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Theory introduction: SMEFT approach

e Triboson processes predicted by the SM to be very rare — test of the EWSB
e EW sector still unexplored since several rare processes not yet observed!

o Any deviation in kinematic observables could point to New Physics

SU(3).%SU(2), xU(1), invariant ~ Dim. n operator

> YO ,.
L= £M+Z?’L2An4 ()QE)
A unknown NP energy scale / \ : \

Wilson coefficient

e SMEFT bottom-up approach: ©ken Mimasu
o Effective Lagrangian with only light SM particles

o BSM effects incorporated as a momentum expansion
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Triboson measurements at LHC

e The ATLAS and CMS collaborations have a rich program of multi-boson analyses
e Many triboson processes have been studied with at least a photon in final state
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Triboson measurements at LHC

e Extremely rare processes: ___Aug2023 - CMSPreliminay
c X BR(tO leptons) ~O(1 fb) CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) -0+
Theory 8 TeV CMS measurement (stat,stat+sys) o
13 TeV CMS measurement (stat,stat+sys) o
. tat
e Observed three massive gauge Wiy mha 10240214014 137 ft
. . -1
boson production and in channels WWW e 116 0.00£0.28 157D
. WWZ e 0.85+0.31+0.13 137 fb?
with a photon VVy and two photons a
wzz - . " 218 +1.47+049 137fb
Vyy WWy S 1.30£0.22+0.29 138 fb?
Wyy e 1.03+0.29+0.34 19.4fb*
BSM effect both aTGC/a0GC Wyy e 0.73+0.10+0.22 137 fb?
°
effects as both a aQGCs Zyy 4 098+011+0.14 19.4fb?
and as anomalous Higgs-gauge Zyy o 091+0.09+0.11 137 fb
couplin — 4 5 8
piing hnp:ﬁgggéggfggijj7 Production Cross Section Ratio:  6,,,/ Gy,
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Constraints on SMEFT operators

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

e Combination of several analyses is key to fit simultaneously all 59 independent SMEFT
operators to preserve gauge invariance and UV-matching
o What is the sensitivity of a triboson combination?

o What is the interplay with other multiboson constraints? (see )

e 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
o 1in the future global EFT fit will be necessary to provide the most stringent constraints to
SMEFT operators (top, Higgs, EW, etc)
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https://indico.cern.ch/event/1358085/contributions/5943340/

Motivation for dim.-6 EFT sensitivity study S8

e Interpretation of triboson results traditionally in terms of dim-8 SMEFT operators (aQGCs)

CMS v TS J LA
at the LHC ’}:f,f?m e Fwww 1.26+00, 1.26+00 35.9 6" 13 TeV

e However, dim-6 EFT operators i

can have an impact on triboson

frp IA*

production processes too!

[

e First LHE sensitivity study of VBS w "
frp IA*  —
. . 7 =l 1.86+00, 1. 1
+WW [JHEP05(2022)039] including ~ ** e it ity N I o
frgIA® Fe—— & 20 -7.4e+00, 7.4e+00 20.3 b 8 TeV
O(A_4) dim-6 EFT terms | g ; , —|:| . | 2 | _«g;gw:gﬁ;t)ﬁ?} | 53172'!?;' $3T|$\'!V
-20 0 20 40
N extended tO triboson processes aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV‘4]

- Recently: [JHEP10(2021)174] — new stringent EFT constraints from CMS
Vyy analysis (more details in backup)
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https://link.springer.com/article/10.1007/JHEP05(2022)039
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html

SMEFT Montecarlo generation

e The triboson study focuses on a subset of bosonic ops

o 6 bosonic operators affecting a subset of triboson channels

(for Yukawa sector see JHEP04(2021)023)

e Generated at the LO: SMEFTsim [JHEP04(2021)073] interfaced with MadGraphS_ aMC@NLO (2.6.5)

o U(3)° flavour symmetry

o {mg,m_ ,G_} input scheme Qup = (H'D,H)(H'D"H) Quo = (H'H)O(H'H)

qwp = (Hig H\Wi BH Quw = (HH)W, Wi

o CP-even

— Sgkyyrivyieyyke Q — (At v
o A=1TeV Qw = e" W# Wi W, i (¢ (/’)BWBu

e Insertion of one operator per diagram to generate directly single components

SM Quad
2 Ca T C?X ‘ > COéC,B ¥
N o< |Asm|” + Z v .3Re(AsmAQa Z—I—ﬁ | Aq, |7+ ZIB Tk Re(Aq,, “403)

Lin Mi;



https://link.springer.com/article/10.1007/JHEP04(2021)023
https://arxiv.org/abs/2012.11343
https://link.springer.com/article/10.1007/JHEP04(2021)073
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Processes of interest

e Modelling of 2—6(4+7) processes including non-resonant diagrams
o both EWK and QCD-induced contributions for SM and EFT processes

R | o
. » WEZy: pp>ptv e'ey L
e ZZy:pp >ee Py g
i ) i
*VZy(+QCD): pp>I'Tjjy Z/v
| i W 2
i - — . q
.+ VZZ(+QCD):pp >e'ep'wijj i *
ol QGC Z/’)’
s Z W TGCs
5 oy W -
Z/y
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e Summary of the sensitivity of each process to the subset of operators

Processes of interest — EFT sensitivity

o empty cells — no impact from the EFT
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- ’ ‘ CD-Z~jj v Wé
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[
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Fit Procedure

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

Nu:sances
N
E(C): H ( I?rs )) —Nk(c)>< H 9|9
. k-
131n =R y syst=j
Po?sgon

SM expectation for N(c¢=0)

