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Abstract
A numerical progeam for the evaluation of the inclusive cross section for asso-
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the framework of the Standard Model and inchides next-lo-next
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VH cross section with vh@nnlo

VH VH VH VH ZH B
oM = (1+dpw) opy + 01" +0vz (ofi” + Oupszm + Oggzrr)
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VH cross section with vh@nnlo

Drell-Yan-like contribution

oM = (14 opw) ope + ot H + 0vz (087 + o5z + 0ggzm)

» NNLO QCD corrections have been computed 20 years ago
[Brein, Djouadi, Harlander 2004 (arXiv:hep-ph/0307206)]
» vh@nnlo implementation is based on ZWPROD
[Hamberg, van Neerven, Matsuura 1991]
» NLO EW corrections (including leptonic vector boson decay)
e to inclusive process [ciccolini, Dittmaier, Kramer 2003 (arXiv:hep-ph/0306234)]

® HAWK [Denner, Dittmaier, Kallweit, Miick 2012 (arXiv:1112.5142)] (,.Status of Electroweak Corrections and Plans")

e
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o HAWK 2.0 [Denner, Dittmaier, Kallweit, Miick 2015 (arXiv:1412.5390)]
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VH cross section with vh@nnlo

Top-mediated contributions

oVH — (1 + (5}5{,{,) ob 4 o/ £ Syy (UIZIH + oy + UggZH)

» top-quark mediated effects with a direct Higgs-to-top Yukawa

COUpl INQ (Brein, Harlander, Wiesemann, Zirke 2012 (arXiv:1111.0761)]

» corrections of the order of 1 — 3% at LHC energies

4
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VH cross section with vh@nnlo

Bottom-induced contribution

oM = (14 opw) ope + ot ™ + 0vz (087 + o5z + 0ggzm)

» only bb-initiated contributions with a direct Higgs-to-bottom
Yukawa coupling

» implemented at LO in QCD with massless bottom quarks but
non-zero Yukawa coupling

» contribution negligible in SM (effects at permille level)

5
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VH cross section with vh@nnlo

Gluon-induced contribution

o' = (1+ 5“5\%) opy + o1 +0vz (UH + Oy zir + Oggzi)

LO NLL—-NLO

Og9zi1 = KNLOOgg— 21 + O gg’5 7m0

> Ko is the NLO K-factor in the heavy top limit

[Altenkamp, Dittmaier, Harlander, Rzehak, Zirke 2013 (arXiv:1211.5015)]

» oNLLZNLO contains NLL soft-gluon resummation effects

[Harlander, Kulesza, Theeuwes 2014 (arXiv:1410.0217)]
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Beyond the Standard Model

Theories beyond the Standard Model in vhénnlo:
» Two-Higgs-Doublet Model (2HDM)

» Next-to-Minimal Two-Higgs-Doublet Model (N2HDM) [not public]
» Minimal Supersymmetric Standard Model (MSSM)

» CP-mixing effects for 2HDM, N2HDM and MSSM

» higher-dimensional operators

> effects of vector-like quarks

/1
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Beyond the Standard Model

Theories beyond the Standard Model in vhénnlo:
» Two-Higgs-Doublet Model (2HDM)
» Next-to-Minimal Two-Higgs-Doublet Model (N2HDM) [not public]
» Minimal Supersymmetric Standard Model (MSSM)
g ) 4 _q% 4

» CP-mixing effects for 2HDM, N2HDM and MSSM
» higher-dimensional operators
» effects of vector-like quarks
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Beyond the Standard Model

Theories beyond the Standard Model in vhénnlo:
» Two-Higgs-Doublet Model (2HDM)
» Next-to-Minimal Two-Higgs-Doublet Model (N2HDM) [not public]
» Minimal Supersymmetric Standard Model (MSSM)
» CP-mixing effects for 2HDM, N2HDM and MSSM

()[4

higher-dimensional operators
effects of vector-like quarks

vy
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Beyond the Standard Model

Theories beyond the Standard Model in vhénnlo:

» Two-Higgs-Doublet Model (2HDM)
Next-to-Minimal Two-Higgs-Doublet Model (N2HDM) [not public]
Minimal Supersymmetric Standard Model (MSSM)
CP-mixing effects for 2HDM, N2HDM and MSSM
higher-dimensional operators

g Z g Z Q\nggijZ
-‘J::J>‘{H QWH 9 9990/ ---H

> effects of vector-like quarks

>
4
>
>

/1

R. Harlander, S.Y. Klein, L. Simon Status of vh@nnlo and Plans



Beyond the Standard Model

Theories beyond the Standard Model in vhonnlo:
» Two-Higgs-Doublet Model (2HDM)
» Next-to-Minimal Two-Higgs-Doublet Model (N2HDM) [not public]
» Minimal Supersymmetric Standard Model (MSSM)
» CP-mixing effects for 2HDM, N2HDM and MSSM
> higher-dimensional operators
>

effects of vector-like quarks

9 Z 9 z g z
? Q Q

q
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Part Il:

