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Physics motivations

e Measure Triboson final states:
small cross section, need full run 2
at LHC

 Test beyond Standard Model
theories

- Sensitivity to anomalous
Quartic Gauge Coupling (aQGC)

— Limit to Effective Field Theories
can be set

e Backgrounds composition run 3

analysis (ZH(yy) WH(YY))

CAP 2024
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Triboson states
presented here
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« Background treatment : I * I

- WZ+jets
estimated in same flavour opposite sign
lepton CR

— WZ+jets in 2lep and ZZ+jets in 31 SR

reduced with veto on additional loose lepton

o WWW Observation at 8.0 (5.4) standard deviation - Z(ll)
(expected) Exlcude 80<m;<100 GeV

Within 2.6 0 of theory prediction

WWW

STDM-2019-09

 Using at least two lepton:

2 lepton + 2 jets SR : using same-charge lepton

3 leptons SR : no same flavour opposite sign lepton
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WWW

STDM-2019-09

e WWW Observation at 8.0 (5.4) standard deviation

(expected)

Within 2.6 0 of theory prediction

 Using at least two lepton:

2 lepton + 2 jets SR : using same-charge lepton

3 leptons SR : no same flavour opposite sign lepton

e Fit method:

— Separate BDT for 21 and 31, simultaneous fit for both
BDT distribution and m, distribution for the WZ CR

CAP 2024

« Background treatment :
- WZ+jets

i+l

estimated in same flavour opposite sign

lepton CR

— WZ+jets in 2lep and ZZ+jets in 31 SR

reduced with veto on additional loose lepton

A

Exlcude 80<m;<100 GeV

40

20

0

2 T
[} | ATLAS e Data
T | 5=13Tev, 139" = WHAW(i=1.61)
SOTSH ee [ Non-prompt
Post-Fit 3y conv.
i [ Charge-flip
B I Other
60— ~222 Uncertainty
----- Pre-Fit Bkgd.

1.4
n

0.6

E——

Data / Pred.

0 01 02 03 04 05 06 07 08 09
BDT output
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2|

 Background treatment:

\/\/ Z Y v 7 - j=Y background

Estimation in looser selection CR using Z+jets sample
STDM-2019-17 q W - j=l background
Estimated in looser selection CR using dijet sample

- ZZy and ZZ(e-y)

Reduced by | M)y ~Zmass| > 10 GeVselection
normalized with dedicated CR

e First measurement of WZy cross section
at 6.3 (5.0) standard deviation observed (expected)

within 1.5 o of theory prediction

« Using I'lly channel one same flavor opposite charge
pair

My > 81 GeV for FSR reduction

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken 6
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 Background treatment:

\/\/ Z Y v 7 - j=Y background

Estimation in looser selection CR using Z+jets sample

STDM-2019-17 q - j=l background

Estimated in looser selection CR using dijet sample
- ZZy and ZZ(e-y)

Reduced by | M)y ~Zmass| > 10 GeVselection
normalized with dedicated CR

e First measurement of WZy cross section Emiﬁ;ﬁ;&' T epmm
at 6.3 (5.0) standard deviation observed (expected) ol et
o, 100 SR WZzZ(e—y)
within 1.5 o of theory prediction T [ Postht —HL-
I.ﬁ 80:/"/ : [ Nonprompt

“7 Uncertainty

« Using I'lly channel one same flavor opposite charge
pair

My > 81 GeV for FSR reduction

« Profile likelihood fit of the 4 e/ final states (3
regions, 1SR and 2CR) .

0.75 :
IS %20 a0 60 80 100 120 140
p! [GeV)
i
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Wyy .

STDM-2018-33 ;

 Background treatment:

— j=Y main background

« First measurement of Wyy at 5.6 (5.6)

o 2D (leading/sub-leading) template fit of photon isolation energy in data
standard deviation observed (expected)

1n agreement Wlth the SM predICtlon Data driven fake rate estimate in Z—ee/ey CR
 Using e/u channel < Top backgrotnd
e Reduced via b veto
Emisspresence « Dedicated CR (with >= 1 b-jet) for fit constrain

e Low E miss region (with >= 1 b-jet) for validation

<40 GeV
E™* < 25 Gav

MY

= 40 Gel
E "2 25 Gew

W
My

=0
Number of b-jets
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STDM-2018-33 ;

 Background treatment:

— j=Y main background

« First measurement of Wyy at 5.6 (5.6)
standard deviation observed (expected)
in agreement with the SM prediction

2D (leading/sub-leading) template fit of photon isolation energy in data

Data driven fake rate estimate in Z-»ee/ey CR

» Using e/u channel QRIS gl
» Reduced via b veto
Emisspresence « Dedicated CR (with >= 1 b-jet) for fit constrain
4 bin likelihood fit (using topCR, topVR and SR) * Low Ermesiegion withiagisietlicnaiecton
TopCH TopvH Sh
£ ATLAS Preliminary | : ", P
1z L =13 Ta"f 11;3?15 : E;TT 33
Wﬂ—rh"}']'"f 'ﬂ vy =4
Post-Fit : — T . N
[z [ Mutibosan ;::i .

