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Higgs boson properties are expected to be studied in great detail 
during Run III and at  HL-LHC. 
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Higgs physics 

Information about Higgs couplings and quantum numbers is 
obtained from kinematic distributions of Higgs decay products and 
any particles produced along with  Higgs bosons. 

Such kinematic  distributions are affected by both radiative 
corrections and modified couplings or higher-dimensional operators 
(BSM Physics). 
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Higgs physics

We would like to combine precise fully-differential description of Higgs production and decay processes with 
anomalous couplings / effects of  higher-dimensional operators.

This requires two things:    

1) simple, general, realistic and  efficient ways to describe fully-differential  NNLO QCD corrections to basic Higgs 
production processes; 

2)  scattering amplitudes that accommodate SMEFT effects. 

We are not there yet with either 1) and 2) but I will give you a few examples of how we move (or plan to move) 
forward. 
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A number of Higgs boson production processes can be explored at the LHC.   Also, Higgs boson decays into different final 
states can be studied. 

Higgs boson production
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Simple formulas exist for NNLO QCD color-singlet production (H,VH, HH  etc.).  These formulas contain unspecified 
four-dimensional hard matrix elements for higher-multiplicity partonic processes and finite remainders of loop 
corrections.  Hence, they can be used (almost) verbatim if hard matrix elements change. 
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NNLO QCD corrections to color singlet production

5. Tree-level terms with LO kinematics involving FLM(1, 2):
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6. terms involving virtual corrections with NLO kinematics

d�̂NNLO
virt124,gg =
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7. Terms involving virtual corrections with LO kinematics:
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The above equations are analogous to Eqs. (3.46), (3.48), (3.52), (3.55) and (3.56) in Drell-
Yan production, respectively. The Þnite remaindersF fin

LVV, F
fin
LV2 and F

fin
LV are deÞned in

Appendix A, the Þnite remainderF fin
LV(1, 2, 4) is deÞned in AppendixB, the function Tgg

are given in the ancillary Þle and⇥bd is given in Eqs. (3.53, 3.54).

4.5 NNLO: quark-gluon channels
The structure of this channel is analogous to theqg channel for the Drell-Yan process,
discussed in Sec.3.3. We donÕt repeat the discussion here, and limit ourselves to presenting
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The above equations are analogous to Eqs. (3.46), (3.48), (3.52), (3.55) and (3.56) in Drell-
Yan production, respectively. The finite remainders F

fin
LVV, F

fin
LV2 and F

fin
LV are defined in

Appendix A, the finite remainder F
fin
LV(1, 2, 4) is defined in Appendix B, the function Tgg

are given in the ancillary file and ⇥bd is given in Eqs. (3.53, 3.54).

4.5 NNLO: quark-gluon channels
The structure of this channel is analogous to the qg channel for the Drell-Yan process,
discussed in Sec. 3.3. We don’t repeat the discussion here, and limit ourselves to presenting
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NLO corrections to the gq and qg channel read
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respectively. Finally, the qq̄ channel starts contributing at NLO but it is finite finite at
this order and can simply be written as
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4.4 NNLO: gluon channel
This channel has the same singularity structure as the Drell-Yan quark channels, cf.
Sec. 3.2, and we use the same phase-space parametrization and partitioning described
there. This means that the structure of the result is identical to what was discussed in
Sec. 3.2, and we can write it as
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We now list all these terms separately.

1. Tree-level terms with NNLO kinematics:
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which is analogous to Eq. (3.13).

2. Tree-level terms with NLO kinematics:
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which is analogous to Eq. (3.38). The splitting functions in Eq. (4.33) are defined in
Appendix C, and ! g is given in Eq. (3.39) with Cg = CA and �g = Xg = �0.

3. Tree-level terms with LO kinematics involving FLM(z · 1, z̄ · 2):
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4. Tree-level terms with LO kinematics involving FLM(z · 1, 2) and FLM(1, z · 2):
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Independence of NNLO QCD corrections on hard matrix elements allows one to consider exotic cases, e.g. production/
decay of mixed parity Higgs bosons at the LHC. 

!6

Mixed parity Higgs boson production at LHC

pp ! X H/A ! Z/ ! ! Z/ ! ! ! e+ e" µ+ µ"
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! LO [pb] ! NLO [pb] ! NNLO [pb]

c! = 1 15.13! 14%
+16% 34.81! 14%

+20% 43.85! 9%
+9%

c! = 0 34.04! 14%
+16% 79.01! 15%

+20% 99.46! 9%
+9%

c! =
!

