      w/ substructure
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Analysis strategy:

“No event left behind”

2.) look for tops
    (HEP-tagger,0910.5472)

1.) always require:
    1+ lepton, 1+ jets 
      w/ substructure

tt̄bb̄

tt̄z

tt̄hdσ/dmbb̄ [fb/5 GeV]1.2
1

0.8
0.6
0.4
0.2
0

tt̄bb̄

tt̄z

tt̄hdσ/dmbb̄ [fb/5 GeV]

mbb̄ [GeV]
210180150120906030

1

0.8

0.6

0.4

0.2

0

- Improvement of S/B from  
1/9 to 1/2

Results for tth

with UE
- 5 sigma sign. with 100 1/fb

tth might contribute to Higgs discovery
tth might be a window to Higgs-top coupling
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- require 3 b-tags, 1 hadronic top,
  1 isolated lepton with pT>15 GeV

(0910.5472)HEP t t h analysis
_
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Analysis strategy:

“No event left behind”

2.) look for tops
    (HEP-tagger,0910.5472)

1.) always require:
    1+ lepton, 1+ jets 
      w/ substructure

low background:
further divide 1+ top, 
1+ lepton sample to 
isolate states tt+jets

 can’t mimic

_
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Analysis strategy:

“No event left behind”

2.) look for tops
    (HEP-tagger,0910.5472)

1.) always require:
    1+ lepton, 1+ jets 
      w/ substructure

low background:
further divide 1+ top, 
1+ lepton sample to 
isolate states tt+jets

 can’t mimic

_

require extra objects
 b/W-candidate/lepton
to remove W/Z + jets 

high-background: 
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Appendix: Background details

In Table II we summarize all the background events we

have considered in this work. We list their cross sections

along and describe the parton-level cuts we use to gener-

ate these events. To avoid overcounting in the t̄t + jets

and W/Z + jets backgrounds, MLM jet-parton match-

ing was performed according to the procedure outlined

in [29].

Process σLHC

t̄t + 0 jets 254 pb

t̄t + 1 jets 133 pb

t̄t + 2+ jets 71 pb

t̄t + b̄b 2.6 pb

t̄t + Z 1.1 pb

Z(��) + 2 jets 80 pb

Z(��) + 3+ jets 29 pb

mT � σ(pp→ T �T̄ �)LHC

400 GeV 12.7 pb

600 GeV 1.29 pb

800 GeV 0.229 pb

1 TeV .054 pb

TABLE II: Signal and background cross sections (add single-

top, W/Z+ heavy flavor?) at a
√

s = 14 TeV center of
mass LHC. CTEQ5L pdfs and default renormalization and
factorization scales were used for all background processes.
Parton level cuts of pT,j > 25 GeV, |ηj | < 4, ∆Rjj > 0.4
were applied when generating all events with the exception
that no pT or |η| requirements were placed on the b-jets from
W/Z + b̄b. The t̄t + jets has been rescaled to the NLO value
of 855 pb (nope!) calculated using MCFM [cite], while the
NLO t̄t + b̄b and t̄t + Z cross sections have been taken from
[Plehn]. Signal cross sections have also been calculated at
NLO with MCFM.

In addition to the above backgrounds, we checked W +
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In addition to the above backgrounds, we checked W +

6

MT = 800 GeV

Higgses from Top-partners: results

MT ~ 500-600 GeV, 
all channels work 

well
lighter MT: higher rate, 
but less boost -> multi-
lepton channels work 

better

opposite is true for 
higher MT: 
channels w/ 

multiple boosted 
resonances work 

best

(plots: √s = 14 TeV, 10 fb-1 )
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Comments
   1.) Substructure (h/W/Z) can also dramatically improve 
                                                            T detection prospects: 

B, bottom-partner: different signals, but same strategy will work 

3.) Extending the minimal setup:

}
}

using substructure, more 
readily reconstructable
(Holdom ’07, Skiba + Tucker-Smith ’07)

G, gluon partner: new production mode,
                                                  bigger rate -> better signal

pp → G → T T̄

t/b

W/Z

h

t

T

T

p

p

2.) MT ≥ 1.5 TeV, Higgs from single T?
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Conclusions
BSM particles are often heavy, interact with Higgs 
-> decay of BSM stuff to Higgs is a great source of 

boosted Higgses

inclusive BSM signal + conventional cuts + BDRS 
substructure --> fantastic (light) Higgs signals, easily as 

significant (or more so!) than h -> γγ, h -> ττ 

plenty of room for more optimization, plenty of 
other tools to try out

• single BDRS-tagged object -- MSSM
• multi-tagged objects, tagged tops + h/W/Z

ex.)

