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Disclaimer

This is the summary of a summary= (summary)2.
Further relevant information, detailed results, etc.
can be found in the proceedings and the original
references.
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Heavy neutrinos

Light neutrino masses ☞ evidence of NP beyond “original” SM

Simplest explanation: “minimal” seesaw☞
MN ∼ 1014 GeV
untestable

Other mechanisms, testable:

➀ Non-minimal seesaw (flavour symmetries)

➁ Triplet seesaw

➂ Rparity violation

➃ Little Higgs models

➄ Extra dimensions
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Some mechanisms involve heavy neutrinosN at collider scale

Their direct observation would be determinant to unveil themν

generation mechanism

I review LHC prospects for two extreme cases:

Minimal scenario: N are singlets under SU(2)L × U(1)Y

no additional interactions

“Golden” scenario: LR models: additional SU(2)R

andMW′ > mN
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Neutrino singlets: interactions

N ℓ

W O(V`N)

N ν`

Z O(V`N)

N ν`

H O(V`N)

N N

Z O(V2
`N)

N N

H O(V2
`N)

|VeN|2 ≤ 0.0054 |VµN|2 ≤ 0.0096 |VτN|2 ≤ 0.016

☞ Production xsec small compared to other EW processes
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Production of neutrino singlets

Possible final states (+ CC) W, Z, H possibly off-shell

pp→ W+ → `+1 N pp→ Z → νN pp→ H → νN

N → `−2 W+ `+1 `−2 W+ `−2 νW+ `−2 νW+

N → `+2 W− `+1 `+2 W− `+2 νW− `+2 νW−

N → νZ `+1 νZ ννZ ννZ

N → νH `+1 νH ννH ννH

Smaller backgrounds for

`+1 `+2 W− → `+1 `+2 jj (M only) LNV

`+1 `−2 W+ → `+1 `−2 jj , `1 6= `2 (M and D) LFV
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Example: same-sign dileptonsµ±µ±jj

Simulation in [del Aguila et al., hep-ph/0703261]

Background-free? (often claimed)No!

Background events for 30 fb−1 (pre-selection):

t̄tnj semileptonic, secondµ from b/b̄: 2294.4

Wb̄bnj, secondµ from b/b̄: 763.8

WZnj: 615.5

W±W±nj: 316.4 ☞The one naively expected

. . .

Compare with signal:92.9events for
mN = 150 GeV

|VµN|2 = 0.0096
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Example: same-sign dileptonsµ±µ±jj

To learn from this example: (applicable to other LNV signals)

➀ t̄t, Wb̄b dangerous source of same-sign dileptons

➁ Parton-level analyses underestimate background by
10− 100× ☞ at least fast simulation required

➂ b quarks give 10× more “apparently isolated”e thanµ
(e in EM calorimeter,µ in muon chamber)

➃ nj important:
tt = 747.8 ttj = 730.3 tt2j = 405.0 tt3j = 240.9

5σ Sensitivity:mN = 175 GeV, |VµN|2 = 0.0096 (VeN = VτN = 0)
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Flavour dependence

Expectations for other channels (estimations)

e±e±jj : mN ' 130 GeV for|VeN|2 = 0.0054 More

e±µ±jj : mN ' 160 GeV for
|VeN|2 = 0.0054
|VµN|2 = 0.0096

e±µ∓jj : additional backgrounds ➙ t̄tnj dilep,W+W−nj

e+e−jj , µ+µ−jj : the same+Znj

τ final states: always large backgrounds. . .
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LR models: new interactions

N `

WR O(1)

N ν`

Z
′ suppressed

N N

Z
′ O(1)

pp→ WR → N` ➙ not suppressed by mixing nor phase space

Best scenario:mWR ≥ mN ➙ not suppressed byWR propagator

J. A. Aguilar-Saavedra Exotic physics at LHC – Part II



Heavy neutrinos
Z′ bosons

W′ bosons
Conclusions

Differences withN singlets

➀ Larger cross section ☞ allows to reach largermN

➁ LargermN ☞
Signal concentrated on tails
of SM background distributions

➂ Small backgrounds ☞
good sensitivity also for
e+e−jj final states
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Example:eejjfinal state MWR = 2 TeV mN = 500 GeV

