
DISCOVERING HIDDEN 
SECTORS AT COLLIDERS

VIA Seminar — 23 September 2016

Brian Shuve — SLAC

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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Energy Frontier @ LHC

• Main goal of LHC is to 
discover the Higgs boson, 
measure its properties….

• … and discover new associated states
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Energy Frontier @ LHC
• Solutions to hierarchy problem like SUSY can resolve other 

outstanding problems, especially dark matter and baryogenesis

baryons antibaryons
electroweak 

baryogenesis

WIMP LSPs
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• Comprehensive studies of SUSY, 
WIMPs, etc. have turned up…
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Energy Frontier @ LHC
• Still a long way to go (only ~1% of total data collected)…

• ...but diminishing returns set in quickly
• What is missed in the rush to high energy?
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Dark Matter Beyond WIMPs

M�

(GeV)

10�6 1061 10310�3

WIMP
(thermal)

• Thermal DM (i.e., freeze-out scenarios) can have masses 
substantially below the weak scale

�v ⇠ 3⇥ 10�26 cm3/s
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The LHC is High Intensity

With 3000/fb:
• 700 billion W bosons
• 100 billion Z bosons
• 200 million H bosons
• 2000 trillion B mesons

From J. Stirling

• Kinematically accessible at LHC and other colliders, but 
signatures may be missed in current searches!
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Signatures of Hidden Sectors

• What can we realistically discover that have been missed by 
existing searches?

• Non-Minimal Couplings:
• Example: lepton flavour non-universality
• Simple, targeted searches can close remaining gaps 

• Multi-Component Hidden Sectors: 
• Existing searches focus on simplest cases (one new DM 

particle, missing momentum)
• Low-mass DM models generically predict several new 

particles with distinctive signatures
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Multi-Component Hidden Sectors

𝛘1
𝛘2

𝛘n…

THIS TALK:

E. Izaguirre, G. Krnjaic, BS, arXiv:1508.03050

A. Ismail, E. Izaguirre, BS, arXiv:1605.00658

NEUTRINO MASS SCENARIOS:

B. Batell, M. Pospelov, BS, arXiv:1604.06099

B. Batell, M. Pospelov, BS [in progress]
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Dark Matter Beyond WIMPs

�v ⇠ G2
FM

2
�

�

�
W/Z/h

SM

SM

(M� ⌧ MW )

Lee, Weinberg 1977

M� & few GeV

• Light dark matter implies more than one dark particle

a’
𝛘1
𝛘2

𝛘n…

↵a�↵aSM

M2
�

⇠ 10�9

GeV2
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Discovering a Dark Sector
• Why does this help?

jet

DM

DM

jet

⌫
⌫̄
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• With a dark force (or multiple DM particles), dark matter isn’t 
invisible if produced at a collider

jet

DM

DMSM

jet

vs.

DM
DM

Izaguirre, Krnjaic, BS 2015; also Strassler, Zurek 2006; Baumgart et al. 2009; Bai, 
Tait 2012; Schwaller et al. 2015; Cohen et al. 2015; Primulando et al. 2015; Autran et al. 
2015; Bai et al. 2015; Buschmann et al. 2015

Discovering a Dark Sector
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Discovering a Dark Sector

Generic Signatures:

• Light DM is boosted when 
produced at high-energy collider

c⌧(⇡±) ⇠ 10 m c⌧(D±) ⇠ 0.1 mm

c⌧(B±) ⇠ 0.1 mm
c.f. hidden valleys (Strassler, Zurek 2006)

c⌧(K0
S) ⇠ 1 cm

• Get long lifetimes due to low mass, mixing angle suppression

`+`�

• Missing momentum
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Multicomponent Dark Matter

• Consider two representative scenarios:

1. Inelastic Dark Matter:

�1

�̄2

(DM)

• not currently covered
• can represent many 

dark sectors/HVs

Izaguirre, Krnjaic, BS arXiv:1508.03050 (PRD)

2. New Electroweak State:

• generic extension of 
SM but hard to find

� =

0

@
 +

 0

 �

1

A

Ismail, Izaguirre, BS arXiv:1605.00658 (PRD)
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1) Inelastic Dark Matter
• In Inelastic Dark Matter (iDM) scenarios, interactions always 

involve two different dark particles

�1

�̄2
Tucker-Smith, Weiner, hep-ph/0101138

DM
� ⌘ M2 �M1 > 0

• Greatly suppressed direct & indirect DM signals!

