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Dark Matter Searches at the LHC

 𝑬𝑻
𝐦𝐢𝐬𝐬 events at the LHC motivated by the dark matter (DM) problem ← DM stable, weakly 

interacting, hence no visible trace at detectors
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Dark Matter Searches at the LHC

 𝑬𝑻
𝐦𝐢𝐬𝐬 events at the LHC motivated by the dark matter (DM) problem ← DM stable, weakly 
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How to Confirm DM Discovery

Ambitious approach

1) Assume a specific model (e.g., 

supersymmetry, extra dimension, etc).

2) Measure all relevant model parameters.

3) Compute (thermal) relic abundance.

However,

1) Model-dependent,

2) Applied only to thermal relic,

3) Requiring full understanding of the early 

cosmology,

4) Often demanding additional 

measurements (at future facilities).
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How to Confirm DM Discovery

Ambitious approach “Easier” approach

1) Assume a specific model (e.g., 

supersymmetry, extra dimension, etc).

2) Measure all relevant model parameters.

3) Compute (thermal) relic abundance.

However,

1) Model-dependent,

2) Applied only to thermal relic,

3) Requiring full understanding of the early 

cosmology,

4) Often demanding additional 

measurements (at future facilities).

 Ask the opposite question: “how to 

disprove that the newly invisible particle is 

the cosmological dark matter”

 Collider-stable (i.e., decaying outside the 

detector) particle: facility to detect delayed 

decays [Maki, Orito (1997); Chen, Gunion (1998); 

Chou, Curtin, Lubatti (2016)]

 Particle decaying invisibly (inside the 

detector) main subject today
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Strategy

 Benchmark scenario: (well-motivated) 2-step 2-body cascade decay of a heavy resonance 

terminating with an invisible particle†

 Experimental observable: differential spectrum of invariant mass formed by the two visible 

particles (assumed massless for simplicity), 𝑚 ≡ 𝑚𝑣1𝑣2

𝑣1 𝑣2

𝐴

𝑚𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

𝑓 𝑚 =
𝑑𝑁

𝑑𝑚

 Impact of non-negligible particle widths

 Turning on those widths one at a time

 Somewhat theoretical (first step towards reality)

 𝑡 → 𝑏𝑊+ → 𝑏ℓ+𝜈

  𝜒 2
0 →  ℓ ℓ →  ℓℓ  𝜒 1

0

 𝑍(1) →  ℓℓ(1) →  ℓℓ𝛾(1)

†: straightforwardly applicable to more complicated scenarios
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Pure On-shell (or Narrow-width Approximation)

𝑣1 𝑣2

𝐴

𝑚𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 750, 500) GeV
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Non-negligible 𝚪𝑩: A Warming-up

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

[Grossman, Martone, Robinson (2011)]
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Non-negligible 𝚪𝑩: A Warming-up

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

[Grossman, Martone, Robinson (2011)]

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 750, 500) GeV

Pure PS

Γ𝐵 = 0.01𝑚𝐵

Γ𝐵 = 0.05𝑚𝐵
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Non-negligible 𝚪𝑩: A Warming-up

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

[Grossman, Martone, Robinson (2011)]

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 750, 500) GeV

Pure PS

Γ𝐵 = 0.01𝑚𝐵

Γ𝐵 = 0.05𝑚𝐵

May not be appreciable with 

realistic effects included
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Non-negligible 𝚪𝑩: A Warming-up

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

[Grossman, Martone, Robinson (2011)]

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 530, 500) GeV
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Non-negligible 𝚪𝑩: A Warming-up
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Non-negligible 𝚪𝑩: A Warming-up

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

[Grossman, Martone, Robinson (2011)]

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 530, 500) GeV

 Appreciable effect even with 1% decay width

 Returning the 3-body result with a large decay width (compare 

50% vs 3body)
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What Happens: Distortion of BW Spectrum

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 530, 500) GeV(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 750, 500) GeV

 Existence of (on-shell) 𝐴 and 𝐶 particles can distort the Breit-Wigner distribution of 𝑝𝐵
2 , so 

immediate upstream and downstream visible particles become softer and/or harder. 

