
Jose Miguel NoJose Miguel No
IFT-UAM/CSIC, MadridIFT-UAM/CSIC, Madrid

The 2HDM +  𝑎:  
An archetype model for LHC DM searches
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#Why?#Why?
SM  +  Pseudoscalar mediator  +  Dark Matter (singlet fermion)

Motivated by: 

● Null results in spin­independent DM Direct Detection searches

● Hints of DM in indirect detection (galactic center excess)
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#Why?#Why?
SM  +  Pseudoscalar mediator  +  Dark Matter (singlet fermion)

NOT Gauge Invariant!
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#Why?#Why?
2HDM  +  singlet Pseudoscalar mediator  +  Dark Matter (singlet fermion)

Minimal renormalizable (gauge invariant) realization
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#Model Overview#Model Overview

2HDM  +  singlet Pseudoscalar mediator  +  Dark Matter (singlet fermion)

Originally introduced by Ipek, McKeen, Nelson
Ipek, McKeen, Nelson, PRD 90 (2014), 055021

Singlet-doublet pseudoscalar mixing
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#Model Overview#Model Overview

2HDM  +  singlet Pseudoscalar mediator  +  Dark Matter (singlet fermion)

 More Higgses, more fun!

 New (resonant) processes
JMN, PRD 93 (2016), 031701
Goncalves, Machado, JMN, PRD 95 (2017), 055027
Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138

Courtesy: PhD Comics
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#Model Overview#Model Overview

2HDM  +  singlet Pseudoscalar mediator  +  Dark Matter (singlet fermion)

 New (resonant) processes
JMN, PRD 93 (2016), 031701
Goncalves, Machado, JMN, PRD 95 (2017), 055027
Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138

 Complete model

SM Higgs field coupling to singlet pseudoscalar pair

(will be relevant later...)
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#LHC Status#LHC Status

 Multi­parameter scenario 12 free (+ 1)

 How to efficiently navigate it?
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#LHC Status#LHC Status

 Multi­parameter scenario 12 free (+ 1)

 How to efficiently navigate it?

● Multidimensional scan
Robens, Symmetry 12 (2021) 12, 2341



3

#LHC Status#LHC Status

 Multi­parameter scenario 12 free (+ 1)

 How to efficiently navigate it?

● Multidimensional scan
Robens, Symmetry 12 (2021) 12, 2341 Type II 2HDM only!

(Type I 2HDM can be very different!)
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#LHC Status#LHC Status

 How to efficiently navigate it?

● Signature­based analysis (requires fixing parameters)

 Multi­parameter scenario 12 free (+ 1)

Courtesy: VectorStock
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#LHC Status#LHC Status

 How to efficiently navigate it?

● Signature­based analysis (requires fixing parameters)

 Multi­parameter scenario 12 free (+ 1)

Courtesy: VectorStock
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#LHC Status#LHC Status

 How to efficiently navigate it?

● Signature­based analysis (requires fixing parameters)

 Multi­parameter scenario 12 free (+ 1)

Complementarity among different channels/searches

Sensitivity potential of each search

Possibility to identify blind spots!
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#LHC Status#LHC Status The 2HDM𝑎 @ 2024 ATLAS, 2306.00641
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#LHC Status#LHC Status
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#LHC Status#LHC Status

Courtesy: Imgflip
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#LHC Status#LHC Status Roadmap for LHC Run3?
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#LHC Status#LHC Status Roadmap for LHC Run3?

… only exploration of low 
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#LHC Status#LHC Status Roadmap for LHC Run3?

… same issue in CMS
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#LHC Status#LHC Status Roadmap for LHC Run3?

 2HDM Type II
Alignment limit

ATLAS-CONF-2023-052
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#LHC Status#LHC Status Roadmap for LHC Run3?

 2HDM Type I?
Alignment limit?

ATLAS-CONF-2023-052
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#LHC Status#LHC Status Roadmap for LHC Run3?

● Width issues for  

For                  ,       
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#LHC Status#LHC Status Roadmap for LHC Run3?

●                                       ?
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#LHC Status#LHC Status Roadmap for LHC Run3?

●                                       ?

EWPO
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#LHC Status#LHC Status Roadmap for LHC Run3?

