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Motivation

Simone Lionetti

After ICHEP 2016: Higgs looking great!
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Motivation

The fiducial cross section is measured to be �̂fid = 69

+18
�22 fb [. . .]

�̂fid = �th
H ⇥ BR�� ⇥ facc .

Simone Lionetti

8. Recommendation for the LHC

In previous sections we have considered various e↵ects that contribute to the gluon-fusion

Higgs production cross-section at higher orders. In this section we combine all these e↵ects,

and as a result we are able to present the most precise prediction for the gluon-fusion cross-

section available to date. In particular (for the Setup 1 of Tab. 1) for a Higgs boson with

a mass mH = 125 GeV, the cross-section at the LHC with a center-of-mass energy of 13

TeV is

� = 48.58 pb+2.22 pb (+4.56%)
�3.27 pb (�6.72%) (theory)± 1.56 pb (3.20%) (PDF+↵s) . (8.1)

Equation (8.1) is one of the main results of our work. In the following, we will analyze it

in some detail.

Let us start by commenting on the central value of the prediction (8.1). Since eq. (8.1)

is the combination of all the e↵ects considered in previous sections, it is interesting to see

how the final prediction is built up from the di↵erent contributions. The breakdown of the

di↵erent e↵ects is:

48.58 pb = 16.00 pb (+32.9%) (LO, rEFT)

+20.84 pb (+42.9%) (NLO, rEFT)

� 2.05 pb (�4.2%) ((t, b, c), exact NLO)

+ 9.56 pb (+19.7%) (NNLO, rEFT)

+ 0.34 pb (+0.2%) (NNLO, 1/mt)

+ 2.40 pb (+4.9%) (EW, QCD-EW)

+ 1.49 pb (+3.1%) (N3LO, rEFT)

(8.2)

where we denote by rEFT the contributions in the large-mt limit, rescaled by the ratio

RLO of the exact LO cross-section by the cross-section in the EFT (see Section 5). All the

numbers in eq. (8.2) have been obtained by setting the renormalization and factorization

scales equal to mH/2 and using the same set of parton densities at all perturbative orders.

Specifically, the first line, (LO, rEFT), is the cross-section at LO taking into account only

the top quark. The second line, (NLO, rEFT) are the NLO corrections to the LO cross-

section in the rescaled EFT, and the third line, ((t, b, c), exact NLO), is the correction

that needs to be added to the first two lines in order to obtain the exact QCD cross-section

through NLO, including the full dependence on top, bottom and charm quark masses.

The fourth and fifth lines contain the NNLO QCD corrections to the NLO cross-section

in the rescaled EFT: (NNLO, rEFT) denotes the NNLO corrections in the EFT rescaled

by RLO, and (NNLO, 1/mt) contains subleading corrections in the top mass at NNLO

computed as an expansion in 1/mt. The sixth line, (EW, QCD-EW), contains the two-

loop electroweak corrections, computed exactly, and three-loop mixed QCD-electroweak

corrections, computed in an e↵ective theory approach. The last line, (N3LO, rEFT), is

the main addition of our work and contains the N3LO corrections to the NNLO rEFT

cross-section, rescaled by RLO. Resummation e↵ects, within the resummation frameworks

studied in Section 4, contribute at the per mille level for our choice of the central scale,

µ = mH/2, and are therefore neglected.

– 38 –

[Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger]
Inclusive Higgs cross-section in gluon fusion: N3LO QCD

“ ”



Success of N3LO inclusive… 
• Reverse unitarity + IBP reduction 
• Expansion around the soft limit 

… and challenges of NNLO differential! 
• Subtraction of infrared singularities 
• Master integrals with multiple scales
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N3LO differential?
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N3LO differential?

Fully differential?



Success of N3LO inclusive… 
• Reverse unitarity + IBP reduction 
• Expansion around the soft limit 

… and challenges of NNLO differential! 
• Subtraction of infrared singularities 
• Master integrals with multiple scales
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N3LO differential?

Single differential, 
maybe rapidity?
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Double differential
Integrate over extra QCD radiation analytically 

and 
be completely differential in the Higgs.
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Double differential at work

(1)

! ! (2)

(3)

(4)

(5)

1

Gluon fusion in Higgs effective theory

NNLO QCD throughout.
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Double differential at work

(1)

! ! (2)

(3)

(4)

(5)

1

Gluon fusion in Higgs effective theory

NNLO QCD throughout.

p1 + p2 = pH + g

Partonic kinematics

g =
X

i real

gi
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Double differential at work

(1)

! ! (2)

(3)

(4)

(5)

1

Gluon fusion in Higgs effective theory

d3�

d3~pH
! d2�

dpTH dYH

Differential in the Higgs momentum…

…double differential!

