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DM search ăĄ a framework                 òfulló theories vs òportalsó 

òPortalsó:   minimal portals Ą extended ones 

scalar/vector/fermionic

 

h125 properties, h Ą invisible, FV processes, 

extra higgses/gauge bosons, 

new resonant/non -resonant deviations from 

the SM, MET etc. 
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mediator: Smed, Mmed

S=0,1/2, 1é 

gf,V,H gDM

Visible sector: SM

H, q, l, G, Vé NP (?)

only one/a few DM particle(s):

 SDM = 0, İ, 1é, MDM



DM search ăĄ a framework                 òfulló theories vs òportalsó 

òFulló theories  

 SUSY/dark SUSY, hidden valleys, see-saw, 

 extra dimensionsé

       
 superpartners, HNL, KK-modes etc.
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òmultiportals ó:

full structure of

SM/DS interactions 

Visible sector: SM

H, q, l, G, Vé NP (?)

Hidden sector: DM

ƒ, S..,Ɣ.., Võé 

What can be on the dark side? We donõt know Ą

different things (complicated DM structure, new

gauge groups, strongly/weakly coupled DSé) 



The simplest scalar/pseudoscalar and vector/axial vector portals 

f

f

ff

f

visible MET

V/AV

S/PS

SDM:  the very first LHC story about DM search,

from RUN 1 until now, combined dijets /dileptons/

diphotons with Mono X + MET 

AV AV

PS

Results in the upper limits on DM production

xsecs,  mass plots for DM and mediator 

masses, interpretation in terms of SI/SD WIMP-

nucleon  scattering xsecs  

4 tops, visible

PS
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From the simplest portals to something more complicated

3/48

scalar gauge

dark Higgs, 

double portal

inelastic DM

dark QCD, SUEP 
dark QCD, 

semivisible jets  

dark Higgs

2HDM+a  
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A portal or a òfulló theory? Examples

V minim
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I. 2HDM type II (upper and lower components of fermionic doublets are coupled to the two    

   different Higgs VEVs like MSSM) 

VWhen considered separately: Higgs portal, 2HDM or 2HDM+S etc. extentions , 
    extra Higgs states are coupled to DS immediately and to SM sector via Higgs potential 

    and Yukawa term modification  Ą just a portal

VWhen treated as a part of the MSSM interactions Ą òfulló teory (rich phenomenology 

beyond higgs interactions Ą pair production of superpartners, cascade decays etc.)

II. Dark photon/fermion/ higgs states

VWhen considered separately Ą just a portal

VWhen treated as a part of a model which gives naturally hidden sector(s)  - Twin Higgses, 

    Dark SUSY, Stealth SUSY etc. Ą ófulló theory 



Higgs portal
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Branching ratios to

fermions (decays to the 2 nd gen.,

rare Higgs decays;

Coupling strength modificators ;

Full Higgs decay width/

Invisible Higgs decay

Higgs self couplings;

Extra Higgses = 

additional terms in

a potential, SMEFT;

The 1st/2 nd order PT

Search for  additional 

Higgses;

Doublet/non -doublet 
representations;

Neutral/charged new Higgses

Limits on higgs sector from DD



V minim

CMS EXO-21-005,

arXiv:2309.16003 [hep-ex]
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Triple coupling, Higgs pair production
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Extra Higgses, two higgsdoublet portal (2HDM)

Decoupling limit:                                   (H does not contribute)

Most LHC studies, including for dark matter, are done in this limit

4 types of flavor conserving models 

2 non-zero VEVs: v1 (ɮ ) and v2 (ɮ ):

 ὺ+ὺ ὺ ḳ ςτφ ὋὩὠȟ ḳὸὥὲ‍

MSSM
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Extra higgses in 2HDM
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H, A, H+,H-



Next-to-2HDM extension: 2HDM+S



Light PS in 2HDM+S type II combined results, RUN 1+2

òStrictlyó model searchfollowing from 

expected properties: 

ma<1/2 m h125

light additional pseudoscalar a in NMSSM,

Higgs sector structure is identical to  

type II 2HDM+S, mixing in higgs sector only!

