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Overview

« Effective Field Theories
« Vector Boson Scattering
« WZ fully leptonic inclusive and WZ VBS

* Dim-6 Operators

— W/Z Inclusive
- WZVBS

* Dim-8 Operators
- WZVBS
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Effective Field Theories

» Since there are no hints for New Physics through direct searches=>»
increased interest for indirect searches

« Assuming New Physics is heavy =»EFTs emerge as the tool to look for
deviations from the SM

* Low energy parametrization for unknown physics that can become
reachable at very High Energy

« BSM terms added to the SM Lagrangian

L=L 43" 50+ 20,
i J
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Effective Field Theories -l

» First to look for Dim-6 and Dim-8 operators

Dim-6 Dim-8
lerr = Lew+ Y So+ |3 Blog+ Y Mo+ ¥ Mo,
EFT = Lsm A2 A4 sj T A T A M
i=WWW,w,B,oW o8 =12 =0,...,9 7=0,...,7
Pure Higgs Pure Field- Mixed Higgs
field strength Field-strength

tensor
« Experimental strategy: Associate Dim-6 and Dim-8 operators to vertices in

forms of anomalous couplings
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Effective Field Theories : Experimental strategy

TGCs>Dimé6
« So far, no theory model includes both Dim6 and Dim8 | Ao - i
«  Study the effect individually for Dim6 and Dim8 S < b g
* In both cases, we aim to a combination of the EFT ,/L\ﬁ ,.»L.\fl

q2 q4 q2 g4

parameter limits
+ How we plan to search:

1. MC Modelling
2. Data

3. Limit setting on individual channels and by combining
channels as a good

WZ serves

*  Where we should search: candidate

— Diboson processes—> Could be sensitive to Dim-6 @ @
operators

— VBS processes—> Could be sensitive to Dim-6 and
Dim-8 operators

qa 92 qa

HVV->Dim6,
Dim8 >
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Vector Boson Scattering

* Vector Boson Scattering: interaction of two vector bosons
radiated from the initial-state quarks, yielding a final state with
two bosons and two jets, VVjj, in a purely electroweak process

e B - j"€+
-
- = j€+

EWK production contains both VBS and non-VBS processes that
cannot be dissociated

EWK VVjj non-VBS

EWK VVijj VBS
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EWK: QED<=6, QCD=0

Main background:
Diboson QCD production
in association with two jets
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VBS phenomenology

 VBS events at LHC have distinct event topology:

my=2800 GeV |Ayil=6.3

VVijj
— Two energetic jets with large di-jet mass (m;) and
high rapidity separation
— diboson system, centrally produced with respect to
the two forward jets

« _Separation from Background (QCD production)
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Current Status in WZ Inclusi

q

Latest Publication on 13 TeV using
2015+2016 data

Search for WZ leptonic decays
Electrons and muons only

Z -> ee,uy: 2 high-p, isolated leptons
with their invariant mass consistent with
Z mass

W -> ev, uv: 1 high-p-, isolated and well-
identified lepton and K/IET, with their
transverse mass consistent with W

Four final states: eeev, epuv, peev,

MUMV
Unfolded distributions to variable
sensitive to EFTs provided, but not limits

w
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Current status in W/Zjj from ATLAS: Event Selection

*  Exactly 3 leptons:
— |nl|<2.5
-  p{"*>15GeV
-  |M,-M,PPG|<10 GeV
— m;">30 GeV
* Atleast 2 jets:
— |n|<4.5
— opposite hemispheres
—  p/>40GeV
— m;>150 GeV
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Data/MC

Selection separated in 3 orthogonal regions

arxiv.org/abs/1812.09740

140

120

100

80F
60F
40F

20F

N w
T

E ATLAS
o (s=13TeV, 36.1 fb"
- b-CR

CIwzZ-Ew
W'Z-QCD

7z
- Misid. leptons

Events / 35

20

SR:

ijets=0 ’
m,>500GeV

ATLAS

5=13TeV,36.1 fb"

WZjj-QCD CR

T
® Data
CIWZEW

1t
. 1Z] and VWV
##4 Tot. unc.

