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Introduction and experimental motivation

VV production via vector boson d

scattering
Important component of VVjj
production proceeding entirely via EW
interactions at tree level
V self-interactions and interactions with

H precisely predicted

Deviations from predictions signal
new physics in EW sector

New probe of the SM in the EW sector

given high Run Il (and Run [I1) 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 — can we achieve precision?

High multiplicity final state, complex and forward objects (jets)
Kenneth Long




Characteristics of VBS events ?E?W

N, S

Radiation of vector bosons, lack of color flow between jets
V2 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 Forward and h|gh momentum jetS

Run/Event: 283043 / 94262902

Kenneth Long Leptons central wrt jets 4




Anatomy of a VBS measurement D)

N, S

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)

/ 1

q q q q
W W+ W+
Wﬂ:
7
Z / 7
q q q q
@ O(a%) (©)
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Landscape of VBS measurements ~1 year ago ‘im

N,
q/ q// q q
W:I: Wj: W/Z/~y
W)z
Z Z
q q ¢’ q¢"
PRL 120, 081801 (2018)  PLB 793 (2019) 469 % ATLAS-CONF-2019-033 CERN-EP-2019-206
- EW obs (exp) 6.5 (4.4) - EW obs (exp) 5.6 (3.2) - EW obs (exp) 5.6 (3.2) - EW obs (exp) 4.1 (4.1)
- Via it to m;+CR - via fit to BDT+CR - fitto BDT+CRs - Via fit to BDT
% PRL 123, 161801 (2019) # PLB 795 (2019) 281 PLB 774 (2017) 682 CMS-SMP-18-007
- EW obs (exp) 2.2 (2.5) - EW obs (exp) 2.7 (1.9) - EWobs (exp) 2.7 (25) - EW 3.9 (5.2)
- via 2D fit to mijj/dEtajj - Via fit to BDT - Via fit to BDT - 2D fit to mjj/njj+CR
- combined w/ 8 TeV
Also at 8 TeV 4.7 (55)
| | Also at 8 TeV
Semi-leptonic decays Wy at 8 TeV only
PRD 100, 032007 (2019) Phys. Lett. B 798 (2019)134985
EW obs (exp) 2.7 (2.5) Only BSM search
via fit to BDTs in 9 SR+CR
kennethLong Results from ATLAS and CMS at 13 TeV (36 fb-1 or %140 fb-1) &



https://arxiv.org/abs/1812.09740
https://arxiv.org/abs/1901.04060
https://arxiv.org/abs/1708.02812
https://arxiv.org/abs/1906.03203
https://arxiv.org/abs/1812.09740
https://arxiv.org/abs/1901.04060
https://arxiv.org/abs/1905.07714
https://arxiv.org/abs/1910.09503
https://cds.cern.ch/record/2682214
https://arxiv.org/abs/1905.07445

Landscape of VBS measurements today ﬁEfW

N,
q, q// q q
Wi Wi W/Z/’Y
W)z
Z Z
q q ¢’ q"
PRL 120, 081801 (18)  pLB 793 (2019) 469 % ATLAS-CONF-2019-033 PLB 803 (20) 135341
- EWobs (exp) 6.5(4.4) . EW obs (exp) 5.6 (3.2) - EWobs (exp) 5.6 (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
*PLB 809 (20) 135710 % PLB 812 (20) 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)
- via 2D fit to mjj/dEtajj - Viafit to ME discriminant - via 2D fit to mjiinjj +CRs - 2D fit to mij/njj+CR
- unfolded xsecs + Via fit to BDT - combined w/ 8 TeV
*PLB 812 (21) 135992 4.7 (5.5)
- Polarisation search PLB 811 (2020) 1359¢
, , - EW 4.9 (4.6)
Semi-leptonic decays - combined w/ 8 TeV
P y 5.3 (4.8)
PRD 100, 032007 (2019) Phys. Lett. B 798 (2019)134985
EW obs (exp) 2.7 (2.5) Only BSM search
via fit to BDTs in 9 SR+CR
kemneth Long Results from ATLAS and CMS at 13 TeV (36 fb-! or % 140 fb-1)



https://arxiv.org/abs/1812.09740
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/1812.09740
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/1905.07714
https://arxiv.org/abs/1910.09503
https://cds.cern.ch/record/2682214
https://arxiv.org/abs/2008.10521
https://arxiv.org/abs/1905.07445
https://arxiv.org/abs/1708.02812
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173

