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Introduction:
Theory and motivation

s
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Electroweak gauge fields

- Lagrangian of free gauge fields:

Lo =~ Fo, P — BB

with:

B,, = 0,B, = 9 W2 — I, W2 € guwearc WEWE)
K By

W/Z bosons carry
EM and/or weak charges
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Electroweak gauge fields

- Lagrangian of free gauge fields: W 70 e’ w'
cEW — Lpopw _lp,, Bw ><
gauge — 4t prta i z
W z e W
with:
Leads to triple and quartic gauge boson couplings: /
Lo o= —1 [(WR )W 4 (WhYWHH + 2,71 + Ay AP
~igy [(cos By, Z¥ + sin O, A*) (W, WH — Wi W) TGC

+(cos 0y Z,, +sin b, A, )WHW
% (20820, (Wi W42,2" - WiW2,2V) 0GC
+2sin? Ou(WiW-HA,A” = WiW—"A,A¥)
+2c08 0, 5in B, QW W+ Z, 4 = W W2, A% — W} W A, ZV)
~WIWHW, W + WiW W, W]
S 24/10/19 4
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SM Lagrangian

. 1; *
|\

Gauge boson kinematics and irXeraction: \
Triple and Quartic Gauge Coupling

w W Higgs kinematics

TGC and gauge boson coupling
s |

Z zZ

—\

\ Vi, = VX =0,V +gf VvV
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New physics at large energy scales

A

New physics

M “ K

4 A -

Measurement: E<< A
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New physics at large energy scales

Fermi theory of weak interaction, 1933: Effective Field Theory

Ge=1.17 x 10 GeV2

[u(p)yHu(n)][u(v)y,ule)]

Effective coupling parameter G, Today’s relation at low energies:
related to new physics at a scale my, )
which was not accessible in 1933 Gp _ _g S

V2  8Mg,

Cross section diverges at high energies |
~ and does not explain observed parity violation

Ulla Blumenschein, Particle PF C . 24/10/19



New

Physics:

Lsy = i‘I’z'Y

SM +EFT

D,V - ZVJ,,V’“’

+[D,®)* — V(2*®)

— EY'u.ka.'wa

W

W

Gauge boson kinematics and interaction:
Triple and Quartic Gauge Coupling

TGC
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Measuring interactions of
four gauge bosons:
1) Vector Boson Scattering
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Example: VBS ssWW (8TeV)

lI+2jets, large m(jj),
large Ay(jj), lepton centrality

5 22-_] L I L I L B | l LI B | I LI B | l L B | I LI '—-
8 20f ATL?bs" G=8TeV  py oo =
Z F \zlgg SR ese:eam-:u 8533 syst. Uncertainty .
2 18F ' (Jo,=01,a,=0 3
sk L WEWH EW .
16 I WAWHj QCD E
14 N Prompt =
3 e ~ Conversions } o P —— I
12— Non-prom — C ATLAS
C - prompt 0.6~ 203" \s=8TeV 3
. 2 = —-ww ]
10: iy = (Pa + P+ P 2 0.4 et kaizaton
R ] 0.2F
- new ] s
E phySICS E -0.2}~ confidence regions -
C . c [e68% CL ]
- . 04E meswcL E
— o T KKK ] -0.6~ —expected 95% CL -
........... - -~ expected 95% CL PRL 113, 141803 ] .
100 200 300 400 500 600 700 -04 -03 02 -01 0 01 02 03 04 g
Ge %
Phys. Rev. D 96 (2017) 012007 M7 [GeV]
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Example: VBS ssWW (8TeV)

w+
- . - w+ w+
I1+2jets, large m(jj), w+ W T
large Avy(jj), lepton centrality e VWV, WVWV AZ Higgs |
. w+ A w+
WZ and jets backgrounds w+ P
| /
- JPT -l RS RN RN RN RN RS - l's 2 % S 0
8 22: ATLAS D 3 %Gauge 924M2 -+ ﬁ(so %H - gHWW M4 + ﬁ(s :
8 20F 2030" E=8TeV pom ot . - W W
> [ VBSSR eese BRR3 Syst. Uncertainty 3
2 qgf OO a,=01,05=0 =
sk D WEWH EW .
16 I WAWHj QCD E
14 I Prompt =
3 e ~ Conversions - o R ———— S
12 - - NO"-Pfomm = 0 6:— ATLAS' _:
C . “F 203", \s=8TeV 3
' o= eme ) 04f e edarzton
R - 0.2F
; new 3 .
E ''''''''''' phySICS E '0-25— confidence regions E
C . c [e68% CL ]
C . 04 moswcL E
| WSS P = 0.6F —expectedQS%CL =
, O B A i | oxpected 98% OL PRL {13, 141803 @i, ;
200 300 400 500 600 -04 03 -02 -01 0 0.1 02 03 04 _
Phys. Rev. D 96 (2017) 012007 My [GeV] X
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Example: VBS ssWW (13TeV)

