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The Standard Model of particle physics
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The Standard Model of particle physics
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The Higgs boson was found 7 years ago!

— no significant deviation from the SM found in its properties



The Standard Model of particle physics
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The Higgs boson was found 7 years ago!

Is ‘rhe SM complefe? — no significant deviation from the SM found in its properties



The Standard Model of particle physics

s Particle content
¢ Particle interactions
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The Standard Model of particle physics

s Particle content
s Particle interactions

y/Z = 20, W — £2v most frequent and very
well understood

i} F F“" WW V (V =W, Z, y) precisely measured at
& ‘v LEP and the LHC

+ UF/B \/v H = WW,ZZ, yy and H = TT recently
observed at LHC

+ Y 3‘)% ¢ S ¢ ® Higgs self couplings not yet seen
AV



The Standard Model of particle physics

s Particle content
s Particle interactions

v y/Z = 00, W — 9v most frequent and very
well understood

v WW V (V =W, Z v) precisely measured at
LEP and the LHC

v H—= WW,ZZ, yy and H = TT recently
observed at LHC

® Higgs self couplings not yet seen

e WW VV was limited by experimental data



Why Vector Boson scattering is interesting?

® Example: Cross-section for longitudinal W W - = W +*W,- scattering

[Denner, Hahn, 1997]
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Why Vector Boson scattering is interesting?

 Example: Cross-section for longitudinal W +W_ - = W +W_- scattering

[Denner, Hahn, 1997]
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Why Vector Boson scattering is interesting?

»  Example: Cross-section for longitudinal W +W_ - = W +W\|- scattering
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Why Vector Boson scattering is interesting?

Example: Cross-section for longitudinal W +W_ - = W +W_- scattering

»  Vector Boson Scattering (VBS)

' [Denner, Hahn, 1997]
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Why Vector Boson scattering is interesting?

© Looking for new physics?

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits, ATLAS Preliminary

Status: March 2019 : [£dt = (3.2-139) fo! Vs=8,13TeV
miss -1 P
Model 6,y Jetst ET™ [rdtfb™) Limit . Reference
ADD Gkk +g/q Oe 1-4j Yes 36.1 Mp U 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 Mg . 8.6 TeV n = 3HLZNLO 1707.04147
ADD QBH - 2j - 37.0 | Mgy . 89TeV n=6 1703.09127
ADD BH high ¥, pr >lepu >2j - 3.2 |Mu . 8.2 TeV n =6, Mp =3 TeV,rotBH 1606.02265
ADD BH multijet - >3] - 36 |Mu . 9.55TeV n =6 Mp =3 TeV,rotBH 1512.02586
RS1 Gk — vy 2y - - 36.7 Gk mass ° 4.1 TeV k/Mp = 0.1 1707.04147
Bulk RS Gy —» WW /ZZ multi-channel 36.1 Gk mass ° 2.3TeV k/Mg =1.0 1808.02380
Bulk RS Gkx — WW /ZZ — qqqq 0 e,u 2J - 139 k/Mg = 1.0 ATLAS-CONF-2019-003
Bulk RS gk — tt 1eu =1b, >1J/2) Yes 36.1 8kk Mass A 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leu =22b,23j Yes 36.1 KK mass o 1:8TeV Tier (1,1), BAMY - ¢t) =1 1803.09678
SSM Z' — ¢t 2ep - - 189 |zZmass e 51TeV 1903.06248
SSM Z' — 17 27 - - 36.1 Z' mass o 242 TeV 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 Z’ mass e 21TeV 1805.09299
Leptophobic Z’ — tt leu =21b 2142 Yes 36.1 Z' mass . 3.0TeV r/m=1% 1804.10823
SSM W' — ¢y 1eu - Yes 79.8 W’ mass . 5.6 TeV ATLAS-CONF-2018-017
SSM W' — 1v 17 - Yes  36.1 W’ mass . 3.7 TeV 1801.06992
HVT V/ - WV — gqqq model B 0 e, u 2J - 139 gv=3 ATLAS-CONF-2019-003
HVT V' - WH/ZH model B multi-channel 36.1 | V' mass o 293 TeV gv=3 1712.06518
LRSM W, — tb multi-channel 36.1 | W’ mass o 3.25 TeV 1807.10473
Clqqqq - 2j - 37.0 |A O 21.8TeV 1703.09127
Clttqq 2eu O 40.0 TeV 7, 1707.02424
Cl tttt ° 2.57 TeV [Cael = 4x 1811.02305
Axial-vector mediator (Dirac DM) 1. TeV £4=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Colored scalar mediator (Dirac D 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) 700 GeV m(x) <150 GeV 1608.02372
Scalar reson. ¢ — ty (Dirac DM) ° 3.4 TeV y =04,1=0.2, m(y) =10 GeV 1812.09743
Scalar LQ 15t gen LQ mass 1.4 TeV p=1 1902.00377
Scalar LQ 2" gen ; =2]j LQ mass 1456 TeV p=1 1902.00377
Scalar LQ 39 gen 27 2b - 36.1 LQ; mass 1.03 TeVe B(LQY — br) =1 1902.08103
Scalar LQ 3¢ gen 0-1 e,p 2b Yes  36.1 |LQjmass 970 GeV o B(LQS — tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.3P TeV SU(2) doublet 1808.02343
VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.34TeV SU(2) doublet 1808.02343
VLQ T3 Ts3| Tz = Wt + X 2(SS)/z3eu 21b,21] Yes 36.1 Ts/3 mass 9.64 TeV B( T3 = Wt)=1, c(TssWe)=1 1807.11883
VLQ Y —» Wh+ X leu =21b21 Yes 361 |Ymass ® 1.85 TeV B(Y — Whb)=1, cg(Wh)=1 1812.07343
VLQ B - Hb+ X Oepu,2y 21b,21j Yes 79.8 |Bmass 1.21 ®V kp=05 ATLAS-CONF-2018-024
VLA QQ — WqWgq 1en 4 Yes 203 |QiESIesocev o 1509.04261
Excited quark ¢* — qg - 2j - 139 -— only u* and d*, A = m(q’) ATLAS-CONF-2019-007
Excited quark ¢* — qy 1y 1j - 36.7 q" mass 5.3 TeV only u* and d*, A = m(q’) 1709.10440
Excited quark b* — bg - 1b,1j - 361 |b*mass ° 2.6 TeV 1805.09299
Excited lepton £* 3eu - - 20.3 A =3.0TeV 1411.2921
Excited lepton v* Beurt - - 20.3 A=16TeV 14112921
Type Ill Seesaw 1eu 22j Yes 79.8 N° mass 560 GeV : ATLAS-CONF-2018-020
LRSM Majorana » 2pu 2j - 36.1 | Ngmass . 3.2 TeV m(We) =41TeV, g = gr 1809.11105 1
Higgs triplet H== — €¢ 2,34 e, (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748 EXCI USIO nS are
Higgs triplet H*= — fr 3eurt - - 20.3 DY production, B(H}* — {r) = 1 14112921
Multi-charged particles - - - 36.1 multi-charged particle mass 7 DY production, |g| = 5e 1812.03673 m Od e I d e pe nd e nt
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin1/2 1509.08059
‘/§=13TeV m ....l1 L .....i L . L ....:I;) . N PR
partial data 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

