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N This Talk

e ggF atthe LHC
o Experimental context

e Theory updates this past year:
o Quark mass effects in ggF loop: top, bottom
mass dependence
o aN3LO PDFs
o N4LO soft-virtual approximation
o 3-loop heavy flavour corrections

e Status of ggF cross-section update for 13.6 TeV

e Possible future areas of focus



09F at the LHC

Yellow Report 4

e Largest production mode at the LHC. el )= 125 Gev -
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e Experimentally: Large statistics = crucial el
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role in discovery, no distinctive features = is [TeV]
best observed in clean decay modes.

e Theoretically: Calculations complicated by the quark loop: introduces
dependence on top mass and other heavy quark (b, c).
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https://cds.cern.ch/record/2227475?ln=en

09F at the LHC

e Run 2: measurements systematics-dominated, ~same precision as theory.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

09F at the LHC

S/(S+B) Weighted Events / GeV

Experiments also studying interesting new modes in Run 2 data, eg. inclusive
H+c production with sensitivity to charm Yukawa coupling:
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ATLAS and CMS probed inclusive H+c
production in the diphoton channel.
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\

CMS: limits on kappa_c < 38.1 obs (72.5 exp)
ATLAS: H+c cross-section < 10.4 pb at 95% CL

g

More on this topic in the first talks of the WG1 parallel session!



https://arxiv.org/abs/2407.15550
https://cds.cern.ch/record/2905239?ln=en
https://indico.cern.ch/event/1389221/timetable/#b-568453-wg1-parallel-session

s Cross-Settions af 126 TeV

e First results with data at 13.6 TeV already available both from ATLAS and CMS
o For now using ad interim prescriptions from LHCHWG: arxiv:2402.09955
o Future analyses will need more precise predictions
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http://www.arxiv.org/abs/2402.09955
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-12130-5

s Cross-Sectins at 126 TeV

e Goal: update cross-section prediction for new COM energy, with
theory developments of the last several years.
e Numbers will be included in YR 5
o Feature updates on next slides
o Will summarize status and approach after.

Stephen’s summary

Progress Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger 24

6(1/mt) Now known to NNLO Czakon, Niggetiedt 20; Czakon, Harlander, Klappert, Niggetiedt 21
Niggetiedt, Usovitsch 23

5(t, b, C)I Now known to NNLO Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger 23
Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20; +

6(EW) g9 known, unc. 1 % Bonetti, Panzer, Smirnov, Tancredi, Melnikoy, ...

o(PDF — TH): Progress but uncertainty persists McGowan, Cridge, Harland-Lang, Thorne 22; NNPDF 24

Lee, von Manteuffel, Schabinger, Smirnov, Smirnoy,

d(scale): Some ingredients known Steinhauser 22




Quark Mass Effects

e ggF calculation made extra challenging by presence of massive
quarks in the loop.
o Calculations usually performed in heavy top limit — integrate
out the top quark, decrease number of loops.

ggF xsec known
—E — - to N3LO in
heavy top limit!

e Recent theory improvements:
o Top mass dependence up to NNLO
o Top x bottom mass dependence in interference up to NNLO



NNLO with Top Mass Dependence

e Top mass dependence at NNLO included since |ast year.

Czakon, Niggetiedt 20:

Czakon, Harlander, Klappert.

S NG Tob (X0 GER) b
0(0?) + O(ad) + (o) oy O
/s =13TeV
a9 +15.966 +19.295(3) +8.574(13) +0.0280 +0.2409(7)
qg +1.483(2)  +0.831(6) —0.3705 —0.0416(5)
qq +0.024(1)  +0.101(1) +0.0317 —0.0505(1) Niggetiedt 21
total | +15.966 +20.802(4) +9.506(14) | —0.3108 +0.1488(9)
Vs =13.6TeV
99 | +17.110 +20.754(3) +9.216(13) | +0.0238  +0.2644(6)
a9 +1.613(2) +0.916(6) | —0.4034  —0.0459(5)
qq +0.026 +0.109(1) +0.0335(1) —0.0551(1)
total | +17.110 122.394(d) +10.241(15) | —0.346 110.1634(3)

