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Unitarisation due to Higgs boson

(longitudinal) Polarisation
measurements

Electroweak symmetry breaking

Measurements of SM parameters
— Higgs width

Triple/quartic gauge coupling
— EFT
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What is VBS and why this is interesting

[Denner, Hahn, 1997]
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Standard Model prediction
source: Stefanie Todt,
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Precision physics for VBS

Assume scaling of uncertainties with 1/L

» dedicated studies with detector simulation for example in CMSPAS-SMP-14-008

Integrated Luminosity 3000 fb-
Year 2038
EW(VBS) W=W=
EW (VBS) 2Z
EW (VBS) WZ

source: Jakob Salfeld-Nebgen, https://indico.cern.ch/event/711256
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Precision physics for VBS

Assume scaling of uncertainties with 1/L

» dedicated studies with detector simulation for example in CMSPAS-SMP-14-008

Integrated Luminosity 3000 fb-

Year 2038
EW(VBS) W=W=
EW (VBS) 2Z
EW (VBS) Wz

source: Jakob Salfeld-Nebgen, https://indico.cern.ch/event/711256

This talk

— Mainly focused on Standard Model physics
@ How to get to per-cent uncertainties from the theory side

@ Importance of interplay between experiment and theory
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LHC collision producing VBS final state (simplified/theorist’s view)
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Higgs properties
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For all: Standard Model physics and gauge-boson polarisation
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With 2 different amplitudes — 3 different contributions:
e O (a®): EW contribution/signal
o O (asa®): interference
o O (as?a*): QCD contribution/background

(VBS + others)x(QCD)

O (aG) @) (ozsa5) @) (0432044)
R/_/ H/_/

(VBS + others)? (QCD)?
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With 2 different amplitudes — 3 different contributions:
e O (a®): EW contribution/signal
o O (asa®): interference
o O (as?a*): QCD contribution/background

(VBS + others)x (QCD)

(VBS + others)? (QCD)?

How to measure the EW component (including VBS) then?
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[Ballestrero, MP et al.; 1803.07943]
@ The contributions have different kinematics

m, (GeV)

oson scattering and the Higgs boson
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[Ballestrero, MP et al.; 1803.07943]
@ The contributions have different kinematics
@ Use of exclusive cuts to enhance the EW contribution
— typical kinematic: back-to-back jets at large rapidities + central gauge bosons
— typical cuts are mj; > 500 GeV and |Ay;;| > 2.5
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[Ballestrero, MP et al.; 1803.07943]
@ The contributions have different kinematics
@ Use of exclusive cuts to enhance the EW contribution
— typical kinematic: back-to-back jets at large rapidities + central gauge bosons
— typical cuts are mj; > 500 GeV and |Ay;;| > 2.5

— Strategy: Exclusive cuts with irreducible background (int.+QCD) subtracted
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o (fb) per bin (mﬂ, Iy yﬂ|): a®
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[Ballestrero, MP et al.; 1803.07943]

m, (GeV)

@ The contributions have different kinematics
@ Use of exclusive cuts to enhance the EW contribution

—» typical kinematic: back-to-back jets at large rapidities + central gauge bosons
— typical cuts are my; > 500 GeV and |Ayj| > 2.5

— Strategy: Exclusive cuts with irreducible background (int.+QCD) subtracted

A\ VBS contributions appear also in the interference
A Theory-dependent measurement

Mathieu PELLEN

Vector-boson scattering and the Higgs boson



Moving on to NLO

Order O (asa6) and O (as2a5): QCD and EW corrections mix

At NLO
Meaningless distinction between EW and QCD component
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Moving on to NLO

Order O (asa6) and O (as2a5): QCD and EW corrections mix

At NLO
Meaningless distinction between EW and QCD component

Solution: Combined measurement of all the contributions
clear physical interpretation
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Example: WTW™ (golden channel)

Order ‘O(oﬁ) O(ase®)  O(aZa?)
fraction [%] | 86.5 2.9 10.5
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Example: WTW™ (golden channel)

o LO
Order ‘O(oﬁ) O(ase®)  O(aZa?)
fraction [%] | 86.5 2.9 10.5
e NLO
Order ‘(’)(oﬁ) (’)(asa6) O(afoﬁ) O(a?a“)
Sonro/oLol%] | —13.2 =35 0.0 —0.4

