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(Multi-) V Production

Standard Model Production Cross Section Measurements Status: February 2022
=y A 1l (x2,
8_ 101 v ATLAS Preliminary Theory
5 ] mllnﬁfjnvjv \/_ - 57,813 TeV LHC pp Vs =13 TeV

10 M)AS BBl Date 32-1391t

o
5 pTiiﬁgtfev B>
10 O 26 LHC pp Vs =8 TeV

pT>100GV

A Data 202-2031bt

104  m ]
Ao
. LHC pp Vs =7 TeV
3gEeV

103 g gl ml g n BBl Data 45-49f!

125'Gev 100Gev A
o g’ t0 Thoy o
=2 P ww
A A w9 g HC pp v
102 21 o ’61 ﬂif"oﬁﬁww LH '
2 n!/Z°3 lﬂO(e\/ s Zt - ig V‘gn o |u|aI“ v 0
ne o g A
101 . nz4 ﬂ O pT>25 GV e Z 7z {n] o
EE T , 28 ”/84 & o VN wy
n=5 q/n o M5 cohan Ho v ad o
o (F) A
1 E nza s E O o WA 1ot
g o "o o =) ]
mz6 o3 ! H;bb A r:z s
o »z° nz7 H—7t | Haww (x05) ) WWZ tot
1 o o (x0.25) aw A A ﬁu 2) gn
a ]
10 l n=1 26 ’Uag “ o [ T o A
I i o o Hooy Elﬂ - Zif =} ” !
2 n27 (<015) oty total
10 27 =5 n o o ° ﬁgn ! WW—
L H=yy Hoor , o
o & o5 7 x |7z 5
-3 nz6 =]
10 ot H—oyy i I | oz
o wwy
PP Jets ¥ W z € 0t W ¥ H Hi VHVy av iH wWwv 7y V2B g
= e | de b EWK
tty Vjj ttt yr-WW
tot. tot. VBF tot. Wk tot. EWK
L National Laboratary 2



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

(Multi-) V Production

Standard Model Production Cross Section Measurements

g 101!
° 10°
10°
10*
10°
102

10!

1072

1073

[ATL-PHYS-PUB-2022-009]

Status: February 2022

A il (x2) .
inelastc ATLAS Preliminary
incl
100 GeV
o Vs =5,7,813 TeV
pr>70GeV
O
o
pTiiﬁgtfev E7>
25 GeV
pr>100GeV il
Y Vy
pr>
30 Gev
SIS N N =« TSI =
125'GeV 100Gev A =
O o o AOV tofal
n=2 306 o o
A Ao n,;1 dchan o
R - ° Aowz wWW o
n s . o
b oo A
A nza 725 GV z 7z (n] a
EE T 023 m2t & wy
o5 Y=2 O ,,J2°5 N Howw- a b o
A o “ E Ao WWW ot
A nz4 [u] of
e o "o o O ] ]
mz6 3 E g Egbéu rtZ
nz5 nz7 H—7t | Haww (x05) WWZ tot
Hi a o o (x0.25) W E H A ﬁozw AD
nz8 nt71 ¥ . A
E n=4 36 o ™ H-zz o
o @ Horr o Zj o
27 (<0.15) A Weyy total
nz7 =5 n o o ﬁgn g W ws
(u] o A=y Hoon Zrr o o
A o5 E ” ;
Al 2z K
28 o ae n ‘ ‘ & o a
Hopy | oz
o wwy ﬁ
PP Jets ¥ W z € t W v H Hi VHVy v aH wwv 7y VPl
tty Vijj titt yyo-WW
tot. tot. VBF tot. Wk tot. EWK

Theory

LHC pp Vs =13 TeV

BEl Data 32-1391b!
LHC pp V5 =8 TeV

BAl Data 202-203b!
LHC pp Vs =7 TeV

IRl Data 45-49b"
LHC [s=5Te
v C


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

[ATL-PHYS-PUB-2022-009]

