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Outline

Lots of progress over last two years:
> Higher-order predictions (add one “N”) calculated.
» Other approximations / issues being addressed.
Gluon fusion:
> Hjj at NLO using FTApprox.
> Top mass contribution; impact of aN3LO pdfs; mass scheme uncertainties.
VBEF:
> NLL matching.
> Non-factorizable NNLO corrections; EW Hjj production in PS.
VH
> N3LO cross sections; VH+j @ NNLO; VH (+ decay) NNLO+PS.
> gg - ZH.
ttH
» NNLO corrections.



Gluon Fusion
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iHixs2: Dulat, Lazopoulos, Mistlberger 18

PDF4LHC WG 22

Czakon, Harlander, Klappert, Niggetiedt 21
Can be removed (?)

Reduced to 0.6% (gg light-quark)
Becchetti, Bonciani, Del Duca, Hirschi,
Moriello, Schweitzer 20

Missing N°LO PDFs
McGowan, Cridge, Harland-Lang, Thorne 22

NBLOHTL - use iHixs2 Dulat, Lazopoulos, Mistlberger 18 (+ n3loxs Baglio, Duhr, Mistlberger, Szafron 22 ?)

6(1/m,) - NNLO QCD w/ my use Czakon et al. 21 (mass-scheme uncert. estimate?)

(1, b, ¢) - Not yet in literature (my, ~ 0, my, & m,) (asked Czakon et al. if timeline available)

S(EW) - gg-channel light-quark contributions use Becchetti et al 20. (asked for timeline for other channels)
O(PDF — TH) - estimate with individual sets (PDF4ALHC21 has no NLO set), separate comparison to aN3LO

Run 3 update to ggF WG recommendation now underway, both TH conveners here and happy for
input/feedback



Gluon Fusion

Approximate N3LO PDFs available with MSHT framework
have sizeable impact on ggF
McGowan, Cridge, Harland-Lang, Thorne 22

o order | PDF order o+ Ao, — Ag_ (pb) o (pb) + Ao, — Ac_ (%)
PDF uncertainties
aN*LO (no theory unc.) 45.296 + 0.723 — 0.545 45.296 + 1.60% — 1.22%
N'LO aN®LO (Hi; + i) 45296+ 0.832 — 0.755  45.296 + 1.84% — 1.67%
aN*LO (H:r) 45.296  0.821 — 0.761 45.296 + 1.81% — 1.68%
NNLO 47.817 § 0.558 — 0.581 47.817 + 1.17% — 1.22%
NNLO NNLO 46.206 + 0.541 — (.564 46.206 + 1.17% — 1.229%
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Gluon Fusion: gg— H (= mpy)

- aN®LO o,
- NNLO oym
NLO oyn
——— p=my /2 aNLO g,y

i$ NLO PDFs
4 NNLO PDFs

aN3LO (H,; + K;;)~! PDFs
aN'LO H);~! PDFs

-

NLO NNLO
o accuracy

Previous procedure, take half the difference of NNLO with (N)NLO PDFs:

1
O(PDF — TH)\njo = £ El

Can now compute:

Alz
A2=

3 _ L3

aNSLO  ONNLO

(3) _ (2
lo.NLo ~ ONNLO

(2) _ (2)
OnNLo — ONLo
| ~5.3%
|~ 2%

|~+12-14% @ 13 TeV

Complications: No NLO set in PDF4LHC21, aN>LO includes some MHOU in errors
already, need aN’LO input from other groups and input on procedure
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Gluon Fusion

GENEVA Refinements to NNLO+PS matching 10“11511111 = pp s (T 3 7y) - X
¥ VE = 13TeV (EFT
Improved treatment of splitting functions S0 1B,
3 T
Disentangling pg, pp uncertainties & T -
. . . . o107
Handling time-like logs (improves pert. converge.) 5 T
- . b 107‘
Also studied to HH @ NNLO+PS in HTL < M
10~ ENEVA+PYTHIAS ( )+
Alioli, Billis, Broggio, Gavardi, Kallweit, Lim, Marinelli, Nagara, )G(H:Vg:—VHftt?f—in{I:H I
Napoletano 23 (x 2) _ “::
i O:STTTTTTTTT t ThrsT+T T 1
E_Q_llj_lj_llij_J_ll_}_LJ_Ll 11
! I I ,\‘:I‘ LL+4 ,\'NL('}I [’Xh’,..._-,.--l-)_lw,-' recoil b 0 20 50 100 200 500
2.0 BN NLL'+NNLO (x K,ger), w/ recoil | pH  [GeV]

