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•EWSB in supersymmetry & little hierarchy of MSSM
•Buried Higgs
•Bigger quartic (D-terms, NMSSM, fat higgs,…)

•Strong dynamics & related models

•Technicolor
•Monopole condensate
•Warped extra dimensions 
•Realistic RS, Higgsless
•Composite Higgs
•Little Higgs

•The standard Higgs, big vs. little hierarchy

Outline



The SM, big vs. little hierarchy

•Standard higgs mechanism very successful

•EWP analysis suggests light higgs boson

•Hard to understand how higgs
remains light, sensitive to any 
new physics…

(From GFITTER group)



•This issue is usually referred to as “big hierarchy” 
problem: why is mh<<MPl

•Usual resolution: Λ~ 1 TeV, where new physics 
shows up that makes higgs insensitive to higher 
scales (SUSY partners, strong dynamics, …)

•“Little hierarchy”: why have we not seen any trace 
of indirect hint for these new particles?

•In most models EWP forces new particles more 
like 5-10 TeV, a new tuning of ~ 1 % is emerging



•Called “LEP paradox” Barbieri & Strumia

•Suppression scale of higher dim. op’s (~ masses 
of heavy particles) must be > 1 TeV

(Barbieri, Strumia `99)

•SUSY: somewhat special, R-parity protects from
tree-level EWP corrections, mSUSY  can be lower, 
BUT…



I. The little hierarchy in the MSSM

•In SUSY: 2 Higgs doublets Hu, Hd 

•Only source of quartic is due to “D-terms”: the 
scalar terms needed to supersymmetrize gauge 
interactions

•Higgs potential:

•Minimizing this:



•Expression for Higgs mass (at large tan β):

•Need mHiggs > 114 GeV

•Need large stop-top splitting

•But contribution to m2
Hu:

•And for large tan β

•Implies <1% tuning generically (large At  can help a bit) 



Possible ways out:

•Higgs is lighter than LEP bound but has weird 
decays

•Need additional contribution to quartic, eg.

•Additional D-term from bigger group
•Bigger NMSSM-like quartic (fat Higgs)



Hiding the Higgs at LEP
(Dobrescu, Matchev;
Dermisek, Gunion;
Chang, Fox, Weiner;…)

•Higgs searched for in many channels at LEP

•For SM, MSSM mh>114 GeV

•If Higgs has unusual decays, then might need 
dedicated search that was not (fully) done at LEP

•The situation ~ 1.5 years ago:



LEP Higgs bounds

This is low enough to remove
little hierarchy of SUSY – lots 
of models that try to use this



•Most popular possibility 

h→2A→4τ

•Can be naturally obtained in NMSSM

•But: new LEP analysis from ALEPH 
excludes possibility when h→4τ is ~100%

(Dermisek, Gunion;
Chang, Fox, Weiner)



ALEPH bound on h→4τ of order 105-110 GeV!

(Cranmer, Yavin, Beacham, Spagnolo, ALEPH collab. `09)
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Figure 5: Signal efficiency as a function of the Higgs boson mass for the three channels
considered in this work, Z → e+e−, µ+µ−, and νν̄. The upper (lower) portion of the
efficiency band corresponds to ma = 4 (10) GeV/c2.
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Figure 6: (a) Observed and expected 95% confidence level limit on ξ2 as a function of the
Higgs boson mass for ma = 10 GeV/c2. (b) Contours of observed 95% confidence level
limit on ξ2 in the (mh, ma) plane.
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•Still possible: h→4τ around 50%, and the rest to
jets

•Additional analysis of Cranmer et al. Aleph group
under way to constrain h→2τ+2j (and also 
h→4j channels)

•For h→4j and h→2τ+2j jets are merged: need to
use jet substructure to distinguish from QCD 

(Dermisek, Gunion `10)



The updated bounds

Need to use h→4j or more complicated
final states if want to hide the higgs at LEP



An interesting possibility: h→4j

•Already mentioned by Chang, Fox, Weiner &
D. E. Kaplan et al.

•Simple realistic model “Buried higgs” based on 
SU(3)xU(1) extension of SM with global sym. breaking
scale f~350 GeV

•Leading higgs decay h→2η where η is an SU(2)xU(1)
singlet pGB 

•The η decays via triangle diagrams to 2g

(Bellazzini, C.C., Falkowski, Weiler `09)



•The η decays

gg

bb

gg

cc

tt

•The h decays

LEP bound from
h→bb



•h→4g around 80 % (the rest the SM h→2b)
•h→4γ of order 10-4

•h→ττγγ of order 10-3 – 10-5

•h→4µ and h →ττµµ very suppressed…

•LEP bound: model indep. mh>78 GeV 

•OPAL h→2h→4j analysis (assuming mh<86 GeV):

ξ2<1
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0.4

0.2



Charming Higgs

•A variation of previous model where η→2c is 
dominant

•η does not have to be below 10 GeV

(Bellazzini, C.C., Falkowski, Weiler `09)



χ0
2 → χ0

1 + h

Searching for a buried higgs
Two options:

1. Look for SM production gg→h→4j

2. Look for higgs in supersymmetric cascades
like 

•Need to fight QCD background
•Need a lot of data ~100 fb-1

•Use jet substructure tools to cut QCD background
(Chen, Nojiri, Streethawong `10;
Falkowski, Krohn, Shelton, Wang `10)

•Use SUSY cuts to get rid of QCD background
•Look for bump in jet mass
•Use jet substructure tools just as in Wang et al. and
Nojiri et al. to get rid of SUSY background

(Bellazzini, C.C., Hubisz, Shao ’10)



χ0
2 → χ0

1 + Z

The SUSY cascade analysis

Sample SUSY scenarios
(Bellazzini, C.C., Hubisz, Shao ’10)

3

and neutralinos, there can be two scenarios: the “little

cascade” and the “big cascade”.

In the first case, a Higgs is produced in the decay

χ2 → χ1h. For this channel to dominate, the µ-term
needs to be larger than the gaugino masses to ensure that

χ±
1 and χ0

1,2 are gaugino-like. If, in addition, the sleptons

are heavier than χ0
2, the decay to Higgs is always domi-

nant since the other available mode, χ0
2 → χ0

1Z depends

on the Higgsino-Higgsino-Z coupling which is doubly sup-

pressed by small Higgsino mixing. The χ2 can be pro-

duced from the decays of q̃ or g̃ with sizable branching

fractions, producing a sizable fraction of SUSY events

which contain Higgs bosons.

In the second case, the Higgs boson is produced in the

decay of heavier neutralinos and charginos (χ±
2 /χ

0
3,4) into

lighter ones (χ±
1 /χ

0
1,2). To have a large rate from gluino

and squark decays, the heavy neutralinos and charginos

need to be gaugino-like whereas the light ones Higgsino-

like. This corresponds to a µ-term which is small in com-

parison with the gaugino masses, and to weak gauginos

which are lighter than squarks and gluinos.

Fig. 1 shows the typical netralino mass spectrum for

the “big” and “little” cascade scenarios.
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FIG. 1: Top: Neutralino mass spectrum in the little cascade
scenario where χ0

1,2 are non-degenerate and gaugino like for
large µ. Bottom: Neutralino mass spectrum in the big cascade
scenario where χ0

1,2 are almost degenerate and Higgsino like
for small µ. Blue arrows show the decay mode relevant for
the present search.

In our analyses, we consider two benchmark SUSY

models with parameters given in Tab. I. Benchmark 1 is

an mSUGRAmodel withm1/2 = m0 = 400 GeV, A0 = 0,

tanβ = 10 and sgn(µ) = 1. It corresponds to a model

where the Higgs is produced in the little cascade χ2 →

χ1h. The dominant production rate is from the pair pro-

duction of gluinos/squarks, which is given in Tab. I. The

generic final states are (≥ 2)q+2 [W/Z/h]+Emiss
T . As can

be seen from Tab. I, Z bosons are much less frequently

produced compared to Higgs for the reason we have dis-

cussed previously; on the other hand, W bosons are much

more frequently produced. In addition, since gluinos are

flavor blind, they can decay to third-generation squarks.

This leads to top quarks being produced in the cascade

decay and further contributes to the large multiplicity of

W bosons in events in this benchmark model.

Benchmark 2 features a very small µ-term, correspond-

ing to a Higgs which is produced in the big cascade. This

model is the same as SHSP 1a in [21]. Due to large

gluino mass, the production is dominated by the process

pp → q̃q̃�. This also indicates that few top quarks will be

present in these events. In contrast to Benchmark 1, Z

bosons are almost equally produced in the cascade decay

as Higgses.

Model 1 2

mq̃L,R 940, 910 1000

m�̃ 1000 1000

mg̃ 949 2036

mχ0
1

163 138

mχ0
2

306 −158

mχ0
3

−518 306

mχ0
4

535 625

mχ±
1

305 148

mχ±
2

534 625

tanβ 10 10

µ 512 150

σ(g̃, q̃) 2.5 pb 0.41 pb

BR(q̃L → h) 30% 22%

BR(q̃L → Z) 3% 25%

BR(q̃L → W ) 64% 48%

σ · BR(h) 0.29 pb 0.04 pb

σ · BR(h+W/Z) 0.47 pb 0.1 pb

σ · BR(W/Z) 1.04 pb 0.23 pb

TABLE I: The relevant masses, cross sections and branching
ratios for the benchmark SUSY models. The spectrum and
decay branching ratios were calculated using SUSY-HIT [30].
σ(g̃, q̃) are the 2 → 2 LO cross sections involving g̃ and q̃,
which were calculated in Pythia. BR(h), BR(h + W/Z) and
BR(W/Z) are the branching ratios for events with at least one
Higgs boson but no W/Z boson, with both Higgs and W/Z
bosons, and with at least one W/Z boson but no Higgs boson
respectively. Masses are given in GeV.

These two scenarios are, in a sense, orthogonal to each

other and capture effectively a large portion of the pa-

rameter space where the relevant branching ratios, bar-

ring accidental degeneracies in the spectrum, may vary

only by a factor of 2-3 with respect to the ones appearing

in Tab. I.
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FIG. 1: Top: Neutralino mass spectrum in the little cascade
scenario where χ0

1,2 are non-degenerate and gaugino like for
large µ. Bottom: Neutralino mass spectrum in the big cascade
scenario where χ0

1,2 are almost degenerate and Higgsino like
for small µ. Blue arrows show the decay mode relevant for
the present search.
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an mSUGRAmodel withm1/2 = m0 = 400 GeV, A0 = 0,

tanβ = 10 and sgn(µ) = 1. It corresponds to a model
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Higgs boson but no W/Z boson, with both Higgs and W/Z
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1. Large µ: neutralinos gaugino-
like. If sleptons heavy, 
doubly suppressed by higgsino
mixing,                  will dominate

Little cascade
χ0
2 → χ0

1 + h



χ0
3,4 → χ0

1,2 + h

The SUSY cascade analysis
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(Bellazzini, C.C., Hubisz, Shao ’10)
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large µ. Bottom: Neutralino mass spectrum in the big cascade
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the present search.
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2. Small µ<<M1,2 :             gaugino-
like. Will dominantly decay via
                         through gaugino-
higgs-higgsino vertex:

Big cascade
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The cuts
1. Standard SUSY cuts

2. Standard jet-substructure cuts (BDRS algorithm)

4

IV. SIMULATION AND SUSY CUTS

Events are generated, showered, and hadronized in

Pythia 6.4.24 [26] utilizing the “DW tune” [27]. Initial

and final state radiation as well as multi-particle inter-

actions are turned on. We included pile-up events as-

suming a luminosity per bunch crossing of 0.05 mb
−1

.

