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nTGC? aQGC? Why?

« SM provides gauge boson coupling of:

ELECTROWEAK VERTICES Triple Gauge Coupling (TGC):
W WIZy WWZ, Wiy

Quartic Gauge Coupling (QGC):
WWWW, WWzZ, WWZy,
WWyy

W W\Z/y

« What if prohibited vertices exist?

W/Z[y W/Z/y
A direct hint to

Z/y W /Zy W/Z[y

Neutral TGC (nTGC): anomalous QGC (aQGC)
LLL, L2y, Lyy




nTGC? aQGC? How?

« Standard Model Effective Field Theory (SMEFT) based on Taylor expansion in local operators with
mass dimension > 4

cd=6 ca4=8" dimension
c Lt Nl 9d=6 L N\ T 9d=8 |
SMEFT SM A2 L AE
[ j \
Wilson Coefficient Operators

Energy Scale

 The nTGCs and aQGCs (without aTGCs counterpart), which is today’s focus, are described in
diemension-8. While dimension-5 has one operators for neutrino mass and aTGCs arises from
dimension-6.

EFT
SM

« When the energy scale parameter A > +/s the expansion term can be
truncated.

« Growth of amplitude with/s can violate unitarity




nTGC? aQGC? How? - The Basic Way

Cross-section with single operator ,

d=8 d=8
c c
OSMEFT = Osm + (—A4 )Uint + <—A4 ) OEFT

» Cross-section of interference term is proportional to
coefficient.

» Cross-section of pure EFT contribution is proportional to the
square of coefficient

« With cross-section of g;,; and ogpr from MC whenc =1, a
likelihood test can be performed to the measured cross-
section:
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nTGCs - Pal"ameter‘s JHEP 1402 (2014) 101

) —e(qzs —m
zerg%{/(%,fh,%) = ( 3 5 V) f4 (Q39“ﬂ+Q39“a) V! fuaﬂp(% Clz)p , (1.1)
Mz

8K _ —e(q3 — mV) hV ©_of o pp hy _
iel'z v (d1,92,93) = M2 (a59*" —a59"”) + M2Q3[(CI3Q2)9 b qs]

hV
Z/y - hgeﬂaﬂpqu - M2q3€/.1,ﬂp0'q3pq2 } (12)
;;;tr;IZ;F/GZCyinTGC): - £ require on shell ZZ, while h{ require on shell Zy.

« Arecent paper point out that extra operators and form factor
should be introduced in nTGCs.-> PRD 107 (2023) 035005

Basis of dim 8 operators for nTGCs:

Ogy = i H' B, W* {D,, D"} H, 0%

Ogw = i H'B*W,,{D,, D"} H, ’L’LQ
Oy = 1 H'W,,WH* {D,, D'} H,
Opg = iH'B,,B* {D,, D"} H.

fi hi, hg fs h3, hi
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https://link.springer.com/article/10.1007/JHEP02(2014)101
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‘ CMS — ZZ(—) 4l) L =137 fb~1@13 TeV Eur. Phys. J. C (2021) 81:200

» Sensitive to two nTGCs: ZZZ, ZZy. oS o7 5 (13 7o) cus N (,3‘m)
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» Low background contribution (~3%) due to the : e
requirement for four well-reconstructed and isolated

] 1000

leptons.
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PO o : « Cross section measurement:
I Year Total cross section, pb
10 N
I 2016 18.1 0.6 (stat)+ s (syst)y £0.4 (theo)+0 4 (lumi)
2017 17.04+0.5 (stat)‘_*rg5 (syst) £ 0.4 (theo) £ 0.4 (lumi)
-t 2018 17.1 £ 0.4 (stat) &= 0.5 (syst) = 0.4 (theo) £ 0.4 (lumi)
5 ]
Combined 17.4 4+ 0.3 (stat) £ 0.5 (syst) & 0.4 (theo) 4= 0.3 (lumi)
| L ! ! | L ! ! | ) ! ! |
8 10 12 i \}]4 « Consistent with the NNLO prediciton
e


https://doi.org/10.1140/epjc/s10052-020-08817-8

CMS - ZZ(— 4l)

L =137 fb~ @13 Tev

Eur. Phys. J. C (2021) 81:200

« 2-D constraints, set limit to two parameters simultaneously.

Predicted cross section:

OSMEFT

_ 2 2
= Osm T C10int1,5M T C20int2.sM t+ C1C20int12 + C1°0OgpT1 + C2°OEFT 2

» Constraints are set on m,,, CP-even variable. Hence CP-odd

parameters (fy) interference term are vanished.

* Qverflow contribution are included in the last bin.
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‘ ATLAS — ZZ(—) 4[) Angular L =140 fb~1@13Tev  JHEP 12(2023) 107 p)

ATLAS
o Search for CP-violation and nTGCs in ZZ(4l) on-shell events (dim-8 EFT) FAPERIMERT

« Measure the ZZ polarization in 4l channel (extract the LL component)

 Measure the spin correlation between ZZ bosons

g [+

Z(*)/'r*
- Z(*)
e ;
A o oot 7(* i
(’+ + ? " A( ) /
o H
Z(*)/'r"* B

\qqAZZ+4I gg —> 77 = 4l ggeHeZZeml

Signal
e N
e
Triboson (VV/V) ttbar + Z M

\ }



http://dx.doi.org/10.1007/JHEP12(2023)107

‘ ATLAS — ZZ(—) 4[) Angular L =140 fb~1@13Tev  JHEP 12(2023) 107 p)

: . . ATLAS
« Toimprove sensitivity, the two CP sensitive EXPERIMENT
. i i ATLAS Simulati
angles are combined as: e e gz o
= E

Tyz,1(3) = sin ¢1(3) COS 91(3)