Electroweak W=W=: the golden channel W)

N, S

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

Moving from search to precise measurement with full Run Il
data and beyond

VBS production

q q

Backgrounds
Non-prompt backgrounds = data driven
Charge mis-ID CMS 137 16 (13 TeV)
. . > L L L e e e
Simulation | 8 =V  Big, une. QCD production
corrected with data 5 101 moterbkg,  mEWKWZ ] v
> 2 prompt SS leptons " Sz
- p p p : Nonprompt :
from MC |
S5
WW QCD (small) | -
WZ EW+QCD
Correct using
3¢ data =
w1.4 i
51.2
80.8 -
0.6 & , . , . =
Kenneth Long 100 200 300 400 500 8
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https://arxiv.org/abs/1906.03203

Electroweak WZ: massive charged probe QE/RW

NL S
Background estimation for WW+ is a PLB 809 (2020) 135710
measurement . .
. QCD production ||VBS production
Measure simultaneously - ,
. q
Use huge data set to constrain other MC d 8 X
. W
estimates (Z2), (top) w*
Sensitive to charged resonances or couplings
(including Higgs-like) 7 g
Less clean signature than ZZ, W=W= but 4 e «
cross section accessible with large dataset _ ews 13710 (137Te)
§ : [ :Ilb;{rong sign § g:: unc. ]
.g 0.6 [ Other bkg. B EWK Wz _
Variable WEW* WZ 8 = 1
Leptons 2 leptons, pr > 25/20GeV 3 leptons, pt > 25/10/20 GeV i e
Py >50GeV >50 GeV
|myy — myz| >15GeV (ee) <15GeV
Myyp >20GeV —
Mypp — >100 GeV
piiss >30GeV >30GeV
b quark veto Required Required
max(z;) <0.75 <1.0
j; >500 GeV >500 GeV

500 1000 1500 2000 2500 ?}}00
m; [Ge
Kenneth Long



https://arxiv.org/abs/1906.03203

Electroweak W=W=+WZ: combined approach o))

N, S

Simultaneous maximum likelihood fit with WZ and PLB 809 (2020) 135710

WW treated as signal
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 + tZq ,ZZ with unconstrained normalisations

B CMS 137 fo (13 TeV)
CMS 137 fb (13 TeV) e F T T T T T T 7
> T 2 Vy -¢- Data 1
3 v -¢- Data 2 400 — [ Wrong sign N\ Bkg. unc. ]
5 L vy \\ Bkg. unc. S B I Other bkg. I EWK Wz T
= | [ Wrong sign ww Lﬁ mwz
g [ Other bkg. Bl EWK WZ B 77 ]
iT] L = ;VZZ ] 300 [0 Nonprompt —|
B B tVx ]
L " Nonprompt E B

Data/SM

500 1000 1500 2000 2500 " 3000 T 05 0 05 1
m; [Ge BDT score

Kenneth Long
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https://arxiv.org/abs/1906.03203

Electroweak W=W=and WZ: results C\E/RW

N, S

Sensitivity to WW far exceeds 5 sigma PLB 809 (2020) 135710
WZ significance obs. 6.8 (5.3 exp) s.d. cus i (15 Tev)

Fiducial cross sections and unfolded S e ]
distributions also reported 8, 0% T Mnoanars sucoNonryias win MO,
Unfolding via maximum likelihood fit £ | |
without regularisation § ] 1

WZ BDT replaced by mjj or observable

CMS 137 fo'' (13 TeV)
;‘ _I T T T | T T I T T I 1T 1T I T T T I_
) 0.015 i Data i F T T T \
(D MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. > 1 5 = =
B [ eenneenne. MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. 7] 5 _.tg ~E
= - I EwWwz 7] O|© 1
= B N |-E ()]
E o001} — 3
S - . 0.5 T R SR R R
.8 B 7 100 200 300 400 500
- 1 m, [GeV]
0.005 B I t B p B (fb) Theoretical prediction Theoretical prediction
N i rocess v without NLO corrections (fb) with NLO corrections (fb)
. ——— . ot 3.98 + 0.45
m | EW W*W 0.37 (stat) £ 0.25 (syst) 3.93+0.57 3.31+047
I I I N I - 4.42 4+ 047
F T T T T ] EW+QCD W*W 0.39 (stat) £ 0.25 (syst) 4.34 4+ 0.69 3.72 +0.59
>l d5F = 1.81 £0.41
o VF
§ g ] L P EWWZ 0.39 (stat) £ 0.14 (syst) 141+0.21 1.24+0.18
= 3 4.97 +0.46
0.5 E_ | | | | EW+QCDWZ 0.40 (stat) = 0.23 (syst) 4.54+0.90 4.36 +0.88
500 1000 1500 2000 2500 _ 3000 CD WZ 3154049 3124070 3124070
mjj [GeV] Q 0.45 (stat) + 0.18 (syst)
Kenneth Long 11



