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INTRODUCTION: WHY THE HIGGS?

Higgs discovery has opened a new chapter in particle physics 

The SM is far from being understood!



Details of SSB mechanism? Higgs potential? Vacuum stability? 

Origin of masses and hierarchy (why up quark lighter than down quark?…)

INTRODUCTION: WHY THE HIGGS?

Higgs discovery has opened a new chapter in particle physics 

The SM is far from being understood!

Being able to MODEL something 
doesn’t mean to UNDERSTAND it!



INTRODUCTION: WHY THE LHC?

The LHC is the first machine able to probe this energy scale!

First direct observation of H coupling to quarks, ttbH @ LHC



INTRODUCTION: WHY PRECISION?

Without precision, new physics would be everywhere

[ATLAS Phys. Lett. B 762 (2016) 1]

Higher order corrections are essential to describe properly the data!
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Precision @ the LHC, means (mainly) precision in QCD, in a very dirty environment! 
How precise can we hope to get?
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PRECISION QCD @ LHC: WHAT AND HOW
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PRECISION QCD @ LHC: WHAT AND HOW

Precision @ the LHC, means (mainly) precision in QCD, in a very dirty environment! 
How precise can we hope to get?
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Factorisation of long and 
short range physics 

Non perturbative 
corrections
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PRECISION QCD @ LHC: WHAT AND HOW

Precision @ the LHC, means (mainly) precision in QCD, in a very dirty environment! 
How precise can we hope to get?
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Precise determination of 
parton content of proton 

PDFs Currently known  
at level ~ few % for LHC

PRECISION QCD @ LHC: WHAT AND HOW

Precision @ the LHC, means (mainly) precision in QCD, in a very dirty environment! 
How precise can we hope to get?
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Non perturbative 
corrections
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Hard scattering process 

Aim to ~ few % precision

Precise determination of 
parton content of proton 

PDFs Currently known  
at level ~ few % for LHC

PRECISION QCD @ LHC: WHAT AND HOW

Precision @ the LHC, means (mainly) precision in QCD, in a very dirty environment! 
How precise can we hope to get?
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gg is 90% at 13 TeV



HIGGS INCLUSIVE PRODUCTION

Pure QCD 95%: 
see Bernhard’s Talk

90% given by gluon fusion channel. To be understood with very high precision!



HIGGS INCLUSIVE PRODUCTION

Pure QCD 95%: 
see Bernhard’s Talk

QCD-EW: 
5%

Higgs known to suffer of poor convergence of the perturbative series. Following pattern 
of pure QCD corrections, this 5% could change of up to 100% @ NLO

W/Z

H

90% given by gluon fusion channel. To be understood with very high precision!



Motivations

Higgs at the LHC [Anastasiou. . . ,2009][LHC H CSWG,2017][Mistlberger,2018]

Gluon fusion
Dominant channel for H production at the LHC: ⇠ 90% of �tot at 13 TeV

⇠ 95% pure QCD
5% mixed QCD-EW

Theoretical uncertainties
�scale �PDF-TH �QCD-EW �t, b, c �1/mt

⇠ 2% 1.16% 1% 0.83% 1%

�QCD-EW
O = �QCD-EW

LO| {z }
Exact

+ �QCD-EW
NLO| {z }

mW ,Z�mH

+ . . .

Compute �QCD-EW
NLO for physical values of mW ,Z and mH

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 4 / 28

HIGGS INCLUSIVE PRODUCTION

Estimate of radiative corrections in unphysical limit  mW >> mH 
[Anastasiou et al 2009]
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HIGGS INCLUSIVE PRODUCTION

Virtual: 3 loops with masses Real: 2 loops with masses

To really claim theory uncertainty at the 1% requires going one order higher (NLO)

[Anastasiou et al 2009]
Estimate of radiative corrections in unphysical limit  mW >> mH 



THE QCD-EW CORRECTIONS: VIRTUAL
Amplitude

gg ! H NLO QCD-EW amplitude

gg ! H: virtual NLO

g1

g2

H

p1,�1, c1

p2,�2, c2

p1 + p2

QCD ↵
2
S

EW ↵
2
v

M3
c1c2
�1�2

= �c1c2✏�1(p1) · ✏�2(p2)F3(s,mW ,mZ )

H couples to EW vector bosons: t suppressed (large mass)
Light quarks taken to be massless (W : {u, d , s, c}; Z : {u, d , s, c , b})
W and Z never in the same diagram: two-scale problem (s & m2)
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Amplitude

Evaluation of Master Integrals

1 Change of variables to only one dimensionful parameter

y :=

p
1 � 4m2/s � 1p
1 � 4m2/s + 1

& s

By dimensional analysis

I(s, y , ✏) = (�s)a�3✏J(y , ✏)

2 Evaluation of J(y , ✏)
Direct integral evaluation prohibitive (analytically and numerically)
MIs functions of scalar kinematic variables and masses

Solving Differential Equations w.r.t. dynamical variables of the MIs

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 9 / 28

47 3-loop Feynman Integrals, with 
two internal massive propagators, 
functions of one ratio:



THE QCD-EW CORRECTIONS: VIRTUAL
Amplitude

gg ! H NLO QCD-EW amplitude

gg ! H: virtual NLO

g1

g2

H

p1,�1, c1

p2,�2, c2

p1 + p2

QCD ↵
2
S

EW ↵
2
v

M3
c1c2
�1�2

= �c1c2✏�1(p1) · ✏�2(p2)F3(s,mW ,mZ )

H couples to EW vector bosons: t suppressed (large mass)
Light quarks taken to be massless (W : {u, d , s, c}; Z : {u, d , s, c , b})
W and Z never in the same diagram: two-scale problem (s & m2)

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 6 / 28

Amplitude

Evaluation of Master Integrals

1 Change of variables to only one dimensionful parameter

y :=

p
1 � 4m2/s � 1p
1 � 4m2/s + 1

& s

By dimensional analysis

I(s, y , ✏) = (�s)a�3✏J(y , ✏)

2 Evaluation of J(y , ✏)
Direct integral evaluation prohibitive (analytically and numerically)
MIs functions of scalar kinematic variables and masses

Solving Differential Equations w.r.t. dynamical variables of the MIs

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 9 / 28

47 3-loop Feynman Integrals, with 
two internal massive propagators, 
functions of one ratio:

Amplitude

gg ! H NLO QCD-EW amplitude

gg ! H: virtual NLO

g1

g2

H

p1,�1, c1

p2,�2, c2

p1 + p2

QCD ↵
2
S

EW ↵
2
v

M3
c1c2
�1�2

= �c1c2✏�1(p1) · ✏�2(p2)F3(s,mW ,mZ )

H couples to EW vector bosons: t suppressed (large mass)
Light quarks taken to be massless (W : {u, d , s, c}; Z : {u, d , s, c , b})
W and Z never in the same diagram: two-scale problem (s & m2)

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 6 / 28

Amplitude

Analysis of the amplitude

M3
c1c2
�1�2

: 47 3-loop Feynman Diagrams for both W and Z EW bosons

F(s,mW ,mZ ) = �i
↵2↵

S
(µ)v

64⇡ sin4 ✓W

X

V=W ,Z

CV A(m2
V
/s, µ2/s)

CW = 4

CZ =
2

cos4 ✓W

✓
5
4
�

7
3

sin2 ✓W +
22
9

sin4 ✓W

◆

A(m2/s, µ2/s) = A2L(m
2/s) +

↵
S
(µ)

2⇡
A3L(m

2/s, µ2/s) +O(↵2
S
)

A3L(m2/s, µ2/s): sum of ⇠ 10 000 3-loop Feynman Integrals

I (s,m, ✏) =

Z
dDk1dDk2dDk3

[i⇡2�✏�(1 + ✏)]3
Y

j2T

1
D

aj

j
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[Drawings by M. Bonetti]



THE QCD-EW CORRECTIONS: VIRTUAL

Fulfil a system of differential equations in canonical form

Virtual NLO QCD-EW evaluation

Canonical Fuchsian DEs at 3 loops

dF(y , ✏) = ✏ [ B+ d log(1 � y) + Br d log(y2
� y + 1) +

+ B� d log(y + 1) + B0 d log y ]F(y , ✏)

s 0 m2 4m2 [1 ]
y +1 ei⇡/3

�1 [ 0 ]
Kernel 1

⇠�1
2⇠�1

⇠2�⇠+1
1

⇠+1

h
1
⇠

i
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[Henn ’13]
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gg ! H NLO QCD-EW amplitude

gg ! H: virtual NLO
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= �c1c2✏�1(p1) · ✏�2(p2)F3(s,mW ,mZ )

