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EXPERIMENT

CMS ANALYSES

e VBF Z+ two jets ( ) - Electroweak production of two jets in association with a Z boson in proton—proton
collisions at Vs =13 TeV

e VBS W*W*WZ ( ) - Measurements of production cross sections of WZ and same-sign WW boson
pairs in association with two jets in proton-proton collisions at Vs = 13 TeV

e VBSWV ( ) - Search for vector boson scattering at the LHC Run 2 with CMS data in the
semi-leptonic lvqq final state

e VBSZZ( ) - Evidence for electroweak production of four charged leptons and two jets in
proton-proton collisions at Vs =13 TeV ATLAS ANALYSES

e VBF Z+ two jets ( ) - Differential cross-section measurements for the electroweak production
of dijets in association withaZboson in proton—proton collisions at ATLAS

e VBS W*W*( ) - Observation of electroweak production of a same-sign W boson pair in
association with two jets in pp collisions at Vs=13 TeV with the ATLAS detector

e VBSWZ( ) - Observation of electroweak #*Z boson pair production in association with two
jets in pp collisions at Vs=13 TeV with the ATLAS detector

e VBSVV( ) - Search for electroweak diboson production in association with a high-mass
dijet system in semileptonic final states in pp collisions at Vs=13 TeV with the ATLAS detector

e VBSZZ( ) - Observation of electroweak production of two jets and a Z-boson pair with the ATLAS detector at

the LHC
A big thanks to Guillelmo(CAMS) and Monica(ATLAS)/!
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Introduction & Overview

ATLAS

EXPERIMENT

Higgs Boson lone player responsible for Electroweak Symmetry Breaking ?
Measurements of vector boson fusion (VBF) and vector boson scattering (VBS) processes — Key

°
processes to test SM EW sector and to experimentally probe nature of EWSB
o  VBF with Z/W is a ‘standard candle’ for the other fusion processes at LHC (e.g. Higgs production)
o  VBS production cross-section can be used to probe how Higgs unitarizes the scattering amplitude
e VBF and VBS topology ] (U =l W VBF signal

o Two high energy hadronic jets (large dijet mass) in forward and e B Eys. 1. 27 2012) 473
backward regions Wil “:rirmpf e/u

o  Hadronic activity suppressed inside rapidity gap due to absence of 3 2 T
colour flow between interacting partons Jety

e Experimental Analysis %

o Select EW V/VV events

Estimate non-EW V/VV backgrounds

o)
Combination of simulation and data driven techniques

n
o0  Measurements
m Inclusive and Differential Cross section Measurements
m  Search for anomalous Gauge Couplings
3
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CMS VBF Z+2jets 2016 dataset: Overview

Published in EPJC
EPJC 78 (2018) 589

e The EWK Z+2jets process - Important SM benchmark to measure
o  Cross check and validate other VBF productions
e VBF Z process :
o  Central Z decay associated with energetic forward-backward jets
o Large invariant dijet mass and large 1 separation between the tagging jets
e Pure EWK process :
o Suppressed color flow between the quark-jets using QGL discriminator
o  Low hadronic activity in the central part of the detector cms
e Background Estimation Prefmiar SVIESE
o DY(major background)
m  MVA is used to discriminate signal & background

| VBF EWK production | | DY background

—4-Data
mw ]
I Top 3

Z +jets E
B EWK Zjj ]
— EWK Zjj 3
MC stat. unc.

Events /0.10
2,

m Independently in the di-electron and di-muon channels 10°
o Other backgrounds (top, WW, ZZ, WZ, ttbar) 1100

m Estimated from simulation

e Study of hadronic activity in tag-jet rapidity gap
o Good agreement between data and QCD predictions

..................
E“"QCD scale up/down ' i

Data/MC -1

F- JES Up/down
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CMS Z+2jets: Results

= cMs 359fb (13 TeV) cMs ; 1 359rb‘(13TeV) Signal Strength
Moeiminkry 1 T 2 RRGR RS e L By ;
B 108 §-P iy Dielectron 8 1o ﬁg;wﬁﬁi s li"::m" dielectron: = 0.96 £ 0.06 (stat) £ 0.13 (syst)
5 o w
§ i 2 =;°fl::""‘ = (.96 & .14 (total),
% 10‘3‘; i e dimuon: w = 0.97 &+ 0.04 (stat) £ 0.11 (syst)
10 5 Y MC stat. unc. stat.
i ; A = (.97 £ 0.12 (total),
10
10; combined: i = 0.98 £ 0.04 (stat) £ 0.10 (syst)
15 = (.98 £ (.11 (total),
Cl) 0:‘; "QCDscaIéup/dow?_l A g 0::' :_ ___________________________________________________ :
§ ;% b 3 og‘ Fiesomn T TSR TEE Pl ' Signal is defined in the kinematic region with !
8 0" 500 000 1500 2000 'és‘ob‘ 00 S 0 50 100 150 200 i m >50 GeV, p.=>25 GeV, m_>120 GeV and n [<2.4
m; (GeV) H™" (GeV) :___11 ___________ T_ ___________ i g________________l ________ !
YIELDS Fiducial Cross section Measurements
Sample Initial BDT = (.92
= P = i dielectron: o (EW €¢€jj) = 521 & 34 (stat) 68 (syst) fb
WW 02416 116+22 - - =521 + 76(total) fb.
WZ 914 £ 38 2151 £63 1616 18+1.8 . 191 — o Ve
7 s2L17 1324229 18£11 2713 dimuon: o (EW £€jj) = 524 £ 23 (stat) £ 61 (syst)fb
l; | k 5223:1.;8 ;ini ;tISI 71£19 71£19 — 524 :E 65 (total)tb.
ingle top quark 2 23 +3 = = gt ’
W+ jets M5 36+5 2 = combined: 0(EW te)) = 534 £ 20 (stat) = 57(5)’5t)ﬂ)
DY Zjj 152750 £ 510 394640 + 880 273+ 20 493 + 31
Total backgrounds 159890 £ 510 411890 £ 890 283+£29 505 +£43 = 534 :i: 60 (IOIal)fb'
EW Zjj signal 2833410 6665 £ 16 1949+ 26 3797439 . e s paay
e i i i i In agreement with SM prediction:o o (EW ££]j)) =543 + 2423
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GATLAS ATLAS Z+2jets full Run II dataset: Overview

EXPERIMENT

Published in EPJC
e Differential Cross section measurement Eur. Phys. J. C 81 (2021) 163
o  Observables : m,, |ijj|, Aquj, and pTll . p Z
q
o  Both the EW and EW+QCD cross sections are extracted for several different
phase spaces z q
e Determine which event generator predictions can be used reliably in analyses that
seek to exploit VBF and VBS at the LHC 9 l g L
| EWK production | | QCD background

o  Theoretical predictions calculated using Powheg+Pythia8,

Herwig7+Vbitnlo and Sherpa2.2
. . Dressed muons | py > 25 GeV and [y| < 2.4
e Background Estimation Dressed electrons | py > 25 GeV and [y < 247 (exluding 1.37 < ] < 1.52)

o  Data-driven method used to constrain both the shape and Jot | By > 3G and y] <44
VBF topology | Ny =2 (same flavour, opposite charge), my, € (81,101) GeV

