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@ Why study diboson processes

skWhy study di-boson processes at the LHC?

Stringent test of the standard model non-abelian character of the SU(2)L x U(1) gauge
group at TeV scale

>k Precision test of:
sensitive to higher order QCD / EW corrections at TeV scale
New physics

%k Model-independent means to search for new physics at the TeV scale.

Allow for the possibility of new physics with mass scales very close to the Electroweak
Scale

Growing interest in indirect searches at LHC

%k Precise measurements help to constrain Standard Model contribution (background) in
searches of many new physics models and Higgs analysis.



@ Searches covered in this talk

Exotic diboson searches Vector boson scattering searches
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sk Randall-Sundrum Radion: Spin-0 particle in models with warped

extra dimension

SR
sk Extended Higgs sector (2HDM): 5 Higgs bosons H, h, H*, A. *
(spin0)

Rare process in SM

ndirect search of new Physics by studying

anomalous couplings
%k Spin-1 Heavy Vector Triplet

2 charge W’ boson,1 neural Z' boson
Model A (gv=1), Model B (gv=3)

sk Bulk Randall-sundrum Graviton: Spin-2 particle, excitement of
Kaluza-Klein graviton, in models with warped extra dimension.



Analysis strategy

(DDefinition of a set of signal region(s) (SR)

Find the best cuts to optimize signal over
background

(2)Definition of a set of control regions (CR) to estimate
backgrounds

Define a region with a high purity of a specific
background

discriminant variable
Estimate background with data-driven techniques

(3Unblinding =¥ Is there an excess?

(4)Results are interpreted in terms of limits on models
under study

discriminant variable



Analysis strategy

(DDefinition of a set of signal region(s) (SR)

Find the best cuts to optimize signal over

Typically a cut&count analysis Estimated with
backgrouna data-driven
@ Definition of a set of control regions (CR) to estimate 5 — Nsetected — Noackground techniques
backgrounds A-e- f Ldt
Define a region with a high purity of a specific Include acceptance, efficiency and branching ratio
background
Estimate background with data-driven techniques
(3Unblinding =¥ Is there an excess?
(4)Results are interpreted in terms of limits on models 0
under study 53
N
3
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o)) How to reconstruct hadronic V!

Resolving individual decay products

—
o

become more difficult at high mass % " ATLAS Simulaton ggF cat. merged
' 3 | VBF H— ZZ — #qq e ggF cat. resolved
(‘bOOSted ObJeCtS) ﬁ 0.8f ——+= VBF cat. merged -
X L e VBF cat. resolved -
§ : Combined :
g 0-6_' XXX Total Uncertainty
Q |
Reconstruct a single large-R jet (R=1.0) and §04-_ N
investigate its substructure A
/ : e
— 0.2f y d -
— skRecover signal efficiency for merged decays B ]
. . . I ..r'-'/l/ ~_‘:——~~~TT~:— - N T T
sk Use tracking information 00 = s ™ 10 15 20 25 30
. . m(H) [TeV
skdet Grooming: remove unwanted jet soft- \F) lTeV]
component, Initial state radiation, multi-parton QM(V)
interaction, pile-up in jet reconstruction:; AR(ql, q2) ~

pr(V)
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sk Boson Tagging: discrimination between signal merged jets and soft radiation
merged |ets;

ldentify 2 core substructure jets due to boson decays and reject single core
substructure jets.

skBackground rejection optimized inside merged jet windows mass and combining
cuts on the D2 variable (built from information on the merged jet constituent)

o)) How to distinguish QCD and W/Z jets!?
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Jo) VV—]] analysis

*kChannel with the highest diboson
branching ratio BR(VV—>had) ~50%

2k Only merged region selection

Hadronic Calo.
%5 signal regions (WW, ZZ, WZ, WZ+WW, EM Calorimeter
WW+22) Inner Detector

