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Triboson and VBS results at ATLAS

 Measurements of multiboson production at the LHC are important probes of the EW
gauge structure of the Standard Model

- Polarised production of W/Z boson pairs via VBS processes provides a sensitive test of the
EW symmetry breaking mechanism

- Triboson and VBS processes are key to finding signhs of new physics at high energies

> Effects of anomalous quartic gauge couplings can be parameterised in the EFT framework

° Many new ATLAS and CMS phySiCS results! /) Presented by Max Stange today!

' Measurements of WWZ and ZH cross sections at 13 and 13.6 TeV, CMS-PAS-SMP-24-015
™~ Covered by Carlos Vico Villalba today!
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ATLAS

EXPERIMENT

EW diboson production In
semileptonic final states

arxXiv:2503.1/7461

EWVV]]p oductio EW V'V productio QCD V'Vjj productio



https://doi.org/10.48550/arXiv.2503.17461

EW diboson production in semileptonic final states O

-lepton: Z — vv
- Semileptonic VBS VVjjat 13 TeV with 140 fb~! ¢ 7" /> 1-lepton: W — £v
. . 2-lepton: Z — £
- Hadronic V decay: merged or resolved topologies
> Select large-R tagged jet or 2 small-R jets
9 orthogonal SRs plus CRs to model the V + jet
and top backgrounds q g W)z ;
« ST T T 71T T T T T T T T T T g q
- (0-2,1-¢, 2-¢) x (Merged HP, Merged LP, Resolved) | § st Amassmision s -zso -
_ 45 Boson Tagger W80% ==Z80%
Pass 50 % tagger : Fail 50 % tagger 3,56 .
: 35 e =
. Pass 80 % tagger 25 e Leptonic Vi selection
1.5 g“"-‘\ :‘; :u-w :‘ r-! :\-'-! pregrantatis SR E g % g
* A Recurrent Neural Network (RNN) developed to F : 2 4 £
.o_ . VBS tagging jets

separate VBS V'V signal from backgrounds

500 1000 7500 5000 5500

Jetp_[GeV] . l _______ .

- Dedicated training in each 7 channel and \a High-Purity | @ T Soleotion |
merged/resolved regions = | B

+ | Low-Purity
e W,

- Input jet variables for training: pr, #, ¢, E, 0., E[ soved ) deme] i election
; resolved
- RNN score used as final discriminant e

To CR selections
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EW diboson production in semileptonic final states

« Measured EW V'V]j signal strength:

0.23 __
12842 =

obs __
HEwW =

1.28 £ 0.09 (stat.) +9-20

010 (syst.)

Events

Dominated by signal modelling and
jet reconstruction uncertainties

with obs. (exp.) significance of 7.4 (6.1) o
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0 - {s=13TeV, 140 fb" =5VVKZ;/SW’ (u=1.28) 7 i = (s=13TeV, 140 b =|5sz|:/51/” (u=1.28) = i T (s=13TeV, 140 b -E‘i‘{:t:w’ (n=1.28)
. - 0-lep, Merged High-Purity SR z +jlets 5 I~ 1-lep, Merged High-Purity SR z +i;ts n 103 — 2-lep, Merged High-Purity SR . T0|lo —
10 §_ B Top _§ 10 E_ I Top _E - Diboson
- Diboson ] C Diboson 3 Uncertainty _
XY Uncertainty | XY Uncertainty peeeen ==+ Pre-fit background
3 --== Pre-fit background 10 «=«« Pre-fit background = e g — EWKVVjj x 20
107 — EWKVVjj x 20 = — EWKVVjj x 20 =
10°
10°
10°E
10E -
= 10
IR B 12 B
a1 e 1E S
g - 8 08 ¢F L
c 05 © E c O.
= 0O 01 02 03 04 05 06 0.7 08 09 1 = 0O 01 02 03 04 05 06 07 08 09 1 = 0O 01 02 03 04 05 06 0.7 08 09 1
RNN score RNN score RNN score
* Fiducial expected and measured cross-sections:
Combined 0-lepton 1-lepton 2-lepton Resolved Merged
fid,ex
‘TEWKP 204+35tb 73+x25tb 103+x25tb 28+1.1tb 11.7x341tb 8.7+x251b
fid,obs
Opwr 292x491b 157+28tb 10.7+£281b 3.1x1.1fb 179+43tb 11.4+£341Db

