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Introduction & motivation

The Standard Model of particle physics (SM)

The Standard Model explains 3 of the 4 fundamental interactions

@ Each interaction is mediated by exchanging gauge bosons

Strong interaction

Electromagnetism Weak interaction

W, Z

Photons ~ ¥ bosons

@O Gluons g
@

@ All of them arise from local gauge symmetries,

SU(3)C X SU(?)L X U(l)y

generated by three types of charges

@ The gauge bosons only couple to particles carrying the charge of the
respective interaction
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Introduction & motivation

The Standard Model — electroweak symmetry breaking

The symmetry of the electroweak interaction forbids that elementary
particles have mass
¢ This is not what we observe!
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Introduction & motivation

The Standard Model — electroweak symmetry breaking

The symmetry of the electroweak interaction forbids that elementary
particles have mass
¢ This is not what we observe!

= Solution: spontaneous electroweak symmetry breaking (EWSB)
via Brout-Englert-Higgs mechanism

after EWSB:

— massless y

— massive W* and Z bosons and
their longitudinal polarization states

— physical Higgs boson H?

Anja Vest, TU Dresden 4



The Higgs boson

Introduction & motivation

Combined ATLAS and CMS
Higgs mass measurement:

mpg = 125.09 + 0.24 GeV

Phys. Rev. Lett. 114, 191803
5154 authors!
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Introduction & motivation

Particle content of the Standard Model

e Matter particles (fermions):
e 6 quarks
e 6 leptons

in 3 generations

@ Force mediators (gauge bosons):

e Photon »
o W=, 7 bosons

e Gluons g

e Higgs boson H'
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Introduction & motivation

SM — Electroweak gauge boson self-interactions

@ Electroweak gauge bosons carry weak charge
= their self-interactions should exist

e Triple gauge couplings (TGC)
w+

W
>~«W W= }vvv WwW—
Z Y

@ Quartic gauge couplings (QGC)
W w W W W w
ol v z g A Z

@ No neutral self-couplings

w w

w W
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Introduction & motivation
The Standard Model
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uction & motivation

The Standard Model
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Introduction & motivation

Vector boson scattering and the role of the Higgs boson
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Introduction & motivation

Vector boson scattering and the role of the Higgs boson

W W w W

o
w w w w
w w

attenuates cross
section
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Introduction & motivation

Vector boson scattering and the role of the Higgs boson

w w
attenuates cross
section

NG

Some mechanism must regulate the W W scattering cross section to
restore unitarity (probability conservation) — scalar particle needed
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Introduction & motivation

Vector boson scattering and the role of the Higgs boson

W w w w
o
~ 5‘2
W W w W
~ 8

w w

attenuates cross

section
w w const.
w w

w w
W \/g
H()
HO | -
W W W w

A light SM Higgs boson cancels increase for large energies (Mpy < % ~ 1 TeV)
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Introduction & motivation

Vector boson scattering and the role of the Higgs boson

Total cross sections as a function of the V1, V], center-of-mass energy:

o 10%°
a
©

107
10°
10°
10
1071

= V'V scattering is a
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key process to experimentally probe the SM nature of EWSB!
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Introduction & motivation

Experimental tests of the EW theory at LEP

et Wt et W- et w-
@ EW interactions measured . . N z
extensively by the LEP "
experiments e W- e Wt e W+
@ Triple gauge boson g 07 LEP '
couplings validated by >
ete™ > W+TW~ cross &
section measurements 207 B
S e A
@ SM confirmed at very high py
precision 107 _/,'.';;” arXiv:1302.3415
YFSWW/RacoonWw
_...no ZWW vertex (Gentle)
_’;:4 only v, exchange (Gentle)
01— : :
160 180 200
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http://arxiv.org/abs/1302.3415

Introduction & motivation

Experimental tests of the EW theory at LEP

Measured processes with QGC vertices at LEP:

@ Significant observation of
ete” —wvvyyand ete™ = WHTW v
with very small background

OPAL, L3, OPAL, DELPHI

e Consistent with ISR/FSR processes

@ No real observation of any process
including QGC vertices at LEP we
(nor at Tevatron)

et w

Anja Vest, TU Dresden 12


http://arxiv.org/abs/hep-ex/0402021v1
http://arxiv.org/pdf/hep-ex/0111029v1
http://arxiv.org/abs/hep-ex/0309013
http://arxiv.org/pdf/hep-ex/0311004v1

Introduction & motivation

-

Large Hadron Collider (LHC) at CERN

Preliminary
[HLHC Delivered
[C]ATLAS Recorded

@ pp collisions in 27 km circumference ring
@ centre-of-mass energy:

e /s =7 TeVin 2010/2011

o /s =28 TeVin 2012

o /s =13 TeV about to start

2011,\s =7 TeV

Delivered: 5.46 1"
Recorded: 508"
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Introduction & motivation

The multi-purpose detectors ATLAS & CMS

) // /i LAr hadronic end-cap and
u / I/ \ \ \ forward calorimeters
\ / [ \
| Toroid magnefs | \ LAr electromagnetic calorimeters
Muon chambers  Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Candidate Z — pp event with high pile-up

Particles from interaction of interest
must be separated from “pile-up”

gg : At /s =13 TeV: up to ~ 130
g = ‘i‘;‘.}g : = interactions per bunch crossing
: 7 NN N

ATLAS Experiment (© 2013 CERN
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Vector boson scattering at the LHC

Vector boson scattering at the LHC
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Vector boson scattering at the LHC

Vector boson scattering in “exclusive” vy — 1

e First VV — V'V analysis at the LHC!
CMS, /s =7 TeV, £L =5 fb—! JHEP 07 (2013) 116

v wt 7 w+

both very forward-scattered protons escape detection

@ Event selection:

e 2 high pr isolated opposite charge pe
o m(uteT) > 20 GeV, pr(uteT) > 30 GeV
e 0 extra tracks from primary vertex

@ 2 events observed

@ Measured cross section: ¢ = 2.2%33 fb (~ 10)
— upper limit: o < 10.6 fb @ 95% C.L.