1/ 2 24.59! 14%
+16% 56.91! 15%

+20% 71.66! 9%
+9%

Table 1: Total inclusive cross sections for Higgs boson production at LO, NLO and NNLO
at the 13 TeV LHC, for three values ofc! . The cross section is shown for the central scale
choiceµ = mH / 2. The subscripts (superscripts) indicate the scale variation obtained by
varying by a factor of 1/2 (2). See text for further details.

the relevant interaction terms areGµ" Gµ" X H/A and Gµ"
÷Gµ" X H/A , which are controlled by

Þve parameters: the dimensionful couplingsgHgg and gAgg, the dimensionless parameters
" Hgg and " Agg which allow the modiÞcations of the couplings, and the scalar-pseudoscalar
mixing parameter c! . The dimensionful couplings have the values

gHgg = !
#s

3$v
; gAgg =

#s

2$v
. (3.1)

We set " Hgg = " Agg = 1, and present results for three representative values of the mixing
parameter, c! = { 1, 0,

!
1/ 2} , which correspond to a pure scalar, pure pseudoscalar, and

an equal scalar-pseudoscalar admixture, respectively.
The cross sections at LO, NLO and NNLO in QCD are shown in Table1. As is

well known for Higgs boson production, the NLO and NNLO corrections are large, with
NLO and NNLO k-factors of approximately 2.3 and 1.25, respectively, while the scale
uncertainties at LO and NLO underestimate the missing higher order corrections. We also
note that the cross sections in the scalar case are smaller than those in the pseudoscalar
case by a factor of about0.44, due to the coupling of gluons to a scalar Higgs boson being
suppressed by a factorg2

Hgg/g 2
Agg = 4/ 9 relative to the pseudoscalar Higgs boson. We note

that at all three orders, the result forc! =
!

1/ 2 is the arithmetic average of the results for
c! = 0 and c! = 1. This implies that there are no interference contributions" c! s! . This is
immediately obvious at LO and NLO as the relevant matrix elements do not include such
interference terms. However, both the double-real and the real-virtual matrix elements
which enter the NNLO calculation contain such terms" c! s! , which only vanish upon
integration over the phase space. We have conÞrmed this observation for the case of LO
gluon fusion Higgs production in association with two jets (which corresponds to the fully
resolved double-real contributions to the NNLO corrections), both using our own code and
using MadGraph[8, 31]. We therefore conclude that, if one considers the production of a
Higgs boson and neglects its decay, the results up to NNLO for an arbitrary value ofc!

may be obtained by simply rescaling the scalar and pseudoscalar results

! (c! ) = c2
! á! (c! = 1) + s2

! á! (c! = 0) . (3.2)

We now turn to the case of the Higgs boson decaying into two charged lepton pairs
pp # X H/A # Z/ %" Z/ %" # e! e+ µ! µ+ , with the Higgs boson being onshell. We impose

5

Inclusive cross sections, no decays  Ñ no interference of 
scalar and pseudoscalar  components.

gHgg = � ↵s

3⇡v
, gAgg =

↵s

2⇡v
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! LO [ab] ! NLO [ab] ! NNLO [ab]

c! = 1 10.6! 14%
+15% 23.5! 14%

+19% 29.1! 8%
+8%

c! = 0 0.0151! 14%
+15% 0.0344! 14%

+19% 0.0428! 8%
+8%

c! =
!

1/ 2 8.61! 14%
+15% 19.2! 14%

+19% 23.7! 8%
+8%

c! = 0.6 9.95! 14%
+15% 22.4! 14%

+19% 27.7+8%
! 8%

Table 2: Fiducial cross sections forpp! H ! ZZ "
! e! e+ µ! µ+ at LO, NLO and NNLO

at the 13 TeV LHC, for four values ofc! . The cross section is shown for the central scale
choiceµ = mH / 2. The subscripts (superscripts) indicate the scale variation obtained by
varying by a factor of 1/2 (2). The kinematic cuts and parameter choices are described in
the text.

minimal kinematic cuts on the Þnal state leptons, inspired by a recent ATLAS analysis [6].
We require all leptons to have transverse momentumpT,l > 15 GeV and pseudorapidity
|" l| < 2.5. Moreover, we require the invariant mass of each lepton pair to be in a window
around the Z mass peak,50 GeV < m l�l+ < 106 GeV. This last cut implies that the
contribution of the offshell photons is negligible; for simplicity, we set#H"" = #A"" =
#HZ" = #AZ" = 0 in Eq. (2.2). Moreover, since we are interested inCP-violation in
the Higgs sector, we will set#H#Z = #H#" = 0 as these derivative terms do not have a
pseudoscalar counterpart. Therefore, we will only consider the terms in Eq. (2.2) which
are governed by#HZZ and #AZZ , together with the SM term with coupling gHZZ = 2m2