 -- Top-partner
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EXTRA SLIDES
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We could: 

1. Focus on higher boost = smaller jets 

2. Adapt substructure routine 

Substructure for SUSY
SUSY events are busy.  Lots of extra high-pT partons 
       flying around from decays of q̃/χ±,0/t

th

b
b

b̄
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We could: 

1. Focus on higher boost = smaller jets 

2. Adapt substructure routine 

Substructure for SUSY
SUSY events are busy.  Lots of extra high-pT partons 
       flying around from decays of q̃/χ±,0/t

1. undo clustering: j -> j1 + j2
2a. if a mass drop (BDRS): 

• keep j2 = constituent
• j1 -> j, goto 1.)

Specifically:

2b. otherwise, j1 -> j, goto 1.
3. continue until pT,j < 30 GeV

take 2 b-tagged constituents with most similar pT, filter

candidate higgs

th

b
b

b̄
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We could: 

1. Focus on higher boost = smaller jets 

2. Adapt substructure routine 

Substructure for SUSY
SUSY events are busy.  Lots of extra high-pT partons 
       flying around from decays of q̃/χ±,0/t

1. undo clustering: j -> j1 + j2
2a. if a mass drop (BDRS): 

• keep j2 = constituent
• j1 -> j, goto 1.)

Specifically:

2b. otherwise, j1 -> j, goto 1.
3. continue until pT,j < 30 GeV

take 2 b-tagged constituents with most similar pT, filter

candidate higgs
similar method to t tbar h tagger (Plehn, Salam, Spannowsky ’09)

th

b
b

b̄
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Substructure for SUSY

h

b

b̄

j
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Substructure for SUSY

h

b

b̄

j
j1

j2

BDRS stops here
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Substructure for SUSY

h

b

b̄

j
j1

j2

BDRS stops here
‘similarity’ method keeps going

j3
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Substructure for SUSY

h

b

b̄

j

Higgs is spin-0 -> more 
symmetric decay products

j1

j2

BDRS stops here
‘similarity’ method keeps going

j3
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Substructure for SUSY

h

b

b̄

j

Higgs is spin-0 -> more 
symmetric decay products

j1

j2

BDRS stops here
‘similarity’ method keeps going

j3

more efficient in busy 
environments

now, results..
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busier final states...

Neutralino LSP Results: #2

M1

M2

1 TeVmQ̃
mA

150 GeV
300 GeV

, |µ|

M3

750 GeV

mL̃

mQ̃

mA

350 GeV

contamination from extra partons, 
but Higgs peak still visible

improvements?

24Friday, January 14, 2011
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30 GeV

‘fat‘ jet

‘fat‘ jet constituents

1. Start with ‘fat jet‘ (C/A, R=1.5, pT>200 GeV) 

2

10
-4

10
-3

10
-2

10
-1

0 100 200 300 400 500 600 700

1/!
tot

 d!/dp
T

p
T
[GeV]

ttH: p
T,t

ttH: p
T,H

WH: p
T,H

Wjj: p
T,j

FIG. 1: Normalized top and Higgs transverse momentum

spectra in tt̄H production (solid). We also show pT,H in

W
−

H production (dashed) and the pT of the harder jet in

W
−

jj production with pT,j > 20 GeV (dotted).

top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp→ tt̄bb̄ irreducible QCD background
pp→ tt̄Z irreducible Z-peak background (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after bottom acceptance
cuts |yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.2 which we need to attach to
our leading-order background simulation — compared to
K = 1.3 for the signal. Finally, the tt̄Z background at
NLO is normalized to is 1.1 pb [23]. All hard processes
we generate using MadEvent [24], shower and hadronize
via Herwig++ [25] and analyze with FastJet [26].

The QCD background tt̄jj exceeds the tt̄bb̄ rate by
about a factor 200; unless we apply flavor tagging outside
the top quarks we will be swamped by QCD jets. Requir-
ing two b tags will suppress tt̄jbjb by a factor 1/2500, i.e.
below the scale dependence of the tt̄bb̄ rate. In our par-
ticular analysis there is a few-percent chance of the b jet
from the leptonic top ending up in the fat Higgs jet. Com-
bined with one b tag this gives a reduction factor around
1/1000, again good enough to neglect it. For charm-
flavored tt̄cbc̄b the mis-tag probability is only 1/25, but
the starting rate is already at the same level as tt̄bb̄.