�1 �2

p p �2
f

f̄�1
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Inelastic Dark Matter
• Colliders can easily produce both

• Similarities with compressed spectra

q

g
q �1

�̄2
�̄1

SM

SM

Bai, Tait, 2011; Izaguirre, Krnjaic, BS, 2015

e.g., Giudice et al., 1004.4902; Han et al., 1401.1235, …

(� . TeV)

• If mass splitting large, can directly tag decay of heavier DM
Weiner, Yavin, 1206.2910; Primulando et al., 1503.04204
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An Inelastic Benchmark

• Higgsed dark QED

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

A0

 +

 �

+ y� ̄c 

�

 +

 �

M 

 +  � �2

�1

yh�i

L � ig0 ̄�µ A0
µ �M  ̄ 
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An Inelastic Benchmark
• If parity conserved, only inelastic interaction allowed

A0

�2

�1

L � ig0�̄2�
µ�1A

0
µ

• Only remaining thing to be specified is A’ coupling to SM

A0 Aheavy 
particles

A0
f̄

f

Qf ✏
L
mix

= � ✏

2
Fµ⌫F

0µ⌫
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An Inelastic Benchmark
Dark Photon Model: Thermal Target to Aim For

Re
lic
De
nsi
ty

Hg-2Lm LEP

BaBar

LHC8

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

Vast unexplored (thermal) territory!
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Improving the Searches

�2

�1

A0(⇤)

`�

`+

• Get displaced decay!

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

��2 ⇠ ↵↵D✏2�5

M4
A0

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

Dark Photon Model Results

LHC displaced: 10 signal events at 13 TeV with 300/fb
3
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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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density target and other constraints. For LHC projections (red dashed), we consider a jet + /
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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
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↵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
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After diagonalizing the kinetic terms, the dark photon’s
couplings to SM fermions are approximately given by [66]

gA0ff ⇡ �✏Y
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Z cos ✓W eQf �m2

A0gYf
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where (Yf )Qf is the SM fermion’s (hyper)charge. In the
limit of a light A0, the mixing is predominantly with the
photon and gA0

¯ff ⇠ ✏Y cos ✓W eQf , so the visible sector
acquires a millicharge under U(1)D and we exchange ✏Y
for the related parameter

✏ ⌘ ✏Y cos ✓W . (4)

After U(1)D symmetry breaking, the DM charge eigen-
states will generically mix, giving rise to a split spectrum

mA0 = 3m1

↵D = 0.1

• Searches likely bkd-free, plot sensitivity to 10 signal events

• Show reach of LHC and low-energy colliders (BaBar, Belle II)

• Signature: monojet + missing pT, displaced boosted lepton pair
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2) New Electroweak Multiplet

• One of the simplest dark matter scenarios (“minimal DM”)

• Expected in natural weak-scale theories (SUSY)

Cirelli, Fornengo, Strumia, hep-ph/0512090

• e.g. Higgsino doublet

• Electroweak symmetry ensures states are nearly degenerate

� �W/Z/�
� �0

hHi

Stoker et al., 1989; Chen et al., 1995; Thomas, Wells, hep-ph/9804359, ...

(�+,�0)
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Higgsino Doublet

• With minimal splittings, dominant decay mode is �± ! ⇡±�0

• “Charged” particle is invisible!
case, but all channels are still through an s-channel W± or Z.
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Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.

– 10 –

Low, Wang, 1404.0682
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Higgsino Doublet

• Use fact that “invisible” particles are actually charged

• Can get soft photon correlated with MET direction

�

jet

�0
�±

jet

⌫
⌫̄

• Take hit in signal rate to improve S/B

vs.

Ismail, Izaguirre, BS, 1605.00658

• Collinear enhancement when DM is highly boosted
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FIG. 4: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at the HL-LHC in the
� + j + /ET search (blue), assuming either 5% (solid) or 2%
(dashed) background systematic uncertainties. The estimated
j + /ET (gray) sensitivity is also shown for comparison, along
with a näıve combination of monojet and photon + monojet
sensitivities (magenta). The shaded region is excluded by
LEP.

