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S, VV scattering: a probe of EWSB

Vector boson scattering is , intimately” connected to EWSB and new physics
* In SM, unitarity in VV scattering is restored by Higgs exchange: o ~ O(E?) - O(E?) = O(E?)
* If HVV coupling is not exactly the SM value, unitarity is not realized [0 ~ O(E?)] or , delayed”
until a new high-mass state enters

Even if no new physics is observed directly (finite energy reach, large backgrounds), VV scattering
can reveal its existence
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Why Vector Boson scattering is interesting?

Example: Cross-section €r longitudinal W +W_ - = W +W_- scattering
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K+}{+ ~1/E?

Test of electroweak sector and EW Symmetry Breaking
Complementary to “direct” Higgs boson property studies
Differences in this sector will be indications of new physics
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Why Vector Boson scattering is interesting?

[Denner, Hahn, 1997]
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Testing the electroweak sector and EW
Symmetry Breaking ATLAS Al
\s=13TeV, 36.1 fb"
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Testing the electroweak sector and EW
Symmetry Breaking ATLAS Al
\s=13TeV, 36.1fb"
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Testing the electroweak
Symmetry Breaking

Events / 25 GeV
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Challenge: very low cross-sections

September 2020 CMS Preliminary

L | -
'8_ - = @ 7 TeV CMS measurement (L<5.0 fb”)
et 3 T 8 TeV CMS measurement (L<19.6 fb™")
o) = = @ 13 TeV CMS measurement (L < 137 fb™)
C 5n je?(‘:) — Theory prediction
n 2 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7



Diboson cross-sections: Ao = 4%

Septelmber 2020 | | | | | | QMS 'Preli(ninarly

CMS measurements 7 TeV CMS measurement (stat,stat+sys) e
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) e

13 TeV CMS measurement (stat,stat+sys) ++eo—+—
Y 1.06+0.01+0.12 5.0fb"
WY, (NLO th.) - 1.16+£0.08+0.13 5.0 fb
ZY, (NLO th.) — 0.98+0.01+0.05 5.0fb"
Zy, (NLO th.) e 0.98+0.01+0.05 19.5fb"
WW+WZ 1.01+0.13+0.14 491fb"’
WW 1.07+0.04+0.09 49fb"’
WW e 1.00+0.02+0.08 19.4fb"
WW - 1.00+0.01+£0.06 35.9fb"
Wz —_— 1.05+0.07+0.06 4.9fb"’
Wz ——e——i 1.02+0.04+0.07 19.6fb™
Wz o 0.96+0.02+0.05 35.9fb"
V.74 ~ — 097+0.13+0.07 49fb"
Z7 ———— 0.97 + +0.08 19.6fb™
Y4 —e—i 4,04 +0.02 + 0.0 137 fb"

Al resuts at 1 Production Cross S1ésction Ratio: o.../0 :
http://cern.ch/go/pN;j7 ) exp theo



EW quV cross-sections: Ao =

14%

CMS Prellmlnary

| August 2020 1 - . . . .

CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys)
Theory 8 TeV CMS measurement (stat,stat+sys)

13 TeV CMS measurement (stat,stat+sys)
qqW —+e—+ 0.84 +£0.08 +0.18
qqw e 0.91 +£0.02 +0.09
qqZ 0.93+0.14 +0.32
qqZ o 0.84+0.07 £0.19
qqZ o 0.98 £ 0.04 +0.10
YY—>WW = . 1.74+0.00 £ 0.74
qqWy ~ . j-,m .77 £ 0.67 £ 0.56
qqWy © gemam \PP\' 1.20+0.16 £ 0.21
ss WW = . H \:‘b 0.69+0.38+0.18

ss WW R Q.20 +0.11 + 0.08>
qaZy g 1.48 £ 0.65 + 0.48
qqZy & 0.64 +0.20 + 0.12
qqWZ 2. 1.46 +0.31 £ 0.11
qqZZ ——— 1.19+0.38 £ 0.13

—— ——
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All results at:
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Julius-Maximilians-
UNIVERSITAT )>T|3
WURzBURG  -1C programme

@ Run 1:
@ Discovery of the Higgs boson
@ exclusion limits for new physics models

@ Run 2:
@ Study of properties of the Higgs boson

Cprecise)measurements ofStandard-candle processes>
(Drell-Yan, (1) ....)

@ measurement o@ SM processes(ttH| . )

@ further exclusion limits for new physics models

@ Run 3 and beyond:
ocJmproved precision testSof SM processes and parameters
@ measurement of further new SM processes

oCdiscovery of New Physi@

Precise theoretical predictions needed to match improved experimental
accuracy!

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 2/29



Julius-Maximilians-
UNIVERSITAT ) _ ¢
WURZBURG Electroweak vector-boson scattering at the LHC IR

Physics issues of vector-boson scattering (VBS): (V =W, 7Z)

@ key process to test electroweak symmetry breaking
Higgs boson crucial for unitarity of process

@ search for anomalous quartic-gauge-boson couplings
sensitivity grows with energy of gauge bosons

mprovement of experimental precision >

Integrated Luminosity 3000 fb-

Year 2038

EW(VBS) WaW+

EW (VBS) ZZ
EW (VBS) WZ 35% 18% 13% 6%

Jakob Salfeld-ebge in https:/indico.cern.ce/event/711256

must be matched by theoretical calculations

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 3/29



Julius-Maximilians-
UN.IVERSITKT : b—TP
WURZBURG Irreducible background to VBS -

Final state: VV +2j (41 + 2j)

BEW QLB RLD - gluonic
E.ﬁ
v % \% g ; vV
g A
|4 |4 g V
E.%‘fi

@ Full electroweak (EW) process [O(a?) for stable V]
not separable from VBS

@ QCD process [O(a2a?) for stable V]
gauge-invariant contribution

@ interferences between EW and QCD contributions
[O(asa?) for stable V]
appear only for channels with identical or weak-isospin partner quarks

@ gluonic channels for neutral final states
@ irreducible background can be suppressed by cuts on M;; and |Ayj;;|

WHtwt WHtwt Wtz Wtz 7.7 7.7

Best EW/RCD ratlo clean eerrimem,taL siﬂwature

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 4/29



Julius-Maximilians-
UNIVERSITAT _ , | A T
WURZBURG Expansion in multiple couplings

LO: pure EW diagrams O(e®) and diagrams with gluons O(e*g?)
NLO: EW and QCD corrections to both types of diagrams

at level of cross section:
LO 0(046) 0(asa5) (9(0482044)

Virtual diagrams mix QCD and EW corrections:
@ EW correction to LO QCD amplitude

@ QCD correction to LO EW amplitude

= QCD and EW corrections mix at O (o) and O (a2a”)
QCD and EW corrections cannot be separated in general
possible in VBS approximation (neglects interferences)

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 5/29



Julius-Maximilians-
UNIVERSITAT R L4 AP
WIURZBURG Contributions to pp — pu"v,e™ vejj at LO 5

Vector-boson scattering (VBS) topologies: O (¢°) all ¢ channel

u > d
W+ Ve
W+ ot
Vi
_l’_
W W pr
(_i < u

TV
EW background O(g%), s channel QCD background O (g2 g4)
only t channel

t channel: incoming quarks/antiquarks connected to outgoing quarks/antiquarks
u channel: exchange identical quarks/antiquarks in final state
s channel: incoming quark and anti-quark connected, all boson propagators time like

VBS approximation: only ¢t and « channel, no interferences  (see slides 22-2=)

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 6/29



Julius-Maximilians-

UNIVERSITAT e . ~ )>TFz’
WURZBURG Existing NLO calculations — state of the art

Calculations for VBS within the SM

@ all processes known at NLO QCD accuracy@hed to PS)) (see next slide)
@ in VBS approximation (no s channel, no interferences)
o for both QCD-/EW-induced process
o all available in VBFNLO (apart from QCD-induced WTW )
9 all available in POWHEG-BOX (= PS matching)

@ possible to generate in MG5_AMC@NLO or SHERPA

@ NLO EW corrections known for WrW+, WZ, and ZZ
(WTW ™ in progress)

oCfull NLO computation only available for @ZZ in progress)
@ no NNLO results known

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 8/29



Matching higher order calculations
and parton shower

Higher Order

good perturbative accuracy, accurate
inclusive cross-sections, but limited to
low multiplicity and parton level only

proton
parton

| distribution
functions
hard scattering

at HO

Parton shower:

less accurate, but realistic description,
including multi-parton interactions,
resummation, hadronization effects

clustering, hadronization & decays

& pions, leptons &

photons

proton
& parton

distribution
functions
hard scattering

at LO




Matching higher order calculations to parton
shower (deserves a lecture of its own © )

Higher Order

good perturbative accuracy, accurate
inclusive cross-sections, but limited to
low multiplicity and parton level only

Parton shower:

less accurate, but realistic description,
including multi-parton interactions,
resummation, hadronization effects

parton shower™¢
evolution

A

000000000000

=

at

clustering, hadronization & decays

@ ? g
- -

& decays

"\

(&7 pions, leptons &
photons

pions, leptons &
photons

SO 00 ‘

proton
parton

distribution
functions

»

proton

parton

distribution
functions
matn LSSM,C avolod hard scattering

at HO

dovcbl,e—couwtbwg




I BONUS Existing calculations for V'V + 2 jet production ’}”TE

@ full LO predictions: Ballestrero, Franzosi, Maina '10 (PHANTOM)

NLO QCD separately for EW (O(a®)) and QCD-induced production (O(aZa?))

@ NLO QCD corrections to EW production in VBS approximation:
Jager, Oleari, Zeppenfeld (+ Bozzi) ‘06, '07, '09 (VBFNLO);

Denner, HoSekova, Kallweit '12
PS matching: Jager, Zanderighi ‘11,13 + Karlberg '14  (WTW™T, WTW ™, ZZ)
Rauch, Platzer '16 (W1TW ™), Jager, Karlberg, Scheller '18 (WZ)

@ NLO QCD corrections to QCD production:
Melia, Melnikov, Réntsch, Zanderighi 10, 11 (WTW™); Greiner etal. '12 (WTW™);
Campanario, Kerner, Ninh, Zeppenfeld ’13, ’14 (VBFNLO) (WTW™T, WZ, ZZ)
PS matching: Melia, Nason, Réntsch, Zanderighi 11 (WTWT)

@ EW corrections for complete processes pp — 4f + 2j

@ NLO EW and QCD corrections for WErW=, WZ and ZZ final states
Biedermann, Denner, Pellen ’16; Denner, Dittmaier, Pellen, Schwan ’19,

Denner, Franken, Pellen, Schmidt '20
@ full NLO corrections to WEW*  Biedermann, Denner, Pellen '17

@ NLO EW matched to EW PS and interfaced to QCD PS for W= W=
Chiesa, Denner, Lang, Pellen’19

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 7/29



Julius-Maximilians-

L\;VN(I:XEE?JIJ(IS\T Fiducial cross section for p v, et vejj (WTWTjj) QL

Scale uncertainty reduced by factor 5: Biedermann et al. 17

Lo = 1.6383(2) 7 L9000 b, onvo = 1.3577(7) 5205 b

results for separate orders:

order O(ab) Oasa®) | O(aza?) sum

o0 [fb] 1.4178(2) | 0.04815(2) | 0.17229(5) || 1.6383(2)

doro/oLo [%] 86.5 2.9 10.5 100
order O(a’) O (asab) O(aZa®) O(ada?) sum
SonLo [fo] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
donLo/oLo [%] —13.2 —3.5 0.0 —0.4 @

@ LO EW contribution dominates for W W jj

@ LO interference small but non-negligible

@ surprisingly large EW corrections at O (a”")

@ photon-induced contribution at NLO +1.5% (LUXqged Manohar et al. *16, *17)

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 9/29



I VEIRNIIIMI

WURZBURG

Distribution In transverse momentum ot the anti-muon

s g
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0 [%]

0 [%]
ENAT RN TR

ol ot

———— photon o’

0 100 200

VBS at Snowmass, 25. January 2021

Corvections are large at high energies where new physics Ls
expected to show up!
To find signs of new phystes, higher order caloulations are o

lmporta wnt

300

400
pru+ [GeV]

500

600 700 800

A. Denner (Wurzburg)

pp — pr v et v
@ EW contribution
dominates everywhere

O(a’) —40% at 800 GeV
(Sudakov logarithms)
dominant correction

(’)(ozsoﬁ) —4% — 0%
O(a2a5) (9(043044)
between —2% and +2%
cancelling for large pr,+

photon-induced
corrections increase to
4% at pp,+ = 800 GeV
(photon PDF grows with
energy)

percentage of proton's momentum carried by photon

0.9
0.8
0.7
0.6
0.5
0.4
0.3

NNPDF30
MRST2004 (0,1)

CT14qed_inc (0,5)

LUXqged B

photon momentum [%]

0.1

1000
1 [GeV]
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Julius-Maximilians-
UNIVERSITAT i int invariant. o .
WURZBURG Di-jet invariant-mass distribution

——- LOEW My Lportant to tag VBS signature
PP — Ve Vej]
@ Large cross section also
for high M;;

@ QCD-induced contrib.
drops much faster

@ O(a") —6% — —17%

@ O(asa®) +5% — —5%
o O(a?oﬁ), Ofala’) tiny
@ photon-induced

s —
- i corrections decrease
= 0 e 7 : with M;;

% i aod oot ——— photon &’ ]

600 800 1000 1200 1400 1600 1800 2000
M;,j, [GeV]