« An Optimal Observable (OO) is defined
from the 2D distributionof 7', 1 V. 5.T,,, 3
to maximise the sensitivity for the four-
lepton system.
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BDT Score

Interference only Full 0 1
aNTGC parameter Expected Observed Expected Observed Ty
Iz [-0.16,0.16] [-0.12,0.20] [-0.013,0012] [-0012,0012] | Angular observable allows direct probe to the interference term
fy [70.30,030] [70.34,028] [70.015,00151 [-0.015.00151 | and CPV effects, although it is of magnitude weaker in full EFT.
« ABDT is usedtodetermine the three different ZZ s of Arn'As S ;'Data |
. . . . = | Vs=13TeV, 140 fb” 2z
polarisation pairs: Z; Z; (Signal) || ZrZ;, (Background) & "} wozoa me
400f [ Interf. 1
« Fiducial cross section (4.30 forZ,;Z;): 300ﬁ' M Rorpromet
7 Uncertainty
L ¢ ]
. JZOfZS'L = 2.45 + 0.56(stat.) + 0.21(syst.) fb j:j M '
pred. e
e O = 2.10+ 0.09 fb 5 0 7
yANA —_ g + ( RE»
L L % N 91Y%‘//»'*/'/‘/;’/y’-/i//y-/,"/{7-/*//+//+/-/‘+’/Yi///s‘/‘/{/v‘+//;;// 7, I_//il '5


http://dx.doi.org/10.1007/JHEP12(2023)107

CMS -Z(- vw)y

* Invisible Z decay has a higher branching fraction
(20%) compared to the leptonic Z channel (10%)
and cleaner signature compared to both leptonic
Z decay and hadronic decay.

L=138 fb~1@13 TeV CMS PAS SMP-22-009

CMS Preliminary
50

138 fb" (13 TeV) CMS Preliminary
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« Measurement divided into barrel and endcaps

due to different detector response on fake 40
backgrounds: % 45 10 5 0 5 10 15 20
hy (10°%) hs (10
F:MS Preliminary 138 fb" (13 TeV) CMS Preliminary 138 b (13 TeV) Z]/y Ve rtex ZZ)/ Ve I’teX
10 mocrers mor | Mot vt

> e R (& SR b Parameter | Expected [ Observed
% 107! % ‘O; \ hg x 10* (-2.8,2.9) | (-3.4,3.5)
E’ i E’ 1‘; h x 107 | (-5.9,6.0) | (-6.8,6.8)

:g hy x 10* | (-1.8,1.9) | (-2.2,2.2)

7 7
P 2 hy x 10 (-3.7,3.7) | (-4.1,4.2)
Q 1.5:— Q 1.5:—
§ liaamene=——— % § 1 ﬁ“ The sensitivities to CP-conserving and CP- violating
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400  couplings are comparable in the probed pr regime.
Pt (GeV) RriGeY)
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aQGCs - Pal"ameters PRD 93, 093013 (2016)

 The Eboli Model:
« tensor (T): EWK field strength tensors derivatives

W/Z/y W/Z/y . sc_alar (S): Higgs doublet derivatives
* mixed (M): both

WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Lso, Lsa X X X 0 0 0 0 o) o)
Lo, Lama,Lme Lm X X X X X X X 9) 9)
w /) W/Z[y Eacasbars: LatasEats 0 X X X X X X 0 0
Y Lro ,L11,L12 X X X X X X X X X
Lrs . Lre L7 0) X X X X X X X X
anomalous QGC (aQGC) Lr,9 L1 0 0 X 0 0 X X X X
Bound
1 operator
- To guarantee consistency of the analyses, it is essential to Wilson coefficient For vis < 1.5(3) TeV
: : : PR PR s f Lsp| 32ms~2 20(1.2) TeV™
verify whether perturbative partial-wave unitarity is satisfied 3 i £.5(0.53) Tov—~
. th 771'5 . . €
Whe_n probing a_QG‘_CS- o | |%| % 752 8.5(0.53) TeV—
« Partial wave unitarity for two-to-two scattering is calculated in . p— Wil
PRD 101. 113003 (2020) . constralnts on eacC IiSon

coefficient can be obtained after restricting

* The bounds on each Wilson coefficient is related to the center- EFT contribution within S

of-mass energy (/s) of the two-to-two scattering system.

of E,. can be calculated and
compared with the constraints.



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.093013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003

‘ ATLAS —_ VBS ZZ(—) 4[) L =140 fb~'@13 TeV JHEP. 2024, 4 (2024) p)

L ATLAS
« Motivation and goal _
EW production
« Sensitive to 3 and 4-weak boson self-interactions q’
« Differential cross-sections can probe New Physics (aTGC, aQGC)
. . . Z
» Unfolded differential cross section measurement. W
* Remove detector response v 7
 Allow different models to perform re-interpretation directly
Reconstruction d|Str|but|0n = Detector Response ® PhySiCS dIStrIbUtlon yl 9
(Dete ctor-leve l.) (Pa rticle-leve l) > 'E atLas " VBS-Enhanced region, < 0.4
2 oL V=13Tev, 140t - Data, stat. unc.
Data L |
%1?.-;‘5 ----------- (EW i (POWﬁEG+PV8):ZZV(\:%ii) (}SHER‘PA)% =
Reconstruction o I‘CT+J+' e
- ] B e
2x10% 3x10? 10°

Unfold


https://doi.org/10.1007/JHEP01(2024)004

\ ATLAS - VBS ZZ(—) 4[) L =140 fb'@13TeV  JHEP. 2024, 4 (2024) p)

