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Can relate the OS and  masses straightforwardly: 

The  mass depends on a scale  (i.e. it is a ``running mass’’) 

Scale dependence fixed by RGE: 

MS

MS μ
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OS vs MS

m0 = ZOS

m mOS

m0 = ZMS

m mMS
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Marquard , Smirnov, Smirnov, Steinhauser 15

known to 4-loop 
(not a big source of 
uncertainty here)

mMS(µ) = mMS(µ0)
c(↵s(µ)/⇡)

c(↵s(µ0)/⇡)
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also known to 4-loop 
(not a big source of 
uncertainty here)

Chetyrkin 97; Vermaseren, Larin, van Ritbergen 97
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choice of mt = 172.5 GeV for the top pole mass to an MS
mass of mt(mt) = 163.02 GeV. The renormalisation of the
top mass has been adjusted accordingly. Taking the maxi-
mum and minimum of the differential cross section in Q

2

at four different values of Q
2 for a variation of the MS top

mass in the range between Q/4 and Q we obtain the follow-
ing variations of the Higgs-pair cross section,

ds(gg ! HH)

dQ

���
Q=300 GeV

= 0.0312(5)+9%
�23% fb/GeV,

ds(gg ! HH)

dQ

���
Q=400 GeV

= 0.1609(4)+7%
�7% fb/GeV,

ds(gg ! HH)

dQ

���
Q=600 GeV

= 0.03204(9)+0%
�26% fb/GeV,

ds(gg ! HH)

dQ

���
Q=1200 GeV

= 0.000435(4)+0%
�30% fb/GeV,

(20)

using PDF4LHC parton densities. The top-quark scheme un-
certainty is significant over the whole range of mHH . The
prediction involving the top pole mass, that we take as our
central prediction, is the maximal prediction for high mHH

values. The uncertainties induced by the top-mass scheme
and scale choice on the total cross section at NLO will be
given in a forthcoming publication [50].

6 Conclusions

We have presented the calculation of the full NLO QCD
corrections to Higgs-boson pair production via gluon fu-
sion for the top-loop contributions. This has been performed
by numerical integrations of the involved virtual two-loop
corrections to the four-point functions, while the results of
the single-Higgs case have been translated to the three-point
contributions that involve the trilinear Higgs self-coupling.
The one-particle reducible contributions that appear for the
first time at NLO have been inferred from the explicit analyt-
ical one-loop results for H ! Zg , where the Z-boson mass
plays the role of the virtuality of the gluon in the dressed
Hgg

⇤ vertex. In order to isolate the ultraviolet, infrared and
collinear divergences, we have performed appropriate end-
point subtractions at the integrand level and described the
explicit construction of infrared subtraction terms that al-
low for a clean separation of the infrared singularities from
the regular rest. The real corrections have been obtained by
generating the full matrix elements with automatic tools. We
have constructed the infrared and collinear subtraction term
as the heavy-top limit of the real matrix elements involving
the fully massive LO sub-matrix element. Adding back the
full results in the heavy-top limit completed the full real cor-
rections. The final results we have obtained agree with pre-
vious calculations for the individual finite parts of the real
and virtual corrections. We find finite NLO mass effects that

are up to �30% for large invariant Higgs-pair masses, while
the total NLO top-mass effects modify the total cross section
by about �15%.

We have studied the theoretical uncertainties related to
variations of the renormalisation and factorisation scales and
have found agreement with the previously known results
finding uncertainties at the level of 10� 15%. A novel out-
come of our calculation is the additional uncertainty induced
by the scheme and scale dependence of the top mass that
can be significant, amounting to +9%/� 23% at mHH =
300 GeV and +0%/� 30% at mHH = 1200 GeV. The in-
duced uncertainty on the total cross section will be given in
a forthcoming publication [50].

