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Context

W
Massive tribosons VVV not yet observed
Sensitive to anomalous triple/quartic W W
gauge couplings, and also new heavy
particles decaying to bosons W
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Triboson at the LHC

Recently, both ATLAS and CMS released new triboson results
using pp collision data with /s = 13 TeV

80 fb-
ATLAS finds evidence of three massive vector boson| _/
production
By ATLAS Collaboration, 17th March 2019 https://atlas.cern/updates/physics-briefing/evidence-three-massive-vector-boson-production Su bm itted to
i PLB

. CMS Physics Analysis Summaries
\ Report number CMS-PAS-SMP-17-013

Title Search for the production of WWW events with two equally charged or three leptons at sqrt(s) = 13 TeV

Corporate author(s) CMS Collaboration

Collaboration CMS Collaboration

Subject category Particle Physics - Experiment
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Analysis
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Tile calorimeters

h LAr hadronic end-cap and
) forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker




Analysis approach

Categorize based on VVV

WWW WV/Z

eeeeeeeeeeeee



Analysis approach

Categorize based on VVV

WWW WV/Z

Categorize further based on boson decays

WWW —{vivqqg WWZ —{vqql? WZZ —qqltll
WWW —Pviviv WZZ —{vgqgl? WWZ —Pvivid

Let’s go through two categories in detalil
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WWW — fvivqg

WWW categories target decays with good S/B (emphasis on B)

W , » Two same-sign leptons
=+
o Wi< i Missing energy via two v’s
|44
W¢ q
q Two jets from W decay

Two same-sign leptons is an otherwise rare occurrence in SM
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WWW — fvivqg

WWW categories target decays with good S/B (emphasis on B)

W < a Two same-sign leptons
1%
W:I:< fﬂi ~ Missi 3t ,
Nt y e issing energy via two v’s
¥ q
W < q Two jets from W decay

Two same-sign leptons is an otherwise rare occurrence in SM
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WWW — fvivqg

WWW categories target decays with good S/B (emphasis on B)

W < a Two same-sign leptons
1%
W:I:< fj: Missi 2t ,
et y issing energy via two v’s
W¢ q \
q < Two jets from W decay

Two same-sign leptons is an otherwise rare occurrence in SM
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WWW — fvivqgqQ
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WWW — fvivqg

W/Z: leptonic decays
and a lost lepton
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Data / Pred.
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WWW — fvivqg

>
GJ -
O 120
(1 b b 9 §
Non-prompt” leptons: ot
, o 100
Mostly via ttbar c
L 80
60+
40F

t

1
QoY
R
) <~

K al

D /D

T I T T T T

ATLAS

13 TeV, 79.8 fb
WWW: ¢*¢%jj
Post-fit

T I T T T T I T T T T

¢ Data
LWz

[]Non-prompt @y conv.

[]Other

I T T T T

wwv
mzz

7~ Total uncert.

11 I 1 1 1 I I | I I | I 1 1 1 I 1 1 1 I |

III

Data / Pr

Alexander Tuna

O
(@) NG pan )
Ill T 1

)

50 100 150 200

250 300
m;; [GeV]

13



WWW — 2vevaq

Yy conversions:
Mostly via Wy

Alexander Tuna
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WWW — fvivqg

Good agreement
between data and
prediction

Signal hypothesis is
favored given the data
near m(jj) ~ 80 GeV
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WWZ — evpvid

WVZ categories target final states with Z—{¢

t*  +--= Two leptons from Z decay
Y4 e
< .
W™ a Two different-flavor leptons
7 \ %
+ e*
W V Missing energy via two v’s

Dominant backgrounds: SM processes which also contain Z—{¢,
e.g. WZ—={vll and ZZ—00LE
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WWZ — evpvid

WVZ categories target final states with Z—{¢

{+ Two leptons from Z decay
V4
< .
W™ a “7» Two different-flavor leptons
7 \% ’
+ e*
W V Missing energy via two v’s

