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Hidden Valley models with a light gauge boson at the 
GeV scale

• Motivated by observed e+/e- excess

• Dark sector particles decay to highly collimated 
group of electrons/muons/taus (lepton-jets)

• Lepton-jets can be prompt/displaced

• Higgs, Z’ can have rare decays to hidden sector

LEPTON JET SEARCHES

Event display with candidate 
muon-jet

3Wednesday, April 24, 2013



2

Neutrinos Need BSM Physics!
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Neutrino Connections
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The See-Saw Mechanism
• SM neutrino masses can come from RH neutrinos, N

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

• N can be light, but we expect it to be (very) weakly coupled!

• For fixed         and mν ~ 0.1 eV, we havehHi MN ⇠ GeV

✓
y2

10�14

◆

L = y L̄HN +
MN

2
N̄ cN

• With additional symmetries, coupling can be much larger

Minkowski, 1977; Yanagida, 1979; Mohapatra and Senjanovic, 1980; …

Mohapatra and Valle, 1986; Casas and Ibarra, 2001; Shaposhnikov, 2006; …
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Outline

• Tests of minimal see-saw (N only)
• ATLAS/CMS
• LHCb & B-factories

• Portal models
• Vector portal
• Scalar portal
• Other portals
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Testing the See-Saw

N ναsin θα

V↵N ⇠ F↵h�i
MN

• Consider a simplified model with MN, |VμN| as free params.

V↵N

Z

N

⌫µ

N

µ±

W⌥

V ⇤
µN VµN

• Below weak scale, decay is through off-shell gauge bosons, often 
long-lived
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Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X± ! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |2. Thus, for a non-zero mixing and for a fixed meson momentum, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2
` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2
N/m

2
` [169] due to which the sensitivity on |V`N |2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million

plot taken from Deppisch, Dev, Pilaftsis, 2015 
see also Gorbunov and Shaposhnikov, 2007; Atre, Han, Pascoli, Zhang, 2009; … 
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

SHiP/DUNE
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the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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Neutrino collider signatures

• Work very well for masses well above weak scale!

N

W+

µ+

µ+

d

ū

Keung, Senjanovic, 1983;  D. A. Dicus, D. D. Karatas, and P. Roy, 1992; Pilaftsis, 1993; 
Datta, Guchait, Pilaftsis, 1993;  Han and Zhang, 2006; Atre, Han, Pascoli, Zhang, 2009; …

• Calculable & predictive rates from Drell-Yan and  
photon-W fusion

Dev, Pilaftsis, Yang, 2013; Alva, Han, Ruiz, 2014 



9

Neutrino collider signatures

N

W+

µ+

µ+

d

ū

7

Figure 1: Kinematic distributions for the low-mass region after all selections are applied except
for the final optimization requirements: leading muon pT (top), trailing muon pT (middle),
and µ±µ±jj invariant mass (bottom). The plots show the data, backgrounds, and two choices
for the heavy Majorana neutrino signal: mN = 40 GeV, |VµN|2 = 5 ⇥ 10�5 and mN = 80 GeV,
|VµN|2 = 1 ⇥ 10�3. The backgrounds shown are from misidentified muons and from diboson
(VV), Higgs boson, triboson (VVV), and ttW production.

(from arXiv:1501.05566)

• Lower masses….maybe not as much

• Limits not currently improved over 
LEP, even though >100x more W 
bosons than LEP’s Z bosons

• Worth pushing these searches and 
seeing if other alternatives exist
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Intermediate neutrino prospects
• Consider purely leptonic signatures that can be cleaner and have lower 

thresholds

W+
µ+

N

µ+

e�

⌫̄e

• Complementary signature to semi-leptonic decays
• Until now, most leptonic decay proposals focus on non-LNV 

decays
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del Aguila and J. Aguilar-Saavedra, 2008 & 2009

Izaguirre, BS, 2015
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Intermediate neutrino prospects
• Consider purely leptonic signatures that can be cleaner and have lower 

thresholds
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• Complementary signature to semi-leptonic decays
• Until now, most leptonic decay proposals focus on non-LNV 
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Prompt trilepton signatures
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• Majorana N gives striking 
trilepton, OSSF-0 signatures!

• Similar to CMS trilepton search
 (CMS, 1501.05566)
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Prompt trilepton signatures
• Selections:

• Three prompt, isolated leptons with pT > 10 GeV, leading > 20 GeV
• Two same-sign muons, opposite-sign electron
• HT < 50 GeV, MET < 40 GeV (suppresses top, tau backgrounds)
• 80 GeV > M3ℓ > 60 GeV, mass-dependent  M2ℓ  selection

13 TeV, 20% syst., 300/fb

8 TeV, 50% syst.

95% CL reach

SHiP  
proposal

Izaguirre, BS, 2015

be
am

 d
um

p 
ex

cl
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• Hadronic displaced vertices also possible, but backgrounds 
could be large Helo, Hirsch, Kovalenko, 2013