ATLAS
 Unfolded cross-sections in agreement with predictions (some underestimation™ "
from MG5+PY8 strong production)
* Limits to dim-8 operators from a combined m;; + my, fit with overflow
contributions. PRD 101, 113003 (2020)
* Clip scanis performed via E, = m4; to check the unitarity bound (if violated).
Wilson IMasg|>  95% confidence interval [TeV—4]
Clip scan is performed by estimating the limit of Wilson coefficient when coefficient Included  Expected Observed
S . : : Fr.o/A* yes [-1.00,0.97]  [-0.98,0.93]
clipping all the EFT event with the energy higher than the given E . o (19, 19] (23, 17]
fra/A? yes [-1.3, 1.3] [-1.2,1.2]
. T s no [-140, 140] [-160, 120]
2 a0k ATLAS = ATLAS N fr2/A* yes [-2.6, 2.5] [-2.5,2.4]
R ;\ {s=13TeV, 140 fb E {s=13TeV, 140 fb _E T.2 o 63, 62] (74, 56]
Y E = Frs/A? yes [-2.6, 2.5] [-2.5,2.4]
X\ E no [-68, 67] [-79, 60]
- B ‘\\.T:--"_':::::::::== ....... .j fT,6/A4 yes [-4.1,4.1] [-3.9,3.9]
E et ] no [-550, 540] [-640, 480]
- g E fralA® yes [-8.8, 8.4] [-8.5, 8.1]
_20::' — — Expected 95% confidence interval_: — — Expected 95% confidenceinterval_; no [-220’ 220] [-260, 200]
;__' Observed 95% confidence interval J Observed 95% confidence interval—f fT,S/A4 yes ['2-2a 22] ['2'1’ 21]
-30 S Unitarity Bound 1\ [ Unitarity Bound 3 no [-3.9, 3.8]x10* [-4.6,3.1]x10%
I T I R S B S S T frolA® yes [-4.7,4.7] [-4.5,4.5]
E. [TeV] E, [TeV] no [-6.4, 6.3]1x10* [-7.5, 5.5]x10*

The E, reigon not violate unitarity



https://doi.org/10.1007/JHEP01(2024)004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003

‘ ATLAS - VBS Z(—) 1/17))/ L =140 fb~'@13TeV  JHEP 06(2023)082 p)

ATLAS

« VBS Z(— vv)y is observed in low energy phase space (15 < (, 1
EY < 110 GeV) by ATLAS (EPJC 82 (2022) 105). But low
energy phase space has no sensitivity to aQGCs.

« This analysis conduct the VBS Z(— vv)y in high energy phase- ) -
space (E} > 150 GeV). Both phase-space can be combined to 5 1" aras C#Daa N EWK
obtain higher sensitivity to aQGCs. ooy & B o< BWeng 55

5| Signal region B tiyij Wi
10°E post-Fit Wz, i I Z (i

Uncertainty  ----Pre-Fit Bkgd. ]

« Dominant background from QCD Z(- vv)yjj and W(— lv)yjj.

10?

« Combined measurement has found a 6.30 (6.60) significance
on signal strengthen of VBS Z(— vv)y and the fiducial cross
section of high energy phase space is measured:

e
[N
_ 01

0 Z~vEWK = 0771_83(4) = 0774—8%‘; (St&t)tg%g (S}"St.) th.

0.75 +—+—++ _l—

0'5—1 0.30 0.53 0.71 0.81 0.86 0.90 0.93 095 1

BDT classifier response

Data / Pred.



https://doi.org/10.1007/JHEP06(2023)082
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z

ATLAS —VBS Z(— vv)y  t=139/p'013Tev  JHEP 0620231082
- Probed for nQGCs via EY. ?TLQSTV 1'3'9;_1' EW(‘;W " -xvv(E;)W

Clip scan performed by setting clip energy E, =

mz, (using particle-level information).

The regime in which E, is less than 4 TeV is

obtained with an EZ. threshold of 600 GeV (400

GeV) for fr (fm).

mm Zj, i (i
— fro/A*=0.084 TeV* ./ Uncertainty
—— o/ A*=4.6 TeV*

NN

 The regime in which E, exceeds 4 TeV is obtained . ,

with an EY. threshold of 900 GeV. ®osk > 9
00204 06 08 1 12 14 16 1.E§ [Te/\//]z

Coefficient  E. [TeV] Observed limit [TeV~—*] Expected limit [TeV 4] - g : T
fro/A* 1.7 ~8.7,7.1] x 10! (—8.9,7.3] x 10~ E s e TS T
frs/A* 2.4 [—3.4,4.2] x 107! [—3.5,4.3] x 101 FE AR E
frs/A? 1.7 [-5.2,5.2] x 107! [—5.3,5.3] x 10~* 05— —
Fro/ A4 1.9 ~7.9,7.9] x 10~ (~8.1,8.1] x 10~ T = —
Faro/A* 0.7 [~1.6,1.6] x 102 [~ 1.5, 1.5] x 102 e~ — Ewected
far /A 1.0 1.6, 1.5] x 102 (~1.4,1.4] x 10? b S — Observed |
Fara/AS 1.0 ~3.3,3.2] x 10" (~3.0,3.0] x 10" ok Ntk i hrinalt
E.[TeV]

)

ATLAS

EXPERIMENT


https://doi.org/10.1007/JHEP06(2023)082

'ATLAS - VBS WZ

L =140 fb~1@13 TeVv

arXiv: 2403.15296 [hep-ex]

)

« Boost Decision Tree (BDT) for separating QCD W/Zjj and
VBS WZ. 15 input variables are used, including jet-
kinematics variables, vector-bosons-kinematics variables,
and variables related to both jets and leptons kinematics.

* Four bins in BDT score ([-1, —0.25, 0.17, 0.72, 1]) and five

bins in m¥%([0, 400, 750, 1050, 1350, «] GeV) are used and

arranged in a one-dimensional histogram of 20 statistically
independent bins for EFT re-interpretation.

