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Theory introduction: SMEFT approach

e Multi-boson processes serve as a test of the EW Symmetry Breaking
e EW sector still unexplored since several rare processes not yet observed!
o Any deviation in kinematic observables could point to New Physics

A A

e SMEFT bottom-up approach: e ” = e Bl
o Effective Lagrangian with only light SM particles ©en Mimas
o BSM effects incorporated as a momentum expansion
(n) SU(3) xSU(2), xU(1), invariant

L= ‘CM_I_an An4 En)Qz‘\

A unknown NP energy scale /

Dim. n operator.

Wilson coefficient



Motivation for multi-boson measurements

e These processes probe the non-Abelian nature of SM: it
o direct access to triple/quartic gauge couplings (TGC/QGC)
o sensitive to couplings between Higgs and gauge bosons
m complementary to Higgs measurements at scales > m,,

0 I LT

Triboson
e Portal to BSM physics: \ v
o model-independent via Effective Field Theories (EFTs) M v
m 18 bosonic operators in dim-8 EFT tested (aQGCs) v

14 fermionic and bosonic dim-6 EFT operators



tri-Boson

Multi-boson measurements at LHC

e The ATLAS and CMS collaborations have a rich program of multi-boson analyses
e All diboson and VBS processes have been measured in different decay modes
e Many triboson processes have been studied with at least a photon in final state

Overview of CMS cross section results

Standard Model Production Cross
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Vector boson scattering measurements

N@

Aug 2023 CMS Preliminary
. . . . ~ _1 ! ! ! I ' | | I ! | ! ' ' !
StatIStlca"y ||m Itedr L 1 37 fb CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ——o—+
allows new measurements Theory 8 TeV CMS measurement (stat,stat+sys) ——e——
13 TeV CMS measurement gattat,sg?sﬁsys) ——e——
qqW et 0.84+0.08+0.18 19.3fb*
-1
Good agreement with SM: i e =3 0.91+£0.02+0.09 359 fb
| g . q9Z —+—of, 0.93+0.14+0.32 5.0fb?
iIn some VBS VV scattering qqZ — — 0.84 £0.07 £0.19 19.7 fb!

_ qqZ o 0.98 +0.04 +0.10 359 fb?
the EW measurements are ~1¢ WV ol 0.85+0.12 +0.18 138 fb-L
away from theory Yy —>WW & 1.74+0.00 £ 0.74 19.7 fb*

qqWy — + 1.77 £+0.67 £+ 0.56 19.7 fb?!
qqWy . 0.89+0.11+0.15 138fb?
Accurate mode”ing of Wjj os WW H—e—H 1.12+0.15+0.17 138 fb*
o , ssWW H——e——+ 0.69+0.38+0.18 19.4fb*
non-VBS contributions crucial ss WW - 1.20 £0.11+0.08 137 fb™
qqzy 1.48 £ 0.65 +0.48 19.7 fb
. . qaZy et 1.20+£0.12+0.13 137 fb™
BSM effects in aQGC (EFT dim-8) qqWz L . 1.46 +0.31+0.11 137 fb™
. . ZZ H “ i + o
dim-6 important and should not i | o Ehen e BT
) 0 1 2 3 4 5
. Al results at: i i To}
be neglected [arXiv:1809.04189] | Alresusac Production Cross Section Ratio: G,/ 0.,
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https://arxiv.org/abs/1809.04189

Di-boson measurements N

Aug 2023 CMS Prellmlnary
. CMS t 5.02,7, 8,13 TeV CMS t tttt+
Diboson: well-known processes, ve, NNLD (vLo) heory AR ﬂiﬁsurems (Statstatrsys)
differential x-sec measurements v — 106+ 0014052 5.0 bt
wy, (NLO th.) —o—i 1.16 +0.03+0.13 5.0 fb'll
Y, (NLO th.) e 1.01+ 0.00 + 0.05 137 fb
Large cross-section: limited by % ggtg :{]j - 8-82 t 8-8%1 8-82 52905“2;_1
. Lo WW+WZ o 1.01+0.13+0.14 4.9 fbL
systematic uncertainties WWwW T 1.24+0.18+0.09 0.302 fb:
WW ot 1.07+0.04+0.09 49 fb'11
WW o 1.00 £ 0.02 +0.08 19.4 fb
In agreement with state-of-the-art W\ZN : ) é-gg + 8-%3 %%3 853;8 21‘2;1
NNLO theoretical calculations Wz o 1.05+0.07 +0.06 4.9 fb
WZ - 1.02 +0.04 +0.07 19.6 fb?
WZ - 1.00+0.02 +0.03 137 fb?
, 77 o 1.36 + 059+ 0.12 0.302 fb?
BSM effects manifest as aTGC 77 S 0.97 +0.13+0.07 4.9fb?
. zZ s 0.97 +0.06 £+ 0.08 19.6fb!
(EFT dim-6) 77 b 1.04 +0.02 +0.04 137 fb?
0 1 3 4

All results at:
http:/lcerm chinolpNi7 Productlon Cross Section Ratio: Gexp/ Citeo
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Tri-boson measurements N

