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Introduction

Focus on Higgs boson produced at high invariant masses p3; > m¥
E.g: gg — H-VV :

10% of events above the 2 m,, threshold. [Kauer, Passarino ‘12]

Large offshell rates also in EW production. [Campbell, Ellis ‘15; Gritsan et al. ‘20]

Contrary to expectations from narrow width approximation:

myg 125 GeV

— Expect a very narrow resonance and hence offshell cross section highly suppressed.

Due to Higgs boson restoring unitarity in massive scattering amplitudes
== offshell Higgs production allows us to probe unitarization behavior.

v Indirect constraints on Higgs width by comparing onshell and offshell Higgs rates. [Caola. Melnikov (2013)]

Oon ch?g]%/FH Ooff ch%g?“

v Probe Higgs in a different kinematic regime.
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https://arxiv.org/pdf/1206.4803.pdf
https://arxiv.org/pdf/1206.4803.pdf
https://arxiv.org/pdf/1307.4935.pdf
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 Need to consider:

do/dmy,[fb/GeV]

— Signal

— Background

— Interference

— Full (physical) result SBI

Offshell Calculations
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4—lepton production, CMS cuts, Vs=13 TeV
107! qq - 4leptons

— gg - h - 4leptons 3
1 gg - 4leptons(cont) ]
107% gg - 4leptons(total) —= . . . .
Large destructive interference at high energies
o I —3 Usigl — sign of Higgs unitarizing massive scattering
1o e amplitudes.
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[Campbell, Ellis, Williams (2013)]
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[Latest ATLAS results

invﬁg‘g Full Run 2 measurement in the
H — ZZ* — 4/¢ decay channel

Higgs width interpretation using

. . 3 (off-shell) Higgs signal on-shell
using neural simulation-based strength Eur. Phys. J. C 80 (2020) 957
inference.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SOFT-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
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[Latest ATLAS results

i&ﬁ? Based on 4-top search in ATLAS

g

Compare with (on-shell) ttH measurement
to do Higgs width interpretation.

On-shell measurement
Producllon Decay ecay

ggF, VBF, WH, ZH, tiH, tH H->yy Syy

{iH +tH H—bb _, bE
W,z ARy Higgs — top coupling width
— bb
geF, VBF, WH + ZH, ttH + tH H—ZZ
ogF, VBF Ho WW Ajfv
Ki2 x Kx2 WH, ZH Howw ™
ooF. VBE, WH + ZH, (fH +1H ~H—r * "W —
goF+(7fH + tH, VBF+ WH+ZH H —pp 77
Inclusive H—>Zy =11

 Several measurements used to constrain
other (not Higgs-top) couplings.

* Results vary significantly if ggH and
Hyy loops are used to constrain on-shell
Higgs-top coupling.
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Higgs width interpretation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
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Latest CMS results

Measured width and signal strength consistent with SM prediction.

CMS 138 fo=" (13 TeV) CMS 138 fb~! (13 TeV)
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http://arxiv.org/abs/2409.13663
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NLO Corrections

* Need to include corrections to signal >ﬁj

and background. . R f: w5 fj

— Include effects of top mass in loops.

* Bottleneck: two-loop corrections to
background with massive quark loops

Approximations:

* Expansion in 1/m,- valid for my,, < 2m,

[Dowling, Melnikov '15; Czakon, Campbell, Kirchner, Ellis '16; Caola, Dowling, Melnikov, RR, Tancredi '16]

* Expansion in high energy limit m,,, > 750 GeV

[Davies, Mishima, Steinhauser, Wellmann ‘20]

~

* Combination with threshold approximation Exact two-loop amplitudes for massive quarks computed
[Grober, Maier, Rauh ‘17; '19]

[Breannum-Hansen, Wang ‘20; 21]

* Reweighting of massive one-loop amplitudes
[Grazzini. Kallweit, Wiesemann, Yook ‘18; ‘21] [Agarwal, Jones, von Manteuffel “20]

Expansion in 1/m, matched to PS in POWHEG. K /
[Alioli, Ferrario Ravasio, Lindert, RR ‘21]

