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                                                                                          Outline

• EFT for Higgs pair production

• Tools for EFT HH

• Open questions
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                                                                                          Effective Theory for the Higgs boson

There exist two fundamentally different choices for an EFT.

SMEFT

The Higgs boson transforms in a SU(2) doublet. The Lagrangian contains all possible 
operators allowed by the symmetries. Ordering by operator dimension and suppression  
  
leading Higgs deviations for n=2.

(1/Λ)n

Different choices of operators connected by equations of motion.

Warsaw basis

SILH basis

equivalent for HH

HEFT (or Electroweak Chiral Lagrangian)

Higgs transforms as gauge singlet.

Based on chiral perturbation theory.

Ordering of operators not unique but for instance by chiral dimension.
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                                                                                          Non-resonant HH production

SMEFT:

ℒ = c̄6λ
v2

|H |6 +
c̄gg2

s

m2
W

|H |2 GμνGμν yuc̄u

v2
Q̄LH̃tR |H |2 + h . c .+ +

ctGαs

v2
Q̄LσμνTaH̃tRGa

μν + h . c .

c̄H

v2
(H†∂μH )2 −

SILH basis
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                                                                                          Non-resonant HH production

Warsaw basis

ℒ = CH |H |6 +

CHG |H |2 GμνGμν CuHQ̄LH̃tR |H |2 + h . c .+ + CuGQ̄LσμνTaH̃tRGa
μν + h . c .

CH,□(H†H ) □ (H†H ) + CHDDμ(H†H )Dμ(H†H )* +
SMEFT:

coefficients of 𝒪(1/Λ2)
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                                                                                          Effective Theory for HH

HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh
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                                                                                          Effective Theory for HH

HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh

two Higgs couplings only to be probed in HH
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                                                                                          HEFT/SMEFT for HH?

HEFT SMEFT

+ Combination with single Higgs fits  
simpler

NLO results in full top mass 
dependence available+

+
[Buchalla et al ’18; Heinrich et al ’20]

di-Higgs is THE place to 
probe differences 
in one or two Higgs 
couplings

− several couplings only in 
appearing HH: 
degeneracies?

− UV models that don’t 
linearise to SMEFT?

05

Chromomagnetic dipole operator: present in SMEFT at LO in 
EFT but with power counting rules should be suppressed 
in HEFT appears at higher order in EFT expansion
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                                                                                          Tools for HH production
HH production has large QCD corrections 

Complicated to compute due to various mass scales. 

Full top mass dependent computations for NLO QCD available numerically.

[Borowka et al. ’16, Baglio et al. ’19]

POWHEG implementation of HEFT HH @ NLO QCD available.
[Buchalla et al ’18; Heinrich et al ’20]

SMEFT @ LO available  in MG5_MC@NLO,  
SMEFT@ NLO only in heavy top mass limit

06

HEFT @ NNLO in approximative top mass dependence available in 
[de Florian, Fabre, Heinrich, Mazzitelli, Scyboz ‘21]

[more later on by Ludovic]

[RG, Mühlleitner, Spira, Streicher ’15]
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                                                                                          Tools for HH production
HH production has large QCD corrections 

Complicated to compute due to various mass scales. 

Full top mass dependent computations for NLO QCD available numerically.

[Borowka et al. ’16, Baglio et al. ’19]

POWHEG implementation of HEFT HH @ NLO QCD available.
[Buchalla et al ’18; Heinrich et al ’20]

Figure 11: K-factors for the total cross section as a function of the di↵erent couplings.

3.2 Cross sections and distributions at several benchmark points

In the following we will show results for the benchmark points defined in Ref. [71],

except for benchmark point 8, where we choose a di↵erent one (denoted as “outlier”

number 5 for cluster 8 in Ref. [72]) which has a more characteristic shape, and which

we call 8a.

The conventions for the definition of the couplings between our Lagrangian, given in

Eq. (2.6), and the one of Ref. [71] are slightly di↵erent. In Table 2 we list the conversion

factors to translate between the conventions.

EWChL Eq. (2.6) Ref. [71]

chhh �

ct t

ctt c2

cggh
2

3
cg

cgghh �
1

3
c2g

Table 2: Translation between the conventions for the definition of the anomalous

couplings.

