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See talks earlier this morning and  
in the following days 



What we find... the spoiler

LHC  
exclusion

FCC-pp discovery

Yong Du UMass-Amherst ACFI2

1. LHC excludes ~300GeV

3. FCC-pp could cover O(TeV)
4. DM direct direction could 
cover almost the entire 
parameter space 

2. HL-LHC could excludes up 
to 800GeV



Brief  model introduction
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Already ruled out

Collider phenomenologies?
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⌃±

⌃0 166MeV ⌃±EWRC

Small mass splitting leads to:  
(1) long-lived particles 
(2) Disappearing tracks

⌃± ! ⌃0⇡±(97%)

is long lived (0.2ns) 

J. Alimena et al., 2019  
T. Hambye, F. S. Ling, L. Lopez Honorez and J. Rocher, 2009 

R. Mahbubani, P. Schwaller and J. Zurita, 2017



Reproduction of  ATLAS result
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What we find...Collider part C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
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(HL-)LHC exclusion from cross section
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Figure 5: 95% CL limits at the 13TeV LHC versus m⌃0 and projected sensitivity with

higher luminosities.

Benchmark � [pb] ✏ S B S/
p
B

m⌃± = 1.1TeV, µ = 200 5.8⇥ 10�2 3.17⇥ 10�4 553 673 21.3

m⌃± = 1.1TeV, µ = 500 5.8⇥ 10�2 3.17⇥ 10�4 553 8214 6

m⌃± = 3.1TeV, µ = 200 9.4⇥ 10�4 4.69⇥ 10�4 13.3 1.9 9.6

m⌃± = 3.1TeV, µ = 500 9.4⇥ 10�4 4.69⇥ 10�4 13.3 27 2.6

Table 1: Cross section, overall event e�ciency ✏, number of expected signal (background)

events S (B) with L = 30 ab�1 and significance S/
p
B at a 100TeV pp collider for two

benchmarks with (m⌃± , c⌧�±
1
) = (1.1TeV, 59.96 mm) and (m⌃± , c⌧⌃±) = (3.1TeV, 59.96

mm), wherein the table µ̄ represents the average number of pp interactions per bunch

crossing. See the text for details.

given in Table 1, for two benchmarks. For the 1 (3)TeV benchmark point, the trigger

threshold used is 1 (4)TeV.

The authors in [36] carefully considered the e↵ect that multiple pp collisions occurring

simultaneously with a signal event (pileup) would have on the background. For each

benchmark case, we adopt their fake tracklet background numbers considering the two

– 10 –

FCC-pp discovery with different pileup control 

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867
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What we find...Collider part
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3TeV triplet DM could be discoverable at FCC-pp

M. Saito, R. Sawada, K. Terashi and S. Asai, 2019

Collider searches are a2 insensitive!



C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867

Colliders+relic abundance
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What we find...Combination
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LHC exclusion

FCC-pp discovery
R =

⌦⌃

⌦DM

Overproduced!

DM

DM

N

N

HDM observation!



LHC exclusion
�scaled
SI ⌘ �SI⌦h2

(⌦h2)Planck

FCC discovery

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867
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Complementary!



Summary

1. We study the real triplet (1,3,0) model with the neutral triplet  
component being our dark matter candidate. 

2. Current LHC and HL-LHC (would) exclude the triplet lighter 
than ~300GeV and ~800GeV. FCC-pp could discover 3 TeV 
triplet depending on pileup control. 

3. XENON1T rules out 1~2TeV triplet (depending on a2), 
XENON20T would cover almost the entire parameter space. 

4. Collider and dark matter direct detection are complementary.



Backup



Spin-independent DM-nucleon cross section

Klasen et al, arXiv: 1507.03800
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Production cross section: a2 dependence

13 TeV

100 TeV

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867



Cuts applied for the (HL-)LHC

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867



Cuts applied for a 100TeV collider

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867



Constraints w/o including the Sommerfeld 

C.W. Chiang, G. Cottin, Yong Du,  
K. Fuyuto, M.J. Ramsey-Musolf  
arXiv: 2003.07867
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Perturbativity is violated at energy ⇤

Constraints from perturbativity and 
perturbative unitarity

Bell et al, arXiv: 2001.05335

Our boundary benchmark