ARyin(61, ) > 04, ARpip(0,) > 0.4
m  Data split into four regions by imposing criteria N2 2, py > 85GeV, pp’>80GeV
prec > 20 GeV, p‘?' <0.15

mj; > 1000 GeV, [Ayj;|>2, & <1

Event Selection

normalisation of the strong Zjj background

on Z centrality &, [*] and multiplicity of jets in

the rapidity interval between the leading and subleading jets, CRa | VBF topology & N > 1and £, <05
jets = >
Ngapjets CRb | VBF topology & N¢ > Land £7 > 0.5
.o . . . 8% _
o EW Zjjevent yield is measured in the EW-enhanced SR Qe | VEEwpilory @G =Uadcs 203
SR | VBF topology & N}i’; =0andé7 <05

using a binned maximum-likelihood fit *
£z = |yee —V2(yj1 +y;2)| [ 18Yjj] 6
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ShTLas ATLAS Z+2jets: Results

Differential cross-sections for EW Zjj production

g e ATLAS ~ Postit  {s=13TeV, 139", Zjsllj 3> [amas G-13Tev, 1391 | S |ATLAS ' ) \s = 13 TeV, 139 fb"
2 4-Data  EMEW Zj (Powe+Pv8) [ Strong Zj (MG5_NLO+Pv8) O oL EW Zi — 1l Nio=0,(,<05(EWSR) | — EW Zj — Ilj L8 o NEP-0£,<05(EWSR)
w 10¢ ZV(vqﬁ)-rr. single top , [ Other VW I’// Uncertainty g } Det, stat unc. 5 o } Data, sat unc.
% CRa e CRo | CRc SR = A Totalunc. 5 10 Total une.
- ] .g 102k I:?:J 4 <
102 g a 8
o
. 10k —2r— A 2 =
] : )
E = 4| SerPa2.2.1 1f & Suerra22.1
1 = a s L [B) Herwia7+Vi [E) HermnsT+ Vi
= 5y _ 5 Ly iy = s e .
g 5 : & & : : A ; ,
5 15 . I, ,;452: 515 s a8 ° 5 14 oyl o
5. R e i - ¥ e =T T & | "% e 1k 3 I 51 e, I I
%"3 g osf * " Z 2 s g 05 @ * & % .
a Vi 28 #6-12,9, 8 1234J1234b§ g r AR 5N ot & 2 3 4 5 6 7 8
TS m; [GeV] |8y
lefefentlal cross-sections in ihe»SR f0r| 1nc1u's1ve ZJlJ proclluctlor} Fiducial Cross section Measurements
3 1ofatLas s=13Tev, 130" 1 £ 'CFATLAS Vs =13TeV, 139 b
(O] Zjj — W NEP-0,&, < 0.5(EWSR) = Zij — lj NEP -0, &, < 0.5 (EW SR) . . . .
8 | e SRR i~ B T Calculated by integrating the differential
= oo Total unc. = s Total unc. . .
£} g 1 S e cross-section as a function of m,,
~ o - e 10f ol Bao ey E
8107y i : _— oew = 37.4 £ 3.5 (stat) + 5.5 (syst) fb.
e -
10°F 1 LiXs . . .
B g T \ —pizial e m==®==|| excellent agreement with the theoretical
107°F -~ X = EW Zj (HerwiaT+Veswo) = ZV(V—jj ) (Seesra) =y 1F - - X = EW Zjj (HerwiaT +VeenLo) + ZV(V—) (SHesPa) E . .
© : s : . ; : . prediction from
§ 1.5] 5 B ° § 1.5 g B 5
L  agwg - 3:&:1_4_’_ Jo R = e e S i S— Y "
o . Fo i . . . , HerwiG7+VBENLO. 39.5 + 3.4 (scale) + 1.2 (PDF) fb.
€ X0 10° 7x10° & 2 3 4 5 6 7 8

m; [GeV] | Ays) /
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WL  CcMS & ATLAS W*W* & WZ VBS: Overview

e  Why W*Wjj ?

o EW production dominant over
QCD-induced
o  Distinct same-sign (SS) lepton state with
low background
e Why WZ7jj?

o  Sensitive to charged resonances or
couplings

o  Clean signature but higher background
compared to W*W*

% CMS - First simultaneous W*W*jj & WZjj
analyses using fully leptonic final states
(exploiting full Run Il data) pubiished in Phys. Lett. B

| QCD production |

8

Geetanjali Chaudhary MBI 2021


https://arxiv.org/abs/2005.01173

CMS W*W* & WZ: Event Selection & Background Estimation

EVENT SELECTION IN SIGNAL REGIONS

WW SR i1s dominated by the EW signal process after the

Variable SSWW \ wz kinematic selection
leptons 255, Pr>2520GeV | ! g’g/l]’g'/'zg‘c '\’/T> WZ SR is dominated by QCD WZ events after the
H e . . .
[~z > 15.GeVifor o <15 GV kinematic selection
” SR MultiVariate Analysis for WZ — enhance WZ EWK
/3 . .
roauction w.r.t large roauction
product t large WZ QCD product
100GeV . .
- Sl Overall good separation between EWK signal and
pr > 50GeV > 50GeV background
prmis >30 GeV >30 GeV BACKGROUNDS
Anti b-tagging applied applied Category Estimation
tau veto applied applied
maxz') 075 <10 Non Prompt From Data-Drivep technique - from
— — fake rates and “Tight+Loose”
o e e “Loose+Loose” data events
| Angj| >2.5 3215
Ze={e~{Ma+ N} /2| /] A Wrong sign From charge mis-ID scale factors and
BACKGROUND ESTIMATION : simulated opposite sign events
> Backgrounds estimated from simulation marked with [*] have
normalization assessed from data, others are normalized to the ] )
best theoretical cross section prediction QCD WZ[*], ZZ[*], tZq[*], | From simulation
-> In all cases where simulation is used, events are reweighted to WW QCD, WW DPS, VVV
correct for the pileup, lepton and trigger efficiencies to agree with 9

the data distribution
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CMS W*W=* & WZ: Results

CMS 137 b (13 TeV) CMS 137 b (13 TeV) CMS 137 fb (13 TeV)
> T T T > T T T T = £ Y T ! T 1 !
8 B tvx -¢-Data 8 B tVx —+-Data a2 Vy —+-Data
= Vy 2\ Bkg. unc. = vy 2\ Bkg. unc. « 400 I Wrong sign 2\ Bkg. unc.
2 [ Wrong sign ww* 2 10 I Wrong sign ww* = = I Other bkg. B EWK Wz
g [ Other bkg. B EWK WZ g [ Other bkg. WEWKWZ | & mwz
w mwz w mwz 2z
2z 2z _ 300 [ Nonprompt
% Nonprompt [ Nonprompt | B tVx

200

WZ SR

100

PR TN TN U T R N N AU

B POl

S14F 3 = 3 =14
n E E @ = )
b pnd 1 s e B 1
Sosf t ! t 4 o E Sosf &
06 E 3 B E - 06 =
500 1000 1500 _ 2000 2500 00 100 200 300 400 __ 500 e 5 5 05 :
m, [Ge%?] m, [GeV] BDT score

Simultaneously fitting signal yields in WW & WZ signal regions as well as background yields in control
regions (Non prompt, WZb(tZq) and ZZ), to assess normalization from data

YIELDS UNCERTAINTIES
Process WEW= SR WZ SR [Source of uncertainty  WEW= (%) WZ (%) |
Lo Fochat Rreskil L i Total systematic uncertainty 5.7 7.9
Total SM 535460 522449 216412 229423 Statistical urcestairity [ s ”
Data 524 229 Total uncertainty 11 23
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CMS W*W* & WZ.: Results

