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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
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Evidence for “Hidden Sector”

baryons antibaryons

• No definitive mass scale for 
new physics

• In many well-motivated models, 
have new particles in GeV range
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Dark Sector Portals
• Hidden sector singlets dominantly couple to SM via portals
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• Often have either associated 
production with SM objects or 
production of multiple hidden-
sector particles

• Low-mass particles can be challenging!

Discovering Hidden Sectors @ LHC

• How to trigger on ~1-100 GeV 
mass particles?

• Will focus on “simple” (non-
shower) scenarios
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This Talk
• Will look at a few example hidden sectors where triggering or 

reconstruction is challenging
• Hidden U(1) model
• Right-handed or sterile Majorana neutrinos

• Get both prompt and long-lived signatures

• Motivations to trigger on associated objects, and/or maintain low-
threshold, high multiplicity triggers

• For signatures from exotic Higgs decays, see Jessie’s talk 
tomorrow
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Hidden U(1) Model
• Dark photon (A’) couples to SM via kinetic mixing with the 

photon and Z boson
Holdom, Phys.Lett. 166B (1986) 196-198 

• This couples the A’ to the SM fermions
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

• Can search for dilepton resonances:

LHCb, arXiv:1710.02867
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Hidden U(1) Model
• Spontaneous symmetry breaking in the hidden sector due to a 

dark Higgs can give rise to dark photon mass

• In this case, the same interaction that gives rise to A’ mass also 
leads to new production mechanism

A0 A0

hD

2

Z

A0

A0

A0

hD

FIG. 1: Feynman diagram illustrating dark Higgs (hD)
and dark photon (A0) production in rare Z boson
decays. The dark photons in hD decay can be on- or
o↵-shell.

cays into leptons and a dark gauge boson [30], as well
as in decays of the SM Higgs boson [18, 31–33]. Finally,
Ref. [34] evaluated the prospects for discovering A

0 and
hD via Higgs-strahlung at future lepton colliders, where
they focused on decays to invisible hidden-sector states.

While our study is phenomenologically driven, we
demonstrate sensitivity to models of hidden sectors that
are well motivated by various shortcomings of the SM,
especially the need to account for dark matter but also
potentially outstanding problems in neutrino physics and
other areas. Indeed, low-mass dark matter scenarios are
typically only viable with additional low-mass mediators
in the hidden sector [8, 35, 36]. Hidden sectors can also
generically arise in ultraviolet completions of the SM such
as string theory [37–39].

We outline our benchmark hidden-sector model in Sec-
tion II. We then enumerate the signatures of rare Z decay
into the hidden sector, focusing on signals with high lep-
ton multiplicities and hidden-sector resonances. We give
projected LHC sensitivities to prompt hidden-sector sig-
nals in Section III and we discuss displaced signals in
Section IV. Our outlook is given in Sec. V.

II. AN ABELIAN HIDDEN SECTOR

The benchmark model we consider is one of the sim-
plest examples of a hidden sector: a minimal U(1)D gauge
interaction spontaneously broken by a non-decoupled
Higgs field. The model is specified by the following La-
grangian:

L � �
1

4
F

0
µ⌫
F

0µ⌫ +
"Y

2
F

0
µ⌫
B

µ⌫

+ |@µHD � ieDA
0
µ
HD|

2
� V (H,HD), (1)

where F
0µ⌫ (Bµ⌫) is the U(1)D (hypercharge) field

strength, eD =
p

4⇡↵D is the U(1)D gauge coupling, and

V is the scalar potential

V (H,HD) = �µ
2
H

|H|
2

� µ
2
HD

|HD|
2 + |H|

2
|HD|

2

+ �|H|
4 + �D|HD|

4
. (2)

The SM and dark Higgs acquire vacuum expectation val-
ues (VEVs) hHi = (0, v/

p
2) and hHDi = vD/

p
2, break-

ing the electroweak and U(1)D gauge symmetries, respec-
tively. As a result, gauge eigenstates undergo mixing [26].
For a recent review of the model, see Ref. [32].

The kinetic and mass terms for the gauge bosons can
be simultaneously diagonalized using the transformation
(to leading order in "Y and ✓Z)

Zµ ! Zµ � (✓Z + " tan ✓W)A0
µ
, (3)

A
0
µ

! A
0
µ

+ ✓ZZµ, (4)

Aµ ! Aµ + "A
0
µ
, (5)

where " ⌘ "Y cos ✓W, ✓W is the weak mixing angle, and

✓Z = �
" tan ✓W m

2
Z

m
2
Z

� m
2
A0

+ O("3) (6)

is the gauge-boson mixing angle. The Z and A
0 bosons

have masses equal to the unshifted values at O("), while
the photon A remains exactly massless.

The scalar states can also undergo mixing after gauge-
symmetry breaking. The mass eigenstates are

✓
h

hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
h

(0)

h
(0)
D

◆
, (7)

where h
(0)

, h
(0)
D are the CP -even gauge eigenstate com-

ponents of H and HD, respectively. In the limit of small
mixed quartic coupling , the h � hD mixing angle is
given by

sin ✓h ⇡


2

vvD

�Dv
2
D � �v2

. (8)

Except where otherwise noted, we assume that the dom-
inant hidden-sector portal to the SM is via the coupling
between gauge bosons, ".

