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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 SECTORS

baryons antibaryons

• No definitive mass scale for 
new physics

• In many well-motivated models, 
have new particles in GeV range
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HIDDEN SECTORS AT THE LHC

• Associated production of 
prompt, SM objects

• It can be challenging to trigger on low-mass hidden sectors 
& fight large backgrounds from SM processes

• Need to exploit characteristics of hidden sector signals

• High multiplicities of soft 
particles from decay of hidden-
sector particles

and/or
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HIDDEN U(1) MODEL
• A simple example of a hidden sector has a dark Higgsed gauge 

interaction

A0�/Z

heavy 
particles

A0
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Holdom, Phys.Lett. 166B (1986) 196-198 

• The presence of a dark mass 
generation mechanism also give 
rise to interactions

A0 A0

hD
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HIDDEN U(1) MODEL

• Can search directly for dark photon as a 
dilepton resonance

A0
f̄

f

Qf "
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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
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extrapolated value to the nearest known point. This un-
certainty increases from 1% to 8% in some corners of the
phase-space. The uncertainty on the branching fractions
ranges from a few per mille to 4%. The uncertainty due to
the modeling of A′ → hadron decays in inclusive modes is
estimated by comparing different fragmentation models.
This systematic is found to be 4% reflecting the limited
sensitivity of the selection procedure to the hadronic sys-
tem produced by the dark photon decay. The uncertainty
due to PID algorithms varies between 1.5% and 4.5%,
assessed using high-purity samples of leptons and pions.
Additional uncertainties include the determination of the
track reconstruction efficiency (1.2%), luminosity (0.6%),
and the limited Monte Carlo statistics (0.5%− 2.4%).

The limits on the e+e− → A′h′, h′ → A′A′ cross sec-
tion are finally translated into 90% CL upper limits on
the product αDϵ2, where αD = g2

D
/4π and gD is the

dark sector gauge coupling [7]. The results are displayed
in Fig. 4 as a function of the dark photon (Higgs) mass for
selected values of the dark Higgs boson (photon) mass.
Values down to 10−10 − 10−8 are excluded for a large
range of dark photon and dark Higgs masses. These re-
sults assume prompt dark Higgs boson and dark photon
decays.

In conclusion, a search for dark Higgs boson production
has been performed in the range 0.25 < mA′ < 3GeV
and 0.8 < mh′ < 10GeV for mh′ > 2mA′ . No signal
has been observed and upper limits on the product of
the mixing angle and the dark coupling constant in the
case of a hidden sector with an Abelian Higgs boson have
been set at the level of 10−10− 10−8. Assuming αD = α,
these measurements translate into limits on the mixing
strength in the range 10−4−10−3, an order of magnitude
smaller than the current bounds.
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FIG. 4: Upper limit (90% CL) on the product αDϵ2 as a func-
tion of the dark photon mass for selected values of dark Higgs
boson masses (top) and as a function of the dark Higgs boson
mass for selected values of dark photon masses (bottom).
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HIDDEN U(1) MODEL
• However, we can also look for the dark 

Higgs via dark Higgs-strahlung
e�

e+

A0

hD
• Can provide best sensitivity to model!

hD

A0

A0

Batell, Pospelov, Ritz, arXiv:0903.0363

BABAR, arXiv:1202.1313
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extrapolated value to the nearest known point. This un-
certainty increases from 1% to 8% in some corners of the
phase-space. The uncertainty on the branching fractions
ranges from a few per mille to 4%. The uncertainty due to
the modeling of A′ → hadron decays in inclusive modes is
estimated by comparing different fragmentation models.
This systematic is found to be 4% reflecting the limited
sensitivity of the selection procedure to the hadronic sys-
tem produced by the dark photon decay. The uncertainty
due to PID algorithms varies between 1.5% and 4.5%,
assessed using high-purity samples of leptons and pions.
Additional uncertainties include the determination of the
track reconstruction efficiency (1.2%), luminosity (0.6%),
and the limited Monte Carlo statistics (0.5%− 2.4%).

The limits on the e+e− → A′h′, h′ → A′A′ cross sec-
tion are finally translated into 90% CL upper limits on
the product αDϵ2, where αD = g2

D
/4π and gD is the

dark sector gauge coupling [7]. The results are displayed
in Fig. 4 as a function of the dark photon (Higgs) mass for
selected values of the dark Higgs boson (photon) mass.
Values down to 10−10 − 10−8 are excluded for a large
range of dark photon and dark Higgs masses. These re-
sults assume prompt dark Higgs boson and dark photon
decays.