Full simulation [Gninenko et al., CMS NOTE 2006/098]

Background suppression with large invariant mass requirements

Events for 30 fb−1 (selection)

Signal:938

t̄t: 198

Z: 96

☞
Full t̄tnj expected to be∼ 2× (?) larger
but results do not change dramatically
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Limits onMWR, mN
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30 fb−1: MWR ∼ 3 TeV,mN ∼ 2 TeV

1 fb−1: MWR ∼ 2 TeV,mN ∼ 1 TeV

Dependent ongR and RH
mixing

Actually, what is seen isWR

(compare withZ′, W′ later)

Sensitivity much smaller for
mN > MWR
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Z′ bosons

Z′ bosons appear in a variety of SM extensions


GUTs (ex. E6)
extra dimensions
little Higgs
. . .

ManyZ′ variants, but typically:

➀ Z′ couple to quarks ➙ qq̄→ Z′ possible at LHC

➁ Z′ couple to charged leptons➙ Z′ → `+`− is sizeable

If not ➀ ☞ it seems we must wait for ILC, CLIC

If not ➁ ☞ see later
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Z′ bosons in the dilepton channel

pp→ Z′ → `+`− predicted in many models

Today: simulations are done to make predictions
Results are model-dependent☞ use “benchmark” models

Summer 2008: imaginè+`− excess discovered at highm``

is it reallyZ′?

which one?

Discrimination methods ready and waiting for data. . .

Note: model identification is always a problem
but forZ′ there are more choices
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Z′ discovery potential in the dilepton channel

e+e−, µ+µ− signal is very clean

Z backgroundis very large but concentrated onlow m``

Example:e+e− channel [Clerbaux et al., CMS NOTE 2006/083]
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Z′ with same couplings asZ

MZ′ = 3 TeV

Discovered with∼ 3 fb−1

300 fb−1 ☞ up to 5 TeV
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Z′ discovery potential in the dilepton channel

Mass reach ine+e− for different models
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Z′ up to 4− 5 TeV can be
discovered in most cases, the
problem will be to identify it
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Z′ identification

In `+`− events (̀ = e, µ) we can measure

Mass of the resonance

Cross section at the peak

Angular distribution of̀ +`−
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Z′ identification

In `+`− events (̀ = e, µ) we can measure

Mass of the resonance

Cross section at the peak

Angular distribution of̀ +`−

little information
about models
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Z′ identification

In `+`− events (̀ = e, µ) we can measure

Mass of the resonance

Cross section at the peak

Angular distribution of̀ +`−

information
about couplings
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Z′ identification

In `+`− events (̀ = e, µ) we can measure

Mass of the resonance

Cross section at the peak

Angular distribution of̀ +`−

information about
spin and couplings
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Z′ identification

In `+`− events (̀ = e, µ) we can measure

Mass of the resonance

Cross section at the peak

Angular distribution of̀ +`−

information about
spin and couplings

θ∗ ➙
angle betweeǹ− andq

in `+`− rest frame

�+

q̄

�−

q
θ∗
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Z′ versus graviton

Spin-1 particle exchange (Z, γ, Z′)

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

Spin-2 graviton exchange

dσ

dcosθ∗
=

5
8
[1− 3εq cos2 θ∗ + (εg− 4εq) cos4 θ∗]
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Z′ versus graviton

Spin-1 particle exchange (Z, γ, Z′)

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

depends on couplings

Spin-2 graviton exchange

dσ

dcosθ∗
=

5
8
[1− 3εq cos2 θ∗ + (εg− 4εq) cos4 θ∗]
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Z′ versus graviton

Spin-1 particle exchange (Z, γ, Z′)

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

depends on couplings

model-dependent

Spin-2 graviton exchange

dσ

dcosθ∗
=

5
8
[1− 3εq cos2 θ∗ + (εg− 4εq) cos4 θ∗]
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Z′ versus graviton

Spin-1 particle exchange (Z, γ, Z′)

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

depends on couplings

model-dependent

Spin-2 graviton exchange

dσ

dcosθ∗
=

5
8
[1− 3εq cos2 θ∗ + (εg− 4εq) cos4 θ∗]

fraction ofqq̄

fraction ofgg
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Z′ versus graviton