(© +

Data/ MC

L
200

L
300

00 500
m; [GeV]

Events

Data / MC

Additional CR to
better constrain
the ZZ background,
requiring 4 leptons

. .
1500 2000 2500
m; [GeV]




Current status in W/Zjj: Background estimation and cross

section measurement arxiv.org/abs/1812.09740

Irreducible Background
WZjj-QCD, ZZjj, ttV: Use MC

v

2.1%

simulation and control regions to o wzen
] 3% 5%

better constrain them 27j-QCD

— QCD: dominant background v leptons

— ZZjj: second dominant background 4.9%
VVV, tZj: Use MC simulation to
model them

Reducible Background

Z+j, Zy, ttbar, Wt, WW for prompt WZjj-QCD

and fake leptons

72.0%

The electroweak production of W+Z bosons in association with two jets is measured with
observed significance of 5.30.

owzjj-ew = 0.57 ig:ig (stat.) fg:gi (exp. syst.) fg:gi (mod. syst.) tg:gi (lumi.) fb
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SMEFT

The model;: SMEFT

The most general set of dimension-6 operators respecting the SM
symmetries has 81 operators

Can be reduced to 59 using the equivalence theorem

These 59 operators, have 76 free parameters, if we consider only one
generation of fermions. If we consider three independent generations, the
number grows up to 2499 free parameters.

The minimal basis of gauge-invariant non-redundant operators is called the
“Warsaw Basis” arXiv: 1008.4884

There are also other possible parameterizations: SILH, HISZ

R.Gomez-
Ambrosio




Dim-6 operators
in Warsaw basis
excluding the 4-
fermion ones

Operators
contributing
across various
channels

Eventually
aiming for a
global fit across
channels
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Dim-6 operators
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Current Picture in ATLAS in WZ N

T T
A S ATLAS Preliminary
. Latest results for WZ Inclusive in S —— — ATLASEOmbINgY8 + 13 TeV
aTGCs in ATLAS B — ATLAS Vs=13TeV, 13.3 b
— ATLAS Vs=8TeV, 20.3 fb"
* Results for both parametrizations: \Z == — ATLAS V5=7TeV, 46 fo
. __ Aco=°°
a. anomalous couplings aproach i W7 o pvee
b. EFT approach
. . Z ——
« So far the results are in HISZ basis ARDOT) =
I\\\\i\\\\\\\\\\\\\\\\\\\\\\\\I
b 005 0 005 01 015 02 025
. ) ) aTGC Intervals at 95% C.L.
Dataset Couphzng Expected [TeV™°] Observed [TeV~-] Dataset Coupling Expected Observed
cw/A [-4.1;7.6] [-3.8; 8.6] ~ _ _
13 Tev e AZNN: (261, 193] -280: 163] Ai% [-0.017; 0.032]  [-0.016; 0.036]
cwww /A2 [-3.6; 3.4] [-3.9; 3.7] 13 TeV A« [-0.18; 0.24] [-0.15; 0.26]
ww m i i 2V [-0.015; 0.014]  [-0.016; 0.015]
cw/Ap [-3.4; 6.9] [-3.6; 7.3] A ) )
) Py e Z [-0.014;0.029]  [-0.015; 0.030]
Sand I3TeV s/ />Ij\l’2 [[232; ;606]] [235;;326] gand 13TeV Ak [-0.15;0.21]  [-0.13;0.24]
11/27/19 cwww/Axp 323 [-3.3:3.2] A2 [0013;0.012] [-0.014; 0.013]




Dim-6 operators in WZ Inclusive

 HISZ Vs. Warsaw basis=>» Different operators and different associated
vertices

7 E

HISZ

q

>vai:<v
w <§+

Warsaw

« Since moving to Warsaw basis, need to test sensitivities of the operators
« Already there are constraints from electroweak precision data

11/27/19

For measurements of LEPI near Z pole data and W mass al LO:

Quwp. Qup,
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WZ Inclusive:Setup

