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Many thanks to Nikolas Kauer for all his work as Offshell Subgroup convener
over the last ~ 8 years!
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A Step Back...

... 10 2012

Higgs width predicted in SM T'yy ~ 4 MeV
X Direct measurement limited by detector resolution I'y < 1 GeV

Sizeable contribution from high-energy regime: 10% of eventsingg - H-VV

above the 2m,, threshold. [Kauer, Passarino ‘12]
2 2 2 2
. gomshell CogH VvV H offshell _ CggvvH
99— H= mygl' gy 99—+ H=VV m2, ., [Caola, Melnikov ‘13]

Ratio of onshell and offshell production rates gives indirect measurement
'y < 88 MeV using 7 and 8 TeV data and cut-and-count analysis.

Included in & improved on by experimental analyses.

Highlights importance of exploring Higgs in high-energy regime.

Important dialogue between theory and experiment!
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Recent CMS Results

Nature Physics 18, 1329 (2022)
[hep-ex/2202.06923]

e Consider H - 77 —4¢ and H — ZZ — 202v

* Production modes: gluon fusion and
electroweak production (VBF and VH)

» Observed evidence for offshell Higgs

production at 3.6c.
« Measure I'y = 3.2722 MeV

(assuming same coupllngs on- and offshell)
 Offshell gluon fusion signal strength:

ppt = 0.6240 G

 Offshell EW signal strength:

M(\)/ = 0. 90+0 59
(at 68% C.L.)
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https://arxiv.org/pdf/2202.06923.pdf

e Consider H - 77 - 4¢ and H — Z7Z — 202v

* Production modes: gluon fusion and
electroweak production (VBF and VH)

* Observed evidence for offshell Higgs

Recent ATLAS Results

ATLAS-CONF-2022-068

production at 3.2c.

* Measure T'y = 4.675% MeV

—
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* Assuming SM width:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/ATLAS-CONF-2022-068.pdf

Recent ATLAS Results

ATLAS-CONF-2022-068

10° E- ATLAS Preliminary
E  {5=13TeV, 139.0 fit
10° E
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Events

« Consider H - ZZ — 4¢ and H — ZZ — 202v e

* Both ATLAS and CMS measure Higgs width close to SM
value with errors ~ 50-60%

 Remarkable progress in 10 years!

* Further improvements:
— Interpretations of results;
- Understanding/reducing theoretical/simulation uncertainties.

.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/ATLAS-CONF-2022-068.pdf

Models and EFT interpretations

LHCHWG-2022-001
[2203.02418]

LHC Hicgs WORKING GROUP?

PuBLic NoTE

Public Note edited by Nikolas Kauer (May 2022)

Main goal: discuss and advance impact

Off-shell Higgs Interpretations Task Force®

of off-shell measurements on BSM physics
Models and Effective Field Theories Subgroup Report

Mostly in EFT framework

56 page document: just some highlights here

Aleksandr Azatov V2¢, Jorge de Blas *9, Adam Falkowski*®, Andrei V. Gritsan®*,
Christophe Grojean®™%, Lucas Kang™", Nikolas Kauer®! (ed.), Ennio Salvioni®10,
Ulascan Sarica'"*, Marion Thomas'?! and Eleni Vryonidou'®™

Universal flat direction in on-shell data: |
0.8F p
SM 4 SM
9hii = Funiv 9hii Fhr = H:univrh i " 100
K -1 — 80

‘univ
B R-cx o — 3

: 60
Kiiniv il

40

20

Combining with off-shell data lifts this ol B CMSHLAHCHEfecAon

If presence of untagged partial width I'.,, is assumed ——

0.2
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Models and EFT interpretations

e Such universal flat direction is possible in BSM, but requires a specific

“compensation” effect between Higgs coupling rescaling ki > 1 and new width

* Explore impact of off-shell on more general scenarios: relax coupling universality

(E"univ y Kp, BRexo)

v

Complementarity with observables that probe directly h — bb
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......................... . 14F" . ' ' : -
[ 1-o region )
1.3F 0 BRu=0 (Synpu=6.1) / ] : 1-; Fr:-glo: /
[ T BRuxo=0.05 (Syppn=4.2) 13F BRm:o ;
B =0.1 2 . ) - axo=4. )
[ P ORewomt m22) o -shell fit i [ @ BRoo=0.2 on-shell fit
1.2k @ BRyo=0.13 (synpp=1.1) 3] [ @ BR,_-03
Kuniv [ ORaAte Foniv 72 @ BRy=0.5
@ BR;o=0.4 (Synpv=1) ] Uny [
L] / __________________________
- off-shell
1.0f g

i v h,h—sbp = 0.79
0.9E, 1 1 1]

