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- The Standard Model

The Standard Model consists of 24 elementary matter particles and 3 forces

Interactions

Electro- Weak Strong

magnetic ,

October 2019 Alexander Oh 2



Yy
er

The Universit
of Manchest

MANCHESTER
1824

Motivation

e Standard Model EW Lagrangian:

EEW — Lboson =+ *Cfefrmion =+ Ehiggs + ['yukawa

)
[ |

1 1

RV Vi iwy - V3%
Wi W™ — 2By, B v

\
o | \

8uX,, — X}, k

October 2019 Alexander Oh 3



Yy
er

The Universit
of Manchest

MANCHESTER
1824

* Probing the non-abelian !
electroweak interaction
with multi-boson final

states:

Motivation

W, Z,~

Q)

q

V//

V/

di and tri-boson production

Vector boson fusion (VBS)

October 2019

Alexander Oh

Vector boson fusion (VBS)
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Motivation

* Probing the non-abelian ’ W 7
electroweak interaction
with multi-boson final ' Wz
states: ‘ w.zy ||

di and tri-boson production

E \ E VE > ELHe

Ken Mimasu, Be.HEP summer solstice meeting 2018

October 2019 Alexander Oh
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* Extend SM to describe new physics with
anomalous couplings or effective Lagrangian

approach.
V1
Charged aTGC 3 Neutral aTGC
WWZ /77
WWy V2 Lly

October 2019 Alexander Oh 6
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Anomalous
Triple Gauge Boson Couplings

 Anomalous Lagrangian parameters
(simplified). v, -
HJJ%/////VWV:; V_=Z, v. In the SM case

anomalous coupling =0.

V2

Charged aTGC: Agl=gl-1, Ax=x-1, A

/1V
Lwwy _ i[gIV(W;VW“VV — W WHVY) + & WIW, VA + —ZW;ﬂW‘;VVP]
gwwyv My,

Neutral aTGC: f4, f5

Lvzz =~ | GuV*)Z0(6°Zp) + {67 Vir) 2 2]

YA
October 2019 Alexander Oh 7
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Charged aTGC: ’
Agl, Ax : §1/2
A . S

Neutral aTGC: *
fa,f5  :§3/2

Anomalous

Triple Gauge Boson Couplings

Di-boson cross section with aTGC has a strong
energy dependence and will grow severely with
the parton centre of mass energy.

Need to introduce form factor to guard unitarity.

Typical ansatz is a dipole form factor with some
power n :

- ,. V
. - Vi / i0
http://arxiv.org/abs/1205.4231 . f (S) i
. 1 / A 2 n
o[ /{,/"I (1 -+ S/AFF)

Needs fine-tuning. .
Additional free parameters /
n and Ag.

October 2019
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e Alternative is to use “k-matrix” unitarisation.
http://arxiv.org/abs/0806.4145

* Projecting the real scattering amplitude A(s) on the Argand
circle— saturation of amplitude.

* No free parameters -> less model dependent.

e Retains the property of probing the entire kinematic phase

space without being unphysical. [ A]
ml.Aj a

b
So far only abailable for 2->2 processes

October 2019 Alexander Oh
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http://arxiv.org/abs/0806.4145

ER

H////WV Effective Field Theory

Sy
O

* Alternative to anomalous gauge couplings: EFT approach.

dimensionless Wilson coefficients

S )

C
L=Lsu+ ), ~
i

(8)
i ~(6) € A@®)
0+ S ool
j

NP energy scale

operator dim 6

e EFT constructed with SM fields
e Dim 4: Standard Model

* Dim 5: Violates lepton number conservation

e Dim 6: lowest order EFT operator

* By construction valid until new physics scale becomes important

-> no unitarity concerns?
October 2019

Alexander Oh § 10
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= Theory — Higgs — TGC
interplay

* Different basis are equivalent if complete.
— Hagiwara (SM), Higgs basis, SILH basis, Warsaw basis....

* Operators DIM6 affect both Higgs and boson
couplings

Affects only

— 5 (H' f
O =0L(E )0 H Higgs couplings

Osw = €T5W iYW P HE RN I only TGC

Owp = Hio" HW;;,U B, Affects both
Higgs and TGC

Higgs data and WW or WZ pair production probe
overlapping sets of dimension 6 operators

October 2019 Alexander Oh Adam Falkowski
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/ tri-boson interactions
( X3 \ 906 and @4D2 1/)2303
Qc | [APOGIGEGS || Q, (oTp)? Qey (#T) (lpere)
& | ABCGAGEGSH Q| (le)Olete) Quy (01 0) (@pu- @)
Qw | KWW rwEr IQup | ("D )" (¢"Dup) || Quy (0'0) (Gpdr )
: Qi €1JKWJVW’;JprKu ‘
XQSOQ wQXSO ¢2(,02D
Qs | eloGAaw | Quv | Gome)r'oWl, | QW | (¢iD,)(n"1,)
Qua | ¢leGhG™ | Qi | (Gho"e)pBu | QY | (#'iDf)(r'y,)
Quw | oW Wi | Que | (o T u,)GE, | Que | (ol D, ¢)(@ne,)
Qv | PeWLw | Quw | @omu)r'eW}, | QU | (o'iD, ) @)
Qs | ¢'0BwB™ | Qus | (@o"u)3Buw | Q% | (¢'iD} 0)(@r"v"a,)
Q.5 olo B, B" Quo | (@™ T4d,)pGh, | Quu | (¢'iDye)(@ntu,)
Qows | PloWLB"™ | Qaw | (o™ d)T"e W), | Qua (¢'i D, ) (dyyd,)
Quvs | ¢ TeWLBY | Qus | (30"d)¢Bu | Quua | i(F'Dyup) (" d,)

arXiv:1008.4884
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Theory — Higgs — TGC

interplay
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* Translation between TGC limits and Higgs couplings possible.

* In Higgs basis 2 TGCs couplings, can be expressed by Higgs
couplings to gauge bosons.

* TGCs have to be simultaneously constrained in multi-
dimensional fit and correlation matrix should be given.
Important for combination of Higgs and TGC results.