Aug 2023 CMS Preliminary
o EXtremE|y rare pFOCESSESZ CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) o+
o X BR(to |eptons) ~0(1 fb) Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) —e—
stat Sys
. VVV e 1.02+0.21+0.14 137 fb?
e Observed three massive gauge
5 ducti 4in ch | WWW et 1.16 +0.30 +0.28 137 fb™
0son production and in channe WWZ  +—e— 0.85+0.31+0.13 137 fb™
with a single VVy and two wzz - . 218 +1.47+0.49 137 fo
photons Vyy Wwy e 1.30+£0.22+0.29 138 fb™
Wyy  ——e— 1.03+0.29+0.34 19.4fb?
W -1
e BSM effects as both aTGC/aQGC: v e SIS U IO Oiat 1510
] Zyy - 0.98+0.11+0.14 19.4fb?
and as anomalous Higgs-gauge M
] Zyy Het 0.91+0.09+0.11 137 fb
coupling R T N S
0 2 4 6 8
All results at: Production Cross Section Ratio: o../ o

http://cern.ch/go/pNj7 exp theo



Constraints to SMEFT operators

Multi-boson processes can be a tool to probe BSM physics at the TeV scale, provided
no new light state exists

Combination of several analyses is key to fit simultaneously all 59 independent
SMEFT operators to preserve gauge invariance and UV-matching

« What is the sensitivity reach of a VBS and tri-boson combination?

* What is the interplay with WW constraints?

The first step towards global SMEFT fit is the sensitivity study at parton level of
anomalies induced by dimension-6 EFT operators

Assess sensitivity interplay between multi-boson analyses at LHC
+ inthe future global EFT fit will be necessary to provide the most stringent
constraints to SMEFT operators (top, Higgs, EW, etc)

10
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Motivation for dimension-6 EFT sensitivity study

e Interpretation of VBS/tri-boson results traditionally in terms of dim-8 SMEFT

cMS
Aug 2020 Aiths P Charnel  lmis I Lot i
operators (a s) at the ot — el el
To S—— Zy -3.8e+00, 3.4e+00) 19.7 fo! 8 TeV
— Zy -7.4e-01, 6.9e-01 35.9 b’ 13 TeV
p— z -3.4e+00, 2.9e: 29.2 b’ 8TeV
Y -5.4e+00, 5.6e+00 19.7 fb"! 8 TeV
i Wy -6.0e-01, 6.0e-01 359 fb! 13 TeV
— ss WW -4.2e+00, 4.6e+00] 19.4 fb' 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 b 13 TeV
e wz -6.2e-01, 6.5e-01 137 fb’! 13 TeV
ll'll 2z -2.4e-01, 2.2e-01 137 fb! 13 TeV
. 3 Wi 556200, 5 560 ] ]
le /A _d -3.3e: , 3.3e 359 5 e
- ; e 2y -4.4e+00, 4.4e+00 19.7 fb 8 TeV
e However, dim-6 EFT operators = / st I 1
I —— y -3.7e+00, 4.0e+00! 19.7 b 8 TeV
Y -4.0e-01, 4.0e- 35.9 fb’ 13 TeV
H w 4.0e-01, 4.0e-01 1
p— ss WW -2.1e+00, 2.4e+00] 19.4 b TeV
. . H ss WW -1.2e-01, 1.5e-01] 137 b 13 TeV
can also have an impact in e A i
1= ! W v 381 3001 A 1~
-1.2e-01, 1.3e- 5. 3 e
N — -2.7e+00, 2.6e: 35.9fb" 13 TeV
T2 I | 2y -9.9e+00, 9.0e+00! 19.7 fb’! 8 TeV
m o e Z -2.0e+00, 1.9e+00 35.91b"! 13 TeV
Z Z a r IV' I { y -1.1e+01, 1.2e+01 19.7 b’ 8 TeV
— I} ° ° — Wy -1.0e+00, 1.2e+00! 35.9 b’ 13 TeV
ss WW -5.9e+00, 7.1e+00 19.4 fb' 8 TeV
o ss WW -3.8e-01, 5.0e-01] 137 fb’! 13 TeV
| wz -1.0e+00, 1.3e+00] 137 fb’! 13 TeV
H 7z -6.3e-01, 5.9e-01 137 fb” 13 TeV
H zv -2.8e-01, 2.8e-01 35.9 fb! 13 TeV
o IAY ; | Y -9.3e+00, 9.1e+00] 20.3 b7 8TeV
TS5 — z -7.0e-01, 7.4e-01 35.9 b’ 13 TeV
—_— Y -3.8e+00, 3.8e+00] 19.7 fo! 8 TeV
o Wy -5.0e-01, 5.0e-01 359 fb! 13 TeV
° ) ° fIA® — Z -1.6e+00, 1.7e 35.9fb" 13 TeV
. + T6 e} Y -2.8e+00, 3.0e+00! 19.7 b’ 8 TeV
, _H Wy -4.0e-01, 4.0e-01] 359 1fb! 13 TeV
A" — z -2.6e+00, 2.8e+00] 35.9 b 13 TeV
7 } | y -7.3e+00, 7.7€+00! 19.7 fb’! 8 TeV
o . '_Il—l }Vy g.g,e-,(go, 91.,%e;0(1)$] 359 %bf: é %_ I@V
. . -— Y -1.8e+00, 1.8e+ 19.7 fb" e
4 - frg /A H Zy 4.70-01, 4.70-01 35.9 fb! 13 TeV
— Zy -1.8e+00, 1.8e+00] 20.2 fb' 8 TeV
H zz -4.3e-01, 4.3e-01 137 b 13 TeV
A" ! | Zyy -7.4e+00, 7.4e+ 20.3fb" 8 TeV
T Zy -4.0e+00, 4.0e+00 19.7 fo’! 8 TeV
° o — Zy -1.3e+00, 1.3e+00 35.9 b’ 13 TeV
extended to triboson proaduction e z g o ose0q o T
| i i | HH L ! zz | -9.2¢-01, 9.2¢-01] . 1871y’ 13 Tev

aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @950/0 CL [TeV'4]

e EFT analysis of both EWK+QCD-induced processes (main background)
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https://arxiv.org/abs/1809.04189
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SMEFT Monte Carlo Generations