© Yet no sign of new physics with direct searches @LHC
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New physics in bumps and tails

Direct search approach Indirect search approach
(model dependent) (model independent)

“ Mx> ELHcl;a
ction in t
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New physics may
be (just) beyond
our reach

New resonance Peviation in tails /
ELnc

M
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Effective Field Theory (EFT)

o Deviations are parametrized by higher order operators from SM fields

dim-8 operators can
affect VBS at tree level

_ Ci A . Cj
Lert = Lsw + Z A2 Oi dim-6 + 2 Ao O; dim-8
]
Lsm ~ determines

the bulk distribution \ UV theories maps
to specific
2 coefficients [1]

New interactions
from UV theories

l

o EFT are model independent and self consistent framework for parametrizing deviations from
the SM



Why Vector Boson scattering is interesting?

ATLA

LAS Preliminary

1O

10'2 |

TR =

Status: [Ldt=(32-139)fo! Vs=8,13TeV
Reference
T ——T
4 ° 7.7 TeV n=2 1711.03301
§ ADD nol 2y - - 36.7 Ms ° 8.6 TeV n=3HLZNLO 1707.04147
ADD QBH - 2j - 37.0 My, 8.9TeV n=6 1703.09127
s ADD BH high ¥, pr zlen 22j - 3.2 M, ° 82TeV ., Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - >3j - 36 |Mu 9.55 TeV , Mp = 3 TeV, rot BH 1512.02586
% RS1 Gk = vy 2y - - 36.7 | Gk mass ° 41 TeV k/Mpr = 0.1 1707.04147
Bulk RS Gk — WW/ZZ multi-channel 36.1 Gyx mass ° 2.3TeV k/Mp = 1.0 1808.02380
g Bulk RS Gk — WW/ZZ — qqqq 0 e.n 2J - 139 | Gik mass 28TeV k[ Mp =10 ATLAS-CONF-2019-003
Bulk RS gk — tt Teu =1b, 2102 Ye 36.1 Bkk Mass [ ] 3.8TeV F/m=15% 1804.10823
R 2UED/ RPP lepu 22b=23) Yes 36.1 KK mass - 1.8 TeV Tier (1.1), BAGY - tt) =1 1803.09678
SSM Z' — t 2ep - - 139 Z’ mass 5.1TeV 1903.06248
SSM Z' - 1 27 - - 36.1 2’ mass ° 242TeV 1709.07242
§ Leptophobic Z* — bb - 2b - 36.1 Z' mass ° 21Tev 1805.09299
Leptophobic Z* — tt Teu 21b 2102 Yes Z’ mass 3.0TeV r/m=1% 1804.10823
SSM W’ — ¢v Ten - W’ mass ° 5.6 TeV ATLAS-CONF-2018-017
% SSM W’ — v W’ mass 3.7 TeV 1801.06992
& pra V' mass 2 4.4Tev =3 ATLAS-CONF-2019-003
V' mass ° 293 TeV v =3 1712.06518
W’ mass 3.25 TeV 1807.10473
h 21.8TeV 7, 1703.09127
(] 400 TeV 7 1707.02424
257 TeV |Carl = 4 1811.02305
imed 1.55 TeV 24025, g,=1.0, m(y) = 1GeV 1711.03301
E Mipeg 967 TeV £=1.0, m(y) = 1 GeV 1711.03301
3 M. 700 GeV m(x) <150 GeV 1608.02372
| ¢son. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes 361 |me ° 3.4TeV y =0.4,1=02, m(y) = 10 GeV 1812.0743
ScalarLQ 1% gen 12e  22j  Yes 361 |LQmass 127ev p=1 1902.00377
Q  ScalarLQ 2" gen 12u =2 Yes 361 |LQmass 1656 TeV p=1 1902.00377
=~ ScalarLq 3¢ gen 27 2b - 36.1 LQj mass 1.03 TeV B(LQY - br) =1 1902.08103
ScalarLQ 3" gen 0-1 e 2b Yes 36.1 Log mass 970 GeV @ B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.3@TeV SU(2) doublet 1808.02343
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ T3 Toysl oz » We+ X 2(SS)/28eu 21 b,21] Yes  36.1 | Tsamass $64Tev B(Tops - We)=1, ¢(TesWe)=1 1807.11883
VLQ Y - Wb+ X lepu 21b21j Yes 861 |Ymass 01.85 TeV B(Y = Wh)=1, cg(Wh)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y 21b21j Yes 79.8 B mass 1.21 TeV xg=05 ATLAS-CONF-2018-024
VLQ QQ — WqWq 1en 24)  Yes 203 o 1509.04261
& Excited quark ¢* — qg - 2j - 139 q* mass. L] 6.7 TeV only u* and d, ATLAS-CONF-2019-007
g Excited quark ¢* — gy 1y 1j - 36.7 q" mass. 5.3TeV onlyu” and d', 1709.10440
E Excited quark b” - bg - 1b1j - 361 [bmass O 26 TeV 1805.09200
8 Excited lepton ¢* 3epu - - 20.3 A=30TeV 14112921
Excited lepton v* et . - 20.3 A=16TeV 14112021
Type Il Seesaw 1epu 22j Yes 79.8 NC mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2pu 2j - 36.1 Ng mass 32TeV m(Wg) =4.1TeV, g = gr 1809.11105
Higgs triplet H=* — ¢¢ 234eu(SS) - - 36.1 | H* mass 870 GeV DY production 1710.09748
§ Higgs triplet H** — 3eut - - 20.3 DY production, B(H;* — (1) = 1 14112921
Multi-charged particles - - - 36.1 multi-charged particle mass DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp. spin 1/2 1509.08059
V5=13TeV  V5=13TeV it i >
partial data [ full data 107 ) 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
‘tSmall-radius (large-radius) jets are denoted by the letter j (J).