VBS at Snowmass, 25. January 2021 A. Denner (Wiirzburg) 11/29



Julius-Maximilians-

UNIVERSITAT
WURZBURG

Event generator for W*W= with QED PS matching &k

Chiesa et al. '19
10-3 @ Event generator based on
POWHEG and RECOLA for
e pp — prv,etrejj and
10-*{ — MoCaNLO LO ] pp — eil/eeiuejj
| - MoCaNLO NLO EW including EW corrections
- POWHEG NLO EW + PS matched to QED parton
107° shower and interfaced to
0[] QCD parton shower
18: PS shifts events to smalle
_10- pr i, , partially out of
:gg : acceptance
—40
—50 . . .
0 200 400 600
prj[GeV]
VBS at Snowmass, 25. January 2021 A. Denner (Wiirzburg) 12/29



Julius-Maximilians-

UNIVERSITAT
WURZBURG

Vector-boson scattering approximation at NLO QCD IR

Comparison of codes with VBS approximation (BONSAY, POWHEG VBFNLO)
and without VBS approximation (MOCANLO+REcoOLA, MG5_AMC)

pp — pveT vejj Ballestrero et al. *18 (VBSCAN)
0.5 .
NLO NLO BONSAY — 3
108 = 0.4 MG5_aMC —_
= MoCaNLO+Recola — g
5 2 03 POWHEG — 3
% >§ VBFNLO — 1
éE BONSAY — f; F E
T\; 104 | MG5_aMC — g 0.2 : =
© - MoCaNLO+Recola — - .
- 0.1 E =
POWHEG — : E
o VBFNLO — q : ]
S bwnsbuwhiishilsnlonli, 8 of ;
€ 11 F ﬁ € 11 F E
S . z S z
z 1k N=co=RECRLRRRE z 4 == I
g | HHEHT g - =
2 0.9 — = 0.9 _ 3
-% S L L L i L iy }‘93' E | | | | |
T 500 1000 1500 2000 2500 3000 3500 4000 o 3 4 5 6 7 8 9
My, (GeV] Aymz R‘CVM;LWdeY:
differences up to 10% outside the QCD scale uncertainty band VBS approximation
POWHEG, Bonsay: no s channel = reduction at small M;; = wno s-channel,
VBFNLO: no interference = enhancement at small M;; wo interference

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 19/29



I BONUS Vector-boson scattering approximation at NLO QCD

Comparison of codes with VBS approximation (VBFNLO)

and without VBS approximation (MOCANLO+RECOLA)
pp — ph e vojj Ballestrero et al. '18 (VBSCAN)

6 . SlltF+uP]

Ot +iur] . ol|sP+[tF+uf]
<& T o[l 0000 :

inthe(m ,Ay )plane
4z 1y G[fU”]

in the (mjj , A yu ) plane

1.5
1.4
1.3
1.2

45 4.5

3.5 1.1 3.5
= 1

0.9

0.8

lay.

25 0.7 2.5
0.6
0.5

200 300 400 500 600 700 800
mj1j2 (GeV) m, i, (GeV)

200

300 400 500 600 700 800

@ approximations worse at NLO than at LO:
difference of up to 20% in fiducial region M;; > 500 GeV, Ay;; > 2.5
(gluon bremsstrahlung fakes tagging jet in s channel)

@ difference for fiducial cross section: (Mj; > 500 GeV, Ay;; > 2.5)

t| + |u| approximation: ~ —2% |s| + |t| + |u| approximation: ~ +1%
@ difference for inclusive cross section: (Mj; > 200 GeV, Ay;; > 2)
t| + |u| approximation: —6% |s| + [t| + |u| approximation: +2.6%

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 20/29



Julius-Maximilians-

UNIVERSITAT - A -
WURZBURG Corrections to fiducial cross sections

N 2]

@e universal NLO EW corrections to VBS processes

process oo™ o] oo hw [b] G (%]
Biedermann et al. '16

pp — ptvie vejj (WTWT) 1.5348(2) 1.2895(6) —16.0
Denner et al. '19

pp — ptp et vejj (ZWT) 0.25511(1) 2.142(2) —16.0
Denner et al. '20

pp — u " ete jj (Z7) 0.097681(2)  0.08214(5) —15.9

largely independent of cuts =dntrinsic feature of VBS processes >

Relative NLO EW corrections in logarithmic approximation

process Spw [%] O (%] SosNT (%] (M) [GeV]
pp — pivueT vejj —16.0 —16.1 —15.0 390
pp — p T et vejj —16.0 —17.5 —16.4 413
pp = ppTeteTjj 159 —15.8 —14.8 385

VBS at Snowmass, 25. January 2021

A. Denner (Wirzburg)
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I BONUS NLO QCD and EW corrections to ZZ production in VBS ’}’:“:2)

@% ptpmete jiD Denner et al. '20

@ Loose VBS cut: Mj; > 100 GeV

— NloEw | based on 1708.02812 (CMS)
NLO QCD 1
—— NLO EW+QCD| @ s-channel NLO contribution

involving tri-boson prod.

g—~ 4005508
::VV\}<:\/ gl
A V 2
S NNS=T ts
% tq
q —>—¢ q_/
% q

Less suppression at NLO
owing to extra gluon jet

@ 24% NLO QCD corrections to
fiducial cross section

‘ ‘ | | | | | | | = include tri-boson contrib. for
200 400 600 800 1000 1200 1400 1600 1800 2000 IOOSG VBS CUtS
M; j, [GeV]

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 21/29



I BONWUS | Distributions forpp — ptu~ et vejj (ZWTjj) Ak

Distribution in transverse momentum of the leading jet Denner et al. 19
do/dpry [fb G'e'V'_'l] """""""""" @ O(a") ~ —-30%
1073} —— 10 : at pr;, = 800 GeV
: —— NLO QCD ! (Sudakov logarithms)
— NLOEW ‘ dominant correction

NLO QCD+EW | 6
1044 | @ O(asa®) $10%

for pr;; > 100 GeV

small QCD scale uncertainty

owing to dynamical scale
H = /PT,j1 PT,j>

@ large correction for small
pt,;; due to phase-space
suppression at LO
(all jets have small pr)

redistribution of events at
NLO

10_5;

100 200 300 400 500 600 700 800

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 16/29



Introduction and experimental motivation ‘iEfW

VV production via vector boson o ¢
scattering
Important component of VVjj
production proceeding entirely via EW
interactions at tree level

V self-interactions and interactions with *

eviations from predictions signa q
new physics in EW sector j)
New probe of the SM in the EW sector
given high Run Il (and Run [lI) lumi

Does VBS production occur with the rate

predicted by the SM? BSM H= Production
Do distributions show any signs of BSM physics?

Excellent experimental challenge W
High multiplicity final state, complex and forw ' S

Kenneth Long 3




Compact Muon Solenod

Zaay
L)

Characteristics of VBS events ‘iE{W

NL S

Radiation of vector bosons, lack of color flow between jets
Distinct kinematic signature for VVjj EW component

My = 90.4 GeV
m;; = 876 GeV

CMS Experiment at LHC, CERN
Data recorded: Wed Oct 12 18:07:34 2016 CDT
Run/Event: 283043 / 94262902

Kenneth Long

Forward and high momentum jets ‘J

Leptons central wrt jets 4




Anatomy of a VBS measurement B

Nl

Select VV events with VBS-like jets

Dominant experimental uncertainty: jet energy scale
Estimate non-VV backgrounds — usually data driven
Measure (treat (a) + (b) as signal)

Theoretical dependence minimal for cut-and-count analysis
Distinguish EW and QCD production mechanisms through kinematics
variables (e.g., of two highest prjets)

Treat (a) as signal, (b) as background

Modeling uncertainties important for MC-driven backgrounds

Multi-variate — best sensitivity, less explicit theoretical assumptions

modifying VVV (VVVV) interaction

Interpret in terms of generic (EFT) (¢) or explicit models (d)

(ll (l”

q

Kenneth Long 5
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PRL 120, 081801 (18) % arXiv:2004.10612  PLB 793 (2019) 469 PLB 803 (20) 135341
- EWobs (exp) 6.5(4.4) - EW obs (exp) 5.5 (4.3) - EWobs (exp) 5.3(3.2) - EW obs (exp) 4.1 (4.1)
- Via it to m;+CR - via fit to BDT+CR - fit to BDT+CRs - Via fit to BDT [Zy]
%PLB 809 (20) 135710 #pLB 812 (2020) 135992 % PLB 809 (20) 135710 JHEP 2006 (20) 076
- EW obs » 5.00 - EW obs (exp) 4.0 (3.5) - EWobs (exp) 6.8(5.3) - EW 3.9 (5.2) [zy]
- via 2D fit to mjj/dEtajj - Via fit to ME discriminant - via 2D fit to mjjinjj +CRs - 2D fit to mii/njj+CR
- unfolded xsecs + Via fit to BDT - combined w/ 8 TeV
% PLB 812 (2020) 136018 TﬁpioaLLg higher observed than 4.7 (5.5)
- Polarisation search expected significance (except Zy) PLB 811 (2020) 1359¢
: for both e)qsenmewtls - EW 4.9 (4.6) [Wy]
Semi-leptonic decays - combined w/ 8 TeV
P y 5.3 (4.8)
PRD 100, 082007 (2019)  Phys. Lett. B 798 (2019)134985 = fully reconstructanie
EW obs (exp) 2.7 (2.5) Only BSM search (SCVC' . ;?nff ) reeeton
via fit to BDTs in 9 SR+CR P
kenneth Long Results from ATLAS and CMS at 13 TeV (36 fb-! or % 140 fb-1)




Statistically limited

Fully leptonic VV analyses

WiWijj

Best EW/ QCD
ratio

WZj

77

Cleanest channel.
less statistics

Signal

(see backup for Wy and Zy results)

Irreducible bkg | Other bkgs

g /fm-r, "’"hmnm :{
tttZ, VVZ

WZjjlew/qcd)
77
Non-prompt
tVx
Wy
Wrong-sign

77
Non-prompt
tVx
Wy
Wrong-sign

Ztjets, tttjets

(negligible
impact)

Event topology

2 same charge leptons

2 tag jets and MET

3 leptons with total charge
-1/+1

2 tag jets and MET

2 pair of opposite charge
leptons

2 tags jets



Vector-boson scattering Other EW prod

U u*jj Candidate Event

mjj=2800 GeV | Ayji|=6.3

| N N I I |

[
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W*W4jj production

QCD production
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A EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC



[Phys. Rev. Lett. 123 (2019) 161801]

EWK same charge WW production — @)

WzW= - 2vov 47 %
ATLAS
EXPERIMENT
63’[ EWK/QCD over background ratio! Oztr;/er
(o}
Main background WZ QCD mediated production: _
o Normalization taken from data e/ y conversi
o Shape taken from simulation 11 %
o Theory uncertainties applied (PDF, scale, shower)
WWijj QCD
- 6 %
Misid. lepton
* I Di-jet invariant mass — 12 9% )
= - ATLAS ~+ Dat . Main
q>J = e W*Wjj electroweak _
0 (s=13TeV, 36.1 b WAWE strong ba ckg rounol
60 - [ Non-prompt o
i I 3\//«/Zconversions 1 Signal extracti trategy - Fitting framework development
- EWKWW - ?;?:fu",fﬁg:{’a‘mty . Simultaneous fit of dijet invariant mass (M;>200Ge
40 \V — and WZ control region
I % 4 Observation !t

L Observed (expected with Sherpa
significance is 6.50 (4.40)

500 1000 1500 2000 2500 3000

m; [GeV] Observation already with 2016 data

20



[arXiv:1812.09740]

EWK WZjj production Wz EW S

26 %
= tZj+VVV
e A % ATLAS
Misid. |e’i)t°éns EXPERIMENT
5%

Signal extraction strategy

Boosted Decision Tre€¥rained on simulation events, to separate 2z
- 8 %
WZjj- rom backgrounds

mij, Niets, prit,p1i2, ni*, Anj, Adj
lyiw = yzl, ptW, ptW, nW, mtWz
AR(J1’ Z)’ RpThard’ clep

15 discriminant variables used

WZjj QCD
Simultaneous fit of BDT in signal region with 3 Control region 54 %
regions (WZ QCD, ZZ and tZj)

BDT using 15 discriminant variable ijse?\fatiﬂﬂ H _

Events /0.2

45 fmrre ; ; Results: —
40 s=13Tev,36.1 " o waEew | Observed (expected with Sherpa)
E Wzjj SR — . significance @
35 __.— I Misid. leptons . )
30E -E\;nd VW -
- é}% Gl Fiducial cross section measurement
SE it EWK WZ
20 o 3
15E égl# 3 ol iew = 0.57 113 (stat) F:03 (exp. syst.) *0-03 (mod. syst.) 001 (lumi.) fb
= gl ), 3
10E ¢ |3 . :
8 %777, s LO Sherpa cross-section (No EW/QCD interference)
i =73 0 e . o e = 0.321  0.002 (stat.)  0.005 (PDE)*$:93] (scale) fb,
BDT Score

19



Simultaneous maximum likelihood fit with WZ and
WW treated as signal

Electroweak W=W=+WZ: combined approach gl

Nl

PLB 809 (2020) 135710

For WZ, train BDT with 13 variables to distinguish EW from QCD

Jet, V (lepton, MET), jet+V kinematics

~20% improvement wrt 2D n;/m; approach used for WW
Likelihood built from bins of WZ BDT in WZ SR, WW in 2D n;/m; in WW SR,

and mj in b-tagged non prompt, tVqg, and ZZ cRs

Signals + tZqg ,ZZ with unconstrained normalisations

CMS 137 fb” (13 TeV
CMS 137 10" (13 TeV) = T ' e |
> [rrrTrrrrrrrrre et 2 Vy -¢-Data
3 v -+ Data » 400 — I Wrong sign W Bkg.unc.
> vy A Bkg. unc. 5 0 Other bkg. B EWK WZ i
£ 1 Wrong sigl ww u>_j i mwz
[ I Other bkg. B EWK Wz i | 2z =
it} mwz 300} 1 Nonprompt ]
[ B tVx 1
200 5
100
= = ]
214 T ]
s12E, IS R S e T
"('6 1 ,:..g., 5";:”:‘!‘:.’5“"»'?1“‘.:?:‘ﬂ',"‘?;"»:""‘fg“.;"_:"::'".‘E?:“";‘:‘:‘ SEas ,.:1
; ] Qo8 f b '
i A . ‘ ] 06 F =
500 1000 1500 2000 2500 a ?800 -1 -0.5 0 0.5 1
m; [Ge BDT score

