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Purpose of this talk

a Progress in Higgs theory calculations
a New results from =~ last year

a “Theoretical amplitudes” and
“Phenomenological results”

a Disclaimer:
personal selection of topics
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ATLAS + CMS projections ESPPU 2026
Vs =14TeV, S3, 3 ab™! per experiment
All other couplings fixed to SM
68% CL k3 €[0.74,1.29]
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H — 3 partons to 3 loops IT

..............................

3-loop scattering amplitude, o [GuanMistiberger,Ruf 26]
heavy-top-limit (HTL): Hggg, Hqqg

e virtual corrections for N3LO H+jet R = >k (

e contrib. to inclusive N*LO H production

e H decay to jets 08¢
46 integral families, 250.000 integrals, o
Main bottleneck: integration-by-parts (IBP) ZE
reduction, FINITEFLOW (perarois] ;f’O-Z: ES———
and Blade [cuan,LiuMawu24] 09&%
Analytic results; generalized polylogarithms "ggiw_ R0
Sub-leading colour contributions 0_85,: Zijz-‘m

L
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numerically important ¢
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Higgs + 2 jets (T

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

® qq/99 — H+2jets, HTL, leading colour e somions
a Irreducible background to VBF H production

@ NNLO virtual-virtual (VV) for gg — Hgg or H — 4 jets

a 2-loop 2 — 3 with massive particle in final state

m Functional reconstruction in finite fields:
perform numerical evaluation to obtain analytic result

a Analytic results for helicity amplitudes expressed in terms of
“one-mass pentagon functions”

@ Numerical evaluation: 1 to 10 seconds per phase-space point

9
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Inclusive H production: status (T

Karlsruhe Institute of Technology.

| M, Mp dependence at NNLO [Czakon,Harlander,Klappert,Niggetiedt'21;
- Czakon,Eschment,Niggetiedt,Poncelet,Schellenberger'24]
> small for MS bottom quark mass

m HTL up to N3LO: [Anastasiou,Duhr,Dulat,Furlan,Gehrmann,Herzog,Lazopoulos,Mistlberger'16; Mistloerger'18]

2 Gscale ~ 3%
u finite-m; terms for virtual N3LO: pavies Herren steinhauser1e]
= N*LO: ;
a 4-loop Hgg form factor

[Lee,von Manteuffel,Schabinger,Smirnov,Smirnov,Steinhauser'22]

m “‘RVVxV” [Mistlberger,Suresh’25]
" N Hggg and ang amplitudes [Guan,Mistlberger,Ruf'26]
! | gg — Hgg at 2 |OOpS [De Laurentis, lta,Kuschke, Ruf,Sotnikov’26]

m Soft-virtual approximation pas,moch,vogt20; bas,Moch'25]
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Boosted Higgs-strahlung at N°LO

pp — WH(— etve)H
Boosted H + W boson
Large pr of the H

> sensitivity to H couplings
inclusive NSLOZ [Baglio,Duhr,Mistlberger,Szafron’22]

Fully differential to N3LO
Method qT SI|C|ng [Catani,Grazzini'07]

o= + / darcgular
ar>agtt

NNLO pp — W+ Het

[Monni et al16: vt QJET [Huss et al'25]

Bizon et al’17; Re et al'21]
N3LO:
e +2% in boosted regime
e residual scale dependence
below percent level

AT

Karlsruhe Institute of Technology.

[Gehrmann-De Ridder,Huss,Marcoli,Monni,Re,Rottoli,Silvetti, Torrielli'26]

NNLOJET+RadISH

pp—W*(—e"V.)H boosted

3| i = g = m
V5=136TeV
59 = 5 GeV (N*LO only)

F40_an3lo_as.