Generator: e Madgraph 2.6.5

Model: e SMEFTSIim

Process: pp—ete—p—1u,

Number of events e 5k

Level: e generator level only

Method: e “Decomposition” of the total sample

11/27/19
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Decomposition method

* Need to produce big number of samples on various values of EFT
parameters
« So far, reweighting was used
 Now, Madgraph gives the opportunity to decompose the samples production
to terms:
— SMterm
— SM-EFT interference terms
— pure EFT terms
— cross EFT terms

[Asnt + Z ciAi|? = [Asul® + cicj2Re (A7 A;)

11/27/19 17



SMEFT Operators in WZ Inclusive

100

Comparative study of the effect of
Dim-6 operators (SMEFT model)
on inclusive cross section for ¢,=3,

A=1TeV
Operators [Cross section [fb]|Effect [%]| Effect>10%
cW 38.8 115.56 X
cHWB 12.1 32.78 X
cHD 10.48 41.78 X
cHI3 4,769 73.51 X
cll1 41.89 132.72 X
cHg3 92.05 411.39 X
cHIM 17.89 0.61
cHe 18.16 0.89
cHu 13.51 24.94 X
cHd 17.91 0.50

Cross section [fb]
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for cy=3: 115.1%

Here, c,=1, -1
5k Events

pr of the di-electron system
and the W-muon
Interference affects low pt
bins

Increase in the cross

section comes from the
quadratic term
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« Dim-6
operators
(SMEFT)
operators
expected to
contribute in
VBS
processes

11/27/19

Oup = (H'D,H)*(H'D*H) © ® ® ®
Qno = (HTH)(H o H) ®
Qw = e W, WP Wik o
Qns = (H'H)B.., B* ®
_ (HT H)YW i Wi P

Qnws = (HTU'H) i 00

Qu = (ul)(IW*1) o0
= Vff (Tw,z) @ = TGC/QGC

SMEFT operators in WZ VBS

Corrections to SM couplings/propagators

Q) = (H'i Du H

o = (H'i D, H av/) X X
ﬁq’:(H*:DHH Gv"q)

go'v"q)
QHeZ(HTIDMH &y"e)

. = hVV (I'h) . = Mmw
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WZ VBS: Setup

Generator: e Madgraph 2.6.5

Model: e SMEFTSIim

Process: pp — W™ Zj3

Number of events e 5k

Level: e generator level only

Method: e “Decomposition” of the total sample

11/27/19
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SMEFT operators in WZ VBS

Cross section results for SM+ 1 non-zero EFT operator
Increase and decrease to cross section

Decrease due to interference

SM cross section: 0.22 fb

1.2
Coefficients | xsection (fb) | Effect>5% | Effect>10% |Effect>15%
cHD 0.1082 X X X
cHBOX 0.251 =
W 0.2535 =
cHB 0.2558 B
cHW 0.3034 X X b
cHWB 0.1378 X X X 2
cli1 0.7754 X X X S
cHI1 0.2679
cHI3 0.1821 X X X
cHql 0.4181 X X X
cHg3 1.083 X X X
cHe 0.2761 X
cHu 0.2339 X X
4/13/1qud 0.2535




% A(SMEFT-SM)/SM *100

SMEFT operators in WZ VBS
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« The effect on the cross section can be positive or negative
* Negative due to interference
« Constraints from EWPD not taken into account here

11/27/19
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Dim-8 Operators



Dim-8 Operators Theory Framework

aQGCs can be parametrized in terms of Dimension-8 operators by the
assumption that the Dimension-6 can already by constrained elsewhere

Use EFT parametrization from Eboli, Gonzales-Garcia model

Measurements of aQGC - constrain the following operators
— Effort to combine limits from ATLAS and CMS within the VBSCan network

WWZZ | 7277 | WWAZ | WWAA | Z

Lso, Ls,1

Ly, Lv1,Lme L7

L2 Laz, Laa Lys

Lro L71 . L72

Lrs Lrg L17

=
ooxoxxé
=
b | | | ) | | RS
SE R eI
Dl | | | | O
=
| | 4| Ol o] O =
| > | O] O| O &2