●                                       ?

Explored impact of varying 
Abe et al, Phys. Dark. Univ. 27 (2020), 100351

But no new decay channels!
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#LHC Status#LHC Status Roadmap for LHC Run3?

● What if mass splittings allow for new decay channels?
Argyropoulos, Haisch, Kalaitzidou, 2404.05704



11

#LHC Status#LHC Status Roadmap for LHC Run3?

● What if mass splittings allow for new decay channels?
Argyropoulos, Haisch, Kalaitzidou, 2404.05704

New possible decays of A (into DM):

usual resonant 
mono­h signal
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#LHC Status#LHC Status Roadmap for LHC Run3?

● What if mass splittings allow for new decay channels?
Argyropoulos, Haisch, Kalaitzidou, 2404.05704

New possible decays of H (into DM):

usual resonant 
mono­Z signal

new searches!
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#LHC Status#LHC Status Roadmap for LHC Run3?

Decays of A

Argyropoulos, Haisch, Kalaitzidou, 2404.05704
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#LHC Status#LHC Status Roadmap for LHC Run3?

Decays of A

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

Cascade decays: 
preference for small
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#LHC Status#LHC Status Roadmap for LHC Run3?

Decays of A
Interplay with fully visible searches
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#LHC Status#LHC Status Roadmap for LHC Run3?

Interplay with fully visible searches

Well­established for 2HDM 
w. sizable mass splittings!

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

Large splittings yield 1st order EWPT
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Well­established for 2HDM 
w. sizable mass splittings!

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

Large splittings yield 1st order EWPT

Biekotter, Heinemeyer, JMN, Radchenko,Olea, Weiglein, JHEP 01 (2024) 107

ATLAS-CONF-2023-034
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#LHC Status#LHC Status Roadmap for LHC Run3?

Interplay with fully visible searches

Well­established for 2HDM 
w. sizable mass splittings!

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

Large splittings yield 1st order EWPT

Biekotter, Heinemeyer, JMN, Radchenko,Olea, Weiglein, JHEP 01 (2024) 107

ATLAS-CONF-2023-034

A­H splitting very well motivated 
in 2HDM: EW Baryogenesis
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#LHC Status#LHC Status Roadmap for LHC Run3?

There is even more to it:  2HDM Type I    → Alignment??

Relevant in specific regions of                    ? 
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#LHC Status#LHC Status Roadmap for LHC Run3?

There is even more to it:  2HDM Type I    → Alignment??

Cascade decays involving       ??
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#LHC Status#LHC Status Roadmap for LHC Run3?

New (split) benchmarks?  /  New searches?

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

A H

??
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#BONUS:#BONUS:  CP Violation & BaryogenesisCP Violation & Baryogenesis

●  Complex Parameters! Complex Parameters! CPV phases: : 

2HDM2HDM 2HDM𝑎
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#BONUS:#BONUS:  CP Violation & BaryogenesisCP Violation & Baryogenesis

●  Complex Parameters! Complex Parameters! CPV phases: : 

2HDM2HDM 2HDM𝑎
●  2HDM𝑎 can accommodate EW Baryogenesis can accommodate EW Baryogenesis

TAKE with TAKE with 
BIG GRAIN BIG GRAIN 
of SALT!of SALT!

Huber, Mimasu, JMN, PRD 107 (2023) 07542

Limits from Limits from 
visible searches! visible searches! 

((NO DMNO DM))
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#BONUS:#BONUS:  CP Violation & BaryogenesisCP Violation & Baryogenesis

●  Complex Parameters! Complex Parameters! CPV phases: : 

2HDM2HDM 2HDM𝑎
●  2HDM𝑎 can accommodate EW Baryogenesis can accommodate EW Baryogenesis

TAKE with TAKE with 
BIG GRAIN BIG GRAIN 
of SALT!of SALT!

Huber, Mimasu, JMN, PRD 107 (2023) 07542

Limits from Limits from 
visible searches! visible searches! 

((NO DMNO DM))

Inclusion of DM + improved EWBG 
treatment in progress!

Gent, Huber, Mimasu, JMN, 24xx.xxxxx



Thank 
you!
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