Kenneth Long
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Electroweak W=W=and WZ: results C\ER/W

NS
Sensitivity to WW far exceeds 5 sigma PLB 809 (2020) 135710
WZ significance obs. 6.8 (5.3 exp) s.d.  oms .
Fiducial cross sections and unfolded E [ e | ' ]
distributions also reported 3 oml e ——
Unfolding via maximum likelihood fit E | ]
: : : B i
without regularisation S
. 0.02 — ]
WZ BDT replaced by mjj or observable !
— NS 178 () g L e o
% 0015 _l L |D\atal UL | | L [ UL | | L I_ i - : : : : :
O] i MADGRAPHS_aMC@NLO+Pythia8 without NLO corr. | EW WZ also MLQMCV > 15F =
B ---------- MADGRAPHS_aMC@NLO+Pythia8 with NLO corr. 5 9 * E .
= [ — W W2 1 (as for ATLAS) 2|8 & i
= | < 218 1R i :
£ 1 but precision 05F TS
© - 8 , , ’, ’, 100 200 300 400 500
e g 1 statistically limited m, [GeV]
0.005 -~ -
A i Th tical predicti Th tical predicti
T ks i Process o8 @) without NLO corrections (f) _with NLO corrections ()
i ﬁ i ZEW WEW* > i (S3tf§ j:: g:;g eyt 3.93 4+ 0.57 3.31 4047
15:' L L L B ) B S [ B RS EW+QCD W*W= 0.39(;;§;t8:;57(sy5t) 434+ 0.69 3.72+0.59
2 el - 1.81 +041
§§ ; @ 0.39 (stat) + 0.14 (syst) 141+0.21 1.24+0.18
497 +0.46
= 0-5:‘ e o e nm g br x o EW+QCDWZ 0.40 (stat) = 0.23 (syst) 4.544+0.90 4.36 +0.88
500 1000 1500 2000 2?%0 [ Gegl(ioo QCDWZ 045 (:;j:g I g;fg (syst) 3.12£0.70 3.12£0.70
Kenneth Long ! 11




Julius-Maximilians-

UNIVERSITAT o . . _ »&TB
WIURZBURG Physical interest in polarised cross sections

Preliminaries
@ All information about polarised cross-sections is within angular
distributions of final-state particles.
@ Extracting polarised observables simplifies interpretation and
theoretical analysis.

Polarized observables

@ are important probes of Standard Model gauge and Higgs sectors,
@ may provide discrimination power between SM and beyond-SM physics.

Longitudinal polarisation mode of vector bosons is

@ a consequence of the Electroweak Symmetry Breaking,

@ very sensitive to deviations from SM:

unitarity of cross sections with longitudinally polarised vector bosons
realized in SM via cancellation of different contributions

=- Extract experimental results for cross-sections with
longitudinally polarised vector bosons.

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 22/29



Julius-Maximilians-

UNIVERSITAT
WURZBURG

Ambiguities of polarised cross sections with vector bosons )*TB

@ Massive vector bosons appear only as virtual particles =
@ no unique definition of vector-boson polarisations
@ diagrams without resonant vector bosons contribute to physical final state
@ ve ve =
efinition of polarisation depends on frame and on mass™

Different definitions of polarised cross sections in the literature:

@ Definition via projections on LO decay-angle distributions
Baglio, Le Duc '18, '19
@ tailored to inclusive LO predictions
@ assumes small non-resonant background
@ only applicable for one polarised vector boson
@ results depend on cuts, background and NLO corrections
@ Definition based on on-shell production and decay with spin
correlations Franzosi et al. [Madgraph] '19
@ neglects non-resonant contributions
@ only available for LO

Idea: use pole approximation to extract resonant contributions in
gauge-invariant way Ballestrero, Maina, Pelliccioli 17, '19

Formulation developed by Denner, Pelliccioli 20 (see next slide)



Julius-Maximilians-

' BON Ildea: use pole approximation to extract resonant contributions in ﬁg
- gauge-invariant way Ballestrero, Maina, Pelliccioli '17, 19

Formulation developed by Denner, Pelliccioli '20

@ Method is applicable to arbitrary processes and multiple resonances at
LO, NLO and beyond.

@ needs pole approximation (or double-pole approximation) for all NLO
contributions including subtraction terms!

@ results at NLO QCD exist for
@ pp — pv,etve (WTW™ production)  Denner, Pelliccioli 20 and
@ pp — pu et v (WTZ production) Denner, Pelliccioli 20

@ results at LO exist for VBS for ss-WW, WZ, ZZ, os-WW
Ballestrero, Maina, Pelliccioli '17,°19, '20 [PHANTOM]

@ generalisation in progress towards VBS at NLO QCD and NLO EW
Method allows to separate Natural choices of frame

* Diboson center-of-mass

@ polarised cross sections in arbitrary frames * Laboratory

@ interference contributions between polarisations
@ irreducible background.

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 26/29



]ulius-Maximilijns-
UNIVERSITAT 8 C;
WURZBURG

Example results

pp — e veu™ ™ : Distributions in the positron rapidity in the fiducial region for
polarisations defined in the CM (left) and in the LAB (right) frame.

pp-etveutu~ +X @ NLO QCD, vs = 13TeV: fiducial region pp-etveutu~ +X @ NLO QCD, vs =13TeV: fiducial region
° :'::'_'_|_|:':|:| | gl :'::'_'_|_|:l:|:|
— = — e |
7F = — ] sL — —
— | — f—]
[ — full = = =
6f — —— unpol. (DPA) | ol —— — full =
L — WFZ, . L —— unpol. (DPA) =]
st W Zr ] 5 — Wz
Wz
— W{Z, L 4T
L —_— Wi Zy | — W{Z

— Wi Zr
sum of doubly-pol.

sum of doubly-pol.

w

w
do/dye+ [fb] NLO QCD
>

do/dye+ [fb] NLO QCD
»

°
el
o

normalized shapes
o
N
o

normalized shapes
° o <
& S
11 |_ 11
Il Il
11 _| 11

=}
=
o
o
=
o

r_'_,_.—l_'_ I_'_‘—|—-‘ r .
S 250 9 250
= =
g 2.00f - 1 g 2.00¢ hﬁzé_:'ng__'_,—l_' E
& | | & _::3—:;'=‘—'—~—_ - ——
o ls0E " “_'_'_‘—'—:: o 150 = —
- -

, ,

100 ~ 1.00F

Distributions for pol. cross sections defined in different frames differ considerably!

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 27/29



Electroweak W=W=: polarization study C\EfW

Nl

Longitudinal component of W+W= is of large PLB 812 (2020) 136018

interest (coupling to H, regulating perturbative SM)
Measurement of EW W=W= at ~10% precision allowm
LL component ~10% of total
Same selection and CRs ( W/Zjj as background) as previous work
use BDT to separate W=W= from all backgrounds (esp. nonprompt)
BDTs to distinguish polarised components

- —mmm 13?fb'1(1€3TelV) AR A~ /40 TN
S 100 -CMS -3;'1\;" ke %g:;a unc. | CMS Slmulatfon (13 TeV)
2 —ww, o WWw 30 A8F __Ewww: [ | E
g —WrW; .;VZZ 1 0.16F — EWW;W; 3
I ] ¥ 1ok i
| W Nonprompt | 0.14F —EW W;Wr =
W tVx ok +—I— E
WW COM frame i \\N Mo I
¥ C ———
R A
g Nl 0 06 :_ ++ _:
: - - ]
= 0.04f, —+ E
D 0.0 2:_ Lo o(aé) .
(3] N
g | MADGRAPHS AMC@NLO 2 .7.;2
0.5 1 1.5 2 2.5 3
A(I)II

Folari are frame dependent
Kenneth Long dzonsider both WW and parton-parton COM frames— 12




Electroweak W=W=: polarization results cn)

Nl

Size of data set is not sufficient to measure PLB 812 (2020) 136018

LL, LT, and TT all simultaneously
Consider LL vs. XT and TT vs LX => BDTs trained for each

Jet, lepton/MET kinematics, and jet+V kinematics
Retrained for WW or parton-parton com frame

Results in WW com frame
95% CL limits on LL 137 o (13 TeV)

L S [ eoms W Other bkg. ¢ Data |
LL 95% CL limit: 1.17 (0.88) fb S 1™ Sww o Segune
2 —W W W
LX observed at 2.3 (3.1) s.d. S 400]- —wiw! Yz _
- 'Nonprompt |
- i B tvx ]
Process o B (fb) Theoretical prediction (fb) 200 _\\\\\\\\\\W |
Wi Wit 0.32+042 0.44 + 0.05 e
Wi W 3.06 1021 313 + 035 3 AR R
Wirws 120402 163 £+ 0.18
ya st +0.49 =
Wi W3 211108 194 + 021 o
T
(@)

- 05 0 05 1
BDT score

WW COM frame 5

Kenneth Long




Extremely clean four lepton signal (£ = e, )
Very low nonprompt (fake) background

Electroweak ZZ: strong at high lumi C\E/RW

Nl

PLB 812 (2021) 135992

Fully reconstructed final state QCD production| | VBS production

Access to boson polarizations
... But very low production cross section
Z7(48) Selection
4 loose ID leptons, pr(y, €) > 5, 7 GeV
m;; > 100 GeV (ptr > 30 GeV)
Expected S/B ~1/20 "

q

Estimating ZZjj QCD background +

IS primary challenge
Predominately gg and qg
induced, but gg-induced
component significant in
most signal-like region
Simulated with merged gg
loop-induced +jets
predictions with MG5_aMC

Kenneth Long https://arxiv.org/abs/2006.12860 14

N(0,1,2jet)

s=13TeV —— a2 (MCFM)
s — gg—ZZ 0-jet (MG)
it Prp > 10 GeV —— gg—ZZ 1-jet (MG)
—— gg—ZZ 0,1-jet (MG)
1 ——— gg—ZZ 0,1,2-jet (MG)

Normmalized
=
©
©

/ N(others)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
gen-jet mjj [GeV]




Electroweak ZZ results C\E{W

NL S

Low S/B, but discrimination possible PLB 812 (2021) 135992

Exploit matrix element discriminant (Kp)
Fit distribution in loose selection

CMS 137 fb' (13 TeV) CcMSs 137 fb" (13 TeV)
< RN T B I RS I R B < 1()4 "'I""I“"I""l""l""l""I""I""I"'a
S 90 = < =
2 E =) ]
= =
o 80 -4~ Data - g7] 4
@ B Z+X ] g 10° m, > 100 GeV =08t E

70 [ 1tizZ, wz = @ . Z+X E
Eqq - 22 3 [ttz, wz :
60 — q V4
M gg - 2Z E 10° =, B qq - -
50 W EW ZZjj 3 Mm99 - ZZ =
E . B EW ZZjj .
40 m, < 400 GeV or |an | <24 — |_eft: subset of

E distribution used
in fit (right)

s .QE : 1047 |
g ;Z *MHM++ : E lJ. - OObS/Gth = 1 22 -0401| B
Y72 3 1 3 78 % -4 ]
jan | = ‘ ]
(=)
Observed (expected) of 4.00 (3.50) K,
Several fiducial cross sections of EW, EW+QCD production
MG 5 aMC at I_O Perturbative order SM o (fb) Measured o (fb)
— ZZjj inclusive
POWHEG NLO Lo 0.275 +0.021
EW NLO QCD 0.278+£0.017  0.337017 (stat)*0.9% (syst)
K hL NLO EW 024213013
enneth Long EW+QCD 5354051 529703 (stat) +0.47 (syst) 15




EWK ZZjj production

ZZjj analysis performed in two channels £2£02jj and 2£2wvjj

Interesting channel to probe neutral aQGCs

Different background composition, data driven estimation

for the main components

‘ @jj signal region: )

WZ estimated in 3-lepton control region
Non-resonant (ttbar and WW) estimated in

eMvv control region

00020jj signal region: )

QCD ZZjj control region with low mjjor Ay(j))

included in the fit

Events / 200 GeV

non-ZZJ

0.5

0 200 400 600 800 1000 1200 1400 1600 1800 2000

m, (GeV]

arXiv:2004.10612

QCD background

/

EWK signal
% \/ % s oyee o 9
Z Z,
/\ = =
1 W o5 28
Data mZZ(EW)
—— T &6\,2000) =Rrg£% )
- —_ m= NonRes,
Di-jet invariant mass in the signal regions EaOthers = Uncertainty
\ \ \ > I I L IR N B
o Data -ZZ&EW) o «« ¢ Data B ZZ(EW) 1
mmZZ(QCD) = z o a
Wt Blobes, | B 0080 mzceo Epzz
ATLAS 2 ATLAS =
Vs =13TeV, 139 fo! o Vs =13 TeV, 139 fb ]
CEvvjj “ ceeti ]
Signal Region Signal Region J
Dominant 1
background Dominant E
QCD zzZ E

