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AIM

• solutions to hierarchy problem (MSSM,...) have 
still some fine tuning: little hierarchy problem 

• i.e. mh> 115 GeV exp. for ~SM higgs

• can higgs→dark sector alleviate this problem? 

• i.e. make LEP/Tevatron bounds looser, so 
that lighter higgs possible

• YES: higgs→lepton jets

• how to see them (@LEP, @Tevatron, @LHC)?
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• light higgs suggested by electroweak precision tests

• likely there exists a light scalar that couples to W and Z  
in a similar way as SM higgs after EWSB, ~

• note: there is no exp. info on higgs-to-fermion couplings!
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what do we know about 
higgs boson?
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exp. constraints

• The LEP constr. imply

• either higgs mass 
above 114.4 GeV

• or higgs decays in a 
nonstandard way

• note: below W 
threshold the decay 
width is small
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higgs decaying to dark 
sector

• entertain the possibility that higgs decays 
predominantly to dark sector

•  higgs couples to dark sector (directly or indirectly) 
and h→dark sector* dominates 

• not unlikely, given yb~0.02 

• *dark sector: 

• option 1: dark sector only decays into dark sector

• signature h→missing ET

• LEP bound is mh>115 GeV

• option 2: also decays to visible sector
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general setup
• our models supersymmetric (no little hierarchy)

• Gdark  is broken at GeV (we will use Gdark=U(1)d)

• the cross-talk is done through kinetic mixing
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L ⊃ ε

2
bµνBµν

ε ! 10−3
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cascades

• one can potentially avoid LEP and Tevatron 
bounds, if h→ many body final states 

• no dedicated searches

• BUT: have to check other searches
• such decays naturally arise in our setup 

• h→ hidden sector

• cascade in hidden sector

• then decay back to visible sector
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sample decay

• results in many leptons and MET
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decaying to hidden 
sector

• will assume that higgs does not couple directly to 
hidden/dark sector

• LSP decays due to kinetic mixing
• we want: higgs decaying to neutral particles in 

(N)MSSM
• three choices

• neutralino portal

• sneutrino portal

• singlet portal
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Falkowski, Ruderman, Volansky, JZ, 1002.2952
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lepton jets

• higgs can avoid detection at LEP&Tevatron, 
if decay channels unconstrained by searches

• we focus on one such case: lepton jets

• high multiplicity clusters of boosted, 
collimated leptons

• lepton jets arise, if mγd< 2mπ

• also - there has to be mass gap between higgs 
and its decay products (to obtain boost)
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benchmark models
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benchmark models

• we choose three benchmark spectra
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benchmark models

• we choose three benchmark spectra
• take mh=100 GeV
• test against LEP-1, LEP-2, Tevatron 

searches
• before any cuts one has

•  O(100 higgs evnts/exp) @ LEP-2

• O(104 higgs evnts/exp) @ Tevatron
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Many events, so isn’t 
this excluded trivially?!
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can lepton jets really 
hide the higgs?

• O(100) higgses/exp @ LEP-2:

• preliminary selection cuts reduce this 
by order of magnitude

• usually hadronic events identified by 
charged tracks ⇒ hidden in hadronic 
bckg.

• need dedicated searches 
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can lepton jets really 
hide the higgs?

• O(104 events) @ Tevatron

• large QCD bckg., cannot search ‘by eye’

• still, there are many leptons...

• but Tevatron searches require them to 
be isolated

• in lepton jets this not true

• need dedicated searches
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lepton jet monte carlo

• we simulated h→lepton jets at LEP and 
Tevatron using Monte Carlo

• Madgraph for higgs production and decay

• Bridge for cascade decays

• SlowJet (our Mathematica code) for event 
analysis

• this is “theoretists simulation”: no detector 
effects, to get precise limits this would be 
needed
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Falkowski, Ruderman, Volansky, JZ, 1002.2952
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relevant experimental 
searches
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• two out of three benchmarks survive

• of course these are just benchmarks
• the higgs→lepton jets framework is more 

general

• many knobs to turn 

• mutiplicity, mass gaps, final states...

• can one search for large classes of models 
at once?



search strategies
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ongoing experimental 
searches

• preliminary results of lepton
 jets search presented by DØ

• search made for a different 
benchmark

• demands two lepton jets, 
each tracks within R=0.2, 
nothing in R=0.2-0.4, 
MET>30GeV

• with these cuts neutralino benchmark gives O(100), singlet O(10) events

• bckg. is O(10) events ⇒ probably excludes our benchmarks

• but many knobs to turn, can avoid isolation requirements 
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A. Haas, Boost2010, D0 Note 6079-CONF
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strategies
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possible search 
strategies

• event shapes 

• simple U(1) lepton jets much more collim. than QCD jets

• but strongly interacting hidden sectors (hidden 
showering) gives wider jets 
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possible search 
strategies

• event shapes 

• simple U(1) lepton jets much more collim. than QCD jets

• but strongly interacting hidden sectors (hidden 
showering) gives wider jets 

• lepton pair invariant mass

• in dark photon case can be quite striking

• common feature: need to allow for many leptons in jets

• can we also use it to control bckg?
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more model 
independent?