Supersymmetric events are isolated by means of cuts

which render SM backgrounds negligible compared to the

SUSY signal. We use the cuts in SUSY analyses de-

signed by the CMS collaboration for early LHC SUSY

searches [28, 29]. First we require missing transverse

energy E
miss
T > 200 GeV and at least three jets with

pT > 30 GeV with pseudorapidity |η| < 3. In addition,

only events in which the hardest and the second hard-

est jets have pT > 180, 110 GeV respectively are kept.

The hardest jet is also required to be within the cen-

tral tracker fiducial volume, i.e. |η| < 1.7. Finally, we

require HT > 500 GeV, where HT =
�4

i=2 p
i
T + E

miss
T .

The jets in the above cuts are raw jets clustered using

calorimeter cells with granularity δη× δφ = 0.1× 0.1 be-

tween −3 < η < 3. Jet reconstruction is accomplished

using the Cambridge/Aachen (C/A) algorithm [31] with

a cone-size given by R = 0.5.

The preselection cuts and their associated cumulative

efficiencies on the SUSY signal events from models 1

and 2 can be seen in Tab. II. While relatively robust

on the SUSY signal events, these cuts are far out on the

tails of SM QCD, di-boson, and t-tbar backgrounds. In

the remaining sample, the primary obstruction to recon-

structing a hadronically decaying Higgs are the SUSY

events which include W ’s and Z’s. To reduce this back-

ground, we turn to more sophisticated jet substructure

algorithms.

cut/sample 1 2

E
miss
T > 200GeV 80.64% 80.54%

Nj ≥ 3 75.32% 78.87%

pT,1 > 180, pT,2 > 110 72.29% 77.72%

HT > 500 GeV 35.54% 54.47%

TABLE II: Cumulative efficiencies for the preselection cuts to
isolate SUSY events.

V. SUBSTRUCTURE ANALYSIS

Even in the absence of backgrounds, reconstructing the

Higgs boson from hadronic jets is generally difficult at

hadron colliders. However, in supersymmetric produc-

tion, the Higgs can easily get boosted which collimates all

of the Higgs decay products into a “fat jet.” An effective
algorithm for identifying these jets and reconstructing

Higgs candidates is provided by Butterworth, Davison,

Rubin and Salam (BDRS) [19], where it was used for

reconstructing SM Higgs.

This method starts by forming fat jets with cone size

large enough to capture most of the hadronic products

of the boosted Higgs; subsequently, one scans within this

fat jet, looking for a particular jet substructure which

corresponds to the presumed decay topology of the Higgs

(in our analysis, h → 2η → 4j). We describe the BDRS

procedure in detail below:

(a) Cluster hadronic calorimeter activity into jets by it-

eratively recombining pairs of closest distance dij .

For C/A jet algorithm, dij is given by the angular

distance ∆Rij ≡
�
(φi − φj)

2 + (ηi − ηj)2. The re-
combination ends when all objects are separated by

some minimum ∆Rij > R. Here R is chosen to be

large enough to contain the decay products of the

Higgs.

(b) Uncluster each fat jet into two subjets j1 and j2

(mj1 > mj2). Two criteria must be satisfied by

these subjets in order to associate the fat jet to

some presumed heavy parent particle. First, there

must be a significant mass drop mj1 < µ mj , where

mj is the total invariant mass of the parent fat jet

and µ is a cut parameter. Second, it is required that

there is no significant asymmetry in the two sub-

jets defined by: y ≡ min(p
2
T j1

, p
2
T j2

)/m
2
j ∆R

2
j1,j2 >

ycut. When these two conditions are satisfied we

exit the loop and dub the jet as candidate Higgs

jet.

(c) If the subjets do not satisfy the above requirements,

then j1 is identified as a new fat jet, and step (b) is

repeated by subdividing j1 into a sub-jet pair. This

is repeated until either pT,j1 < 50 GeV or j1 can no

longer be unclustered, at which point the initial fat

jet is discarded as a candidate for a massive parent.

In our analyses, we take R = 0.9 − 1.2, µ = 0.5 − 0.667

and ycut = (0.3)
2
, with small variations for different sit-

uations specified in Tab. III. Note, that the BDRS algo-

rithm is no very effective at selecting the Higgs events:

only about 10% of the signal survives the initial subject

analysis. This is due to the fact that the boost of the

higgs boson is not that incredibly large in these cases.

Compared to the SM Higgs events, the supersymmet-

ric events are typically of much greater multiplicity, often

containing multiple electroweak gauge bosons in addition

to hard quark and or gluon jets from the decay of squarks

and gluinos. Many of these hard jets and hadronically de-

caying W ’s and Z’s can be misidentified as Higgs candi-

dates, even after the substructure analysis is performed.

This is the primary obstruction to discovering the Higgs

as a peak in the jet mass distribution. The issue is com-

pounded by the fact that the W and Z bosons lie close to

the mass range expected for the Higgs. Fig. 2 shows the

typical jet mass distribution obtained for the candidate

Higgs event. We therefore must supplement the BDRS

algorithm with additional cuts to suppress the W and Z

contamination of the Higgs sample as well as other com-

binatoric jet backgrounds. Different strategies are neces-

(Butterworth, Davison, Rubin, Salam)

1. Form FAT jets by recombining hadronic activity until
ΔRij<R~1.2
2. Uncluster fat jet into j1,2 and require

3. If subjets do not satisfy 2 uncluster further until
no more subjets or pT<50 GeV

1. Significant mass drop in jet masses (corresponding to actual subjets)

2. No significant asymmetry in subjets
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and final state radiation as well as multi-particle inter-

actions are turned on. We included pile-up events as-

suming a luminosity per bunch crossing of 0.05 mb
−1

.

Supersymmetric events are isolated by means of cuts

which render SM backgrounds negligible compared to the

SUSY signal. We use the cuts in SUSY analyses de-

signed by the CMS collaboration for early LHC SUSY

searches [28, 29]. First we require missing transverse

energy E
miss
T > 200 GeV and at least three jets with

pT > 30 GeV with pseudorapidity |η| < 3. In addition,

only events in which the hardest and the second hard-

est jets have pT > 180, 110 GeV respectively are kept.

The hardest jet is also required to be within the cen-

tral tracker fiducial volume, i.e. |η| < 1.7. Finally, we

require HT > 500 GeV, where HT =
�4

i=2 p
i
T + E

miss
T .

The jets in the above cuts are raw jets clustered using

calorimeter cells with granularity δη× δφ = 0.1× 0.1 be-

tween −3 < η < 3. Jet reconstruction is accomplished

using the Cambridge/Aachen (C/A) algorithm [31] with

a cone-size given by R = 0.5.

The preselection cuts and their associated cumulative

efficiencies on the SUSY signal events from models 1

and 2 can be seen in Tab. II. While relatively robust

on the SUSY signal events, these cuts are far out on the

tails of SM QCD, di-boson, and t-tbar backgrounds. In

the remaining sample, the primary obstruction to recon-

structing a hadronically decaying Higgs are the SUSY

events which include W ’s and Z’s. To reduce this back-

ground, we turn to more sophisticated jet substructure

algorithms.

cut/sample 1 2

E
miss
T > 200GeV 80.64% 80.54%

Nj ≥ 3 75.32% 78.87%

pT,1 > 180, pT,2 > 110 72.29% 77.72%

HT > 500 GeV 35.54% 54.47%

TABLE II: Cumulative efficiencies for the preselection cuts to
isolate SUSY events.

V. SUBSTRUCTURE ANALYSIS

Even in the absence of backgrounds, reconstructing the

Higgs boson from hadronic jets is generally difficult at

hadron colliders. However, in supersymmetric produc-

tion, the Higgs can easily get boosted which collimates all

of the Higgs decay products into a “fat jet.” An effective
algorithm for identifying these jets and reconstructing

Higgs candidates is provided by Butterworth, Davison,

Rubin and Salam (BDRS) [19], where it was used for

reconstructing SM Higgs.

This method starts by forming fat jets with cone size

large enough to capture most of the hadronic products

of the boosted Higgs; subsequently, one scans within this

fat jet, looking for a particular jet substructure which

corresponds to the presumed decay topology of the Higgs

(in our analysis, h → 2η → 4j). We describe the BDRS

procedure in detail below:

(a) Cluster hadronic calorimeter activity into jets by it-

eratively recombining pairs of closest distance dij .

For C/A jet algorithm, dij is given by the angular

distance ∆Rij ≡
�
(φi − φj)

2 + (ηi − ηj)2. The re-
combination ends when all objects are separated by

some minimum ∆Rij > R. Here R is chosen to be

large enough to contain the decay products of the

Higgs.

(b) Uncluster each fat jet into two subjets j1 and j2

(mj1 > mj2). Two criteria must be satisfied by

these subjets in order to associate the fat jet to

some presumed heavy parent particle. First, there

must be a significant mass drop mj1 < µ mj , where

mj is the total invariant mass of the parent fat jet

and µ is a cut parameter. Second, it is required that

there is no significant asymmetry in the two sub-

jets defined by: y ≡ min(p
2
T j1

, p
2
T j2

)/m
2
j ∆R

2
j1,j2 >

ycut. When these two conditions are satisfied we

exit the loop and dub the jet as candidate Higgs

jet.

(c) If the subjets do not satisfy the above requirements,

then j1 is identified as a new fat jet, and step (b) is

repeated by subdividing j1 into a sub-jet pair. This

is repeated until either pT,j1 < 50 GeV or j1 can no

longer be unclustered, at which point the initial fat

jet is discarded as a candidate for a massive parent.

In our analyses, we take R = 0.9 − 1.2, µ = 0.5 − 0.667

and ycut = (0.3)
2
, with small variations for different sit-

uations specified in Tab. III. Note, that the BDRS algo-

rithm is no very effective at selecting the Higgs events:

only about 10% of the signal survives the initial subject

analysis. This is due to the fact that the boost of the

higgs boson is not that incredibly large in these cases.

Compared to the SM Higgs events, the supersymmet-

ric events are typically of much greater multiplicity, often

containing multiple electroweak gauge bosons in addition

to hard quark and or gluon jets from the decay of squarks

and gluinos. Many of these hard jets and hadronically de-

caying W ’s and Z’s can be misidentified as Higgs candi-

dates, even after the substructure analysis is performed.