The performance of the � + j + /ET search is limited
by the photon emission rate. At higher energies, the �±

states are more highly boosted and emit more copious
collinear radiation, improving the search prospects. In
Fig. 5, we demonstrate the reach of a 100 TeV proton
proton collider with 3 ab�1 of integrated luminosity. BS:

Can we justify such a low ET(�) cut at 100 TeV?

Perhaps it would be worth running one bench-

mark point with a higher threshold Again, we see
that the � + j + /ET search o↵ers improved sensitivity to
Higgsinos and a 2� reach of M� . 350 GeV for 5% sys-
tematics, 150 GeV larger than the monojet search alone.
This yields superior performance to the monojet search
for doublet masses below approximately 500-550 GeV.
The combination could be sensitive to M� . 425 GeV.
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FIG. 5: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at a future 100 TeV p�p
collider. The curves are the same as in Fig. 4.

Figures 6 and XX show the analogous sensitivity of our

search to the quintuplet. Since the weak charge is greater
and there are more states than in the doublet case, both
our photon + jet search and the monojet search perform
better. Furthermore, the photon + jet analysis achieves
an even greater significance relative to the monojet anal-
ysis, because of the increased photon radiation of the
doubly charged quintuplet states. The Q2 enhancement
provides su�cient statistics for the photon + jet search
to provide dominant sensitivity for quintuplet masses up
to....AI: Need to add quintuplet plots and num-

bers.
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FIG. 6: Projected signal significance for the quintuplet model
with 3 ab�1 of integrated luminosity at the HL-LHC. The
curves are the same as in Fig. 4. AI: Simulate diphoton
+ MET. Also, check other limits on quintuplets.

V. DISCUSSION AND CONCLUSIONS

In this article, we have proposed a new way of search-
ing for electroweak states at hadron colliders. In partic-
ular, we demonstrated that, when a soft final-state pho-
ton is radiated from a charged electroweak state that
subsequently decays to largely invisible particles, the
kinematics of the photon are su�ciently distinct from
SM backgrounds to substantially improve the signal-to-
background rate. We projected the results of this search
for two generic signal models, namely a new electroweak
doublet and quintuplet, respectively. The former can be
readily realized in popular extensions of the SM, such as
Natural SUSY, while the latter is a standard minimal DM
candidate. In this context, the photon + jet search that
we have presented o↵ers a new generic method of search-
ing for electroweak multiplets, taking advantage of the
kinematics of photon FSR. For future colliders, this mo-
tivates the development of detectors that retain as much
sensitivity to soft photon as possible.
The new class of searches that this article proposes

rely on the achievement of systematic uncertainties for
the j+�+ /ET signature that are comparable to the con-
ventional monojet searches. Fortunately, the final state
we consider is also amenable to data-driven estimates of

6

80 100 120 140 160 180 2001

2

3

4

5

6

mc HGeVL

Si
gn
ifi
ca
nc
e

s = 14 TeV, 3 ab-1

FIG. 4: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at the HL-LHC in the
� + j + /ET search (blue), assuming either 5% (solid) or 2%
(dashed) background systematic uncertainties. The estimated
j + /ET (gray) sensitivity is also shown for comparison, along
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The performance of the � + j + /ET search is limited
by the photon emission rate. At higher energies, the �±

states are more highly boosted and emit more copious
collinear radiation, improving the search prospects. In
Fig. 5, we demonstrate the reach of a 100 TeV proton
proton collider with 3 ab�1 of integrated luminosity. BS:

Can we justify such a low ET(�) cut at 100 TeV?

Perhaps it would be worth running one bench-

mark point with a higher threshold Again, we see
that the � + j + /ET search o↵ers improved sensitivity to
Higgsinos and a 2� reach of M� . 350 GeV for 5% sys-
tematics, 150 GeV larger than the monojet search alone.
This yields superior performance to the monojet search
for doublet masses below approximately 500-550 GeV.
The combination could be sensitive to M� . 425 GeV.