O o e L R LS AL I I LA R
& [ eData  EEZZ(EW)
= B Z7(QCD) [mmggZZ
e L B Others Stat. Unc.
o 20— —
*‘3 B ATLAS LR j - SOE T " " I EE
g Vs =13 TeV, 139 fb” 1 e125 4 g 125; /% } 27
5 o ] & 2
a?ghfgentraliw Region g 0672 ‘ tr ‘ | o ‘ § 0.75 %Y / Y 1 i //f/ /f
Q. “2500 1000 1500 2000 2500 0.5—~ y ' P
400 m, (Gev] 300 500 1000 1500 2000 mZISng]
Hig-h centrality rggion to Process Generator ME accuracy
verify mjjmodeling Em ZZEWK MG5_NLO+Pv8 LO
: BE 7ZZQCD Sherpa222  NLO (0j), LO (1-3)
o et ] ] wz Sherpa 2.2.2 NLO (0j), LO (1-3j)
o

11



EWK ZZjj results

arXiv:2004.10612

Extract inclusive cross-section EWK+QCD in the signal region

Measured fiducial o [fb]

Predicted fiducial o [fb]

T

1.27 £ 0.12(stat

) £ 0.02(theo) £ 0.07(exp) £ 0.01(bkg) £ 0.03(lumi)

1.14 + 0.04(stat) £ 0.20(theo)

Uvvjg

1.22 + 0.30(stat

) £ 0.04(theo) £ 0.06(exp) £ 0.16(bkg) £ 0.03(lumi)

1.07 £ 0.01(stat) £ 0.12(theo)

Then use Multivariate Discriminants (MD) to separate the EWK component. Three MD fitted together

70

£ L P DV L 22 L L L B SR B B c T “w“w‘w‘w”w‘ T
@ o Data W ZZ(EW) & D 77(EW o ATLAS' ZZ(EW
P BN ZZ(QCD) EHNg9ZZ S 20f ;zgzgco) =gg§z ) % 35 s=13TeV, 139 fb‘-a}gefs =ﬁ2§1%0 )
S 60f mmOthers 7~ Uncertainty > mmOthers - Uncertainty g i =992Z =U ncertainty
& ATLAS *OE) 181 ATLAS o 30l Signal Region
500 \/§=1§TeV, 139 fb! TS Vs=13 TeV, 139 fb™ %
12247 ) 14l 12247/
a0l QCD Control Region Signal Region
'qo; o] 18 T T T T .‘ 5 18 T T T
< SET B | )
§ 075 t 1 I sors | 1 { I sors ¢ : Y
. L L L L L L s L L © L L ' h ' ' ' ' | © ' ' H ' ' ' ' L L
© 721 08-06-04-02 0 02 04 06 08 1 S 054758 060402 0 02 04 06 08 1 S 054 258 060402 0 02 04 06 08 1
MD MD MD
Observation!
= = e = = = . . . . .
| e PR Significance Obs. (Exp.) Fiducial cross-section in agreement
f . . .
“] 1242y 1.5 £04 0.95+0.22 5.5(3.9) o with the SM
| llvvjy 0.7 £0.7 - 2(1.8) ¢
‘ Combined 1.35+0.34 0.96 +£0.22 5.5 (4.3) o

12



Julius-Maximilians-
UNIVERSITAT , o e
WURZBURG Semileptonic final states >

Experimentally

@ Semileptonic final state offer more statistics

@ much stronger QCD background

@ hadronically decaying vector boson can be reconstructed using
jet-substructure techniques = 6.5% at 3ab™ ' and 27 TeV Cavaliere et al. 18

@ first results from ATLAS 1905.07714 (20 significance) and CMS 1905.07445

theoretically

@ Proliferation of partonic channels in full calculation
60 quark-induced partonic channels for pp — putuetejj,
+ 40 gluon-induced channels (+ b-induced channels)
even more channels for semi-leptonic final states (4-quark final states)
@ LO diagrams of orders O(g%), O(g*g?), + O(g°g?)
=- need strategy to simplify calculation
@ consider only contributions involving a virtual V'V’ pair in theoretical
calculation to reduce number of contributions
use double-pole approximation to calculate NLO corrections
(gauge invariant, accuracy of DPA 1% for pp — ptv,e™ vejj)
= calculation of NLO corrections should be feasible

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 17/29



Semi-leptonic VBS: experimental challenge C\E{W

Nl

High cross section = sensitive to BSM PLB 798 (2019)134985

But very experimentally complex!
Overwhelming backgrounds not just from VVjj, but also

from V+|ets and top production ’ <
Focus on BSM, boosted Vgg events ( ‘5
q

Require high-pt lepton + MET or two leptons
V+|jets background estimation primary challenge
Estimated from sideband region of fat jet mass (off my)

CMS 35.9 fb™' (13 TeV) CMS 35.9 07 (13 TeV)
Small-radius jets | Large-radius jet —_ 104 T T T T T3 2 105 N — T T T
| o) 3 5 —e— Observed - V + jets
; G ., ¢ Observed B V+jets - S 10°F
: = 10 D QCD+EWWV [ Top quark w ol [ Top quark [ Jacowy
| - . r BB 7 Bkg. uncertainty of [ Ismewwv  []8kg. uncenainty
‘ 2 10 _g 100 fJA% = D5 TeV.uwes M, = 1000 GeV, s, =0.53
5 2
\ g ST

Background est.

-1 ;V‘-: D
10 SN YA N A T Dy

Gdala

Data-Fit

............

1000 1500 2000 2500 T 00 1500 2000 2500
Kenneth Long My (GeV) Signal region m,, (GeV) oq




Anomalous couplings: overview A

Nl

Studied using basis of Eboli, Gonzlez-Garcia, Mizukoshi [2]
All parity and charge conserving operators with pure V,H couplings

o
+4)
Lan =) ‘C!’ff = Lgn + Z f):" )
n=1 1

Operators constructed from Higgs fields only, , and
Higgs and gauge fields

Lso = [(DN@)TD,,@] x [(D“(I))TD”(P] Py = "I [WWWW] x [(Dﬁcb)TD%]

Lo = Tr [WWW“”] %1k [Waﬁwaﬁ] (® denotes H field)

All realized as excess at high mwz

Generalizes V,H interactions

With some caveats...
Assume dimension-6 operators (should dominate) are negligible
Applicability of EFT assumes S « A

We are aware of recent studies of dimension-6 affects in VBS channels
Expect to explore this at CMS in the future

Kenneth Long

[2] https://arxiv.org/abs/hep-ph/0606118 21




Dibosow final states in scattering topologies
and triboson final states used to set Limits on aRGCs

CE/RW
\

PlNgs: app i
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Limits on dim-8 EFT
scalar/longitudinal parameters

using Madgraph conventions

May 2020
CMS —
Channel Limits | Ldt Vs
| ss WW [-3.8e+01, 4.0e+01] 19.4 fo 8 TeV
fso /A*
i ss WW [-6.0e+00, 6.4e+00] 137 fb” 13 TeV
—] Wz [-5.8e+00, 5.8e+00] 137 fb™ 13 TeV
H @ [-2.7e+00, 2.7e+00] 35.9 fb 13 TeV
} | ss WW [-1.2e+02, 1.2e+02] 19.4 fb' 8 TeV
4
fs, /A
— ss WW [-1.8e+01, 1.9e+01] 137 fb™ 13 TeV
— wz [-8.2e+00, 8.3e+00] 137 fb” 13 TeV
H @ [-3.4€+00, 3.46+00] 35.9 fb" 13 TeV
I | | | I | | | I | | | [ |

aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @950/0 CL [TeV'4]



Limits on dim-8 EFT mixed transverse and

longitudinal parameters

using Madgraph conventions

Aug 2020 Ghannel Limits [1dt s

£ A I | Y -7.7e+01, 8.1e+01 19.3 10 8 TeV

M,0 } | Zy -7.1e+01, 7.5e+01 19.7 fb! 8 TeV
— Zy -1.9e+01, 2.0e+01 35.9 fb’! 13 TeV

I ] Z -7.6e+01, 6.9e+01 20.2 fb’! 8 TeV

f 1 v -7.7€+01, 7.4e+01 19.7 b 8 TeV
H Wy -8.1e+00, 8.0e+00 35.9 b’ 13 TeV
ss WW -3.0e+00, 3.2e+00 137 fb- 13 TeV
Wz -5.8e+00, 5.8e+00 137 fb’! 13 TeV

—_ TY-WW -2.8e+01, 2.8e+01 20.2 fb’ 8 TeV
H -WW -4.2e+00, 4.2e+00 24.7 fb! 7,8 TeV
l el WV ZV -6.9e-01, 7.0e-01] 35.9 fb’ 13 TeV

£ IAY I Wvy -1.3e+02, 1.2e+02 19.3 b 8 TeV

M, 1 | | Zy -1.9e+02, 1.8e+02 19.7 fb! 8 TeV
—_ Zy -4.8e+01, 4.7e+01 35.9 fb! 13 TeV

Z -1.5e+02, 1.5e+02 20.2 fb’! 8 TeV

I Y -1.2e+02, 1.3e+02 19.7 fb’! 8 TeV
=T Wy -1.2e+01, 1.2e+01 35.9 fb' 13 TeV
H ss WW -4.7e+00, 4.7e+00 137 fb’! 13 TeV
[ WZ -8.2e+00, 8.3e+00 137 fb! 13 TeV

! | w—oWW -1.1e+02, 1.0e+02 20.2 fb?! 9 Iey
— Y-WW -1.6e+01, 1.6e+01 24.7 fb’! ,8 TeV
| —tm_zy -2.0e+00, 2.1e+00 35.9 fb’ 13Tev

f IR | —— Y -5.7e+01, 5.7e+01] 20.2 b eV

M2 1 Zy -3.2e+01, 3.1e+01 19.7 fb’ 8 TeV
H Zy -8.2e+00, 8.0e+00 35.9 fb! 13 TeV

z -2.7e+01, 2.7e+01 20.2 fb’! 8 TeV

v -2.6e+01, 2.6e+01 19.7 fb’ 8 TeV
H : - Wy _ -2.8e+00, 2.8e+ 359 fb! 13Tev

PN | ; 7 “§'56+01 9.86+01 502 1o 8oV

M3 | S — Zy -5.8e+01, 5.9e+01 19.7 fb! 8 TeV
— Zy -2.1e+01, 2.1e+01 35.9 fb! 13 TeV

S — § 330101’ 340101 020 BTV

Y -4.3e+01, 4.4e+ 19.7 fb. e

— i _H e A -4.4e+00, 4.4e+00] 359 fb 13 TeV

£ A" I 7 -1.3e+02, 1.3e+02 20.21b" 8 TeV
M4 — Z -1.5e+01, 1.6e+01 359 b 13 TeV

—y y -4.0e+01, 4.0e+01 19.7 fb’ 8 TeV
H > Wy [-5.0e+00; 5.0e+00] 35.9 fb! 13 TeV

A8 F | ¥ -2.0e+02, 2.0e+02 20.2 b’ 8 TeV.
M5 — P4 -2.5e+01, 2.4e+01 35.9 fb! 13 TeV

| y -6.5e+01, 6.5e+01 19.7 fb! 8 TeV
: = = 138088080 ] A

-3.9e , 4.0e+ 2 ] e

fus /A } Wy -1.3e+02, 1.36402 197 fb! 8 TeV
— Wy -1.6e+01, 1.6e+01 35.9 fb' 13 TeV
H ss WW -6.0e+00, 6.5e+00 137 fb’! 13 TeV
T —> i [Ehied 2k Rh

-1.3e+00, 1.3e+ v

f o IA? _ 6\7 -6.1e+01, 6.3e+01] 35.9 fb 13“}%

M7 } v -1.6e+02, 1.6e+02 19.7 ! 8 TeV
—v Wy -2.1e+01, 2.0e+01 35.9 fb' 13 TeV
H ss WW -6.7e+00, 7.0e+00 137 fb 13 TeV
— 74 -1.0e+01, 1.0e+01 137 fb™, 13 TeV

! ! I 1 ! 1 i 1 1 | =WV 2V, | 18.fe+00, 3.4e+0p 1 | 359" | 13TeV |

aC summary plots at: http://cern.ch/go/8ghC

aQGC Limits @95% C.L. [TeV™]