[Biedermann, Denner, MP; 1708.00268]

@ Large EW corrections as intrinsic feature of VBS [giedermann, Denner, MP; 1611.02951]

@ EW corrections are the dominant NLO correction
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Example: WTW™ (golden channel)

o LO
Order ‘O(oﬁ) O(ase®)  O(aZa?)
fraction [%] | 86.5 2.9 10.5
e NLO
Order ‘(’)(oﬁ) (’)(asa6) O(a?oﬁ) O(a?a“)
Sonro/oLol%] | —13.2 =35 0.0 —0.4

[Biedermann, Denner, MP; 1708.00268]

@ Large EW corrections as intrinsic feature of VBS [giedermann, Denner, MP; 1611.02951]

@ EW corrections are the dominant NLO correction

A\ NLO (EW) corrections should be included in exp. analyses!
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Example: ZZ for m;; > 100 GeV

— Non-trivial structure

— All NLO corrections are
relevant and dependent on
phase-space!

[Denner, Franken, MP, Schmidt; 2107.10688]
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Comparison with data

— sss-WW and WZ analysis of CMS with 137 fb~* [2005.01173]

Process o B (fb) Theory Theory
CMS exp. LO (fb) NLO (fb)
EW Ww 3.98 £ 0.37 stat + 0.25 syst 3.93 +0.57 3.31+0.47

EW+QCD WW 4.42 4 0.39 stat £ 0.25 syst 4.34 + 0.69 3.72 +0.59
EW wz 1.81 £ 0.39 stat £ 0.14 syst 1.41£0.21 1.24 £0.18
EW+QCD Wz 4.97 4 0.40 stat £ 0.23 syst 4.54 + 0.90 4.36 + 0.88

QCD Wz 3.15 4 0.45 stat £ 0.18 syst 3.124+0.70 3.12 4+ 0.70

~—> LO: MADGRAPH5_AMC@NLO+PYTHIA

— NLO: MADGRAPH5_.AMC@NLO+PYTHIA + NLO corr. from [Biedermann, Denner, MP; 1708.00268] or
[Denner, Dittmaier, Maierhdfer, MP, Schwan; 1904.00882] but only to EW signal

NB: Uncertainty for the NLO numbers are from the LO 7-scales variation.

— Set basis of future precision measurements
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Lessons learned

Physical/less sexy

Less physical/
more sexy

Mathieu PELLEN Vector-boson scattering and the Higgs boson



Lessons learned

) Physical/less sexy
@ Full measurement vs. Full calculation (EW+QCD)

[Meas. of leptons and jets]

Less physical/
more sexy
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Lessons learned

) Physical/less sexy
@ Full measurement vs. Full calculation (EW+QCD)

[Meas. of leptons and jets]
@ Full measurement - QCD background (MC) vs. full EW
(pb of int.)
[Meas. of EW production]

Less physical/
more sexy
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Lessons learned

) Physical/less sexy
@ Full measurement vs. Full calculation (EW+QCD)

[Meas. of leptons and jets]

@ Full measurement - QCD background (MC) vs. full EW
(pb of int.)
[Meas. of EW production]

@ Full measurement - undesired (MC) vs. desired EW proc.
[Meas. of process X] ...

. extract quantities (mass, coupling, EFT op., ...) Less physical/

more sexy
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Lessons learned

) Physical/less sexy
@ Full measurement vs. Full calculation (EW+QCD)

[Meas. of leptons and jets]

@ Full measurement - QCD background (MC) vs. full EW
(pb of int.)
[Meas. of EW production]

@ Full measurement - undesired (MC) vs. desired EW proc.
[Meas. of process X] ...

. extract quantities (mass, coupling, EFT op., ...) Less physical/

more sexy

Is it enough?
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Lessons learned

) Physical/less sexy
@ Full measurement vs. Full calculation (EW+QCD)

[Meas. of leptons and jets]

@ Full measurement - QCD background (MC) vs. full EW
(pb of int.)
[Meas. of EW production]

@ Full measurement - undesired (MC) vs. desired EW proc.
[Meas. of process X] ...

