
Working Group 1: ggF Update

LHC Higgs Working Group 19th Workshop, CERN 29 November 2022

Conveners: 
(EXP) Jonathon Langford, Haider Abidi 
(TH) Stephen Jones, Alexander Huss 



Experiment 
Haider Abidi: syed.haider.abidi@cern.ch 

Jonathon Langford: jonathon.langford@cern.ch 

Theory 
Alexander Huss: alexander.huss@cern.ch  (NEW 09/22 - Welcome!) 
Stephen Jones: s.jones@cern.ch 

Please do feel free to reach out to any/all of us
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Current Status 

Overview of Recent Progress 
Top-quark mass effects @ NNLO QCD 

Mixed EW-QCD corrections 

H+j @ NLO QCD 

H+2j production @ NLO QCD 

Experimental update 

Ongoing Tasks/ Future Directions for the Working Group 
Update ggF cross section & boosted Higgs recommendations 

Parton shower uncertainties / systematics (needs interested TH)
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Outline
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Current ``Run 2’’ Recommendation

Based on Yellow Report 4 (2016), HL-HE Report (2019) & LHCHXSWG-2019-001 

Numbers produced for: 
 

Interpolated numbers for: 
 

Uncertainties carried over 
from YR4 prescription

s = 13, 14, 27 TeV

s = 13.6 TeV

Note: The (interpolated) numbers are available from the spreadsheet on the twiki

THE CROSS SECTION
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INTERPOLATING NUMBERS TO 13.6 TEV
<latexit sha1_base64="xXFcguAMDyUlVLzYPCFV7JYY3pg=">AAACGHicbVDLSgMxFM3UV62vUZdugkVoLYwzWqqbQlEKLivYB7RDyaSZNjSTGZKMUIZ+hht/xY0LRdx259+YPkCtHrhwcs695N7jRYxKZdufRmpldW19I72Z2dre2d0z9w8aMowFJnUcslC0PCQJo5zUFVWMtCJBUOAx0vSGN1O/+UCEpCG/V6OIuAHqc+pTjJSWuuZZR9J+gHLVfBmdVgte2baKcK7BnHORL9hW6ftdzHfNrG3ZM8C/xFmQLFig1jUnnV6I44BwhRmSsu3YkXITJBTFjIwznViSCOEh6pO2phwFRLrJ7LAxPNFKD/qh0MUVnKk/JxIUSDkKPN0ZIDWQy95U/M9rx8q/chPKo1gRjucf+TGDKoTTlGCPCoIVG2mCsKB6V4gHSCCsdJYZHYKzfPJf0ji3nJLl3BWzletFHGlwBI5BDjjgElTALaiBOsDgETyDV/BmPBkvxrvxMW9NGYuZQ/ALxuQLLiGbdw==</latexit>

�(E) = a ⇤ E + b = 0.4�(13) + 0.6�(14)

<latexit sha1_base64="lqP7oJ4lKfuqK62wEDsedvG8Og8=">AAACCHicbVDLSgMxFM34rPU16tKFwSK0m2FGpbosunFZwT6gM5RMmmlDk8yQZIQyzNKNv+LGhSJu/QR3/o3pA9TWAxdOzrmX3HvChFGlXffLWlpeWV1bL2wUN7e2d3btvf2milOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHweuy37olUNBZ3epSQgKO+oBHFSBupax/5kUQ48xXtc1T2zpxqJf95VfKuXXIddwK4SLwZKYEZ6l370+/FOOVEaMyQUh3PTXSQIakpZiQv+qkiCcJD1CcdQwXiRAXZ5JAcnhilB6NYmhIaTtTfExniSo14aDo50gM1743F/7xOqqPLIKMiSTURePpRlDKoYzhOBfaoJFizkSEIS2p2hXiATDLaZFc0IXjzJy+S5qnjVR3v9rxUu5rFUQCH4BiUgQcuQA3cgDpoAAwewBN4Aa/Wo/VsvVnv09YlazZzAP7A+vgGrOCYdw==</latexit>

�(13.6)

�(13)

▸ Interpolation works well. 