In the future we plan to extend our calculation to beyond-
the-SM models as e.g. the 2HDM or MSSM.
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Studied top quark mass scheme/scale 
uncertainties:

Baglio, Campanario, Glaus, Mühlleitner, 
(Ronca), Spira, Streicher 18, 20, 20

Large uncertainty obtained 
comparing  scheme with  
scheme at scale 

OS MS
mHH

HH Mass Scheme Uncertainties @ NLO

HH @ NLO:  in the  and  scheme 

 

mt OS MS
σtot = 32.81(7)+13.5% +4%

−12.5% −18% fb

Seraina Glaus KIT-NEP 2019, Karlsruhe 8.10.2019

Uncertainty due to mt: total hadronic cross section 
Take for individual Q values the maximum / minimum differential cross section and 
integrate  

23

m
HH

[GeV]

gg ! HH at NLO QCD |
p
s = 14 TeV | PDF4LHC15

d�/dm
HH

[fb/GeV]
µ
R
= µ

F
= m

HH
/2

Full NLO results in di↵erent top-mass schemes

MS scheme with m
t
(m

t
)

MS scheme with m
t
(m

HH
/4)

MS scheme with m
t
(m

HH
)

OS scheme

�(gg ! HH) = 32.78(7)+4.0%
�17%

with PDF4LHC15

Top mass uncertainty
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H* Mass Scheme Uncertainties @ LO & NLO

Les Houches study examined H*, HH, HJ, ZZ

LO

NLO

σ(µt)/σ(µ0)
gg → H*

Q = 900 GeV
µ0 = Q/2

µt/Q
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LH Study (Spira) 20

�(gg ! H
⇤
) [pb] Q = 125 GeV Q = 900 GeV

LO 18.43
+0.8%
�1.1% 0.139

+0.0%
�36.0%

NLO 42.17
+0.4%
�0.5% 0.230

+0.0%
�22.3%

<latexit sha1_base64="2gxgZ0CSHOjhcYmalnuS9DkgPM4="></latexit>

Consider  @ :gg → H* Q = 900 GeV

Similar to HH production,  scheme 
dependence reduced by only factor ~2 

Note: For on-shell  production 
uncertainty is tiny

mT

H(125)

Suggests that mass scheme uncertainties could be quite sizeable for many (loop-
induced) Higgs processes with scales  (?)≳ mT

LH Study 20
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HJ Mass Scheme Uncertainties @ LO
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Mass scheme uncertainty hugely different for each distribution 

Invariant mass plot dominated by contributions with a small  which do not probe 
the top-quark threshold (verified by applying  cut) 

For boosted Higgs at LO we can see quite large effects ~ 25% at high-  
LO scale uncertainty ~ 30% and NLO scale uncertainty ~ 16%

pT
pT, j1 > 300 GeV

pT
± ±

LH Study 20
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HJ @ NLO 

Full result known (numerically 
or via expansion in small- ) 
for OS scheme

mT

SPJ, Kerner, Luisoni 18; 
(Lindert), Kudashkin, 
Melnikov, Wever 17, 18; 
Neumann 18;

Very stable and fast reals are 
available 

Apparently only few % effect 
from including the top-quark 
mass in the virtuals (vs born 
reweighted HTL virtuals)
e.g. Chen, Huss, SPJ, Kerner, Lang, 
Lindert, Zhang 21Chen, Huss, SPJ, Kerner, Lang, Lindert, Zhang 21



Can consider Higgs boson & top quark masses as small 
Introduce variables: 

Expand integrals to               justified for                                         , 
For example at large

7

m2
H
,m2

T
⌧ |s| ⇠ |t| ⇠ |u|
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⌘ = � m2
H