H couples to EW vector bosons: t suppressed (large mass)
Light quarks taken to be massless (W : {u, d , s, c}; Z : {u, d , s, c , b})
W and Z never in the same diagram: two-scale problem (s & m2)
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NLO cross-section

Final expression for the Form Factor

The virtual NLO contribution is divergent
UV div. removed by ↵

S
renormalization

IR div. described by Catani’s formula, removed by real corrections

A3L = I(1)g A2L + Afin
3L

I(1)g =

✓
�

s

µ2

◆�✏ e✏�E
�(1 � ✏)


�
CA

✏2
�

�0

✏

�

s = µ = mH = 125.09GeV, mW = 80.385GeV, mZ = 91.1876GeV, NC = 3, Nf = 5

A2L(m2
Z
/m2

H
, 1) = �6.880846 �i 0.5784119

A2L(m2
W
/m2

H
, 1) = �10.71693 �i 2.302953

Afin
3L(m

2
Z
/m2

H
, 1) = �2.975801 �i 41.19509

Afin
3L(m

2
W
/m2

H
, 1) = �11.31557 �i 54.02989
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UV renormalized + 
Catani subtracted

[Drawings by M. Bonetti]

Amplitude

gg ! H NLO QCD-EW amplitude
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THE QCD-EW CORRECTIONS: VIRTUAL (IMAGINARY PART)

[Drawings by M. Bonetti]

NLO cross-section

Analysis of the imaginary part

Diagram level Imaginary parts: on-shell intermediate particles

) ) s > 0

) ) s > m2

Amplitude level Not all intermediate configurations are allowed

H cannot couple to massless fermions = 0
s = 0 s = m2

2 loops ) �i 2.302953

3 loops ) �i 54.02989
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THE QCD-EW CORRECTIONS: THE REALS

What about the real corrections? Non-trivial using standard methods. 

Since small corrections (5% of total cross-section) we can do an approximations:

Most of the cross-section comes from region 
where extra gluon is soft (PDFs suppression, 
parton xsection evaluated close to threshold!): 
Soft gluon approximation

[de Florian et al 2012, Forte et al 2013]



THE QCD-EW CORRECTIONS: THE REALS

What about the real corrections? Non-trivial using standard methods. 

Since small corrections (5% of total cross-section) we can do an approximations:

NLO cross-section

Taking into account the real emissions

Real emissions
Challenging problem: 2-loop, with more than one scale

Larger number of MIs
Few techniques for DEs with more than one scale
GPLs may be not enough to express the solution of the system

gg ! H PDFs suppress extra gluon with large momentum

Soft limit
������

EW

������

2

=|{z}
Eg!0

↵S

4⇡
CA

2 p1 · p2

p1 · p4 p2 · p4

������
EW

������

2

+ O
�
p�1
4

�

�NLOr factorizes into eikonal factor (given only by external legs) and �LO,
further contributions are suppressed by Eg
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Most of the cross-section comes from region 
where extra gluon is soft (PDFs suppression, 
parton xsection evaluated close to threshold!): 
Soft gluon approximation

[de Florian et al 2012, Forte et al 2013]

Eikonal approximation



THE QCD-EW CORRECTIONS

NLO cross-section

Numerical values for the cross-section

QCD vs. QCD-EW

�QCD
LO = 20.6 pb �QCD-EW

LO = 21.7 pb ) +5.3% at LO

�QCD
NLO = 32.7 pb �QCD-EW

NLO = 34.4 pb ) +5.2% at NLO

NNPDF30 for PDFs and running of ↵S(µ)

Robust result
PDFs suppress large energy for the extra gluon
Internal consistency check: standard and improved D1 give the same
increase between �LO and �NLO
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NLO cross-section

Cross-Section at NLO [de Florian. . . ,2012][Forte. . . ,2013]

Soft-gluon approximation

� =

Z 1

0

Z 1

0
f (x1, µ) f (x2, µ)�LO z G (z , µ,↵S) dx2dx1

z := m2
H
/(Shx1x2), gg ! H energy

G = �(1 � z) + ↵S

2⇡

h
8CA

⇣
D1 +

D0

2 log m
2

H

µ2

⌘
+

⇣
2⇡2

3 CA + �fin

NLO

�LO

⌘
�(1 � z)

i

D0 =
h

1
1�z

i

+

D1 =
h

log(1�z)
1�z

i

+
+ (2 � 3z + 2z2) log[(1�z)/

p
z]

1�z
�

log(1�z)
1�z

�fin
NLO is the NLO virtual finite reminder from Catani’s formula
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NLO cross-section

Cross-Section at NLO [de Florian. . . ,2012][Forte. . . ,2013]
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NLO cross-section

Numerical values for the cross-section

QCD vs. QCD-EW

�QCD
LO = 20.6 pb �QCD-EW

LO = 21.7 pb ) +5.3% at LO

�QCD
NLO = 32.7 pb �QCD-EW

NLO = 34.4 pb ) +5.2% at NLO

NNPDF30 for PDFs and running of ↵S(µ)

Robust result
PDFs suppress large energy for the extra gluon
Internal consistency check: standard and improved D1 give the same
increase between �LO and �NLO
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Supports complete factorization of QCD-EW corrections!
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Conclusions

Conclusions

NLO virtual corrections to QCD-EW gg ! H have been evaluated
In soft-gluon limit

�QCD-EW
NLO = �QCD

NLO (1 + 5.2%)

Theoretical uncertainties now
�scale �PDF-TH �QCD-EW �t, b, c �1/mt

⇠ 2% 1.16% 0.7% µ 2 [mH/4,mH ] 0.83% 1%

Next step: determination of the real corrections

gg ! Hg qg ! Hq q̄g ! Hq̄ qq̄ ! Hg

Necessary ingredient for further improvements
(no soft-gluon approximation)
Interesting problem both for physics and mathematics
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GOING DIFFERENTIAL



WHY GOING DIFFERENTIAL? (THE DEVIL IS IN THE DISTRIBUTIONS)

G. Zanderighi — LHCP2018

Why theory needs to improve 

7

Take more exclusive measurements (pt,H, jet-binned cross sections, …): 

• errTH already closer to errEXP


• experimental error will be reduced considerably, systematic error will 
decrease too  


• often total theory uncertainty was underestimated in the past 

Distributions contain much more information (shape distortion often very non-trivial) 

Theory errors more often underestimated, exp. error catching up and already competitive. 



THE HIGGS TRANSVERSE MOMENTUM
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Higgs transverse momentum distribution as a new physics probe

High precision theory determination of Higgs pT, allows to put constraints on Higgs 
couplings to light quarks
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HOW WELL DO WE MODEL THE TRANSVERSE MOMENTUM?

The Higgs transverse momentum distribution is shaped by:

➤ Top-quarks running in the 
loops: HEFT provides a good 
description for small pT
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resolved in the loops. Need 
full mass dependence (NLO 
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➤ What about b-quarks? Amplitude 
suppressed by two powers of mb! Still, 
interference top-bottom contributes 
O(5%) to the pT distribution at LO
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loops: HEFT provides a good 
description for small pT
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Introduction

y Fixed order at NNLO QCD in HEFT: Boughezal, Caola et 
al. ’15, Chen et al.’ 16, Dulat et al. ’17

Recent gg-fusion theory progress

[Boughezal, Caola et al., arXiv: 1504.07922]

[Lindert et al., arXiv: 1703.03886][Bizon, Chen et al., arXiv: 1805.0591] [Jones et al., arXiv: 1802.00349]

y Bottom mass corrections at NLO QCD: Lindert et al. ’17

y Low 𝑝𝑇,𝐻 resummation at N3LL+NNLO QCD in HEFT: 
Bizon et al., Chen et al. ’17-’18

y High 𝑝𝑇,𝐻 region at NLO QCD with full top mass: Lindert et 
al., Jones et al., Neumann et al. ’18

y Parton shower NLOPS: Frederix et al., Jadach et al. ’16, ….

TOP-QUARK CONTRIBUTION

[Boughezal et al ’15, Chen et al ’16]
NNLO QCD in HEFT theory known since a couple of years

H

[Bizon et al ’18]
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Figure 3: Higgs plus jet production cross-sections in depen-
dence of the cut on the jet transverse momentum. The mini-
mal cut we consider is p? > 30 GeV. See text for details.

and NNLO as a function of the unphysical scale µ over
the range µ 2 [p?,cut : 2mH ]. We estimate the residual
uncertainty due to PDF to be at the O(5%) level. The
situation is similar for the 13 TeV LHC. More precisely,
we find �pp!H+j = 10.2+4.0

�2.6
pb, 14.7+3.0

�2.5
pb, 17.5+1.1

�1.4
pb

at leading, next-to-leading and next-to-next-to-leading
order, corresponding to a NLO (NNLO) increase with re-
spect to LO of 44% (72%) for µ = mH and of 25% (31%)
for µ = mH/2.