▸ Uncertainties are 
extremely similar between 
13 TeV and 14 TeV - also 
interpolate those.  

▸ However:  
We are planing many 
updates - wait for it! Plot: Mistlberger (WG1 Meeting 03.02.22)

https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1902.00134
https://cds.cern.ch/record/2665250
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1902.00134
https://cds.cern.ch/record/2665250
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHWGGGF_RUN2/Higgs_XSBR_YR4_update.xlsx
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHWGGGF_RUN2/Higgs_XSBR_YR4_update.xlsx
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Recent inclusive measurements
● Highest precision achieved by combining decay channels

● ATLAS present result as cross-section, CMS as signal strength (relative to SM, with theory unc folded in)

● Inclusive ggF is now syst-limited: requires analysis/theory improvements to gain here

Nature 607 (2022) 7917, 52-59

Nature 607 (2022) 7917 60-68
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Update Needed

Many new/improved results since last major update (YR4/YR2019)

Our view is that this justifies an update of the ggF recommendations for: 
1) total cross-section and 2) boosted Higgs

Les Houches 2021 (RED = new results/updates since LH2019)

+ PDFs 
Including PDF4LHC21
PDF4LHC WG 22
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Error Budget
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

iHixs2: Dulat, Lazopoulos, Mistlberger 18

Removed 
Czakon, Harlander, Klappert, Niggetiedt 21

Reduced from ~1% to 0.6% 
Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer 20; + Bonetti, Panzer, 
Smirnov, Tancredi, Melnikov, …

Can be removed (?)

Update to PDF4LHC21 
PDF4LHC WG 22

Missing  PDFs 
McGowan, Cridge, Harland-Lang, Thorne 22

N3LO

Our Ingredient List (so far): 
 - iHixs2 & n3loxs 

 - NNLO full top-quark mass dependence (include mass-scheme uncert. estimate) 
 - similar techniques to full top-quark mass dependence (very challenging ,  ) 

 - light-quark contributions: gg-channel fully known, quark channel amplitudes known 
 - estimate with individual sets (PDF4LHC21 has no NLO set), compare to 

N3LOHTL
δ(1/mt)
δ(t, b, c) mq ∼ 0 mb & mt
δ(EW)
δ(PDF − TH) aN3LO

Goal: accurately reflect changes in TH uncertainty since YR4

Baglio, Duhr, Mistlberger, Szafron 22



Some Relevant Highlights
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NNLO with full top-quark mass

H+1jet @ 2-loop & H @ 3-loop with  using 
numerical solution of differential equations

mT

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

gg → Hg

Decreases  by @ 13 TeV compared to heavy top limit (HTL) 

Intricate interplay between mass effects  
Complete NNLO results obtained using STRIPPER framework

σtot −0.26 %

gg (+0.62%), qg (−16%), qq (−15%)

2Re⟨M(1)
exact |M(2)

exact⟩ |regulated

→ See: Marco’s Talk (Monday)
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What to do with bottom/charm quarks?

Would be very useful to know bottom/charm effects @ NNLO (reduce  ) 

However, technically very challenging to get NNLO results

δ(t, b, c)

Slide: Marco (Monday)
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Mixed QCD-EW Corrections @ NLOQCD

Increases  by @ 13 TeV, reduces residual uncertainty  
Favouring factorisation of EW corrections:  

Compatible with previous estimates: 
Soft approx: ,         : ,         : 

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)

+5.4 % MH ≪ MV +5.2 % MH ≫ MV +5.4 %
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Challenging calculations 

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20

Dominant light-quark mediated 
contributions computed, rather flat 
K-factor (for rapidity distribution)

Bonetti, Melnikov, Tancredi 18; Anastasiou, Del Duca, Furlan, Mistlberger, 
Moriello, Schweitzer, Specchia 19 

Anastasiou, Boughezal, 
Petriello 09;
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What to do with the  channels?qg, qg, qq