µ

µJ
/ET

p p

lepton 
jet

13

MN ⌧ MW

Arkani-Hamed, Weiner, 2008; …

Displaced/Boosted Signatures

W+
µ+

N

µ+

e�

⌫̄e

µ�



• By contrast, leptonic backgrounds 
expected to be negligible

14

Displaced/Boosted Signatures
µ

µJ
/ET

p p

lepton 
jet

16

3−10

2−10

1−10

Number of leptons in vertex
0 1 2

 [G
eV

]
D

V
m

1

10

210
region
Signal

 channelµµ

 ATLAS -1 = 8 TeV, 20.3 fbs
Data Signal MC

3−10

2−10

1−10

Number of leptons in vertex
0 1 2

 [G
eV

]
D

V
m

1

10

210
region
Signal

 channelµe
 ATLAS -1 = 8 TeV, 20.3 fbs

Data Signal MC

(a) (b)

3−10

2−10

1−10

Number of leptons in vertex
0 1 2

 [G
eV

]
D

V
m

1

10

210
region
Signal

ee channel
 ATLAS -1 = 8 TeV, 20.3 fbs

Data Signal MC

(c)

FIG. 9: The distribution of dilepton-vertex candidates in terms of the vertex mass versus the number of lepton candidates in
the vertex, in the (a) µ

+

µ

�, (b) e

±
µ

⌥, and (c) e

+

e

� search channels. The data distributions are shown with red ovals, the
area of the oval being proportional to the logarithm of the number of vertex candidates in that bin. The gray squares show the
g̃(600 GeV) ! qq[�̃0

1

(50 GeV) ! µµ⌫/eµ⌫/ee⌫] signal MC sample. The shape of the background m

DV

distribution arises partly
from the lepton-candidate p

T

requirements. The signal region defined by the two-lepton and m

DV

> 10 GeV requirements is
indicated.

ATLAS, arXiv:1504.05162

• Also by extrapolation from 
existing 2-LJ searches  
 
(ATLAS, arXiv:1409.0746)
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Displaced/Boosted Signatures
µ

µJ
/ET

p p

• Hard lepton for trigger, two soft 
muons in MS

• Expect ~zero backgrounds when 
require a displacement of > 1 mm 

• Veto back-to-back muons

• LJ selections:
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LHCb vs. B-factories
• At lower masses, experiments can be sensitive to rare meson 

decays B± ! `±N, N ! `±⇡⌥

Neutrinos and Collider Physics 12

0.1 1 10 100
10-12

10-10

10-8

10-6

10-4

0.01

1

MN HGeVL

V
mN

2

BBN Seesaw

KÆmn

E9
49

NuTeV

DELPHI
L3

CM
S

ATL
AS

LHC
14

SHiP
FCC-ee

CHARM

FMMF

EWPD

PS
19
1

BEBC

N
A3

K
Æ
mm
p

LH
C
b

Be
lle

LBNE

Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X± ! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |2. Thus, for a non-zero mixing and for a fixed meson momentum, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2
` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2
N/m

2
` [169] due to which the sensitivity on |V`N |2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million

MN (GeV)

• Why does Belle do better 
than LHCb for a rare, 
spectacular decay?

Shrock, 1981; Gronau, 1982; …  
Gorbunov and Shasposhnikov, 2007; Atre, Han, Pascoli, Zhang, 2009 
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LHCb vs. B-factories
• However, there were several issues with the LHCb analysis

• Helicity suppression of leptonic B decay not included
• “Phenomenological” treatment of N width to incorporate inclusive 

decays gave unphysical mass-dependence
• Other effects…each individual factor changes result by up to ~104
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The
dashed line shows the limit from [1]. The solid line shows the limit that would be extracted
using the decay width formulae in this paper. For comparison, the lower dashed line shows
the limit from Belle [8].

⇡+µ�) for certain values of the lifetime ⌧N ; we interpolate between the given values,
and for very large ⌧N , where the typical decay length is far outside the detector,
we use a decay acceptance inversely proportional to the lifetime. The e↵ect of the
updated analysis, shown in Fig. 1, is substantial. To understand this, first note that
BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly proportional to ⌧N . With
this in mind, the di↵erences between our result and that of [1] come from two e↵ects:
At low values of mN (below 2 GeV), the change in eq. (3) leads to a substantially
smaller event rate at low values of mN (below 2 GeV). In this region, the N lifetime
is largely insensitive to the lifetime ⌧N . The reason for this is that the decay length is
su�ciently long that the decay acceptance is inversely proportional to ⌧N , cancelling
the factor of ⌧N from BR(N ! µ+⇡�). At high values of mN (above 3 GeV), the
updated ⌧N is significantly larger than before, leading to a larger BR(N ! µ+⇡�).
In this region, most N decays occur inside the detector and so this change is mainly
reflected in a larger signal rate predicted by theory and, consequently, stronger limits.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run II and beyond.

ACKNOWLEDGEMENTS

We are grateful to Sheldon Stone for his encouragement and for his help in un-
derstanding the LHCb analysis. This work was supported by the U.S. Department

4

BS, Peskin, 2016

(LHCb, arXiv:1401.5361)
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We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run II and beyond.
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something still 
funny here…

(LHCb, arXiv:1401.5361)
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LHCb vs. B-factories
• Fresh off the press…a Belle update
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• Erroneously assumed that all N had typical lifetime outside 
detector, erratum released this week:
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• Fresh off the press…a Belle update
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The
dashed line shows the limit from [1]. The solid line shows the limit that would be extracted
using the decay width formulae in this paper. For comparison, the lower dashed line shows
the limit from Belle [8].

