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Recent Multi-Boson and Multi-Higgs Results
from ATLAS
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Electroweak Bosons:

Keys to deepen the understanding of Standard Model

Keys to deepen the understanding of Standard Model
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Electroweak/Strong (Gauge
Boson Self-Interactions)

Gauge Bosons Interact with
Fermions (Leptons & Quarks)

Higgs Yukawa Couplings
(Origin of Masses for Leptons
and Quarks)

EWSB (Origin
of Weak
Boson Mass),
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Potential
— (Higgs Self-
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Summary of ATLAS Diboson measurements

Standard Model Production Cross Section Measurements
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Diboson Physics at ATLAS:
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Status: June 2024
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Diboson Cross Section Measurements
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Status: June 2024
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ATLAS Preliminary
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Test of SM EWK Sector w/ high precision and as solid foundation for VBS and triboson measurements; examine
perturbative QCD and EW high order effects; irreducible backgrounds for H>VV decays and other related BSM

searches; sensitive to anomalous Triple Gauge Couplings (aTGCs) with SMEFT; ...
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ATLAS Run-3 data-taking in-action!
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Standard Model Measurements are slow but precise!

Stay tuned ©
(check out 15t Run3 ZZ results by ATLAS: Phys. Lett. B 855 (2024) 138764)
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Inclusive Di-Boson (precision)
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Diboson as main course starter

q 2 q n laq Vs
TGC vertex
_ Wilson coafficient Higher-dimensional Operator
q 2 q v, 7 v, (coupling strength) (new/altered interaction)
t-channel s-channel s-channel I 5} 6{6} ©
Lsmertr = Lsm + E ) + g 2 —- 0,

¢ _ v
’ ‘ q%&% J\J\I\J\' SM Lagr.=.|r'|g|r:|r'|«/v \
Mass scale of new physics

(dimension four)
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1st ZZ->4l total and differential measurements at 13.6TeV w/ ATLAS Run3

ATLAS 1st diboson results in
Run3 w/ 29 fb-1 DATA at 13.6

TeV: a milestone for LHC
Run3 EWK physics

my, and p;* differential cross
sections measured in
comparison with Sherpa and
MATRIX prediction with both
state-of-art MC simulations
and fixed order calculations
up to NNLO QCD+NLO EW

Fid. & Tot. cross sections also
measured w/ comparable
stat. vs syst. unc. driving
future full Run3
measurements into higher
precision
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Prediction/Data

Phys. Lett. B 855 (2024) 138764
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B ATLAS ) o Shterpa qgNLO+ggLOX1.7(> Z2) (*) | % E ATLAS ; o Sh;rpa qgNLO+ggLOx1.7(— ZZ) (*) E
Vs=13.6TeV,2915" @ SheraqqINLOXNLO EW}+ggLOx1.7 Z2) () =, C Vs=13.6TeV,29f6" @& SherpaqaiNLOXNLO EWJ+ggLOX1.7(+22) ()
10 = ZZ —4l ¥ MATRIX qgNNLO+ggNLO(— ZZ) (*) 3 < — ZZ -4l ¥ MATRIX gqqNNLO+ggNLO(— ZZ) (*) -
= A MATRIX gg[NNLOXNLO EW]+ggNLO(— ZZ) (*) _g = A MATRIX qg[NNLOXNLO EWJ+ggNLO( 22) (") __|
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¥ ° g 4
4, s () .
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p? [GeV] m, [GeV]
Measurement MC prediction | MATRIX + EW ZZj;
Fiducial | 36.7 + 1.6(stat) + 1.5(syst) + 0.8(lumi) fb | 36.8 "33 fb 36.5+0.7 fb
Total 16.8 + 0.7(stat) + 0.7(syst) + 0.4(lumi) pb | 17.0 tll'_% pb 16.7 £ 0.5 pb
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JHEP 08 (2025) 142
WW with ATLAS Full Run-2 13TeV @) ruigiw

- WW total, fiducial and differential cross section measurements w/ ATLAS Full Run2 DATA (140 fb-1)
in fully leptonic final states (diff. flavor & oppo. charge to suppress Drell-Yan bgds)

 Highlights:
» 12 measured observables: pyleadlep.  psub-leadiep. ‘peen yoek my, A@e, COSO*=
ETmlss’ mT,epr HTIep.+MET’ ST: Njet
« Jetincl. phase space measured w/ high precision (~3.1% unc.)
 Evidence of central-forward charge asymmetry

« Comparison w/ State-of-Art theory predictions w/ NNLO QCD and NLO EWK (along w/ NLO-QCD
gg and y-induced corrections) and new PDF

tanh(An(e,n)/2)),

W + 4 ”"H— g ”+

EEpad
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WW with ATLAS Full Run-2 13TeV

2
Requirement Criteria g 1000
Pr > 27 GeV g 800
In| e [0, 1.37) U (1.52, 2.47)
Electron Identification TightLH working point 600:
Isolation Gradient
Impact parameters  |do/oq,| < 5; |20 - sinf] < 0.5 mm
Pr > 27 GeV ool
ul <25
Muon Identification Medium working point =
Isolation Tight_FixedRad § 1.1
Impact parameters  |dy/o4,| < 3; [zo - sinf| < 0.5mm ° 0_;;_
T > 20 GeV -
b-jets ] <25
Pile-up suppression jet-vertex tagger for pt < 60 GeV and |n| < 2.4
b-tagging DL 1r, 85% efficiency working point
PT > 30 GeV
Jets In| <45
Pile-up suppression jet-vertex tagger for pr < 60 GeV and |n| < 2.4
1 electron and 1 muon of opposite electric charge;
Leptons no additional lepton with pt > 10 GeV, Loose isolation,
Event and LooseLH (electron) / Loose (muon) identification

Number of b-jets
Me

0
> 85 GeV

Major phase space cuts, veto b-jet but no further jet veto
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1 ¢ Int. fld cross-section

determined using
profile likelihood fit
of St distribution

{ « Fid. Phase space:

Object

Requirement

Criteria
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Ofid. =

707+ 7 (stat.) £ 20
+ 6 (lumi.) fb

(syst.)