Previous calculation of QCD-EW corrections only considers dominant  channel 

Impact of the quark channels expected to be relatively suppressed (due to large  
lumi), primary impact likely to be  shift at large/moderate  

But: 2-loop  amplitudes known 

Presumably, all-channel QCD-EW estimate is within reach 

Proposal: 
The sub-group should continue assembling the ingredients required for an update 
(including the existing QCD-EW corrections), iron out any issues, keep in touch with 
authors who may produce an improved QCD-EW estimate.

gg

gg
𝒪(−2%) pT

qqHg
where the Higgs boson couples to the quarks through a pair of massive vector bosons V ,

where V is either equal to W± or Z, see Figure 1.

q(p1)

q(p2) g(p3)

H(p4)

(a)

q(p1)

q(p2) g(p3)

H(p4)

(b)

q(p1)

q(p2) g(p3)

H(p4)

(c)

Figure 1: Representative diagrams for the process H → qqg. The internal wavy lines

represent massive vector bosons. All momenta are taken to be incoming.

The scattering amplitude for this process, M, depends on the three Mandelstam vari-

ables

s = (p1 + p2)
2 , t = (p1 + p3)

2 , u = (p2 + p3)
2 , with s+ t+ u = m2

h , (2.2)

and on the mass of the vector boson that mediates the interaction between the Higgs boson

and the massless quarks, denoted as mV . Throughout, mh indicates the Higgs boson mass.

The dependence of the scattering amplitude on the SU(3) color structure is given by the

Gell-Mann matrices T c3
i1i2

, where c3 is the color index associated with the gluon, and i1 (i2)

is the color index of the quark (antiquark)

Ms1s2λ3
(p1,p2,p3) =

[

α3/2mW

2 sin3 θW

]

T c3
i1i2

As1s2λ3
(p1,p2,p3)

=

[

α3/2mW

2 sin3 θW

]

T c3
i1i2

ϵ∗µλ3
(p3)us1(p1)Aµ(s, t, u,m

2
V )vs2(p2). (2.3)

In Eq. (2.3) we have collected out the overall electroweak coupling and we also made

explicit the dependence on the spin of the quarks (s1, s2) and on the polarization vector

of the gluon ϵλ3
which satisfies ϵλ3

· p3 = 0. In addition, Ward Identities require that the

amplitude Aµ(s, t, u,m2
V ) must satisfies the transversality condition

p3 · A(s, t, u,m2
V ) = 0 . (2.4)

We write the coupling of the vector boson V with the light quarks as gvV +γ5gaV , where [38]

gvW = −i
e

sin θW

1

2
√
2
, gaW = +i

e

sin θW

1

2
√
2
,

gvZf = −i
e

sin θW cos θW

[

Tf

2
−Qf sin

2 θW

]

, gaZf = −i
e

sin θW cos θW

[

Tf

2

]

.
(2.5)

Qf and Tf are the electric charge and the eigenvalue of the third generator of SU(2)L, both

associated to the fermion f interacting with V , e is the absolute value of the electric charge

of the electron, and θW is the weak mixing angle. In what follows we also define e =
√
4πα

for the electroweak coupling and gS =
√
4παS for the strong coupling.

– 4 –

Bonetti, Panzer, Tancredi 22
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Summary: Boosted Higgs Meeting 2.03.22

Subgroup meeting in March 2022 to discuss potential Boosted Higgs update

Slide: Mistlberger (Predictions for Boosted Higgs Production 22)

PROPOSED UPDATES:
FUTURE UPDATED NOTE

SUMMARY

t, X?