[Denner, Hahn, 1997]

10°

10°

104 b

10 =

10° b Vi

100 Ge\

200

000 1000 2000

M+ T ~1/E?

2000 |\

o Today we will discuss the most recent

experimental results obtained at the LHC

15



Vector Boson Scattering at the LHC

Protons in LHC serve as source of vector boson beams.

0
0 jet

- T S
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jet

<~—— pro’ro+ns
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Vector Boson Scattering at the LHC

Protons in LHC serve as source of vector boson beams.
O(abw) process with following diagrams at LO:

O = 7, & st ued!

v

gauge structure of the electroweak symmetry
Standard Model breaking
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Vector Boson Scattering at the LHC

Protons in LHC serve as source of vector boson beams.

O(abw) process with following diagrams at LO:

final state

sy

decay

; products of V\/_I_I

the vector
bosons (V=W.2)

s

< (leptons/jets)

jet

Al

L
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Signal definition




Signal definition
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Signal definition
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Signal definition
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Signal definition
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Inition

Signal def
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Vector Boson Scattering topology

tagging
jet

tagging
jet

WATLAS
A EXPERIMENT

Run Number: 207490, Event Number: 33152138

Date: 2012-07-26 04:16:35 UTC




Vector Boson Scattering topology

lepton lepton

VBS at the LHC has a typical final state topology
tagging jet

o Two hadronic jets in forward and backward
regions with very high energy (tagging jets)

tagging jet

o Two bosons produced ~back-to-back
(lepton centrality C)

o Hadronic activity suppressed between the two jets
due to absence of color flow between interacting
partons — not used jet because of MC miss modeling
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Vector Boson Scattering topology

lepton lepton

VBS at the LHC has a typical final state topology An
tagging jet N >

o Two hadronic jets in forward and backward

regions with very high enerqy_(aaeis tagaing je

o Two bosons ¢
(lepton centra

o Hadronic activ
due to absence
partons — not u:
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Experimental results

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

1 | | | | | | 1
-~ 00 === 2010, 7 TeV, 45.0 pb ' 00
|63 m— 2011, 7 TeV, 6.1 fb '

- — 2012, 8 TeV, 23.3 b !
> 80 m—— 2015, 13 TeV, 4.2 b ! 180
= -' 2016, 13 TeV, 41.0 fb
o w2017, 13 TeV, 49.8 b ! 2018
= — 2018, 13 TeV, 67.9 b *
& 60} 160
3 LHC delivered
- - ~160 fb-'at 13 TeV
v - ~23fb1 at 8 TeV |
& 40 2016 40
8 2012
)
£ 20} 120
&
o 2015
o—-( 3 2 . q, . . C. 0
\% ? W > A ) c o e
AP SRS I RV AP AR AP LN
Date (UTC)
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Experimental results

o Datasets

o ATLAS: 8 TeV (20.2 fb-1) and 13 TeV (36.1 fb-1)
o CMS: 8 TeV (19.7 fb-1) and 13 TeV (35.9 fb-1)

o Channels studied

Best EW/Qcp final state

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

JHEP07(2017)107

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

WW= l2viIv jj
W= l=vIl jj
Wy I=vy j]
Ly lly jj
7 I jj
WV l=vd ]
""""" v I

very sensitive
to new physics

PAS-SMP-18-006

- | . Best EFT
arXiv:1905.07714 }’"mm
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ATLAS experimental results

W=Z — 0vL0L [arxivi1812.09740]

3 high pr leptons (e, W)

20 of same flavour and opposite charge
with pr>15GeV
12 with pr>20 GeV

Z window (10 GeV)
M+(W)>30GeV

Fully leptonic decay
channels

Bkg
reduction

b-jet veto, 4 lepton veto

2 jets (pr>40 GeV)

