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Open questions in particle physics & cosmology
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Dark Matter Baryon AsymmetryDark Energy

+ are these related to the Higgs sector?

Gravity

Dark Energy



The Higgs-cosmology connection
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2. Higgs portal  scalar Dark Energy

➡ maybe Corfu 2024?
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Outline
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1. Pheno overview: how can EWSB trigger baryogenesis?


2. Previous experimental searches


3. New searches in ATLAS [ATLAS-CONF-2023-034]

• H decays to top quarks

• H decays to bottom quarks

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


Baryogenesis - general conditions
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1. B violation

✓ Exists in SM: sphalerons

•  transitions when 

• Exponentially suppressed when 


2. C/CP violation

๏ Not enough from weak interactions - need new sources

➡ extended Higgs sectors


3. Non-equilibrium

๏ Does not exist in SM

• Depends on form of effective Higgs potential at  - need 

1st order phase transition

➡ extended Higgs sectors

Δ(B + L) ≠ 0 ⟨ϕ⟩ = 0
⟨ϕ⟩ ≠ 0

Tc

barrier



The 2 Higgs Doublet Model

6

• related to other models (e.g. axion, MSSM, …)


• 5 Higgs bosons


• Free parameters:

mA, mH, mH±


α: mixing between H, h

tanβ: ratio of vacuum expectation values


• Different Yukawa structures (Type I,II,…)

   suppressed/enhanced couplings to fermions


• Alignment limit: cos(β-α)=0

h has the same couplings as the SM Higgs

h

H H+

H-

A

Branco et al, Phys.Rept. 516 (2012) 1

Rompotis, Ferrari, Symmetry 2021,13,2144 

CP-odd
ChargedCP-even

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201106.0034
https://www.mdpi.com/2073-8994/13/11/2144
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Existing constraints

• Higgs coupling measurements:  we are close to alignment limit

• H± must be degenerate with A or H, but  can be big!mA − mH

ATLAS-CONF-2021-053 Gfitter, EPJC 78 (2018) 675

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
https://arxiv.org/ct?url=https://dx.doi.org/10.1140/epjc/s10052-018-6131-3&v=556256ba
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What is needed for baryogenesis in 2HDM?

• For baryogenesis to occur  mass splitting is needed

• Generally A should not be too heavy and  favoured

➡ Search for two heavy Higgs bosons with a large mass splitting with masses up to 

about 1 TeV

mA − mH
mA − mH ≃ 200 GeV

Su, et al, JHEP 04 (2021) 219

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202011.04540
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Previous searches for A→ZH

top

threshold

EPJC 81 (2021) 396

top threshold

A→ZH

H→ZA

JHEP 03 (2020) 055

•  +  [ATLAS & CMS] : sensitivity stops at top threshold

•  [CMS] : much less sensitive than 

•  [ATLAS] : not sensitive when 

•  [ATLAS] : can probe high  but not sensitive when 

➡None of these could probe  in the alignment limit

H → bb̄ Z(ℓℓ)
H → ττ H → bb̄
H → WW cos(β − α) = 0
H → hh mH cos(β − α) = 0

mH > 350 GeV

https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5
http://dx.doi.org/10.1007/JHEP03(2020)055
https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5
http://dx.doi.org/10.1007/JHEP03(2020)055
http://dx.doi.org/10.1007/JHEP03(2020)055
https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
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How to extend the covered phase space

top

threshold
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 o

f A
mH(+-) = mA, cos(b-a) = 0.0, tan(b) = 1.0

 ZH (mH = 400 GeV)→A

 tt (mH = 400 GeV)→A

mH(+-) = mA, cos(b-a) = 0.0, tan(b) = 1.0

A→ZH

A→tt

•  dominates when 

•  dominant below top threshold

•  dominant above top threshold

➡  to cover the region 

➡  to cover the region with  at high  (complementary to )

A → ZH mA − mH ≳ 250 GeV
H → bb̄
H → tt̄
A → Z(ℓℓ)H(tt̄ ) mH > 350 GeV
A → Z(νν̄)H(bb̄) mH < 350 GeV mA ℓℓbb̄

A decay H decay
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Production modes
ggF bbA

• Note - for Type-II 2HDM (MSSM-like)

• 

• 


➡  channel generally probes lower  than 

➡ 2 production modes with different sensitivity to 

gAtt̄ ∼ gHtt̄ ∼ 1/tan β
gAbb̄ ∼ gHbb̄ ∼ tan β

H → tt̄ tan β H → bb̄
tan β
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Experimental analyses
ATLAS-CONF-2023-034

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


The lltt final state

13

• Use semi-leptonic top decays

• relatively high BR

• only one   better  resolution than di-lepton


• 3 leptons, 2 b-jets, 2 light-jets (from W), moderate 


• Reconstruction:

• Z-candidate:  pair with mass closest to 

•  = lepton + closest b-jet + 

•  = 2 light-jets with mass closest to  + remaining b-jet


➡ fit  in bins of 

ν → mt

Emiss
T

e+e−/μ+μ− mZ
tlep Emiss

T
thad mW

Δm = m(tt̄Z) − m(tt̄ ) m(tt̄ )

tlep

thad



Signal and control regions
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• Backgrounds constrained by profile likelihood fit 
using control regions defined using , 

,  cuts


• Major backgrounds: 

