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Motivation for Vector Boson Scattering

Physics potential of Vector Boson Scattering:

|. Precision test of the electroweak SM at high energies
2. The Higgs Mechanism at work

3. Non-standard Higgs couplings

4. New Higgs-sector physics: the Higgs Portal

Extra Higgses

Resonances excited by VBF

Strong interactions, continuum, compositeness, top quarks
New final states (Dark Matter ?)

Requirements / Benefits at High-Energy Electron colliders s = | TeV2
|. High energy: sz |TeV2
. Well-defined initial state: electroweak production (small theory errors)
. High precision, triggerless operation: complete coverage of final states

2
3
4. Separation of spin, isospin, CP quantum number
5

. Discriminating power even on (some) light quark flavors
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‘ Setup of ILC / CLIC \ o

(HE-)ILC: energies & staging CLIC: energies & staging
[E;=025TeV, ZLin=2,000 fb-'] [ E/=0.35/0.38TeV, ZLin.= 100+500 fb-!]
[E2= 0.35TeV, ZLin=200 fb-! ] E;= 1.5TeV, ZLin= 1,500 fb-!

E3 = 0.5 TeV, gint = 4,000 fb-! : E3 = 3.0 Tev, gint = 3’000 fb-!

Es= 1.0TeV, ZLin.= 8,000 fb!

Initial state polarization: 80% e~,=30% e* Initial state polarization: 80% e~, 0% e*

Low angle coverage

M. Idzik: A.Phys. Pol. B46 (2015) 1297

e LumiCal: 38 — | 10 mrad
e BeamCal: |5 — 38 mrad

can go down to |5 mrad, i.e. n = 4.9
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ldentification of hadronic W/ Z

J. S. Marshall / A. Munnich / M.A.Thomson , arXiv: 1209.4039

Particle Flow Algorithm (PFA) allows very good particle ID for ILD detector

Tight PFO removes
photon-induced

background from
.2 TeV to 100 GeV

nobkgd.  Ew =500 GeV g0 BX bkgd.
.é) _IWI o 11' ] '§ : | _IWI L ]
£ 600+ 5 =400 B
L 4 L - Z 1
] 300 - ? WI/Z discrimination: 88% efficiency
400122 o 7 1.8 ¢ '
IR ) o e :
200 - Jkk : 100;_ JJ HH 2 With y-induced bkgd: 71 — 79 %
0 I el .F»-..arrr; _— [ ] 0 E — ITLII R Ll:_':wg
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Invariant mass [GeV] Invariant mass [GeV]
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Vector Boson Scattering in e* e

Signal process: triple gauge couplings, Higgs-V-V couplings, quartic gauge couplings

6+ V_e

same for WZ and ZZ, using all W/Z decays, particularly W/Z —jj

Background:  difermions with EWV radiation, single W, tribosons, radiative dibosons etc.

VBS at Lepton Colliders Snowmass 2020 EF04 Virtual Meeting, | 1.09.20



6 /22

‘(Non-exhaustive) Literatur: VBS in ete~ /e~ e

* Gunion/Tofighi-Niaki, PRD36 (1987) 2671: full MEs for VBS (WW) and heavy Higgs production [0.5, |,2 TeV]
* Gunion/Tofighi-Niaki, PRD38 (1988) 1433: same for ZZ final states  [0.5, |,2 TeV]

e Barger/Cheung/Han/Phillips, PRD52 (1995) 3815: measurements of WW/ZZ ratios [|.5 —2TeV]

* Dominici, Riv.Nuo.Cim.20 (1997) |: access to parameters of EW chiral Lagrangian in WW VBS [1.5TeV]

* Denner/Dittmaier/Hahn, PRD56 (1997) 117: EW corrections to ZZ = ZZ

* Denner/Hahn, NPB525 (1998) 27: EWV corrections to WW— WW

e Han/He/Yuan, PLB422 (1998) 294: interplay of WW VBS and WW/Z/ZZZ production [0.5,0.8, I, |.6 TeV]

* Boos/He/Kilian/Pukhov/Yuan/Zerwas, PRD57 (1998) 1553: EWV chiral Lagrangian (strong EW) [1.6 TeV]

* Boos/He/Kilian/Pukhov/Yuan/Zerwas, PRD61 (2000) 077901: strong EW: ZZ/W-W~ channels [|.6 TeV]

* Kilian, Int.J.Mod.Phys.A15 (2000) 2387: strong EW in e"e~ [l TeV]