https://arxiv.org/abs/1906.03203

Electroweak W=W=: polarization study )

N, S

Longitudinal component of W=W?= large is of large PLB 809 (2020) 135710

interest (coupling to H, regulating perturbative SM)
Measurement of EW W=W= at ~10% precision allows first study
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

137 fb" (13 TeV)

.............. CMS S/mulat/on 13 TeV

-g 100 | CMS . other bkg_ ¢ Data _ :- 0 45 rrrr [ rrrr |( LB | 2
> AN \\Yevgg&tunm | < 045 —EWWW ;
2 —W, W, Wz | “F —EWWW; ]
g) — W, W, C VA -
e - 035F — EWWiW; 3
Nonprompt C ]

W tvx . 0.3F -

sol- . . WW COM frame
WW COM frame LENES
tEi ‘*Eii\\ifﬁ\---! 0012_ =

0.1F
0.055— — —;

Data/SM

A¢II
Folarization components are frame dependent
Kenneth Long Consider both WW and parton-parton COM frames 12



https://arxiv.org/abs/1708.02812

Electroweak W=W=: polarization results @)

N, S

Size of data set is not sufficient to measure PLB 809 (2020) 135710

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)

c  p————————rip (3TeV)
. ‘5 CMS W Other bkg. ¢ Data
LL 95% CL limit: 1.17 (0.88) fb S Sww, kg une
= — W W W
LX observed at 2.3 (3.1) s.d. S 400l “ww, mwz _
Ll>_] T°T ZZ
'Nonprompt |
- . . i B tvx ]
Process o B (fb) Theoretical prediction (fb) 200 _\\\\\\\\\\&\\\\\\\\N h
WEWE 0.32+042 0.44 + 0.05 -
Wi W5 3.061921 313 £ 035 i B R
WEW5E 1.2070:28 1.63 + 0.18 <
WEWE 211109 1.94 £ 0.21 7]
. ©
T
O osf ]
-1 05 0 05 1
BDT score

Kenneth Long

WW COM frame 5



https://arxiv.org/abs/1708.02812

Electroweak ZZ: strong at high lumi %E/RW

NL S
Extremely clean four lepton signal (£ = e, ) PLB 812 (2021) 135992
Very low nonprompt (fake) background
Fully reconstructed final state QCD production | |VBS production
Access to boson polarizations ! :

... But very low production cross section
Z7(4L) Selection

4 loose ID leptons, pr(y, €) > 5, 7 GeV
m;; > 100 GeV (ptr > 30 GeV)
Expected S/B ~1/20
Estimating ZZjj QCD background
Is primary challenge
Predominately gg and qg
induced, but gg-induced
component significant in 99999
most signal-like region
Simulated with merged gg
loop-induced +jets
predictions with MG5_aMC

Kenneth Long

s=13TeV —— gg—ZZ (MCFM)

s —— gg—ZZ 0-jet (MG)

i Prp > 10 GeV —— gg—ZZ 1-jet (MG)
—— gg—ZZ 0,1-jet (MG)

1 —— gg—ZZ 0,1,2-jet (MG)

Normalized
=
©
©

d

-

N(0,1,2jet)
/ N(others)
I '

o

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

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



https://cds.cern.ch/record/2728134
https://arxiv.org/abs/2006.12860

Electroweak ZZ results ?E/RW

, NL S
Low S/B, but discrimination possible PLB 812 (2021) 135992
Exploit matrix element discriminant (Kp)
Fit distribution in loose selection
. CGMs 187 o (13 TeV) 10+ CMS 137 fbo' (13 TeV)
%- 90;_ J J T _: é "‘I""I""I""I""I""I""I""I""I"‘?
& 80 + Data 3 2 . " .
60— Eqaezz = % g2z
& 99 »2Z E 102 qq -
T e aid e
40F m; < 400 GeV or a1, | <24 Left: subset of o - S
- E distribution used
20F — . . .
of E in fit (right) 1
§1§&+ 1047 |
§ 0'; “Fb*f*‘*‘]’}*{»—%_ """"""""""""""""" E u = c)-ObS/O-th. = 1 22 -0.40 §> g
O3 3 4 5 6 7 IAn? g 21
i 8 o -+ E
Observed (expected) Of 400 (350) 0 01 02 03 04 05 06 07 08 0.9 KD1

