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Disclaimer

I am an experimentalist, so I want to use every bit of data that 
comes from the LHC.

I am not “scared” of any (un)usual models, particles, etc.

Obviously “fear” should have nothing to do with science.

However, I appreciate any quantifiable input - including 
your fears if they can be put onto paper.
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EW Constraints

Already mentioned 
in Gokhan’s kickoff 
talk: Dirac-type 4th 

gen. fermions are OK 
with EW contraints.  

EW constraints can 
also be satisfied for 
heavy Majorana 
neutrinos.

Heavy Higgs can be 
accommodated.
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1&2σ ellipses of fits 
to LEP EW data

SM3 with
mt=170.9 GeV
mh=115 GeV

Majorana ν4s
mν4=100, 900 GeV

me4=250 GeV
mu4=md4=260 GeV

mh=115 GeV

Black solid circles represent mh going from 150 to 
900 GeV in steps of 50 GeV, while the best value of 

mu4 also goes slowly up to 330 GeV.
Using exact one-loop calculations from:

B.A.Kniehl & H.G.Khor, PRD48(1993)225.
H.J.He, N.Polonsky & S.F.Su, PRD64(2001)053004.
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Higgs Prod. X-section

Heavy new quarks enhance the Higgs production at the LHC.

Rough enhancement by a factor of ~9.

We add 4th gen. quarks into Higlu for “exact” LO calculations.
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ν4 Pair Production

Total prod. 
x-section 
Z* & h.
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ν4 Decay & Final State
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We take BR(ν4→μW)=68% as predicted by the parameterization in, 
though results can be scaled for any BR.

Α. Κ. Çiftçi, R. Çiftçi, S. Sultansoy, The Fourth SM Family Neutrino at 
Future Linear Colliders, Phys. Rev. D 72 (2005) 053006.

Final state considered: ν4ν4→μWμW→μ jj μ jj

Dirac neutrinos: 2 muons of opposite sign

Majorana neutrinos: 2 same-sign muons 50% of the time

Same/similar final state in SM3:

Total SM3 μVμV (V=W,Z) x-section = 4.7±0.1 fb, negligible.

Backgrounds from tt (~750pb) and γ/Zμ+μ−+4 jet (~57pb).
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Analysis Selection

tt reduced by μ-
isolation, b-tag 
veto, ETmiss cut.

2μ4j reduced 
mainly by 
requiring same-
sign muons.

Added μ charge 
mis-measurement 
to PGS4.
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See backup slides for  
cuts applied in Dirac case & εmischarge 

parameterization

S2 2μ4j tt
at least 2μ 78 93 8
PT(μ)>15 55 89 30

at least 4 jets 82 86 89
PT(j)>15 66 70 76

|mjj-mW|<20 61 46 53
ΔRμj>0.4 66 83 17

b-tag veto 92 94 53
ETmiss<30 65 80 15

Same sign μs 46 0.07 16
Δmν4/mν4<0.25 85 52 59

ϵTotal 2.1 0.009 0.001

efficiencies in %units: GeV

Majorana Case
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Events after Cuts
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ν4 & Higgs Discovery

Majorana: 4 to 23 signal 
events per fb−1, over 1 to 
5 background.

Dirac: ~5 times higher 
background.
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ν4e4 Production & Decay
BR(e4→ν4W)~100%

BR(ν4→μW)=68%

Consider final state:

pp→e4ν4→Wν4ν4→WlνWjjμWjjμ

3 same-sign leptons (2μ+μ/e) 
and 2 hadronic Ws for 1.2% of 
e4ν4 events. => 18 events/fb−1 

for me4=250 GeV mν4=100 GeV
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tt Background

Most tt background: 1 lepton 
from a W and 2 from b-jets. 
Require:

all 3 leptons: ΔRiso>0.05

ΔRiso>0.2 for 2 out of 3 
leptons
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ΔRiso ≡ minimum ΔR between lepton and 
any non-lepton track of PT>1GeV, taking 

into account expected efficiency of 
tracking for pions in b-jets parameterized 

as εtrk=(88−13·|ηtrack|∕2.5)%.
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See backup slides for 
εtrk parameterization
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tt Background

Leptons from b-jets produced 
away from each other. Require 3 
leptons consistent with one 
vertex.

Cannot do vertexing without 
full simulation & reco.

Instead require: MTD>400μm. 
(The secondary vertex radial 
position resolution in ATLAS 
is below 170μm for J/ψ→μμ.)
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Effective tt background x-section = 0.17 fb. See backup slides 

for  vtx. pos. resolution
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Other Backgrounds

SM 3-lepton production.

charge mis-measurement†

eff. background x-sec = 0.04 fb
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Signal Significance

After the cuts, for 1 fb−1 of data at 14 TeV:

7 signal events

Rudimentary background estimate = 0.22 events

Even if background larger by ×10, significance over 3.5σ

Under certain assumptions, heavy leptons from E6GUT can also 
be searched in the same final state with same-level of expected 
significance.
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Conclusion

EW observables allow SM4 with Majorana-type neutrinos.

If 4th generation exists, LHC can discover its leptons in addition 
to its quarks.

In particular Majorana neutrinos are promising for early data: 
Searches can start with as low as a few hundred pb−1. Double 
discovery with Higgs possible: “Higgs silver channel”.

Signatures of the charged leptons can be seen before a lepton 
collider comes into existence.
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Madgraph vs. Alpgen

In both cases, Z 
represents on and 
off-shell γ/Z→μμ.

Comparison with 
small sample 
shows 
conservativeness 
of the method.
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ν4ν4 Dirac Case
Despite Z-veto, 2μ4j still large.

2D sliding window for ν4 mass.

Only scenario-2 offers decent S/B.
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S2 2μ4j tt
at least 2μ 78 93 8
PT(μ)>15 55 89 30

at least 4 jets 82 86 89
PT(j)>15 66 70 76

|mjj-mW|<20 61 46 53
ΔRμj>0.4 66 83 17

b-tag veto 92 94 53
ETmiss<30 65 80 15

Opp. sign μs 97 100 84
|mμμ−mZ|>25 74 10 68
ΔRμμ>2.0 66 34 60

|mν4−mν4true|<20 85 52 59
ϵTotal 1.6 0.05 0.0003

efficiencies in %units: GeV
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Tracking Eff. & MisCharge Rate
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Track reconstruction efficiency and fake rates for charged 
pions in jets in tt events as a function of |η|, from CERN-

OPEN-2008-020. In red, our conservative parameterization.

Fraction of reconstructed muons with magnitude of ΔPT∕PT 
outside indicated ranges from CERN-OPEN-2008-020, for the 
combined muon algorithm with worse performance. The last 

tail curve (“charge”), shows charge mis-measurement 
fraction. In red dashed line, our parameterization.
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2nd Vertex Position Resolution
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Resolution for the reconstruction of the radial position of the secondary 
vertex for J/ψ→μμ decays in events containing B-hadron decays as a 

function of |ηJ/ψ| , from CERN-OPEN-2008-020.

Resolution for the reconstruction of the 
radial position of the secondary vertex for 

J/ψ→μμ decays in events containing B-
hadron decays for tracks with |η| 

around 0, from CERN-OPEN-2008-020.