 Linear Collider Physics Ressource Book 2001, Part 3: Studies of Exotic and SM Physics [hep-ex/0106057]
 Chierici/Rosati/Kobel, LC-PHSM-2001-038 : experimental study for strong EVW [0.18-0.8 TeV]

* Rosati, CERN-THESIS-2002-083 : experimental study for strong EWW [0.18-0.8 TeV]

* Beyer/Kilian/Krstonosi¢/Monig/JRR/Schmidt/Schroder, EPJC48 (2006) 353: o parameters,VBS+VVV [| TeV]
* Accomando/Denner/Pozzorini, JHEP 0703 (2007) 078: EWV Sudakov logarithms in VBS [3 TeV]

* Liebler/Moortgat-Pick/VVeiglein, JHEP 1506 (2015) 093: Off-shell Higgs effects in ee = vwVV [0.25 — | TeV]
* Fleper/Kilian/JRR/Sekulla, EPJC77.2 (2017) 120: VBS for SMEFT with dim 8 / simplified models [I, |.4, 3 TeV]
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VBS in ete

: SM rates and Backgrounds (I) ‘

Experimentally: study all processes that lead to VBS—like signatures [ TeV]:
Process Subprocess o |fb]
Fom = acad I T
, eTeT = Veleqqqq | W™W™ - WTW 23.19
-B
Vector-Boson Scattering St T o A= 7 - 624
Triboson Production ete™ — vqqqq V - VVV 9.344
ete” — veqqqq WZ s WZ 132.3
Vector-Boson Scattering / e ewdadis
Radiative Bhabha Sl e 5l
ete” —eTe qqqq | ZZ — WTW ™ 414.
Top [pair] production ete” — bbX ete” —tt 331.768
& e DTE T — Gl ete” - WTW~™ 3560.108
el L rocction ete” — qqqq g — 47 173.221
Single W Production ete” — evqq ete” — evW 279.588
Radiative Z Production ete” = eTe qq ete” —ete 7 134.935
QCD Di-/Multijets ete” = X ete™ = qq 1637.405

7 122

[80% e~, 40% e* polarization]

[Beyer/Kilian/Krstonosi¢/Monig/JRR/Schmidt/Schroder, EPJC48 (2006) 353]
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VBS in e* e~ : SM rates and Backgrounds (ll) ‘ o

Process 1400 GeV 3000 GeV  Factor ] e
WTW v ek 132 1 [fb], no cuts
WTW eTe™ 1570 3820 1

W*ZeTv 138 408 0.136

ZZete 3.78 4.70 0.019 ﬁ”'smmhed
WYW—(Z — vi) 11.7 9.35 1« | T
YAA%Y, I D) '

ZZeTe 3.78 4.70 1

W=*ZeTv 138 408 0.136

WTW —eTe™ 1570 3820 0.019

ZZ(Z = Vﬂ) 0.484 0.237 I "> Triboson background

[80% e7, 0% e* polarization] Fleper/Kilian/JRR/Sekulla; 1607.03030

M Signal cross sections rise factor 3—4 from 1.4 to 3 TeV
M Mistagging from W/Z conversions in hadronic bosons: severe for WZ scattering

M Irreducible backgrounds from tribosons (Gauge invariance connects full processes)
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VBS in et e~ ; Selection / isolation cuts

Cuts for | TeVILC  — .4 TeV CLIC — 3 TeV CLIC

Suppression of background from Z = vv, W*W~-, and QCD 4-jet production

M mr IB0E ST ARNE Gy M., (5v) > 230 GeV

Suppression of background from t—channel exchange in subprocess

piLw/z > 150 GeV p1w/z > 180 GeV p1 wyz > 300 GeV
| cosO(W/Z)| < 0.8 lcosO(W/Z)| < 0.8 lcosO(W/Z)| < 0.8
Suppression of yy—fusion induced backgrounds B
pL(WW) > 45 GeV pL(WW) > 50 GeV pL(WW) > 100 GeV -
pIlZZ) e pL(ZZ) > 40 GeV pL(ZZ) > 60GeV 4
f(e) > 15 mrad f(e) > 15 mrad 0(e) > 15 mrad

Suppression of non-scattering vector boson processes [i.e. massive EW radiation]

MWW c [575,800] GeV MW c[800,1175]GeV MW € [900, 1900] GeV

mo 1nv nv

MZZ € [600,800] GeV  MZZ ¢ [800,1175] GeV M2 € [850,1900] GeV

1mv 1mv
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Deviations as EFT — Dim 8 Operators ‘

(5)

Motivated by SMEFT: L= Lsn + Y | ==

<0 + 20 +

(6) (7)