⇡+µ�) for certain values of the lifetime ⌧N ; we interpolate between the given values,
and for very large ⌧N , where the typical decay length is far outside the detector,
we use a decay acceptance inversely proportional to the lifetime. The e↵ect of the
updated analysis, shown in Fig. 1, is substantial. To understand this, first note that
BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly proportional to ⌧N . With
this in mind, the di↵erences between our result and that of [1] come from two e↵ects:
At low values of mN (below 2 GeV), the change in eq. (3) leads to a substantially
smaller event rate at low values of mN (below 2 GeV). In this region, the N lifetime
is largely insensitive to the lifetime ⌧N . The reason for this is that the decay length is
su�ciently long that the decay acceptance is inversely proportional to ⌧N , cancelling
the factor of ⌧N from BR(N ! µ+⇡�). At high values of mN (above 3 GeV), the
updated ⌧N is significantly larger than before, leading to a larger BR(N ! µ+⇡�).
In this region, most N decays occur inside the detector and so this change is mainly
reflected in a larger signal rate predicted by theory and, consequently, stronger limits.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run II and beyond.
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derstanding the LHCb analysis. This work was supported by the U.S. Department
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The
dashed line shows the limit from [1]. The solid line shows the limit that would be extracted
using the decay width formulae in this paper. For comparison, the lower dashed line shows
the limit from Belle [8].

⇡+µ�) for certain values of the lifetime ⌧N ; we interpolate between the given values,
and for very large ⌧N , where the typical decay length is far outside the detector,
we use a decay acceptance inversely proportional to the lifetime. The e↵ect of the
updated analysis, shown in Fig. 1, is substantial. To understand this, first note that
BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly proportional to ⌧N . With
this in mind, the di↵erences between our result and that of [1] come from two e↵ects:
At low values of mN (below 2 GeV), the change in eq. (3) leads to a substantially
smaller event rate at low values of mN (below 2 GeV). In this region, the N lifetime
is largely insensitive to the lifetime ⌧N . The reason for this is that the decay length is
su�ciently long that the decay acceptance is inversely proportional to ⌧N , cancelling
the factor of ⌧N from BR(N ! µ+⇡�). At high values of mN (above 3 GeV), the
updated ⌧N is significantly larger than before, leading to a larger BR(N ! µ+⇡�).
In this region, most N decays occur inside the detector and so this change is mainly
reflected in a larger signal rate predicted by theory and, consequently, stronger limits.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run II and beyond.
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• LHCb can do better, but needs to include non-Cabibbo suppressed 
decays (e.g. leptonic Bc decays)
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Outline

• Tests of minimal see-saw (N only)
• ATLAS/CMS
• LHCb & B-factories

• Portal models
• Vector portal
• Scalar portal
• Other portals?
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Beyond the Minimal See-Saw

N

N

X

• New production modes independent of 
mixing angles

• Decay of N still proceeds via mixing
5

vector masses MV ⇠ 1 GeV and below can be consid-
ered as a dividing point below which the forward pro-
duction of V cannot be treated using the perturbative
QCD approach. For this paper, we conservatively con-
centrate on the QCD production, and restrict our study
to MV ⇠> 1 GeV, while noting that forward production
for smaller masses would require an approach involving
hadronic models.

The most favorable spectrum for RHN pair-production
is MV > 2MN , in which case on-shell V bosons produced
in the primary collisions subsequently decay to two N
particles. The partial decay width for V ! NN is given
by

�V !NN =
1

6

(g0)2

4⇡
MV

✓
1 � 4M2

N

M2
V

◆3/2

, (8)

while the decay rate of V to (approximately massless)
charged leptons, quarks, and neutrinos are given by

�V !`¯̀ = 2�V !⌫⌫̄ = 3�V !qq̄ =
1

3

(g0)2

4⇡
MV . (9)

Using these formulae, it is easy to see that the branching
ratio of a GeV-scale V boson to a pair of N fermions is
of O(10%).

Right-handed neutrino: The dominant production
mode we consider for N is the pair production mode
V ! NN as shown in Fig. 1. The decays of N , how-
ever, proceed through its couplings to electroweak gauge
and Higgs bosons (see Fig. 2): the couplings of N are
identical to the couplings of ⌫µ times the multiplicative

factor ✓µN . N can therefore decay via N ! W±(⇤)
µ⌥,

N ! Z(⇤)⌫µ, and N ! h(⇤)⌫µ. The decay of N depends
crucially on its mass. For illustrative purposes, we show
the leptonic decay rate, which in the limit MN ⌧ MW is

�N!µ`↵⌫↵ =
G2

FM5
N |✓µN |2

192⇡3
(↵ 6= µ),

�N!µµ⌫µ =
G2

FM5
N |✓µN |2

192⇡3
(1 + 4sW

2 + 8sW
4), (10)

where sW = sin ✓W is the weak mixing angle and GF

is the Fermi constant. For MN & 1 GeV, the hadronic
decay width has a similar structure, although with ad-
ditional color factors and quark mixing angle insertions.
The scaling of the decay rate with the mass can be un-
derstood by substituting ✓µN = ✓s�s from Eq. (5),

�N!µ`⌫ ' 10�15 eV ⇥ |✓µN |2
✓2s�s

✓
MN

1 GeV

◆4

. (11)

While �N scales like M5
N for fixed mixing angle, the mix-

ing angle predicted by the see-saw relation also scales as

M
1/2
N , leading to the fourth power scaling shown here.