4m2
T

,  = �m2
T

s
, z =

u

s
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O(⌘01)
<latexit sha1_base64="redgO89ud+SSDGtI/uPebQzp0yo=">AAACO3icbVC7SgNBFJ31GeMr0VKLwSBoE3ZF0EoCNnZGMImQjeHu7I0ZMrs7zMyKYUnj19hq74dY24mtvZNkC6MeGDic+5hzTyAF18Z135y5+YXFpeXCSnF1bX1js1TeauokVQwbLBGJuglAo+AxNgw3Am+kQogCga1gcD6ut+5RaZ7E12YosRPBXcx7nIGxUre060dg+gxEdjk68NHArUv9AUgJt95ht1Rxq+4E9C/xclIhOerdsrPshwlLI4wNE6B123Ol6WSgDGcCR0U/1SiBDeAO25bGEKHuZJMzRnTfKiHtJcq+2NCJ+nMig0jrYRTYzrFp/bs2Fv+rtVPTO+1kPJapwZhNP+qlgpqEjjOhIVfIjBhaAkxx65WyPihgxiY3sym851Lnrh+mtmdcaHt0H8NR0Ubn/Q7qL2keVT236l0dV2pneYgFskP2yAHxyAmpkQtSJw3CyCN5Is/kxXl13p0P53PaOufkM9tkBs7XN/pZrWk=</latexit><latexit sha1_base64="redgO89ud+SSDGtI/uPebQzp0yo=">AAACO3icbVC7SgNBFJ31GeMr0VKLwSBoE3ZF0EoCNnZGMImQjeHu7I0ZMrs7zMyKYUnj19hq74dY24mtvZNkC6MeGDic+5hzTyAF18Z135y5+YXFpeXCSnF1bX1js1TeauokVQwbLBGJuglAo+AxNgw3Am+kQogCga1gcD6ut+5RaZ7E12YosRPBXcx7nIGxUre060dg+gxEdjk68NHArUv9AUgJt95ht1Rxq+4E9C/xclIhOerdsrPshwlLI4wNE6B123Ol6WSgDGcCR0U/1SiBDeAO25bGEKHuZJMzRnTfKiHtJcq+2NCJ+nMig0jrYRTYzrFp/bs2Fv+rtVPTO+1kPJapwZhNP+qlgpqEjjOhIVfIjBhaAkxx65WyPihgxiY3sym851Lnrh+mtmdcaHt0H8NR0Ubn/Q7qL2keVT236l0dV2pneYgFskP2yAHxyAmpkQtSJw3CyCN5Is/kxXl13p0P53PaOufkM9tkBs7XN/pZrWk=</latexit><latexit sha1_base64="redgO89ud+SSDGtI/uPebQzp0yo=">AAACO3icbVC7SgNBFJ31GeMr0VKLwSBoE3ZF0EoCNnZGMImQjeHu7I0ZMrs7zMyKYUnj19hq74dY24mtvZNkC6MeGDic+5hzTyAF18Z135y5+YXFpeXCSnF1bX1js1TeauokVQwbLBGJuglAo+AxNgw3Am+kQogCga1gcD6ut+5RaZ7E12YosRPBXcx7nIGxUre060dg+gxEdjk68NHArUv9AUgJt95ht1Rxq+4E9C/xclIhOerdsrPshwlLI4wNE6B123Ol6WSgDGcCR0U/1SiBDeAO25bGEKHuZJMzRnTfKiHtJcq+2NCJ+nMig0jrYRTYzrFp/bs2Fv+rtVPTO+1kPJapwZhNP+qlgpqEjjOhIVfIjBhaAkxx65WyPihgxiY3sym851Lnrh+mtmdcaHt0H8NR0Ubn/Q7qL2keVT236l0dV2pneYgFskP2yAHxyAmpkQtSJw3CyCN5Is/kxXl13p0P53PaOufkM9tkBs7XN/pZrWk=</latexit><latexit sha1_base64="redgO89ud+SSDGtI/uPebQzp0yo=">AAACO3icbVC7SgNBFJ31GeMr0VKLwSBoE3ZF0EoCNnZGMImQjeHu7I0ZMrs7zMyKYUnj19hq74dY24mtvZNkC6MeGDic+5hzTyAF18Z135y5+YXFpeXCSnF1bX1js1TeauokVQwbLBGJuglAo+AxNgw3Am+kQogCga1gcD6ut+5RaZ7E12YosRPBXcx7nIGxUre060dg+gxEdjk68NHArUv9AUgJt95ht1Rxq+4E9C/xclIhOerdsrPshwlLI4wNE6B123Ol6WSgDGcCR0U/1SiBDeAO25bGEKHuZJMzRnTfKiHtJcq+2NCJ+nMig0jrYRTYzrFp/bs2Fv+rtVPTO+1kPJapwZhNP+qlgpqEjjOhIVfIjBhaAkxx65WyPihgxiY3sym851Lnrh+mtmdcaHt0H8NR0Ubn/Q7qL2keVT236l0dV2pneYgFskP2yAHxyAmpkQtSJw3CyCN5Is/kxXl13p0P53PaOufkM9tkBs7XN/pZrWk=</latexit>