0.8 0..9 110 1.1 1.2 1.3
Ry
bk dibilae Off-shell has leading sensitivity for relatively large BRcx, = 0.2
an, E.Sa |
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EFT interpretations

e Studies within SMEFT: summary of Higgs basis parametrization
invertible matrix

2499 s

LsmerT = LsMm + Z C.0; cuB = Mw g Cwsb
i=1 Warsaw basis
coefficients

[A.Falkowski]
e Subset of operators relevant for gg — ZZ (9 CP-even, 5 CP-odd coefficients)

2 ’2

1

gz

14
Z;_;,Z +sz 4

.Zp.yZPW + CZDQLZ &;Z“’

h
Af = = (cgggs Gf;,,G“"“ — m[dyu]3strtr + h.c. + Se, 327
+f'gg 2 G G + €.z 942 ZWZW) - QZ(ﬁgfu)S?rZ#fL'T“tL —92(59gu)33ZNER’Y“tR

h =" v {48 a ra 1 [#3
e (l + )(gstﬁap T*[dgu)33tL Gy + gztra""'T [dZu]3stLZ,w) + h.c.

No real “signal” vs “background” distinction:

motivated new physics can appear in Higgs diagrams, box diagrams, or both
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EFT interpretations

* Begin systematic assessment of impact of EFT operators in off-shell region, using
SMEFT@NLO and JHUGen+MCFM
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Warsaw basis

Example: operator modifying Zi,t, vertex
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MadGraphS_aMC@NLO
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e SMEFT@NLO: do/dm,, distributions for bosonic and 2-fermion operators

Important interplay with other measurements (on-shell Higgs, top, EW precision):

incorporate constraints from global fits

19th Workshop of LHC HWG
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[M.Thomas, E.Vryonidou]
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[Ethier et al. 2105.00006]
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EFT interpretations

e Begin systematic assessment of impact of EFT operators in off-shell region, using
SMEFT@NLO and JHUGen+MCFM

e JHUGen+MCFM: include also EW production {

Focusing on 7V'V modifications (Higgs basis):
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EFT interpretations: plans

e Goal: for each SMEFT operator that can in principle contribute to off-shell region,

assess impact after accounting for constraints from other measurements
- systematically identify EFT directions where off-shell has most competitive sensitivity

e Start from simple observables (ex.: myy), then focus on most relevant subset of operators

and study more refined approach
¢ Fully understand interplay of ggF versus EW productions

e Estimates of higher order corrections in SMEFT?

e Complementarity of generators: for CP-odd effects need JHUGen+MCFM,
for ttZ and dipoles need SMEFT@NLO

e Basis translations using Rosetta and JHUGenLexicon

e Suggested timeline: Summer 2023. Slides of kick-off discussion (Nov 16) available at:

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGOFFSHELL
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Offshell Higgs calculations

* Need to consider:
- Signal gg — H* - VV %ﬁa% Y
- Background gg — V'V

- Interference &9@9 o

— Full (physical) result S+B+l

|Azz]? = |As]? + |Ap|* + 2Re[A,AF] — Oful = Osigl + Obked + Tints

10:{{{' T T LA N B B

4—lepton production, CMS cuts, Vs=13 TeV
qq - 4leptons

geg » h — 4leptons
gg - 4leptons(cont)
gg - 4leptons(total)

« Strong destructive interference [Campbell, Ellis, Williams (‘13)]

at high energies.

da/dm,[tb/GeV]

| 1 L1
100 200 500 1000 2000
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Higher order corrections: Status

 Corrections to background gg — VV very difficult to compute!

e Two-loop QCD amplitudes for gg - ZZ and gg — WW including massive
guark effects now known.

[Agarwal, Jones, von Manteuffel (‘20); Brannum-Hansen, Chen (‘20,'21)]

» Substantial computing resources required: still not used in cross section
calculations...

e Exact NLO corrections to gg - H - VV still not known:

— Approximations in heavy top limit or with reweighting of two-loop
amplitudes.

[Campbell, Czakon, Ellis, Kirchner (‘15); Caola, Dowling, Melnikov, RR, Tancredi (‘15); Grazzini, Kallweit, Wiesemann,
Yook (19, ‘20, ‘21)

- Matched to parton showers in POWHEG-BOX.

[Alioli, Ferrario Ravasio, Lindert, RR (‘21)]
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Higher Order Corrections: Jet Merging

Radiative corrections taken into account using jet merging:
- Upto 1 or 2 jets, generated according to matrix elements.
— Virtual corrections not included.

PS matching:

- Hardest jet generated according to matrix elements.
- Softer jets generated through PS.

— Virtual corrections included.

Combined study of jet merging and parton shower effects.
. in October.