e Dependence on renormalization scale for Yukawa: results previously
only available in pole mass scheme, but as of this year also in
MSbar scheme — can be incorporated in ggF xsec update! 10


https://indico.cern.ch/event/1276727/contributions/5643332/attachments/2751558/4789792/talkv2.pdf
https://arxiv.org/abs/2001.03008
https://arxiv.org/abs/2105.04436
https://arxiv.org/abs/2105.04436

NNLO with be Mass Dependence

e Top-bottom interference included up to NNLO (remaining effects of

bottom and charm mass still at NLO).
Niggetiedt, Usovitsch 23

Quarks in loop 1 and loop 2

o L - L ~ can have different masses.
'''''' |~ T

Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger 23

e Results in MSbar scheme — can be incorporated in ggF xsec update!
o Sensitive to choice of renormalization scheme.

11


https://arxiv.org/abs/2312.05297
https://arxiv.org/abs/2407.12413

NNLO with be Mass Dependence

e Accounting for top-bottom interference decreases cross-section by ~4%
at NNLO compared to heavy top limit.
o Effect very stable on moving from NLO (also 4%) to NNLO.
Interference contribution:
) 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
LO —0.39t§;%§,1) pb —0.50t§;§ pb —1.09t§;g{é pb —1.17t§;§§ pb —1.22t§;% pb
NLO —0.66t8;(1)% pb —0.827:8:(1)% pb —1.72t8;%:Z pb —1.841“8:%8 pb —1.91458-_:1,,% pb
NNLO | —0.68" 505 pb | —0.841007 pb | —1.707951 pb | —1.801 055 pb | —1.887051 pb
Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger 23
e From experiments: Predictions for finite quark mass effects, differential in

pTH, useful for (kt/kb/kc diff xsec interpretations).

12


https://arxiv.org/abs/2407.12413

N30 PDFs

ggF: aN3LO PDFs for Run3 & YR5

B Wednesday 26 Jun 2024, 14:00 — 18:00 Europe/Zurich
Q 4/3-004 - TH Discussion Room (CERN)

e Dedicated goF WG1 meeting in June

— Status: NNPDF and MSHT have produced

aN3LO PDFs, CT supports full PDF4LHC

combo only later. (See PDF talk this week!)

aN3LO PDFs
(incl. QED

effects)

normalized to
NNPDF set.

Ratio to NNPDF4.0 aN3LO

Ratio to NNPDF4 0 aN3LO QED MHOU

NNPDF: 2402.18635

—

MSHT: 2207.04739
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ggF Overview

[®) meeting recording_
MSHT (Thomas Cridge)
Speaker: Thomas Cridge

[ TCridge_aN3LO_PD

-~
-

NNPDF (Giacomo Magni)

Speaker: Giacomo Magni (}

[3 Higgs_WG_26_06_2

ABM (Sasha Zenaiev)

Speaker: Oleksandr Zenaiev

Zenaiev-Higgs.pdf

CT (Marco Guzzi)

Speaker: Marco Guzzi (X«

A ogF-mguzzi-June-2

meeting_recording_.

