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Project: ATLAS Higgs results  matter-antimatter asymmetry→

?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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matter-antimatter asymmetry

Cosmic rays:  
= no ambient antiprotons ( )

p̄/p = 10−4

p̄

BIG DEAL! 
 

Lorentz invariance 
+ 

Hermitian Hamiltonian (physical observables are real) 
= 

matter-antimatter symmetry (CPT) is conserved! 

True in SM and any BSM!!!!
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Baryogenesis (matter-antimatter asymmetry)
Problem: we exist :( 
 (CPT) is conserved => need for dynamical mechanism to generate matter-antimatter asymmetry. 

Sakharov conditions: 
• Baryon number violation 
• Loss of thermal equilibrium 
• Break C and CP symmetries 

In SM: all related to the Higgs field

https://arxiv.org/pdf/hep-ph/0609145.pdf 
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf
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Sakharov is mostly known for his political activism for 
individual freedom, human rights, civil liberties

Baryogenesis (matter-antimatter asymmetry)

https://en.wikipedia.org/wiki/Andrei_Sakharov
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Baryogenesis (matter-antimatter asymmetry)
Problem: we exist :( 
 (CPT) is conserved => need for dynamical mechanism to generate matter-antimatter asymmetry. 

Sakharov conditions: 
• Baryon number violation 
• Loss of thermal equilibrium 
• Break C and CP symmetries 

https://arxiv.org/pdf/hep-ph/0609145.pdf 
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf
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Out of thermal equilibrium 

In thermal equilibrium: 
any process that generates some extra B 

 
comes with the inverse process at the same rate 

 

Out of thermal equilibrium if for example  

 surpassed by  

X → Y + B

Y + B → X

T < mX
Y + B → X e−mX/T

X Y + B

mX TEnergy:

Electroweak Baryogenesis



MultiHiggs production and EWSB                      Osama Karkout                        2024 8

Out of thermal equilibrium 

Electroweak symmetry breaking (EWSB) is a phase transition!  
It can cause loss of thermal equilibrium if it is a First Order Phase Transition (FOPT)

X Y + B

mX TEnergy:

Electroweak Baryogenesis

https://cds.cern.ch/record/2012465/plots
https://arxiv.org/pdf/hep-ph/0609145.pdf


MultiHiggs production and EWSB                      Osama Karkout                        2024 9

First Order Phase Transition (FOPT)

Electroweak Baryogenesis

https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Baryogenesis

https://inspirehep.net/files/75c6a1c0e6c893f583947a208917662e
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Electroweak Phase Transition: Thermal QFT

V(H) = −
1
2

μ2H2 +
1
4

λH4

Before symmetry breaking, Higgs potential is:
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Electroweak Phase Transition: Thermal QFT

V(H) = −
1
2

μ2H2 +
1
4

λH4

Before symmetry breaking, Higgs potential is:

In Feynman diagrams:

V(H) =
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Electroweak Phase Transition: Thermal QFT

V(H) = −
1
2

μ2H2 +
1
4

λH4

Before symmetry breaking, Higgs potential is:

In Feynman diagrams:

V(H) =

Higgs field is coupled to a thermal bath of fields. 
at LO, this looks like:

Veff(H, T) = −
1
2

μ2H2 +
1
4

λH4 +
α
2

T2H2



MultiHiggs production and EWSB                      Osama Karkout                        2024 14

Electroweak Phase Transition: Thermal QFT

V(H) = −
1
2

μ2H2 +
1
4

λH4

Before symmetry breaking, Higgs potential is:

In Feynman diagrams:

V(H) =

Higgs field is coupled to a thermal bath of fields. 
at LO, this looks like:

Veff(H, T) = −
1
2

μ2H2 +
1
4

λH4 +
α
2

T2H2

https://indico.in2p3.fr/event/19252/contributions/72633/attachments/54437/71264/EWPT_Writeup.pdf
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Veff(H, T) =
1
2

(−μ2 + αT2)H2 − βT(−μ2 + γH2)3/2 +
1
4

λH4

at NLO, the effective potential gets a cubic term

The values of ( , , ) depend on your theory 

If you’re lucky, you can get a barrier between two minima 
at some critical temperature  

Then at some random point in space, the VEV tunnels 
a bubble forms around it and expands! 