4 ATLAS preliminary data

[fb/GeV]

1.5 PDF4LHC15 (NNLO) .
+ N R R RadISH N3LL/N3LL + NNLO fiducial predictions
1.0 | ¢ uncerflainties with pg, gy, (2 variations |

TH uncertainty in resummation region 5-7%

de fdp"

- Re, Rottoli, Torrielli 21
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Important to continue addressing PS/matching uncertainties which are large/
dominant sources of TH uncertainty for many Higgs processes



Gluon Fusion

Updates since last Les Houches:

1) Mass scheme uncertainties known at NLO — Top(08) /top(MS) |

Bonciani, et al. 22

2) Boosted Higgs note needs an update
Mixed QCD-EW Corrections — Lop(oémm):(m} — : ———

Parton Shower updates for HJ, HJJ i

| ] ]t

top(08)

scale var.
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HJ mass scheme uncertainties

top(08)

scale var,

|
[

All channels contributing . 1 1 | 1 L . : L
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3) Progress towards NNLO w/ m;and N3LO HTL pi! [GeV]
Henn, Lim, Bobadilla 23; Gehrmann, Jakubcik, Mella, Syrrakos, Tancredi 23

NNLOJET+OPENLOOPS pp - H+2 VE =13 Tev

= B LOHTL
7] — ] NLOHTL .

S| TR Losn Higgs + 2 Jets @ NLO FTApprox

= = . —— NLOFTapprox

s H e e Know gg — Hggg @ 1-loop with m;

£ el === reas N

3R T e 2300s/ps to <1s/ps (OTTER) Lang

o " Chen, Huss, Jones, Kerner, Lang, Lindert, Zhang 21
K

2" Could be interesting for estimating ggF
2. background to VBF?
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Vector boson fusion

A comparative study of Higgs boson production from vector-boson fusion

 Les Houches 2019
study published:

 Extensive study of:

v NNLO and NLO+PS results (NNLOJET,
HERWIG, PYTHIA, SHERPA, POWHEG)

v Different PS approaches (additive/multiplicative
matching)

v Dependence on jet radius
v High-pT region

v Discrimination between VBF, VH and ggF
production modes

* Generally good agreement between NNLO
and NLO+PS.

* Global jet veto preferable to central jet veto.
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https://arxiv.org/pdf/2105.11399.pdf

Vector boson fusion

* Alot of activity in last ~ 2 years!
* NNLO results beyond factorization approximation:

~ Leading eikonal approximation (two-loop): non-factorizable effects: -0.5% to -1%

> Real-real and real-virtual results negligible.

> Next-to-leading eikonal corrections: -15% to -30% of
leading eikonal approximation.

10714

10724

» “Since the non-factorizable contribution itself is just O(1)

percent of the total WBF cross section, the remaining E oon]
uncertainties stemming from the imprecise knowledge of = m

the two-loop virtual amplitude are irrelevant.” 35.0%

ff71,1 (7] [doyy/dpp | [h/GeV]

.-"A”'U
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https://arxiv.org/pdf/1906.10899.pdf
https://arxiv.org/pdf/2305.08016.pdf
https://arxiv.org/pdf/2305.12937.pdf
https://indico.cern.ch/event/1186109/timetable/#20221021.detailed
https://arxiv.org/pdf/2305.08016.pdf

Vector boson fusion

* NNLO including Higgs decay

> NNLO results with H - bb decay: |
|_|_|
* Scale uncertainty and perturbative convergence better StaneHigge e
than for stable Higgs.
HH LO
* Impact of decay ~ 3% at NNLO — comparable with -t sy | L
size of NNLO corrections. SR
* Effects milder with H -~ WW - leptons, can be
captured by overall k-factor.
RLo _ TinLO _
oH = 0.917(1) ::> o = 0.885(1)
-3.2%
@Hﬁ% @w.g%
bb bb
INLO _ 1.934(1) IANLO — (.914(2)

bb
ILO IL0


https://arxiv.org/pdf/2110.02818.pdf

Vector boson fusion
e PS results at NLL:

» NLL-accurate resummation S =g Syl | I . |
for global and non-global R [ ST | R | T B
observables in VBF. s . EloEoms

> Two-jet observables: mild i u"‘"‘ﬂ% %Eooom
dependence on NLL shower, q:i% 0.0005 4
agreement with LL shower. . : : — o000 e

> Three-jet observables: s s |
discrepancies as high as 10% = ”m_____\‘T R ——————
between LL and NLL showers. &osl—0 75— 8

1 1 1 1 1 1 1
25.0 275 30.0 325 350 375 40.0 425 450
mjy; (GeV) pr.;, (Gev)
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https://arxiv.org/pdf/2305.08645.pdf
https://arxiv.org/pdf/2305.08645.pdf

Vector boson fusion

* PS results beyond the VBF approximation:

> First PS prediction using EW H+jj % __________
production in both t- and s-channel. .5

> H+2,3 jets at NLO; H+4 jets at LO
> Matching and merging in Herwig7. : -
> Good agreement between matching and i1, i
merging for 2-jet observables. E -
» Disagreements as high as 20% for 3 S .
third-jet observables. ] S —
gg j_\_l_'t,l(_z,_alf EE—
> NLO-QCD and NLO-EW matched to ] — '
PS in POWHEG-BOX METTRIUTL e L


https://arxiv.org/pdf/2208.00013.pdf

Vector boson fusion

* Non-perturbative soft QCD effects:
> Not clear how to quantify uncertainties.

> Variation of MPI and color-reconnection parameters : uncertainty in third-jet observables
comparable to perturbative uncertainties.

* Matching and merging in PYTHIA
> Comparison of DGLAP and dipole recoil showers with antenna shower in VINCIA.

> At LO, large discrepancies between DGLAP and dipole/antenna showers in observables sensitive to
additional radiation.

> Discrepancies persist at NLO for observables sensitive to > 3 jet multiplicities.
> Higher multiplicity matrix elements included through CKKW-L scheme.

12


https://arxiv.org/pdf/2106.10987.pdf

VH Production

* Inclusive cross section computed to N3LO

pp— WTH 4+ X | PDFALHCI5 nnlo_me
R —

o |
NLO QCD

9 c.rl(qc'f —>- W“"I-}) '[pi:r] -
8 ; - NZNI'O Q(.ID W = iy = My . .
T e  Scale uncertainties < 0.5%.

Scale uncertainties similar to NNLO and N3LO results lie outside of
NNLO scale variations.

s /* Error budget dominated by PDF and strong coupling determination.
f  Publicly available in n31oxs.
106 ' : — :
3 1o é Process | o™ [pb] | 6(PDF) [%] | 6(PDF + as) (%] | 6(PDF-TH) [%]
" o : W*YH | 0.884 +1.59 +1.80 +1.45
096 _1ln 20 3IfJ 0 .aln ' sln 0 8IEJ 90 100 W~H 0.559 +1.76 +1.92 +1.63
Ve ZH 0.786 +1.77 +1.95 +1.53
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https://arxiv.org/pdf/2209.06138.pdf

* NLO corrections to gg — ZH computed

\4

\4

\4

\4

A\

Y

Two-loop amplitudes computed exactly

by

VH Production

Two-loop amplitudes also available in

several expansions*.

Now combined and used for pheno study.
Very large k-factors ~ 2.

Results consistent with

m, and my expansion.

Top mass scheme dependence also large.

*

using small

V]

C

[i

[

da/dp

NLOYLO

o,

Vs = 14 TeV
m = 17321 CeV

NNPDF31 nlo_pdias

— LO p=umzn
—— NLO pp = mzn
=—— NLO p = Hy

dir fdm [/ Ge V]

Res/0S

NLO/LO

100
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https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf

VH Production

 NNLO matched to PS using MINNLOPS

1

o0 Jo/dmy, [fo/GeV) PP —IWPH e'vebb@ULAC T8 TV 17 ) odpy, - [10/GeV] pp—W"H-se'v bb@LHC 13 Tev