Dominant backgrounds: SM processes which also contain Z—{¢,
e.g. WZ—={vll and ZZ—00LE
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WWZ — evpvid

WVZ categories target final states with Z—{¢

{+ Two leptons from Z decay
Z
< .
W™ a Two different-flavor leptons
7 V
+ e* )
W V e Missing energy via two v’s

Dominant backgrounds: SM processes which also contain Z—{¢,
e.g. WZ—={vll and ZZ—00LE
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WWZ — evpvid
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WWZ — evpvid

WWZ—-evuvil: T
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Analysis approach
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Combination
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Measured cross-section

stat. uncertainty—‘

—total uncertainty

2} =213 +0.62

WWW 2¢ ' o - -0.57
WWW 3¢ KR w=047 52

WVZ 3¢ o —

WVZzZ 4r¢

Combined

+0.98
uw=0.42 g,

g w=2.44 "0

Alexander Tuna

— ~WVV/ WYV
u = o0""V/og

Incompatibility
with the
“no-triboson”
hypothesis:
3.30 (WWW),
2.90 (WV2),

4.00 (VVWV)

23



Uncertainties

ranked by importance

Pre-fit impact on w:

~ Aw
0 = 0+A0 0 = 06-A0

Sherpa: large uncertainty of 03 02 -01 0 01 02 03

: : Post-fit impact on u: AL L
WZ renormalisation scale 6=0+AD 110 =0-AD | ATLAS
(WWW and WVZ2) \— Nuis. Param. Pull | 13TeV, 79.8 fb”
WZ renormalisation scale . ——0—
Fake factor stat. uncertainty (u) .
/{ Fake factor p_dependence (u) °
. . pe . . Fake factor stat. uncertainty (e) I %
Significant uncertainties b-tagging light jets =
from data-driven prediction WWW renormalisation scale >
WWW parton shower +
Of nOn'prOmpt (WWW) W/Z factorisation scale %
Z+jets normalisation ®
ZZ shape +
Luminosity o
- . . . tWZ normalisation *
Remaining uncertainties: Jot energy resolution =
am iX Of exp and theo ry Vy statistical uncertainty ®
Electron isolation scale factor O;
Coc b b b b b
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Events / bin

Data / Bkgd.

Triboson in 1 plot

1O e A A =
= ATLAS $ Data -
- {s=13TeV, 79.8 fb™ -
ot B WV (u=1.40) _
: . Background =
oL 7/, Bkgd. Unc. _
10°E S
- All bins in all categories, -
10E ordered by S/B -:
1 = L L L L E
o1 .
1.5 * -
1 PA .====.7—'_._'_._ ‘ot //_
25 = A5 1 05 0
log_ (S/B)
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Summary

ATLAS measured triboson VVV for the first time at Vs = 13 TeV

The measured cross-section Is consistent with
Standard Model expectation

This analysis includes roughly N m; [GeV]
half of the Run 2 ATLAS dataset ’
— stay tuned for a new result
with the entire dataset

50 100 150

Alexander Tuna
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Bonus
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Events

Data / Pred.
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ATLAS s =13 TeV, 79.8 fb!
Ill’éot.lllllllllllllll
stat. tot stat
+0.63  +0.38
WWW 2¢ F o - u=100 55 o6
+0.60  +0.54
WWW 3¢ | ® | u=100 g5 o
+1.03 +0.51
WVZ 3¢ — o —i u=100 ;o0  oso
+0.71 +0.66
WVZ 47 | ® | u=100 _gg; _0.57
""""""""""""""""""""""""" 036 4024
Combined XX u=100 l53, o024
| | ! | ! | |
0 2 4 6 8

best fit u = cVVV/o iV
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Uncertainty source

Apyyy

Data-driven +0.14 -0.14
Theory +0.15  -0.13
Instrumental +0.12 —0.09
MC stat. uncertainty +0.06 —0.04
(Generators +0.04 -0.03
Total systematic uncertainty +0.30 —0.27
Significance