Limits on dim-8 EFT transverse parameters

ph conventions

s Hjsmg Madgra
Aug 2020 ATLAS Channel Limits [ Lot s
£ IA — WWW -1.2e+00, 1.2e+00 3591fb" 13 TeV
TO0 S — Zy -3.8e+00, 3.4e+00 19.7 fo’! 8 TeV
— Zy -7.4e-01, 6.9e-01 35.9 fb”! 13 TeV
— A T Z -3.4e+00, 2.9e 29.2 b’ 8 TeV
} Y -5.4e+00, 5.6e+00 19.7 fb”! 8 TeV
— Wy -6.0e-01, 6.0e-01 35.9 fb’ 13 TeV
} ! ss WW -4.2e+00, 4.6e 19.4 b 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 fb?! 13 TeV
— WZ -6.2e-01, 6.5e-01 137 fb! 13 TeV
i L
-1.ce-U .1e-0’ 5. ] e
I - -3.3e+00, 3.3e+ 35.91b" 13 TeV
T } | Zy -4.4e+00, 4.4e+00 19.7 fo’ 8 TeV
— Z -1.2e+00, 1.1e+00 35.9 fb’ 13 TeV
} | Y -3.7e+00, 4.0e+00 19.7 fb?! 8 TeV
H Wy -4.0e-01, 4.0e-01 35.9 fb’ 13 TeV
—— ss WW -2.1e+00, 2.4e 19.4 fb' 8 TeV
H ss WW -1.2e-01, 1.5e-01] 137 b’ 13 TeV
Wz -3.7e-01, 4.1e-01 137 fb”! 13 TeV
Gran  [aesiies A S L
Q' VY LY e-01, 1.5e-U1] 359fb 13 TeV
£ IAS — AAAL -2.7e+00, 2.6e 3591fb7 13 TeV
T2 } | Zy -9.9e+00, 9.0e+00 19.7 fo’ 8 TeV
— Z -2.0e+00, 1.9e+00 35.9 b’ 13 TeV
I { y -1.1e+01, 1.2e+01 19.7 fo'! 8 TeV
— Wy -1.0e+00, 1.2e+00 35.9 fb’ 13 TeV
| ss WW -5.9e+00, 7.1e+00 19.4 fb’ 8 TeV
H ss WW -3.8e-01, 5.0e-01] 137 fb?! 13 TeV
— Wz -1.0e+00, 1.3e+00] 137 fb” 13 TeV
— -6.3e-01, 5.9e-01 137 fb” 13 TeV
H V. -2.8e-01, 2.8e-01] 35,9 fb! 13 TeV
£ IA F | -9.3e+00, 9.1e+00] 20.3fb" 8 TeV
T.5 i \%7 -7.0e-01, 7.4e-01 35.9 fb’ 13 TeV
b | Y -3.8e+00, 3.8e+00] 19.7 fb?! 8 TeV
[ 1 -5.0e-01, 5.0e-01] 35.9 fo’ 13 TeV
-1.6e+00, 1.7e+ 359 fb 13 TeV
T6 P y -2.8e+00, 3.0e+00 19.7 fb”! 8 TeV
H - Wy -4.0e-01, 4.0e-01] 359 b’ 13 TeV
N — \%\7 -2.6e+00, 2.8e+00 35.91b" 13 TeV
T7 } Y -7.3e+00, 7.7e+00 19.7 fb’ 8 TeV
— —L%x -9.0e-01, 9.0e-01] 359 fb’ 13 TeV
£ IAG — Y -1.8e+00, 1.8e+00] 19.7 b’ 8 TeV
T8 H Zy -4.7e-01, 4.7e-01 35.9 b’ 13 TeV
— Zy -1.8e+00, 1.8e+00] 20.2 o' 8 TeV
H il 77 -4.3e-01, 4.3e-01] 137 b’ 13 TeV
£ IAY I 2yy -7.4e+00, 7.4e+00 20.3 fb” 8 TeV
To F | Zy -4.0e+00, 4.0e+00 19.7 fb 8 TeV
— Zy -1.3e+00, 1.3e+00 35.9 fb”! 13 TeV
} | Zy -3.9e+00, 3.9e+00] 20.2 fb’' 8 TeV
=9. , 9.2e- e
| , i e — 77 | 9.2¢-01, 9.2e-01] 137 fy’ 13 TeV

aC summary plots at: http://cern.ch/go/8ghC

aQGC Limits @95% C.L. [TeV™]



Projections for HL-

LHC

HL-LHC
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Muon system coverage improved 0, A
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should improve the
lepton identification —
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of ttbarWZ, ZZ

Uncertainties as Yellow Report 18:
o theoretical uncertainties — %2
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significantly enhance
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observe this signal.

~10 kHz trigger bandwidth
allows to keep object pT
thresholds low

o experimental uncertainties — 1/V L until the achievable accuracy with the
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VBS scattering in HL LHC

VBS status @13 TeV Runll: VBS projections HL-LHC:
WEWHj WZjj CMS-SMP-19-012 WHWij CMS-PAS-FTR-18-005
77Zii CMS-SMP-20-001 WZjj CMS-PAS-FTR-18-038
ZZjj CMS-PAS-FTR-18-014
Dominated by statistics Dominated by systematics
Increased c.m. energy — Q/ Increased cross section ~15-20%
Extended tracker coverage — ﬁ\% Better rejection of:

o pile up jets,
o additional leptons.

More statistics — better calibration ——) 5% Reduction of experimental
uncertainties.

e The more signal yield could allow:
o division in more categories — enhance final sensitivity

o more raffinate Machine Learning techniques — to disentangle from the intrinsic QCD

background.

e Better detector performance could suppress reducible backgrounds e.g.:
o in W+W- (not observed yet) could help reducing the limiting top background.

o  Helps further the study semi-leptonic final state, which guarantees an higher

statistics than the leptonic ones.



Cross section uncertainty (%)

HL-LHC projections
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Expected Significance

18

Polarization studies ,

%  Massive V bosons: 1longitudinal (L) + 2 transverse (T) polarization

Lepton
plana

mode.
<10 % of the
% Longitudinal component: directly related to inclusive cross
o the Electroweak Spontaneous Symmetry Breaking L8¢ction
o and to Higgs boson — cancellation of divergences @ high fo———
energy. )
%  ZZ channel particularly suitable: complete reconstructions of the
final state particle.
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Experimental summary

Precision measurements are alternatives to direct searches for new physics phenomena,
like heavy particles

Vector boson scattering -- while a rare process -- is especially exciting as it is intimately
related to EWSB: stringent probe of SM and probe of New Physics

LHC collaborations analysed up to 140 fb-! data at 13 TeV, and expect a total of 300 fb'! in
a few years and 3000 fb1 by the end of HL-LHC at 14 TeV

These data so far show SM-like behavior with the currently statistics limited precision

We expect to probe precisely the already observed processes (ss WW, WZ), reach
observation level for ZZ, os WW, access new final states (like semi-leptonic decays)

More and more stringent results on anomalous couplings, EFTs

Understanding subtle differences needs more data, further improved techniques (machine
learning!) and close collaboration between theory and experiment

At HL-LHC even VBS studies will become systematics limited!

First measurement of longitudinal polarisation performed and will help to understand the
HL-LHC projections better

Improve modelling with better calculations tuned from data

Very active area with opportunities and challenges for both experimentalist and theorists



Julius-Maximilians-
UNIVERSITAT - 8 C;
WURZBURG Conclusion

Status of NLO calculations for VBS

@ NLO QCD corrections matched to PS available for all VBS processes
NLO QCD corrections at level of few percent if p ; or M;; not small

@ VBS approximation might not be sufficient at NLO Ballestrero et al. 18
NLO-QCD tri-boson contributions of O(20%) for loose VBS cuts

@ electroweak corrections for VBS
o full NLO EW corrections known for
pp — plvetTvejj (WTWT)  Biedermann et al. '16, '17
pp — et vejj (WZ) Denner et al. ’19
pp — pu " ete i (Z7Z) Denner et al. 20
@ —16% EW corrections for fiducial cross section
intrinsic feature of VBS, reproducible by simple approximations
@ EW corrections in distributions even larger
—40% for PT,j, = 800 GeV

@ NLO EW corr. for WTWtscattering matched to QED PS Denner et al. 19

@ full NLO corrections for WHW*scattering Denneretal. "17
only measurement of full process is well-defined!

Significant theoretical progress in VBS in recent years!
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Julius-Maximilians-
UNIVERSITAT 8 C;
WURZBURG ~ Cutlook

Expected progress in theoretical predictions to VBS
@ NLO EW corrections for pp — p*v,v.e”jj (WTW™) (in progress)
@ predictions for VBS with semileptonic final states (needed)
@ NLO corrections for polarised VBS within reach
@ matching to EW parton showers (long term project)

@ predictions for VBS within extended models feasible
once LO and NLO matrix elements available

@ predictions for VBS within SMEFT including (approximative) NLO
corrections = need to extend/combine tools

VBS at Snowmass, 25. January 2021 A. Denner (Wiirzburg) 29/29
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Julius-Maximilians-

UNIVERSITAT - - S B
WURZBURG Definition of polarisation based on pole approximation | 2

ldea: use pole approximation to extract resonant contributions in
gauge-invariant way Ballestrero, Maina, Pelliccioli ‘17, 19

Formulation developed by Denner, Pelliccioli 20
@ Not all diagrams involve required resonances
resonant diagrams non-resonant diagrams

R(k?) B )
K2 — M2 +iMT v NE)= v

@ split full matrix element into resonant part and non-resonant part using
pole expansion (gauge-invariant)

_ R(k?) 5
A= k2 — M2 +iMT TN
R(MQ) R(kQ) — R(MQ) 5
— N(k®) = res nonres
k2—M2—|—iMF+ k2 — M?2 + ( ) Ares + A

@ consider non-resonant part as irreducible background: no resonance

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 24/29



Julius-Maximilians-

UNIVERSITAT - o - .
WURZBURG Definition of polarisation based on pole approximation Il

Separate polarisation modes of resonant amplitude
split propagator numerator of resonant particle m
|4
_ 2 oxE5 (k)X (k)
DI/ — P,u 2 9 . v
k4 — MW + 1I'\w Mw

A = S AT+ Y Af A

: 2 2 1 : . 9
@ incoherent sum ZA\A,\| ; AA] x “polarised cross sections

@ interferences > _, .y, A} Ax
vanish for quantities fully inclusive in decay products but not in general

Polarisation vectors are defined in specific frames. Natural choices are the
(di-boson-)centre-of-mass frame and the laboratory frame.

VBS at Snowmass, 25. January 2021 A. Denner (Wirzburg) 25/29



Best EW / RCD ratLo!
CE/RW

Electroweak W+W=: the golden channel \

Nl

EW production dominant over QCD-induced PLB 809 (2020) 135710
Distinct same-sign (SS) lepton state
First studied at 8 TeV, observations with 2016 data VBS production
Moving from search to precise measurement with full Run Il : '
data and beyond

q

Backgrounds

Non-prompt backgrounds = data driven

Charge mis-ID _ Gws 197 10 (13 TeV)
Simulation 8 | — e & B i
corrected with data § 0 Eonerekg  mEWKWZ

> 2 prompt SS leptons

from MC
WW QCD (small)
WZ EW+QCD
Correct using
3¢ data _
%1% li b + 3
Dipg E 3
Kenneth Long ok 00 200 300 400 500 8




Electroweak WZ: massive charged probe CE{W

\
Nl

Background estimation for W=W+ is a

PLB 809 (2020) 135710

measurement - QCD production || VBS production
Measure simultaneously — -
Use huge data set to constrain other MC a

estimates (Z2), (top)
Sensitive to charged resonances or couplings
(including Higgs-like)

Less clean signature than ZZ, W+=W=, but

q g
cross section accessible with large dataset _ cws | 1w gaTey

¢ I Miworgson  \Bkg e
g 0.6 [ Other bKg. Bl EWK Wz _

Variable WEW* WZ 2 o

Leptons 2 leptons, pt > 25/20GeV 3 leptons, pr > 25/10/20 GeV i o eemet ]

P >50 GeV >50GeV

|y — my| >15GeV (ee) <15GeV

Mgy >20GeV —

Mgy — >100 GeV

piiss >30GeV >30GeV

b quark veto Required Required

max(z}) <0.75 <1.0

mjj >500 GeV >500 GeV

| AT >2.5 >25

Kenneth Long

1000 1500 2000 2500 0
m; [Gev
9




Electroweak ZZjj production
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Electroweak Zyjj production

6( ;

Jjet

e, n
<w

jet
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EWK Zyjj production

Phys. Lett. B 803 (2020) 135341

EWK signal QCD background '
a4 \/ a As = A
. \g/ql .
Electroweak Zy+2j production not yet observed. E
4
Strong evidence reported by both ATLAS and CMS with 13 TeV data . i /\<~
. Gl/\\‘ 4 q gy
Latest ATLAS result using 2015+2016 data (36fb)
< 140p FSR removal cut
Interesting channel to probe neutral aQGCs (larger cross section & or  ATLASPrelmnary
than ZZ), sensitive to WWZy vertex R e
100
Analysis selection: :g
Uses an mll+mlly cut to reduce FSR contributions 70

Veto b-jets

An;>1, centrality (Zy)<5 and m;>150GeV — Looser than the usual
VBS selections used

;g \\\A\T‘L\\A\s\‘\\\\‘\\\\\\\\‘\\\\‘\D\\t\‘\\\\‘\\\\‘\\\\
. . c [ ata .
S Imu |atI0n ; 1600 Signal Region z £$tEWncenalnty
S 1400F (s=13Tev, 361" 21 GCP
= Zyji, Z— e*e or wtw tty
Process Generator ME accuracy § S Other Backgrounds
BB ZyEwK MG5NLO+Pv8 LO 2
[
I zy QcD Sherpa222  NLO(0-1j), LO(3)) i
B Zijets  Sherpa222  NLO(0-2)),LO(3-4) | 600 o
g QT ——
=
8
8

15 2 25 3 35 4 45 5
E(l)

Q0780 90 100 110 120 130 140 150 160 170 °

events / Gev

Data/Model

mupy) [GeV]
1 S B
- ATLAS e Data
= ; Model stat. uncertainty
- Signal Region o 77 EW
= = -1 = Zy QCD
: |s"- 13Te)/t 36.1 fb -tzt;je's
2l Zeleon 1 B Other backgrounds




Phys. Lett. B 803 (2020) 135341

Background estimation

Signal Region - dijet invariant mass

E T \A\7-L|A\s\ T ‘ T 17T ‘ T ; \I:)‘at\a T T ‘ T 17T :

~ 5[ Signal Region “ ;?tglwunceﬂa'my ]

e Data 2 fs=13Tev,36.1 1" 2 2r0CD ]

QCD ZY+2] % ;,(;tglwuncertamty Lﬁ 4 2y, 2= ee’or W [ ] tCt)Yther Backgrounds {

N . o Zy QCD ]

Normalization estimated from data B Z+jets E
(pre-correction 0.91), and then fitted in tty

@ Other Backgrounds

the signal region ~70% discrepancy

Z+jet: DD estimate of shape and normalization

5 OH HHWMH
. ) . . . 8 1.5 , =
2D sideband method (photon ID, isolation), in region close to s Y
SR except: jet pT 30 GeV, mjj<150 GeV S o5k E
’ :l 11 l ) l ) L l ) ) L ) L |
Extrapolation to SR using ratio Z+jet/Zy 500 1000 11500 2000 25?7% [Ge%)]oo
b-jet enriched Control Region
ttbar y:
2 E I ' I
) o S 400F ATLAS e Data i