. extract quantities (mass, coupling, EFT op., ...) Less physical/

more sexy

Is it enough?
No... kinematics can also play a crucial role
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NLO QCD and EW fOI’ VBS W+W_ [Denner, Franken, Schmidt, Schwan; 2202.10844]
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NLO QCD and EW fOI’ VBS W+W_ [Denner, Franken, Schmidt, Schwan; 2202.10844]
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o Interplay between VBS WTW™ and VBF (H — WtW™)
— NLO EW corrections are large for VBS (siedermann, Denner, MP; 1611.02051]
— NLO EW corrections are moderate for VBF [Ciccolini, Denner, Dittmaier; 0707.0381, 0710.4749]
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Process Wrwt WTZ 77 WHwW- WHW-
(VBS setup) (Higgs setup)
Aol olfb]  —0.2169(3) —0.04091(2) —0.015573(5) —0.307(1)  —0.103(1)
ofolfb]  1.4178(2)  0.25511(1)  0.097683(2)  2.6988(3) 1.5322(2)
5" [%) -15.3 ~16.0 -15.9 114 —6.7
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Process Wrwt WTZ 77 WHTW— WHW-
(VBS setup) (Higgs setup)

Aofrolb]  —0.2169(3) —0.04091(2) —0.015573(5)  —0.307(1) —0.103(1)
ofolb]  1.4178(2)  0.25511(1)  0.097683(2)  2.6988(3) 1.5322(2)
5" [%) -15.3 ~16.0 -15.9 114 —6.7

@ Applying unphysical cut in addition:
|Myy — My| = 20Ty
in the VBS setup (following [ATLAS; 1905.04242], [CMS; 2009.00119, 2205.05711]):

e Excluding resonance: dnpoew = —13.2%
o Selection only resonance: dnr.ogw = —6.5%

Size of corrections driven by typical scales of the process and kinematic cuts!
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Process Wrwt WTZ 77 WHTW— WHW-
(VBS setup) (Higgs setup)

Aofrolb]  —0.2169(3) —0.04091(2) —0.015573(5)  —0.307(1) —0.103(1)
ofolb]  1.4178(2)  0.25511(1)  0.097683(2)  2.6988(3) 1.5322(2)
5" [%) -15.3 ~16.0 -15.9 114 —6.7

@ Applying unphysical cut in addition:
|Myy — My| = 20Ty
in the VBS setup (following [ATLAS; 1905.04242], [CMS; 2009.00119, 2205.05711]):

e Excluding resonance: dnpoew = —13.2%
o Selection only resonance: dnr.ogw = —6.5%

Size of corrections driven by typical scales of the process and kinematic cuts!

NB: Same effect for ZZ but mass-windows on Z prevent Higgs resonance
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o Typically cuts mj; > 500 GeV
Relaxed for rarest processes
m;j; > 100 GeV (ZZ analysis of [cws; 1708.02812])
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o Typically cuts mj; > 500 GeV
Relaxed for rarest processes
m;j; > 100 GeV (ZZ analysis of [cws; 1708.02812])

Inclusive study at LO: do / dmu (fb/GeV)
B
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[Ballestrero, MP et al.; 1803.07943]

/A EW component possesses VBS+tri-boson+other contributions
Naively, 100 GeV cut should do the job. Is it really the case?
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[Denner, Franken, MP, Schmidt; 2009.00411]
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[Denner, Franken, MP, Schmidt; 2009.00411]
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Example: ZZ VBS at NLO
A%

Effects of tri-boson (at NLO)
even when using mj; > 100 GeV
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How to ensure that all effects are under control?
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How to ensure that all effects are under control?

Solution:

o Different definition of the process
With and without QCD component

o Different phase spaces
Sensitive to different effects

e Example:
CMS ZZ measurement with 137 fb~!

