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Energy Frontier @ LHC

• Exploring new energy regimes



• Expect new high-scale physics because of naturalness
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Energy Frontier @ LHC
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Energy Frontier @ LHC
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Energy Frontier @ LHC
• Should be easy to find new, high-mass physics

• ...but diminishing returns set in quickly
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Unsolved Mysteries of the SM

baryons antibaryons

R-parity
 violatio

n

electroweak 

baryogenesis

leptogenesis

LSPs

sterile neutrino DM

!DM ~ 5 !B

...........



7

The LHC is High Intensity
With 3000/fb @ 14 TeV:

• 700 billion W
• 100 billion Z
• 200 million H
• 2000 trillion B

From J. Stirling
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Low-Energy Signatures

To see signatures of sub-weak 
masses, should be spectacular

Examples:
• long-lived particles
• multileptons
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Low-Energy Signatures

Why long-lived?

c⌧(⇡±) ⇠ 10 m

c⌧(K0
L) ⇠ 1 cm

c⌧(D±) ⇠ 0.1 mm

c⌧(B±) ⇠ 0.1 mm

c⌧(J/ ) ⇠ 1 pm

• Small mixing angles
• Approximate symmetries
• Decays through heavy, off-

shell states (W)

Why multileptons?

baryons antibaryons
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Hidden Sector Portals
• Dominant couplings of new singlets are via renormalizable portals
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Outline

• Soft signatures of baryon and lepton number violation
• The neutrino portal and leptogenesis
• The Z’ portal: discovery of new B/L gauge forces

• Soft signatures of dark matter
• The vector portal and inelastic dark matter
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Motivations: Neutrino Masses

• Simplest UV completion: RH neutrinos (Type-I See-saw)

L⌫MSM = F↵IL↵�NI +
MI

2
N2

I (m⌫)↵� = h�i2(F M�1
N FT)↵�

• For fixed         and mν ~ 0.1 eV, we have

• Larger couplings also possible with additional symmetries

h�i2 MN ⇠ GeV

✓
F 2

10�14

◆

• Lepton asymmetry can also be generated by the decay of a 
primordial abundance of N

�(N ! L�) 6= �(N ! L̄�⇤) MN & 100 GeV

(Fukugita, Yanagida 1986)
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Motivations: Leptogenesis
• Asymmetry can also be generated by the production and oscillation of N

Akhmedov, Rubakov, Smirnov, hep-ph/9803255; Asaka, Shaposhnikov, hep-ph/0505013  
for more natural models & pheno, see BS, Yavin, 1401.2459 
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• Asymmetry lasts until after electroweak transition: MN . 100 GeV

becomes large  
at T ≫ M
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Motivations: Leptogenesis

MN . 100 GeV

• N can be directly discovered at accelerators!

• Also indirect probes (BS, Yavin, 1401.2459)
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Neutrinos at Colliders
• After EWSB, the LH and RH neutrinos mix

N ναsin θα
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Neutrinos at Colliders: Status

• Simplified Model
• MN

• |VμN| (single-flavour mixing)
Neutrinos and Collider Physics 12
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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
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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: proposed SPS  
fixed target expt.

LHC?

N

W+

µ+

µ+

d

ū
Deppisch, Dev, Pilaftsis, 1502.06541
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• Current strategy: fully reconstructible decay with same-sign leptons

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.

(arXiv:1501.05566)

(Keung, Senjanovic, 1983)

RH Neutrinos at Colliders: Status

• We propose cleaner fully leptonic signatures
Izaguirre, BS, 1504.02470

(Proposed for heavy, Dirac N: del Aguila, 
Aguilar-Saavedra 2008, +de Blas 2009) 
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Neutrinos at the LHC
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Prompt/Unboosted Signatures

W+
µ+

N

µ+

e�

⌫̄e Majorana gives striking OSSF-0 
signatures!
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Generic trilepton: large backgrounds 
from Z, top, diboson
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Prompt Neutrino Signatures
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SHiP  
proposal