(Multi-) V Production

Standard Model Production Cross Section Measurements Status: February 2022
—
A il (x2) .
8_ 101 inelasiic ATLAS Preliminary Theory
R incl
b ] pr>1gcev \/—= 5,7,8,13 TV LHC pp Vs =13 TeV
>70 GeV.
10 g BBl  Data 3213911
D7SGV
10° T LHC pp V5 =8 TeV
pr>100GeV il
== A Data 20.2—20.3fb
10* - \'A"/ Vy Vijj e
Oy LHC pp V5 =7 TeV
pT>
3 G gl me _ 1
10 oo 1o ey oy O BBl Data 45-490
O o o >V tojal o
nz2 o o ww HC b e T
102 A B0 T g 9 LHC pp V5 =
/ o) o Y74 @ ww o
A &23 mpn(e\/ P Zf 77 VAZ wzD < ‘malt A2
nz2 0 - 6 oo O A
101 PR = pT>25 GV 27 7z o
023 Au o mee AO ~ O w)
el o n 95 N Howw a b o
’Z‘Z 5 0 o e [ =5 a0
> WWW 1ot
1 ag o & o, o, -2 o0 o
;6 o3 B " B a EAM’: A nz dvzd
ﬁi o njss n,b Hom | | o) - a ~ ﬁ“") AQ
10_1 nz8 nt71 ¥ A
ﬂ n=4 36 w
zn /n Q o o o
—2 U =7 o [(-L;l_r;) Z”A Weyy total
10 nz7 M=5 n o o AND ﬂ e
o o n o it B Zyy o o
-3 nz6 - I o A 7z H
10 Hoae . ‘ ‘ [ unwz
o WWy H
PP Jets ¥ W z € t W v H Hi VHVy v aH wwv 7y VPl
tty Vij tiE Toww
tot. tot. VBF tot. Wk tot. EWK
q q
v v
TGC
v



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

[ATL-PHYS-PUB-2022-009]

(Multi-) V Production

Standard Model Production Cross Section Measurements Status: February 2022
=y A 1l (x2,
8_ 1011 v ATLAS Preliminary Theory
5 ] mlgjz'"vjv \/_ 57813 TeV LHC pp Vs =13 TeV
10 Ty BEl Data 32-1391b!
(m
p1>75 GV )
10° I o 2 v LHC pp V5 =8 TeV

pr>100GeV
W-- A Data 20.2 - 20.3fb7!

10* o0 J
Oy

P>

LHC pp Vs =7 TeV
30 Gev
103 S I T BBl Data 45-49!

125'Gev e
0 IOOSV %o AOV tofal
=2 366 o8B w -
102 A Ag a2 1 d;gan o, HC pp Vs
iz Fo ow ﬁ ww o
nz3
nA)) ﬁo mpn(e'\/ - %QE VAZ M(/)ZDAO |0|alt v
22 L
101 nze O ° pT>25 GV Z‘i 7z {n] o
23 Wa n23 w2t K o A wy
=2 .0 o : W
nz5 "Ji; s-chan H (g,‘)/v A n Ao
n . n ww
1 8 o s il nznﬁuzynn i
;6 o3 . u = 741‘5 A nz dvzd
1 ﬁ u] "‘55 ‘o 02 | o9 iw: A& a A ﬁozw AD
a ]
10 AB o=t nze mzﬂg “ bl Wi “
o o
U a2 i e “ = w ]
—2 mz27 (x0.15) A oty total
10 we ot o o alg B G
o O H=yy Hooy - Zor o o
& o5 g 'S 1 2z R
—3 =6 a
10 How H—oyy ‘ ‘ UDWZ
o wwy %
PP Jets ¥ W z € 0t W ¥ H Hi VHVy av iH wWwv 7y V2B g
= e | de b EWK
tty Vjj ttt yr-WW
tot. tot. VBF tot. Wk tot. EWK
q q ;
q q
Vv
\' v v
TGC QGC
v v
A\



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

[ATL-PHYS-PUB-2022-009]

(Multi-) V Production

Standard Model Production Cross Section Measurements Status: February 2022
=y A 1l (x2,
8_ 1011 v ATLAS Preliminary Theory
5 ] mlgjz'"vjv \/_ 57813 TeV LHC pp Vs =13 TeV
10 Ty BEl Data 32-1391b!
(m
p1>75 GV )
10° I o 2 v LHC pp V5 =8 TeV

pr>100GeV

10*

WV VW Wj BAE Daia 202-203b"
pT>

LHC pp Vs =7 TeV
30 Gev
103 S I T BBl Data 45-49!