Post-fit

i pT > 27GeV
] Prompt lepton Il <25
pPr > 10GeV
Loose lepton Il <25
. PT > 20GeV
b-jets Inl <25
pr > 30GeV
Jets Il <45
1 prompt electron and 1 prompt muon
3 Leptons of opposite electric charge.
10 Event No additional loose leptons
S; [GeV] Number of b-jets 0
My > 85GeV
= R P
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JHEP 08 (2025) 142
WW with ATLAS Full Run-2 13TeV :

« Measured fid./tot. cross sections consistent w/ MOST precise theo. predictions: nNNLO QCD ®
NLO EW using NNPDF3.1 luxQED (better agreement compared w/ NNPDF3.0 PDF )

T T | T 1T 1 | 1T T T | 1T T 1 | T T L | I I | I | | | | | | I | | | | | | | I 1 ! | | | I I | ! I ! !

ATLAS 77 Data ATLAS B Theory prediction
Vs =13 TeV, 140 fb™ [ Statistical uncertainty y - PDF uncertainty
pp — efvutv [ ] Total uncertainty Vs =13 TeV, 140 fb _
This measurement e Predictions op — W'W- [_] Total uncertainty
707 + 7 (stat) + 20 (syst) fb - NNPDFS.0 —e— Measurements

MATRIX 2.1 nNNLO QCD ® NLO EW
123 £ 1 (PDF) £ 2 (scale) pb

This measurement

Powheg MIiNNLO + Pythia8 (*)
656 + 10 (PDF) + 15 (scale) fb |

GENEVA + Pythia8 (*)

683+ 8 (PDF)< 5 (scale) fb o 127 £ 1 (stat.) £ 4 (syst.) pb
Sherpa 2.2.12 (0-J@NLO, 2.4/@LO) () CMS 36 fb ' [1]
’ o e ! s 118+ 1 (stat.) £ 7 (syst.) pp ~ F——+e

MATRIX 2.1 nNNLO QCD _
710+ 7 (PDF)Z 15 (scale) fb (**) ATLAS 36 fb 1 [2] . .
683 + 9 (PDF)+ 15 (scale) fb (**) 137 £ 2 (stat.) + 10 (syst.) pb l o l
MATAP 2] MINEO GCh O NLOEW [1] Phys. Rev. D 102 (2020) 092001
661+ 9 (PDF) + 15 (scale) fb (**) et [2] Eur. Phys. J. C 79 (2019) 884

+ erpa N x | | | | I | | | | | | | 1 | | | | | | I | | | | | | | | | | | |
cowrorswee w8880 90 100 110 120 130 140 150

500 550 600 650 200 Total cross-section [pb]

Integrated fiducial cross-section [fb]
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JHEP 08 (2025) 142
WW with ATLAS Full Run-2 13TeV "

* — .
| cosg*| = | tanh(Aneu/2)| Ve | scalar sum of E{Mssand the
Sensitive to WW spin structure Absolute rapldlty of the dllepton system Iepton transverse momenta
.Q 2400- ' " ' " " " 3 o) ] 2_ + Data ; | ey
4 Data ] &, + Data ] 10°E 10 &=
—2200_ ATLAS Total uncertainty 3 —1700 ATLAS y Total uncertainty ] : ?—TLAS .4 7% Total uncertainty i b®
S toool 'S=13TeV, 1407 ¢ Stepaz2iz () 1 SF7UF (s=13TeV, 140" ¢ Sherpa22.12() : Y T e A NN oupytniah 1
8 3 LT & MINNLO+Pythia8 (* E o o F & MiNNLO+Pythia8 (*) ] I _ etvuy a8 ()
S 1800 PP vy ! G;ENEVA++F¥ytrI1?a8{(‘)*) 3 S 600F PP — & VLY ¢ GENEVA+Pythia8 (*) E 1oL PP H g gmfggggtmasu Jio?
B - & nNNLO QCD 3 . % nNNLO QCD ] 2 R 3
S 1600F 4 :NNLOOCD®NLOEW E 500F 4 nNNLOQCD @ NLOEW - i TS o 4 nI\SItILOOCD@DNLV?MEW :
2 *) + Sherpa 2.2. WWx1.7 3 E ¥ *) + Sherpa 2.2.2 gg—WW x 1.7 1 - oo, () + ShErPa 2.2.2 ggWW x 17 -
14005 “+Sh§rrg: 3.22.122935 qa—vaE;j ] 400_%?% b‘ﬁ i ﬁ_'ﬂa - ()+ ShS’ISZ’ 2212 EW qG->WWjj 1 1 o T+ Sherpa 2.2.12 EW qg-WW 4102
1200:— E a | I 1 -{fa--w_ ] ;..;.Q ------- 3
1000F g T 3 3005 - ; : S
800 g TR i E : e ] 107" 310
B00 v = sopon- - formcn- =T pEeteg 200 gy . : .
400:_ E K —pn - ] weedrEr @y - -
E E 100__ -] ol 4
200E E c Ll D] 10 : ""';"'Uqua“ﬁ
@ e S 14r : ’ ’ " ] E Tl §
__D: 1,2; i __Qf 1.2k Lo 1.2_* _:OG L l , I %ﬂl 3
4 _ — U 7' L R (oA Sy T, V- NS TSN W S SO (- 71 § A
I i e e v S S AT A s o B S S A e e T8 h :
S 0.8F S ' - S 0.8F - 0.8F 1
o 0.6 - o 0.6 | - 06r, ., ., . . .
0O 01 02 03 04 05 06 07 08 09 1 0 0.5 1 1.5 2 2.5 60 10 2x10° | METa.axw?
|cos | Vel H ™ [GeV]

« Differential cross sections measured in general w/ excellent agreement at fixed-order, compared w/
MATRIX prediction jet-inclusively
« Most notable discrepancy is a local 3o difference in the lowest bin of the Hy distribution
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WW with ATLAS Full Run-2 13TeV Y