• Require 2 same-sign muons, 1 electron (all isolated, pT > 10 GeV), 
trigger requirement, low hadronic/missing energy, kinematic cuts



• Hadronic displaced vertices also possible, but backgrounds 
could be very large (Helo, Hirsch, Kovalenko, 1312.2900)

µ

µJ
/ET

p p

lepton 
jet

21

MN ⌧ MW

Arkani-Hamed, Weiner, 0810.0714

Displaced/Boosted Signatures

W+
µ+

N

µ+

e�

⌫̄e

µ�



• By contract, leptonic backgrounds 
expected to be negligible
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Displaced/Boosted Signatures
µ

µJ
/ET

p p

lepton 
jet
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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
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1504.05162

• Also by extrapolation from 
existing 2-LJ searches  
 
(ATLAS: 1409.0746)



23

Displaced trilepton 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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The Z’ Portal: 
Discovery of new B/L forces

B. Batell, M. Pospelov, BS, arXiv:1603.xyzab
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B/L gauge forces at colliders
• Simplest anomaly-free extensions of the SM (B-L, Li - Lj, etc.)

VN ⇠
r

m⌫

MN

• For mν ~ 0.1 eV, MN ~ GeV, VN ~ 10-5
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B-L gauge forces at colliders
• Current constraints on B-L:

1 5 10 50 100 500 1000
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σhadronic(MZ) LEP II

CMS, 8 TeVCMS, 7 TeV

CMS, 8 TeV (proj)

• Drell-Yan rate enormous (~105 / GeV bin), sensitivity ~ 

Drell-Yan constraints recast from Hoenig, Samach, Tucker-Smith, 1408.1075
Borexino constraints from Harnik, Kopp, Machado, 1202.6073 

p
L
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B-L gauge forces at colliders
• N decays via (off-shell) W/Z

• Get displaced muon in > 50% of decays
• Use lepton triggers

N
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µ/⌫µ
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• Current searches are background-free but have high thresholds or 
unnecessary restrictions

g0 = 0.02

0.04
0.1

• CMS: displaced e + 
muon

(1409.4789)
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B-L gauge forces at colliders

Our approach: since current searches with 2 displaced leptons or 1 
displaced lepton at displaced vertex are bkd-free, we require both of 
these in same event at HL-LHC

• Overly conservative, can relax some kinematic/selection 
requirements
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B-L gauge forces at colliders
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• At best, Drell-Yan limits would be:
• Below Z: g’ ≲ 5⨉10-4 (MZ’ ~ 50-60 GeV)

• Above Z: g’ ≲ 10-3 (MZ’ ~ 150-400 GeV)

• SHiP can reach g’ ~ 10-5 (MZ’ ~ 1-10 GeV)!!
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The Vector Portal & 
Inelastic Dark Matter

E. Izaguirre, G. Krnjaic, BS, arXiv:1508.03050
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Discovering Dark Matter

• Generically strong constraints on low-mass dark matter

An Invitation: Dark Matter
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Z-mediated

h-mediated

W (loop) 
mediated

So far: mostly explored (well-motivated) scenario where DM coupled to SM through SM forces 
 What about DM not charged under SM?
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FIG. 4: The upper panel shows the fe↵ coe�cients as a function of DM mass for each of a range of SM final states, as indicated
in the legend. The V V ! 4X states correspond to DM annihilating to a pair of new neutral vector bosons V , which each
subsequently decay into e

+
e

�, µ+
µ

� or ⌧+
⌧

� (labeled by X). The lower panels show the resulting estimated constraints from
recent Planck results [8], as a function of DM mass, for each of the channels. The left panel covers the range from keV-scale
masses up to 5 GeV, and only contains results for the e

+
e

�, �� and V V ! 4e channels; the right panel covers the range
from 5 GeV up to 10 TeV, and covers all channels provided in the PPPC4DMID package [27]. The light and dark gray regions
in the lower right panel correspond to the 5� and 3� regions in which the observed positron fraction can be explained by DM
annihilation to µ