10°
10’
10°
10°
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107
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] Z+jets B Top
_ 1
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EW diboson production in semileptonic final states

* Anomalous quartic gauge coupling (aQGC) effects can be parameterised in the EFT framework

2
Ji
Agy + ZFAZ- = | Agy| +22— e(A% A) + Z—lA 2 + 22 Re(A*A)
i IF] . L -
EFT—SM interference EFT term EFT cross term Each SR is split into 2
my,y, bins (high/low) to
» New D-8 operators contributing to aQGC would enhance EW VBS prod. at high 71y, improve sensitivity

- Improvements for fg and f, by factor & 2 — 3 with respect to other ATLAS diboson measurements

B EWK VVjj
B W+jets

Z+jets
High-M w SR I Top

Diboson
Uncertainty

Pre-fit background
— aQGC (f_/A*=0.10)

I EWK VVjj : B EWK VVjj
——. . {s=13TeV, 140 fb" B Wjets

Z+jets — 1-lep, Merged High-Purity Z+jets
B Top 'gh- w W Top

Diboson Diboson
Uncertainty Uncertainty

Pre-fit background Pre-fit background
— aQGC (f_/A"=0.10) — aQGC (f_/A"=0.10)

— (s =13TeV, 140 fb’
. 1- Iep Merged Low-Purity

s=13TeV, 140 fb™
-lep, Resolved

]

SOOI N \\\\ OO V
ONIRRRTNNNNNNNANN \\\\\\\\\\ ANNNNNNN

- . E_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_:
0.1 02 03 04 05 06 0.7 08 09 01 02 03 04 05 06 0.7 08 09 O 01 02 03 04 05 06 0.7 08 0.9

RNN score RNN score RNN score

\\\\\\\*\\\\\\\\\\\\\\\*\\\\\\\\
N AN

Data/Pred.
Data/Pred
Data/Pred.

_—I'IllllIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III'I—_

Daniel Camarero Munhoz (Brandeis) Triboson and VBS results



EW diboson production in semileptonic final states

* Anomalous quartic gauge coupling (aQGC) effects can be parameterised in the EFT framework

2

= | Agy| +22— e(A% A) + +22—Re(A*A)

i7]
EFT cross term

Agy + Z %Ai

EFT—SM interference Each SR is split into 2

my,y, bins (high/low) to
iImprove sensitivity

» New D-8 operators contributing to aQGC would enhance EW VBS prod. at high #iy,y,
- Improvements for f¢ and f,, by factor ~

Exp. and obs. 95 % CL limits

2 — 3 with respect to other ATLAS diboson measurements

Wilson coefficient

Expected limit [TeV "]

Observed limit [TeV ]

Expected limit unitarized [TeV ™

Observed limit unitarized [TeV %]