BT

B Ficup
10 g3
548
L= 1.4 - - * DataPosi-Fit x Rﬂl
W 1.2 ; ; it x E,
I R R ] N T
0.8 : : | — Pro-FaFostFe]
0.6 = Ratio o =0
20 40 70 s 20 e [ 20 ) & Number of b-jets
B [GeV]
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EFT interpretation aQGC

» Effective Field Theory (EFT) used to

0
add higher dimension operator to Lot = Loy + Z . .
=2

the SM Lagrangian

An—4

» Dimension 6 and 8 contribute to
anomalous Quartic Gauge Coupling

(aQGC)

2
= [Asml” + ) ci 2Re(Agy,Ar) +

Agm + Z CiA;

Zc?|Ai|2 + Z cicj2Re(A;A7) .

i SRES]

CAP 2024 Multiboson production with ATLAS,

Raphaél Hulsken
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EFT interpretation aQGC

» Effective Field Theory (EFT) used to

o0
add higher dimension operator to Log = Loy + Z
the SM Lagrangian s

n

An—4

O

» Dimension 6 and 8 contribute to
anomalous Quartic Gauge Coupling

(aQGC)

2

Agm + Z CiA;

i [ i#]
)

= |[Asm|? + ) c;2Re(ALA) + > 7|A; |7 + cici 2Re(A;AY) |
SM I J J

SM

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken
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EFT interpretation aQGC

» Effective Field Theory (EFT) used to

o0
add higher dimension operator to Log = Loy + Z
the SM Lagrangian s

n

An——4

O

» Dimension 6 and 8 contribute to
anomalous Quartic Gauge Coupling

(aQGC)

2

Agm + Z CiA;

| : I \ y, i [ i#]

= |[Asm|? + ) c;2Re(ALA) + > 7|A; |7 + cici 2Re(A;AY) |
SM I J J

SM INT with SM
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EFT interpretation aQGC

» Effective Field Theory (EFT) used to

o0
add higher dimension operator to Log = Loy + Z
the SM Lagrangian s

n

An—4

O

» Dimension 6 and 8 contribute to
anomalous Quartic Gauge Coupling

(aQGC)

2

Agm + Z CiA;

\_} I \ Y, :\ y 1], 1%]

= |[Asm|? + ) c;2Re(ALA) + > 7|A; |7 + cici 2Re(A;AY) |
SM I J J

SM INT with SM aQGC

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken
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EFT interpretation aQGC

» Effective Field Theory (EFT) used to

0o
n
add higher dimension operator to Letr = Loy + E A3 O
the SM Lagrangian p=h
 Dimension 6 and 8 contribute to
anomalous Quartic Gauge Coupling
(aQGC)
2
Asm+ ) ciAil = |Asml® + )" ci 2Re(AfyAi) + > TP+ ) cicj2Re(AiA))
f \ ) i \ J i \ J o] \ J
SM INT with SM aQGC Cross term

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken
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Dimension 8 operators

e Three types of operator (using
Eboli-Gonzalez-Garcia Model) can be defined
respecting charge-conjugate and parity
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Dimension 8 operators o [ oA [ e

Osy = |[(D,®) D*®| x [(D,®)" D*®

e Three types of operator (using Os = (D) D,8| x [(D*®) D a]

Eboli-Gonzalez-Garcia Model) can be defined
respecting charge-conjugate and parity

— S operator: Constructed from covariant derivative
of the Higgs doublet
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e s eSS RPN LR LR EFFFFEFEFHEEEFEEEFFEEFEEEFRFEEEEEEEFEEE
Dimension 8 operators

Os, = (D, @) D#®| x [(D,®) D*®

e Three types of operator (using Os = (D) D,8| x [(D*®) D a]
Eboli-Gonzalez-Garcia Model) can be defined
respecting charge-conjugate and parity Osso = Te [IW, 7] x [(Do8)' D8] . Oprs = Te [0, 777%] (D) DF]
, . . Oxz = [BuB™] x [(Ds®) D7@] . Osrs = [Bu B x |(Ds0) D @] ,
- S operator: Constructed from covariant derivative | , _ (0,8 WouD4#] x B, Ougs = [(D,8) Wy, D8] x B +he. |
of the Higgs doublet Orsr = [(D,0) Wy, ToD7a)]
- T operator: Constructed from field strength
tensors
CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken 17
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e s eSS RPN LR LR EFFFFEFEFHEEEFEEEFFEEFEEEFRFEEEEEEEFEEE
Dimension 8 operators

Os, = (D, @) D#®| x [(D,®) D*®

e Three types of operator (using Os = (D) D,8| x [(D*®) D a]
Eboli-Gonzalez-Garcia Model) can be defined
respecting charge-conjugate and parity Osso = Te [IW, 7] x [(Do8)' D8] . Oprs = Te [0, 777%] (D) DF]
, . . Oxz = [BuB™] x [(Ds®) D7@] . Osrs = [Bu B x |(Ds0) D @] ,
- S operator: Constructed from covariant derivative | , _ (0,8 WouD4#] x B, Ougs = [(D,8) Wy, D8] x B +he. |
of the Higgs doublet Orsr = [(D,0) Wy, ToD7a)]
- T operator: Constructed from field strength — — — —
Oro = Tr [Wou W | x Tr [WaaWe?| | Opy = Te [Won W2 | x T [ W5
tensors B L o
Ora = Tr [WauWHe| x Tr [Wa, Wee| | Ors = Te [W W | x Bas B
- M operator: Constructed from derivative of the Org =Tr [N WV49| x BsB* | Opy =Te[W,, W] x B, B
Higgs doublet and field strength tensors Ors = BB By B . Ory = Bo,B*By, B

Multiboson production with ATLAS, Raphaél Hulsken 18
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Dimension 8 operators