Total yield: N(€) =SM+ 3" ¢, - Lin, + ¢ -Quad, + 35 CaCsMiXap

Single nuisance: proxy LHC luminosity 2% correlated across all yields & samples (flat prior)
Sensitivity constraint at 68% and 95% CL estimated as -2ALL <1(2.30) and -2ALL <3.84(5.99)

for single (pair) Wilson coefficient
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Template fit analysis

e Dependence of EFT-induced kinematic anomalies on Wilson coefficients

e Likelihood fit for each variable based on 16 range (area for 2D fit)

W2zy Simulation 300 fb™' (13 TeV)
£ 5F
g I SMEWK 7/ SMSaLUne. | :Quadow A=1TeV, L=300fb" (13 TeV) A=1TeV, L=300fb" (13 TeV)
& e g | lsisane _ L\ B e e e e T T L L e B e
4 < 5 i
o :VZZ

w

n

[ 1 68% ] o ]
O i : \ / ] - Combined ]
< r ] i 1
= r ] i 1
Dl | R TR \ ATETRETE Lo Do vn oy el on yBo o 8o vainy ol o oy oy By
= 4 3 05 0 05 1
gg 20— CW
oo
2712 16 18 2 22 24
.
HO

e Optimal variable extracted per operator used in combination
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Triboson: fully leptonic WZy

e WZy production extremely rare process ~O(fb) studied in fully leptonic channel
e Inthe SM, WZy depends on QGCs — very sensitive to Q, effects

wzy Simulation 300 fb™! (13 TeV)
L / . Ty JouuNs
§ | e Zome Lo, | Fox-Wolfram variable Qw = 5w, W, "W,
4 ‘Iil’BSMcW:W.O
; [PRD.87.073014]
— good discrimination between q ﬂ W
Wi
O(A™) dim-6 contribution and SM W z
7 v
——— T priprT,;
i Hf = > 5 P (cos Q)
@ z;;ﬂu i,j=particle <Zk=i,j DT,k
2 14 1.6 1.8 2 22 24
H;

CC%%ETA EFT in Triboson C. Tarricone



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.073014

Triboson: fully leptonic ZZy

e Higgs-gauge boson couplings affect the electroweak vertices in ZZy

e Best variable: total p_. of same-sign leptons — non-negligible linear term

Events

BSM/SM

o [2)) ~ @

IS

(LR R AR RAR R RRRRR RN

77y Simulation 300 fb" (13 Te
SM (EWK) %/, smstat. Unc. """ Quad cHDD
T~ i LincHDD [JBsMcHDD-0316 || BSM cHDD=1.0

[JesmcHpp-3.16

0 20 40 60 80 100 120 140 160 180 200

Pr o [GEV]

Consequence:
evident asymmetry in the

likelihood scan
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e Study of inclusive 4ljj production: EWK VZZ QCD-induced background

Triboson: semi-leptonic VZZ

e Unique Q,, -sensitivity of WZZ channel to WWZZ quartic couplings unlike ZZZ channel

CC%%ETA

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

|USM = OEWK + 0QcD

Events

BSM/SM

\774 Simulation 300 fo™' (13 TeV)

30—

r SM (EWK) SM (QCD) 7/, SM Stat. Unc.

C §iauadew T iinow BSM cW=0.1 EWK SM term
25~ [Jesmcw-0316 | |BSMcw-1.0 broad peak
2o - around

g (m,,+m,)/2
— /Quadratic term

; — resonates at m,
5l—

nlt 1 sreed ko i |

o

4

8 60 70 80 80 100 110 120

m, [GeV]
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Triboson: semi-leptonic VZZ/VZy

e Impact of QCD background on semi-leptonic channels VZZ/VZy sensitivity

® Q,wpand 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 — —— | 2r T T T e G e——
! 4 . \ ] [ / 1] . +68% EWK=QCD
: | ] . | T
5 I : ] 1 ]
B I 1 - | ]
- | ¢ : i B : 1 +95% EWK+QCD
of- B : 1] oo W I I '+ I
i : | A I 1] —— +68%EWK
_5—_ | i _1; I |:
i l . ] [ I 1
i : ! 1 . 1]
: I : ] I i — e
—10k ! | I | || e ! ! ! i ! L
o °§ \ % 0% : iy og o§ | g o% I
L=== \ / @® sv

e EFT operators impact on QCD diagrams enhances the overall sensitivity despite larger bkg.
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1x71 : INFN
Individual constraints

