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A few other caveats...

This talk will cover several
analyses

CMS Integrated Luminosity Delivered, pp

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

, 7 TeV, 45.0 pb!
,7TeV, 6.1m !

, 8 TeV, 23.3 !
,13 TeV, 4.3 M}
, 13 TeV, 41.6 !
, 13 TeV, 49.8 b !
, 13 TeV, 67.9 b !

| will be focusing more on the
iInterpretation of the analyses
as opposed to specific
selection criteria used in an
analysis

| have focussed on recent
results that use the full LHC
Run |l dataset
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Mostly focused on CMS
results
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The Standard Model of Particle Physics
But is it complete?

Quarks

Open questions:

e QOrigin of neutrino
mass?

e \What is Dark
matter?

e Not a complete
theory that includes
gravitational
Interactions
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Standard Model Measurements

June 2021 CMS Preliminary

i 7 TeV CMS measurement (L <5.0 fo'™")

i B 8 TeV CMS measurement (L < 19.6 fb™)
Multiboson measurements span & 13 TeV CMS measurement (L < 137 fb™)

several orders of magnitude! Theory prediction
% 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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EW,Zyy,Wyy: fiducial with W—lv, Z—ll, I=e,u Th. Ao, in exp. Ac

All results at: http://cern.ch/go/pNj7
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Text book example of effective field theories

fi f3
g9 w 9
T p
f2 fa
fi f3

Error iIncreases as a

Valid when: p* < MI%V function of momentum
transfer, /s

Jo fa
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Higher Dimensional Operators




Effective field theories

Complementary to BSM searches

108 CMS Preliminary 137.2fb" (13 TeV)

SR Post Fit 137 b (13 TeV)
e Data Wz [JtZq
—— Data

— SM+c,, =4 BwWzZvBsS [ VH
I Z+X

— SM+c,,,,=3 I hzZZ B VvV
SM+c, =150 B qqZzZ Xy -
m,>100 Gev [ /112 VVZ
[1q9q—2Z

— SM+c,,,,, =1 [ ggzz (1 Non prompt
SM+c,=100 [ ttX 8% Total bkg. unc.
W 99—~2Z
B EW ZZjj
CIf/A* =2TeV™

Events/bin

—
(@)
~

Events / bin
3,

—
o
[\

: 'éOO 1000 1500 2000 ( 1000 1200 1400
m, [GeV]

Instead of bump hunting, looking for new physics in the tails of distributions
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The EFT framework is useful —
an example from the leptonic sector

NCLFU observables 20

b — spp & corr. obs. lo

global 1o, 20

https://arxiv.org/pdf/1903.10434.pdf https://arxiv.org/pdf/2103.16558.pdf

Tension in the leptonic sector with the SM at 3.6 ¢ observed in b — Sl+l_
EFT fits performed that factor 3.1 o deviation from SM in measurement of Rk

Combination of these measurements leads to a 4.6 o significance of the hypothesis of a
purely left-handed lepton flavor universality-violating contact interaction

Ry — B(BT—=KTutu™)
K = B(BtT=>KTete)
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Search for new physics with multibosons at
the multipurpose detectors

LAr hadronic end-cap and =
\ forward calorimeters y

Semiconductor tracker

-l > sﬂr‘
S .:; CERN Mevrink
. S = .‘:"q‘:‘“" ":‘s ==
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vo gy~ CERN tigmn] o8

STEEL RETURN YOKE

000 tonnes 12,500 tonnes

om

7m

~137,000 channels

D CALORIMETER
2,000 Channels
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Muon detection in CMS

3fb” (13 TeV)

Trigger paths
CMS _—

2015 pp data .
I

Excellent lepton detection
capabilities in CMS

Y B Low-mass double-muon + track
Double-muon inclusive

Events / GeV

CMS CMS Experiment at the LHC, CERN
| Data recorded: 2015-Oct-30 19:23:54.631552 GMT
y RunflEvelt ZLsk260424 / 211873064 / 115

Z

59.76 fo' (2018, 13 TeV)
CMS B8 —— Data

Z/y—pp
Preliminary S Background

Corrected

Dilepton mass

t . 490 | Sz
resolution: 1-2% |- - X
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Processes of interest
Diboson production at the LHC

W= y production W+ W- /WZ production

In all cases, decay at least one gauge boson leptonically
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Exploration of dimension-6 operators

Use Standard Model Effective Field Theory or SMEFT framework to
characterize impact of dim-6 operators

2
U(CSW) = OSM T C13\7\7O-interference =+ CSWUBSM

Particle Physics Seminar, University of Chicago 12 Saptaparna Bhattacharya



Slew of dimension-6 operators

1. X3 2: H° 3: H*D?
FABCGAGEGEr  Qu | (HTHP  Quo
fABC éfl\l/ Gfp G/?/l OHD

5:1?H® + h.c.
(HTH)O(HTH) Qer | (HTH)(lbe H)
(H'D.H)" (H'DH)  Quu | (H'H)(Gpu:H)

UK v ) K1t
€ W“ w2r Wp /
IJK \A71v \a7J K 1
MKW W WK

4 - X°H?

HT H GA GA/H/

nv

HT H GA GA/II/

Nz

HT H WI W//”/

nv

HT H W/ W//”/

nv

HHB,, B
H'HB,,B"
HT IH WI BV

v

HT IH W/ BHv

v

-0 XH + h.c.
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Description of analyses - dim6 exploration

EFT exploration performed with
combination of four final states:
WW and WZ in leptonic final states
Final state consisting of four
charged leptons
Leptonically decaying Z-boson in
vector-boson-fusion topology
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Y
CMS: https://arxiv.org/abs/2111.13948

CMS Experiment at the LHC, CERN W — u \%

Data recorded: 2018-Sep-02 21:48:02.730880 GMT

Run / Event / LS: 322106 / 48144914 / 66

Y
Er > 530 GeV

Pr > 240 Goy

Missing pr > 290 GeV
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https://arxiv.org/abs/2111.13948

Effective field theory constraints
from the W=y process

* Focusison

Ogw = W WPW ot

2
0(03W> = OSM + C3W0interference + CgWUBSM

Particle Physics Seminar, University of Chicago
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The interference with the SM cannot
be experimentally detected with
“inclusive” observables (decay
angles) for ff > W1Vt