fro/A? [-0.20, 0.18] [-0.25, 0.22] [-0.79, 0.47] at [1.76, 1.96] TeV  [-0.85, 0.47] at [1.73, 2.00] TeV
fr1 /A [-0.19, 0.19] [-0.24, 0.24] [-0.34, 0.34] at [2.59, 2.59] TeV  [-0.43, 0.43] at [2.43, 2.43] TeV
— g mmwmwrwluwwuwuum,]»;ww[ B sz/Aﬁ‘ [-0.44, 0.44] [-0.55, 0.55] [-0.95, 0.96] at [2.22,2.22] TeV  [-1.16, 1.17] at [2.12, 2.11] TeV
> i ~ ATLAS ' rmo | fra/A? [-0.38, 0.38] [-0.48, 0.48] [-0.62,0.62] at [2.71,2.71] eV [-0.88, 0.88] at [2.49, 2. 48] TeV
= T ///;1;5;4//@4@ v%40 W65 ) fra/A? [-1.46, 1.32] [-1.51, 1.37] [-3.03, 2.60] at [2.02,2.09] TeV  [-3.03, 2.60] at [2.02, 2.10] TeV
VNS 7 ;;;7:33/;;;;; 000000 frs/A* [-0.57, 0.53] [-0.64, 0.58] - [-2.65,2.57] at [1.53, 1.54] TeV
= L A fre/A* [-0.76, 0.72] [-0.74, 0.71] [-2.82,2.01] at [1.66, 1.73] TeV  [-2.98, 2.62] at [1.64, 1.69] TeV
. g fra/A? [-1.78, 1.52] [-1.94, 1.70] [-7.88,4.29] at [1.65, 1.90] TeV  [-6.70, 4.11] at [1.72, 1.91] TeV
i fra/A* [-0.59, 0.59] [-0.48, 0.48] - -
o fro/A* [-1.22, 1.22] [-1.02, 1.03] - -
I fson/ A* [-3.22, 3.22] [-3.96, 3.96] [-5.53,5.54] at [2.07,2.67] TeV  [-6.16, 6.17] at [2.01, 2.01] TeV
: T 7 fs1/A? [-6.84, 6.86] [-8.06, 8.06] : -
-2 / 7 faro/A? [-1.13, 1.12] [-1.26, 1.25] [-2.61,2.58] at [2.00, 2.00] TeV  [-2.71, 2.65] at [1.97, 1.98] TeV
- ???f::fi/f/l/;iimté&t/y/ 7 E\ 3;/;,”// /; /;;/;;:;5 fui /Ai [-3.23, 3.24] [-3.95, 3.95] [-6.22, 6.22] at [2.27,2.27] TeV  [-7.42,7.43] at [2.17, 2.17] TeV
4 # wawExpected 95%Cllimit . sz/A, [-1.66, 1.67] [-1.85, 1.85] _ i
. Y~ —Observed95%Cllmt fara/ A [-5.29, 5.29] [-5.68, 5.71] [-23.69, 23.39] at [1.57, 1.57] TeV  [-18.62, 19.10] at [1.66, 1.65] TeV
Ll [y |1||5A¢ g Lgi/f{h/{ﬂ/l [ /I//l/}/s[k)f L tIIjA|111ufu41(1/§tﬁéo/ fM4/A4 [-2.62, 2.62] [-2.96, 2.97] - -
o fars/A? [-3.81, 3.82] [-4.41, 4.44] [-6.80, 6.80] at [2.33,2.33] TeV  [-7.28, 7.30] at [2.29, 2.29] TeV
myy clipping value [TeV] Far7 /A2 [-5.32. 5.20] [-6.60. 6.43] [-0.47.9.38] at [2.43,2.43] TeV  [-11.91, 11.11] at [2.29, 2.33] TeV
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Semileptonic VBS and anomalous
quartic gauge couplings

CMS-PAS-SMP-22-011

q
,, //// v/l
£ W/Z

(
\ New physics in the EW sector

y ffect VV producti
EW V'Vjj production via VBS Can affect VV production


https://cds.cern.ch/record/2926224

W/Z q

Semileptonic VBS and aQGC .

- EW production of ZVjj at 13 TeV with 138 fb~!
- Target final states with one Z — ¢ and 3 — 4 jets

- Hadronic V decay: boosted or resolved topologies

» Large-R jets tagged to distinguish V from g/ g jets

* 4 orthogonal SRs plus CRs to model the main 2-lepton: Z — £¢

backgrounds (top quark and Drell-Yan) *1-lepton: W — £
Preselection Mleptons = 2r My € 76,106] GeV, pr(41) > 35 GeV, pt(£;) > 20 GeV, *fvqq events are used
pr(ji2) > 30 GeV, my > 500GeV, Ay > 2.5 for the EFT combination
Regions Variables Lepton Selection | Other Requirements
Signal Region (SR) 65 GeV < my <105 GeV Same Flavor Split in b-tag and b-veto
DY Control Region (DY CR) | my < 65 GeV, my > 105 GeV Same Flavor Split in b-tag and b-veto
Top Control Region (Top CR) | 65 GeV < my <105 GeV Opposite Flavor -

\—> m,, is a key discriminant!

