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Brian Shuve

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, ZÕ can have rare decays to hidden sector

LEPTON JET SEARCHES

Event display with candidate 
muon-jet
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Dark Matter
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Thermal Dark Matter

SM
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¥ To get the observed DM abundance,

! v !
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TeV2 ÒWIMP MiracleÓ
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Dark Matter Beyond WIMPs
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Dark Matter Beyond WIMPs
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Lee, Weinberg 1977

M ! ! few GeV
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Light DM & Dark Sectors
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Light DM & Dark Sectors

aÕ
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With 3000/fb @ 14 TeV:

¥ 700 billion W

¥ 100 billion Z

¥ 200 million H

¥ 2000 trillion B
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Collider Searches for Dark Matter

jet

DM

DM

jet

!
ø!

¥ With such a large rate, why isnÕt MET alone sufÞcient for 
discovering light DM?
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Collider Searches for Dark Matter

jet

!
ø!

¥ With multiple states in the dark sector, decays of heavier particles 
can give distinctive signatures

jet

DM

DMSM

¥ For light dark matter passing MET cut !  boosted Þnal states
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Light DM & Dark Sectors

Signatures:

¥ New particles are often boosted

c! (" ± ) ! 10 m c⌧ (D±) ! 0.1 mm

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

c! (K 0
S) ! 1 cm

¥ Can often get long lifetimes

`+ `!

¥ Generally get MET
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Multicomponent Dark Matter

¥ Consider two representative scenarios:

1. Inelastic Dark Matter:

! 1

ø! 2

(DM)

¥ not currently covered

¥ can represent many 
dark sectors/HVs

Izaguirre, Krnjaic, BS arXiv:1508.03050 (PRD)
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Multicomponent Dark Matter

¥ Consider two representative scenarios:

1. Inelastic Dark Matter:

! 1

ø! 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 Þnd

� =

!

"
 +

 0

 !

#

$

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

ø! 2
Tucker-Smith, Weiner, hep-ph/0101138

DM
� ! M 2 " M 1 > 0

¥ Greatly suppressed direct & indirect DM signals!

�1 �2

p p �2
f

f̄�1
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An Inelastic Benchmark

¥ Higgsed dark QED

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

A 0

! +

! !

L � ig0 ̄�µ A0
µ �M!  ̄ 
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An Inelastic Benchmark

¥ Higgsed dark QED

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

A 0
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! !

+ y! ø" c"
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An Inelastic Benchmark

¥ Higgsed dark QED

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

A 0

! +

! !

+ y! ø" c"

!

! +

! !

M !

! + ! !
! 2

! 1

y! ! "

L � ig0 ̄�µ A0
µ �M!  ̄ 
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An Inelastic Benchmark
¥ How do ! 1,2 interact under force?

A 0
! +

! !

! 1,2 are Majorana (particle = antiparticle):

ø! i " µ ! i A 0
µ = 0?
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An Inelastic Benchmark
¥ How do ! 1,2 interact under force?

A 0
! +

! !

! 1,2 are Majorana (particle = antiparticle):

ø! i " µ ! i A 0
µ = 0

¥ If parity conserved, only inelastic  
interaction allowed

A 0

! 2

! 1L ! ig 0 !̄ 2" µ ! 1A 0
µ

?



13

An Inelastic Benchmark

¥ The dark photon can kinetically mix with our  photon

A! Aheavy 
particles

A!

øf

f

Qf !
Lmix = !

!
2

Fµ! F !µ !
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An Inelastic Benchmark

¥ The dark photon can kinetically mix with our  photon

A! Aheavy 
particles

A!

øf

f

Qf !
Lmix = !

!
2

Fµ! F !µ !

q

g
q ! 1

!̄ 2
ø�1

SM

SM

A!

A!
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An Inelastic Benchmark
Dark Photon Model: Thermal Target to Aim For
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Vast unexplored (thermal) territory!