Z /v ,
and the production terms with couplingsgHgg and gAgg which we have already discussed.
We then set#SM = #HZZ = 1, #AZZ = 1, ! = 1 TeV, and consider the three benchmark
scenarios with values ofc! = {0, 1,

!
1/ 2}. We also consider the casec! = 0.6 together

with #AZZ = 20 in order to illustrate the sensitivity of the shape information of certain
angular observables to the parity of the Higgs boson. All other choices of parameters,
scales, and the pdf set are the same as for the undecayed Higgs boson, described above.

We show the Þducial cross sections for this setup in Table2. We Þrst note that, in
contrast to the results presented in Table1, the cross sections for the pure pseudoscalar
case are smaller than those for the pure scalar case by three orders of magnitude. This can
be understood by looking at Eq. (2.2). The (scalar) SM interaction between the Higgs boson
and theZ boson pair has a coupling given bygHZZ = 2m2

Z /v , as mentioned previously. The
pseudoscalar interactionZµ$

÷Z µ$XH/A leads to a factorf ({p})/ ! in the decay amplitude,
where f ({p}) is a kinematic factor with dimension of mass-squared. The value off ({p})
is generally smaller thanm2

Z , and moreover! > v , leading to the pseudoscalar decay toZ
bosons being suppressed relative to the SM scalar decay by several orders of magnitude.

From Table 2 one can also see that the Þducial cross section forc! =
!

1/ 2 is no longer
given by an arithmetic average of the Þducial cross sections forc! = 1 and c! = 0. This is
clear from the fact that the degree of scalar-pseudoscalar mixing is controlled byc! both
in the production as well as in the decay. This implies that terms⇠ c! s! do appear Ð
most notably, from the combination of the pseudoscalar interaction in production and SM
interaction in the decay. This means that, in general, a simple reweighting formula like

6

When parity-violating decays are included, there appears an 
interplay between parity-even and parity-odd production/decay 
mechanisms. 

Jaquier,  Ršntsch

L e! = !
1
4

!
c! ! Hgg gHgg Gµ" Gµ" + s! ! Agg Gµ" ÷Gµ"

"
X

+ c! ! SM
gHZZ

2
Zµ Z µ X

!
1

4⇤

!
c! ! HZZ Zµ" Z µ" + s! ! AZZ Zµ" ÷Z µ"