01180

— NLO
—— NNLO
— NLO

e ———
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pp — ttH at NNLO ::E

direct model-indep. determination of y;
NLO > 20 years ago: R
[Beenakker,Dittmaier,Kramer,Plumper,Spira,Zerwas’02'03] 600 “‘/’;"’g; %
[Dawson, (Orr),Reina,Wackeroth’02'03]

NNLO bottleneck: 2-loop 2 — 3 with l ]

massive internal and external particles

[Devoto,Grazzwn\,KallweiLMazzitelli,Savoim'ZA]: Soft nggS
boson approximation ® high-energy

expansion in the small top-mass limit =550 G = 753G S £ 50T
[Balsach et al.25]: SUpp|emented by NNLL 530 NNLO: PRI I0GHALIN

SCET: JHEP 02(2017)126
soft-gluon resummation

dQCD: PRD 97(2018)114007

D Y
& =
o

Full 2-loop calculation on the way &
[Cordero,Figueiredo,Kraus,Page,Reina’23]

[Agarwal,Heinrich,Jones,Kerner,Klein,Lang,Magerya,Olsson'24]
[Wang,Xia,Yang, Ye'24] q

NNLO+PS, MINNLOpg

[Biello,Savoini,Signorile-Signorile, Wiesemann'26]

LS}

t
NNLO event generation for ftH: ——
H
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pp — 7 to N°LO

ST

of Technology.

[Czakon,Eschment,Generet,Poncelet'26]

Important background for H — ~~
Large NLO and NNLO corrections
Convergent behaviour after including

35

N3LO 307
ar slicing [Catani,Grazzini'07] - 25 4
e gr = 0 = virtual N3LO corrections 3
[Caola,von Manteuffel, Tancredi’21] © |
e gr # 0= NNO pp — yy+jet, STRIPPER [Czakon'10]
Monte Carlo integration uncertainty 15
~ renormalization scale uncertainty ~ 2%
First N3LO QCD calculation 10

with 2 — 2 kinematics

W e J &

. . . — 0 5
Fiducial cuts: | P8 77 = 31.2(6)70% pb

oA =314+ 0.1 (stat.) £ 2.4 (syst.) pb

Matthias Steinhauser — Advances in Higgs Boson Theory — Higgs Hunting 2026

4 === NLO Stripper —— NLO
—==- NNLO Stripper =~ —— NNLO
——- ATLAS 2021 —— N3LO
1073 1072 10!
Feut = qF"* /My~
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H decay: event shapes to NNLO + NNLL

nggS faCtorleS eVent Shapes for [Fox,Gehrmann-De Ridder,Gehrmann,Glover,Marcoli,Preuss’25]
. . e NNLOJET H-qq R =My

hadronic Higgs decays: H — bb, H — gg . ” — o

Thrust distribution 7

7 = 0: 2 back-to-back jets i

T = 1/2: isotropic event
7 — 0: resummation of log(7) term

needed
NNLOJet puss etaizs) for NNLO, ARES eanier 7o
ar1418 framework for NNLL resummation ot o

(Essentially) positive corrections; reduced
scale uncertainty as compared to

NLO+NLL [Gehrmann-De Ridder,Preuss,Reichelt,Schumann’25]
Further new results on Higgs boson decay:

@ [Wang,Wang,Wang'26] r(H — bB) to O(Oéé)

(no pure gg cuts) @«X@
..... ({’ 2&»...
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NLO EW corrections to H+jet

g9 — H—+ jet, NLO EW corrections

# T
[Chen,Li,Sang'25] M

e |BP reduction to 3.600 Mis

e Numerical calculation of Mls M
DE + AMF1low [LiuMa23] ' -

[Bi,Ma,Mu’25]

e IBP reduction: Dimensional
parameter D = 4 — 2¢: e = +£1/1000

e Cover phase-space with asymptotic
expansions and interpolations

Mis for fixed {mw, mz, m¢, my}
+4% for total cross section
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[Chen,Li,Sang’25],[Bi,Ma,Mu’25]
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gg — HH: Towards NNLO QCD AIT
NLO NNLO