Different helicity configurations for
SM and BSM components

Leads to suppression of interference
effects

Can probe only pure-BSM
contributions

“Diboson interference resurrection”
performed (arXiv:1708.07823,
arXiv:1901.04821)

* Requires definition of specific
coordinate system

Saptaparna Bhattacharya


https://arxiv.org/abs/1708.07823
https://arxiv.org/abs/1901.04821

Special coordinate system
A X

E oy

v Define frame by a Lorentz boost to the center-of-mass frame of the W=y system
v"boson momenta are back-to-back
v Angle ® now acquires sensitivity to interference with SM

Particle Physics Seminar, University of Chicago
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< Events / GeV >

Data/Exp.
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138 b (13 TeV)

WE(FV)y

T T
§ =< |¢f| < E
—e— Data
3 Wivy
[ Nonprompt/misid. y
I Nonprompt/misid. |
. tty
C1Zv%(ee) (e =)
3 Ziv (i
[ Single-t +v
[ A%
[ Stat.+Syst. Uncertainty 3
-- C,, =0.2TeV?
—— C,, =-0.2TeV?

3w =

Backgrounds very well modeled in MC

p; (GeV)

Y
T

Both lepton and photon pr variables show excellent

agreement between data and MC
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Constraints on Wilson Coefficients

from the W=y process

138 b (13 TeV)
T L

T T T T T T T I
- —— SM+int. only T
2r CMS — 95% CL SM+int. only |
i —— SM+int.+BSM T
I — 95% CL SM+int.+BSM |
i _
e —
i — =
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i L
500 1000 1500

pYr cutoff (GeV)

e Stringent limits obtained with ®
binning

o Without ® binning limits range from:

e [-7, 4] TeV-2 pt¥ <500 GeV

e [-5, 3] TeV2 pr¥> 1000 GeV
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Measurement of the WW + 1 jet ATLAS

EXPERIMENT

Specific focus on production W+W- with an
additional jet

Access to trilinear gauge coupling which could
acquire contributions from dim-6 operators

Just like in the Wy analysis, interference with
SM suppressed due to helicity configurations in
SM vs. BSM

ATLAS — Data
s =13 TeV, 139 fb [ Stat. Unc.

pp — €UV j [ ]Tot. Unc.

Data ¢ Predictions
258 + 4 (stat) = 25 (syst) fb

[4] Production mode also
includes loop-induced

MATRIX 2.0 nNNLO
279 + 2 (PDF) = 18 (scale) fb ———

gluon—gluon fusion
process (gg —» WW)

MATRIX 2.0 nNNLO ® NLO EW
278 + 2 (PDF) = 18 (scale) fb F———

Sherpa 2.2.2 (0-1j@NLO, 2-3j@L0)*
277 = 3 (PDF) = 44 (scale) fb

MG5_aMC + Pythia8 FxFx (0-1@NLO)* W+W-
263 + 3 (PDF) = 16 (scale) fb CMS
DD FDE by fonias (- i@NLoy Phys. Rev. D 102 092001 (2020)
* + Sherpa & OpenLoops gg—WW ATLAS
L Ll L Eur. Phys. J. C 79 (2019) 884
Integrated fiducial cross-section [fb] JHEP 06 (2021) 003
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092001
https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6
https://link.springer.com/article/10.1007/JHEP06(2021)003

Measurement of the WW + 1 jet ATLAS

EXPERIMENT

ATLAS y ggojo gt lZ[Requirement of hard jet alters the
s =13TeV, 139 fb o 7° relative contributions of different
pp — e*vu'v | - L!near _ helicity configurations
— Linear + Quadratic [ Reduces the suppression of
the interference of SM and
anomalous amplitudes

[ Limits are weaker than those
obtained by the ATLAS measurement

of WIW events with no associated jets

MLimits obtained from this
measurement when only including
4 linear terms have improved relative to
Cy/ A? [TeV? the previous measurement

Jet pr Linear only 68% CIl obs. 95% CI obs. 68% Clexp. 95% CI exp.

> 30 GeV yes [-1.64,2.86] [-3.85,4.97] [-2.30,2.27] [-4.53,4.41]
> 30 GeV no [-0.20, 0.20] [-0.33,0.33] [-0.28,0.27] [-0.39, 0.38]
> 200 GeV yes [-0.29, 1.84] [-1.37,2.81] [-1.12,1.09] [-2.24,2.10]
> 200 GeV no [-0.43, 0.46] [-0.60,0.58] [-0.38,0.33] [-0.53, 0.48]

https://arxiv.org/pdf/1707.08060.pdf
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Measurement of the WZ process

137 fb' (13 TeV)

eee

eeu
POWHEG+NNPDF31
NLO QCD+LO EWK

dl
I
MATRIX+NNPDF31
uue NNLO QCD+LO EWK
wey MATRIX+NNPDF31
# NNLO QCDxNLO EWK

O Best fit
Il Statistical uncertainty

uuu

. Systematic uncertaint
Combined g d

Luminosity uncertainty

Particle Physics Seminar, University of Chicago

Electroweak process: sensitive to
the PDFs of u and d quarks; relatively
unaffected by the gluon

High WZ cross section makes it the
dominant process that can be studied
in the trilepton final state

Ratio of W+Z/W-Z cross section is
one of the most precisely measurable
q uantItIeS 6W: angular

distance
between the
momenta of
the W boson
and the

Constitutes first measurement of charged

lepton from

longitudinally polarized W-bosons its primary

decay

CMS: https://arxiv.org/abs/2110.11231
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https://arxiv.org/abs/2110.11231

Measurement of the WZ process

137 b (13 TeV)

pp — W*Z =
Unfolded data (stat.unc.) = —&@—— Unfolded data (stat.unc.)
POWHEG, NNPDF3.0NLO: x¥NDOF=18 MATRIX prediction (stat+scale)

POWHEG, NNPDF3.0NLO: x¥NDOF=8.9
. A2 —

aMC@NLO, NNPDF3.0NLO: »*/NDOF=15 aMC@NLO, NNPDF3.0NLO: x2NDOF=12
Stat.+bgr. unc.