Kudashkin, Melnikov, Wever 17

p2T = ut/s
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Figure 2: Transverse momentum distribution of the Higgs boson at the LHC with
p
s=13 TeV. The upper panel

shows absolute predictions at LO and NLO in the full SM and in the infinite top-mass approximation (HEFT). The
lower panel shows respective NLO/LO correction factors. The bands indicate theoretical errors of the full SM result
due to scale variation.

turbative QCD computations remains at the
level of twenty percent, as estimated from the
scale variation. Such an uncertainty is typical
for NLO QCD theoretical description of many
observables related to Higgs boson production
in gluon fusion.

Another source of uncertainties is related
to the choice of the renormalization-scheme of
the top mass. Since the amplitude is propor-
tional to the squared top mass, the di↵eren-
tial cross section scales as the fourth power
d� ⇠ m

4
t , if we neglect suppressed terms in

m
2
t /p

2
? and the logarithms of m

2
t /p

2
?. At LO

in perturbation theory, a di↵erent choice of the
top-mass scheme corresponds to changing nu-
merically the input value of the top mass. If
we choose instead the MS top mass value9 of
m

MS
t (p? ⇡ 400 GeV) ⇡ 157 GeV, we would

find a decrease of the LO cross section by about
d�

MS
LO/d�

pole
LO ⇠ (157/173)4 ⇠ 0.68. At NLO

one needs to additionally take into account the

9We calculated this value using the program RunDec

[31] with the input value m
MS

t (mMS

t ) = 166 GeV.

↵s corrections that relate the on-shell and MS
top mass values. These corrections will com-
pensate the numerical change caused by chang-
ing mt = m

MS
t to mt = m

pole
t

in the NLO
amplitudes and as a result the scheme depen-
dence at NLO is reduced. Thus, we expect the
scheme dependence at NLO to be subleading
with respect to the scale uncertainties.

Further improvements in theory predictions
are only possible if the proximity of the HEFT
and SM K-factors is taken seriously and pos-
tulated to occur even at higher orders. In this
case, one will have to re-weight the existing
HEFT H + j computations [5, 6, 7] with the
exact leading order cross section for producing
the Higgs boson with high p?. In fact, such a
reweighting can now be also performed at the
NLO level.

4. Conclusions

We presented the NLO QCD corrections to
the Higgs boson transverse momentum distri-
bution at very large p? values. To compute

7

Expanded 2-loop virtuals can be 
combined with full reals to predict 
Higgs boson  distribution above 
top threshold 

Easy(?) to change top-quark 
mass scheme in these results

pT

Lindert, Kudashkin, Melnikov, Wever 18

HJ Expanded Virtuals



8

Expanded Virtuals vs Full
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Can compare just the virtuals ( ) in the full and expanded results, differences at 
the level of 10-20% (but virtuals apparently only account for small part of total)
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Plot thanks to: Kerner, Wever
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Summary

Proposal 
 Perform a study of HJ mass scheme uncertainty at NLO 

Ingredients 
 Use reals from study of Chen et al. 
 Use virtuals from Melnikov et al. 
 (cross-check with numerical result of SPJ, Kerner, Luisoni) 

Happy to hear comments on/interest in this proposal 

Thank you for listening!


