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INTRODUCTION

This talk:


 Provide a summary of 2HDM matching within the 
Higgs group in ATLAS


 Comparison with  formalism


 Feedback on SMEFT to UV matching

κ

Introduction  

Two Higgs Doublet Model 

UV matching in ATLAS 

 The   framework

 SMEFT intro

 Matching


 Comparison with 


Conclusion

κ

κ

Recently published interpretation of Higgs combined 
measurements within ATLAS


First SMEFT to UV matching results in ATLAS for 
2HDM included in the CONF note

https://cds.cern.ch/record/2870216/files/ATLAS-CONF-2023-052.pdf
https://doi.org/10.48550/arXiv.2207.00092
https://doi.org/10.48550/arXiv.2207.00092
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INTRO TO 2HDM
Two Higgs Doublet Model (2HDM):


 Popular model where one additional doublet is included wrt SM


5 Higgs bosons are predicted, two of them neutral CP-even, one of 
them being the discovered one at LHC


Model described by six parameters: the masses of the bosons, the 

ratio of expectation values  and   the mixing angle 

between the two neutral CP-even states):

tan(β) =
v1

v2
α

Type I : one Higgs doublet couples to vector bosons, the other to fermions


Type II: one doublet couples to up type quarks the other to down type quarks and leptons


Type LS: coupling to quarks as in as in type I, coupling to charged leptons as in type II


Flipped: coupling to quarks as in as in type II, coupling to charged leptons as in type I
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Run-I style Higgs interpretations for 2HDM model results based on 
reparameterising couplings in the  framework:


 A set of dedicated modifiers  for Higgs couplings, defined for inclusive 
observables and BR


 In this framework, the  for the various Higgs production and decay 
modes are expressed in the narrow-width approximation as : 


κ

κi

σ × BR

THE  FRAMEWORKκ

σi × B(H → f ) =
κ2

i κ2
f

κ2
H

σSM
i × BSM(H → f )

where  and  are multiplicative factors applied on SM production and decay 
respectively

κi κf
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Constraints on coupling modifiers can be rotated into the 2HDM space in terms of 2D limits in the 
 plane: cos(β − α), tan(β)

FROM  TO 2HDMκ

Table 7: Multiplicative factors predicted in the four 2HDM scenarios near the alignment limit, as a function of tan V

and cos(V � U), for the Higgs boson couplings to up-type quarks (1st row), down-type quarks (2nd row), charged
leptons (3rd row), vector bosons (4th row), and to itself (5th row). The symbol 2V�U stands for cos(V � U), while
BV�U stands for sin(V � U). The definition of the parameter <̄ is given in the text.

Coupling Type I Type II Lepton-specific Flipped

D, 2, C BV�U + 2V�U/tan V

3, B, 1 BV�U + 2V�U/tan V BV�U � 2V�U ⇥ tan V BV�U + 2V�U/tan V BV�U � 2V�U ⇥ tan V

4, `, g BV�U + 2V�U/tan V BV�U � 2V�U ⇥ tan V BV�U � 2V�U ⇥ tan V BV�U + 2V�U/tan V

, , / BV�U

� B
3
V�U +

✓
3 � 2 <̄2

<2
⌘

◆
2

2
V�UBV�U + 2 cot (2V)

✓
1 � <̄2

<2
⌘

◆
2

3
V�U

In addition to the impact of the tree-level coupling modifications, the production and decay rates of
the ⌘ boson are modified through next-to-leading-order electroweak corrections involving the trilinear
⌘⌘⌘ coupling _ [113]. In the 2HDM framework, this self-coupling is modified with respect to the SM
expectation _SM by the scale factor (denoted as ^_) shown in the last row of Table 7 [114]. The parameter
<̄ is <̄2 =

<2
12

sin V cos V = <
2
� + _5E

2, where _5 is the coefficient of the (�†
1�2)2 term of the Higgs potential.

Near the alignment limit considered, the value of <̄ is close to that of <� (_5E
2 ⌧ <

2
�), and a value

<̄ = <� = 1 TeV (_5 = 0) is assumed in this section in all scenarios in which the effect of the self-coupling
is considered in the calculation of limits on cos(V � U) and tan V.

In the following sections, limits on the 2HDM parameters cos(V � U) and tan V are inferred from studies of
the ensemble of Higgs boson production and decay rate measurements in two distinct scenarios: first by
comparing the measured rates for each production mode with inclusive 2HDM predictions expressed in the
so-called ^-framework, and then by comparing the more fine-grained measurements described in Section 2
with the 2HDM predictions expressed in the linearised statistical model of the EFT-based parametrisation
described in Section 3.