"
X
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X Z/gamma

Z/gamma

e

e

mu

mu

�mixed ⇠ c2↵�+ + s2↵�!
<latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="+cEQX81ufnpIAXISQfyKkK62DvY=">AAACJHicbZBLSwMxFIXv+Ky1anXrJlgEoVhm3OhSEMRlBfuATh3upGkbTGaGJCOWYf6RG/9KNyKK+FNMH4i2HggcvnNDck+YCK6N6745K6tr6xubha3idmlnd6+8X2rqOFWUNWgsYtUOUTPBI9Yw3AjWThRDGQrWCh+uJnnrkSnN4+jOjBLWlTiIeJ9TNBYF5Wviaz6QGGS+kkTyJ9bLJ0gSGvgokiHen/2MVHNSJXqZn+ZBueLW3KnIsvHmpgJz1YPy2O/FNJUsMlSg1h3PTUw3Q2U4FSwv+qlmCdIHHLCOtRFKprvZdN+cHFvSI/1Y2RMZMqW/b2QotR7J0E5KNEO9mE3gf1knNf2LbsajJDUsorOH+qkgJiaT8kiPK0aNGFmDVHH7V0KHqJAaW3HRluAtrrxsmmc1z615ty4U4BCO4AQ8OIdLuIE6NIDCM4zhHT6cF+fV+ZzVteLMezuAP3K+vgEuHacL</latexit><latexit sha1_base64="+cEQX81ufnpIAXISQfyKkK62DvY=">AAACJHicbZBLSwMxFIXv+Ky1anXrJlgEoVhm3OhSEMRlBfuATh3upGkbTGaGJCOWYf6RG/9KNyKK+FNMH4i2HggcvnNDck+YCK6N6745K6tr6xubha3idmlnd6+8X2rqOFWUNWgsYtUOUTPBI9Yw3AjWThRDGQrWCh+uJnnrkSnN4+jOjBLWlTiIeJ9TNBYF5Wviaz6QGGS+kkTyJ9bLJ0gSGvgokiHen/2MVHNSJXqZn+ZBueLW3KnIsvHmpgJz1YPy2O/FNJUsMlSg1h3PTUw3Q2U4FSwv+qlmCdIHHLCOtRFKprvZdN+cHFvSI/1Y2RMZMqW/b2QotR7J0E5KNEO9mE3gf1knNf2LbsajJDUsorOH+qkgJiaT8kiPK0aNGFmDVHH7V0KHqJAaW3HRluAtrrxsmmc1z615ty4U4BCO4AQ8OIdLuIE6NIDCM4zhHT6cF+fV+ZzVteLMezuAP3K+vgEuHacL</latexit><latexit sha1_base64="1bi24VIsnMHWb8v29kMnTPHDTVg=">AAACL3icbVDLSgMxFM3UV62vUZdugkUQimWmG10WBXFZwT6gU4c7adqGJjNDkhHLMH/kxl/pRkQRt/6F6QPR1gOBwznncnNPEHOmtOO8WrmV1bX1jfxmYWt7Z3fP3j9oqCiRhNZJxCPZCkBRzkJa10xz2oolBRFw2gyGVxO/+UClYlF4p0cx7Qjoh6zHCGgj+fY19hTrC/BTTwos2CPtZhNJYOJ7wOMB3Fd+IqUMl7Ba1s8y3y46ZWcKvEzcOSmiOWq+Pfa6EUkEDTXhoFTbdWLdSUFqRjjNCl6iaAxkCH3aNjQEQVUnnd6b4ROjdHEvkuaFGk/V3xMpCKVGIjBJAXqgFr2J+J/XTnTvopOyME40DclsUS/hWEd4Uh7uMkmJ5iNDgEhm/orJACQQbSoumBLcxZOXSaNSdp2ye+sUq5fzOvLoCB2jU+Sic1RFN6iG6oigJzRGb+jderZerA/rcxbNWfOZQ/QH1tc3ZROooQ==</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit><latexit sha1_base64="cDli+jJckTUIzg95u8JSE0Qtg4s=">AAACL3icbVDLSgMxFM34rPVVdekmWAShWGaKoMuiIC4r2Ad06nAnTdvQZGZIMmIZ5o/c+CvdiCji1r8w0xbR1gOBwznncnOPH3GmtG2/WkvLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFOQtoXTPNaSuSFITPadMfXmV+84FKxcLgTo8i2hHQD1iPEdBG8grX2FWsL8BLXCmwYI+0m2aSwMRzgUcDuK/8REopLmG1qJ+mXqFol+0J8CJxZqSIZqh5hbHbDUksaKAJB6Xajh3pTgJSM8JpmndjRSMgQ+jTtqEBCKo6yeTeFB8bpYt7oTQv0Hii/p5IQCg1Er5JCtADNe9l4n9eO9a9i07CgijWNCDTRb2YYx3irDzcZZISzUeGAJHM/BWTAUgg2lScNyU48ycvkkal7Nhl5/asWL2c1ZFDh+gInSAHnaMqukE1VEcEPaExekPv1rP1Yn1Yn9PokjWbOUB/YH19A2ZTqKU=</latexit>

c! = cos ! , s! = sin !
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Mixed parity Higgs boson production at LHC

pp ! X H/A ! Z/ ! ! Z/ ! ! ! e+ e" µ+ µ"
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Figure 3: Normalized distribution at NNLO accuracy and differential k-factors dkNLO and
dkNNLO for the ! ! l1 l̄2 observable. See text for further details.

interesting proxy for the W +W ! decay channel of the Higgs boson. We see a noticeable
shape difference between the pure scalar and pure pseudoscalar cases, but the difference
between thec! = 0.6 and the pure scalar or pure pseudoscalar cases is much milder and
is covered by the scale uncertainty bands of the distributions. Therefore, as expected, this
observable has a lower sensitivity to the parity of the Higgs boson than either" or cos"1.
Looking at the NLO k-factor, we see that the NLO corrections enhance the distribution at
small angles. This is due to the additional radiated parton, and the effect is made more
pronounced by the kinematic cuts that we impose. On the other hand, thek-factor at
NNLO is relatively ßat, implying that the presence of a second radiated parton has less of
an impact, as we saw for the" and cos"1 distributions. Again, the value of c! does not
seem to affect the differential k-factors at NLO or NNLO.

4 Conclusions

We have presented the Þrst fully differential results for the production of a mixed scalar-
pseudoscalar Higgs bosonX H/A through gluon fusion to NNLO accuracy in QCD. We
made use of an effective Lagrangian to parametrize the coupling of the mixed state to
gluons as well as its decay intoZ bosons. In particular, the mixing between the scalar and
pseudoscalar Higgs states is controlled by a single parameterc! . This allows us to make
precise predictions for a generic observable at the LHC for an arbitrary admixture of scalar
and pseudoscalar Higgs states.