100 200 300 400 500 600 7001

2

3

4

5

6

mc HGeVL

Si
gn
ifi
ca
nc
e

s = 100 TeV, 3 ab-1

FIG. 5: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at a future 100 TeV p�p
collider. The curves are the same as in Fig. 4.

Figures 6 and XX show the analogous sensitivity of our

search to the quintuplet. Since the weak charge is greater
and there are more states than in the doublet case, both
our photon + jet search and the monojet search perform
better. Furthermore, the photon + jet analysis achieves
an even greater significance relative to the monojet anal-
ysis, because of the increased photon radiation of the
doubly charged quintuplet states. The Q2 enhancement
provides su�cient statistics for the photon + jet search
to provide dominant sensitivity for quintuplet masses up
to....AI: Need to add quintuplet plots and num-

bers.
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FIG. 6: Projected signal significance for the quintuplet model
with 3 ab�1 of integrated luminosity at the HL-LHC. The
curves are the same as in Fig. 4. AI: Simulate diphoton
+ MET. Also, check other limits on quintuplets.

V. DISCUSSION AND CONCLUSIONS

In this article, we have proposed a new way of search-
ing for electroweak states at hadron colliders. In partic-
ular, we demonstrated that, when a soft final-state pho-
ton is radiated from a charged electroweak state that
subsequently decays to largely invisible particles, the
kinematics of the photon are su�ciently distinct from
SM backgrounds to substantially improve the signal-to-
background rate. We projected the results of this search
for two generic signal models, namely a new electroweak
doublet and quintuplet, respectively. The former can be
readily realized in popular extensions of the SM, such as
Natural SUSY, while the latter is a standard minimal DM
candidate. In this context, the photon + jet search that
we have presented o↵ers a new generic method of search-
ing for electroweak multiplets, taking advantage of the
kinematics of photon FSR. For future colliders, this mo-
tivates the development of detectors that retain as much
sensitivity to soft photon as possible.
The new class of searches that this article proposes

rely on the achievement of systematic uncertainties for
the j+�+ /ET signature that are comparable to the con-
ventional monojet searches. Fortunately, the final state
we consider is also amenable to data-driven estimates of
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Higgsino Doublet Results

HL-LHC 100 TeV, 3/ab

• Optimize over other kinematic cuts (MET, jet pT, etc.)
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Quintuplet Results

HL-LHC

• Can also consider other states, like a quintuplet with Y = 0
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(dashed) background systematic uncertainties. The estimated
j + /ET (gray) sensitivity is also shown for comparison, along
with a näıve combination of monojet and photon + monojet
sensitivities (magenta). The shaded region is excluded by
LEP.

The performance of the � + j + /ET search is limited
by the photon emission rate. At higher energies, the �±

states are more highly boosted and emit more copious
collinear radiation, improving the search prospects. In
Fig. 5, we demonstrate the reach of a 100 TeV proton
proton collider with 3 ab�1 of integrated luminosity. BS:

Can we justify such a low ET(�) cut at 100 TeV?

Perhaps it would be worth running one bench-

mark point with a higher threshold Again, we see
that the � + j + /ET search o↵ers improved sensitivity to
Higgsinos and a 2� reach of M� . 350 GeV for 5% sys-
tematics, 150 GeV larger than the monojet search alone.
This yields superior performance to the monojet search
for doublet masses below approximately 500-550 GeV.
The combination could be sensitive to M� . 425 GeV.
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Figures 6 and XX show the analogous sensitivity of our

search to the quintuplet. Since the weak charge is greater
and there are more states than in the doublet case, both
our photon + jet search and the monojet search perform
better. Furthermore, the photon + jet analysis achieves
an even greater significance relative to the monojet anal-
ysis, because of the increased photon radiation of the
doubly charged quintuplet states. The Q2 enhancement
provides su�cient statistics for the photon + jet search
to provide dominant sensitivity for quintuplet masses up
to....AI: Need to add quintuplet plots and num-
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V. DISCUSSION AND CONCLUSIONS