This is the primary obstruction to discovering the Higgs

as a peak in the jet mass distribution. The issue is com-

pounded by the fact that the W and Z bosons lie close to

the mass range expected for the Higgs. Fig. 2 shows the

typical jet mass distribution obtained for the candidate

Higgs event. We therefore must supplement the BDRS

algorithm with additional cuts to suppress the W and Z

contamination of the Higgs sample as well as other com-

binatoric jet backgrounds. Different strategies are neces-

y ≡ min(p2T j1 , p
2
T j2)/m

2
j ∆R2

j1,j2 > ycut
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FIG. 2: The candidate Higgs jet mass distribution for SUSY

benchmark 1 obtained using the BDRS algorithm. The Higgs

mass and the η mass are mh = 120 GeV and mη = 10 GeV

respectively.

sary for different η masses. We discuss them in sequence
below.

For the low mη case, the decay products from the η
decay are collimated, and therefore the jet substructure
is close to the SM Higgs case h → bb̄. In this case, the
two subjets from unclustering the fat jet are expected to
correspond the two η-jets. In order to reduce the con-
tamination from W/Z jets, one could consider additional
cuts on the following variables as discussed in [18]:

Mass democracy:

αMD ≡ min(mj1,mj2)

max(mj1,mj2)

Flow variable:

βflow ≡ pT,j3

pT,j1 + pT,j2
, if pT,j3 > pmin

T .

For Higgs decay through two light η’s, we expect αMD ∼
1 and βflow � 1. This is based on the fact that both
higgs and η are QCD singlets and therefore radiation
only occurs at the virtuality scale ∼ mη after the η has
decayed. The reduced radiation indicates small βflow and
also small shift in the η jet mass. This is in contrast to
the QCD jets, where the virtuality scale is governed by
the initial hard scattering. In [18], cuts on these variables
were used to separate the Higgs jet from the QCD jet.
In our case, they can instead reduce the combinatoric jet
backgrounds that are present together with the Higgs. In
addition, the mass democracy and the flow variable cuts
are quite useful in distinguishing Higgs jets from W/Z
jets since the final state radiation in W/Z decay is at a
larger scale ∼ mW/Z � mη. For example, in benchmark
model 1 with mh = 120 GeV and mη = 10 GeV they cut
roughly 75% of the W/Z’s whereas 30% of the Higgses.

For the high mη case, the decay products of η’s are less
collimated while the two η’s are more collimated. This

makes the four partons more uniformly distributed inside
the fat jet, giving rise to a truly four-jet decay. This is
most obvious in the lowmh case, where the allowed phase
space to decay into η is limited. In this case, the two
subjets found by unclustering the fat jet may not match
the partonic object from one of the η’s. In addition, due
to the increased multiplicity of the decay, the subjets are
typically softer. In order to reduce the W/Z background,
we need different cuts compared to the light η case.

Number of subjets: The simplest option is to require
at least four hard subjets inside the fat jet obtained
from the BDRS procedure: we re-cluster the candi-
date fat jet into nsubjet subjets with a smaller cone
size Rsub,

nsubjet ≥ 4 with pT > 15 GeV.

This is easy to understand since W/Z jets typically only
have two hard subjets.
Another possibility is to use the planar flow variable

introduced in [32], which is sensitive to whether the color
flow is linear or isotropic. The planar flow vanishes for
linear shapes and approaches unity for isotropic depo-
sitions of energies. In the context of h → 2η → 4j,
the planar flow increases as mη increases since the final
states become more isotropic. However, in the cases that
we studied, the number-of-subjet cut is already very ef-
fective, and we do not include the planar flow in our final
result.
We have also investigated whether the jet pull vari-

able [33] significantly enhances signal relative to back-
ground. We found that, in the cases we analyzed, there
is little to no improvement as the signal distribution in
this variable is too similar to the SM gauge boson back-
ground. However, we have not performed a multivariable
combined study that could partially enhance the signifi-
cance [34].
In the last step of the reconstruction, a filtration al-

gorithm cleans up these candidate jets by removing soft
components. For low η mass, one decomposes the fat jet
to subjets by taking a smaller Rsub, and sum up the lead-
ing nfilt subjets to obtain the filtered jets. In our analysis,
we take Rsub = min(∆Rj1,j2/2, 0.3). For high η mass, we
trim it by only keeping subjets with pT > fcut pT,J [35],
where Rsub = 0.2 − 0.3. It should be noted that the
threshold fcut affects both the accuracy and resolution
of the Higgs mass. For smaller threshold fcut, mean-
ing more decay products of the Higgs would be included,
the reconstructed Higgs mass would be closer to the true
mass. On the other hand, it is also easier for the con-
tamination from other softer partons in the same event
to leak into the Higgs jet, which would worsen the mass
resolution. The effects of pile-up events can be seen from
e.g. Fig. 3. For light mη, with pile-up events included, it
is harder for the fat jet to pass the flow cut. This leads to
a decrease in the W and Higgs peaks. But on the other
hand, the continuum background also drops. For heavy
mη, there are no qualitative changes in the candidate jet

Higgs peak

W/Z peak
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FIG. 2: The candidate Higgs jet mass distribution for SUSY

benchmark 1 obtained using the BDRS algorithm. The Higgs

mass and the η mass are mh = 120 GeV and mη = 10 GeV

respectively.

sary for different η masses. We discuss them in sequence
below.

For the low mη case, the decay products from the η
decay are collimated, and therefore the jet substructure
is close to the SM Higgs case h → bb̄. In this case, the
two subjets from unclustering the fat jet are expected to
correspond the two η-jets. In order to reduce the con-
tamination from W/Z jets, one could consider additional
cuts on the following variables as discussed in [18]:

Mass democracy:

αMD ≡ min(mj1,mj2)

max(mj1,mj2)

Flow variable:

βflow ≡ pT,j3

pT,j1 + pT,j2
, if pT,j3 > pmin

T .

For Higgs decay through two light η’s, we expect αMD ∼
1 and βflow � 1. This is based on the fact that both
higgs and η are QCD singlets and therefore radiation
only occurs at the virtuality scale ∼ mη after the η has
decayed. The reduced radiation indicates small βflow and
also small shift in the η jet mass. This is in contrast to
the QCD jets, where the virtuality scale is governed by
the initial hard scattering. In [18], cuts on these variables
were used to separate the Higgs jet from the QCD jet.
In our case, they can instead reduce the combinatoric jet
backgrounds that are present together with the Higgs. In
addition, the mass democracy and the flow variable cuts
are quite useful in distinguishing Higgs jets from W/Z
jets since the final state radiation in W/Z decay is at a
larger scale ∼ mW/Z � mη. For example, in benchmark
model 1 with mh = 120 GeV and mη = 10 GeV they cut
roughly 75% of the W/Z’s whereas 30% of the Higgses.

For the high mη case, the decay products of η’s are less
collimated while the two η’s are more collimated. This

makes the four partons more uniformly distributed inside
the fat jet, giving rise to a truly four-jet decay. This is
most obvious in the lowmh case, where the allowed phase
space to decay into η is limited. In this case, the two
subjets found by unclustering the fat jet may not match
the partonic object from one of the η’s. In addition, due
to the increased multiplicity of the decay, the subjets are
typically softer. In order to reduce the W/Z background,
we need different cuts compared to the light η case.

Number of subjets: The simplest option is to require
at least four hard subjets inside the fat jet obtained
from the BDRS procedure: we re-cluster the candi-
date fat jet into nsubjet subjets with a smaller cone
size Rsub,

nsubjet ≥ 4 with pT > 15 GeV.

This is easy to understand since W/Z jets typically only
have two hard subjets.
Another possibility is to use the planar flow variable

introduced in [32], which is sensitive to whether the color
flow is linear or isotropic. The planar flow vanishes for
linear shapes and approaches unity for isotropic depo-
sitions of energies. In the context of h → 2η → 4j,
the planar flow increases as mη increases since the final
states become more isotropic. However, in the cases that
we studied, the number-of-subjet cut is already very ef-
fective, and we do not include the planar flow in our final
result.
We have also investigated whether the jet pull vari-

able [33] significantly enhances signal relative to back-
ground. We found that, in the cases we analyzed, there
is little to no improvement as the signal distribution in
this variable is too similar to the SM gauge boson back-
ground. However, we have not performed a multivariable
combined study that could partially enhance the signifi-
cance [34].
In the last step of the reconstruction, a filtration al-

gorithm cleans up these candidate jets by removing soft
components. For low η mass, one decomposes the fat jet
to subjets by taking a smaller Rsub, and sum up the lead-
ing nfilt subjets to obtain the filtered jets. In our analysis,
we take Rsub = min(∆Rj1,j2/2, 0.3). For high η mass, we
trim it by only keeping subjets with pT > fcut pT,J [35],
where Rsub = 0.2 − 0.3. It should be noted that the
threshold fcut affects both the accuracy and resolution
of the Higgs mass. For smaller threshold fcut, mean-
ing more decay products of the Higgs would be included,
the reconstructed Higgs mass would be closer to the true
mass. On the other hand, it is also easier for the con-
tamination from other softer partons in the same event
to leak into the Higgs jet, which would worsen the mass
resolution. The effects of pile-up events can be seen from
e.g. Fig. 3. For light mη, with pile-up events included, it
is harder for the fat jet to pass the flow cut. This leads to
a decrease in the W and Higgs peaks. But on the other
hand, the continuum background also drops. For heavy
mη, there are no qualitative changes in the candidate jet

Want to further clean up distribution using more cuts
Especially important if mh ~ mW,Z



}
Further cuts

5

Candidate Higgs Jet Mass (GeV)
40 60 80 100 120 140 160 180 200

 / 
5 

G
eV

-1
N

um
 o

f E
ve

nt
s 

/ f
b

20

30

40

50

60

70

80

Jet MassJet Mass

FIG. 2: The candidate Higgs jet mass distribution for SUSY

benchmark 1 obtained using the BDRS algorithm. The Higgs

mass and the η mass are mh = 120 GeV and mη = 10 GeV

respectively.

sary for different η masses. We discuss them in sequence
below.

For the low mη case, the decay products from the η
decay are collimated, and therefore the jet substructure
is close to the SM Higgs case h → bb̄. In this case, the
two subjets from unclustering the fat jet are expected to
correspond the two η-jets. In order to reduce the con-
tamination from W/Z jets, one could consider additional
cuts on the following variables as discussed in [18]:

Mass democracy:

αMD ≡ min(mj1,mj2)

max(mj1,mj2)

Flow variable:

βflow ≡ pT,j3

pT,j1 + pT,j2
, if pT,j3 > pmin

T .

For Higgs decay through two light η’s, we expect αMD ∼
1 and βflow � 1. This is based on the fact that both
higgs and η are QCD singlets and therefore radiation
only occurs at the virtuality scale ∼ mη after the η has
decayed. The reduced radiation indicates small βflow and
also small shift in the η jet mass. This is in contrast to
the QCD jets, where the virtuality scale is governed by
the initial hard scattering. In [18], cuts on these variables
were used to separate the Higgs jet from the QCD jet.
In our case, they can instead reduce the combinatoric jet
backgrounds that are present together with the Higgs. In
addition, the mass democracy and the flow variable cuts
are quite useful in distinguishing Higgs jets from W/Z
jets since the final state radiation in W/Z decay is at a
larger scale ∼ mW/Z � mη. For example, in benchmark
model 1 with mh = 120 GeV and mη = 10 GeV they cut
roughly 75% of the W/Z’s whereas 30% of the Higgses.