Published in Phys. Lett. B

Inclusive Fiducial Cross section Measurements

P o B (fb) Theoretical prediction Theoretical prediction
TOgess without NLO corrections (fb) with NLO corrections (fb)
T 3.98 £ 045 ..
EW W*W 0.37 (stat) = 0.25 (syst) 3.93 £0.57 3.31+047 Slgnlﬁcance ObS(EXp)
Lo 4424047
EW+QCD W*W 0.39 (stat) = 0.25 (syst) 4.34 +0.69 3.72+0.59 EWK WZ . 6 8 (5 3) G
1.814+0.41
EWWZ 0.39 (stat) + 0.14 (syst) 1414021 1.244+0.18 EWK WW - >> 5 o
4.97 +0.46
EW+QCD WZ 0.40 (stat) =+ 0.23 (syst) 4.54 +0.90 4.36+0.88
3.15+ 049
QCDWZ 0.45 (stat) + 0.18 (syst) 3.12+0.70 3.124+0.70
CMS 187" (13TeV) CMS 1371fb" (13 TeV)
;‘ L L L L L) L B o >0015_""]""|""||'|']"ll_
Q© 0.008 - — o pata — [OR | —e— Data |
0] B . (O] ——— MADGRAPH5_aMC@NLO+Pythia8 without NLO corr.
B | ——— MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. _| B [ e MADGRAPH5_aMC@NLO +Pythia8 with NLO corr. 7]
=, L eeeeneens MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. = - D EWWZ 7
. = 0.006 [— — = B B
Absolute and normalized - WW (EWK+QCD) £ i 1 § oo .
. . . B - i B - i
differential cross section measurements on m, (left 8 ooal] wWw 4 - Wz §
. . | ] -4 ]
plot), m; & p,™ and WZ (EWK+QCD) differential E 4 i 0.005 1] ]
0.002 |— =]
cross section measurements on mjj(rlght plot) : X ] i ]
L | e S T T | | B S L [ T i | 1 N
E ! T T T T E o 1 1 I I E
>d5F 1 2Jd5F 3
8I8 4f pee | : E’E 1f ]
k= ot ; d : 4 3 =
0'53_..“|H..|....|....|..‘._: 0'5:....|....I....I...‘I-..-?
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
my [GeV] m; [GeV] 11
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s ATLAS W*W* VBS 2015+2016 dataset: Results

Expected background 58 + 14 41 + LI 28 =+ 4 188 + 26 7709 5106 69 =7

. . Published in PRL
e Inclusive Cross section Measurement
e Kinematic selection cuts and background estimation - almost same as CMS Phys. Rev. Lett. 123 (2019) 161801
analysis
YIELDS

s wf amas | o
e -
a4 - e Th -y + 4+ -y . (0] W 3
ete e"e e*n e ey, o Combined o (5= 13TeV. 36.1 " waﬂ::fo?::mak §
Wz 148+ 032 109+ 027 116 + 19 79 + 14 5007 3406 30 =4 < ! Non-prompt ]

2 W ey conversions
Non-prompt 22 + 11 12 £ 06 59 +25 47+ 16 056+ 005 068+ 013 15 £ 5 g — o
e/y conversions 16 + 04 1604 63216 43z LI - - 13.9 + 29 g e Tok it ]
Other prompt 016+ 004 004+ 004 090+ 020 063+ 0.4 039+ 009 022+ 005 24 =05 ]
W=W=j strong 035+ 0.3 0.5+ 005 29 £ 10 12+ 04 18 =06 076+ 025 72 =23 2

W=W=jj electroweak 5.6 + 1.0 22 + 04 24 =+ 5 94 + 18 134 £ 25 50 £ 10 60 =11
Data 10 4 44 28 25 11 122 K
0 100 200 300 400 500 600
m, [GeV]
. Inclusive Fiducial Cross section Measurements
Significance
EWK WW : 6.5 ¢ (obs.) = 89*8 ié (stat.) +o 55 (exp. syst.) ig}é (mod. syst.) ¥ 1008 o6 (lumi.) fb,
* 2015 dataset contributes about 10% to the total dataset 12
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PATLAS ATLAS WZ VBS 2015+2016 dataset: Results

Published in PLB

e Inclusive and Differential Cross section Measurements

e Kinematic selection cuts and background estimation - almost same as CMS analysis
o  BDT score in the WZ SR is used to extract the significance of the EW WZ signal and to measure its fiducial
cross-section via a maximum likelihood fit

YIELDS - -
o 45 r T T = - ATLAS G=13Tev, 361" | =
SR 2 40 ‘:Zfﬁrfv,sm o él\?vi;zag‘go ‘:i_? L (¢) ’g‘“’ B 132
Q = pu— hgfpa(scalad) E
Data 161 § 35 -Msd leptons Eé_w 2 o %ﬂﬁ;:;;}:
Total predicted 167 =11 H ZZ o oo = R ]
orn ikl v W O s
WZjj-EW (signal) 44 =11 20 - W o - b
WZjj-QCD 91 10 15 | E N ]
Misid. leptons 7:8: +.32 1opE) 7, I PWZjj > 0 v el 1 Significance Obs(Exp)
ZZjj-QCD 11.1 + 28 : 4 & )
tZj 62 + 1.1 Q » § 1:; + EWKWZ: 533.2)c
ti+V 47 & 1D E s =
ZZjj-EW 1.80 = 045 | & 1 I sl
R 1
vvv 0.59 + 0.15 5 =5 ) 05 1 O 300 300 =400
BDT Score mr (GeV]
Inclusive Fiducial Cross section Measurements LO
+0.05 +0.05 +0.01 . fid.. MadGraph _
EW | owzjj-ew = 0.57 1% 3 (stat.) Tooa (exp.syst.) oo (mod. syst.) o0y (lumi.) fb. Owzjj—gw = 0.366 +0.004 (stat.) fb
EW+ vadzz,,- = 1.68 +0.16(stat.) = 0.12 (exp.syst.) +0.13 (mod. syst.) = 0.044 (lumi.) fb. =1.68+0.25fb,
QCD o[- 2heP2 _ 5 154 0.01 (stat.) & 0.05 (PDF) T3 (scale) fb.

W=Zjj 13
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CMS ZZ VBS Full Run II : Overview

Published in PLB
e Measurement of EW ZZjj production using 4{ events
o  Really clean, fully reconstructable final state
o  Small instrumental background
e (Challenges
o  Small cross-section EWK production
o Large QCD induced background
e Background Estimation Selection
o  Irreducible Backgrounds Leptons = ;f;c(lelus)i;ezo GeV
m QCDZZ,ttZ,VVZ— From MC p1(fa) > 10 GeV
o  Reducible Backgrounds (Z+X) pT;%)Ti ng
m  ZHets, tt+jets , WZ+jets — Data Driven R Crwrith Aléff; 7311(<€2).1:c1{c21(()3dcteo\/€ Arvector)
e Making use of a matrix-element discriminant (K) to - B{atiE S50 GEY
enhance EW production pr(j) > 30 GeV
o  BDT was also studied - gave consistent results m|j7(>])I10<0 Gev
e Define three regions to measure EW production et ot L)
o  ZZjj inclusive ZZjj inclusive +
. Jets [Ay(Gi)| > 2.4
o  VBS-enriched loose my; > 400 GeV
o  VBS-enriched tight VBZSZ]"ECC{‘ES‘E:%“)
Jets Ayl > 5
m;; > 400 GeV 14
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CMS ZZ.:: Results

CMS 137 fo ' (13 TeV) CMS 137 fo' (13 TeV,
% 80 T T T T - T T
o) S 90
= w
5 70|
=
w
60
50
40
30
20
10
=2 o 2
% .2 1 M—H—_‘-_c_..q_-f—ﬁ_i‘*-_f_ R —
£ £ % T p3 e I - o
m, [GeV] l‘lflt

Inclusive Fiducial Cross section Measurements

Perturbative order SM o (fb) Measured o (fb)

EwW

EW-+QCD

EW
EW-+QCD

Ew
EW-+QCD

ZZjj inclusive

LO 0.275 =+ 0.021
NLO QCD 0.278 =+ 0.017 0.3375-1 (stat) 7003 (sysb)
NLO EW 02422015
5.35 = 0.51 5.2979-38 (stat) = 0.47 (syst)
VBS-enriched (loose)
LO 0.186 =+ 0.015

0.180+8973 (stat) "9933 (syst)

1.00+917 (stat) = 0.07 (syst)

NLO QCD 0.197 = 0.013

P21 009
VBS-enriched (tight)
0.104 4= 0.008
0.108 4= 0.007
0.221 += 0.014

LO

NLO OCD 0.097393 (stat) = 0.02 (syst)

0.207993 (stat) == 0.02 (syst)

137 fo” (13 TeV)
T T T

Events/0.04

S,.= 4.0c
(USRI SPUS T SHSTe SR =
S s

bt

T T
01 02 03 04 05 06 07 08 09 1
Ko

Data/bkgd.