Two jets with large dijet mass (and large n separation)
Fit of m(j)) (and m(ll)) SR, use WZ CR

CMS 35.9 fb”' (13 TeV) g, LT ATLAS | —— O 3
:g ' <Dela ] 3 251 (5=13TeV, 36.1 b’ wwpam
P oW S b -
2 mwz 1 g 20g B . ]
C ¥ Nonprompt ’ : prom, b
Q>) Others Irl 15__ - Total uncertainty _:
L 100 \\\ 2 Bkg. unc. — . ) _E
*\\\. Observed limits  Expected limits :
50 (TeV %) (TeV %) 5 - -
S fso/A* [-7.7,7.7] [-7.0,7.2] .
ka . fsi/A*  [-21.6,21.8]  [-199,202) - :
fapo/ A [—6.0,5.9] [—5.6,5.5] 500 1000 1500 2000 2500 3000
0——— - fann /A* [-8.7,9.1] [-7.9,8.5] m; [GeV]
200 400 fue/A*  [—11.9,11.8] [—11.1,11.0]
m (Ge fwr/A* [-13.3,12.9] [—12.4,11.8]
I fro/ A* [—0.62,0.65] [—0.58,0.61] fid. +0.51 +0.29
fri/A*  [-028,031]  [—0.26,0.29] o = 2.897 g (stat.) "o (syst.) b
fra/A*  [-0.89,1.02] [—0.80, 0.95]

Meanwhile observations by both CMS and ATLAS:
CMS: Phys. Rev Lett. 123 (2019) 161801, ATLAS: Phys Rev. Lett. 123 (2019) 161801
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Example: exclusive WW production, 8TeV

> 104lllIlll]lllllllllllIl]'llllllllllllllll? p2 F
8 ATLAS —-Data2012 [ Jinclww 3
© 0L 1s=8TeV. 202" [ Jexc.ww [l Excl. _;
= o [Jzy*»tt “sys.ostat. 3
® Excl. WW signal region [ other W .
c 2
0>J 10 ay'/A? = 2.0e-4 GeV?, a¥/A* = 0, A = 500 GeV E
L s al!/A? = 0,a%/A? = -5.5e-4 GeV?, A = 500 GeV ]
10 % EREEEE al/A? = 7.5e-6 GeV?, a}:':’/A2 = 0, no form factor —
3 >
T P1
1 s 1
B DN Mo SO O
10_1 ...................... (%5 E ATLAS .
= o001~ \s=8TeV,20.26' —|
;S E yy - W'w .
10—2 ® 0.0005 - Acuon =500 GeV |
0O 20 40 60 80 100 120 140 160 180 200 - :
0 - .
P [GeV] : |
-0.0005 |— -
E e Standard Model ]
- ATLAS 8 TeV 95% CL contour B
Here: Phys. Rev. D 94 (2016) 032011 S — o481 s CLorkur E
CMS paper: JHEP 07 (2013) 116 00018 B el
-0.0004 -0.0003 -0.0002 -0.0001 0 0.0001 0.0002 0.0003 0.0004
By . c al/A? [GeV?]
Difficult to extract due to vertex isolation

but extremely sensitive to new physics
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Example: VBS Zy production

Evidence for VBS Z 7y production . J
Signal includes WWZ v vertex
Main background: Standard Zy with ISR jets W/Z/y
2 """.'Ii'A's'l""l'"'I""I"';I'[";"al""l'."'l"" L o W/Z/
>.1%%% signal Region - W 3o ATUAS * Dota nceranty
T 1400 f5=13Tev,36.1fb" == 2/QCD i 800 SignalRegion = mmzEW
= Z4jl, 2 6% or w'w e e G.= 13 TeV, 36.1 b A
1200 S Other Backgrounds Zyjj, Z— e'e or u'yw o ty
§ m Other backgrounds
§1000 qu q.m
2 g00 yeey — (j, + ¥i,) /2
{(tty) =
600 iy = ¥i) q g9
400
200 W/Z/y
3190 1
g 1:+—___+_. ; —: W/Z/~
e T T AV PP TP TP T TP TP T i .
0 05 1 15 2 25 3 35 4 4'5t(|h§’ 1 05 0 °5BDTsc°m
. . . q g9
BDT to extract signal, most powerful input : centrality —