P even :

r .l CP odd -

Linearly realized SU(3)xSU(2)xU(1) at D=6 level enforces relations
between TGC and Higgs couplings in the Higgs basis

Adam Falkowski

October 2019 Alexander Oh
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Summary plot of current one dimensional limits on EFT dim 6 parameters:
CMS
July 2019 cogig, AT ——
LEP —— Channel - 0_ILirzniEtss o1 [ Ldt gET v
I | WwW -c.1e+U1, c.be+ 20.3 fb’, e
c. /A2 — -2.1e+01, 1.8e+01 361 fb! 13 TeV
B I o ] -2.9e+01, 2.4e+01 194 ﬂ?" 8 TeV
i ] ii -6.4e+01, 6.9e+01 461 7 TeV
i '] -3.6e+01, 4.3e+01 202 fb"! 8 TeV
f——1 -1.9e+01, 2.0e+01 20.2 fp"! 8 TeV
[——] -1.4e+01, 1.7e+01 19 fb° 8 TeV
—c— -8.8e+00, 8.5e+00 359 fb" 13 TeV
: — ’ -8er01-1-5er01 7
-1.6e+01, 1.5e+ 4.6fb 7 Te
C /A2 — -1.2e+01, 9.0e+00 5.0fb’ 7 TeV
WWW ] -1.5e+01, 1.4e+01 46f’ 7 TeV
||:|| -4.6e+00, 4.6e+00 203 fb! 8 TeV
-3.4e+00, 3.3e+00 36.1 ﬂ?" 13 TeV
—t -1.2e+01, 1.2e+01 4.9 fb 7 TeV
=] -5.7e+00, 5.9e+00 19.4 fy" 8 TeV
[———] -1.1e+01, 1.1e+01 4.6fh 7 TeV
-3.3e+00, 3.2e+00 336 b’ 8,13 TeV
-4.6e+00, 4.2e+00 196 fb’! 8 TeV
H -2.0e+00, 2.1e+00 35.9 ft?" 13 TeV
——] -9.5e+00, 9.6e+00 461 7 TeV
— -5.3e+00, 5.3e+00 20.2 fb’! 8 TeV
H -3.1e+00, 3.1e+00 20.2 ft?" 8 TeV
— -9.2e+00, 7.3e+00 5.0 fb° 7 TeV
Iil -2.7e+00, 2.7e+00 19fb’! 8 TeV
-1.6e+00, 1.6e+00 359 b’ 13 TeV
} | -3.6e+01, 3.2e+01 20.3 fb! 8 TeV
 E—— -1.3e+01, 9.0e+00 20.2 fb’! 8 TeV
= 876100, 1 3er01 35 15Ty
-8.7e+00, 1.1e+ B6fb ) e
——i -;.2e+8(1), 411.:13e+8(1) g 9fg: 9.%0\'/Fev
— -9.4e+00, 1.3e+ 461fb e
C.. /A2 — -5.96+00, 1.16+01 2031  8TeV
W — -7.4e+00, 4.1e+00 36.1 ﬂ?“ 13 TeV
= Zegzeen) el 1
-1.1e+01, 5.4e+ 4t e
— -1.4e+01, 2.2e+01 l?e%p 7 TeV.
:|| -3.6e+00, 7.3e+00 336 fb’! 8,13 TeV
[ -4.2e+00, 8.0e+00 196 fb"! 8 TeV
|_I_| -411.:13e+8(1), }.ée+8(1) 3891’ ;STTSV
-1.3e+01, 1.8e+ 4.6 fb e
-6.4e+00, 1.1e+01 20.2 b 8 TeV
-5.1e+00, 5.8e+00 20.2 fp 8 TeV
-2.0e+00, 5.7e+00 19 fb 8 TeV
-2.0e+00, 2.7e+00 359 b’ 13 TeV
I i EW qqW -3.3e+01, 3.0e+01 20.2 fb’ 8 TeV
—— §56100, 20610 a8l 186 Tev
DO Comb. -8.2e+00, 2.0e+ 8.6 fb. .96 Te
I I I I e+ I I I | LEP @omb. ;  [-1g3e+01, 5.1e+0Q I oyfo’ | 0230TeV

aC summary plots at: http:/cern.ch/go/8ghC aTGC L| mItS @ 950/0 C _ L [TeV‘z]
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Experimental status: multi boson production

G

13 TeV 8 TeV 13 TeV
8TeV 8 TeV

13 TeV
8TeV

VBSVW ©

13 TeV

mm VBS WZ © VBS 7z ©

8TeV

e [

8TeV

October 2019 Alexander Oh

13 TeV
8TeV

®: 2019 result
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Muon chambers

Toroid magnets

1824
S
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LAr electromagnetic calorimeters
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Common experimental techniques

* Leptonic signatures (non-VBS) - & o
— Leptons from vector boson decays isolated, S
use electron and muon channels. H
— Isolation requirements: | 1
* Track and calorimeter based isolation

cone AR=0.2. | .
Working point: €>98% i

ity
er

The Universit
of Manchest

-y
o
($)]

T

hadronic calorimeter

lllll

_____________________________________________________________________ third layer

i ° AnxAg=0.05x0.0245
. 3
d HHNND +=+’«EE:‘:1

—h
|

Efficiency

p - L B second layer
0.95 u‘ ’.‘rl! _— AyxAg=0.025x0.0245
N ] first layer (strips) £
- - AnxAg=0.0031x0.098 i
0.9 —
= ATLAS Data isolation efficiency e, presampler
[~ — R —&— Loose (Track Only) :
0.85 \s =13 TeV, 37.1 fb —4— Loose ] TRT (73 layers)
. L —#— Gradient (Loose) -
Gradient B

B — yeam axis pixels

i B beam spot
0'99 ? - - . __ (1“
0 98 PRI T SN TR R R R R n 1 1 \

PR Y i " PR
20 40 60 80 100 120 140
E, [GeV]

Data/MC
T ]
»

insertable B-layer

Alexander Oh 17
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Common experimental techniques

0.9——— T T ' , ]
0 85 ATLAS Simulation Prelimina .
O anti-k, R=1.0 jets 3

- Trimmed (f_ =5%, R , =0.2) .
0.7 Il < 2.0, W-jets - a - 50% signal efficiency —|
C --¥-- 25% signal efficiency
0.6~ =
0.5 = S RN b
0.4 —
0.3 I
- S e A T NN S
TE L . ! . . ]

500 1000 1500 2000

Signal efficiency Jetp_[GeV]
600——— T T y y ]
- ATLAS Simulation Preliminary ]
500/ anti-k, R=1.0 jets -
- Trimmed (f , =5% R , =0.2) ]

C l<20, W-ets --a- 50% s?gnal efﬁcﬁency ]
400 --¥-- 25% signal efficiency —|
r : [ wlo D, systematics
SN z .
ERSRREY S ¢ : T
ST T
- f Nk SR
100~ ‘ NS
e A ------ e = g ! ]

L. . 1 " | '.A...*Av":

500 1000 1500 2000

Background rejection Jetp [GeV]

* hadronic signatures

— W/Z reconstruction with two resolved
¢ anti-kt jets R=0.4

q
q’
Lq’

W/Z '

pr = 200 GeV W/Z
2 resolved Pt = 200 GeV

small-radius jets All decay products fall within 1

(R=0.4) large-radius jet

(R=0.8 for CMS, 1 for ATLAS)

— Large R-jets with R=1.0 for boosted W/Z.