4
3E
2F
1
0
0

Significance
EWK ZZ :

Obs. (exp.)
403.50c
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OATLAS ATLAS ZZ Full Run II: Overview

EXPERIMENT

e Two ZZ decay channels: ZZ—4( and ZZ— (Lvv Submitted to Nature
e  4{ channel: Small background contribution (~3%) from reducible backgrounds arXiv:2004.10612
o  QCD ZZjj: Large irreducible background. EW/QCD is ~20% level overall, MVA is needed
m  Estimated from simulation. Simulation is normalized to data in a EW-suppressed CR
o  Small backgrounds: Z+jets, top, WZjj
m Data-driven: estimated using a fake-factor method
o  Minor backgrounds: triboson, ttV
m  Estimated from simulation

: Object Selection
e  (lvv channel: More complicated !
backgrounds teetjj ttvvjj
o 11 ‘ pr>7GeV, |n| <247
WZJJ C . d b d d d 30 Electrons |dy/oa,] < 5 and |z9 X sin 6] < 0.5 mm
u onstrained by a dedicate —_ pr>7GeV, [n| <2.7 pr>7GeV, [n| <2.5
WZ CR |do/og,| < 3 and |29 X sin 6| < 0.5 mm
o WWJJ tOp (IlOIl-I'eSOﬂant-EE Jets pr > 30 (40) GeV for |n| <2.4 (2.4 < || < 4.5) pr > 60 (40) GeV for the leading (sub-leading) jet
9
20, 20, 10 GeV for the leading, sub-leading and third leptons  pr > 30 (20) GeV for the leading (sub-leading) lepton
backgrounds) - o . :
Two OSSF lepton pairs with smallest |mg+¢- = mz| + [mp-p- = mz| One OSSF lepton pair and no third leptons
m Estimated Wlth events in 77 selection me+g- > 10 GeV for lepton pairs 80 < my+¢- < 100 GeV
. AR((,0") > 0.2 No b-tagged jets
dedicated eu data CR 66 < me-¢- < 116 GeV EmS.significance > 12
e} Z+iets . : Two most energetic jets with y;, X yj, < 0
L . DA SelebHeN mj; > 300 GeV and Ay(jj) > 2 ' mj; > 400 GeV and Ay(jj) > 2
m Largely suppressed with tight

cut on the MET-significance[*]
[*IMET significance is used to distinguish missing transverse energy arising from undetectable particles to object mis-reconstruction, finite detector resolution, or detector noise

16
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O ATLAS 7ZZ: Results

EXPERIMENT

3 Eyl T T Ll i s 2 Data ZZ(EW) | g L AR 8 2 2 a R c =
8. ok © Data mmZZ(EW) 3 - 22MRc) = = 5 & ® Dala . ZZ(EW) s AS' o Data mmZZ(EW
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EW and QCD Signal strength from fitting, and the EW ZZjj production significant
T j R
HEW Hoco Significance Obs. (Exp.) Uy 18 POL, Uoep (4L channel) is
EEEL)j 1.5 =04 095 £0.22 3.3(3.9) o used as a free parameter in the fit
EEvvjj 0.7 +=0.7 — 1.2(1.8) o to constrain QCD normalization
Combined 1.35+0.34 0.96 =0.22 5.54.3) o

Inclusive Fiducial Cross section Measurements

Measured fiducial o [fb] Predicted fiducial o [fb]

(eeljj | 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)

lyvjj | 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) 17
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CMS WYV semileptonic full Run II dataset: Overview

CMS-PAS-SMP-20-013

e First evidence of VBS in the semileptonic channel at
LHC!

e Purely EW process at LO with 6 fermions in final state

VBS tag jet

hadronic decay

e  One V boson decay leptonically and other hadronically _
S . leptonic decay
e Jets from initial scattering partons used to tag the VBS

topology
e Both resolved and boosted decay regimes of hadronic V bosons EWK production_|
are combined in the analysis B L
e DNN models are trained for resolved and boosted m foL T mﬁ:n.pmmpt ,
category to separate signal and backgrounds L ey o i
e  DNN architecture 4 layers of 64(32) nodes for e 74 7
resolved(boosted) category models e
e 14 input variables e ',7
e Trained with Adam optimizer[*], dropouts and L2 weights 10‘% '_:
regularization to avoid overtraining. 104 o

v b b b b b b e i o
0 0.1 0.2 0304 05 06 07 08 09 1
DNN resolved

[*] Ref. 1
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http://cds.cern.ch/record/2776799?ln=en
https://arxiv.org/abs/1412.6980

CMS WYV semileptonic: Analysis Strategy & Bkgd Estimation

Analysis cut flow and categories

1lep+MET

AK8 Jet

No

22 AK4 jets
Boosted
category

V hadronic
reco mass

Resolved
category

V hadronic
reco mass

Objets

off-shell

on-shell off-shell on-shell

21bjets 0bjets 21bjets

WeJets CR signal Top CR

signal
W+Jets CR Top CR reglon

region

Combined likelihood ratio fit performed on the
DNN distributions in the SR and measuring the
W-jets and top contributions in the dedicated CRs

Background Estimation

QCD multijet background
m  From Data-driven
W-jets and Top
m  From Simulation but data-driven technique is applied to
improve the modelling
Minor backgrounds contribution, e.g. DY, VBF-V, VVV, Vy

Processes CMS Preliminary L =137/fb (13 TeV)
. . 210‘ 5% L 55 . L N L L TP TSl =% %
m  From Simulation 5 Jae I o
> [0 VBF-V, vy, VBS-ZIVj Non-prompt
W 10° o Waldets
[ vBs-winuvjj

Postfit distributions of VBS tag
jet invariant mass in the boosted
category

One of most important
observables for the signal
extraction, as evaluated using
the SHAP[*] explanation
techniques on the DNN models

Data/Expected

[*] Ref.1 Ref.2 o0 2°"° oo

Mii VBS iets (GeV)
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https://arxiv.org/abs/1705.07874
https://www.degruyter.com/document/doi/10.1515/9781400881970-018/html

CMS WYV semileptonic: Results

137 fo! {13 Tev)
———

L = 137/fb (13 TeV) CMS Preliminary L= 137/fb (13 TeV)