It is interesting to understand to what extent pertur-
bative QCD corrections depend on the kinematics of the
process and/or on the details of the jet algorithm. One
way to study this is to explore how the NNLO QCD cor-
rections change as the lower cut on the jet transverse mo-
mentum is varied. We show corresponding results for the
8 TeV LHC in Fig. 3 where the cumulative distribution
for �(H+j, p?,j � p?,cut) is displayed. The inset in Fig. 3
shows ratios of NNLO(NLO) to NLO(LO) H + j cross-
sections, respectively, computed for µF = µR = mH as
a function of the jet p?-cut. It follows from Fig. 3 that
QCD radiative corrections depend on the kinematics. In-
deed, the NNLO to NLO cross-sections ratio changes
from 1.25 at p? = 30 GeV to ⇠ 1 at p? ⇠ 150 GeV.

In Fig. 4 we show the Higgs boson transverse momen-
tum distribution in the reaction pp ! H + j, for three
consecutive orders of perturbation theory. We require
that there is a jet in the final state with a transverse mo-
mentum higher than p?,j > 30 GeV. Note that the two
bins closest to the boundary p?,H = 30 GeV have been
combined to avoid the well-known Sudakov-shoulder ef-
fect [43]. Away from that region, the NNLO QCD radia-
tive corrections increase the NLO cross-section by about
20%, slowly decreasing as p?,H increases.

In conclusion, we have presented a calculation of the
NNLO QCD corrections to the production of the Higgs
boson in association with a jet at the LHC. This is the
first complete computation of NNLO QCD corrections to
a Higgs production process with a jet in the final state. It
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Figure 4: Higgs boson transverse momentum distribution in
pp ! H+j at 8 TeV LHC. The jet is defined with the anti-k?
algorithm with �R = 0.5 and the cut on the jet transverse
momentum of 30 GeV. Further details are explained in the
text.

shows that techniques for performing NNLO QCD com-
putations, that were in the development phase for several
years, can indeed be used to provide precise predictions
for complex process at hadron colliders. The total cross
section for H+jet production receives moderate NNLO
QCD corrections. For jets defined with the anti-k? algo-
rithm with p?,j > 30 GeV, we find NNLO QCD correc-
tions of the order of 20% for µ = mH . These moderate
corrections are the result of the smaller corrections for
the qg channel w.r.t the gg one, and a suppression of the
gg channel due to qq̄ final states not considered in previ-
ous analyses [9, 10]. Beyond the total cross section, our
computation will have important implications for many
processes that are used to study properties of the Higgs
boson, including W

+
W

� and �� final states, primarily
through improved modelling of the Higgs transverse mo-
mentum and rapidity distributions. In particular, since
the complete N3LO computation of the Higgs boson pro-
duction cross section is available, a consistent computa-
tion of the H +0 jets, H +1 jet, H +2 jet and H +3 jet
exclusive processes becomes possible for the first time.
Furthermore, since the Higgs boson is a spin-zero parti-
cle, our computation can be easily extended to include
Higgs boson decays, to enable theoretical predictions for
fiducial cross sections and kinematic distributions for the
particles that are observed in detectors. Once this is
done, our calculation will provide a powerful tool that
will help to understand detailed properties of the Higgs
boson at the LHC.

We thank T. Becher, J. Campbell, T. Gehrmann and
M. Jaquier for helpful communications. We are grate-
ful to S. Badger for making his results for tree-level
amplitudes available to us. F. C. would like to thank
the Institute for Theoretical Particle Physics of KIT and
the Physics and Astronomy Department of Northwestern
University for hospitality at various stages of this project.
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NNLO + N3LL resummation



TOP-QUARK CONTRIBUTION

Exact dependence on the top-mass [Jones, Kerner, Luisoni ’18]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

d
�
/d

p t
,
H
[p
b
/G

eV
]

ra
ti
o

N
L
O
/L

O

LHC 13 TeV
PDF4LHC15 NLO

µ = HT
2

10�1

100

ratio to LO HEFT

1.0

2.0

0 200 400 600 800 1000

LO HEFT
NLO HEFT

LO Full
NLO Full

10�1

100

pt,H [GeV]

1.0

2.0

0 200 400 600 800 1000

Virtual amplitudes can be computed 
numerically using Sector Decomposition. 
Using Finite basis of master integrals

[von Manteuffel, Panzer, Schabinger ’14]

➤ Top-mass effects increase NLO of ~9%. 

➤ Different scaling HEFT vs Full Theory 

➤ Nearly constant K factor @ NLO in full theory

d�

dp2?
⇠ p�2

? HEFT

d�

dp2?
⇠ p�4

? full theory

<latexit sha1_base64="mbnzHd38y+LiNRcvhQ0tcG9tqZ8="></latexit><latexit sha1_base64="mbnzHd38y+LiNRcvhQ0tcG9tqZ8="></latexit><latexit sha1_base64="mbnzHd38y+LiNRcvhQ0tcG9tqZ8="></latexit><latexit sha1_base64="mbnzHd38y+LiNRcvhQ0tcG9tqZ8="></latexit>

H



EFFECT OF BOTTOM QUARKS ON THE HIGGS PT

X

mtmb

Most important contribution is clearly the interference with the top-induced diagrams

Agg!Hg ⇠
⇢

m2
b

m2
H

log2
✓
m2

H

m2
b

◆
,
m2

b

m2
H

log2
✓
p2?
m2

b

◆�

<latexit sha1_base64="SrslesHX3JmbJpz/l9oprizq/oY="></latexit><latexit sha1_base64="SrslesHX3JmbJpz/l9oprizq/oY="></latexit><latexit sha1_base64="SrslesHX3JmbJpz/l9oprizq/oY="></latexit><latexit sha1_base64="SrslesHX3JmbJpz/l9oprizq/oY="></latexit>

2

work2 [14] and they significantly enhance the contribu-
tion of bottom loops to the Higgs production cross sec-
tion in gluon fusion, compared to naive expectations. In
fact, the bottom loop contribution to Higgs production
in the Standard Model is estimated to be close to minus
five percent [15] and, therefore, significant on the scale of
O(1%) precision goal discussed earlier.

It is interesting to remark that the “substructure”
of the ggH coupling is precisely what makes the Higgs
transverse momentum distribution an interesting observ-
able from the point of view of physics beyond the Stan-
dard Model. For example, current constraints on the
charm Yukawa coupling are weak but, if the charm
Yukawa coupling deviates significantly from its Stan-
dard Model value, the charm contribution to gg ! H

increases, and the relevance of the cc̄ ! H annihila-
tion channel for Higgs production grows. These mod-
ifications may result in observable e↵ects in the Higgs
transverse momentum distribution. It was pointed out
in Ref. [5] that studies of the Higgs boson transverse
momentum distribution lead to very competitive con-
straints on the charm Yukawa coupling; for example, it
is expected [5] that at high-luminosity LHC, the charm
Yukawa coupling can be constrained to lie in the interval
yc/y

SM
c

2 [�2.9, 4.2] at the 95% confidence level. Al-
though not quite relevant for this paper, we also note
that at very high values of the transverse momentum
p? � mt, the contribution of top quark loops can be
resolved; this allows to probe for a point-like component
of the ggH coupling that may originate from physics be-
yond the Standard Model.

This discussion suggests that the shape of the Higgs
boson transverse momentum distribution, from moder-
ate to high p?-values, is important for a proper descrip-
tion of the kinematic features of Higgs bosons produced
at the LHC and, also, may provide important informa-
tion about physics beyond the Standard Model. Accu-
rate Standard Model predictions for this observable are
key for achieving these goals. As we already mentioned,
the pQCD description of the Higgs boson transverse mo-
mentum distribution, in the approximation of the point-
like ggH coupling, is rather advanced, see Refs. [6, 7], but
there is very little understanding of how its not-point-like
component is a↵ected by QCD radiative corrections. To
clarify this issue, we report on the computation of QCD
radiative corrections to top-bottom interference contri-
bution to Higgs boson production at the LHC in this
Letter.