— Exploit jet-substructure to improve mass resolution
and reject QCD jets (more later).

Alexander Oh Sketches from Robin Aggleton, MBI2019 18
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Common experimental techniques

 Background estimation

— Data driven techniques

* Normalization of leading contributions with
dedicated control regions, e.g. V+jet, ttbar, WZ.

* Lepton miss-id with “fake factor” determination.
e Charge misidentification with control samples.

— MC samples for most sub-leading
backgrounds (e.g. EWK processes).
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Experimental status: multi boson production

g h
Cwy D
K 8Tev 8Tev 8Tev /

VBSVW ©
@ VBSWZ ® VBS 7Z ©

13 TeVv
8TeV 13 TeV

8 TeV I

13 TeVv

WVWV @ e

8TeV 13 TeV

0o
o)
<

tri-boson

®: 2019 result

October 2019 Alexander Oh
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WW sqrt(s) = 13 TeV
L=36.1fb?

ity

The Universit
of Manchester

FS = fully leptonic

9 W g W

q W 9 W g W

aq t-channel qq s-channel qq g-loop qq H->WW

e WW production diagrams at tree level include triple gauge boson vertex in
the s-channel.

* Analysis of fully leptonic final state with one electron and one muon,
oppositely charged. Clean signature, no DY contamination.

* Focus on fiducial cross sections and differential distributions to compare
to calculation and extract aTGC.

October 2019 Alexander Oh 21



MAN CHFSTER

824 WW arXiv:1905.04242

sqrt(s) = 13 TeV

ity

The Universit
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Fiducial Cross sections
Minimize theory uncertainties due to
phase-space extrapolations.

— Define a “fiducial volume” mimicking the
detector acceptance.

L=36.1fb?
lly leptonic

X

— Definition in terms of final state truth
particles after showering

* Charged lepton and photon kinematics.
* Neutrino transverse energy
* Vector boson mass calculated from leptons.

NObs o NB

kg

— Leptons are “redressed” with brem photons GFiducial =
in AR=0.1. CxL

— Allows theorists to test their favorite model.

Fiducial selection requirements

Py > 27Gev C — N s
Infl < 2.5 ~ x7PassFiducial
Mmey > 55 GeV NMCTruth
P > 30GeV
EM™S > 20 GeV
October 201 No jets with pr > 35GeV, || <4.5 der Oh 5
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WW sqrt(s) = 13 TeV
L =36.1fb1?

FS = fully leptonic

* Background sources:

Number of events Top-quark background dominant, reduced
by (b-)jet veto.
[ Top-quark 3120]
Drell-Yan 431 Use control region to determine
W+jets 310 normalisation. background has 12%
uncertainty (b-tagging, modelling).
W7 200 y (b-tagging g)
Z7Z 16 - -
®  F ATLAS ata or ]
Vy 66 %30005_ /s =13 TeV, 36.1 o' &l\[/)vw %S:d. stat. E
Trlboson 8 52500_—T0p CR Etf Pred. stat. ® syst. —
> - Single-to 3
Total background 4240 " 2000F- N\ o .
Signal (WW) 7690 w0 3
Total signal+background 11930 100f- .| |, topcontrolregion -
Data 12 659 so0 | e =
Pl S R _ =
s 158 =
I N\ \ANANSNSNSS SN N
g 05k =
a 30 40 50 10° 2x10?

P [GeV]

October 2019 Alexander Oh 23
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WW sgrt(s) = 13 TeV
L=36.1fb?

FS = fully leptonic

Fiducial cross section:

ofd = (379.1 £ 5.0 (stat) + 25.4 (syst) + 8.0 (lumi)) fb

1 I T |l I Ll l I T T I l T

379 = 5 (stat.)+ 27 (syst.) fb

MATRIX NNLO (incl LO gg— WW)
357 = 4 (PDF)= 20 (scale) fb

MATRIX NNLO + NLO gg - WW
368 + 4 (PDF)=+ 20 (scale) fb

347 = 4 (PDF)= 19 (scale) fb

1 l L 1 | L I | L 1

T

(MATRIX NNLO + NLO gg)® NLO EW

1

v

Good agreement with NNLO (qq)

ATLAS .

Dp — Evi'y (s =13 TeV, 36.1 fb" and NLO (gg) calculations.
Precision of 7.1% !!!

Data 2015+2016

Parameter  Observed 95% CL [TeV~2] Expected 95% CL [TeV~?2]

1 l 1
200 250 300

cwww /A [-3.4,3.3] [-3.0,3.0]
cw/A2 [-74,4.1] [-6.4,5.1]
cg/A? [-21,18] [-18,17]
cwww/ N [-1.6,16] [-1.5,1.5]
LS [-76,76] [-91,91 ]
L
350 400 aTGC in EFT formalism provided.

Integrated fiducial cross-section [fb]

October 2019

Extracted from leading lepton

distribution.
Alexander Oh 24
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WW sqrt(s) = 13 TeV
L=36.1fb"

FS = fully leptonic

Differential distributions in comparison with calculations
(4 angular, 2 mass/momentum)

— T T T T [ T T T T [ T T T T [ T T T T

- ATLAS ¢ Data 2015+2016

ATLAS ¢ Data2015+2016

A 5
o . : = |
g 102 = s (s =13 TeV, 36.1 fb" 1 [] Stat.@ syst. uncertainty 3 %‘" 600 Vs =13 TeV, 36.1 fp! [ Stat.® syst. uncertainty _|
“ E bp— eviy B2 [NNLO(qq)+NLO(gg)]®NLO(EW) 3 > VLY E2E5) INNLO(qq)+NLO(gg)][®NLO(EW)
@ - PP u B3 Powheg-Box+Pythia8, k=1.13 * b W 283 Powheg-Box+Pythia8, k=1.13 *
§ 10 [ Powheg-Box+Herwig++, k=1.13* 3 *g &7 Powheg-Box+Herwig++, k=1.13 *
z P49k RSy ‘¥ Sherpa2.2.2,k=1.0* ] " Sherpa2.2.2, k=1.0* §
S 1L *."'*',., * comb. w. Sherpa+OL gg—WW, k=1.7 | 400~ * comb. w. Sherpa+OL gg—WW, k=1.7 —
E poe ey E
u b= i)
i o’ o '+T\ r
10" 3 E i&i’ -
F —— ] 200~ ' L n
- . - *
102 = I - s |
E - Pyyes i
_ Adp(ll) ™
- L L ]
10° £ '”:M:(':,'TM:‘”:M:.,:A..{ ]
1.4 1.4F :
1.2 12F
8 1Ee- B A o *“‘*“mw 3o ****&m
a 0.8 a 0.8 " s e TR &
= - < 06F
> 2o = : a : : .
o 14F 3
2 q2F § 1.2 ,
e e Aaaa g g YE s | —— §ooooeenenees e T Ao 4 bbb vd
0.81 ?cw oty ity fed Sl T B om 3 0,8 T T vl ey *"“-(‘tg - ag B
0.6 _—, L ) ) L = 0.6F P S E R R B B
6070 102 24107 3x10? 10° 0 05 ! 15 2 25 :
Me, [GeV] 49,