Pre-correction factor from data: 1.41 + fitin a CR 2 "F b Control Region s Yolalrcertany 3
3500 1s-13Tev, 36,1107 2 ZrOCD E
i - CS— -iat -~ ~70° i o E oo P ]

Dedicated CR (b CR) >=1Db jet > ~70% pUI’Ity, 25% ZY QCD. 300F Zvii Z—e'e orpp -‘g{her Backgrounds

Smaller backgrounds: WZ, Wt

From MC (less than 0.5% in SR) 122 B

N

_&w|||\
N
8

Data/Model

I
o]
T

%1

N
ro- %g— -+
Ll

Nb-jets -1 5



Zyj] results

EWK Zyjj signal extraction: Variable used in the BDT
o Fitted BDT distribution trained to separate EW signal A,,IL
from background (13 variables) ety
o Simultaneous fit of signal region and b-CR e
Pr
mee
Py
Evidence ! e
7 o - ) B 7 p;a jet
P i : ' N 7 . : . ) lead jet
. 4.10 expected and observed significance W ."AR(JY 5
H‘ B s min A
' - Ag(ety, )
_ AR(Cly, j))
Measured cross sections:
a'g‘;'jj_EW = 7.8 £ 1.5 (stat.) = 1.0 (syst.) f(l):g (mod.) fb
g‘;}}‘f‘;‘;‘v}““’“ = 7.75+0.03 (stat.) + 0.20 (PDF + as) + 0.40 (scale) b
Soewt = 8.94+0.08 (stat.) +0.20 (PDF + as) + 0.50 (scale) fb

Combined EW+QCD Zyijj cross-section also measured: same method and phase

spaces, except for CRs which are excluded

Events

Phys. Lett. B 803 (2020) 135341

BDT score in the signal region

ATLAS

Signal Region
s =13TeV, 36.1fb"
Zyjj, Z— e'e or utw

/////

T T T T I T T T T I T T T T
e Data

2222 Total uncertainty

. Zy EW

[ Zy QCD

Wl Z+jets

tty
B Other backgrounds

Data/Model

l._\|\\\

fid. 71 +2(stat.) *) (syst.) 2} (mod.) fb
88.4 + 2.4 (stat.) + 2.3 (PDF + ag)*20%

(oA ..
Zyjj
fid., MADGRAPH+SHERPA
Zyjj

19.1

(scale) fb.

0.5 1
BDT score

In agreement with the

expectation. Large
uncertainties from theory

modeling!
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Zy: neutral interactions + photons ‘{E/RW

¢ SLS
Probe neutral quartic couplings JHEP 2006 (2020) 076
Clean signal from leptonic Z decay T /o

Fully reconstructed final state " = [1zy — (’71'1 T ’71'2)

Neutral probe with higher cross section than ZZ

VBS production

Common selection  pi+% > 25GeV, |/1%2| < 2.5 for electron channel

pi? > 20GeV, |2| < 2.4 for muon channel q . q
pt > 20GeV, |57 < 1.444 or 1.566 < |;7| < 2.500
P2 > 30GeV, |12 < 4.7 7

70 < my < 110GeV, mz, > 100 GeV
AR;, AR;,, ARy > 0.5, ARy, > 0.7

| i 4
A
Control region 150 < my < 400GeV, .
Common selection a4 4
EW signal region my > 500 GeV, Ang; > 2.5, QCD production
n* <24, Apz, ;> 19,
Common selection 7
S
. q q
Backgrounds with nonprompt photons and leptons - £al
estimated with data-driven approach E
Other background from MC —
Control region to validate and constrain QCD Zy 1 L% t
.
Kenneth Long 16




Electroweak Zy: CMS results )

Nl

Fit to 2D distribution of mj and Anj JHEP 2006 (2020) 076

EW cross section obtained from best-fit signal strength

Include yield in 100 < mjj < 400 GeV CR (constrain QCD VVjj)
Separate bins per photon barrel/endcap and lepton flavour

MEW = Oobs/Oth. = 0.65 +0.24 otn. from MG_aMC LO

Observed (expected) significance 3.90 (5.20)
4.7 (5.5) combined with 8 TeV assuming Pew = Yew,sm = 1

CMS 35.91b ' (13 TeV)
C i | I | | I | | ]
i i i 550— ¢ Data ]
Also perform fit with EW and QCD signal =0 et 127 sy \l\/l:nprompt:
T F EW 2y
40
ori¢g = 14.3 = 1.1 (stat) + 2.7 (syst) fb L%’ i B ccozy Top

W
o

AN e[25 4 s

)

7, An c(45.6] \an > 6
)
.

Agrees with MG5_aMC prediction,
oo=15.7+1.71b

N
o

-
o

050508~ ;" 2v5 08~ 08y 1255 08+ 125
m; [TeV]
Kenneth Long
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Wy: charged interactions + photons cén)

Nl

Probe charged couplings with photons PLB 811 (2020) 135988

VBS production

Challenging experimental state
Significant contribution from mis-ID photons
and leptons

Select moderate pt lepton, MET, photon
Electron channel: mg, not consistent with mz
m;; > 500 GeV and An > 2.5 CMS 35.9 b (13 TeV)

Ywy — Ujt 4+ ¥2)/2] < 1.2 Bk sow  @me @ o QCD production
0 Il acD wy Oaco zy ey §
~ 10 |:|5wa [OMisiDlepton  [JVV -
. . g £ Bkg. unc. [ MisID photon DDoubIemisIDg
Very similar approach to Zy 5. wonbarel ]
. . 11| E
for background estimation Control region
Backgrounds data |
driven or MC
(prompt/nonprompt)
T feemeterttanpuent L +'*"+"’
S ok

20 50 30 100 120 140 160 y T80 2

Kenneth Long p [GeV 18




Very similar approach to Gamma analysis

EW, EW+QCD via fit to 2D distribution of mj and An;

Electroweak Wy: results

CE/RW
.

Nl

PLB 811 (2020) 135988

Control region of m; 200 - 400 to constrain QCD norm.

1 = Oobs/Otn. = 1.20 *o5

Observed (expected) significance 4.90 (4.60)

5.3 (4.8) combined with 8 TeV
assuming Pew = Pew,sm = 1

Also perform fit with EW and QCD signal

Ofia = 108 = 5 (stat) = 15 (syst) fb

Agrees with MG5_aMC prediction @LO

u = GObS/Oth- - 121 j—gi:g

Kenneth Long

Events / bin

w
o
(=)

\S)
(o)
(=]

n
o
(=]

150

O, from MG_aMC LO

CMS

35.9 b (13 TeV)

| | |
EW Wy

[ ¢ Data
- 7 Unc.

- Muon barrel

0050011200120 20-003013300-1 300306530 20030,

L my, (30,80) % my, (80,130)F my, > 130 3

I | | | | | | |
QcD zy Pl Single t
MisID lepton e—Y

B MisID photon © vV

B acb wy ity

700 "™

m; [GeV]
]

9




VBS and VBF:

Protons in LHC serve as source of vector boson beams

Not possible to separate VBS (or VBF) in a gauge invariant way = Measure EWK V(V)jj production

R = —— e — - n——
[
j‘ Vector Boson Scattering/Fusion Vector Boson bremsstrahlung
\
1“ q q

Usually QCD mediated production of V(V)jj at the LHC has larger cross sections than the EWK production —
crucial for a precise measurement to understand and reduce the QCD background!



Published measurements

What has been done so far, and what will be covered in this talk ?

Standard Model Production Cross Section Measurements Status: May 2020
"g‘_ 101 g ATLAS Preliminary
— - Theory
0 Run 2 /s =5,13 TeV
° 106 Vs LHC pp V5 =13 TeV
0= Bl  Data 32-139f!
10°
LHC pp Vs =5 TeV
104 " - Data 0.025fb
g
10° o,
e SRS, B
10° P
107! =
1072 =
1073
PP JetsDijets W z Y tt t WWWZ ZZ H tftW ttZ ttH tty

WwWww

tot. tot. tot. tot, tot. tot. tot. tot. tot.



Published measurements

What has been done so far, and what will be covered in this talk ?

Channel

.................................................................................................................................................................

Phys. Rev. D 100 !

. W=V semi-lept ji

(2017) 474

Phys. Rev. Lett.

123 (2019 161801;

Phys. Lett. B793 |

(2019) 469

Phys. Lett. B803 |

(2020) 135341

(2019) 032007

Energy
(Luminosity)

Observed

(Expected) o

......................................................................................................................................................................................

Eur. Phys. J. C 77 |

Covered in
this talk!

Covered in
this talk!



Electroweak Zjj production




EWK Zjj differential cross sections

Signal region built requiring high di-jet invariant mass, no hadronic
activity in between the tagging jets and Z boson centrality

QCD background (strong) has the largest contribution over the spectra

Large QCD background miss-modeling, huge efforts to extract it in a

data driven way!

QCD production

Generator ME accuracy
-5~ Sherpa2.2.1 NLO (0-2j), LO (3-4j)
& MG5+Pyv8 LO (0-4j)

=& MG5_NLO+Py8 NLO (0-2j), LO (3-4j)

EWK production

Generator ME accuracy

-m Pownec+Py8 NLO
-¥- Herwig7+Vernio NLO

& Sherpa 2.2.1 LO (2-4))

Di-jet invariant mass (pre-fit)

e

(@]
S

M

—_
OCD
IIIII|T| TTT

—
o
N
T T T T
N \

III‘III|_|,| IIIIII|_|,| IIIIII|_|,| IIIIII|_|,| 1

ATLAS QR '5-13TeV,13910" Zj—~Ij3
: | -6- Data .

| VBF analysis Il EW Zj (Pownec+Py8)

I region [ Strong Zjj (SHERPA)

' ZV(V—jj)

B (i, single top

(3 Other VV

~~ Total uncertainty

I
3x10? 10° 2x10°

3x10° 7x10°

Ratio MC prediction to data

2.2

1.8
1.6
1.4
1.2

0.8

0.6
0.4
0.2

arXiv:2006.15458

q q
EWK signal z
q 9 Ratio
2700 : 1
q Z
QCD .
background
q q
[ T T T T T T T T 1 .f . II T * T_]
—ATLAS (s =13 TeV, 139 b, Zjj—=Hj/ 36
- -o- Strong Zjj (SHERPA) -m- EW Zjj (PowHeGc+PY8) ){S -
E = Strong Zj (MG5+Pv8) -v- EW Zjj (HERWIG+VBFNLO') 3
= -a- Strong Zjj (MG5_NLO+PY8')-a- EW Zjj (SHERPA) / -
C -~ 2V, Other VV, top / =
3 - ¢ E
- _ -
— __B____-a——“'a"-_ﬂ"/"“ﬂ--_ _E} —
S S 3
E—e— —— CTheell Al \\\ i E
=T Amel \ P =
= L}:: U SRS
C I SETEN Ss -
» -
= ] ’ ‘E‘ .............. % =
= T e T
Ecew i ererernrreny l"“""""""’]"""‘iﬂ!'Tif.,i """""""""" A ! ! 1 1 1 1
3x10? 10° 2x10° 3x10° 7x10°
m; [GeV]



Signal extraction steps

Binned maximum likelihood fit performed to reduce dependence on
MC mis-modeling. In the fit:

1.

B W

Events

Data / pred.

arXiv:2006.15458

Regions for data-driven background

Ngap A
QCD background is estimated — 4 different regions using two Jets | Strong Zjj Strong Zjj
enhanced enhanced
uncorrelated variables: > 1 CRa CRb
- Bin-by-bin wei i rate for low and high centralit -
Bin b.y bin w.elg.hts for stro.ng Zj.j, separate for low and high centrality 766 events B evnts
and linked within the gap jets bins
- Linear correction applied to strong Zjj to correct for residual eflgnzcjéd gg};):fc?é
dependence on the N gap jets =0 SR CRc
Bin-by-bin electroweak Zjj signal strengths (same in all regions) 7037, vetits e —
Procedure repeated for different MC generators -
The final EWK signal is taken to be the midpoint of the envelope of yields 0.5 1.0 52
obtained using the three different QCD Zjj event generators
Pre-fit o s e ~ > Post-fit
10° ATLAS Prefit Vs =13 TeV, 139 fb™, Zjj—Iljj *“E’ 5 A'II'LAIS ' IPolstfitl ' »175'=1'3 TIeV,I1SS; fb';, ijl'—>llljj
- Data B EW Zj (Pownec+Py8) [T Strong Zj (SHERPA) 0 10°E 4 Data B EW Zj (Pownec+Py8) (] Strong Zj (SHERPA)
B3 zv(V—jj) Il ti, single top 3 Other VV == Uncertainty w - ZV(V—jj) I tt, single top [ Other VV 2= Uncertainty
CRb | CRc SR CRa | CRb ! CRe | SR
10°
10°
10E
1 ;— e @
_qc.; 2 T T T E T T T T '_: T T T T ]
s 1.5} . ' f
//// //%?Z/M/W 5 %WW;W%
8 0.5} | ]
m 1 1 1 1 1
1234512345 0012345123451234512345
m; bin



Zjj differential cross sections results

Differential cross sections extracted for EWK only and EWK+QCD production as a function of four
observables: mj, |Ayj |, pri and Adj;

EWK Zjj production

> [ ATLAS s=13TeV, 139 o™ ]
O (o 1LEW Zj — llj N =0, &, <0.5 (EW SR) il
é I ¢ Data, stat. unc.
= N o Total unc. ]
_g 102k [ ] . ]
~ r A
o) i o ]
©
10°F | A SHERPA 2.2.1 [ — 3
- [E] HERwWIG7+VBFNLO ]
107*F [0] PowHEG+PY8 = i
© 2' ; ; ; ; —]
g 15 o o o & ©
o 1 =t : : ¢ =4
o 05f “ a A
£ 10° 2x10° 3x10°  4x10° 7x10°
m; [GeV]
<.0.451 . . : : —
€ -t ATLAS Vs=13TeV, 139 fb™" ]
© 0.4FEW Zj—llj Ne =0, &,<0.5 (EW SR) ]
) C Luminosit ]
8 0.35 El @uLelptorll)t,& pile-up @ Jet 3
S ] ® Unfolding I @ Strong Zj model ]
—= 03k B ® EW Zj model [] @ Statisti =
®© . ]
g ]
= 0.25F 3
O
© C b

o
L
[¢)]

e
i

0.05

10° 2x10° 3x10°  4x10°

7><:I 0®
m; [GeV]

do / dm [fo/GeV]

-
<
S

Ratio to data
o —_
o . O

EWK+QCD Zjj production

Zj — Hjj
AT

- ATLAS

—HeT—

—roe—

—peo—
—pea—

Vs=13TeV, 139 fb™ 3
NE2 =0, £,<0.5 (EW SR)

J

—te

e

(o] Strong Zjj (SHERPA) + X

[2] Strong Zjj (MG5_NLO+PY8) + X
X = EW Zjj (HErwiG7+VBFNLO) + ZV(V—jj) (SHERPA)

¢ Data, stat. unc. 3

Total unc.