arXiv:1910.09503
Submitted to PLB

‘N - | .
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Measuring interactions of
four gauge bosons:
2) Tri-Boson production
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First Triboson measurements: Wy v

o™ (] [ oMCFN ]
> 70k b o IIDatal ' 3 Inclusive (Njex > 0)
g ~ ATLAS ] Wyy ] pyy 7.1 T13 (stat.) £1.5 (syst.) £0.2 (lumi.)
° soC -5\7 Wi 3 evyy 4.3 +ig (stat.) T13 (syst.) £0.2 (lumi.) | 2.90 +0.16
o BB Wyj + Wjj ] lvyy 6.1 T (stat.) £1.2 (syst.) £0.2 (lumi.)
c T Cvy +jets Exclusive (Ne =0
o 501 [ Other backgrounds— xclusive (Njet = 0)
oot ] uvyy 3.5+0.9 (stat.) T (syst.) £0.1 (lumi.)
40~ 1s=8TeV, 203 b E evyy 1.9 *11 (stat) T1-) (syst.) £0.1 (lumi.) | 1.88£0.20
- muon channel (N_ > 0) lvyy 2.9 102 (stat.) T59 (syst.) £0.1 (lumi.)
LEp ATLAS
— LEP . CcMS WwW
i SM/BSM  _w = S
AQGC Limits 95% CL
By ——
QGC in SM and BSM 7 7 % rovy
F Gk | ——
Backgrounds: :
) - aw ;
Wy, Wjj jets > 7 e TeV? i
A0°10° 107107 -1Lo 1‘o 108 10° 10° 10°
Here: Phys Rev. Lett. 115, 031802 (2015)
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First Triboson measurements: Zy v

2 qg T T T T T T T T
o f ATLAS * Data |
o I —]
8 :j- (s-8Tev,203fp" LZed ~ SM:
S5 14l i :
£ T N ISR & FSR
2 12k [l other BKG —
10__ stat. @ syst. N
ol N
o B
* hfor 1
of e 01 1 ' No neutral TGC W OME. (5.8 ToV, 104 &
o 1 L ; ——— Wyy ATLAS, {s=8 TeV, 20.3 fb”'
0550 300 350 or QGC in SM Zyy ATLAS, (5.8 ToV, 203"
m,[Gev] = Only t-channel Y ous, A Ten. e
ATLAS  95%CL
i AFF=°°
f/A* %
Channel Measurement [fb] MCFM Prediction [fb] 5
ceyy | 6.2712(stat) = 0.4(syst) = 0.1(lumi) /Y| S -
pryy | 3.83 +g gg(stat )*048(syst.) + 0.07(lumi.) 370701 el |
ECyy | 5.07 5 (stat) g 3(syst) +0.10(lumi.) 3013800 20 0
Wyy 2.5 *)0(stat.) = 1.1(syst.) + 0.1(lumi.) 0.737+09% Coupling strength [TeV-*]

Here: Phys. Rev. D 93, 112002 (2016)
e Sgaer JHEP 10 (2017) 072
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Production of 3 massive
vector bosons

I
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Production of 3 heavy gauge bosons

7 HO
VH->VVV*
25-409,

Simulation:
- VVV: Sherpa 2.2.2

- WH > WWW* Powheg+Pythia8
- WH -> WZZz*, ZH > ZWW*: Pythia8

Total cross section:

WWW: 0.50 pb, WWZ: 0.29 pb

uncertainty: 109%

Vi

24/10/19
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19

a




Production of 3 heavy gauge bosons

WWW > [IEv+lEv+qq or lv+Iv+lv no SFOS: reject backgrounds with Z
WWZ > Iv+qg+ll or ev+ev+ll / yv+uv+ll / ev+pv+ll

WZZ = Iv+qg+ll or qg+lli+ll

Here: arXiv:1903.10415, subm to PLB " .
MS: search for WWW in 2015/16 data: PRD 100 (2019) 012004

‘N
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Production of 3 heavy gauge bosons