+
µ

�, for a cored DM density profile (necessary to evade �-ray constraints), taken from [36]. The solid yellow
line corresponds to the preferred cross section for the best fit 4-lepton final states identified by [37], who argued that models
in this category can still explain the positron fraction without conflicts with non-observation in other channels. The red and
black circles correspond to models with 4e (red) and 4µ (black) final states, fitted to the positron fraction in [38]; as in that
work, filled and open circles correspond to di↵erent cosmic-ray propagation models.

but its e↵ect is generally small (at the percent level).
In general, we see that the final states considered fall

into three categories:

• Final states where the bulk of the power pro-
ceeds into e

+

e

� and photons, where at masses
above 100 GeV the constraint approaches h�vi .
10�27(m�/1GeV) cm3/s.

• Annihilation to neutrinos, where the constraint
arises entirely from electroweak corrections, and is
negligible below ⇠ 200 GeV; at O(TeV) masses,
cross sections as low as a few ⇥10�23 cm3/s can be
constrained. Interestingly, this bound is competi-
tive with that placed by IceCube from observations
of galaxy clusters [41], the Galactic Center [42], and
the Milky Way halo [43], and unlike those limits is
independent of uncertainties in the local DM den-
sity, the DM distribution, and the amount of DM

substructure.

• A band with a width of roughly a factor of 150% in
h�vi that encompasses all the other channels stud-
ied, which at high masses corresponds to h�vi .
2� 3⇥ 10�27(m�/1GeV) cm3/s.

Accordingly, for any linear combination of these final
states that does not contain a significant branching ratio
for DM annihilation directly to neutrinos, one must have
h�vi . 3⇥10�27(m�/1GeV) cm3/s. It is thus challenging
to obtain the correct thermal relic cross section for s-wave
annihilating DM with mass much below m� ⇠ 10 GeV,
without violating these limits (although models with sup-
pressed annihilation at late times may still be viable,
e.g. asymmetric DM models or the scenarios proposed in
[44, 45]). At higher masses, the cross sections constrained
are well above the thermal relic value, but are highly rele-
vant for DM explanations of the positron excess observed

from Slatyer, 1506.03811

CMB/indirect detection direct detection
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Discovering Dark Matter

• By contrast, high-energy colliders can be tricky...

jet

DM

DM

jet

⌫
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Dark Matter in a Dark Sector
• In a dark sector, the situation can be flipped

A Broader Hidden Sector Paradigm

Beyond the SM physics that lives in a “dark sector”

SM Dark Sector

Mediator

Well-motivated by e.g. light (thermal) DM 
For light DM interactions between the DS and SM mediated by a light field

One organizing principle for probing it: focus on lowest-dimension allowed interactions:  
vector portal, Higgs portal, neutrino portal

✏⌫Lh ✏h|h|2|�|2✏Y B
µ⌫F 0

µ⌫

SM
dark 
sector

• Ex: inelastic dark matter

�1 �2

N N

�1

�2
f

f̄

(Tucker-Smith, Weiner, hep-ph/0101138)

E
collider

� �M � Ekin

DM
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Dark Matter in a Dark Sector

• For large splittings, decays of heavier DS states give hard objects

�1

�1

j

j

q̃

q̃⇤ (Chang et al., 1307.8120; An et al., 1308.0592; Bai, 
Berger, 1308.0612; Papucci, Vicchi, Zurek, 1402.2285; 

Primulando, Salvioni, Tsai, 1503.04204)

• For small splittings, get conventional monojet plus additional soft 
radiation from heavier DS decay Phenomenology of  iDM

p

p

XSM

Production

�2

�1

Conveniently, decay of  excited state occurs within LHC detectors and at displaced vertex  
(for much thermal-target parameter space)

XSM

�1

�2 c⌧�2 ⇠ O(meter)
Smoking gun signature! 