Several fiducial cross sections of EW, EW+QCD production

M G 5_aMC at I_O Perturbative order Slf/.l -0' (fb)‘ Measured o (fb)
ZZjj inclusive
POWHEG NLO LO 0.275 +0.021
EW NLO QCD 0.278+0.017  0.3370]] (stat)*993 (syst)
NLO EW 0.242+59013
Kenneth Long EW+QCD 5.35 + 0.51 5207031 (stat) + 0.47 (syst) 15



https://cds.cern.ch/record/2728134

Zy: neutral interactions + photons %E/RW

N, S

Probe neutral quartic couplings JHEP 2006 (2020) 076
Clean signal from leptonic Z decay . -
Fully reconstructed final state 1" = Inzy = (1 +12) /2
Neutral probe with higher cross section than ZZ

VBS production

Common selection  p*? > 25GeV, |72| < 2.5 for electron channel
p2 > 20GeV, |142| < 2.4 for muon channel q _ q
pr > 20GeV, |7| < 1.444 or 1.566 < |57| < 2.500 i
p% > 30GeV, [gl2] < 4.7

T
70 < my, < 110GeV, mz,, > 100 GeV

v

AR;;, AR;,, ARy > 0.5, ARy, > 0.7 ;
Control region 150 < my < 400 GeV, >
Common selection ! ‘
EW signal region my > 500 GeV, An; > 2.5, QCD production

" < 24, Apy, 5> 19,

Common selection VA
q q
L%/% q
Y
16

estimated with data-driven approach
Other background from MC
Control region to validate and constrain QCD Zy

Backgrounds with nonprompt photons and leptons E

Q

Kenneth Long



http://arxiv.org/abs/arXiv:2002.09902

Electroweak Zy: CMS results 0

N, S

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 VVijj)
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 = PYew,sm = 1

_CMS 3591 ' (13 Tevz
Also perform fit with EW and QCD signal ng‘mm i’f‘:w sznprompt;
c | EW Zy
ofd = 14.3 £ 1.1 (stat) £ 2.7 (syst) fb ;3’40: Top

30 .

Agrees with MG5_aMC prediction, 20 ; 1
oo = 15.7 = 1.7 b J :
10 f /%{ »

Kenneth Long 17



http://arxiv.org/abs/arXiv:2002.09902

Wy: charged interactions + photons G

NL S
Probe charged couplings with photons PLB 811 (2020) 135988
Challenging experimental state VBS production
Significant contribution from mis-ID photons
and leptons

Select moderate pt lepton, MET, photon
Electron channel: me, not consistent with mz
m; > 500 GeV and An > 2.5 cMS

i g e 359B(13TeY
— 1 1 D 107 Data tty ingle t
ywy = Ot +y)/2l <12 Gop o gy Ee 3
~ 10t CJew wy [ImisiDlepton  [JVV a
. . 2] XY Bkg. unc. [ MisID photon  [C]Double misID =
Very similar approach to Zy 5 wonbarrst ]
. . L _ 3
for background estimation Control region
Backgrounds data "
driven or MC o .4-__.J.__‘"
(prompt/nonprompt) e KDL ks
R R VS YR RO
o $t e
e ok 2080 B0~ 700120740 160 T80 200
Kenneth Long p! [GeV] 18



https://arxiv.org/abs/2008.10521

Electroweak Wy: results %E/RW

Very similar approach to Gamma analysis

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

N, S

PLB 811 (2020) 135988

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

1 = Oobs/Otn. = 1.20 To5

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

M = Oobs/Oth. = 1.21 " 46

+0.17

Kenneth Long

Events / bin

300F

250

200f

150

100§

50

o, from MG_aMC LO

CMS 35.9 fb' (13 TeV)
| | | | | | | | | | |

Ewwy [QCD zy B Single t
[ ¢ Data MisID lepton [ e—y
- Punc. [ VisID photon WV
: Baocowy ity

