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Introduction
We know about neutrino masses.

Neutrinos have masses and this experimental evidence demands 
for a satisfactory theoretical explanation.

“Satisfactory” means no huge fine-tuning or parameter hierarchy.

The most popular such explanation is provided by the seesaw 
mechanism.

We have the LHC.

The LHC has been running for two years, and many searches 
(including some for seesaw mediators) have been performed.

It is now being upgraded to 13.5 ± 0.5 TeV.

This talk is about that: seesaw searches at the LHC.
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Minimal seesaw models
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If they are light enough, seesaw mediators can be produced at LHC
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Extra interactions

The presence of extra interactions is crucial for type-I seesaw where N 

production is suppressed by their small mixing with SM leptons l = e, μ, τ.
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only SM interactions

extra W´: WR , …

extra Z´: U(1)B-L , …

Keung & Senjanovic ’86
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Once produced, they decay. Example: decays of a heavy N

LNV, not present
if N Dirac particle

8
>><

>>:

N ! W+`�

N ! W�`+

N ! Z⌫
N ! H⌫

via small coupling
to SM bosons and

light leptons

via large coupling
to new heavy bosons

(if any)

relative importance
depends on coupling to
SM bosons and masses   

relative BR
depend mildly on

N mass  

relative BR
depend mildly on

N, WR mass  

l = e, μ, τ any lepton flavour in principle

⇢
N ! (W+

R )⇤`� ! jj`�, tb̄`�

N ! (W�
R )⇤`+ ! jj`+, t̄b`+
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Interlude #1

Type I inverse seesaw
Mohapatra & Valle ’86

Majorana quasi-Dirac

N1
i +N2

i ! Ni

⌃1
i + ⌃2

i ! E1
i , E

2
i , Ni

Type III inverse seesaw
Aguila & JAAS ’08

quasi-Dirac

No LNV signals
at LHC

Dirac

Heavy N can also be Dirac particles in seesaw I and III
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Production and cascade decay of seesaw messengers yields multilepton 
signals

type I ✔ ✔ ✔ ✔ ✗ ✗

type I inverse ✔ ✔ ✗ ✔ ✗ ✗

type I (W´) ✔ ✔ ✔ ✔ ✗ ✗

type I inverse (W´) ✔ ✔ ✗ ✔ ✗ ✗

type I (Z´) ✔ ✔ ✔ ✔ ✔ ✗

type I inverse (Z´) ✔ ✔ ✗ ✔ ✔ ✗

type II (large Y) ✔ ✔ ✔ ✔ ✔ ✗

type II (small Y) ✔ ✔ ✔ ✔ ✔ ✗

type III ✔ ✔ ✔ ✔ ✔ ✔

type III inverse ✔ ✔ ✔ ✔ ✔ ✔

`± `+`� `±`± `±`+`� `+`+`�`� `±`±`+`�

smaller signals

smaller backgrounds

Fileviez et al. ’08, Aguila & JAAS ’08, JAAS ’09

best expected sensitivity
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Back to 2009...

Introduction
Heavy lepton production

Heavy vector-like quark production
Final remarks

Identifying new quarks and leptons at LHC:
the role of multi-lepton signals

J. A. Aguilar-Saavedra

Departamento de Física Teórica y del Cosmos
Universidad de Granada

Corfu Summer Institute, September 3rd 2009

J. A. Aguilar-Saavedra Identifying new quarks and leptons at LHC . . . 9/63



Today… 

type I ✔ ✔ ✔ ✔ ✗ ✗

type I inverse ✔ ✔ ✗ ✔ ✗ ✗

type I (W´) ✔ ✔ ✔ ✔ ✗ ✗

type I inverse (W´) ✔ ✔ ✗ ✔ ✗ ✗

type I (Z´) ✔ ✔ ✔ ✔ ✔ ✗

type I inverse (Z´) ✔ ✔ ✗ ✔ ✔ ✗

type II (large Y) ✔ ✔ ✔ ✔ ✔ ✗

type II (small Y) ✔ ✔ ✔ ✔ ✔ ✗

type III ✔ ✔ ✔ ✔ ✔ ✔

type III inverse ✔ ✔ ✔ ✔ ✔ ✔

`± `+`� `±`± `±`+`� `+`+`�`� `±`±`+`�

CMSATLAS

only search for
inverse seesaw

no searches yet!

most popular
channel

underrated
channel
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What’s new in the talk? The τ lepton enters the game

It was always there, and the sensitivity was considered fairly insignificant. 
But now:

Some cases have been identified in which the sensitivity is interesting

its role in explaining possible signals has been [again] highlighted
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Review: flavour in type-II

In type II seesaw the flavour mixing of triplets with leptons (and then their 
decays) is fixed by neutrino data.