Because the U(1)D gauge symmetry is spontaneously
broken, the masses of hidden-sector particles are related
to the symmetry-breaking parameter. In particular, the
dark Higgs VEV gives a mass to the dark gauge boson,
leading to a dark Higgs-strahlung hD �A

0
�A

0 vertex by
analogy with the symmetry breaking pattern in the SM.
After the vector and scalar eigenstates mix, we obtain
the following mass-basis Lagrangian:

L � ghDA0Z hDA
0
µ
Z

µ+ghDA0A0 hDA
0
µ
A

0µ+g
A0f̄f A

0
µ
f̄�

µ
f,

(9)
along with additional terms not relevant for the phe-
nomenology we study. The approximate couplings may
be expressed simply in the mA0 ⌧ mZ limit,

ghDA0Z = 2eD✓Z cos ✓hmA0 , (10)

ghDA0A0 = e
2
DvD, (11)

g
A0f̄f = "eQf . (12)

• The analogous process                               has been searched for at 
B-factories (and can provide best limits on A’!)

e+e� ! A0hD

Blinov, Izaguirre, BS, arXiv:1710.07635

Batell, Pospelov, Ritz, arXiv:0903.0363  
BABAR, arXiv:1202.1313; Belle, 1502.00084
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Hidden U(1) Model in Rare Z Decays
• Most interested in masses above 10 GeV, out of reach of B-factories

2

Z

A0

A0

A0

hD

FIG. 1: Feynman diagram illustrating dark Higgs (hD)
and dark photon (A0) production in rare Z boson
decays. The dark photons in hD decay can be on- or
o↵-shell.

cays into leptons and a dark gauge boson [30], as well
as in decays of the SM Higgs boson [18, 31–33]. Finally,
Ref. [34] evaluated the prospects for discovering A

0 and
hD via Higgs-strahlung at future lepton colliders, where
they focused on decays to invisible hidden-sector states.

While our study is phenomenologically driven, we
demonstrate sensitivity to models of hidden sectors that
are well motivated by various shortcomings of the SM,
especially the need to account for dark matter but also
potentially outstanding problems in neutrino physics and
other areas. Indeed, low-mass dark matter scenarios are
typically only viable with additional low-mass mediators
in the hidden sector [8, 35, 36]. Hidden sectors can also
generically arise in ultraviolet completions of the SM such
as string theory [37–39].

We outline our benchmark hidden-sector model in Sec-
tion II. We then enumerate the signatures of rare Z decay
into the hidden sector, focusing on signals with high lep-
ton multiplicities and hidden-sector resonances. We give
projected LHC sensitivities to prompt hidden-sector sig-
nals in Section III and we discuss displaced signals in
Section IV. Our outlook is given in Sec. V.

II. AN ABELIAN HIDDEN SECTOR

The benchmark model we consider is one of the sim-
plest examples of a hidden sector: a minimal U(1)D gauge
interaction spontaneously broken by a non-decoupled
Higgs field. The model is specified by the following La-
grangian:

L � �
1

4
F

0
µ⌫
F

0µ⌫ +
"Y

2
F

0
µ⌫
B

µ⌫

+ |@µHD � ieDA
0
µ
HD|

2
� V (H,HD), (1)

where F
0µ⌫ (Bµ⌫) is the U(1)D (hypercharge) field

strength, eD =
p

4⇡↵D is the U(1)D gauge coupling, and

V is the scalar potential

V (H,HD) = �µ
2
H

|H|
2

� µ
2
HD

|HD|
2 + |H|

2
|HD|

2

+ �|H|
4 + �D|HD|

4
. (2)

The SM and dark Higgs acquire vacuum expectation val-
ues (VEVs) hHi = (0, v/

p
2) and hHDi = vD/

p
2, break-

ing the electroweak and U(1)D gauge symmetries, respec-
tively. As a result, gauge eigenstates undergo mixing [26].
For a recent review of the model, see Ref. [32].

The kinetic and mass terms for the gauge bosons can
be simultaneously diagonalized using the transformation
(to leading order in "Y and ✓Z)

Zµ ! Zµ � (✓Z + " tan ✓W)A0
µ
, (3)

A
0
µ

! A
0
µ

+ ✓ZZµ, (4)

Aµ ! Aµ + "A
0
µ
, (5)

where " ⌘ "Y cos ✓W, ✓W is the weak mixing angle, and

✓Z = �
" tan ✓W m

2
Z

m
2
Z

� m
2
A0

+ O("3) (6)

is the gauge-boson mixing angle. The Z and A
0 bosons

have masses equal to the unshifted values at O("), while
the photon A remains exactly massless.

The scalar states can also undergo mixing after gauge-
symmetry breaking. The mass eigenstates are

✓
h

hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
h

(0)

h
(0)
D

◆
, (7)

where h
(0)

, h
(0)
D are the CP -even gauge eigenstate com-

ponents of H and HD, respectively. In the limit of small
mixed quartic coupling , the h � hD mixing angle is
given by

sin ✓h ⇡


2

vvD

�Dv
2
D � �v2

. (8)

Except where otherwise noted, we assume that the dom-
inant hidden-sector portal to the SM is via the coupling
between gauge bosons, ".

Because the U(1)D gauge symmetry is spontaneously
broken, the masses of hidden-sector particles are related
to the symmetry-breaking parameter. In particular, the
dark Higgs VEV gives a mass to the dark gauge boson,
leading to a dark Higgs-strahlung hD �A

0
�A

0 vertex by
analogy with the symmetry breaking pattern in the SM.
After the vector and scalar eigenstates mix, we obtain
the following mass-basis Lagrangian:

L � ghDA0Z hDA
0
µ
Z

µ+ghDA0A0 hDA
0
µ
A

0µ+g
A0f̄f A

0
µ
f̄�

µ
f,

(9)
along with additional terms not relevant for the phe-
nomenology we study. The approximate couplings may
be expressed simply in the mA0 ⌧ mZ limit,

ghDA0Z = 2eD✓Z cos ✓hmA0 , (10)

ghDA0A0 = e
2
DvD, (11)

g
A0f̄f = "eQf . (12)

• Get up to six leptons, but they are very soft!