Another obvious background is Wjj production. Its
rate drops from roughly 15 nb to 40 pb when we in-
crease the jets’ minimum transverse momentum from 20
to staggered 200/300 GeV, mimicking our boosted Higgs
and top jets. The leptonic W branching ratio and two
bottom tags then reduces it to 3.2 fb. Our top tagger
described below gives a mis-tagging probability around
5.5% (including underlying event), the Higgs mass win-
dow another 10%, i.e. the final Wjj rate is only 0.016 fb.
The charm-flavored Wcj rate starts off with 1/6 of the

signal tt̄bb̄ tt̄Z

events after acceptance eq.(3) 24.4 222.6 7.0

events with one top tag 10.5 83.8 3.0

events with one m
rec
bb = 110 · · · 130 GeV 3.0 14.7 0.43

subjet pairings m
rec
bb = 110 · · · 130 GeV 3.2 15.9 0.47

subjet pairings after b tags 0.76 1.95 0.06

TABLE I: Number of events or m
rec
bb histogram entries per

1 fb
−1

including underlying event. Counting the three lead-

ing subjet pairings in the modified Jade distance means that

below row four the number is only approximately the number

of events in 1 fb
−1

.

Wjj rate, but a tenfold mis-tagging probability, which al-
together leaves us with a total W+jets background well
below 0.05 fb.

Finally, a lower limit m
rec

bb
> 110 GeV keeps us safely

away from CKM-suppressed W → bc̄ decays where the
charm is mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states we see in Fig. 1: the leading
top quark and the Higgs boson both carry sizeable trans-
verse momentum. In our search we first require two hard
jets with a cone radius R =

�
y2 + φ2 < 1.5 and a lepton:

pT,j > 200 GeV |y(H)

j
| < 2.5 |y(t)

j
| < 4

pT,� > 15 GeV |y�| < 2.5 . (3)

The maximum jet rapidity y is limited by the two bot-
tom tags inside the fat Higgs jet. We then focus on the
structure of the two jets, as shown in Tab. I:
(1) one of the two jets passes the top tagger. If two jets
pass we choose the one closer in the two masses.
(2) the Higgs tagger runs over all remaining jets with
|y| < 2.5. It includes a double bottom tag.
(3) to compute the statistical significance we require
m

rec

bb
= mH ± 10 GeV.

Top and Higgs taggers — In contrast to other Higgs
physics [9] or new physics [15, 16] applications our Higgs
and top taggers cannot rely on a clean QCD environ-
ment: on the one hand their initial cone size has to be
large enough to accommodate only mildly boosted top
and Higgs states, so additional QCD jets will contam-
inate our fat jets [28]. On the other hand, the small
number of signal events does not allow any sharp rejec-
tion cuts for dirty QCD events. Therefore, the taggers
need to be built to survive busy LHC events.

Our starting point is a C/A jet algorithm with R =
1.5 [27]. For a top candidate which typically has a jet
mass above 200 GeV we assume that there be a complex
hard substructure inside the fat jet and apply a mass
drop selection to all splittings m

hard → m
soft
j

forming
the fat jet; among all splitting we search for those with

maxm
soft

j
< 0.8 m

hard
. (4)

2. Reverse merging procedure 
with the condition

3. If condition is full-filled proceed with

if not

3

tt̄z

tt̄bb̄

tt̄h

mrec
tmrec

W

2202001801601401201008060

0.3

0.25

0.2

0.15

0.1

0.05

0

FIG. 2: Individually normalized mrec
W and mrec

t distributions
for signal and background (without underlying event).

If this is not fulfilled we identify mhard ≡ max msoft
j

and
proceed with the next splitting. Substructures are kept
intact once they real a jet mass below 30 GeV. In this
tree of hard substructures we first test all filtered [9]
two-constituent combinations as W candidates, asking
for mrec

W
= 65 · · · 95 GeV (shown in Fig. 2) and the he-

licity angle constraint cos θ < 0.7 [19]. To tag the top
quark, we then add a third constituent and, again after
filtering [9], require mrec

t
= 150 · · · 200 GeV. For more

than one top tag we choose the one with the smaller
|mrec

t
−mpole

t
| + |mrec

W
−mpole

W
|.