<:t:o 0_1-— ATLASI | I+ Data | . N (O 0.5;* JIQTLAS 4 Data I | 3
-iaTeviaom! R L oa EeisTevton’ e
I —ev *) + Sherpa 2.2.2 gg—>WW x 1.7 : :— — eV *) + Sherpa 2.2.2 aWWxL?—:
oosf o h Osremasza s |03 PPOE oesmmzzame 7S AL — (0,004 + 0.008 (stat.) + 0.006 (syst.)
[ ] 0.2F s
b — f ___________________________ \ __________________ : o 1 Ac: non-zero due to charge
: 0 4{ ] N N — S 7 asymmetry of the partonic initial
L i -0.1F °© -
~0.05f : ol 1 ° .| 1 state
o -03f 1 Acp =0.014 + 0.008 (stat.) + 0.008 (syst.)
-0.1 ] ~0.4F E
B ‘2‘ { B :j + Acp: asymmetry in CP-odd observable
R F T e e e T S e L . — (7 > :
¢ 4 T Py A 0o = ((Pe- X Per). sign (pe-2 — pev.e))
L ] _af : o ] . o
0 05 i 75 5 2.5 e o consistent w/ SM prediction (zero)
(IO M [GV] within ~1o

« Charge asymmetry Ac measured as a function of absolute difference of leptons absolute
rapidities ||ne.| — |- || and invariant mass of the dilepton system

« Compared w/ the NNLO+PS predictions from Powheg MiNNLO+Pythia8

« Significant asymmetry seen for 15t time! (due to 2:1 ratio of up:down valence quarks)
TsuNG-DAO LEE INSTITUTE LIKZIiE MBYyziE <12 >



WZ with ATLAS Full Run-2 13TeV

JHEP 171 (2025) 006

 Follow up previous partial Run-2 WZ measurements (£ur_Phys. J. C 79 (2079) 535) and Full Run-2
WZ joint polarization (Phys. Lett B 843 (2023) 137895) & high PT polarization measurements (Phys.
Rev. Lett. 133 (2024) 101802

« More precise measurements of incl. and differential cross sections w/ ATLAS Full Run-2 dataset (140
fb-1), in comparison w/ NNLO QCD and NLO EWK state-of-art SM predictions

 Probing CP-conserving and CP-violating dimension-6 operators with m{"Z (low/high categorized)

Variable Fiducial inclusive
Lepton |n| <25

pr of £z, pp of £y, [GeV] > 15, > 20

my range [GeV] Im, —m5°%| < 10
my [GeV] > 30

AR((;,05), AR({z, lyw) >02 >0.3

Inclusive event selection

Z 7 veto

N leptons
Leading lepton pr
Z leptons

Mass window

W lepton

W transverse mass

Less than 4 loose leptons
Exactly three leptons passing the medium lepton selection

petd > 25 GeV (in 2015) or p*! > 27 GeV (2016-2018)

Two same flavor oppositely charged leptons passing the medium lepton selection
| My — M 4| < 10 GeV

Remaining lepton passes the tight lepton selection

my. > 30 GeV

TsuNG-DAO LEE INSTITUTE
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WZ with ATLAS Full Run-2 13TeV

New variables added for
diff. measurements w.r.t.

= A L L L R B R B B — 77171 13
forzmer results > [ eom ATLAS E > F o ATLAS E
pT % B _ EZVevf:giﬁ;/lrzﬂamJS Vs =13 TeV, 140 fol 4 % n _ Poi'::g+.P;rthiax1.18 Vs =13 TeV, 140 fo’ .
p_ll.*}f ; 1 __--- MadGraph NLO __ 5 1 __ V-VigadG:zr;:LO __ NEW!
. . . [ E = Y = - 3 .
m% — thinner binning & 1 > F 1 Triple products
- : : \} B N L] L]
74 a8 . v [ 1 are sensitive to
Yz — Vewl < 1 =0k | CP-Violating
A(W,2) $10E S 3 SMEFT
) ~ - - -~ - -
o r ’ 2 B i !
w = i 1 = L PPN B .....] Operators!:
Ap(E7,2) 8 [ Wz pver | .53 ” P
pV1 o e e e e 102 & 1 L I —
T 8 1271 1 T T 1 T T T 7] 3 1.2¢ T T T ]
V2 = C s = C ]
Pr % VA nidais it . % V0 Wiy Z
E 3 - - F LI S e Y, Zl
P 2 ik * +# ..... 2 =S i i v #‘ 4 i
, = : 4 ° - LA L Ly :
vz E 09f 4 & oof + “ T 4
pL(Z P, 2,6%) : ; : §
+ 7 _ W 0_% PR T TR T I T T T TR N S S SN S NN SR SR S 0.% PR T R | | PR T N T SR T
p (et 0=, W) 200 ~100 0 100 200 2200 -100 o oo 200
N p (2 p% Z, ¢7) [GeV] pu (£ ¢, ") [GeV]
jets
m..
J
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A0 /AN, [fb]

Ratio to Sherpa

WZ with ATLAS Full Run-2 13TeV

102 ! ! ' b
5 ATLAS E
- . Vs=13TeV, 140 fb"
L o " e 7]
10 §_ o _g
: iz B
B -1
1 : | =
= eData T 3
| = Sherpa 2.2.12 -
B = Powheg+Pythiax1.18 7
1071 — MadGraph NLO =
E Wz et .

| 1 | L '
15 ' | ' -
1 :'---' I U '------{ 7
0.5F T
- | A [ 1 | i

TsuNG-DAO LEE INSTITUTE

Ratio to MATRIX

' [fb/GeV]
IIIII

—

o
&
|

WZ = ¢£'vee

———
ATLAS
Vs =13 TeV, 140 fb™

® Data
— MATRIX NNLO QCDXEW,,

= MATRIX NNLO QCD+EW 4

= Powheg+Pythiax1.18

I T —

Sherpa 2.2.12

1 lIIIII|

107"

AKX ZIE

N
200

mYziE

M P | B .
400 > 500

JHEP 171 (2025) 006

« MATRIX ® vs ®
schemes differ at
high pV!