α β γ

Tc

 = temperature of bubble nucleationTn

Electroweak Phase Transition: Thermal QFT
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first order phase transition 
FOPT

second order phase transition 
SOPT 

(or crossover)

Veff(H, T) =
∼

1
2

(−m2 + αT2)H2 − βTH3 +
1
4

λH4

WE WANT TO BE FIRST!!!

Electroweak Phase Transition: Thermal QFT

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition: SM

second order phase transition 
SOPT 

(or crossover)

No first order phase transition in SM

Veff(H, T) =
∼

1
2

(−m2 + αT2)H2 − βTH3 +
1
4

λH4

WE WANT TO BE FIRST!!! 
But we’re not…

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Electroweak Phase Transition: BSM
Idea: 
1. add a scalar field S which couples to the Higgs.  
2. This scalar field also has a phase transition! Going to a VEV for S 

V(H) = −
1
2

μ2H2 +
1
4

λH4 + V(H, S)
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Electroweak Phase Transition: BSM
Idea: 
1. add a scalar field S which couples to the Higgs.  
2. This scalar field also has a phase transition! Going to a VEV for S 
3. Form a potential barrier between the VEV of S and the VEV of H 
4. Tunnel to the VEV of H: This is FOPT 

V(H) = −
1
2

μ2H2 +
1
4

λH4 + V(H, S)
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Electroweak Phase Transition: BSM
Adding a scalar field can make a two-step FOPT!

https://arxiv.org/pdf/1707.09960.pdf
https://arxiv.org/pdf/1107.5441.pdf
https://arxiv.org/pdf/1707.09960.pdf
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ATLAS Higgs results  Higgs phase transition→

explored for one added scalar, answer will come

S

??

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/1409.0005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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ATLAS Higgs results  Higgs phase transition→

???
Maybe we will see enhancement of HHH production!

https://arxiv.org/pdf/hep-ph/0609145.pdf
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Simplified BSM model predicting large HHH: TRSM. 

SM + two singlets coupling to the Higgs. 

23

How to enhance HHH
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Simplified BSM model predicting large HHH: TRSM. 

SM + two singlets coupling to the Higgs. 

Scalars get VEVs!  Mixing: 

h1 can be our scalar particle of 125 GeV

→

24

How to enhance HHH
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Simplified BSM model predicting large HHH: TRSM. 

SM + two singlets coupling to the Higgs. 

Scalars get VEVs!  Mixing: 

h1 can be our scalar particle of 125 GeV

→

25

How to enhance HHH

Remember: 
Mixing requires nonzero VEV 

For added scalars
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Simplified BSM model predicting large HHH: TRSM. 

SM + two singlets coupling to the Higgs. 

Scalars get VEVs!  Mixing: 

h1 can be our scalar particle of 125 GeV

→

26

How to enhance HHH
HHH production is enhanced through resonance
xsec ~ 30 fb (~ HH production in SM)

https://arxiv.org/pdf/2404.12425

We updated this conclusion using 
better theoretical bounds (perturbativity) 
and newest experimental bounds!

https://arxiv.org/pdf/2404.12425
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Simplified BSM model predicting large HHH: TRSM. 

SM + two singlets coupling to the Higgs. 

Scalars get VEVs!  Mixing: 

h1 can be our scalar particle of 125 GeV

→

27

How to enhance HHH

https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
https://arxiv.org/pdf/2404.12425
https://arxiv.org/pdf/2404.12425
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Mixing: 

Physical parameter space: 
                    { } 

 

Can we have First-Order Phase Transition (FOPT)? 
For which parameters? 
Does it come with HHH enhancement?

M2, M3, vs, vx, θ1, θ2, θ3

M1 = 125 GeV, v = 246 GeV

28

Electroweak Phase Transition: TRSM

 { }M2, M3, vs, vx, θ1, θ2, θ3

FOPT?