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

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

4 Sy T ™ T ]
——— Linear 68% C.L. e | ingar 95% C.L. § [ .
sC ]
: Large impact of
\:| Linear+Quadratic 68% C.L. - Linear+Quadratic 95% C.L. P ]
F o
e e e I3 E quadratlctermson
wzy [-0.20(-3.38),0.21(2.84)] [-0.31(-7.14),0.32(5.06)] puumly b b
vzZy c [-0.26(-5.85),0.26(5.78)] [-0.37(-11.54),0.37(11.26)] o -
vzZ W [-0.63(<-20),0.63(>20)] [-0.97(<-20),0.97(>20)] F E Q Q Q Ops
I Combined [-0.18(-3.28),0.19(2.79)] [-0.27(-6.88),0.28(4.99)] I F o | ] W 9 HW 9 HB
wzy — [-0.41(<-20),0.41(>20)]  [-0.60(<-20),0.60(>20)] I b
| V4% X . c [-0.62(<-20),0.61(>20)]  [-0.90(<-20),0.90(>20)] r
vzy —— HB  [-0.55(<-20),0.54(>20)] [-0.77(<-20),0.76(>20)] ol 10 0\ - - e L]
I Combined —— [-0.37(<-20),0.37(>20)]  [-0.53(<-20),0.53(>20)] - e - R
W
wzy — [-0.44(<-20),0.44(>20)]  [-0.65(<-20),0.65(>20)]
I 2zy —— [-0.68(<-20),0.68(>20)]  [-0.98(<-20),0.99(>20)] I
vzZy —— Cpy [-060(<-20),060(>20)]  [-0.84(<-20),0.84(>20)]
vzz " m [-4.78(<-20),4.08(>20)]  [-6.91(<-20),6.17(>20)] A=1TeV, L=300fb" (13 TeV) —1TeV, L=300f" (13TeV
\| Combined —— [:040(<-20).040(>20)]  [-057(<-20),0.57(>20)] & . : Al f (13Td )7 [ it b_ (s 1ey)
—m o I IS IE IS I I IS IEE IS I S e e e s e : j I
wzy = [-0.50(-1.14),0.73(1.03)] [-0.79(-2.34),1.04(1.93)] o o [
2zZy E—— [-0.81(-2.72),1.06(2.30)] [-1.23(-5.74),1.49(4.11)] 5 " s [
vZy = [0.11(-0.12),0.11(0.11)] [-0.22(-0.23),0.23(0.22)] E [
vzz -_—— [-0.80(-0.68),0.65(0.73)] [-2.22(-1.28),1.20(1.48)] ] 3 1]
Combined =3 [0.11(-0.11),0.11(0.11)]  [-0.21(-0.21),0.21(0.21)] = 4L 98 =
wzy @ ————m [1.36(-1.57),1.79(1.42)] [-2.50(-3.22),11.19(2.66)] 3 s E
2Zy E—_— [-1.91(-273)455(231)] [-3.27(-5.77).653(4.14)] e o F ]
vZy =3 [0.17(-0.17),0.17(0.17)] [-0.33(-0.34),0.34(0.33)] F E
vzZ e [-2.73(-3.31),1.82(3.67)] [-3.78(-6.14),2.82(7.53)] 2 -
Combined = [-0.17(-0.18),0.17(0.17)] [-0.33(-0.35),0.33(0.34)] i
1 i[--68% §
n:J hE b | | ] [ ST T T R | ‘»///\H’
Joduduliduilw il e ] Lo lodudbbybubodul -4 6 8 10 12 7 6 5 4 -3 2 -1 0 1 2
208161412108 6 4 -2 [ 2 4 6 81012146180 Cup Crws

e For other operators, linear interference term dominates
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Profiled constraints C
/ Profiled fit: \

Profiled || Profiled B individual All the coefficients
o (except for the one of interest)
Combination ) SM
95% C.L., 13TeV.A = 1 TeV, L = 300 tb™
floating parameters
Individual Profiled
e [ T ] [033,033] [4.39,6.27)] . .
Unconstrained nuisances
HW [:_: BL S Teelat) y ke . .
c [-057,057] [-2.29,2.85) with a flat prior
Come l == I [021,021] [-221,247] K in the maximum range (-20, 20). /
O N | [-053,053] [1.18,1.20]
o [ o ] [-0.27,0.28] [-0.31,0.31]
56 4 -2 0 2 4 6 8

Comparison between profiled and individual expected
constraints on the Wilson coefficients from the
combination of the leptonic VZZ/VZy channels
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Profiled constraints C
/ Profiled fit: \

All the coefficients
(except for the one of interest)

floating parameters
Individual Profiled
Profiled e [ T ] [033,033] [4.39,6.27)] . .
. Unconstrained nuisances
constraints up to Co I [057,057] [-2.29,2.85] th a flat pri
10x less stringent ) with a Hat prior
than individual Crme I (e ] | [-0.21,021] [-221,247)] & in the maximum range (-20, 20). /
O I | [-053,053] [1.18,1.20]

8 6 4 -2 [} 2 4 6 8

Comparison between profiled and individual expected
constraints on the Wilson coefficients from the
combination of the leptonic VZZ/VZy channels
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Profiled constraints

|

Q,, effects uncorrelated
with the other operators
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-

H w = [-0.27,0.28] [-0.31,0.31]

8 6 4 -2 [} 2 4 6 8

Comparison between profiled and individual expected
constraints on the Wilson coefficients from the
combination of the leptonic VZZ/VZy channels

Profiled fit:

All the coefficients
(except for the one of interest)

floating parameters

Unconstrained nuisances
with a flat prior

~

K in the maximum range (-20, 20). /
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2D constraints (NN

A=1TeV, L=300f5" (13TeV)
e

T
[$)

e In triboson studies, most sensitive process - [] combines 1T N

+ : E

WZy tully-leptonic to Q,,-induced anomalies E —

W2zy

i . vzz £ o
e Semi-leptonic VZy leads to strongest e TORTONTONI- L OTTOUNIRIN N

constraints for Q and Q,, operators A=TTeV. L=3001 (13TeV

T T T T T T

A=1TeV, L=300fb" (13 TeV)
15[ 3 £ osf ‘

HWB

Chws

£ & ... ]

o5+ : * ]

e Small mutual interference term for R

operator pairs Qw'QHWB

CC%TA EFT in Triboson C. Tarricone




INEN

Summary and outlook

e Triboson measurements powerful tool to explore BSM physics with the EFT model-independent

approach — consistency test of EWK sector

e First phenomenological dim-6 study on tri-boson VZZ/VZy processes at O(A™) competitive &

complementary constraints w.r.t. combination VBS+di-boson WW

‘ I~ Processes Operators — Qw QuB QHw QawWwB | QHD
] 68% C.L. [-0.18,0.19] | [-0.37,0.37] | [-0.40,0.40] | [-0.11,0.11] | [-0.17,0.17]
Triboson ’
95% C.L. [-0.27,0.28] | [-0.53,0.53] | [-0.57,0.57] | [-0.21,0.21] | [-0.33,0.33]
VBS 95% C.L. [-0.19.0.18] - [-1.02,1.08] | [-1.34,0.96] | [-1.98,1.74]