* Large background and complex topology. DNN devised to improve the VBS signal separation

- Dedicated DNN per topology and b-tagging region (year-dependent for the resolved)
- Up to 14 input variables used for training, e.g: m;;, N (py > 30 GeV), £ Zeppenfeld, Az,

Daniel Camarero Munhoz (Brandeis) ) Triboson and VBS results



Semileptonic VBS and aQGC

138 fo'' (13 TeV) 138 fb* (13 TeV) 138 fb* (13 TeV) 138 fb* (13 TeV)
FTTTTTTTTT | ' TTT | T TT | T TT | ' TTT | ' TTT | T TT | T TT | T I: E IIIIIIIIIIII | T TT | T TT | T TT | T TT | T TT | T TT | ' TTT E 108 EI T | ' TTT | ' TTT | T TT | T TT | ' TTT | ' TTT | T TT | T TT | T Iﬂ: 108 E IIIIIIIIIIII | T TT | T TT | ' TTT | ' TTT | T TT | T TT | T I;
©

ClVIS Preliminary —+-Data WiDrell-Yan | [9q06] CI\/IS Preliminary —+- Dat I Drell-Yan 2 CMSPreliminary -+ Data MiDrel-yan 3 F CI\/IS Preliminary -+ Datw [ Drell-van 3
- SR boosted-b-tag MVy+vyr EVBFV o - SR boosted-b-veto =~ I®V'+v"*  EVBF-V EE SR resolved-b-tag =~ EV'+V'™* EVBF-V 3 £ SRresolved-b-veto  ERV'+v'*  EVBF-V 3
B VBS QCD [itop . . B VBS QCD  [itop . i B VBS QCD  [itop : E=NN- B VBS QCD [itop ]

W tZq I Other W tZq I Other W tZq I Other E E W tZq I Other -
I nonprompt — VBSEW - 12) s B nonprompt — VBS EW B nonprompt — VBSEW = 12) g B nonprompt —VBSEW ]
3 cC E E 3

e 3

||||||||||||||||||||||||||||| |
l

.7 4. H $ig) & : ’ T L )
_%: ' -; 1 : ' - ' " KL ¢
ost tt aPre fit : ‘~| & Postfit = Pre-fit | ‘~| & Postfit = Pre-fit

0.1 0.2 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 0.7 08 09 01 02 03 04 05 06 07 08 0.9
DNN score DNN score DNN score DNN score
| . Impact on 2%
 The obs. (exp.) EW ZV VBS signal strength is
Source —Au  +Au
obs +0.53 ( +0.61 ) DY and top rate parameters —-0.20 +0.20
HEW — 0. 63—0.51 1'00—0.58 Theory —0.24 +0.26
_ _ S MC sample size (bin-by-bin unc.) | —0.14 +0.15
Corresponding to a signal significance of 1.3 (1.8) o Other nuisances —0.11 +0.13
Data sample size —0.36 +0.36 |
Total —0.51  +0.53

* Results driven by the statistical uncertainty of the data
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/'V channel

. i 138 fb™ (13 TeV)
Semileptonic VBS and aQGC | S i
'-'>-| DOSIEA Al -xBJrSVQCD IIIZF-V i

 Sensitivity to aQGC studied by performing likelihood scans varying o' Wz Wohe
Wilson coefficients of D-8 operators 10°F ;

- Combination of ZV and WV (arXiv:2112.05259) boosted channels 10}
- Invariant mass of the diboson system (M., or My,,) used for fitting |