The calculation of the NLO QCD corrections to the
top-bottom interference is non-trivial and we briefly sum-
marize its salient details. The leading order production

2
See Refs.[13] for recent attempts to understand the origin of these

logarithms and the possibility to resum them.

of the Higgs boson with non-vanishing transverse mo-
mentum occurs in di↵erent partonic channels, namely
gg ! Hg, qg ! Hq, q̄g ! Hq̄ and qq̄ ! Hg. At lead-
ing order these processes are mediated by top or bottom
loops (the charm contribution in the SM is negligible).
The one-loop amplitudes are known exactly as functions
of external kinematic variables and the quark masses [10].
At NLO, the production cross section receives contri-

butions from real and virtual corrections. Since the lead-
ing order process only occurs at one-loop, the virtual cor-
rections require two-loop computations that include pla-
nar and non-planar box diagrams with internal masses.
The computation of such Feynman diagrams is a mat-
ter of active current research that includes attempts to
develop e�cient numerical methods that can be used in
physical kinematics [17] and to extend existing analytic
methods to make them applicable to two-loop Feynman
diagrams with internal masses [18].
However, if we focus on the top-bottom interference

and its impact on Higgs production at the LHC, we can
simplify the calculation by using the fact that the mass of
the b-quark, mb ⇠ 4.7 GeV, is numerically small. Indeed,
since mb ⌧ mH , p

typ

? , where p
typ

? ⇠ 30 GeV is a typical
Higgs boson transverse momentum, Feynman diagrams
that describe Higgs production can be expanded in se-
ries in mb for the purposes of LHC phenomenology. We
have checked at leading order that the use of scattering
amplitudes either exact or expanded in mb leads to at
most few percent di↵erences in the interference contribu-
tion to the Higgs p? distribution, down to p? ⇠ 10 GeV.
Since the interference contribution changes the Higgs bo-
son transverse momentum spectrum by O(5%) at leading
order, the percent di↵erence between expanded and not
expanded results is irrelevant for phenomenology.
Unfortunately, the expansion in mb is non-trivial since

the Higgs boson production cross section depends log-
arithmically on the b-quark mass. Therefore, we need
to devise a procedure to expand scattering amplitudes
in mb and extract the non-analytic terms. This can be
done by deriving di↵erential equations for master inte-
grals that are needed to describe the two-loop correc-
tions to pp ! H + j and then solving them in the limit
mb ! 0 [19]. Indeed, since we can derive di↵erential
equations to describe the dependence of the master in-
tegrals on the mass parameter mb and on the Mandel-
stam kinematic variables, and since all the information
about singular points of a particular Feynman integral is
contained in the di↵erential equations that this Feynman
integral satisfies, we can systematically solve the di↵eren-
tial equation in series of mb and extract the non-analytic
behavior. We note that a similar method was used to
compute the top-bottom interference contribution to the
inclusive Higgs production cross section in Ref. [20].
We have used this method to calculate all the relevant

two-loop scattering amplitudes to describe the produc-
tion of a Higgs boson in association with a jet [19, 21]. In

ptyp? ⇠ 30GeV
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work2 [14] and they significantly enhance the contribu-
tion of bottom loops to the Higgs production cross sec-
tion in gluon fusion, compared to naive expectations. In
fact, the bottom loop contribution to Higgs production
in the Standard Model is estimated to be close to minus
five percent [15] and, therefore, significant on the scale of
O(1%) precision goal discussed earlier.

It is interesting to remark that the “substructure”
of the ggH coupling is precisely what makes the Higgs
transverse momentum distribution an interesting observ-
able from the point of view of physics beyond the Stan-
dard Model. For example, current constraints on the
charm Yukawa coupling are weak but, if the charm
Yukawa coupling deviates significantly from its Stan-
dard Model value, the charm contribution to gg ! H

increases, and the relevance of the cc̄ ! H annihila-
tion channel for Higgs production grows. These mod-
ifications may result in observable e↵ects in the Higgs
transverse momentum distribution. It was pointed out
in Ref. [5] that studies of the Higgs boson transverse
momentum distribution lead to very competitive con-
straints on the charm Yukawa coupling; for example, it
is expected [5] that at high-luminosity LHC, the charm
Yukawa coupling can be constrained to lie in the interval
yc/y

SM
c

2 [�2.9, 4.2] at the 95% confidence level. Al-
though not quite relevant for this paper, we also note
that at very high values of the transverse momentum
p? � mt, the contribution of top quark loops can be
resolved; this allows to probe for a point-like component
of the ggH coupling that may originate from physics be-
yond the Standard Model.

This discussion suggests that the shape of the Higgs
boson transverse momentum distribution, from moder-
ate to high p?-values, is important for a proper descrip-
tion of the kinematic features of Higgs bosons produced
at the LHC and, also, may provide important informa-
tion about physics beyond the Standard Model. Accu-
rate Standard Model predictions for this observable are
key for achieving these goals. As we already mentioned,
the pQCD description of the Higgs boson transverse mo-
mentum distribution, in the approximation of the point-
like ggH coupling, is rather advanced, see Refs. [6, 7], but
there is very little understanding of how its not-point-like
component is a↵ected by QCD radiative corrections. To
clarify this issue, we report on the computation of QCD
radiative corrections to top-bottom interference contri-
bution to Higgs boson production at the LHC in this
Letter.

The calculation of the NLO QCD corrections to the
top-bottom interference is non-trivial and we briefly sum-
marize its salient details. The leading order production

2
See Refs.[13] for recent attempts to understand the origin of these

logarithms and the possibility to resum them.

of the Higgs boson with non-vanishing transverse mo-
mentum occurs in di↵erent partonic channels, namely
gg ! Hg, qg ! Hq, q̄g ! Hq̄ and qq̄ ! Hg. At lead-
ing order these processes are mediated by top or bottom
loops (the charm contribution in the SM is negligible).
The one-loop amplitudes are known exactly as functions
of external kinematic variables and the quark masses [10].
At NLO, the production cross section receives contri-

butions from real and virtual corrections. Since the lead-
ing order process only occurs at one-loop, the virtual cor-
rections require two-loop computations that include pla-
nar and non-planar box diagrams with internal masses.
The computation of such Feynman diagrams is a mat-
ter of active current research that includes attempts to
develop e�cient numerical methods that can be used in
physical kinematics [17] and to extend existing analytic
methods to make them applicable to two-loop Feynman
diagrams with internal masses [18].
However, if we focus on the top-bottom interference

and its impact on Higgs production at the LHC, we can
simplify the calculation by using the fact that the mass of
the b-quark, mb ⇠ 4.7 GeV, is numerically small. Indeed,
since mb ⌧ mH , p

typ

? , where p
typ

? ⇠ 30 GeV is a typical
Higgs boson transverse momentum, Feynman diagrams
that describe Higgs production can be expanded in se-
ries in mb for the purposes of LHC phenomenology. We
have checked at leading order that the use of scattering
amplitudes either exact or expanded in mb leads to at
most few percent di↵erences in the interference contribu-
tion to the Higgs p? distribution, down to p? ⇠ 10 GeV.
Since the interference contribution changes the Higgs bo-
son transverse momentum spectrum by O(5%) at leading
order, the percent di↵erence between expanded and not
expanded results is irrelevant for phenomenology.
Unfortunately, the expansion in mb is non-trivial since

the Higgs boson production cross section depends log-
arithmically on the b-quark mass. Therefore, we need
to devise a procedure to expand scattering amplitudes
in mb and extract the non-analytic terms. This can be
done by deriving di↵erential equations for master inte-
grals that are needed to describe the two-loop correc-
tions to pp ! H + j and then solving them in the limit
mb ! 0 [19]. Indeed, since we can derive di↵erential
equations to describe the dependence of the master in-
tegrals on the mass parameter mb and on the Mandel-
stam kinematic variables, and since all the information
about singular points of a particular Feynman integral is
contained in the di↵erential equations that this Feynman
integral satisfies, we can systematically solve the di↵eren-
tial equation in series of mb and extract the non-analytic
behavior. We note that a similar method was used to
compute the top-bottom interference contribution to the
inclusive Higgs production cross section in Ref. [20].
We have used this method to calculate all the relevant

two-loop scattering amplitudes to describe the produc-
tion of a Higgs boson in association with a jet [19, 21]. In
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
(p?)

appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.

[Lindert, Melnikov, Tancredi, Wever ’17]

Amplitudes can be evaluated by 
expanding in the small bottom mass!

2

work2 [14] and they significantly enhance the contribu-
tion of bottom loops to the Higgs production cross sec-
tion in gluon fusion, compared to naive expectations. In
fact, the bottom loop contribution to Higgs production
in the Standard Model is estimated to be close to minus
five percent [15] and, therefore, significant on the scale of
O(1%) precision goal discussed earlier.