Then, once we assume normal or inverted hierarchy, the different branching 
ratios for flavours i, j is fixed and flavour-consistent searches for seesaw II 
can be performed by experiments. CMS actually did it.

⇢
�++ ! `+i `

+
j

�+ ! `+i ⌫̄j

⇢
�++ ! W+W+

�+ ! W+Z, tb̄

determined by MNS
matrix and neutrino masses

flavour democratic

Garayoa & Schwetz ’07
Akeroyd et al, ’07
Kadastik et al. ’07
Fileviez et al. ’08
Aguila & JAAS ’08
Melfo et al. ’11
… 
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Review: flavour in type-I, type-III

On the other hand, in type I, III seesaw the heavy-light mixing and neutrino 
mass matrix are not directly related.

V`iNj =
vp
2

Yij

Mj
(m⌫)ij = �v2

2

YikYjk

Mk

Although the mixing of a heavy neutrino N with e, μ, τ is in principle 
arbitrary, there are experimental constraints:

|VeN |  0.055

|VµN |  0.057

|V⌧N |  0.079

type I type III
|VeN |  0.019

|VµN |  0.017

|V⌧N |  0.027

and very stringent limits (from low-energy LFV) for simultaneous mixing 
with e and μ.

del Aguila et al. ’08

“flavour benchmarks” commonly used for LHC searches
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Coupling of N (Σ in type-III seesaw) determines the flavour of the signals

�(`1`2X) / |V`1N |2 |V`2N |2

|VeN |2 + |VµN |2 + |V⌧N |2

coupling to

coupling to

`1

`2

14/63



7

Figure 2: Invariant mass of the second leading pT lepton and the two leading jets for events
passing the signal selection. The plots show the data, standard model backgrounds, and
three choices for the heavy Majorana-neutrino signal: mN = 80 GeV/c2, |V`N |2 = 0.025,
mN = 130 GeV/c2, |V`N |2 = 0.025, and mN = 210 GeV/c2, |V`N |2 = 0.25. (a) Distributions
for µ±µ± events; (b) distributions for e±e± events.
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Figure 3: Exclusion region at 95% CL in the square of the heavy Majorana-neutrino mixing
parameter as a function of the heavy Majorana-neutrino mass: (a) |VµN|2 vs mN; (b) |VeN|2
vs. mN. The long-dashed black line is the expected upper limit, with one and two standard-
deviation bands shown in dark green and light yellow, respectively. The solid red line is the
observed upper limit, and is very close to the expected limit such that the two curves almost
overlap. Also shown are the upper limits from L3 [14] and DELPHI [15]. The regions above the
exclusion lines are ruled out at 95% CL.

find |VµN|2 < 0.07 and |VeN|2 < 0.22. At mN = 210 GeV we find |VµN|2 < 0.43, while for |VeN|2
the limit reaches 1.0 at a mass of 203 GeV.

6 Summary

A search for heavy Majorana neutrinos in µ±µ± and e±e± events has been performed using a
set of data corresponding to 5.0 fb�1 of pp collisions at a centre-of-mass energy of 7 TeV. No
excess of events beyond the standard model background prediction is found. Upper limits at
the 95% CL are set on the square of the heavy Majorana-neutrino mixing parameter, |V`N|2, for
` = e, µ, as a function of heavy Majorana-neutrino mass, as shown in Figs. 3(a) and 3(b). For
mN = 90 GeV the limits are |VµN|2 < 0.07 and |VeN|2 < 0.22. At mN = 210 GeV the limits are
|VµN|2 < 0.43, while for |VeN|2 the limit reaches 1.0 at a mass of 203 GeV. These are the first
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N coupling to e only

N coupling to μ only

CMS

CMS

But most flavour benchmarks used are actually flavourless benchmarks

Figure 6: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos as a function of the heavy neutrino mass.