We see, therefore, that the decay width is very small for
MN ⌧ MW and exhibits a very strong power-law depen-
dence on N . For MN & MW , the two-body decay modes

50 100 150 200 250
0.1

10

1000

105

107

MN (GeV)

cτ
N
(m
m
)

FIG. 6: Proper N decay distance as a function of the
RHN mass. In computing the lifetime, the mixing angle is
fixed by using the single-neutrino see-saw relation, Eq. (4),
for various LH neutrino masses. The curves shown are:
m⌫ =

p
�(m2

⌫)sol (upper solid); m⌫ =
p

|�(m2

⌫)atm| (middle
dashed); m⌫ = 0.23 eV (lower solid), which is equal to the
current Planck limit on the sum of the neutrino masses [12].

open and the width scales linearly with MN above this
value. Exclusive hadronic decay rates of N relevant for
very low masses can be found in [40].

Of particular relevance for us is that, for MN accessi-
ble at experiments such as SHiP and the LHC, the width
is su�ciently small that the decay of N typically occurs
on macroscopic scales for mixing angles ✓s�s. We show
the proper decay distance, c⌧N , as a function of MN for
various mixing angles motivated by the see-saw mecha-
nism in Fig. 6; we include all decay modes in this plot,
not just those shown in Eq. (10).

C. Existing Constraints on N

Most searches for RHNs do not assume any production
modes beyond their mixing with LH neutrinos. There are
several types of such direct search strategies for RHNs.
The most relevant constraints on RHNs for the regions
of parameter space relevant to us are shown in Figs. 4-5
[18, 38–46]. They include:

1. Searches for rare meson decays, such as K± ! µ±+
N (see, e.g. [47, 48]), via a modification of the
momentum spectrum of the charged lepton. The
rate for such processes scales as |✓µN |2.

2. Searches for N in beam-dump experiments (see,
e.g., [14, 44, 49]) via production of GeV-scale N
in the rare decays of bottom and charm quarks
(b ! cl�N , c ! sl+N) or kaons (K± ! µ±N),
with subsequent visible decays of N in a detec-
tor at some distance from the production target.
Due to the decay length of N exceeding the target-
detector separation distance, the signal in such
searches scales as the fourth power of mixing an-

solar neutrino osc.

Planck sum 
neutrino mass limit

• Can probe naïve see-saw parameters!
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Long-Lived Searches
• What do the X decay to NN look like? (resolved only for now)

N

µ±

`⌥

⌫`
N

µ±

NN

⌫µ

`+

`�

⌫µ

q

q̄

q

q̄0

ATLAS displaced lepton + tracks (1504.05162)  
ATLAS displaced jets (1504.03634)  

CMS displaced jets (1411.6530)  
CMS “displaced SUSY”

ATLAS displaced dilepton (1504.05162)  
CMS displaced dilepton (1411.6977)  
CMS “displaced SUSY” (1409.4789)

ATLAS displaced dilepton  
CMS displaced dilepton  
CMS “displaced SUSY”

ATLAS displaced jets  
CMS displaced jets
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The Vector Portal

Z 0
N

N

• Concrete scenario: vector V couples to B-L (all quarks, leptons); 
Drell-Yan production

Z 0
µ+

µ�⇠ 7.5% ⇠ 15%

1 5 10 50 100 500 1000
10-5
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0.001

0.010

0.100

1

MZ' (GeV)

g'

BaBar

Borexino

σhadronic(MZ) LEP II

CMS, 8 TeV
CMS, 7 TeV

CMS, 8 TeV (proj)

LEP I

V V

MV

Mohapatra, Marshak 1980; Huiti et al., 2008; Aguilar-Saavedra, 2009; 
Basso et al., 2009; Fileviez Perez, Han, Li 2009

see, e.g., Appelquist, Dobrescu, Hopper, 2002; …  
Hoenig, Samach, Tucker-Smith 2014; … 
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The Vector Portal
• How do they size up? (usual caveats about theorist recasts!)

ATLAS displaced jets (MS)  
CMS displaced dilepton  
CMS “displaced SUSY”

ATLAS displaced dileptons  
ATLAS displaced lepton + tracks  

8 TeV, 20/fb

Batell, Pospelov, BS, 2016
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The Vector Portal

ATLAS displaced jets (MS)  
CMS displaced dilepton  
CMS “displaced SUSY”

ATLAS displaced dileptons  
ATLAS displaced lepton + tracks  

• Sensitive to see-saw 
parameters, but V already 
strongly constrained!