10% I I I
2 15/
. - . - g !
» Stringent 95 % CL limits using Run 2 data are reported R e e =
A 0.5r & Postfit & Pre-fit 1
Observed (WV) Expected (WV) Observed (ZV) Expected (ZV) Observed Expected | I5(I)0I — I:I_OI()OI — I:|_5I00I — IZOIO()I — I2500
(TeV—4) (TeV—4) (TeV~4) (TeV—4) (TeV—%) (TeV~4) M., (GeV)
fso/ A* [-3.01, 3.1] [-4.7,4.77] -9.76, 9.89] -13.9, 14.0 -2.86, 2.96] -4.68, 4.75]
fa/AN* [4.27,4.32 [-6.56, 6.6] -10.2, 10.3] -13.9, 13.9] -3.97, 4.02] -6.45, 6.49] WYV channel 138 11 (13 Tav
foo/ A* [-4.42,4.48] [-6.81, 6.86] -9.75, 9.89] -13.9, 14.0 -4.04, 4.11] -6.68, 6.73 T (4 e)
fao/A* [-0.568,0.567]  [-0.844, 0.843] -1.38,1.38 -1.74,1.74 [-0.539,0.534] [-0.828, 0.827] £10°r CMSPreliminary +paa  Wwsdets
/At [1.71,1.75] [-2.6, 2.63] -3.97, 4.00] -5.28, 5.29] -1.59, 1.62, -2.55, 2.58] 2 [ SR-boosted-ele top BWveEvsy
fan/AY [-0.746,0.747] [-1.11, 1.11] -1.86, 1.86] -2.37,2.37] [-0.703, 0.703] [1.1, 1.1] 0% BV [ Drell-van
fus/AY [-2.81,2.81] [-4.2,4.2] -5.60, 5.59] -7.47,7 A7 -2.55, 2.55] -4.08, 4.07, 104 E Bl nonprompt — f,, = 1.0 Tev*~
faa/ A [-1.74,1.73 [-2.6, 2.59] -2.70, 2.70 -3.61, 3.61] -1.48, 1.48 -2.42,2.41] : f
fus/A* [-2.53,2.51] [-3.77, 3.76] -3.80, 3.81] -5.21, 5.23] -2.14, 2.13] [-3.5, 3.5] 3
/At [-2.86,2.82 [-4.35, 4.32] -6.09, 6.07] -8.26, 8.24] -2.63, 2.58] [-4.24, 4.2]
fro/A*  [-0.096,0.083]  [-0.14, 0.128] -0.26, 0.25] -0.33,0.32]  [-0.0921,0.0785] [-0.138, 0.127]
fri /A% [0.0933,0.1]  [-0.142, 0.149] -0.22, 0.24] -0.30,0.31]  [-0.0863,0.0943]  [-0.14, 0.147]
fro/A*  [0.225,0.225]  [-0.336, 0.335] -0.56, 0.60] -0.74, 0.76] [-0.21,0.214]  [-0.331, 0.332,
fra/A% [-0.206,0.206]  [-0.311,0.31] -0.48, 0.51] -0.64, 0.66)] [-0.191,0.194]  [-0.305, 0.305]
fra/A* [-1.09, 1.02] [-1.58, 1.53] -1.44,1.37 -1.84,1.77 [-0.895,0.828]  [-1.4,1.35] |
frs/A*  [-0.287,0.257]  [-0.391, 0.383] -0.59, 0.57] -0.76, 0.73] [-0.265, 0.237]  [-0.382, 0.373] B _
fre/A*  [-0.656,0.627]  [-0.976,0.954] -0.73,0.71] -0.94, 0.92] -0.5,0.478]  [-0.794, 0.775] = e R e .
fW/Ai -0.936, 0.899] [-1.39, 1.36] -1.78, 1.67 -2.26,2.16] [-0.85,0.8] [-1.34, 1.29] 8 0% poce . : b
frs/ A - — -0.53,0.53 -0.67,0.67] -0.53,0.53 [-0.67, 0.67] B T T T E—T
fro/ A* - — -1.17,1.16) -1.47, 1.45] -1.17, 1.16] [-1.47, 1.45] M, (GeV)
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https://doi.org/10.48550/arXiv.2112.05259

ATLAS

EXPERIMENT

Search for VVZ production

arxiv:2412.15123

{q Vv Vi
Vs
Vs
« Vs < Vi V2
q q Vs

Mono-V vertices Triple-gauge-boson vertex Quartic-gauge-boson vertex Higgsstrahlung VH process


https://arxiv.org/abs/2412.15123

_lllllIIIIIIIll|lIIIIlIIIIlIIIlIIIIIIIIII IIIIIIII _J

2]
earcin 10r proauction § T bt 0w Swez mwwz
soof. Combined fit [IWZ+jets lZZ+jets
- 3l-2j-outV SR | |Z+jets [ttZ

» Search for VVZ WWZ + WZZ + ZZ7) production at 13 TeV sooF- WOthers - Uncerianty —
using 140 fb™! " :
- Combined VV'V observed by CMS (arXiv:2006.11191) 3°°;
- WWW observed by ATLAS (arXiv:2201.13045)