[2008.07013]

Disentangles all physical effects
Great for exp./th. comparisons

Particle type

Selection

Leptons

Zand ZZ

Jets

ZZjj inclusive
pr(fy) > 20GeV
pr(f) > 10GeV
pr(€) > 5GeV
ln(€)] <2.5
60 < m(0F) < 120 GeV
m(4f) > 180 GeV

at least 2

pr(j) > 30GeV

()| < 4.7

my; > 100 GeV

AR(¢,j) > 0.4 for each £, ]

VBS-enriched (loose)

Jets

ZZjj inclusive +
|Any| > 24
my; > 400 GeV

VBS-enriched (tight)

Jets

ZZjj inclusive +
|Ag;] > 2.4
ny > 1TeV
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NLO-+PS for VBS

Normalised average rapidity of the third jet (NLO+PS)

1.2

—— NLO (fixed order)
—— MG5.aMC+Hy-Default
——— MGs5.aMC+Py8

- —— MG5.aMC+Py8, Q;,/2
—— Powheg+Py8

— — — Powheg-no shower
—— VBENLO 3+Hy-Default
=== VBFNLO 3+H7-Dipole

0.8

0.6

d UPPHE’LW*W‘JM z, [fb]

0.4

0.2

Ratio

00 00 OpnR RA
Ve N[O T R SV )
I

e b b b b B 1
o 0.2 0.4 0.6 0.8 1 1.2 1.4

[Ballestrero, MP, et al.; 1803.07943]
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https://cds.cern.ch/record/2936976

NLO-+PS for VBS — — — — NLO-PS for VBF

pp — H +2j (VBF only) VS =13.6Tev
Normalised average rapidity of the third jet (NLO+PS) [—— —T o T
— 1.2 | — NN ME + PS starting scale
e F . NLOPS scale + PS scheme
= r —— NLO (fixed order) 2 107
g —— MG5.aMC+Hy-Default %
T == MG5aMC+Py8 N
S oosl — —— MG5.aMC+Py8, Q,,/2 o0 —
= L
= r —— Powheg+Py8
¥ - — — — Powheg-no shower 4x10t
& oo ——— VBENLO 3+Hz-Defaul 106
~ C === VBFNLO 3+H7-Dipole . L
04 2 e
:;: 1.00
0.2 b R R e i i)
096
o = 094
1.4 £ Pug+PyB (dip)  —b— Hu7 (A0) - Shera3 (C5)
1.3 B _ Pug+Py8 (Vincia) —#- Hu (dip) Sherpa3 (Dire)
1.2 &= - g —#— Pwg+Hw7 (AO) —#— aMC+Hw7 (AO) Pwg+Py8 (dip, pThard0)
g e ,—'_\—’_'_\—LI—JI s
T 10 < w2
&£ 09 :
0.8 € 100
07 : om - P T
0.6 & T +
0.5 096 \_.'_‘_‘_'_
0%05 400 s00 600 700 800 900 1000 1100
%y My Gevl
[Ballestrero, MP, et al.; 1803.07943] — — — — [Barone, MP, et al.; 2507.XXXX]
https://cds.cern.ch/record/2936976
In between:

[Jager, Karlberg, Platzer, Scheller, Zaro; 2003.12435], [Buckley et al.; 2105.11399], [Héche, Mrenna, Payne, Preuss, Skands; 2106.10987]
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Theory status for ss-WW: (more in Review [Covarelli, MP, Zaro; 2102.10991])

Order O (a7) O (OéSOé6) @ (0452045) O (0453044)
NLO
NLO+PS X

Qo (&7) [Biedermann, Denner, MP; 1611.02951, 1708.00268]
+PS: [Chiesa, Denner, Lang, MP; 1906.01863]

@ o ((xsaa) [Biedermann, Denner, MP; 1708.00268], [Jager, Oleari, Zeppenfeld; 0907.0580],* [Denner, Ho¥ekova, Kallweit; 1209.2389]*
+PS: [Jager, Zanderighi; 1108.0864]*. Also, +1j: [Jiger, Lopez Portillo Chavez; 2408.12314]*

@ o (uszus) [Biedermann, Denner, MP; 1708.00268]

@ o (053044) [Biedermann, Denner, MP; 1708.00268], [Melia et al.; 1007.5313, 1104.2327], [Campanario et al.; 1311.6738]
+PS: [Melia et al.; 1102.4846], [Melia et al.; 1102.4846]
(*) Computations in the VBS-approximation i.e. t-u interferences and tri-boson contributions neglected
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Theory status for ss-WW: (more in Review [Covarelli, MP, Zaro; 2102.10991])

Order O (a7) O (oasoz6) @ (0452045) O (as3a4)