A A

(7)
=

Longitudinal operators

Lo = Fsotr |(D,H) (D, )] tr [(DH)T(D'H)]

Ls1 = Feytr |(D,H) (D*H) |t | (D, H) (D"H)
Mixed operators

Lo = —QQFMOU' —(D#H>T(DMH):| Lr [W Wup:

vp

[:M,l = —ngMltr -(DMH)T(DPH)] [Wupww:

tr
Lo = —Q/QFMZU - wH H)'(D'H } tr [BW)BW):
(

H)
D”H)] r [B,,B"]

HH)*WUP(D“H)BW’_ ,
)

(D
£M,3 = —9,2FMRW ( m )T
Lyra = —gg'FMdtr (D

(

Lors = —gg Faptr | (D, H)TW, (D"H)B”“- |

Loty = —g*Fyr tr [(D H)'W W““(D”H) ;

vp
@ J.R.Reuter
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S.Weinberg, 1979

Buchmuller/Wyler, 1986
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Grzadkowski/lskrzysnki/Misiak/Rosiek, 2010

Eboli/Gonzalez-Garcia/Mizukoshi, 2006
Kilian/Ohl/|JRR/Sekulla, 2014

Alboteanu/Kilian/|RR, 2008

Transversal operators
Lro = g'Fy tr [W,, W] tr [Waﬁwaﬁ

Lo = ,(74F/1,1tr WQVW“B tr

Lro=g'Fptr W, Wﬂﬂ tr

Lrs= QQQIQFTSU"
Lrg= 92QIQFT6tI

Lr7= QQQ,QFTTU"

Log =g Fptr BWBW] tr [BQBBOE |

Lrg = g Frtr By, B"| tr [B;,B"] .

W'L“/W;u/] [BQBBQB-

Wa,,W“B

W W#B

tr

tr

:Wuﬂ W(w:

‘WBVWVQ

_Buﬂ B aV:

_ i
_B/BVB |

Snowmass 2020 EF04 Virtual Meeting, 11.09.20



Longitudinal Vector Boson Scattering in e*e~|

10~ 4

% J.R.Reuter
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Longitudinal Vector Boson Scattering in e*e~|

CLIC 3TeV

eTe” = vwvZZ
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Separability of signal and triboson

backgrounds

ete” > oWWTtW~—

10° | | | | =
SM _
I EFT Fgo=25TeV 4 —— |
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Bkg W*Zety ———-
gL ;
ey
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VBS in ete

: SM rates and Backgrounds (III)‘

13/22

Fleper/Kilian/JRR/Sekulla: 1607.03030

Total cross sections
[fb], all cuts

Process 1400 GeV 3000 GeV Factor
WTW —vo 0.119 0.790 1
W+W—ete 0.000 0.000 1
W*xZeFuv 0.269 1.200 0.136
Videric 0.000 0.000 0.019
WTW—=(Z — vb) 0.039 0.610 ]

Z v 0.084 0.790

e 0.000 0.000 1
W=*ZeFv 0.288 1.593 0.136
WHW—ete™ 0.000 0.000 0.019
Z7(7Z — vD) 0.000 0.000 1

@ J.R.Reuter
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MC error are
~ |% on average
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‘ Quick remark on validity and unitarization

EFT only valid for energy scales well below new degrees of freedom
Higher-dimensional operators: amplitudes rise with energy

High-energy regime could lead to unphysical results 1+:K/2

1—iK /2

a(s)

1—ia(s)

S:

® Truncate reach (“event clipping”)

A

® Measurement only in low-energy bins i K-matrix

® Unitarization procedure

[NCT=s
1
T

K-matrix: Stereographic projection to Argand circle

4
\

.. is partial resummation of perturbative series K
Gives bin-wise highest event yield compatible with QFT
Problem for amplitudes with intrinsic imaginary part (e.g. resonances)

T-matrix: Thales circle construction [Kilian/Ohl/JRR/Sekulla 2014]

A

|dentical to K-matrix for real amplitudes . :
! T-matrix

Does not rely on perturbative description

DO
1
T

e | e
‘a 2}_2

s 1
¥ o

Y
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Exclusion sensitivities

Continuum model matched to low-energy SMEFT with two Dim 8-coefficients at 3 TeV, 2 ab~!

I

10
80% e~ pol.