Splitting Functions (Sven-Olaf Moch)

sjones-intro.pdf

Break

Speakers: Giulio Falcioni, Sven-Olaf Moch, Sven-Olaf Moch

E higgs-ggF-2024.pdf

Splitting Functions (Tongzhi Yang)

Speakers: Thomas Kurt Gehrmann

3 ogr2024 pdf

Summary & Discussion

, Tongzhi Yang

13


https://indico.cern.ch/event/1426815/
https://indico.cern.ch/event/1389221/timetable/?view=standard#18-updates-from-pdf-global-fit
https://arxiv.org/pdf/2207.04739
https://arxiv.org/pdf/2402.18635

N30 PDFs

After the dedicated meeting, NNPDF and MSHT performed combination of their
aN3LO PDFs according to PDF4LHC methods:

gg luminosity gq luminosity

i Vs =13.60 TeV 15 Vs =13.60 TeV
o 1201 g ;z:lTLzzifwleglgz?o aN3Lo o 120
g 1154 =3 MSHT20xNNPDF40 aN3LO QED g .
g 1101 S110 .
Combined aN3LO pure
[a) a
e i QCD and QCD+QED sets,
shown as a ratio to NNLO.
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https://arxiv.org/pdf/2411.05373

N30 PDFs

aN3LO PDFs have a sizeable effect on the Higgs production cross-section,
especially in VBF and ggF:

Ratio to MSHT20xNNPDF40 nnlo

1.050
o 1050} =
G
S 1025 1 =1
1.025 E i = 1 i
2 - |
= 1.000
g
< 0.975 =i
= = ©
1.000 - B )
£ 0
8
e 5 0925 s
0.975 - s =
% 0.900 - s
| | | | | | | | |
| | | | | !+ MSHTxNNPDFnnlo _MSHTXNNPDFan3lo NNPDFan3lo MSHTanglo
MSHTXNNPDFnnlo  MSHTxNNPDFanglo NNPDFanalo MSHTan3lo POF4LHC21 MEHTARRP DRl (qed) MSHTXNNPDFandlo(ged)  NNPDF MSH
PDF4LHC21  MSHTXNNPDFnnio(qed) MSHTXNNPDI NP

Lower ggF xsec by ~3% — previously underestimated PDF-TH uncertainty
on ggF xsec? (Was 1.18%, from comparison with PDF4LHC15) 15



NALO Cross-Sections with Soft-Virtual Appron

e Work done toward N4LO Higgs production.
o Matrix elements computed in soft-virtual approximation (assuming

additional radiation is soft).

Moch and Das, based on 2004.00563

1.1 Case-I: 0&(mz) = FROM LHAPDF (DEFAULT VALUE)

N3LO (8 in %) N4LOsv (3 in %)

PDF Name Central | 8(N3LO) | 8(Scale)| 8(PDF)| Central| §(N4LO)| (Scale)| 8(PDF)
ABMP16_5_nnlo [2] 488 | 3.3 i IEAE A ETE AR
ABMPtt_5_nnlo [3] 484 | 33 T | e (a4 ] BT | B | T2

CT18NNLO [4] 513 | 35 iR I EE T A
MSHT20nnlo_as118 [5] 514 | 35 e HEAEEIETEE RE
NNPDF40 nnlo_as 01180 [6] | 51.7 | 3.5 e | e |51 | 8L | T | 58
PDF4LHC21.40 [7] 51.6 | 3.5 S IEEET R
MSHT20an310_as118 [8] 487 | 35 e | &g |48 | —0a | B | A2
NNPDF40_an3lo.as 01180 [9] | 50.6 | 3.5 e | Too | 506 | =01 | 33 | o0

Table 1: Higgs cross-section along with the absolute error obtained from seven-point scale
variation around (u%,u$) = (1/2,1/2)my; as well as intrinsic PDF uncertainty using LHAPDF.
VS = 13.6 TeV, og from LHAPDF (NNLO value).

N4LO affects size
of xsec prediction
(-0.1% with
muR=mH/2) and
scale uncertainty

(~3% compared to
~4% at NNLO).