Paramerisation using 15 dim-6 SMEFT operators from Warsaw basis
in triboson study focus on bosonic ops, for Yukawa sector see |[HEP04(2021)023

Generated at LO with SMEFTsim interfaced with MadGraph5_aMC@NLO (2 6.5)

@)

©)
O
O

U(3)> flavour symmetry
{m,,m_,G_} input scheme
CP-even

A=1TeV

Insertion of one operator per diagram
to generate directly single components

(1)

=
= (

HYiD, H)(,

HTzﬁH ) (@7 ap)

(p7"lp)

qq_

qq—

T Vulp) (@Y qr)

M QP) ((_?7“7#0%1 )

(
(@
(

Qup = (H'D,H)(H'D"H)

= (

HictH)W! B*

TH)WE, Wik

. .k . : k
Qw = eFWIWIPWEH

Quad

e
AQa|2 +Z

o,

Qup = (¢'¢) By, B

P = (pyube) (rr*1)

N@

Cal
— Re(4g, A bs)

MIX


https://link.springer.com/article/10.1007/JHEP04(2021)023
https://arxiv.org/abs/2012.11343

Processes of interest: VBS+WW

e Modelling of 2—6(4) processes including non-resonant diagrams
o both EWK and QCD-induced contributions for SM and EFT processes

» Same-sign W*W=: pp > etv_y* v, J] g %

* Opposite-sign WXW (QCD): pp > e*v_p v, J]

-+ WZ+2j(QCD): pp > e*e ity ]

- 22+2(QCD): pp > €76 'V |
-+ ZV+2{(QCD): pp > ZW* (W'Z) > 17 TS awe

*WW: pp >e v, bV,

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

¢ Integrated luminosity of 100 fb™! is assumed for the VBS+WW study
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Processes of interest: tri-boson N

e Modelling of 2—6(4+y) processes including non-resonant diagrams
o both EWK and QCD-induced contributions for SM and EFT processes

| %4 q v
q
e ey I//Jf 7
-+ WEZy: pp > p*v e’ey ; 7 >VVWQ\ jff
| i o

-+ VZy(QCD): pp > I jj y

. VZZ(QCD): pp >e’e u'u’j

q W . Z [y
J _______________________________________________________________ : >WWW. ;/ ) >MWW.{ Hfﬂzm
. \L\Z/’y 7 A SN

q

¢ Integrated luminosity of 300 fb™! is assumed for the triboson study y



Processes of interest - EFT sensitivity N

e Summary of the sensitivity of each process to the subset of operators
o empty cells -> no EFT diagrams

VBS+ WW diboson
proc / op | Quo | Quo | Quwe | Q) | Q2 | Quw | Qw | QY | @) | @ | Q%) | @3 | QY | @) | a Triboson
SSWV-EW | v | v | v | v |l v v ivIiWwl v ]|v|v]| v v | v W
Operators — Qw Qup | Qaw | Quwr | QD QHO
OSWW-EW | v | v v Sl vl v|lWwWl v | v | v v v v | ) ¢ Processes
WZy v v v v v
WZ-EW viliv|iviviviviviv|iviv|iv]|v | v W
77 v v v v
7Z-EW vililvi|ivi iv|iviviviviviv]iv]| v | v W vz, P P N S/ L/
ZV-EW vlilvi|i v iv|iviviviviviv]iv]| v | v QCD-Z+jj v ¥
Ww v v |lv| v 1wl v v VZZ v v) v v v V)
QCD-ZZjj v v
v-acb | v v | v v v
OSWW-QCD | v o lv | v S i9iv|v|v
wz-Qcb | v olv | v S0iv|v|v )
7z-QcD | v o lv | v v | )

e Brackets indicate only ops that enter non-resonant contributions or negligible
15



Template fit analysis N

e Dependence of EFT-induced kinematic anomalies on Wilson coefficients
e Likelihood fit for each variable based on 1o range (area for 2D fit)

-1 -1
Z7+2j 100 o' (13 TeV) 100 fb' (13 TeV) 100 fb™ (13 TeV)
o _F 10 e e, [ L LI L LI L BB I L R LR
s F 724+2] EWK a El . ' ' ' 5L I RS,
o B & E :
o F I ZZ+2j QCD < = Wtwi +2J
6l 77/, SM Stat. Unc. N = i1 v

C ] SM + EFT cHW=0.1 I ] - .
i [ SM + EFT cHW=1.0 6_ - E ‘ ZZ+2] 4
: ) I E | WW*+2j :

...........