For the production of a stableX H/A boson we observe that the cross section for an
arbitrary mixing angle can be obtained by an appropriate reweighting of the cross sections
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dkNNLO for the angle ! . See text for further details.

Eq. (3.2) cannot be used anymore due to the interplay between the production and decay
of the Higgs boson.

We note that the scale uncertainties and the impact of the NLO and NNLO corrections
are similar to those for the undecayed results (see Table 1). Moreover, both the scale
uncertainties and the effects of the NLO and NNLO corrections are the same for all four
values of c! in Table 2. This, together with the fact that for the SM Higgs, the N3LO
corrections lie within the NNLO scale uncertainty bands [10,32], lead us to conclude that
NNLO is the first order at which the results for any value of c! are reliable.

It is clear that, for this choice of parameters, the cross sections provide enough infor-
mation to discriminate between the pure scalar and pure pseudoscalar scenarios. If we
compare the results for the c! = 1 and c! =

p
1/2 cases, we see that they are compatible

within the scale uncertainties at LO and NLO. The NNLO corrections, however, lead to
reduced scale uncertainties, and the results for these two values of c! are no longer com-
patible at this order. This emphasizes the need for higher order corrections in determining
the properties of the Higgs boson. On the other hand, the results for c! = 1 and c! = 0.6
(with AZZ = 20) are compatible within the scale uncertainties at LO, NLO and NNLO,
meaning that one cannot differentiate between these two cases based on the rates alone,
and additional information from the shape of kinematic distributions is required.

We now show differential distributions for three observables ! , cos ✓1 and " �l1øl2 . The
first two observables were proposed in Ref. [7], where they have been shown to be particu-
larly sensitive to the spin and parity of the Higgs boson. The observable ! is the azimuthal
angle between the planes constructed by the respective decay products of the two Z bosons
in the rest frame of the Higgs boson, while cos ✓1 is the polar angle of the decay products

7

Angular distributions of leptons are important for the analysis  of mixed 
parity case. 

Theoretical predictions of these quantities can now be extended to NNLO 
QCD Ñ helpful for constraining small(er) admixtures of pseudoscalar 
component.   

 We observe rather flat NNLO K-factors and  reduced scale dependence.

Jaquier,  Ršntsch

Gao, Gritsan, Guo, K.M., Schulze, Tran
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Associated production WH

We can use NNLO QCD formulas derived in the context of color-singlet production to describe pp    WH process. 
However, in case of associated production, Higgs decays to two b-quarks are studied experimentally.  Higgs decays 
need to be described in pQCD as well.   

Another problematic aspect is whether to work with  massless or massive b-quarks; massive quarks are important for a 
(quasi)realistic identification of b-jets. 

q

q

W*

W

H

b

b

NNLO QCD corrections to massless H->bb 
decays and combination with WH production.

Caola,  K.M., Ršntsch

NNLO QCD corrections to massive  H->bb 
decays and combination with WH production.

Behring, Bizon

Figure 4: The transverse momentum distribution of the leadingb jet calculated at NNLO

for central values of the renormalization and factorization scales. Lower panes show ratios

of massless to massive results. See text for details.
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observed inpt,H (bøb) distributions. As we discussed earlier, they are related to di! erences in

the clustering of twob jets into a single jet in the massive and massless cases.

In case of the! RH (bøb) distributions, the massless to massive ratio is ßat for large! RH (bøb) &
0.75 jet separation but they become di! erent for smaller values of! RH (bøb) . Again, these

features are closely related to the behavior of thept,H (bøb) distributions since a small angular

separation of the twob jets corresponds to a boosted conÞguration from a Higgs boson with
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Differences between massive and massless computations can be  
sizable; this isnÕt a matter of mass effects per se but of  a jet algorithms. 

Behring, Bizon;   Caola,  K.M. , Ršntsch



The above results provide state of the art description of fully-differential associated WH production and decay. It is 
simple, realistic and modular.   We plan to combine the NNLO QCD computations of the associated production with 
contributions from higher-dimensional operators / anomalous couplings to pp -> WH(bb) production process. 

�9Associated production WH

W

H

R. Harlander,  previous (2019). CRC meeting
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Musings on charm-Yukawa measurement at the LHC 

Studies of Higgs couplings to fermions is an important part of the program of studying the Higgs particle.  Higgs 
coupling to third generation fermions and to muons have been measured.  