M; > 500 GeV and jets in the
opposite hemisphere

VBS
topological

WZjj EW
26 %

tZj+VVV
4 %
tt+V
3 %
Misid. leptons
S %

7 WZjj QCD
8 O/o 54 °/O

e/ y conversions

WzW= — Qv OV [ATLAS-CONF-2018-030]

2 high pt leptons (e, W)

20 of same charge pt> 27 GeV

mee > 20 GeV
Etmiss > 30 GeV

Veto ee pairs in Z mass window (15GeV),
3 lepton veto, b-jet veto

2 jets (pr> 65, 35 GeV)
Mjj> 500 GeV and Ay | > 2

WWijj EW
34 %

WWij QCD

Other 6%

2 %

11 %

WZ
27 %

Misid. leptons
19 %
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https://cds.cern.ch/record/2629411
https://arxiv.org/abs/1812.09740

ATLAS experimental results

W=Z — 0vL0L [arxivi1812.09740] WzW= — Qv OV [ATLAS-CONF-2018-030]

(. B

o Need to keep under control the backgrounds!

K » Data Control Regions j

Small signal contribution (~30%)
» Exploit discriminant variables, BDT

. WWji EW
WZ]] EW 341_10/0
26 %
WWijj QCD
6 %
{Zj+VVV Other
4% 2%
tt+V
3 % e/ y conversions
Misid. leptons 11 %

5%

- WZjj QCD WZ

8 9% 54 o 27 %

Misid. leptons
19 %
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https://cds.cern.ch/record/2629411
https://arxiv.org/abs/1812.09740

W=Z analysis

tZj+VVV

4 %
tt+V
3 %

Misid. leptons

S %

7
8 %

WZjj EW
26 %

~

\_

Small signal contribution (~30%)

» Data Control Regions

~

o Need to keep under control the backgrounds!

/

Wzjj QCD
54 %
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Control regions definition

WZ selection

20 of same flavour and opposite
charge with pr>15GeV
12 with pr>20 GeV

Z window (10 GeV)
Mr(W)>30GeV

pass

2 jets (pt> 40 GeV)

Mj> 150 GeV and jets in the
opposite hemisphere

pass

b-jet veto

pass

4 |lepton veto

pass

Mjj > 500 GeV

pass

Signal Region

Z 140 ATLAS ® Data —

g’ C  [s=13TeV, 36.1 b C W'Z-EW ]

L W*Z-QCD -

W 120 b-CR 77 -

- I Misid. leptons i

| / tth ]

100 T -z and VVV ]

A L 80;_ Postfit _;

EXPERIMENT 60;— —

40 -

® Data . ]

[ 1WZ-EW 20 - E

WiZ'QCD ) B I * -

. ZZ = SF 4 B

B Misid. leptons © oF — =

tt+V 8 F ]

B iZj and VVV 1E — Y .

#77% Tot. unc. 0 L

fail b-jets
fail
fail

\ 4
QCD CR ZZ CR b CR
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Control regions definition

£ os[ ATLAS e owa
o - s=13TeV, 36.1 fo’ CIwWZ-Ew .
W*Z-QCD
WZ selection n 20 :— £2:CR =5I%sid. leptons _:
: Postfit Y v ]
u %4 Tot. unc. i
20 of same flavour and opposite 15 —
charge with pr>15GeV A L - .
10 with p1>20 GeV EXPERIMENT 10/ ]
Z window (10 GeV) 2T i,
Mt(W)>30GeV @® Data 5
[ TW*Z-EW
o . W*Z-QCD
O 2F =
2 jets (pr> 40 GeV) “ly fﬂ? oot = :
.. e B Misid. leptons s b T i,
O ooste hameste o the th+V 8 1%%77////////////// I
B iZj and VVV - -
pass #4544 Tot. unc. 00 ~"7500 1000 1500 2000 2500
_ m; [GeV]
b-jet veto
pass
fail
4 |lepton veto
pass
fail
Mijj > 500 GeV
pass
v
Signal Region QCD CR ZZ CR
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Control regions definition

» _Farlas 77 e om ]
> S0 s_13Tev, 361 1” CIwzZEw -
— B W=Z-QCD -
WZ selection & ,F WarQED CR - e e :
Se S 40 | . 1I-SI . leptons _
L N Postfit - FZj\gnd VWV i
. B #47 Tot. unc. ]
20 of same flavour and opposite 30 L -
charge with pr>15GeV A L , '_"_%éééééééééé %_.%,_ ]
12 with pr>20 GeV EXPERIMENT o0 — ]
Z window (10 GeV) - %%% ]
M1(W)>30GeV 1ol i
pass

_+_
_+_

2 jets (pt> 40 GeV)

Data / MC

B Misid. leptons
M;> 150 GeV and jets in the ey N I e
opposite hemisphere B 7] and VVV ' —4— ]
pass # Tot. unc. 0=—%00 300 400 500
_ m, [GeV]
b-jet veto
pass

4 |lepton veto

pass

fail

Mjj > 500 GeV

pass

Signal Region QCD CR
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WZ selection

20 of same flavour and opposite

charge with pr>15GeV
12 with pr>20 GeV

Z window (10 GeV)
M+(W)>30GeV

pass

2 jets (pr> 50 GeV)
Mjj> 100 GeV

pass

b-jet veto

pass

4 |lepton veto

pass

Mjj > 500 GeV, [An;>2.5
and (< 2.5

pass

Signal Region

Control regions definition

\

35.9 fb (13 TeV)

CMS

108

10

Events / 200 GeV

—e— Data

== .
L _ o EW-Wzjj

B 2
- Nonprompt

llllllll

\\\\\\ Stat. Unc.

fail

QCD CR

Preliminary  EW Control Region C T Ewwzj

I 1 1 1 1 I
—e— Data

B z

- Nonprompt
Bl v

B trvivvy
[ acp-wzjj

¢ QCD-WZjj (s1j@NLO)

........