e Expand scope of EFT analysis
o combination of multi-boson analyses (VBS, di-boson, tri-boson) with Higgs measurements

at reco level to constrain both dimension 6 and 8 EFT operators
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Motivations

e Triboson production from p-p . W
scatterings at 13 TeV
o  processes predicted by the 7
Standard Model (SM) to be
extremely rare 7 Z/

e Fundamental test for the electroweak

sector of the SM q W q &
o  Triple and Quartic Gauge Z/y
Couplings (TGCs, QGCs), and 0 Z W
Higgs-gauge bosons couplings . = W
o Potentially anomalies in TGCs . Z/y ; W

and QGCs (aTGC, aQGC) may
hint to new physics
m  SM-EFT studies

CC%‘%ETA EFT in Triboson C. Tarricone




s } ZZ/ s ; Z Studies X3 ’ ¢ and @*D? v2p®
}} Qo | [ABCGIGEGSH | Q, (lp)? iy (o) (e FN
B o M TORINO
Approach and models Qs | 17°Graree | Qo | (oD | Qu | (#lo)Gud)
Qu |k wiwiwis Qo | (¢1D*0)" (¢'Due) | Qe | (FP)@)
o e e _ TIK 7 vy Jpyi/ Kp
< Sensitivity study [10.1007/JHEP08(2023)158] Qw | W, W,*W,"
at the parton level to the dimension-six EFT X | v Xe v D
) or ol GA GAmv
effects on VZZ/VZy production processes i i Brerstors.—s
i . @ ol Gh,GA [ Processes Qw Qus | Quw | Quws | Qup
(focused on Warsaw basis bosonic operators) [0 | dowiw
0 oto W Wik WZ~y v v v v v
WZY ZZY v oW b = pv
| QwB \P“P BuuBW 77 7 v v v
pp — WZy — p* v e‘ey PP — ZZy — pruetey Q.5 o' B, B"
|Q¢VVB ,’OTTI\p ‘/V‘{VB;U/ VZ";’ v v v v v
VZ VZZ - o B
v Qovp | o7 e Wb VZZ v v v v
pp — VZy - jjI'ly pp — VZZ —jj p'uete
vzz Simulation 300 fb (13 TeV)
g 30; SM (EWK) SM (QCD) % SM Stat. Unc.
W {Tlauadew T BSM cW=0.1
25— [j BSM cW=0.316 -E[ BSM oW=1.0
R . F studies based on the EFT
R MC generation (LO) “t framework developed by
>  MadGraph5_aMC@NLO 2.6.5 interfaced with SMEFTsim 3.0« the Milano-Bicocca group
. F G. Boldrini et al.
> U(3)’ flavor symmetry, {m,, m, G} as an input scheme pa— (G. Boldrini et al.)
> No triboson intermediate states forced £
—EWK irreducible bkg. automatically included T
(+ interference w/ signal processes) 3 |
=
. . 1
—QCD bkg. generated for the semi-leptonic channels #

(but suppressed by the kinematic selection)

50 60 70 80 90

100 110 120
m; [GeV]



https://doi.org/10.1007/JHEP08(2023)158
https://arxiv.org/abs/1008.4884
https://github.com/amassiro/AnalyticAnomalousCoupling

VZ7/VZy studies

Results

—_——

[ ]

wzy

vzy

vzz
Combined

wzy

2zy

vzy
Combined

wzy

2zy
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vzz
Combined

wzy

2zy

vzy
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Combined

wzy

2zZy

Vzy

vzz
Combined

Linear 68% C.L.

Linear+Quadratic 68% C.L.

bbbl L

Lol

- Linear 95% C.L.

300/fb
A=1TeV

- Linear+Quadratic 95% C.L.

Crws

L+Q (L) 68% C.L.
[-0.20(-3.38),0.21(2.84)]
[-0.26(-5.85),0.26(5.78)]
[-0.63(<-20),0.63(>20)]
[-0.18(-3.28),0.19(2.79)]

[-0.41(<-20),0.41(>20)]
[-0.62(<-20),0.61(>20)]
[-0.55(<-20),0.54(>20)]
[-0.37(<-20),0.37(>20)]

[-0.44(<-20),0.44(>20)]
[-0.68(<-20),0.68(>20)]
[-0.60(<-20),0.60(>20)]
[-4.78(<-20),4.08(>20))
[-0.40(<-20),0.40(>20)]

[-0.50(-1.14),0.73(1.03)]
[-0.81(-2.72),1.06(2.30)]
[-0.11(-0.12),0.11(0.11)]
[-0.80(-0.68),0.65(0.73)]
[-0.11(-0.11),0.11(0.11)]

[-1.36(-1.57),1.79(1.42)]
[-1.91(-2.73),4.55(2.31)]
[-0.17(-0.17),0.17(0.17)]
[-2.73(-3.31),1.82(3.67)]
[-0.17(-0.18),0.17(0.17)]

L+Q (L) 95% C.L.
[-0.31(-7.14),0.32(5.06)]
[-0. 37( 11.54),0.37(11.26))
[-0.97(<-20),0. 97(>20)]
[-0.27(-6.88),0.28(4.99)]

[-0.60(<-20),0.60(>20)]
[-0.90(<-20),0.90(>20)]
[-0.77(<-20),0.76(>20)]
[-0.53(<-20),0.53(>20)]
[-0.65(<-20),0.65(>20)]
[-0.98(<-20),0.99(>20)]
[-0.84(<-20),0.84(>20)]
[-6.91(<-20),6.17(>20))
[-0.57(<-20),0.57(>20)]

[-0.79(-2.34),1.04(1.93)]
[-1.23(-5.74),1.49(4.11)]
[-0.22(-0.23),0.23(0.22))
[-2.22(-1.28),1.20(1.48)]
[-0.21(-0.21),0.21(0.21)]