Stat.+bgr. unc.
Total unc.
Theo. unc. on POWHEG prediction | Theo. unc. on POWHEG prediction

SR Post Fit
-¢- Data — SM+c,=4 — SM+c,,,,,=3
SM+c,=150  — SM+C,,,, =1 SM+c,, =100
[wz BWZEWK [l qa—2ZZ
[Jtzq V-
Xy Nonprompt

Events/bin

Total unc.

—
Q

Ratio to POWHEG
Ratio to POWHEG
Data/pred.

500 1000 1500 2000 2500 3000

M(W2Z) [GeV]

Unfolded distributions of sensitive variables well modeled
Simulated signal samples normalized to NNLO cross sections
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Measurement of the WZ process

. CMS 137 fb' (13 TeV) . CMS 137 fb' (13 TeV) CMS 137 fb' (13 TeV)

IS | Expected, 68% CL —— Observed, 95% CL | _|> | —— Expected, 68% CL == Observed, 95% CL § "|& | — Expected, 68% CL —— Observed, 95% CL |
2 | —— Expected, 95% CL < Best Fit { 7|)©  —— Expected, 95% CL o= Best Fit ] 2 200f — Expected, 95% CL o Best Fit -
— 2f —— Expected, 99% CL - —— 2f —— Expected, 99% CL 54 = ; Expected, 99% CL ]

Parameter 95% CI, Exp. (TeV ) 95% CI, Obs. (TeV %) Best fit, Obs. (TeV *)
Coy /A2 (—2.05,1.27 (—2.52,0.33] -1.34

/ \? [—1.27,1.33] —1.04,1.19] 0.15
' ‘ ' 43.6 CP non-conserving

CP conserving

C WWW

¢, / N> —86.0,125.0] —42.7,113.0]
Covww / AN —0.76,0.65] (—0.62,0.53] -0.03
Gy /A2 (—46.1,46.1 (—45.9,45.9 0.0

Limits computed taking interference with SM (A-2) + pure BSM (A-4) into account

Improvement over limits from W+W- analysis (taking luminosity scaling into account) for Cw and Cwuww
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Combined effective field theory interpretation of
differential cross-sections measurements of WW, WZ, ATLAS
41, and Z-plus-two-jets production using ATLAS data FEPERIMENT

EFT exploration performed with combination of four final states:
- i~ fi ATLAS:
WW and WZ In l_ep_tonlc flnal States http://cdsweb.cern.ch/record/2776648
Final state consisting of four charged leptons
Leptonically decaying Z-boson in vector-boson-fusion topology
Effect of 33 SMEFT operators explored

-
(@)

ATLAS Preliminary —— Prediction
\s=13TeV, 36 fb™ /7] Theory Uncertainty
WZ - Measurement

—— Stat.® Syst. Uncertainty

ATLAS Preliminary —— Prediction
V's=13TeV, 139 fb' £ Theory Uncertainty

A m - m, region . Measurement
4| —— Stat.® Syst. Uncertainty

do/dm,, [fb/GeV]

Off-shell region explored in
addition to on-shell

%%L%%

O 100 200 300 400 500 600 700 800 900 1000
m¥Z [GeV]

10 15 20 25 30 35 40 45 50

Invariant mass of the secondary lepton pair (the m [GeV]
pair that is less compatible with the Z boson mass) Z2
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http://cdsweb.cern.ch/record/2776648

Combined effective field theory interpretation of
differential cross-sections measurements of WW, WZ,
41, and Z-plus-two-jets production using ATLAS data ATLAS

EXPERIMENT

Form of the gauge boson operators under exploration (leptonic operators also explored
the analysis, focusing only on a subset)

Wilson coefficient and operator  Final state affected at leading order
e*vutv Ty 4¢ 7 jj

&

fachZVGePG;H
EIJKWlllejpwfy V4
(H'D,H)" (H'D,,H)

v

(D ,

(H'i'D ,H)(Iy"1)
(H'i'D'LH)(I! y#1)
u Yol
HYi'D  H)(ey"
(H'i D ,H)(ey"e)
HWL'(B H)(a o,
(H'i D ,H)(gy"q)
""(_)1 =1 M,
(H'i D ,H)(gt"y"q)
(H'i'D ., H) (ity*u)
‘ pt1)\UWy=u.
(H'i'D ,H)(dy"d)

AN NN N N N N NN
DN N NN Y N NN
AN NN N N N N NN
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41, ancg 0 D-]€E DroC 0 0 F = adlc ATLAS

EXPERIMENT

ATLAS Preliminary ——— Linear Effect of Wilson Coefficient
Vs=13TeV, 36-139 fb'! Lin+Quad Effect of Wilson Coefficient
Relative Effect of Wilson Coefficient, for A =1 TeV Experimental Uncertainty
03l ¢,=0.29 1 : : :
0.2
-0.2]
:§'§ : : ATLAS Pre|iminary ———— Linear Effect of Wilson Coefficient
%g Cup=0-44 {s=13TeV,36-139f6" Lin+Quad Effect of Wilson Coefficient
N I Relative Effect of Wilson Coefficient, for A = 1 TeV Experimental Uncertainty
702 : - . . .
e 03| ¢,=0.29 - :
24 Crs=02" o] o
5 5 5 — =
_02 A =l — _—0.1
e e o ' '
03] c=04 27 >3000 >6005 505 955 90 1100 P
K == = P [GeV] m¥Z [GeV] m,, [GeV] " Ad,
o2 pp —> evuv pp — llv pp —> 4l pp —> Ilj
-0.4 H B
£ cl=0-4
0.1 : :
702 e
-0.2 : :
R : :
03] C,1=0.54 § §
0.2 H .
0.1 : :
—Oﬁ W R SRRy
-0.2] (] [ [l
o - 4 Impact of the Wilson coefficients on the
03] C14q=0-99 . . . ,
o R N — N a— differential cross sections, relative to the SM
-0.1 H §
-0.2 5 : .
L. Ccross section
03| Ce=0-11 I,_]
% R
0|
02 : : . . .
F - - [A Value of the Wilson coefficient obtained from
0.3| Cpyy=2- /'_'_'_'J
0.2 — : : (L ] ] "
g N 20 sensitivity of the SMEFT model including
-0.2 : .
b —— only linear terms
0.3 CHd=5'1
0| T g
-0.1 2 8
-0.2] H H
-0.3] \\_\—L
-0.4 : -
33 ci’=0.6
0d i ]
52 : :
iy Y o R . AN Wi I
27 >3000 >6005 505 955 90 1100-w 7
p':ad- P [GeV] m%Z [GeV] m,, [GeV] Ad,
pp — evuv pp — liiv pp — 4l pp — lIjj
- Cl - - C Cl C U AU U . |0 dl)d Cl : Cl Cl Cl C]



Combined effective field theory interpretation of
differential cross-sections measurements of WW, WZ, ATLAS
41, and Z-plus-two-jets production using ATLAS data

ATLAS Preliminary Vs =13 TeV, 36-139 fb”

0.07 :0.14:0.17  0.08 : 0.18  0.10 :-0.06  0.10 :-0.13 -0

-0.13-0.17-0.11:-0.