IlIIII | IIIIIII| ] IllIIIII | IIIlIIIl (A

10
1= e

107 —
o | | o | -
E 15 ' 1 —

o
; 1-—\.\_¢.x4\.xx-\-\\~\\i . S S R T R \\\%\\\ \\\Q\“\Q
g 05 ‘ N %‘ &\ \ |

500 1000 1500

Di-jet Mass [GeV]

Using this QCD CR definition allows to verify
the high Mjj mass modeling
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W=Z analysis

tZj+VVV

4 %
tt+V
3 %

Misid. leptons

S %

7
8 %

WZjj EW
26 %

N\

ﬁ Small signal contribution (~30%)

» Multivariate analysis, discriminant
variables

~

Need to keep under control the backgrounds!

< - =

/

Wzjj QCD
54 %
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@ ab Multivariate analvsis Full set of BDT variables
ATLAS y mij, Njets, prit,pi2, nit, Anj, Ad;

EXPERIMENT |y|,W_yZ|,pTW,pTW, nW’ mTWZ
AR(J1a Z)’ RpThard1 Clep

Boosted Decision Tree used in signal region to
distinguish between WZjj-EW and backgrounds $lep = min(An_, An,) Rhard _ (2,;P)r

] ) Pr
An_ = min(n)", nji,np) — min(n;y, ;) 2, Pr

15 variables that have a characteristic signature. An, = max(n, 1,) — max(n),n%,n%)
j1> >

» In order of importance:

1. lyz - yowl S Famas’ T e o]

~ 120~ s-137Tev, 36.1 o [ IwZ-Ew .

2. Clep ) B . W*Z-QCD i

= _ WZjji-QCD CR mzz _

3_ RpT har g) 100__ -![\t/h?}d. leptons —

4. Jets multiplicity (pt > 25 GeV) L sob- prrrri A

5. Adj : -

60 — —

Trained on simulation events, to separate s0b E
WZjj-EW from backgrounds N ]
® Data 20 =4 -

Description of BDT score controlled in [ TWZ-EW r :;: .
QCD-CR WZ-QCD 9 ’ :
| ZZ =~ 2F RS =

» good agreement observed with B Misid. leptons & .
data tt+V O et ]

iy v ]

B tZj and VVV c | ]

“éae Tot. unc. 1 -0.5 0 0.5 1

BDT Score
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Events / 35

Data/ MC

£

50

40

30

20

10

Signal extraction SR e

AT L AS ~ 40F /s=13TeV,36.1 " L IwWZ-Ew -

%) = i W*Z-QCD 3

EXPERIMENT S 35F Wzjj SR i leptons 3

Lﬁ 305— -:tz?\;ndvvv —f

C , 4 Tot. unc. =

Simultaneous template fit of BDT score in signal region 255 % E

and 3 different control regions 20F E

15F | E

_ 10E Vs |

» Signal and background I:l. Da+ta Tl il -

lization extracted from data WZEW T —— E

normalization exiracie O a Wiz_QCD CEJ N _—

> Shape fit = Consider uncertainties %/IZ o oot = F ]

. : : ISId. Iepions’ % oy S

affecting shape and normalization — oV P 8 1} — Mﬁw Y

B 12 and VYV B

- 777 Tot. unc. BDT Score

Control regions
Catias T eom 1 B b AamasT T T e s 4 2140f ATLAS " eom 3
L ls=13TeV, 361 1o Cwzew . Y [ s=13TeV,36.1fb" Iwzew - 2 - [5=13TeV, 361 10" —wzew ]
- WZjji-QCD CR 2z . L - ZZ-CR 7z 1 W20+ b-CR 7z -
C I Misid. leptons ] 20 I Misid. leptons — L I Misid. leptons _
C - :z\;nd VWV i E ] Ferj\;nd VWV E 100 :— / . :z\;nd VWV —:
C ##% Tot. unc. ] | #445% Tot. unc. _ - ##% Tot. unc. m
-l 4 . 151 E 80~ =
iy 4 ] - i C ]
SR PR S I 1 % -
K Loz WO, . % 7 40 -
:_ _: 5: _: 20:— _:
- —— i 8 » A o :_ _:
A el 8 U W & o |
N i - i 1E -
200 300 400 500 Op~~""500 1000 1500 2000 _ 2500 - -
m; [GeV] m; [GeV]

b-jets
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Q x| Signal extraction _ Data —

= = EW-WZjj I t+V/VVV
\ B Zy QCD-Wzjj

L Nonprompt K Stat.®Syst.

2D Signal region

Simultaneous template fit Mjj and Anjj

» separate by lepton flavors CMS

Preliminary

< : : .
o : : _

E 40 : ! _:

Signal and background normalization | g N ]

extracted from data W a0 Anjj €[25 415 A“,-j €[4, 5] —

> Shape fit = Consider uncertainties jet  jet jet — __jet .
affecting shape and normalization ? B

| - An. =5 3

10 I ) —_

QCD Control region :M

0
[

35.9fb" (13 TeV) 1.5

t
|%||||||||||
|
Y

> E ' "~ 1 T T~ T " T T " T T T T T
()] = CMS Data
(O] - Preliminary  EW Control Region r-~gywz 4 |~ ] g
o B 2 = —_—————
Q =N° 0.5 1 — . . —
P 0 J 2 N 0 ] 7. N 0 7 7. s
% E Ec J 7 0 7_552 2.0 S 7 0 7.55~2 20 5.7.00 7.55.2.020
o C "™ qol
Lﬁ : Y sta m” [TeV]
107" ;— =
] E .. I L I
T 15F [
E T S