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
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TRSM: HHH production and Higgs FOPT

 { }M2, M3, vs, vx, θ1, θ2, θ3

FOPT?Need nonzero VEV 
for two added scalars 
for double resonance

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2404.12425
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PT in TRSM: start with thermal QFT

V(H) =

At LO: only masses get T contribution
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PT in TRSM: start with thermal QFT

V(H) =

At LO: only masses get T contribution Started using Mathematica to numerically solve RGEs 
(differential equations as a function of T) 

We tried points with large HHH xsec: No FOPT! 

Intuition: I don’t think there will be FOPT… 
Can we prove it?

T (GeV)
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PT in TRSM: start with only one scalar

V ∈
1
2

m2(T )H2 +
1
4

λH4 +
1
2

m2
S(T )S2 +

1
4

λSS4 +
1
2

λHSH2
SS2 Extrema at: ∂HV = 0, ∂SV = 0

H

S

Continuous transition

There is a barrier between two minima: 
 and (0,vS) (vH,0)

λλs − λ2
HS < 0Case 1:

Final minimum at (vH,0)

FOPT

Takeaway: Since there is a barrier between the two axes (fields) 
You cannot put a minimum there! 
So the field S must end up with a zero VEV 
Therefor: No Mixing! No resonant HHH production!

https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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PT in TRSM: start with only one scalar

V ∈
1
2

m2(T )H2 +
1
4

λH4 +
1
2

m2
S(T )S2 +

1
4

λSS4 +
1
2

λHSH2
SS2 Extrema at: ∂HV = 0, ∂SV = 0

H

S

Continuous transitions

Each extrema ‘comes out’ of a previous one: 
only one minimum at a time, no barriers

λλs − λ2
HS > 0Case 2:

Final minimum at (vH, vS)

H

S

Continuous transition

There is a barrier between two minima: 
 and (0,vS) (vH,0)

λλs − λ2
HS < 0Case 1:

Final minimum at (vH,0)

FOPT

Case 2: NO FOPT! Yes resonant HHH production!Case 1: Yes FOPT! No resonant HHH production!

https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Call the fields  xi

Find all extrema by taking ∂iV = 0

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Not even mathematica could help… insight needed.

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Insights: 

•  symmetry: ( ) does not change the potential! I can focus on the positive  and generalise. 

• The shape of the potential (whether an extremum is minimum) does not change if I scale the axes: 

Z2 x → − x xi

x2 → x

Now the Hessian is simple:

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Insights: 

•  symmetry: ( ) does not change the potential! I can focus on the positive  and generalise. 

• The shape of the potential (whether an extremum is minimum) does not change if I scale the axes: 

Z2 x → − x xi

x2 → x

Now the Hessian is simple:

For resonant HHH:

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

H

S

Continuous transitions

Each extrema ‘comes out’ of a previous one: 
only one minimum at a time, no barriers

λλs − λ2
HS > 0Case 2:

Final minimum at (vH, vS)

Case 2: NO FOPT! Yes resonant HHH production!

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Continuous transitions

Each extrema ‘comes out’ of a previous one: 
only one minimum at a time, no barriers

Final minimum at (vH, vS, vx)

Case 2: NO FOPT! Yes resonant HHH production!

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Case 1: Yes FOPT! No resonant HHH production!

Final minimum at (vH, vs,0)

First-Order Phase Transition

https://arxiv.org/pdf/2404.12425
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PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Case 1: Yes FOPT! No resonant HHH production!

Final minimum at (vH, vs,0)

Nightmare! 
If we want FOPT, 
we cannot detect it with HHH

First-Order Phase Transition

https://arxiv.org/pdf/2404.12425


MultiHiggs production and EWSB                      Osama Karkout                        2024 42

PT in TRSM: with both scalars
https://arxiv.org/pdf/2404.12425

Final minimum at (vH, vs,0)

First-Order Phase Transition

Silver lining: 
Final minimum at resonant HH production!!(vH, vs,0) →

S

https://arxiv.org/pdf/2404.12425
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TRSM can accommodate both HH enhancement and FOPT!

First-Order Phase Transition

Final minimum at (vH, vs,0)

Fresh results!

?

;)

Impossible for only one added scalar

S

https://arxiv.org/pdf/2404.12425
https://arxiv.org/pdf/2404.12660
https://arxiv.org/pdf/hep-ph/0609145.pdf
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First-Order Phase Transition

Final minimum at (vH, vs,0)

44

TRSM can accommodate both HH enhancement and FOPT!