[ i 1 ZV+2j i

i 68%. " RS & - g
= I L R 2 S I Combined (NO ZV)
8 0 IlIIIIlIIlll"l‘l“l“'l""'l”" .ﬂ““l”l]‘lﬂllll|ll‘l W L Lo - e g g ol Ly
T DT PUOP R o4 8 2 J 0 1 2 @ 4
200 300 400 500 600 700 800 900 1000 D
Chw [TEVT]

m,, [GeV]

e Optimal variable extracted per operator used in combination
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Tri-boson fully leptonic: WZy

N@

e W2Zy production extremely rare process ~O(fb) studied in fully leptonic channel

e Inthe SM, WZy depends on quartic gauge couplings (QGC) at tree level unlike ZZy

1K vl vygrd oK p
Qw = VKWW W

e Fox-Wolfram variable provides

good discrimination between O(A™4)
dim-6 contribution and SM

Hy

=2

fin.state

a#b

pph,

Qs PZ‘T)2

Events

BSM / SM

wzy Simulation 300 fb™ (13 TeV)

8 —
SM (EWK) 7//, SM stat. Unc. i Quadcw

7 T ilnew BSMcw=01 [ | BSMcw=0.316

[ ]BsMcw=1.0
6 S
5|
41—
3 —

- _Quadratic . 7

E e Linear
0 Bl il s e Sl el i | O o e T SN b G R
40—

20—

“---'—' .

12 1.4 1.6 1.8 2 2.2 2.4
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Tri-boson fully leptonic: ZZy

e Higgs-gauge boson couplings affect the electroweak vertices in ZZy
e Best variable: total p, of same-sign ep related to leptonic final state

Simulation 300 fb' (13 TeV)

% SM Stat. Unc. %
[ ] BsmcHDD-0316 || BSMcHDD-1.0

Events

[]BsmcHDD-3.16

Consequence:
evident asymmetry in
the likelihood scan

IIIIIlIlIIlllllllllllllllllllllll

BSM/SM

80 100 120 140 160 180 200

Pr o [GEV]
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Triboson semi-leptonic: VZZ N

e Study of inclusive 4ljj production: EWK VZZ+QCD-induced background
e Unique Q,-sensitivity of WZZ channel to WWZZ quartic couplings unlike ZZZ

channel vzZ Simulation 300 fb (13 TeV)
[2]
§ SM (EWK) I sM (acD) %/, sMstat. Unc.
D o Dowser  Cdwe  [eswowor

Inclusion of the main background
given by diagrams involving
QCD-induced vertices. 15

[]esmcw-0316 []esmcw-10
EWK SM term

broad peak
—T around (m,,+m,)/2

10

Illlllllllll

_Quadratic term
resonates at m,,

BSM /SM

g

L
[
®
@
®
®
®
L ]
L

OSM = OEWK T 0QCD 8060 70 80 90 100 110 120
nm[GeV] 19




Triboson semi-leptonic: VZZ/VZy

e Impact of QCD background on semi-leptonic channels VZZ/VZy sensitivity
e Q..s2nd Q. induce EWK anomalies in QCD diagrams unlike other operators

VzZZ A=1TeV,L=300fb" (13 TeV) VZy A=1TeV,L=300fb" (13 TeV)
10 T | . — —T— — 1 2 I ! I NP N i
- - EN 1 - - S
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e Included as BSM signal for these operators/

* enhances overall EFT-sensitivity despite larger background from QCD
20




Fit procedure N

e Likelihood scan for each variable varying the Wilson coefficient in a fixed range

Nuisances
(Ne(€)™ ] -
r(c) — e Ne(€) 5 (06
©=11 ~, [T =(@0)
Pln:k Syst=J
Poi‘s;on

e SM expectation for N(c=0)

o Totalyield: N(c)=SM+ )  c,- Lin, + ¢ - Quad, + D af CaCsMiXop

e Single nuisance: proxy LHC luminosity 2% correlated across all yields &
samples (flat prior)

e Sensitivity constraint at 68(95%) CL estimated as -2ALL <1(2.30) and -2ALL
<3.84(5.99) for single (pair) Wilson coefficient
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Individual constraints - VBS + WW combination N

Individual operator constraints W|th(W|thout) O(I\ 4) quadratic terms

—— | incar 68% C.L. Y TN Linear 95% C.L.

‘:‘ Linear+Quadratic 68% C.L. - Linear+Quadratic 95% C.L.

e ——— 74 == et EEEEE

zZ
z PLD e ———— ——————— wz py=————=——19 WZ e —aeeeeeeeeee ...,
wz c——————e © ssww v . 3 - ——d 1
- —_—— o S —— c SSW 0 e—————— el
osww e ——— e ww = osww q
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Large impact of quadratic terms on half of the single operator constraints
Strongest constraints on four-fermion coefficients as expected

Q. Q,,., Ops constrained solely by VBS processes .



e Large impact of quadratic termsonQ, , Q. .Q,zOPS

Individual constraints - Triboson

¢ Individual operator constraints with(without) O(A™*) quadratic terms

A=1TeV, L=300fb" (13 TeV)

—e— Llinear68%C.L. e L RR Linear 95% C.L. 2‘ T T

o
Linear+Quadratic 68% C.L. - Linear+Quadratic 95% C.L.
’—————————————————————————

Wzy =3 [-0.20(-3.38),0.21(2.84)] [-0.31(-7.14),0.32(5.06)] 7
{ vZy 3 c [-0.26(-5.85),0.26(5.78)] [-0.37(-11.54),0.37(11.26 ]\