[-2.50(-3.22),11.19(2.66)]
[-3.27(-5.77),6.53(4.14)]
[-0.33(-0.34),0.34(0.33)]
[-3.78(-6.14),2.82(7.53)]
[-0.33(-0.35),0.33(0.34)]
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Interpretation of triboson results traditionally in terms of

dim-8 SMEFT operators (aQGCs)
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Dim-6 EFT operators have an impact too!
proof of quadratic terms importance!

very competitive constraints!

identification of the most sensitive variables

fundamental role of combination of the analyses
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W2y, 77y, VZy,and VZZ channels

Kinematic selection and variables under study
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Process Variables of interest Selections
°y my, Mmjj, PP, p».., Py Dy << €
VZ iy D%y DY P DR 50<m;;<120 GeV
. 2 j i

(bp =25 207)  pi, o7, D7, Dugj, Adjj 0y, 60<my < 120 GeV Process Variables of interest Selections
Njas Mys Mas Pjrs Pjas M5 &7, pryr > 20 GeV ppp > 10 GeV
ihigys Bzay By Pz Zl;r.z' 250G(§Zv ||771l ;2 WZy MET, mu, mzw, pZ, p¥, pl, 50<my, <110 GeV

p 1 1 T, > < i — 1l 1 1 +,,+

Prwvzy Prvzy Provy Provy prjia > 30 GeV il < 2.5 (b= 8Lv ) o, o B 2 Ty e
I i pjl ph T.j e ) i 7, 67, pll ) p’2 ) pll MET > 30 GeV
Proy Prop Preyp Prey AR(l',y) > 0.4 T TEy T TTE) > 20 GeV > 10 GeV
. Vo ol oY AR(I', 1) > 0.4 AR(y,j*) > 0.4 Lo ph 2 ! b il ¢
I T(2)’ 7’7‘(2)’1 Pr(y) T’T;zw +J : 7J . Pg(zv”T(LVZ)*pr(x'zvl’r‘(‘v}’)’ pri > 5GeV || <25
I)T(VZ)’ ' H{ (]]). H[(”) PT(“')- pT(Z)v pT(Z)‘ pT(‘y)’ PTHy \ 20 GeV |’I7,7| 25
Hi (2l 2j7) p}(u'Z)* Hy(ll), Hf (3lvy) AR(l*,y) > 0.4

VZZ my, Myj, Mar, Majj, pg, pf}, 50<m;;<120 GeV VA my, ma, p,Iz,l, pf?, pfll,, pfl%, 60<my <120 GeV

" ; i , +,4 tut - 2 >

(pp—2j 40 pht piz o pla plz pV opst, 60<my < 120 GeV (pp — 4l 7) P P D s T Y, 67, prp > 20 GeV ppp > 10 GeV

Anii, Db, Mivs Mias W pro > 20 GeV o prgpz > 10 GeV ) 2 1 Ly pryi > 5 GeV g < 2.5
ij gir i Mz, T 5 GeV 2 30 GeV Pr(z4) PT(27) PT(z0) PT(21) - G )
Mys Djrs Pias P22y Pr(z2) T’T-li . ;, | |])7‘J;25/ P, P2, Pl o2 Pry = 2()) &V |m| <25
» - , Nl < 2.5 || < 2.5 1(22) PT(22) P1(22) PT(22) AR(li, ) > 0.4
s PR Poigys PRozss It ik ) 2 y y ’
rl(ZZ) Z(ZZ) le(Z') 5(2.) AR(l*, %) > 04 p;,m, p,;,m, Prizy Pr(zs)
”'T,(z.)' ”]T(z.>‘((’r)(zz>' PT((Z.;' Przzy HE (W), HE(4l)
Pr(zz) Hi(57), Hi(ll),
Hi (4855)
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WZy 77y VZy vzZZ
pp > WZy->u'v e'ey pp->ZZy->p'we'ey | pp->VZy->jj’I'ly | pp->VZZ->jjp'we'e
60 <m, <120 GeV
p,'>20 GeV p,>>10 GeV p,>5GeV
| <2.5
50 < m,< 120 GeV
TGCs and QGCs not
50<m,, <110 GeV involved p,j >30 GeV
MET > 30 GeV Q,, has no effect on this Injl w2
channel
AR, >0.4
p; >20 GeV
No Photons
| <25 il
ARW >04 Q,; has no effect on this
channel
No hadron jets => No QCD-induced bkg ARjY >0.4
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Standard Model-Effective Field Theories @:T\l