*kMain background: multijets (~85%);
diboson production, W/Z+jets, ttbar

1D parametric function
Test & validation of the fit in data CRs

HDBS-2018-31



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-31/

>§>§> VV—]] analysis improvements: Track-Calo Cluster Jets

skIn the previous analyses calorimeter-clusters for large-R é 0'35 ATLAS Simulation -
jets used (exploits the exceptional energy resolution of g 025 e Rt 0.WZ > qat E
the ATLAS Calorimetry); g O.Zf— ™|<2.0, p); >200 GeV _i
% 0.15%—----- """ —
*kWhen pr >1 TeV, only a handful of calorimeter-cell S o E
clusters are created, each with limited angular resolution, £ F :
but excellent energy resolution. 005}~ —LC Topo (m,,y, ) E
0500 1000 1500 2000 2500
sk Combining information from the calorimeter and tracking Generated jet p, [GeV]
detectors, the precision of jet substructure technigues . 07— —————
can be improved for a wide range of energies. S o aTEAS Simuaton E
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VV—]] analysis

sk Very “simple” selection
2 large-R jets required with pr>500 GeV and pt>200 GeV g 14
Q
myy>1.3 TeV Elng 12
Small separation, Ayi2<1.2 allows to reject QCD background g
-
ot asymmetry to reject events with badly reconstructed jets *;% 08
S 06
- . . . . .. 0.4
sk 3-dimensional tagger (jet mass, D2, n track) using TCC jets properly optimized
0.2

g 1000:| | | L | L | L I L | L | L IE 1000

."8 900 f_ ATLAS S|mu|at|0n W tagger : 5 El L | [ .I | | I. L | L | L | | | L I: O

.% = {s=13 TeV Pythia QCD Multijet 3 © 900 ATLAS Simulation | Ztagger -

o 800:— . = .SD_{ = Vs=13 TeV Pythia QCD Multijet I

o = . = © 800F =

S 600 . = S E . e =

8 5005_ - _@ 600:— ° —

2l — ° - O — ¢ -
400E- ‘ - @ 200 ¢ o E
300 . - 400F- . =
200E- * . = 300 . =
100§_ * . = 2002— o . _i

OE| I I | I I | I I | | | I I I I I | | ] I?I? ] ’ | LE 1002_ * e °® _;
0.5 1 1.5 2 2.5 3 3.5 4 O:| | I I | I I | | | I I | | I I | I I | | 1 1 1 I? ] ’ | ‘:
Jetp_[TeV] 0.5 1 1.5 2 2.5 3 3.5 4

Jet P, [TeV]

| | | | T 1 | T T 1 | T 1 I
- ATLAS Simulation — Seeten
—\s =13 TeV A<0.15
— —— Mass cut
- HVT Z2 - WW — D, cut

—— N, cut

-
b o}

_IEIL

III|III
< 0
=< 2
- &
»
)
)
2 4
< >

?

45 s
m(Z') [TeV]

—
@)
)\
!\) ® 2
(J.I 2 2
w
w
@)

HDBS-2018-31

11


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-31/

wrf) VV—)): results

—
o
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ATLAS
s =13 TeV, 139 b’

—h
o
w

VV — qqqq

5(pp — V') x B(V' = WW+WZ) [fb]
2
| IIIIII|

------- Expected 95% CL upper limit
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HDBS-2018-31
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VV semileptonic analysis

skModel interpretation:

Spin-0: Heavy Higgs/Radion
Spin-1: HVT Z2,W’ ggF
Spin-2: Graviton . -

2%k 3 channel (0/1/2 leptons)

sk 2 category (ggF-DY/VBF)

VBF: two additional jets with large separation in q q/q
pseudorapidity and a large dijet invariant mass

2

Z /W

%k 2 regimes (resolved/merged)

sk B-tagging categorization

4 VBF 4 » 7z

skHigh/Low Purity categorization in merged regime EXOT-2016-28
EXOT-2016-29

F. Cirotto 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-28/

sk Lepton requirements:

O lep: Lepton veto (loose lepton) and
Ermiss>250 GeV,

1 lep: exactly 1 lepton (tight) and
Etmiss>100(60) and GeV pr(lv) > 200(75)
GeV in merged (resolved);

2 lep: exactly 2 same flavor lepton (loose)
in the Z mass range and with pr > 30 GeV

skJet requirements:

merged regime: Selection of a merged jet
that pass one of the two WP of the boson
fagger

resolved regime: Selection of two small-R

jets in the region |nj| <2.5 and with
iInvariant mass compatible with Z or W
boson.