Batell, Pospelov, BS, 2016
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The B-L See-Saw In The Future

DY  
 proj.

3

FIG. 3: Current constraints and future sensitivity to the
U(1)B�L model with MV /MN = 3. The shaded regions are
excluded by the indicated experiment. The projected reach
of our proposed searches for VB�L ! NN are shown in thick
curves from SHiP (left, dark blue) and the high-luminosity
LHC (3 ab�1): inner-detector displaced vertex search (light
blue) and muon spectrometer displaced vertex search (pur-
ple; solid for high background scenario, dashed for low back-
ground). The RH neutrino mixing angle is fixed using Eq. (5).
The thin black curves show the projected sensitivity of direct
searches for VB�L ! `+`� from Belle II (dotted), LHC Run
1 (dashed), and the high-luminosity LHC (dot-dashed).

Jumping ahead to the results of our study, we show
current constraints and projected future sensitivity from
the high-luminosity LHC and SHiP to the B � L model
with RHNs in Figures 3, 4 and 5. These figures show that
sensitivity to both a new B � L force and RHN mixing
parameters are poised to significantly improve in coming
years. In particular, both the high-luminosity LHC and
SHiP searches will be able to directly explore parts of the
parameter space motivated by the see-saw mechanism.

This paper is organized as follows: in the next section
we introduce scenarios with a new gauge force and discuss
its broad impact on the phenomenology of N . In section
3, we consider the pair production of N at the LHC and
estimate the sensitivity to the doubly-displaced decays
of N , comparing our results to the constraints on V that
can be derived from its direct decays into SM particles.
In section 4, we deduce the sensitivity to N at SHiP
via the production of V in proton collisions at a beam
dump, followed by the visible decays of N in a detector
far downstream from the beam dump. We reach our
conclusions in section 5.

II. RIGHT-HANDED NEUTRINOS AND NEW
GAUGE FORCES

The SM admits several possibilities for an additional
U(1)0 gauge force and its associated gauge boson, V ; this
is often called the “vector portal” or a “dark force”. The
most discussed SM extension in this category is the “ki-

FIG. 4: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�4. The shaded regions are excluded by the indi-
cated experiment. The thick blue curve shows the projected
reach of a SHiP search for N production in VB�L ! NN ,
while the thin dashed line shows the SHiP sensitivity to di-
rect N production through its mixing with LH neutrinos. The
thin dot-dashed curve shows the sensitivity for a near detec-
tor at DUNE to direct N production [32]. The shaded grey
band is the region preferred by the see-saw mechanism; see
Fig. 6 for more details.
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FIG. 5: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�3. The shaded regions are excluded by the in-
dicated experiment. The thick light blue curve shows the
projected reach at the high-luminosity LHC (3 ab�1) of our
proposed searches for displaced vertices in the inner detector
from VB�L ! NN , while the purple curves show sensitivity
for a search for displaced vertices in the muon spectrome-
ter (solid for high background scenario, dashed for low back-
ground). The shaded grey band is the region preferred by the
see-saw mechanism; see Fig. 6 for more details.

netic mixing” coupling, ✏Vµ⌫Bµ⌫/2 [33], where Vµ⌫ and
Bµ⌫ are the field strengths of the new vector particle V
and the SM hypercharge, respectively. After diagonaliz-
ing the kinetic term, V acquires a small charge to fields
carrying hypercharge. Since the RHNs, N , do not carry
hypercharge, V only couples to N via their mixing with

inner detector

MS

inner detector
MS

• Projections for 3000/fb

(no bkd)

• 1 DV with 1 muon (5 
tracks total), mtrack > 6 
GeV

• Require high-IP lepton not 
associated with 1st DV
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Batell, Pospelov, BS, 2016
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The Vector Portal
• Can also consider other vector portal scenarios…

• Now, dominant decays of V are into NN, DV searches only 
discovery mode

Kinetic Mixing Portal: L = �

2
Vµ⌫B

µ⌫ + g0VµN̄
c�µ�5N

Left-Right Symmetry: SU(2)L ⇥ SU(2)R

pp ! W±
R ! `±N

• Typically in high-mass regime, can get very boosted N 
(“neutrino jets”)

• Other possibilities: dipole couplings, …

Holdom, 1986

Pati, Salam 1974; Pati, Mohapatra, 1975; Mohapatra, Senjanovic, 1975
Keung, Senjanovic, 1983;  Frank et al., 2010; Das et al., 2012;  Han, Lewis, Ruiz, Si, 2012

Mitra, Ruiz, Scott, Spannowsky, 2016

Batell, Pospelov, BS, 
ongoing work
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The Scalar Portal
• Singlet scalar can also couple to N, mix with SM Higgs

N

N

µ+

µ�

h/hD h/hD

. 0.04%

Batell, Pospelov, BS, 
ongoing work

• Model-independent singlet-Higgs mixing angle < 0.3

• Current limits from DVs in Run1 are already ~ 0.01 from DVs in 
rare Higgs decays!!