Dimension-6 operators

Model-independent approach: SM-EFT framework

X:i 4}96 and <,04[)2 wZip:i
E (4) —l— Zn i e 4 Q(n) — Dim.n>4 op. Qc fABCG;jVGVBpG,?N Qw (W]\‘py Qmp (WTW)(ZPETW)
'A g | FPGrGEGH | Q| (POOWY) | Qu | (OGP
New Physics scale Wilson coefficient Qw | KWW ewEe | Qup | (¢'D*0)" (¢'D,u) || Qup (') (Gpdr )
(Asetto 1 TeV) O 61.11(’”7‘qu1;1”,‘//{@
Effect of an individual dimension-6 Q s e sep
ect of an individual dimension-6 operator, €.g. - E
perator, &8 Ly Qo | decrcm | ouw | Gorerrowl, | oW | 01D, 0)0nm,)
) - _ ;
2 2 C 2 _ T, A YApv A L o ). B ” (3) T D[ nl
|A| = |ASM| + 2 Z—vZRe(AaWASM) —+ A—VZ|AQW| Qth ¢ *QGWG Qen (lyo" er)p By, Qgpl (¢l )(PT 1)
\ ) [§ ~ J \ ) Q»aW ‘php W/,{uWIm/ QuG (q (et TAU'T)W G;W Qve (\pTlDu )( ’Yﬂp )
SM Lincar Quadratic Qv | PeWLW | Quw | (Gomu)r'gW}, | QR (WD” ©)(@"er)
. . . v = Wy \o5 (3)
Further extension to the effects of couple of operators combined Qen ¢'¢ Bu B Qup | (Go""ur)$ B 8 | @D o)@r'ra)
AR = [Aandl? 4 2 “_ Re( .A Q.5 'oBLB* | Que | (Go*T*d)p Gy, | Quu | (& ZD,L ) (@ ur)
A" = [Asul” + \Zl A2 e(Ag, Asw) Quwve | ToWLBY | Qav | @o™d)T e WL, | Qua | (9%iD,e)(dn*d,)
M Lmear Quvp | ¢ToWLB" | Qus | (40" d)¢Bu | Qo | #@'Dup)(@y"d,)
CiCj
+ —Re(Ap, AQ ) + . .
\Z’#J At Z Dim. 6 operators from the Warsaw basis [2]
%(_/
Mixed mterference Quadratic
2 B. Grzadkowsk1 et al. Dimension-six terms in the standard model lagrangian. Journal of High Energy Physics, 2010(10):1-18, 2010
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Standard Model-Effective Field Theories

Dimension-6 operators

Model-independent approach: SM-EFT framework

£:£(4)+Z Q(n) @  Dim. 7> 4 op.
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New Physics scale

(A set o 1 TeV) Wilson coefficient

Effect of an individual dimension-6 operator, e.g. Q,,

62
[A* = |Asm* + 2 2% Re(Ap, Asm) + 25| Ag, |
\ J N ~ J |
SM Linear Quadratic

Further extension to the effects of couple of operators combined

2 2 1
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. J AN
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Qw | KWIWIPWEe
X2%p? VX V2D
+ A ~Auw — —
Qua 0 GLG
- Operators —
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Dim. 6 operators under study from the Warsaw basis [2]

2 B. Grzadkowsk1 et al. Dimension-six terms in the standard model lagrangian. Journal of High Energy Physics, 2010(10):1-18, 2010
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Shape analysis

Effects of a single operator

Wzy Simulation 300 fb' (13 TeV)
£ 16—
§ C SM (EWK) 7/ sMsut.Unc. | QuadcHB
W 14— I itincHs [ IBsMoHB=0.1 [ |BSMcHB=0.316
C [_|BsMcHB=10
12—
10~
8—
6 ;
£ Sl -
=
@
=
7]
@
% 70 20 30 40 50 60 70 80 90 100
Py, Wrt Z[GeV]

Events

BSM/SM

77y Simulation 300 fb™ (13 TeV)
SM (EWK) %/, sMstat. Unc. {"QuadcHDD
T "l LincHDD []esmcHpD-0316 || BSMcHDD-1.0

[]esmcHpD=3.16

% 20

20

60 80 100 120 140 160 180 200

pT,e‘u’

[GeV]

Examples of remarkable variables of interest and the corresponding SM and SM+EFT
event distributions for the fully leptonic channels WZy and ZZy
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Shape analysis @:T\l

Effects of a single operator

wzy Simulation 300 fb™ (13 TeV)
£ 16—
§ C SM (EWK) 7/ sMsut.Unc. | QuadcHB
W 14 TitnoHs [IesmcrB-01 [ |BSMcHi
E [ ]esmeHB-t0 Relative transverse momentum:
2 p, of a particle relative to a longitudinal direction
high Q,,,-sensitivity! defined event by event by the total momentum of
(similar behaviour for 0, another (set of) particle(s)
8
6 ;
o o i
o /
,_ B D PO TR O P o
& z
% 2 M ¢
2] ot - > -8
% 10 20 30 40 50 60 70 80 90 100
Py, Wrt Z[GeV]

Examples of remarkable variables of interest and the corresponding SM and SM+EFT
event distributions for the fully leptonic channels WZy and ZZy
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Shape analysis

Effects of a single operator
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Positive contribution
from pure BSM
quadratic @, term

77y Simulation 300 fb™ (13 TeV)
o [
& 8 SM (EWK) 7/ sMstat. Unc. """ Quad cHDD
> o R T
w 7: 1 ilincHDD []esmcHpD-0316 || BSMcHDD-1.0
E []esmcHpp-3.16
6—
£ — . .
s e Negative contrlb}ltlon
E e from destructive
4 interference SM-Q,
3
o

BSM/SM

% 20 40 60 80 100 120 140 160 180 200

pT,e‘u’

[GeV]

Examples of remarkable variables of interest and the corresponding SM and SM+EFT

event distributions for the fully leptonic channels WZy and ZZy
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Shape analysis @

Effects of a single operator

77y Simulation 300 fb™ (13 TeV)
[2] F
::j 8;— '".S-M(EWK) 7/, SMstat. Unc. {"QuadcHDD Conseauence:
[ 1 ilincHDD []esmcHpD-0316 || BSMcHDD-1.0 . ~onsequence .
75_ [JesmcHon-ats evident asymmetry in
o _ the likelihood scan
E e
o e
o
r pT,e*p*
3 4 F
g 200
2= E:
E 18-
T |
of S 145
PP AP APUSPRUNK driairk AP RPN RPN AR RPN AR 12
3 100
~ 2 C
= 8
«Q . = * . . . - *
m — (o=
% 20 40 60 80 100 120 140 160 180 200 4
.. [GeV 2
pT'*’“'[ ] Qb Iy #fhe eleoolvaqlas
) ) : 6 420 2 4 6 8 10
Examples of remarkable variables of interest and the corresponding SM and SM+EFT

