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The Matter Universe

14% Regular Matter

86% Dark Matter
M. Tanabashi et al. (Particle Data 

Group), Phys. Rev. D 98, 030001 (2018)
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The Matter Universe

14% Regular Matter

86% Dark Matter

2nd and 3rd fermion generations
“unnecessary”

x2 for antiparticles

Massless

¿Maybe more than one particle here?

M. Tanabashi et al. (Particle Data 
Group), Phys. Rev. D 98, 030001 (2018)

9/22/2021 5Christian Weber

source

©
TH

E 
P

A
R

TI
C

LE
 Z

O
O

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg


9/22/2021 6Christian Weber

• The Higgs boson couples to massive particles

• Dark matter must be massive

H

Dark Matter / Dark Sector 

Dark Matter / Dark Sector 

H

Standard  Model

Dark Matter / Dark Sector
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(extended) Standard Model

𝑈 1 gauge Lagrangian: 𝐿gauge = −
1

4
𝐵𝜇𝜈𝐵

𝜇𝜈 +
1

2

𝜀

cos 𝜃𝑤
𝐵𝜇𝜈𝑍𝑑

𝜇𝜈
−

1

4
𝑍𝑑𝜇𝜈𝑍𝑑

𝜇𝜈

For details see for example 
Curtin et al. PhysRevD.90.075004
Curtin et al. J. High Energ. Phys. (2015) 2015: 157

𝑆𝑈 3 𝐶 ۪ 𝑆𝑈 2 𝐿 ۪ 𝑈 1 𝑌 ۪ 𝑈 1 𝑑

𝑊1,𝑊2, 𝑊3 𝐵 𝑍𝑑

𝑊+,𝑊−, 𝑍

electroweak symmetry breaking

Standard Model Gauge Symmetries

𝑔𝑖

𝛾

𝐿𝐻𝑍𝑍𝑑 = 2𝜖𝑍
𝑚𝑍𝑑
2

𝜈
𝐻𝑍𝜇𝑍𝑑

𝜇

𝐿𝑍𝑑ℓℓ = 𝑔𝑍𝑑𝑓𝑓𝑍𝑑
𝜇 ҧ𝑓𝛾𝜇𝑓

𝐿𝐻𝑆 =
𝜅

2
𝑆2 𝐻 2

𝐿𝐻𝑍𝑑𝑍𝑑 = 2𝑠𝐻
𝑚𝑍𝑑
2

𝜈𝑠
𝐻𝑍𝑑𝜇𝑍𝑑

𝜇

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.075004
https://link.springer.com/article/10.1007/JHEP02(2015)157
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𝐿𝐻𝑍𝑍𝑑 = 2𝜖𝑍
𝑚𝑍𝑑
2

𝜈
𝐻𝑍𝜇𝑍𝑑

𝜇

𝐿𝑍𝑑ℓℓ = 𝑔𝑍𝑑𝑓𝑓𝑍𝑑
𝜇 ҧ𝑓𝛾𝜇𝑓

𝐿𝐻𝑆 =
𝜅

2
𝑆2 𝐻 2

𝐿𝐻𝑍𝑑𝑍𝑑 = 2𝑠𝐻
𝑚𝑍𝑑
2

𝜈𝑠
𝐻𝑍𝑑𝜇𝑍𝑑

𝜇

Dark Higgs S, coupling κ
(controls coupling between 

S and H)

𝐻 → 𝑍 𝑑 𝑍𝑑 → 4ℓ

Kinetic mixing 
parameter 𝜖
(controls coupling 
between 𝑍𝑑 & SM)
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Muon g-2 constraints on 𝑍𝑑

Physical Review D 89.9 (2014): 095006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.095006
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Cosmic positron abundance anomaly

Expected positron fraction 
via production from cosmic 
rays propagating the galaxy

Nature 458.7238 (2009): 607-609.

https://www.nature.com/articles/nature07942
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Search for exotic decays of the Higgs in four lepton final states, three channels

High-mass: H → 𝑍𝑑𝑍𝑑 → 4ℓ 15 GeV < 𝑚𝑍𝑑 < 60 GeV ℓ = e, μ

Low-mass: 𝐻 → 𝑍𝑑𝑍𝑑 → 4𝜇 01 GeV < 𝑚𝑍𝑑 < 15 GeV

ZX channel: H → 𝑍𝑍𝑑 → 4ℓ 15 GeV < 𝑚𝑍𝑑 < 55 GeV ℓ = 𝑒, 𝜇

Search for Higgs bosons decaying to new spin-0 or spin-1 
particles in four-lepton final states at the ATLAS detector with 
139 fb-1 of 𝑝𝑝 collision data at 𝑠 = 13 TeV
ATLAS-CONF-2021-034

https://cds.cern.ch/record/2777860
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The ATLAS detector