ISR jet + MET 
+ soft displaced leptons/photon

Not being searched for. Could fall under the radar so far

(Bai, Tait, 1109.4144; Izaguirre, Krnjaic, BS, 1508.03050)

• Similar to compressed SUSY searches
Recent examples: Giudice et al., 1004.4902; Gori et al., 1307.5952; Buckley et 
al., 1310.4827, and many others...
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An Inelastic Benchmark

• Dark matter with Higgsed dark QED

 

 ̄

A0

L � �M  ̄ +
yh�i
2

 ̄c + h.c.

(Izaguirre, Krnjaic, BS, 1508.03050)

M � yh�i

M1,2 ⇡ M ±�/2 � ⌘ 2yh�i

• Parity conservation = off-diagonal
A0

�2

�1

J µ
� = i

⇣
�†
2�̄

µ�1 � �†
1�̄

µ�2

⌘
+O(�/M)
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An Inelastic Benchmark

• Coupling to SM comes from kinetic mixing

A0 A

L
mix

= � ✏

2
Fµ⌫F

0µ⌫

LA0�SM ⇡ e✏Jµ
SMA0

µ

A0
f̄

f

• We consider the spectrum hierarchy � ⌧ M1,2 . MA0

See also: “Secluded DM”, Pospelov, Ritz, Voloshin, 0711.4866;  
Autran et al., 1504.01386; Bai et al., 1504.01395; Buschmann et al., 1505.07549
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Inelastic Freeze-out
A Viable DM Candidate?

DM could have obtained its present abundance from thermal freeze-out

In the early universe, in thermal contact with SM predominantly through

�1

�2

SM

SM

Co-annihilation most efficient when 

� = m2 �m1 ⌧ m1

In this talk: Will focus on unexplored territory of  100 MeV - 100 GeV

y ⌘ ✏2↵D

✓
M1

MA0

◆4

h�vi / ✏2↵DM2
1

M4
A0

=
y

M2
1

• Abundance depends on y, M1, while lab constraints depend on ε, MA’

• Choose large value of αD to avoid over-stating bounds
(Izaguirre et al., 1505.00011)

(MA0 � M1)

• Many parameters -- choose a parameterization that connects freeze-
out to lab probes
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Inelastic Freeze-out

j

A0

A0(⇤) `+

`�

�2

�1

�1

q

g

• Collider production:

• Also have bounds from EWPT, monophoton, compressed SUSY
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Current Status
Dark Photon Model: Thermal Target to Aim For
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Vast unexplored (thermal) territory!

EI, Krnjaic, Shuve, 1508.03050

Smaller        

would overstate sensitivity 
of  various experiments

Similarly for smaller ↵D

e.g. B-factory signal yield

e+

e�

�

A0

N ⇠ ✏2↵

E2
CM

mA0 = 3m1
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Vast unexplored (thermal) territory!

mA0 = 3m1

↵D = 0.1
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Improving the Searches

�2

�1

A0(⇤)

`�

`+

• Get displaced decay!

• The leptons are typically soft, so trigger on monojet + MET

��2 ⇠ ↵↵D✏2�5

M4
A0

• The DM produced through on-shell A’, so typically boosted

Δ = 0.4 m1

Δ = 0.1 m1

0.05 0.10 0.15 0.20 0.25

5

10

15

20

25

ΔR tracks

Pe
rc
en
tE
ve
nt
s

m1 = 5 GeV , mA' = 3 m1

�R`+`�

m1 = 5 GeV
mA0 = 3m1

� = 0.1m1

� = 0.4m1

m1 = 50 GeV

m1 = 5 GeV

0.2 0.4 0.6 0.8
0.1

1

10

100

Δϕ tracks, MET

Pe
rc
en
tE
ve
nt
s

mA' = 3 m1 , Δ=0.1m1

��(/ET, `
+`�)

� = 0.1m1
mA0 = 3m1

m1 = 5 GeV

m1 = 50 GeV



41

Improving the Searches
µ

µJ
/ET

p p

j
• Monojet + soft displaced lepton jet + MET

• Require
• Leading jet pT > 120 GeV, veto 3rd jet pT > 30 GeV
• Two displaced muon tracks, pT > 5 GeV, crossing within 1 mm of 

one another
• ∆R < 0.4 between muons
•                    between lepton jet and MET

/HT > 120 GeV

|��| < 0.4

• Could be background free:  
plot sensitivity for ten signal events
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LHC Results
LHC8
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work here!
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What About Low-Mass DM?