- Muon barrel

[ m, (30, 80) E

m, (80, 130) E m, > 130

5 8, 7 120, S 8, 7, 120n S 7 7, 1>
00‘80000\ 7 2530~ 7 7g00~ 1}7?0\8030‘ 7 2580~ 7 7g00~ 1}7?0\8030‘ 7 2580~ 77gg\/m
m. [GeV]
1l
19



https://arxiv.org/abs/2008.10521

Semi-leptonic VBS: experimental challenge (i@
High cross section = sensitive to BSM PLB 798 (2019)134985

But very experimentally complex!

q I
Overwhelming backgrounds not just from VVjj, but also
from V+jets and top production ! W
Focus on BSM, boosted Vgg events ( ) s
Require high-pt lepton + MET or two leptons 7 q
V+jets background estimation primary challenge . .
Estimated from sideband region of fat jet mass (off my)
- - ,CMS 35.9 fbo! (13 TeV) CMS  3591'(13TeV)
Small-radius jets | Large-radius jet —~ 10 L B S S B 3106!_ T T T
3 { Observed [ V+jets : §1o5. = Opserved v
i (85103 DOCD+EWWV |:]Top quark Ll , |:|Topquark DQCDWV 3
g 7] Bkg. uncertainty
1 % 2 10
\o=g pT(V)> |j>j10 é
Background est. 'F
10_1;: = — e
il o 2- g
ot B
1000 1500 2000 2500 1000 1500 2000 2500
Kenneth Long My (GeV) Signal region my,y (GeV) g



https://arxiv.org/abs/1905.07445

Anomalous couplings: overview D)\

N, S

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

o0
Loy — Lefr = Lsu + Z ,):,7+1;

n=1 1

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

Lso = [(DN@)TD,,@] x [(D“(I))TD”(P] Liro = Tr [WWWW] x [(Dﬁd))TDﬂ¢>]

Lo = Tr [WWW“”] X Tr [WaﬁW“ﬁ] (® 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




Anomalous couplings: approach g

N/, S
» Exploit variables sensitive to modification from high-mass interaction
. CMs 0 1eTRI(18To) cMS 137 6" (13 TeV) c CMS| e L (13 T,
2 10° vy + Data E 5 . mwvx o eDaa a8 f ~+- Data ]
£ 108 Otherbkg  EEWKWZ 2 10° v e B une > 0% I Z+X 5
& —fp,/AY = 2.9 TeV* -;vzz | 2 5 [ Other bkg. B EWK WZ < ' m.>100 Gev [JttZ,vvz 7
—f/At=20Tevt 8t ] 10 —f,/A*=29Tev* mWZ 0 3k B qg—2Z _:
10° . tVx E 104 —1e/A' = 20 Tev* - flinprompt w 2 W gg—2Z E
oL W EW ZZjj ]
10 10° 10°¢ Clfre/A* =2 TeV™ =
102 ] _ 10:_ _i
=15 L L
7] =14 F 1
£ L12F [ 10
© - E i i
005 T 1 Eae - . @ @
s 0 200 400 600 800 1000 1200 1400
Wz 0 500 1000
mZ [GeV] M [GeV] m,, [GeV]
s R, e — - LA _ Cms 3591 (13TeV)
- 1 €10l . L ] ET g T T T T T T T LT T T
?@ B CMS + Data Nonprompt 7 g 10 Observed - v+ ets 8 L .QCD Wy tty .Smglet ]
510° & ERLTRTS [ Top quark [ Jacozv ] o1k Oewwy  [acpzy ey .
o F VBS Zy Other bkgd. E ' S E ¢ Daa [JMisID lepton  [JVV 3
. o ] 102} I:ISM EWzv I:IBkg.uncertamty ] ; - 77 unc. .MisID photon |:|Double misiD 1
10 QCD zy Fre=-0.50e-12 | 19 ¢ f /A% = 2.5 TeV4-.... M. =1000GeV, s, = 0.5 ‘5102;— —fr /A* = 0.8x10"2 Tev* 3
] G L | :
‘ i 10 E
1 7 ]
: I — :
10" Py W L
& I
200 400 600 800 1000 1200 1400 3 1.1- 4~_l_+ ; IR IR
my, [GeV] 8 o gp T 200 300 400 500 600 700
Kenneth Long 1000 1500 2000 2500 My, [GeV] 5o
m,, (GeV)




