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Why the Higgs?
• The Higgs boson is a fundamental ingredient of 

the Standard Model - without it, this theory is not  
self-consistent!

• Its discovery brought great excitement...
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Why the Higgs?
• The Higgs boson is a fundamental ingredient of 

the Standard Model - without it, this theory is not  
self-consistent!

• Its discovery brought great excitement...

... and then a bit of depression..



Why the Higgs?
... this Higgs boson looks “too Standard-Model 
like”!

ATLAS-CONF-2015-044
Parameter value
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Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and  j � 0. The
uncertainties are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

6.3.1. Probing the up- and down-type fermion symmetry

The parameterisation for this test has as free parameters �du = d/u , �Vu = V /u and uu = u ·u/H .
The up-type fermion couplings are mainly probed by the ggF production process, the H ! �� decay
channel and to a certain extent by the ttH production process. The down-type fermion couplings are
mainly probed by the H ! bb and H ! ⌧⌧ decays and a small sensitivity to the relative sign comes from
the interference between top and bottom quarks in the gluon fusion loop.

The results of the fit are reported in Fig. 19 and in Table 16. The corresponding likelihood scan for the
�du parameter and for the combination of ATLAS and CMS is shown in Fig. 20. The p-value of the
compatibility between the data and the SM predictions is 67%.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type
fermion symmetry. In this case, the free parameters are �lq = l/q , �Vq = V /q and qq = q · q/H .
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Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
 j � 0 Measured Expected uncertainty Measured Measured
Z 1.00+0.10

�0.11
+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4 0.5+1.4

�0.5
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Figure 18: Fit results for the combination of ATLAS and CMS in the case of the parameterisation with reduced
coupling modifiers yV , i =

q
V , i

gV , i

2v =
p
V , i

mV , i

v for the weak vector bosons, and yF, i = F, i
gF, ip

2
= F, i

mF, i

v for
the fermions, as a function of the particle mass. The dashed line indicates the predicted dependence on the particle
mass for the SM Higgs boson.
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• Many observed phenomena (neutrino mass, dark 
matter, ..) are not described by the Standard 
Model 

‣ can they be related to the origin of electroweak 
symmetry breaking? Can they affect Higgs 
physics?

• The Higgs boson is “unnaturally” light 

‣ is the Higgs sector more complicated than in the 
Standard Model (new particles/interactions)?

Why precision Higgs?



• If “hints” of new physics persist

‣ is this new physics related to the Higgs boson?

‣ does it change its properties (decays, couplings, 
width)?

Why precision Higgs?



• Precise predictions are fundamental 

‣ deviations in the Higgs phenomenology can be 
of just some few %

     the current precision in the extraction of the 
Higgs properties is limited by the theoretical 
error on the NNLO gluon-fusion production rate

‣ we want to study in depth the properties of new 
particles 

          we already developed a great set of tools for 
precision Higgs studies, extend them!

Why precision Higgs?



     “Ingredients”

• heavy-quark effective theory (HQET)

• full quark-mass effects (from top, bottom, charm) 
through NLO

• 2-loop EW, 3 loop QCD/EW corrections

• convolution with parton distribution functions 
(pdf)

• uncertainties (scale, pdf, as, missing contributions, 
approximations)

Higgs Production at N3LO



• Integrate out the (heavy) top quark

‣ the quark loop is replaced by an effective 
gluon-Higgs vertex

Heavy quark effective theory



• Is this a good approximation?

‣ at LO

Heavy quark effective theory
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• Is this a good approximation?

‣ at NLO, “improve” the result from the EFT by 
rescaling it with the exact LO cross section:

�NLO
EFT = 34.66 pb

�NLO
ex = 36.60 pb

�NLO
EFT,r = K ⇥ �NLO

EFT = 36.83 pb

KLO =
�LO
exact

�LO
EFT

' 1.06

}

Heavy quark effective theory

carefully analyse the residual uncertainty associated to all of these contributions. In this

way we obtain the most precise theoretical prediction for the Higgs production cross section

available to date.

We conclude this section by summarizing, for later convenience, the default numerical

values of the input parameters used in our numerical studies, as well as concrete choices for

PDFs and quark mass schemes. In particular, we investigate three di↵erent setups, which

are summarized in Tab. 1–3. Note that we use NNLO PDFs even when we refer to lower

order terms of the cross section, unless stated otherwise.