h125Ą aaĄ 4b/2b2Õ/4Ʈ/2b2Ʈ/2Õ2Ʈ/4Õ/ggƟƟ

ma<1/2 m h125
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CMS SUS-23-008, arXiv:2408.17336v2 [hep-ex]

Pseudoscalar 2HDM+a: MET DM in association with bὦ-pair
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https://arxiv.org/abs/2408.17336v2


Pseudoscalar 2HDM+a: MET DM in association with bὦ-pair

2HDM+a DM relic density predicted

2HDM+a DD combined results, 

2016-2017 + future projections
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Vector portals, dark photon / Z D Ą dark sector
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Gauge portals: from minimal to  extended

light dark photon

heavy Zõ
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Inelastic DM (DM co-annihilation)
CMS EXO-20-010

ü The first LHC search of such a type ð mixed LLP + MET signature

ü A pair of displaced muons (soft, collimated)

ü Large MET collimated with muons

ü IS energetic jet as a tag  

ü Inelastic DM ð dark photon Aõ (mAõ, kinematic

    mixing Ơ),  and two closely degenerated by mass
 

     DM states (mass splitting æ, mass of ư1 m1), 

  LLP ư2( lifetime cƭ), dark gauge-fermion 

    coupling  ƜD
10-40% of m1

ώḳ‭‌
ά

ὃ
ü The interaction strength

LLP
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CMS EXO-20-010

Search for inelastic DM with two displaced muons + MET
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Dark sector/hidden valleys
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Can be portals or full theories, often these are still extended portals, 

although there are exceptions (SUSY variants)

Motivations:

Dark matter

Neutrino masses

SUSY breaking

Cosmologycal phase transitions

Baryogenesis

String theory setup

é



What is a Hidden Valley?
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QCD vs òdarkó QCD: SM

M. Savina, BLTP JINR, Russia 29.09.2025 21/50



QCD vs òdarkó QCD: HV/DS
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Strongly coupled DS, dark showers, prompt/LLP 

V One of the most striking DM-targeted signatures 

     (dark QCD Ą dark showers Ą mediator Ą SM transition)

V Broken U(1)dark, kinetic U(1) dark ð U(1)Y mixing, dark photon
     Zõ as a messenger (also scalar portals) 

V DS-SM transitions are suppressed by a high mediator

     mass scale Ą prompt/LLP decays

Hidden valleys , dark QCD, SU(Nc
dark

 )

Nc, Nf, Ldark, 

mdark, r invé 
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Dark QCD, dark showering, a part of the invisible

semivisible jets

DM part (visible) +

SM part (invisible)

xsec., mZõ, 

ά , Ὣ , 

r inv

gauge portal
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Resonant production of strongly coupled DM for semivisible jets

JHEP 06 (2022) 156

CMS EXO-19-020
The first CMS study of jet ivsisible  contribution with dark sector I

nterpretation . The fraction r inv of stable invisible dark hadrons in between 

0 (dijet , small MET)  and 1 (large MET) 
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Soft Unclustered Energy Patterns (SUEPs)
CMS EXO-23-002; 

arXiv:2403.05311 [hep-ex]

- Scalar mediator S, quasi-conformal DS, dark mesons masses much 

  smaller than m S. S charged under both SU(3) and SU(3)D
- spherically symmetric FS distributions, high multiplicity of soft PS

- Boltzmann distr. for pseudoscalar pT, depending on TD (ƈD) and mƯ
- decay Ư Ą ƞDƞD, Ą SM FS trough ƞ -ƞD mixing, prompt decays

ά ɤ ȟ ɤ Ḻ ίlight ƞD

M< 1 GeV
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SUSY is natural, low-scale SUSY breaking, hidden sector with (at least) one chiral 

singlet supefield  (R-odd singlino, R-even singlet). LSP ð gravitino (GMSB), 

NLSP decays to gravitino through a hidden sector. 

HS states of order the EW scale, states approximately supersymmetric (F << M ) ð 
closely degenerated by masses.  