Underprediction in low m; range and at A ~ 1.5

October 2019 Alexander Oh 25
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(s) = 13 TeV
Ll -> ”VV iq=rt3sé.1fb-1 ;

FS=1lvv

* Production diagrams:

* Channel llvv
; , ; . — Larger

q Z 9 z branching
fraction
compared to I |l
(arXiv:1709.077
03).

! Z 1 g — Improved

q Z
sensitivity to
aTGC, but less

a) (b) (c)

(
/ zZ 9 z 9 z precise
%"% JJ—/IIJ integrated cross
section.
--]}:-- TC;C\
3999999& "‘1\ neutral TGC not allowed
g 7 g P g in the SM at tree level.
(d) (e) (f)

October 2019 Alexander Oh 26
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Selection:

Less clean then 4l channel,
suppress backgrounds with
stringer cuts:

arXiv:1905.04242

(s) = 13 TeV
Ll -> ”VV iq=rt3sé.1fb-1 ;

WZ background

v

Select high mass events with
Z decays back-to-back. ——

top background .

October 2019

FS=1lvv
Step Selection criteria
Two leptons Two opposite-sign leptons, leading (subleading) pr > 30 (20) GeV
Jets pr > 20 GeV, |n| < 4.5, and AR > (.4 relative to the leptons
Third-lepton veto No additional lepton with pt > 7 GeV
Mmee 76 < mee < 106 GeV
Hard jets pr > 25 GeV for |n| < 2.4, pr > 40 GeV for 2.4 < |n| < 4.5
ET™ and Vr/St EX™ > 110 GeV and Vr/St > 0.65
ARe ARyt < 1.9
A(pL, E%niSS) A(PL, E%“SS) > 2.2 radians
b-jet veto N(b-jets) = 0 with b-jet pr > 20 GeV and || < 2.5
Alexander Oh 27
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After selection signal to background about S/N=1.7

 Dominant background sources:

WZ:72%

— non-resonant Il production : 21%
— Estimated with control regions from data.

arXiv:1905.04242

sqrt(s) =

13 TeV

L=36.1fb"

FS=1lvv

LI
e Data
. \WZ

Z(—> 1)+ jets

. 7z

| I |

T
|

——
Ww

Top quarks
Other bgds.
2 Uncertainty

> 4 T T T T T T T T T T T T T T T T T T > T T T T T T T T T T T
8 10 ATLAS e Data [0} ATLAS
S oL Vs=13TeV,36.1 " mlquafks —-wz o g 10' - Vs=13TeV, 36.1 fb"
3V - - — ther bgds. =
S Non-resonant-Il CR 77 Uncertainty Ay WZ CR
£ 10° 2 10
c
q>) 10 _//////////////.////// q>)
L 7447, /7770 b M 402
1
10
107
1
102
N N N 1 N N N 1 N N N 1 N N N 1 N " N 1 N N . .
-o T I | I 1 I | 1 1 1 | 1 T 1 | 1 T 1 | 1 T 1 4 - 1 1 1 1 1 1 n 1 1
&’ 155 T/ » E 15F
(\U 1-“ ?yw-/ ////}////(////////* ///// //// ///%// / //// / E 1;_.‘ /////
= 0.5F © i
) R BN R | | R B R R *(-U' 0.5F
100 120 140 160 180 200 220 ) 661 coa L L
miss
ETS [GeV]
October 201 Alexander uni

non-resonant |l CR

I | l

T T T T 1 T L T 17T T 17T T T T
| I I I I l
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Events / 30 GeV

Data / Pred.

MANCHESTER arXiv:1905.04242

10°

10*

10°

1.4F
1.2F

—_

0.8fF
0.6F

1824
AL L B B B sqrt(s) = 13 TeV
aas o e 1 L2 -> |y
Vs =13 TeV, 36.1fb" Wl ZZ — llvv w77 — 41 = .
. \WZ Other bgds.
ee+uu mm Non-resonant-ll &z Uncertainty FS = ” \AY

* Cross section:
Binned ML fit to MET in ee
and uu channel.

S ey Integrated total and

;/-/:ya//-//w////////- 00555558 ////ﬁ///7////////////{(////%/%//7/////2 fl d uclia | Cross section
01 results:
150 200 250 300 350 400 . 450 50 — Still statistically limited.
Er " [GeV]
Measured Predicted

ee 122+ 1.0 (stat) + 0.5 (syst) + 0.3 (lumi) 11.2 £ 0.6

old e, [l pu 133+ 1.0 (stat) + 0.5 (syst) + 0.3 (lumi) 11.2 + 0.6
ee + uu 254 + 1.4 (stat) + 0.9 (syst) +£ 0.5 (lumi) 224 +1.3

2L [pb] [ Total  17.8 + 1.0 (stat) + 0.7 (syst) + 0.4 (lumi) 15.7 + 0.7

for comparison ZZ — [lll 17.3 + 0.9 [+0.6 (stat.) +0.5 (syst.) +0.6 (lumi.)] pb

October 2019 Alexander Oh arXiv:1709.07703 29



The University
e of Manchester

Ao/AnE? [fb /10 GeV ]

Pred. / Data

MANCHESTER

1824

/7 -> llvv

Unfolded differential cross sections:

arXiv:1905.04242

sqrt(s) = 13 TeV
L=36.1fb"

FS=1lvv

- ATLAS ¢ Daa : > 1= ATLAS ¢ Do <
L P Total uncertainty - O] Py Total uncertainty =
10 /s =13TeV, 36.1 fb = = = = POWHEG + GG2VV (K-factor) —] o 102 /s =13 TeV, 36.1 fb = = = = POWHEG + GG2VV (K-factor) —
= —— SHERPA (qq+gg) = g —— SHERPA (qq+9g) 3
~ 7 \.‘9 10 —=
° ama_max . -
H e I SO E Ny =
u | 3 S =
- . 3 0 =
107" E transverse momentum 3
- - 102
- transverse mass E . | . =
i * ] 107 =
1072
1.4 3 © — T T T T =
1.2 = T 15F =
1 = Q 15“ Y ( dadabdadotdeled s Ir .:_
0BEmmmmme=s = =~ = - 3
0.6 1 1 1 = 8 05F R L N A A E
200 300 400 500 10 n“_ 0 50 100 150 10°
m¢Z [GeV] p? [GeV]
Only transverse observables possible.
Good agreement with NNLO calculations.
October 2019 Alexander Oh 30
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/7 -> llvv

~ Theo. Uncer.