1) 2)
WWW > [Bv+IEv+qq |or| [v+Iv+lv no SFOS: reject backgrounds with Z

WWZ > Iv+qqg+ll | or |ev+ev+Il / pv+uv+ll / ev+pv+ll

WZ7 el lv+qqg+Il | or |gg+II+ll
3)

4)

Here: arXiv:1903.10415, subm to PLB -
MS: search for WWW in 2015/16 data: PRD 100 (2019) 012004 .
Ay

et
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Production of 3 heavy gauge bosons

1) 2)
WWW 2 Ifv+IEv+qq |or| lv+iv+iv no SFOS: reject backgrounds with Z

WWZ > Iv+qqg+ll | or |ev+ev+Il / pv+uv+ll / ev+pv+ll

WZ7 el lv+qqg+Il | or |gg+II+ll
3)

4)

- Signatures:

1) WWW > ll+2jets: 2SS leptons+2jets, binned in m(jj)

2) WWW > 3lI: 1 inclusive bin

3) WVZ > 3l+jets 3 BDTs: 3l1+1/2/3jets:

4) WVZ > 4l (+jets): 3 BDTs: Z + SF Il off-shell / on-shell / Z+DF Il

/ W/Z/7/ bk
> Combined fit of all channels: 186 bins 7 ° <

Data set used: 2015+2016+2017: 80/fb

Here: arXiv:1903.10415, subm to PLB
CMS: search for WWW in 2015/16 data: PRD 100 (2019) 012004

Ulla Blumenschein, Particle Physics Seminar at Warwick I —— 1/ 10/19 22



WWW selection

WWW — fufvgy

WHWW — fuifp

Z hoson veto
Lepton veto

bejet veto

Two leptons  with  py >
2N20) GV and one samesign
lepton pair

A0 < myg < AN GeV

At kast two jets with ppy =
MN20) GeV amd | < 2.5

my; < 0 GeV

Al <13

Er™ =55 GeV (only for )

Three leptos  with  py >
2T(20,20) GeV amd  no  same-

Aavour opposite-sign lepton pairs

m,, < 8GeV or m_, > 100 GeV [only for ee amd pee)
No additional lepton with pp > TGeV amd 5| < 2.5
No bjets with pp > 25GeV amd | < 2.5

WWW > [Ev+lfv+qq or Iv+iv+lv

Ulla Blumenschein, Particle Physics Seminar at Warwick

no SFOS: reject backgrounds with Z
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WWW: backgrounds

Dominant WZ - Ivll+jets (I1+2jets), vt T (lII)
- from MC, Jet multiplicity reweighted

Non-prompt: mostly from ttbar: sample with one fake lepton
fake factor from b-tagged CR
Photon conversion in V 7 jj: sample with photon-like electron
fake factor from Z-> yuy

L
[ ] 2 ' ' ' ' ' . '
! ATLA ¢ Data oww ] -
> o TeV, 70 " owz Bz 5 gof ATHAS ol A
2 8% N Other o> 30F 13Tev,79.81b" owz Bz ]
= WZ: pru ,St""pm'"f: @other N b WWW: eyt my % my, ENon-pompt By conv.
2 7 Stat. uncer. 1 @ o5l ' T T mother 7 Stat. uncert.
[ E c - ]
> . . - o .. . d
it WZ validation ] I pof m(jj) side band
Region ] ol (part of fitted |
(in WWW-only fit) - : region) ‘
. 10 & *
5f ,
o' T T T T T T T 2 0. T T T T + T T
o 1.5F 4] | ‘ 4 * : 8 15 3
g f;: ) ) : g 15;_ T 01 ]
§ 0.5 ¢ e 4 é 0.5F . E
3 00 50 100 150 200 250 300 350 40C 3 G0 50 100 150 200 250 300 350 40C

Le-dina lepton pr [GeVI Le-dina iet o+ [GeV]
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- from MC, Jet multiplicity reweighted

WWW: backgrounds

Dominant WZ - Ivll+jets (I1+2jets), vt T (lII)

Non-prompt: mostly from ttbar: sample with one fake lepton
fake factor from b-tagged CR
Photon conversion in Vv jj: sample with photon-like electron
fake factor from Z-> yuy

ee ep jae Jap jiee + epp
WWW 99 +33 26 + 9 23 +8 30 + 10 15+ 5
Wz 374422 12146 96 + 5 119 + 6 86 405
2z 0464005 5114025 3444018 4124024 | 0.69 +003
Nonprompt | 6.1 + 30 35 45 17 +9 37T +T 94415
+ comw. 09+19 350+3.1 T6+T - LOG +0.11
Other 129+10 257+17 203+13 253+16 | 35+04
Total CER 249 49 17T+10 21649 38 + 4
Data &7 239 235 237 27