100F

« Extract combined signal strength iy, (also pyw,and py,,) < o
R
_ , _ S AN A
* Investigate 3 different final states: g oo l 1
2 087700 200 300 400 500 600 700 800 900 1000
H¢ [GeV]

37 + jets 4¢ > 5S¢
 MVA technigues utilised to

WiZ — qq W — v WiZ — cvitt e
enhance sensitivity to VVZ
W — £ W — £ 7 £ Y
7 — Cf 7 — Cf AN A - BDTs optimised separately to
- each SR and final state
arget process Target process Target process
W=W*Z, W*ZZ W=Ww+Z W=2zZ,77Z - Most discriminant var.: |
Main backgrounds Main backgrounds Main backgrounds mzz 7.
+ + B e Iets? ’
W=7/ W=/ and ZZ W=/ and ZZ

Daniel Camarero Munhoz (Brandeis) 13 Triboson and VBS results


https://arxiv.org/abs/2006.11191
https://arxiv.org/abs/2201.13045

(/)] : | | | | | | | | | | |
: S | ATLAS ¢ Data [ZZZ wWzz
Search for VVZ production £ | s-wrev.uoe: iz Bizios  Wzzoes
Combiped fit Z+jets [HHZ | Others
» Simultaneous fit across final states and SRs/CRs - PostFit Fake - Uncertainty

At least 37 and 1 “Z candidate”, with a di-Z pair with same-
flavour and opposite-sign (SFOS) and |m,, — m,| < 20 GeV 10°F

- SR 3I-1j: 1 jet

10° ¢ E
. SR 3I-2j-inV: > 2 jets with 60 < m; ; < 110 GeV : :
- SR 3I-2j-outV: > 2 jets with m; ; < 60 orm; . > 110 GeV 10 P S
* CRs: Z+jets, 3I-ttZ, and WZ+jets processes :
< | | | ! 5
g_’ 1.1 ;
At least 4£ and 1 SFOs di-¢ pair with |m,, — m,| < 20 GeV S 1 L anrri 77 ““"///?/f/// / S AT Satidd o /U%//’f//ﬁf/ //
= T0.9 -
Categorisation using the 2 “W-leptons” flavour: go 8 - : - - : :
2 3. W, i, - 3. Sloi. Shko. 4 USp . - 5/
- SR 4I-DF: Different Flavour £ 96l oy 120 <Hets g tiets o oy S " Fhy O"’VSZFSR g g ouz o7
- SR 4I-SF-inZ: Same Flavour Z, |m, , —m,| < 20 GeV | | |
| Faitn A CRs 4¢ SRs > 5¢ SR
- SR 4I-SF-outZ: Same Flavour 2, |my , —my| 220 GeV

- CRs: ZZ+jets and 4I-ttZ processes Process Signal strength Cross section (fb) Observed (expected) sensitivity

VVZ | 1.43 £0.20(stat.)*030 (syst.) 66073 (stat.) 33 (syst.) 6.4 (4.7) o

WWZ | 1.33 +0.28(stat. )*%%(syst ) 442 + 94(stat. )+ 5 (syst.) 44 (3.6) o
SR 5I: at least 5 and 2 SFOS with |m,, — m,| < 20 GeV WZZ | 2.13%; 5 (stat)* 070 (syst)  200* ' (stat.)* 5 (syst.) 2.8 (1.6) o

Daniel Camarero Munhoz (Brandeis) Triboson and VBS results



Search for VVZ production ATLAS

| 42
- DF SR

WVvVvz

Bl ZZ +jets
]tz

[ |Fakes

B Others

7 Uncertainty

- fmo/A* =10 TeV™

B Post-Fit

* Constraints on aQGC effects via an EFT analysis with D-8 operators

- Wilson coefficients of most sensitive operators to VV'V final states
are furs Jars Jpa @nd figs

 BDT distributions retrained to increase sensitivity to EFT effects using
events from all operators considered

. OF
O 1.4 |
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Summary and conclusions
Three ATLAS / CMS measurements at \/E = 13 TeV using 140 fb~! have been presented

Same-sign WW polarisation

« First evidence of production of polarised WfWi: obs. significance 3.3 o

« Most stringent limits to date for the Wfo cross-section: 0.45 (0.70) tb obs. (exp.)

