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LHC higgs reach

115-120 GeV higgs
search is 

challenging
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this  is unfortunate

MSSM higgs is most likely to be found 
in

115-130 GeV 
window
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there will be plenty of Higgs 
at LHC

SM cross-section 
source (ATL-PHYS-2008-258)
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MSSM cross-section 
source (ATL-PHYS-2008-258)
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h → γγ

•Most significant decay channel .

•Reconstructed mass peak on top of continuum di-photon bkg.

•Atlas: inclusive γγ and exclusive γγ+jets searches. 

source (ATL-PHYS-2008-258)
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use of Jet substructure at the LHC
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FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both
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but in angles rather than in relative transverse momenta
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The final jet j is to be considered as the candidate Higgs
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Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
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cones of size Rbb̄ around the b quarks.
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mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
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used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.
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values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

LHC higgs search in 115-120 GeV

Butterworth, Davison,
Rubin, Salam (2008)

pp → V h
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substructure

two-pronged decays

Butterworth, Davison, Rubin, Salam (2008)

Plehn, Salam, Spannowsky (2009)

three-pronged decays

Thaler and Wang (2008)

Brooijmans (2008)

Kaplan, Rehermann, Schwartz and Tweedie (2008)

Butterworth, Ellis, Rakhlev, Salam (2009)

pruning

Ellis, Vermilion, Walsh (2009)
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lesson learned:

jet-substructure a new tool 
of collider phenomenology  
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• production of Higgs through new physics

- Challenge I:  find a new physics scenario that gives you                  

lots of Higgs.

• fight background 

- Challenge II:  SM background     

- Challenge III: New physics background  

beat the standard  LHC search of Higgs 

opportunities
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Challenge I:  find a new physics scenario that 

gives you  lots of Higgs.
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MSSM

LSP  :  gravitino 

NLSP  :  the lightest neutralino 

Challenge I:  find a new physics scenario that 

gives you  lots of Higgs.
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everything super decays to the NLSP 

the lightest 
neutralino

gravitino  + γ or  Z or  h  

new source of Higgs
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Figure 1: Branching ratios of the lightest neutralino Br(χ̃0
1 → G̃ + γ, h, Z)

as a function of the neutralino mixing angle tan−1(µ/M1), for a fixed mass
Mχ̃0

1
= 160 GeV and mh = 105 GeV for (a) tan β = 3 and (b) tan β = 40.

and M2, have the same sign, sgn(M1M2) = + then χ̃0
1 is the NLSP. For sgn(M1M2) = − it

is however possible in certain regions of parameter space that χ̃±
1 is the NLSP. In this letter

only a χ̃0
1 NLSP, which leads to the interesting di-boson signatures, will be considered.

The branching ratios Br(χ̃0
1 → G̃ + (γ, h, Z)) are determined by the Higgsino and gaugino

content of χ̃0
1 [3, 5]. This is illustrated in Fig. 1 as a function of the neutralino mixing angle

tan−1(µ/M1) for fixed χ̃0
1 mass, where µ is the Higgsino mass parameter, and tan β = vu/vd

is the ratio of Higgs expectation values. For definiteness the Higgs decoupling limit in which

decays to the heavy scalar and pseudoscalar Higgs bosons, H and A, are kinematically blocked

is employed throughout. For gaugino-like χ̃0
1 the γ mode dominates, but for Higgsino-like χ̃0

1

the h and Z modes become important. The dependence on sgn(µ) and tan β apparent in Fig. 1

can be understood in terms of the χ̃0
1 quantum numbers and couplings and will be presented

elsewhere.

3

neutralino branching ratio:

Matchev, Thomas(1999)

You can almost make a Higgs 
factory out of LHC
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1 isolated photon  + large missing Et 

to get rid of SM background  demand 

χ̃1 χ̃1 → γ + h
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take this point

M1 = 300 GeV

µ = −250 GeV

χ1 → G̃ +
γ
Z
h

∼ 43%
∼ 29%
∼ 28%

M2 = 600 GeV
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typical susy cascade

b jets are 
everywhere
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1 isolated γ+ met gets rid of 

most of SM backgrounds

substructure to isolate Higgs 
from new physics + leftover SM background

fight background 
- Challenge II:  SM background     

- Challenge III: New physics background  
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substructure 

1. Briefly discuss clustering

2. Discuss simple substructure analysis

3. Describe what we actually do 
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First:
  

clustering

(I will talk about recombination scheme)
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1