Pilaftsis, 1999; Graesser, 2007; Shoemaker, Petraki, Kusenko, 2008; Garcia Cely et al., 2012; 
Dev et al., 2012; Gago et al., 2015; Accomando et al., 2016 
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Other Portals
• Other “types” of see-saw with new SM-charged fields

• Type II predicts existence of new triplet Higgs 

• Type III predicts existence of new triplet fermions that mix 
with SM leptons

Schecter and Valle, 1980; Magg and Wetterich, 1980;  Cheng and Li, 1980; …  
Pheno: Akeroyd, Aoki, 2005; Han et al., 2007; Akeroyd, Aoki, Sugiyama, 2007; Akeroyd, Chiang, 2009; Melfo et al., 2011; …

Foot, Lew, He, Joshi, 1980;  
del Aguila and Aguilar-Saavedra, 2008; Franceschini et al., 2008; Fileviez Perez, 2009; Li, He, 2009; Arhrib et al., 2014

• Or, the Higgs coupling to neutrinos could be different from SM

• e.g., leptophilic 2HDM
• larger Yukawa coupling than expected: enhance asymmetry 

from leptogenesis & give more “natural” parameters
BS, Yavin, 2014

Barnett et al., 1984; Barger, Hewett, Phillips, 1990; Grossman, 1994;  
Su and Thomas, 2009; Buckley, Field 2015; …
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Summary

• See-saw models generically predict macroscopic lifetimes within 
reach of LHC & SHiP, but rates can be small

• Need to “dig deeper” for low-mass RHNs, as well as more 
comprehensive searches for high-mass/portal production

• New right-handed neutrinos are well motivated targets for 
searches at colliders & can give spectacular signatures!
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Back-up slides
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Figure 1. Contours of the ratio of the average decay width of the heavy neutrinos to
their mass splitting in the inverse seesaw model. The LNV signal will be unobservable
in the shaded region with �N/�MN & 10.

The freedom provided by the small LNV parameter µS in (8) is the key feature of

the inverse seesaw mechanism, allowing us to fit the light neutrino data for any value

of light-heavy neutrino mixing, without introducing any fine-tuning or cancellations in

the light neutrino mass matrix (8) [141,142]. In essence, the magnitude of the neutrino

mass becomes decoupled from the heavy neutrino mass, thus allowing for a large mixing

V`N '
s

M⌫

µS
⇡ 10�2

s
1 keV

µS
. (9)

The heavy neutrinos NR and SL have opposite CP parities and form a quasi-Dirac state

with relative mass splitting of the order  = µS/MS. All LNV processes are usually

suppressed by this small mass splitting. For instance, in the one-generation case, the

light neutrino mass in (8) can be conveniently expressed as M⌫ ' V`NMD, in contrast

with V`NMD in the Type-I seesaw case [cf. (4)]. It should be noted here that the

approximately L-conserving models with quasi-degenerate heavy Majorana neutrinos

could provide a natural framework [143–146] for realizing the mechanism of resonant

leptogenesis [147–149], where the leptonic CP asymmetry is resonantly enhanced when

the mass splitting �MN is of the same order as the decay width �N .

As for the LNV signature at colliders, in a natural seesaw scenario with approximate

lepton number conservation, the LNV amplitude for the on-shell production of heavy

neutrinos at average four-momentum squared s̄ = (M2
N1

+M2
N2
)/2 can be written as

ALNV(s̄) = �V 2
`N

2�MN

�M2
N + �2

N

+O
✓
�MN

MN

◆
, (10)

for �MN . �N , i.e. for small mass di↵erence �MN = |MN1 �MN2 | between the heavy

neutrinos compared to their average decay width �N ⌘ (�N1 + �N2)/2. Thus, the LNV

plot taken from Deppisch, Dev, Pilaftsis, 2015



Ê

Ê

Ê

Ê Ê

Ê

Ê
Ê

1 2 3 4 5 6 7 80.1
1
10
100
1000

bin number
ev
en
ts

g*êZ+jets
tt

WZ+jets

O
SS

F1
, =

 Z

32

Resolved prompt decays
• Problem: these backgrounds are dominated by jets faking lepton

• A “fake simulator” for theorists has been proposed (Curtin, Galloway, Wacker 2013)

✏j!` =
pT-dependent  

probability
of jet faking  

lepton

⇥
map from jet  
kinematics to 

lepton kinematics

0b

CMS trilepton search (low HT, low MET)

O
SS
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, <

 Z

O
SS

F1
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SS

F0
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SS

F1
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 Z

O
SS

F1
, =

 Z

O
SS

F1
, >

 Z

O
SS

F0

1b

MadGraph 5 + Pythia 6 (matched)

Also checked method with ATLAS same-sign muon & CMS 
same-sign muon + jets analyses 
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The B-L See-Saw In The Future

• The ATLAS MS search is good & hard to model, so we refrain 
from further speculation there (but see Coccaro et al, 2016)  

• Displaced objects are quite soft (Z’ → 6 fermions), many 
searches require at least 1 very energetic lepton/object  

• Vertex reconstruction efficiency small in some searches  

• Other requirements can hurt, such as only using OS and/or OF 
leptons, vetoing additional leptons, …

Can we do better?
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The B-L See-Saw In The Future

• Exploit multi-lepton, multi-displaced signatures  

• Reduce thresholds/selections as much as trigger will allow  

• Suppress increased backgrounds by requiring additional, 
unassociated displaced lepton/object  

• Caution: analysis depends on theorist modelling, so should 
be taken with grain(s) of salt!