event distributions for the fully leptonic channels WZy and ZZy Likelihood scan relative to ¢, for
the channel ZZy
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1D constraints
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—e—— Linear68% C.L. aeeen | inear 95% C.L.
Linear+Quadratic 68% C.L. - Linear+Quadratic 95% C.L.
wzy = [-0.20(-3.38),0.21(2.84)] [-0.31(-7.14),0.32(5.06)]
VZy —— c [-0.26(-5.85),0.26(5.78)] [-0.37(-11.54),0.37(11.26)]
vZZ e W [-0.63(<-20),0.63(>20)] [-0.97(<-20),0.97(>20)]
Combined ;ET ....... [-0.18(-3.28),0.19(2.79)] [-0.27(-6.88),0.28(4.99)]
wzy i [-0.41(<-20),0.41(>20)]  [-0.60(<-20),0.60(>20)]
ZZy —— c [-0.62(<-20),0.61(>20)]  [-0.90(<-20),0.90(>20)]
vzZy ——u HB  [-0.55(<-20),0.54(>20)] [-0.77(<-20),0.76(>20)]
Combined —— [-0.37(<-20),0.37(>20)]  [-0.53(<-20),0.53(>20)]
wzy e [-0.44(<-20),0.44(>20)]  [-0.65(<-20),0.65(>20)]
ZZy P [-0.68(<-20),0.68(>20)]  [-0.98(<-20),0.99(>20)]
vZzy —— Chw [-0.60(<-20),0.60(>20)]  [-0.84(<-20),0.84(>20)]
\VZZ — [-4.78(<-20),4.08(>20)]  [-6.91(<-20),6.17(>20)]
Combined —— [-0.40(<-20),0.40(>20)]  [-0.57(<-20),0.57(>20)]
wzy —— [-0.50(-1.14),0.73(1.03)] [-0.79(-2.34),1.04(1.93)]
2Zy i g i [-0.81(-2.72),1.06(2.30)] [-1.23(-5.74),1.49(4.11)]
VZy =3 Chwe [0-11(-0.12),0.11(0.11)]  [-0.22(-0.23),0.23(0.22)]
vzZ ——1 [-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)]
ZZy [-1.91(-2.73),4.55(2.31)] [-3.27(-5.77),6.53(4.14)]
Vzy Cpp [017(-0.17),017(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)]
Combined [-0.17(-0.18),0.17(0.17)] [-0.33(-0.35),0.33(0.34)]
AL 5 T ] pou ] e
86 -4 2 0 2 468
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1D constraints

Comparison:

(Lin) vs [Lin + Quad]

High impact of the

Linear interference
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Crws

Crp

[0.50(-1.14),0.73(1.03)]
[-0.81(-2.72),1.06(2.30)]
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[-0.22(-0.23),0.23(0.22)]
[-2.22(-1.28),1.20(1.48))
[-0.21(-0.21),0.21(0.21)]

[-2.50(-3.22),11.19(2.66))
[-3.27(-5.77),6.53(4.14))
[-0.33(-0.34),0.34(0.33))
[-3.78(-6.14),2.82(7.53))
[-0.33(-0.35),0.33(0.34)]
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2D confidence areas

Examples of contours of the
68 % C.L. exclusion areas for
pairs of operators affecting the
channels of interest
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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 Profiled | |profiled [l individual

Combination SM

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

coefficients profiled

(free-floating in fit)

Individual Profiled
([ Pl'Oﬁled COIlStralntS a-re U.p tO IOX leSS B I:-: [_0_33’0_33] [—4.39,6.27]
stringent wrt individual ones : FIsRAsY, [eaany
C i . - [-0.21,0.21] [2.21,247]
® Q,, -induced anomalies uncorrelated e - @ 0m [053,053] [-1.18,1.20]
with other operators o = P, EO R
$6 4 2 0 2 4 68
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Global fit CNFN

Profiled constraints
a Profiled fit: N\

. ' N All the coefficients
Profiled D Profiled . Individual (except for the one of interest)
Combination ) SM
95%C.L, 13TeV,A=1TeV,L=3001b" ﬂoating parameters

Ingividugl Profiled Unconstrained nuisances
o T 033,038 [439,627) . with a flat prior
in the maximum range (-20, 20).
Chw C ' [057,057] [-2.29,285]
Fi [ | o | | [0.21,021] [-2.21,247]
O N | [-053,053] [1.18,1.20]
o [ o ] [-0.27,0.28] [-0.31,0.31]
56 4 -2 0 2 4 6 8

Comparison between profiled and individual expected constraints
on the Wilson coefficients from the combination of the leptonic
VZZ/VZy channels
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Global fit CNFN

Profiled constraints
a Profiled fit: N\

All the coefficients
(except for the one of interest)

floating parameters

Ingiidugl Profiled Unconstrained nuisances
to TN 033,038 [439,627) . with a flat prior
decrease in the in the maximum range (-20, 20).
sensitivity of the profiled Crw N [OB7.057) 2292851 k /
ifr‘lltd‘i&télugeiscp:lf:ttr(;itr}:tes Coms 1 B ] [0.21,021] [221,247]
% I | [-053,053] [1.18,1.20]

8 6 4 -2 [} 2 4 6 8

Comparison between profiled and individual expected constraints
on the Wilson coefficients from the combination of the leptonic
VZZ/VZy channels
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Global fit

Profiled constraints

Q,, effects uncorrelated
with the other operators

INEN

-

Cw

[-0.27,0.28) [-0.31,0.31]

8 6 4 -2

6

Comparison between profiled and individual expected constraints
on the Wilson coefficients from the combination of the leptonic

VZZ/VZy channels

Profiled fit:

All the coefficients
(except for the one of interest)

floating parameters

Unconstrained nuisances
with a flat prior

~

in the maximum range (-20, 20). /
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Shape analysis @:T\l