2 3

4

5

6

Recombination jet algorithm

dij = min
�
p2n

ti , p2n
tj

�
∆R2

ij/R2

di = p2n
ti

n =
1
0
−1

kt

C/A
anti kt

calculate
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2 3

4

5

Recombination jet algorithm

7

min (dij , di) = d1 6
combine 1 and 6 into 7 

and remove 1 and 6  

1

6
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2 3

4

5

Recombination jet algorithm

7
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2 3

4

5

Recombination jet algorithm

7

min (dij , di) = d5
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2 3

4

5

Recombination jet algorithm

7

min (dij , di) = d5
promote 5 to jet and 

remove
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2 3

4

Recombination jet algorithm

7

repeat until the list is empty
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Next:
  

de-clustering and finding heavy
particle threshold
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J1 J2

J

mJ1 > mJ2

break a C/A  b-jet  J  into two parents 
by undoing its last stage of  clustering

daughter

parent-1

parent-2
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is J a suspect ? 

mJ1 < 0.68 mJ

check if  

min
�
p2

t1, p
2
t2

� ∆R2
12

m2
J

> (0.3)2

J1 J2

J
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is J a suspect ? 

mJ1 < 0.68 mJ

check if  

min
�
p2

t1, p
2
t2

� ∆R2
12

m2
J

> (0.3)2

J1 J2

J

if yes   

J is at heavy particle threshold  

exit

if yes   

J is at heavy particle threshold  

exit
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is J a suspect ? 

mJ1 < 0.68 mJ

check if  

min
�
p2

t1, p
2
t2

� ∆R2
12

m2
J

> (0.3)2

J1 J2

J

if no   

replace     J     by      J1     

repeat

if no   

replace     J     by      J1     

repeat
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simplest substructure 
algorithm does not work so 

well

extra hard jet may 
enter the Higgs cone
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Prescription:

Start with a cleaner sample:

• group hadrons into cells  (Δη,Δφ) = (0.1, 0.1)

• rescale so that all cells are massless

Run our algorithm:

• algorithm comes next
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J1 J2

J

mJ1 > mJ2

break a C/A  b-jet  J  into two parents 
by undoing its last stage of  clustering

daughter

parent-1

parent-2
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is J a suspect ? 

mJ1 < 0.68 mJ

check if  

min
�
p2

t1, p
2
t2

� ∆R2
12

m2
J

> (0.3)2

J1 J2

J
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is J a suspect ? 

mJ1 < 0.68 mJ

check if  

min
�
p2

t1, p
2
t2

� ∆R2
12

m2
J

> (0.3)2

J1 J2

J

if yes   

Z =
min

�
p2

tJ1, p2
tJ2

�

p2
tj

∆RJ1J2record

replace  J  by  J1     

repeat as long as J has parents
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is J a suspect ? 

J1 J2

J
J   is a Higgs candidate

if 

Z   is the largest

and

both parents are b-tagged

n

n

n n
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Filtering

J n
J   is a Higgs candidate

J1 J2
n n

n
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Filtering

J n
J   is a Higgs candidate

J1 J2
n n

n

record  ∆RJn
1 ,Jn

2
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Filtering

J n
J   is a Higgs candidaten

record  ∆RJn
1 ,Jn

2
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Filtering

J n
J   is a Higgs candidaten

de-cluster J  completely    n
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Filtering

re-cluster using 

Rfilt = min
�

∆RJn
1 ,Jn

2

2
, 0.3

�

Pt order the jets 
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Filtering

• retain only three hardest component and combine.  call it  Higgs Jet 
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M1 = 300 GeV
M2 = 600 GeV
M3 = 2 TeV

q̃i = 750 GeV
l̃i = 500 GeV

For example:  take the spectrum

µ = −250 GeV

Martin, Kribs, 
TR, Spannowsky
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For example:  this one is harder

µ = −250 GeV

all other masses 
at 1 TeV

M1 = 300 GeV

Martin, Kribs, 
TR, Spannowsky
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For example:  this one is almost 
impossible

M2 = 240 GeV

µ = 260 GeV

all other masses 
at 1 TeV

Martin, Kribs, 
TR, Spannowsky

χ1 → G̃ +
γ
Z
h

∼ 77%
∼ 21%
∼ 2%
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conclusion I

We are already looking for excess in the photon + 

missing energy  

- most likely signatures  of new physics 

take the events that pass these cuts and run the 

substructure algorithm 

- we might get lucky even at a 10 TeV collider at 10 fb
-1
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conclusion II

We propose a generic procedure to find Higgs when 

Higgs couples to new physics : 

- collect a sample of clean new physics events 

- run the substructure algorithm on top of it - you might find 

Higgs much before the conventional search does.  

This is gonna work as long as 

- Higgs talks to new physics 

- Higgs decays significantly to bb. 

Work in more general supersymmetric scenarios already in 

progress  (Martin, Kribs, TR, Spannowsky) - work needed in little 

Higgs, models with extra dimensions ... 
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