Table 1: Setup 1

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt(mt) 162.7 (MS)

mb(4.18GeV ) 4.18 (MS)
mc(3GeV ) 0.986 (MS)

µ = µR = µF 62.5 (= mh/2)

Table 2: Setup 2

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt 172.5 (OS)
mb 4.92 (OS)
mc 1.67 (OS)

µ = µR = µF 62.5 (= mh/2)

Table 3: Setup 3

p
S 13TeV

mh 125GeV
PDF ABMXXX

as(mZ) XXX
mt(mt) 163.7 (MS)

mb(10GeV ) 3.610 (MS)
mc(3GeV ) 0.986 (MS)

µ = µR = µF 62.5 (= mh/2)

3. The cross-section through N3LO in the infinite top-quark limit

3.1 The partonic cross section at N3LO in the heavy-top limit

In this section we discuss the contribution �̂ij,EFT in eq. (2.4) from the e↵ective theory

where the top quark is infinitely heavy. This contribution can be expanded into a pertur-

bative series in the strong coupling constant,

�̂ij,EFT

z
=

⇡ |C|2
8V

1X

n=0

⌘(n)ij (z) ans , (3.1)

where V ⌘ N2
c � 1 is the number of adjoint SU(Nc) colours, as ⌘ ↵s/⇡ denotes the strong

coupling constant evaluated at a scale µ and C is the Wilson coe�cient introduced in

eq. (2.5), which admits itself a perturbative expansion in the strong coupling [17, 18, 19],

C = a2s

1X

n=0

Cn a
n
s . (3.2)

Here both the coe�cients Cn and the strong coupling are functions of a common scale µ.

At LO in as only the gluon-gluon initial state contributes, and we have

⌘(0)ij (z) = �ig �jg �(1� z) . (3.3)

QCD corrections beyond LO are also known. In particular, the perturbative coe�cients

⌘(n)ij are known at NLO [] and NNLO [22, 23, 24] in QCD. Recently, also the N3LO correc-

tions ⌘(3)ij have been computed []. As these corrections are the main new addition in our

computation, we briefly review the N3LO corrections to the inclusive gluon fusion cross

section in the heavy-top limit in this section.

– 6 –

0.6%

‣ perform same rescaling also 
for the higher orders
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Vary scale in interval

SCALE VARIATION 10

Estimate missing higher orders 
(MHO) from scale variation

Estimating MHO from scale variations not very effective at LO and 
NLO because of larger corrections

Perturbative series seems to stabilize from NNLO on

LO ±14.8%
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N3LO ±1.6%

��scale=

LO

NLO

NNLO

N3LO

0 20 40 60 80 100 120 140
0

20

40

60

80

�=�R=�F

� e
ft
(p
b)

setup 1, EFT, 13 TeV

Vary scale in interval

SCALE VARIATION 10
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(MHO) from scale variation
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Perturbative series seems to stabilize from NNLO on
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HIGGS PRODUCTION @ N3LO 4

FIRST N3LO CALCULATION FOR HADRON COLLIDERS

✓ ✓ ✓ ✓
Partonic cross section is a function of 
the threshold variable 

Measure of energy 
available for radiation

mt ! 1



�NLO
EFT

�tb =
�NLO
t,b � �NLO

t

�NLO
t,b

⇥ �NNLO
EFT,r ⇠ ±0.7%

Full quark-mass effects
• The full dependance of the Higgs production 

cross section on the quark mass is known exactly 
through NLO

‣ include it for top, bottom and charm quarks

Spira, Djouadi, Graudenz, Zerwas ; Harlander, Kant; 
Aglietti, Bonciani, Degrassi, Vicini. 

+ 3.9% -5.1% -0.5% on 

‣ estimate the error from unknown top-bottom 
interference effects at NNLO as



KLO

gg ⇠ +1.2%

gg ⇠ �0.5%

�1/mt
⇠ ±1%

Full quark-mass effects
• Rescale NNLO and N3LO cross sections by the 

exact LO K-factor 

• include known 1/mt NNLO corrections 

Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Mantler, Marzani

• the error due to the truncation in the inverse-
mass expansion is estimated as

Harlander, Ozeren; Pak, Rogal, Steinhauser; 
Mantler, Marzani



• Known exactly at LO in as 

• At NLO, effects from light quarks are known in an 
effective theory

• Estimate the error from missing NLO 
contributions by varying the QCD/EW effective 
theory coefficient

(O(↵↵s))

�EW ⇠ ±1%

+5.2% �LO
EFT

�NLO
EFT+5.1%

Electroweak corrections

Important electroweak corrections arise from two-loop diagrams containing an internal

quark loop where the Higgs boson couples to W - and Z-bosons. An example diagram is

shown in Fig. (1); we henceforth refer to these corrections as light-quark electroweak con-

tributions, while the quark Yukawa coupling dependent terms discussed above are denoted

as heavy-quark QCD contributions. The light-quark diagrams are not suppressed by quark

Yukawa couplings, and therefore have a multiplicity enhancement from summing over light

quarks. The inclusion of these contributions modifies the term proportional to G(0)
ij (z) in