1.6
. 4 on-shell
10 b= (my)
_ 4 =mun 1.4
] § we=myn/2 N
Py b = myn/4 o% 124
£ 88
107 <)
e < 10§
5 d
" o8]
1077
1.50, 0.6
& 125 : : ; ‘ ‘
: 400 500 600 700 800 900 1000
2 L0
g V5(GeV)
Z 07
050 400 600 200 1000 - 005 p ~a il
My [GeV] ‘ 8 S
A\ = O
o : [ g B
10-20% uncertainty & S

~o &QQQ ~o

[Davies,Schénwald,Steinhauser'23'25]

from m; renormalization scheme

[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira’20]
[Bagnaschi,Degrassi,Gréber'23]
[Davies,Schonwald,Steinhauser, Stremmer’25]
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Resummation at high energies

= Origin of large logarithms log(m?/s)

Karlsruhe Institute of Technology.

[Jaskiewicz,Jones,Szafron,Ulrich'24]

in leading y? ~ mZ term: running of m;

a Incorporate in OS result

. _ "‘:‘:,)f(”'?s) J— _,l:u”»‘}(mm) + u.«,...x_,l(n}(”,ys' - Aiuy,tm(”’fh) ...... Atfc’,{fu('"‘y's)* af :vrll‘fl’/f;,l.)(mf):»)
— AL, ) A (miS) 4 2= AL, () . — AL () AL, (m]S) 4 2
<
= 107
ZSE
+ 107
2'::
= 10t
125 1.25
1.00 1.00
0.75 0.75
0.50 0.50
1000 2000 3000 1000 5000 6000 7000 8000 1000 2000 3000 4000 5000 6000 7000 8000
my, [GeV] mi [GeV]
a Note: very high energies!
m Situation for physical relevant region (mp, ~ 300 — 800 GeV) ?
m Real contributions neglected
13
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g9 — HH: differential at N°LO AT

Institute of Technology

[Chen,Dai,Li,Li,Shao,Wang'26]
Fully differential gg — HH at N3LO E&:::_.—— J @i j:@J ...... g::
HTL (at NNLO and N3LO) . :E »»»»»» J AAAAAA i: ,,,,,,

Exact top quark mass effects

up to NLO important pp~hh+ X s=taTev
Fiducial cross sections <
o
Factor-3 reduction of scale uncertainty = £~
§ e 7-Do|:v(=s:;I=er\::\;(\cn
8102 T enior
.12
gg 10 +L“\”"'J
50 [
=08
= 400 = 600 800 1000 1200

mpy [GeV]
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NLO EW corrections: gg — HH

0.100

doldMyy, [fb/Gev]

1072

1.15

NLO/LO

0.010¢
0.001:

10—4 L

[Bi,Huang,Huang,Ma,Yu'24]

1.10:
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1.00¢
0.95:
0.90;

0.85

400 600 800 1000 1200 1400 1600 1800
Myn [GeV]

Matthias Steinhauser — Advances in Higgs Boson Theory — Higgs Hunting 2026 15



NLO EW corrections: gg — HH AT

e of Technology

@ [Bi,Huang,Huang,Ma,Yu'24]. Complete SM,
But: numerical (fixed input parameters) = not flexible
Also: cross check needed

a (Different) numerical approach(es):

[ Heinrich,Jones,Kerner,Stone, Vestner'24;Bhattacharya,Campanario,Carlotti, Chang,Mazzitelli,Miihlleitner,Ronca, Spira'25]
> Partial results: (y;, A)
a Asymptotic (analytic) expansions  (pavies,mishima,Schonwald, Steinhauser,Zhang'22'23'25'26]
> Complete SM, in high-energy limit: s, t > mf, m2H
explicit dependence on all parameters, fast and flexible

a L|ght qual‘kS [Bonetti,Rendler,Bobadilla’25; Bonetti,Heinrich,Rendler,Bobadilla’26; Bhattacharya et al.’25]
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NLO EW corrections: qg — HH AT

Karlsruhe Institute of Technology.