Os1 = -[DP@JT Drd| x '{DF[I,)T DU

e Three types of operator (using Os = (D) D,8| x [(D*®) D a]
Eboli-Gonzalez-Garcia Model) can be defined
respecting charge-conjugate and parity Osso = Te [IW, 7] x [(Do8)' D8] . Oprs = Te [0, 777%] (D) DF]
, . . Oxz = [BuB™] x [(Ds®) D7@] . Osrs = [Bu B x |(Ds0) D @] ,
- S operator: Constructed from covariant derivative | , _ (0,8 WouD4#] x B, Ougs = [(D,8) Wy, D8] x B +he. |
of the Higgs doublet Orsr = [(D,0) Wy, ToD7a)]

- T operator: Constructed from field strength — — — —
Oro = Tr [Wou W | x Tr [WaaWe?| | Opy = Te [Won W2 | x T [ W5
tensors B o .
Ora = Tr [WauWHe| x Tr [Wa, Wee| | Ors = Te [W W | x Bas B
— M operator: Constructed from derivative of the Org = Te [Wa, 44| x B,sB™ | Opy = Tr [W,, W] x By, B
Higgs doublet and field strength tensors Ors = By B Boy B . Oro = Bo, BBy B
WWWW | WWZZ | 22ZZ | WWAZ | WWAA | ZzZA | Z2ZAA | ZAAA | AAAA
Os,0, Os,1 X X =
Onr0s Oum1,.0Mm6 007 X X X X X x i 4
Owm2 ,Om3, OMma ,.0M5 X X X X X X
Oro ,0r;1 ,01,2 X X p 4 X X X X X X
Ors ,Ore ,Or,7 v X X x b X X s 4
Org 019 X X X b 4 X
CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken 19
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LYY

Phys. ]. C 83, 539

* Fiducial cross section

measurement with 12 % precision

« Using e/u channel

(my+min(my, ;,my,,))>2M; for FSR contribution

removal

CAP 2024

Ziy*

Zy*

m, [GeV]

ATLAS Sn‘nulahon
pp — Iyy+X

ISR dominated

FSR dominated
490 80 90 100110 120 130 140 150 160 170
min{mm - rnm) [GeV]
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q Z/,}(*
Z/y* > '
; Y Y . y 8 Apﬂfﬁ TS:;nulatlon
=
Phys. ]. C 83, 539 . y
ISR dominated
— — - FSR dominated
e Fiducial cross section 430 80 90 100 110 120 130 140 150 160 170
min(mm, rnm) [GeV]

measurement with 12 % precision

Lo P ———

» Using e/ channel % | | T A
. 2 Vs = 13 TeV, 139 fb’
(my+min(my, ;,my,,))>2M; for FSR contribution %Hf Z(->lyyy
® [Data
removal © o Al
- Differential cross-sections (6 kinematic HedGraph NLO
observables:
Elei Eszr pT”r pT"YYr mvvr mllyy)
&
S
g
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q Z/’}f*
ZYY (aQGC) 2L g B 7 M= S
fs=13TeV, 139" Eshﬂm NLO _g
e 2=y - #¢- MadGraph LO E
Phys. J. C 83, 539 : - woror J
Limit set on aQGC operators using EFT :
approach
- T, T, T, T, operator reduced up to
two orders of magnitude compare to 50 100 150 200 250 300 350 400
p; (Gev]
8TeV (phys. Rev. D93, 112002)
ATLAS Expected limits
15 =13 TeV, 139 6" —— Observed limis
#T.D#A“I""'l""l"'"'l"'"'!‘"'I""r“"r"“T[_9.57'533]
rf:::m‘ ——— |.m.-;541
Frs int : [-7.04,6.94]
rf” int |-15.55,15.04
fra Int --?—- |-1.64,1.61)
e e e e S e e A
95% confidence intervals [TeV™]
CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken
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q Z[y*

/vy (aQGC)| ~ ="

q

ATI.AS +Data =

Vs=13TeV, 139" =

Z(ollyy e == Sherpa NLO s

e ~#:- MadGraph LO

PhVS C 83 539 o 5 e fmm"-‘ITe\.f"_ﬂ

Limit set on aQGC operators using EFT
approach

- T, T, T, T, operator reduced up to
two orders of magnitude compare to

Rl TNl iU a LV ool L A el U CR TN TR firc) Lol Lt
50 100 150 200 250 300 350 400

P (GeV)
8TeV (phys.Rev. D 93, 112002)
- Clipping method used to restore unitary at
large energy scale — —
15 =13 TeV, 139 fb" —— Observed limils
s 10 T T T T T T T ] rfTDe'A“I”‘Ir”‘Ir””1I”l1_”r'l1l”r”‘rr””r|-95‘.r,933]
> ATLAS —— Observed limits ’ )
2 8 E Vs=13TeV, 139" —— Expected limits Sy : 9.88.9.34]
WE 6 95% confidence intervals - 1A (20211008
w 45_ K _E fr o /A ______ [4644.54]
i ; :% fr_s Int I [-7.04,6.94]
2 f_ _'f Fr 7 Int . [-15.55,15.04
_af _E Fr g /A —— [-1.64.1.61]
_BE_ /r _E rf.r'g ”\‘ 1 1 | | _‘_:__ 1 ol T i ey
8 = =20 -5 10 5 0 5 10 15 20
_10: _ | - | - i _ i - " . | - | - L 3 95% confidence intervals [TEV"’]
E; [TeV]]
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WY

STDM-2018-31

=
=

Or )
‘fl’y - |(yly - %)/(yh - y]z)l

e Fiducial cross section Observed (expected) >6 (6.3)