 It is interesting to measure/understand to what extent the charm Yukawa coupling is canonical.  

Different ways to do that were suggested: 

1) Exclusive Higgs decays to cc  mesons and a photon;  

2) Higgs + charm associated production;  

3) Higgs kinematic distributions (e.g. transverse 
momentum, rapidity etc.).

Contributions and their scaling

[Sullivan, Nadolsky: hep-ph/0111358]

Talk by F. Bishara, SM@LHC 2019
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Musings on charm-Yukawa measurement at the LHC 

Studies of Higgs couplings to fermions is an important part of the program of studying the Higgs particle.  Higgs 
coupling to third generation fermions and to muons have been measured.  

 It is interesting to measure/understand to what extent the charm Yukawa coupling is canonical.  

Different ways to do that were suggested: 

1) Exclusive Higgs decays to cc  mesons and a photon; 

2) Higgs + charm associated production;  

3) Higgs differential distributions (e.g. transverse 
momentum, rapidity etc.).

Contributions and their scaling

[Sullivan, Nadolsky: hep-ph/0111358]

Talk by F. Bishara, SM@LHC 2019

Needs helicity flip Ñ requires 
massive charm quarks.
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Musings on charm-Yukawa measurement at the LHC 

The calculation can be performed at leading order:  start with massive charm quarks,  compute the interference, take 
the limit of the vanishing charm mass and only keep first non-vanishing term.  The results are shown below.  

Contributions and their scaling

[Sullivan, Nadolsky: hep-ph/0111358]

Talk by F. Bishara, SM@LHC 2019

?

How reliable are these estimates?   Some possible sources of  
ambiguities and large effects are shown explicitly. 

! y
H + c = 65.7 fb

!
my

c

1.3 GeV

" 2
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Need NLO QCD to provide better estimates and take care of large effects. Can the 
same approach where massless computation is the limit of a massive one also work 
at NLO?  Is it reasonable to expect that in this case all charm mass logarithms 
disappear from the inclusive prediction?

Work in progress with Bizon and Quarroz
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Musings on charm-Yukawa measurement at the LHC 

Apart from mass insertions required to get non-vanishing result for the interference, mass plays a role of a collinear 
regulator.  For processes without helicity flip, it is possible to remove all mass logarithms from hard processes by 
performing finite PDF  renormalisation (since appropriate matrix elements exhibit standard collinear factorization 
pattern)  and expressing results in terms of MSbar-renormalised Yukawa coupling, if appropriate.

q

q

H

�massless
cc̄!H

= �massive
cc̄!H
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Musings on charm-Yukawa measurement at the LHC 

However,  for the interference contribution Ñ as the consequence of the required helicity flip Ñ the standard 
factorization pattern breaks down.

lim
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The above result reflects the fact that the mass insertion can occur  in many 
places, including in singular propagator.  This violates canonical  factorization 
formula for quasi-collinear singularities.  

Also, the quasi-collinear singularity  depends on the full  2->3 amplitude albeit in 
the collinear limit. This feature 