« Sherpa has a
more complete
description in
hlgh NJets
differing from
PowHeg+Pythia

 Very low py
discrepancies
possibly
explained by
large logarithms

in pr /myy

<15 >
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WZ with ATLAS Full Run-2 13TeV

fid.

WHZ € vEf
ohd- - =60.7+ 0.5 (stat.) + 1.4 (exp. syst.) + 1.8 (mod. syst.) + 0.6 (lumi.) fb fid. = 1.456 + 0.025 (stat.) + 0.010 (syst.)
WEZ—E vEe oo ;
W-Z—¢ vet
IIIIIIIIIIIII}/t’/r.IlllllllllI|IIII|II IIIIIIIIIIIIII}/%IIIIIIIIIIIIIIIIIIIIIIIIIIIII
eee [60.6 +3.1 : y”/ ATLAS eee [1.55 +0.07 P —e—it ATLAS
/// Vs = 13 TeV, 140 fb”' ; Vs =13 TeV, 140 fb
W*Z '
nee (575 +26 nee [1.56 +0.06 i —e—
® Data
4% MATRIX NNPDF3.1 % ® Data
NNLO QCDxEW :
eun (620 +256 a CHK 11.39 +0.05 '_"%}- — MATRIX, CT18
""" '\Nﬂmglé CI;IEIJ\IPE%SJ 7 or Sherpa 2.2.12, NNPDF3.0
* f-' “4# PDF uncertainty
MUM 1607 26 ~ —HeF~—~ @ et MATRIX MSHT20 MUL 11,41 +0.04 o4 ...
NGLE BB Z MATRIX, NNPDF3.1
_____________________ _/é____________
/s
combined |60.7 +2.4 combined [1.46 +0.03 /{m
IlIlIIIIIlIIlié}/;{ililIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIl//IEIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50 55 60 65 70 75 80 12 13 14 15 16 1.7 18 1.9 2
fld fid. fid.
Gy [0 Owiy /| OWy

« Measured WZ fid. cross sections in agreement w/ NNLO QCD®EW,, SM prediction from MATRIX
using the NNPDF3.1nnlo as 118 luxged PDF and MSHT20nnlo PDF

« Measurement of charge ratio w/ ~2% precision (stat. limited)
TsuNG-DAO LEE INSTITUTE LIKZIiE MBYyziE <16 >
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WZ with ATLAS Full Run-2 13TeV

| - 10000 s TR (/7 P
CP-conserving EFT limits extracted § | ATLAS Simulation ] e 15 ToV 140" — ObSeed 5% i nquad. |
ith WZ distributi > 3000k Vs=13TeV,140f0" == Sy SMW'Z - \:ﬁ ey Expected 95% Cl lin. _
wIitn my Istriopution L — ] —s..SMWZ ] Wz - Expected 95% Clin+quad. |
* Cw Chwer CHor C gy €¥hq - W2 M~ o Ineariem 2 R = |
CP-violating EFT (Strong!) limits: BDTs 8900 e ] el _
— comb’ -1 C
for each operator to enhance 4000 CP-0dd TGC cya=10Teve ¥ -
sensitivity to CP-violation rinterference | T oxo. | s :
* Cwtildr CHwtildB 2000 \\ H G| |
BDT pos v SM 0_ ; : i -2 f1|5 J1 4)|.5 0 0!5 % 1!5 2
scoreS, - - ’ c /A% [TeV?
5 10F = ATLAS ¢ = (4
BDT pos vs neg = : . {s=13TeV, 140 fo" - g oo
score So h OF ] W'z
~10F . LT |
BT neg v S — 05 0 0.5 1
score S, BDT Score |
145 145 Strongest positive (negative) -
Scomb = SO X P X L interf. for large Scomb (_Scomb) I _
2 2 10° 102 10 1 10 10
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Zy high p; differential measurements and NEW nTGC at 13TeV

—_— Suppressed w/ FSR rejection Cut
my + myy > 182 GeV ~ 2 mg

(t

NEW diff. meas. of ¢*
Angle b/w scattering
plane and decay plane

Analysis designed on top of previous Zy+jets differential measurements JHEP

07 (2023) 072 of Z i.n.the £+{- frame
Focus on high pr(y)>200GeV with on-shell Z: sensitive to neutral aTGCs . isnigf_'fg‘r’:nt; b/ SM
(nNTGCs): prohibited at SM tree level, but 15t arise from dimension-8 SMEFT

d BSM t
Two approaches adopted to probe nTGCs ane pHre s

« Dimension-8 operators in SMEFT approach

« Form Factor (FF) in effective vertex approach
Incorporating for 1%t time SU(2), ® U(1)y fully gauge invariant symmetry -
[PRD 107 (2023) 035005] and cancelling spurious energy dependent term  p—&
Conventional FF formulation only incorporated U(1) symmetry, leading to
limits overestimation by two orders of magnitude (now corrected ©)

TsuNG-DAO LEE INSTITUTE LIXZiE BYziE



Zy high p; differential measurements and NEW nTGC at 13TeV

Zy(ILy) Production: Constraints on Energy Scale /A;

« Limits extracted from high

i T N L R R R UL B R I
pr(y) region differential cross st o1 RSN B
section °F i R ——

. . 4 ""' 4 S, X Observed best fit value - Ao -
« NEW! 1D and 2D limits w/ : \ :
dimension-8 Wilson - ER
coefficients using fully gauge  x° 1 . LA Prtimines
invariant theory treatment 2 : Vo= BTV, 110 1)
(for 1st time at LHC) and af ERN _
conversion FF limits e T E —ct
) o - Vs =13TeV, 140 fb™ 1 Aww CJ-= |
° Slgn!flcantly.rel.ax the S T T— 264511:58 : , : . . é .

previous h, limits w/ only U(1) 1§ x 10 7 95% CL exclusion [TeV]
symmetry treatment

Parameters Current limits at 95% C.L. Limits at 95% C.L. from Reference [61]

(140 fb~ ') using new formalism (36.1 fb~ ') using old formalism
Observed 95% C.L. Expected 95 % C.L. Observed 95% C.L. Expected 95 % C.L.