4.1.1 Constraints based on the +-framework

In the ^-framework [13], the Higgs boson production-mode cross-sections and decay branching ratios are
parametrised in terms of multiplicative coupling strength modifiers ^ [9]. In the model considered in this
study, the loop-induced processes (gluon-gluon fusion 66 ! � and 66 ! /� production, as well as
� ! WW, � ! /W and � ! 66 decays) are expressed in terms of the strength factors for the couplings to
the SM particles inside the loop. The model also assumes that there are no invisible or undetected Higgs
boson decays beyond the SM. The impact of the trilinear ⌘⌘⌘ coupling modifier ^_ on the Higgs boson
production and decay rates via NLO electroweak corrections to the LO amplitudes is also included in
the parametrisations. In the likelihood function in Eq. (1) the signal strengths `8,-: are reparametrised as
`
8,-
: = `

8,- ({+(tan V, cos(V � U))}), using the relations listed in Table 7. Confidence regions for tan V

and cos(V � U) can thus be inferred from the combined measurements of Higgs boson production and
decay rates.

The resulting 95% CL contours in the (tan V, cos(V � U)) plane are shown in Figure 19. All models exhibit
similar exclusion regions in the (tan V, cos(V � U)) plane at low values (. 1) of tan V, where only a narrow
region of cos(V � U) around zero is consistent with the measured values of the Higgs boson production and

42

sβ−α = sin(β − α)
cβ−α = cos(β − α)
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 RESULTSκ

Interpretation using full experimental likelihood of 
inclusive cross-sections in different decay 
channels


Parameterisation from  framework to 2HDM as in 
the previous slide


Petal structures appear due to “opposite sign” 
solutions not being completely excluded by data


Effect of Higgs self-coupling  shown for Type I

κ

κλ

Measurements  space κ 2HDM space

(a) (b)

(c) (d)

Figure 19: Regions of the 2HDM (tan V, cos(V�U)) parameter plane excluded at 95% CL (light yellow filled regions)
in the ^-framework-based approach by the measured rates of Higgs boson production and decays in (a) type I, (b) type
II, (c) lepton-specific and (d) flipped models. The dark yellow dashed lines show the borders of the corresponding
expected exclusion regions for the SM hypothesis. For type-I models, the observed and expected regions excluded
at 95% CL when the ^_ constraint is considered are also shown (solid and dashed blue lines). Results are derived
assuming | cos(V � U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the masses of the
non-SM-like Higgs bosons are large compared with the SM vev.

44
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SMEFT

ℒSMEFT = ℒSM + ∑
i,n

cn
i 𝒪n

i

Λn−4

SMEFT Lagrangian:


with  the dimension, and  running on all possible operators for a given dimension
n i

“top” flavour scheme: considering the third generation of quarks independently from the other two and dropping 
lepton flavour universality


Inputs from the theory community exist for a large class of new physics models where SMEFT parameter is 
mapped out to new physics model parameters 


For this talk I’ll consider the SMEFT to 2HDM parameterisation in Phy. Rev. D 102, 055012 (2020) - S.Dawson, 
S.Homiller, & S.D. Lane

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012
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with  the SMEFT energy scale ,  the VEV,   the Yukawa-couplings ( ) and  is 
the common mass of the heavy decoupled scalars

Λ v Yi Yi = 2mi/v MA

Relevant  (top flavour scheme) parametrised as function of the 2HDM parameters:Ci

SMEFT TO 2HDM PROCEDURE

Phy. Rev. D 102, 055012 (2020) - S.Dawson, S.Homiller, & S.D. Lane

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012
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Results obtained considering the systematics effect of experimental and theoretical 
uncertainties for the four types of 2HDM (combined likelihood from different Higgs channels has 
large complexity, O(3000) parameters)


Formulas valid in the limit of  (alignment limit), in agreement with EFT 
assumptions

cos(β − α) → 0

SMEFT TO 2HDM PROCEDURE

Measurements EFT space 2HDM space

All measurements are rotated 
in the EFT space, info on 
nuisance parameters (NP) 
maintained

Relevant  re-parametrised as 
function of  , the 
rest fixed to SM

ci

cos(β − α), tan(β)
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SMEFT TO 2HDM EXAMPLE: EFT RESULTS

Interpretation using full experimental likelihood of inclusive 
cross-sections in different decay channels (same 
measurements as the ones used for results in Slide 6)


Parameterisation from EFT to 2HDM as in Slide 8


Effect of  operator included for Type I


Differences with  constraints:


• Petal structures are missing


• Type I constraints at high 


• Linearisation differences

cH

κ

tan β

Measurements EFT space 2HDM space

(a) (b)

(c) (d)

Figure 20: Regions of the 2HDM (tan V, cos(V � U)) parameter plane excluded at 95% CL (blue filled regions) in
the EFT-based approach by the measured rates of Higgs boson production and decays in (a) type-I, (b) type-II, (c)
lepton-specific and (d) flipped models. The dashed black lines show the borders of the corresponding expected
exclusion regions for the SM hypothesis. For type-I models, the observed and expected regions excluded at 95% CL
when the 2� constraint is considered are also shown (solid and dashed green lines). Results are derived assuming
| cos(V�U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the masses of the non-SM-like
Higgs bosons are large compared with the SM vev.