• Can use a lower energy collider to study these scenarios!

LHC: 13 TeV

BaBar/Belle II: 10.6 GeV
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Other Collider Probes

1. BaBar:

• Monophoton trigger for ~60/fb
• Look for monophoton + displaced vertex (between 1-50 cm) 
• Need DV discrimination of 100-1000 for background-free search 

2. Belle II:

• Looks like it will be instrumented with a monophoton trigger
• Bounds from monophoton + missing energy search when 

tracks are below threshold/outside detector

(Essig et al., 1309.5084)
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LHC ResultsDark Photon Model Results

LHC displaced: 10 signal events at 13 TeV with 300/fb
3

LHC8

Re
lic
De
nsi
ty

LHC
displaced

Hg-2Lm LEP

BaBar

BaBar
displaced

Missing
Momentum

Belle II

0.1 1 10 100
10-10

10-9

10-8

10-7

10-6

10-5

10-4

m1 HGeVL

y
=
e2
a
D
Hm 1ê

m
A'
L4

Fermion Thermal Relic iDM, D = 0.1 m1

Re
lic
De
nsi
ty

LHC
displaced

Hg-2Lm LEP

BaBar

LHC8

BaBar
displaced

Belle II

0.1 1 10 100
10-10

10-9

10-8

10-7

10-6

10-5

10-4

m1 HGeVL

y
=
e2
a
D
Hm 1ê

m
A'
L4

Fermion Thermal Relic iDM, D = 0.2 m1

Re
lic
De
nsi
ty

LHC
displaced

Hg-2Lm

LEP

BaBar

LHC8

BaBar
displaced

Belle II

0.1 1 10 100
10-10

10-9

10-8

10-7

10-6

10-5

10-4

m1 HGeVL

y
=
e2
a
D
Hm 1ê

m
A'
L4

Fermion Thermal Relic iDM, D = 0.3 m1

Re
lic
De
nsi
ty

LHC
displaced

Hg-2Lm
BaBar

LEP

LHC8

BaBar
displaced

Belle II

0.1 1 10 100
10-10

10-9

10-8

10-7

10-6

10-5

10-4

m1 HGeVL

y
=
e2
a
D
Hm 1ê

m
A'
L4

Fermion Thermal Relic iDM, D = 0.4 m1

FIG. 2: Collider projections for fermionic iDM in the dark photon model with ↵D = 0.1 and mA0
/m1 = 3 vs. thermal relic

density target and other constraints. For LHC projections (red dashed), we consider a jet + /

ET + displaced lepton-jet topology
in 13 TeV running with 300 fb�1. For B-factory projections, we consider existing constraints from BaBar on photon + /

E (green
solid), projected reach of photon + /

E + displaced lepton signatures (green dashed), and projections for a possible Belle II
monophoton + /

E search (purple dashed). See Sec. III for details. For � = 0.1m1, we also show the projection for a proposed
fixed-target missing-momentum experiment (orange dashed) drawn from Ref. [61]; since this search would veto visible energy
from �2 de-excitation, we conservatively assume it only has sensitivity to � = 0.1m1. Also shown are constraints from LEP
[62] and (g � 2)µ [9], whose sensitivities do not scale with y; see Sec. V. Both experimental constraints are only sensitive to the
visible coupling ✏ and mA0 . To avoid overstating these bounds, we conservatively show their y contours for the reasonably large
values of ↵D and mA0