It is interesting to remark that the “substructure”
of the ggH coupling is precisely what makes the Higgs
transverse momentum distribution an interesting observ-
able from the point of view of physics beyond the Stan-
dard Model. For example, current constraints on the
charm Yukawa coupling are weak but, if the charm
Yukawa coupling deviates significantly from its Stan-
dard Model value, the charm contribution to gg ! H

increases, and the relevance of the cc̄ ! H annihila-
tion channel for Higgs production grows. These mod-
ifications may result in observable e↵ects in the Higgs
transverse momentum distribution. It was pointed out
in Ref. [5] that studies of the Higgs boson transverse
momentum distribution lead to very competitive con-
straints on the charm Yukawa coupling; for example, it
is expected [5] that at high-luminosity LHC, the charm
Yukawa coupling can be constrained to lie in the interval
yc/y

SM
c

2 [�2.9, 4.2] at the 95% confidence level. Al-
though not quite relevant for this paper, we also note
that at very high values of the transverse momentum
p? � mt, the contribution of top quark loops can be
resolved; this allows to probe for a point-like component
of the ggH coupling that may originate from physics be-
yond the Standard Model.

This discussion suggests that the shape of the Higgs
boson transverse momentum distribution, from moder-
ate to high p?-values, is important for a proper descrip-
tion of the kinematic features of Higgs bosons produced
at the LHC and, also, may provide important informa-
tion about physics beyond the Standard Model. Accu-
rate Standard Model predictions for this observable are
key for achieving these goals. As we already mentioned,
the pQCD description of the Higgs boson transverse mo-
mentum distribution, in the approximation of the point-
like ggH coupling, is rather advanced, see Refs. [6, 7], but
there is very little understanding of how its not-point-like
component is a↵ected by QCD radiative corrections. To
clarify this issue, we report on the computation of QCD
radiative corrections to top-bottom interference contri-
bution to Higgs boson production at the LHC in this
Letter.

The calculation of the NLO QCD corrections to the
top-bottom interference is non-trivial and we briefly sum-
marize its salient details. The leading order production
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of the Higgs boson with non-vanishing transverse mo-
mentum occurs in di↵erent partonic channels, namely
gg ! Hg, qg ! Hq, q̄g ! Hq̄ and qq̄ ! Hg. At lead-
ing order these processes are mediated by top or bottom
loops (the charm contribution in the SM is negligible).
The one-loop amplitudes are known exactly as functions
of external kinematic variables and the quark masses [10].
At NLO, the production cross section receives contri-

butions from real and virtual corrections. Since the lead-
ing order process only occurs at one-loop, the virtual cor-
rections require two-loop computations that include pla-
nar and non-planar box diagrams with internal masses.
The computation of such Feynman diagrams is a mat-
ter of active current research that includes attempts to
develop e�cient numerical methods that can be used in
physical kinematics [17] and to extend existing analytic
methods to make them applicable to two-loop Feynman
diagrams with internal masses [18].
However, if we focus on the top-bottom interference

and its impact on Higgs production at the LHC, we can
simplify the calculation by using the fact that the mass of
the b-quark, mb ⇠ 4.7 GeV, is numerically small. Indeed,
since mb ⌧ mH , p

typ

? , where p
typ

? ⇠ 30 GeV is a typical
Higgs boson transverse momentum, Feynman diagrams
that describe Higgs production can be expanded in se-
ries in mb for the purposes of LHC phenomenology. We
have checked at leading order that the use of scattering
amplitudes either exact or expanded in mb leads to at
most few percent di↵erences in the interference contribu-
tion to the Higgs p? distribution, down to p? ⇠ 10 GeV.
Since the interference contribution changes the Higgs bo-
son transverse momentum spectrum by O(5%) at leading
order, the percent di↵erence between expanded and not
expanded results is irrelevant for phenomenology.
Unfortunately, the expansion in mb is non-trivial since

the Higgs boson production cross section depends log-
arithmically on the b-quark mass. Therefore, we need
to devise a procedure to expand scattering amplitudes
in mb and extract the non-analytic terms. This can be
done by deriving di↵erential equations for master inte-
grals that are needed to describe the two-loop correc-
tions to pp ! H + j and then solving them in the limit
mb ! 0 [19]. Indeed, since we can derive di↵erential
equations to describe the dependence of the master in-
tegrals on the mass parameter mb and on the Mandel-
stam kinematic variables, and since all the information
about singular points of a particular Feynman integral is
contained in the di↵erential equations that this Feynman
integral satisfies, we can systematically solve the di↵eren-
tial equation in series of mb and extract the non-analytic
behavior. We note that a similar method was used to
compute the top-bottom interference contribution to the
inclusive Higgs production cross section in Ref. [20].
We have used this method to calculate all the relevant

two-loop scattering amplitudes to describe the produc-
tion of a Higgs boson in association with a jet [19, 21]. In

Handling the bottom-mass is delicate. Being so small can also generate numerical 
instabilities!

At LO, bottom quark affects Higgs pT by 
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
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appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.
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our computation, all quarks in the initial and final states
are massless, so that b-initiated processes are not in-
cluded. The two-loop amplitudes mediated by top quark
loops, required to describe the interference, are computed
in the approximation of an infinitely heavy top quark [22].

To produce physical results for H + j production, we
need to combine the virtual corrections discussed above
with the real corrections that describe inelastic processes,
e.g. gg ! H+gg, qg ! Hq+g etc. Computation of one-
loop scattering amplitudes for these inelastic processes is
non-trivial; it requires the evaluation of five-point Feyn-
man integrals with massive internal particles. Neverthe-
less, such amplitudes are known analytically since long
ago [23] and were recently re-evaluated in Ref. [24].

In this Letter we follow a di↵erent approach, based on
the automated numerical computation of one-loop scat-
tering amplitudes developed in recent years. One such
approach, known as OpenLoops [25], employs a hybrid
tree-loop recursion. Its implementation is publicly avail-
able [26] and has been applied to compute one-loop QCD
and electroweak corrections to multi-leg scattering ampli-
tudes for a variety of complicated processes (see e.g. Refs.
[27, 28]) and as an input for the real-virtual contributions
in NNLO computations (see e.g. Ref. [29]).

For applications in NNLO calculations the correspond-
ing real-virtual one-loop contributions need to be com-
puted in kinematic regions where one of the external par-
tons becomes soft or collinear to other partons. We face
a similar situation for the loop-induced process discussed
in this Letter. Indeed, the loop-squared real contribu-
tion has to be evaluated in phase-space regions where
a final-state parton becomes unresolved. Although the
singular contribution of the real emission graphs is easily
identified and subtracted, it is important to control the
approach of the singular region of the squared one-loop
amplitudes. A reliable computation in such kinematic
regions is non-trivial, but the OpenLoops approach ap-
pears to be perfectly capable of coping with this chal-
lenge thanks to the numerical stability of the employed
algorithms. An important element of this stability is the
program COLLIER [30] that is used to perform the tensor
integral reduction in a clever way via expansions in small
Gram determinants.

We have implemented all virtual and real amplitudes
in the POWHEG-BOX [31], where infra-red singularities are
regularized via FKS subtraction [32]. All OpenLoops am-
plitudes are accessible via a process-independent inter-
face developed in Ref. [28]. The implementation within
the POWHEG-BOX will allow for an easy matching of the
fixed-order results presented here with parton showers at
NLO. At leading order this has been done in Ref. [16].

Using the methods described above, we calculated the
NLO QCD corrections to the top-bottom interference
contribution toH+j production in hadron collisions. We
identify the interference contribution through its depen-
dence on top-bottom Yukawa couplings. For the Higgs

production cross section, we write

d� = d�tt + d�tb + d�bb, (1)

where individual contributions to the di↵erential cross
section scale as d�tt ⇠ O(y2

t
), d�tb ⇠ O(ytyb), d�bb ⇠

O(y2
b
). Given the hierarchy of the Yukawa couplings,

yt ⇠ 1 � yb ⇠ 10�2, the last term in Eq.(3) can be
safely neglected. Note, however, that if one focuses on
Higgs-related observables that are inclusive with respect
to the QCD radiation, d�bb receives contributions from
Higgs boson production in association with b-quarks, e.g.
gg ! Hbb. These processes change inclusive Higgs boson
observables at below a permille level which makes them
irrelevant unless b-jets in the final state are tagged.

Our main focus is the top-bottom interference contri-
bution d�tb. Considering the virtual corrections, we write

d�virt

tb
⇠ Re

h
A

LO

t
A

LO⇤
b

+
↵s

2⇡
(ANLO

t
A

LO⇤
b

+A
LO

t
A

NLO⇤
b

)
i
.