VV semileptonic analysis

Z—>
selection
VBF category | VBF tag-jet
selection
. . Pass
Signal regions
; . . Pass
High purity Merged
Low purity selection
Fail
Pass Resolved
Resolved selection
Fail

*
*

X—>2ZV > /llqq
selection flow schematic

-----------------------------------------------------------
" "y
ooooo
* 'S
* *

ggF/DY category *

Signal regions
Pass ° > -

Merged
selection Low purity
Fail
Pass
Resolved b-taggec
selection Untagged

To Z+jets control
region selection

EXOT-2016-28
EXOT-2016-29



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-28/

VV semileptonic analysis

, , . o 10—
*kW+jets (W) and Z+jets (Z) Control Regions: s ATLAS ¢ Data
| D 10°F 5o 13Tev, 36.1 o g io" lg‘jarks
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' ' 1S iboson
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: 10° BSa
sk Top CR: o ZCR WCR TopCR
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10°
2 lep: two different-flavour leptons 102f el | | R
10 _— ol
sk Validation region: 8 ]:gZ _____________________ —
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VV semileptonic analysis — Heavy Higgs

1O2EFI_||||||...
- ATLAS

10k vE=13TeV,36.1 b

T I | B R | I | I —
Observed 95% CL

Expected 95% CL
¢¢qq Expected 95% CL

vvqq Expected 95% CL -

Expected +10

Expected +2¢

EXOT-2016-29
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102

o(DY ggq — W) x B(W' — ZW) [pb]
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ATLAS —— Observed 95% CL ATLAS —— Observed 95% CL
\/g - 13 TeV, 36.1 fb_1 --=- Expected 95% CL \/5 - 13 TeV, 36.1 fb_1 -=-=- Expected 95% CL
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skLower branching ratio with respect to other channels

WLZ full leptonic analysis

Expected to be particularly sensitive to low-mass resonances as it has lower background

sk Drell Yan/VBF categorization

3‘ 1 03 E | | I I I I | I | I | I I | | | I | I | | | | | | I | E
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Combination  VV + VH
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@ VV: future studies
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@ VBS: Motivation

skVector Boson Scattering is important for understanding EW symmetry breaking

*kWithout the SM Higgs, longitudinal VV scattering cross section (ovw-vy) increases as center-of-mass energy
and violates unitarity at high energy

s%kCan be solved by adding contributions from Higgs

sk VBS allows indirect search of New Physics by studying anomalous quartic gauge couplings (aQGC)

EW production O(«x4) QCD-induced production O(a2as2)

q/// q g
7,
1% T W

F. Cirotto 24



o0) VBS: phenomenology

tagglng Jet (4) . \\</ — 0.35 i !--,..E | E*EW .
‘ N 8 03} :
\ N ir.*—. +:
/ N tagging jet >2- 0.25 ¢ . E_ . —
\ B 0.15
= (2) v © -

%kVBS has distinctive final states topology
Two hadronic jets in forward and backward regions with very high

energy (tagging jets)
Hadronic activity suppressed between the two jets (rapidity gap) >
due to absence of color flow between. interacting partons. g
Boson pair more central than in QCD processes ;3‘3
§ 10°° | i -
10”"

0 500 1000 1500 2000 2500 3000
Mj1j2 [GeV]
arXiv:1108.0864



skFully leptonic final state (££2v)

kA BDT is trained in signal region to separate W/Zjj-EW signal from W/Zjj-QCD

and other backgrounds

BDT build from 1

Variab
Variab
Variab

sklrreducible background: All candidates are prompt leptons or produced Iin the
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€S €

i
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to both leptons and jets kinematics
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e

KInemal

ICS Of

VBS: EW W/Zj)

5 discriminant variables

Ftagging jets

Kinema

ICS O

- vector bosons

decay of tau (Main sources of backgrounds)
W=/jj QCD, ZZ, tt + V, tZj, VVV

skReducible background: at least one of the candidate leptons is not a prompt

lepton

Z+], Zy, tt, Wt and WW
Data driven matrix method
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score distribution in SR

%k 5.30 observed

skFiducial cross section
+0.14

owzjj-gw = 0.57 1013 (stat.) F9-0> (exp. syst.) 7002 (mod. syst.) 70-01 (lumi.) fb

skDifferential cross section

VBS: EW W/Zj)

skSignal is extracted with a maximume-likelihood fit of BDT

or 8 variables

Variables sensitive
coupling

to anomalous quartic gauge

Variables for model constrains:

& | ATLAS \s =13 TeV, 36.1 fb
qii B ® Data
—~ 5 —— Sherpa (scaled)
N WZji-EW x 1.77
=3 -.=- WZjj-QCD x 0.56
s> L
< -
~ -
-:‘:5 : I { | + l -
© | :
A N | H e ——
S 151
O B @ | +
L B .
C_) kbbbl PP i i ——
© 0.5
oC AT T RSP RPRRRRRRELLLLEELLELLED
_ | | L |
% 1 2 3

STDM-2017-23
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VBS: EW WiWii)

skChannel with largest ratio of electroweak to strong production
Cross sections compared to other VBS diboson processes

quark-gluon and gluon-gluon initiated diagrams are absent
and contributions from quark and (anti-)quark annihilation
diagrams are suppressed

sk Fully leptonic final state

skMain background contributions:

Processes with two real prompt same-charge leptons, mainly
W+/+]ets

Experimental backgrounds: Processes with non-prompt
(“fake™) leptons from mis-identified jets, or leptons from
hadron decays

Processes with electron charge mis-identification

Events / bin

[ I I
—e¢— Data

|
ATLAS

I 4 W*Wjj electroweak

- Control regions | - Non-prompt

» e/y conversions
200 Wz

L
- ]
- | Other prompt
o0 - <4444 Total uncertainty

40 F | /%
- ) %

150

Events / bin

100 30;
20 |
50 -
10 b
0b—
EEF ee e'e e ew pp pt
WZ CR low m, CRs
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VBS: EW W=W

+oo

Rl

T T
ATLAS

B — \[/)Veita+._ _
29 L {s=13TeV, 36.1 fb" WL strone -
- ~ Non-prompt —
207 % B e/y conversions T
% e WZ _
N/ " Other prompt ~
L 44444, Total uncertainty _
15 -
10 ’ —
5 -
500 1000 1500 2000 2500 3000
m; [GeV]

6.50 observed

Gfid. [fb]

| |
. ATLAS —— Total experimental uncertainties _

L \s=13TeV, 36.1 fb’

Experimental stat. uncertainties —
— Total theoretical uncertainties
s=== Theoretical scale uncertainties
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VAR

= _

- Interference with strong production and NLO EW -
. corrections are not included in theoretical predictions _

Sherpa v2.2.2 Powheg+Pythia8 Data

ofid = 2.917%°" 4 47(stat.) + 0.27(sys.) fb
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VBS: EW ZZj

i

s%kBased on full Run-2 dataset g A A M A A 5 5 ATLASProliminary e Data  mRZZEW) -
=~ 200 7 B ZZ(QCD) [ ggZZ B £ [ (s=13TeV, 130 fp'MTIErs EHLAITD)
< 18:— ) B Others 77 Uncertainty A L%) a0l g.fvvjjl'R | EmogZZ 7 Uncertainty -
b B | Signal Region
skIncludes 4¢ and 2£2v channels 165 ATLAS Preliminary E i
$ /s =13 TeV, 139 fb’’ o5 -
14F CEC . -
. o _ . . 2 Signal Region . -
*kBDT trained to distinguish the kinematic 12 200 .
differences between signal and backgrounds 10 N -
12 input variables in the 4£ channel |
13 input variables in the 2£2v channel ° "
4
Simultaneous fit in the two channels ) 5
0—1 -0.8 06 -04-02 0 02 04 06 08 1 O—1 -0.8 -06 04-02 0 02 04 06 08 1
%k 5.520 observed when combining channels 50T Output 50T Output
7Ty ; .
LEW ten Significance Obs. (Exp.)
lelsgg 1.5440.42 | 0.95£0.22 5.48 (3.90) o
Clvvi g 0.73 + 0.65 - 1.15 (1.80) o
Combined | 1.35+0.34 | 0.96 4 0.22 5.52 (4.30) o

ATLAS-CONF-2019-033
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2%k 3 channels explored
O lepton: Z(—=w)j]

1 lepton: W(—£v)j]
2 lepton: Z(—LL)jj

skResolved and merged region definitions

skMultivariate approach: BDTs are constructed,
trained and evaluated in each lepton channel
and analysis region separately

%k 2.70 observed when combining channels

VBS: EW VYVijj semileptonic

2-lepton

1-lepton

O-lepton

Combination

L AN R S B S B B A
 ATLAS (s=13 TeV, 35.5 fb™', Observed

- o= 1.05+ 0.42 ( +0.20 + 0.37 ) _

— Tot. Tot. ( Stat. Syst. )
oS +0.83 +0.65
F— —- 1.977 et (£0.50 " 525) —

+0.53 +047\
0.33+033 (1025 F047)

—_ ey +1.33 +1.05\ _
2.47 (£0.80 * g3)

-0.34

L
2 4 6 8 10
Best fit u=c/c .