.0.00: 0.08 :0.04 : 0.13 0.2} 0.01 {-0.03:-0.13:-0.14:-0.13:-0.13} 0.07

C (0] 1] C'[2] C'[3] C'[4] C'[5] C.[6] (71 0] (1]

(2] 3] C'[O]

Cuit Cvir Cvit Cuir Cvit Cuir Cuir C it C2gaiC 2q21C 2421C 2q21 © 4q

Correlation between the 15 parameters of interest
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EXPERIMENT

* Focus of this analysis is the

simultaneous measurement of
all Wilson coefficients

Construct a modified basis
(linear combination of Warsaw
basis vectors https://
cds.cern.ch/record/2694284,
https://cds.cern.ch/record/
2743067) to reduce flat
directions and identify
sensitive directions

Hessian matrix constructed in
the space of Wilson
coefficients and eigenvectors
are identified

This analysis sets the stage
for global combination efforts
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https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2743067
https://cds.cern.ch/record/2743067

Processes of interest

Vector-boson scattering production at the LHC
Triboson production*

*more on that later
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Exploration of dimension-8 operators

L=Lsm +

[ CP conserving quartic operators are of the form:

Lso=[(D,®)D,®] x [(D,®)'D,®] Lyo=Tr [mev} % [(Ds®)t DA D]

Lro=TrW,WH|xTr [WQBW‘M}
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Vector boson scattering processes

M;; > 500 GeV

Final state consists of same-signhed leptons and 2 high pr jets

Rapidity gap between jets (no color flow) 4 Provides unique access to quartic couplings

Large invariant mass of the two jets 1

Use of Zeppenfeld variable zp = |m— 5(773'1 +nj2)|/|Anj;
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Exploration of WW and WZ processes with

two additional jets
CMS: Phys. Lett. B 809 (2020) 135710

137 b (13 TeV)
T T T T |

137 b (13 TeV)
T | T T

n

—

o
(o))

Vy ¢ Data
Wrong sign 2\ Bkg. unc.
Other bkg. I EWK wZ
f,/A*=2.9TeV* I WZ

¢ Data ]

N\ Bkg. unc.
Wrong sign wW*w*
Other bkg. I EWK Wz
f/A*=2.9TeV* Il WZ —f /A =20TeV* | ZZ
— f /A" =20 TeV* y44 Nonprompt
Nonprompt tVx

Events / bi
3 3

i
b
b
B

¥
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B
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i
E:
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B
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I
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M mT(VV) sensitive to presence of
dim-8 operators
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https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub

Exploration of full set of “mixed”
operators performed

For the parameters fuvz-5, fme-7
most stringent limits

Particle Physics Seminar, University of Chicago

CMS: Phys. Lett. B 811 (2020) 135988

Wy + 2 jets

First observation of the Wy + 2 jets process with
observed (expected) significance of 5.3 (4.8) o

Exploration of dim-8 operators possible due to
presence of SM quartic coupling

Invariant mass of the Wy system is sensitive to
presence of dim-8 operators

35.9fb" (13 TeV)

[ single t
[Jacb zy ey
[ JMisID lepton [ JVvVv

[ MisID photon [] Double misID
fr /A% =0.8x10"2 TeV™*

=
)
Q)
o
o
Al
S~
(2]
i}
o
o
>
L

200 300 400 500 600 700 800 900 1000 1100
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https://www.sciencedirect.com/science/article/pii/S0370269320307917?via=ihub

Factoring in EFT validity

EFT validity taken into account by restricting EFT integration at the unitarity
limit
Unitarity limit is at ~1.5 TeV

Philosophy 1. Disregard unitarity limits (CMS mainstream)
- technically simplest,
- fair to quantify the relative precision of different measurements and the degree of
agreement/disagreement with the SM,
- obtained numbers do not have direct EFT interpretation and unitarity violation usually
occurs well within the measured range.

Philosophy 2. Unitarization techniques:
Amplitude saturation, e.g., K-matrix (ATLAS mainstream),
Form factor approach (e.g. VBFNLO)
- describe the maximum possible signal related to a given operator,
- NO unique prescription,
- part of a model,
- obtained numbers not easy to interpret within the EFT.

From Michal Szleper’s talk

Truncation, validity, uncertainties

llaria Brivio, Sally Dawson, Jorge de Blas, Gauthier Durieux, Pierre Savard (editors), Roberto Contino, Céline Degrande, Adam
Falkowski, Florian Goertz, Christophe Grojean, Fabio Maltoni, Ken Mimasu, Giuliano Panico, Francesco Riva, William Shepherd, Eleni

Vryonidou, Andrea Wulzer, Cen Zhang https://arxiv.org/abs/2201.04974v1

4 Limits worse by a factor of 5 in comparison with limits without unitarity constraints but more
physical
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https://indico.cern.ch/event/856696/contributions/3742098/attachments/2045577/3427033/MSzleper_LHCP2020.pdf

Triboson processes

Quartic Radiative
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Cross sections X branching fractions

O lepton
1 lepton
2 OS leptons
2 SS leptons

trileptons

O lepton

1 lepton

3 leptons
4 leptons
5 leptons |

WWW ~ 0.51 pb

—=

} 7k events (137/fb)

WZZ ~ 0.10 pb

} 50

e

2leptons [
I
|

7/fb)

|events (13

reduced with a BDT based approach and

O lepton
1 lepton
2 leptons

3 leptons

4 leptons

O lepton

2 leptons

4 leptons I

WWZ ~ 0.35 pb

500 event

ZZ

6 leptons I } 6 events (137/fb)

s (137/fb)