CMS Preliminary
= T — T T L oo T = — T T T T T T T T T X 220677 ' . 2 S
= Wavw B oY = e Wavvv I oY E ET T v 8% CL expected |
% 108 I VBF-V, Vv, VBS-ZIVj Non-prompt % 10 I VBF-V, Vy, VBS-ZIVj Non-prompt = 2 e 95% CL expeced
i Z —-Eane
5 5 £ 1.8 — 95% GL 7]
10 - TR
i o + Lbestit
10° 14 ¢ PR ) e
- Eave RN .
12 Ko -
10° [ i I/ — \ :.g \\\
1 E E ta .
10¢ o t f i N \ 3
08 . L \\ + o5 | v
10° o8 \\ \.\ ...... s E 3
- - X \":;. ..... T U e // ]
] | 1y osf S
a = e N o % =4 -
3 1 Foedeld =5 1 SSSE S S g@, =S 0.2 —
E g‘: E g‘: i oL 1 ki ] 1
a 0.2 04 0.6 0.8 1 A =R 02 0.4 0 0.5 1 15 2 25 3
DNN resolved DNN boosted nQcb
Signal Strength
b SM 0.24 0.21 0.12
HEw = 0%/ = 0.857535 = 0.857 5317 (syst) T3 (stat),

bs /- SM 0.20 0.19 0.07
HeEw+Qcp = 00 /07 = 0.98757; = 0.987 4 (syst) Tz (stat)

Significance ~ Obs(Exp)
EWK WV : 44(5.1)c

Fiducial Cross section Measurements

EW 1.9 +0.5 pb, 2.2370 (scale) T032(pdf) pb expected.

EW+QCD 16.6735 pb, 16.973(scale) *02(pdf) expected.
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OnrLas

EXPERIMENT

ATLAS VV VBS 2015+2016 dataset: Overview

Three final states
o ZV-wvvqq, WV—lvqq and ZV—LLqq
o  Events are categorized into the 0, 1 and 2 lepton channels

Published in PRD

o  Two different reconstruction techniques are considered : resolved and merged (as in CMS)

Background Estimation

Event Selection

o  Estimated using a combination of MC and

0-lepton 1-lepton I 2-lepton

Single-electron triggers
Single-muon or E;"* triggers

E‘IE““ triggers Single-lepton triggers

0 “loose’ leptons | “tight’ lepton with py > 27 GeV 2 *loose’ leptons with py > 20 GeV

> | lepton with py > 28 GeV

> 200 GeV > 80 GeV | -

with pr > 7 GeV ’ 0 ‘loose’ leptons with py > 7 GeV
’ 83 < m.e < 99 GeV

(=0.0117 x ph¥ +85.63 GeV) < iy, < (0.0185 % p + 94 GeV)

pr>20GeVif g < 2.5, and pr > 30 GeV if 2.5 < ] <4.5

pr>200GeV, |n| <2

V boson tagging, min(|m; — myw |, [m; —mz|)
64 < mj; < 106 GeV, jj pair with min(|m;; — myw |, [m;; — mz|), leading jet with py > 40 GeV

J & Viua. not b-tagged, AR(J, j) > 1.4
Magjy * Nug.jz < O m:?'!K > 400 GeV. py > 30 GeV

T | 0 I =

Aw‘EiH ’IIIiK\) < ”/2
min[A(b(E‘}.“" ,small-R jet)] > n/6

P > 50 GeV
ASEDS, Vi) > 1/9

data-driven techniques i':
o  l-lepton channel —
m W+ jets and ttbar production(dominant) F[p ’
o  2-lepton channel N
m 7+ jets production(dominant) Small Rjets
o  0-lepton channel ;jf I
m  All backgrounds contribute significantly Visa =}
m  Multijet -smaller background Tagging Jts
Single-top and QCD-induced diboson production - | Bt
small background for all three lepton channels RT—
MVA is used

o  BDTs input variables are chosen in order to maximize the separation between signal and background

o  good agreement between data and simulation

21
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https://arxiv.org/pdf/1905.07714.pdf

OnrLas

EXPERIMENT

ATLAS VV VBS: Results

3 ATLA'S ' ) M 1 3 ATLAS > T T T LB 702 PART M = T T T T BRI B
G mewnyu-109 ] 3 8 ATLAS o s ~ ATLAS = =1
=4 f2=13TeV, 355" s :‘::;” % 1 ¢ (5=13TeV.3551" g (5= 13TeV. 355 ib™ S g% B oo % (5=13TeV, 355" E %ﬁg (:301 )
= 0-lep.. Resolved SR - ejets 4 3 1-lep., Resolved SR = 2-4ep.. Resolved SR — g 1-lep., Resolved SR Mis-id. lepton
@ ; = “u w mm Top Quarks
g ] X o 5 Ske

& i 0 Uncertainty & 222 Uneertainty

§ 15F ERL: iasssssssssssss NN e R =
o 1j - £ » 3 E 3 =
g cé E % E I J g § e *M&Q/M%W% E 1E - -é
?': ............................ ?': peme e e oo rure soow e [ - S . =|
- T " T T e Raczeos o ST S—— e :
g { £ & 4 & E. 4 i & pat!
§ OShppprepeoioorogiog, B oost % osm { ek
i ) T ot R S T S R R ¢ R i
m3 (GeV] P [GeV] o Bl 08 06 04 -0. # 03" s
Signal Strength Fiducial Cross section Measurements
R s 1: fid. SM _— fid,obs
#(él;: i = 1.05 + 0.20(slat.)tg":}(syst.) Fiducial phase space Predicted TEWVVj [fb] Measured TEWVVj [fb]
Merged 11.4 +0.7 (theo.) 12.7 + 3.8 (stat.) *3-5 (syst.)
Signiﬁcance ObS(EXp) Resolved 31.6 = 1.8 (theo.) 26.5 + 8.2 (stat.) t:;]‘ (syst.)
EWK VV: 2.7(2.5)c :
( ) Inclusive 43.0 = 2.4 (theo.) 45.1 + 8.6 (stat.) 1’{3:2 (syst.)
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Searches for Anomalous Couplings

% Limits on Anomalous Trilinear and Quartic Gauge Couplings associated with

dimension-six and dimension-eight operators are given in the framework of an Effective
Field Theory (EFT)

% Covered in more detail in Saptaparna’s talk tomorrow - Searches for New Physics in
multi-boson events using both anomalous coupling and effective field theory approaches

%  SMP-19-012(CMS W*W* & WZ): Highlight of this aQGC analysis - “Clipping method”

23
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CMS aQGCs: Overview (W*W* & WZ VBS Full Run II)

e Extensions of the Standard Model induce coupling modifications that can be parameterized in terms of

the Effective Field Theory (EFT) approach.
e In this analysis, limits on aQGCs are set via EFT approach. Dimension-8 operators that can modify

VVjj production through aQGCs are considered; one at a time
e Fitted regions and bins: different from SM analysis due to sensitivity and statistics

CMS 137 fb™' (13 TeV) CMS 137 fb' (13 TeV)
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E B tvx —¢— Data E 108 Vy —¢ Data —
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CMS aQGCs: Clipping Technique

Events
T
Events

A cut-off

For every A cut-off Cllp pin
value depending upon

B the Wilson Coefficients
Esu

4 B sv:a06e >

4

0

00 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000
M,,(GeV)

5000 6000 _ 7000
M, (GeV)

® Measured signal is in general a sum of M, < A(unitarity limit) and M,,,,> A. The only way to correctly use EFT
is to make sure the region M, > A does not significantly contribute
e Most conservative estimate = “clip” the generated aQGC distribution: take only SM contribution above A. This is
the practical equivalent of not using data above A
e  The technique is known as “Clipping”, and essentially means using EFT only in the region it is valid
o  Implementation of “Clipping” in CMS Results
o  For aqgc simulation, events violating unitarity (vary with operator values) are rejected ~ max 80%(WW) &
max 50%(WZ). Data & SM processes are not affected 25
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CMS aQGCs: Results