21* Workshop of LHC HWG Offshell Status 7
5 December 2024


https://arxiv.org/pdf/1503.01274.pdf
https://arxiv.org/pdf/1605.01380.pdf
https://arxiv.org/pdf/1605.04610.pdf
https://arxiv.org/pdf/2002.05558
https://arxiv.org/pdf/1709.07799
https://arxiv.org/pdf/1908.04061
https://arxiv.org/pdf/1811.09593
https://arxiv.org/pdf/2102.08344
https://arxiv.org/pdf/2102.07783
https://arxiv.org/pdf/2011.15113
https://arxiv.org/pdf/2009.03742
https://arxiv.org/pdf/2101.12095
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Exact NLO Results

3w Exact NLO results
[Agarwal, Jones, Kerner, von Manteuffel ‘24]

 Evaluation of two-loop amplitudes relatively expensive | 3
(~ 10 mins/point)
- Up to ~ 1000 minutes for low-p; events. £
* Use one-loop results for massive quark loops to
generate sampling grid of ~ 3000 points.
* Better than per-mille precision for most of phase space. iRk .
* Use T subtraction scheme: minimize contribution of I TR I T
two-loop amplitudes
1.00 s-.‘t g';:i " e
500 1000 s [(.;1[:';3(] 2000 2500 10°° 2y ;_[‘,,, m'““ m‘(m 2U|““ '2.'.110 107°
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https://arxiv.org/pdf/2404.05684
https://indico.cern.ch/event/1472811/contributions/6200795/attachments/2970172/5226868/BA_LHCHWG_Offshell_2024.pdf
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Exact NLO Results

Top-only contributions: 102

Ay _ +29.4% . :
O-LO = 19.00_21-4% fb o e —_—

10 4

Ay _ 16.4%
ONLO = 34.46(6)J_r14_4% b

do/dmzz[h/GeV]

Including all contributions:

107°5 /s =13.6 TeV
23.0%
0 = 1316+ < fb UR = pip = Mzz/2
LO —18.0% Lous | CTI8NLO

') <
I

GNLO = 2275(12)1-%;822 fb

NLO/LO

Fi
|

200 300 400 500 600 700 800 900 1000
mgz [GeV]

 Signal + massive quark loops
decreases cross section by ~ 2%.

* Differential k-factor ~ 2 for near
2m;, relatively flat after 2m,

[Agarwal, Jones, Kerner, von Manteuffel ‘24]
* Reweighting captures massive two-
loop contributions extremely well!
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https://arxiv.org/pdf/2404.05684
https://indico.cern.ch/event/1472811/contributions/6200795/attachments/2970172/5226868/BA_LHCHWG_Offshell_2024.pdf

<57 | UNIVERSITA
/") | DEGLISTUDI
¢ | prmiLaNo

Expansioninp_,

[Degrassi, Grober, Vitti ‘24]

partonic cross section

<R

[ -

i = Expansion in pr; : cover missing regions
\ toponlya, =0.118 — — _—
e \ o top only 1 2mZ < Mzgz 5 750 GeV
\ all quarks/10 — — P
— 04 14 = _ -
3 / - _—  Valid for p,, <2 m,
g 03k N T~ L PN 2
4 1 S o e 7 » Merge with high energy expansion S,t,u > m;
ap P i T using Padé approximants.
0.1 [ T eEXpansLon - _ ] .
< P eroest pp o oparioe v Expansions cover complementary phase space
o T ' ‘ ‘ —— regions
400 600 800 1000 1200 1400 g ’
i conion M2 1OV] i gy v Overlap region (t ~ 4m? ) covered by Padé
CK‘P(ZWSLDW

approximant.

V5= 800GeV V5 =1600 GeV

pr> expansion validated at LO:
« Permille agreement for mzz < 500 GeV
* Percent agreement for mzz S 650 GeV

|A9(0,:J|

3 1.10-

 Poor convergence for higher values. 5 105 Bl
2 1.00 ]
g 095 2 é:gg
=090, 100 200 300 = 090, 200 400 600 800

pr[GeV]
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https://indico.cern.ch/event/1397538/contributions/5881009/attachments/2837190/4958193/Offshell_ramona.pdf
https://arxiv.org/pdf/2404.15113
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[Degrassi, Grober, Vitti ‘24]

 Combination of
expansions validated |
at LO, at amplitude |
and differential cross

section level. ok

atio 1o exact
=
=1

R
e
e
)

(1/1]p, + [6/6) e
LME — —

200 400 600 800 1000 1200
MZZ [Gﬂv]
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Expansioninp_,