VZZ EET W [-0.63(<-20),0.63(>20)] [-0.97(<-20),0.97(>20)] e
| Combined = [0.18(-3.28),0.19(2.79)] [-0.27(-6.88).0.28(4.99)] ¥ | " > ]
| wzy —— [-0.41(<-20),0.41(>20)]  [-0.60(<-20),0.60(>20)] | 1

22y [ — c [-0.62(<-20),0.61(>20)]  [-0.90(<-20),0.90(>20)] I ]
| Vzy —— HB  [-0.55(<-20),0.54(>20)]  [-0.77(<-20),0.76(>20)] ]
I Combined — [-0.37(<-20),0.37(>20)]  [-0.53(<-20),0.53(>20)] I ]

wzy s [-0.44(<-20),0.44(>20)]  [-0.65(<-20),0.65(>20)] I Cw
| ZZy 4 [-0.68(<-20),0.68(>20)]  [-0.98(<-20),0.99(>20)]

vZy — Cryy [-060(<-20),0.60(>20)]  [0.84(<-20),0.84(>20)] 1
\ vzz -:- [-4.78(<-20),4.08(>20)] [-6.91(<-20),6.17(>20)]

N Combined " -~ [-0.40(<-20),0.40(>20)] [-0.57(<-20),0.57(>20)] /
NN NN SN S S S S S S S S S S S S B S S S B B e e e A=1TeV, L=300fb-1 (13TeV)

wzy L —— [-0.50(-1.14),0.73(1.03)] [-0.79(-2.34),1.04(1.93)] i : SN s St 4

2zy - [-0.81(-2.72),1.06(2.30)] [-1.23(-5.74),1.49(4.11)] 2 f ]

vZy = Cpyw [F0.11(-0.12),0.11(0.11)] [0.22(-0.23),0.23(0.22)] NI

vZZ ] [-0.80(-0.68),0.65(0.73)] [-2.22(-1.28),1.20(1.48)] § .

Combined = [-0.11(-0.11),0.11(0.11)] [-0.21(-0.21),0.21(0.21)] -

wzy - ] [-1.36(-1.57),1.79(1.42)] [-2.50(-3.22),11.19(2.66)) B -

2Zy e fl————— [-1.91(-2.73),4.55(2.31)] [-3.27(-5.77),6.53(4.14)] I

vzy =3 Cpp [-0.17(-0.17),0.17(0.17)] [0.33(-0.34),0.34(0.33)] - ]

vzz - [-2.73(-3.31),1.82(3.67)] [-3.78(-6.14)2.82(7.53)] ol  uum _> i

Combliad = [-0.17(-0.18),0.17(0.17)] [-0.33(-0.35),0.33(0.34)] - f

O O Y Y Imh“lllllll N ||x||||||||| L T | 1\\?1 /}:"
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Chp

For other operators, linear interference term dominates
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Profiled constraints

e Performed global fit ensuring SMEFT model independence including all O(A™) terms

o single operator fit with all other coefficients profiled (free-floating in fit)

VBS+ WW diboson

Profiled

B individual

95% Profiled
[-9.775 ,10.012]

[-6.172 , 4.400]
[-4.543 , 3.157]
[-2.021 , 3.168]
[-2.382,2.312]
[-2.040 , 2.147]
[-2.114 ,1.742]
[-0.982 , 0.865]
[-0.286 , 0.333]
[-0.352 , 0.100]
[-0.084 , 0.265]
[-0.172, 0.171]
[-0.060 , 0.141]
[-0.089 , 0.097]

95% Individual
[-2.209 , 1.847]

[-2.712, 2.576]
[-1.012, 0.994]
[-0.155 , 0.152]
[-1.384 , 1.464]
[-1.694 , 1.403]
[0.156 , 0.160]
[-0.195 , 0.336]
[0.200 , 0.321]
[-0.097 , 0.080]
[-0.066 , 0.230]
[-0.191 , 0.148]
[-0.059 , 0.085]
[-0.087 , 0.093]

triboson
Profiled || Profiled B individual
Combination ) SM

95% C.L, 13TeV.A=1TeV,L =3001b"'

e Profiled constraints are up to 10x less stringent wrt individual ones
e Q,, -induced anomalies uncorrelated with other operators

G
Parameter estimate

Profiled ]

VBS+WW Combination ) SM

95%C.L., 13TeV,A = 1 TeV

Cibox

Cup C— I

el —

gl — ) S—

Chw o

Crws CH 1

¢y’ .

Coq” — =

Coq T

Chg .

Cag” =

Chg =

oA o]

Cw ==
| | 1 | | | | | |
-10 -5 0 10

Individual Profiled
o [ ] 033,033 [4.39,6.27]
Sy C— I [-0.57,057] [-2.29,2.85]
Cuis C B [-0.21,021] [-221,247]
Cig R [-0.53,053] [-1.18,1.20]
Cw [ o | [-0.27,0.28] [-0.31,0.31]
86 4 -2 2 4 6 8

N@
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2D constraints - VBS + WW combination

Impact of sensitivity to operator pairs using 2D template fit

o contours allow assessing interplay of o0ts* (12 Te0 oo (157e0

VBS and di-boson measurements Darmwszd -\ ;
1 W+W+OJ ] 1._:-' 3§ p —

: ; WAWF42j E A E

Orthogonal constraints between WW and |z 1 R

 WEZ42j

and VBS for (QW, QHWB) _ P Combined O _ 2_ ) —

T T TR O PRV O PSP (VI SV MO W 73NN SR TN bt e ki 4f P IR SRV

-03 -02 -01 O 01 02 03

cW[Tev]