Neutrino mass [GeV] Expected limit [fb] Observed limit [fb]
100 26 28
120 8.2 8.8
140 5.8 6.2
160 4.9 5.4
180 4.1 4.2
200 4.1 4.2
240 3.6 3.8
280 3.5 3.6
300 3.3 3.4

Table 4: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos.

 [GeV]Nm

100 120 140 160 180 200 220 240 260 280 300

2 |
N

µ
|V

-310

-210

-110

1

Observed Limit

Expected Limit

σ 1±Expected Limit 

σ 2±Expected Limit 

=7 TeV)s, -1CMS Limit (4.98 fb

-1
 L dt = 4.7 fb∫
 = 7 TeVs

PreliminaryATLAS

Figure 7: Observed and expected 95% confidence level limits on the coupling parameter |VµN |2 as a
function of the heavy neutrino mass. The observed limits from the CMS search [19] are also shown.

10

N coupling to μ only

ATLAS

|VeN |2  0.003

|VµN |2  0.0032

searches for type-I seesaw
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N coupling to e only

N coupling to μ only

Flavourless benchmarks are used even when not needed… 

searches for type-I seesaw 
with WR

N1 coupling to e and N2 coupling to μ
Flavoured benchmark: N1, N2 coupling to e, μ

CMS

CMS

8
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Fig. 3 Expected and observed 95% C.L. upper limits on Λ/
√
α as a

function of the mass of a heavy neutrino, for the operators OV , Os1/Os2,
and Os3, using the formalism of Lagrangian of effective operators, for
the Majorana (top) and Dirac (bottom) scenarios.

the fake lepton background templates. All other uncertain-
ties have no significant kinematic dependence. Correlations
of uncertainties between signal and background, as well as
across channels, are taken into account.

The 95% C.L. exclusion limits on the mass of the heavy
neutrino in the HNEO model and their dependence onΛ/

√
α

are shown in Fig. 3 for the Majorana and Dirac scenarios
using various effective operator hypotheses. Figure 4 shows
the exclusion limits for the masses of heavy neutrinos and
theWR boson in the LRSM interpretation, for the no-mixing
and maximal-mixing scenarios between Ne and Nµ neutri-
nos, for both the Majorana and Dirac heavy neutrinos hy-
potheses.

The above results are obtained with a Bayesian [54] ap-
proach, where systematic uncertainties are treated as nui-
sance parameters with a truncated Gaussian as a prior shape.
The prior shape on the parameters of interest, σ× BR, is as-
sumed to be flat.
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Fig. 4 Expected and observed 95% C.L. upper limits on the heavy
neutrino and WR masses for the Majorana (top) and Dirac (bottom)
cases, in the no-mixing and maximal-mixing scenarios.

9 Conclusions

A dedicated search for hypothetical heavy Majorana and
Dirac neutrinos, andWR bosons in final states with two high-
pT same-sign or opposite-sign leptons and hadronic jets has
been presented. In a data sample corresponding to an inte-
grated pp luminosity of 2.1 fb−1 at

√
s = 7 TeV, no signifi-

cant deviations from the SM expectations are observed, and
95% C.L. limits are set on the contributions of new physics.
Excluded mass regions for Majorana and Dirac neutrinos are
presented for various operators of an effective Lagrangian
framework and for the LRSM. The latter interpretation was
used to extract a lower limit on the mass of the gauge boson
WR. For both no-mixing and maximal-mixing scenarios,WR
bosons with masses below ≈ 1.8 TeV (≈ 2.3 TeV) are ex-
cluded for mass differences between the WR and N masses
larger than 0.3 TeV (0.9 TeV). In the effective Lagrangian in-
terpretation, considering the vector operator and Majorana-
type heavy neutrinos, the lower limit on Λ/

√
α ranges from

≈ 2.5 TeV to ≈ 0.7 TeV for heavy neutrino masses ranging

ATLAS

16/63



Σ coupling to e only

Σ coupling to μ only

Flavourless benchmarks used in type-III seesaw too… 

searches for type-III seesaw

11
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-1 = 7 TeV, L = 4.9 fbsCMS 2011, 

Figure 5: The expected (dashed line) and observed (black points) exclusion limits at 95% con-
fidence level on sB as a function of the fermion mass MS, assuming be = 1, bµ = 0, bt = 0
(eS) for the signal. The solid (blue) curve represents the predictions of the LO type III seesaw
models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1 stan-
dard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.