NNLO QCD throughout.

p1 + p2 = pH + g

Partonic kinematics

g =
X

i real

gi
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Double differential at work
Generate all 2→2 forward scattering diagrams

Apply integration-by-parts identities

Matrix elements: 
products of rational coefficients and master integrals
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Analytic integrals over radiation

M =

Z Ỳ

i=1

[dDgi]�[p
T
H � pTH(g)] �[yH � yH(g)]

⇥ �[p2H(g)�m2
H ] f(gi ·gj , gi ·p1, gj ·p2)

g ⌘
X

i real

gi pH = p1 + p2 � g
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Analytic integrals over radiation

M =

Z Ỳ

i=1

[dDgi]�[p
T
H � pTH(g)] �[yH � yH(g)]

⇥ �[p2H(g)�m2
H ] f(gi ·gj , gi ·p1, gj ·p2)

g ⌘
X

i real

gi pH = p1 + p2 � g

Double differential 
“Higgs loop” completely resolved!

M = F(pTH , yH)⇥
Z

dg �[pTH � pTH(g)]

⇥ �[yH � yH(g)] �[p2H(g)�m2
H ]
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Numeric integrals over Higgs variables

Just iterate!

Z
y�1+↵✏f(y) dy !

Z
y�1+↵✏[f(y)� f(0)] dy +

1

↵✏
f(0)

IR singularities: one variable

• Crucial for double-differential strategy to be viable 
• Any color singlet, also more particles 
• Higher orders (NnLO)

Soft g

µ ⇠ z̄

Collinear 2gp2 ⇠ z̄�

Radiation invariant mass g

2 ⇠ z̄

2
�(1� �)x

Phase space parametrisation
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RR master integrals: inclusive
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RR master integrals: single differential
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RR master integrals: double differential
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Rapidity distribution
Preliminary
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pT distribution
Preliminary



• 3rd order radiative QCD corrections relevant for Higgs 
phenomenology 

• Rethought how to compute differential cross-sections 
at higher orders 

• Proof of concept: NNLO double differential Higgs  
production via gluon fusion
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Summary

Simone Lionetti

• Combine with other results to obtain fully differential 

• Stay tuned for N3LO updates!

Outlook



Backup
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Differential distributions
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Figure 7. Transverse momentum distribution of the Higgs boson compared to data from ATLAS [2]
and CMS [3]. Upper panels are absolute cross sections, lower panels normalized to �H .

lead to a uniform increase of the theoretical prediction by about 15% compared to NLO,

overlapping with the upper edge of the NLO uncertainty band. The remaining theory scale

uncertainty is at the level of 8% for the unnormalized transverse momentum distribution.

As for the Higgs-plus-jet production discussed in the previous section, we observe that

the shape of the data is well-described for both experiments, while the normalization is

reproduced only for CMS, while the ATLAS data are systematically above the theoretical

prediction. Normalizing to the total inclusive cross section �H reconciles data and theory,

however at the expense of an increase of the theory scale uncertainty to 15%.

– 14 –

[Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier]
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Extra radiation: analytic integrals

g ⌘
X

i real

gi Q2 ⌘ g2 W ⌘ 2g(p1 � p2)

(pTH , yH) ! (Q2,W )

M =

Z
dDpH

Y

i

[dDgi]�
(D)(p1 + p2 � g � pH)

⇥ �[g2 �Q2] �[W � 2g(p1 � p2)] �[p
2
H �m2

H ]

⇥ f(gi ·gj , gi ·p1, gj ·p2)
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Extra radiation: analytic integrals

g ⌘
X

i real

gi Q2 ⌘ g2 W ⌘ 2g(p1 � p2)

(pTH , yH) ! (Q2,W )

✓ Direct integration 
✓ Differential equations

F(Q2,W )=

Z Y

i

[dDgi]�
(D)(p1 + p2 � g � pH)

⇥ f(gi ·gj , gi ·p1, gj ·p2)
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Extra radiation: analytic integrals

g ⌘
X

i real

gi Q2 ⌘ g2 W ⌘ 2g(p1 � p2)

(pTH , yH) ! (Q2,W )

Double differential: 
“Higgs loop” completely resolved

M =F(Q2,W )

Z
dDpH�[g2 �Q2] �[W � 2g(p1 � p2)] �[p

2
H �m2

H ]
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Numeric integrals over Higgs variables
Parametrization of phase space

z̄ = 1� m

2
H

2p1p2
2 [0, 1� ⌧ ]

� =
2p2g

2p1p2 �m

2
H

2 [0, 1]

x =
g

2 2p1p2
2p1g 2p2g

2 [0, 1]

⌧ =
m2

H

S
Soft

Collinear
2p2g ⇠ z̄�

Radiation invariant 
mass
g

2 ⇠ z̄

2
�(1� �)x

gµ ⇠ z̄

• Singularities: 
• Soft expansion: powers of   , nontrivial rapidity distribution 
• (Asymmetric but rational)

z̄ = 0; � = 0, 1; x = 0, 1.

z̄