Γ𝐵 = 0.05𝑚𝐵

BW without A, C

BW with A, C

Γ𝐵 = 0.05𝑚𝐵

BW without A, C

BW with A, C
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Non-negligible 𝚪𝑩 with Full Amplitude

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶𝑚𝐴

𝐵 𝐶

𝒜 2

𝑖ℳ~ 𝑢 𝑝1 𝑢 𝑝𝐴  𝑢 𝑝𝐶 𝑣(𝑝2)

𝒜 2~ ℳ 2~(𝑚𝐴
2 − 𝑠)(𝑠 − 𝑚𝐶

2)

Additional distortion

(𝑚𝐴,𝑚𝐵 , 𝑚𝐶) = (1000, 970, 500) GeV

Pure scalar

MG5 simulation

Theory prediction

Γ𝐵 = 0.01𝑚𝐵

 Contrary to common lore (i.e., wash-out of spin 

correlation by scalar/non-chiral interaction), there arise 

interesting spin correlation effects due to 𝐵’s virtuality. 
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Non-negligible Particle Width of DM “Candidate”

𝑣1 𝑣2

𝐴

𝑚𝐵 𝑚𝐶 , Γ𝐶𝑚𝐴

𝐵 𝐶 𝑋

𝑥

𝑚𝑋

𝑚𝑥 (𝑚𝐴,𝑚𝐵 , 𝑚𝐶 , 𝑚𝑋, 𝑚𝑥) = (1000, 520, 500, 0, 0) GeV
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Non-negligible Particle Width of DM “Candidate”

𝑣1 𝑣2

𝐴

𝑚𝐵 𝑚𝐶 , Γ𝐶𝑚𝐴

𝐵 𝐶 𝑋

𝑥

𝑚𝑋

𝑚𝑥 (𝑚𝐴,𝑚𝐵 , 𝑚𝐶 , 𝑚𝑋, 𝑚𝑥) = (1000, 520, 500, 0, 0) GeV

(Propagator effect only)
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Implications on Dark Sector Physics

 “Negative” distortion ( reinterpretation)

veto

without Γ

with Γ

 May have no sensitivity to true (DM) signal 

after cuts, i.e., overkilling parameter space 
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without Γ

with Γ
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i.e., discovery tomorrow!
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Implications on Dark Sector Physics

 “Negative” distortion ( reinterpretation)  “Positive” distortion ( discovery)

veto

without Γ

with Γ

 May have no sensitivity to true (DM) signal 

after cuts, i.e., overkilling parameter space 

without Γ

with Γ

 (DM) signal may stand out as in the tail, 

i.e., discovery tomorrow!

veto

Non-negligible width of “DM candidate” ( post-discovery)

 Evidence for non-minimal/flavorful dark sector

 Providing guiding principles for interpreting other DM-induced/-inspired phenomena
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Smearing vs. Width Effect
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(𝑚𝐴,𝑚𝐵 , 𝑚𝐶 , 𝑚𝑋, 𝑚𝑥) = (1000, 520, 500, 0, 0) GeV

Theory prediction for the case with a 
stable, invisible 𝐶 (normalized to 
500 events)

A 500-events pseudo-experiment for 
the case of Γ𝐶/𝑚𝐶 = 2%

Theory prediction for the case of 
Γ𝐶/𝑚𝐶 = 2% (normalized to 500

events)

Typical 𝛿𝑚/𝑚 with jetty objects ≈ 10%

𝑝-value of Kolmogorov-Smirnov test, averaged over 100 pseudo-experiments, is 10−7 (cf. 

6.6 × 10−3 for Γ𝐶/𝑚𝐶 = 1%)

𝑣1 𝑣2

𝐴

𝑚𝐵 𝑚𝐶 , Γ𝐶𝑚𝐴

𝐵 𝐶 𝑋

𝑥

𝑚𝑋
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Further Directions to Pursue
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Further Directions to Pursue

 Including more realistic effects such as

 Backgrounds,

 Cuts,

 Detector responses (for e.g., jets).

 Distinguishing/separating the effect of 

width of “would-be” DM candidate from

 Those of 𝐴 and 𝐵,

 Pure spin correlation,

 Higher-order corrections,

 More theory frontier

 Turning on widths of multiple particles,

 Various spin structures
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Conclusions

 “DM candidate” may decay invisibly, and its non-zero particle width can cause substantial 

distortions in relevant experimental observables.

 The observations made here may require us to reinterpret existing data and modify future (DM) 

search strategies.

 Non-zero widths of new invisible particles can be a window to look into flavorful dark sector 

structures.  
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Different points of view towards DM physics
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Bonus Slide: Non-negligible 𝚪𝑨

𝑣1 𝑣2

𝐴

𝑚𝐵 , Γ𝐵 𝑚𝐶 , Γ𝐶𝑚𝐴, Γ𝐴

𝐵 𝐶𝑌

𝑦

𝑚𝑌

𝑚𝑦 (𝑚𝑌,𝑚𝐴, 𝑚𝐵 ,𝑚𝐶 , 𝑚𝑦) = (1500, 1000, 970, 500, 0, 0) GeV

(Propagator effect only)