 m ]
A
oV

125'Gev e
0 IOOSV %o AOV tofal
=2 366 o8B w -
102 A Ag a2 1 d;gan o, HC pp Vs
iz Fo ow ﬁ ww o
nz3
nA)) ﬁo mpn(e'\/ - %QE VAZ M(/)ZDAO |0|alt v
22 L
101 nze O ° pT>25 GV Z‘i 7z {n] o
23 Wa n23 w2t K o A wy
=2 .0 o : W
nz5 "Ji; s-chan H (g,‘)/v A n Ao
n . n ww
1 8 o s il nznﬁuzynn i
;6 o3 . u = 741‘5 A nz dvzd
1 ﬁ u] "‘55 ‘o 02 | o9 iw: A& a A ﬁozw AD
a ]
10 AB o=t nze mzﬂg “ bl Wi “
o o
U a2 i e “ = w ]
—2 mz27 (x0.15) A oty total
10 we ot o o alg B G
o O H=yy Hooy - Zor o o
& o5 g 'S 1 2z R
—3 =6 a
10 How H—oyy ‘ ‘ UDWZ
o wwy %
PP Jets ¥ W z € 0t W ¥ H Hi VHVy av iH wWwv 7y V2B g
= e | de b EWK
tty Vjj ttt yr-WW
tot. tot. VBF tot. Wk tot. EWK
q q ;
q q
Vv
\' v v
TGC QGC
v v
A\



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

[ATL-PHYS-PUB-2022-009]

Multi-) V Production

Standard Model Production Cross Section Measurements Status: February 2022
=y A 1l (x2,
8_ 101 v ATLAS Preliminary Theory
5 ] mllnﬁfjnvjv \/_ - 57,813 TeV LHC pp Vs =13 TeV

10 M)AS BBl Date 32-1391t

o
5 pTiiﬁgtfev B>
10 O 26 LHC pp Vs =8 TeV

pT>100GV

WV V'Y'Y Wj BA Data 202-2031b

. LHC pp Vs =7 TeV

10° d A% b More processes M 0u o5 aon

125/GeV 100 Gev A
O o o

4
10 nnAZU

V- ol -
5w fe B tob tablished
- s Ko A o G, o be established! LHC pp 3
nz1 o}ﬁ[ ﬁ ww
. &Z; W06, 5 Z‘ 27 K wzO 9 hS 4
n=1"g o A
10t A nza p1>25Ge 2z 2z o e
nz3 A 723 nz4 O W
o =0 -0 o ; A i
n=5 /I:l "Ja5 schan Ho ad o
1 E nza nat E Ao o WY 1ot
g o o o =) ]
mz6 o3 ! H;bb A r:z s
nz5 nz7 Howr  noww (x05) WWZ tot
10_1 Ii u o o (x0.25) ttw* A i A ﬁuzv un
nyz tZj
l n=4 26 . ! o N IH:;ZZ o i3
2 I . n7 Hom (W “ = we total
10— d_ mz (x0.15) A vy otal
nz7 =5 n o o ﬁgn ! Wi
O H=yy Hooy o o
B | xo5) [ .1 2z ;
-3 nz6 =]
10 ot H—oyy i I UDWZ
o wwy
PP Jets ¥ W z € 0t W ¥ H Hi VHVy av iH wWwv 7y V2B g
= e | de b EWK
tty Vjj ttt yr-WW
tot. tot. VBF tot. Wk tot. EWK
/
q q -
q q
Vv
\' v v
TGC QGC
v v
A\
2
q 70 4 q!



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/

VBS/VVV Production and aQGCs

Quartic self-interactions of W/Z/y never observed
before LHC era — untested territory!

* Quartic self interactions just involving y/Z forbidden...

Overview of studied aQGCs: L= L + Z
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Experimental access: aQGCs modify total production rate as
well as event kinematics

 Use cross-section measurement or kinematics to constrain aQGCs
Unitarisation methods: Form factor, K- matrlx clipping
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https://arxiv.org/pdf/1309.7890.pdf
https://arxiv.org/pdf/0806.4145.pdf
https://link.springer.com/article/10.1140/epjc/s10052-018-5885-y

Vector Boson Scattering

I L? Brookhaven



Vector Boson Scattering

* VV — VV provides insight into EWSB mechanism, quartic couplings access:
electroweak VVii production includes: strong VVjj production includes:

® , I}?«fii‘é a3 iy et

« Experimental signature
(WiWi example): tagging jet (4)

tagging jet (3)

T N,
* 1,2 = Central, high-p; charged leptons from V decays
I - 3,4 = Forward/backward tagging jets (large m; and well separated in y)