CMS

10 8 Summary
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Figure 4: The expected (dashed line) and observed (asterisks and black points) exclusion limits
at 95% confidence level on sB as a function of the fermion mass MS, assuming be = 0, bµ =
1, bt = 0 (µS) for the signal . The solid (blue) curve represents the predictions of the LO type III
seesaw models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1
standard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.

CMS

Table 6: The expected and observed limits on mN obtained using the frequentist method, specified at a
95% confidence level, for six assumed sets of branching fractions.

Mass limit [GeV]
B(N± ! Z`±)B(N0 ! W±`⌥) Expected Observed

1.00 350 350
0.66 326 330
0.33 284 290
0.25 266 280
0.15 240 230

where the lepton can be an electron or a muon. The branching fractions of N0 ! W±`⌥ and N± ! Z`±

depend on mN [19].
The frequentist CLs method is used to determine 95% CL upper limits on the number of events for

each mass bin [54]. The upper limits on �B(N± ! Z`±)B(N0 ! W±`⌥) are determined as a function of
the fermion mass mN , shown in Figure 3. Two theoretical cross section curves are overlaid, corresponding
to maximal (unity) and the predicted values of the product of branching fractions, B(N± ! Z`±)B(N0 !
W±`⌥). The predicted value peaks at 0.20 at 135 GeV and asymptotically falls to 0.13 from 500 GeV
onwards [19]. The mass limit on mN is also determined as a function of the product of branching
fractions B(N± ! Z`±)B(N0 ! W±`⌥), shown in Figure 4. In Table 6, lower limits on the mass are
given for several values of B(N± ! Z`±)B(N0 ! W±`⌥).
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Figure 3: The expected (dashed line) and observed (solid line) exclusion limits at 95% confidence level
on �B as a function of the fermion mass mN assuming |Ve| = 0.055, |Vµ| = 0.063 and |V⌧| = 0 and for
B=1 (theory LO). The dark(green) and light (yellow) shaded areas represent the 1 standard deviation
(68% C.L.) and 2 standard deviations (95% CL) limits on the expected, respectively. At mN = 420 GeV,
the probability to have equal to or more than the observed number of events with a background only
hypothesis, p0, is found to be 0.20.

Assuming B(N± ! Z`±)B(N0 ! W±`⌥) = 1, a limit of mN > 350 GeV is expected: the observed
limit is mN > 350 GeV. When B(N± ! Z`±)B(N0 ! W±`⌥) is set to the nominal mass dependent

8

Flavoured benchmark violating μ → eγ by 107 x

ATLAS
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Flavourless searches are clearly insufficient but flavoured reinterpretations 
[by theorists] are often possible

For heavy leptons coupling to the τ, the final states involve one or more τ, 

which subsequently can decay giving e, μ too, but

the signals are smaller:                                        .

the signals involve missing energy ET..

the resulting e, μ are softer.

Reinterpretations of existing analyses (with fast simulation of new MC 
signals tuned to reproduce efficiencies in actual experiments) are possible if 
experimental analyses do not include a veto on ET.

Br(⌧ ! e⌫⌫̄, µ⌫⌫̄) ' 1/3

JAAS et al. ’12 ’13
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FIG. 2: Constraints on arbitrary right handed neutrino mixing parameters in the two benchmark scenarios considered. The
gray regions in the upper right side of each plot are forbidden by the unitarity constraint |V R

eN |2 + |V R
µN |2 + |V R

τN |2 = 1.

should motivate “fully flavoured” heavy neutrino analy-
ses, beyond the simple benchmarks previously used.

Acknowledgements. We thank F. del Águila for use-
ful discussions. This work has been partially sup-
ported by MICINN projects FPA2006-05294, FPA2010-
17915, FPA2011-22975 and MULTIDARK CSD2009-

00064 (Consolider-Ingenio 2010 Programme), by Prom-
eteo/2009/091 (Generalitat Valenciana), by the EU
ITN UNILHC PITN-GA-2009-237920 and Junta de An-
dalucía projects FQM 101, FQM 03048 and FQM 6552.
The work of O.K. has been supported by a CPAN fellow-
ship.

[1] K. Nakamura et al. [Particle Data Group Collaboration],
J. Phys. G G 37, 075021 (2010).

[2] T. Schwetz, M. A. Tortola and J. W. F. Valle, New J.
Phys. 10, 113011 (2008).