16


https://arxiv.org/pdf/2004.00563

2-Loop Heavy Flanour Corrections

e Heavy flavour quark contributions to PDFs have to be accounted for in PDF fits

o Input to aN3LO PDFs
e New work from Johannes Bluemlein et al. accounts for massive 3-loop

corrections in PDF fits

I
-

I
1

(z,Q)/F5*(z, Q%)

3 01
z
Z
ol NNLO: HQ
Q2 =1000 GeV2 —
Q2 =100 GeV? - -
L ‘ . : o L @=mCey .
10— 104 10— 102 107! 1 '10-5 104 10—3 102 107! 1
T T

Figure 1: Left panel: the massless contributions to the structure function Fy(z,@?) at NNLO using the
PDFs of Ref. [42]. Right panel: The ratio of the NNLO single-mass charm and bottom contributions to
Fy(z,Q?) to its total value. Dotted lines: Q? = 25 GeV?; dashed lines: Q2 = 100 GeV?; full lines:
Q% =10000 GeV?; from Ref. [41].




Putting it all together: Status of b TeV tset update

e Partonic cross-section decomposed:

i =RpoC”

/

+0 40 7

3 LO,(t,b NLO,(t,b NNLO,(t,b
( LO,HTL z1_\JI_L0,HTL gNLO,HTL n gg_ LO,HTL) 155 ,(t,b,c) n 501. ,(t,b,c) P 60ij ,(t,b,c)

accounts for top xsec in heavy top limit corrections for massive quarks
mass effects at LO
: LO,(t,b, 0, (t,b,
e Dependence ont, b, c quark masses: §alOb) —gLOtRS _ (02 Ruoot™]
NLO,(tb.c) _ NLO,(t.,
5o, (tbe) _ =0y, (tbe) [CQCDRLOUz]TL] P
NNLO, (t,b, NNLO,(t,b,
60ij (&:bsc) =0‘ij (8.6:c) [CQCDRLOUZJ ]

e With each term decomposed as:

N"NLO,(t.b,e) _ (N"NLOLt) | N"NLO () | SN"NLO,(c) | N"NLO,(txb) | N"NLO,(txe) | N"NLO,(bxc)

Uij ij / i i ij \ / iJ
known to NNLO >“@own to NLO 18



Putting it all together: Status of Bb TeV teet update

e Exact dependence on massive t, and b/t interference, only available for
mH=125.09 GeV — extrapolate to other masses:

|CRepRuodi™|  (mn)

R (my) =

2 HTL refy’ o _
[CQCDRLOU"J' ]ag (mir) Conservative uncertainties assigned
0,(t), ; NNLO, i
503{NL Ot Y =RE () 5o ® (mgety, on the extrapolation, and on the

scheme (MSbar vs OS)

NNLO, (txb)

60_NNLO,(txb),ext(mH) :Rﬁl (my) 50-1,], (mlj(;f)a

ij

e Lots of room for discussion: handling of PDF.
o Use PDF4LHC21 right now — all inputs produced using this.
o aN3LO PDFs induce large correction (or large uncertainty): ~-4%.
o QED evolution effects have also been included in aN3LO PDFs: ~-1%



Putting it all together: Status of Bb TeV tset update

e Current numbers produced at all Higgs mass points and COM energies:

V5 [TeV] My [GeV] o[pb] &(scale) S(EWK)  &5h-(my)  §°%Xt-(t)  §°Xt-(t x b)  &(theory) &(PDF+ ag) &(PDF)  &(as) 5°ld(PDF-TH)

13.6 120.00 53.89 T900%  £1.00%  +0.12% +0.03%  +0.03% Tk Sgea% Tiee® ik +121%

13.6 122.00 5237  F33%%  t1.00% @ +0.17% +0.02%  +0.02% i t2 0% T Dige® £1.20%

13.6 124.00 5091  *9-3%%  +1.00%  +0.16% +£0.01%  +0.00% T i Tk Iaw Hasw

13.6 12460 50.49 TO3°%  +1.00%  +0.15% +0.00%  +0.00% L T i;;gj% t2.10%  +1.18%

13.6 124.80 5035 133%%  +1.00%  +0.15% +0.00%  +0.00% % 12.079% {};gg% 12.00%  +1.18%