4-quark ops constrained only by VBS T T g e
flat directions Q,, -~ Q (" resolved ) :
thanks to channel combination _
b Ll b co:rri\?] ”'-‘1'”'-'6.5"""o""o.s"'cg:[;\;z]
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2D constraints - Triboson combination

300" (13 TeV) A=1TeV, L=30015" (13 TeV)
N USRI I T T B

.............................. 2 FTrTE T T

In triboson studies, most sensitive process | a
W2y fully-leptonic to Q-induced anomalies | = z

Semi-leptonic VZy leads to strongest

F: VZZ 1 -+ -
constraints for Q,,,,, and Q,,, operators E— S R e
IIIIIIIII A ‘=‘1‘ TeVI L- ’300 fti‘“ « '3| TeV) A=1TeV, L=300fb" (13 TeV)

0.4f

Small mutual interference term for

operator pairs Qu,-Q, e \ | o @

-0.2F :
P L 03
R T T R P PRI PR g
ogb L o | e | e
-3 2 1 0 1 2 3 1 05 0 05 1



Summary & Outlook N

Multi-boson measurements powerful tool to explore BSM physics in “UV-agnostic”
way : consistency test of EWK sector

First phenomenological dim-6 study on tri-boson VZZ/VZy processes at O(A™?)
+ competitive & complementary constraints pe— T ———
w.r.t. combination VBS+di-boson WW r25 oty Wit o

95% C.L.,13TeV, A=1TeV

100 fo* 300 fo* 3abt

Expand scope of EFT analysis o m— (10121 (k2 5100
. . . Qi — O -2.40,1.54] [-1.34,0.96] [-0.37,0.33
+ combination of multi-boson analyses | m R (im0 Hessd

[-1.02,1.01] [-0.59,0.59] [-0.19,0.19]

(VBS, di-boson, tri-boson) with Higgs (075071 (9590581 (033031

| IR
- .
o e | [-0.30,0.27] [-0.19,0.18] [-0.07,0.07]
—m
|
| . |
| I |
[ e |
| B8 |

measurements at reco level to constrain e
both dimension 6 and 8 EFT operators o 585 Tors] [ons i
® [-0.20,0.20] [-0.15,0.15] [0.07,0.07]
(o) [-0.07,0.23] [-0.04,0.06] [-0.01,0.01]

Q® =} [-0.06,0.09] [-0.04,0.04] [-0.01,0.01]

432 -1 020 02 1 234
Parameter estimate



Comparison VBS vs tri-boson combination

i Processes | Operators — Qw Qun Quw QuwnB Qubp
Best var. P Pr(z) Pr(z) P1(z) Prwz)
WZy 68% C.L. [0.20,0.21] | [-0.41,0.41] | [-0.44,0.44] | [-0.50,0.73] | [-1.36,1.79]
95% C.L. [-0.31,0.32] [-0.60,0.60] | [-0.65,0.65] | [-0.79,1.04] | [-2.50,11.2]
Best var. PT(z,) Wiy Hipepe pfj:“+
L7y 68% C.L. No diagrams | [-0.62,0.61] | [-0.68,0.68] | [-0.81,1.06] | [-1.91.4.55]
95% C.L. [-0.90,0.90] | [-0.98,0.99] | [-1.23,1.49] | [-3.27,6.53]
Best var. pil mjj mjj p’Tl(w p¥(7)
VZn 68% C.L. [-0.26,0.26] [-0.55,0.54] | [-0.60,0.60] | [-0.11,0.11] | [-0.17,0.17]
95% C.L. [-0.37,0.37] [-0.77,0.76] | [-0.84,0.84] | [-0.22,0.23] | [-0.33,0.34]
Best var. pi Y i p‘f_r“‘+
VZZ 68% C.L. [-0.63,0.63] Negligible | [-4.78,4.08] | [-0.80,0.65] | [-2.73,1.82]
95% C.L. [-0.97,0.97] [-6.91,6.17] | [-2.22,1.20] | [-3.78,2.82]
T 68% C.L. [—21§0£9L [-0.37,0.37] [-&4&0£0L _[—0_11_01_1] Il [i)l_’?()_l?_].
95% C.L. {[-0.27,0.28] [-0.53,0.53] {[-0.57,0.57] [-0.21,0.21] | [-0.33,0.33] ‘I
| I I
VBS 95% C.L. |\[—0.19,0.18]-' - I\[—1.02,1.08] [-1.34,0.96] [-1.98,1.74]—,

WWW fully-leptonic 95% CL bound
Cw is [-0.13(-0.22), 0.13(0.22)]
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VBS, WW inclusive, triboson selection

Process

Variables of interest

Selections

WZ~
+(=)
(PP — vy 2¢ 7)

Er, Mee, mrw, %, DY, p},
p?ms_" p'r' Pr- PCT. b s 0
o7, pT(Z')) pT(Z)*pT[H VAR PT(u)-
Przy Plzy Pray Provzy
HY (ee), HI (3lvy)