[3] P. Minkowski, Phys. Lett. B 67, 421 (1977).
[4] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett.

44, 912 (1980).
[5] M. Dittmar, A. Santamaria, M. C. Gonzalez-Garcia and

J. W. F. Valle, Nucl. Phys. B 332, 1 (1990).
[6] W. Buchmuller and C. Greub, Phys. Lett. B 256, 465

(1991).
[7] A. Datta, M. Guchait and A. Pilaftsis, Phys. Rev. D 50,

3195 (1994).
[8] E. Nardi, E. Roulet and D. Tommasini, Phys. Lett. B

327, 319 (1994).
[9] D. Tommasini, G. Barenboim, J. Bernabeu and C. Jarl-

skog, Nucl. Phys. B 444, 451 (1995).
[10] F. del Aguila, J. de Blas and M. Perez-Victoria,

Phys. Rev. D 78, 013010 (2008); F. del Aguila,
J. A. Aguilar-Saavedra, J. de Blas and M. Perez-Victoria,
arXiv:0806.1023 [hep-ph]; F. del Aguila, J. A. Aguilar-
Saavedra and J. de Blas, PoS ICHEP 2010, 296 (2010).

[11] F. del Aguila, J. A. Aguilar-Saavedra and R. Pittau, J.
Phys. Conf. Ser. 53, 506 (2006).

[12] F. del Aguila, J. A. Aguilar-Saavedra and J. de Blas,
Acta Phys. Polon. B 40, 2901 (2009).

[13] W. -Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50,
1427 (1983).

[14] F. del Aguila, J. A. Aguilar-Saavedra and R. Pittau,

JHEP 0710, 047 (2007).
[15] F. del Aguila and J. A. Aguilar-Saavedra, JHEP 0711,

072 (2007).
[16] J. A. Aguilar-Saavedra, Nucl. Phys. B 828, 289 (2010).
[17] A. Ferrari, J. Collot, M-L. Andrieux, B. Belhorma, P. de

Saintignon, J-Y. Hostachy, P. .Martin and M. Wielers,
Phys. Rev. D 62, 013001 (2000).

[18] S. N. Gninenko, M. M. Kirsanov, N. V. Krasnikov and
V. A. Matveev, Phys. Atom. Nucl. 70, 441 (2007).

[19] CMS Collaboration, note CMS PAS EXO-11-002.
[20] M. Nemevsek, F. Nesti, G. Senjanovic and Y. Zhang,

Phys. Rev. D 83, 115014 (2011).
[21] G. Aad et al. [ATLAS Collaboration], arXiv:1203.5420

[hep-ex].
[22] F. P. An et al. [DAYA-BAY Collaboration],

arXiv:1203.1669 [hep-ex].
[23] F. del Aguila, J. A. Aguilar-Saavedra, A. Martinez de

la Ossa and D. Meloni, Phys. Lett. B 613, 170 (2005);
F. del Aguila and J. A. Aguilar-Saavedra, JHEP 0505,
026 (2005).

[24] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227
(1980).

[25] R. Gavin, Y. Li, F. Petriello and S. Quackenbush, Com-
put. Phys. Commun. 182, 2388 (2011).

[26] F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B
813, 22 (2009); Phys. Lett. B 672, 158 (2009).

[27] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605,
026 (2006).

[28] E. Richter-Was, arXiv:hep-ph/0207355.

8

[TeV] Nm
0 1 2 3

 [T
eV

]
-1

/2
α 

Λ

0

1

2

3

4

-1Ldt = 2.1 fb∫

, Expected VO
, Observed VO

, Expected S1/S2O
, Observed S1/S2O

, Expected S3O
, Observed S3O

SS+OS

MajoranaN = 7 TeVs

µ+eµµee+

ATLAS

[TeV] Nm
0 1 2 3

 [T
eV

]
-1

/2
α 

Λ

0

1

2

3

4

-1Ldt = 2.1 fb∫

, Expected VO
, Observed VO

, Expected S1/S2O
, Observed S1/S2O

, Expected S3O
, Observed S3O

OS

DiracN = 7 TeVs

µ+eµµee+

ATLAS

Fig. 3 Expected and observed 95% C.L. upper limits on Λ/
√
α as a

function of the mass of a heavy neutrino, for the operators OV , Os1/Os2,
and Os3, using the formalism of Lagrangian of effective operators, for
the Majorana (top) and Dirac (bottom) scenarios.

the fake lepton background templates. All other uncertain-
ties have no significant kinematic dependence. Correlations
of uncertainties between signal and background, as well as
across channels, are taken into account.