– 17 –

[Buchalla et al ’18]

Strong dependence on EFT coefficient!
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                                                                                          Translation HEFT/SMEFT

loop-suppression of weakly coupled new physics to the e↵ective Higgs gluon
coupling.

The relevant terms for di-Higgs production of the HEFT Lagrangian is
given by

�LHEFT = �mt

✓
ct
h

v
+ ctt

h2

v2

◆
t̄ t� chhh

m2

h

2v
h3 +

↵s

8⇡

✓
cggh

h

v
+ cgghh

h2

v2

◆
Ga

µ⌫G
a,µ⌫ .

(8)

In contrast to eqs. (2) and (6) the couplings of one and two Higgs bosons to
fermions or gluons become de-correlated. We noted that we have omitted
the top quark dipole operator. From the UV point of view of a weakly inter-
acting model such a coupling would enter at the loop level hence e↵ectively
have an extra suppression factor of 1/16⇡2. In contrast to the �†�Ga

µ⌫G
aµ⌫

operator that carries such a suppression as well, the dipole-operator en-
ters only via loop diagrams and is hence suppressed compared to all the
other operators assuming a weakly-interacting UV model. In table 1 we

HEFT SILH Warsaw

chhh 1� 3

2
c̄H + c̄6 1� 2 v

4

m
2
h

CH + 3cH,kin

ct 1� c̄H

2
� c̄u 1 + cH,kin � CuH

v
3

p
2mt

ctt � c̄H+3c̄u

4
�CuH

3v
3

2
p
2mt

+ cH,kin

cggh 128⇡2c̄g 8⇡/↵sv2CHG

cgghh 64⇡2c̄g 4⇡/↵sv2CHG

Table 1: Leading order translation between di↵erent operator basis choices.

give the translation among the various choices for an e↵ective field theory
description. The HEFT is more general than SMEFT allowing for di-Higgs
production to vary the couplings of two Higgs bosons to fermions or gluons
in an uncorrelated way from the corresponding couplings with a single Higgs
boson. While being more general, this obviously also has the disadvantage
that more barely constrained couplings enter into di-Higgs production lead-
ing potentially to degeneracies in their determination. In table 1 we also see
that the translation between the Warsaw basis as defined from eq. (2) con-
tains an ↵s. Since ↵s is a running parameter and for di-Higgs production
typically evaluated at Mhh/2 a translation between the coupling between
Warsaw and SILH/HEFT needs to consider this fact. This can be rectified
by including the running of CHG at the order at which the running of ↵s is
considered or by redefining

CHG ! C 0
HG =

1

↵s

CHG. (9)

5

translation table holds at 
Lagrangian level 

attention with Higgs gluon coupling and αs
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CHG ! C 0
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1

↵s

CHG. (9)

5

translation table holds at 
Lagrangian level 

But on level of matrix 
element squared non-trivial 
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[figure by  Jannis Lang]

ct = 0.94, chhh = 3.94, ctt = − 1/3, cggh = 1/2, cgghh = 1/4
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                                                                                          Open questions
Uncertainties on the specific EFT point? 

• SM suffers from large uncertainties associated to the top quark mass 
renormalization scheme

dependence on EFT coefficients?

   [Baglio et al. ’19, Baglio et al. ’20]

08
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                                                                                          Open questions
Uncertainties on the specific EFT point? 

• SM suffers from large uncertainties associated to the top quark mass 
renormalization scheme

dependence on EFT coefficients?

• if the EFT point leads to distributions (very) different from the SM ones: 
what are the errors on the bins (in dependence on the EFT point)?

Truth level HEFT reweighting validation

6

Using the 20k SM sample (left) and the 100k SM sample (right)

Distributions normalised to 1
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[figure by C.Dimitriadi]
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   [Baglio et al. ’19, Baglio et al. ’20]
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                                                                                          Reweighting

Scans in EFT space with New Monte Carlo events for each EFT point? 

In practise not achievable, too computing time intensive!

Reweighting!

09
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                                                                                          Reweighting

Scans in EFT space with New Monte Carlo events for each EFT point? 

In practise not achievable, too computing time intensive!

Reweighting!