/m1 given above, which reveals most of the allowed parameter space (see Sec. II). For smaller values of
↵D(m1/mA0)4, as shown in Fig. 3, the y-reach for these bounds is greater and shifts linearly downwards to cover more of the
thermal relic line. The jagged spikes represent annihilation to hadronic final states as discussed in Appendix A.
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¯ff ⇠ ✏Y cos ✓W eQf , so the visible sector
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After U(1)D symmetry breaking, the DM charge eigen-
states will generically mix, giving rise to a split spectrum
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Dark Photon Model Results
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FIG. 2: Collider projections for fermionic iDM in the dark photon model with ↵D = 0.1 and mA0
/m1 = 3 vs. thermal relic

density target and other constraints. For LHC projections (red dashed), we consider a jet + /

ET + displaced lepton-jet topology
in 13 TeV running with 300 fb�1. For B-factory projections, we consider existing constraints from BaBar on photon + /

E (green
solid), projected reach of photon + /

E + displaced lepton signatures (green dashed), and projections for a possible Belle II
monophoton + /

E search (purple dashed). See Sec. III for details. For � = 0.1m1, we also show the projection for a proposed
fixed-target missing-momentum experiment (orange dashed) drawn from Ref. [61]; since this search would veto visible energy
from �2 de-excitation, we conservatively assume it only has sensitivity to � = 0.1m1. Also shown are constraints from LEP
[62] and (g � 2)µ [9], whose sensitivities do not scale with y; see Sec. V. Both experimental constraints are only sensitive to the
visible coupling ✏ and mA0 . To avoid overstating these bounds, we conservatively show their y contours for the reasonably large
values of ↵D and mA0

/m1 given above, which reveals most of the allowed parameter space (see Sec. II). For smaller values of
↵D(m1/mA0)4, as shown in Fig. 3, the y-reach for these bounds is greater and shifts linearly downwards to cover more of the
thermal relic line. The jagged spikes represent annihilation to hadronic final states as discussed in Appendix A.
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Other Possibilities

• Can use monojet + soft object tagging for other DM scenarios

• E.g., doublet/“pure Higgsino”

H̃±

H̃0
c⌧(H̃± ! H̃0⇡±) ⇠ 5 mm

• Disappearing charged track, but too short!

Thomas, Wells, hep-ph/9804359, ...
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Other Possibilities

• Instead, use photon FSR
q

g

q0

W±
H̃±

H̃0

�

• Helps when systematics 
dominated

HL-LHC

(Ismail, Izaguirre, BS, preliminary!)

100 TeV, 3/ab
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Summary

• Many diverse models and frameworks predict similar signatures

• Let’s hope for discovery in both high- and low-mass new physics!

• In many cases backgrounds are so low that a discovery is possible 
even in very soft final states

• New physics at or below the weak scale is motivated by 
naturalness, dark matter, baryogenesis, and neutrino masses
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Back-up slides
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• The CP-violating rate comes from the interference of the diagrams
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• Asymmetry is larger for oscillation at later times because integration time is longer
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Neutrinos and Collider Physics 8
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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
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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

F1
, <

 Z

O
SS
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, >

 Z

O
SS

F0

O
SS

F1
, <

 Z

O
SS

F1
, =

 Z

O
SS

F1
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 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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Lepton jets from RH neutrinos
• ATLAS has a lepton jet search, but it is for a pair of muon jets

• Veto reconstructed tracks in inner detector (no displaced vertex 
reconstruction), but require track impact parameter to be in inner detector

• They see ~10 background events

• There are some unknowns in extrapolating results to single lepton jet
• Extrapolation based on single cosmic muon flux gives vanishing result!
• Can get “muon bundles” from muon trident production 
• Single cosmic muon can fake back-to-back muons from inner detector

µ�
µ�

µ+ X
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B/L gauge forces at colliders
• N decays via (off-shell) W/Z

• Get displaced muon in > 50% of decays
• Use lepton triggers

• Current searches have high thresholds, unnecessary restrictions
• 1 electron and 1 muon, not required to reconstruct vertex, > 1 mm displacement, 0.05 bkd 

events (CMS, 1409.4789)

• Pair of electrons or muons at vertex, mℓℓ > 15 GeV, > 0.2 mm displacement, 0 bkd event 
prediction with 0 bkd in control region (CMS, 1411.6977)