The 95% C.L. exclusion limits on the mass of the heavy
neutrino in the HNEO model and their dependence onΛ/

√
α

are shown in Fig. 3 for the Majorana and Dirac scenarios
using various effective operator hypotheses. Figure 4 shows
the exclusion limits for the masses of heavy neutrinos and
theWR boson in the LRSM interpretation, for the no-mixing
and maximal-mixing scenarios between Ne and Nµ neutri-
nos, for both the Majorana and Dirac heavy neutrinos hy-
potheses.

The above results are obtained with a Bayesian [54] ap-
proach, where systematic uncertainties are treated as nui-
sance parameters with a truncated Gaussian as a prior shape.
The prior shape on the parameters of interest, σ× BR, is as-
sumed to be flat.
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Fig. 4 Expected and observed 95% C.L. upper limits on the heavy
neutrino and WR masses for the Majorana (top) and Dirac (bottom)
cases, in the no-mixing and maximal-mixing scenarios.

9 Conclusions

A dedicated search for hypothetical heavy Majorana and
Dirac neutrinos, andWR bosons in final states with two high-
pT same-sign or opposite-sign leptons and hadronic jets has
been presented. In a data sample corresponding to an inte-
grated pp luminosity of 2.1 fb−1 at

√
s = 7 TeV, no signifi-

cant deviations from the SM expectations are observed, and
95% C.L. limits are set on the contributions of new physics.
Excluded mass regions for Majorana and Dirac neutrinos are
presented for various operators of an effective Lagrangian
framework and for the LRSM. The latter interpretation was
used to extract a lower limit on the mass of the gauge boson
WR. For both no-mixing and maximal-mixing scenarios,WR
bosons with masses below ≈ 1.8 TeV (≈ 2.3 TeV) are ex-
cluded for mass differences between the WR and N masses
larger than 0.3 TeV (0.9 TeV). In the effective Lagrangian in-
terpretation, considering the vector operator and Majorana-
type heavy neutrinos, the lower limit on Λ/

√
α ranges from

≈ 2.5 TeV to ≈ 0.7 TeV for heavy neutrino masses ranging

fix flavour structure and
let mN and MW´ arbitrary

fix mN and MW´ and let 
flavour structure arbitrary

reinterpretation

exclusion region
in flavour mixing 

space

mixing with μ

mixing with e

or

of ATLAS results
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The problem comes when one sees something like this… 

… with a disclaimer like that:
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This is a search for type-I seesaw in LR models

focusing on same-flavour energetic leptons (ee, μμ) of either sign and jets

pT ≥ 60, 40 GeV for leading and subleading lepton

pT ≥ 40 GeV for jets

dilepton invariant mass mll ≥ 100 GeV

W´reconstructed mass mlljj ≥ 600 GeV

21/63

sensitive to
quasi-Dirac N



And clearly, the flavourless approach is insufficient

???????
!!!!!!!!

2 TeV W´
excluded!
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2.8σ local
excess



The immediate question is whether this 2.8σ excess

— aside the fact that it might just be a statistical fluctuation —

is compatible or not with heavy neutrino production in a less restrictive 
framework. So, let us think what it could be in terms of seesaw.

The excess only appears in eejj, and not in μμjj. But eμjj not analysed ☹

some new particle with non-universal lepton couplings

The excess only appears in opposite-sign leptons

if this particle is heavy N, it has (quasi-)Dirac character

The cross section is too large for type-III seesaw

new W´ or Z´ required
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Interlude #2

Besides seesaw models, other explanations proposed every couple of days

leptoquarks (2.4σ, 2.6σ excesses in other searches)

R-parity violating susy

Z´ + new leptons + new scalars

And other unflavoured W´ explanations:

LR model with g´ < g 

Plus some other related stuff

Bai & Berger ’14

Chun et al. ’14;  Allanach et al. ’14

Dobrescu & Martin ’14

Deppisch et al. ’14; Heikinheimo et al. ’14
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Bhupal Dev et al. ’14; Senjanovic & Tello ’14
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W´ flavoured interpretation

signal targeted by CMS search (left-right model)

m(eejj) peaks at MW´

distributions smeared if significant τ mixing

RH mixings satisfy 

JAAS & Joaquim ’14

|VeN |2 + |VµN |2 + |V⌧N |2 = 1
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Z´ flavoured interpretation

obviously requires leptophobic Z´

m(eejj) still peaks close to MZ´ because two highest pT jets are chosen

other distributions already smooth even if mixing only with e

mixings are LH and can be normalised to 

Aguila & JAAS ’07

JAAS & Joaquim ’14

|VeN |2 + |VµN |2 + |V⌧N |2 = 1
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Reproducing the flavour of the signals

fast sim slightly tuned to reproduce efficiencies of CMS analysis

assuming g´ = g for the moment

signal suggests VμN = 0, which is in agreement with μ → eγ bounds in the 

case of W´. For Z´ no LFV problem because VlN can be small
27/63



Interlude #3

Notice that even if VτN is sizable (but not close to one), dielectron signals 
are much larger than dimuon signals if VμN ⋍ 0

�(ee) /

8
>><

>>:

|VeN |4

2⇥ |VeN |2|V⌧N |2 Br(⌧ ! e⌫⌫̄)

|V⌧N |2 Br(⌧ ! e⌫⌫̄)2

�(µµ) / |V⌧N |2 Br(⌧ ! µ⌫⌫̄)2
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Constraints?

assuming VμN = 0 as suggested by the excess

there is room to explain the size of the signal without conflicts with

dijets

        resonancestt̄, tb̄
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Distributions: W´ reconstructed mass [meejj]

W´ and Z´ masses of 2.2 TeV chosen so as to reproduce the excesses in 
the two bins: 1.8 TeV - 2.2 TeV / 2.2 TeV - 4.0 TeV

peaks in both cases, excess well reproduced even if VτN significant
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Distributions: dilepton invariant mass [mee]

big high-mass bump in W´ model if VeN ≃ 1, smeared if VτN sizeable or 

heavier N 

apparently consistent with the range shown in plot by CMS
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Distributions: N reconstructed mass [mejj with either e]

maybe this is is the mysterious distribution that CMS claims does not 
display a peak?

peaks at mN in the case of W´, should the peak be visible?
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Moral from this exercise [conclusions]
If this excess were confirmed, we would be very happy:

 

Even if it is not (which is quite possible), we should at least be warned 
once more that experimental searches should:

consider a wide scope of signals

be interpreted correctly!
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Wishlist for future analyses

instead of being inclusive on ET, one could split the event sample into high 
ET and low ET subsamples and combine results, to:

probe LNV in low ET events
distinguish decays to e, μ from 
those to τ
measure N mixing with e, μ, τ

JAAS & Joaquim ’12

4

TABLE III: The same as in Table II for (MWR
,mN) = (2, 1)

TeV.

Same sign Opposite sign

Low Emiss

T High Emiss

T Low Emiss

T High Emiss

T

!!′ \ X ee eµ µµ ee eµ µµ ee eµ µµ ee eµ µµ

ee 21.8 0 0 0.2 0 0 21.8 0 0 0.3 0 0

eµ 0 18.1 0 0 1.3 0 0 17.3 0 0 1.7 0

eτ 1.8 1.6 0 1.3 1.1 0 1.7 1.5 0 1.6 1.4 0

µe 0 15.3 0 0 5.4 0 0 14.9 0 0 5.4 0

µµ 0 0 12.7 0 0 5.3 0 0 12.4 0 0 5.6

µτ 0 1.4 1.2 0 1.6 1.4 0 1.3 1.1 0 1.7 1.5

τe 0.8 0.8 0 2.9 2.6 0 1.2 1.0 0 3.2 2.8 0

τµ 0 0.7 0.7 0 2.6 2.5 0 1.0 1.0 0 2.9 2.6

ττ 0.1 0.2 0.1 0.3 0.6 0.3 0.2 0.3 0.2 0.4 0.7 0.3

TABLE IV: Mixing benchmark points considered in the
pseudo-experiments.

Label V R
eN V R

µN V R
τN

A 0 1 0

B 0.3 0.95 0

C 0.3 0.7 0.65

D 0.5 0.5 0.71

E 0.7 0.3 0.65

F 0.95 0.3 0

G 1 0 0

is fixed for each benchmark point, and

N th
X (σ̂tot, v̂

R
eN , v̂RµN ) = σ̂totL

∑

!!′

w!!′(v̂
R
eN , v̂RµN ) ε!!