1824
3 ATLAS —Data =
- (s=13 TeV, 36.1 b gy sm 2z .
256 + ----- Z=15x10°
--------- Z=1.0x10° ]
;;;;;;;;;;;; fi=0.5x10° 3

200 300 400 500 600

e Competitive limits on neutral
aTGC parameter 4, > 4, f>;

October 2019 Alexanc

X

] —

Search for TGC:
Fit unfolded p_T(ll) distribution.

Sensitivity dominated by last bin.

0—3

arXiv:1905.04242

sgrt(s) = 13 TeV
L=36.1fb?

FS=1lvv

1000
pl! [GeV]

ATLAS
Vs =13TeV, 36.1 fb'  mmExpected = 10

Trrprrrrrrrrrrrr T

—— Observed
---- Expected

Expected + 2 o
~+ SM Pred.

lIIIIIIIIIllllIIIIIIIIlIIIlllIllllIlIlI"

Ix107°

4324

0 1 2

I\)_
Wk
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Experimental status: multi boson production

. TeV . TeV

Gwd (> (D (&3

13 TeV 13 TeV
o 8 TeV

/ VBSVV © \

mmm VBS WZ © VBS7Z ©

| Ii

tri-boson
13 TeV
& 8 TeV /
Cwww ww e
13 TeVv
: 32
October 2019 Alexander Oh ©: 2019 result
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VBS processes

* Higgs needed for
renormalizable EWK
theory.

* VBS sensitive to diagrams
containing Higgs as
propagator, leading to
cancellation with vector
boson diagrams.

October 2019

10°

o (pb)

102

10

Alexander Oh

ww* — w'w’

T T T T T
: InNI<1.5 .
W, W 4+ W W, -~ W, W, no Higgs 7
? W W M=1 TeV é
W, W, M;=120 GeV N
E‘ Lo E
3

10 10 10
Eew (GeV)

q q ¢

‘;L\'LMW\‘Z

]

‘ff‘J\M/\MZ

q q !
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VBS ssWW

arXiv:1906.03203

sqrt(s) = 13 TeV
L=36.1fb?

FS = +I+1 qq

e Same sign VBS WW cleanest channel for EWK VBS di-boson production.
— Absence of many SM backgrounds compared to opposite sign (s-channel).
— Absence of gg and qg initial state QCD production.
— Highest EWK scattering fraction of all VBS processes.

qs3
hi
f2
I3
fa

q4

q1

q2

q3
fi
f2
3
fa

q4

0(6) in EWK, TGC & QGC

q3
fi
fa
f3
fa

q4

October 2019

g

q1

q2

Ve f2

V3 fs

QCD production
Alexander Oh 34

Vs _
Vl f 2
Vs f3

0 g

h
> , Interference between
+ l £ EWK and QCD production
Vs I assigned as sys uncertainty
g q2



ATLAS

EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
mj; = 3.8 TeV

An electroweak W=W#jj candidate event. The jets have pr=118 GeV and pr=104 GeV, with m;=3.8 TeV and Ay;;=7.1.
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Events / 100 GeV

* Fit different flavour/charge
combinations separately:
different background

compositions.

 Constrain WZjj from data.

VBS ssWW

arXiv:1906.03203

sgrt(s) = 13 TeV

T T

25

lllllll

20

15

T T I T
ATLAS
Vs =13 TeV, 36.1 fb™

10

500

wVLLUNVCI vy

T l T T
—— Data

1000

—-—

. Wz

44454 Total uncertainty

II|IIII|IIII|IIII|IIIIII[

1500

2000 2500 3000

m [GeV]
icad nder Oh

L=36.1fb?
FS = +l+l qq
c | T T | T T | =
2 ATLAS —+— Data :
-~ 4 W*W=jj electroweak .
£ 250 Vs =13 TeV, 36.1 fb WAW strong =
o Control regions Non-prompt 3
Lﬁ I e/y conversions 7
200 £ . WZ R
o C Other prompt .
; 50 o 44442 Total uncertainty =
150 c 0 E
q>,) 40 C n
100 30¢ E
20 F -
50 - ]
T l T T T T l T T T T 1 o -
W*W=jj electroweak 0 .
W*W*jj strong (il ee” e'e’ euw ewuw uww uut
Non-prompt WZ CR low m. CRs
I e/y conversions Il
Other prompt

Fiducial region:
2 same sign leptons and
2 jets with
p,;>65(35)GeV
|AY;] > 2
m;; > 500GeV
36
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Gfid. [fb]

1824

VBS ssWW

Results: Fiducial cross section

+0.14

arXiv:1906.03203
sgrt(s) = 13 TeV

L =36.1fb"
FS = +I+1 qq

+0.08

fid. __ +0.51 +0.24 .
o = 2.897; 5 (stat) 55 (exp. syst) ;. (mod. syst)” . (lumi.) fb
B ATLAS Total experimental uncertainties _|
L Vs=13TeV, 36.1fb" Z222 Experimental stat. uncertainties -
4— Total theoretical uncertainties | Sherpa: 2 Ol+0-33 fb
B Cr Theoretl - U 7-0.23
u == eoretical scale uncertainties _|
3 - Powheg+Pythia8: 3.0870-3 b
V/ -
2 —
= -
- Interference with strong production and NLO EW -
L corrections are not included in theoretical predictions -
| ]

Sherpa v2.2.2

October 2019

Powheg+Pythia8

Data

Alexander Oh
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1824 ATLAS-CONF-2019-033
V BS ZZ sqrt(s) = 13 TeV
L=139 fb!
Full run-2 data-set FS =qq Il li(vv)

Final states: jjllll, jj Il vv

VBS process with lowest cross section 0(0.1) fb in fully leptonic final state.
Observation of EWK process with EWK VBS enhanced fiducial cross section

q q q 11/ ¢ q )
}\."’V\ANW Z Z W Z
' W
'
H 1
: 1%
j;';\fmw 7 7 W 7
q q q & q q y
EWK VBS
q [} g q g q ] )
Z Z Z ; AN L
!
z z Z g 2
q g q q g q 9 g
QCD

October 2019 Alexander Oh 38
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20
cCc
D N
2=
o
e Fiducial region (jj Il ll):
2 opposite sign same flavour lepton
pairs compatible with Z
p. ;> 40(30)GeV
|AYjj| > 2
m;; > 300GeV
§ 60
Process teeljj tlvvjj S
EW ZZjj 206+ 2.5 1230+0.65 §
QCD ZZjj 77 +25 172 £35 °
QCDggZZjj  13.1+ 44 35 x1.1
Non-resonant-££ - 21.4 +4.8
wZ - 228 +1.1
Others 32+ 2.1 1.15+0.89
Total 114 +26 784 +6.2
Data 127 82

October 2019

VBS ZZ

ATLAS-CONF-2019-033

sgrt(s) = 13 TeV
L=139 fb!