46
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(a) (b)

(c) (d)

Figure 21: Comparison of the constraints from the approaches based on the ^- and EFT-frameworks in the (tan V,
cos(V � U)) plane in 2HDM for (a) type-I, (b) type-II, (c) lepton-specific and (d) flipped models. The ^_ constraint is
included in the type-I model intepretation. Solid (dashed) lines indicate the observed (expected) constraints. Results
are derived assuming | cos(V � U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the
masses of the non-SM-like Higgs bosons are large compared with the SM vev.

47
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SMEFT VS  FRAMEWORK: TYPE I CONSTRAINTSκ

Dimension six results are known not to reproduce full 
model results (PhysRevD.106.055012 - S.Dawson, D. 
Fontes, S. Homiller, M. Sullivan):


Type I constraints are driven at high  by the 
effect of Higgs Boson couplings to vector bosons


These effects are captured by EFT only at 
dimension eight

tan(β)

https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
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(a) (b)

(c) (d)

Figure 21: Comparison of the constraints from the approaches based on the ^- and EFT-frameworks in the (tan V,
cos(V � U)) plane in 2HDM for (a) type-I, (b) type-II, (c) lepton-specific and (d) flipped models. The ^_ constraint is
included in the type-I model intepretation. Solid (dashed) lines indicate the observed (expected) constraints. Results
are derived assuming | cos(V � U) | ⌧ 1, near the alignment limit represented by the red dashed lines, and that the
masses of the non-SM-like Higgs bosons are large compared with the SM vev.
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SMEFT VS  FRAMEWORK: PETALSκ

Dimension six results are known not to reproduce full 
model results (PhysRevD.106.055012 - S.Dawson, D. 
Fontes, S. Homiller, M. Sullivan):


For type L,F and II dimension six is unable to 
capture the “opposite sign” solution, i.e. the 
classical petal structure found in the full model is 
not present (only one minimum possible). 


Quadratic effects can capture this to a certain 
extent

https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
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SMEFT VS  : CHOICE OF PARAMETERISATIONκ
Additional differences come from the parametrisation of the measurements in terms of 2HDM parameters:

Taylor expandedRatio of polynomials

κ2
prod κ2

decay

κ2
H

  1 + κi ≈ ci

All three parameterisations are equivalent for , difference is in terms of higher powers of  cos(β − α) → 0 1/Λ

cos(β − α) → 0

μggF,ττ Kappa

EFT linearised

EFT ratio of polynomial

Example of EFT modification to an input measurement

used for published results!
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Can EFT be used as the interface between experiment and theory?


Experimental likelihood not necessarily gaussian, mainly due to 
handling of Taylor expansion in the parameterisation


Full likelihood results can be different than results obtained 
constructing  fits around published results


Publishing EFT results requires information on underlying 
measurements and how to parametrised them in terms of EFT 
operators

χ2

EFT AS A INTERFACE

C1

Likelihood

Gaussian likelihood

Full experimental

likelihood



SMEFT to 2HDM matching within ATLAS15

Conclusions:


SMEFT to UV has been included for the first time in the most recent interpretation of Higgs combined 
results


EFT to 2HDM procedure in ATLAS and comparison with -derived results shown today


Discussion:


Limitations of these procedures in the context of Higgs combinations and global EFT fits (effect of 
linearisation and choice of parameterisation, dim. 8 … )


Extending UV matching in ATLAS to different models?


Bridge between experimental results and theory: can EFT be the interface for this? (Advantages and 
disadvantages?)

κ

CONCLUSIONS



BACK -UP
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EFFECT OF LINEARISATION 

Taylor expanded Ratio of polynomials
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SMEFT VS  FRAMEWORK: LINEARISATIONκ

Dimension six results are known not to reproduce 
full model results (S.Dawson, D. Fontes, S. 
Homiller, M. Sullivan):


Effect of linearisation in EFT procedure is cause 
for more differences between  and EFT derived 
constraints (effect also known and discussed in 
paper above)

κ

Taylor expandedRatio of polynomials

EFT: Ratio of polynomials EFT: Taylor expanded

Study with simplified likelihood

https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf


SMEFT to 2HDM matching within ATLAS19

EFFECT OF LINEARISATION 