′

X

+BX . (19)

The above quantity is a function of the two independent
flavour mixing parameters v̂ReN , v̂RµN and the total cross
section σ̂tot (we use the hat notation to distinguish the
fitted values from the ‘true’ ones used to generate the
pseudo-data sample). The inclusion of systematic uncer-
tainties is not essential for our analysis, which is more
focused on the method to extract heavy neutrino mix-
ings from data, rather than on the precise value of the
limits obtained. In any case, the statistics are moder-
ate for the two mass points considered and, therefore,
we do not expect a dramatic change of the results pre-
sented here when systematic uncertainties are properly
accounted for.

In Fig. 1 we present our results for the two mass
benchmark points considered. The upper plot shows the
limits on the two independent normalized mixings vReN
and vRµN . The white dots correspond to the input val-

FIG. 1: Limits on unitary heavy neutrino mixings (κ = 1) at
68.3 % CL for the two mass benchmark points (MWR

,mN) =
(2.5, 1) TeV (light green) and (MWR

,mN) = (2, 1) TeV (dark
green) in the (vReN , vRµN ) plane (top) and in the (vRτN , vRµN )
plane (bottom). In the top panel, the dashed lines delimit
the 68.3 % CL regions obtained without separation of the
dilepton samples into ‘high’ and ‘low’ Emiss

T .

ues used in the pseudo-experiments (see Table IV) and
the solid regions are the 68.3% confidence level (CL)
limits on the two independent normalized mixings vReN
and vRµN extracted from the pseudo-experiments, as dis-
cussed above. Notice that the normalized mixings satisfy
|vReN |2 + |vRµN |2 + |vRτN |2 = 1 by definition, so the region
outside the unitary red arc is not allowed. The dashed
lines correspond to the 68.3% CL limits that would be ob-
tained without splitting the dilepton samples into ‘low’
and ‘high’ Emiss

T (for each mixing benchmark point, the
pair of outer lines corresponds to MWR

= 2.5 TeV and
the inner lines to MWR

= 2 TeV). In most cases, the de-
generacy that we have discussed qualitatively in Eqs. (13)
is manifest. The only exception occur for points A (G)
where the absence of electrons (muons) in the signal im-
plies a mixing with the muon (electron) close to maximal.

ET

inclusive

sample
splitting mixing with e

mixing with μ

Potential measurement of mixings

no assumptions
about cross section
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Reinterpretation of type-III seesaw searches

In type-III seesaw the trilepton signal has a good sensitivity to VτN because:

the signal is clean: no hard pT cuts needed

one of the leptons comes from W decay: high pT even if VτN =1

Moreover, in type-III seesaw there are only three independent parameters 
(the multiplet mass and two mixings): it is possible to present general limits.

JAAS et al. ’13
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Heavy lepton decays in type III seesaw

8
>><

>>:

N ! W+`�

N ! W�`+

N ! Z⌫
N ! H⌫

8
<

:

E� ! W�⌫
E� ! Z`�

E� ! H`�

relative BR
depend mildly on

N mass  

relative BR
depend mildly on

E mass  

via small coupling
to SM bosons and

light leptons

LNV, not present
in inverse seesaw

Additional decay modes present if new W´or Z´.

37/33



fix flavour structure
and let mΣ arbitrary fully general limits

reinterpretation

exclusion regions
in flavour mixing 

space for several mΣ

mixing with μ

mixing with e

of CMS results

11
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Figure 5: The expected (dashed line) and observed (black points) exclusion limits at 95% con-
fidence level on sB as a function of the fermion mass MS, assuming be = 1, bµ = 0, bt = 0
(eS) for the signal. The solid (blue) curve represents the predictions of the LO type III seesaw
models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1 stan-
dard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.
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limits also on inverse
 type-III seesaw

reinterpretation

exclusion regions
in flavour mixing 

space for several mΣ

mixing with μ

mixing with e

of CMS results

11
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Figure 5: The expected (dashed line) and observed (black points) exclusion limits at 95% con-
fidence level on sB as a function of the fermion mass MS, assuming be = 1, bµ = 0, bt = 0
(eS) for the signal. The solid (blue) curve represents the predictions of the LO type III seesaw
models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1 stan-
dard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.

limits on minimal
type III seesaw

39/33



40/33