�(Z ! A0hD) ⇡
1

12
↵D "2 tan2 ✓W mZ

(mA0 , mhD ⌧ mZ)

"

gD

• Current best constraints come from low-MET SUSY search (Z to 6 
leptons, 2 leptons not IDed so only 1 OSSF pair)

• CMS search not optimized for hidden sector signal, but close to 
competitive with best direct limits on A’!

CMS, arXiv:1709.05406



9

2

Z

A0

A0

A0

hD

FIG. 1: Feynman diagram illustrating dark Higgs (hD)
and dark photon (A0) production in rare Z boson
decays. The dark photons in hD decay can be on- or
o↵-shell.

cays into leptons and a dark gauge boson [30], as well
as in decays of the SM Higgs boson [18, 31–33]. Finally,
Ref. [34] evaluated the prospects for discovering A

0 and
hD via Higgs-strahlung at future lepton colliders, where
they focused on decays to invisible hidden-sector states.

While our study is phenomenologically driven, we
demonstrate sensitivity to models of hidden sectors that
are well motivated by various shortcomings of the SM,
especially the need to account for dark matter but also
potentially outstanding problems in neutrino physics and
other areas. Indeed, low-mass dark matter scenarios are
typically only viable with additional low-mass mediators
in the hidden sector [8, 35, 36]. Hidden sectors can also
generically arise in ultraviolet completions of the SM such
as string theory [37–39].

We outline our benchmark hidden-sector model in Sec-
tion II. We then enumerate the signatures of rare Z decay
into the hidden sector, focusing on signals with high lep-
ton multiplicities and hidden-sector resonances. We give
projected LHC sensitivities to prompt hidden-sector sig-
nals in Section III and we discuss displaced signals in
Section IV. Our outlook is given in Sec. V.

II. AN ABELIAN HIDDEN SECTOR

The benchmark model we consider is one of the sim-
plest examples of a hidden sector: a minimal U(1)D gauge
interaction spontaneously broken by a non-decoupled
Higgs field. The model is specified by the following La-
grangian:

L � �
1

4
F

0
µ⌫
F

0µ⌫ +
"Y

2
F

0
µ⌫
B

µ⌫

+ |@µHD � ieDA
0
µ
HD|

2
� V (H,HD), (1)

where F
0µ⌫ (Bµ⌫) is the U(1)D (hypercharge) field

strength, eD =
p

4⇡↵D is the U(1)D gauge coupling, and

V is the scalar potential

V (H,HD) = �µ
2
H

|H|
2

� µ
2
HD

|HD|
2 + |H|

2
|HD|

2

+ �|H|
4 + �D|HD|

4
. (2)

The SM and dark Higgs acquire vacuum expectation val-
ues (VEVs) hHi = (0, v/

p
2) and hHDi = vD/

p
2, break-

ing the electroweak and U(1)D gauge symmetries, respec-
tively. As a result, gauge eigenstates undergo mixing [26].
For a recent review of the model, see Ref. [32].

The kinetic and mass terms for the gauge bosons can
be simultaneously diagonalized using the transformation
(to leading order in "Y and ✓Z)

Zµ ! Zµ � (✓Z + " tan ✓W)A0
µ
, (3)

A
0
µ

! A
0
µ

+ ✓ZZµ, (4)

Aµ ! Aµ + "A
0
µ
, (5)

where " ⌘ "Y cos ✓W, ✓W is the weak mixing angle, and

✓Z = �
" tan ✓W m

2
Z

m
2
Z

� m
2
A0

+ O("3) (6)

is the gauge-boson mixing angle. The Z and A
0 bosons

have masses equal to the unshifted values at O("), while
the photon A remains exactly massless.

The scalar states can also undergo mixing after gauge-
symmetry breaking. The mass eigenstates are

✓
h

hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
h

(0)

h
(0)
D

◆
, (7)

where h
(0)

, h
(0)
D are the CP -even gauge eigenstate com-

ponents of H and HD, respectively. In the limit of small
mixed quartic coupling , the h � hD mixing angle is
given by

sin ✓h ⇡


2

vvD

�Dv
2
D � �v2

. (8)

Except where otherwise noted, we assume that the dom-
inant hidden-sector portal to the SM is via the coupling
between gauge bosons, ".

Because the U(1)D gauge symmetry is spontaneously
broken, the masses of hidden-sector particles are related
to the symmetry-breaking parameter. In particular, the
dark Higgs VEV gives a mass to the dark gauge boson,
leading to a dark Higgs-strahlung hD �A

0
�A

0 vertex by
analogy with the symmetry breaking pattern in the SM.
After the vector and scalar eigenstates mix, we obtain
the following mass-basis Lagrangian:

L � ghDA0Z hDA
0
µ
Z

µ+ghDA0A0 hDA
0
µ
A

0µ+g
A0f̄f A

0
µ
f̄�

µ
f,

(9)
along with additional terms not relevant for the phe-
nomenology we study. The approximate couplings may
be expressed simply in the mA0 ⌧ mZ limit,

ghDA0Z = 2eD✓Z cos ✓hmA0 , (10)

ghDA0A0 = e
2
DvD, (11)

g
A0f̄f = "eQf . (12)