(2)
The leading order (one-loop) term in this formula is
known, including full mass dependence. The NLO (two-
loop) amplitudes with the top quark A

NLO
t

are only
known in the limit mt ! 1 and we use A

NLO
t

(mt ! 1)
as an approximation for A

NLO
t

(mt). In principle, one
can improve on this by computing 1/mt corrections to
A

NLO
t

(mt ! 1), see Ref. [33], but it is not expected that
such power corrections will have significant impact on the
results for the interference at moderate, p? < mt, values
of the Higgs transverse momentum. The real emission
contributions are computed with exact top- and bottom-
mass dependence throughout the paper.
In what follows, we present the QCD corrections to the

top-bottom interference contribution to the Higgs boson
transverse momentum distribution and to the Higgs ra-
pidity distribution in H + j production. We consider
proton collisions at the 13 TeV LHC and take the mass
of the Higgs boson to be mH = 125 GeV.
We work within a fixed flavor-number scheme and do

not consider bottom quarks as partons in the proton.
We use the NNPDF30 set of parton distribution func-
tions [34]. We also use the strong coupling constant
↵s(MZ) that is provided with this PDF set. We renor-
malize the b-quark mass in the on-shell scheme and use
mb = 4.75 GeV as its numerical value. We choose renor-
malization and factorization scales to be equal and take,
as the central value µ = HT /2, HT =

p
m

2

H
+ p

2

? +P
j
p?,j , where the sum runs over all partons in the final

state.
To quantify the impact of the top-bottom interference

on an observable O, it is convenient to define the follow-
ing quantity

Rint [O] =

R
d�tb �(O �O(~x))R
d�tt �(O �O(~x))

, (3)

where ~x is a set of phase-space variables. Note that we
do not expand the �tt cross section in the denominator inNLO gives sizable corrections on 
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
(p?)

appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
(p?)

appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.
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Amplitudes can be evaluated by 
expanding in the small bottom mass!
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work2 [14] and they significantly enhance the contribu-
tion of bottom loops to the Higgs production cross sec-
tion in gluon fusion, compared to naive expectations. In
fact, the bottom loop contribution to Higgs production
in the Standard Model is estimated to be close to minus
five percent [15] and, therefore, significant on the scale of
O(1%) precision goal discussed earlier.

It is interesting to remark that the “substructure”
of the ggH coupling is precisely what makes the Higgs
transverse momentum distribution an interesting observ-
able from the point of view of physics beyond the Stan-
dard Model. For example, current constraints on the
charm Yukawa coupling are weak but, if the charm
Yukawa coupling deviates significantly from its Stan-
dard Model value, the charm contribution to gg ! H

increases, and the relevance of the cc̄ ! H annihila-
tion channel for Higgs production grows. These mod-
ifications may result in observable e↵ects in the Higgs
transverse momentum distribution. It was pointed out
in Ref. [5] that studies of the Higgs boson transverse
momentum distribution lead to very competitive con-
straints on the charm Yukawa coupling; for example, it
is expected [5] that at high-luminosity LHC, the charm
Yukawa coupling can be constrained to lie in the interval
yc/y

SM
c

2 [�2.9, 4.2] at the 95% confidence level. Al-
though not quite relevant for this paper, we also note
that at very high values of the transverse momentum
p? � mt, the contribution of top quark loops can be
resolved; this allows to probe for a point-like component
of the ggH coupling that may originate from physics be-
yond the Standard Model.

This discussion suggests that the shape of the Higgs
boson transverse momentum distribution, from moder-
ate to high p?-values, is important for a proper descrip-
tion of the kinematic features of Higgs bosons produced
at the LHC and, also, may provide important informa-
tion about physics beyond the Standard Model. Accu-
rate Standard Model predictions for this observable are
key for achieving these goals. As we already mentioned,
the pQCD description of the Higgs boson transverse mo-
mentum distribution, in the approximation of the point-
like ggH coupling, is rather advanced, see Refs. [6, 7], but
there is very little understanding of how its not-point-like
component is a↵ected by QCD radiative corrections. To
clarify this issue, we report on the computation of QCD
radiative corrections to top-bottom interference contri-
bution to Higgs boson production at the LHC in this
Letter.

The calculation of the NLO QCD corrections to the
top-bottom interference is non-trivial and we briefly sum-
marize its salient details. The leading order production

2
See Refs.[13] for recent attempts to understand the origin of these

logarithms and the possibility to resum them.

of the Higgs boson with non-vanishing transverse mo-
mentum occurs in di↵erent partonic channels, namely
gg ! Hg, qg ! Hq, q̄g ! Hq̄ and qq̄ ! Hg. At lead-
ing order these processes are mediated by top or bottom
loops (the charm contribution in the SM is negligible).
The one-loop amplitudes are known exactly as functions
of external kinematic variables and the quark masses [10].
At NLO, the production cross section receives contri-

butions from real and virtual corrections. Since the lead-
ing order process only occurs at one-loop, the virtual cor-
rections require two-loop computations that include pla-
nar and non-planar box diagrams with internal masses.
The computation of such Feynman diagrams is a mat-
ter of active current research that includes attempts to
develop e�cient numerical methods that can be used in
physical kinematics [17] and to extend existing analytic
methods to make them applicable to two-loop Feynman
diagrams with internal masses [18].
However, if we focus on the top-bottom interference

and its impact on Higgs production at the LHC, we can
simplify the calculation by using the fact that the mass of
the b-quark, mb ⇠ 4.7 GeV, is numerically small. Indeed,
since mb ⌧ mH , p

typ

? , where p
typ

? ⇠ 30 GeV is a typical
Higgs boson transverse momentum, Feynman diagrams
that describe Higgs production can be expanded in se-
ries in mb for the purposes of LHC phenomenology. We
have checked at leading order that the use of scattering
amplitudes either exact or expanded in mb leads to at
most few percent di↵erences in the interference contribu-
tion to the Higgs p? distribution, down to p? ⇠ 10 GeV.
Since the interference contribution changes the Higgs bo-
son transverse momentum spectrum by O(5%) at leading
order, the percent di↵erence between expanded and not
expanded results is irrelevant for phenomenology.
Unfortunately, the expansion in mb is non-trivial since

the Higgs boson production cross section depends log-
arithmically on the b-quark mass. Therefore, we need
to devise a procedure to expand scattering amplitudes
in mb and extract the non-analytic terms. This can be
done by deriving di↵erential equations for master inte-
grals that are needed to describe the two-loop correc-
tions to pp ! H + j and then solving them in the limit
mb ! 0 [19]. Indeed, since we can derive di↵erential
equations to describe the dependence of the master in-
tegrals on the mass parameter mb and on the Mandel-
stam kinematic variables, and since all the information
about singular points of a particular Feynman integral is
contained in the di↵erential equations that this Feynman
integral satisfies, we can systematically solve the di↵eren-
tial equation in series of mb and extract the non-analytic
behavior. We note that a similar method was used to
compute the top-bottom interference contribution to the
inclusive Higgs production cross section in Ref. [20].
We have used this method to calculate all the relevant

two-loop scattering amplitudes to describe the produc-
tion of a Higgs boson in association with a jet [19, 21]. In

Handling the bottom-mass is delicate. Being so small can also generate numerical 
instabilities!

At LO, bottom quark affects Higgs pT by 
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
(p?)

appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.
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our computation, all quarks in the initial and final states
are massless, so that b-initiated processes are not in-
cluded. The two-loop amplitudes mediated by top quark
loops, required to describe the interference, are computed
in the approximation of an infinitely heavy top quark [22].

To produce physical results for H + j production, we
need to combine the virtual corrections discussed above
with the real corrections that describe inelastic processes,
e.g. gg ! H+gg, qg ! Hq+g etc. Computation of one-
loop scattering amplitudes for these inelastic processes is
non-trivial; it requires the evaluation of five-point Feyn-
man integrals with massive internal particles. Neverthe-
less, such amplitudes are known analytically since long
ago [23] and were recently re-evaluated in Ref. [24].

In this Letter we follow a di↵erent approach, based on
the automated numerical computation of one-loop scat-
tering amplitudes developed in recent years. One such
approach, known as OpenLoops [25], employs a hybrid
tree-loop recursion. Its implementation is publicly avail-
able [26] and has been applied to compute one-loop QCD
and electroweak corrections to multi-leg scattering ampli-
tudes for a variety of complicated processes (see e.g. Refs.
[27, 28]) and as an input for the real-virtual contributions
in NNLO computations (see e.g. Ref. [29]).

For applications in NNLO calculations the correspond-
ing real-virtual one-loop contributions need to be com-
puted in kinematic regions where one of the external par-
tons becomes soft or collinear to other partons. We face
a similar situation for the loop-induced process discussed
in this Letter. Indeed, the loop-squared real contribu-
tion has to be evaluated in phase-space regions where
a final-state parton becomes unresolved. Although the
singular contribution of the real emission graphs is easily
identified and subtracted, it is important to control the
approach of the singular region of the squared one-loop
amplitudes. A reliable computation in such kinematic
regions is non-trivial, but the OpenLoops approach ap-
pears to be perfectly capable of coping with this chal-
lenge thanks to the numerical stability of the employed
algorithms. An important element of this stability is the
program COLLIER [30] that is used to perform the tensor
integral reduction in a clever way via expansions in small
Gram determinants.