EI, Krnjaic, Shuve, 1508.03050

Smaller        

would overstate sensitivity 
of  various experiments

Similarly for smaller ! D

e.g. B-factory signal yield
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Vast unexplored (thermal) territory!

mA ! = 3m1

! D = 0 .1
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Improving the Searches

! 2

�1

A! ( " )

!�

! +

¥ Get displaced decay!

��2 ⇠ !! D "2�5

M4
A0
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Improving the Searches

! 2

�1

A! ( " )

!�

! +

¥ Get displaced decay!

¥ The leptons are soft , so trigger on monojet + MET

��2 ⇠ !! D "2�5

M4
A0
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Improving the Searches

! 2
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! +

¥ Get displaced decay!

¥ The leptons are soft , so trigger on monojet + MET

��2 ⇠ !! D "2�5

M4
A0

¥ The DM produced through on-shell AÕ, so typically  boosted
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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 (impact param > 1 mm) muon tracks, pT > 5 GeV, 
crossing within 1 mm of one another at a vertex in tracker

¥ " R < 0.4 between muons

¥                    between lepton jet and MET

/H T > 120 GeV

|�! | < 0.4

¥ Existing searches require two LJs or 
one DV w/ very energetic leptons



¥ Leptonic backgrounds could be 
negligible

17

Backgrounds
µ

µJ
/ET

p p

lepton !

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

+
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.

1504.05162

¥ Also did toy MC simulations "

j

¥ Plot sensitivity for ten 
signal events
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LHC Results
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2) New Electroweak Multiplet

¥ One of the simplest dark matter scenarios (Òminimal DMÓ)

¥ Expected in natural  weak-scale theories (SUSY)

Cirelli, Fornengo, Strumia, hep-ph/0512090

¥ e.g. Higgsino doublet

(�+,�0)
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2) New Electroweak Multiplet

¥ One of the simplest dark matter scenarios (Òminimal DMÓ)

¥ 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/!
� �!

hH i

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
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Higgsino Doublet

¥ With minimal splittings, dominant decay mode is ! ± ! " ± ! 0

¥ ÒChargedÓ particle is invisible!
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Higgsino Doublet

¥ With minimal splittings, dominant decay mode is ! ± ! " ± ! 0

¥ ÒChargedÓ particle is invisible!
case, but all channels are still through an s-channel W ± or Z .
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Figure 4 : The mass reach in the pure higgsino scenario in the monojet channel with L =

3000 fb! 1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.
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half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

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 ÒinvisibleÓ particles are actually charged

¥ Can get soft photon correlated with MET direction

!

jet

! 0
! ±

jet

!
ø!

¥ 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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Higgsino Doublet

¥ Subdominant W background becomes important

W ±
`± !

!

M T =
!

2E !
T /E T [1 ! cos! �(�, /E T )]

¥ Photon direction more 
correlated with MET for 
signal
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FIG. 4: Projected signal signiÞcance for the Higgsino model
with 3 ab ! 1 of integrated luminosity at the HL-LHC in the
! + j + /E T search (blue), assuming either 5% (solid) or 2%
(dashed) background systematic uncertainties. The estimated
j + /E T (gray) sensitivity is also shown for comparison, along
with a na¬õve combination of monojet and photon + monojet
sensitivities (magenta). The shaded region is excluded by
LEP.