W*W= & WZ without considering unitarity bounds

Observed (W=-W =) Expected W=-W=) Observed (WZ) Expected (WZ) Observed Expected
(TevV—%) (Tev—%) (TevV— %) (Tev—?) (TevV—%) (TevV—%)
Fro /I [-0.28, 0.31] [-0.36, 0.39] [-0.62, 0.65] [-0.82, 0.85] [-0.25, 0.28] [-0.35, 0.37]
fri/ A% [-0.12, 0.15] [-0.16, 0.19] [-0.37, 0.41] [-0.49, 0.55] [-0.12, 0.14] [-0.16, 0.19]
fra/ At [-0.38, 0.50] [-0.50, 0.63] [-1.0; 73] 154, T:7] [-0.35, 0.48] [-0.49, 0.63]
Faig AL [-3.0,3 2] [-3.7, 3.8] [-5.8, 5.8] [-7.6, 7.6] [-2.7, 2.9] [<3.6,3.7]
Fan NS [-4:7,4:7] [-5.4, 5.8] [-8.2, 8.3] e R i iy | [4.1, 4.2] [-5.2, 5.5]
Fras 7 A2 [-6.0, 6.5] [-7.5, 7.6] [-12, 12] [-15, 15] [-5.4, 5.8] 72, 78]
Sz / AL [-6.7, 7.0] [-8.3, 8.1] [-10, 10] [-14, 14] [-5.7, 6.0] [-7.8, 7.6]
Sfso/ A2 [-6.0, 6.4] [-6.0, 6.2] [-19, 19] [-24, 24] [-5.7, 6.1] [-5.9, 6.2]
Sor/A* [-18, 19] [-18, 19] [-30, 30] [-38, 39] [-16, 17] [-18, 18]

W*W* & WZ with considering unitarity bounds

Observed (W =W ) Expected (W=W¥) Observed (WZ) Expected (WZ) Observed Expected

(Tev ) (Tev %) (Tev— %) (Tev %) (Tev ™) (Tev—)
Sro/ A% [-1.5, 2.3] [-2.1, 2.7] [-1.6, 1.9] [-2.0, 2.2] [-1.1, 1.6] [-1.6, 2.0]
fri/ A [-0.81, 1.2] [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69, 0.97] [-0.94, 1.3]
Sra/ A [-2.1, 4.4] [-2.7, 5.3] [-2.7, 3.4] [-4.4, 5.5] [-1.6, 3.1] [2.3, 3.8]
SFvo/ A [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]
v /A2 [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
Sme /A [27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
Sz /A [22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
fso/ A% [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
fsr1 /A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]

26
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Summary

e CMS and ATLAS results on EWK single and diboson productions are presented
o Inclusive fiducial cross section measurements in all channels
o  First Measurement of WV EW cross sections
o  First Differential cross sections measurements of W*W~ jj & WZjj processes on
several distributions
o  The first observation of the EW ZZjj production with the ATLAS experiment
e Limits on dim-8 Wilson coefficients are set for anomalous quartic gauge couplings
within the EFT validity for the first time

27
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BACK UP
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Qs

EXPERIMENT

Z+2jets:Fiducial Definitions

The signal is defined in the
kinematic region with dilepton :
invariant  mass m >50 GeV, 1
parton  transverse momentum |
p,/>25 GeV, diparton invariant !
mass mjj>120 GeV and n|<2.4 I

I

ATLAS

Dressed muons
Dressed electrons
Jets

pp > 25 GeV and [5] < 2.4
pp > 25 GeV and || < 2.47 (excluding 1.37 < || < 1.52)
pp > 25 GeV and [y| < 4.4

VBF topology

N¢ =2 (same flavour, opposite charge), m¢e € (81, 101) GeV
ARyin(6y,7) > 0.4, ARpin(6r,j) > 0.4

Nias 22, pl > 85 GeV, pl > 80 GeV

pr.ce > 20 GeV, 1).‘}“' <0.15

mj; > 1000 GeV, |Ay;il > 2, éz <1

CRa
CRb
CRe

SR

VBF topology & NJ?’ >land &z <0.5
VBF topology & Nyy\ > 1and éz > 0.5
VBF topology & Nji;:f =0and &7 > 0.5

: 2P _ (),
VBF topology & ij =0andéz <0.5

29



| s W*W* & WZ VBS: Fiducial Definitions

EXPERIMENT

e  W*W~fiducial region
o  Two same-sign leptons with a
transverse momentum p,>20 GeV,
n|<2.5 and m >20 GeV
o Two jets with p_.>50 GeV, m, j>500
GeV, n|<4.7 and a pseudo-rapidity
difference| Anjj|>2.5

: e  W*W*fiducial region
I

I

I

I

I

I

; ® WZ fiducial region
|

I

I

I

I

I

I

|
! o  Two same-sign leptons with a transverse
' momentum p.>27 GeV and [n|<2.5
! o Two jets, one with p,>65 GeV and
! another with p.>35 GeV. The two
: highest-p.. jets must have an invariant
: mass m, >500 GeV and a rapidity
: difference| Ay, [>2
o  Three leptons with p >20 !
GeV,n|<2.5, and opposite charge !
same-flavor lepton pair with |m, - !
m, <15 GeV :
o Two jets with p,>50 GeV, m, >500 ;
GeV, n|<4.7 and a pseudo-rapidity ;
difference| An.[>2.5 :

e WZ fiducial region
o  Leptons from Z decay should have
p>25 GeV & lepton from W p.>20
GeV, n|<2.5, and opposite charge
same-flavor lepton pair with |m- m_|<10
GeV
o Two jets with p.>40 GeV and [n|<4.5



Z.Z full Run II : Fiducial Definitions

CMS ATLAS
i . e i
| tidletype Selection e Fiducial regions are defined closely following the

ZZjj inclusive .
Leptons pr(£y) > 20GeV detector-level event selections, except

pr(€2) = 10GeV
pr(€) > 5GeV
l7(6)| < 2.5

e 4({ channel:
o  Z window loose to [60, 120] GeV (is [66,

Z and ZZ 60 << m(£¢) < 120GeV
G ey 116] GeV for detector-level). This is to reduce
Jets at least 2 . . . .
lpT((j))l A migration effect and keep compatibility with
()| < 4.

the CMS publication
e (lvv channel:

i
AR(€,j) = 0.4 for each 4, j

VBS-enriched (loose)
ZZjj inclusive +
Jets |An;| > 2.4

my; > 400 GeV

VBS-enriched (tight)

ZZjj inclusive +
Jets |[An;| > 2.4
> 1TeV

o  Lepton eta cuts harmonized to 2.5 for both
electrons and muons

o  Generator level MET > 130 GeV instead of
MET significance (difficult to define at truth

'"jj

1 1
1 |
1 I
| 1
1 1
1 |
1 I
i ms; > 100 GeV I
; i
1 |
1 I
| 1
1 1
1 |
1 I




| O VV VBS: Fiducial Definitions

EXPERIMENT

CMS ATLAS

i . . | . Table 4: Fiducial phase-space definitions used for the measurement of electroweak V'V jj production. |

' e WV fiducial region : ! e

! o At parton level requiring all partons . I Leptons pr>7GeV, ] < 2.5 !

1 | * Small-R jets pr > 20GeV if || < 2.5, and pp > 30 GeV if 2.5 < |p| < 4.5 |

. to _have pT>19 GeV and at. least one " I Large-Rjers pr > 200 GeV, || < 2.0 :

X pair of outgoing quarks with . I S —— :

. . 1 .

