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• Many BSM scenarios introduce an extended 
Higgs sector with new scalars 

• Undeniably, it has recently been a field of great 
attention 

• Interesting playground to study effects from new 
high-energy physics (in an effective theory 
approach) and possibly their interplay with those 
of “light” Standard Model particles 

• Great expertise from our previous, very precise 
studies of Higgs boson production 

Higgs-like scalar production



• We focus on the gluon fusion channel 

• No further assumption on the UV theory beyond 
the production of the new scalar S 

• Effective theory: S couples to the gluons through 
a dimension 5 effective operator 
 

➡ same low-energy theory as the one describing 
the Higgs dimension-five couplings after 
decoupling the top quark

Higgs-like scalar production

Le↵ = � 1

4v
CS S Ga

µ⌫G
µ⌫
a



• Can write the production cross section as

Higgs-like scalar production

�S(mS ,⇤UV) = |CS(µ,⇤UV)|2 ⌘(µ,mS)

Wilson coefficient matrix element  
in the effective theory



• Can write the production cross section as

Higgs-like scalar production

mass scale  
from dim. reg.

�S(mS ,⇤UV) = |CS(µ,⇤UV)|2 ⌘(µ,mS)



Higgs-like scalar production

�S(mS ,⇤UV) = |CS(µ,⇤UV)|2 ⌘(µ,mS)

scale of new physics / cutoff scale of 
the effective theory description

typical mass scale of the heavy 
particles that have been integrated out

example: for gluon-fusion Higgs production 
in the light-flavour SM,         .

⇤UV ⇠ mt

• Can write the production cross section as



‣ matrix element in the effective theory 

‣ for a CP-even, colourless scalar produced in 
gluon fusion, it is the same matrix element as 
the one for 

‣ known through N3L0, with the N3L0 term 
computed as an expansion around the Higgs 
threshold

Higgs-like scalar production

�S(mS ,⇤UV) = |CS(µ,⇤UV)|2 ⌘(µ,mS)

gg ! H

• Can write the production cross section as



‣ derive the production cross section of S from 
the one for H as    .

�S(mS ,⇤UV) = |CS(µ,⇤UV)|2 ⌘(µ,mS)

• Can write the production cross section as

�S(mS ,⇤UV) =

����
CS(µ,⇤UV)

CH(µ,mt)

����
2

�H(mS ,mt)

Higgs-like scalar production



Figure 2: E↵ective theory production cross section of a scalar particle of mass mS 2 [50, 150] GeV
through increasing orders in perturbation theory. For further details see the caption of Fig. 1.

mass around 770 GeV. This feature is not shared with individual PDF sets. We therefore

use, conservatively, the envelope of CT14, NNPDF30 and PDF4LHC, which leads to an

uncertainty due to the lack of N3LO parton densities at the level of 0.9%� 3% for scalars

in the range 50 GeV�3 TeV. This uncertainty remains of the order of a few percent also

at lower masses, but it increases rapidly to O(10%) for mS . 20 GeV.

We present the cross section values and uncertainties for this range of scalar masses in

Appendix A. In particular, in Tab. 6 we focus on the range between 730 and 770 GeV.

3. Finite width e↵ects and the line-shape

The results of the previous section hold formally only when the width of the scalar is set to

zero. In many beyond the Standard Model (BSM) scenarios, however, finite-width e↵ects

cannot be neglected. In this section we present a way to include leading finite-width e↵ects

into our results, in the case where the width is not too large compared to the mass.

The total cross section for the production of a scalar boson of total width �S can be

obtained from the cross section in the zero-width approximation via a convolution

�S(mS ,�S ,⇤UV) =

Z
dQ2Q�S(Q)

⇡

�S(Q,�S = 0,⇤UV)

(Q2 �m2
S)

2 +m2
S�

2(mS)
+O (�S(mS)/mS) , (3.1)

where Q is the virtuality of the scalar particle. This expression is accurate at leading order

in �S(mS)/mS . For large values of the width relative to the mass, subleading corrections
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Figure 4: E↵ective theory production cross section of a scalar particle as a function of the particle
mass mS 2 [500, 3000] GeV through increasing orders in perturbation theory. For further details
see the caption of Fig. 1.