STDM-2017-20
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@ VBS: future studies

kThe total WxW=j] VBS cross section can be decomposed into the polarized
components based on the decays of the individual W bosons

*k WL=W_ % is expected to be only about 6-7% of the total VBS cross sections

W W._ diverges if there is no Higgs boson or the Higgs boson is too heavy

sk Theoretical models with composite Higgs bosons

measurement of the longitudinal polarization will tell us the 125 GeV boson
unitarizes scattering fully or only partially

kA difference between the two leading jets able to discriminate the LL component
from TT and LT contributions

sk 2.70 for 3000 fb-1
A combination between ATLAS and CMS could reach 3o with 2000 fb-1
Machine Learning technigues could improve the prospects
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@ VBS: future studies

7 1 1 1 1 I 1 Ll 1 1 I 1 1 'l',‘l I 1 1 I 1 I 1 1 I 1 I I 1 1 I I 1
ATLAS Simulation .-~
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anomalous Quartic Gauge Coupling (aQCG)

%k VBS provides excellent probes for the structure qq — WZjj — 3l + jj, fu,/A* = 3.8TeV ™4
of gauge boson interaction, in particular for

. . 10 SM —
quartic gauge couplings <) %Ié% —
skAnomalous quartic couplings predicted in new ?; 10° EFT with 7, model ———
physics models and effective field theories 02
would enhance cross sections 3
<
Quantify deviations from the Standard 2 10°
Model in a general or model independent :% 100
way
skDeviations from SM are parametrized by an 0 500 1000 1500 2000 2500 3000 3500
effective Lagrangian Zrr=3;fi/\di4 0(d) with 8D M7 (WZ)[GeV]
operator for aQCG 14 TeV
: : : o o +errt ..
skIn the presence of aQGC which signify strong Wzjj | W W7jj
interactions in the bosonic sector, VBS cross fs, /A" [-8,8] [-6,6]
sections are enhanced at high VV invariant fo, /A" | [-18,18] [-16,16]
masses fTO/A: [-0.76,0.76] | [-0.6,0.6]
A" | [-0.50,0.50] | [-0.4,0.4]
rvabl rrel m fr,/
Observables correlated to myy Fur/ A | (3838 (4.0.4.01
far, /A | [-5.05.01 | [-12,12]

ATLAS Run-2 results will come soon ATL-PHYS-PUB-2018-092
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Conclusions

sk Diboson searches have a great importance for SM and BSM searches

skSophisticated object taggers are designed and applied to distinguish W/Z from SM background
Taggers are a very hot R&D topic now!
Machine learning approach

skNo evidence for New Physics

_imits push Gkk, V', W masses higher

-ull Run-2 dataset analyses ongoing

sk ATLAS has published result on VBS measurements using 36.1 fb-1 or 139 fb-1
Run 2 of the LHC has revealed access to further exploration of final states in VBS

Observation of electro-weak production in W=W=jj, W/Zj, ZZ]]

Measurement of fiducial cross sections tor these final states
sk With more data being collected for the tull Run2 higher order theoretical computations are becoming more important
sk Improving sensitivity for BSM
%k VBS final states continue to be a playground for exciting physics to be explored!
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d1

q2

Motivation

qd1

q2

q3 q1 f1 ) q3 q1
fi ~ 7 f1
Va f. q3 2
2 4 ] + LR Vi
Va f3 q4 Vi £
fa 13 1 Vs
Q4 % f g q4 g

_ All EW-induced processes (only EW interaction vertices) treated as signal
An interference occurs between electroweak and QCD production

fi

f2
/3
fa
q2

F. Cirotto
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VV—]] analysis

Signal region Veto events with leptons:
No e or u with pt > 25 GeV and || < 2.5
Event pre-selection:
> 2 large-R jets with || < 2.0 and mass > 50 GeV
pr11 > 500 GeV and p12 > 200 GeV

my > 1.3 TeV
Topology and boson tag:

|Ay| = |y1 —y2]| < 1.2

A= (p11 — pr2) / (P11 + p12) < 0.15
Boson tag with D, variable, ny variable, and W or Z mass window