NLO

NLO+-PS X

Qo (&7) [Biedermann, Denner, MP; 1611.02951, 1708.00268]
+PS: [Chiesa, Denner, Lang, MP; 1906.01863]

@ o ((xsas) [Biedermann, Denner, MP; 1708.00268], [Jager, Oleari, Zeppenfeld; 0907.0580],* [Denner, Ho¥ekova, Kallweit; 1209.2389]*
+PS: [Jager, Zanderighi; 1108.0864]*. Also, +1j: [Jiger, Lopez Portillo Chavez; 2408.12314]*

@ o (uszus) [Biedermann, Denner, MP; 1708.00268]

@ o (0'53044) [Biedermann, Denner, MP; 1708.00268], [Melia et al.; 1007.5313, 1104.2327], [Campanario et al.; 1311.6738]
+PS: [Melia et al.; 1102.4846], [Melia et al.; 1102.4846]
(*) Computations in the VBS-approximation i.e. t-u interferences and tri-boson contributions neglected

@ Experimental uncertainty ~ few per cent at high-luminosity LHC
We should tick all the boxes by then!

Effect of non-perturbative physics
[Jager, Karlberg, Scheller; 1812.05118], [Bittrich, KirchgaeBer, Papaefstathiou, Platzer, Todt; 2110.01623]

NNLO QCD might even be needed...
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Polarisation studies

© L L L L LB BB IR
Experiment: S [ aras ® Data Ewwiew
. ~ 100 (s=13TeV, 140 o' pwiwijew MWWIEW —
Measurements in ss-WW 2 wwg Wi m [ Wi Gop
@ [CMS; 2009.09420] 0>> L Signal region Bwzacd  EWZEW _
' ’ W 80— Post-Fit Non-prompt Conversions —]|

@ [ATLAS; 2503.11317] [ Other prompt 7/ Tot. Uncert.

Compared to [Hoppe, Schénherr, Siegert; 2310.14803]

+ [Denner, Haitz, Pelliccioli; 2409.03620]

Theory:

o [Denner, Haitz, Pelliccioli; 2409.03620]

NLO QCD+EW for ss-WW

@ [Hoppe, Schénherr, Siegert; 2310.14803]

Approximate NLO QCD+-PS in
SHERPA

Data / SM

@ [Carrivale et al.; 2505.09686] (fOI’ dlbOSOﬂ)
Benchmarking exercise +
description of tools + references

Mathieu PELLEN

Vector-boson scattering and the Higgs boson



— With this precision programme, we might find new physics! Example of H '

> e \ T

8 30 ATLAS

= Vs=13TeV, 139" ® Data
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Semi-leptonic channels — challenging on both sides

Experiment: Theory:
@ [CMS; 2112.05259] @ [Denner, Lombardi, Schwan; 2406.12301]
fv4j channel LO with pole approximation

CMS 138 b (13 TeV)
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Summary

@ Many production mechanisms for one signature
— Make interpretation difficult
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@ Many production mechanisms for one signature
— Make interpretation difficult

@ Due to experimental precision,
theory predictions should be even better
—» Make interpretation even more complicated
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@ Many production mechanisms for one signature “High-luminosity LHC
— Make interpretation difficult vicious circle”

@ Due to experimental precision,

theory predictions should be even better

—» Make interpretation even more complicated
@ Challenges at High Luminosity:

o Better measurements
o Better theory predictions
e More complex interpretation
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@ Many production mechanisms for one signature “High-luminosity LHC
— Make interpretation difficult vicious circle”

@ Due to experimental precision,
theory predictions should be even better
—» Make interpretation even more complicated
@ Challenges at High Luminosity:
o Better measurements

o Better theory predictions
e More complex interpretation

@ One way out:
Different meas. in different fiducial regions!
— Some steps in this direction,
STXS for multiboson [andersen, MP et al.; 2406.00708 |
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Exciting physics at the LHC!

— VBS is just one example

—» Explore fundamental aspect of particle physics
— Precision and new ideas more than ever needed
— Crosstalk between exp. and th. is even more needed!
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Exciting physics at the LHC!

Explore fundamental aspect of particle physics
Precision and new ideas more than ever needed
Crosstalk between exp. and th. is even more needed!

Continue to explore even deeper the infinitesimally small!
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Back-up slides

BACK-UP
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