Q| Pa| »a| Pa| pa|

O P4 »| e 1| O
O »4| »a| pa| 4| O

Lty L9
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Current results cms

Published results from ATLAS and CMS f; operators’ limits

im-8 operators limits July 2019 A —
- Channel Limits JLdt s

fro /A [ WWW -1.2e+00, 1.2e+00] 3591fb" 13 TeV

R | —— Zy -3.8e+00, 3.4e+00] 19.7 b 8 TeV

H Zy -7.4e-01, 6.9e-01] 35.9 b’ 13 TeV

) . — V4 -Csi.:l‘e+88, §.9e+00] 29.2fb™! 8TeV

Iy -5.4e+00, 5.6e+00 !

fS ope rators ||m 1ts ss WW -4.2e+00, 4.6e+00% }S'Z H}' 2%3

- ss WW -6.2e-01, 6.5e-01 35.91b" 13 TeV

May 2016 [ wz -7.5e-01, 8.1e-01 35.9 b’ 13 TeV
- H V74 -4.6e-01, 4.4e-01 35.9fb" 13 TeV

— . [} WV ZV -1.2e-01, 1.1e-01 359 fb” 13 TeV

Channel Limits [ Ldt s fra/A —_ %\(,WW iﬁ:gg 3'32180 ?gg ;E: gaTTsv

-4. , 4. . e

— Zy -1.2e+00, 1.1e+00 359 fb” 13 TeV

Wy -3.7e+00, 4.0e+00 19.7 b 8 TeV

—_— ssWW [-3.8+01, 4.0e401] 19.4 10" 8TeV ss WW -2.18+00, 2.46+00 19.41b" 8 Tev

o irt H ss WW -2.8e-01, 3.1e-01 35.9 b 13 TeV
Y H wz -4.9e-01, 5.5e-01 359 fb’ 13 TeV
o 3 H yv4 -6.1e-01, 6.1e-01 35.9fb! 13 TeV

ssWwW [-7.7€400, 7.7€4+00] 359 b 13 TeV H WV zv -1.2e-01, 1.3e-01 359 fb” 13 Tev

frp A4 K — WWW -2.7e+00, 2.6e+0 359" 13 TeV

g I 7-| Zy -9.9¢+00, 9.0e+00 19.7 o 8 TeV
— wz [-2.6e+01, 2.8¢+01] 3591b" 13TeV I L — " Zy -2.06+00, 1.96+00 359 b7 13 Tev

I | Wy -1.1e+01, 1.2e+01 19.7 b 8 TeV

ss WW -5.9e+00, 7.1e+00 19.4 b 8 TeV
— ss WW -8.96-01, 1.0e+00] 35.9 fb! 13 TeV
H wv zv [-2.76+00, 2.7€+00) 3591 13TeV — wz -1.5e+00, 1.9e+00] 35.91b" 13Tev
— 77 -1.2e+00, 1.2e+00] 35.91b" 13 TeV
. . H . WV zv -2.8e-01, 2.8e-01] 35,9 fb” 13 TeV

! | s WW [1.2e402, 1.2e402] 19.4 10" 8TeV fTv5 /A : 4 b %W :9.3e+00, 9. 1e+00] 203 fb:‘ 8 Tev
f . Y 7.0e-01, 7.4e-01] 35.9 b 13 TeV
N . | —— Wy -3.8e+00, 3.8e+00 19.7 b 8 TeV
fT R IA — Zy -1.6e+00, 1.7e+00 35917 13 TeV

— ssWW [-2.20401, 2.26+01] 359" 13TeV — | Wy -2.80+00, 3.00+00 19.7 17 8 Tev
fr, A - — - Zy ~2.66+00, 2.86+00 35.91b" 13 TeV

LA I 1 Wy -7.3e+00, 7.7e+00 19.7 fo’! 8TeV

fT s /A — Zy -1.8e+00, 1.8e+00 19.7 b " 8TeV
_ wz [-4.1e+01, 4.3401] 35.91b" 13TeV E H Zy -4.7e-01, 4.7e-01] 35.91b" 13 TeV

— zy -1.8e+00, 1.8e+00] 20.2 o' 8 TeV
- . | e | . 2z -8.46-01, 8.4e-01] 359 fb” 13 TeV

H wv zv [-3.4€+00, 3.4e+00] 35.91b" 13TeV fT,9 A : | E———— ' %y :Zé::ggj Zggigg 23'3 fb:: g ¥e¥
— Zy -1.3e+00, 1.3e+00 35;3 }g" 13 '?'eV
Lo, | = 2| [ranioo serso 2 B

L L L | -1 , 1.8e 359 fp” 13 Te!