ENEEE T T 7 T T T T
. ATLAS

Vs =13 TeV, 140 b

—_
o
T WY

== Unitarity bounds

= Observed 95% CL limit

----- Expected 95% CL limit
1 l 1 1 1

95% CL interval on f, /A* [TeV™]
|
3 o
T I T T T T

PRI T R
1.5 2

25

my,z cut-off [TeV]

a
T

"' .-\-

—
ATLAS -

{s =13 TeV, 140 fb™

o
T T

|
[$)]
T

95% CL interval on f., /A* [TeV™]

* 7 <. Unitarity bounds

= Observed 95% CL limit

R T Expected 95% CL limit =
l" 1 1 1 1 |

T > 3
m,, cut-off [TeV]

Events

ATLAS

—— — —
4 ATLAS ® Data t+V EXPERIMENT
10 _ . 1 W'ZEW N (Z) and VVV
V= 13TeV, 1401 W*Z-QCD+INT ~ “44%% Tot. unc.
Post-fit SM 7z fr/A*=25TeV*
10° BN Misid. leptons e f/A*=15Tev*
BDT score < -0.25 R -0.25 < BDT score < 0.17 H 0.17 <BDT score < 0.72 R BDT score 2 0.72
10?

10

I NI
..............

107"
Q 14f ! ! =
T 12 : : =
= 1E d I' E// )l///
S o8k ’ T { Ny /A
0.6 & ooll"ooi QIQ| QQI:
SEEEEEEEFRESFOES
mW%Z [GeV] per BDT bin
K A N BARA LARAS LRSS MRS LA ]
Expected Observed 5 r A11LASI I—Obslarvedgé%CLlilmAit .
[TeV ~*] [TeV ~4] é 15F (5=13Tev, 140" Expected 95% CL fimit 3
fro/A* [-0.80,0.80] [-0.57,0.56] "5 b 3
fri/A*  [-0.52,0.49] [-0.39,0.35] J F ]
fro/A* [-1.6, 1.4] [-1.2, 1.0] 0.5¢ g
fvo/A* [-8.3,8.3] [-5.8, 5.6] of— _
fur /A [-123,122]  [-8.6,8.5] C ]
fvmr/A* [-16.2,16.2] [-11.3,11.3] '0'55_ E
feoa/A* [-14.2,142] [-10.4,10.4] _1E ]
fst/A* [42,411  [-30,30] b

1 1
22 15 -1 -05 0 0.5 1 1.5 2
fro /A% [TeV?]


http://arxiv.org/abs/2403.15296

ATLAS - VBS Wy L =140 fb~1@13TeV  arXiv: 2403.02809 [hep-ex] p)

e ATLAS

 Setting fr constraints via unfolded p%j distribution, ,% 15? o ATLASE
fir constraints via unfolded p. distribution. © b eI, 10T
L _
P o——
« Clip scan cut-off performed via My, o B E
= el
- Afirst measurement on fr5 and fr, in LHC. sk P vt

My, cut-off [TeV]

S T L LI DL B P ey 1: T T T T T ™3 ; —4 _ —4 -4
8 ol ATLAS ga!,g =13 TeV, 140 fb' | E F ATLAS T {5 =13 TeV, 140 fb' f Coﬁ“1014ents [TeV~7] Obser]\j/able My, cut-off [TeV] Expected [TeV™"] Observed [TeV™"]
107 EW W(—1v)yji Npe=05 <035(SR) ] € [ EWwW(—Iv)yj Nje=0,& <035(SR) |  fro/A Py, 14 [-2.5,2.6] [-1.9,1.9]
;_;_ [ + Dlata, stat. unc. i:;_ I + D'ata, stat. unc. le/A4 péj 1.9 [-1.6, 1.6] [—1.1, 1.2]
78 .* [] Total unc. %1 0-1 3 D* [] Total unc. E fTZ/A4 p%j 1.6 [-4.9,5.3] [-3.6,4.0]
3 D+ B ‘t (5] Sherpa 2.2.12 S [ " “+o [ shepa2212 ] fr3/A* ry 1.9 [-3.4,3.6] [-2.5,2.7]
‘01 0—2 - o C!+D [2] MadGraph5+Pythia8{ © I:l+ [=] MadGraph5+Pythia8 | fT4/A4 ]Jjj 22 [_3 1.3 1] [_2 2.2 3]
E ] o T. ' o e
ﬂ+° 1 frs/A? ry 1.8 [-1.8, 1.8] [-1.3,1.3]
‘ 102F 1 fre/A* ry 2.1 [-1.5, 1.5 [-1.1, 1.1]
o : 1 fr/A* py 2.1 [-4.0, 4.1] [-2.9,3.0]
10°F * i E [ . 1 fao/A Py 11 [-45, 44] [-32,31]
: ] Al * X | fui/A* pﬁ. 1.4 [-60, 62] [-43, 44]
© ] a? — : ——1 /A Py 14 [-15, 15] [-11, 11]
s15 | ) 515 . s o - a fars/A* P 1.8 [-22,22] [-16, 16]
o 1 {o '# 1 {.) * o 1 {O L ﬂ, L, + " faral A ph 1.5 [-28,27] [-20, 20]
%o.s g o , L N ] 205 o . ‘ L Fus/ A pﬁ. 1.9 [-21, 23] [-14, 17]
& 0 100 200 300 400 500 600 700 800 & 40 50 6070  10? 2107 3x10? Farr /A P 1.5 [-100, 99] [-73,71]
p‘# [GeV] [ [GeV]
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L =138 fb~1@13 TeV CMS

‘ CMS - VBS ssWW with hadronic t CMS PAS SMP-22-008

138 fo™! (13 TeV)

* VBS same-sign (ss) WW with one W decays to e or u, 5 10° gr"é'/% iy . Ezﬁ?ep oo epone
H : L w ¥ er S. ss
another W decays to hadronic t. Signal: v lv;jj (Il = e, 1) :Z A e Oyt
— ¢, =1.0TeV? W Stat. Unc.