Inclusive cross sections
for VH production



WH cross section with leptonic decay

pp — WH — tvH

Inclusive cross section at NNLO QCD + NLO EW

o(pp — WH — (vH) = ((1 + 0t obd + o' ) xBrlO(w — &/)Jraff’H

Parameter scan

» center of mass energies: /s € {7,8,13,13.6,14} TeV

» Higgs masses: My € {120,122,124,124.6,124.8,125,125.09,
125.2,125.3,125.38,125.6, 126, 128,130} GeV
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WH cross section with leptonic decay

pp — WH — tvH

Inclusive cross section at NNLO QCD + NLO EW

o(pp — WH — tvH) = (1 + 65 oD + o ") xBr" O (W — tv)+02

Parameter scan

» center of mass energies: /s € {7,8,13,13.6,14} TeV

» Higgs masses: My € {120,122,124,124.6,124.8,125,125.09,
125.2,125.3,125.38,125.6, 126, 128,130} GeV

vh@nnlo
» central scales: ug = urp = Mwpy
» PDF set: PDFALHC21_40

HAWK 2.0
» PDF set for computing dgw: PDFALHC21_40
» PDF set for computing o: LUqudl?_plus_PDF4LHC15_nn10_100q
8
/11
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Uncertainty estimate

pp — WH — tvH

Uncertainties have been computed following the recommendations for
,Higgs Production Cross Section for Run III”

1. QCD scale uncertainty: 7-point scale variation

1 1
sMwr < pr, pr < 3Mwmg A SR 3
3 3 pr

2. PDF uncertainty: following the PDF4LHC recommendation for a
symmetric Hessian PDF set

3. a, uncertainty: we have varied a4 (Mz) = 0.1180 + 0.0010
(as provided by the PDF set)

Note: Uncertainties have not been computed for the photon induced
contribution o,.

9/11
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG136TeVxsec
https://arxiv.org/pdf/2203.05506

VH cross section values

(Vs=136TeV, My =125.09GeV |

| olpb] scale[%] PDF (%] a.[% PDF+a, [%]

¢tvH | 0.10180 0 1.69 0.54 1.78
("vH | 0.064475 e 1.73 0.54 1.81
WTH | 0.89750 o 1.76 0.57 1.85
W H | 0.56684 e 1.81 0.57 1.90
| olpb] scale[%] PDF (%] (%) PDF+a, %]

(YT H | 0.032152 390 1.52 0.50 1.60
voH | 0.19111 e 1.52 0.50 1.60
ZH 0.95187 e 1.53 0.50 1.61

10
: : / 11
R. Harlander, S.Y. Klein, L. Simon Status of vh@nnlo and Plans



Part Ill:
Beyond vh@nnlo



Beyond vh@nnlo

Production cross section at N3LO

» inclusive cross section and invariant mass distribution for DY-like
contributions available in literature (sagio, bunr, Mistiberger, Szafron 2022 (arXiv:2209.06138)]

» public code n3loxs available

Fully-differential cross sections at NNLO

fully-differential cross sections at NNLO (including various decay channels of
the Higgs and/or vector boson)

» for WH production (rerrera, Grazzini, Tramontano 2014 (arxiv:1312.1669)]

» for ZH production [rerera, Grazzini, Tramontano 2015 (arXiv:1407.4747)]

» for VH production irerera, Somogyi, Tramontano 2018 (arxiv:1705.10304)]

» with Nested Soft-Collinear Subtraction (caota, Melnikov, Réntsch 2019 (arxiv:1902.02081)]

e we also have an implementation based on Nested Soft-Collinear
Subtraction for fully-differential VH cross sections

» many more ...
11 /1 1
R. Harlander, S.Y. Klein, L. Simon Status of vh@nnlo and Plans




Backup



WH cross section

pp — WH

Inclusive cross section at NNLO QCD + NLO EW
o(pp = WH) = (140w Jopy + o1

with o
Br ¥ (W — lv)
5WH — (1 + 5€UH -1
EW ( EW) BI’NLO(W N (y)

Note: Photon induced contribution has not been included.

BACKUP
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ZH cross section with leptonic decay

pp — ZH — U7

Inclusive cross section at NNLO QCD + NLO EW

o(pp — ZH — UH) = ((1+ Spw)oba + of + of + OggzH)
x Br9(Z — 00) + o'

» central scales: ur = pur = Mzy
» PDF set: PDF4LHC21_40

HAWK 2.0

» PDF set for computing dgw: PDFALHC21_40
» PDF set for computing o, : LUXqed17_plus_PDF4LHC15_nnlo_100

BACKUP
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Uncertainty estimate

pp — ZH — CH

Uncertainties have been computed following the recommendations for
,Higgs Production Cross Section for Run III”

1. QCD scale uncertainty: 7-point scale variation

1 1
Mz < pr, pr <3Mzg A <R g
3 3 pr
2. PDF uncertainty: following the PDF4LHC recommendation for a

symmetric Hessian PDF set

3. a, uncertainty: we have varied a4 (Mz) = 0.1180 + 0.0010
(as provided by the PDF set)

Note: Only QCD scale uncertainty, but no PDF and «, uncertainties,
have been computed for the resummation contribution oL A+
Moreover, uncertainties have not been computed for the photon

induced contribution o,.

BACKUP
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ZH cross section with leptonic decay

pp — ZH — CH

Inclusive cross section at NNLO QCD + NLO EW
o(pp — ZH) = (1 + 61%{7{\/)01%1\; + UIZH + UIZIH + O0g9zH

with
Br'C(Z » )

1
ZH _ 1|1 4 st
Orw =5 |( +6EW)BrNLO(Z%£€)

Br*9(Z — wv)

+ 1+6VIIH e S A
( EW)BrNLO(Z — V)

Note: Photon induced contribution has not been included.
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