• Four muons with pT > 7 GeV or four 
leptons with pT > 15, 8, 7, 5 GeV 
(consistent with current triggers)

• Veto 4-leptons reconstructing Z

• Dominant background is p p > 4 leptons + X (validated in CMS 
SUSY signal region)

• Pick A’ candidates that are closest in mass

• Can perform resonance search in 4-lepton mass

`+`�

`+`�

Hidden U(1) Model in Rare Z Decays

�m4` = 0.13 GeV + 0.065m4`

• For higher efficiency, we looked at events where the dark Higgs 
decays entirely leptonically, while other A’ decays inclusively

CMS, arXiv:1210.7619

Blinov, Izaguirre, BS, arXiv:1710.07635
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FIG. 4: Projected 95% c.l. sensitivity of an LHC search with L = 40 fb�1 at
p
s = 13 TeV for Z ! hDA

0
! 4` + X

where 4` are required to reconstruct mhD . The sensitivity is expressed in terms of the accessible branching fraction
of Z ! hDA

0 decays.

up approach and focus on the plausible signatures of hD

decay for mhD < mA0 , all of which feature decays of hD

at a displaced vertex for the parameter space that is ac-
cessible to the LHC. The dominant displaced signatures
that can arise are:

• Displaced decay of hD into SM fermions according
to Eq. (17). The branching fractions into heavy-
flavor objects (b, c, and ⌧) are comparable: the
color factors and/or heavier masses of the b/c are
compensated by the smaller electric charges. This
case will arise when the branching ratio given by
Eq. (17) dominates. The hD will then give (at
least) two displaced tracks, which can be leptons
or hadrons. The combined final state from the rare
Z decay is two prompt leptons in association with
the two or more displaced tracks.

• Displaced decay of hD through Higgs mixing in
Eq. (18). This decay occurs predominantly into
bottom quarks. We require displaced tracks from
the b-quark hadronization but apply no b-tagging
requirements. The displaced vertex comes in asso-
ciation with prompt leptons from the A

0 decay in
Z ! A

0
hD ! `

+
`
�
hD.

• The sub-dominant decay of hD into four SM
fermions can give a rather striking final state; we
do not consider it further, although it could give
rise to an interesting signature for future study.

We estimate the sensitivity for a prompt, two-lepton
final state in association with displaced tracks (leptons or
hadrons) originating from a displaced vertex as follows.
The signal events are selected using standard dilepton
triggers [50]

• two OSSF muons with pT > 17, 8 GeV, or

• two OSSF electrons with pT > 23, 12 GeV.

We further require the track transverse impact parame-
ters, |d0|, to lie within 1 mm < |d0| < 200 mm (motivated
collectively by the ATLAS [58] and CMS [59] |d0| recon-
struction capability). We further require the point of hD

decay to occur within 200 mm of the primary vertex in
both the transverse and longitudinal directions. Finally,
we apply an e�ciency for selection of a displaced vertex.
This e�ciency depends on the details of the experimen-
tal search, and in particular the need to reject certain
backgrounds. In existing searches, the e�ciencies for dis-
placed vertices in the inner detector vary widely from
⇠ 10 � 30% [58] through to ⇠ 50% [59]. The signal also
features a resonant A

0 mass that can be reconstructed
in the prompt leptons: therefore, backgrounds are lower
than for inclusive displaced vertex searches, and data-
driven background estimation is more straightforward in
the variable m`+`� from the prompt leptons. There-
fore, we prioritize signal e�ciency and choose to apply
a flat 50% vertex tagging e�ciency. The sensitivity of
this search is estimated by requiring an observation of 10
signal events, assuming no background.

In Fig. 5 we show the projected sensitivity in two ways.
In the top panel we compute the sensitivity to " in the
(mA0 , ") plane, where for each choice of masses we have
selected the hD lifetime that gives the optimal reach in ".
In the bottom panel we select a specific value of mhD and
show the expected sensitivity in the (mA0 , c⌧hD) plane.
The projected sensitivity of this search exceeds the cur-
rent limits from EWPO (LHCb) inside the solid black
(dotted) contours. With current levels of data, one can
already probe " at or better than the level of 10�3.
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• Projected 95% CL sensitivity with 40/fb luminosity, 13 TeV6

101 102

mA� [GeV]
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�

BaBar

LHCb

DY14 40 fb�1

EWPO

20 30
50

mhD =

�D = 0.01

�D = 0.1

�D = 1

L = 40 fb�1

FIG. 2: Projected 95% c.l. sensitivity of an LHC search with L = 40 fb�1 at
p
s = 13 TeV for Z ! hDA

0
! 4` + X

where 4` are required to reconstruct mhD . Each curve is labeled by the value of mhD in GeV. The dotted line gives
the sensitivity of the Drell-Yan search from Ref. [32]. We also show existing constraints from electroweak precision
observables [32], BABAR [40] and LHCb [45]. The three sets of lines from bottom (dark) to top (light) correspond
to ↵D = 0.5, 0.1, and 0.01.