h) [—1.3%x107°,1.4%x107°]  [-1.5x10 °,1.6x 10" °] [—4.4x10 ', 4. —5. x 107 7]

hy [—2.4x107°,26%x107°] [-2.8%x107°,3.0x10"°] [-4.5x10~"— [—5.3x 1 7

hd [—3.5%x10"*,4.6x107 " [-4.0x10%,49x10" % [-3.7x10 %, 3.7x107 % [-42x10 * 4.3x10 %

hi [—3.2x 10" %, 32x107% [-3.7x10 *,3.6x10 "] [-3.2x10 *33x10°% [-3.8x10 * 3.8x10 %

TsuNG-DAO LEE INSTITUTE LIKZIiE MBYyziE <19 >



kT

Vector Boson Scattering

Polarization

TsuNG-Dao LEE INSTITUTE
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® Vector Boson Scattering topology in a nutshell

, Protons in LHC serve as source of vector boson beams.
q1 q,

q2 ﬁ’;:

Vector boson
couplings >\,{;ﬁ< Y Vi g
v, V A
= QGC * \ector Boson Scattering (VBS) is a key
process to probe the mechanism of
Va Vi

EWSB
Higgs couplings >__ff_<\H‘,/ il  Experimentally measured in a VBS

/\ enriched phasespace along with the
other non-VBS EWK VVjj contributions
suppressed

<21 >



® Physical interest of VV scattering

E— i JHEP11(2008)010
n

7(VV — VV) with m, 120 GeV\ ‘

Unitarity violation of Vector Boson Scattering

M(WL—FWL_ — Z]_Z[_) ~|WS*2 Ny | w/ Higgs

»»»»»»»

|||||

nb #(VV — VV), no Higgs
24 s

 w/o Higgs

......

The m, = 125 GeV Higgs will unitarize VV-2>VV scattering provided it has SM hVV couplings.
This can be carefully examined by either

* Precise measurements of the hVV couplings at the light Higgs resonance

* Measurement of VV-2>VV differential cross sections at high p; and invariant mass

<22 >



® VBS signature in short

- Typical VBS topology Qi‘“’“c zg AN
- tagging jets: 4

/._ — "3
- transverse momenta: p1(j1), pr(j2)

- invariant mass: M(jj)

- Pseudo-rapidity difference: An(jj)

- central jet veto T
yi — 0.5(y(j1) + y(j2)) ) ot

y(J1) — y(j2)
- pr balance: 55 4 ’
- All hard process decay products and jets o

- centrality: ma"(

<23 >



Events / Bin

Data / Pred.

40F ATLAS ¢ Data
35t Vs=13TeV, 139 fb" [zz (EW)
e [@Zz (QCD)

30 Signal Region

25}
20¢
o7
10}
5l

[wz
[@NonRes
[l Others

~ZUncertainty 1

I — s

1.25 * + * - ,
A e e e s

0.75 .

05

>1 08 -06-04 02 0 02 04 06 08

MD

ZZ VVBS (1t observation at

LHC)

Nature Physics 19 (2023)
237

PRD 100 (2019) 032007
arxiv:2511.15569 [EPJC]

od 45 = LI LA S NN A S B S R B S B e BE e S a =
S “F atLas ® Dota ]
~ 40F s=13Tev. 361" CIwz-Ew =
W - ; WZ-QCD
e E WZjj SR . 77 ]
o S°F B Misid leptons
> = tt+V -
W 30 . t7) and VWV —]|
- e Tot, unc. 3
25 L -
E i "l E
20F- . =
3 by 5
15 : ﬂélm y =
10EH W |3
5 -_f s L ; ,d,._,
o) %“_ -
= 2 §
— L .
4] -
© 5
0O 1 LTI TP .rn.'J..'u.'.'ul'.“.' Lttt L e
i T 1 8 L v
o | i 1 ]
-1 0.5 0 0.5 1

BDT Score

WZ VBS (15t observation
at LHC)

« PLB 793 (2019) 469 [A(C]

bY) 4 d 4

Gommme®s/  TSUNG-DAO LEE INSTITUTE

T | T T T T | T T T T [ T T T T ] T
Data

WWYjj electroweak
W*W*jj strong
Non-prompt

e/y conversions

LI B | ] T T
ATLAS —
—
—
— WZ
i
s555%

\s=13TeV, 36.1 fb

20

15

Other prompt
Total uncertainty

Events / 25 GeV

N\
N

\QIIIIIIIIIIIIII

10

| I 'y
d

0 100 200 300 400 500 600
m, [GeV]

ssWW VBS ATLAS observation
« PRL 123 (2019) 161801

TsuNG-DAO LEE INSTITUTE

UXZiE BWZiE
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Same-sigh WW VBS polarization w/ ATLAS Full Run2

« Measure VBS ssWW in fully leptonic decays
w/ ATLAS Run3(+RunZ2)

« Extract longitudinal polarization of W W (3.30
in Run2) & doubly W\W,, further the
sensitivity w/ larger statistics

« Physics Motivations: test EWSB, unitarity
preservation w/ Higgs (Symmetry
AR Restoration!), unveil goldstone nature, probe
» BSM via VBF and more

PRL 135 (2025) 171802 1st evidence of W,W - moving towards observation in Run3

TsuNG-DAO LEE INSTITUTE LIKZIiE MBYyziE < 25>




Run2 two-stage DNN (= GNN/Transformer in Run3)
EWK vs QCD

ssWW VBS polarization methodologies

bkg

Theory
uncertainties
—  Signal |,
Higher-order region
corrections
Polarised T
Samples
- Low-n;
Background control region
estimation
WZ
control region

polarisation

Byq sn MH'H-TIH;M

k-fold
method

LL narm.
TX norm.
WZ-QCD norm.

[

&

* Profile Likelihood
Scan

LX norm.
TT norm.
WZ-QCD norm.