EW diboson production in semileptonic final states

« CMS and ATLAS have reported improvements on aQGCs upper limits thanks to the
extended phase space by the merged V — jj topology: especially for f; and f,, operators

Searches for triboson production
» First observation of VVZ production by ATLAS: obs. (exp.) significance 6.4 (4.7) o
» First evidence of WWZ production by ATLAS: obs. (exp.) significance 4.4 (3.6) o

» CMS reports evidence of WWZ using Run 2 + 3 data: obs. (exp.) significance 4.5 (53.0) o
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EW diboson production in semileptonic final states

arXiv:2503.17461

Selection O-lepton 1 -lepton 2-lepton
, E%‘iss triggers Single-electron triggers Single-lepton triggers
Trlgger Sinecle- Emiss :
gle-muon or EX™* triggers
0 “Loose’ leptons pt > 7 GeV 1 “Tight’ lepton pt > 27 GeV 2 ‘Loose’ leptons pt > 27 GeV
ET™ > 200 GeV 0 other ‘Loose’ leptons with pt > 7 GeV
miss miss
V = vy /byl Pr >_‘5(') GeV EL™ > 80 GeV 83 <#1Lzee < 99 GeV
AG(ET™, pT™) < 7 /2 —0.0117 X p7." + 85.63 GeV < m,,,
min[A¢(EMS, small-R jet)] > 7/6 0.0185 x pi* + 94 GeV > my,,

AG(EMS Viaq) > /9

Largest m ;; pair with 1ye j, * Mg j, < 0

VBS topology tagging jets o T
poibey Hssiie) intj:djg > 400 GeV, ptTa"" 7125 30 GeV

Leading pt large-R jet
V—>J pt > 200 GeV, |n| <2

: ungroomed
V boson tagger requirements on my, D>, and n.. -

Tracks

Two leading pt small-R jets
pt > 20 GeV if || < 2.5, and pt > 30 GeV if 2.5 < |n| < 4.5

Vs i |
/] pi > 40 GeV
64 < ITIJ'J' < 106 GeV
Top veto mj;j > 220 GeV
Additional b-jet veto No Yes No
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Search for VVZ production

Table 1: Summary of the object selection and event preselection criteria used in the analysis. Table 3: Overview of the criteria used to select inclusive 4¢ events and the three 4¢ SRs.
Object selection criteria a— - - Inclusive 4¢ event selection . 4f SRS
w s " " ausly preseliection Criteria
Passes the LooseAndBLayer[.,H quality requirement Lepton Exactly four leptons with pr > 30, 15,8, 6 GeV
Electron |do|/oa, <35, |20 Xsinf| < 0.5mm “Loose_VarRad” isolation for electrons and
Lepton from the Z decays . , - i
ptr > 7GeV, |n| < 2.47 PFLow_Loose_VarRad” isolation for muons
« ”» . . Leptons from the W decays “Medium” identification and “PLImprovedTight” isolation
Passes the “Loose que,lhty requirement Invariant mass of any SFOS dilepton pairs > 12 GeV
Muon |dol/oa, < 3,|z0 X sinf| < 0.5mm Invariant mass of the Z boson |mee — mz| < 20 GeV
pt > 5 GeV (pt > 15 GeV for calorimetr-tagged muons), |n| < 2.7 Minimum angular distance between any lepton pairs > 0.1
Jet Passes the JVT requirement, pt > 20 GeV, |n| < 4.5 Ex™ > 10 GeV
- = - Number of b-jets =0
Event preselection criteria 4¢ signal regions
Trigger Single lepton, dilepton, tri-lepton, or quad-lepton triggers 40-DF 4-SF-inZ 40-SF-outZ
Number of charged leptons >3 Satisfy inclusive 4¢ selection criteria v v v
Z boson invariant mass |lmee — mz| < 40 GeV Flavour for lepton from the W decays ep same-flavour same-flavour
mye for the two W—leptons - mee —mz| < 20GeV | |mee — mz| > 20 GeV
Table 2: Overview of the criteria used to select inclusive 3¢ events and the three 3£ SRs.
Inclusive 3¢ event selection Table 4: Overview of the criteria used to select inclusive 5¢ events, which form the 5¢ SR.
Satisfy preselection criteria v
Lepton pt > 15 GeV and at least one lepton with pt > 27 GeV
Lepton from the Z decavs “Loose_VarRad” isolation for electrons and - -
p y “PFLow_Loose_VarRad” isolation for muons | | .Inc.luswe 5¢ event selection (5¢ SR)
Lepton from the W decays “Tight” identification and “PLImprovedTight” isolation Satisfy preselection criteria v
Invariant mass of any SFOS dilepton pairs > 12 GeV ) At lSa.St ﬁve.: leptons
Invariant mass of the Z boson Imge — mz| < 20 GeV Leptons Loose_VarRad 1solatlop for (?lectrons and
Number of leptons _3 . “PFlow_Loose_Vaierac.l” isolation for muons
Number of b-jets -0 Z bosop can.dldates At least two SFOS pairs with |m¢e — mz| < 20 GeV
37 sienal reeions Z boson invariant mass |mee — mz| < 20 GeV
sna regt Number of b-jets =0
3¢-1j 3¢(-2j-inV 3¢-2j-outV
Satisfy inclusive 3¢ selection criteria v v v
BDT score > 0.42 v v v
Number of jets =1 >2 > 2 I
mjj — > 60 GeV and < 110 GeV | < 60 GeV or > 110 GeV arXIV.2412.1 5123
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EW diboson production in semileptonic final states