- Significance of SM process at 2.7 o, signal strength: 1.4410-:63

First simultaneous extraction of dim-6 and dim-8 constraints

o
X
CMS Preliminary L=138fb"(13 TeV) %
‘.._E _—Expecled(SBA) === Expected (95%) === Observed (68%) === Observed (95%) + sm g . 0 5.0 160 15.0 2(.)() 250 360 35.0 4(.)0 450 500
i I ] M,, [GeV]
5 e T 1
: ﬁ;§ﬁ 1« 2-D constralnts set via transverse mass Mol
R A miss ~MISS
a Ny MEy = (pF + ph + pPo) — [BF + Bl + PR
i \Q Q/ | = Cross section for dim-6 + dim-8 operator:
e R ' _ OsMEFT = Osm T Cd—60int T Cd—69d—6 T Cd—-80int T Cq—8Td-8
-1.5 -1 -0.5 l 0 I 0.5 1 1.5



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html

'CMS - VBS ssWW with hadronic 7

L =138 fb"'@13 TeV
CMS PAS SMP-22-008

» Also 1-D constraints are set via Deep Neural Network (DNNs) score

Wilson coefficient 68% CL interval(s) 95% CL interval
Expected Observed Expected Observed
¢ [-129,-8.03]U[—2.95,191] [-11.6,0.045] [—14.6,353]  [—13.5,2.11]
ey [—0.501, 0.576] [—0.341,0.416] [—0.742,0.818] [—0.605,0.681]
cw [—0.681,0.669] [—0.513,0.481] [—0.987,0.974] [—0.842,0.818]
CHw [—7.00,6.09] (—5.48,431]  [-9.99,9.05]  [—8.68,7.60]
_ CHWB [—41.7,69.6] 30.7,89.2] [—66.6,96.4]  [—49.7,110]
dim-6 ¢, [—16.6,18.1] (—12.0,14.0]  [-24.7,263]  [-209,22.7]
CHD [—24.6,34.7] (—15.3,31.5]  [-38.2,48.8]  [-314,45.5]
cth) [—28.8,29.9] (—382,39.5]  [-49.4,49.7]  [—69.3,68.3]
) (—1.43,2.23]U[5.88,9.54]  [—0.045,858] [—2.64,10.8]  [—1.59,9.94]
ct) [—4.53,4.42] [—3.27,344]  [-6.56,6.44]  [—5.55,5.60]
e [—2.39,1.37] [—1.88,0705]  [—3.24,2.16]  [-2.82,1.61]
fro [—1.02,1.08] [—0.774,0.842]  [~152,1.58]  [—1.32,1.38]
fr [—0.426, 0.480] [—0.319,0.381]  [—0.640,0.695] [—0.552,0.613]
fr [—1.15,1.37] (—0.851,1.12]  [~1.75,1.98]  [—1.51,1.76]
Fito [—9.89,9.74] (-8.07,7.70]  [-14.6,145]  [—13.1,12.8]
ging [—12.5,13.3] (—954,11.15]  [~18.7,19.6]  [~16.4,17.7]
Fatr [—20.3,19.2] (—17.6,153]  [-29.9,28.8]  [—27.6,25.8]
fs [—11.6,12.0] (—9.60,9.82]  [-17.4,179]  [-159,16.1]
o1 [—37.4,38.8] (—409,413]  [-57.2,58.6]  [—60.9,61.8]
fo [—37.4,38.8] (—409,413]  [-57.2,58.6]  [—60.9,61.8]



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html

Di-Boson Interaction

q

VBS w7
W

qq — ZZ — 4l gg —> ZZ — 4l gg > H—>ZZ — 4

What Else?

05/08/24 Z. Huang / SM@LHC 2024 Roma



'CMS - Triboson Vyy

L =137 fb~1@13 TeV

JHEP 10(2021)174

| ] ] [ ] - Z \
* e/uy channels are used and combined in this measurement °
[] L] L] [] L] [] Z(W)
« Background dominated by misid-jet and misid electrons
Z(W) Ve
« Sensitive to the dim-6 and dim-8 operators, but lower ®
statistics than di-bosons results in much weaker limits Y
 EFT constraints set via pr a :
YY
c 1200(:MS 137 b (13 TeV) c 2OOCMS 137 fb' (13 TeV)
= —4 —4 E E_ W(—evyy Data é 1 E— W pvyy Data
“ YY (TPV ) Z’)")' (TPV ) % lzzzf 7 % ‘hlxlgd electrons ‘% 1000:-_'+—_L.—..!.: % ‘h%gd electrons
Parameter  Expected Observed Expected Observed & 600; . %m;:sjets 4 & zzzj_"_' %af’s‘l‘jﬁets )
fue/A* [-57.3,57.1] [-39.9, 39.5] o = e ol S A
fua/At [-91.8,92.6] [-63.8, 65.0] — — 2008 .
fro/A*  [-1.86,1.86] [-1.30,1.30] [—4.86,4.66] [—5.70, 5.46] 2 iy , 2 e : ‘
fri/AY [-2.38,2.38] [-1.70, 1.66] [—4.86,4.66] [—5.70, 5.46] 8 oo i‘?lee%& g = P8
f’l‘2/A4 [—5.16, 5.16] [—3.64, 3.64] [_9-72, 9.32] [_11.4’ 10_9] § :gngZ(_,eem —+—gata 137 b (13 TeV) § :iggmsz(_’ — +gata 137 fb” (13 TeV)
frs/AY [-0.76,0.84] [-0.52, 0.60] [-2.44,2.52] [-2.92, 2.92] g soﬂL & Others £ 120t & Others
4 o 501--——~—L—— [:]MISld‘.jelS r o 1008 L4 [—_‘]M|S|(1.jets %
fre/A*  [-0.92,1.00] [-0.60, 0.68] [—3.24,3.24] [—3.80, 3.88] oy AT " — /AT =10 TeV
fro/AY [-1.64,1.72] [-1.16,1.16] [-6.68, 6.60] [—7.88, 7.72] ZEZE‘“’ %
4 108 : X 3
Frs/A [~0.90, 0.94] [-1.06, 1.10] T rm— | g 1ot
fro/ A1 — — [-1.54, 1.54] [-1.82, 1.82] N S e = 05 o
8 priGev] 8 P (GeV]
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Summary & Outlook