~ 0.04 pb

Explore leptonic final states; backgrounds o o
ﬁ. background ~ Usignal
Background reduction g g

complementary cut based analysis
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WWW production in the Standard Model

Require:

Two leptons of identical charge arising out of the decay of two W-bosons
Three leptons

Particle Physics Seminar, University of Chicago 36 Saptaparna Bhattacharya



Search for WWW in dilepton final state

SearCh for WWW |n [ ] Lost/three leptons [ ] Irreducible

\:\ Nonprompt leptons \:I y—lepton

e 2 same-signed leptons + 2 jets

e further categorized based
on |Mj - Mw| s 15 GeV

e 2 same-signed leptons + 1 jet

Major backgrounds are WZ and
nonprompt contribution, some
prompt (WxWx=jj / ttW)

BDTs trained against nonprompt
and prompt backgrounds

200 250 300

m; [GeV]
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D
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S
e
©
O
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WWW in dilepton final state

. CMS experiment at the LHC, CERN [@IYN
WWW — 2 | p-t 2 J -t -t Data recorded: 2016-Jul-02 14:25:40.606976 GMT
e O n + e eve n Run 276242, Event No. 96020969 LS 52

C_ I |
=
) oemT0 ey

'

Jet 2

W boson — jj
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Search for WWZ in four final state

Require four leptons targeting decay products arising out of
the W and Z-bosons
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Very clean channel!

Requiring the presence of four leptons WVVV [ZZ Wtz
leads to the presence of almost no non- \\Stat. Uncert. []Other [JtWZ [mWZ
prompt Ieptons ZZ control region

+

Further requiring that there be two Z-
boson candidates, as expected ina ZZ
process, can lead to a control region that
is 98% pure in ZZ

This control region enables the study of
the ZZ process, which is the major
background in this channel

Need to identify variables that can lead
to the discrimination of ZZ from WWZ
process (target signal)

100 120 140

pss [GeV]

ro)
D
| -
al
~
S
e
s
(M)
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Some interesting variables to
separate signal from backgrounds

--Data BVVV []ZZ @[tz - Data BVVV []ZZ @tz
N\ Stat. Uncert. []Other [JtWZ [WZ N\ Stat. Uncert. []Other [JtWZ [WZ

o0 eu category ee/uu category

ZZ expected to be low with
contributions from Tt decays

250 300
p?ss [GGV]

go) go)
o o
Q Q-
© ©
© ©
() (M)

e (Can break down signal region into various components:
e Require the presence of one Z-boson
 Further split the signal region based on the presence of e-p pairs

e ZZ contributes through tt decays (of each Z) leading to e-p pairs but mass
of the e-p pair will be lower than the Z-mass due to presence of neutrinos
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Search for WZZ in five lepton final state

Require five leptons targeting decay products arising out of
the W and Z-bosons
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WZZ in five lepton final state

BVVV []ZZ [ttZ
N Stat. Uncert.

5 leptons signal region

* In 5 lepton channel:

* Require 2 Z boson
candidates and associate
remaining lepton with a W

e Separate by flavor of the W
candidate lepton and
require Mt > 50 GeV if

electron

200 250 300

m; [GeV]

O
O
S
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N~~~
Q]
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WZZ in five lepton final state

CMS experiment at the LHC, CERN [@I\%&

_> 5 | p't 't Data recorded: 2016-Oct-09 21:24:05.010240 GMT
WZZ e O n even Run 282735, Event No. 989682042 LS 491

- W DOSON - oo szs;;;geovn
mT = 65 GeV
/
______________________________________________________________________________________________________ Electron 1/ B /

. Z boson 2
POSIHrON ol Moo = 92 GOV oo

|
|
I
|
|
I
|
:
: Pr =59 GeV
I
|
|
I
|
|
I
|

Pr =30 GeV
: meiss B
=192 Gev A
Electron
Pr =82 GeV
Z boson 1 .
Mee = 91 GeV
e Positron v
Pr = 68 GeV Ll
Jet
QCD radiation
Pr =334 GeV
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ZZZ in six lepton final state

Require six leptons targeting decay products arising out of
the Z-bosons
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Search for ZZZ in six lepton final state

-~ Data BVVV [1ZZ [§ttz
. N Stat. Uncert.  [JOther [ JtWZ [JWZ
¢ In 6 Iepton Channel' ;Ieptonssignalregion

6 L signal region
data events observed

e Require ) pT of all leptons ‘
> 250 GeV, powerful “
against backgrounds which
contribute at percent level

go)
(4))
| -
ol
S~
©
e
(4]
)

%O 300 350 400 450 500 550 600 650 700

> p'T [GeV]
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Combination of all final states

CMS

137 b (13 TeV)

1 Same-sign/3 leptons 3534/5/6 leptons

X Aq umop.
pa[ess ulg

ee eu un ee ey up ee ey un 2 1 0 A B 12 3

4

&)

1J mjj-out mjj-in # SFOS 24

BDT bins Z+eM BDT bins

Same-sign dilepton 3 leptons 4 leptons

Particle Physics Seminar, University of Chicago

suoyda| g
suolds| 9

Data and prediction
¢ Data =+ stat. uncertainty

XX Background =+ systematics

Triboson signals
BWWW (, =1.157%)
WWZ (w, =0.86"3)
BWZZ (v, =224"3)
WZZZ (v, =007

Bkg. in same-sign / 3 leptons

[JLost / three leptons

B Charge mismeasurement
DWW +jj / TwW

[ JNonprompt leptons

By — lepton

Backgrounds in 4/5/6 leptons

[Jzz [Jtwz []Other
Witz @wz
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Observation of Heavy Tribosons with Run Il data

Major milestone in Standard Model physics!