500 7000 1500

Di-jet Mass [GeV]



Systematics uncertainties

Source Uncertainty [%]
W Z355—EW theory modelling 4.8
W Z457—QCD theory modelling 5.2
WZ355—EW and W Z;7—QCD interference 1.9
Jets 6.6
Pile-up 2.2
Jet reconstruction Electrons 1.4
and calibration Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8
Luminosity 2.1
Total Systematics 10.7
Source of systematic uncertainty | Relative systematic uncertainty [%]
U'Wij EW WZ Signiﬁcance
Jet energy scale +9.8/-9.2 7.5
Jet energy resolution +1.1/-19 <0.1
QCD WZ modeling - 0.9
Other background theory +2.5/-2.2 0.2
Nonprompt normalization +2.1/-2.4 L1 |CMS.
Nonprompt stat. +6.1/-5.8 62 — \
Lepton energy scale and eff. +3.5/-2.7 <01— <
b-tagging +1.7/-19 < 0.1 \\\\ \\ I
Luminosity +3.1/-3.4 <01%




Systematics uncertainties

o Source Uncertainty [%]
Theory uncertainties® W Zjj—EW theory modelling 4.8
QCD scale: vary renormalisation and factorization ' WZjj—QCD theory modelling 5.2
scale by 0.5 and 2 WZ37—EW and W Z;j—QCD interference 1.9
20% to 30% effect in QCD, Jets 6.6
5% for EW Pile-up 2.2
PDF and as: standard PDF4LHC description: Electrons 1.4
Small effect (1-2%) Muons 0.4
b-tagging 0.1
Signal modeling (including parton shower) MC statistics 1.9
shape difference between generators Misid. lepton background 0.9
(Up to 14% effect ) Other backgrounds 0.8
Luminosity 2.1

WZ QCD background modeling

shape difference between generators Total Systematics 10.7

5-20% effect

Source of systematic uncertainty | Relative systematic uncertainty [%]
Owzji EW WZ Significance
Jet energy scale +9.8/-9.2 7.5
Jet energy resolution +1.1/-1.9 <0.1
QCD WZ modeling - 0.9
Other background theory +2.5/-2.2 0.2 * EW corrections to VBS WZ
Nonprompt normalization +2.1; 24 L1 [\/\\S\\ (~-19%) were not available by
Nonprompt stat. +6.1/-5.8 6.2 . .
Lepton energy scale and eff. +3.5/-2.7 <0.1 \\\\\ the tlme_ of the publication and
b-tagging +1.7/-1.9 <01 = are not included
Luminosity +3.1/-34 <015




Systematics uncertainties

Source Uncertainty [%]
W Z37—EW theory modelling 4.8
QCD/EWK Interference W Zjj—QCD theory modelling 5.2
Part of the measured signal WZ355—EW and W Z;7—QCD interference 1.9
Included as shape uncertainty on signal Jets 6.6
Size of interference: +10% of EW WZjj Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
. . : Misid. lepton background 0.9
Normalization uncertainties applied on Other back d 0.3
_ grounds :
non-dominant background
Large uncertainty in Misid. Leptons Luminosity 2.1
background (~40%) Total Systematics 10.7
Source of systematic uncertainty | Relative systematic uncertainty [%]
Owzji EW WZ Significance
Jet energy scale +9.8/-9.2 7.5
Jet energy resolution +1.1/-1.9 <0.1
QCD WZ modeling - 0.9
Other background theory +2.5/-2.2 0.2
Nonprompt normalization +2.1/-2.4 11 | CMS.
Nonprompt stat. +6.1/-5.8 62 — \
Lepton energy scale and eff. +3.5/-2.7 <01— <
b-tagging +1.7/-1.9 <01/
Luminosity +3.1/-34 <015




WZjj-EWK: Fiducial Cross-Section

@) L | F|rst observatlon of WZu EWKprocess' o
TLAS | Observed (Expected with Sherpa) Slgnlflcance is 5.30 (3 20)

EXPERIMENT , S

|||r///7 B R
Measured WZjj-EWK fiducial cross section 866 | 0712018 //

ATLAS
[s=13TeV, 36.1 fb™

%lz”-]aw = 0.57 *-1% (stat.) ¥0-0° (exp. syst.) *0-0> (mod. syst.) *0-9! (lumi.) fb HEE 08T = 018 Y W=Zjj
= 0.57 7015 fb,
euw | 0.73 = 0.17 ® Data
#e% Sherpa
LO Sherpa cross-section (No EW/QCD interference) it 1070 + 016
fid., Sherpa 0.027 QCD+EWK
a'Wéjj_E%V = 0.321 £ 0.002 (stat.) £ 0.005 (PDF)"ys55 (scale) b, [~~~ (in VBS PS)
combined | 0.78 = 0.12 / %
III|III|III|III I/ A/JI|III|III|III
0 02 04 06 08 1 12 14 16 1.8 2
- fid. theory
C/\/\S\\  Owg/ Oy
\ L — — . - —————— = — == = == f"p
——_ N
~4 \\\ \\
1T

Measured WZjj EWK+QCD fiducial cross section (including b-jets looser PS)

ol = 291705 (stat) +041 (syst) = 2.9149F g MADGRAPH5 AMC@NLO at LO+PYTHIA
3.27 703 (scale) + 0.15 (PDF)
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CSmaII signal contribution (~30%) \

WzxW= an a|ysi S » Exploit discriminant variables, BDT

o Need to keep under control the backgrounds!

k » Data Control Regions j

WWij EW
34 %

WWij QCD

Other 6%

2 %

e/ y conversions
11 %

WZ
27 %

Misid. leptons
19 %
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Backgrounds and control regions