Ulla Blumenschein, Partic|e.PHy§idS‘ Se.minar.a't Warwick
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WWW: [1+2jets prefit distributions

- ' ' ' ' ' - ' ' ' ' '
$ 22F aras o Data oww $ 45t ATLAS ¢ Data oww
> 20F 13TeV,79.8fb" awz mzz > 13 TeV, 79.8 fo" owz Bz
- WWW: etetji @ Non-prompt [y conv. - WWW: 1t [l Non-prompt [y conv.
@ 18- W Other % Total uncert. @ W Other % Total uncert.
c 16 - c
g g
u 14F u
o eet]]
10
8 -
6
M § ATLAS ¢ Data oww
2 5 D 50b 13Tev,79.81" owz Dz
- www:3s0-sFos ~ ENon-pomptlyconv.
. 0 A . 0 @ Other % Total uncert. .
8 1.5} 8 1.5
L Lo
§ 0.5 § 0.5 ¢
m c 1 1 1 1 m c 1 1 1 1
20 50 100 150 200 250 30( 20 50 100 150 200 250 30(
m; [GeV] m; [GeV]
> T T T T T
> 4D T T T T T 8 | ATLAS ¢ Data oww i
5 ATLAS eData  [WW o 50F 13Tev, 79.8 10" owz Dz . 0
40F p owz Bz - WWW: utetii [ENon-prompt [y conv.
> 13TeV, 79.8 b - uej > ] 8 13 _
- WWW: e*ujj [ Non-prompt [y conv. ) [ [EOther 7 Total uncert. ] r o
" 35 : [ Other % Total uncert. S 40r ] 5 0.7 [ K
€ > [ ] z
o o[ T 0.4
u 301 . p
g 8
X <
5 e
g 3

100 150 200 250  30¢ [ 250300
m GeVI %0 o 24/10/19 2 6



WV/Z selections

WVZ — fugyll | WV Z — fufuif /qqlife
Z hoson At least one OF lepton pair with jmy — 9M.2GeV | < 10GeV
Loww mass veto g = 126GeV for any OF lepton pair
b-jet veto No bjets with py = 25GeV and | < 25
Leptons Oe additionsal nomisal lepton One additiosal OS5 lepton  pair;
third and fouwrth lepton nominal
Hy Hy = 20GeV -
WWZ > Iv+qqg+ll or ev+ev+ll / pv+pv+ll / ev+pv+ll
WzZzZz - Iv+qg+ll or qq+I1+ll

Ulla Blumenschein, Particle Physics Seminar at Warwick 24/10/19 2 7




WV/Z backgrounds

All backgrounds estimated from MC
Dominant: ZZ (41 channels), WZ (3l channels):
- MC jet multiplicity reweighted

|

| aeDF WSF-Z  4SFaaZ | 381 36-2§ #3 | #HZCR
Wv 2 96435 | 50+18  10+4 2+23 85+ 81430 .
Wz 1.11 +0.13 - 108 +0.14 | 2580 +80 1830 +60 1110+50 | 57+04
ZZ 67+04 | WI+28  J0+10 | 344+12 182413 W+12 | 058 =006
#Z 51+05 |[055+008 45+05 | TH+1.1 226425 S2+8 | 122+9
Wz 19+04 |023+010 16404 | 42409 11.2+22 2+4 |103+03
Non-prompt - - 0184012 | 130450  T7+28  #0+24 |047+018
~+ comw. - - - 2+3 3247 96+34 | 04408
Other 0A+04 | 18+11  10+07 | 20+15 182416 120+10 | 244425
Total 248435 | M1+27T 29+10 | [WETO 240 +20 1580 +40 | 160+ 10
Data = 912 360 3351 238 1572 170

Ulla Blumenschein, Particle Physics Seminar at Warwick
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WVZ backgrounds

All backgrounds estimated from MC
Dominant: ZZ (41 channels), WZ (3l channels):
- MC jet multiplicity reweighted
ttZ: CR without HT cut, 3l+4jets (at least 2b tags), added to fit (1bin)
Non-prompt: WZ+jets, Z+jets: validated in region w/o HT cut, low pt(I3)

............................................... w 120p I . ' .
13TeV, 79.8 fo" | Amas 1 XI 5328 Egzw

ev, 79. | 13 TeV, 79.8fb )

I B ' -

3/1j, ms, < 150 Gev  HNon-prompt [y conv. 100 7 - 3¢ CR B Wiz W Other .