In this article, we have proposed a new way of search-
ing for electroweak states at hadron colliders. In partic-
ular, we demonstrated that, when a soft final-state pho-
ton is radiated from a charged electroweak state that
subsequently decays to largely invisible particles, the
kinematics of the photon are su�ciently distinct from
SM backgrounds to substantially improve the signal-to-
background rate. We projected the results of this search
for two generic signal models, namely a new electroweak
doublet and quintuplet, respectively. The former can be
readily realized in popular extensions of the SM, such as
Natural SUSY, while the latter is a standard minimal DM
candidate. In this context, the photon + jet search that
we have presented o↵ers a new generic method of search-
ing for electroweak multiplets, taking advantage of the
kinematics of photon FSR. For future colliders, this mo-
tivates the development of detectors that retain as much
sensitivity to soft photon as possible.
The new class of searches that this article proposes

rely on the achievement of systematic uncertainties for
the j+�+ /ET signature that are comparable to the con-
ventional monojet searches. Fortunately, the final state
we consider is also amenable to data-driven estimates of
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Non-Minimal Couplings

BS, I. Yavin, arXiv:1403.2727

BaBar, arXiv:1606.03501

BaBar [in progress]
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Non-Minimal Couplings

• In the previous examples, we assumed the dark sector particles 
could be produced via coupling to light-flavour particles
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Non-Minimal Couplings
• These constraints are generally pretty powerful…

photon-like 
coupling Higgs-like coupling
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0 ! `+`�. Left:
Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in m

A

0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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FIG. 3. Existing constraints on the mediator-Higgs mixing in the visibly decaying � ! SM SM regime. Top row: The DM is a particle-
antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
row, but with g� = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have
all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale.

gf . In the regime where annihilation is predominantly to elec-
trons, the � achieving the observed relic abundance requires

g2�g
2

e

✓
m�

m�

◆
4

' 10

�11

✓
0.1

⌦�h2

◆⇣ m�

10 MeV

⌘
2

. (6)

At the m� ⇠ mµ threshold, the right hand side is rescaled by
approximately (me/mµ)

2 and adjusted accordingly for each
additional threshold. For a more careful treatment of thermal
freeze out , see Appendix B.

For m� ⇠> ⇤

QCD

, the annihilation also proceeds through
several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
Higgs bosons [37] with the ansatz

gf (s) ' sin ✓

r
8⇡

mh
�(h ! SM)

����
m

h

=

p
s

, (7)

(Batell et al, arXiv:1606.04934)
Dark Sectors 2016 Whitepaper
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Non-Minimal Couplings

• If couplings to electrons & quarks suppressed, however, bounds 
are substantially weaker

• Gauged lepton number 
currents (such as Lµ-Lτ)

• “Leptophilic” Higgs with 
mass-proportional coupling
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(Batell et al, arXiv:1606.04934)

• Could explain various “muon anomalies” (g-2, proton radius, …)

BS, I. Yavin, arXiv:1403.2727
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Non-Minimal Couplings

• Must rely on final-state radiation of dark sector particle

e�

e+

�

Z 0

µ�

µ+

e�

e+

�
⌧+

⌧�

�

Lµ-Lτ leptophilic scalar

• Dedicated search for dark force in association with 2 leptons

• Can decay visibly (to muons or electrons) or to DM (invisible)

• Low-energy, high-intensity colliders like BaBar or Belle are ideal



32

Non-Minimal Couplings

• First model-independent test of dark muonic force at BaBar
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reduced mass has a smoother behavior near threshold
and is easier to model than the dimuon mass. The
spectrum is dominated by e
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� pro-
duction, with additional contributions from e
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� events, where one or
several pions are misidentified as muons. A peak cor-
responding to the ⇢ meson is visible at low mass; the
second Z

0 candidate reconstructed in these events gen-
erates the enhancement near 9.5GeV. Other than the
J/ , no significant signal of other narrow resonances is
observed.
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FIG. 1: The distribution of the four-muon invariant mass,
m(4µ), for data taken at the ⌥ (4S) peak together with Monte
Carlo predictions of various processes normalized to data lu-
minosity. The e+e� ! µ+µ�µ+µ� Monte Carlo does not
include ISR corrections.