Fg1 |[Tev™]
o
|

I
(Wb
|

-10
-10 -5 0
FS,O lTPV 4]

All cuts have been applied

Detector efficiencies are included
All cross sections use T-matrix unitarization

@ J.R.Reuter
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Fleper/Kilian/JRR/Sekulla: 1607.03030

Confirmed by full simulation [CLICdp]
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SMEFT dim. 8: longitudinal vs. mixed operators

ete” = vuWTW = LT op. (upper panel),T operators (lower panel); continuum, no cuts
ete s owWTW~- ete” > owWTW~—
10° ¢ | | | | 7 10° ¢ | | | | ]
e . B 2 SM —— | e S = : il —— |
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‘ VBS diboson spectra ‘

T L
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General cuts: M;; > 500 GeV; An;; > 2.4; p‘gp > 20GeV; [Agls i
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‘ VBS diboson spectra ‘

pp — WTW¥jj
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General cuts: M;; > 500 GeV; An;; > 2.4; pgp > 20GeV; [Agls i
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Simplified Models & New Resonances
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€ €

Resonances might be in direct reach of LHC

€

Consider four simple cases (resonances)

? Isoscalar scalar (neutral)
? lIsotensor scalar (5 states:++, +, 0, —, — )
P Isoscalar tensor (neutral)
P Isotensor tensor (5 states)
isoscalar 1sotensor
TR S s
scalar G0 Wi D) T
Ps
Xt__7 Xt_7 Xto? X?’ X;_—I_
tensor i A R0
5

Rise of amplitude / anomalous coupling: Taylor expansion below a resonance

EFT framework EVV-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged

Include EFT operators in addition (more resonances, continuum contribution)
Apply T-matrix unitarization beyond resonance (“UV-incomplete” model)

Spin | has different physics
(mixing with W/Z2)

327"/ M
o [0) f X
Fsp : 2 15 5
Fs, - 4 -5 -35
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Simplified Models: New Resonances in VBS

Comparison: Isoscalar scalar resonance, with cuts
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Connection: VBS «— BSM | 20/22

O Cross connection EF04/EF0S8

00 Not tOPIC of this tal k’ but Beyond the Standard Model in Vector Boson Scattering Signatures

D G reat WO rl(s h @) P I n Michele Gallinaro (ed.)*, Kenneth Long (ed.)b, Jiirgen Reuter (ed.)®, Richard Ruiz (ed.)d, Dinos Bachas®, Liron Barak?, Fady
Bishara®, llaria Brivio®, Diogo Buarque Franzosi®, Giacomo Cacciapaglia', Farida Fassil, Eirini Kasimi®, Henning Kirschenmann®,
Ll S bo n I 2 / 20 I 9 Chara Petridou®, Harrison Pmspcrl, Jorge C. Romao™, Ignasi Rosell”, Ennio Salvioni®, Rui SantosP, Magdalena Slawinskat, Giles

Chatham Strong™*, Michat Szleper®

“Laboratério de Instrumentacdo e Fisica Experimenial de Partfculas, LIP Lisbon, Av. Prof. Gama Pinto, 2 - 1649-003, Lisboa, Portugal
b Experimental Physics Department, CERN, 1 Esplanade des Particules, 1211 Genéve 23, Switzerland
°DESY, Theory Group, Notkestr. 85, 22607 Hamburg, Germany
4Centre or Cosmology, Particle Physics and Phenomenology (CP3),
Vi 4 , 2, Chemin du Cyclotron, B-1348 Louvain-la-Neuve, Belgium
e University of Thessaloniki, Greece
ITel Aviv University, Israel
rsitdt Heidelberg Philosophenweg 16, 69120 Heidelberg, Germany
Iniversity of Technology, Fysikgdrden, 41296 Giteborg, Sweden
(1P21), CNRS/IN2P3, UMRS5822, 69622 Villeurbanne, France;
Iniversité Claude Bernard Lyon 1, 69001 Lyon, France
amed V University in Rabat, Morocco
sics, PO.Box 64, 00014 University of Helsinki, Finlund
Florida State University, Tallahassee, FL 32306, USA
e Fisica and CFTP, Instituto Superior Técnico
roa, Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal
ica y Ciencias Tecnolégicas, Universidad Cardenal Herrera-CEU,
- s, 46115 Alfara del Patriarca, Valéncia, Spain
ERN, 1 Esplanade des Particules, 1211 Genéve 23, Switzerland
aculdade de Ciéncias, Universidade de Lisboa, 1749-016 Lisboa, Portugal,
ia de Lisboa,Instituto Politécnico de Lisboa 1959-007 Lisboa, Portugal
ademy of Sciences, ul. Radzikowskiego 152, 31-342 Krakow, Poland
TISI dCDIL i di Padova, Via Marzolo 8, 35131 Padova, Ituly
| ‘National Centre for Nuclear Research, Pasteura 7, 02-093 Warszawa, Poland