« Measured EW VV]j signal strength:

obs __ +0.23
HEw = 1.287557

Dominated by signal modelling an
jet reconstruction uncertainties

= 1.28 £0.09 (stat.) *

with obs. (exp.) significance of 7.4 (6.1) o

0.20
—0.19

(syst.)

| | | | | | | | | | | | | | | | | | | | | | | | | |
ATLAS {s=13 TeV, 140 fb*
— TOt.
Stat.
Tot. ( Stat., Syst.)
2-lepton = - 1.15 0% ( 0241?8233)
obs
HUpw also extracted Llepton HoH 102 B (e i)
L n each region ot 222 115 ( c0m.102)
Merged - o= 1.00 103 ( 1036 )
Resolved - - 1.39 0% (¢ 050 )
Comb. EWK WVjj F 1.28 938 ( 000.0%)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 2 3 4 5 6
lJobs

* Fiducial expected and measured cross-sections:

Combined 0-lepton 1-lepton 2-lepton Resolved Merged
TpP 204 +35fb 73+£25fb 103+£25fb 28+ 1.1fb 11.7+34fb 87+25fb
The 292+49fb 157+28fb 107+£28fb 3.1x1.1fb 17.9+43fb 11.4+34fb
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¢ Data
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EW diboson production in semileptonic final states

» Diboson system mass distributions in the 0-£ selection
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EW diboson production in semileptonic final states

» Diboson system mass distributions in the 1-£ selection
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EW diboson production in semileptonic final states

» Diboson system mass distributions in the 2-£ selection
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Search for VVZ production

It VH production i1s considered as part of the background, the combined observed cross section
is found to be o(pp — VVZ) = 382+% (stat.)*>/ (syst.) fb with an observed signal strength of
1.59t%.22‘; (stat.)f%%% (syst.). The observed (expected) significance corresponds to 5.5 (3.7) o. The
ratio of on-shell VVZ production to VH — VWW?*/VZZ" production is determined from MC simulation
and 1s allowed to vary within the theoretical uncertainties of the two processes.

ATLAS Stat
Vvs=13 TeV, 140 fb~* Syst

Stat. Syst|

_ 0.20 +0.21
r— u(VWZ) = 1.43%550 7015

vVv<Z

_ 0.24 +0.30
— u(WWZ,no VH) = 1.59*923 +0.30

_ 0.28 +0.21
uWwz) = 1.33%6358 T 0'17

j———]
A u(WWZ, no VH) = 1.51*§43* 82

WWZ

_ 1.18+0.76
b—— U(WZ2) = 2'13t0.96t0.41

WZZ

_ 1.20+ 0.79
R ey | U(WZZ, no VH) = 2'15t0.98t0.42

0 1 2 3 4 5 6 7 8
Signal strength
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