[Buchalla et al ’18] provides
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The results were computed using the PDF4LHC15 nlo 100 pdfas [88–91] parton distri-

bution functions interfaced via LHAPDF [92], along with the corresponding value for

↵s(µ), with ↵s(MZ) = 0.118. The masses of the Higgs boson and the top quark have

been set to mh = 125GeV and mt = 173GeV (pole mass), respectively. The widths of

the top quark (and the Higgs boson) have been set to zero. Bottom quarks are treated

as massless and therefore are not included in the fermion loops. The scale uncertainties

are estimated by varying the factorisation scale µF and the renormalisation scale µR

around the central scale µ0 = mhh/2, using the envelope of a 7-point scale variation.

The latter means that we use µR,F = cR,F µ0, where cR, cF 2 {2, 1, 0.5}, and consider

each combination except the two extreme ones cR = 0.5, cF = 2 and cR = 2, cF = 0.5.

In the SM case, the combinations cR = cF = 0.5 and cR = cF = 2 always coincided

with the envelope of the 7 combinations to vary cR, cF .

3.1 NLO cross sections and heat maps

In this section we will provide results for the coe�cients defined in Eqs. (2.7) and (2.8),

i.e. for the expression

�
NLO

/�
NLO

SM = A1 c
4

t + A2 c
2

tt + A3 c
2

t c
2

hhh + A4 c
2

gghc
2

hhh + A5 c
2

gghh + A6 cttc
2

t + A7 c
3

t chhh

+ A8 cttct chhh + A9 cttcgghchhh + A10 cttcgghh + A11 c
2

t cgghchhh + A12 c
2

t cgghh

+ A13 ctc
2

hhhcggh + A14 ctchhhcgghh + A15 cgghchhhcgghh

+ A16 c
3

t cggh + A17 ctcttcggh + A18 ctc
2

gghchhh + A19 ctcgghcgghh

+ A20 c
2

t c
2

ggh + A21 cttc
2

ggh + A22 c
3

gghchhh + A23 c
2

gghcgghh . (3.1)

We evaluated the coe�cients in two di↵erent ways: determination via projections and

performing a fit, finding agreement of the results within their uncertainties. The results

of the projection method, including uncertainties, are summarised in Table 1.

In the following we show heat maps for the ratio �/�SM , based on the results for

A1, . . . , A23. For the fixed parameters the SM values are used. Further we use �
LO

SM =

19.85 fb, �NLO

SM = 32.95 fb.

The couplings are varied in a range which seems reasonable when taking into account

the current constraints on the Higgs coupling measurements [1, 93, 94], as well as recent

limits on the di-Higgs production cross section [95–98].

In Fig. 7 we display heat maps where the anomalous coupling ctt is varied in combination

with the Higgs-gluon contact interactions cgghh and cggh. We show the ratio to the SM

total cross section both at LO and at NLO. We can see that the NLO corrections

can lead to a significant shift in the iso-contours. It also becomes apparent that the

cross sections are more sensitive to variations of ctt than to variations of the contact

interaction cggh.

– 13 –
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A’s are numerical coefficients
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                                                                                          Reweighting

Scans in EFT space with New Monte Carlo events for each EFT point? 

In practise not achievable, too computing time intensive!

Reweighting!

[Buchalla et al ’18] provides

Poly(ci) =
σHEFT(ci)

σSM

Poly(ci, mhh) =
σHEFT(ci, mhh)

σSM(mhh)

Introduce a weight  σHEFT = w(ci)σSMsuch that w(ci) = Poly(ci, mhh)

sometimes better though to disentangle normalisation from shape (i.e. to account for 
the “best” SM value) 

How? w′ (ci) =
Poly(ci, mhh)

Poly(ci)
or normalise reweighted distribution?
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                                                                                          Conclusions
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• various open questions

• discussions towards a recommendation underway

• di-Higgs allows to probe various EFT operators 

• recommendations for HH EFT necessary

• can potentially distinguish between SMEFT and HEFT

together with 
L.Alasfar, L. Cadamuro, C. Dimitriadi, A. Ferrari, G.Heinrich,  J. Lang, S. Ördek, L. Sanchez Perez, L. Scyboz
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• discussions towards a recommendation underway

• di-Higgs allows to probe various EFT operators 

• can potentially distinguish between SMEFT and HEFT

Thanks for your attention!