[Bonetti,Heinrich,Rendler,Bobadilla’26]

107t
9910
Light-quark channel R " e+ dimo
[ Ty
analytic NLO virtual corrections g | .
[Bonetti,Rendler,Bobadilla’25; Bonetti,Heinrich,Rendler,Bobadilla’26] é 107 T )
0 © V5 =13.6TeV - L‘"l

otor: O(1%) 10741 T4 Sk < ]

1.10
larger impact on differential observables .

pE——— e ——

400 600 800 1000 1200 1400
muy [GeV]
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ggxy

[Davies,Schénwald,Steinhauser, Stremmer’25]
C++ library
99 — HH, gg — ZH, (soon: gg — ZZ, gg — WW, gg — HQ)
POWHEG interface = parton showers with Pythia

Features: total and differential cross sections,
parameter variation (e.g. m;, mu, Ay,
OS and MS scheme for my, ...

Typical runtime: ~ 30 minutes (single core) to obtain a statistical
uncertainty of 0.2% (including 7-point scale variation)

Virtual corrections: analytic expansions in various regions in phase
space

Real COI’I’eCtionSZ Recola [Actis,Denner,(Lang,)Hofer,Scharf,Uccirati'12'16]

https://gitlab.com/ggxy/ggxy-release
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ggxy: pr distribution for gg — HH AT

stitute of Technology.
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> Compare: numerical vs. analytic approach (ggxy)

numerical results from: [Chen,Heinrich,Jones,Kerner,Klappert,Schlenk’20]

Analytic expansions: [Davies,Grau,Schénwald,Steinhauser,Stremmer, Vitti'25]
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Importance of parton showers &‘(lT

stitute of Technology.

— — —LO
® g9 — HH — bby~y RN —— o
w FO: Large QCD corrections 5wl e
(O(20%)) for fiducial cross section g =
[Li,Si,Wang,Zhang,Zhao'24] h fl
m Washed out by parton showers !
1.

[Braun,Fontes,Heinrich'25]

(POWHEG, Herwig, Rivet)

Ratio to LO

o

o oo

50 100 150 200 250 300 350 400
pry [Gev]

=)

w VBF — H — bb, high pr cut
a NNLO, fidutial cross section: —40%

o/fb  fixed order LO+PS MiNNLO-+PS
[Asteriadis,Behring,Melnikov,Novikov,Réntsch’24]

LO 75.6 46.6 45.2
® Use parton showers NLO 52.4 43.6(1) 423

(= resummation of large QCD effects)  ~NNLO  446(1)  43.1(1)  414(1)

[Behring,Melnikov,Novikov,Zanderighi’25]

(POWHEG, Pythia, MINNLO)
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Conclusions AT

Karlsruhe Institute of Technology.

process known desired

Impressive new recent S
results . NNTOL

a .
NG N4LO,y. (incl.)

Dakw
H NT.O¢y¢:
Many technical oon
NNTO, 4. NNT.O, 14, 8 NLOG 1> + NLO
developments PP T NLOGan NLOwm,
NE-DLOGbmiew NNLO ey
NeW tools NLOy 1. ® LOgcn> NNLO, 1. ® NLO¢c1, + NLOyy
NPLOGEE™ Cincl) NPLOSEE"

. . —& B2 "
Multi-loop-multi-leg - T nwoapd NNLOED

ver
NLO[E™ NILOGan

amplitudes v N1 O+ N1.rr

pp — H+3j

. . . NLOg’gE) NNLog’;f“’
Fiducial cross sections S om NPLOgen Gnelo+ NLOgw  N*LOoco
NLOES,,, N1 Oocpemy

i NNT.Oocp
pp — VH +j
NLOgep + NLOgw

Les Houches o NPLOur. ® NLOgco NNTOG;

. . NT.Ogw
WISh|ISt E:> NALOGHY™ cinel)
. ) pp — HH +2j NNTOSES NLOG )
[Huss,Huston,Jones,Pellen,Réntsch’25] _cvmn
NLOLW
pp — HHH NNLO, 4. NLO¢c:1>
NLOgep + NLOgw
pp — IT+tt NNLOGep
NNT.Ogy (approx.)
pp — IT+1t/F NLOgecp + NLOgw NNLOgep
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