Test study:
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The B-L See-Saw In The Future

• Trigger: dimuon (each > 15 GeV; also considered > 25 GeV)  

• Require 1 DV with 1 muon (5 tracks total, > 1 GeV each), mtrack 
> 6 GeV, veto back-to-back leptons, require IP of tracks and 
radial vtx position to be > 1 mm  

• Require a high-IP lepton not associated with 1st DV  
 

• Apply lepton ID efficiencies, track ID efficiencies as function of 
impact parameter (borrowed from CMS)  

• We also did an analysis with more “pessimistic” track/DV 
tagging based on Liu, Tweedie 2015

Selections:



36

The B-L See-Saw In The Future11

to at least one lepton. This gives rise to a distinctive sig-
nature of one DV with a muon + several hadronic tracks,
and there is an additional displaced lepton unassociated
with the vertex. This is inspired by a combination of
the CMS “displaced supersymmetry” [67] analysis with
the ATLAS muon + tracks analysis [69]. The leptons
are required to be isolated from hadronic activity and a
flat identification e�ciency of 90% (70%) is applied for
muons (electrons). The leptons considered in the analysis
must have pT > 5 GeV (10 GeV) for muons (electrons),
although the leptons are typically harder than this in or-
der to pass the dilepton triggers. We require that the
event have a DV containing a muon and at least four
other tracks with pT > 1 GeV; the total invariant mass
of the tracks must exceed 6 GeV to suppress heavy-flavor
backgrounds. Back-to-back muons are vetoed to suppress
cosmic ray backgrounds.

In reconstructing displaced objects, we require dis-
placed tracks to have a transverse impact parameter
1 mm < |d0| < 30 cm, and we apply a |d0|-dependent
reconstruction e�ciency for each track [68]. We refrain
from using DV tagging e�ciencies from specific current
searches because we wish to consider the possibility of
searches that deviate from the current benchmarks for
vertex tagging. We require that tracks originate within
60 cm of the primary vertex in the radial direction (r0)
and 50 cm in the longitudinal direction (z0). Because this
method has been shown to over-estimate the vertex re-
construction e�ciencies in some current searches [79], we
also show results for a more pessimistic tagging scenario
based on approximate DV tagging e�ciencies derived in
Ref. [79] that appear to replicate current DV searches
with reasonable accuracy. In the pessimistic case, we
apply additional e�ciencies that penalize the reconstruc-
tion of tracks that originate close to the edge of the track-
ing system: these are linearly falling functions of |d0|, r0,
and |z0| that are fully e�cient at the primary vertex and
zero at the edge of the allowed region. We also apply an
additional reconstruction e�ciency for each vertex that
falls quadratically in |d0| from fully e�cient at the origin
to zero at |d0| = 30 cm.

Results: We employ the same MC simulation strat-
egy described in Section III B, with events generated atp

s = 14 TeV and assuming 3 ab�1 of integrated lumi-
nosity. The results for the baseline selections described in
the preceding section are shown in Figs. 3 and 5; it is evi-
dent that DV searches in V ! NN are not only poised to
discover the RHN predicted by the see-saw mechanism,
but that these searches may actually be the primary dis-
covery mode for new gauge interactions with MV . 400
GeV, surpassing even the most optimistic projection for
sensitivity to the dilepton resonance channel. The RHN
parameter space accessible by such a search is far re-
moved from the projected sensitivity of any other current
experiment, as shown in Fig. 5.

To assess the dependence of our results on the trig-
ger and vertex-reconstruction assumptions made in our
baseline selection, we also show the projected sensitivity
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FIG. 10: Projected sensitivity to V ! NN in searches
for pairs of displaced objects at the high-luminosity LHC
(MV /MN = 3). The sensitivity is shown for di↵erent signal
e�ciency working points: the baseline selection (blue solid),
higher threshold trigger (purple dotted), more pessimistic ver-
tex tagging e�ciency (brown thick dot-dashed), and higher
threshold trigger with pessimistic vertex tagging e�ciency
(green dashed); signal selections are described in the text. For
comparison, the projected reach of the HL-LHC to V ! `+`�

is also shown (black dot-dashed). The RH neutrino mixing
angle is fixed using Eq. (5).

for searches with higher trigger thresholds and/or more
pessimistic vertex reconstruction e�ciencies described
above. These results are shown in Figs. 10-11; the results
are qualitatively similar to the baseline selection and con-
tinue to have sensitivity to unexplored parameter space.
Higher trigger thresholds worsen sensitivity to small MV

since only events with hard initial state radiation pass the
higher threshold trigger, while higher masses are unaf-
fected. Because the more pessimistic tagging e�ciencies
penalize object reconstruction at larger decay length, the
HL-LHC sensitivity is worse at long lifetime (or, equiva-
lently, small |VµN |2 and low MN ) with these selections.
This is clearly seen in Fig. 11.