 Using 1 lepton and 1 photon
~ |[my- Z,,.s| > 10 GeV to remove lepton consistent with Z

— SR :no jet between leading jet; >0 jets for CR

— centrality of the lepton-photon system relative to the VBS tagged
jets to define SR and CR
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WY

STDM-2018-31

=
=

Or )
‘fl’y - |(yly - %)/(yh - y]z)l

e Fiducial cross section Observed (expected) >6 (6.3)

 Using 1 lepton and 1 photon

~ |[my- Z,,.s| > 10 GeV to remove lepton consistent with Z

— SR :no jet between leading jet; >0 jets for CR

— centrality of the lepton-photon system relative to the VBS tagged

jets to define SR and CR

* Fit on the NN score in SR and CR regions

CAP 2024

Events

Pred.

Diata /

‘IED'D:"""I""I”"I”"l""l”"I"'"l""l”"l"":
C ATLAS # Data
1600F 5= 13 TeV, 140 b WEW Wi
FEW W/ —dvlyi Strong Wi 1
1400 sp™ [ Mon-prompt—]
‘|EIEH];— Past-Fit =;:ITEII:Q E

7 Uncertainty

0

[21 a i " i L i " L i
O 01 02 03 04 05 06 07 08 09 1
MM score
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WY

STDM-2018-31

=

=

Or )
‘fl’y - |(yly - %)/()’J] - y]z)l

Fiducial cross section Observed (expected) >6 (6.3)

Using 1 lepton and 1 photon

~ |[my- Z,,.s| > 10 GeV to remove lepton consistent with Z

— SR :no jet between leading jet; >0 jets for CR

— centrality of the lepton-photon system relative to the VBS tagged
jets to define SR and CR

Fit on the NN score in SR and CR regions

. Differential cross section on 6 variables: my;, p-j, A ¢y, p4,

Aq)lw mly

CAP 2024

Events

Pred.

Diata /

-IEm-*llllllllllrlII'|IIIIIIIIIFIIII!lllllllllrlll'llll‘
[ ATLAS ¢ Data ]
1600F- 15 = 13 TeV, 140 fib° WEW Wi
FEW W/ —dvlyi Strong Wi 1
1400 sp™ [ Mon-prompt—]
r Post-Fit [ Top Bkg.
'IEEH]:— B4 . —:
1000k /,_Lln::erlalnty_j

Enuzmﬁm

400F

200

0

800 ““

L

11 a E n i L n i L n
0 01 02 03 04 05 06 OF 08 09 1

MM score

[ - ATLAS a\;§=13 TeV, 140 16" 1
12| EW W)y Nigw = 0.¢, <035 (SR) |
= i ¢ Data, stat. unc. ]
'g E* [ Total unc.
& [] Sherpa 2.2.12
'8 ‘ '*3 ¥ [E] MadGraphS+Pythias |
b
108
B
; o
[ +
%15 5
a B
2 1 E*! # +' * -]
205 o . . . L
s 2x10° 310°  4x10° 5x10°

m; [GeV]
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WYijj (aQGC)

STDM-2018-31

» AQGC limit computed with fit in P,ii for the T operator and P! for M operator
Unitarity restored using the clipping technique

=
Cofficients [TeV™"] Observable My, cut-off [TeV] Expected [TeV™"] Observed [TeV "] E B ATLAS
fro/A? pl 14 [-2.5.2.6] [-1.9, 1.9] =, B -1
fri/A* pij 1.9 [-1.6. 1.6] [-1.1, 1.2] - =5 E =13 TEV, 140 fb
fro/A* Py 1.6 [-4.9,5.3] [-3.6, 4.0] f'-_ R
fr3/A* p;f: 1.9 [-3.4,3.6] [-2.5,2.7] »_:-"3 N
fra/A* pr 2.2 [-3.1,3.1] [-2.2.2.3] —
Frs/A* p.{j 1.8 [-1.8, 1.8] [-1.3, 1.3] B
fre/A* py 2.1 [-1.5, 1.5] [-1.1, 1.1] 5
Fri/nt py 2.1 [-4.0, 4.1] [-2.9, 3.0] e e R S R s e e e
Fao/ A pt 1.1 [-45. 44] [-32,31] =
Fan/A* pi 1.4 [-60, 62] [-43, 44] B
Fuz/ A pl 1.4 [-15. 15] [-11,11] .
Fas/A* pi 1.8 [-22,22] [-16, 16] B
Fuaf/ A pl 1.5 [-28, 27] [-20, 20] L o
Fus/A* pI 1.9 [-21, 23] [-14,17] ~10 = Enp: #5% GL Limiy
uar A pl 15 [-100, 99] [-73, 71] B —— Obs. 95% CL Limit
B —— Unitarity Bound
__'1 5 l_ i L 1 I 1 L 1 i I L 1 i L l i i i i I i 1 i i 1 i
1 2 3 4 5
my,, cut-off [TeV]
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Same sign WW

STDM-2018-32

Events/10 GeV

SANRARRNRAREN RS RS RS LR LR AS RS R
40— ® Data B WWHj EW (bin 1) [llW*Wj EW (bin 2) 3
35E E IWWj EW (bin 3) [l W*WHj EW (bin 4) [llW*Wjj EW (bin 5) E
E MWW EW (bin 6) llW*W Int W*Wjj QCD E
30 =~ wz Qcb BwzEw [ Non-prompt 3
E [ Conversions [ Other prompt % Tot. Uncert. E