 As nTGCs and aQGCs are direct hints to BSM physics, the re-interpretation is become one main part of
bosonic electroweak analysis.

NTGCs limits are set by diboson ZZ or Zy production. aQGCs limits are obtain by VBS and Tri-boson
production. All results are compatible with SM so far.

Unfolded analysis allows test of new models in the future. T h a n I( yo u !

Challenges:

« Current analysis set constraints on one parameter / two parameters in simultaneously. How about more
parameters and even full model?

« Unitarity violation when including higher energy overflow contribution
« Higher order correction of BSM model is absent, current analysis uses EFT model generated in tree-level

LHC Run3 is on-going. Higher statistic and higher enegy — Higher sensitivity to BSM physics!
Moreover, new global fit of Run 2 is await to be conducted.
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NTGCs summary in 2020 CERN Twild

September 2020 s —
ATLAS+CMS — Channel Limits [ Lat fs

} 1 ZZ (41,212v) [-1.5e-02, 1.5e-02] 4.6 b’ 7 TeV

fY I ZZ (41,212v) [-3.8e-03, 3.8e-03] 20.3 fb" 8 TeV
4 — ZZ (4)) [-1.8e-03, 1.8e-03] 36.1fb" 13 TeV
— ZZ (212v) [-1.2e-03, 1.2e-03] 36.1 b 13 TeV

_ ZZ (41) [-5.0e-03, 5.0e-03] 19.6 fb’! 8 TeV
— ZZ (212v) [-3.6-03, 3.2¢-03] 24.7 b’ 7,8 TeV
— ZZ (41,212v) [-3.0e-03, 2.6e-03] 24.7 o’ 7,8 TeV
— ZZ (4)) [-7.8e-04, 7.1e-04] 137 fo’! 13 TeV

b i ZZ (41,212v) [-1.0e-02, 1.0e-02) 9.6 fb” 7 TeV

I 1 ZZ (41,212v) [-1.3e-02, 1.3e-02)] 461" 7TeV

fZ I ZZ (41,212v) [-3.3e-03, 3.2¢-03] 20.3 fb" 8 TeV
4 — ZZ (41) [-1.5e-03, 1.5e-03] 36.1 fb" 13 TeV
— ZZ (212v) [-1.0e-03, 1.0e-03] 36.1 fb" 13 TeV

[I— ZZ (4)) [-4.0e-03, 4.0e-03] 19.6 fb’ 8 TeV
— ZZ (212v) [-2.7e-03, 3.2e-03] 24.7 fo’! 7,8 TeV
— ZZ (41,212v) [-2.1e-03, 2.6e-03] 24.7 o’ 7,8 TeV
H ZZ (4)) [-6.6e-04, 6.0e-04] 137 fo’! 13 TeV

} | ZZ (41,212v) [-8.7e-03, 9.1e-03] 9.6 fb 7 TeV

I i ZZ (41,212v) [-1.6e-02, 1.5e-02] 461" 7TeV

fY — ZZ (41,212v) [-3.8e-03, 3.8¢-03] 20.3 fb" 8 TeV
5 — ZZ (4)) [-1.8e-03, 1.8e-03] 36.1fb" 13 TeV
— ZZ (212v) [-1.2e-03, 1.2¢-03] 36.1 fb” 13 TeV

I — ZZ (4)) [-5.0e-03, 5.0e-03] 19.6 fb” 8 TeV
I ZZ(212v) [-3.3e-03, 3.6e-03] 24.7 fo’' 7,8 TeV
— ZZ(41,212v) [-2.6e-03, 2.7e-03] 24.7 b’ 7.8 TeV
H ZZ (4)) [-6.8e-04, 7.5¢-04] 137 fo’! 13 TeV

} i ZZ (41,212v) [-1.1e-02, 1.1e-02)] 9.6 fb” 7 TeV

I i ZZ (41,212v) [-1.3e-02, 1.3e-02] 461" 7 TeV

fZ I ZZ (41,212v) [-3.3e-03, 3.3¢-03] 20.3 fb" 8 TeV
5 — ZZ (4)) [-1.5e-03, 1.5e-03] 36.1 fb" 13 TeV
— ZZ (212v) [-1.0e-03, 1.0e-03] 36.1 fb” 13 TeV

— ZZ (4)) [-4.0e-03, 4.0e-03] 19.6 fb” 8 TeV
— ZZ (212v) [-2.9¢-03, 3.0e-03] 24.7 o’ 7.8 TeV
— ZZ (41,212v) [-2.2e-03, 2.3¢-03] 247 fo’ 7.8 TeV
H ZZ (4)) [-5.5e-04, 7.5¢-04] 137 fo’! 13 TeV

N -1
| | I L 1 [ 1 " I [z “.2l2v)  [9-16-03, 8.9e-0p)] I pes | TV
-0.02 0 0.02 0.04 0.06
aC summary plots at: http://cern.ch/go/8ghC aTGC Limits @95°% C.L.