*~ Brookhaven

National Laboratory 5



[arXiv:2208.12741]
accepted by JHEP

Electroweak Z(vv)y jj production

Isolated high E; v (>150 GeV), MET > 120 GeV, m; > 300 GeV
« High Energy, high v-BR => increased aQGC sensitivity
 Dominant BG: QCD Z(vv)y jj, Wy jj: use simultaneous fit to data CRs
« MET, e — yand j — y mis-ID evaluated using data-driven methods

Extract electroweak signal with fit to BDT classifier
» observed (expected) significance of the result is 3.26 (3.70)
« combination with lower E; y ATLAS observation yields 6.3c (6.60)
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[arXiv:2208.12741]
accepted by JHEP

Electroweak Z(vv)y jj production - aQGC

Use high E- v tail to constrain aQGCs

* (Un-)unitarized limits are obtained for coefficients of EFT dimension-8
operators T0, TS, T8, T9, MO, M1 and M2

« “Clipping” is used to illustrate unitarization impact: remove anomalous
signal contribution for m, >E (using particle-level information)
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L? Brookhaven
National Laboratory 7
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Triboson Production
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[arXiv:2211.14171]

Measurement of Zyy production

Charged lepton pair (e*e-, u*u-) + 2 |solated photons

« Enhance signal (ISR) region: o Bk S
My + Min(My, 1, Myyp) > 2M;

. Dominant BG: j — y mis-ID,
evaluated using data-driven method '

m, [GeV]

inated
490 80 90 100 110 120 130 140 150 160 170

mln(m e My o) [GeV]

Integrated cross-section measurement precision: 12%
» Unfolded differential cross-sections provided for first time
» Test SM predictions at up to NLO accuracy with Sherpa & MG5
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[arXiv:2211.14171]

Measurement of Zyy production - aQGC

Use unfolded p;* to constrain aQGCs

 Ununitarized limits are obtained for coefficients of EFT dimension-8
operators T0, T1, T2, TS5, T6, T/, T8 and T9

« “Clipping” is used to illustrate unitarization impact as a function of E_,

the Hyy invariant mass L I s e v e e S O A
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[ATLAS-CONF-2023-005]

First observation of Wyy production
Charged lepton (e, n) + MET + 2 isolated photons

 Dominant BG: j — y mis-ID and e — y mis-ID in electron channel,
evaluated using data-driven methods

« tty background normalization uses simultaneous fit to data CR
TopCR TopVR | SR

§2) .. ' J ¢ Data
c ATLAS Preliminary ! ] W
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T} 103 S= € ’ : — DJ -7
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20 40 70 oo /20 o /20 oo

p, [GeV]

Observed (exp.) significance: 5.6c (5.6c): First observation!
» Good agreement between prediction and measurement

~ g D%ninant sources of uncertainty: data-driven bg & statistical
() fribanndChicid uncertainty 2

National Laboratory
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[ATLAS-CONF-2023-014]

First observation of WZy production
3 charged leptons (e, u) + MET + 1 isolated photon

« Dominant BG: j — vy and j — { mis-ID, using data-driven evaluation
« ZZy and ZZ (e— vy) bg normalization uses simultaneous fit to data CR

> FTrr 1 L > 70F T T -
o) 100l ATLAS Preliminary ¢ Data ] o) [ ATLAS Preliminary ¢ Data
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Observed (exp.) significance: 6.3c (5.0c): First observation!
 pUwz, = 1.34+0.21 (stat.) £ 0.10 (syst.) + 0.07 (theory)
« Consistent with SM prediction within 1.5 standard deviations

L? Brookhaven
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Conclusions

Harvest of Run 2 multi-boson analyses still going strong:
* Precision measurements of first VBS/triboson processes,
« Establishing new triboson processes,
* Improving sensitivity to new couplings.

VBS/VVV processes are unique windows into testing the SM

No aQGCs seen so far

I L? Brookhaven
National Laboratory 13



Conclusions

Harvest of Run 2 multi-boson analyses still going strong:
* Precision measurements of first VBS/triboson processes,
« Establishing new triboson processes,
* Improving sensitivity to new couplings.

VBS/VVV processes are uniqgue windows into testing the SM

No aQGCs seen so far

The SM is a tough nut to crack,
but there is a lot more
data to come!

I L? Brookhaven
National Laboratory
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