V+jets control region  Veto events with leptons:
No e or u with pt > 25 GeV and || < 2.5
V+jets selection:
> 2 large-R jets with || < 2.0
pr11 > 600 GeV and pry > 200 GeV
Boson tag with D, and nyy variables on either jet
Anti-boson tag with D, variable on other jet

HDBS-2018-31
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VV—]] analysis

Model Signal Region Excluded mass range [TeV ]
WWw none
Radion 4 none
WW+ ZZ none
WWwW 1.3-2.9
HVT model A, gy =1 WZ 1.3-3.4
WW+WZ 1.3-3.5
WWwW 1.3-3.1
HVT model B, gy =3 WZ 1.3-3.6
WW+WZ 1.3-3.8
WWwW 1.3-1.6
Bulk RS, k/Mp, = 1 77 none
WW +ZZ 1.3-1.8

HDBS-2018-31
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analysis
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VV semileptonic

Selection

2V — 0] 2V — 0057

J — 0

Two opposite-flavour leptons with pr(Et) > 7 GeV
leading lepton with pr(ET1) > 28 GeV
83 < Mee < 99 GeV
85.6 GeV — 0.01175% < m,,, < 94.0GeV + 0.01855

Tag-jet selection for
VBF category

Two non-b-tagged small-R jets with
n-me <0, |A77;?g‘ > 4.7 and m;;’g > 770 GeV

Jet requirements > 1 large-R jet > 2 ‘signal’ jets with p > 30 GeV
with pt > 200 GeV pt > 60 GeV for the leading jet
no events with > 2 b-tagged jets
C\ 2
Kinematic criteria min(p%, ph) /mees \/(p¥)2 + (ng) /M0
H > 0.3 > 0.4
W' or GKK > 0.35 > 0.5
V' boson tagging pr-dependent criteria 70 < m;; <105 GeV (V = Z)
in Dy and m 62 < m;; <97 GeV (V =W)
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QVV semileptonic

4 — vV Emss > 250 GeV

PS> 50 GeV
Multijet removal Ao ( E%liss,p*%liSS) <1

min[A¢(Emss small-R jet)] > 0.4

Tag-jet selection for Two non-b-tagged small-R jets with
VBF category n - e <0, |A77;jg| > 4.7 and mzfg > 630 GeV
Jet requirements > 1 large-R jet with pt > 200 GeV
V' boson tagging pr-dependent criteria on Dy and m
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VV semileptonic (££qq)

Selection

2V — 0] 2V — 0057

J — 0

Two opposite-flavour leptons with pr(Et) > 7 GeV
leading lepton with pr(ET1) > 28 GeV
83 < Mee < 99 GeV
85.6 GeV — 0.01175% < m,,, < 94.0GeV + 0.01855

Tag-jet selection for
VBF category

Two non-b-tagged small-R jets with
n-me <0, |A77;?g‘ > 4.7 and m;;'g > 770 GeV

Jet requirements > 1 large-R jet > 2 ‘signal’ jets with p > 30 GeV
with pt > 200 GeV pt > 60 GeV for the leading jet
no events with > 2 b-tagged jets
" N 2
Kinematic criteria min(p%, ph) /mees (pf[g) + (p‘zrj ) /M0
H > 0.3 > 0.4
W' or GKK > 0.35 > 0.5
V boson tagging pr-dependent criteria 70 < m;; <105 GeV (V = Z)
in Dy and m 62 < m;; <97 GeV (V =W)
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VV semileptonic (£V)

Selection SR: HP (LP) | W CR: HP (LP) | t¢t CR: HP (LP)
: VBF m'™8(j5,7) > 770 GeV and |An*e(7, 7)| > 4.7

Production category geF /qq Fails VBEF' selection

Num. of signal leptons 1
W — £y selection Num. of veto leptons 0

BT > 100 GeV

pr (V) > 200 GeV

Exss [pr(ev) > (.2

Num. of large-R jets > 1

V — J selection

Dy eff. working point (%)

Pass 50 (80)

Pass 50 (80)

Pass 50 (80)

Mass window

Eff. working point (%)

Pass 50 (80)

Fail 80 (80)

Pass 50 (80)