Likelihood scan J—

NN

. . B
o F ey Simulation 300’ (13 TeV) Likelihood scan: for each variable evaluation of
© 4O [ swEw  7Zswsaiun [ iousow the likelihood varying a single Wilson coefficient
- asf- rzie L T e - p in a fixed range
E []esmew-1.0 Preliminary Simulation T
30; — i<l1 20é Preliminary e.g: L(ew)= Hk W . e Nelew)
25 E
E 18 where  nj = Ni(0)
20 E
g 161 with W ¢[-1.5,1.5]
151 E (1 TeV)? ’
- 14F
1oF 12
s B TS
B O T 0 ol St SO T e T 8k
3 o | &
Z v 4t A— 95% C.L. — —2Alogl < 3.84
. o —— " o ] C
20 40 60 80 100 120 140 160 180 200 220 2r 68% C.L. — —2Alog£ <1
b [GeV] oI I S R S T
T -06-04-02 0 02 04 06 ] 8
SM and SM+EFT ¢ distributi Exclusion confidence intervals on the Wilson
an event CISTrbULIons as Likelihood scan with respect to p.. | coefficient

function of the leading lepton transverse
momentum (fully leptonic WZy channel) —2ALL = —2[logL(c;) — logLuax | 2

COMETA EFT in Triboson C. Tarricone ([ 46




Motivation for dim.-6 EFT sensitivity study S8

e Interpretation of triboson results traditionally in terms of dim-8 SMEFT operators (aQGCs)

CcMs

at the LHC e e Faww 126400, 1.26+00 359" 13 TeV
‘ == |

e However, dim-6 EFT operators i

can have an impact on triboson

frp IA*

production processes too!

frg /A*

e First LHE sensitivity study of VBS Fa A

frp IA*

+WW [JHEP05(2022)039] including ~ ** =

fro /A" '|§w 740100, 7 46100 e 203 10" 8oV
O(A_4) dim-6 EFT teI IIIS | 1 1 1 HH 1 1 2 | ggm‘gé’:aﬁ?} | 5272':?" $:;|l-§r\.!v
—_ extended tO triboson processes aC summary plots at: http://cern.ch/go/8ghC aQGC leltS @95% CL [TeV"‘]

- Recently: [JHEP10(2021)174] — new stringent EFT constraints from CMS
Vyy analysis (more details in backup)
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https://link.springer.com/article/10.1007/JHEP05(2022)039
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html
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Voyy AN

W) Ve Example of BSM
. H CMs 137 b (13 TeV, CMS 137 fbo (13 TeV
Results: SM & aQGCs diagram affected ¢ 120 S BB - ety
by aQGC . SR Wy
v y - 1000 77 Wyy 3 1000E Wyy
c [ Misid. electrons c 7 [ Misid. electrons
$ 800 [ Others 2 800 [ Others
a v S, = [ Misid. jets w [ Misid. jets

D
=
S

— fyg/A* =100 TeV*

— fyg/A* = 100 Tev*

400 400
200 200
g s 9 15
Measured cross section: T, : T A0 ;
ol 0 50 100 150 200 250 300 S 0 50 100 150 200 250 300
1.93 4.04 8 PGVl § P [GeV]
OWyy = 13'631_1:89 (stat. 402 (syst. )= 0.08(PDF +scale): 3.1S.D o golMs 178ty CMS 137 15 (13 TeV)
5 —— Data 3 —+— Data
S f | Zoeem b S jor Zowm Do
0,58 0.64 4 8 SD 'qc: 60| [ Others g 120 [ Others
— . . : . . > 50k [ Misid. jets > 7 [ Misid. jets
02y = b.4177 2 (stat. )20 (syst. )£0.06 (PDF +scale) i % e i o G 1% B o ey
30 Go%é,
208 7777777 408 777777
108 e — 205 V222222
4 _y E f i ;i 4 E L R . >
CMS : 137 (13 TeV) CMs 137 b (13 TeV) 3 150, | 5 15 +
! ¥ 1 =1 + +
e 1023 %92 (stat) *O% (syst. ——|  0.737218 (stat) *O72 (syst. ® s i ' | % s
Wisay ! S0z (S18L) T o (SySL) ey Soi7 (S18L) g g (SySt) s 0 50 100 150 200 250 300 & 0 50100 150 200 250 300
} S prGev] 8 P! [GeV]
W(uv)yy ——0.74 *071 (stat) " 0% (syst.) Z(up)yy 4 1.06 7311 (stat) "0 (syst) Wy (TeV?) Zoyy (Tev )
Parameter  Expected Observed Expected Observed
| . o . o f2/AY [-57.3,57.1] [-39.9,39.5] — =
W(Iv)yy . =078 oo (stat) 0% (syst) Z(lyyy —t 0917000 (stat) *07" (syst.) Fus/AY [-918,92.6] [~63.8, 65.0] _ _
e e ) fro/A*  [-1.86,1.86] [-1.30,1.30] [—4.86,4.66] [—5.70, 5.46]
= . . g X 4
Sional h ianal h fri/A* [-238,238] [-1.70,1.66] [—4.86,4.66] [—5.70,5.46]
e sengi Signal strength j fra/A* [-5.16,5.16] [-3.64,3.64] [-9.72,9.32] [—11.4,10.9]
frs/A* [-0.76,0.84] [-0.52,0.60] [-2.44,252] [-2.92,2.92]
4
200 fre/A*  [-092,1.00] [-0.60,0.68] [—3.24,3.24] [-3.80, 3.88]
JHEP 10 (202]) 174 frr/A* [-1.64,1.72] [-1.16,1.16] [—6.68, 6.60] [—7.88,7.72]
frs/A* — — [-0.90, 0.94] [-1.06, 1.10]
[

fro/ A* — — [-154,1.54] [-1.82,1.82]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html
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