T RIPLEST REASRESESHMESSSSCNE S\E RV Egl
P-aO-D WaC J ION OF T H RSEL
MASSIME VECTORZB 0 SUMNAS

PHYSICAL REVIEW LETTERS

Highlights @ Recent  Accepted  Collections  Authors Referees  Search Press About  Staff =

Observation of the Production of Three Massive Gauge Bosons at
Vs =13 TeV

A. M. Sirunyan et al. (CMS Collaboration)
Phys. Rev. Lett. 125, 151802 — Published 5 October 2020

Phy.STC‘S See synopsis:
Auxiliary material: http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/
Particle Physics Seminar, University of Chicago

48 Saptaparna Bhattacharya



Observation of Heavy Tribosons with Run |l data

ATLAS and CMS Collaborations

Culmination of persistent endeavor by both

-
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Recent result from ATLAS on observation of the WWW
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https://arxiv.org/abs/1903.10415
https://arxiv.org/abs/1905.04246
http://cdsweb.cern.ch/record/2779173

Effective field theory exploration
in WWW process

9’ (13 TeV
[ — LSM 4 Zz &y 0, + Z] )\4 CMS Supplementary 35.9fb" (13 Te

B WWW signal (SM) Nonprompt leptons
B VH, H - Www B Charge misassignment
Irreducible Lost/Three leptons
— f /A" =-2.0TeV* fro/A*=-1.0 Tev*
B Total uncertainty

>
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.
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Lro="Tr (W, WH]| x Tr [Waﬂwaﬁ]
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Effective field theories in VVV process

Currently pursuing an Effective Field Theory interpretation with VVV process

Including as many final states as possible

Presence of higher order operators expected to lead to high pr decay products: 2
resolved jets — 1 fatdet

Explore dim-6 and dim-8 operators

Process Final states

Fully leptonic Hadronic decay of one gauge boson Leptonic decay of one gauge boson Fully hadronic
WWW 3 £ + missing energy 2 £ + jets (W= - v, W= 5 v, W - gp) 17 + jets (W= = (v, W= — gp, W — gp) 6 jets
WWZ 4 ¢ + missing energy 20+ jets (W — v, W = v, Z — qq) 12+ jets (W — v, W — gp, Z — qq) 6 jets

30+ jets (W —=qgp, W— v, Z - 0707) 20+ jets (W —-qgp, W —qp, Z — 0717)

WZZ 5 ¢ + missing energy 30+ jets (W = lv,Z -0 07,7Z — qq) 12+ jets (W = v, Z — qq, Z — qq) 6 jets
40+ jets (W = qp, Z — 04T, Z = (T) 20+ jets (W —gp, Z - 007,72 — qq)

277 6 ¢ 40+ jets (Z =047, Z— 07,7 — qq) 20+ jets (Z —qq,Z —qq,Z — L~ £T) 6 jets

Final states explored in observation paper
Z — v v not included for brevity

Particle Physics Seminar, University of Chicago 51 Saptaparna Bhattacharya



Salient features associated with VVV

® Study of the Higgs sector possible

® Best way to include Higgs mediated
mode?

® Can we quantify the interference between
the Higgs-mediated modes and other
modes of production?

@\
<
T~—
S
Q

® Critical questions such as (dim6)2 vs. dim8
contributions possible to address

® Pertinent in the context of global EFT fits

® Explore sensitive variables: proxy for S and
angular variables (A®)

® Absence of “golden” variables as in the
case of vector boson scattering topologies
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The LHC upgrade schedule

LHC / HL-LHC Plan ( *

Run 1 Run 2 Run 3
LS1 EYETS LS2 EYETS
Diodes Consolidation
splice consolidation LIU Installation HL-LHC
button collimators : :
R2E project Civil Eng. P1-P5 installation
2011 | 2012 | 2013 2015 | 2016 2017 | 2018 e . | 2023 2024 2027 ||||||| 2040
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes HL upgrade
ALICE - LHCb
upgrade
3000 fb'
-1 -1 -1
30 fb 190 fb 350 fb 4000 fb-'
DESIGN STUDY A ‘ PROTOTYPES / CONSTRUCTION INSTALLATION & COMM.|||| PHYSICS

Radiation damage foreseen that will necessitate

the replacement of the endcap detectors
DEFINITION EXCAVATION BUILDINGS CMS-TDR-019

e Run 3 will commence in mid-2022
e Collect 2x data, by 2027 20x data

Particle Physics Seminar, University of Chicago Saptaparna Bhattacharya
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https://cds.cern.ch/record/2293646?ln=en

VVV significance at HL-LHC

Can be studied in the
realm of precision
physics
Can be studied in the

realm of precision
physics

same-signed dilepton
' and trilepton '

This iIs a simple projection assuming uncertainties remain the same
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Power of new detectors
High Granularity Calorimeter

Unprecedented spatial
granularity 0
3D visualization of showers *

Timing capabillities

Use low shower time resolution

(~ few ps) to distinguish between
spatially overlapping showers

Use ps timing to mitigate pileup

K{, A = 5000 ps/(S/N), C =20 ps
| e Photons

- =%- =18
—¥— 1 = 1.8, Aged detector
—k— =27

n = 2.7, Aged detector

%)
L
O
©
=
c
o}
(@)
R
0
©
X
0
o

Multiple interactions
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Path forward...

Presented an exploration of new physics in diboson, vector boson scattering (VBS),
triboson topologies using the effective field theory framework presented

Elucidated unique ways of exploration of dim-6 operators with specific focus on
interference with the SM

Gained access to unexplored VBS processes and observed them with full Run |l dataset
and improved data analysis methods

The exploration of dim-8 operators carried out in myriad VBS and triboson topologies
providing unique access to the full spate of possible new physics contributions

 EFT validity constraints are taken into account in all cases

Detailed exploration possible as we move towards Run lll and beyond and improvements
foreseen with machine learning based approaches (a la CMS ttZ EFT exploration)

Particle Physics Seminar, University of Chicago 56 Saptaparna Bhattacharya


https://arxiv.org/abs/2107.13896

Additional Material
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WW and WZ with two additional jets

CMS: Phys. Lett. B 809 (2020) 135710
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https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub

aQGC search region Common selection,
my > 500 GeV, |A77jj| > 2.5,
pl > 120GeV

Particle Physics Seminar, University of Chicago

CMS: https://arxiv.org/abs/2106.11082
Zy + 2 jets

Access to neutral quartic vertex (like previous
analysis)

Limits on T8 and T9 operators improve by a
factor of two in comparison to ZZ + 2 jets
process

O
=
n

137 fb' (13 TeV)
| | | | ]
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https://arxiv.org/abs/2106.11082