.Othel' 7/ Stat. uncert. % Stat. uncert.

Events/ 2.5 GeV

Non-prompt
validation
region

ttZ CR _-
(1 bin in fit)-

N
(=)

o -
Sy N

SLLLLLLLA

—
n
QO O

1
L]
'1
PP I PPN B PEPETRA EPEI IPIPI OF BPE, A I PP I

15 20 25 30 35 40 45 50 55 6C
Third le-ding lepton pr [GeV]

o
oy

OO L0 O
T
b ol
L o— -
N
N
N

Data/ Pred.

Data/ Pred.

-
o

SN
(&)
(o]

>7
Number of jets |
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WVZ BDTs

Variahle 31 32 -3 4 DF 4 SF Af SF
on-slell  off-shell
prliy) x x
prifz) x x x 1 BDT per
prifs) x x * . .
Sum of pr(f) x x x signal region
™ e, x x
™e e, x x
Mgyt X x
gy of hest Z x x
gy of other leptoms x x x
gy * * *
Ty, * * *
Sum of kpton charges * x x
prli) x x
prliz) x x
Sum of pr(j) x
Number of jets x x x x
;52 »
mp(Wy) x
m;; of best W x
e X x X x x
Hy x x x x
Leptonic Hy x
Hadwnie Hy *
Iovariant mass of all
leptois, jets and E7™" x x :
Invariant mass of the >
best Z leptons and §, g

Ulla Blumenschein, Particle Physics Seminar at Warwick 24/10/19 3 O



Arbitrary units

018

WVZ BDTs

.—A'n'As' L L L) 1
13 TeV, 7981

WVZ:3¢2)

P BIPEE PR SEPEE BEPE RPN SRR SRR TP
A L L L B B B | LI N
WVZ: 4¢ on-shell SF
N essessssssssssssne -+
0.‘- -4 —Wd
i T o Total background
[ ] o -
Q2F ] seessscccscsinns -
o1k Le—
1] S T S ST S T I T N N
08-06-04-02 0 0204 086 08 08060402 0 02 04 06 08 -08-06-04-02 0 02 04 06 08

BDT response

Ulla Blumenschein, Particle Physics Seminar at Warwick
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WV/Z prefit distributions: 3l +jets

% ' ' ' ' ' ' ' ' - © : ' ' ' ' ' ' ' . »
5 ATLAS ¢ Data gww 2006 ATLAS ¢ Data oww sl g A.,'.,_As 7 epaa ) ww
o 13TeV, 79.8 b’ |wz Bz 13 13TeV, 79.8 fo" |awz mz : % 13TeV. 79.8 fb" mwz Bz
WVZ: 361 WNon-prompt My conv. - WVZ: 3¢2j @Non-prompt My conv. - Wvz: 3¢3] mNon-prompt iy conv.
[ [i74 mwz - Wiz mwz [ 1174 mwiz

@ Other

%

7 Total uncert. - @ Other 7 Total uncet. -

W Other

7 Total uncert. _

§ 1.21 / o § 1% / g 1.2 T T T T T T T T .
=~ %% . % Z ; 7 7 ~ Z % % A Y,/ 24,/ y L 'l' ¥ I I % Y. T I
s 0.8 Z g 0.8 Z . 082 % %A U
m [~ 1 1 1 1 L 1 1 L 1 m /R L 1 L 1 1 1 1 L 1 - o \ N , N , , | K . |
372 08-06-04-02 0 02 04 06 08 3 721 08-06-04-02 0 02 0.4 06 08 S 0.6 05060402 0 02 04 08 08

BDT response BDT response BDT response

§ ATLAS # Data owz

i 13TeV, 79.8 fb" Bz 174

tiZ -3¢ CR mawz [WOther

%;Total uncert.