50<m,, <110 GeV
60<m..< 120 GeV

pro > 20GeV

prpz > 10GeV

Pri > 5 GeV [7},." 2225

Expected pro > 20GeV  |n,| <25
events: (EW) 50 Fr >30GeV AR(I',~) > 04
ZZ~ MSEFOS—II+ myy. p%‘ A pl7"-., 60<msros_n<120 GeV

(pp — 2e 21 )

SFOS-1l 7y eyl
Pr s Ppy Pp o M M,

Li L1 {; 1;
@ Pr(zy) pIA'(Z.-)‘ Pr(zz) Pr(y)
Pr(z)» Pr(zz) Hi (SFOS - 1),
H{ (41)

prp > 20GeV
Prgz = 10 GeV
proi > 5GeV || < 2.5
pry > 20GeV || < 2.5

Expected AR(l',v) > 04
events: (EW) 22

VZ~ my, mjj, p%. p¥. p} pIT", p;i, 50<m;; <120 GeV
QCD — Z+jj Av)” A(i)”, Njes n, ¢].~ nt, 60<my< 120 GeV

(pp—2j 20 7)

Expected
events:

(EW) 620
(QCD) 31385

o7, pT(Z'y) pT[Z) P7u Z)‘pT(l]*

Pr(w) Pjr(w PT(Z) pT(Z] PT(«;-

Pr(z») Prvzy Hi (i), Hf (@),

H{ (21 2j7)

prp > 20GeV

prgz > 10GeV

|| < 2.5

pro > 20GeV [my| < 2.5
prjiz > 30 GeV 9| < 2.5
AR(l',~) > 0.4

AR(l',j*) > 04

AR(y,j*) > 04

Process Variables of interest Selections Expected events
Ww MET, my. pryi, Pra. Wi MET = 30GeV (EW) 30600
(pp — 212v) my > 60 GeV

pra > 25GeV

priz > 20GeV

|mi| < 2.5
SSWW+2j  MET, mjj, mu, 0;i, pr i MET > 30GeV (EW) 197
(pp = prii. pra. Anjj. Aoj;. nji. g myj > 500 GeV
2012vj7) my > 20GeV

pra > 25GeV (EW) 493
OSWW+2j Prpz > 20GeV (QCD) 1967
(pp - prji > 30 GeV
202vj7) MET, mj;, my. Ojis Prjis Pryi Anj; > 2.5 (EW) 35

Pra: Al]jj. AOjj. Nyis i M3y |7]j.’| <5 (QCD) 90

WZ+2j Pt MWz, 0wz, 00wz, Pplanes [mi| < 2.5
(pp — O, Oz, 67
2epjj)
Z7Z+2j Mg, Mgz, My, My, @i, Prjis Prais  my; > 400 GeV (EW) 11
(pp = Props Prizz. Prasiss Pr.z. A0j;, 60 < my < (QCD) 176
2e2u2j) Anjj. myis g 120 GeV

my > 180 GeV

prn > 20GeV

priz > 10GeV

prai > 5GeV

pr iz > 30GeV

Anjj >24

[myi| < 4.7

|r],.~| <25

AR(l',j*) > 0.4
ZV+2j my™, mpPm >, my, Oy, prji, Pryi mj; > 1500 GeV (EW) 142

(pp — 21jjji)

pras Az, AT, A.o"‘“"
AT nyitg

60 < m), < (QCD) 350
110 GeV

85 < my < 95GeV

P > 25GeV

prz > 20GeV

prji > 100 GeV

AI]_,'J' > 3.5

| <5

[mie| < 2.5

VZZ
QCD - ZZjj
(pp — 2j 2e 2p)

Expected
events:
(EW) 4
(QCD) 95

MSFOS—1, Mjj, M4, mu,;-.
P%- P?F ORI Gl HS ol
PT AUJJ Adjj. mjss My Dy
pT(ZZ)’ P’T(zzy PT(ZJ* P’T(zr

Z
Prizy Prz) Prizzy H{ (i),
HI(SFOS-Il), HT (41jj)

50<m;; <120 GeV
60<msros_nu< 120 GeV
prp > 20GeV

prez > 10 GeV

Prp = 5GeV

prjt2 > 30 GeV

|nji| < 2.5 |nu| < 25
AR(I',j*) > 0.4
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Impact of OCD bkg on sensitivity -VBS

CWEWT+Zj A=1TeV,L=1001b" (13 TeV) W*Z+2j  A=1TeV,L=1001b" (13 TeV)

Best Confidence Interval [TeV?]
LA DL L B

\S]

I I I

I | I I 1 I I I I

+ 68% EWK+QCD

PO 0 e A [

| + 95% EWK+QCD

|
Best Confidence Interval [TeV?]
o
T
..-..
==
&+
=

(3)
HI

¢
cﬂ"%o. 1

(@)
Ch

(1)

I

— 1+ 68% EWK

eV,L=1001fb" (13 TeV) ZV+2j A=1TeV,L=1001fb" (13 TeV)

Best Confidence Interval [TeV?]

\S]

m‘.