3x10?

o
o w
N [$)]

Fractional uncertainty
o
o
(6]

o
—_
a

©
o

0.05

o
w

10° 7x10°
m; [GeV]
- ATLAS Vs=13TeV, 139 fb™ ]
- Zjj—lljj Nie=0,&,<05 (EW SR) |
C [] Luminosity ]

Il @ Lepton & pile-up @ Jet

] @ Unfolding

] ® Statistics

10°

2x10°

.7x1‘03
m, [GeV]

arXiv:2006.15458
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Effective Field Theory interpretation

_ _ Quadratic: - |Mge|?
To capture the EFT effects cross sections can be written as : .
EFT-SM linear: —=— 2Re(MgyMas)
c: _interf ¢ NP Cicl _NP-interf * |
O=0sm+Y “Loswi+2 0 +3 gy full EFT: — [Mas|? + 2Re(MgyMas)

i N7 ij, i /)

'_\/_)L v JL \/ J y

SM EFT-SM interference Pure EFT terms ATLAS Simulation Vs =13TeV, EW Zj-Ilj linear
(linear in ¢; = 1/A2) (quadratic in ¢; & 1/A%) % o[ Mgsl? == 2Re(MgyMas)  —|Mas|? + 2Re(Mey M) Yan
: : . o cwl N2 =02TeV2 ‘ :
Expectation: EFT-SM interference (linear) s o9 e 2= 02TV quadratic —y _.
leading contribution L (— N e &

1= -
Different distributions show different sensitivities 03
to the linear and quadratic terms (Madgraph R

SMEFT at LO) L f
0.0 —’J— rLl

Limits extracted using the measured EW Zjj I=|_l
differential cross-section as a function of the 03 =

parity-odd Ad;; '

Crws / \?=1.8 TeV~?|

0.3
Wilson  Includes 95% confidence interval [TeV™*]  p-value (SM) T O O D =S T ST
coefficient | Mgg|? Expected Observed 0.0
cw/AZ no  [-0.30, 0.30] [-0.19, 0.41] 45.9%
yes  [-0.31,0.29]  [-0.19, 0.41] 43.2% -0.3
ew /AT no  [-0.12, 0.12] [-0.11, 0.14] 82.0% T TR
yes  [-0.12,0.12]  [-0.11, 0.14] 81.8% 03 |5 :
cuwa/AE no  [-2.45,2.45] [-3.78, 1.13] 29.0% %
yes  [-3.11,2.10] [-6.31, 1.01] 25.0% 0.0 = o
Caws/NE no  [-1.06, 1.06]  [0.23, 2.34] 1.7%
yes  [-1.06, 1.06]  [0.23, 2.35] 1.6% -0.3
RS R LR R DS A
Strongest limits when pure dim-6 are excluded 222494833 d0aRR egdg e paqgriannzey

from the theoretical prediction!



Charged WWy and WWZ aTGC results

LEP parametrization: arXiv:hep-ph/9601233
respects SU(2)xU(1) gauge invariance
conserves charge conjugation (C) and parity (P) symmetries
5 parameters each defined to be zero in SM
Agf =gf -1 Aky =Ky — 1 Arz = kg — 1 Ay Az

only 3 parameters independent (gauge invariance)
Aky = Aglz' — Ak, tan’0y, Ay = Az
Typically no form-factors (FF) or FF = oo

When FF used cut-off energy of same order as kinematic limit of collision energy
(results without FF weaker)

EFT to LEP parameterization conversions using a(M,) and sin26,(M,)

More details at
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Sep 2020 ° g A
Central ~ ATLAS .
Fit Value DO ==
LEP —e— Channel Limits [ Lat /s
} | Wy [-4.1e-01, 4.6e-01] 4.6’ 7 TeV
AK'y } ] Wy [-3.8e-01, 2.9e-01] 5.0 fb” 7 TeV
- | wWwW [-2.1e-01, 2.2e-01] 491’ 7 TeV
I | WV (Ivij) [-2.1e-01, 2.2e-01] 46’ 7 TeV
i WV (Ivij) [-1.1e-01, 1.3e-01] 20.2 fb”’ 8 TeV
— WV (vJ) [-6.1e-02, 6.4e-02] 20.2 fb"! 8 TeV
_ WV (Ivij) [-1.1e-01, 1.4e-01] 5.0 fb” 7 TeV
— WV (ivJ) [-4.4e-02, 6.3e-02] 19 fb”’ 8 TeV
} ® i DO Comb. [-1.6e-01, 2.5e-01] 8.6 b’ 1.96 TeV
F—e— LEP Comb. [-9.9e-02, 6.6e-02] 0.7 o’ 0.20 TeV
— Wy [-6.5e-02, 6.1e-02] 46" 7 TeV
}"Y — Wy [-5.0e-02, 3.7e-02] 5.0 o' 7 TeV
— wWwW [-6.2e-02, 5.9¢-02] 4.6’ 7 TeV
- ww [-1.9e-02, 1.9¢-02] 20.3 fo’ 8 TeV
—] wWwW [-4.8e-02, 4.8e-02] 49" 7 TeV
e ww [-2.3e-02, 2.4e-02] 19.4 fo'! 8 TeV
H wWw [-7.4e-03, 7.4e-03] 36.1 b’ 13 TeV
— WV (Ivij) [-3.9e-02, 4.0e-02] 46" 7 TeV
— WV (Ivij) [-2.2e-02, 2.2e-02] 20.2 fb’ 8 TeV
H WV (IvJ) [-1.3e-02, 1.3e-02] 20.2 fb" 8 TeV
— WV (ivij) [-3.8e-02, 3.0e-02] 5.0 fb” 7 TeV
H WV (ivJ) [-1.1e-02, 1.1e-02] 19 fb™ 8 TeV
o WV (IvJ) [-6.5e-03, 6.6e-03] 35.9 fb’ 13 TeV
— EW qqW [-5.3e-02, 4.2e-02] 20.2 fb" 8 TeV
H EW qqW [-8.8e-03, 9.5¢-03] 35.9 fb' 13 TeV
e DO Comb. [-3.6e-02, 4.4e-02] 8.6 fb 1.96 TeV
LEP Comb. [-5.9e-02, 1.7e-02] 0.7 o 0.20 TeV
| | | | | | | I-.T| 1 1 | 1 | | | | 1 -(1 | | I 1 rb | | | |

aC summary plots at: http://cern.ch/go/8ghC aTGC Limits @95% C.L.



CMS

Sep 2020 Pi?v.éﬁ}e ATLAS

EgP —e—
Channel Limits
AKZ | —— WW -4.36-02, 4.3e-02 LLsdtfb“ ;g TeV
: [ : WW -2.5e-02, 2.0e-02 20.3 fb" 8 TeV
| i Wz -1.3e-01, 2.4e-01 336 fb" 8,13 TeV
= | -2.1e-01, 2.50-01 19.6 fb”! 8 TeV
: . WV (M\% -7.9e-03, 8.2e-03 359 fb’ 13 TeV
i EW qq -1.5e-01, 1.6e-01 20.2 b 8 TeV
T EW qaW,qqZ -4.3e-02, 4.2e-02 35.9 fo! 13 TeV
—e— LEP Comb. -7.4e-02, 5.1e-02 0.7 fb‘q 0 2oeTeV
}‘-z — WW -6.26-02, 5.9e-02 46" 7 TeV
|—||_| WW -1.9e-02, 1.9e-02 20.3 fb" 8 TeV
WW -1.4e-02, 1.4e-02 36.1 fo 13 TeV
TR AT WW -4.8e-02, 4.8e-02 4.9 fb'q 7 Te\e/
|-—o--|H WW -2.3e-02, 2.4e-02 19.4 b’ 8 TeV
WW .7.4e-03, 7.4e-03 36.1 fb’ 13 TeV
|—|H 4 -4.6e-02, 4.7-02 461" 7 TeV
w2z -1.4e-02, 1.3e-02 33.6 b 8 13 TeV
|—|H WZ -1.8e-02. 1.6€-02 19.6 fb" 8 TeV
WZ -8.2e-03, 8.6e-03 35.9 fb" 13 TeV
p—— WV (vij) -3.9e-02, 4.0e-02 461" 7 TeV
|—||_| WV ""j .2.2e-02, 2.2e-02 20.2 fb" 8 ToV
WV (ivd -1.3e-02, 1.3e-02 20.2 fiy’ 8 TeV
|—|H m m '?-?e:;% ?.?e-gg 5.0 fbR 7 TeV
-1.1e-02, 1.1e- 1
: ol . WV (ivJ -6.5e-03, 6.6e-03 ?,2 gbfb" ?J E‘Crvv
| EW qq -1.5e-01, 1.3e-01 20.3 fb" 8 Te\e/
|—|H EW qqW -5.3e-02, 4.2e-02 20.2 fb" 8 TeV
EW qqW.qaZ .7.1e-03, 7.6e-03 35.9 fiy”! 13 TeV
—e—] DO Comb. -3.6e-02, 4.4e-02 8.6 tb'q 1 9seT v
. —e—] LEP Comb -5.90-02. 1.76-02 0.7 fb 0.20 ToV
Ag p——— WW -3.9e-02, 5.2e-02)] 46" oV
; — WW -1.6e-02, 2.7e-02 20.3 fb’! 8 TeV
: — ' WW -3.1e-02, 1.7e-02 36.1 fp! 13 E%ev
{ WW -9.5e-02, 9.5e-02 4.9 tb'q 7 TeV
|—o—1H WW -4.7e-02, 2.2e-02 19.4 o’ 8 TeV
WW -1.5e-02, 1.2e-02 36.1 fy" 13 TeV
W, S— WZ -5.7e-02, 9.3e-02 46 ﬂ:‘q 7TeV
- WZ -1.5e-02, 3.0e-02 33.6 fb 8,13 TeV
_|—| WZ _1.8e-02. 3.56-02 19.6 fb! 8 TeV
WZ -1.7e-02, 4.6e-03 35.9 fiy"! 13 TeV
e WV (Ivjj -5.5e-02, 7.1e-02 46 fb'q 7 TeV
T WV NH 2.7-02, 4.5e-02 20.2 fb" 8 TeV
why  pemaes oge ony
-8.7e-03, 2.4e- o
: ld : \évvx(l g;d -?. ; e—8:13 Z.ge-ga :132 befb" ?3T ET’\e/V
-1.3e-01, 1.2e-01 2!
— EWaiNoez, [leds fdeds 550 zg' 13 Tov
mb. -3.4e 4e-02 5 fb
| | | 1 —eo——| : z 8.6 fb 1.96 TeV
I—O(-:])—l A | , LEP Comb. §.4e-02, 2.1¢-02 | 0.7 o’ | 0.20 TeV

aC summary plots at: http://cern.ch/go/8ghC aTGC leltS @950/ C L
o LU.L.