0
3 1.
Ly
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WV/Z prefit distributions: 41 channels

§ 200 arias sDala @WW s § 200F arLAS # Data oww - 5 ATLAS # Data oww
o 18 1M3,J;v 79[.)8Ffb" =ﬂz =w - : T ygof 13TeV.70810" !thal rtIOther : T 13 TeV, 79.8 b’ =";‘;zrF oot =tzé
16 s 4¢ WOther 7 Total uncert, - WVZ: 4¢ on-shell SF % Total unce : WVZ: 4¢ off-shell SF 5 WP P WOter
14 : 107 7, Total uncert.
12 Z+DF Il -
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8
6
4
2
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g 15 i t - 81.25 g
Lo + d o1 T
© 0.5 - ©0.75 ~
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Global fit

Profile LLH: 186 bins in 12 regions

Common signal strength p fitted for all VVV processes

Simulated backgrounds: 109%-409% normalisation uncertainty priors
Shape uncertainties: alternate samples, fac/ren scale uncertainties
Stat & syst uncertainties on data-driven backgrounds

Experimental uncertainties on signal & background samples

Signal shape uncertainties: fac/ren scale, PDF, matching
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Global fit: uncertainties

Pre-tit iﬁmpact on u: . An
— A = 'A
Uneertainty source Apyvy [19=0+46 [ 16 =5-A9 0302 01 0 01 02 03
Post-fit impact on p: T T
Data-driven +0.11 014 WO =0+A8 110 =048 ATLAs .
Theory ~015 013 —e— Nuis. Param. Pull 13 TeVv,79.8 fo
[nstrume ntal +0.12 .08 WZ renormalisation scale '
MO stat. unoe rtah.ty 0.6 0.4 Fake factor stat. uncertainty ()
Cenerators +0.04 —0.08 Fake factor p_ dependence ()
o S Fake factor stat. uncertainty (e)
Total systematic uneertainty  +0.30 027 b-tagging light jets
WWW renormalisation scale
WWW parton shower

WZ factorisation scale
Z+jets normalisation
ZZ shape

Luminosity

Largest post-fit impact on y:

tWZ normalisation

non-prompt baCkgrOU nd Jet energy resolution
WZ/Z7Z shape (constrained in fit) Vy statistical uncertainty
VVV mOdelin g Electron isolation scale factor
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Global fit: summary

w) w

& ATLAS ¢ Data Ooww owz & ATLAS ¢ Data Ooww owz

I 13TeV,798 o' mzz [ Non-promptlly conv. b 13TeV,798 o' mzz [ Non-promptlly conv.
[~ 1174 104 WOther Post-fit [ 1i74 104 W Other
2, Total uncert. %, Total uncert.

8 8

X X

g ol

g 9, 9, 9, 3 3(2 3(3 (é 3, e e 7z yZ g

- - “of.., "/ >/ 7 e 0.0, S0, Oty Hler, Hiup
O O ahgy ot sheyq cr M osroly Ty ey 1y
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Global fit: post-fit distributions WWW

S o o @ 3
3 120[_ ATLAS ¢ Data oww . ) ATLAS ¢ Data Ooww -
o 13 TeV, 79.8 fb" =If"l:zn-prompt=yzconv i LI>J 13 TeV, 79.8 fo'! .n/z mzz ]
= L WWW: £ - . WWW- 3¢ 0-SF [@Non-prompt [y conv. ]
2 100F Posti WOther 7 Total uncert. - post,ﬁt'a 0-SFOS  mother 7 Total uncer. -
[ [ i ]
i 80 . /
60 ) ]
; lI+2jets |
sof :
. 0=
215 s
T S |
o 0.5 - A 31
© Ol —
2 0 50 100 150 200 250 30C o 0.7
m; [GeV] g 04
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Global fit: post-fit distributions WV/Z

1] I T T T IR I B S B 1] E"'l"'I"'I"'l"'l"'l"'l"’l"'l"'
% 450F arLas ¢ Data O S 20F arLas eData [JWW
i 13 TeV, 79.8 fb" owz Bz o 18f 13TeV,79.8fb" owz @mzz
WVZ: 3¢2; @Non-prompt MY conv. F WVZ: 4¢ DF miz  mwe
Post-fit Wiz mwz 16F  post-fit [ Other 7 Total uncert.
[ Other 7 Total uncert. 1 4:
: : B
31+2] 12F
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o O
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BDT response BDT response
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Signal strength