Selection WW (WZ) SR W CR tt CR
: ) VBF mbe(4,7) > 770 GeV and |An*2&(7,7)| > 4.7
Production category eeF /qq 20 Fails VBF sel(lction 20
Num. of signal leptons 1
W — (v selection 1;;;1}815 of veto leptons N OOGeV
pr(lv) > 75 GeV
EX™s /pr(ev) > 0.2
Num. of small-R jets > 2
V' — 47 selection pr(J1) > 60 GeV
pT(jz) > 45 GeV
m(jj) [ GeV] 166, 94] < 66 (66, 106]
([82, 106]) or [106, 200]
390 > 1.0
Ap(j, ERS) > 1.0
Topology criteria Ad(7,7) < 1.5
Ap(l, ER=s) < 1.5
g ;g;jg ;Z:E%gg > 0.3 for VBF and 0.35 for ggF' /qq category

o w)/m(WV) _
Topology criteria pT( > 0.3 for VBF and > 0.4 for goF categor
pology pr () /(W) ggF/qq category
: excluding b-tagged jets with
) ¢ >
Num. of b-tagged jet AR(J,b) < 1.0 0 > 1

Num. of b-tagged jets

jl =bor jQ =b
where V' — 7179

<1

J1 7 band jp # b
where V' — 5172

> 0
(for jets other
than j; orjs)
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QVV semileptonic

a) LP SR (WW) LP SR (W2)
HP SR (WW) Z HP SR (W2)
ev=80%
LP
ev=50%
HP |
CR | HP CR
50 Mw Mz
my [GeV]
Resolved SR (WW)
R ved Resolved
esoive
CR <« W2) ©  Resolved CR
—lp
66 82 94 106 200
m; [GeV]

F. Cirotto
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VV semileptonic
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QVV semileptonic
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VV semileptonic
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VV Combination

'
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e

Fermion coupling g
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L > 5%

Observed

I
I —

w III|III|III|III I

-2

W III|III|III|III I

2
Higgs and vector boson coupling g ,

Channel Diboson state Selection VBF cat.
Leptons ETSS Jets  b-tags
qqqq WWIWZ|ZZ 0 veto 2] — —
vvqq WZ|ZZ 0 yes 1J — yes
lvqq WW/WZ le, 1u yes  2j, 1J — yes
qq WZ|ZZ 2e, 2/ - 2j, 1J - yes
124%7 A 2e, 2 yes — 0 yes
(vly WWw le+1p yes — 0 yes
14744 WZ 3e, 2e+1p, le+2p, 3 yes — 0 yes
eee A de, 2e+2u, 4p — — — yes
qqbb WH/ZH 0 veto 2] 1,2 =
vvbb ZH 0 yes 2j,1J 1,2 —
(vbb WH le,1u yes 2j,1J 1,2 —
ebb ZH 2e, 2 veto 25,1 1,2 —
v — le, 1p yes — — —
124 — 2e, 2 — — — —
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(rf) VBS: EW VVjj

Selection 0-lepton 1-lepton 2-lepton
Tricoer ET™ triggers Single-electron triggers Single-lepton triggers
55 Single-muon or Et > triggers
Lentons 0 ‘loose’ leptons 1 ‘tight’ lepton with pt > 27 GeV 2 ‘loose’ leptons with pr > 20 GeV
P with p > 7 GeV 0 ‘loose’ leptons with pr > 7 GeV > 1 lepton with pp > 28 GeV
B > 200 GeV > 80 GeV -
- — 83 <m,. <99 GeV
My

—0.0117 x ph! +85.63 < m,,,, < 0.0185 x 4" + 94 Ge

Small-R jets

pr > 20 GeV if |n| < 2.5, and pr > 30 GeV if 2.5 < |n| < 4.5

Large-R jets pr > 200 GeV, |n| < 2

Vihaa — J V' boson tagging, min(|m; — my |, |m; — mz|)

Vihad — 77 64 < m,; < 106 GeV, jj pair with min(|m,; — mw|, |m,; — mz|), leading jet with pr > 40 GeV
Tagging-jets J & Viaa, not b-tagged, AR(J,j) > 1.4

ntag,jl | ntag,j2 < 07 m;?g > 400 GeV, pPT > 30 GeV

Num. of b-jets

0

Multijet removal

pr = > 50 GeV
A¢)£ 'If‘llSS’ﬁII‘HSS) < 7_(_/2
min[A¢(Er ,small-R jet)] > /6
AP(ET ™, Viaa) > /9

Al kd A/ NN/ NI e \J | \J NJ\JI\J
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