9/22/2021 15Christian Weber

The ATLAS detector

Inner Detector

Liquid Argon Calorimeter
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The ATLAS detector

Inner Detector

Liquid Argon Calorimeter

Muon Spectrometer



Analysis Scheme

All analysis channels

• Search for two pairs of prompt same-flavor opposite sign leptons, or just muons

• Four-lepton invariant mass compatible with Higgs Boson mass

𝐻 → 𝑍𝑍𝑑 → 4ℓ

• One di-lepton pair invariant mass compatible 
with Z boson mass

• Signal region is the spectrum of the other 
di-lepton pair’s invariant mass

𝐻 → 𝑍𝑑𝑍𝑑 → 4ℓ / 4𝜇

• No dilepton pair’s invariant mass compatible with 𝑚𝑍 (High Mass only)

• Both dilepton pair’s invariant mass sufficiently similar

• Signal region is the average dilepton invariant mass 𝑚ℓℓ =
1

2
𝑚12 +𝑚34
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pair(1,2)

pair(3,4)

quadruplet

115 GeV < 𝑚4𝑙

𝑚4𝑙

𝑚12

signal 
region

Kinematic phase space 

𝑚4ℓ < 130 GeV

50 GeV
< 𝑚12

106 GeV
> 𝑚12

Cutflow Scheme
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Signal Regions

Low Mass 𝐻 → 𝑍𝑑𝑍𝑑 → 4𝜇 High Mass 𝐻 → 𝑍𝑑𝑍𝑑 → 4ℓ ZX  𝐻 → 𝑍𝑍𝑑 → 4ℓ



9/22/2021 19Christian Weber

Statistical Analysis
Profile Likelihood Ratio

Likelihood 𝐿 𝜇, 𝜎 = ς𝑖 𝐿𝑖 𝐵𝑖 𝜎 + 𝜇 𝑆𝑖 𝜎 |𝑛𝑖

Likelihood ratio Λ 𝜇 =
𝐿 𝜇,ෝ𝜎

𝐿 ෝ𝜇,ෝ𝜎

Ƹ𝜇, ො𝜎 global maximum of likelihood  ቚ
𝑑

𝑑𝜇

𝑑

𝑑𝜎
𝐿 𝜇, 𝜎

𝜇=ෝ𝜇,𝜎=ෝ𝜎
= 0

ො𝜎 local maximum of 𝐿 at 𝜇 ቚ
𝑑

𝑑𝜎
𝐿 𝜇, 𝜎

𝜎=ෝ𝜎
= 0

2 lnΛ(𝜇) ≈ Gaussian Significance of 𝜇

Example likelihood ratio profile
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High Mass 𝐻 → 𝑍𝑑𝑍𝑑 → 4ℓ

𝐻 → 𝑍𝑍𝑑 → 4ℓ

Low & High Mass 𝐻 → 𝑍𝑑𝑍𝑑 → 4𝜇

Results

Additional limits & interpretations in Conf Note
• 𝐻 → 𝑋𝑋 / 𝑍𝑋 fiducial limits
• 𝐻 → 𝑎𝑎 / 𝑍𝑎 → 4𝜇
• Higgs Coupling parameter 𝜅
• kinematic mixing, mass mixing
• 2HDM+S in different Yukawa couplings
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𝜏

𝜏

𝜏

𝜏

Work in progress - Analyses

𝑆 → 𝑍𝑑𝑍𝑑 → 4ℓ
New Scalar 𝑆, 𝑚𝑆 ≠ 125 GeV

𝐻 → 𝑍𝑑𝑍𝑑 → 4𝜏
various 𝜏 decay channels
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𝑒− 𝑒+
𝑍∗

𝑍
𝐻

𝑒− 𝑒+
𝑍∗

𝑍
𝐻

𝑍𝑑

𝑍 𝑑

Work in progress – Snowmass

SNOWMASS21-EF2-018

SNOWMASS21-EF10_EF2_Ketevi_Assamagan-035

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF2-018.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF2_Ketevi_Assamagan-035.pdf
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Conclusion

• Precision Higgs studies and Dark Sector searches are both exciting 
avenues for new physics searches

• Published set of analyses that combines both in conf note - ATLAS-
CONF-2021-034
• Full publication in preparation

• Finishing additional analyses covering adjacent phase space 
• Planning for ATLAS phase 3, and exploring new final states
• Snowmass studies ongoing

Thank you!

https://cds.cern.ch/record/2777860
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End of Presentation!
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