FIG. 3: Sensitivity projections for the Z ! hDA
0
! 4` + X search for integrated luminosity of 300 fb�1 (upper dark

lines) and 3000 fb�1 (lower faint lines) at
p
s = 13 TeV and ↵D = 0.1. The dotted green line shows the projected

LHCb sensitivity with 15 fb�1 from Ref. [29], while the dashed lines show the projections for the proposed Drell-Yan
search from Ref. [32]. Notation and existing bounds are the same as in Fig. 2.

where the renormalization-scale-dependent mixing term
scales as

(µ) ⇠
↵↵D "

2

(4⇡)2
log

⇣
µ

⇤

⌘
+ (⇤), (19)

where ⇤ is an ultraviolet (UV) energy scale. The decay
hD ! ff̄ due to the the mixing in Eq. (19) is parametri-
cally similar to the A

0-loop-induced and four-body decay

modes. The precise value of this loop-induced mixing de-
pends explicitly on the UV value of . The mixing  can
in principle be zero in the infrared, but this represents a
tuning of model parameters. Thus, the decay width of
hD for mA0 > mhD , whether radiatively or via Higgs mix-
ing, depends sensitively on the value of  at UV energies
and its renormalization-group evolution.

Because of this model dependence, we take a bottom-

Rare Z Decays: 4-lepton Projections

Blinov, Izaguirre, BS, arXiv:1710.07635
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• For the future…

6

FIG. 2: Projected 95% c.l. sensitivity of an LHC search with L = 40 fb�1 at
p
s = 13 TeV for Z ! hDA

0
! 4` + X

where 4` are required to reconstruct mhD . Each curve is labeled by the value of mhD in GeV. The dotted line gives
the sensitivity of the Drell-Yan search from Ref. [32]. We also show existing constraints from electroweak precision
observables [32], BABAR [40] and LHCb [45]. The three sets of lines from bottom (dark) to top (light) correspond
to ↵D = 0.5, 0.1, and 0.01.

101 102

mA� [GeV]
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10�1

�

LHCb

BaBar

DY14 300 fb�1

DY14 3 ab�1

EWPO

20
30 50

mhD =

300 fb�1

3 ab�1 LHCb 15 fb
�1

�D = 0.1

FIG. 3: Sensitivity projections for the Z ! hDA
0
! 4` + X search for integrated luminosity of 300 fb�1 (upper dark

lines) and 3000 fb�1 (lower faint lines) at
p
s = 13 TeV and ↵D = 0.1. The dotted green line shows the projected

LHCb sensitivity with 15 fb�1 from Ref. [29], while the dashed lines show the projections for the proposed Drell-Yan
search from Ref. [32]. Notation and existing bounds are the same as in Fig. 2.

where the renormalization-scale-dependent mixing term
scales as

(µ) ⇠
↵↵D "

2

(4⇡)2
log

⇣
µ

⇤

⌘
+ (⇤), (19)

where ⇤ is an ultraviolet (UV) energy scale. The decay
hD ! ff̄ due to the the mixing in Eq. (19) is parametri-
cally similar to the A

0-loop-induced and four-body decay

modes. The precise value of this loop-induced mixing de-
pends explicitly on the UV value of . The mixing  can
in principle be zero in the infrared, but this represents a
tuning of model parameters. Thus, the decay width of
hD for mA0 > mhD , whether radiatively or via Higgs mix-
ing, depends sensitively on the value of  at UV energies
and its renormalization-group evolution.

Because of this model dependence, we take a bottom-

• But need to keep thresholds low enough!

Rare Z Decays: 4-lepton Projections

Blinov, Izaguirre, BS, arXiv:1710.07635
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• So far, we have only looked at A’ 
masses where at least one is on-shell

• What about for 

• hD lifetime tends to be very long

mhD < mA0?

Rare Z Decays: Displaced Signatures

• Striking signature: prompt leptons from direct A’ decay, 
displaced leptons and/or tracks from dark Higgs decay

• Dilepton trigger, assign 50% vertex efficiency

• Plot sensitivity to 10 signal events (to suppress backgrounds, 
can do bump hunt prompt dilepton mass)

2

Z

A0

A0

A0

hD

FIG. 1: Feynman diagram illustrating dark Higgs (hD)
and dark photon (A0) production in rare Z boson
decays. The dark photons in hD decay can be on- or
o↵-shell.

cays into leptons and a dark gauge boson [30], as well
as in decays of the SM Higgs boson [18, 31–33]. Finally,
Ref. [34] evaluated the prospects for discovering A

0 and
hD via Higgs-strahlung at future lepton colliders, where
they focused on decays to invisible hidden-sector states.

While our study is phenomenologically driven, we
demonstrate sensitivity to models of hidden sectors that
are well motivated by various shortcomings of the SM,
especially the need to account for dark matter but also
potentially outstanding problems in neutrino physics and
other areas. Indeed, low-mass dark matter scenarios are
typically only viable with additional low-mass mediators
in the hidden sector [8, 35, 36]. Hidden sectors can also
generically arise in ultraviolet completions of the SM such
as string theory [37–39].

We outline our benchmark hidden-sector model in Sec-
tion II. We then enumerate the signatures of rare Z decay
into the hidden sector, focusing on signals with high lep-
ton multiplicities and hidden-sector resonances. We give
projected LHC sensitivities to prompt hidden-sector sig-
nals in Section III and we discuss displaced signals in
Section IV. Our outlook is given in Sec. V.