Exploration of WW and WZ processes with
two additional jets

137 b (13 TeV)
T | T T

137 b (13 TeV)
T T T T |

n

—

o
(o))

Vy ¢ Data
Wrong sign 2\ Bkg. unc.
Other bkg. I EWK wZ
f,/A*=2.9TeV* I WZ
—f /A" =20TeV* | 22
Nonprompt

¢ Data ]

N\ Bkg. unc.
Wrong sign wW*w*
Other bkg. I EWK Wz
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M mT(VV) sensitive to presence of
dim-8 operators
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Factoring in EFT validity

EFT validity taken into account by restricting EFT integration at the unitarity
limit

Unitarity limit is at ~1.5 TeV

Calculated with VBF NLO (VBFNLO 1.4.0)

Observed (W=W=) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected
(TeV %) (TeV %) (TeV %) (TeV %) (TeV %) (TeV %)
fro/ 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]
fro/ 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]
fvo/ A* [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]
i/ A* [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fve/ A* [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
fuz/ A? [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
] [ [ ] [ | [
[ [

feo/ A* [-35, 36 -31, 31] -83, 85 88, 91] -34, 35] -31, 31}
fa1/A? [-100, 120] [-100, 110] [-110, 110] [-120, 130] -86, 99] -91, 97]

4 Limits worse by a factor of 5 in comparison with limits without
unitarity constraints but more physical
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ZZ with two additional jets

CMS: Phys. Lett. B 812 (2020) 135992
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https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub

ZZ production with 2 jets

Electroweak production
of ZZ observed with 4.0

(3.5) o observed
(expected) significance

Provides access to the
quartic coupling

Exploration of dim-8
operators performed

Provides access to T8
and T9 operators not
possible in other final

Background
9 states

B,Lu/ B*” BCLB BQB
B.,.B" By, B"
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ZZ production with 2 jets

137 b7 (13 TeV)

—— Data
I Z+X

m,>100 Gev | /ttZ VVZ
[1q99—2Z
W g9—~2Z
B EW ZZjj
Clfre/A*=2TeV*

—k
o
~

“Coupling Exp. lower Exp.upper Obs. lower Obs. upper Unitarity bound
fro/ A —0.37 0.35 —0.24 0.22 24

T
fri/ A4 —0.49 0.49 —0.31 0.31 2.6

fra/ A* —0.98 0.95 —0.63 0.59 25
frs/ A* —0.68 0.68 —0.43 0.43 1.8
fro/ A* ~-15 1.5 —0.92 0.92 1.8

Events / bin
2,

Access to neutral operators

Set strict bounds on these sets of
operators, inaccessible in charged gauge
boson final states

200 400 600 800 1000 1200 1400
m,, [GeV] Results presented factor in unitarity bounds
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Wy with two additional jets

CMS: Phys. Lett. B 811 (2020) 135988
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https://www.sciencedirect.com/science/article/pii/S0370269320307917?via=ihub
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Wy + 2 jets

66

First observation of the Wy +
2 |ets process with observed
(expected) significance of 5.3
(4.8) o

Exploration of dim-8
operators possible due to
presence of SM quartic
coupling

Invariant mass of the Wy
system is sensitive to
presence of dim-8 operators

Saptaparna Bhattacharya
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Wy + 2 jets

Exploration of full set of “mixed” operators performed

For the parameters fmo-5, fme-7 most stringent limits

CMS

35.9 b (13 TeV)

I TTT

B QcD wy
EW Wy
¢ Data

~1Unc.
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QCD Zy
MisID lepton
[ MisID photon

Single t
e—>y
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my,., [GeV]

Parameters Exp. limit Obs. limit Upoung
fmo/A* [-81,80] [-7.7,76] 1.0
fma/A* [-12,12]  [—11,11] 1.2
fma/A* [-28,28] [-27,27] 13
fms/A* [—4.4,44] [-40,41] 15
fma/A* [-5.0,5.0] [-47,47] 15
fms/A* [-83,83] [-79,7.7] 18
fme/A* [—16,16] [-15,15] 1.0
fmz/A* [-21,20]  [—19,19] 1.3
fmo/A*  [-0.6,06] [-06,06] 1.4
fmi/A* [-04,04] [-03,04] 1.5
fm2/A* [-10,12] [-1.0,12] 15
fms/A*  [-05,05] [-04,04] 1.8
fme/A*  [—04,04] [-03,04] 17
fmz/A* [-09,09] [-08,09] 1.8
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Zy with two additional jets

CMS: https://arxiv.org/abs/2106.11082
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https://arxiv.org/abs/2106.11082

aQGC search region Common selection,
my > 500 GeV, |A77jj| > 2.5,
pL > 120GeV

Particle Physics Seminar, University of Chicago

Zy + 2 jets

69

Access to neutral quartic
vertex (like previous analysis)

Allows exploration of T8 and
T9 operators

Invariant mass of the Zy
system is sensitive to
presence of dim-8 operators
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Zy + 2 jets

Coupling Exp. lower Exp.upper Obs.lower Obs. upper Unitarity bound

-1 Fvo/ A —125 12.8 —15.8 16.0 1.3

1 37 fb (1 3 TeV) B/ A* —28.1 27.0 —35.0 34.7 15

P/ A —5.21 5.12 —6.55 6.49 1.5

# Data Nonprompt Y Fuvs/ A —10.2 10.3 —13.0 13.0 1.8
Fuva/A* —~10.2 10.2 —~13.0 12.7 1.7

EW Zy ST,TTY VV Fus /Aj ~17.6 16.8 —222 21.3 1.7
Bvr/ A —44.7 45.0 —56.6 55.9 1.6

QCD zy __ FT8/ A% =047 TeV? FTO/Ai —0.52 0.44 —0.64 0.57 1.9
Fri/A —0.65 0.63 —0.81 0.90 2.0

—F./A*=091 TeV™? Fra/A* ~1.36 1.21 ~1.68 1.54 1.9

T9 Frs/ A4 —0.45 0.52 —0.58 0.64 2.2

Fre/ A% —1.02 1.07 —1.30 1.33 2.0
Fry/ A% —1.67 1.97 —2.15 243 2.2
Frg/A* —0.36 0.36 —0.47 0.47 1.8
Fro/ A% —0.72 0.72 —0.91 0.91 1.9