WWij EW
34 %
WZ
WWjj QCD
6 % o Shape taken from simulation
OZW:/GF e Modeling theory uncertainties applied

(PDF, scale, shower)
© Normalization taken from data control region

e/ y conversions
11 %
WZ

27 %

Misid. leptons
19 %

\i Lepton number

Signal Region

M;; > 500 GeV
Exactly 2 good leptons

>

200 500 di-jet invariant mass [GeV]
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Backgrounds and control regions

WWijj EW
34 %

WWij QCD

Other 6%

2 %

e/ y conversions

1% _

wz S

27% 5

Misid. leptons S

19 % e @
Non-prompt N

o Shapes and normalization are taken from data
o Fake factor calculated in a di-jet control region
o Uncertainties 40-90% for the different
channels uu, pe and ee

o Control region region used to constrain

wZ

e Shape taken from simulation
o Modeling theory uncertainties applied
(PDF, scale, shower)
© Normalization taken from data control region

Signal Region

M;; > 500 GeV
Exactly 2 good leptons

>

500 di-jet invariant mass [GeV]
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Backgrounds and control regions

WWijj EW
34 %

WWij QCD

Other 6%

2 %

e/ y conversions

11 %
WZ
27 %
Misid. leptons
19 %
Non-prompt

o Shapes and normalization are taken from data
o Fake factor calculated in a di-jet control region
o Uncertainties 40-90% for the different
channels uu, pe and ee

o Control region region used to constrain

wZ

e Shape taken from simulation
o Modeling theory uncertainties applied (PDF,
scale, shower)
© Normalization taken from data control region

e/y conversions

o Charge miss-ID rates calculated from simulation
and applied to data
o Uncertainties 10% in forward region,
20% in central region

WWijj QCD, other prompts

o Taken from simulation
o Theory uncertainties vary from 20% to 30%
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Analysis strategy

>
)
Q)
o
o
Signal extraction: used 6 binned M; 2
distributions, separated by : |j>j
« lepton flavours: ee, ep+ue, B
- charge: ++and - -
Perform simultaneous template fit in signal region
and other observables in different control regions
-030]

1)}

Observed (expected with Sherpa)

| significance is 6.90 (4.90)

Gfid. [fb]

CMS Result [PRL 120 (2018) 081801]

. Observed (expected with Madgraph)
signi (5.70)

25

20

15

10

500

ATLAS Preliminar
\s =13 TeV, 36.1 fb™

%44444

—¢— Data R

W*W=jj EW
W*Wjj QCD
Non-prompt ]
e/y conversions i
WZ

Other prompt
Total uncertainty ]

1000 1500

2000 2500 3000

m; [GeV]

I
— ATLAS Preliminary
- Vs=13TeV, 36.1 fb"

[
— Experimental uncertainties

—— Theoretical uncertainties

—

Interference with strong production and NLO EW
— corrections are not included in theoretical predictions =

E888  Statistical uncertainty —
=~ pQCD scale uncertainty -

Sherpa v2.2.2 Powheg+Pythia8 Data
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https://cds.cern.ch/record/2629411
http://dx.doi.org/10.1103/PhysRevLett.120.081801

Looking for new physics
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Looking for new physics WZ— |vll

Let’s take as an example
the WZ—Ivll result from

CMS

> i _
S CMS 3590 (13 Tev) [CMS/| -
P VBS W:Z — Ivis® 2
5 SO0 B
>
LL - _
20 — —
10 — —
| _
= ]
0 bt et e s S G
o) ) 1 1.5 2
M=z [TeV]
—e— Data
- Zy - +VVVV L : :: Fro=Fr=0, F,=3 Tev™
| Nonprompt QCD-WZjj Fso=32, F, =16 Tev™*
B v B EW-wWZji  :...: Fuo= 8 F= -4 Tev"

Stat.®Syst.
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Looking for new physics WZ— |yl

| | | | | |
CMS 35.91b" (13 TeV) |CMS,
VBS W*Z — [*v|*F i

B Ew-wz signal

Let’s take as an example
the WZ—Ivll result from
CMS

30

BSM interaction
of SM particles

Events / GeV

|

Lert = Lsm + F12 O72 20
1

Coefficient

T I FR=3TeV4 s
' \t'ail from OT2 with
L Fro=3TeV+4
Bulk distribution T2 ev- |

from the SM

10

The tails will show
discrepancies with the
SM and can be used to
look for new physics

I EW-Wz signal

! : Fro=3TeV+4

| I




Looking for new physics WZjj— IWjj/ INjj/ v jj

Now lets have a look on
the WZ semileptonic

BSM interaction
of SM particles

|

Lertr = Lsmv + F12 O72
1

Coefficient

Boosted jets allow us to
get events higher in the
energy tails

Small sensitivity to the
SM rate

Events / 100 GeV

- ATLAS

- Vs=13TeV, 35.5fb"
—o _1-lep., Resolved SR

10*

SM contribution
IS small

I—o— Data!l | —
B EWVVjj (uw=1.05) -
— EWVVjj x 30 n
Bl W +jets
Mis-id. lepton
B Top Quarks
Z+jets
Diboson
Uncertainty

—o— Data
B EWVVjj (u = 1.05)
— EWVVjj x 30
B W +jets
Mis-id. lepton

1000 1500 2000 2500 3000 3500 4000 4500

my; [GeV]

B Top Quarks
Z+jets
Diboson
Uncertainty
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Looking for new physics WZjj— IWjj/ INjj/ v jj

Now lets have a look on
the WZ semileptonic

BSM interaction
of SM particles

|

Events / 100 GeV

Lertr = Lsmv + F12 O72
1

Coefficient

Boosted jets allow us to
get events higher in the
energy tails

Small sensitivity to the
SM rate

ATLAS Result [arXiv:1905.07714]