II. AN ABELIAN HIDDEN SECTOR

The benchmark model we consider is one of the sim-
plest examples of a hidden sector: a minimal U(1)D gauge
interaction spontaneously broken by a non-decoupled
Higgs field. The model is specified by the following La-
grangian:

L � �
1

4
F

0
µ⌫
F

0µ⌫ +
"Y

2
F

0
µ⌫
B

µ⌫

+ |@µHD � ieDA
0
µ
HD|

2
� V (H,HD), (1)

where F
0µ⌫ (Bµ⌫) is the U(1)D (hypercharge) field

strength, eD =
p

4⇡↵D is the U(1)D gauge coupling, and

V is the scalar potential

V (H,HD) = �µ
2
H

|H|
2

� µ
2
HD

|HD|
2 + |H|

2
|HD|

2

+ �|H|
4 + �D|HD|

4
. (2)

The SM and dark Higgs acquire vacuum expectation val-
ues (VEVs) hHi = (0, v/

p
2) and hHDi = vD/

p
2, break-

ing the electroweak and U(1)D gauge symmetries, respec-
tively. As a result, gauge eigenstates undergo mixing [26].
For a recent review of the model, see Ref. [32].

The kinetic and mass terms for the gauge bosons can
be simultaneously diagonalized using the transformation
(to leading order in "Y and ✓Z)

Zµ ! Zµ � (✓Z + " tan ✓W)A0
µ
, (3)

A
0
µ

! A
0
µ

+ ✓ZZµ, (4)

Aµ ! Aµ + "A
0
µ
, (5)

where " ⌘ "Y cos ✓W, ✓W is the weak mixing angle, and

✓Z = �
" tan ✓W m

2
Z

m
2
Z

� m
2
A0

+ O("3) (6)

is the gauge-boson mixing angle. The Z and A
0 bosons

have masses equal to the unshifted values at O("), while
the photon A remains exactly massless.

The scalar states can also undergo mixing after gauge-
symmetry breaking. The mass eigenstates are

✓
h

hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
h

(0)

h
(0)
D

◆
, (7)

where h
(0)

, h
(0)
D are the CP -even gauge eigenstate com-

ponents of H and HD, respectively. In the limit of small
mixed quartic coupling , the h � hD mixing angle is
given by

sin ✓h ⇡


2

vvD

�Dv
2
D � �v2

. (8)

Except where otherwise noted, we assume that the dom-
inant hidden-sector portal to the SM is via the coupling
between gauge bosons, ".

Because the U(1)D gauge symmetry is spontaneously
broken, the masses of hidden-sector particles are related
to the symmetry-breaking parameter. In particular, the
dark Higgs VEV gives a mass to the dark gauge boson,
leading to a dark Higgs-strahlung hD �A

0
�A

0 vertex by
analogy with the symmetry breaking pattern in the SM.
After the vector and scalar eigenstates mix, we obtain
the following mass-basis Lagrangian:

L � ghDA0Z hDA
0
µ
Z

µ+ghDA0A0 hDA
0
µ
A

0µ+g
A0f̄f A

0
µ
f̄�

µ
f,

(9)
along with additional terms not relevant for the phe-
nomenology we study. The approximate couplings may
be expressed simply in the mA0 ⌧ mZ limit,

ghDA0Z = 2eD✓Z cos ✓hmA0 , (10)

ghDA0A0 = e
2
DvD, (11)

g
A0f̄f = "eQf . (12)

`+`�
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EWPO
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mhD =

�D = 0.1

Optimal c�hD , L = 40 fb�1

FIG. 5: Projected sensitivity to the scenario where mhD < mA0 , which gives rise to displaced decays of the dark
Higgs. Projections are shown for

p
s = 13 TeV and L = 40 fb�1. In the top panel, we compute the sensitivity for 10

signal events after cuts to " in the (mA0 , ") plane for di↵erent values of mhD (labeled in GeV); for each mA0 point we
have selected the hD lifetime that gives the optimal reach in ". In the bottom panel we compute the expected
sensitivity in the (mA0 , c⌧hD) plane for mhD = 15 GeV. The projected reach of the displaced search exceeds the
existing constraints from electroweak precision observables (LHCb prompt search, showing the envelope of the
exclusion contour) within the solid (dotted) black contours.

V. DISCUSSION AND CONCLUSIONS

In this article, we have shown that rare decays of the
Standard Model Z boson are powerful probes of hidden
sectors. Using a dark Abelian Higgs model as a bench-
mark, we have demonstrated how studying rare Z decays
into hidden sector particles can allow for the discovery of
exotic particles through the same interactions responsible
for generating hidden-sector particle masses.

Z decays into hidden-sector particles typically give rise

to large multiplicities of soft particles. When the hidden-
sector particles can decay leptonically, such as in the dark
Abelian Higgs scenario, this results in striking events
with up to six soft leptons. We have demonstrated a
range of prompt and displaced signatures that can oc-
cur in this model, providing a path for experimentally
discovering or constraining these new particles.

Crucial to the success of the strategies we outline in
this article is the fact that trigger and reconstruction
thresholds for leptons must be kept low. Because the Z

Rare Z Decays: Displaced Signatures 8
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FIG. 5: Projected sensitivity to the scenario where mhD < mA0 , which gives rise to displaced decays of the dark
Higgs. Projections are shown for

p
s = 13 TeV and L = 40 fb�1. In the top panel, we compute the sensitivity for 10

signal events after cuts to " in the (mA0 , ") plane for di↵erent values of mhD (labeled in GeV); for each mA0 point we
have selected the hD lifetime that gives the optimal reach in ". In the bottom panel we compute the expected
sensitivity in the (mA0 , c⌧hD) plane for mhD = 15 GeV. The projected reach of the displaced search exceeds the
existing constraints from electroweak precision observables (LHCb prompt search, showing the envelope of the
exclusion contour) within the solid (dotted) black contours.