19th Workshop of LHC HWG Offshell Status
29 November 2022
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https://indico.cern.ch/event/1210357/

Jet Merging and Parton Shower Matching

Highlight two studies:
* g9 — (H*) - WW +0/1 j generated with SHERPA 2.2.2.

* Merged using MLM merging.
Fixed order k-factors applied to m,,, distribution at LO (generated with MG5+PYTHIA)

= NLO sample differential in m,,,

SHERPA sample reweighted to m,,,,
* Done separately for signal (S), background (B) and S+B+interferfence (SBI).
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mm) 1-D reweighting looks promising...
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https://indico.cern.ch/event/1210357/contributions/5090190/attachments/2529572/4351857/171022_BAKortman_gg4l_MC_HWWOffshellSubgroup.pdf

Jet Merging and Parton Shower Matching

« Compare reweighted 0+1 jet merged SHERPA samples against
POWHEG-BOX-gg41+PHYTHIA.
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* Not more than 5% difference in normalized distributions.
* Further studies: compare parton shower and merging scale uncertainties; compare
samples in different jet multiplicities, ....
19th Workshop of LHC HWG Offshell Status 17
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https://indico.cern.ch/event/1210357/contributions/5090190/attachments/2529572/4351857/171022_BAKortman_gg4l_MC_HWWOffshellSubgroup.pdf

Jet Merging and Parton Shower Matching

* Preliminary comparisons for gg — (H*) = ZZ

* Very large jet merging uncertainty, much
smaller NLO uncertainty.

* Shape of merged O+1jet similar to that of
NLO+PS.

* Merging uncertainty is one of main systematics
in recent ATLAS measurement — NLO+PS
could lead to improved measurements.
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Offshell Higgs simulation in CMS
[CMS Note]

Comparison of parton shower tools:
* LO generator with k-factors + parton shower:
» LO samples from JHUGen/MCFM for signal, background and interference.
> Apply NNLO signal k-factors for m,, & N3LO normalization.
(Assumption: k-factors similar across signal, background and interference.)
» Generate jets using PYTHIA.

 NLO generator + parton shower:

» NLO samples for Higgs production from POWHEG using different Higgs
masses, reweighted to NNLO in m,,

> Decay H — ZZ from JHUGen.
» Generate jets using PYTHIA.

> Reweighting of propagator to m,= 125 GeV using MELA.
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https://cds.cern.ch/record/2826782
https://indico.cern.ch/event/1210357/contributions/5090188/attachments/2529732/4352150/20221017.pdf

Offshell Higgs simulation in CMS
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Offshell Higgs simulation in CMS

CMS Simulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV
102k EW ZZ(— 4{)+qq production (¢ = ¢, ji1) 10°F EW ZZ(— 40)+qq production (¢ = €, 1)
10'F N; =2 10'E N;j 22
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mye (GeV) mye (GeV)
* Decent agreement for VBF-like topology.
» Disagreement for VH-like topology.
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Summary

Incredible progress in offshell studies over last decade:
- ATLAS and CMS have evidence for offshell production.
- ATLAS: T'y =4.673¢MeV ~ CMS: Ty =327 MeV

|dentified relevant EFT operators for offshell production and
assessed their impacts.

Future plans: systematic identification of EFT operators which are
most sensitive to offshell effects.

Work in progress: comparison of simulation tools using parton
shower matching and jet merging.

e Welcome new ideas and contributors!

19th Workshop of LHC HWG Offshell Status
29 November 2022
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGOFFSHELL?redirectedfrom=LHCPhysics.LHCHXSWGOFFSHELL

THANK YOU FOR YOUR ATTENTION
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Higher Order Corrections: Jet Merging and

Use merging to simulate effect of additional radiation.

scheme.

F Vs=13Tev
; PPy, > 10 GeV
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0-jet
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Offshell Status

[Li et al. ‘20]

Merging of O, 1- and 2-jet samples in gluon fusion gg - ZZ.

Higgs-mediated diagrams not (yet) included [work in progress].
Z decay not included yet [work in progress]
MadGraph for matrix element simulation, matched to Pythia with MLM

core-hour
0.085
10.9
15300

Massive increase in
computational time
for 2 jet emission!
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https://indico.cern.ch/event/966917/contributions/4072039/attachments/2128012/3583607/20.10.22_HXSWG_Jet%20merging%20in%20gg-_ZZ%20production.pdf

Higher Order Corrections: Jet Merging and
PS

Use merging to simulate effect of additional radiation.

* Includes prompt ZZ production as well as Higgs-mediated
(HSBI”)-

* Leptonic decays included*.
* MLM merging to Pythia.

HHHIJIH@ug_.H, .
s

* 2 jet sample has onshell Z decays and no
spin correlations.
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https://indico.cern.ch/event/966917/contributions/4072035/attachments/2128200/3583798/2jet_HXSWG_21Oct.pdf
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