////////////

////////////

//////////

SRR NN

Stringent limits on dim-8 operators

0.15-0.4 0.4-06 0.6-08 0810 1.0-12 1.2-» Limits on T8 and T9 operators improve
by a factor of two in comparison to ZZ +
2 jets process

m, [TeV]
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Text book example of effective field theories

Error increases as a function of
momentum transfer, /s

Valid when: [JaRQIVES
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Special coordinate system

Define frame by a Lorentz boost to the center-of-mass frame of the W=y system
boson momenta are back-to-back
Angle ® now acquires sensitivity to interference with SM
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SMP-20-005: W=y
Results

137 fo' (13 TeV)

CMS

Preliminary

p% cutoff (GeV) Best-fit C5)y (TeV ™)
SM+int. only SM+int. only SM+int.+BSM
SM+int. +BSM 200 —0.85 ~0.22

300 —0.26 —0.17
500 —0.13 —0.026
800 —0.20 —0.034
1500 —0.13 —0.009

2
U(CSW) = osM + C3wTinterference + CSWUBSM
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CMS Preliminary

137.21b7" (13 TeV)

Linear + quadratic terms, expected

Linear + quadratic terms, observed

Linear terms only, expected

Linear terms only, observed

w

| 3
CMS/
f
SMP-20-014: Measurement of the WZ process |
j S
10 CMS Preliminary 137.2 b7 (13 TeV) 10 CMS Preliminary 137267 (13 TeV)
4444444444444 Linear + quadratic terms, expected ------------ Linear terms only, expected d ----------- Linear + quadratic terms, expected ----------- Linear terms only, expected
9 D 9
O
Linear + quadratic terms, observed Linear terms only, observed - Linear + quadratic terms, observed Linear terms only, observed
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CMS Preliminary 137.2 fo™ (13 TeV)
4444444444444 Linear + quadratic terms, expected - Linear terms only, expected
Linear + quadratic terms, observed Linear terms only, observed
5 -4 -3 -2 -1 0 1 2 3 4 5
waw [ 1 ]
TAZ |TeV?

Parameter

95% CI, Exp. (TeV ~?)

95% CI, Obs. (TeV %)

—1.82,2.12]
—8.55,8.46)
(—197.1,183.3]
—3.35,4.07]

[_l _]

[—3.11, 0.26]
(—4.20,14.25]
[9.3,383.7]
(—4.01,3.61]

[_/ _]

Limits computed taking only interference with SM (A-2)
into account

CP non-conserving

Particle Physics Seminar, University of Chicago
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Power of new detectors

CMS Phase-2 Simulation Prelimina

Single - m*
PU=0
Stochastic : 77.5%

¢ MaChlne |earn|ng Wlth 3'D pOlnt CIOUdS . Constant : 4.7%

® EXtraCt InfOrmatIOn from edges Of 3 IF\:/;tL-based Reconstruction
nearest neighbors |

e Energy regression results are
encouraging

800 1000
Egen[GeV]
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The Higgs Boson found at CERN!

Higgs (m = 125.09 GeV

e, ZZ'

- 727" -

H— 27 '4| ti+V, VWV
13 TeV, 36.1 fb B Z+jets, tt

% Uncertainty

>
)
)
10
Al
~
2
c
o
>
L

140 160
mglonstramed [GeV]

—
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The CMS Experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m

Overalllength  :28.7m

Magnetic field :3.8T

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Particle Physics Seminar, University of Chicago

SILICON TRACKERS

Pixel (100x150 pm?) ~1 m* ~66M channels
Microstrips (80-180 ym) ~200 m> ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

Saptaparna Bhattacharya




Silicon
Tracker

Electromagnetic™
Calorimeter

Hadron

Calorimeter Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| ] ] | ] ] |

Key:

Muon Electron - Charged Hadron (e.g. Pion)

- Neutral Hadron (e.g. Neutron) Photon
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The Standard Model of Particle Physics

Observations:

* up, down, strange quark:
1968 (SLAC)

- charm quark: 1974 (SLAC/
BNL)

 bottom quark: 1977 (FNAL)

* top quark: 1995 (FNAL)

- Higgs boson: 2012 (CERN)

Particle Physics Seminar, University of Chicago

Standard Model of Elementary Particles

three generations of matter

=2.2 MeV/c2

charge @ %5

spin | Y% U
up

mass

=4.7 MeV/c2

_1/3

.
down

=(0.511 MeV/c?

electron
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interactions / force carriers
(bosons)
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0
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gluon |
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+1
. W

W boson 1
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https://uec.fnal.gov

WZ limits - interference and BSM separated

137 b (13 TeV) 137 b1 (13 TeV)
- Linear + quadratic terms, exp. — Linear + quadratic terms, exp.
. Linear terms only, exp. Linear terms only, exp.
Linear + quadratic terms, obs. Linear + quadratic terms, obs.
Linear terms only, obs. Linear terms only, obs.
: -, I H $

Z500 =100 0 00 200 300 400

% 7o
A2 [TeV?

137 fb' (13 TeV)
- Linear + quadratic terms, exp.
- Linear terms only, exp.
Linear + quadratic terms, obs.
Linear terms only, obs.

137 b (13 TeV) 137 b (13 TeV)
Linear + quadratic terms, exp. Linear + quadratic terms, exp.
Linear terms only, exp. Linear terms only, exp.
Linear + quadratic terms, obs. Linear + quadratic terms, obs.
Linear terms only, obs. Linear terms only, obs.
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Salient features associated with VVV

e Study of the Higgs sector possible
® Best way to include Higgs mediated mode?

® Can we quantify the interference between the Higgs- &\
mediated modes and other modes of production? <
\
® Critical questions such as (dim6)2 vs. dim8 contributions possible US
to address

/ (dim6)2

dim8

® Pertinent in the context of global EFT fits

® Explore sensitive variables: proxy for S and angular variables (Ad)

® Absence of “golden” variables as in the case of vector boson
scattering topologies

@3W — Gabc Wabep Wc,u

/\

Oyp = (D*H'H)(H'D H)

@HW — HTHW UW'MV
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Relevant Operators for specific
processes

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

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

Mo M1 Lwme
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