/5= 1600 GeV

<R

[ -

0.7 -
i |
0.6
g I
0.5 / Exa-ct .‘
g 04 y — = p;O(pr")
{ 0.3: ~ — - pr-HE merged
0.2
01!
0.0~
1.010:—
______________ 2 1005 /
- g 1.000 —
é 0.995
3 4 6 0.990 R RN RN N 1
—Hdm) 500 1000 1500 2000
M, [GeV]
Result for two-loop (box) amplitudes with massive
quarks in loops.
« Analytic expression : fast numerical evaluation.
 Valid in whole phase space.
* Approximation well-controlled.
 Allows e.g. study of top mass renormalization
scheme dependence.
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https://arxiv.org/pdf/2404.15113
https://indico.cern.ch/event/1397538/contributions/5881009/attachments/2837190/4958193/Offshell_ramona.pdf
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Modelling additional radiation

* Going beyond NLO is very demanding — include additional radiation through parton showers.

* Combine with fixed-order either through merging or jet matching.

mp Tuned comparison of merged NLO+PS (POWHEG) vs. LO 0+1 jet matching

(MadGraph and Sherpa).

Compare results at LO (no PS) to tune parameters: any difference beyond LO due to additional QCD

radiation.
0.00035 —
. 0.00030 _|_,‘ hl_“l_\_
% . L,
2 0.00025 F__;
=} - el
=l
= 0.00020
=
= 0.00015
E
=]
5 000010 1 MadGraph
2 signal, 13 TeV L Sherpa
0.00005 ] POWHEG
0.00000 T~
O 105
w
I 1
< 100
D f
a.
—_
= 0.85
150 200 250 300 350 400 450 500
May [GeV]
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oro [fb] PowHEG MapGraPH SHERPA
signal 0.08745(5) 0.08742(1) 0.08741(5)

bkgd 2.125(1) 2.724(1) 2.726(1)

full 2.617(1) 2.617(1) 2.616(1)

Offshell Status

See also [Li et al (2020)]
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https://indico.cern.ch/event/1472811/contributions/6220358/attachments/2970162/5226855/slides-offshell-2024_Matteo_Lazzeretti.pdf
https://arxiv.org/pdf/2006.12860.pdf
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Modelling additional radiation

Merged NLO+PS (POWHEG) vs LO 0+1 jet matching (MadGraph and Sherpa).
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Minor (~ 5%)
differences for myy

of signal. -
Slightly larger T
(~15%) for full
(SBI) result. HE

MR | | | |
Merging produces harder p; g - .
spectrum compared to A .

NLO+PS merging.

Due to large virtual corrections
in POWHEG but not in

MadGraph/Sherpa ?

* Uncertainty estimate: vary
matching/merging parameters

(Ngamps Xqcut, Qcut, Qcut).

Offshell Status 13
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https://indico.cern.ch/event/1472811/contributions/6220358/attachments/2970162/5226855/slides-offshell-2024_Matteo_Lazzeretti.pdf
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Interpretation in EFT

* Underlying assumption in Higgs width determination: onshell couplings are the same as offshell
couplings.

* New Physics could change the behavior of the couplings in such a way that the Higgs width is the same as
in SM!

[Englert, Spannowksy ('14); Englert, Soreq, Spannowsky ('14);: Azatov,Grojean, Paul, Salvioni ('16); Rossia, Thomas, Vryonidou ‘23;
Azatov et al ‘22 (HWG Note)]

* Parametrize couplings using EFT and perform simultaneous determinations of these and
Higgs width using offshell data.

> Higher dimensional operators change couplings.

* SMEFT:

21* Workshop of LHC HWG Offshell Status 14
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https://indico.cern.ch/event/1397538/contributions/5880997/attachments/2837497/4958847/Anisha_WG2024.pdf
https://arxiv.org/pdf/1405.0285.pdf
https://arxiv.org/pdf/1410.5440.pdf
https://arxiv.org/pdf/1608.00977.pdf
https://arxiv.org/pdf/2306.09963
https://arxiv.org/pdf/2203.02418
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Interpretation in HEFT

i%‘:? Analysis using HEFT: [Anisha, Englert, Kogler, Spannowsky ‘24]

g
/ E// * Modified Higgs propagator due to HEFT operators absent from SMEFT
+ W * Contactless interactions not considered.
: \\
vV
9

Impact of HEFT operators in H->ZZ

0.020
0015 |

0.010

da/dq [fb/(20 GeV)]

0.005 -

0.000

q [GeV]
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Bounds on HEFT operators from onshell + offshell data