For the high mη case, the decay products of η’s are less
collimated while the two η’s are more collimated. This

makes the four partons more uniformly distributed inside
the fat jet, giving rise to a truly four-jet decay. This is
most obvious in the lowmh case, where the allowed phase
space to decay into η is limited. In this case, the two
subjets found by unclustering the fat jet may not match
the partonic object from one of the η’s. In addition, due
to the increased multiplicity of the decay, the subjets are
typically softer. In order to reduce the W/Z background,
we need different cuts compared to the light η case.

Number of subjets: The simplest option is to require
at least four hard subjets inside the fat jet obtained
from the BDRS procedure: we re-cluster the candi-
date fat jet into nsubjet subjets with a smaller cone
size Rsub,

nsubjet ≥ 4 with pT > 15 GeV.

This is easy to understand since W/Z jets typically only
have two hard subjets.
Another possibility is to use the planar flow variable

introduced in [32], which is sensitive to whether the color
flow is linear or isotropic. The planar flow vanishes for
linear shapes and approaches unity for isotropic depo-
sitions of energies. In the context of h → 2η → 4j,
the planar flow increases as mη increases since the final
states become more isotropic. However, in the cases that
we studied, the number-of-subjet cut is already very ef-
fective, and we do not include the planar flow in our final
result.
We have also investigated whether the jet pull vari-

able [33] significantly enhances signal relative to back-
ground. We found that, in the cases we analyzed, there
is little to no improvement as the signal distribution in
this variable is too similar to the SM gauge boson back-
ground. However, we have not performed a multivariable
combined study that could partially enhance the signifi-
cance [34].
In the last step of the reconstruction, a filtration al-

gorithm cleans up these candidate jets by removing soft
components. For low η mass, one decomposes the fat jet
to subjets by taking a smaller Rsub, and sum up the lead-
ing nfilt subjets to obtain the filtered jets. In our analysis,
we take Rsub = min(∆Rj1,j2/2, 0.3). For high η mass, we
trim it by only keeping subjets with pT > fcut pT,J [35],
where Rsub = 0.2 − 0.3. It should be noted that the
threshold fcut affects both the accuracy and resolution
of the Higgs mass. For smaller threshold fcut, mean-
ing more decay products of the Higgs would be included,
the reconstructed Higgs mass would be closer to the true
mass. On the other hand, it is also easier for the con-
tamination from other softer partons in the same event
to leak into the Higgs jet, which would worsen the mass
resolution. The effects of pile-up events can be seen from
e.g. Fig. 3. For light mη, with pile-up events included, it
is harder for the fat jet to pass the flow cut. This leads to
a decrease in the W and Higgs peaks. But on the other
hand, the continuum background also drops. For heavy
mη, there are no qualitative changes in the candidate jet

Designed to eliminate QCD background

Works here as well, since mη <<mW,Z

Eliminates part of combinatorics, part 
of W,Z

(Falkowski, Krohn, Shelton, Thalapillil, Wang)

If η heavy: events more like 4 jets, expect more than 2 subjets
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FIG. 2: The candidate Higgs jet mass distribution for SUSY

benchmark 1 obtained using the BDRS algorithm. The Higgs

mass and the η mass are mh = 120 GeV and mη = 10 GeV

respectively.

sary for different η masses. We discuss them in sequence
below.

For the low mη case, the decay products from the η
decay are collimated, and therefore the jet substructure
is close to the SM Higgs case h → bb̄. In this case, the
two subjets from unclustering the fat jet are expected to
correspond the two η-jets. In order to reduce the con-
tamination from W/Z jets, one could consider additional
cuts on the following variables as discussed in [18]:

Mass democracy:

αMD ≡ min(mj1,mj2)

max(mj1,mj2)

Flow variable:

βflow ≡ pT,j3

pT,j1 + pT,j2
, if pT,j3 > pmin

T .

For Higgs decay through two light η’s, we expect αMD ∼
1 and βflow � 1. This is based on the fact that both
higgs and η are QCD singlets and therefore radiation
only occurs at the virtuality scale ∼ mη after the η has
decayed. The reduced radiation indicates small βflow and
also small shift in the η jet mass. This is in contrast to
the QCD jets, where the virtuality scale is governed by
the initial hard scattering. In [18], cuts on these variables
were used to separate the Higgs jet from the QCD jet.
In our case, they can instead reduce the combinatoric jet
backgrounds that are present together with the Higgs. In
addition, the mass democracy and the flow variable cuts
are quite useful in distinguishing Higgs jets from W/Z
jets since the final state radiation in W/Z decay is at a
larger scale ∼ mW/Z � mη. For example, in benchmark
model 1 with mh = 120 GeV and mη = 10 GeV they cut
roughly 75% of the W/Z’s whereas 30% of the Higgses.

For the high mη case, the decay products of η’s are less
collimated while the two η’s are more collimated. This

makes the four partons more uniformly distributed inside
the fat jet, giving rise to a truly four-jet decay. This is
most obvious in the lowmh case, where the allowed phase
space to decay into η is limited. In this case, the two
subjets found by unclustering the fat jet may not match
the partonic object from one of the η’s. In addition, due
to the increased multiplicity of the decay, the subjets are
typically softer. In order to reduce the W/Z background,
we need different cuts compared to the light η case.

Number of subjets: The simplest option is to require
at least four hard subjets inside the fat jet obtained
from the BDRS procedure: we re-cluster the candi-
date fat jet into nsubjet subjets with a smaller cone
size Rsub,

nsubjet ≥ 4 with pT > 15 GeV.

This is easy to understand since W/Z jets typically only
have two hard subjets.
Another possibility is to use the planar flow variable

introduced in [32], which is sensitive to whether the color
flow is linear or isotropic. The planar flow vanishes for
linear shapes and approaches unity for isotropic depo-
sitions of energies. In the context of h → 2η → 4j,
the planar flow increases as mη increases since the final
states become more isotropic. However, in the cases that
we studied, the number-of-subjet cut is already very ef-
fective, and we do not include the planar flow in our final
result.
We have also investigated whether the jet pull vari-

able [33] significantly enhances signal relative to back-
ground. We found that, in the cases we analyzed, there
is little to no improvement as the signal distribution in
this variable is too similar to the SM gauge boson back-
ground. However, we have not performed a multivariable
combined study that could partially enhance the signifi-
cance [34].
In the last step of the reconstruction, a filtration al-

gorithm cleans up these candidate jets by removing soft
components. For low η mass, one decomposes the fat jet
to subjets by taking a smaller Rsub, and sum up the lead-
ing nfilt subjets to obtain the filtered jets. In our analysis,
we take Rsub = min(∆Rj1,j2/2, 0.3). For high η mass, we
trim it by only keeping subjets with pT > fcut pT,J [35],
where Rsub = 0.2 − 0.3. It should be noted that the
threshold fcut affects both the accuracy and resolution
of the Higgs mass. For smaller threshold fcut, mean-
ing more decay products of the Higgs would be included,
the reconstructed Higgs mass would be closer to the true
mass. On the other hand, it is also easier for the con-
tamination from other softer partons in the same event
to leak into the Higgs jet, which would worsen the mass
resolution. The effects of pile-up events can be seen from
e.g. Fig. 3. For light mη, with pile-up events included, it
is harder for the fat jet to pass the flow cut. This leads to
a decrease in the W and Higgs peaks. But on the other
hand, the continuum background also drops. For heavy
mη, there are no qualitative changes in the candidate jet
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FIG. 2: The candidate Higgs jet mass distribution for SUSY

benchmark 1 obtained using the BDRS algorithm. The Higgs

mass and the η mass are mh = 120 GeV and mη = 10 GeV

respectively.

sary for different η masses. We discuss them in sequence
below.

For the low mη case, the decay products from the η
decay are collimated, and therefore the jet substructure
is close to the SM Higgs case h → bb̄. In this case, the
two subjets from unclustering the fat jet are expected to
correspond the two η-jets. In order to reduce the con-
tamination from W/Z jets, one could consider additional
cuts on the following variables as discussed in [18]:

Mass democracy:

αMD ≡ min(mj1,mj2)

max(mj1,mj2)

Flow variable:

βflow ≡ pT,j3

pT,j1 + pT,j2
, if pT,j3 > pmin

T .

For Higgs decay through two light η’s, we expect αMD ∼
1 and βflow � 1. This is based on the fact that both
higgs and η are QCD singlets and therefore radiation
only occurs at the virtuality scale ∼ mη after the η has
decayed. The reduced radiation indicates small βflow and
also small shift in the η jet mass. This is in contrast to
the QCD jets, where the virtuality scale is governed by
the initial hard scattering. In [18], cuts on these variables
were used to separate the Higgs jet from the QCD jet.
In our case, they can instead reduce the combinatoric jet
backgrounds that are present together with the Higgs. In
addition, the mass democracy and the flow variable cuts
are quite useful in distinguishing Higgs jets from W/Z
jets since the final state radiation in W/Z decay is at a
larger scale ∼ mW/Z � mη. For example, in benchmark
model 1 with mh = 120 GeV and mη = 10 GeV they cut
roughly 75% of the W/Z’s whereas 30% of the Higgses.

For the high mη case, the decay products of η’s are less
collimated while the two η’s are more collimated. This

makes the four partons more uniformly distributed inside
the fat jet, giving rise to a truly four-jet decay. This is
most obvious in the lowmh case, where the allowed phase
space to decay into η is limited. In this case, the two
subjets found by unclustering the fat jet may not match
the partonic object from one of the η’s. In addition, due
to the increased multiplicity of the decay, the subjets are
typically softer. In order to reduce the W/Z background,
we need different cuts compared to the light η case.

Number of subjets: The simplest option is to require
at least four hard subjets inside the fat jet obtained
from the BDRS procedure: we re-cluster the candi-
date fat jet into nsubjet subjets with a smaller cone
size Rsub,

nsubjet ≥ 4 with pT > 15 GeV.