We also compare the results for our analysis to ex-
trapolations of the current Run 1 searches. To make a
fair comparison, we assume that upgrades to the detector
are su�cient to keep backgrounds low and show curves
for sensitivity to five signal events. All e�ciencies are
kept the same as the existing analyses. We do make two
changes to one analysis: in the CMS “displaced super-
symmetry” analysis [67], we additionally include same-
flavor lepton pairs10 and extend the vertex acceptance in

10 This is motivated, in part, by the observation that the back-
grounds for displaced eµ vertices is comparable to that for µµ
[69]. Without reconstructing a common vertex, cosmic rays be-
come more of a concern for events with two muons, but as the
cosmic rate is independent of instantaneous luminosity, this back-
ground should remain manageable; we impose the same cosmic
veto as in Ref. [68]. Ref. [81] found similarly small backgrounds
for displaced µ+µ�.

12
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FIG. 11: Projected sensitivity to RHN parameters from
searches for pairs of displaced objects at the high-luminosity
LHC (MV /MN = 3, g0 = 10�3). The sensitivity is shown
for di↵erent signal e�ciency working points as described in
Fig. 10.

|d0| out to 20 cm, consistent with other CMS analyses
[68]. We show the results in Fig. 12; the CMS “displaced
supersymmetry” is the most powerful, but appears not to
quite rival our proposed 2-DV analysis in part because of
the veto of events with more than two leptons and the re-
quirement that the leptons be of the opposite sign, which
reduces signal e�ciency to the RHN model. The other
searches do have sensitivity to currently unexplored pa-
rameter space, but face competition from the HL-LHC
dilepton resonance searches. These results show some
of the limitations of current searches and the prospects
for analyses that are optimized to the V ! NN signal
by requiring two displaced objects while simultaneously
relaxing other selections to improve signal e�ciency.

Finally, we comment that our proposed analysis ex-
ploits only one of the many signals associated with pairs
of RHN decay. Other signatures that we have not studied
in detail include fully hadronic DVs and missing energy
signatures in conjunction with displaced leptons. While
the typical momentum of these objects may be relatively
low, the sensitivity to the B�L model may be improved
relative to our results shown in Figs. 10-11 by combining
the results from multiple channels. In the event of the
discovery of a signal, the relative population of leptonic
and hadronic decay modes could provide valuable
evidence to distinguish the RHN model presented here
from other new physics scenarios. It may also be possible
to exploit lepton-number-violating signals to discern
the Majorana nature of the RHN (see also Refs. [82–89]).

Muon Spectrometer Searches: Due to the challenges
of simulating vertex reconstruction in the MS, we only
extrapolate Run 1 results to the HL-LHC; we require
two hadronic DVs in the MS and apply trigger and ver-
tex reconstruction e�ciencies from the ATLAS analysis
[70]. We choose the e�ciencies for the m⇡V = 25 GeV
scenario in Ref. [70] Hidden Valley model because, of

FIG. 12: Extrapolation to the high-luminosity LHC of cur-
rent displaced vertex search strategies. Sensitivity is shown
to V ! NN (MV /MN = 3). Searches considered are the
ATLAS displaced dilepton vertex search (blue, solid) [69];
ATLAS displaced muon + tracks vertex search (brown, dot-
ted) [69]; CMS displaced dilepton vertex search (green, dot-
dashed) [68]; a variant of the CMS displaced dilepton search
without vertex requirement (purple, dashed) [67]. For com-
parison, the projected reach of the HL-LHC to V ! `+`�

is also shown (black dot-dashed). The RH neutrino mixing
angle is fixed using Eq. (5).

the e�ciencies shown, it has the lowest-mass long-lived
state and best represents the relatively low-mass N de-
cays in our model. Nevertheless, we truncate our results
at 3MN = MV > 20 GeV to avoid extrapolating the AT-
LAS results into the low-mass regime where we have no
comparison of e�ciencies.

Our projections for the MS analysis are shown in
Figs. 3 and 5; in doing so, we consider two background
scenarios. In one, we assume that the Run 1 observed
background of two events scales linearly with luminos-
ity (along with an additional factor of two to approxi-
mately account for the higher energy of collisions) and
show the 2� signal sensitivity assuming only statistical
uncertainties; this corresponds to approximately 50 sig-
nal events at the HL-LHC. We also show sensitivity to
five signal events under the optimistic assumption that
improvements to detectors and/or tracking can suppress
the backgrounds. The improved reach shows the moti-
vation for developing new methods for suppressing back-
grounds at the HL-LHC if possible.

IV. SHIP SENSITIVITY TO RH NEUTRINOS

Beam dump experiments can provide a complemen-
tary probe of light RHNs and new gauge bosons: while
their limited center-of-mass energy restricts their sensi-
tivity to MV . 10 GeV, their high rate of collision allows
them to probe much smaller couplings than are possible
at the LHC. One example is the proposed SHiP experi-
ment at CERN [14], which would direct the energetic Su-
per Proton Synchrotron (SPS) proton beam onto a target

baseline  
stricter trigger  

more pessimistic tagging  
stricter trigger + more pessimistic tagging  