13.6 125.00 50.21  T95%%  +1.00%  +0.15% +0.00%  +0.00% % dd ey ITre% 2l x118%

13.6 125.09  50.14 T95%%  +1.00%  +0.15% +£0.00%  +0.00% i, ol i;;gg% t2ll%  +1.18%

13.6 12520  50.07 T95%%  +1.00%  +0.14% +£0.00%  +0.00% e 128leg i;;gj% Ha% £id48%

13.6 125.30  50.00 T355%  +1.00%  +0.14% +0.00%  +0.00% Hu% 200% i};gg% 121l +1.18%

13.6 125.38  49.94 9509 +1.00%  +0.14% +£0.00%  +0.00% 9 % i};gg% t2.ll  +1.18%

13.6 125.60 49.79 9509  £1.00%  +0.14% +£0.00%  +0.00% T A% 1;;23% t2.lle  +117%

13.6 126.00 49.52 T330%  +1.00%  +0.14% +0.00%  +0.01% % H % 1};22% il +1a7%

13.6 128.00 4818 T950%  +1.00%  +0.13% +0.02%  +0.02% % ool Tk TIAU%.  EiA8%

13.6 130.00 46.89 T905%  +1.00%  +0.13% £0.03%  +0.04% % i f;;gg% 2100 +1.15%
Central Sources of uncertainty Sum of PDF+aS unc. Old unc. from 72
value previous 5 (NNLO-NLO) PDF

columns — next slide
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Putting it all together: Status of b TeV tset update

e Can compare size of PDF uncertainty/correction from multiple approaches:

A(aN3LO) =o(MSHTXxNNPDF _aN3LO) — ¢(PDFALHC21)

_ o(MSHTxNNPDF _NNLO_ged) — o (MSHTxNNPDF_NNLO)

Large effects
compared to other
uncertainties
(previous slide)

NNLO
A(QED™) o (MSHTXxNNPDF _NNLO)
A(QED*N3LO) ZU(MSHTXNNPDF_aN3LO_qed) — o(MSHTxNNPDF _aN3LO)
\ o(MSHTxNNPDF _aN3LO)
A(aN3LO) [pb] A(QEDNNLO) A (QED2N3LO)
—2.16 = -3.80% —1.10% —1.45%
—2.11 =-3.82% —1.10% —1.45%
—2.05=-3.83% -1.11% —1.46%
—2.04 =-383% -1.11% —1.46%
—2.03=-3.83% -1.11% —1.46%
—2.03=-3.83% —1.12% —1.46%
—2.03=-3.84% —1.12% —1.46%

21



Other 0ngoing or Possible Topics

e Boosted Higgs predictions (dedicated WG 1 meeting):
o Update precise predictions in YR5
o Lots of open topics: PS uncertainty, EW correction, mass scheme uncertainties....

Stage 1.2 99—H

e STXS Stage 1.3 scheme (in coordination with WG2) |
o Plan cross-experiment responsibility for uncertainty scheme ;

e Signal-background interference effects in ggH diphoton
o Computation of interference at NNLO

Bargiela, Caola, von
Manteuffel, Tancredi 21;

Buccioni, Devoto, Djouadi,  **|
(aS bkg to HH and H+C SearCheS)' E”lS, QUeVillon, Tancredi 03 Pry>20GeV, [n)<25
23
° Your Suggestlon? Yo m = s s w im m\:YZFGeV]”O
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https://indico.cern.ch/event/1397743/
https://indico.cern.ch/event/1389221/timetable/?view=standard#49-yt-induced-hbb-as-a-backgro

Conclusion

e Lots of ongoing activities ahead of the YRS update.
e Please getin touch if you'd like to see what you’re working on
featured there!

To reach convenors: |hc-higgs-agaf-convener@cern.ch
To follow subgroup activities, subscribe to: |Ihc-higgs-gaf@cern.ch

Thanks for your attention.
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