Spin-1 particle exchange (Z, γ, Z′)

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

depends on couplings

model-dependent

Spin-2 graviton exchange

dσ

dcosθ∗
=

5
8
[1− 3εq cos2 θ∗ + (εg− 4εq) cos4 θ∗]

fraction ofqq̄

fraction ofgg

depend only
on graviton mass
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Z′ versus graviton

Method proposed in [Cousins et al., JHEP ’05]
and applied forµ+µ− in [Belotelov et al., CMS NOTE 2006/104]

With ' 150 signal events (B' 20) ☞ Z′ andG distinguished at 2σ
Distinguishing from a scalar is harder
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Z′ versus graviton

Not to be forgotten:

Z′ →/ γγ at tree level

G→ γγ, with similar sensitivity asG→ e+e−,
G→ µ+µ− channels
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Z′ model discrimination

Most obvious observable: FB asymmetry atZ′ peak

dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + AFB cosθ∗

uū:
dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + Au

FB cosθ∗ Au
FB = 3

4AuA`

dd̄:
dσ

dcosθ∗
=

3
8
[1 + cos2 θ∗] + Ad

FB cosθ∗ Ad
FB = 3

4AdA`

uū, dd̄ fractions determined by PDFs (depending onMZ′) and couplings

Af =
|gf

L|2 − |g
f
R|2

|gf
L|2 + |gf

R|2 Theoretical predictions forAFB
in each model
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Z′ model discrimination

Results from [Cousins et al., CMS NOTE 2005/022]

MZ′ = 1 TeV,L = 10 fb−1 MZ′ = 3 TeV,L = 400 fb−1
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Figure 14: On-peak Acount
FB and expected errors on Arec

FB (from Tables 5 and 6) obtained for the models
we have studied, for (a) MZ′ = 1 TeV and (b) MZ′ = 3 TeV. The dotted vertical lines and asterisks show
the Acount

FB for each model. The solid vertical lines are halfway between the adjacent Acount
FB . The error

bars on the triangle markers show the values of σrec scaled to (a) 10 fb−1 and (b) 400 fb−1 of integrated
luminosity.

and 400 fb−1 of integrated luminosity. The left column specifies the model taken as the null hypothesis
H0, which is tested against the alternative of each of the other five models in the adjacent columns.

Model ZALRM Zχ Zη Zψ ZSSM ZLRM

ZALRM – 0.0 5.3 6.6 7.6 9.4

Zχ 0.0 – 3.7 4.6 5.3 6.6

Zη 2.7 2.6 – 0.7 1.2 2.1

Zψ 3.3 3.3 0.7 – 0.5 1.4

ZSSM 6.8 6.8 2.1 0.9 – 1.6

ZLRM 6.8 6.8 3.0 2.1 1.3 –

Table 7: Significance level α (expressed in equivalent number of σ’s) for pairwise comparisons of Z ′

models at MZ′ = 1 TeV, for 10 fb−1 of integrated luminosity.

From Table 7 one can see that, at MZ′ = 1 TeV, an integrated luminosity of 10 fb−1 will be sufficient
to discriminate either a ZALRM or a Zχ from any of the other four studied models with α > 3σ, except
for discrimination against Zη when the lower Zη cross section is used. The only other comparison giving
α ≥ 3σ is of ZLRM with Zη , and only if the cross section for ZLRM is used. Table 8 for MZ′ = 3 TeV
shows that the only comparisons that give α ≥ 3σ even with 400 fb−1 of integrated luminosity are those
of ZALRM with each of Zψ, ZSSM, and ZLRM (using the larger cross section).

It is of course of interest to estimate α in the Z′ mass interval between 1 and 3 TeV, where we do not
yet have reconstructed Z′ samples. The near-equality of the scaled errors from fits to 400 reconstructed
events for 1 TeV Z′ samples (0.09) and for 3 TeV Z′ samples (0.08) suggests that the error on AFB for
a given number of events is independent of MZ′ within this mass range. This allows us to estimate α
for any pair of models, for any value of MZ′ between 1 and 3 TeV and at any reasonable amount of
integrated luminosity, without having to perform additional fits to reconstructed samples. We find that
with 400 fb−1 of integrated luminosity, one is able to distinguish between either of Zχ or ZALRM and
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and 400 fb−1 of integrated luminosity. The left column specifies the model taken as the null hypothesis
H0, which is tested against the alternative of each of the other five models in the adjacent columns.