M = Msing +Mfin
<latexit sha1_base64="Ryabs7JbTMK6FHFHQlkFHSrtK4Q=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARBKEkUtCNUHTjRqhgL9CEMplO2qEzkzAzEUrIi7jxVdy4UMSFG/FtnDYRtPWHgY//nMOZ8wcxo0o7zpdVWlpeWV0rr1c2Nre2d+zdvbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfhqWu/cE6loJO70JCY+R0NBQ4qRNlbfrqceRgzeZPAC5mi4n3qSQ0XFMIMn8Kcjd0Mqsr5ddWrOTHAR3AKqoFCzb394gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGdQIE6Un86uy+CRcQYwjKR5QsOZ+3siRVypCQ9MJ0d6pOZrU/O/Wi/R4bmfUhEnmgicLwoTBnUEp1HBAZUEazYxgLCk5q8Qj5BEWJtAKyYEd/7kRWif1lyn5t7Wq43LIo4yOACH4Bi44Aw0wDVoghbA4AE8gRfwaj1az9ab9Z63lqxiZh/8kfX5DWGFoOA=</latexit><latexit sha1_base64="Ryabs7JbTMK6FHFHQlkFHSrtK4Q=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARBKEkUtCNUHTjRqhgL9CEMplO2qEzkzAzEUrIi7jxVdy4UMSFG/FtnDYRtPWHgY//nMOZ8wcxo0o7zpdVWlpeWV0rr1c2Nre2d+zdvbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfhqWu/cE6loJO70JCY+R0NBQ4qRNlbfrqceRgzeZPAC5mi4n3qSQ0XFMIMn8Kcjd0Mqsr5ddWrOTHAR3AKqoFCzb394gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGdQIE6Un86uy+CRcQYwjKR5QsOZ+3siRVypCQ9MJ0d6pOZrU/O/Wi/R4bmfUhEnmgicLwoTBnUEp1HBAZUEazYxgLCk5q8Qj5BEWJtAKyYEd/7kRWif1lyn5t7Wq43LIo4yOACH4Bi44Aw0wDVoghbA4AE8gRfwaj1az9ab9Z63lqxiZh/8kfX5DWGFoOA=</latexit><latexit sha1_base64="Ryabs7JbTMK6FHFHQlkFHSrtK4Q=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARBKEkUtCNUHTjRqhgL9CEMplO2qEzkzAzEUrIi7jxVdy4UMSFG/FtnDYRtPWHgY//nMOZ8wcxo0o7zpdVWlpeWV0rr1c2Nre2d+zdvbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfhqWu/cE6loJO70JCY+R0NBQ4qRNlbfrqceRgzeZPAC5mi4n3qSQ0XFMIMn8Kcjd0Mqsr5ddWrOTHAR3AKqoFCzb394gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGdQIE6Un86uy+CRcQYwjKR5QsOZ+3siRVypCQ9MJ0d6pOZrU/O/Wi/R4bmfUhEnmgicLwoTBnUEp1HBAZUEazYxgLCk5q8Qj5BEWJtAKyYEd/7kRWif1lyn5t7Wq43LIo4yOACH4Bi44Aw0wDVoghbA4AE8gRfwaj1az9ab9Z63lqxiZh/8kfX5DWGFoOA=</latexit><latexit sha1_base64="Ryabs7JbTMK6FHFHQlkFHSrtK4Q=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARBKEkUtCNUHTjRqhgL9CEMplO2qEzkzAzEUrIi7jxVdy4UMSFG/FtnDYRtPWHgY//nMOZ8wcxo0o7zpdVWlpeWV0rr1c2Nre2d+zdvbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfhqWu/cE6loJO70JCY+R0NBQ4qRNlbfrqceRgzeZPAC5mi4n3qSQ0XFMIMn8Kcjd0Mqsr5ddWrOTHAR3AKqoFCzb394gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGdQIE6Un86uy+CRcQYwjKR5QsOZ+3siRVypCQ9MJ0d6pOZrU/O/Wi/R4bmfUhEnmgicLwoTBnUEp1HBAZUEazYxgLCk5q8Qj5BEWJtAKyYEd/7kRWif1lyn5t7Wq43LIo4yOACH4Bi44Aw0wDVoghbA4AE8gRfwaj1az9ab9Z63lqxiZh/8kfX5DWGFoOA=</latexit>

1c

4g

H

+

H

4g

1c



 Kirill Melnikov                                                                                                                          CRC257     Project A1b  PIs: K. Melnikov/R. Harlander!15

Musings on charm-Yukawa measurement at the LHC 

Similarly,  the interference exhibits soft quark (quasi) singularities.   This implies that flavour of a jet ceases to be infra-
red safe quantity in a sense of log(mc) sensitivity, if a mass insertion is accounted for.  To protect us again soft-quark 
singularities, we plan to cut on the transverse momentum of a charm even if it is clustered into a charm jet. 

M (1c, 2g; 3c, 4g) = øu(p3) A ! Tr
!
(öp3 + mc)AA + "

.
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A mass term in the density matrix is the only source 
of  soft quark singularities.

where in the last term one has to use p3 = zp34 and p4 = (1� z)p34.

We note that Eqs.(3.10,3.13) show a clear di↵erence between conventional factorization

of factorization of quasi-collinear singularities and what happens in case of the helicity flip.

This di↵erence leads to a peculiar structure of logarithms of the charm mass; these logarithms

do not follow canonical pattern and can not be removed by a transformation to MS PDFs.

Another singular contribution that arises in Yukawa-HG
2 interference is the soft-quark

one. Indeed, usually, soft quarks do not develop infra-red singularities but this can change

because helicity flip is required. For the process c(p1) + g(p2) ! H + c(p3) + g(p4), the

limit p3 ⇠ mc ! 0 leads to ln(mc) contributions to the interference between two production

mechanisms.