• in the range mS 2 [10 GeV, 150 GeV], cf. Tab. 2 in Appendix A, we find

�S(x) ⇡ �
3.89881⇥ 106 x2 � 1.90274⇥ 106 x� 202261x log2 x+ 1623.77 log2 x

� 923052x log x+ 24108.2 log x+ 95652.2) pb , (3.3)

• in the range mS 2 [150 GeV, 500 GeV], cf. Tab. 3, we find

�S(x) ⇡
�
1� 3

p
x
�9.52798

x�0.0415044 log x�1.50381 pb , (3.4)

• in the range mS 2 [500 GeV, 3000 GeV], cf. Tabs. 4-5, we find

�S(x) ⇡
�
1� 3

p
x
�9.71562

x�0.0040194 log3 x�0.0474683 log2 x�0.240878 log x�1.81243 pb ,

(3.5)

where x ⌘ Q/GeV
13 TeV . The fits of Eqs. (3.3)-(3.5) can be used as the kernel of the convolution

in eq. (3.1).

4. Validity of the EFT approach

So far, we have assumed that the e↵ective theory of eq. (2.1) furnishes an accurate de-

scription of the gluon-scalar interaction. However, this assumption may be challenged if
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• for all the range of scalar masses from 10 GeV to 
3 TeV (HXSWG recommendations), good 
convergence of the perturbative expansion at 
N3LO

Higgs-like scalar production



• As in the SM calculation, the theory error 
includes 

‣ scale variation 

‣ truncation error from the threshold expansion  
 
 

‣ missing N3LO parton distributions  
 

The theory error

µ 2
hmS

4
,mS

i

�(trunc) = 10⇥ �(3)
EFT (37)� �(3)

EFT (27)

�N3LO
EFT

�(PDF� TH) =
1

2

�����
�(2),NNLO
EFT � �(2),NLO

EFT

�(2),NNLO
EFT

�����



‣ caveat: we use the PDF set PDF4LHC15 in all 
the calculations but in the estimate of the  
PDF-TH error 

➡ accidental cancellation for scalar masses 
around 770 GeV! 

➡ for the PDF-TH error, take the envelope of 
the PDF-TH error given by CT14, NNPDF3.0 
and PDF4LHC15 

➡ error typically of a few % (cfr. SM, 1.1%), but 
rapid increase to               for scalar masses 
below 20 GeV

The theory error

O(10%)



Validity of the EFT approach
• How good is the EFT if the scalar couples to 

some new “light” particle? 

• Example: 750 GeV scalar coupling to a new 
quark of mass mT  

• Can compute the cross section exactly through 
NLO and compare it with the prediction from 
the effective theory, 

�EFT =
�NLO
exact(mT )� �NLO

EFT

�NLO
exact

⇥ 100



Validity of the EFT approach
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Validity of the EFT approach
• The EFT is typically “improved” by rescaling 

with the exact LO cross section,  
 

• Much better agreement with the exact NLO 
result!

�NLO
rEFT =

�LO
exact

�LO
EFT

�NLO
EFT



Validity of the EFT approach

EFT

Rescaled EFT
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Validity of the EFT approach
• The EFT is typically “improved” by rescaling 

with the exact LO cross section,  
 

• Much better agreement with the exact NLO 
result! 

➡ even in the presence of light new particles, 
can use the effective theory to compute the  
K-factors w.r.t. the exact LO cross section

�NLO
rEFT =

�LO
exact

�LO
EFT

�NLO
EFT



Top-quark contributions
• In many extensions of the SM, new scalars can 

couple to the heavier SM particles, as the top 
quark (for example, to explain its large mass) 

• For a light new scalar, can use an effective ggS 
vertex analogous to the SM one also for the top… 

• … but if the scalar is heavy, we cannot integrate 
the top out → model the top-scalar interaction as

�t =
YttS

YttH
�wc =

CS

CH

Le↵ = ��wc

4v
CH S Ga

µ⌫G
µ⌫
a � �t

mt

v
S t̄t



Top-quark contributions
• The NLO cross section becomes

�NLO
S [�wc,�t] = |�wcAwc + �tAt|2

= �wc(�wc � �t)�
NLO
S [1, 0]