1 1 | s

-------------- +95% EWK

|
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o
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..-..
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=

-

i e e g g g

Cypx0.1
Crne<0.1
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@)

Chi

(3)
i
(1
I
|
N
Chp
Chws
Cw
)
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o
)
- nd
(1)
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Best variables

e Study best variables to constrain pairs of coefficients in 1D and 2D fit
p_I" for cHw, cw, p_j"? for fermionic operators

(3,1)  (L,1) (1) (3) (3) (1) (1) . (1) .
Cqq Cqq Cqq Cw Cr CHq Ci € CHW  Cpy, CHD CHWB  CHO

(3) ‘ , ‘ , . ,

(‘qq )'T.j 1 pT.j 1 pT.j"" pT,f 1 pT,J-z pT.j 1 pT,j 2 pT_jz pT.l 1 pT,j 1 pT,j 1 pT,j 1 pT,j 1
(3,1) , . : , ‘ : : , . ,

Cqq )TJ.] ])T.J"l Prin ])T,J-'z ])TN."I I)T,j2 [)T.J‘Z prin pT,j 1 ])TL}'Z pT,j 1 I’T,_-i‘
(1,1) : ‘ ’

('.qq )T.j2 ])T'(l pTh 1'2 [)T_ jl ))T‘jz ]JT_ j2 pT.I' pT.j 1 ])T_. )'2 pT,j 1 ])T. jl
(1) , ; ; - ,

Cag Prp|| Pry2  Prj' Prj? Prg2||Prat||Pri'  Pry? Prjyt  Prj!
Cw ’ : Prix Prp Prpp Prp Prp Prp Prn Pr myy
(3) : —— - : -
CHl == a = pr ! mjy mj; PTee P’I“.jl mj; mjj my
(3) :

CHg i = prjt  Prjl  Prit  Prj! prn pri pr.z
(1) :

Cu o ' o m;j pPr.Z Prjl PTep- Pr.z P52
(1) ” .
Chi ' = . <3 ) my  Prj!  Pretpt PT e Anj;
CHW £ : = = == Pr.n my PT.7 myy
(1) :
CHq . ' o = = s PTe—p- pT,(”;A’ pr2
CHD ~ - ma A
CHWB : : - —— 2 . — - my
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ZZ scattering at the LHC

e Event topology:
o 2 Z-bosons produced centrally
o 2 energetic tagging jets emitted back-to-back

e Signature based on diboson final states:
o fully leptonic: 4 e/p ; 2 jets

e |rreducible tree-level contributions to the final state:
o EW =0(a® )signal component
o QCD=0(a’,, a%) bkg suppressed in high m,.- |Ar|”|reg|on
o INT=0(a®,,a.)term: ~O(%) of the signal

§25

EW™'S

||||||||||||||||||||||

00 200 300 400 500 600 700 800
m, (GeV)
32




Summary of aQGCs limits Clememt

Observed Expected Observed Expected  |Observed Expected éObserved Expected
WEW* + WZ 77 Wy 7~

fro/A*  [-0.25, 0.28] [-0.35, 0.37]| [-0.24, 0.22] [-0.37, 0.35] [-0.6, 0.6] [-0.6, 0.6] [-0.52,0.44] [-0.64,0.57] -
fri/N* [0.12,0.14] [0.16, 0.19]| [-0.31, 0.31] [-0.49, 0.49] [-0.4,0.4] [-0.3,0.4] [0.650.63] [-0.81,0.90] |
Transverse fro/A* [-0.35,0.48] [-0.49, 0.63]| [-0.63, 0.59] [-0.98,0.95] [-1.0,12] [-1.0,1.2] [1.36,1.21] [-1.68,1.54] ,

(4 gauge tensors) frs/A* — — — — [-0.5, 0.5] [-0.4, 0.4] [-0.45,0.52] [-0.58,0.64] ;
fre/A* — — — o [-0.4,0.4] [-0.3,0.4] [-1.02,1.07] [-1.30,1.33] .

fr7 /A% —_ — - — [-0.9, 09] [-0.8,09] [1.67,1.97] [-2.152.43] I

frg/N\* — — [-0.43, 0.43] [-0.68, 0.68] — — [-0.36,0.36] [-0.47,0.47] |

fro/A* — — [-0.92, 0.92] [-1.50, 1.50] — — [-0.72,0.72] [-0.91,0.91] .

g0 A _[2.7,29] [-3.6.3.7] — — [-81,.80} [-z7.76] [12512.8] [1581640].]

/A [4.1,42]  [5.2, 5.5 [12,12]  [-11,11] [-28.1,27.0] [-35.0,34.7] -
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Competitive limits for different final states (no clipping)

Expected/observed limits are in good agreement 33



Processes of interest

e Modelling of VBS ZZ 2—6(4) processes including non-resonant diagrams
o both EWK and QCD-induced contributions for SM and EFT processes

Process Variables of interest Selections Expected events

17+2j Myj, Mz, Mii, Mal, Gji, prji, prii, — myj > 400 GeV (EW) 11
(pp —  prae, Pratit, PratiFs PT,Z, gy, 60 < my < (QCD) 176
2e2p27) Anjj, mjis M 120 GeV

my; > 180 GeV

pri > 20 GeV

Prig > 10 GeV

prii > 5 GeV

pr 1.2 > 30 GeV

A?]jj > 24

|77ji| < 4.7

|7711‘.| < 25

AR(I%, 5%) > 0.4

e Fully-leptonic final state 2e2u+2j studied with VBS-enriched topology

o study observables most sensitive to EFT-induced anomalies
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VBS ZZ NLO correction
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e VBS approximation less accurate at LO than NLO
o in full computation tri-boson processes contribute where one V->qq decays
hadronically
o for real QCD radiation, one of the two tagging jets may arise from V boson_,