6F P R S PUr L PR
ATLAS 139 b1 .7 4
al 95% CL T
2 -
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2
S -2}
-4
sl _‘__._‘___.‘-_.-v;‘- : ] ---.on-shell
SR i ] - - off—shell ZZ & on-shell
. ] [Jall
-8} ' E .- off —shell WW & on—shell
I I I 1 : il ---.off —shell
-4 -2 0 2 4
ano
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https://arxiv.org/pdf/2402.06746
https://indico.cern.ch/event/1397538/contributions/5880997/attachments/2837497/4958847/Anisha_WG2024.pdf

_P violation in loop-induced diboson
DrOdUCtion M. Thomas, E. Vryonidou [2411.00959]

» Implementation of CP-odd operators entering in gg — ZZ, WW in SMEFT@NLO.

» Interference of CP-violating WCs is odd around cosf* = 0, other distributions are

symmetric — we distinguish between CP-even and CP-odd contributions.

» Polarisation fractions are impacted by SMEFT operators: for CP-even WCs f; = fp while
for CP-odd WCs f; # fp .

._‘-l—-—_._‘___._‘__ __‘__-.'__.__—l—_ 0.5;
10° 4 O - sM
tlp ] |Unbtr REtcEﬂl

01499 = ZZ — 4l
1c/A2 =1TeV 2
| LHC@13TeV

10_23

=
.

e
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o
P
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Polarisation fractions

LHC@13TeV

(g9 ZZ >4l |
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Offshell Higgs through electroweak
production

ATLAS & CMS studying offshell Higgs through EW production (VH+VBF) with signal strength ~
50% - 100%

Width extraction with no assumptions on BSM physics in top quark loop.

AN

>

No clear distinction between signal and background.

q q . \‘\f:j q q q
X z 7
SgnaE{z /&z >”:r;z \A%z
Z
a q a q 7 Z q q
ATLAS: CMS:
« Madgraph (LO) + Pythia8 for e POWHEG (NLO+PS) + JHUGen decay
background, SBI, SBI20 * Wide-resonance signals with different
¢ SBI20 = offshell cross section and width Masses
rescaled by factor 20 to suppress onshell + Reweight B and I with MELA
contribution (cannot generate signal alone)
21* Workshop of LHC HWG Offshell Status 17
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https://indico.cern.ch/event/1472811/contributions/6220364/attachments/2970077/5226846/241119-LHCHWGOffshell-VBF.pdf
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Offshell Higgs through electroweak
production

* Modelling becoming important — include higher order corrections?
« NLO QCD + NLO EW known, but with VBS cuts

[Denner, Franken, Pellen, Schmidt ‘20, ‘21; Denner, Franken, Schmidt, Schwan ‘22]

* Would it be possible to have the implementation of these corrections in either a) a FO
calculator (could apply mVV corrections to nominal sample at truth-level), or b) a generator
matched to PS (allows running the sample through whole analysis including NN)?

» Alternatively, would authors be willing to: 1) re-run calculations with more typical offshell
analysis selections, 2) isolate S, B and | components, and 3) provide my-differential
corrections in usable form?

* NLO QCD corrections for VBF high-mass signal available in Powheg (used by CMS) and
MadGraph (but tricky/computationally-expensive). NLO EW available as automated
corrections in Sherpa+Recola —is this usable/recommended for VBF offshell Higgs?

——» Informal discussion this afternoon...

21* Workshop of LHC HWG Offshell Status
5 December 2024
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https://arxiv.org/pdf/2009.00411
https://arxiv.org/pdf/2107.10688
https://arxiv.org/pdf/2202.10844
https://indico.cern.ch/event/1472811/contributions/6220364/attachments/2970077/5226846/241119-LHCHWGOffshell-VBF.pdf
https://indico.cern.ch/event/1472811/contributions/6203089/attachments/2970169/5226864/NLO%20Corrections%20to%20VBS.pdf
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Summary

Active year for offshell Higgs studies:
* New ATLAS results
Full NLO QCD corrections to offshell Higgs production in GF known.

Improved approximation methods.

HEFT interpretation.

Moving toward offshell Higgs through EW production.

Work in progress: tuned comparison of NLO+PS and jet merging tools (POWHEG/MadGraph/Sherpa)

* HWG note next year, in time for YRS5.

Thanks to everyone who has contributed, given talks, etc.

We welcome new ideas and contributors!
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5 December 2024



<R

[ -

THANK YOU FOR YOUR ATTENTION
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