This is easy to understand since W/Z jets typically only
have two hard subjets.
Another possibility is to use the planar flow variable

introduced in [32], which is sensitive to whether the color
flow is linear or isotropic. The planar flow vanishes for
linear shapes and approaches unity for isotropic depo-
sitions of energies. In the context of h → 2η → 4j,
the planar flow increases as mη increases since the final
states become more isotropic. However, in the cases that
we studied, the number-of-subjet cut is already very ef-
fective, and we do not include the planar flow in our final
result.
We have also investigated whether the jet pull vari-

able [33] significantly enhances signal relative to back-
ground. We found that, in the cases we analyzed, there
is little to no improvement as the signal distribution in
this variable is too similar to the SM gauge boson back-
ground. However, we have not performed a multivariable
combined study that could partially enhance the signifi-
cance [34].
In the last step of the reconstruction, a filtration al-

gorithm cleans up these candidate jets by removing soft
components. For low η mass, one decomposes the fat jet
to subjets by taking a smaller Rsub, and sum up the lead-
ing nfilt subjets to obtain the filtered jets. In our analysis,
we take Rsub = min(∆Rj1,j2/2, 0.3). For high η mass, we
trim it by only keeping subjets with pT > fcut pT,J [35],
where Rsub = 0.2 − 0.3. It should be noted that the
threshold fcut affects both the accuracy and resolution
of the Higgs mass. For smaller threshold fcut, mean-
ing more decay products of the Higgs would be included,
the reconstructed Higgs mass would be closer to the true
mass. On the other hand, it is also easier for the con-
tamination from other softer partons in the same event
to leak into the Higgs jet, which would worsen the mass
resolution. The effects of pile-up events can be seen from
e.g. Fig. 3. For light mη, with pile-up events included, it
is harder for the fat jet to pass the flow cut. This leads to
a decrease in the W and Higgs peaks. But on the other
hand, the continuum background also drops. For heavy
mη, there are no qualitative changes in the candidate jet
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sults with smaller luminosity. However, for the low Higgs

mass, the distribution obtained from using the same cuts

show a plateau between 80 − 100 GeV. This is due to

the superposition of W, Z and Higgs contributions. Im-

posing stronger cuts αMD > 0.8 and βflow < 0.5% with

pmin
T = 1 GeV, lead us to the second plot in Figure

5. While the W peak is now significantly suppressed,

and the big peak located around 100 GeV suggests the

presence of the Higgs boson, the subtraction of the Z-

background is needed in this case. Naively using the

same prescription for calculating the significance, we find

5σ discovery can be achieved with ∼ 25 fb
−1

integrated

luminosity.
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FIG. 5: The candidate Higgs jet mass distribution for SUSY

benchmark 2. Top: mh = 120 GeV and mη = 10 GeV.

Bottom: mh = 100 GeV and mη = 10 GeV.

B. High η Mass (mη = 30 GeV)

Moving to the high η mass case, the decays of the

Higgs are more four-jet like. We use the BDRS algorithm

supplemented with a cut on the number of subjets to find

the Higgs-like jet. We re-cluster the candidate fat jet into

subjets using Rsub = 0.25 and require nsubjet ≥ 4 hard

subjets with pT > 15 GeV. The final candidate Higgs jets

are obtained after trimming with threshold fcut = 1.5%.

For the low-mass Higgs, the cuts are slightly adjusted as

seen in Tab. III.

The resulting candidate Higgs jet-mass distributions

can be seen in Figures 6,7. Different from the low η
mass cases, the continuum background is small in the

low mass region and the W/Z peaks are no longer visi-

ble. This indicates that the cut on the number of sub-

jets is very efficient in reducing the W/Z contamination.

But other combinatoric jet configurations can potentially

leak through the cut since these may have more than two

hard components and can give rise to a large jet mass. To

suppress these combinatorics, we use a slightly smaller R
parameter for the jet clustering algorithm, and include a

mild cut on the subjet mass democracy αMD as shown in

Tab. III. For benchmark 1, we require maximum 7 jets

in the events to further suppress the combinatoric back-

ground since there are lots of top quarks in the events.

For the high Higgs mass case, the Higgs peaks are well re-

constructed, and in both benchmarks a 5σ discovery can

be achieved with roughly 10 and 25 fb
−1

respectively (us-

ing −2/+1 and ±2 bins for signals). The results for low

Higgs mass are similar, but more luminosity (� 35 fb
−1

)

is needed due to smaller signal efficiency.
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FIG. 6: Candidate Higgs jet mass distribution for SUSY

benchmark 1. Top: mh = 120 GeV and mη = 30 GeV.

Bottom: mh = 100 GeV and mη = 30 GeV. Events with ≥ 8

jets (pT > 30 GeV) are vetoed in both plots.
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FIG. 7: Candidate Higgs jet mass distribution for SUSY
benchmark 2. Top: mh = 120 GeV and mη = 30 GeV.
Bottom: mh = 100 GeV and mη = 30 GeV.

VII. CONCLUSIONS

Purely hadronic Higgs decays of the form h → 2η → 4j
present a formidable, but not insurmountable challenge
at the LHC. Such Higgs bosons, when produced in asso-
ciation with massive exotica, can in many cases be recon-

structed. In supersymmetric buried Higgs models, cuts
on events with high pT jets and missing energy remove
the QCD backgrounds that would otherwise swamp the
Higgs resonance.
Once QCD events have been stripped away, the re-

maining issue is to identify a Higgs resonance among the
hadronic activity that occurs in typical SUSY cascade
decay chains. We have applied a substructure analysis
that aids in the removal of remaining combinatoric back-
grounds and/or dijet pairs arising from weak gauge boson
decay.
For buried Higgs bosons in the range 95 − 120 GeV,

with both heavy (30 GeV) and light (10 GeV) η mass,
discovery at the 5σ level is possible with 10 fb−1 of 7
on 7 TeV LHC running. At lower values of the Higgs
mass (and low η mass), when the Higgs peak overlaps
significantly with the W and Z resonances, substructure
cuts do not sufficiently reduce weak gauge boson back-
grounds. In this case, discovery will be far more chal-
lenging, and will require more sophisticated techniques
than those presented here.
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mη=30 GeV

Benchmark 1 Benchmark 2

For heavy η nsubjet is a very good discriminator, only Higgs 
peak: can discover with 10 fb-1 (mH=120) or 30 fb-1 (mH=100)

mHiggs=120 GeV

mHiggs=100 GeV



Results: low η mass
mη=10 GeV

Benchmark 1 Benchmark 2

Hard to eliminate W/Z contamination! For mH=120 GeV need 
10 fb-1. But for mH=100 no separate peaks, need to subtract
W/Z

mHiggs=120 GeV
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ciated heavy object for a given candidate fat jet. The

associated object is defined to be the closest heavy ob-

ject within an R = 0.4 cone around the jet. Given that

information, we are able to count the number of “cor-

rect” Higgs jets in ±5 GeV window around the true mass,

and the total number of candidate jets in that window.

Similarly this can be done for W and Z bosons. These

numbers can be compared with the number of Higgs, W

or Z bosons in the sample without subjet cuts to get an

estimate of the efficiency and the discrimination power.

As can be seen in Tab. IV, a factor of ∼ 20 gain in ef-

ficiency can be achieved for Higgs against W and Z for

mη = 30 GeV, while a factor of ∼ 5 for mη = 10 GeV.

Model 1 Model 2

(100, 10) (100, 30) (100, 10) (100, 30)

before after before after before after before after

H 6974
324
473 6587

69
103 22450

700
831 22564

298
403

W 22668
366
581 22435

7
26 63641

356
564 62775

34
274

Z 1296
18
390 1244

0
67 22977

136
671 22933

19
269

TABLE IV: Subjet cut efficiencies for Higgs and W/Z bosons

in the window ±5 GeV around their true masses. The num-

ber before cuts are the number of Higgs, W or Z in the event

sample after applying preselection cuts on the 10
5
raw events.

The number after cuts is presented in the form
a
b where a is

the number of “correct” Higgs, W or Z jets and b is the to-

tal number of candidate jets in the respective mass window.

The “correct” Higgs, W or Z jets are defined as those candi-

date jets where the closest heavy object within R = 0.4 cone

around the jet is Higgs, W or Z.

A. Low η Mass (mη = 10 GeV)

For the low mη case, we use the modified BDRS

method with mass democracy cuts and flow cuts to iden-

tify Higgs jets. As discussed above, the substructure

analysis is not be able to substantially reduce the con-

tribution of W and Z bosons while preserving Higgs

signal events. For both benchmark models with mh =

120, 100 GeV, we find candidate Higgs jets and construct

the jet-mass distribution.

For benchmark model 1, we take the values for the cut

parameters to be R = 1.2, αMD > 0.7, βflow < 2% and

nfilt = 3. The results for 100, 000 raw events normal-

ized by the cross section are shown in Figure 4 for both

high Higgs mass (top panel) and low Higgs mass (bottom

panel). In this plot, the Higgs mass peaks are well above

the background and its position is consistent with the

true Higgs mass. The peaks in the vicinity of 80 GeV are

from hadronically decaying W ’s which evade the above

cuts. To calculate the significance of the Higgs peak, we

must provide an estimate of the backgrounds from both

SM and SUSY. The SM backgrounds are negligible as we

discussed before and are taken to be zero for simplicity,

while the SUSY backgrounds can be estimated from the

continuum under the Higgs peak in the jet-mass distri-

bution. For example, for the case with mh = 120 GeV,

we take the −2/+1 bins around the peak 120 GeV as

the signal region and the two adjacent bins for back-

ground estimation. We find that a 5σ discovery of the

Higgs boson for ∼ 10 fb
−1

is possible. For the case of low

Higgs mass, in the bottom panel of this Figure, these two

mass peaks are closer. Taking the excess in the ±1 bins

around the peak 100 GeV as the signal, a 5σ significance

can also be achieved with the same amount of data. For

an even smaller Higgs mass, the signal peak would be-

gin to merge with the W peak. Unless the W fake rate

can be further reduced with additional novel techniques,

it seems unlikely that a Higgs with mass much smaller

than 100 GeV can be identified.
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FIG. 4: The candidate Higgs jet mass distribution for SUSY

benchmark 1. Top: mh = 120 GeV and mη = 10 GeV.

Bottom: mh = 100 GeV and mη = 10 GeV. Events with ≥ 7

jets (pT > 30 GeV) are vetoed in the bottom plot.

For benchmark model 2, the results are shown in Fig-

ure 5. In the top panel, we use the same cuts as for

benchmark model 1 and we can see that a 5σ discov-

ery can again be achieved (using −2/+1 bins for sig-

nal) for ∼ 10 fb
−1

integrated luminosity. In fact, in this

case the Higgs bosons are generally more boosted due

to the larger neutralino mass difference. This leads to

a higher reconstruction efficiency than for benchmark 1,

and even without the flow cuts we can obtain similar re-

8

sults with smaller luminosity. However, for the low Higgs

mass, the distribution obtained from using the same cuts

show a plateau between 80 − 100 GeV. This is due to

the superposition of W, Z and Higgs contributions. Im-

posing stronger cuts αMD > 0.8 and βflow < 0.5% with

pmin
T = 1 GeV, lead us to the second plot in Figure

5. While the W peak is now significantly suppressed,

and the big peak located around 100 GeV suggests the

presence of the Higgs boson, the subtraction of the Z-

background is needed in this case. Naively using the

same prescription for calculating the significance, we find

5σ discovery can be achieved with ∼ 25 fb
−1

integrated

luminosity.
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FIG. 5: The candidate Higgs jet mass distribution for SUSY

benchmark 2. Top: mh = 120 GeV and mη = 10 GeV.

Bottom: mh = 100 GeV and mη = 10 GeV.