International
Workshop on

BSM models in
Vector Boson Scattering processes

4-5 December 2019, Lisboa, Portugal

=

=

—
52

o>

N

L

Snner (e

o,
O
<
b
arXiv:2005.09889 i
. . ’ % The high-energy scattering of massive electroweak bosons, known as vector boson scattering (VBS), is a sensitive probe of new

physics. VBS signatures will be thoroughly and systematically investigated at the LHC with the large data samples available and
more th an I 80 refe rences those that will be collected in the near future. Searches for deviations from Standard Model (SM) expectations in VBS facilitate

Lests of the Electroweak Symmetry Breaking (EWSB) mechanism. Current state-of-the-art tools and theory developments, together
with the latest experimental results, and the studies foreseen for the near future are summarized. A review of the existing Beyond
the SM (BSM) models that could be tested with such studies as well as data analysis strategies to understand the interplay between
models and the effective field theory paradigm for interpreting experimental results are discussed. This document is a summary of
€~ the EU COST network “VBScan” workshop on the sensitivity of VBS processes for BSM frameworks that took place December

'>' 4-5, 2019 at the LIP facilities in Lisbon, Portugal. In this manuscript we outline the scope of the workshop, summarize the different
=™ contributions from theory and experiment, and discuss the relevant findings.

Keywords: BSM, Vector boson scattering, LHC
PACS: 29.40.Gx, 29.40.Ka
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The ultimate VBS measurement ‘

ALEGRO
¢ Ultimate machines: plasma-driven e*e~ accelerators ﬁ}:fr:ff;,ﬁak
¢ ALEGRO: Advanced LinEar collider study GROup ;mmmymm
¢ RF cavities: 50 MV/m, Drive beam: 100-150 MV/m
¢ Dielectric Laser (DLA): | GV/m , Plasema Wakefield (PWFA): 10-100 GV/m
¢ lIdea for linear ultra-high energy e*e~collider: 10TeV/ 30TeV /50 TeV
¢ Problem: needed peak luminosity: 1036 cm2s-! ,beam power: 50 MW (?), size: = | x | nm?
&

Beam spectrum: only fraction will be in highest bin, non-linear regime

¢ Effectively becomes a photon collider: yy =& W*W~ quite favorable

¢ VBS cross sections tremendous: 0.8 pb [30TeV] — 1.1 pb [50TeV]

¢ Regime of EWV radiation [VBS is just EW parton scattering]:

W radiation probability: 2 x = log” e ~ 0.44
7 mw

¢ Very boosted objects: macroscopic lifetimes b: 40cm ¢ 20ecm  T:70 cm
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Conclusions & Outlook

Fully hadronic final states available in VBS in lepton colliders

Hence: invariant mass of diboson system is fully reconstructable

Gauge invariance: VBS and tribosons cannot be disentangled in signal model
Fiducial volumes: cuts can massively enrich VBS component

Theory challenges: precision predictions, EVV corrections, Sudakov logarithms
Experimental challenges: hadronic W/Z discrimination in TeV regime

Studies of L, LT, T (longitudinal / mixed / transversal) [dim-8] operators
Validity of EFT: energy range, violation of perturbative unitarity, unitarization

Beyond SMEFT: simplified models with new resonances

¢ Ultimate VBS measurement might be in plasma-driven 10-50 TeV e*e-
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BACKUP
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ILC — 0.250-1 TeV e*e~ Collider | )

_
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o e*e” collider, 20.5-31 km length, c.m.energy: 250-500 GeV (tunable) [Upgrade: | TeV]

* Integrated Luminosity: 250/fb/yr [> 500/fb/yr]

e Based on superconducting RF cavities (31.5 MV/m design, 35 MV/m goal, 4145 MV/m max.)
* Two detectors/experiments ILD & SiD (shared interaction point)

* Japan starts pre-lab phase this year (follow-up organization of Linear Collider Collaboration)
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| CLIC — 1.5-3 TeV e*e- Collider |

& Normalconducting RF cavities: drive beam with ca. 100 MV/m ——
® Conceptual Design Report (CDR): [01/2012] @

® Linear tunnel of ca. 30-50 km at CERN
® staged approach: .38, 1.4, 3TeV CDR.01/2012
® Main challenge I: large scale test facility — CLEAR 0.22 GeV

® Main challenge Il: power consumption (590 MW @ 3 TeV) 23800 240N

& Only presently feasible multi-TeV option for e+e- auadnupole

quadrupole power-exiraction and
g transfer structure (PETS)
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