FS =qq ll ll(vv)

Fiducial region (jj Il v):

2 opposite sign same flavour lepton
pairs compatible with Z

p. ;> 60(40)GeV

|AYjj| > 2

m;; > 400GeV

LI | L I L l L=

V] I L AL L
o Data W ZZ(EW)
@l Others WWZZ(QCD)
Wz [ NonRes
[[e[s Y74 Uncertainty

e
¢ Data B ZZ(EW) N
Wzz(QCD) WggZZ

35
[l Others Uncertainty

Events / 200 GeV

ATLAS Preliminary
Vs =13 TeV, 139 b
Ceeej

Signal Region

301 ATLAS Preliminary
Vs=13TeV, 139 b
CEvvjj

Signal Region

I111jj lIvvjj

500 1000 1500 2000 2500

1500 2000 2500

m; [GeV] m; [GeV]

Alexander Oh 39
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V BS ZZ sqrt(s) = 13 TeV
L=139 fb!
FS =qq ll ll(vv)
EWKSIgnaI. a 22 Tll]lll]llllllIlllTIIIIITIIIITIIIIIIITI_ E ITIIIIIIIIIIITIITITITIIIIIII]Il]lllllll_
extraCted Wlth BDT. S C ¢ Data W ZzZ(EW) @ 35— ATLASPreliminary o Data — mmZZ(EW) .
> E B ZZ(QCD) WgoZZ £ - 13 TeV, 139 fb’
. ] ] LS 20_— z : \s = 1-Others =ﬁ€(n%(ég)) :
BDT discriminant fit § - WiOters  ~ Uncertainty I Mooz o Uncertainty
simultaneouslyon % | ATLAS Preliminary : p StanalReglon
both channels. O3 semTeviemt 25]
) 14F CEELjj r
QCD CR included : Signal Region o
EWK Zij "
production . 15
observed with
6 10
background only
hypothesis rejected * 5
at 5.52o0 with 4.30c ?
expected. %1 208-06-04-02 0 02 04 06 08 1 %1 208-06-04-02 0 02 04 06 08 1
First observation! BDT Output BDT Output
5.48 (3.90) o 1.15 (1.80) o
Fiducial cross section :
fid. _
Exp. 0.61+0.03 fb 07z ew = 0.82+0.21 fb

40
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Experimental status: multi boson production

di-boson

13 TeV 13 TeV
8TeV 8 TeV

8TeV

VBSW © @

tri-boson

13 TeV
8TeV

WVV ©

October 2019 Alexander Oh
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Triboson processes

Rare process, production cross sections O(1 pb).
3 massive vector boson observable at the LHC.

q

Statistically limited, so far observations for few processes only.
As for VBS: connecting Higgs sector to EW.

Process | Experiment | /s| TeV] Final state S|o] obs. (exp.)
W=y ATLAS 8 lvyy, (€ = e, p) > 3
H'i'*’-'} CNIS Q /‘1/”;"";7 (/ = e ,’J) 26
0% ATLAS 8 Clyy, (L =e,pn) 6.3
Yy CMS 8 Uy, (L= e, pn) 5.9
W=W A ATLAS 8 evuvy, (L = e, p) 1.4(1.6)
W=V~ ATLAS 8 lvqqy, (€ = e, p) -
W=V~ CMS 8 lvqqy, (I = e, ) -
W=W=W+ ATLAS 8 lvlvqq, lvlvly, ([ = e, p) -

YRSV L L L e R

42
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(s) = 13 TeV
WVV i

FS = fully + semi leptonic

 Combined search for WWW, WWZ and WZZ production
— 777 smaller cross section, no sensitivity.

* Consider 2,3 and 4 lepton final states (l=e,p):

 WWW:
— semileptonic (lvlvqq, same sign |) and leptonic (lviviv)
— Cut based, relatively clean signal.

* WVZ:.
— semileptonic (lvqqll, qqllll) and fully leptonic (lvivll)
— MVA discriminants.

 Combine channels with profile likelihood fit including CR for
background estimation.

October 2019 Alexander Oh 43
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2% WWW
25 .
cCc =
D ©

55 lvivly, Ivivgg
Ly
o

« Dominant background from di-boson production
* Event selection
— Ivlvgq: 21, same sign, MET, 2 jets
— lvlvlv: 3 leptons, MET
| WWW — evlvgq | WWW — evevey
Lepton ﬁwo leptons with pt > 27(20) GeV and}|{ Three leptons with pT > 27(i0, 20) GeV
| one same-sign lepton pair and no same-flavour opposite-sign
lepton pairs
Mmee 40 < mer < 400 GeV -
Jets At least two jets with pt > 30(20) GeV | —
and |n] < 2.5
mj; mjj < 300 GeV -
ET™ > > 55GeV (only for ee) -

Z boson veto
Lepton veto
b-jet veto

Mee < 80GeV or mee > 100 GeV (only for ee and uee)
No additional lepton with py > 7 GeV and || < 2.5
No bh-jets with pr > 25 GeV and || < 2.5

from Andrea Sciandra, MBI2019
October 2019

Alexander Oh

arXiv:1903.10415

sgrt(s) = 13 TeV
79.8 fbt

FS = fully + semi leptonic

Suppress Z decays

Suppress W=W=

Suppress most
32 backgrounds

44
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* Dominant

backgrounds:

- Wz

— Vy with y faking
electron

— Non-prompt
from mostly
top and W+jets

from Andrea Sciandra, MBI2019
October 2019

lvivly, Ivlvqq

arXiv:1903.10415
WWW sgrt(s) = 13 TeV

L=79.8 fb?

FS = fully + semi leptonic

()]
|IO| T

> B L L L L A L L L L L LR L L L
& 120 ATLAS ¢ Data Cww

o [ 13 TeV, 79.8 fb Owz mzz

T b www: A [ENon-prompt [lly conv.

2] 100__ Post-fit [ Other 2/ Total uncert. —
C

°>> i

w 80

-d [
o 1.