-200 0 200 400 20 0 | 2 e 1 , 4%

aQGC Limits @95% C.L. [TeV*
‘ aC summary plots at: http://cern.ch/go/8ghC aQGC leltS @950/° C L. [TeV'4]
26
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Current results cms

Published results from ATLAS and CMS f\ operators’ limits
on Dim-8 operators limits

CMS
July|2019 ATLAS |:| Channel Limits [Ldt g
£ IAR A WVy ~7.7e+01, 8.7e+01 193" eV
M,0 Zy -7.1e+01, 7.5e+01 19.7 b 8 TeV
— Zy -1.9e+01, 2.0e+01 35.91fb" 13 TeV
Z -7.6e+01, 6.9e+01 20.2%b" 8 TeV
ly -7.7e+01, 7.4e+01 19.7 b 8 TeV
H ss WW -6.0e+00, 5.9e+00 35.91fb" 13 TeV
H wz -9.1e+00, 9.1e+00] 35.9 b 13 TeV
| — Yy—=WW -2.8e+01, 2.8e+01 20.2 fo’' 8 TeV
H yy—=WW -4.2e+00, 4.2e+00] 24.7 b’ 7,8 TeV
1 WV ZV -6.9e-01, 7.0e-01] 359 fb” 13 TeV
AR I 1 Wvy ~1.3e+02, 1.26+02 19317 8 TeV
M1 I 2 | Zy -1.9e+02, 1.8e+02] 19.7fb"! 8TeV
[E— // Zy 486401, 4.76+01 35.9fb" 13 TeV
I - 1 Zy -1.5e+02, 1.5e+02 202 b 8 TeV
I 1 Wy -1.2e+02, 1.3e+02 19.7 0" 8TeV
H S5 WW -8.76+00, 9.16+00 359"  13Tev
[ Wz -9.1e+00, 9.4e+00 35.91fb" 13 TeV
I | yy—=WW -1.1e+02, 1.0e+02 20.2b" 8 TeV
- yy—=WW -1.6e+01, 1.6e+01 24.7 b 7,8 TeV
H WV ZV -2.0e+00, 2.1e+00 35.9 fb” 13 TeV
AR A WVy -5.7e+01, 5.7e+01 20.2fb" 8TeV
M2 — Zy -3.2e+01, 3.1e+01 19.7 o 8 TeV
HH Zy -8.2e+00, 8.0e+00 35.9fb” 13 TeV
— Zy -2.7e+01, 2.7e+01 202" 8 TeV
— Wy -2.6e+01, 2.6e+01 19.7fb" 8 TeV
A" | — | WVy -9.5e+01, 9.8e+01 20210 8 TeV
M3 | e | Zy -5.8e+01, 5.9e+01 19.7 b 8 TeV
— Zy -2.1e+01, 2.1e+01 35.91fb" 13 TeV
| E— 1 Zy -5.2e+01, 5.2e+01 20.21fb" 8 TeV
— Wy -4.3e+01, 4.4e+01 19.7 b 8TeV
f /A4 ; | WVy -1.3e+02, 1.3e+02; 20.2 b7 8TeV
M4 ] Zy -1.5e+01, 1.6e+01 359" 13 TeV
A Wy -4.0e+01, 4.0e+01 19.7 b 8 TeV.
AR F | WVy -2.0e+02, 2.0e+02 20.2fb" 8TeV
M5 — Zy -2.5e+01, 2.4e+01 35.9fb” 13 TeV
_ Wy -6.5e+01, 6.5e+01 19.7 10" 8 TeV
f A% — Zy -3.9e+01, 4.0e+01 3591fb" 13 TeV
M6 I i Wy -1.3e+02, 1.3e+02 19.7 o' 8 TeV
H ss WW -1.2e+01, 1.2e+01 35.9 fb” 13 TeV
- 1 %\IV zv -é A?e+g<13, é Age+8(1> 35.9 fb7 13 TeV
F— Y -6.7e+01, 6.3e+ 35.9 b 13 TeV
fu7 /A I i Wy 1.66402, 1.66+02 1977  8TeV
| | ss WW -1.3e+01, 1.3e+01 359 fb': 13 TeV
1 1 | 1 1 1 H 1 1 1 | WV 2y, | [Bfte+00,34e+00] | | 859" | 13TeV |