ATLAS 3
Vs=13 TeV, 139 fb! E

i % 4t ///%V %y -
» WWjj cross section measurement T
50 100 150 200 250 300 350 400 450 500

* Using same sign charged lepton pair M [GeV]

- |my-Z,..|>15 to remove charged mis-identification

- 0 bjet

— Jet with large invariant mass >500 GeV
« EW and inclusive cross section measured with

separate fits

— on my SR and low m; CR

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken
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Same sign WW

STDM-2018-32

WWjj cross section measurement

Using same sign charged lepton pair

- |my-Z,..|>15 to remove charged mis-identification

- 0 bjet

— Jet with large invariant mass >500 GeV

EW and inclusive cross section measured with

separate fits

— on my SR and low m; CR

Differential cross section on m,, m,,

CAP 2024

Events/10 GeV

Data/SM

SENRARRNRRRRSRERS AR RN AR AR RAARE AR
40— ® Data B wW*wWj EW (bin 1) IlIW*W*jj EW (bin 2) 3

E IWWj EW (bin 3) [l W*WHj EW (bin 4) [llW*Wjj EW (bin 5) E
35F E MWW EW (bin 6) llW*W Int W*Wjj QCD E
30 =~ wz Qcb .WZ EW [ Non-prompt 3
o5 :_ [ Conversions " Other prompt % Tot. Uncert. __
20F ATLAS 3
15E

Vs=13TeV, 139 fb”!

L ) o et £ £ 1 |

|
50 100 150 200 250 300 350 400 450 500
Mgy [G eV]

20.16 EW W"Wjj o Powheg+Pythiag

o Data
1w MG5_aMC+Herwig?
o MG5_aMC+Pythia8

a Sherpa 2.2.11

v Sherpa 2.2.11® NLO EW
Total Uncertainty

# Systemnatic Uncertainty

ITY;; Ngapjet ? éJ'3

Theory/Data

50 100 150 200 250 300 350 400 450 500

m,[GeV]

Multiboson production with ATLAS, Raphaél Hulsken
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Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound
[TeV—4] [TeV—4
o e B [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
Jwo Obs. [-4.1,4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
/Ab Exp. [-6.3, 6.6] -25.5at 1.6 TeV, 31 at 1.5 TeV
i Obs. [-6.8,7.0] -45 at 1.4 TeV, 54 at 1.3 TeV
o i A Exp. [-9.3, 8.8] -33at 1.8 TeV, 29.1 at 1.8 TeV
fwr/ Obs. [-9.8,9.5] -39at 1.7 TeV, 42 at 1.7 TeV
4 Exp. [-5.5,5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
STD M - 2 O 1 8 - 3 2 f-l Fsoa/ A Obs. [-5.9,5.9] -
f2 fat B [-22.0, 22.5] -
f S1 Obs. [-23.5,23.6] -
_ A¢ Exp. [-0.34, 0.34] 32at12TeV, 4.9 at 1.1 TeV
T, Jro/ Obs. [-0.36, 0.36] T4 at1.0TeV, 12.4 at 0.9 TeV
g2 & Fri /A Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.4 at 2.4 TeV
. . Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
* AQGC limit computed e bo asson 260w 17TV, 103w 12V
) , " Obs. [-0.63,0.74] -
with fit on mll re-
optimized, clipping
. . q; T T T T I T T T T I T T T T | T T T T | T T T T :
method on on limits S ATLAS .
= {s=13TeV, 139 b 1
. -
< g
= =
o i
fro /A 5
—— Obs. 95% CL limit
=== Exp.95% CL limit -
Unitarity bounds ]
1 L il L I L L L L I 1 1 1 1 | 1 1 1 L | 1 1 1 1 7]
2 3 4 5 o9
m,,y cut-off [TeV]
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)
4
fuolA Obs. [-4.1,4.1] -140 at 0.7 TeV, 117 at 0.8 TeV
P Exp. [-6.3, 6.6] 255at 1.6 TeV, 31 at 1.5 TeV
M1
q1

STDM-2018-32

e AQGC limit computed
with fit on mll re-
optimized, clipping
method on on limits

 Limits set on 2D
operators pairs

- MO0-M1, M0-M7, M1-M7,
S1-S02, TO-T1, TO-T2 and
T1-T2

CAP 2024

Coefficient Type No unitarisation cut-off Lower, upper limit at the respective unitarity bound
[TeV—4] [TeV—4

Exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV

Obs. [-6.8,7.0] -45at 1.4 TeV, 54 at 1.3 TeV
Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV

ds fur /A

Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV
f1 4 Exp. [-5.5,5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
_ o2/ A Obs. [-5.9, 5.9] -
f2 oA Exp. [-22.0, 22.5] _
f S1 Obs. [-23.5, 23.6] -
_ Fro/Ad Exp. [-0.34, 0.34] 32at12TeV,49at 1.1 TeV
¥ 0 Obs. [-0.36, 0.36] 7.4 at 1.0 TeV, 12.4 at 0.9 TeV
Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
4 p
g2 g4 fri/A Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV
¥ /A4 Exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
2 Obs. [-0.63, 0.74] -