The signal e�ciency rises from ⇠ 35% at low masses to
⇠ 50% around mR = 6 � 7GeV, before dropping again
at higher masses. The signal e�ciencies include a cor-
rection factor of 0.82, which primarily accounts for the
impact of ISR not included in the simulation, as well
as di↵erences between data and simulation in trigger ef-
ficiency, charged particle identification, and track and
photon reconstruction e�ciencies. This correction fac-
tor is derived from the ratio of the mR distribution in
simulated e

+
e

� ! µ

+
µ

�

µ

+
µ

� events to the observed
distribution in the mass region 1–9 GeV, excluding the
J/ region (light blue line in Fig. 2). An uncertainty of
5% is propagated as a systematic uncertainty, covering
the small variations between data-taking periods and the
uncertainties on the e

+
e

� ! µ

+
µ

�

µ

+
µ

� cross-section.
We extract the signal yield as a function of mZ0 by

performing a series of unbinned maximum likelihood fits
to the reduced dimuon mass spectrum, covering the mass
range mR < 10GeV for the data taken near the ⌥ (4S)
resonance, and up to 9GeV for the datasets collected
near the ⌥ (2S) and ⌥ (3S) resonances. The search is
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FIG. 2: The distribution of the reduced dimuon mass, mR,
together with Monte Carlo predictions of various processes
normalized to data luminosity. Four combinations per event
are included. The fit of the ratio between reconstructed and
simulated events is shown as a light blue dashed line. The
e+e� ! µ+µ�µ+µ� Monte Carlo does not include ISR or
other e�ciency corrections (see text).

conducted in varying mass steps that correspond to the
dark boson mass resolution. Each fit is performed over
an interval 50 times broader than the signal resolution
at that mass for mR > 0.2GeV, or over a fixed interval
0 � 0.3GeV for mR < 0.2GeV. We estimate the signal
resolution by Gaussian fits to several simulated Z

0 sam-
ples for the purpose of determining the scan steps, and
interpolate the results to all other masses. The resolution
varies between 1�9MeV, dominated by experimental ef-
fects. We probe a total of 2219 mass hypotheses. The
bias in the fitted values, estimated from a large ensemble
of pseudo-experiments, is negligible.

The likelihood function, described below, contains
components from signal, continuum background, and
peaking background where appropriate. The signal prob-
ability density function (pdf) is modeled directly from
the signal Monte Carlo mass distribution using a non-
parametric kernel density function. The pdf is interpo-
lated between the known simulated masses using an algo-
rithm based on the cumulative density function [27]. An
uncertainty of 0.1 � 3.2 events associated to this proce-
dure is estimated by taking the next-to-closest mass point
in place of the closest simulated mass point to interpolate
the signal shape. The agreement between the simulated
signal resolution and the data is assessed by fitting the
full-energy peak of the four-muon invariant mass spec-
trum in the range 10.3 � 10.7GeV with a Crystal Ball
function [28]. The ratio of simulated and reconstructed
peak widths is 1.01±0.04, consistent with unity. The im-
pact of ISR emission on the peak widths are expected to
be small in that mass range. Similarly, the decay width
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Non-Minimal Couplings

• Leptophilic scalar searches are ongoing
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FIG. 1. Left panel: Constraints on the coupling to leptons (in terms of both ⇠S` = g`(v/m`) and ✏e↵ = ge/e) as a function of the scalar
mass, based purely on the e↵ective theory in Eq. (3). The region where (g � 2)µ is discrepant at 5� is shaded in red, while the green
shaded band shows where the current discrepancy is brought below 2�. We show constraints from the beam dumps E137, Orsay, and E141.
The projected sensitivities from µ ! 3e, NA48/2, NA62, HPS, analyses of existing data from COMPASS and B-factories, as well as a
projected sensitivity at BELLE II are also shown. (See Section 3 for details.) Right panel: Constraints on the L2HDM+' UV completion
of the e↵ective theory in Eq. (3), as described in Sec. 2. Model independent results are as in the left panel. In addition, for this particular
UV completion, there are constraints on the model from searches for h ! SS ! 2µ2⌧ , B ! K(⇤)`+`�, and Bs ! µ+µ�. We have set
tan� = 200, mH = mH± = 500 GeV, and m12 = 1 TeV. (See Section 4 for details.)