• Pair of leptons at vertex, leading lepton > 50-100 GeV, mℓℓ > 6 GeV, ≳ 1 mm displacement, 
10-3 bkd events (ATLAS, 1504.05162)

• Muon + at least 4 tracks at vertex, muon > 50 GeV, mℓℓ > 6 GeV, ≳ 1 mm displacement, 
10-3 bkd events (ATLAS, 1504.05162)

• We require one of the above + some other displaced object → expect bkd-free

N

W/Z

µ/⌫µ
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g’ = 0.001, mV = 3mN
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iDM Lifetimes
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Improving the Searches

• For small splittings, leptons are 
soft, so trigger on monojet + MET
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FIG. 10: pT distributions for the leading and subleading muons in �2 ! �1µ
+

µ

� decays at the LHC at
p

s = 13 TeV in the
A

0-mediated scenario for representative masses and splittings.

We expect backgrounds from resonances (arising from
the decay of a hadron, or through radiative return)
in this channel to be low, particularly after requiring
significant /E and removing dilepton pairs consistent with
hadronic resonances. Studies of backgrounds in related
searches for B0 ! J/ � [99] and radiative decays of
⌥ ! �(A0 ! µ+µ�) [100] (where A0 is a light exotic
scalar) suggest that this may indeed be the case for our
proposed channel. Additionally, from Ref. [101], another
potential background is that from �⇡+⇡�, and �� with
one of the � converting to a `+`� pair. However, the
former can be reduced with the requirement that the
tracks originate from a high impact parameter vertex,
and the both the former and the latter could be reduced
through a combination of a missing mass cut and a cut
on the invariant mass of the tracks.

Results: The above proposed searches at BaBar prove
complementary to the searches at the LHC that we ad-
vocate. In particular, we find they have the poten-
tial to cover thermal-relic territory for the O(10)% frac-
tional mass splittings that are the focus of our analysis.
Figs. 2 – 4 illustrate the potentially powerful reach that
BaBar could achieve with a dedicated monophoton + dis-
placed tracks search. Additional improvements could be
achieved by future B-factories [96] depending on whether
or not they are instrumented with a monophoton trigger,
especially outside of the control region where the sensitiv-
ity scales as

pL; therefore, our analysis provides further
motivation for the development of a monophoton trigger
for Belle II.

B. Magnetic Dipole Interaction

LHC

The second simplified model we consider is dark matter
coupled inelastically via a magnetic dipole moment (see
Sec. II). In this scenario, the excited DM state �

2

decays
via �

2

! �
1

+ �. We are interested specifically in the
m� ⇠ 100 MeV-100 GeV, O(10%) splitting inelastic limit
considered earlier. As before, the decay products of �

2

!
�
1

+ � are typically too soft to serve as the main trigger
objects, and so we rely on the associated production of
a high-p

T

jet. Thus, we predict a pp ! j + /E
T

+ �
signature. Existing work has studied the scenario with
a hard photon originating from larger splittings between
DM states in both the prompt and long-lived limits [40,
47].

There are two principal distinctions between the dipole
scenario and the dark photon considered earlier. The
dipole is a dimension-5 operator, and so the decay width
of �

2

through the dipole µ� in the limit of small splittings
� goes like � ⇠ µ2

��3 (see Appendix A); by contrast, de-
cays through an o↵-shell dark photon scale like �5/m4

A0

and is suppressed by 3-body phase space. As a result,
the decays are prompt over a wide range of the dipole
parameter space, and consequently the backgrounds are
significantly larger than in the displaced muon jet anal-
ysis. Furthermore, it is more challenging to reconstruct
soft photons than soft muons, with the photon recon-
struction e�ciency > 0.5 only above E

T

= 15 GeV (see,
for example, Ref. [102]). Thus, the sensitivity of a dedi-
cated search for the existence and kinematics of the soft
photon is lower than for the dimuons. Nevertheless, we
find that dedicated monojet + photon + missing energy
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FIG. 10: pT distributions for the leading and subleading muons in �2 ! �1µ
+

µ

� decays at the LHC at
p

s = 13 TeV in the
A

0-mediated scenario for representative masses and splittings.