B. High η Mass (mη = 30 GeV)

Moving to the high η mass case, the decays of the

Higgs are more four-jet like. We use the BDRS algorithm

supplemented with a cut on the number of subjets to find

the Higgs-like jet. We re-cluster the candidate fat jet into

subjets using Rsub = 0.25 and require nsubjet ≥ 4 hard

subjets with pT > 15 GeV. The final candidate Higgs jets

are obtained after trimming with threshold fcut = 1.5%.

For the low-mass Higgs, the cuts are slightly adjusted as

seen in Tab. III.

The resulting candidate Higgs jet-mass distributions

can be seen in Figures 6,7. Different from the low η
mass cases, the continuum background is small in the

low mass region and the W/Z peaks are no longer visi-

ble. This indicates that the cut on the number of sub-

jets is very efficient in reducing the W/Z contamination.

But other combinatoric jet configurations can potentially

leak through the cut since these may have more than two

hard components and can give rise to a large jet mass. To

suppress these combinatorics, we use a slightly smaller R
parameter for the jet clustering algorithm, and include a

mild cut on the subjet mass democracy αMD as shown in

Tab. III. For benchmark 1, we require maximum 7 jets

in the events to further suppress the combinatoric back-

ground since there are lots of top quarks in the events.

For the high Higgs mass case, the Higgs peaks are well re-

constructed, and in both benchmarks a 5σ discovery can

be achieved with roughly 10 and 25 fb
−1

respectively (us-

ing −2/+1 and ±2 bins for signals). The results for low

Higgs mass are similar, but more luminosity (� 35 fb
−1

)

is needed due to smaller signal efficiency.
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FIG. 6: Candidate Higgs jet mass distribution for SUSY

benchmark 1. Top: mh = 120 GeV and mη = 30 GeV.

Bottom: mh = 100 GeV and mη = 30 GeV. Events with ≥ 8

jets (pT > 30 GeV) are vetoed in both plots.

mHiggs=100 GeV



Other SUSY approaches 

•NMSSM: quartic from

•But λ can not be too large either to avoid Landau
pole before MGUT. Requires mh ≤150 GeV

•Fat Higgs: around Landau pole weakly coupled 
Seiberg-dual, can have mh ~ 400 GeV

•Dine-Seiberg-Thomas: NMSSM-like effective theory
 

type term like when integrating out massive S

(Harnik, Kribs,
Larson, Murayama
`03)



•Additional quartic from extra D-term

•Usually D-terms decouple if gauge breaking fully
supersymmetric

•If msoft ~ VEV for field breaking the additional 
gauge symmetry D-term does not decouple

•Can raise Higgs mass to ~400 GeV
(Batra, Delgado, Kaplan, Tait `03)



II. Models of strong dynamics
•Don’t necessarily need elementary Higgs to break
symmetry

•Example: QCD
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II. Models of strong dynamics
•Don’t necessarily need elementary Higgs to break
symmetry

•Example: QCD

•Quark-antiquark (or LH and RH quarks) strongly
attract, form vacuum condensate:

•This breaks EWS and gives mass to W,Z, just too
small contribution

•Technicolor: new strong interaction with
 fTC~v=246 GeV. Scaled-up QCD



•Electroweak precision: S-parameter usually too 
large (but not calculable). If like scaled-up QCD

•Fermion masses: usually hard to get large enough
top mass without also generating large FCNC’s

Issues with technicolor-like theories

For mt need ΛF< 10 TeV To avoid FCNC ΛF>104 TeV



•Walking technicolor: large anomalous dimension
for           relieves some of the tension in ΛF

•Conformal technicolor: can the anomalous dim. 
of         be so large that          is almost like a free
field (d~1+ε)?

•But results of  Rattazzi et al.: upper bound on 
anomalous dimension from general principles 
(crossing)

•Can not sufficiently
suppress FCNC’s in simplest 
versions w/o hierarchy 
hitting back…

(Luty, Okui `04)

(Rattazzi, Rychkov, Tonni, Vichi `08-’10)



EWSB via monopole condensation
(C.C., Shirman, Terning `10)

•An interesting alternative to technicolor, no new gauge
group, use strong interaction between monopoles of
U(1)Y

•Toy model:



•Assume:  β-function of U(1)Y not much modified. 
Magnetic attraction becomes strong: condensate

Possible condensates

•Condensate should not carry magnetic charge

•Have quantum number of Higgs

•Assume some of these condensates generated

•Λmag is a dynamical of order few x 100 GeV

would be for it to sit at an IR fixed point, similar to those of Argyres and Douglas [1].

In this case the theory would not be useful for electroweak symmetry breaking. The other

plausible option is that the full non-perturbative β-function of the theory is very different

from the naive one-loop β-function, and that the electric hypercharge from 3+1 generations

actually dominates over the contributions of the magnetic hypercharge from 1 generation.

In this case the electric hypercharge would become weaker as one goes towards the IR, while

the magnetic hypercharge would keep increasing (and by our hypothesis its contribution to

the β-function would keep decreasing). In this case the theory is driven to a very strongly

interacting magnetic theory, and magnetic charges could condense as quarks do in QCD. Such

chiral symmetry breaking is observed in strongly coupled U(1) theories on the lattice [14,15].

The charges in (3.1) have been chosen such that the plausible set of condensates have the

right quantum numbers to play the role of the SM Higgs:

QD̄ ∼ (1, 2,
1

2
) ∼ H, QŪ ∼ (1, 2,−1

2
) ∼ H

∗
,

LĒ ∼ (1, 2,
1

2
) ∼ H, LN̄ ∼ (1, 2,−1

2
) ∼ H

∗
. (3.2)

Thus we need to assume that the upper component of the doublet Q, aka UL, condenses

with Ū , the lower component of Q, aka DL with D̄, the upper component of L, aka NL, with

N̄ and the lower component of L, aka EL, with Ē:

�ULŪ� ∼ �DLD̄� ∼ �NLN̄� ∼ �ELĒ� ∼ Λd
mag (3.3)

where Λmag is the scale of condensation that would be dynamically generated by the strong

magnetic interactions of hypercharge, and d is the a priori unknown scaling dimension of the

bilinear operators. In the rest of the paper we will assume that the low-energy dynamics of

the theory is indeed of this type: magnetic interactions generate a mass gap of order Λmag,

all particles carrying magnetic hypercharge pick up a dynamical mass of this order, and the

condensates in (3.3) are formed giving rise to electroweak symmetry breaking as in ordinary

QCD and technicolor theories.

We should check whether the conjecture above agrees with our experience in QCD-like

theories. The Dirac quantization condition

�
1

6

�2

αY 3
2αm =

1

4
(3.4)

and the hypercharge coupling αY ∼ 0.0102 lead to αm ∼ 98 while one would naively expect

condensation to happen for αm ∼ 4π. However we do not have any experience with theories

containing massless electric and magnetic charges and such theories have not been studied

in lattice simulations. If lattice simulations were to confirm the naive expectation, one can

still use the mechanism outlined above for electroweak symmetry breaking, except that one

would need to use a U(1) different from hypercharge, for which the coupling constant can be

freely adjusted. Later in the paper we will develop a more realistic model that has a much

smaller value for αm.
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•Angular mom. of EM. field:
depends on direction from charge to pole

•In head-on scattering this direction changes, even 
though no force

•Spin of scattered fermion must also flip

•New 4-fermi op’s in modified
 model with U(1)EM

•After condensation large mtop

The Rubakov-Callan effect

q g



Phenomenology of Monocolor
•After EWSB theory vectorlike, expect monopoles
to pick up mass of order Λmag~500 GeV – TeV

•Not confined, behave like “ordinary” QED monopole

•No magnetic coupling to Z; electric coupling is there, 
expect EWPO (S,T) like a heavy fourth generation  
but magnetic contr. to γ-γ 2pt function should be small

•At LHC: likely pair produced. Due to strong force
strong attraction, will always annihilate at LHC.
Large radiation, then annihilation. Lots of photons,
some of them hard. Cross section not calculable.
Most naive estimate ~ few x pb (A. Weiler)



•Metric exponentially falling

•Mass scales  very 
different at endpoints

•Graviton peaked at Planck

•SM on IR brane

Warped extra dimension

“P
lan

ck
 

bra
ne

”

“Te
V br

an
e”

(Randall,Sundrum `99; 
Maldacena `97;…)



•Related to strong dynamics/technicolor models
via AdS/CFT duality

•Fields peaked on UV: elementary (natural mass
scale very large)

•Fields peaked on IR: composite of strong dynamics
(natural mass scale low)

•If Higgs on IR brane: composite, natural scale TeV



UV IR

R’

R’/R~1016

Gauge field
Higgs boson

graviton
R

Solves the hierarchy problem.
But: electroweak precision? If all fields on IR brane
expect large EWP contributions, large FCNC’s

The original RS model

Fermions



UV IR

R’

R’/R~1016gauge
field

Higgs boson
graviton

R

Still solves hierarchy problem since Higgs on IR
FCNC suppressed since fermions on UV
T-parameter can be protected via custodial sym.

Realistic RS model
(Davoudiasl, Hewett, Rizzo;
Gherghetta, Pomarol;
Grossman, Neubert;…)



The “canonical” realistic RS model

•Need to put fermions away from IR brane for FCNC
•To protect T-parameter need to include SU(2)R
custodial symmetry 

(Agashe, Delgado, May, Sundrum, `03)



•S~12p v2/mKK
2    Bound mKK>3 TeV

•T parameter at tree level suppressed

•Signals:
•Light top partners 
•3 TeV KK gluon, but mostly coupled to tR

(From Agashe, Belyaev, Krupvnickas, Perez, Virzi; see also Davoudiasl, Randall, Wang) 

(Carena,Delgado, Ponton,Tait, Wagner)



•Little hierarchy: NOT solved here either

•Cutoff scale:

•Natural Higgs mass mH~Λ/(4π)> 1 TeV

•Can give theory of flavor  

•To also solve little hierarchy:
     Higgsless (gauge-phobic)
  Pseudo-Goldstone Higgs 



Higgsless models

•Realistic RS: little hierarchy problem

•Simply let Higgs VEV to be big on IR brane

•Higgs VEV will repel gauge boson wave 
functions, Higgs will simply decouple from
theory

Same as for RS,
except Higgs VEV
→∞ on IR brane

(C.C., Grojean, Murayama, Pilo, Terning`03)



•In practice, just implies BC’s for gauge fields
•Typical mass spectrum:

•BUT: w/o higgs at
unitarity would be violated??