Model ZALRM Zχ Zη Zψ ZSSM ZLRM

ZALRM – 0.0 5.3 6.6 7.6 9.4

Zχ 0.0 – 3.7 4.6 5.3 6.6

Zη 2.7 2.6 – 0.7 1.2 2.1

Zψ 3.3 3.3 0.7 – 0.5 1.4

ZSSM 6.8 6.8 2.1 0.9 – 1.6

ZLRM 6.8 6.8 3.0 2.1 1.3 –

Table 7: Significance level α (expressed in equivalent number of σ’s) for pairwise comparisons of Z ′

models at MZ′ = 1 TeV, for 10 fb−1 of integrated luminosity.

From Table 7 one can see that, at MZ′ = 1 TeV, an integrated luminosity of 10 fb−1 will be sufficient
to discriminate either a ZALRM or a Zχ from any of the other four studied models with α > 3σ, except
for discrimination against Zη when the lower Zη cross section is used. The only other comparison giving
α ≥ 3σ is of ZLRM with Zη , and only if the cross section for ZLRM is used. Table 8 for MZ′ = 3 TeV
shows that the only comparisons that give α ≥ 3σ even with 400 fb−1 of integrated luminosity are those
of ZALRM with each of Zψ, ZSSM, and ZLRM (using the larger cross section).

It is of course of interest to estimate α in the Z′ mass interval between 1 and 3 TeV, where we do not
yet have reconstructed Z′ samples. The near-equality of the scaled errors from fits to 400 reconstructed
events for 1 TeV Z′ samples (0.09) and for 3 TeV Z′ samples (0.08) suggests that the error on AFB for
a given number of events is independent of MZ′ within this mass range. This allows us to estimate α
for any pair of models, for any value of MZ′ between 1 and 3 TeV and at any reasonable amount of
integrated luminosity, without having to perform additional fits to reconstructed samples. We find that
with 400 fb−1 of integrated luminosity, one is able to distinguish between either of Zχ or ZALRM and
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It is of course of interest to estimate α in the Z′ mass interval between 1 and 3 TeV, where we do not
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Z′ model discrimination

Additional observables proposed:

Rapidity distributions [del Aguila et al., PRD ’93]
[Dittmar et al., PLB ’04]

Measure
|gu

L|2 + |gu
R|2

|gd
L|2 + |gd

R|2
or similar quantities

Off-peakAFB [Rosner, PRD ’87]

Interference withγ, Z ➙ different dependence on couplings

And of course, additional particles, decay modes. . .

☞ Example: SU(2)R hasW′ with MW′ ∼ MZ′ (next section)
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LeptophobicZ′ bosons

If Z′ is produced, but does not decay to leptons

qq̄ final states: not sensitive, large backgrounds

[Gumus et al., CMS NOTE 2006/070]

bb̄ final states: expected better but not much

t̄t final states: interesting

From results in [Cogneras, Pallin, ATL-PHYS-PUB 2006-033]
discovery limit estimated ➙ up toMZ′ = O(2) TeV

In t̄t final states:t̄t spin correlations ☞N. Castro’s talk
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W′ bosons

Additional SU(2) ➙ W′, Z′ bosons

 LR models
littlest Higgs
. . .

Cleanest decay channels:W′ → eν, µν

Might be interesting:W′ → tb̄ ☞
new contribution to single top
at high invariant mass

W′ searches are important toidentify additional gauge groups
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W′ discovery potential

Example:µν channel [Kourkoumelis et al.]