Suppression of large missing ET at the end of decay chain (gravitino assosiated).

very soft!!!

Weakly coupled DS, Stealth SUSY 

arXiv:1105.5135 [hep-ph]



‗Ὓɨ

Á Neutral  (uncharged under all MSSM gauge symmetries)

     - superpotential  term (ὛὌὌ Ⱦ         -  exactly GMSB setup for the case F<<M)

      - (pseudo)Goldstone fermion model ð axino instead of gravitino

   

      - vector Zõ, kinetic mixing of U(1)

    

      

Ὓὣὣ

Portals between MSSM and stealth sector 

Á Charged (not under gauge group because of large SUSY breaking mediation) ð 

baryon/lepton number.

     RPV SUSY:

     

     

SLHu, Sudd (the òbaryonó portal), SQLd, SLLE 



ὛὣὣNeutral portal,  model 

ὣȟὣ in υȟυ of SU(5),  

mS ~ 100 GeV, mY ~ TeV ð supersymmetric masses, 

soft masses:

Field strength at one loop level: 

Neutral higgsino decay through mixing with neutral 

zino/bino

for   ά ȟά  ~ TeV  mass splitting between
 

singlino/singlet of order 10 GeV 

Integrating out ὣȟὣ  at one loop - operators

‗„ Ὃ Ὓ  for ὫᴼὛ Ὣ and ίὋ Ὃ  for S ­ g + g

S(a) decay dominantly to ÇÇ for light enough S(a)



Neutral portal,            model ὛὌὌ 

In the limit of small Ʀ vacua will be Ὓ πȟ  ,

a mass splitting ‏ά ‗ͯ‖‘ϳὺ ά

S(a) decay dominantly to ὦὦ through mixing with h



NLSP gluino decay width 

Stealth SUSY simplified, prompt/LLP 

NLSP neutralino decay width 

In dependence on a parameter space region NLSP decay can be prompt/LLP

Field set: LOSP ð gluino, stop, higgsino only

The lightest R-odd SUSY particle ð gravitino/ axino 

JiJi Fan, Matthew Reece, Joshua T. Ruderman

arXiv:1105.5135 [hep-ph]

arXiv:1201.4875 [hep-ph]

arXiv:1512.05781 [hep-ph]



Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets + low Ὁ  

CMS SUS-19-001; 

arXiv:2310.03154 [hepex];

See also:

CMS SUS-23-001

for stealth /RPV SUSY

with DNN

Ὓὣὣ

ά ȟά ȡρςυπὓ ςσυπ ὋὩὠȟρρππὓ ςπππ ὋὩὠρυπ ὋὩὠὓ  ά ά ρππ ὋὩὠ;



Gluino/stop PP, neutralino as NLSP, prompt, 2gamma + jets + low Ὁ  

CMS SUS-19-001; 

arXiv:2310.03154 [hepex];

See also:

CMS SUS-23-001

for stealth /RPV SUSY

with DNN

Ὓὣὣ

ά ȟά ȡρςυπὓ ςσυπ ὋὩὠȟρρππὓ ςπππ ὋὩὠρυπ ὋὩὠὓ  ά ά ρππ ὋὩὠ;

69/70
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éUn peu de soleil dans lõeau froide

Françoise Sagan

Dark sector 

can be rich and complicated,

can allows new symmetries and strong/weak regimes,

can give many new particles and interactions 

Maybe  answers on our questions are hidden in a dark sector? 

Ą a little hope in the autumn landscape



BACKUP
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Higgs couplings to the 2nd generation + rare/invisible decays  
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Combination of h 125 Ą invisible searches for ttbar and VH
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Combination of h 125 Ą invisible searches
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V minim
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Higgs potential and self couplings
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HH production, observed upper limits, ATLAS/CMS

V minim
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Triple and quartic self couplings

V minim
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V minim
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Triple and quartic self couplings
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Higgs self-coupling measuring: perspectives

V minim
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HL LHC

projection

HH pair

production
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V minim
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Higgs self-coupling measuring: perspectives
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