The performance of the! + j + /E T 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 + /E T 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 toM ! ! 425 GeV.
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FIG. 5: Projected signal signiÞcance 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 signiÞcance 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 signiÞcance 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 Þnal-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 + ! + /E T signature that are comparable to the con-
ventional monojet searches. Fortunately, the Þnal state
we consider is also amenable to data-driven estimates of
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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 toM! . 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 signiÞcance 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 Þnal-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 Þnal 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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Ismail, Izaguirre, BS, 1605.00658
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Quintuplet Results

HL-LHC

¥ Can also consider other states, like a quintuplet with Y = 0
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FIG. 4: Projected signal signiÞcance 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 na¬õve 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 toM� . 425 GeV.
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FIG. 5: Projected signal signiÞcance 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 signiÞcance 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 signiÞcance 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 Þnal-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 Þnal state
we consider is also amenable to data-driven estimates of
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¥ With 20/fb, competitive with current bound (~400 GeV in comb.)
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Recap
¥ Dark sector physics can show up in monojet + MET + É

¥ Nothing

¥ 1 or more lepton jets/DVs

¥ 1 or more soft photon
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Recap
¥ Dark sector physics can show up in monojet + MET + É

¥ Nothing

¥ 1 or more lepton jets/DVs

¥ 1 or more soft photon

¥ É

(lepton, VBF, É)
Izaguirre, BS, 2015

¥ Look for soft/displaced objects: may need other associated 
objects to pass trigger

¥ Current searches are great, but simple variations could uncover 
new physics that has been missed so far!

¥ Many diverse models and frameworks predict similar signatures
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Dark Sector Portals
¥ Mediators dominantly couple to SM via renormalizable  portals

A! A

KINETIC MIXING  PORTAL

HIGGS PORTAL

h
h

!

!

NEUTRINO PORTAL

N ! "sin#"N !
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Sterile Neutrinos

N ! "sin#"N !

Izaguirre, BS 2015; Batell, Pospelov, BS 2016
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Motivation: Neutrino Masses

¥ SM neutrino masses can come from RH neutrinos, N

39

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

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m! SM =
!H "2y2

M N

L = y L̄HN +
M N

2
N̄ cN
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Motivation: Neutrino Masses

¥ SM neutrino masses can come from RH neutrinos, N

39

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

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m! SM =
!H "2y2

M N

¥ Larger couplings also possible in, e.g., pseudo-Dirac 
models (inverse see-saw)

¥ For m!  ~ 0.1 eV, we have MN ! GeV

✓
y2

10�14

◆

L = y L̄HN +
M N

2
N̄ cN
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Neutrinos at Colliders

N ! "sin#"
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Neutrinos at Colliders
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Neutrinos at Colliders

N ! "sin#"

V↵N !
F↵"! #
MN

¥ Consider a simpliÞed model with MN, |V "N |  as free params.

V! N
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N

⌫µ
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µ±

W !

V ⇤
µN VµN

! N ! |VµN |2G2
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M N ! M W

Displaced/Boosted Signatures

W +
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N
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M N ! M W

Displaced/Boosted Signatures

W +
µ+

N

µ+

e�
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µ�

¥ Leptonic backgrounds expected to 
be negligible
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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.

1504.05162

¥ No sensitivity with current LJ/DV 
search

c! N ! mm
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Displaced/Boosted Signatures
µ

µJ
/ET

p p

¥ Hard lepton for trigger, two soft 
muons in MS

¥ Expect zero backgrounds when 
require a displacement of > 1 mm 

¥ Veto back-to-back muons

¥ LJ selections:

1 2 5 10 20 5010! 7

10! 6

10! 5

10! 4

0.001

MN !GeV"

#V
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2

13 TeV, 300/fb

8 TeV

95% CL reach (signal yield ! 3)

SHiP"
proposal

Izaguirre, BS, 2015
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Sterile Neutrinos from a Dark Force

¥ N production can be enhanced if there is a Òdark forceÓ (B-L)

N

N

VB ! L ¥ Look for pairs of (soft) displaced 
vertices

3

FIG. 2: Current constraints and future sensitivity to the
U(1) B ! L model with mV /m N = 3. The shaded regions
are excluded by the indicated experiment. The projected
reach of our proposed search forVB ! L ! NN are shown
in thick curves from SHiP (left, dark blue) and the high-
luminosity LHC: 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 Þxed using Eq. (4)
for m! =

!
|(! m2

! )atm |. The thin black curves show the pro-
jected sensitivity of direct searches for VB ! L ! ! + ! ! from
Belle II (dot-dashed), LHC Run 1 (dashed), and the high-
luminosity LHC (dot-dashed).