We have implemented all virtual and real amplitudes
in the POWHEG-BOX [31], where infra-red singularities are
regularized via FKS subtraction [32]. All OpenLoops am-
plitudes are accessible via a process-independent inter-
face developed in Ref. [28]. The implementation within
the POWHEG-BOX will allow for an easy matching of the
fixed-order results presented here with parton showers at
NLO. At leading order this has been done in Ref. [16].

Using the methods described above, we calculated the
NLO QCD corrections to the top-bottom interference
contribution toH+j production in hadron collisions. We
identify the interference contribution through its depen-
dence on top-bottom Yukawa couplings. For the Higgs

production cross section, we write

d� = d�tt + d�tb + d�bb, (1)

where individual contributions to the di↵erential cross
section scale as d�tt ⇠ O(y2

t
), d�tb ⇠ O(ytyb), d�bb ⇠

O(y2
b
). Given the hierarchy of the Yukawa couplings,

yt ⇠ 1 � yb ⇠ 10�2, the last term in Eq.(3) can be
safely neglected. Note, however, that if one focuses on
Higgs-related observables that are inclusive with respect
to the QCD radiation, d�bb receives contributions from
Higgs boson production in association with b-quarks, e.g.
gg ! Hbb. These processes change inclusive Higgs boson
observables at below a permille level which makes them
irrelevant unless b-jets in the final state are tagged.

Our main focus is the top-bottom interference contri-
bution d�tb. Considering the virtual corrections, we write

d�virt

tb
⇠ Re

h
A

LO

t
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LO⇤
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+
↵s
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(ANLO
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(2)
The leading order (one-loop) term in this formula is
known, including full mass dependence. The NLO (two-
loop) amplitudes with the top quark A

NLO
t

are only
known in the limit mt ! 1 and we use A

NLO
t

(mt ! 1)
as an approximation for A

NLO
t

(mt). In principle, one
can improve on this by computing 1/mt corrections to
A

NLO
t

(mt ! 1), see Ref. [33], but it is not expected that
such power corrections will have significant impact on the
results for the interference at moderate, p? < mt, values
of the Higgs transverse momentum. The real emission
contributions are computed with exact top- and bottom-
mass dependence throughout the paper.
In what follows, we present the QCD corrections to the

top-bottom interference contribution to the Higgs boson
transverse momentum distribution and to the Higgs ra-
pidity distribution in H + j production. We consider
proton collisions at the 13 TeV LHC and take the mass
of the Higgs boson to be mH = 125 GeV.
We work within a fixed flavor-number scheme and do

not consider bottom quarks as partons in the proton.
We use the NNPDF30 set of parton distribution func-
tions [34]. We also use the strong coupling constant
↵s(MZ) that is provided with this PDF set. We renor-
malize the b-quark mass in the on-shell scheme and use
mb = 4.75 GeV as its numerical value. We choose renor-
malization and factorization scales to be equal and take,
as the central value µ = HT /2, HT =

p
m

2

H
+ p

2

? +P
j
p?,j , where the sum runs over all partons in the final

state.
To quantify the impact of the top-bottom interference

on an observable O, it is convenient to define the follow-
ing quantity

Rint [O] =

R
d�tb �(O �O(~x))R
d�tt �(O �O(~x))

, (3)

where ~x is a set of phase-space variables. Note that we
do not expand the �tt cross section in the denominator inNLO gives sizable corrections on 
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Figure 1: Relative top-bottom interference contribution to
the transverse momentum distribution of the Higgs boson at
leading (blue) and next-to-leading (red) order in perturbative
QCD. At next-to-leading order the interference contribution
is shown with respect to the point-like Higgs E↵ective Field
Theory prediction rescaled with exact leading-order top mass
dependence. Filled bands, hardly visible at leading order,
show the change inRint caused by a variation of the renormal-
ization and factorization scales, correlated between numerator
and denominator. The hashed bands indicate the uncertainty
due to mass-renormalization scheme variation. See text for
details.

Eq.(3) in powers of ↵s. Therefore, any change in Rint in
consecutive orders in perturbation theory would reflect
di↵erences in QCD corrections to the tb interference and
the point-like contribution to H + j production. In what
follows we present Rint as a function of the Higgs boson
transverse momentum p? and the (pseudo-)rapidity ⌘H .

The impact of the top-bottom interference on the Higgs
boson transverse momentum distribution is shown in
Fig. 1. We observe that the leading order interference
changes the Higgs boson transverse momentum distribu-
tion by �8% at p? ⇠ 20 GeV and +2% at p? ⇠ 100 GeV.
Since the QCD corrections to color-singlet production in
gluon annihilation are large and since it is not clear a
priori if the QCD corrections to the interference are sim-
ilar to the QCD corrections to the point-like cross sec-
tion, large modifications of these LO results can not be
excluded. The NLO computation, illustrated in Fig. 1,
clarifies this point. There, filled bands in blue for the
leading and red for the next-to-leading order predictions
show the result for Rint(p?) computed in the pole mass
renormalization scheme. The widths of the bands in-
dicate changes in the predictions caused by variations
of renormalization and factorization scales by a factor
of two around the central value µ = HT /2. In fact,
we observe that di↵erences between leading and next-
to-leading order are very small. For example, RNLO

int
(p?)

appears to be smaller than R
LO

int
(p?) by less than a per-

Figure 2: Relative top-bottom interference contribution to
the pseudo-rapidity distribution of the Higgs boson at leading
and next-to-leading order in perturbative QCD. Bands and
colors as in Fig.1.

cent at p? < 60 GeV and, practically, coincides with it
at higher values of p?. We emphasise that these small
changes in Rint imply sizable, O(40 � 50%), corrections
to the tb interference proper that, however, appear to be
very similar to NLO QCD corrections to the point-like
cross section �tt. The scale variation bands are very nar-
row (at leading-order hardly visible) due to a cancellation
of large scale variation changes between numerator and
denominator in Eq.(3). Similar results for the Higgs bo-
son rapidity distribution for events with p? > 30 GeV
are shown in Fig. 2.

The above result for the scale variation suggests that
the uncertainties in predicting the size of top-bottom in-
terference e↵ects in H+j production are small since both
the size of corrections and the scale variation bands are
similar to the corrections to the point-like pp ! H + j

cross section. Such a conclusion, nevertheless, misses
an important source of uncertainties related to a pos-
sible choice of a di↵erent mass-renormalization scheme.
Indeed, since the leading order interference contribu-
tion is proportional to the square of the bottom mass
Rint ⇠ m

2

b
and since at leading order a change in the

mass renormalization scheme simply amounts to the use
of di↵erent numerical values for mb in calculating Rint,
it is easy to see that this ambiguity is very signifi-
cant. Indeed, suppose that we choose to renormalize
the bottom mass in the MS scheme and we take mb =
m

MS

b
(100 GeV) = 3.07 GeV as input parameter.3 Since

3
We calculated this value using the program RunDec [35] with

the input value mMS
b (mMS

b ) = 4.2 GeV.
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our computation, all quarks in the initial and final states
are massless, so that b-initiated processes are not in-
cluded. The two-loop amplitudes mediated by top quark
loops, required to describe the interference, are computed
in the approximation of an infinitely heavy top quark [22].

To produce physical results for H + j production, we
need to combine the virtual corrections discussed above
with the real corrections that describe inelastic processes,
e.g. gg ! H+gg, qg ! Hq+g etc. Computation of one-
loop scattering amplitudes for these inelastic processes is
non-trivial; it requires the evaluation of five-point Feyn-
man integrals with massive internal particles. Neverthe-
less, such amplitudes are known analytically since long
ago [23] and were recently re-evaluated in Ref. [24].

In this Letter we follow a di↵erent approach, based on
the automated numerical computation of one-loop scat-
tering amplitudes developed in recent years. One such
approach, known as OpenLoops [25], employs a hybrid
tree-loop recursion. Its implementation is publicly avail-
able [26] and has been applied to compute one-loop QCD
and electroweak corrections to multi-leg scattering ampli-
tudes for a variety of complicated processes (see e.g. Refs.
[27, 28]) and as an input for the real-virtual contributions
in NNLO computations (see e.g. Ref. [29]).