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

‘NnTGCs summary in 2018 CERN Twiki

Oct 2018 cMS —
ATLAS — Channel Limits [ Lat is

v —q Zy(lky,vwy) [-9.5e-04, 9.9e-04] 20.3 fo 8 TeV
h3 — Zyivwy) [-3.7e-04, 3.7e-04) 36.1fb" 13 TeV

} | Zy(lly,wy) [-2.9e-03, 2.9e-03] 5.0 fb" 7 TeV

! | Zy(ly) [-4.6e-03, 4.6e-03] 19.5 fb" 8 TeV

| Zy(wy) [-1.1e-03, 9.0e-04] 19.6 fb’! 8 TeV

. — Zy(ll,vy) [-7.8e-04, 8.6e-04] 20.3 fo’! 8 TeV
h3 — Zy(vwy) [-3.2e-04, 3.3e-04] 36.1 fo’' 13 TeV

} ! Zy(lby.vvy) [-2.7e-03, 2.7e-03] 5.0 fb 7 TeV

! | Zy(ly) [-3.8e-03, 3.7e-03] 19.5 fb" 8 TeV

| Zyivwy) [-1.5e-03, 1.6e-03] 19.6 fb” 8 TeV

. — Zy(lby,vwy) [-3.2e-06, 3.2e-06] 20.3 fb” 8 TeV
h4 H Zy(iwy) [-4.4e-07, 4.3e-07) 36.1 b’ 13 TeV

— Zy(lly.vvy) [-1.5e-05, 1.5e-05] 5.0 fb 7 TeV

! i Zy(ly) [-3.6e-05, 3.5e-05] 19.5 fb 8 TeV

— Zy(wy) [-3.8e-06, 4.3e-06] 19.6 fb 8 TeV

. — Zy(l,vwy) [-3.0e-06, 2.9e-06] 20.3 fb" 8 TeV
h4 i Zy(ivwy) [-4.5e-07, 4.4e-07] 36.1 fb" 13 TeV

— Zy(lby.vvy) [-1.3e-05, 1.3e-05] 5.0 fb’! 7 TeV

} | Zy(ly) [-3.1e-05, 3.0e-05] 19.5 fb 8 TeV

— Zy(vwy) [-3.9e-06, 4.5e-06] 19.6 fb” 8 TeV

| | | | | | | | | | | | | | | | | | | | | | | | | | |
-0.5 0 0.5 1 1.5 x10%(h,),

3

aTGC Limits @95% C.L. x10%h)


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

'aQGCs summary in 2020 CERN Twik

May 2020
CMS -
Channel Limits | Ldt Vs
P ss WW [-3.8e+01, 4.0e+01] 19.4 fb” 8 TeV
fs o /A
H ss WW [-6.0e+00, 6.4e+00] 137 fb 13 TeV
H wz [-5.8e+00, 5.8e+00] 137 fb” 13 TeV
H WV zV [-2.7e+00, 2.7e+00] 359 b’ 13 TeV
I | ss WW [-1.2e+02, 1.2e+02) 19.4 fo! 8 TeV
fg, /A*
— ss WW [-1.8e+01, 1.9e+01] 137 fb” 13 TeV
— Wz [-8.2e+00, 8.3e+00] 137 fo! 13 TeV
H WV zV [-3.4e+00, 3.4e+00] 35.9fb" 13 TeV
I | | | I | l l [ | I l I |

aC summary plots at: http://cern.ch/go/8ghC aQGC lelts @950/0 CL [Tev-4]


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

aQGCs summary in 2020 CERN Twik

Aug 2020 v —
o TLAS
; . Ghannel
| ! v
I 1 ZY X e I
7.76+01, 8 e+01 L
! :I 2 710401, 780401 1931, 3
l—lH . z 196401, 2.06+01 197107 8 Tev
s 7:66401. 6.96401 35.9 b7 RS
'I:II i _g.Ze % &g+l 20.2 fb’! 51531';5\/
w 816400, 8.06+00 19710,
| s WW -300+00! 326400 35910 s
fyq /A " 1 WOWW 80+00, 5.80+00 137 1o gy
| | | oW 286401 2.86+01 1371 316V
I : powv 14.26+00, 4.26400 20.21b, 83
l . W 26.96-01,'7.00-01] 24.7 b 7876
. . w 136+03, 1.06+02 35.91b; ATV
l . 2t 1196402, 1.86402 19310, 3%y
I—lH — z ~4:86+01, 4.76401 19710 8 Tev
- : 150402! 1.50:02 389101 Sk
| H Wy -1.2e+02, 1.3e+02 20.2 b o
| | w 120401 126401 19717 8TeV
| . s W 476100, 476100 3591 3%
. : Wz '26+00, 8.3e+00 13710, oV
' o 1.10402, 1.00402 T 1370V
— ToWW 180401 160401 20.2 fbr} g
H 2 05107 §7ei07 o o
— 2t -3.26+01, 3.16+01 3 A
. | : z 8.20400. 800400 1971 8oV
| | — s 276401 2.76401 35.9 10 350
: W 260401, 2.60-+01 2028, Y
W 586400, 2.86400 19.7 b7 8 TeV
w -'B6401. 9.80401 Bob 1o
| — 2 580401’ 5.90401 20210, 3%
- | |—|H g Te+01. 2.16401 19.71b7 &V
' | r— 3 526401, 5.26401 35.9 b7 GRS
r— | Wy -4.3e+01, 4.4e+01 20.2 b7 AS oy
| W : ‘1“ or0y ] 19.7 fb"! BPV
fus /A I H ZY -1‘gg£$,}ge£2 ggg : 13?[\9&
I Wy -4.0e+01:4'og ] 38 ! Tate
| R -5.00+00 S 0etd 871! 8oV
fue /A H Z -2'ge?ojzﬂe+°2 231" Kﬁv
. | s 250401, 2.40401 202107 xirg
| P Wy Be+01. 6.56+01 35.9 b7 e
: Y -8.36+00, 8.3€+00 19.710] ooV
F—IH ’ 396401, 406401 85.91b] Tt
| 5 wr 130402, 1.30402 I, 131V
. |—|II w '6e+01. 1.66+01 19710 8V,
| | ss W 600400’ 6.50400 3591 i3
| Wa 7y -1.2e+01, 1.2e+01 1371 376V
. ) 130400, 1.3€+00 187 b 1376V
l—iH . . 5Te+01 6.36401 35.91b, R
| | | 5 wr 160102! 160402 32910, 131V
| | | P—Im w 216401 200401 19.7 b7 876V,
o s W 676400, 7.06+00 35.9 b 3%
20 o W, [ T
| 1 100401 37 fb 13
5 | 346400, 3.46+0p 137 10 oV
o e 13 ToV
400 60 | 18TeV |