& C

— C

g 0.5

m N

| 00
Alexander Oh

50 100 150 200 250 300
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e Event selection:

1 leptonic Z candidate

WVZ Ivgqll
* Onejet

WV/Z

vaqll, Ivivil, gglil]

* Scalar sum of lepton and jet pt (Ht) > 200 GeV (supresses Z+jets)
* Split regions by jet multiplicity (31,1j), (312j), (313))

WW?Z Ivll and WZZ qqllll

* stringent requirements on non-Z leptons (suppresses Z+jets)

* Split into same flavour and different flavour leptons for non-Z leptons
e MVA to discriminate against dominating di-boson backgrounds.

invariant mass of event
di-jet invariant mass

hadronic W candidate mass

arXiv:1903.10415

sgrt(s) = 13 TeV

L=79.8 fb?

FS = fully + semi leptonic

(=]
-
(=]

©
o
»

3¢1j 302j 343j
B T T T T T T T T ~rrrTrrrvrrTr T TrT rrrrrvrTrTrTr T
16 ATLAS 7:301] WVZ: 3¢2) WVZ:3¢3j ]
13 TeV, 79.8 fb” —— Signal -
- T I o Total background ~

Arbitrary units

0.08}-.:
0.06

0.04

0.02

| I I I I I

1 ! 1 | -

1 ! 1

Ocfrom Ahdrea Sciandra, MBI2019

! ! L ! ! ! Ll !
-08-06-04-02 0 0.2 04 06 08

PR . " . . P
-0.8-06-04-02 0 0.2 04 06 0.8

BDT response

-0.8-06-04-02 0 02 04 06 0.8
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FS = fully + semi leptonic

[7)] = I | | I | | | | | | | -
* Signal extraction: 5 | amas eData  OwWw  OwZ
. L 10% E 13 TeV, 79.8 fo'! mzz @ Non-prompt[lly conv. -
10 4 -
— Fit : 1i74 Wiz EOther 3
simultaneously B 7 Total uncert. ]
all regions 10°E E
— Includes CR for i ;
ttZ 10°E
— total 186 bins :
* Correlated: 10
— experimental
systematics o
. . o __ I | I I | I | I I I | —_
_ IrredUCIbIe nth 151- '+II;// /; /;/ ; > Z /‘ééééﬁ( DX ) “ Lk //666666‘6695%9;
background 5 055 ¢ &
g 0 ] ! ] ] ] ] ] ] ] ] ]

Yop Wongopy, Yy Yy Yy ooy Fogp ey Ty Moy Huy
Shei g0l g Fo

from Andrea Sciandra, MBI2019
October 2019 Alexander Oh 47
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20

WWW+WVzZ

2 L=79.8 fb?

% Fit result: FS = fully + semi leptonic
>3c evidence for WWW and WVZ ATLAS {s =13 TeV, 79.8 fb!
(2.40 expected) AL R R B B B B

tot. cmme 8omgin(-:{dt
. . stat. m Combp. stat. tot stat
>4c evidence for combined WVV Comb.tot.— " s
(3.1c expected) www 2/ o4 =213 L5 oz
WWW 3¢ n=047 95 ou
+0.98 +0.49

D h 1 Significance Wwvz 3¢ u=0.42 -0.92 -0.47

eedy channe Observed Expected

WWW combined 240 Wvz 4¢ o 08 07
WWW — Cvlvqgq 400 | o A 0.9 . 025 |
WWW — tvlvly 1.00 2.00 Combined n=140 L3 oz

WV Z combined 2.00 2| ll; — GI ' 8I
WVZ — tvqqlt 0.50 1.00 YWY
WVZ — tvlvll/qqtltt | 350 1.80 best fit u = o™/ ogy

WVV combined | 3.1o

October 2019 Alexander Oh 48
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Search for Di-boson resonances

* Direct probe of new physics by looking at
narrow resonance in the di-boson invariant
mass spectrum.

* Complementary strategy to EFT limits.

4 A N

\ - =/ E >E > EiHe
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120.0%
100.0% 4.2% 4.2%
80.0%
Figure 1.1: Pictorial view of the Bridge Method. BR(VV)
60.0% 71.7% 71.7%
. 95.9% “BR(qq)
 Heavy Vector Triplet 40.0% l l < BR)
arXiv:1402.4431v2
. . . 20.0%
— Effective Lagrangian with 0% 2% N
oy . . +’0’_ 0.0% T 1
additional fields V*°-, nodel A model A modelB,
— Can tune mass, couplings oV ov=s ov=s
to fermions and bosons. 140
— Two benchmark scenarios 120 e

e A: weakly coupled 100 —
extended gauge S B —
symmetry o,

e B:strongly coupled g 80 ~ e=m=model A, GV=1
minoilmlal composite higgs s A T w@=model A, GV=3
moae 20 +—m—mm$ - model B, GV=3 —

0 - I
0 1000 2000 3000 4000 5000
October 2019 Alexander Mo [GeV]
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Theoretical Framework

* “bulk” RS graviton with

warped extra dimension s | N | e

Phys.Rev.D76:036006,2007

— Extension of KK graviton
in RS1 framework with
SM particles extending ]
into the “bulk”. oo e e e e

A
Y

.0 F B
— Couplings to light € 09~ G Gaww
' : =S G*»>7ZZ —G*—HH E
fermions suppressed = ook E
— gg fusion dominant 8 o €
production channel. 050 o BuK RS, kiW,=1
. = «" CalcHEP, Leading Order 7
— High BR of G* VV. 04 .. E
5 A =
T E
0.1E d e, E

800300 400 500 600 700 800 900 1000
m(G*) [GeV]
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Techniques

e Search for narrow resonances

— Look for peak in invariant mass
spectrum over a smooth background.

— Experimental mass resolution typically New

few percent for hadronic decays. \/\physics
— Use test statistics for hypothesis |

testing and derive limits on production
cross section times branching ratio. >

A

background

Events

 Final states

— semi-leptonic and hadronic. v
* High BR and acceptable mass resolution.
. g W /
— Fully leptonic G*

* High mass resolution.
g’g W\/}“'\. q

October 2019 Alexander Oh 52
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Techniques

* Boosted hadronically decaying

bosons.

— Large R jets

>

Boosted jets: Increasing transverse momentum

* Boosted leptonically decaying

bosons.

— Isolation cone variations.

— Di-lepton isolation.