+�t(�t � �wc)�
NLO
S [0, 1]

+�wc�t �
NLO
S [1, 1]

cross section in the EFT 
➡ can use the N3LO one

�2
wc�

NLO
S [1, 0] = �2

wc|Awc|2



Top-quark contributions
• The NLO cross section becomes

�NLO
S [0, 1] = |At|2

�NLO
S [1, 1] = |At +Awc|2

�NLO
S [�wc,�t] = |�wcAwc + �tAt|2

= �wc(�wc � �t)�
NLO
S [1, 0]

+�t(�t � �wc)�
NLO
S [0, 1]

+�wc�t �
NLO
S [1, 1]

full top-mass 
dependance NLO

cross section in the EFT�2
wc�

NLO
S [1, 0] = �2

wc|Awc|2



Theory error
• Lead by the NLO terms → evaluate it as

��NLO[n1, n2]

�NLO[n1, n2]
= ±�>NLO (1 + �scheme[n1, n2]) , ni 2 {0, 1}

with
�>NLO =

 
�N3LO[1, 0]� �NLO[1, 0]

�NLO[1, 0]

!

EFT

estimate of missing contributions  
beyond NLO in the effective theory



Theory error
• Lead by the NLO terms → evaluate it as

��NLO[n1, n2]

�NLO[n1, n2]
= ±�>NLO (1 + �scheme[n1, n2]) , ni 2 {0, 1}

with
�>NLO =

 
�N3LO[1, 0]� �NLO[1, 0]

�NLO[1, 0]

!

EFT

�scheme[n1, n2] =

����NLO,MS
exact [n1, n2]� �NLO,OS

exact [n1, n2]
���

�NLO,MS
exact [n1, n2]

scheme-dependence of top-quark 
contributions at NLO



Cross section components
• provide the                           for S production with 

SM-like Yukawa couplings at various collider 
energies and scalar masses 

• they can be adapted to specific models by just 
rescaling the interactions

�NXLO
S [n1, n2]

8 TeV

13 TeV

. Component value[fb] �(theory) [%] �(pdf+↵S) [%]

�N3LO
S [1, 0] 111.4

+1.9
�4.0 6.1

�NLO
S [1, 0] 89.37 19.18 6.23

�NLO
S [0, 1] 98.92 22.3 6.22

�NLO
S [1, 1] 245.3 21.71 6.2

�N3LO
S [1, 0] 496.9

+2.0
�3.7 4.0

�NLO
S [1, 0] 404.6 18.3 4.5

�NLO
S [0, 1] 442.7 21.3 4.4

�NLO
S [1, 1] 1108 20.7 4.4

p
s

mS = 750 GeV



Cross section components
• good convergence of the top component to the EFT 

for low values of the scalar mass

mS [GeV] �NLO
S [1, 1][pb] �NLO

S [1, 0][pb] �NLO
S [0, 1][pb]

50 687.1 171.4 172.3
55 593.9 148.1 149.0
60 518.3 129.0 130.2
65 455.9 113.4 114.6
70 404.0 100.4 101.7

➡ can use the N3LO EFT cross section
⇥4



Conclusions
Production of a CP-even scalar S: 

• gluon-fusion is one of the most favourable channels 

• in an EFT, can compute the cross section through 
N3LO from the analogous result for Higgs 
production, choosing as central scale 

• in the theory error, account for scale variation, 
threshold truncation and missing N3LO PDFs 

 
 

µ = mS/2



Validity of the EFT: 

for a relatively light particle mediating the 
production of S (expect errors around 60% in 
the threshold region for the pair production of 
the mediator) 

✓ can still be used to estimate the K-factors

Conclusions

⇥



Conclusions
Top-quark contributions:  

• for an heavy scalar, need to retain the full top 
mass dependence  
→ can be computed only through NLO  
→ large theory uncertainty  

• for a light scalar, can use an EFT Wilson 
coefficient also for the top → N3LO accuracy

(O(20%))



Conclusions
• We provided the ingredients to compute the cross 

section for the production of a CP-even scalar via 
gluon fusion using the most precise higher order 
QCD corrections available, once its Wilson 
coefficient and the top-Yukawa coupling are 
known