! mvariant mass m >100 GeV . 1 0-lepton Zero leptons, p? > 200 GeV !

o “@“@a - I N - One lepton with pr > 27 GeV, pY. > 80 GeV |
! P - Two leptons, with leading (subleading) lepton pt > 28 (20) GeV -
| o 83 < myp <99 GeV I
. One large-R jet, min(|m; — my|, |m; — mz]) |
: Mergod 64 < my < 106 GeV

] Hadronic V selection - -
Two small-R jets, min(|mj; — mw|, |m;; — mz|)

. ' i h |
| Resolved Py >40 GeV, p >20 GeV .
. 64 < mj; < 106 GeV 1
|

| Taggingets Two small Ifa:on b jets, nuag, i gj?.;,g_ j, < 0. highest m; |
. m; > 400 GeV, pp=7 > 30 GeV "
! 0-lepton - I
I Number of b-jets ~ lepton 2 .
. 2-lepton = 1
e e e e e e e e e e e e
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CMS MVA for WZ

e  Multivariate analysis — enhance WZ EWK production w.r.t large WZ QCD production
e 13 Input variables retained ; BDT Gradient chosen from ROC curve

Variable Definition
mj; Mass of the leading and trailing jets system
| A Absolute difference in rapidity of the leading and trailing jets
o Agj Absolute difference in azimuthal angles of the leading and trailing jets
jj variables i1 ..
Pr pt of the leading jet
p]Tz pr of the trailing jet
!t Pseudorapidity of the leading jet
VV variable W 2| Absolute difference between the rapidities of the Z boson
T T and the charged lepton from the decay of the W boson
zy(i=1-3) Zeppenteld variable of the three selected leptons
. ) Z3y Zeppenfeld variable of the vector sum of the three leptons
V- mix variables ARj1,z AR between the leading jet and the Z boson
- tot ; Transverse component of the vector sum of the bosons
pT |/ L Py and tagging jets momenta, normalized to their scalar pt sum

€ Overall good separation between EWK WZ and QCD WZ

Note: Larger set of discriminating observables studied but variables improving sensitivity & showing some S/B separation retained.
33



CMS W*W* & WZ VBS : Non-Prompt Estimation

e Fakerateg
o  Defined as the efficiency for fakeable objects to pass full lepton selection
o Measured in a QCD-enriched sample with real lepton subtraction
©  mand p, dependence

e Extrapolate the background yields
o  from “tight+loose” and “loose+loose” data events in “SR”
o by weighted
€fake (PTis 1)
— €gake (PTis i)
Erake(Pr i) | Ctake(P1y 1))
1—€pre(pPn.7i) 11— €pae(Pry 1)

“tight+loose”: W=

“loose+loose”:  (w;; =

o  and with real lepton from simulation subtraction

N7on—prompt :(Z data ZwMC de"'"+2w )le

i
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CMS W*W* & WZ VBS: Analysis Strategy & Yields

Process WTW= SR WZ SR
Pre-fit Post-fit Pre-fit Post-fit
EW WW+ 209 £22 210£26 — —
QCD W*W* 136428 137+22 — —
Interference W*W*  84+£23 87 +23 — —
EWWZ 141+17 178+£39 543+£57 69+15
QCDWZ 429+47 4274+74 1179+68 117 +17
Interference WZ 03+£01 03+£02 22+06 27=£10
ZZ 07+£01 07£02 61+04 60£18
Nonprompt 211 £55 193+40 146+76 144+67
tVx 90+31 74+22 151+19 143+28
Wy 78+20 91+29 11+£05 11£04
Wrong-sign 13571 13965 16+07 17=£07
Other background  5.0+24 52421 33£07 33£07
Total SM 5354+60 522+49 216 +12 229423
Data 524 229
Source of uncertainty W§W§ (%) WZ (%)
Integrated luminosity 15 1.6
Lepton measurement 1.8 29
Jet energy scale and resolution 1:5 43
Pileup 0.1 0.4
b tagging 1.0 1.0
Nonprompt rate 3.5 14
Trigger 1.1 1.1
Limited MC sample size 2.6 3.7
Theory 19 3.8
Total systematic uncertainty 57 7.9
Statistical uncertainty [ 8.9 22
Total uncertainty 11 23
35




| TLas

EXPERIMENT

e Absolute and normalized - WW (EWK+QCD) differential cross section measurements on m,, (shown below),
m, & p,™* and WZ (EWK+QCD) differential cross section measurements on mjj(shown below)

CMS 157 ib"(13TeV) CMS 1377 (13 Tev) — CIMIS TT T T T |\ TT |1?7fb-|‘ (TS\T?V) L c?‘ls T T T 17 T T 17T T T T 1?7 m-\‘qS\T?V)
% OOOB_II TT [ttt rrrrrprrrrprrrr] = 7!11 LI LN L I L LI 17 % 0.015 |— |Dm | I | "] _% I I T T ]
(O pata B g L Data i (©) | ———— MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. | = S Deta ]
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CMS WYV Full Run II : Jet Categories

Boosted category Resolved category
e 1Fatjet ( anti-kt R=0.8 jet) from hadronic decay e At least 4 jets (anti-kt R=0.4) with P_ > 30 GeV.
of W/Z boson with P, > 200 GeV
o . variables used for ID : 2 jets - resolved hadronic decay of W/Z boson
21 :

2 jets - scattered initial partons (VBS jets)
e At least 2 jets (anti-kt R=0.4) with P, > 30 GeV

tagged as VBS jets looking for the max invariant
mass pair. - Tagging order:

1. VBStag jets:

maximum invariant
mass pair

2.V hadronic: pair with
invariant mass near
W/Z mass




WYV Full Run II : Signal Selections

Signal region

Top control region

Resolved
category

Boosted
category

Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p_>30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, >50 GeV
trailing VBS jet and Vjets p; > 30 GeV
Ange> 2.5 , M. . > 500 GeV
Leptonic M',, < 185 GeV
bVeto with Loose DeepCSV WP
V had p, <200 GeV
65 GeV < Mjj Vhad < 105 GeV

Ele p;> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p_> 30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, >50 GeV
trailing VBS jet and Vjets p, > 30 GeV
Ange>25 , M. o > 500 GeV
Leptonic M, <185 GeV
bTag with Tight DeepCSV WP
V had p, <200 GeV
65 GeV < Mjj Vhad < 105 GeV

Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p_> 30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, >50 GeV
trailing VBS jet and Vjets p, > 30 GeV
Ange> 2.5 , M. . > 500 GeV
Leptonic M, < 185 GeV
bVeto with Loose DeepCSV WP
V had p, <200 GeV
40 < Mjj Vhad < 65 GeV, Mjj Vhad > 105 GeV

Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p;>30 GeV

PuppiMET > 30 GeV

Leading VBS jet p, >50 GeV

trailing VBS jet p; > 30 GeV

Anyge> 2.5 , M. o > 500 GeV

Leptonic M',, < 185 GeV
bVeto with Loose DeepCSV WP

V had p, >200 GeV

70 GeV < Mjj Vhad < 115 GeV

Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p,>30 GeV
PuppiMET > 30 GeV
Leading VBS jet p,>50 GeV
trailing VBS jet p; > 30 GeV
Anes> 2.5, MP ves > 000 GeV
Leptonic M, < 185 GeV
bTag with Tight DeepCSV WP
V had p, >200 GeV
70 GeV < Mjj Vhad < 115 GeV

Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p,>30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, >50 GeV
trailing VBS jet p; > 30 GeV
Anyge> 2.5 , M. oo > 500 GeV
Leptonic M, < 185 GeV
bVeto with Loose DeepCSV WP
V had p, >200 GeV
40 GeV < Mjj Vhad < 70 GeV
115 GeV < Mjj Vhad < 250 GeV




WYV Full Run II : DNN input variables

Studied the ranking of the DNN input variables with the SHapley Additive exPlanations (SHAP)
method (presented also at CMS ML forum

Table 1: Variables used as input of the DNN for the resolved and boosted models. The Zeppen-

X __ zVBS
%, where 77VB% is the mean 5 of VBS tag-jets,

while the centrality [6,49] is Cyw = min(An_, A, ), with Ay, = max(n7VB%) — max(17 Vi, ™)
and Ar_ = min(y7YB%) — min(y Vi, n"W) . The " is built assuming the W-mass from the lepton
and pPiss kinematics.