The top tagging efficiency in the signal and including
underlying event we can increase from from 43% to 58%
by focussing on events with a 150 · · · 200 GeV jet mass.
Those would be top quarks without hard QCD activity,
so we skip the mass drop criterion and simply analyze
the hardest substructures. Again, we require the W mass
window and the helicity constraint [19]. Because this ad-
ditional step also roughly quadruples the top mis-tagging
probability in the Wjj background we do not apply it in
the following.

In contrast to the top tagger which identifies a top
quark using its known mass and properties, our Higgs
tagger [9] has to search for a Higgs peak in the recon-
structed mrec

bb
without any knowledge of the Higgs mass.

The mass drops described above (but with a soft cutoff
at 40 GeV and a mass drop criterion of 0.9) we now order
by the modified Jade distance [16]

J = pT,1pT,2 (∆R12)
4 , (5)

similar to a transverse mass of the hard splitting, but
shifted towards larger jet separation. The three leading
pairings we filter and keep for the Higgs mass reconstruc-
tion. For these events we can check that indeed we are
dominated by pT,H

>∼ 200 GeV.
At this stage we have not yet included any flavor tags,

of which we know we need two to control the tt̄jj and
W+jets backgrounds. Requiring two bottom tags for the
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FIG. 3: Reconstructed bottom-pair mass mrec
bb for signal

(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event.

substructure pairings reconstructing the Higgs we can
now safely get rid of both QCD backgrounds.

In Fig. 3 we show the signal from the three leading
(by Jade distance) mrec

bb
entries of double-b-tagged

combinations; our Higgs tagger returns a sharp mass
peak. We apply a ±10 GeV mass window, after checking
that the tails of the signal distribution drop sharply in
particular towards larger mass values. The bigger tail
towards small mrec

bb
we can reduce by only including the

two leading jet combinations. This does not change the
significance but sculpts the background more. Assuming
we at this stage will know the Higgs mass, we estimate
the background from a clean right and a reasonably
clean left side bin combined with a next-to-leading order
prediction. A way to further improve S/B we describe
in the next section. We find for an integrated lumi-
nosity of 100 fb−1 and including underlying event (the
number in parentheses are without the underlying event):

S[fb−1] B[fb−1] S/B S/
√

B
mH = 115 GeV 0.92 2.14 1/2.3 6.3 (6.8)

120 GeV 0.76 2.01 1/2.6 5.3 (5.7)
130 GeV 0.45 1.76 1/3.9 3.4 (3.5)

QCD features — One of the problems in this analysis
is that higher-order QCD effects harm its reach. Turning
this argument around, we can use the additional QCD
activity in the tt̄bb̄ background to improve our search.
Before starting with the fat-jet analysis we can for exam-
ple analyze the four leading jets with a radius R < 0.6
and pT < 40 GeV and require a set of jet-jet and jet-
lepton separation criteria similar to Ref. [30]. At this
stage and with our limited means of detector simulation
this QCD pre-selection hardly changes the statistical sig-
nificance but improves the ratio S/B from 1/2.6 to 1/2.

Outlook — In this paper we have presented a new

O4 = q̄α
Rbα

Lq̄β
Lbβ

R (161)

O5 = q̄α
Rbβ

Lq̄β
Lbα

R (162)

σNLO =
∑

ab

∫
dΦ1+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )(σ̂LO

ab +σ̂Virt
ab (µ2

R, µ2
F ))F(p1)Θ(cuts)

(163)

+
∑

ab

∫
dΦ2+elwdx1dx2fa/P (x1, µ

2
F )fb/P (x2, µ

2
F )σ̂remF(p1 + p2)Θ(cuts) (164)

limp1·p2→0F (p1, p2) = F (p1) (165)

dij = min(p2
Ti, p

2
Tj)

∆R2
ij

R2
(166)

diB = p2
Ti (167)

∆R2
ij = (yi − yj)2 + (φi − φj)2 (168)

dij =
∆R2

ij

R2
(169)

diB = 1 (170)
iB (171)
ij (172)

pT < pparton
Tmin (173)

Rmin (174)

ηmax (175)

pT,min (176)

cos ν < 0.7 (177)

cos ν < 0.7 (178)

msoft
1 (179)

msoft
2 (180)

mhard (181)

msoft
j → mhard (182)
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4. Repeat 2. and 3. or stop if mass below 30 GeV

5. Take 3 constituents which give best top mass and filter them

HEPTopTagger - a low-pT Tagger
(Plehn, Salam, MS, Takeuchi)

(stolen from Spannowsky, FNAL talk 12/3/10)
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