W background concentrates on lowm2
T = (pµT + pT6 )2

1.0TeV W’ + B
Entries  42596

Mean   4.669e+05

RMS    3.321e+05
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1.0TeV W’ + B
Entries  42596

Mean   4.669e+05

RMS    3.321e+05

1.5TeV W’ + B
Entries  45049

Mean   3.555e+05

RMS    3.407e+05

1.5TeV W’ + B
Entries  45049

Mean   3.555e+05

RMS    3.407e+05

2.0TeV W’ + B
Entries  44642

Mean   2.882e+05

RMS    2.771e+05

2.0TeV W’ + B
Entries  44642

Mean   2.882e+05

RMS    2.771e+05

2.5TeV W’ + B
Entries  44981

Mean   2.663e+05

RMS    2.288e+05

2.5TeV W’ + B
Entries  44981

Mean   2.663e+05

RMS    2.288e+05

SM Background
Entries  37070

Mean   2.489e+05

RMS    1.422e+05

SM Background
Entries  37070

Mean   2.489e+05

RMS    1.422e+05νµ→W’

=1.0TeVW’m
=1.5TeVW’m
=2.0TeVW’m
=2.5TeVW’m

SM BACKGROUND
W′ with same couplings asW

MW′ = 3 TeV discovered with
∼ 0.3 fb−1

300 fb−1 ☞ up to 6 TeV
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Conclusions (summary)3

Our aim:

Non-supersymmetric SM extensions predict new fermions and
bosons. We have summarised the LHC discovery potential for
(some of) these new particles in different scenarios.

This summary has focused on

particles ☞ what will (may) be discovered at LHC

rather than on

models ☞ what we want to uncover

but emphasising how discoveries will (may) give information
on new physics
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That means:

At this point in the game the question is not only

Prospects for particle discoveries

but rather

Prospects for models if particles are discovered

☞
This question has not been completely answered yet
Still work to do in many areas . . .
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New quarks

New quarksQ (charge 2/3,−1/3) can be discovered up to
massesmQ & 1 TeV in pair production

In single production, limitsmQ ∼ 1.5 TeV for the maximum EW
mixings allowed by present constraints (LEP, CKM unitarity. . . )

☞
And if not observed, their contribution to
low energy physics should be small
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New quarks

Decays indicate nature of the new quark:

4th generation ☞ No FCN decays (at tree-level)

SU(2) singlet ☞
FCN decaysalways presentwith similar
Br and sensitivity as CC ones

Some new decay channels related to low energy physics

Example:
In minimal model with charge 2/3 singletT
δmD0 andK+ → π+νν̄ ∼ determinet → cZ
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New quarks

For light Higgs and massesmQ . 600 GeV,Q decays toH
would provide the leadingHiggs discoverychannel:

charge 2/3 ☞ T → Ht 7 fb−1 (mT = 500 GeV)
charge −1/3 ☞ D → Hd 8 fb−1 (mD = 500 GeV)

4th generation contributes togg→ H loops and enhances Higgs
production

Lots of possible scenarios and signatures. . .

Other quark charges (ex. 5/3) would give characteristic final
state signatures

Comments:

Higher order backgrounds (ex.t̄tj, t̄t2j, t̄t3j. . . ) found to be very
important in the discovery region for new quarks (highpT).
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Heavy neutrinos

Minimal scenario: LHC has sensitivity to neutrino singlets with
massesmN . 175 GeV

“Golden” scenario: in LR models withMW > mN the sensitivity
is up tomN ∼ 2 TeV

Comments:

Processes withb quarks (ex.t̄tnj, Wb̄bnj) are a large source of
same-sign dileptons, especially di-electrons

Same-sign dilepton final states are no longer background-free
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Z′ bosons

Z′ could be first LHC discovery: ifMZ′ ∼ 1 TeVone day
(0.1 fb−1) is enough for 5σ

In all LHC lifetime, MZ′ ≤ 5 TeVwill be explored

Big effort in the past 20 years devising methods to identify
model behindZ′ from various observables

Comments:

SomeZ′ scenarios seem not sufficiently explored yet

If Z′ is discovered, ILC/CLIC would be welcome
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W′ bosons

W′ could be quickly discovered too

Mass reach similar forZ′ andW′

☞
extra U(1) and SU(2) distinguishable in principle
(this is a model-dependent comment. . . )
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N singlets and flavour mixing

Beware: indirect limits on lepton flavour/number violation
(evaded if cancellations allowed)

µ → eγ suggestsVeNVµN ∼ 10−4

☞ If larger, requires cancellation withN2

ββ0ν suggestsV2
eN ∼ 10−4 for mN ∼ 100 GeV

☞ If larger, requires cancellation withN2

☞ DiracN: cancellation also in signal

In any case,it is legitimate to ask for direct limits Back
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