Total yields

W|_W|_ VS WTW & WLW VS WTWT

Three regions for DNN inclusive: (0, 0.2, 0.6, 1.0) , (O,

Each DNN inclusive region contains 3-6 DNN

Regions:
0.3, 0.7, 1.0)
polarization bins

1-bin for Low-m;; and 1-bin for WZ control region

TsuNG-DAO LEE INSTITUTE

LXK Z1E

Binning optimization for

3.
DN Npolarization and DN chluswe TsUNG-DAO LEE INSTITUTE
o 80— 77—
D N N S 160: ?_TLAS } ® Data WwiwiiEw =
i i 2 F Vs=13TeV, 140t I wiwiji Ew W w;w;i Ew =
pOIa rization v 140 F- Wi Wi fit W WW int WW'j QCD =
Lt F SR W wzaco Bwzew .
bkg 120 Post-Fit Non-prompt W Conversions -
U 100 F {7 Other prompt 7 Tot. Uncert. =
Z E DNNincIusivebin 0 DNNincIusive bin 1 ' DNNincIusive bin 2 E
80 — . ]
=z 60F- “ 3
> E 3
o 40 E -
c 20
wn,
< s 0
I © ol 7;‘// 4‘/;*9;/),5‘/ >s‘+//+»<// o
=~ st G445
So075 FF ¥
o 0.50 2 3
DN Npolarization DN Npolarizatiun DNNpoIarization

Obs. (Exp.) significance: 3.3 ¢ (4.00)

—
i i e =+ i .
WrWrjj EW Wy W=jj EW
B 70} = N B B R A R B
S ATLAS ® Data W wwij Ew
) ) o 400E-Vs=13TeV, 140" Www;iEW Wi Ew
polarisation 350 WLWi fit W Wi nt W'Wj Qco
SR Wwz acp Bwzew
300F Post-Fit Non-prompt Il Conversions
[ Other prompt 77/ Tot. Uncert.
250 ==Predicted WW:ii EW (10x SM)
U 200 DNNinc\usivebin 0 DNNincIusive bin 1 : DNNinc\usive bin 2
P '
e
=
o
c 0
2. B1.25 );
5 = 07 51 rsidias o Mes s /fjsﬂ///y#////»‘///#//éf/ ///%ﬁ/ﬂ//*é*&*{/
S 05
DNNpoIarization DNNpoIarizat[on DNNpolarization
Fiducial cross-section: 0.01 + 0.21 fb
W ﬂﬁ_jj EW WiWijj E\ Obs. (Exp.) 95% CL upper limit of 0.45 (0.43) fb
T''T L
mMzE <26>



ssWW VBS signal region and signal polarization compositions

SM prediction

W*W=jj EW

Other prompt

Conversions

Non-promp
WZ EW

TsuNG-DAO LEE INSTITUTE

WZ QCD

m \ A d AR

omeets/  TSUNG-DAO LEE INSTITUTE

~ 200 signal events in
full-run2 data:

e LL:10%

e LT:21%

WEWj - TT: 69%

WEW*jj QCD

« Shape of Higgs potential > EWSB

« W/Z longitudinal polarization and Goldstone

« Constrain Higgs self-coupling through VBS V.V,
scattering, making use of the EWSB and
goldstone nature of W/Z boson!

-; ‘@-)‘ "7

UXZIE BYZziE <27 >



\

Incl. diboson polarizations L R

g prTTTT T T Measurement
q WE L “Ey B 100 < pZ <200 GeV pZ > 200 GeV
7 foo 0.19 093 (stat) £02 (syst)  0.13 £0-9 (stat) +0-02 (syst)
Jorsro 0.18 :tg 8; (stat) 1882 (syst) 0.23 :tg :; (stat) :1:8.(!)8 (syst)
5 i 2 1s b e
frr 0.63 +-02 (stat) =001 (syst)  0.64 +0 13 (stat) +000 (syst)
w* - 0o obs (exp) sig. 52(43) 0 1.6 (2.5 o
: P) sig
q zZ iy 1st observation of joint longitudinally polarized WZ at high energy
i : ~ - approaching regime of vector bosons’ goldstone natures
AY(l, 2)
S 60O T T T T T T g e e e
. P ATLAS . ¢ Data s - ATLAS Simulation
« 1stevidence of Z,Z, obs. 43 0 5 soof JoT SN A0m 5 G 005~ 13TV -y
w - T S . gg 22— -
(380 eXp) 400l Post-Fit .IZnTtiIf g - pﬁlarisaticlm states —2Z,2
. . . e : = (.04} shape-only
« Five decay angle variables driving " MNonprompt | § T
. 300 ] B
BDT separation of LL, LT, TT 7/ Uncertainty 0.03"
q 7z q 7 200f ¢ " :
100f ] 0.02-
: 1 ooh
Eé . ;F ‘///(% /’Vvi//y’/‘// y@*//+ I+#+ »i//# /{ ,ﬂ+///+<// %% N
_ = cede b b b Lo b L a baa s Lo
q Z g 7 © %508 06 04 02 0 04 06 08 1 08-06 0402 0 02 04 06 08
BDT Score cos6,
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VBS and Composite Higgs

TsuNG-Dao LEE INSTITUTE
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More on Higgs->BSM Portal: the Higgs Puzzle

First fundamental (?) scalar field to be discovered

?
Spontaneous symmetry breaking by development of a VeV | |
« But VeV is induced parametrically by ad-hoc Higgs |
potential, no dynamics @ 2% \u/ \j/

What we know now

Parameters of Higgs potential are not stable under radiative
corrections {
- First time that the radiative correction to a particle mass V(k) = ;x'h* +
is additive and quadratically divergent o
. Gauge boson masses are protected by gauge invariance ~ * Ad-hoc potential, similar to and

A , [P . -
h* or V(h) = -u’h®+ =h* h®
4 ( ) 2# 4 T A2

« Fermion masses are protected by chiral symmetry of motivated by Landau-Ginzburg
massless fermions theory of superconductivity
« Higgs potential in SM can be
Single scalar Higgs field is a strange beast, compared to extrapolated to Planck scale
fermions and gauge bosons without additional parameters
Additional symmetries and/or dynamics strongly motivated - but no a-priori reason for a
by Higgs discovery parameterization to respect

this condition

TsSuNG-DAO LEE INSTITUTE LIKZiE BYziE <31>



Composite Higgs, VBS-VV and VBF Di-Higgs

Old idea: Hl?gs doublet (4 fields) is a Goldstone mode generated from the spontaneous breaking of a
larger global symmetry