In conclusion, a search for dark Higgs boson production
has been performed in the range 0.25 < mA′ < 3GeV
and 0.8 < mh′ < 10GeV for mh′ > 2mA′ . No signal
has been observed and upper limits on the product of
the mixing angle and the dark coupling constant in the
case of a hidden sector with an Abelian Higgs boson have
been set at the level of 10−10− 10−8. Assuming αD = α,
these measurements translate into limits on the mixing
strength in the range 10−4−10−3, an order of magnitude
smaller than the current bounds.
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¶ Also with Università di Sassari, Sassari, Italy
[1] P. Fayet, Phys. Rev. D 75, 115017 (2007).
[2] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B

662, 53 (2008).
[3] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and

N. Weiner, Phys. Rev. D 79, 015014 (2009).
[4] B. Holdom, Phys. Lett. B 166, 196 (1986).
[5] O. Adriani et al. (PAMELA Collab.), Nature 458, 607

(2009).
[6] M. Ackermann et al. (Fermi LAT Collab.), Phys. Rev. D

82, 092004 (2010).

6

!6

HIDDEN U(1) MODEL
• However, we can also look for the dark 

Higgs via dark Higgs-strahlung
e�

e+

A0

hD
• Can provide best sensitivity to model!

hD

A0

A0

Batell, Pospelov, Ritz, arXiv:0903.0363

BABAR, arXiv:1202.1313
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HIDDEN U(1) AT THE LHC
• Could the same thing work at the LHC?

Blinov, Izaguirre, Shuve, arXiv:1710.07635

• Most interested in masses > 10 GeV where B-factories cannot 
reach

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)

(mA0 , mhD ⌧ mZ)

�(Z ! A0hD) ⇡
1

12
↵D "2 tan2 ✓W mZ
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HIDDEN U(1) AT THE LHC
• To improve signal efficiency, we look at leptonic decays of dark 

Higgs, inclusive decays of other dark photon

Blinov, Izaguirre, Shuve, arXiv:1710.07635
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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 � �
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4
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0
µ⌫
F

0µ⌫ +
"Y

2
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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

✓
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hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
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(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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• 4 muons,                       or 
4 leptons with 

pT > 7 GeV
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pT > 15, 8, 7, 5 GeV
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• Veto events with dilepton 
reconstructing Z or any 

• Leptons must be isolated

• Dominant background is

m4` > 95 GeV
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CMS, arXiv:1709.05406

• Can perform resonance search in 
4-lepton mass �m4` = 0.13 GeV + 0.065m4`

CMS, arXiv:1210.7619
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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 . The sensitivity is expressed in terms of the accessible branching fraction
of Z ! hDA

0 decays.
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FIG. 3: 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 [47]. The three sets of lines from bottom (dark) to top (light) correspond to
↵D = 1, 0.1, and 0.01.

This partial width scales approximately as [13]

�(hD ! ff̄) ⇠
↵

2
Q

4
f
↵D"

4

32⇡2

✓
mf

mA0

◆2

mhD (18)

⇠
�
1 m�1

� ⇣↵D

0.1

⌘⇣
"

10�2

⌘4
✓

15 GeV

mA0

◆

when summing over SM final-state fermions and taking
mA0 ⇠ mhD . At this order of "4, there is also a tree-level
four-body decay of the hD via two o↵-shell A0. However,

for the moderate dark Higgs masses that we are interested
in, the loop decay typically dominates.

So far, we have assumed that the mixing between the
hD and the SM Higgs is zero, and consequently the only
allowed hD decay modes are via its coupling with A

0.
However, a mixing between the hD and the SM Higgs is
induced by a loop of dark vectors. This mixing is given
by

V (H,HD) � (µ) |H|
2
|HD|

2
, (19)

• Projected 95% CL sensitivity with 40/fb luminosity, 13 TeV
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• Projected 95% CL sensitivity with 40/fb luminosity, 13 TeV
7
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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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• 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.
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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 the sensitivity degrades significantly if thresholds increase
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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)

`+`�

• Signature: prompt dilepton resonance 
+ displaced vertex!

• We apply a dilepton trigger, assume a 50% vertex 
reconstruction efficiency

• Challenging for us to evaluate backgrounds (should be easy 
experimentally because of dilepton bump hunt)

• Plot sensitivity for ten signal events
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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

• Set lifetime to value with maximum acceptance:
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PROJECTIONS: DISPLACED
Blinov, Izaguirre, Shuve, arXiv:1710.07635
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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

EWPT limits

LHCb limits
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OTHER EXAMPLES
Izaguirre, Shuve, arXiv:1504.02470

• Majorana neutrinos: can get striking signatures in rare decays of 
W/Z/h/Z’ bosons, but need to keep thresholds low!

W+
µ+

N

µ+

e�

⌫̄e

lepton number 
violation

µ

µJ
/ET

p p

soft displaced 
vertices

CMS now beats LEP! 
arXiv:1802.02965
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SUMMARY
• LHC is excellent place to look for hidden sectors, can provide 

best constraints on hidden-sector decays of EW bosons

• Need to exploit associated objects or high multiplicities from 
hidden-sector decays — keep thresholds as low as possible!

• This is just one example of how searches for high multiplicities 
of soft leptons can cover new ground

• Hidden valleys
• Exotic Higgs decays
• …