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

aQGCs summary in 2020 CERN Twik

cMS
Aug 2020 ATLAS l:I Channel Limits [ Ldt s
A — WWW -1.2e+00, 1.2e+00 3591fb" 13 TeV
T0 —_ Zy -3.8e+00, 3.4e+00 19.7 fo’! 8 TeV
— Zy -7.4e-01, 6.9e-01 35.9 b’ 13 TeV
Z -3.4e+00, 2.9¢ 29.2 b 8 TeV
} ] Y -5.4e+00, 5.6e+00 19.7 fb 8 TeV
— Wy -6.0e-01, 6.0e-01 35.9fb" 13 TeV
} 1 ss WW -4.2e+00, 4.6e 19.4 fb;’ 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 fb”! 13 TeV
[ Wz -6.2e-01, 6.5e-01 137 fb’! 13 TeV
lil 2z -2.4e-01, 2.2e-01 137 fb” 13 TeV
WV ZV -1.2e-01, 1.1e-01 35.9 b 13 TeV
A — WWW -3.3e+00, 3.3e+00 3591fb" 13 TeV
T } | 2y -4.4e+00, 4.4e+00 19.7 fo’! 8 TeV
— Z -1.2e+00, 1.1e+00 35.9fb’ 13 TeV
Y -3.7e+00, 4.0e+00 19.7 fo’! 8 TeV
H Wy -4.0e-01, 4.0e-01 35.9 b’ 13 TeV
—-A ss WW -2.1e+00, 2.4e+00] 19.4 fb’ 8 TeV
H ss WW -1.2e-01, 1.5e-01] 137 fb’! 13 TeV
WZ -3.7e-01, 4.1e-01 137 fb’ 13 TeV
zZ -3.1e-01, 3.1e-01 137 fo’' 13 TeV
WV ZV -1.2e-01, 1.3e-01 35.9 fb” 13 TeV
AR —- WWW -2.7e+00, 2.6e 35.9 fb! 13 TeV
T2 } | Zy -9.9e+00, 9.0e+00 19.7 fo’! 8 TeV
— 4 -2.0e+00, 1.9e+00 35.9 fb’ 13 TeV
| | Y -1.1e+01, 1.2e+01 19.7 fb?! 8 TeV
— Wy -1.0e+00, 1.2e+00 35.9fb’ 13 TeV
I | ss WW -5.9e+00, 7.1e+00 19.4 fb' 8 TeV
H ss WW -3.8e-01, 5.0e-01] 137 fb" 13 TeV
— 74 -1.0e+00, 1.3e+00] 137 fb’ 13 TeV
— 2z -6.3e-01, 5.9e-01 137 fo’! 13 TeV
H wv zv -2.8e-01, 2.8e-01 359 b 13 Tev
£ IAS I | 2y -9.3e+00, 9.1e+00] 20.3 b’ 8 TeV
T5 — Z -7.0e-01, 7.4e-01 35.9 b’ 13 TeV
I | y -3.8e+00, 3.8e 19.7 fb?! 8 TeV
; s o SR ek Y
-1.6e+00, 1.7e 35.9 fb e
fre /A —_— y -2.8+00, 3.0e+00 19.7 o 8 TeV
H Wy -4.0e-01, 4.0e-01] 35,9 fb’ 13 TeV
A" — P4 -2.6e+00, 2.8e+00 3591fb" 13 TeV
T7 } | Y -7.3e+00, 7.7e+00 19.7 fo’! 8 TeV
|| Wy -9.0e-01, 9.0e-01] 359 fb" 13 TeV
£ A — Zy -1.8e+00, 1.8e+00] 19.7 fb” 8 TeV
T8 H Zy -4.7e-01, 4.7e-01 35.9 fb’ 13 TeV
— Zy -1.8e+00, 1.8e+00] 20.2 fb' 8 TeV
H 7z -4.3e-01, 4.3e-01] 137 fb”' 13 TeV
£ NG I ] Zyy -7.4e+00, 7.46+00 20.3 b 8 TeV
T9 — Zy -4.0e+00, 4.0e+00 19.7 fo’! 8 TeV
Zy -1.3e+00, 1.3e+00 35.9 fb'! 13 TeV
—_ Zy -3.9e+00, 3.9e+00] 20.2 {?;‘ 8 TeV
| \ \ | HH i { 2z | -9.2¢-01, 9.2e-01] ! 137 f 13 Tev

aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @959% C.L. [Tev-4]
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