•Exchange of KK gauge bosons restores unitarity

•Implies sum rules among masses and couplings

Λ = 4πMW /g ∼ 1.6TeV



•WW scattering not that different from SM
•WZ scattering is very different (new peak due to W’)

LHC predictions of Higgsless
(Birkedal, Matchev, Perelstein `04)

WZ→WZ



A more detailed study of same process including
NLO QCD corrections

(Englert, Jäger, Zeppenfeld ’08)

Scale µ σLO [fb] σNLO [fb] K factor

(mW +mZ)/2 0.359 0.355 0.989
Q 0.349 0.356 1.020

mW2 0.283 0.346 1.223

Table 3: Cross sections and K factors for W+Zjj production in the Warped Higgsless

scenario A of Tab. 1 within the cuts of Eqs. (6)-(12) for different choices for the factorization
and renormalization scales. The statistical errors are below 0.5%.

forward: the same leptonic tensors can be used for the O(αs) corrections and the LO cal-
culation and these leptonic tensors fully contain the BSM effects. Vbfnlo allows for the
computation of cross sections and arbitrary infrared-safe distributions at order O(α6αs) ac-
curacy within experimentally feasible selection cuts in the same manner as the LO version
of the program.

Since the signatures of the Higgsless models we consider are most distinctive in the
W±Zjj channel, we study NLO-QCD corrections for this production mode within the set-
tings of Sec. 3 as an example. The impact of the NLO contributions in the Kaluza-Klein
scenario turns out to be comparable to the SM [16]. To quantify the size of the NLO-QCD
corrections, we consider the differential K factor

K(O) =
dσNLO

dO

�
dσLO

dO
. (16)

In [16] it was pointed out that in the SM a suitable choice of the factorization scale µF can
help in obtaining LO shapes which closely resemble the NLO predictions for VBF processes.
In particular, choosing µF = Q was found to result in LO distributions very similar to the
NLO predictions and yield K factors close to one. NLO results, on the other hand, are
barely sensitive to the scale choice. This feature remains unaffected by the inclusion of new
interactions in the color-neutral gauge boson sector as in Warped Higgsless models, and is
thus present also in the scenario we consider, independently of the actual mass spectrum of
the underlying Kaluza-Klein tower.

To better illustrate the scale dependence of the LO and NLO results, Tab. 3 gives cross
sections and K factors for the Kaluza-Klein scenario A of Tab. 1 within the cuts of Eqs. (6)–
(12) for different choices of the factorization scale. The renormalization scale µR, which
enters only at NLO, is taken to be equal to the factorization scale (µ = µF = µR). While
beyond LO the difference in the results due to residual scale dependences is below 3%, at
LO a suitable choice of µ is crucial to minimize the impact of higher order corrections.
The K factor turns out to be largest for the choice µ = mW2 , where the NLO corrections
amount to about 22% of the LO cross section. For µ = Q, the LO result best approximates
the NLO prediction. With this setting, the shape of distributions barely changes when
going from LO to NLO. This is illustrated by Fig. 12, which shows the transverse cluster
mass of the W+Z system in the Kaluza-Klein scenario at LO and NLO together with the
differentialK factor. The pronounced resonance behavior of the distribution is retained, with
NLO corrections amounting to at most 5% in the considered range of mT (WZ). Slightly

16



Electroweak precision tests & higgsless
•Dual to technicolor, S usually too large:

•S depends on fermions: if elementary too big, if 
composite: large negative. Can cancel in between

(Cacciapaglia, C.C.,Grojean, Terning, `04)

•S is sufficiently small
•KK modes sufficiently heavy
•Couplings to KK modes small

BUT: 1% level
tuning in c 



Dilepton Z �−like resonances have been studied extensively in a number of different sce-

narios [76–81], however they have been overlooked as a discovery possibility in mass-matched

models
¶
. In Ref. [82], mass-matching was assumed to suppress the Drell-Yan signal to the

point that vector-boson-fusion and associated production of KK gauge bosons were the pre-

ferred discovery modes. In 4D discrete models of mass-matching, so-called ‘ideally delocalized’

models [50,52,83], the SM-fermion - neutral KK gauge boson coupling is more strongly sup-

pressed than in the 5D models, so the Drell-Yan production of neutral resonances is essentially

zero. Drell-Yan neutral resonance production in Higgsless-style models has been investigated

in [84–86], however the mass-matched scenario has several distinct features which we point

out here.

For the same signal point as above, we generate the signal for pp→ ZKK,i → �−�+
, where

the i indicates we sum over all kinematically allowed neutral KK states. As usual, � = e, µ.

After applying minimum cut of 500 GeV on the invariant mass of two same-flavor, opposite-

sign leptons, the only significant Standard Model background is pp → Z0/γ∗ → �+�−. The

large invariant mass cut, along with pT cuts for the two leptons, pT > 200 GeV, |η| < 2.5

suppress the background to the point that the signal is easily visible. The invariant mass of

the lepton pair for the signal and background are shown below in Fig. 14.
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Figure 14: Neutral resonance reconstruction in the dilepton channel. The solid curve is the signal and

background, generated together to maintain any interference between them, while the shaded region

is the background alone. A breakdown of the analysis is given in Appendix (B). Left: overview in

the 500-1300 GeV range. Center: close-up to the two lightest ZKK . Right: close-up into the heaviest

resonance. Notice the vertical scale in the rightmost plot is logarithmic and the luminosity is five

times higher than in the other two plots.

There are several features of Fig. 14 which are different from other Z �
searches. First,

although the signal is clearly visible at low luminosity, the coupling gffZKK is substantially

¶Some preliminary work on this channel was presented in a talk given by Giacomo Cacciapaglia and Guido

Marandella at the Budapest meeting.
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•Coupling to fermions not that small, DY will still be
leading channel at LHC

(Martin and Sanz ’09)

Example Z’→l+l- DY at LHC for a sample point

q

q

Z’

l

l+

Process σ(pb) total # events � total # : # mass peak
(10 fb−1) · σ · �

γ∗/Z(�+�−) 0.59 pb 2× 104 0.184 941 375
CHL + γ∗/Z(�+�−) 0.61 pb 2× 104 0.202 1049 493

Difference 106 118

Table B.3: Signal and background in the neutral resonance channel �+�−. Other than the parton-
level dilepton invariant mass cut and lepton pT cuts, all other simulation inputs are exactly as in Table
(B.2), except MadGraphv4 has been used instead of ALPGEN.

considered are tt̄ + jets, W±Z0 + jets, Z0Z0 + jets and Z0 + b̄b. As before, the second to
last column indicates the number of events after the cuts presented in section (5.5), while
the final column contains the number of events with an additional mass window cut mW,Z ∈
[590, 820] GeV.

Process σ(pb) total # events � total # : # mass peak
(10 fb−1) · σ · �

tt̄ + 0 jets 443 pb 2.25× 107 2.22× 10−7 ≤ 1 0
tt̄ + 1 jets 750 pb 7.09× 106 1.41× 10−7 ≤ 1 0
tt̄ + 2 jets 778 pb 4.09× 106 0 0
tt̄ + 3+ jets 254 pb 3.54× 106 0 0

WZ + 0 jets 28.1 pb 1.38× 106 4.61× 10−5 10 4
WZ + 1 jets 32.2 pb 1.45× 106 5.63× 10−5 13 6
WZ + 2 jets 28.9 pb 3.44× 105 4.06× 10−5 9 4
WZ + 3+ jets 11 pb 1.22× 105 8.19× 10−6 ≤ 1 0

ZZ + 0 jets 10.9 pb 1.70× 106 1.11× 10−5 2 ≤ 1
ZZ + 1 jets 8.7 pb 3.09× 105 1.29× 10−5 2 ≤ 1
ZZ + 2 jets 5.6 pb 5.53× 104 3.62× 10−5 4 2
ZZ + 3+ jets 1.6 pb 1.51× 104 0 0

Z(ν̄ν) + b̄b 24.7 pb 6.30× 105 0 0
Total Background 41 18

Signal 0.029pb 104 0.34 100 85

Table B.4: Backgrounds for the charged KK gauge boson search. Parton level cuts and simulation
inputs are the same as in Table (B.2). A final number of events ≤ 1 means at least one event passed
the cuts, but after proper normalization the number of events in L = 10 fb−1 was less than one.
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2

Table 1

Typical particle spectrum and couplings for a re-

alistic model with a custodial protection for the

Zbb̄ vertex from [6]. The couplings are in the

units of the corresponding SM couplings.

Mt� 450 GeV
Mb� 664 GeV
MW � 695 GeV
MZ� 690 GeV
MZ�� 714 GeV
MG� 714 GeV
gW �ud̄ 0.07 g
gZ�qq̄ 0.14 gZqq̄

gG�qq̄ 0.22 gc

gZ�tL t̄L 1.83 gZtL t̄L

gZ�tR t̄R 4.02 gZtR t̄R

gZ�bL b̄L
3.77 gZbL b̄L

gZ�bR b̄R
0.26 gZbR b̄R

gZWW 1.018 g cW
gZZWW 1.044 g2c2W
gWWWW 1.032 g2

gZ�WW 0.059 g cW
gZW �W 0.051 g cW

fermions are localized around the Planck brane)

S ≈ 6π

g2 log R�

R

, T ≈ 0 (5)

Thus while T is protected by the built-in custo-

dial symmetry the S-parameter is too large. This

conclusion is insensitive to the choices of the pa-

rameters of the gauge sector. However, the S-

parameter can be canceled by changing the local-

ization properties of the fermions [4]. The rele-

vant quantity that controls the localization of the

fermions in warped space is the bulk mass c (mea-

sured in units of the AdS curvature). For c > 1/2
the left handed fermions are localized around the

Planck brane and for c < 1/2 around the TeV

brane. The S-parameter will have the following

dependence on the mass c of the left-handed SM

fermions, assuming that c is close to 1/2:

S =
2π

g2 log
R�

R

�
1 + (2c− 1) log

R�

R

�
. (6)

Thus for a particular value around c = 1/2 the S-

parameter can be made to vanish. Constructions

for eliminating flavor changing neutral currents

have been presented in [5]. A typical mass spec-

trum and set of couplings is given in Table 1.

The experimental observability of these models

has been investigated in [7–9]. Refs. [7,8] studied

the vector boson fusion production of the light-

est Z’ and W’ KK modes. A characteristic plot

for the transverse mass in WZ fusion from [8] is

shown in Fig. 1. The most recent comprehensive

Figure 1. The transverse mass distribution of the

WZ in a higgsless model with a light W’ boson

from [8].

study in [9] included also the possibility of Drell-

Yan production of the KK gauge bosons via the

suppressed but non-negligible of the KK gauge

fields to the SM fermions. A representative plot of

the dilepton mass spectrum is reprinted from [9]

in Fig. 2. Ref. [9] concluded that about 10 fb
−1

of luminosity is necessary for the discovery of the

resonances in the 700 GeV mass range.
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(2008); C. Csáki and D. Curtin, Phys. Rev.

A concrete example spectrum
(Cacciapaglia, Marandella, Terning, C.C.)