V. DISCUSSION AND CONCLUSIONS

In this article, we have shown that rare decays of the
Standard Model Z boson are powerful probes of hidden
sectors. Using a dark Abelian Higgs model as a bench-
mark, we have demonstrated how studying rare Z decays
into hidden sector particles can allow for the discovery of
exotic particles through the same interactions responsible
for generating hidden-sector particle masses.

Z decays into hidden-sector particles typically give rise

to large multiplicities of soft particles. When the hidden-
sector particles can decay leptonically, such as in the dark
Abelian Higgs scenario, this results in striking events
with up to six soft leptons. We have demonstrated a
range of prompt and displaced signatures that can oc-
cur in this model, providing a path for experimentally
discovering or constraining these new particles.

Crucial to the success of the strategies we outline in
this article is the fact that trigger and reconstruction
thresholds for leptons must be kept low. Because the Z

• Lifetime in to plot set 
to optimal value for 
sensitivity

EWPT limits

LHCb limits• Good sensitivity, but 
need to keep trigger 
thresholds low!
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N ναsin θαV↵N

Z

N

⌫µ

N

µ±

W⌥

V ⇤
µN VµN

• Below weak scale, decay is through off-shell gauge bosons, often 
long-lived

• Low-mass right-handed neutrinos could be responsible for 
neutrino masses, baryogenesis, etc.

• Phenomenology arises from mixing with SM neutrino

lepton-  
number  
violating!

The Neutrino Portal

e.g., Asaka, Shaposhnikov, hep-ph/0503065; hep-ph/0505013



(see also Helo, Hirsch, Kovalenko, arXiv:1312.2900)15

W+
µ+

N

µ+

e�

⌫̄e

µ�

µ

µJ
/ET

p p

lepton 
jet

MN ⌧ MW

e.g., Arkani-Hamed, Weiner, arXiv:0810.0714, …

Low-Mass Neutrino Signatures
Izaguirre, BS, arXiv:1504.02470

W+
µ+

N

µ+

e�

⌫̄e

• In prompt regime, can also look for 
striking evidence for lepton 
number/flavour violation
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• No current sensitivity, but dedicated searches could have good 
sensitivity to:

(prompt multilepton)
8 TeV, 50% syst.

13 TeV, 300/fb, 20% syst.

1 2 5 10 20 5010-7

10-6

10-5

10-4

0.001

MN HGeVL

»V m
N
2

13 TeV, 300/fb

8 TeV

SHiP  
proposal

excluded
(LEP)

(b
ea

m
 d

um
p)

• Single displaced lepton jet + prompt lepton

Izaguirre, BS, arXiv:1504.02470

• 3 soft leptons with no OSSF pairs

Low-Mass Neutrino Signatures
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• In other scenarios, N can be produced in decay of the Higgs 
boson or new gauge boson Mohapatra, Marshak 1980; Huiti et al., 2008; Aguilar-Saavedra, 2009; 

Basso et al., 2009; Fileviez Perez, Han, Li 2009
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 

h/hD Z 0
N

N

V

• E.g., current unoptimized searches can be sensitive to gauge 
couplings and/or scalar mixing angles ~0.01, future ~10-4 level?

N

N

• In such models, can also have signatures like:

h ! N2N2, N2 ! N1qq̄h ! hDhD ! 4N ! 12f

Batell, Pospelov, BS, arXiv:1604.06099 & work in progress

e.g., Nemevsek, Nesti, Vazques, arXiv:1612.06840

Low-Mass Neutrino Signatures
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• Similar lessons from other simple hidden sectors, e.g., many dark 
matter models with multiple DM states (EW multiplets or 
inelastic DM)

�

jet

• Typically MET-rich signatures, so can use jet + MET trigger

jet

`+`�, qq̄

�1

�1

�1

�1

Bai, Tait, 1109.4144; Weiner, Yavin, 1206.2910; Izaguirre, Krnjaic, BS, 1508.03050; Ismail, 
Izaguirre, BS, 1605.00658; Giudice et al., 1004.4902; Schwaller, Zurita, 1312.7350; Han et al., 
1401.1235; Primulando, Salvioni, Tsai, 1503.04204; Bramante et al., 1401.1235, 1412.4789, …

Other Possible Signatures
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Bringing it all together…

• Typically very soft! Need associated objects or exploit high 
multiplicities where possible

• Hidden-sector particles can be produced copiously from decays 
of SM or other low-mass particles

• Use additional handles, like displacements or lepton 
number violation to suppress backgrounds, help with 
trigger?

• Long-lived particles offer particularly interesting opportunities + 
challenges

• As tracking information moves to lower levels, need to 
retain efficiency to “weird” leptons and displaced objects, 
maybe can use to improve trigger efficiency for signals!

• Maintain and develop triggers for LLP decays in MS and 
calorimeters
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Bringing it all together…

• In the examples I’ve shown, there are often leptons or MET 
(produced either “promptly” or in hidden-sector cascade decays

• Hardest situation is all-hadronic production + decay

• Any interesting ideas for improvement, especially at low levels of 
trigger?

• Very low-mass particles can look like taus; maybe more 
effective uses of tau triggers?

• Any possibilities for trigger-level analysis?

• Can rely on associated production, but take hit in signal 
efficiency

• Track-based triggers for LLPs (cf Yuri’s talk)

e.g., Bai, Bourbeau, Lin, arXiv:1504.01395; Trigger/Upgrade WG for LLPs
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Summary

• Need to maintain as much sensitivity to soft, low-mass objects to 
improve coverage: use associated objects and/or high mult.

• Keeping sensitivity to low-mass hidden sectors is a big challenge 
in Phase II pile-up conditions, but the huge integrated luminosity 
could lead to a big payoff!