Observed (expected) significance is
2.70 (2.50)

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
B —o— Data —
- ATLAS mm EWVVjj (1 =1.05)
- _ 1 — EWWVjj x 30 =
Vs =13 TeV, 35.5 b —
—o _1-lep., Resolved SR Mis-id. lepton
B Top Quarks
Z+jets
Diboson
Uncertainty

10*

SM contribution
IS small

1000 1500 2000 2500 3000 3500 4000 4500
my; [GeV]

—o— Data B Top Quarks
-2 I EWVVjj (u = 1.05) Z+jets
| = EWVVjj x 30 Diboson
| Bl W +jets Uncertainty

Mis-id. lepton
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Looking for new physics WZjj— IWjj/ INjj

(7)) e ~ ~ T - - - - T - T T T T T T T ]
Now lets ha\./e a Iogk on "a:',' 10 CMS 35.9 o' (13 Tev) |CMS,
the WZ semileptonic > 10°F =
I.IJ E L 1 ‘ 3
4L _
BSM interaction 1 O EW-WZ signal
of SM particles 3 .
| 10°r Fro=-0.5 TeV+4 =
- i Tail from Oz with

LerT = + FTT2 Ore 102 Fro=- 0.5 TeV-

Coefficient 1 O i S PP PPPPPPS t J
Boosted jets allow us to 1F . ' Cossesmmnsssanins

et events higher in the 40 S DO -
gnergy tails J 10 Small SM signal rate
1 0—2 I 1 I I | I I | I I | I I I I ]

Small sensitivity to the 1000 1500 2000 2500
SM rate but strong limits mwv (GeV)

—e— (Observed - V + jets
- Top quark QCD WV
SM EW WV Bkg. uncertainty

...... f /A% =-0.5 TeV*--... m..=1000 GeV, s =0.5
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Looking for new physics WZjj— IWjj/ INjj

(7)) 6 ~ - ~ T ~— " T T ‘T T r T T
+= 10°F _ -
Now lets ha\./e a Iogk on - : CMS 35.9 b (13 TeV) |CMS, ;
the WZ semileptonic O 5[ o AR
> 107 ¢ W
L z —
10%F - 3
BSM interaction E EW-WZ S|gnal 3
of SM particles 3 .
| 10°r Fro=-0.5 TeV+4 =

F Tail from OT2 with

LeFr + F12 O 10? Fra=-0.5 TeV-

!
Coefficient 10: - t J

?-F-F-F-F-F-F-F-F-F-F-F-F-F-F-F-F-F-F-F

Boosted jets allow us to

et events higher in the _1 o N R i
° ° 10 Small SM signal rate

energy tails g
1 0—2 I 1 I I | I I | I I | I I I I |
» Small sensitivity to the 1000 1500 2000 2500
SM rate but strong limits | mwv (GeV)
) Combined 7V WV ‘ —e— Observed - V + jets
| fro/ A4 | - Top quark QCD WV
' SM EW WV Bkg. uncertainty
4 3 o 0 1 5 3 A lr ...... f/A*=-0.5TeV*---- m,... = 1000 GeV, s =0.5

'r
aQGC Limits @95% C.L. [TeV+4] ]



VBS in Context of full SM

Standard Model Production Cross Section Measurements Status: March 2019
| e |
_Q A-Q total (2x) .
O 101! 0AG nessie ATLAS Preliminary
— Theory
b o Run 1,2 s = 5,7,8,13 TeV
10 ',’EO LHC pp Vs =5 TeV
B Bl Date 00250
10° o
pr>25GeV LHC pp Vs=7 TeV
104 O nso B Data 45-49f1
&0
V
LH =8 TeV
103 nj2 1 0 n=o O Crep ‘/g 8Te
THYg ®o Aoy BB  Data 202-2030b!
otal _
p-rA>100 GV > 2 t (] V|V-_V|V ata . .
u t-chan
102 nj =1 o D"121o (m N O WZVKVWW
ny>3 0 O o Dtotal LHC pp Vs =13 TeV
A N O iy 7z VK wz PAN
n;>2 0 n;>2 u n D OA 1
1 . o i BEl a2 32-798f0
10 A3 S = o o N O H—WwW
nj= A o nj>3 "0 H VH o Wy
njz5 o M5 s.chan Hﬁbbn o
= ° 0= pg2o
1 H n n124o ano6 tZ —Tf Z’y u D n
nj>6 n ! n D
J nnjzs n>7 IVBF n Wjj
—1 I l D H-W ! i N ug
10 n nJZS u
ni>6 D D
> n 0
n D H-yy Zjj
10_2 nj27 n
nj>7 n HoZZ -4t H wm A&
AN
0 s
PP Jets 7V w y4 tt t VV 7Y H WVVyttWttZttH tty 7Y Vi WwW  Wyy  Zyijk

EWK Exc. Zyy  WWy i
tot. tot. tot. tot. tot. tot.
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v/ Observation the EWK production of vector boson pairs

v WZ and same charge WW with a significances higher than 50
v Huge efforts to extract a small signal over a big background
o More channels to come

v/ Mesure for the first time a process that include QGC at tree level

o Test Electroweak Symmetry breaking and Higgs properties
o e.g. Longitudinal component V V, = V, V|, no measurement yet
(150fb-1, HL-LHC ?)
o Look for new physics using the EFT approach
o More data can bring us surprises

o Precise measurements will need :

o Much more data (Full Run-2, HL-LHC!)

o Precise theory predictions for signal and background
(Shape fits and multivariate analysis heavily rely on MC descriptions)

o Precise Jets
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