II. RIGHT-HANDED NEUTRINOS AND NEW
GAUGE FORCES

The SM admits several possibilities for an additional
U(1)! gauge force, which is often called a Òvector portalÓ
or a Òdark forceÓ and has an associated gauge boson,V .
The most discussed SM extension in this category is the
Òkinetic mixingÓ coupling,!Vµ ! Bµ ! [24], whereVµ! and
Bµ! are the Þeld strengths of the new vector particleV
and the SM hypercharge, respectively. After diagonaliz-
ing the kinetic term, V acquires a small charge to Þelds
carrying hypercharge. Since the right-handed neutrinos,
N , do not carry hypercharge, V only couples to N via
their mixing with LH neutrinos; the production rate of
N is consequently very small.

Instead, the new gauge bosonV may couple directly
to SM Þelds, which must carry a charge under the new
U(1)!. Suggestively, the SM is invariant under an acci-
dental global U(1) symmetry, namely baryon number mi-
nus lepton number (B ! L ). If this symmetry is instead
a local symmetry, the gauge theory su! ers an anomaly
in the U(1) 3

B " L triangle diagram; the theory is only con-
sistent with three additional RHNs. Thus, RHNs are
motivated by and naturally accompany gauge extensions
of the SM. In general, there are other possible gauge
symmetries that are combinations of baryon number and
lepton ßavour and are also anomaly-free. The least con-
strained example in this category isL µ ! L " symmetry,
which still admits Òstronger-than-weakÓ strength of the

FIG. 3: Current constraints and future sensitivity to right-
handed neutrinos in the U(1) B ! L model with mV /m N = 3
and g" = 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-detector
at DUNE to direct N production. The shaded grey band is
the region preferred by the see-saw mechanism; see Fig. 5 for
more details.
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FIG. 4: Current constraints and future sensitivity to right-
handed neutrinos in the U(1) B ! L model with mV /m N = 3
and g" = 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 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 spectrometer (solid
for high background scenario, dashed for low background).
The shaded grey band is the region preferred by the see-saw
mechanism; see Fig. 5 for more details.

new U(1)! force [25, 26]. However, in this modelN may
or may not be charged under theU(1)!, which introduces
an extra degree of uncertainty, and we choose to concen-
trate on B ! L .

How could Majorana RHN coexist with the gauge sym-
metry? Given the strong constraints on new long-range
forces, it is reasonable to expect that the new gauge

HL-LHC MS
HL-LHC ID

(! m2
! )sol

mPlanck 95%
!

Batell, Pospelov, BS 2016
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1) Inelastic Dark Matter

¥ In Inelastic Dark Matter  (iDM) scenarios, interactions always 
involve two different  dark sector particles

! 1

Tucker-Smith, Weiner, 2001

! 1

ø! 2 ø! 1

¥ Occurs in theories with approximate U(1) symmetry

(DM)
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Inelastic DM Collider Signals

q

g
q ! 1

!̄ 2
ø�1

SM

SM



35

Inelastic DM Collider Signals

q

g
q ! 1

!̄ 2
ø�1

SM

SM

jet

DM

DMSM

jet

!
ø!

vs.



35
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Inelastic DM Collider Signals

!A!
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M 4
A !

� ⌘ M�2 �M�1

photon mixing

µ+

µ!

µ

µJ
/ET

p p

¥  

¥ Leading jet pT > 120 GeV

¥ Two displaced muons, pT > 5 GeV, "
crossing within 1 mm of one another

¥ " R < 0.4 between muons

¥                    between lepton jet and MET

/H T > 120 GeV

|�! | < 0.4

show sensitivity to 10 signal events: 13 TeV, 300/fb
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Results
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