To write the factorization formula in this limit, we note that the logarithmically enhanced

contribution can only occur if the mass insertion that provides the helicity flip happens in the

density matrix of the external soft quark. In other words, writing the scattering amplitude

and its square as follows

M(1c, 2g; 3c, 4g) = ū(p3)A ! |M|
2 = Tr

⇥
(p3 +mc)AA

+
⇤
, (3.14)

we note that the following contribution

mcInt
h
Tr

⇥
AA

+
⇤
mc,p3!0

i
, (3.15)

provides singular soft quark contributions to the interference. The reason for this is that if

the mass term that provides the helicity flip comes from “inside” AA
+, the density matrix

of a quark will contribute its four-momentum p3 which provides the usual suppression in the

soft soft quark limit. Hence, we conclude that Eq.(3.15) is the only source of lnmc terms in

the soft limit.

It follows from Eq.(3.15) that, in order to compute the required soft limit, we need to

consider the matrix element in p3 ! 0,mc ! 0 limit but we need to keep an external spinor

that describes charm quark massive since this spinor provides the density matrix and the

mass term there, eventually. When writing the factorization formula, we need to distinguish

between contributions facilitated by Yukawa and HGG couplings. The full amplitude reads

M(1c, 2g; 3c̄, 4g) = My(1c, 2g; 3c̄, 4g) +Mg2(1c, 2g; 3c̄, 4g). (3.16)

The soft limits of the two amplitudes are given by
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where in the last term one has to use p3 = zp34 and p4 = (1� z)p34.

We note that Eqs.(3.10,3.13) show a clear di↵erence between conventional factorization

of factorization of quasi-collinear singularities and what happens in case of the helicity flip.

This di↵erence leads to a peculiar structure of logarithms of the charm mass; these logarithms

do not follow canonical pattern and can not be removed by a transformation to MS PDFs.

Another singular contribution that arises in Yukawa-HG
2 interference is the soft-quark

one. Indeed, usually, soft quarks do not develop infra-red singularities but this can change

because helicity flip is required. For the process c(p1) + g(p2) ! H + c(p3) + g(p4), the

limit p3 ⇠ mc ! 0 leads to ln(mc) contributions to the interference between two production

mechanisms.

To write the factorization formula in this limit, we note that the logarithmically enhanced

contribution can only occur if the mass insertion that provides the helicity flip happens in the

density matrix of the external soft quark. In other words, writing the scattering amplitude

and its square as follows

M(1c, 2g; 3c, 4g) = ū(p3)A ! |M|
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+, the density matrix

of a quark will contribute its four-momentum p3 which provides the usual suppression in the

soft soft quark limit. Hence, we conclude that Eq.(3.15) is the only source of lnmc terms in

the soft limit.

It follows from Eq.(3.15) that, in order to compute the required soft limit, we need to

consider the matrix element in p3 ! 0,mc ! 0 limit but we need to keep an external spinor

that describes charm quark massive since this spinor provides the density matrix and the

mass term there, eventually. When writing the factorization formula, we need to distinguish

between contributions facilitated by Yukawa and HGG couplings. The full amplitude reads

M(1c, 2g; 3c̄, 4g) = My(1c, 2g; 3c̄, 4g) +Mg2(1c, 2g; 3c̄, 4g). (3.16)
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Musings on charm-Yukawa measurement at the LHC 

With soft quark singularities argued away, the remaining singularities can be subtracted even if factorization formulas 
for quasi-collinear ones are not always canonical.   The end result is a fairly  standard NLO computation with non-
standard subtraction terms.  

All subtraction terms are designed in such a way that mc -> 0 limit is smooth.  Logarithms of the charm quark mass 
appear explicitly in integrated subtraction terms and in one-loop virtual corrections. 

We are in the process of putting everything togetherÉ 

! int
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Conclusions 

The goal of this project is to provide description of Higgs boson production processes that combines QCD effects with 
SMEFT effects, ideally accounting for NNLO QCD corrections.  

This requires process-independent understanding of NNLO QCD fully-differential  subtraction terms. This has now 
been accomplished for color-singlet production processes and decays of the Higgs boson to massive b-quarks.  

These results provide the necessary QCD ingredients for the  analysis of associated production pp -> WH(bb)  process 
also when corrections to the decay are included. Need SMEFT amplitudes for these processes.  

As a proof of principle:  NNLO QCD corrections to the production of mixed parity Higgs boson with decays to four 
lepton pairs. 

Study of interference effects (Hcc & HGG)  for Higgs-charm Yukawa coupling determination in an wassociated 
H+charm production process.   

The interference vanishes for massless charm quarks since helicity flip is needed.   

Interesting QCD effects Ñ helicity flip leads to deviations from canonical factorization pattern of mass singularities (soft 
quarks, incomplete collinear decoupling etc.).  Work on estimating QCD corrections in progress. 