•  : irreducible but no resonant  - constrained 

from  side-band regions

• +fake lepton : use region with same-sign 

leptons


• 1-bin fit in control regions


• Sliding  window used to define SR

• multi-bin fit in SR

{pT(ℓ3)
m(ℓℓ) m(tt̄ )}

tt̄Z tt̄
m(tt̄ )

tt̄

m(H)

VRVRCRCR CRSR

SS

CR

|mℓℓ − mZ | [GeV]

7 13

20

10

pT(ℓ3) [GeV]

VR

VR

SR CRCR

pT(ℓ3) [GeV]

|mℓℓ − mZ | [GeV]
20

10

7 13

mtt̄



lltt analysis - results
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•  used in SR - expect bump if signal present

• No significant deviations from SM

• Highest deviation from SM prediction for  (2.85/2.35σ local/global)

• Exclusion limits provided for all 2HDM types

Δm = m(tt̄Z) − m(tt̄ )

(mA, mH) = (650,450) GeV



The vvbb final state
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• 2 b-jets (ggF) or 3 b-jets (bbA), large 


• Less complicated however significantly larger background than  


• Sophisticated cuts inspired by SM Higgsstrahlung and DM searches 
to suppress multi-jet and  backgrounds 

• H-candidate: 2 highest  b-jets

• can only reconstruct transverse mass of A-candidate


➡2D bump search: fit  in bins of 

Emiss
T

ℓℓtt̄

tt̄
pT

mT(A) m(bb̄)

https://arxiv.org/abs/2108.13391
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Signal and control regions

VRCRCR CRSR CR

• Major backgrounds: 

• Z+hf : can construct very pure control region by 

requiring exactly 2 same-flavour leptons

•  : use eμ region


• few-bin fit in control regions


• Sliding  window used to define SR

• multi-bin fit in SR

tt̄

m(H)

CR SR

VR1

0

0.8 1.2

2

CR

2L CR

eμ CR

N(leptons)

mbb̄ [mH]



vvbb analysis - results
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• No significant deviations from SM 

• Dedicated region with  b-jets allows to set 

very strong limits at high  (Type-II)
≥ 3

tan β

Type-I

Type-II



Model independent limits 
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• What if you have another model that predicts leptons or  ? 

• Inject signal in one bin and perform multiple fits scanning the  spectrum

• What is the maximum signal that the data can accommodate in a given  bin

tt̄+ bb̄ + Emiss
T

m(tt̄ )/m(bb̄)
m(tt̄ )/m(bb̄)

✓ Reduced model dependence - assumptions:

• final state is the same (3 leptons, 2 b-jets ( ) / 0 leptons +  ( ))

•  pair produced by narrow resonance (however not necessarily in a cascade decay like )

ℓℓtt̄ Emiss
T νν̄bb̄

tt̄/bb̄ A → ZH

dσ/dm

mtt̄ /mbb̄

dσ/dm

mtt̄ /mbb̄

Data

Bg

Signal



Model independent limits 
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• Allows for straightforward re-intrepretation provided that theorists can calculate reco-level 
acceptance*efficiency effects (we also provide the numbers for the 2HDM benchmark for 
comparison)

• We provide  = maximum cross-section allowed by data in each  bin at reco level

• To be compared with: 

σvis
limit m(tt̄/bb̄)

σvis
theory ≡ σtheory × BR × (𝒜 ⋅ ϵ)
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Conclusions

• New searches for  extend the probed phase 
space to higher  & 


• 

• first search for resonantly produced 

•  region in alignment limit 


• 

• first search for  with 

• complements previous  searches probing higher 


• Limits on visible cross-section provided for re-
interpretations covering up to 

A → ZH
m(A) m(H)

ℓℓtt̄
tt̄Z

mH > 350 GeV

νν̄bb̄
bb̄ + Emiss

T m(bb̄) ≳ 200 GeV
ℓℓbb̄ mA

m(bb̄/tt̄ ) = 2 TeV
own compilation of results from


ATLAS-CONF-2023-034 & EPJC 81 (2021) 396 

lltt

vv
bb

llb
b

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/
https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5
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Topical workshop: “Roadmap of Dark Matter models for LHC Run 3”

Spring 2024 @ CERN - organised by the LHC DM Working Group

Topics include:

•New models and unexplored signatures

• Invisible Higgs decays

•Simplified models (s-channel, t-channel)

•Extended scalar/gauge sectors

If you are interested: register & submit contribution: https://indico.cern.ch/event/1303940/

https://indico.cern.ch/event/1303940/


Backup
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EW baryogenesis in 2HDM

B̄
B̄

B̄

B̄

B̄
B̄B̄

B̄B̄

B̄

B

B

B

B
B

B

B

B

B

B

Adapted from R. Gannouji, Galaxies 2022, 10(6), 116

https://www.mdpi.com/2075-4434/10/6/116
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2HDM couplings

Coupling modifier Type I Type II
ξ(h,u)

sβ-α+cβ-α/tβ
sβ-α+cβ-α/tβ

ξ(h,d), ξ(h,l) sβ-α-cβ-αtβ

ξ(H,u)
cβ-α-sβ-α/tβ

cβ-α-sβ-α/tβ

ξ(H,d), ξ(H,l) cβ-α+sβ-αtβ

ξ(A,u)
1/tβ

1/tβ

ξ(A,d), ξ(A,l) tβ

ξ(h,VV) sβ-α

ξ(H,VV) cβ-α

ξ(A,VV) 0
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2HDM constraints
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lltt event selection
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vvbb event selection