• New hidden sectors are motivated by dark matter, neutrino 
masses, baryon asymmetry, etc.

• Examples shown here and throughout this workshop are 
representative of hidden-sector signals: can cover a lot of ground!
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Back-up slides
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simplified models for long-lived particle searches at the large hadron collider 17

production modes as individuals may variously prefer one over the
other.

In each entry of the table, we indicate which umbrella category
of well-motivated models (Section 1.2) can predict a particular
(production) ⇥ (decay) mode. An asterisk (*) on the umbrella
model indicates that /ET is required in the decay. A dagger (†) indi-
cates that this particle production ⇥ decay scenario is not present
in the simplest and most minimal implementations of the umbrella
model, but could be present in extensions of the minimal models.
While the Higgs signatures are best motivated for the SM-like 125
GeV Higgs, exotic Higgses of other masses can still have the same
production modes and so mH can be taken as a free parameter.

Production
Decay

gg(+inv.) g + inv. jj(+inv.) jj` `+`�(+inv.) `+a `
�

b 6=a(+inv.)

DPP: sneutrino pair † SUSY SUSY SUSY SUSY SUSY
HP: squark pair, q̃ ! jX † SUSY SUSY SUSY SUSY SUSY
or gluino pair g̃ ! jjX

HP: slepton pair, ˜̀ ! `X † SUSY SUSY SUSY SUSY SUSY
or chargino pair, c̃ ! WX

HIG: h ! XX Higgs, DM* † Higgs, DM* † Higgs, DM* †

or ! XX + inv.
HIG: h ! X + inv. DM* † DM* † DM* †

ZP: Z(Z0) ! XX Z0, DM* † Z0, DM* † Z0, DM* †

or ! XX + inv.
ZP: Z(Z0) ! X + inv. DM † DM † DM †

CC: W(W 0) ! `X † † RHn* RHn RHn* RHn*

Table 1.1: Simplified model channels for neutral LLPs. The LLP is indicated by X.
Each row shows a separate production mode and each column shows a separate
possible decay mode, and therefore every cell in the table corresponds to a different
simplified model channel of (production)⇥(decay). We have cross-referenced the
UV models from Section 1.2 with cells in the table to show how the most common
signatures of complete models populate the simplified model space. The asterisk
(*) shows that the model definitively predicts missing momentum in the LLP decay.
A dagger (†) indicates that this particle production ⇥ decay scenario is not present
in the simplest and most minimal implementations of the umbrella model, but could
be present in extensions of the minimal models. When two production modes are
provided (with an “or”), either simplified model can be used to cover the same
experimental signatures.

We remind the reader that the production modes listed in Ta-
ble 1.1 encompass also the associated production of characteristic
prompt objects. For example, the Higgs production modes not only
proceed through gluon fusion, but also through vector boson fusion
and VH production, both of which result in associated prompt ob-
jects such as forward tagging jets, leptons, or missing momentum.
All of the production modes listed in Table 1.1 could be accompa-
nied by ISR jets that aid in triggering or identifying signal events.
It is therefore important that searches are designed to exploit such
associated prompt objects whenever they can improve signal sensi-
tivity, especially with regard to triggering.

To demonstrate how to map full models onto the list of simpli-

Example: LLP Simplified Models
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Testing the See-Saw
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

plot taken from Deppisch, Dev, Pilaftsis, 2015 
see also Gorbunov and Shaposhnikov, 2007; Atre, Han, Pascoli, Zhang, 2009; … 

µ
Ds

N

✓2µ⌫µ
N ⌫µ ⇡±

µ⌥✓2µ

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

⌫µ
Z

N
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FCC-ee

N
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µ+
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ū
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Limitations of Current Searches

N

W+

µ+

µ+

d

ū

MW ⇡ 80 GeV

pT,` ⇡ 20 GeV

pT,j ⇡ 30 GeV

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)

• At low mass, limits not 
improved over LEP

• Can cleaner, all-leptonic 
decays help?



• Searches to date have no sensitivity to this final state

26

• We expect backgrounds to be very low for a dedicated search
16
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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+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 mDV distribution arises partly
from the lepton-candidate pT requirements. The signal region defined by the two-lepton and mDV > 10 GeV requirements is
indicated.

ATLAS, arXiv:1504.05162

• Also, low-bkd found by 
extrapolation from 
existing 2-LJ searches  
 
(ATLAS, arXiv:1409.0746)

Izaguirre, BS, 2015

Low-Mass Neutrino Signatures
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Prompt trilepton signatures
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• 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 cut on M2ℓ 1 2 5 10 20 5010-7
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10-4

0.001

MN HGeVL

»V m
N
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13 TeV, 20% syst., 300/fb

8 TeV, 50% syst.

95% CL reach

SHiP  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Displaced trilepton signatures
µ

µJ
/ET

p p

• Prompt muon pT > 24 GeV
• Two muons in MS, pT > 6 GeV
• One muon jet (∆R < 0.5) with distance to PV 

between 1 mm and 1.2 m & displaced tracks
• Veto back-to-back muons

• We apply same LJ selections as ATLAS:
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95% CL reach (signal yield ≳3)
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Direct Production of Low-Mass LLPs
• Can also have exotic, low-mass production modes

• Need to keep displaced, multilepton 
thresholds low to retain sensitivity
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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⌫B
µ⌫

/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

MS

(no bkd)

inner detector

VB�L

• Complementarity with B-factories, beam dumps

Batell, Pospelov, BS, arXiv:1604.06099