b̄
<latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit><latexit sha1_base64="WvAaGVpFxEfyLdCb566PWHWzP48=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48V3LbQLiVJs21sNlmSrFCW/gcvHlS8+oO8+W9M2z1o64OBx3szzMwjqeDG+v63t7K6tr6xWdoqb+/s7u1XDg6bRmWaspAqoXSbYMMElyy03ArWTjXDCRGsRUa3U7/1xLThSj7YccqiBA8kjznF1knNLsEakV6l6tf8GdAyCQpShQKNXuWr21c0S5i0VGBjOoGf2ijH2nIq2KTczQxLMR3hAes4KnHCTJTPrp2gU6f0Uay0K2nRTP09kePEmHFCXGeC7dAselPxP6+T2fgqyrlMM8sknS+KM4GsQtPXUZ9rRq0YO4Kp5u5WRIdYY2pdQGUXQrD48jIJz2vXteD+olq/KdIowTGcwBkEcAl1uIMGhEDhEZ7hFd485b14797HvHXFK2aO4A+8zx+AG46d</latexit>

b
<latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit><latexit sha1_base64="fLcFuau32Ix18DXh1X/nqwYgiJk=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzXYy6</latexit>

✤ 13.6 TeV 
✤ PDF4LHC21 
✤ Extend pT range to 1.25 TeV 
✤ QCD / Electroweak corrections 

for ggF 
✤ Mass scheme uncertainty for 

NLO QCD ggF 
✤ Parton Showers: HJ and HJJ 
✤ Non-factorizable corrections in 

VBF 
✤ … 

▸ Updated note by this summer? 

We would like to propose an extension of the 
current public note to include several updates 
useful for the next years of LHC studies.

To make this a reality a concerted effort and 
support will be necessary.

Predictions and measurements for a Higgs 
boson at large transverse momentum are 
difficult but very interesting. Due to the 
particular complexity and not publicly accessible 
inputs providing explicit information in a 
combined effort from the theory community is 
useful.

Many of these points 
can now be 
meaningfully 
addressed 

At high  all channels  
(i.e. non-ggF) are 
contributing 
significantly 

Will require 
considerable input 
from the community 
& other WGs

pT

https://indico.cern.ch/event/1132982/
https://indico.cern.ch/event/1132982/
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Summary: Boosted Higgs Meeting 2.03.22

Subgroup meeting in March 2022 to discuss potential Boosted Higgs update

with the caveat that for ?WWT > 650 GeV the photon isolation criteria in the fiducial selection reject events
with ?

WW

T > 1.25 TeV.

For the lower ?T range, the measured ?
WW

T distribution is compared with R��ISH+NNLO���, SCET���
and R��B��2 theoretical predictions. The first two are accurate to N3LL0 in resummation accuracy,
whereas R��B��2 is accurate to N3LL, but all are in good agreement with the data within the statistical
uncertainty.
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Figure 8: Particle-level fiducial di�erential cross-sections times branching ratio for the diphoton variable ?
WW

T in (a)
linear and (b) logarithmic scale. The measured cross-sections are compared with several predictions changing the
ggF components as described in the text: the default simulation, SCET���::qT (up to 200 GeV), R��ISH+NNLO���
(up to 450 GeV), R��B��2 (up to 450 GeV) and LHCHWG (for the two highest ?T bins). Total uncertainties are
indicated by the error bars on the data points, while the systematic uncertainties are indicated by the boxes. The
uncertainties in the predictions are indicated with shaded bands. The bottom panel shows the predicted values from
the top panel divided by data.

Jet multiplicities Measured cross-sections with respect to exclusive and inclusive jet multiplicity are
shown in Figure 9, while the 1-jets multiplicity dependence is shown in Figure 10. The measured
cross-sections are compared with various predictions at di�erent orders in QCD accuracy. Good agreement
is observed between the measured #jets and #1-jets distributions and the corresponding predictions. For
#jets, the predictions vary significantly in their uncertainties among the di�erent bins since they vary
in their order of QCD accuracy. This is most evident for NNLO��� predictions [151, 152] which is an
NNLO prediction for �+ � 1 jet, and hence a leading-order prediction for the � 3-jet bin, yielding a larger
uncertainty. The S�����+MCFM+O���L���� and G�S�� predictions are at NLO for the di�erent bins
with � 1 jet, and hence has a smaller uncertainty for the highest jet multiplicity. The � 3-jet bin from the
default simulation is produced solely by the parton shower and thus the uncertainty estimate is unreliable.
The uncertainties in the di�erent predictions for the di�erential cross-sections in bins of exclusive #jets are
underestimated as the exclusive-jet requirement results in a severe restriction of the phase space that is not