— r L (g (oA [ I e e, | I | 170 B s | | , BN RO SRGA ¢ | pEE G | |_
i A R ENEE B R = ATLAS :
- = Q i
3 06 ATLAS - = Vs=13 TeV, 139 fb" s
E 1 VS =13TeV, 139! ; =, "
— 0.4’_ = <+ 7]
< I 3
u._': 0-2_ —- H-E _:
0.0F - :
-0.2F - g
[ —— Obs. 95% CL limit ] =
~0.4F == Exp. 95% CL limit . fro /A =
- Expected (10) : el
-0.6F Expected (+20) ~ Unitarity bounds
I THNY N [N TN TNNY TN TN O TN TSN NN TN (NN TSR NN PN TN (NSO (NN TN TNNNY PN NN PR S U S i e B e e -
10 -05 00 o.sf m41['10n ” 1073 5 3 4 5
e
= m,,y cut-off [TeV]
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Same sign WW

e Doubly charged Higgs boson (H*)
can decay to W+W+ final states

« Georgi-Machacek model theorize
such Higgs

CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken 32
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Same sign WW

Xﬂ é‘-{- X++ (I}+
= &al
. Y= %" & ¥ and¢:(¢ﬂ).
e Doubly charged Higgs boson (H*) =g 4™
can decay to W+W+ final states
« Georgi-Machacek model theorize
such Higgs 2 oL AmAs T — o osmctuerimi
:31 %E.—.mmr,mam" —— Exp. 95% CL upper imit 7
. Limit on Branching ratio and sin(0) |5 - ——
H:Em Expected limit (+20)
 Excess largest at 450 GeV with local |
significance of 3.3 standard “
deviation
500 1000 1500 2000 2500 3000)
M [GeV]
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Key points

3 New first observations: Wy, WZYr and
WWWis by ATLAS

e Competitive limits set on EFT aQGC operators
with ZyYiu, Wyes and SSWWiqanalysis by ATLAS

2

 Result in agreement with SM g

e Limit on doubly charged Higgs production set and |
up to 3.3 local standard deviation with SSWWi
analysis by ATLAS

 New result to come with the ongoing Run 3
 Not covered in this talk : _ :

- Z(vv) Y1, WZis, ZW)ys, WWpgnay ZZ (4lepton) g W
ns) production
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WWW

STDM-2019-09

e WWW Observation at 8.0 (5.4) standard deviation (expected)
O measured =820 + 100 (stat) + 80 (syst) fb (Within 2.6 G of theory

prediction)

« Using at least two lepton with 139 fb-1at 13TeV:

2 lepton + 2 jets SR : using same-charge lepton
e 40 GeV<my <400 GeV
 80<my < 100 to remove Z(1l)

3 leptons SR : no same flavour opposite sign lepton

e Fit method:

— Separate BDT for 21 and 31, simultaneous fit for both BDT distribution
and mll distribution for the three WZ CR

— Normalization for WWW, WZ+0jet, WZ+1jet and WZ+2jets

CAP 2024

 Background treatment :
- WZ+jets

estimated with simulated events normalized with
data using the same flavour opposite sign CR

WZ+jets in 2lep and ZZ+jets in 31 SR

reduced with veto on additional loose lepton

data driven method

Y—-e background (Wy/Zy)

evaluated via data driven method

| ATLAS
L Ys=13TeV, 139 fb"
80—SRe'e*
I~ Post-Fit

Events

60—

0

Non-prompt lepton from hadron

¢ Data
CIWWW(u=1.61)
awz

[ Non-prompt
v conv.

[ Charge-flip
[ Other

~7~ Uncertainty
----- Pre-Fit Bkgd.

1.4
1

Data / Pred.

0.6

1 2 / z IS * - - s g
-,"52(74'*7?-“,-.'5_*-'»«’; ;¥-+/ L %
0.8 {

0 01 02 03 04 05 06 0.7 08 09

BDT output
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W2y

STDM-2019-17

e First measurement of WZy cross section at 6.3 (5.0) standard

deviation observed (expected)

Omeasured = 2.01 = 0.3 (stat) £ 0.16 fb (within 1.5 o of theory prediction)

Oheory = 1.5 £ 0.06 fb

 Using I'lly channel one same flavor opposite charge pair with 140fb-1at 13TeV

| My, -m,| > 10GeV
Myy> 81 GeV for FSR reduction

Profile likelihood fit of the 4 e/ final states (3 bins, 1SR and 2CR)

« Background treatment:

- j=Y background
Reduced by m, ), selection

2|

W

Data driven fake rate estimate in looser identification/isolation selection

CR using Z+jets sample

- j=l background

Data driven fake rate estimate in looser identification/isolation selection

CR using dijet sample
- ZZy and ZZ(e~-Y)
normalized with dedicated CR

CAP 2024

Events 720 GeV|

N L L B L BB B LA B L B BB

1 20__ ATLAS ¢ Data
=1

[ Vs =13 TeV, 140 fo mwzy

C W= MZ(= )y B zzZy
100 SR B ZZ(e—y)

" Post-Fit Il Zyy
80" B Pileup vy

7 7] Nonprompt

S “~Uncertainty

.I|III.|IJIIIIJIIII|IIIII

o

®1.25 _

| - _ oy oy o Y ,}.,Zf. : / /_';,/ 5 P :_:: i : 2 :
© 0.75 g g

20 40 60 80 100 120 140
p. [GeV]

Multiboson production with ATLAS, Raphaél Hulsken
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Wyy

STDM-2018-33

e First measurement of Wyy at 5.6 (5.6) standard

deviation observed (exgected)

(stat )%

Ormeasured = 12.2%1. (syst) £ 0.1 (lumi) fb in
agreement with the SM prediction

« Using e/ channel with 140fb-1at 13 TeV

B-jet veto and Emiss> 40 GeV selection
4 bin likelihood fit (using topCR, topVR and SR)