Variable Resolved Boosted

Lepton pseudorapidity

Lepton transverse momentum

Zeppenfeld variable for the lepton

Number of jets with pt > 30 GeV

VBS leading tag-jet pr

VBS trailing tag-jet pr

Pseudorapidity interval between VBS tag-jets

Quark Gluon discriminator of the highest pt jet of the VBS tag-jets

Azimuthal angle distance between VBS tag-jets

Invariant mass of the VBS tag-jets pair

prt of jets from V4

Pseudorapidity difference between V,,; jets

Quark Gluon discriminator of the V},,; jets

Vhad PT

Invariant mass of the V,,

Zeppenfeld variable for the V},,;

Viea centrality

feld variable of a particle Xis defined as Zx =

N NN

PSS N S TR NN

RN



https://indico.cern.ch/event/1036246/#4-using-shap

WYV Full Run II : DNN for signal extraction

- Basic approach: all Backgrounds vs Signal (events weighted by XS and SFs)

- Training performed on events in signal region

- Trained 2 different models:
o for boosted and resolved categories
o joining all the years datasets

- Carefully checked and avoided overtraining

a; = fiWa.,— by

Features

n hidden layers, m, units in layer £

Boosted
e DNN fully connected (64-32-32-32 nodes)
e 13 inputs (see next slide)
e Regularization: Batch normalization and L2
norm weights normalization

e 416k background, 50k signal samples

Resolved
e DNN fully connected (64-64-64-64 nodes)
e 16 inputs (see next slide)
e Regularization: Batch normalization and L2
norm weights normalization

e 1.7 M background, 220k signal samples




MVA for 7.7

: o i An(ll
e MVA Analysis to extract EW ZZjj signal : i (L
e Gradient boosted decision tree (BDTG) is . leading pr o
used in both channels 3 subleading p} S0
o In the 4{jj channel, twelve input 4 pr(ZZjj)/hr(ZZj)) mj
variables are used 5 Y(j1) X Y(j2) MET significance
m The jet-related information | 6 YOI AYG))
provides the greatest sensitivity _ :
. . 7 Y22 Y1) xY(2)
o In the Lfvwv channel, thirteen input
: Y h
variables are used s = .
m  Both the jet-related 2 Pt ARCH)
dilepton-related variables are 10 My subleading p
important 1 pFL o
€ Overall good separation between EWK ZZ and QCD ZZ = pr S
13 - leading pf
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LS ATLAS ZZ: Results

EXPERIMENT

T T T T T T
e Data I ZZ(EW)

3 & A7Las’ ' e Data =ZENy
. ee e s BN ZZ(QCD) mmggZZ ~ Vs =13 TeV, 139 fo'mmQthers  mm ZZ )
e MVA Analysis to extract EW ZZjj signal e L ERNR P =S
TL o
i Vs =13 TeV, 139 fb™

e 4( channel trained in SR using EW vs
QCD events

e ({vv channel trained in SR using EW vs
all backgrounds

e BDT score is used as final discriminator
for fitting

o 3 regions are used in fitting: 40 S S 108 40‘6 LM M

SR, 40 QCD CR, tLvv SR PO eAE e e e e T T e

Uy, 18 POL, u oCD (4€ channel) is

used as a free parameter in the fit

to constrain QCD normalization

CECCj
Signal Region

-

o
SN N
0o

18
54

TN S S N0 B L WY

N
QOO N A O o

Data/ Pred.

o =
o

Data / Pred.
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OATLAS VV 2015+2016 : Cross-section Measurements

EXPERIMENT

Table 4: Fiducial phase-space definitions used for the measurement of electroweak V'V jj production.

Object selection

Leptons pr>7GeV.|nl <25
Small-R jets pr>20GeVif|n <2.5.and pr > 30GeVif2.5 < |p| <4.5
Large-R jets pr > 200 GeV, |n] < 2.0
Event selection
0-lepton Zero leptons, pr” > 200 GeV
1-lepton One lepton with pt > 27 GeV, pT > 80 GeV

Lrponiciscloction Two leptons, with leading (subleading) lepton pt > 28 (20) GeV

2-dcpton 83 < mer < 99 GeV

One large-R jet, min(|ny — my|. |my; — mz|)

Merged 64 < my < 106 GeV

Hadronic V selection

Two small-R jets, min(|m;; — my |, |m;; —mz|)
Resolved Py >40 GeV, pI’ >20 GeV
64 < mj; < 106 GeV

2 -bj i " Thag.j i e
Tagging-jets Two small Ifa :\on b jets, Mg, ,L;wr).:,g_ j» < 0. highest m ;
m; - > 400 GeV, pr “* > 30 GeV
0-lepton -
Number of b-jets 1-lepton 0
2-lepton -
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OATLAS VV 2015+2016 : MVA

EXPERIMENT

Table 2: Variables used for the BDT discriminant in the merged analysis category of each lepton channel.

Variable | O-lepton 1-lepton  2-lepton
tag
m;; v - v
Ar);.j.g - - v
v v

tag, j,
T

my

(B=1)
D2
E{_niss
AG(ET™, J)
ne - v -

€ AR R
|
\

<
|
|

Nj track

Ly - v v

myy - - v
144

Pt . - ]

myvy jj = v -
VVjj

Py = = v

whagJ 7 _ —

wiags2 s — -

44
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OATLAS VV 2015+2016 : MVA

EXPERIMENT

Table 3: Variables used for the BDT discriminant in the resolved analysis category of each lepton channel analysis.

Variable | O-lepton  1-lepton  2-lepton
mﬁg v - v
oy = v
pfﬁs-j 1
ptT‘d&fz
Anjj
I
17']1'"2

wii

L
&5

SRS TEE
|
|

w] 2
i1
n{racks
2

tracks
w1 o
w2 o
tag,j,
tracks

tag,j>
tracks

|
4oy 4RO
R B K R R R &

Nj rack v
Nj extr v =
Eqs v
ne - v
AR(¢,v) - v -
v - v
myy = -
myy;; - v - 45
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CMS aQGCs: Unitarity Issue

e I[tis well known that EFT amplitudes grow with M, and this growth is unphysical above a certain scale
A; this sets the limit of validity of EFT approach
e FACT: pure EFT does not provide any predictions for M ,,, > A, dictated by the requirement of unitarity
® Measured signal is in general a sum of M, <A and M,,,,> A. The only way to correctly use EFT is to
make sure the region M,,,, > A does not significantly contribute
e Only the most conservative limits are guaranteed to be true
o  Most conservative estimate = “clip” the generated aQGC distribution: take only SM contribution
above A. This is the practical equivalent of not using data above A [*]

The EFT-controlled part of the signal is given by:

Al g M
W IU max (10.
Dvl_no{l(” - ( R IM / N d M
[' /::.vuw apg Imodet M + N LM

EFT in its range of validity

Only SM contribution

e The technique is known as “Clipping”, and essentially means using EFT only in the region it is valid!
e Implementation of “Clipping” in CMS Results

[*] 46
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-5885-y
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7728-x