But assuming there is a strong dynamics at the energy scale “f" which causes a condensate to form
and break the SO(5) symmetry

Resonances will be associated with this strong dynamics

Lightest resonance will decay to the “pseudo-Goldstones” which are much lighter, i.e. longitudinal
gauge bosons and Higgs bosons

« Similar to QCD p > mint
Simplified model: arXiv:1109.1570 (Contino et al.) “On the effect of resonances in composite Higgs
phenomenology”

« Scalar resonance: n > hh, V/\V,

SUPERSYMMETRY Composite Higgs

G @~ @ 1 -

Standard particles SUSY particles

TsuNG-DAO LEE INSTITUTE LXK ZIE <32>



VBS-VV vs VBF HH , Ak d o i

omeets/  TSUNG-DAO LEE INSTITUTE

« Branching ratio to hh, W W and Z,Z, in the 1:2:1 ratio is a definitive prediction
« Resonance decaying to two Z, bosons is a distinctive signature of the Goldstone nature of the Higgs boson
« Vector boson scattering topology

« Quarks emit longitudinal vector bosons which interact with new (presumably strong) dynamics

« Quarks scatter by small angle in the forward direction

TsuNG-DAO LEE INSTITUTE LIKZIiE MBYyziE <33>



Phys. Lett. B 858 (2024) 139007 . o
Where we stand... By T d AR

omeets/  TSUNG-DAO LEE INSTITUTE

1035' r—r+r 1 rr g rr .ttt 1t 1 1| r . 1 Tt [ T 1 T 1t [ 1T 3
- ATLAS —— Observed limit ]

o[ Vs=13TeV, 140 fb™ - == Expected limit ]
10°=- VBF HH bbbb B Expected limit +10 3
- Composite Higgs model (Mx=0.2mx) Expected limit :20 -

B —— Theory prediction 7
10" =

10°

| 1111

« 15t LWA resonance search motivated by

95% CL limit on oygr(X—HH) [fb]

composite Higgs strong dynamics 101 -
scenario g -
- Sensitivity is far from interesting 1072 = =
conclusion : -
—3 TN SRR SN NN NN SN SR TN N NN SR SN SN SUN N SN SN SN SN N S SN SN SN [ SN S S S I S S S S R S S
. Motivating VBF VV and HH more 101500 1300 1400 1500 1600 1700 1800 1900 2000
coherent and combined searches my [GeV]

Particle and Nuclear Physics Division
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PADT hA

From Di-Higgs to Triple Higgs

TsuNG-Dao LEE INSTITUTE
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How the Higgs Boson self-interacts? 3 A1k 4 5

s s/ TsUNG-DAO LEE INSTITUTE

- How stable is our universe?

Higgs
V() potential

’

L4
Our .-~ Stable
vacuum _==--

..... [ I

RN
- A )
. -‘Metastable
T YR )
‘ . ’
A 4
rd

Of  Higgs :
Particle and Nuclear Physics Division Im (¢) field )

bl v <36 >
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® EWSB & Higgs

V(Q) =
vwkz—y¢¢+&@¢0 .. ig
§$ far

iGT
v4+h—iGY

NG

O =

Zero energy

excitations
« Shape of Higgs potential > EWSB 2
« W/Z longitudinal polarization and Al
Goldstone
* Interplay and joint interest of Higgs self- g~
coupling through VBS V V| scattering, ¢
making use of the EWSB and goldstone —~

nature of W/Z boson!

Re($)

Particle and Nuclear Physics Division
RFSEDERRE

~125.09 GeV/c?

/a7 0
, H

AN EF

Higgs

<37 >



ATLAS+CMS HH combination (Latest!)

Koy

- ATLAS and CMS Preliminary
35 LHC Run 2

- Vs =13 TeV

- All other k fixed to SM

w

4_[ LI I I I L I L I L I L I LI

ATLAS
CMS
Combined

2.5 — Obs.95%CL ¥ Bestfit (1.8, 1.0) —
- -=- Exp.95%CL ¥ SMpredicton
2 —

1 . 5 :_ l—/ ::: —mIIISs=sssSs -'-'—'::::::::_—_—_—.:——-.__-..-'_‘_.-:._‘: S~o —:
e B

- 1 I‘ \\ S, -

1 AN \\ N A + Lo \‘ ]

- \\:\\.\\s‘\ ’] ‘\ l, —

0 5 :_ \.;::‘ hh:--_-"-"'_—-'——-"—-—'—_-‘-_-‘_".."_-_-'__-_-_-_—_— ——————— '::__ - —,:' -7 _:
O:I 1 1 I | 1 | l I 1 1 1 | I 1 1 -I'—I_—I——I‘-I_-I--I-—I—-I.‘I 1 1 I 1 | :

2 0 2 4 6 8

CMS

ATLAS

Combined

ATLAS-CONF-2025-012

arXiv:2602.23991 (submitted to PRL)

| ATLAS and CMS Preliminary’~ ©°%™e

<~-- Expected (ufiim®v = 0)
- LHC Run 2 [0 Expected t10
| Vs =13TeV

[ Expected +20

-+-- Expected (uA5iMov = 1)
" oS, ver(HH) = 32.8 fb A
Exp. Exp.

008 (upgmv = 0) (ufiime = 1)

— 3.5 2.6 36
— 29 2.4 3.5
— 25 1.7 2.8
b by b b b b b b b b a
1 2 3 4 5 6 7 8 9 10

95% CL upper limit on HH signal strength Ly

ATLAS+CMS Run2 Full Dataset (126+140 fb-') Di-Higgs Combination!
Uyy = 0.8 ¥09 _ - w.rt. SM, Significance~1.10

-0.71 < k; < 6.1, 0.73 < Ky, < 1.3 (Best by far!ll)

TsuNG-DAO LEE INSTITUTE
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Phys. Rev. D 111 (2025) 032006

Higgs Triple itself as a probe to quartic

1
V(H) = Em,%,H2 + A3vH3 + 1, H* + O(H?)

- SM tri-Higgs production is sensitive to tri-linear and quartic Higgs
self-couplings (15 & 1,).