TopChH Topvh SH
g ATLAS Preliminary - I_l.l'-u':rlj
1z ('L 15 =13Tev, 14015 : Sy
W(—hvyry : -1
Post-Fit : -J 20
108 B Muttiboson
BT
B Ficup
10
=) 1.4 § 5 * DataPost-Fit
E 1.2 [ ' Ratia
4 WWNW - B8 Urowtanny
gg - i i _Eml-wm I |
20 40 70 =/20 s/ 20 -
p, [GeV]
CAP 2024

Multiboson production with ATLAS, Raphaél Hulsken

¥

« Background treatment:
— j=Y main background

2D (leading/sub-leading) template fit of photon isolation energy in data
- ey
Data driven fake rate estimate in Z—»ee/ey CR
— Top background
 Reduced via b veto
e Dedicated CR (with >= 1 b-jet) for fit constrain
e Low E miss region (with >= 1 b-jet) for validation

< 40 GeV
E™* < 25 Gav

= 40 GeV My

E "2 25 Gew

W
My

0
Number of b-jets
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2/y * Background treatment:

- j=Y background (main background)

\ €+
E s data driven fake rate estimate using Zy+jet and Z+jet
Y - ttyy with leptonic decay from top quark (second

B oo contribution)
PhVS . C 83 539 Normalized using CR with opposite sign e/u pair
 Fiducial cross section - Zy+Yy and Z+yy from pile-up
‘ L dvia sional simulati  hed to bile.

Omeasured = 2-45 £ 0.20 (stat) + 0.22(syst) + 0.04(lumi) fb background . sportra | aHon rewelgedto pleup

measurement with 12 % precision - e-oy
« Using e/u channel with 139fb-1 at 13TeV e sl e de e UL A el s

_ - Z(I)H(yy)

(my+min(m, ;,My,,))>2M, for FSR contribution removal Estimated from simulation

Differential cross-sections (6 kinematic S s

observables: g Vs = 13 TeV, 139 i’

Ele, EszI pT"r pT“YYr myyr mllyy) “E_DEE 21-4':};?:“

== Sherpa NLO
“— MadGraph NLO

ATLAS Simulation
pp = Ihyy+X

m, [GeV]

ISR dominated

Pred/Data

FSR dominated
400 80 90 100 110 120 130 140 150 160 170

min mm mm) [GeV]
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STDM-2018-35 -

EW and inclusive cross section measurement
- XSEW =0.368 +0.037 (stat) + 0.059 (syst) + 0.003 (lumi)
~ XS incl = 1.462 + 0.063 (stat) + 0.118 (syst)  0.012 (lumi)

Differential measurement on m; ¥z, Ad,,, and Sum P!

Using 3 lepton with 1 same flavor opposite charge pair
with 140 fb-t at 13 TeV

— veto on 4 lepton with loose criteria
- SR m;>500 GeV and b-jet veto

ANN to separate EW and QCD without biais in m; and
other BDT variable

Fit on BDT score 2 category 2 jet more than 2, on the
BDT b-CR and the m; in ZZ-CR

« Background treatment:

— 77 and tt+V ;

Constrained with 2CR ZZ-CR (at least 4 lep) and b-CR (at
least 1 b-jet), modeled with MC

- Reducible Z+j, Zy, tt, Wt and WW

data driven method inversion of efficiency and mis-
identification of promt and fake lepton

= [+ T F & % & _1 —r—3 105]
N 80——————————————————— |3 [ ATLAS ® Data 1 &
o - ATLAS ® Data ] 0] L /5= 13TeV, 140 fo=! = MadGraph (scaled) <
~ [ Vs=13TeVv, 140fb" EIwz-Ew ] 8 i . e WZEW x 1.0 B
£ 50 wzjsr,N_ =2 o N o (=gt W SVl wgigcexom o 9
© [ Postii jets I Misic. leptons ST e Chemni 2l telad) 1y
S C tt+V B £ i i E
w 40 N 1Zj and VVV = <
- #44 Tot. unc. - 'é“ +
r / et L
30[- 7 S ] ! E
F r 1 a : 10
20F L 1/ - :
C //1|,/ 7 I | ’ ]
10 ’ + . 107 E
: | : vgen
g. E T T T [
&) 3 o £ E
= = G} F : E
= * l + E 8 15 : =
~ 3 B ; ]
o] " YN s g I + | i ] 9
© 43 b
S { i e et lle e SO T | S
+ 3 2 o05F -
1 o I_OI L (I) o .O IIIII _1 ECU USRS LT TETEPEERt F SEPEREEEEREE
-, | | | s
5 3 o 200 200 > 550
BDT score m¥Z [GeV]
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Z(VV)Yjj

STDM-2018-59

q

y-centrality

=1 lepton

0 leptons

a

First measurement Z(vv)y observed (expected) 3.2 (3.7) o

— Observed (expected) 6.3 (6.6) 0 when combined with previous analysis

- Agreement with the standard model

Using Higt Met and High photon pT

Lepton veto to remove Z(Il)yjj and W(lv)yjj

BDT to separate signal to bkg

CR1/2 and Wy CR

CAP 2024

Max likelihood on BDT distribution in SR and mijj fit in 3 CR QCD

« Background treatment:

— Main bkg QCD Z(vv)Yjj process (~36 % of SR)
Estimated via fit in MC to data in CR
- W(lv) QCD (25%) and EW (7%), ttyjj (6%)