ATLAS E = 13 Tev, 79.8 be c 105 LB SN B B L N B R R B BN N R B A BRI B L B
AL N I AL I & EATLAS ¢ Data 3
= - - - - Combined = fs=13TeV, 798 fb™ .
e stal. W Comb.stat. 1o spat g 10 VWV (u=1.38) 3
_ +0.62 +0.39 = -
Wwww 27 u=213 L5 s - .
10° E
WWW 3¢ o u=047 5 34 - ;
102_E E
Wz 3¢ u=042 5 33 - ;
10_5
WVZ 4¢ w=244 o 0% -
....................................................... 1 ] ] 1 } 3
Combined w=140 53 5% 2 E
PR SR | T T N T TN T T N TN SR SR SN E ) —.:
2 4 6 8 8 . , . . e
25 -2 -15 -1 05 0
best fit u = cWWV/ol¥V log_(S/B)
10
Signal strength compatible with Events sorted according to S/B of
SM expectation the final discriminant - accumulation
of data in bins with high S/B
- Data stat unc and syst unc g

At the same level
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Significance

First evidence for the joint production of 3 heavy gauge bosons

Significance
Decay channel Observed Expected
WWW combined 320 240
WWW — tvlvgq 4.00 1.70
WWW — Cyvlvly 1.00 2.00
WV Z combined 320 2.00
WVZ — tvqqll 0.50 1.00
WVZ — Cvlvll]/qqtltt 3.50 1.80
WVV combined 410 3.10
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Fiducial cross sections

Fitted signal strengths from individual WWW and WW/Z fits are converted
into fiducial cross sections using the theoretical NLO cross sections
from the signal samples.

Assuming SM cross section for WZZ.
Post-fit uncertainties from fit except signal normalisation.

owww = 0.6501¢ (stat.) *0-16 (syst.) pb

owwz = 0.55 + 0.14 (stat.) *013 (syst.) pb

Stat and syst uncertainties contribute equally

Expected o WWW: 0.50 = 0.05 pb, c WWZ: 0.29+0.03 pb
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Summary

& First evidence for the production of 3 heavy gauge bosons.

€ Dominated by WWW and WWZ channels.

€ Most sensitive channels: WWW: ss |1+2jets, WVZ: Z+DF lepton pair
€ Dominant backgrounds form WZ and ZZ

€ Dominant syst uncertainties from WZ/ZZ shapes and non-promt bkg
€ Currently equal contributions from stat and syst uncertainty

- Expect improvement using the full Run2 data set of 139/fb



Parametrizing new physics

EFT approach

; ; \: scale of new physics
fF. M C6 i ; -
reff. _ S +ZA_620:5+E%0§+.” SM: A -> o0
i i
Fermi theory of
Only applicable for scales <</ the 215 century

Example: Operators for WWV: _
Owww = Tr[W, W In practice,

CP conserving: Ow = (D,.®)'W*(D,®) w.i/(ioznstraln
Op = (D®)'B*(D,®)

Owww = Tr [W;w WVPW# ]

C/P violating: .
Oy = (D)W (D,d)

- Observes the symmetries of the Standard Model
- Higher dimensional terms are automatically suppressed by 1/ A2 _
- Perturbative expansion in 1/ A2 possible, renormalizable

—— A =
—
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Parametrizing new physics

Quartic Gauge couplings:

Dim6 and Dim8 operators
Dim © operators already constrained by TGC constraints

Independent: Dim8 operators:

Os = [(D.®)' D, o] x [(D*®)TD¥ 0]

Os,1 = [(D,®)TD# o] x [(D, ®)T D 9] Or.o = Tr [ W WH¥| x Tr [Wo g WP
Os,2 = [(D,®) D, ] x [(D¥®)T D+ 0] ' - -
Omo=Tr W“,,W"" X (Dﬁ@)foﬁ¢
Omq=Tr [W“,,W"ﬂ x [(Dg®)TD o
Omp2 = -B“VB"“’ X (Dpd’)tDﬁQ
Oms = 'B,,,,Bvﬁ] x [(Dg0)t DHo
Oma = [(D,®)t Ws, Do x BBV
Oums = :(D”,¢)f WBVDVQ’ X Bﬂ“(+h.c.) OT:Q . Bau.B“ﬂ X Bﬁiaua,
Oum,7 = [(0u®)' Wp, wﬁﬂovw]
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Boson scattering

w+
!
AZ i h
w3 w+ w+ W+ ot W

wH+ M
Mange = (s My = Grw—p + O(")

Gauge — 4MW HWW M{}V

/ s = squared center-of-mass
Without the Higgs contribution the cross section energy of the interacting
diverges for high energies bosons

- Higgs contribution cancels divergence
if Higgs couples proportional to W mass: 5 M?—I
gHWW gMyy ... as expected from SM Higgs — 5| #Gauge + #u =g M

S|m|lar for W+W- scatterlng, WZ scatterlng, etc .
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