• two discrim. that don’t rely on details of the cascade 

•  “em fraction” fem = Eem/Etot(=1 for eLJ)

• “charge fraction” fch = Ech/Etot (=1 for eLJ)
• QCD rejection of ~10-3/jet possible

19

Falkowski, Ruderman, Volansky, JZ, 1007.3496
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reach 
• light higgs can be probed now!

• choose a simple 3-step benchmark: avoids D0 search

• Tevatron higher reach than early LHC

20
Falkowski, Ruderman, Volansky, JZ, 1007.3496
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conclusions

• h→lepton jets can alleviate little hierarchy 
(lower higgs mass)

• models + exp. signatures/constraints

• discussed how to find them at LHC, 
Tevatron, LEP

• exciting is that searches are within reach

21
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general features

• constraints are in general avoided, if 
higgs decay has

• two-jet topology (higgs decays to two 
lepton jets)

• high lepton multiplicity (at least 4 
lepton per lepton jet)

• all electron or very high multiplicity
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experimental 
constraints

• experimental constraints depend on the 
assumed dominant higgs decay
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experimental 
constraints

• experimental constraints depend on the 
assumed dominant higgs decay

• a model indep. bound:   mh  > 82 GeV

• for h→bb the bound is mh  > 115 GeV

• for mh~100 GeV
 ⇒ Br(h→bb) < 20%

• similar for h→ττ

• invisible h: mh  > 115 GeV

• for mh~100GeV ⇒ Br(h→MET) < 15%
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hiding higgs in nmssm
• NMSSM=MSSM+a singlet

• two new higgses beyond MSSM ( s, a)
• pseudoscalar a naturally light
• for ma < 2mb the dominant decay can 

be h →2a→4τ

• before this year the bound only mh > 85 GeV
• reanalysis by Aleph, mh > 107 GeV @95% CL (for 

10 GeV> ma > 4 GeV)

25

W ⊃ λSHuHd + κS3

Aleph, 1003.0705

Dermisek, Gunion, 2005
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• the kinetic mixing Lagrangian for dark photon

• the dark photon-photon mixing term is removed 
by photon field redefinition

• dark photon couples to EM current, 

• Br’s of light photon to visible are fixed!

arriving from hidden 
sector

26

εbµJµ
EM
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• susy ⇒ mixing also in gaugino sector

• shift hidden gaugino to diag. ⇒ visible gaugino 
couples to hidden current

• MSSM neutralinos can decay to hidden sector

neutralino portal
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• higgs decays to pair of MSSM 
neutralinos,                 , if

• for                         Z also decays to

• consistent with LEP1, if  

• possible, if neutralino mostly bino, since then

neutralino portal

28

h→ 2Ñ1 2mÑ1
< mh

2mÑ1
< mZ Ñ1

Br(Z → 2Ñ1) < 10−3

Br(h→ 2Ñ1) ∝ (θÑ1H̃)2Br(Z → 2Ñ1) ∝ (θÑ1H̃)4
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sneutrino portal
• higgs-snu-snu coupling from D terms, is large

• LEP1: Z should not decay to it ⇒

•               dominates over h→bb

• the decay to hidden sector is from kinetic 
mixing (as in neutralino portal)

29

h→ ν̃ν̃

mZ < 2mν̃ < mh
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• NMSSM+two chiral fields            with hidden 
U(1)d charges ±2

•           obtain masses from S vev
• higgs decays through 

F-term of a singlet

• χ’s decay to lighter hidden sector states

singlet portal

30

χ, χ̄

χ, χ̄
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observables
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• visible final states: electrons vs. muons

experimental 
observables
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• visible final states: electrons vs. muons

• lepton multiplicity (depends on the hidden 
spectrum strongly)

experimental 
observables
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• visible final states: electrons vs. muons

• lepton multiplicity (depends on the hidden 
spectrum strongly)

• missing energy
• event topology:number of lepton jets and distr.

experimental 
observables
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• visible final states: electrons vs. muons

• lepton multiplicity (depends on the hidden 
spectrum strongly)

• missing energy
• event topology:number of lepton jets and distr.

• lepton isolation

experimental 
observables
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