Fixed with simultaneous fit

s | I | | I | I o 1 -

ATLAS # Data Z(vwWyji EWK 3

5= 13TV, 139 1" [Zivii oco Wik acD 3

Background only fit Wikl EWE Wi, 1, i
Signal region Bt Wi

Post-Fit Wi Wz E

‘i Uncartginty -+ Pre-Fit Bkgd. 3

Events

Data / Pred.

n'd—‘l 030 053 071 081 086 090 093 095 1

BODT classifier response

— Mis-identification estimated from data

¢ e—Y, MET mis-measurement, j—Y

Multiboson production with ATLA
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q q
( ) ] ( 2« ) |
YJJ Z
STDM-2018-59 . = : -
a 4] E E Ams E
‘{ 'I _5 E_ ......................................................................... E__‘— 13 Tev’139fb'1_5
:_E' 1:_ ................................................................................................................................ _:
) ) ) 0 ... 3
e aQGC computed in bin of SR with e e —
additional E,vselection, clipping st :
o . . -1 - —— Expected -
technique used to restore unitarity e —oObsened
= — Unitarity bound
] LI AL DL B UL | LIS I S -21 :-;’ é 5. =1
L% ATLAS :g(avtj'}yjj Qcb - m:m: gvc\:/g =L
100 (5=13 TeV, 139 o wmit
: fZTJu/J i1\“:[].[1134 Tev* 7/, ﬁ(rilc);gjnainty
102 —— fyg/ A*=4.6 Tev*
E Coeflicient E.[TeV ] Observed limit [TeV _4] Expected limit [Tt:\"_‘"]
i a fro/A? 1.7 [-8.7,7.1] x 107! [-8.9,7.3] x 107!
3 Frs/A* 24 [-3.4,42] x 107! [-3.5,4.3] x 107!
= fra/A* 1.7 [-5.2,5.2] x 107! [-5.3,5.3] x 107!
! E fro/A* 1.9 [-7.9,7.9] x 107! [-8.1,8.1] x 107!
farof A* 0.7 [-1.6,1.6] x 10° [-1.5.1.5] x 10°
10" a1 /AY 1.0 [-1.6,1.5] x 102 [-1.4,1.4] x 10?
farafA* 1.0 [-3.3,3.2] x 10! [-3.0,3.0] x 10!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-59/

ql
i w S [amas | etm i
Q L \E=13Te\a“140fb” — MadGraph (scaled) s
WZ R
7 §E,_ E o Sherpa 2.2.152E (scaled}_z 1
q// S =
STDM-2018-35 L L
* EW and inclusive cross section measurement e s
§.2;_"'|"1":i|'_;
. Differential measurement on m;%z, Ad,,, and g ot e
2 e STURE T IR o
1 - S TS | :
Sum PT 0° 500 700 >550
mi*Z [GeV]
* Using 3 lepton with 1 same flavor opposite
charge pair S A T ]
_g 50;— W_ij‘SR’, N, =2 -gl‘z'-QCDJfINT 3
— veto on 4 lepton with loose criteria 2 o A
- SR m;>500 GeV and b-jet veto aof
. . 20:
* Fit on BDT score 2 category 2 jet and more g
. . 10F
than 2 jet, on the BDT b-CR and the m; in ZZ- -
CR :
T 1
E
BDT score
CAP 2024 Multiboson production with ATLAS, Raphaél Hulsken 44


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/

WZ (aQGC)

STDM-2018-35

e Limit set on AQGC with 4 bin inBDT and 5
MmTWZ — 20 bins, limit at unitary cut-off

e 2D limits on interval coefficient for TO and T1

o)
= ATLAS ® Daa ey
@ 10 VE=13TeV, 140 10" g S s
L Past-fit SM - 77 ennne £ /A% =25 Tev
10 B Misid, leptons e £ /A% = 1.5 TeV'
T score 25 25 scone < 0,17 : 0.17 = BOT scol 072 i BOT score 20.72
10°
10
1 Eissipes
107
O 14F
= ] :
= 2B : l : :
ol 1 13 ik LI, FRRTLIL 1A VIITIITE
o i f-:i"T" AITTTTTITT f:“ﬂ;’! | Ll r’?_q// f/// Lr7
e 08F : i :
06 — i 1 1 i i 1 | 1
S 5888088888 8-8888
CFEEEFEEE-SELE-FBES
m¥WZ [GeV] per BDT bin

—
(=]
= iy

|
—
(=]
e

95% CL interval on f,, /A* [TeV“]
=]

q :Vi FExpected Observed
[TeV ~*]  [TeV ¥
” , fro/A* [-7.0,7.0] [-1.5, 1.6]
fri/A* 11,100 [-0.7, 0.6]
fro/AY [12,6] 2.4, 1.8]
fao/AY 60, 60]  [12, 12]
fMl/A ['329 32] ['15:' 15]
fur/AY 30,30 [-15, 15]
fSOQ/Aj ['415 41] ['185 18]
fs1/A — —
E 2-""1""I""T""I""I”"I""I””-
e e s e > F ATLAS — Observed 95% CL limit ]
ATLAS 1 IE} 15F (5=13Tev, 14017 Expected 95% CL limit -
(s=13TeV, 140" o C ]
< =
o5k 5
of .
—0.53— S —
== Unitarity bounds | E E
— Observed 95% CL limit -1 =
----- Expected 95% CL limit 1 E | | | | | | : E
0.5 B TR ST 1859517205 0 05 1 15 2
m,,, cut-off [TeV] fro /A [TeV™]
Multiboson production with ATLAS, Raphaél Hulsken 45


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45