1 ]_/2 7/19 aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV'4]



Model:
Process:
Number of events
Level:

Method:

EFT parameter values:

Dynamical Scale Choice

11/27/19

Setup

* Eboli, Gonzales-Garcia model, SM_LST

dd — e+ e— p—vyud

* 200k

e generator level only

e “Decomposition” of the total sample

* Tested at the latest limit values for the WZjj provided by CMS X 5

e option 3
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EFT Parameter: fg,

. f =42 TeV+

» Decomposition Validation in the total phase space (Loose PS on W/Zjj final state)
SM xsec(fb) | INT xsec(fb) | QUAD xsec(fb) | TOTAL xsec(fb) | SUM xsec(fb) |Difference %
0.1065 -0.0003 0.0091 0.1151 0.1153 0.17

« Fiducial Phase space: (truth selection for WZ VBS final state)
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EFT Parameter: f,

. £;,=0.8 TeV+

« Decomposition Validation in the total phase space (Loose PS on WZjj final state)
SM INT QUADRATIC TOTAL SUM Difference %
0.1065 -0.0004 0.0051 0.1103 0.1113 0.87

« Fiducial Phase space: (truth selection for WZ VBS final state)
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EFT Parameter: f,

- f;,=0.55 TeV+
« Decomposition Validation in the total phase space (Loose PS on WZjj final state)
SM INT QUADRATIC TOTAL SUM Difference %
0.1065 -0.001 0.0057 0.1103 0.1112 0.83
« Fiducial Phase space: (truth selection for WZ VBS final state)
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Unitarization Method: Clipping

« The cross section “explodes” for high sqrt(s-hat),

violating unitarity

» Clipping: Step function form factor
— The anomalous signal contribution is set to O for

Vi> E.

« Data and background remains unchanged

« Can be applied “by hand” to the BSM parts of the
Monte Carlo samples. By using Decomposition
method, we apply the cut to interference and

quadratic terms
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Example of clipping in m V4

« Comparison of the distributions of the total generated sample and the
clipped distributions

— Clipping the interference and the quadratic term only at various values of the
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Positivity Constraints

« Publication by
C.Zhang

e Certain areas of the
EFT parameter space
are forbidden due to

UV completion CE ]
: 2 % e
* New set of theoretical <~ &
1 =100 - S N
constraints on the il 77N N
Dim-8 operators o [ 7/ o b
il \ 7 // ]
AN
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fso fsi1 fs2 famo fan fue fas fua fas
+ +  + X - O — (@) X
fM,7 fT,o fT,1 fT,Q fT,5 fT,6 fT,7 fT,8 fT,9
+ + + + X 4+ X + +

TABLE I: Positivity constraints on individual VBS operator
coefficients. +/— means the coefficient must be non-negative
or non-positive. X means only f = 0 is allowed, and O means
no constraints.
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Conclusions

EFTs is the tool to look for BSM effects

WZ in the inclusive and the VBS phase space serves as a good candidate
for the search

Dimension-6 operators are investigated using the SMEFTSim model

Dimension-8 operators are investigated using the Eboli,Gonzales-Garcia
model

With the full Run Il data, better limits in Effective Field theory operators are
expected with higher statistics and after combining the results with other
final states
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Thank you!
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