* NNLO+PS accuracy for H - bb decay in ol b 1 e r T
WH production 02| "
103 —— MINNLOpg (prod = dec) - 102
* Increases cross section relative to MINLO’ 10-4; o penrveae | b
by ~ 5% (inclusive and with fiducial cuts). M e — :av.kl
* Scale uncertainties reduced using 15? o * —ead | @??‘“’%ng%ﬁ::::::::::::::::::::
MINNLOPS, §E§ d_o;c:lmiﬁ;;i;;—;;;d:déc)lm ——— ;:i ;Ad‘;":'-'-'-:“-:‘-:——-;__: E
e« MINNLOPS result does not lie in correlated ﬁ L“"E ozag o
scale uncertainty band of MINLO’ —- o e | ol ke
uncorrelated production and decay scale 20 w0 o 10 120 w0 teo e 20| 0 01019 EQ R0 A w400

uncertainties preferable.

* Effect of jet definition also studied (using
massive b-quarks in shower allows use of
anti-kT)
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https://arxiv.org/pdf/2112.04168.pdf

VH Production
* VH+j production computed to NNLO QCD

* Inclusive production in WH+j: NNLO corrections ~ percent

and constant across distributions

* Inclusive production in ZH+j: shape distortion from gluon-

induced heavy quark loops.

* These increase the inclusive NNLO cross section by ~ 15%.

* Larger corrections in exclusive production.
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https://arxiv.org/pdf/2110.12992.pdf

VH Production

« H-. bb decay first observed in VH production.

« NNLO results for VH(— bb) employed flavour-kT algorithm.
* Significant effects from jet algorithm:
> H - bb with massive b-quarks & anti-kT vs. H — bb massless with flavor kT

NNLO

* A natural testing-ground for new generation
of flavor-sensitive jet algorithms?
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HH/ZH Expansions

Py oexp
Prexp [I/1] — —
HE

HE [6/6]

|Fi\_’.'.|‘.'|

Vi=09TeV

0 0.5 1 | ] 2 25
—if(4m?)

Bellafronte, Degrassi, Giardino, Gréber, Vitti 22

Several 2-loop 2 — 2 amplitudes known in expansions that cover the phase-space

Small-p;/ Small-z

A i, [1b]

ratio to full
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0.0
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full
small py and HE expansion — —

gg— HH

. , . . . . . .
400y 6l B0 10000 1200 1400 1600 1800 2000
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Bonciani, Degrassi, Giardino, Gréber 18; Davies, Mishima, Schéonwald, Steinhauser 23

Hig h—energy Davies, Mishima, Steinhauser, Wellmann 18

+ combining expansions Bellafronte, Degrassi, Giardino, Grober, Vitti 22

Will be interesting to see if this can eventually be used to produce approximate
NNLO (3-loop) results for gluon induced processes
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ttH production

ab — ttH + X, off-diagonal contributions
(gg. 99-99'-qq" (g # q’)) obtained @ NNLO

Catani, Fabre, Grazzini, Kallweit 21

aa — ttH + X, diagonal contributions
(a = q,q, g) @NNLO with soft Higgs approx.

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini 23

Obtained using g subtraction method

V5 =13TeV /5 = 100 TeV

o [fh] g9 qq g9 qq
oLo 261.58 129.47 23055 2323.7
AoNLO.H 88.62 7.826 8205 217.0
AONLO,H |soft 61.98 7.413 5612 206.0

AONNLO, H |soft

—2.980(3) 2.622(0)

—239.4(4)  65.45(1)

@ [ph]

osnio/oxio — 1[%]

pp — ttH

Hp = pp = n +myg /2

LO
NLO
NNLO
ATLAS
CNMS

101

B [

10°

107!

0.6

0.4

13

=
T

—10E L
8 13

27 50 100

2-loop amplitudes for diagonal contributions approximated using soft H
factorisation formula extended to NNLO
@NLO full gg/qq result ~40/5% larger than soft approx
@NNLO whole correction is 1% of LO
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Conclusions

* Remarkable progress from all directions — congratulations!

* No time to mention:
> Higgs decay
» EFT / anomalous couplings in Higgs sector

> Offshell Higgs
> ece

* What we have learned tells us what we still don’t understand — many interesting
things to explore!

Comments & suggestions for LH studies are welcome!
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Great to be back at LLes Houches!
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