•Model with realistic 3rd generation
•Requires light t’,b’ states
•W’, Z’ around 700 GeV



The Gaugephobic Higgs
(Cacciapaglia, C.C., Marandella, Terning)

•Higgsless: crank up Higgs VEV to max, completely
decouple Higgs
•Intermediate possibility: turn up Higgs VEV somewhat
•Coupling to gauge fields reduced, Higgs could be light

Effective VEV v

How strongly Higgs
is peaked

Higgs contribution
to WW scat. vs SM

R’-1



The Gaugephobic Higgs
(Cacciapaglia, C.C., Marandella, Terning)

•Higgsless: crank up Higgs VEV to max, completely
decouple Higgs
•Intermediate possibility: turn up Higgs VEV somewhat
•Coupling to gauge fields reduced, Higgs could be light

Higgsless

SM

RS1
Comp. Higgs



Suppression of the Higgs coupling:



Higgs phenomenology

Sample couplings

300 400 500 600 700 800 900 1000
V

0

0.2

0.4

0.6

0.8

1

light fermions
bottom

W, Z
top

Figure 2: Suppression of the couplings of various SM fields with the Higgs with respect to
the SM values for β = 2, as a function of V .

a) V = 300 GeV, β = 2

gttH/SM 0.52
gWWH/SM 0.54
gZZH/SM 0.54
gbbH/SM 0.75
gffH/SM 0.81

b) V = 500 GeV, β = 2

gttH/SM 0.08
gWWH/SM 0.15
gZZH/SM 0.15
gbbH/SM 0.38
gffH/SM 0.49

Table 1: Higgs couplings to the SM fields for the two benchmark points a) V = 300 GeV
and β = 2, b) V = 500 GeV and β = 2. “f” stands for the light fermions

light fermions compared to heavy ones. We can therefore see that the couplings of the Higgs
to heavy particles, like the top or weak gauge bosons, are more suppressed than to light
fermions, like the bottom. This can affect the decay modes in an important way. Another
interesting point is that the production of the Higgs (which mostly happens via the couplings
to the W , Z and t) is approximatively suppressed by the “Higgslessness” of the model: the
parameter ξ, plotted in Fig. 1. In other words, in a point where ξ = 0.01, the production
rate of the Higgs is about 1% of the SM one.

To be more concrete, we choose two benchmark points: a) V = 300 GeV and β = 2,
b) V = 500 GeV and β = 2. We report in Table 1 the couplings of the Higgs to various
SM fields, compared to the SM, in the two cases, assuming a Higgs mass of 120 GeV (these
numbers have a mild dependence on the Higgs mass below 1 TeV).

First of all, the suppressed HZZ coupling relaxes the LEP bound mH > 114 GeV [16]. It
turns out that for point a) the production cross section is suppressed by a factor around 4, and
thus the bound becomes mH ! 95 GeV [16]. For point b) the production rate is suppressed

7



Sample spin 1 spectra
a) V = 300 GeV, β = 2

1/R′ 372.5 GeV
W ′ 918 GeV
Z ′

1 912 GeV
Z ′

2 945 GeV
G′ 945 GeV

b) V = 500 GeV, β = 2

1/R′ 244 GeV
W ′ 602 GeV
Z ′

1 598 GeV
Z ′

2 617 GeV
G′ 617 GeV

Table 2: Spectrum of the first gauge boson KK states for the two benchmark points a)
V = 300 GeV and β = 2, b) V = 500 GeV and β = 2.

in the SM case to claim a discovery with the same statistical significance. Let us discuss a
concrete example. In the SM, discovering a 100 GeV Higgs in the tt̄H → tt̄bb̄ channel at a
∼ 8σ significance requires an integrated luminosity of about 100 fb−1 [17]. In this model, in
case a), and with the same integrated luminosity, since the production rate decreases by a
factor of 4 the significance would only be ∼ 2σ. A 5σ discovery would require an integrated
luminosity of 100 · (5/2)2 ∼ 600 fb−1, which almost saturates the total integrated luminosity
(700 fb−1) that the LHC is expected to collect. The discovery might still be claimed, but the
signal would be delayed by years and become statistically significant only at the very end of
the LHC run. Point b) is much more problematic: the suppression factors are around 100,
making the discovery of the Higgs at the LHC impossible.

As we discussed, there are regions in the parameter space where the LHC can discover the
Higgs (even though requiring much more time than the SM Higgs), and regions where the
Higgs is definitely out of reach for the LHC. It is therefore interesting, and complementary,
to look for other new particles in the gauge sector: the gauge boson KK modes. As in the
Higgsless model, they play a fundamental role in the gauge sector, restoring the perturbative
unitarity in the longitudinal W and Z scattering. As a consequence, the “more Higgsless” the
models is, the lighter those resonances are. In Table 2, we show the spectrum of the lightest
modes for the two benchmark points. The phenomenology of these states was already studied
in [18], where the authors only considered the couplings among gauge bosons. They showed
that the signal should be observable for masses below ∼ 1 TeV. Their approximation is valid
as long as the couplings with fermions is small: this is true for light fermions [10], but not for
the third generation of quarks. The reason is that top and bottom are localized towards the
TeV brane, so that their wave functions have a larger overlap with the KK states (localized
on the TeV brane as well). The study of vector resonances coupling negligibly to the light
fermions but sizeably to the third generation of quarks has been performed in [19]. They
show that, with an integrated luminosity of 300 fb−1, a vector resonance can be discovered
at 5σ significance up to about 2 TeV. The most promising channels are gg → bb̄, tt̄, with
a Z ′ radiated by one of the heavy quarks. The Z ′ would then decay mainly to top pairs,
giving as a final state either bb̄tt̄ or tt̄tt̄. The choice of the couplings of the Z ′ to the third
generation made in [19] is different from our case: they consider a Z ′ coupling only to right-
handed top and bottom quarks. However the right handed couplings of the top and the
bottom used in [19] approximately match the sum of left and right handed couplings of
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charge a) V = 300 GeV b) V = 500 GeV

5/3 581 GeV 382 GeV XL

2/3 643 GeV 511 GeV TL

-1/3 1062 GeV 712 GeV bR

2/3 1058 GeV 693 GeV TR

5/3 1124 GeV 832 GeV XR

2/3 1160 GeV 831 GeV tL − tR
-1/3 1242 GeV 917 GeV bL

2/3 1318 GeV 1114 GeV tL − tR

Table 3: Spectrum of the first resonances in the third generation quark sector, for the two
benchmark points. Near the mass eigenvalues, we report the field where such eigenstate
mostly live. The effect of the Yukawa couplings is indeed to mix the representations, but
numerically it corresponds a small shift of the masses.

the third generation fermions in this model, so we expect their result to be approximately
applicable to our model as well. Thus, for both our benchmark points the discovery of the Z ′

should not be missed at the LHC. The Z ′ can also be produced as a resonance in a Drell-Yan
process. The coupling to the light quarks is suppressed, but is still non-zero. Compared
to the previous case, one has one particle less in the final state, which can compensate the
effect of the suppression. For this reason, the cross section might be comparable to the Z ′tt̄
and Z ′bb̄ associated production. This channel would correspond to the search of a heavy
resonance in the tt̄ channel.

In the fermion sector, an interesting feature of this model is the structure of the resonances
of the third generation quarks. This structure may be used to probe the new representations
that minimize the deviations in the Zb!b̄! coupling. In table 3 we list the first fermionic
resonances (below about 1 TeV) for the two benchmark points, and for a particular choice of
the bulk masses (cL = ct

R = 0 and cb
R = −0.79) that is compatible with current data. There

are many particles that are light enough to be produced at LHC. The Yukawa interactions
mix all the representations, however their effect is numerically small (order 10% in the
masses) so that each particle is an approximate interaction eigenstate (this is more true for
small V ): this allows to try to reconstruct the non-trivial bulk gauge representations. For
instance, for the benchmark point a), we can easily identify a doublet (X, T ) with charges
+5/3 and +2/3 respectively at ∼ 600 GeV as the lightest particles. At ∼ 1050 GeV we
have a triplet of states that correspond to the triplet containing bR, and around ∼ 1200
GeV we have a doublet (tL, bL) and a singlet tR. The discovery of a fermion with charge
5/3 alone would be a strong indication that a bidoublet exists, but from the spectra in the
table we can see that a more detailed structure can actually be observed notwithstanding the
mixings induced by the Yukawa couplings. The LHC should be able to distinguish the light
doublet, and maybe more details of the spectrum depending on the precision in the mass
determination. The heavy top will be pair produced in gluon fusion, or singly produced in
Wb or Zt fusion (gq → T b̄q′ and gq → T t̄q). The techniques for the search of heavy partners
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Sample fermion spectra



Composite pGB Higgs models

•In technicolor (or Higgsless):  S too large: 
not enough separation between mW and mρ

•Other possibility: still  strong dynamics, but 
scales  separated more mρ >> mW
 
•If strong dynamics produces a composite Higgs

•But then Higgs mass expected at the strong scale

•To lower Higgs mass: make it a  Goldstone boson 

•Higgs mass due to 1-loop electroweak corrections



The minimal example (MCH)

SO(5)xU(1)X

SU(2)xU(1)Y SO(4)xU(1)X

UV IR (Contino, Nomura, Pomarol;
Agashe, Contino, Pomarol;
Carena, Ponton, Santiago, Wagner,… )

•A 5D model - Hosotani
mechanism (A5 is Higgs)
•Sym. breaking pattern:
•SO(5)xU(1)X global→
SO(4)xU(1)X global
•SM subgroup gauged

Tree-level vanishes
due to PGB nature

Generic PGB pot.

Higgs potential:



•The main difficulty: in Higgs potential everything
radiative, again no natural separation between v, f
       Mass:                                      Quartic:

•Generically would expect v~f. Need some tuning to
avoid

(Carena, Ponton, Santiago, Wagner `07; 
C.C., Falkowski, Weiler `08)



Experimental consequences of pGB MCH

•Try to find states from extra sector: similar to RS 
searches  (mρ >3 TeV, KK gluon,…)

•Higgs properties modified due to compositeness
(“Higgs form factors”)

(Giudice, Grojean, Pomarol, Rattazzi `07)



Little Higgs models

•Higgs is Goldstone again

•Added ingredient: “collective breaking”: need at least
two couplings simultaneously to break symmetry

•Mass suppressed, but quartic is large

•Now mh ~ f/(4π), really no tuning to get little hierarchy

•But needs lots of additional states to achieve 
collective breaking, issue with EWP again…

(Arkani-Hamed, Cohen, Katz, Nelson `02)



•For collective breaking need new light particles
~ 1 TeV, “little partners”

Gauge loops                        Top loops

•But new particles themselves
will contribute to EWPO’s

•Will force generically f>4 TeV 
(C.C., Hubisz, Kribs, Meade, Terning `02)



•Way out: ensure no tree-level EWP contribution

•New Z2 parity needed dubbed T-parity

•However, full model quite complicated

•For example, one generation…

(Cheng, Low `03)

(C.C., Heinonen, Perelstein, Spethmann `08)



Summary
•Don’t understand how higgs is light and still no 
trace of new physics (little hierarchy)

•In SUSY calls for extension of MSSM

•Strong dynamics models: EWP usually issue

•None of them fully convincing

•LHC should settle (some of) these questions by 
2014 for sure (2011-2012 if indeed 5-10 fb-1 data @ 
8 TeV) 

•Hidden higgs
•Extra quartic

•Warped extra dimension (composite Higgs, higgsless)
•Little higgs
•Technicolor, monopole condensation,…