Decay channel

Observed Expected

WWW combined 3.20 240
WWW — fvlvqq 4.00 1.70
WWW — bvlviy 1.00 2.00

WV Z combined 3.20 2.00
WV Z — bvqgglbl 0.50 1.00
WV Z — bvlvil/qqllild 3.50 1.80

WVV combined 4.10 3.10

33



WWW — bvlvqq

WWW — bvlviy

Z boson veto
Lepton veto
b-jet veto

Two leptons with pv

>

27(20) GeV'  and one same-sign

lepton pair

40 < Myy < 400 GeV

At least two jets with pr
30(20) GeV and |n| < 2.5

m;; < 300 GeV

|An;;| < 1.5

ER > 55 GeV (only for ee)

>

Three leptons with pg >
27(20,20) GeV'  and no same-
flavour opposite-sign lepton pairs

m., < 80GeV or m,, > 100 GeV (only for ee and uee)
No additional lepton with pp > 7GeV and |n| < 2.5
No b-jets with pr > 25 GeV and |n| < 2.5

Alexander Tuna
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WWW — bvlvqq

WWW — bvlviy

/Z boson veto
Lepton veto

Two leptons with pr >
27(20) GeV'  and one same-sign
lepton pair

40 < Myy < 400 GeV

At least two jets with pp >
30(20) GeV and |n| < 2.5

m;; < 300 GeV

|An;;| < 1.5

EX™® > 55GeV (only for ee)

Three leptons with pg >
27(20,20) GeV  and no same-
flavour opposite-sign lepton pairs

m.., < 80GeV or m,, > 100 GeV (only for ee and uee)
No additional lepton with pr > 7GeV and |n| < 2.5

b-jet veto No b-jets with pp > 25GeV and |n| < 2.5
WV Z — fvqqll ‘ WV Z — vlvll]/qqllild
Z boson At least one OS lepton pair with |m,, — 91.2 GeV| < 10 GeV
Low mass veto myp > 12 GeV for any OS lepton pair
b-jet veto No b-jets with pp > 25 GeV and |n| < 2.5
Leptons One additional nominal lepton One additional OS lepton pair;
third and fourth lepton nominal
Hr Hy > 200 GeV -

Alexander Tuna
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W Z control region

Three nominal leptons with one SFOS pair
No b-tagged jets
ET"™ > 55 GeV
Myppy > 110 GeV

W sideband validation region

Same as the WWW — lvlvqq SR, with

ttZ control region

Same as the 3/-3j SR region, except:
no requirement on Hr,
at least four jets,
at least two b-tagged jets.

W Z+jets and Z+jets validation regions

Same as the 3/-1j SR region, except:
no requirement on Hr;
third-highest-pt lepton has 10 GeV < pp < 15 GeV;
Myppy < 150 GeV.

Alexander Tuna
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Variable 30-1j 30-2j 30-3j 4¢ DF 4¢ SF 4¢ SF
on-shell  off-shell

pr(4y) X X
pr(le) X X X
pr(fs) X X X
Sum of pp(¥) X X X
My g, X X
mg1£3 X X
My, 0, X X
MMyy of best Z X X
my, of other leptons X X X
M3y X X X
Mgy X X X
Sum of lepton charges X X X
pr(j1) X X
pr(J2) X X
Sum of pp(j) X
Number of jets X X X X
M1 g %
mr(Wp) X
m;; of best W X
Smallest m, ; X
s X X X X X
H~ X X X X
Leptonic Ht X
Hadronic Hr X
Invariant mass of all

leptons, jets and B X X
Invariant mass of the

best Z leptons and j; X
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Tile calorimeters
LAr hadronic end-cap and
) forward calorimeters
Pixel detector
Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Today'’s result
80 fb-1 of 13 TeV pp

2015-2017
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The ATLAS Detector

25m \

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiatfion tracker

Semiconductor tracker
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