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Figure 6.5: Event displays of the two events passing the optimized selection where only the
selected jet pair (yellow cones) and the associated tracks (curved lines) are shown, other
objects being removed. The tracks that fit the secondary vertex are colored black. Event 1
(top) with dijet invariant mass of 770GeV, which passes only the low Lxy selection, contains
a secondary vertex, displaced transversely by 5 cm, containing five tracks from one jet and
one track from the other. The 5-track vertex is consistent with a B meson vertex with
an apparent invariant mass below 5GeV. Event 2 (bottom) has a dijet invariant mass
of 75GeV, and passes both low and high Lxy selections. It contains a secondary vertex
displaced transversely by 44 cm, and contains five tracks, two of which are associated with
both of the closely spaced jets. The vertex invariant mass is low and its position coincides
with one of the silicon tracker layers, making it consistent with a nuclear interaction vertex.
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Plentiful evidence for new dark particle(s) that 
interact very feebly with the SM:
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Light DM & Dark Sectors

Signatures:

• New particles are often boosted

c⌧(⇡±) ⇠ 10 m c⌧(D±) ⇠ 0.1 mm

c.f. hidden valleys (Strassler, Zurek 2006)

• Can often get long lifetimes due to combination of small mass 
ratios, mixing angles, …

`+`�

• Low-mass particles need a kick to be seen
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Compelling Example: 2-state dark matter

�1

�̄2

(DM)

Inelastic dark matter
Tucker-Smith, Weiner, hep-ph/0101138

jet

DM

DMSM

jet

⌫

⌫̄

vs.

Bai, Tait, arXiv:1109.4144;  
Izaguirre, Krnjaic, BS, arXiv:1508.03050

• 2 nearly degenerate “dark” states
• Representative of many hidden  

sectors
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Concrete model: dark photon
�2

�1

A0(⇤)
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`+ • Distinctive signal: collimated, soft, 
displaced dimuon aligned with MET
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Concrete model: EW doublet
• heavier state decays to soft pion, 

otherwise invisible

Ismail, Izaguirre, BS, arXiv:1605.00658
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Summary

• Many examples of other long-lived particles searches for hidden 
sectors giving neutrino masses, baryon asymmetry, etc.

• Complement existing searches for high-mass or pairs of displaced 
objects

• New searches at the LHC and low-energy experiments can 
discover striking signals of new physics that would otherwise be 
missed!

e.g., arXiv:1504.02470, arXiv:1604.0699, arXiv:1409.6729, …
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Back-up slides
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Extended Dark Sectors

• We can also have dark sectors with a new force/interaction

• E.g., inelastic dark matter
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Bai, Tait, 1109.4144;  
Izaguirre, Krnjaic, BS 1508.03050 
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Extended Dark Sectors

• We consider M� < MA0 � ⌘ M�2 �M�1 ⌧ M�

Dark Photon Model: Thermal Target to Aim For
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Improving the Searches
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• Get displaced decay!

• The leptons are typically soft, so trigger on monojet + MET
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• Leptonic backgrounds expected to 
be negligible
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Displaced/Boosted Signatures
µ
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p p
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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 m

DV

distribution arises partly
from the lepton-candidate p

T

requirements. The signal region defined by the two-lepton and m

DV

> 10 GeV requirements is
indicated.

1504.05162

• Also did toy MC simulations  

j
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LHC Results

 
Izaguirre, Krnjaic, BS 1508.03050 

• Monojet + MET
• Soft dimuon vertex (> 1 mm vtx. location and impact param, pT > 

5 GeV), close together and aligned with MET
• Backgrounds very low; sensitivity for 10 signal events (300/fb)
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Simplest Example: New EW 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
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Higgsino Doublet

• Subdominant W background becomes very important
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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
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for doublet masses below approximately 500-550 GeV.
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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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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
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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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