October 2019

=
N

IIIIIIIIIlIII|III|IIIIIIIIIIIIIII|III|I

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

1/N dN/dAR,

Alexander C

O
o
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ATLAS Simulation

gg9—>X—>2Zy
Vs=13 TeV

—m,=200 GeV
—m,=300 GeV
—m,=500 GeV
—my=1000 GeV
—my=1500 GeV
my=2000 GeV

N IIIIIIIIIII|I[I|III|III|III|III|[II|II[|I
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“Trimming” http://arxiv.org/abs/0912.1342
Large R jet (D. Krohn, J. Thaler, L. Wang)
groom in g: « uses k; algorithm to create subjets of size Rgyp from the constituents of the large-R jet:

any subjets failing pti / pt < fout are removed

Tuned parameters:
fout and Rgyp

Initial jet O piT/p';l < feut Trimmed jet

“Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

« Recombine jet constituents with C/A or kt while vetoing wide angle (R¢yt) and softer (zqyt)

Improve mass . . e :
constituents. Does not recreate subjets but prunes at each point in jet reconstruction

resolution by

. 00 oy
suppressing soft i T Tuned parameters:
: : \ / Reut and z
contributions from B P/ —
plle-u p u nderlyl ng . Initial jet ®) P?/F—{-Hﬂ > Z;U-I-;:—'AR]',JZ < Reut Pruned jet
event.

Emily Thompson,BOOST2012

October 2019 Alexander Oh 54
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Techniques

* W/Z boson tagging for merged events

— Require mass
* Consistent with Z or W within 15 GeV).

* [H->qqgbb] pT dependent window, masss computed from calo and
tracking information.

— “D2” substructure variable consistent with 2 prong decay.

* Higgs boson tagging
— Use anti-kT R=0.2 track jets and b-tagging.

— Soft
Collinear 2o — Soft
C-Soft \gl o Collinear

=

October 2019 Alexander Oh
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1824 ATL-PHYS-PUB-2017-015

Techniques

Improve jet resolution by combining tracker and calorimeter
information, will be used for full run-2 analysis.

ATLAS Simulation Preliminary W' 2000 GeV - TopoClusters
..... —_———————————

6 T R T¢miK;T;I10tJ|ets —
0_7 — Tt 1 T T T T [ T T T T T T 1 T T T ] 5;_ ’ .': m,eu=159 GeV .'. ’ -
- ATLAS Simulation ’ F L E
0.6~ Vs=13TeV _ — 5
~ antik; R=1.0, WZ — qqqq Calorimeter] 3_ E
0.5F  In™<2.0, p >200 GeV — 2 3
: 4]« :
0.4 ] - .
ol | I L
- ] -4 3 -2 n4
0.3 TrackCaloClusters]
- T ATLAS Simulation Preliminary W' 2000 GeV - Combined TCCs
B e - . g ALY WHSY R
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Narrow di-boson

Production and decay of heavy

resonances.

— Drell-Yan production and decay

— Vector Boson Fusion
— gluon—gluon fusion

Experimental signatures

— Semi-leptonic final state
* vvqq, Ivaq, llqq

— Topologies:
* Boosted: V->J large-R jet
* Resolved: V->jj small-R jets

— fully hadronic JJ

October 2019
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VV->]J resonances S
L =139 fb!
L FS=1J
* Fully hadronic final state.
. > L L L L L L I L B
— Look for two large R jets, & | ATLAS ¢ Data |
ictent with o "~ Vs=13 TeV,139 fo’ — Fit |
consistent wi E | V+jets control region -—--Fitbkd. |
hadronically decaying W g 20000 - Wzsjets ]
----W+jets
or Z Lu ----Z+jets
— Sensitive to resonances i
above about 1.4 TeV 100001
i Fitted W/Z+jet events: 17112 £ 777
B ... 8;. =0.92+0.04 7
104'I""I""I"”I""I""I""I"” = ‘,s""-'-"“."il‘;.jag .
E) s ATLAS ¢ Data O ldenezntle TPl L1 9990 B BRI R R
= 10 E o1aTev, 13007 = Fi 60 80 100 120 140 160 180 200
< 102k --- Fit + Bulk RS m=1.5 TeV m, [GeV]
% --- Fit + Bulk RS m=2.6 TeV
2 10
L
1
107"

 Bump huntin invariant
mass spectrum.

ZZ or WW SR
x?/DOF = 3.1/3

Significance
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arXiv:1906.08589

sgrt(s) = 13 TeV
VV->]J resonances L= 1391bs
FS =)
Model Signal Region Excluded mass range [TeV]
wWwW 1.3-2.9
No excess observed HVT model A, gy = 1 wZz 1.3-3.4
.. _ WW +WZ 1.3-3.5
Limits on HVT (spin-1) WW 1331
Graviton models (spin-2) HVT model B, gy = 3 Wz 1.3-3.6
Competitive limits compared WW+WZ 1.3-3.8
to combination of 36fb! . ww 1.3-1.6
analysis on (all channels). Bulk RS, k/Mp = 1 ZZ none
arXiv:1808.02380 WW+22 1.3-1.8
L T 1T T 7T T 1T T 7T T T 17T LI LI T T T 7T L lg L~ 1O4§| LI LI 1 T 1 LI T 1 11 L LI L T T 1 Ig
EATLAS | | | IObseNedlgs% CcL uplpe.- limit | E % E ATLAS | | | IObservedlgs% CLupIper limit | E
=— Vs =13 TeV, 139 o' Expected 95% CL upper limit =5 % 103 EVs=13TeV, 139 fo! T Expected 95% CL upper limit —
E 3 = = == == HVTmodelA g =1 3
C VV = qqqq Bulk RS, k/NM,, = 1 . = - VV — qqqq HVT model B, g, = 3 .
E E M0fe E
- E > F :
- - om - -]
E E ~ 10F E
E - = > - e 3
I ] f e ]
E e ~e 3 g 1F 2% 3
- E R E
= 3 107 TN S
- 1.3-1.8GeV@ CL9 E 1.3-3.5 (3.8) GeV @ CL 95% TS 3
T BT ST AT BT B A N A T A M N N B A B A A A B R e e ol v v v v by v v b v by v s b v vy 1y
15 2 25 3 35 4 45 5 10°"45 2 25 3 35 4 45 5
m(G,,) [Tev] Xand m(V) [TeV]
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Wrap-up

e Multi-boson final states

Ve rsat”e tOOI for 1 Cross Section Measurements statws: July 2019
— precision measurements of the = emnv
. s = eV
non-abelian gauge structure of %" e er
the S
— indirect constraints on new I e 255 i
physics (EFT) N o e o
— direct searches for narrow
resonances | 0
* Analysis with complete run-2 g B8 oo
statistics in full swing. B .
 Stay tuned for new (hopefully " s _TER
eXItIng) reSU|tS! Wt H WW WZ ZZ t ttW ttZ thwwvv\yWZ
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