Effective f

d theory

Interpretation

M
Sep 2020 e er | ATLAS
T Value DO —e—]
LEP —— Channel Limi [ Ldt {s
> I i WW -2.1e+01, 2.E!§e+o1 20.31b" 8 TeV
C. /A — WW 216401, 1.86+01 361 b 13 TeV
B b ° WW -2.9e+01, 2.4e+01 19.4 fb’ 8 TeV
— ww -9.4e+00, 8.5e+00 36.1 " 13 TeV
} | WV (Njj -6.4e+01, 6.9e+01 46 fb 7 TeV
| = Wi e H A
—_ -1.9e+01, 2.0e+ 20.2 fp e
—_— WV (ivJ -1.4e+01, 1.7e+01 19 fb'p 8 TeV
—e—| WV (ivJ -8.8e+00, 8.5e+00 35.9 b’ 13 TeV
} { EW qqW.,qqZ -4.5e+01, 4.6e+01 35.9 fiy! 1Q|,T%\z
2 _ Wy -1.6e+01, 1.5e+01 4.6 fb 7Te
/A — Wy -1.2e+01, 9.0e+00 5.0 fo’! 7 TeV
CWWW e — ww -1.5e+01, 1.4e+01 4.6 b’ 7 TeV
— WW -4.6e+00, 4.6e+00 20.3 fb’! 8 TeV
H ww -3.4e+00, 3.3e+00 36.1 iy 13 Tev
— WW -1.2e+01, 1.2e+01 491 7 TeV
o— WW -5.7e+00, 5.9e+00 19.4 fb’! 8 TeV
H WW -1.8e+00, 1.8e+00 36.1 fiy” 13 TeV
[ T WZ -1.1e+01, 1.1e+01 46fo g]’g\g.
- -3.3e+00, 3.2e+00 3361’ ,13 TeV
— -4.6e+00, 4.2e+00 19.6 fb! 8 TeV
H -2.0e+00, 2.1e+00 359 fiy” 13 TeV
J— -9.5e+00, 9.6e+00 46 fb 7 TeV
— -5.3e+00, 5.3e+00 20.2 o’ 8 TeV
— -3.1e+00, 3.1e+00 20.2 fq" 8 TeV
e -9.2e+00, 7.3e+00 5.0 fb, 7TeV
i -2.7e+00, 2.7e+00 19" 8 TeV
| -1.6e+00, 1.6e+00 35.9 fb’ 13 TeV
k i -3.6e+01, 3.2e+01 20.3 fb’! 8 TeV
f— -1.3e+01, 9.0e+00 20.2 fb! 8 TeV
— -2.3e+00, 2.5e+00 35.9 fiy” 13 TeV
—e—| -8.7e+00, 1.1e+01 86fb 1.96 TeV
—e— -1.4e+01, 4.1e+00 0.7 fo 0.20 TeV
> f— -9.4e+00, 1.3e+01 461" 7 TeV
CW A —q -5.9e+00, 1.1e+01 20.3 fb"! 8 TeV
—d -7.4e+00, 4.1e+00 36.1 fy” 13 TeV
I -2.3e+01, 2.3e+01 49 fb 7 TeV
] -1.1e+01, 5.4e+00 19.4 fb’ 8 TeV
— -3.6e+00, 2.8e+00 36.1 )" 13 TeV
LI SE— -1.4e+01, 2.2e+01 46fo g ‘{g\lr
:|| -3.6e+00, 7.3e+00 33.6fb’ ,13 TeV
- -4.2e+00, 8.0e+00 19.6 fb! 8 TeV
o R i e T
-1.3e+01, 1.8e+ & X e
— -6.4e+00, 1.1e+01 20.2 o' 8 TeV
-5.1e+00, 5.8e+00 20.2 fp" 8 TeV
-2.0e+00, 5.7e+00 19 fb° 8 TeV
WV (ivJ -2.0e+00, 2.7e+00 35.9 b 13 TeV
} | EW qq -3.3e+01, 3.0e+01 20.2 fb’ 8 TeV
SR EW qqW,qqZ -8.8e+00, 1.6e+01 359 ﬂ?“ 13 TeV
—— DO Comb. -8.2e+00, 2.0e+01 8.6 b 1.96 TeV
| i i i | —eH i i , LEPComb. , [-1.3e+01, 5.1e+00], [ 0.7 fb 020 TeV

aC summary plots at: http://cern.ch/go/8ghC

aTGC Limits @95% C.L. [TeV?]



Neutral Zyy and ZZy aTGC results

In SM, all neutral TGCs are zero at tree level

Oct 2018 cMS
ATLAS L Channel Limits [ Lot is
. — Zy(ly,vwy) [-9.5e-04, 9.9¢-04] 20.3 fo’' 8 TeV
h3 — Zy(vvy) [-3.7e-04, 3.7e-04] 36.1fb" 13 TeV
} Zy(ll,wy) [-2.9-03, 2.9e-03] 5.0 fb! 7 TeV
F | Zy(lhy) [-4.6e-03, 4.6e-03] 19.5 fo’! 8 TeV
W—— Zyivwy) [-1.1e-03, 9.0e-04] 19.6 fb’ 8 TeV
- — Zy(ly,vvy) [-7.8e-04, 8.6e-04] 20.3 fb" 8 TeV
h3 — Zyiwy) [-3.2e-04, 3.3e-04] 36.1 fb”’ 13 TeV
} | Zy(lky.vvy) [-2.7e-03, 2.7e-03] 5.0 fb” 7 TeV
| Zy(Iky) [-3.8e-03, 3.7e-03] 19.5 b’ 8 TeV
i Zy(vwy) [-1.5e-03, 1.6e-03] 19.6 fb” 8 TeV
7 — Zy(l,vvy) [-3.2e-06, 3.2e-06] 20.3 fb" 8 TeV
h4 ] Zy(vvy) [-4.4e-07, 4.3e-07] 36.1 fb" 13 TeV
| Zy(Iy.vvy) [-1.5e-05, 1.5e-05] 5.0 fb” 7 TeV
! i Zy(Iky) [-3.6e-05, 3.5e-05] 19.5 fo’ 8 TeV
— Zyvvy) [-3.8e-06, 4.3e-06] 19.6 b’ 8 TeV
. — Zy(l,vvy) [-3.0e-06, 2.9e-06] 20.3 fb" 8 TeV
h4 [ Zy(wy) [-4.5e-07, 4.4e-07] 36.1 fb" 13 TeV
—_— Zy(ly,vwy) [-1.3e-05, 1.3e-05] 5.0 fo! 7 TeV
Zy(lly) [-3.1e-05, 3.0e-05] 19.5 fb’ 8 TeV
—v Zytwy) [-3.9e-06, 4.5¢-06] 19.6 fo’! 8 TeV
| | | | | | 1 l 1 | | | | I | l | | |
-0.5 0 0.5 1 1.5 x10%(h,),

aTGC Limits @95% C.L.

-4
x10 (h4)



Neutral ZZV and ZZZ aTGC results

September 2020 o In SM, all neutral TGCs are zero at tree level
ATLAS+CMS |_| Channel Limits [ Lat s

I ] ZZ (41,212v) [-1.5e-02, 1.5e-02] 46" 7 TeV

fY I ZZ (4,212v) [-3.8e-03, 3.8¢-03] 20.3 b 8 TeV
4 —i ZZ (4)) [-1.8e-03, 1.8e-03] 36.1 fb” 13 TeV
— ZZ (212v) [-1.2e-03, 1.2e-03] 36.1 fo 13 TeV

} | ZZ (4l) [-5.0e-03, 5.0e-03] 19.6 fb" 8 TeV
[ ZZ (212v) [-3.6e-03, 3.2e-03] 24.7 fo’' 7,8 TeV
— ZZ (41,212v) [-3.0e-03, 2.6e-03] 24.7 b’ 7,8 TeV
— ZZ (41) [-7.8e-04, 7.1e-04] 137 fb” 13 TeV

} | ZZ (41,212v) [-1.0e-02, 1.0e-02] 9.6 fb” 7 TeV

} 1 ZZ (41,212v) [-1.3e-02, 1.3e-02] 46" 7 TeV

fZ — ZZ (41,212v) [-3.3e-03, 3.2e-03] 20.3 fo’ 8 TeV
4 — ZZ (4l) [-1.5e-03, 1.5¢-03] 36.1 fb’ 13 TeV
=i ZZ (212v) [-1.0e-03, 1.0e-03] 36.11b" 13 TeV

i} ZZ (41) [-4.0e-03, 4.0e-03] 19.6 b 8 TeV
[ ZZ (212v) [-2.7e-03, 3.2e-03] 24.7 fo’! 7,8 TeV
R ZZ (41,212v) [-2.1e-03, 2.6e-03] 24.7 fo’ 7,8 TeV
H ZZ (4l) [-6.6e-04, 6.0e-04] 137 fb™ 13 TeV

: { Zz(4122v)  [-8.7-03,9.1e-03] 9.6 fo" 7TeV

F i ZZ (41,212v) [-1.6e-02, 1.5¢-02] 4.6’ 7 TeV

fY S ZZ (41,212v) [-3.8e-03, 3.8¢-03] 20.3 b’ 8 TeV
5 — ZZ (41) [-1.8e-03, 1.8e-03] 36.1 fo’' 13 TeV
— ZZ (212v) [-1.2e-03, 1.2e-03] 36.1 fo’ 13 TeV

} i ZZ (41) [-5.0e-03, 5.0e-03] 19.6 b 8 TeV
— ZZ(212v) [-3.3e-03, 3.6e-03] 24.7 o’ 7,8 TeV
— ZZ(41,212v) [-2.6e-03, 2.7e-03] 24.7 fo! 7,8 TeV
(- ZZ (4)) [-6.8e-04, 7.5e-04] 137 fb" 13 TeV

b | ZZ (41,212v) [-1.1e-02, 1.1e-02] 9.6 fo" 7TeV

I 1 ZZ (41,212v) [-1.3e-02, 1.3e-02] 46" 7 TeV

fZ — ZZ (41,212v) [-3.3e-03, 3.3e-03] 20.3 fo’ 8 TeV
5 — ZZ (41) [-1.5e-03, 1.5¢-03] 36.1 o’ 13 TeV
— ZZ (212v) [-1.0e-03, 1.0e-03] 36.1 fo'! 13 TeV

— ZZ (4)) [-4.0e-03, 4.0e-03] 19.6 o' 8 TeV
p——— ZZ (212v) [-2.9e-03, 3.0e-03] 24.7 fo! 7,8 TeV
— ZZ (41,212v) [-2.2e-03, 2.3e-03] 24.7 fb 7.8 TeV
H ZZ (41) [-5.5e-04, 7.5¢-04] 137 fb” 13 TeV

1 1 ! i I | ! ¥ I i j 91000, 8.90081 I pe fo’ I L ok
-0.02 0 0.02 0.04 0.06

aC summary plots at: http://cern.ch/go/8ghC aTGC leltS @9 5% C L.



Vector-boson scattering
as pro ne of EWSB and new phy i
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CERN

Anomalous couplings: illustrative results {
s
cMS
Aug 2020 ATLAS — I [ Lt 5‘5
£ A F = 67 [-7.7e+01, 8.1e 19.3 b e
MO } | Zy -7.1e+01, 7.5e+01 19.7 fb 8 TeV
— Zy -1.9e+01, 2.0e+01 35.9 fb! 13 TeV
I | Z -7.6e+01, 6.9e+01 20.2 fb’! 8 TeV
I i ly -7.7€+01, 7.4e+01 19.7 fb’! 8 TeV
H Wy -8.1e+00, 8.0e+00 35.9 b’ 13 TeV
Iljl ss WW -3.0e+00, 3.2e+00 137 fb ! 13 TeV
-5.8e+00, 5.8e+00 137 fo’! 13 TeV
— WoWW -2.8e+01, 2.8e+01 20.2 fb’! 8 TeV
H W—-WW -4.2¢+00, 4.2e+00 24.7 fb! 7,8 TeV
| WV zZV -6.9e-01, 7.0e-01] 35.9 fb! 13 TeV
£ IA? i § Wvy -1.3e+02, 1.2e+02 19.31b, 8 TeV
M1 } | Zy -1.9e+02, 1.8e+02 19.7 fo’! 8 TeV
_ Zy -4.8e+01, 4.7e+01 35.9 b 13 TeV
I | Z -1.5e+02, 1.5e+02 20.2 fb’! 8 TeV
! | y -1.2e+02, 1.3e+02 19.7 fb 8 TeV
— Wy -1.2e+01, 1.2e+01 35.9 fb' 13 TeV
H ss WW -4.7e+00, 4.7e+00 137 b’ 13 TeV
— -8.2e+00, 8.3e+00 137 fb! 13 TeV
= i Y Y
Yy -1.6e+01, 1.6e 24.7 fb’ )
] WV ZV -2.0e+00, 2.1e+00 35.9 fo 13 TeV
£ IAY — WVy -5.7e+01, 5.7e+01 20.2 b 8 TeV
M2 —_ Zy -3.2e+01, 3.1e+01 19.7 fb’! 8 TeV
H Zy -8.2e+00, 8.0e+00 35.9 fb’! 13 TeV
‘:‘ Z -2.7e+01, 2.7e+01 20.2 fb’! 8 TeV
M Wy '3'3618(1) ; g.geiga 19.7 jfb‘} ? Tgrvv
ly -2.8e+00, 2.8e+00] 35.91b.
£ AR I I WVy -9.5e+01, 9.8e+01 20.2b" 83re
M3 ——— Zy -5.8e+01, 5.9e+01 19.7 fb’! 8 TeV
— Zy -2.1e+01, 2.1e+01 35.9 fo! 13 TeV
r— { 330101, 440101 2050 BTev
Y -4.3e+01, 4. 19.7 fb’ e
S Wy -4.46+00, 4.46+00] 359 b 13 T%V
AR I | WVy -1.3e+02, 1.3e+02 20.2 b 8Te
== i Rl i i SRy
-4.Ue: , 4.0e+ = e
c z Wy R st ek
I | -2.0e+02, 2.0e .2 fb e
fus /A — Z 250401, 2.4e+01 359 fo! 13 TeV
P ) Y -6.5e+01, 6.5e+01 19.7 b’ 8 TeV
: = i s asedd A
-3.9e+01, 4.0e 9 b e
fue /A b i y 1.3e4+02, 1.3+02 19.7 b 8 TeV
— Wy -1.6e+01, 1.6e+01 35.9 fb' 13 TeV
H ss WW -6.0e+00, 6.5e+00 137 fb! 13 TeV
= \\74 -1.2e+01, 1.2e+01 137 fo 13 TeV
H WV zV -1.3e+00, 1.3e+00 35.9 fb! 13 Pv
f A —_— Z -6.1e+01, 6.3e+01 35.9fb" 13 TeV
M7 [ | y -1.6e+02, 1.6e+02 19.7 fb”! 8 TeV
— Wy -2.1e+01, 2.0e+01 35.9 fb' 13 TeV
H ss WW -6.7e+00, 7.0e+00 137 fb! 13 TeV
[ Wz -1.0e+01, 1.0e+01 137 fb", 13 TeV
! I I ! I P 1 ! [ wav, | I3fle+00,3.4e+0p] | 359" | 13TeV |
: X . . o _4
aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [Tev ]
Kenneth Long
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Photon pdf

* http://luxged.web.cern.ch/luxged/

percentage of proton's momentum carried by photon
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