?

Impossible for only one added scalar

S

https://arxiv.org/pdf/2404.12425
https://arxiv.org/pdf/2209.10910
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Final notes
https://arxiv.org/pdf/2404.12425

•  symmetric TRSM can enhance HHH if both scalars have nonzero VEVs at zero temperature (today) 

•  symmetric TRSM can accommodate First Order Phase Transitions (desired for matter-antimatter asymmetry) 

•  symmetric TRSM cannot accommodate both at the same time! Zero scalar VEV required for FOPT

Z2
Z2
Z2

https://arxiv.org/pdf/2404.12425
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https://arxiv.org/pdf/2404.12425

•  symmetric TRSM can enhance HHH if both scalars have nonzero VEVs at zero temperature (today) 

•  symmetric TRSM can accommodate First Order Phase Transitions (desired for matter-antimatter asymmetry) 

•  symmetric TRSM cannot accommodate both at the same time! Zero scalar VEV required for FOPT

Z2
Z2
Z2

I presented analytic analysis for LO effective thermal potential. 
Going to NLO numerically showed us the same conclusion

Final notes

Ideas to achieve both FOPT and HHH: 

• Add terms that break  symmetry  
• Add yet another scalar ;)

Z2

https://arxiv.org/pdf/2404.12425
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https://arxiv.org/pdf/2404.12425

•  symmetric TRSM can enhance HH and accommodate a First Order Phase Transition (FOPT): 
one added scalar gets a vev, mixes with Higgs, and enhances HH production, while the other provides a barrier for FOPT 

• Further studies can include gravitational waves and dark matter constraints for TRSM benchmark points for HH enhancement

Z2

Final notes

S

First-Order Phase 

Final minimum at (vH, vs,0)

https://arxiv.org/pdf/2404.12425
https://arxiv.org/pdf/2404.12425
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Electroweak Baryogenesis
Baryon number violation 

In SM: left handed B+L violated! 

Esph ∼
8πv
gw

 is the Higgs VEVv

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://inspirehep.net/files/75c6a1c0e6c893f583947a208917662e
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Electroweak Baryogenesis
Baryon number violation 

In SM: left handed B+L violated! 

Esph ∼
8πv
gw

 is the Higgs VEVv

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://inspirehep.net/files/75c6a1c0e6c893f583947a208917662e
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Baryon number violation 

51

Electroweak Baryogenesis

Esph ∼
8πv
gw

 is the Higgs VEVv

Γsph(T) ∼ e−Esph/T ∼ e−v/T
Rate of tunnelling to another vacuum:

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://inspirehep.net/files/75c6a1c0e6c893f583947a208917662e
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Baryon number violation 

52

Electroweak Baryogenesis

Esph ∼
8πv
gw

 is the Higgs VEVv

Γsph(T) ∼ e−Esph/T ∼ e−v/T
Rate of tunnelling to another vacuum:

If EW symmetry is restored (VEV=0) 
Sphalerons everywhere!

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://cds.cern.ch/record/2012465/plots
https://arxiv.org/pdf/hep-ph/0609145.pdf
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Charge and Charge+Parity symmetries (C and CP violation) 

Under C conservation: 
 comes with  

CP violation is a longer story but also needed

X → Y + B X̄ → Ȳ + B̄

Electroweak Baryogenesis
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Charge and Charge+Parity symmetries (C and CP violation) 

In SM: CP violation in CKM matrix. Not enough though! BSM CP violation is more than welcomed.

Electroweak Baryogenesis

https://arxiv.org/pdf/hep-ph/0609145.pdf
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Charge and Charge+Parity symmetries (C and CP violation) 

Electroweak Baryogenesis

https://arxiv.org/pdf/hep-ph/0609145.pdf
https://cds.cern.ch/record/2012465/plots
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Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425


MultiHiggs production and EWSB                      Osama Karkout                        2024 58

Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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Backup
https://arxiv.org/pdf/2404.12425

https://arxiv.org/pdf/2404.12425
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How to enhance HHH