- Constrain modifications to SM coupling values (k3 & 1 ,- no
experimental bounds before).

- Quartic couplings can only be accessed directly this way.

* Small SM tri-Higgs ggF production cross-section at

~ 0.079fb at NNLO.

 Some BSM theories predict
nontrivial tri-Higgs production.

* Rare process — 6b final_state (large
branching ratio: H — bb ~58%).

Particle and Nuclear Physics Division
RF SRR

AKX ZIE

mYziE

s=13TeV :




HHH as a probe to BSM

* Two Real Singlet Model (TRSM)

Extending the SM by adding two real scalar
bosons Xand S.

LO productions reach cross-section values of
up to ~ 50fb.

Mass ranges: my > mg, 325 <my <575 GeV,
200 < mg <350 GeV (fulfill perturbative
unitarity bounds).

Resonant + non-resonant, all LO ggF
production modes (BSM + SM).

* Simple model for dark matterand CP
violation (DM-CPV) o

Dark matter is vector-like dark fermion.
Interacting with SM through scalars
similar as the scalars in TRSM.
Negligible differences are found in the
HHH event kinematics between the
TRSM and DM-CPV models.

Particle and Nuclear Physics Division

R SEHRFH

S off-shell,
non-resonant

D A § 4 %k T

s s/ TsUNG-DAO LEE INSTITUTE

off-shell,
suppressed

o e — 1 S on-/off-shell border

Simplified TRSM model

- TRSM breaks unitarity at high masses, and becomes dominated by
the non-resonant diagrams. Simplify model to avoid TRSM problems.

- Only consider resonant ggF production (X - SH - HHH).

- My > mg, 550 <my < 1500 GeV, 275 < mg <1000 GeV.

IXZIE BYzZiE S8 7 <40 >



Analysis overview In a nutshel

 Datasets: 126 fb.
550 <my <1500 GeV 275 <mg <1000 GeV

* Three interpretations based on the kinematics of ,
Generic heavy resonance

the signal models.

Logyo[a(pp-hhh)]

600 -

- Non-resonant: mg < 2my (250 GeV).

- Resonant: mg > 2my (250 GeV).

- Heavy resonant: generic heavy resonances
(narrow & wide decay widths), m¢>275GeV,
my > 550 GeV. d Non-resonant

Ml production

500 - -1.5

Resonant

production 20

-2.5

-3.0

* Each search follows the same general analysis
strategy.

m, [GeV]

-4.0

* Dominant background: QCD multi-jet production. 300;-
Estimate by data-driven method.

4.5

* A profile likelihood is performed on Deep Neural oo oo '
Network (DNN) score to obtain the final results. o [ G

Particle and Nuclear Physics Division
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Multiplexing the Higgs reco pairing

28153

omeets/  TSUNG-DAO LEE INSTITUTE

= 6 b-tagged jets
Signal Region (SR)

=5 b-tagged jets

ATLAS Run?2 ) Control Region (CR)
data = 6 jets / Back d estimati
> 4 jets with p; > 40 GeV ackground estimation
selected by . & validation
: > 4 b-tagged jets
triggers
= 4 b-tagged jets
Pairing efficiencies: Control Region
Background estimation
SM-like ~ 60% & validation
(N NN KN K X X EEN
Resonant TRSM ~ 50% For 5b (4b) events: Y iy

5b-jets + Leading of the remaining jets

Heavy resonant ~ 80%

For 6b events: \......}'...-'-0
Particle and Nuclear Physics Division . NN T e < ! .
elpidnitimiaild UKRZIE BY2 6 leading b-jets



Phys. Rev. D 111 (2025) 032006
Non-resonant & resonant interpretations

L

e Cross-section upper limits in the
(my, mg) plane of non-resonant
interpretation and resonant
interpretation. (Observed: 500
48~310 fb.)

450
 SM HHH production:

{ I | [ | A | I | 1

5 400
HHH
H= "M ~750 | ATLAS

— i Vs =13TeV, 126 fo"-

oAl nonresDNN§ resDONN TRSM Benchmark 3

Observed cross-section upper limit: 59fb

| S ) PR | I I

I 1 | 1 ’ 1 1 1 1 l 1 1 1 1 l
200 225 250 275 30
ms [GeV]

TR RS T
325 350

150

100

(6)]
o

Particle and Nuclear Physics Division

. ok N Y= Vel =] ] ] ] . . . i
TR M?E%ﬁatﬁ% @.cze’r‘n/ Updates/Briefing/First-Tri-Higgs-Search *°~

L




Phys. Rev. D 111 (2025) 032006

. . . t ¢: S0\ Ak 3 a5
Higgs Quartic Coupling for 1st time at LHC @) Fudin
. . . M‘d‘ 400 | | | | I | | I I | | | I | | | I | I | | I | I | | I
Constraints on quartic coupling set for the -~ ATLASInternal o= Ei‘;' 68% CL
first time. L Vs=13TeV, 126 fb! e — Obs. 68% CL _

- s ---- Obs. 95% CL
200~ HHH — 6D ' 3

v Unitarity
Degeneracy of oy gy (K3, K4). L

9\\ X SM )

At the 95% CL none of the phase space inside O~
the unitarity bounds is excluded. -

—200{— ; | ) =
In the SM: K3 = K4 =1 L o 5
. —400_ :: ‘t“ g 1
Assuming x, =1, k3: —11~17 at 95% CL. = : A -
Assuming k3 = 1, ks: —230~240 at 95% CL. -e00— i .~ -
[ | 1 i‘ 1 I 1 1 | 1 | | | I | 1 | | I 1 1 | 1 I 1 l | 1 T
—20 -10 0 10 20 30
K3
Particle and Nuclear Physics Division . . . ‘
s bk L = 7 =] . . . . . = < 44
HEF SRS littps:/7atlas cetn/Updates/Briefing/First-Tri-Higgs-Search **~
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Extended
Higgs sector
(2HDM)
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