For applications in NNLO calculations the correspond-
ing real-virtual one-loop contributions need to be com-
puted in kinematic regions where one of the external par-
tons becomes soft or collinear to other partons. We face
a similar situation for the loop-induced process discussed
in this Letter. Indeed, the loop-squared real contribu-
tion has to be evaluated in phase-space regions where
a final-state parton becomes unresolved. Although the
singular contribution of the real emission graphs is easily
identified and subtracted, it is important to control the
approach of the singular region of the squared one-loop
amplitudes. A reliable computation in such kinematic
regions is non-trivial, but the OpenLoops approach ap-
pears to be perfectly capable of coping with this chal-
lenge thanks to the numerical stability of the employed
algorithms. An important element of this stability is the
program COLLIER [30] that is used to perform the tensor
integral reduction in a clever way via expansions in small
Gram determinants.

We have implemented all virtual and real amplitudes
in the POWHEG-BOX [31], where infra-red singularities are
regularized via FKS subtraction [32]. All OpenLoops am-
plitudes are accessible via a process-independent inter-
face developed in Ref. [28]. The implementation within
the POWHEG-BOX will allow for an easy matching of the
fixed-order results presented here with parton showers at
NLO. At leading order this has been done in Ref. [16].

Using the methods described above, we calculated the
NLO QCD corrections to the top-bottom interference
contribution toH+j production in hadron collisions. We
identify the interference contribution through its depen-
dence on top-bottom Yukawa couplings. For the Higgs

production cross section, we write

d� = d�tt + d�tb + d�bb, (1)

where individual contributions to the di↵erential cross
section scale as d�tt ⇠ O(y2

t
), d�tb ⇠ O(ytyb), d�bb ⇠

O(y2
b
). Given the hierarchy of the Yukawa couplings,

yt ⇠ 1 � yb ⇠ 10�2, the last term in Eq.(3) can be
safely neglected. Note, however, that if one focuses on
Higgs-related observables that are inclusive with respect
to the QCD radiation, d�bb receives contributions from
Higgs boson production in association with b-quarks, e.g.
gg ! Hbb. These processes change inclusive Higgs boson
observables at below a permille level which makes them
irrelevant unless b-jets in the final state are tagged.

Our main focus is the top-bottom interference contri-
bution d�tb. Considering the virtual corrections, we write

d�virt

tb
⇠ Re

h
A

LO

t
A

LO⇤
b

+
↵s

2⇡
(ANLO

t
A

LO⇤
b

+A
LO

t
A

NLO⇤
b

)
i
.

(2)
The leading order (one-loop) term in this formula is
known, including full mass dependence. The NLO (two-
loop) amplitudes with the top quark A

NLO
t

are only
known in the limit mt ! 1 and we use A

NLO
t

(mt ! 1)
as an approximation for A

NLO
t

(mt). In principle, one
can improve on this by computing 1/mt corrections to
A

NLO
t

(mt ! 1), see Ref. [33], but it is not expected that
such power corrections will have significant impact on the
results for the interference at moderate, p? < mt, values
of the Higgs transverse momentum. The real emission
contributions are computed with exact top- and bottom-
mass dependence throughout the paper.
In what follows, we present the QCD corrections to the

top-bottom interference contribution to the Higgs boson
transverse momentum distribution and to the Higgs ra-
pidity distribution in H + j production. We consider
proton collisions at the 13 TeV LHC and take the mass
of the Higgs boson to be mH = 125 GeV.
We work within a fixed flavor-number scheme and do

not consider bottom quarks as partons in the proton.
We use the NNPDF30 set of parton distribution func-
tions [34]. We also use the strong coupling constant
↵s(MZ) that is provided with this PDF set. We renor-
malize the b-quark mass in the on-shell scheme and use
mb = 4.75 GeV as its numerical value. We choose renor-
malization and factorization scales to be equal and take,
as the central value µ = HT /2, HT =

p
m

2

H
+ p

2

? +P
j
p?,j , where the sum runs over all partons in the final

state.
To quantify the impact of the top-bottom interference

on an observable O, it is convenient to define the follow-
ing quantity

Rint [O] =

R
d�tb �(O �O(~x))R
d�tt �(O �O(~x))

, (3)

where ~x is a set of phase-space variables. Note that we
do not expand the �tt cross section in the denominator in



THE HIGGS AT MEDIUM TRANSVERSE MOMENTA

Main residual uncertainty remains 
due to bottom mass 
renormalisation ambiguities: 

~ 10-15% down to pT ~ 10 GeV

[Caola, Lindert, Melnikov, Monni, Tancredi, Wever  ’18]

Full control on the region of low/medium pT requires also resummation, at least 
of those logs that we can resum!
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Figure 7: The distributions for the top-bottom interference contribution (left) and the full NNLL
matched result (right), using the multiplicative scheme with resummation scale Qb = Qt = mh/2
as central values. See text for details.

4 Conclusions

In this paper we performed a detailed study of the Higgs transverse momentum distribution, focusing
on the region of intermediate values of transverse momenta, mb

<⇠ p? <⇠mH . Indeed, a precise
theoretical control of the Higgs p? distribution in this region is essential to test the Higgs sector of
the Standard Model. In particular, it provides a rare opportunity to probe the Yukawa couplings
of light quarks, which are currently poorly constrained. In fact, although the main contribution to
the Higgs production cross section is due to the coupling of the Higgs to top quarks, the coupling to
bottom quarks has a non-negligible impact on the total cross section through its interference with
the top, decreasing the cross section by about O(5%).

The theoretical description of the Higgs p? distribution for mb
<⇠ p? <⇠mH in QCD is particularly

challenging since, once the contribution of bottom quarks is included, the perturbative cross section
for small p? suffers from the presence of potentially large logarithms ln (p?/mb), ln (mH/mb),
which can spoil the convergence of the perturbative expansion. The physical origin of these large
logarithms is not yet fully understood, and their all-order resummation remains currently out of
reach.

Given these conceptual limitations, we provided our best theoretical description of the Higgs
p? distribution at NNLL+NLO QCD for moderate values of the transverse momentum, including
dependence on the bottom mass. An important part of our study was a proper assessment of the
theory uncertainty of our results. The NLO result for the top-bottom interference suffers from scale
uncertainties, which amount to around 15%. On top of this, a non-negligible source of uncertainty is
provided by the renormalization scheme ambiguity for the bottom-quark mass, which we estimated
by varying from the on-shell to the MS scheme. This amounts to an uncertainty of up to 20% and
it dominates the error budget of our prediction for the top-bottom interference at small values of
the Higgs p?. Together with the uncertainties associated with the fixed order calculation, we also
performed a detailed study of the ones associated with the resummation procedure in the presence
of bottom quarks. In order to estimate these ambiguities for the top-bottom interference, we
matched the fixed order NLO predictions with the NNLL resummed cross-section using two different
schemes, an additive and a multiplicative one, and two very different choices of the resummation
scale, Qb = 2mb and Qb = mH/2. This leads to an uncertainty between 15�20% on the top-bottom
interference contribution to the p? spectrum. Since the interference amounts to about 5% of the

– 15 –



WHAT ABOUT THE OTHER LOGS?

Conceptually these new logarithms are troublesome!

Bottom loop in gg → H

Leading contribution

∝ ln2(m2
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effective expansion parameter αs ln2(m2
H/m2

b) ∼ 40αs

➥ resummation is mandatory (main source of uncertainty)
factorization structure similar to G

A. Penin, U of A & ETH CERN 2018 – p. 18/26

Means that, effectively, the expansion parameter becomes

Bottom loop in gg → H

Leading contribution
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b) ∼ 40αs

➥ resummation is mandatory (main source of uncertainty)
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Requires LL resummation beyond leading power in QCD
[Penin, ’14; Liu, Penin ’17, ’18]Double logs induced by soft quark exchange!

Used to estimate contribution from bottom quarks at NNLO -> 3 loops ~ -0.6 %!
[Liu, Penin ’18]



CONCLUSIONS
➤ The Higgs is NEW PHYSICS!  

➤ We have the chance to study the Higgs at the LHC with % 
precision, both inclusively and exclusively. 

➤ This requires many contributions: top quarks, bottom quarks, 
QCD-EW corrections etc.. 

➤ Their calculation is very involved and requires going beyond 
the current machinery for higher order calculations 

➤ Lately a lot of progress, not only in QCD! Still a lot to do from 
the more formal side. 

➤ Theoretical description of Higgs physics under good control 
soon!
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Can we describe Higgs with % precision in the Standard Model, consistently with 
experiments?

G. Zanderighi — LHCP2018

Theory vs data

5

Conclusion 1: a coherent picture emerges, with good  
consistency between data and theory    

Inclusive Higgs Production

Theory looks pretty good! How did we get to such a good theory precision?

HIGGS INCLUSIVE PRODUCTION