We expect backgrounds from resonances (arising from
the decay of a hadron, or through radiative return)
in this channel to be low, particularly after requiring
significant /E and removing dilepton pairs consistent with
hadronic resonances. Studies of backgrounds in related
searches for B0 ! J/ � [99] and radiative decays of
⌥ ! �(A0 ! µ+µ�) [100] (where A0 is a light exotic
scalar) suggest that this may indeed be the case for our
proposed channel. Additionally, from Ref. [101], another
potential background is that from �⇡+⇡�, and �� with
one of the � converting to a `+`� pair. However, the
former can be reduced with the requirement that the
tracks originate from a high impact parameter vertex,
and the both the former and the latter could be reduced
through a combination of a missing mass cut and a cut
on the invariant mass of the tracks.

Results: The above proposed searches at BaBar prove
complementary to the searches at the LHC that we ad-
vocate. In particular, we find they have the poten-
tial to cover thermal-relic territory for the O(10)% frac-
tional mass splittings that are the focus of our analysis.
Figs. 2 – 4 illustrate the potentially powerful reach that
BaBar could achieve with a dedicated monophoton + dis-
placed tracks search. Additional improvements could be
achieved by future B-factories [96] depending on whether
or not they are instrumented with a monophoton trigger,
especially outside of the control region where the sensitiv-
ity scales as

pL; therefore, our analysis provides further
motivation for the development of a monophoton trigger
for Belle II.

B. Magnetic Dipole Interaction

LHC

The second simplified model we consider is dark matter
coupled inelastically via a magnetic dipole moment (see
Sec. II). In this scenario, the excited DM state �

2

decays
via �

2

! �
1

+ �. We are interested specifically in the
m� ⇠ 100 MeV-100 GeV, O(10%) splitting inelastic limit
considered earlier. As before, the decay products of �

2

!
�
1

+ � are typically too soft to serve as the main trigger
objects, and so we rely on the associated production of
a high-p

T

jet. Thus, we predict a pp ! j + /E
T

+ �
signature. Existing work has studied the scenario with
a hard photon originating from larger splittings between
DM states in both the prompt and long-lived limits [40,
47].

There are two principal distinctions between the dipole
scenario and the dark photon considered earlier. The
dipole is a dimension-5 operator, and so the decay width
of �

2

through the dipole µ� in the limit of small splittings
� goes like � ⇠ µ2

��3 (see Appendix A); by contrast, de-
cays through an o↵-shell dark photon scale like �5/m4

A0

and is suppressed by 3-body phase space. As a result,
the decays are prompt over a wide range of the dipole
parameter space, and consequently the backgrounds are
significantly larger than in the displaced muon jet anal-
ysis. Furthermore, it is more challenging to reconstruct
soft photons than soft muons, with the photon recon-
struction e�ciency > 0.5 only above E

T

= 15 GeV (see,
for example, Ref. [102]). Thus, the sensitivity of a dedi-
cated search for the existence and kinematics of the soft
photon is lower than for the dimuons. Nevertheless, we
find that dedicated monojet + photon + missing energy

subleading

leading
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Backgrounds
• Random track crossings

• Can’t do first principles estimate
• We look at QCD events (pTj > 120 GeV, no MET cut) and find the efficiency for  

two isolated muon tracks satisfying the signal requirements
• We find no events, bounds QCD contribution < 100 fb
• Adding requirement for additional invisible Z/W, kinematic requirements leads 

to expectation of ≲ few events

2. Photon conversion to muons

• Cross section for Z + jet + gamma is ~ 100 fb after jet pT, photon ET cut
• Even though the probability for conversion to leptons is O(1), the ratio of e/mu is

3. Pile-up crossings
• Since LJ is collinear with χ2, require that muons point back to same vertex as jet

�(� ! µµ)

�(� ! ee)
⇠ m2

e

m2
µ
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