Eq. (2.2). The partonic cross section becomes

σ̂ij = σ(0)
EW G(0)

ij (z) + σ(0)
∞

∑

n=1

(αs

π

)n
G(n)

ij (z) (2.7)

with

σ(0)
EW =

GF α2
s

512
√

2π

∣

∣

∣

∣

G2l
lf + Gt

∣

∣

∣

∣

2

. (2.8)

G2l
lf is the expression for the two-loop light-quark contributions; its analytic form in terms

of generalized harmonic polylogarithms can be found in Ref. [17]. A calculation of the

corrections with the light-quark loop replaced by a top-quark, or the top-bottom doublet

in the case of the W -boson, was first performed in Ref. [27]. A careful numerical study of

these electroweak corrections utilizing the complex-mass scheme to handle the threshold

regions MH ≈ 2MW,Z was performed recently in Ref. [19]; this study also includes effects

from internal top quarks coupling to the W and Z. The full corrections increase the

leading-order cross section by +5−6% for Higgs boson masses in the range 120−160GeV.

H

g

g

W, Z

Figure 1: Example two-loop light-quark diagram contributing to the Higgs boson production cross
section via gluon fusion.

The cross section in Eq. (2.7) includes corrections to the leading-order result valid

through O(α) in the electroweak couplings and to O(α2
s) in the QCD coupling constant in

the large top-mass limit upon inclusion of the known results for G(1,2)
ij . Since the perturba-

tive corrections to the leading-order result are large, it is important to quantify the effect

of the QCD corrections on the light-quark electroweak contributions. This would require

knowledge of the mixed O(ααs) corrections, which arise from 3-loop diagrams. In lieu of

such a calculation, the authors of Ref. [19] studied two assumptions for the effect of QCD

corrections on the 2-loop light-quark diagrams.

• Partial factorization: no QCD corrections to the light-quark electroweak diagrams

are included, so that the cross section is given by the expression in Eq. (2.7). With

this assumption, electroweak diagrams contribute only a +1 − 2% increase to the

Higgs boson production cross section.

– 4 –

Aglietti, Bonciani, Degrassi, Vicini; 
Actis, Passarino, Sturm, Uccirati

on

on



• We follow the PDF4LHC recommendations for the 
separate calculation of PDF and as uncertainties, 
and combine them in quadrature 

(pdf + as) uncertainty

PDF + ALPHAS UNCERTAINTY 52
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• N3LO pdfs are not available; we use NNLO pdfs 

‣ how large is the error associated to this?
To estimate it, we compare with the same 
situation all lower orders

N3LO pdf uncertainty
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• N3LO pdfs are not available; we use NNLO pdfs 

‣ from the change of the NNLO result between 
NNLO and NLO pdfs, we estimate

�pdfTh ⇠ ±1.2%

N3LO pdf uncertainty



• The N3LO cross section is computed as an 
expansion around the Higgs threshold

�̂(z) = �̂SV +
NtruncX

n=0

�(n)(1� z)n

z=
m2

H

s
=1

Soft approximation

‣ what is the error associated to the truncation 
of this expansion?



• Look at the convergence of the series:

Soft approximation

gg

qg

gg+qg+qqbar
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�trunc = 10⇥ (�(3)
EFT (30)� �(3)

EFT (20)

) 0.6%

Soft approximation
• As a conservative estimate we take

(consistent with other estimates 
of the truncation error)



48.48
   0.90   1.26 + 0.09

-1.11   0.29   0.58   0.48    0.34    0.48 pb
48.48

   1.86   2.60 + 0.19
-2.29 0.6   1.20 1 0.7 1 %

� �pdf �scale �trunc �pdfTh �EW �tb �1/mt�↵s

±

�=(48.48± 1.55 )pb+2.08
�3.10

=48.48pb± 3.19% +4.29%
�6.40%

Conclusion
The N3LO Higgs boson production cross section 
and the associated errors are

± ± ± ± ± ±

± ± ± ± ± ± ±

in quadrature linearly



48.48
   0.90   1.26 + 0.09

-1.11   0.29   0.58   0.48    0.34    0.48 pb
48.48

   1.86   2.60 + 0.19
-2.29 0.6   1.20 1 0.7 1 %

� �pdf �scale �trunc �pdfTh �EW �tb �1/mt�↵s

±

�=(48.48± 1.55 )pb+2.08
�3.10

=48.48pb± 3.19% +4.29%
�6.40%

+0.96
�1.98

+1.98%
�4.08%

Conclusion

± ± ± ± ± ±

± ± ± ± ± ± ±

in quadrature linearly

“traditional” 
estimate

The N3LO Higgs boson production cross section 
and the associated errors are



Conclusion
• calculation of the N3LO gluon-fusion production 

cross section in HQFT

• inclusion of all known effects beyond the HQET

• accurate estimate of the errors, including error 
from missing information and from 
approximations

• room for improvement 

‣ going beyond the threshold expansion

‣ computing the missing effects