CERN

pling -
cMS
Aug 2020 s m— Ghaome! f Lat ;
4 I | Y -7.7e+01,8.1e 19.3 b e
fuo /A | | Zy 716401, 7.56401 B3 8 TeV
— Zy -1.9e+01, 2.0e+01 35.9 b 13 TeV
I | Z -7.6e+01, 6.9e+01 20.2 fo’! 8 TeV
I | Y -7.7e+01, 7.4e+01 19.7 fb’! 8 TeV
H Wy -8.1e+00, 8.0e+00 35.9 fb' 13 TeV
'lj‘ ss WW -3.0e+00, 3.2e+00 137 1b 13 TeV
4 -5.8e+00, 5.8e+00 137 fb° 13 TeV
— WoWW -2.8e+01, 2.8e+01 20.2 fb 8 TeV
H Y-WW -4.2e+00, 4.2e+00 24.7 fb’! 7,8 TeV
| WV zv -6.9e-01, 7.0e-01] 35.9 fb’! 13 TeV
AR I 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 fb’! 13 TeV
I ! z -1.5e+02, 1.5e+02 20.2 fb} 8 TeV
i | Y -1.2e+02, 1.3e+02 19.7 b’ 8 TeV
— Wy -1.2e+01, 1.2e+01 35.9 fb! 13 TeV
H ss WW -4.7e+00, 4.7€+00 137 b 13 TeV
H -8.2e+00, 8.3e+00 137 fo’! 13 TeV
: — ! %::ww ] '(1593% l'geﬁﬁ %2'2 {g: 8 %y
-1.6e , 1.6e 7 fb’ s
| WV ZV -2.0e+00, 2.1e+00 35.9 fb’! 13 TeV
f NS — Wvy -5.7e+01, 5.7e+01 20.21b" 8TeV
M2 — Zy -3.2e+01, 3.1e+01 19.7 fb’! 8 TeV
H Zy -8.2¢+00, 8.0e+00 35.9 fb] 13 TeV
‘:J Z -2.7e+01, 2.7e+01 20.2 fbr 8 TeV
Y -2.6e+01, 2.6e+01 19.7 fb! 8 TeV
H Wy -2.8e+00, 2.8e+00 35.9 fb! 13 TeV
fIAY I | WVy -9.5e+01, 9.8e+01 20.2 b 8 TeV
M3 —_ Zy -5.8e+01, 5.9e+01 19.7 fb’! 8 TeV
— Zy -2.1e+01, 2.1e+01 35.9 fb’! 13 TeV
— § i b A2k gy
-4.3€: , 4.4€ . ] e
H W¥ -4.4e+00, 4.4e+00 35.9 fb’ 13 TeV
AR I | Wvy 1.3e+02, 1.3e+02 20.2 fb”! TeV
—— 7 508101 400101 BIBT AT
-4.0e , 4.0e . e
C d Y 3t e I Y
-2. y & . e
fus /A ' — ' Z -2.56+01, 2.4e+01 356 fo- 13 TeV
S S— Y -6.5e+01, 6.5e+01 19.7 b’ 8 TeV
. = o S gl 1 S
-3. V4. 91b e
fue /A | | y 136402, 1.3e+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
— WZ -1.2e+01, 1.2e+01 137 fb! 13 TeV
| WV zv -1.3e+00, 1.3e+00 35.9 fb’! 13 TeV
f A" [Ee—— | Z -6.1e+01, 6.3e+01 35.9 b 13 TeV
M7 l | 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 b’ 13 TeV
— wz -1.0e+01, 1.0e+01 137 b, 13 TeV
! ! l ! ! ! H ! ! ! I wvzv, | [3.pe+00,3.4e+00] | | 359" | 13TeV |
. . . . o -
aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV ]
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Vector boson scattering processes are quickly moving from
search to measurement
Stringent probe of the SM as a search for BSM physics
Several channels explored with 140 fb-1, others in progress
SM-like properties have been demonstrated
Subtle deviations will take more data, better ideas, and better
interplay with theoretical predictions

Sensitivity to longitudinal polarization is possible at HL-LHC
First studies have been made with real data, will help us
understand our projections better
Can we do better?

Control modeling with improved calculations tuned from
measurements

Many opportunities to continue exploiting high luminosity

Kenneth Long

Conclusions ?E/RW
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