particle couples to leptons with a coupling strength on
the order of the SM lepton Yukawa couplings, which in
the case of the muon is mµ/v ' 4⇥10�4, the muon g�2
problem can be solved. Thus we are motivated to study
the e↵ective Lagrangian of an elementary scalar S,

Le↵ =
1

2
(@µS)

2 � 1

2
m2

SS
2 +

X

l=e,µ,⌧

g`S``, (3)

with gl ⇠ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interac-
tion terms in (3) may appear to contradict SM gauge
invariance. Thus, at minimum, Eq. (3) requires an ap-
propriate UV completion, generically in the form of new
particles at the electroweak (EW) scale charged under the
SM gauge group. On the other hand, if a UV-complete
model is found that represents a consistent generalization
of (3), the light scalar solution to the muon g � 2 prob-
lem deserves additional attention. Another impetus for
studying very light beyond-the-SM (BSM) scalars comes
from the existing discrepancy of the muon- and electron-
extracted charge radius of the proton [13].

This paper presents a detailed study of light scalars
with enhanced coupling to leptons, and provides a vi-
able UV-completion of Eq. (3) through what we dub
the ‘leptonic Higgs portal’. We also analyze a variety of
phenomenological consequences of the model. The phe-
nomenology of a light scalar coupled to leptons resembles
in many ways the phenomenology of the dark photon, but
with the distinct feature that the couplings to individual

flavors are non-universal and proportional to the mass.
As a result, at any given energy the production of such
a scalar is most e�cient using the heaviest kinematically
accessible lepton. We identify the most important search
modes for the scalar that could decisively explore its low
mass regime. Our main conclusion is that an elementary
scalar with coupling to leptons ` scaling as m` can be
very e�ciently probed, and in particular the whole mass
range consistent with a solution of the muon g � 2 dis-
crepancy can be accessed through an analysis of existing
data and in upcoming experiments.

Our full UV-complete model is based on the lepton-
specific two Higgs doublet model with an additional light
scalar singlet. The mixing of the singlet with compo-
nents of the electroweak doublets results in the e↵ective
Lagrangian of Eq. (3). The model also induces addi-
tional observables, and thus constraints, due to the fact
that S receives small but nonvanishing couplings to the
SM quarks and gauge bosons. We note that the UV
completion presented in this work is not unique. For
an alternative UV completion of the same model utiliz-
ing vector-like fermions at the weak scale, see Ref. [14].
While many aspects of the low-energy phenomenology
based on the e↵ective Lagrangian (3) are similar in both
approaches, the UV-dependent e↵ects are markedly dif-
ferent (especially for flavor-changing observables).

This paper is organized as follows. In the next section
we discuss light scalars coupled to leptons and a possi-
ble UV completion of such models via the leptonic Higgs

`+

`�

(Batell et al, arXiv:1606.04934)0.10 0.200.15
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Summary

• Many diverse hidden sector 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 low-mass final states, but dedicated searches needed

• 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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Organizing Signatures
• In the limit of decoupled or absent UV states, the dominant couplings of new 

gauge singlet fields are via renormalizable portals

A0 A

VECTOR PORTAL

L
vector

= � ✏

2
F 0
µ⌫F

µ⌫

NEUTRINO PORTAL

L↵

Z’ PORTAL

LZ0 = gZ0 f̄SM�µfSMZ 0
µ

Z 0

f

f̄

HIGGS PORTAL

LH = ��|H|2|�|2

H

H

H �

�

L⌫ = FI↵N̄IHL↵
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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

• Choose large value of αD to avoid over-stating bounds
(Izaguirre et al., 2015)

(MA0 � M1)

• Many parameters -- we want to connect DM freeze-out to lab probes

A0
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iDM Lifetimes

Δ = 0.1 m
1
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Improving the Searches

�2

�1

A0(⇤)

`�

`+
• 3-body decay is suppressed:

• Displaced decay                          over much of  
parameter space 

(c⌧�2 & mm)

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

• The DM is produced through an on-shell A’, which is typically boosted
• Leptons are close together (LJ) and aligned with MET
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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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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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Re
lic
De
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Higgsino Doublet

• Subdominant W background becomes important

W±
`±

�

⌫

MT =

q
2E�

T
/ET[1� cos��(�, /ET)]

• Photon direction more 
correlated with MET for 
signal
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