29

ATLAS 2202.00487

https://indico.cern.ch/event/1132982/
https://indico.cern.ch/event/1132982/
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Boosted Higgs: NLO H+j
→ See: Vittorio’s Talk (Monday)

HTL not valid for  : (b,t)-quark mass effects now known for H+j at NLO pT ≳ mt
Bonciani, Del Duca, Frellesvig, Hidding, Hirschi, Moriello, Salvatori, Somogyi, Tramontano 22;  
Kudashkin, Melnikov, Wever, Lindert/ Neumann/ Chen, Huss, SPJ, Kerner, Lang, Luisoni, Zhang 18-21

4

than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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Figure 1. Higgs pT distribution in the intermediate pT range.

In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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Figure 2. Higgs pT distribution with top- and bottom-quarks.
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Figure 3. NLO/LO ratio of the Higgs pT distribution.

panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their

Bonciani, et al. 22

Bottom and top/bottom interference effects relevant only for low-  

Mass scheme uncertainty now known:  
Reduced @ NLO but still comparable to scale uncertainty

pT
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Boosted Higgs: H+2j at High pT

Approximation                                      works surprisingly well for H+j 
 Use exact Born + Reals 
 Approximate 2-loop Virtuals with

FTapprox Maltoni, Vryonidou, Zaro 14

|ℳ2
4(mt, μ2

R; {p}) |2 → |ℳ1
4(∞, μ2

R; {p}) |2 |ℳ1
4(mt; {p}) |2

|ℳ0
4(∞; {p}) |2

 Chen, Huss, SPJ, Kerner, Lang, Lindert, Zhang 21

Assuming approximation works similarly well for higher jet multiplicity, can 
produce improved H+2j predictions just by computing full reals



Experimental Summary
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Recent STXS and differential
Nature 607 (2022) 7917, 52-59

arXiv: 2208.12279 (H->ƔƔ)

CMS-PAS-HIG-21-009 (H->4l)

● Throughout Run 2, experiments have built up accurate + granular description of ggF

● STXS: many ggF stage 1.2 bins measured e.g. ATLAS combination above

○ Defined by kinematic splittings in pTH, Njets, mjj (ptHjj)

○ Good precision in rare regions of phase space e.g. Njets > 2

○ SM holds true (for now)

● Also fiducial differential measurements in many decay channels

○ More model-independent than STXS

○ Sufficient statistics to measure double-differential XS

○ Distributions used to probe BSM physics, CP structure, precision SM calculations…
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Future plans and wishlist
● Both experiments will perform ggF cross section measurements at 13.6 TeV

○ Use updated theoretical predictions/tools, at new c.o.m. energy

● STXS/differential measurements will continue throughout Run 3

○ Extra statistics to target increasingly difficult to model regions of phase space e.g. H+2 jets

○ Experiments will use state-of-the-art tools for simulation e.g. MiNNLOps

○ Will converge on STXS uncertainty scheme before Run 3 analyses

● Parton shower modelling has become a dominant theory uncertainty for ggF cross sections

○ Worth investing time + effort in defining consistent scheme for PS uncertainties

○ And hopefully reduce their impact
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Working Group 1: ggF Summary

In Progress & Upcoming 
Publishing Boosted Higgs Note 

Update of Boosted Higgs Recommendation 

Full Update of Inclusive ggF Cross Section Recommendation 
 N3LO QCD Corrections (without threshold expansion) 
 Top Quark Mass Effects @ NNLO (Missing:  &  quark mass effects) 
 Mixed QCD-EW Corrections (Missing:  channels) 
 PDF4LHC21 & PDF-TH uncertainty 

Request for Input 
Parton shower uncertainties and associated systematics 

Want to get involved or have comments /questions to any item? 
Please get in touch

b c
qg, qq̄