16
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Vector boson scattering at the LHC

Vector boson scattering in V'V 47 final states

Initial state: protons in LHC serve as source of vector boson beams

Anja Vest, TU Dresden 17



Vector boson scattering at the LHC

Vector boson scattering in V'V 57 final states

Vv V
Process of interest: vl A0
. HO ===
vector boson scattering e
\%4 14 V V
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Vector boson scattering at the LHC

Vector boson scattering in V'V 47 final states

jet

lepton/jet

lepton/jet

lepton/jet

q1
"4 lepton/jet
d2

jet

Final state: measurable signature in the detectors:

— decay products of 2 electroweak gauge bosons + 2 “tagging” jets

Anja Vest, TU Dresden 17



Vector boson scattering at the LHC

VBF and Higgs boson decays to WIV*

Evidence for VBF Higgs production in H® — WW* — (vl |

Transverse mass distributions for N; > 2
after the Ogpr > 0.3 requirement

> 30p T T T T T T T ]
® [ 4 Obststat % Exprsyst
[0 r ATLAS | ww mw ]
Q& 25 \s=8TeV,20.3fb" On mt -
> [ n,>2j VBF,ep+ee/ @ove [ DYk ]
2 g m=d Hreeshn aw Oii ]
g 20 [ Heee -
w C ]
15 E
C = ]
10f B s
[ A\ ]
5 =

0

80 100 120 140 160
mr [GeV]

— Significance: 3.2 s.d.
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http://arxiv.org/abs/1412.2641

Vector boson scattering at the LHC

V'V 4 production process classification

Electroweak V'V jj production: O(al) @ LO
VBS diagrams non-VBS EW diagrams, gauge invariantly

not separable: separable:

suppressed by
VBS topology cuts

Anja Vest, TU Dresden 19



Vector boson scattering at the LHC

V'V 4 production process classification

Electroweak V'V jj production: O(al) @ LO
VBS diagrams non-VBS EW diagrams, gauge invariantly

not separable: separable:

suppressed by
VBS topology cuts

P 4 2
Strong V'V jj production: O(aga%) @ LO
gauge invariantly separable: suppressed by VBS topology cuts
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Vector boson scattering at the LHC

VBS processes (heavy vector bosons only)

Leading order cross sections (SHERPA) at /s = 8 TeV:

final state sensitive to cEW[fb]  ostrovg[fh]  GEW /gstrong
VV —»
0EeEu §j wEw* 19.5 18.8 ~1:1
oG WEWTF, ZzZ 937 3192 ~ 1:35
ey g wtz 30.2 687 ~ 1:20
(re—ote—j55 727 1.5 106 ~ 1:70*
numbers by P. Anger * includes v*, would be also 1:20 — 1:30 with higher my; cut

(generator cuts: mg > 4 GeV, pr > 5 GeV, pjf > 15 GeV)

= Most promising measurable V'V jj final state in terms of VBS:

same electric charge-sign (“same-sign”) W*W=j; g a
W
— no LO gg or gq initial state

= strong W*W=jj contributions very small W

Anja Vest, TU Dresden 0



Vector boson scattering at the LHC

Same-sign W=W =5 production at the LHC

° W/iWijj VBS: no s-channel diagrams
Wi wE

1’[ + w+
q 4 q

lowest order: WEW® 4 2 jets, there is no SM inclusive W*W# production!

@ Event selection according to signature:

Tt :t:t

— exactly 2 same-sign leptons, pZT > 25 GeV (e

£ v

,and p* )
— EmiSs > 40 GeV
— > 2 jets with et

I > 30 GeV

jet

Anja Vest, TU Dresden 21



Vector boson scattering at the LHC

A= 77: Background suppression cuts

Uncertainty on the modeling of low mass Drell-Yan processes
= myy > 20 GeV
Prompt background (3 or more prompt leptons)
— WZ/y* and ZZ +jets, tt+ W/Z, tZ;
= veto events with any additional e(u) with pr > 7(6) GeV

— prompt photon conversion: W+~
— charge mis-ID due to bremsstrahlung with conversion (data driven):

Z/~v*+jets, di-leptonic ¢ decays, WEW T +jets

= Z-veto in ee channel: |m.. —myz| > 10 GeV

Other non-prompt background: (data driven)

— leptons from hadron decays in jets:
W +jets, semi-leptonic ¢t decays, dijet events

= veto events containing b-jets (reduces tt)

Anja Vest, TU Dresden 22


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803

Vector boson scattering at the LHC

W*=W=34 production — control regions

Trilepton control region: < 1 jet control region:
— prompt — conversions (ee), prompt (uu)
3 aaaaanna aaaa e ARaa , > : . . . . T
O gob ATLAS *  Data 2012 3 5] ATLAS * Data2012
2 E 203fb" (s=8Tev BA Syst. Uncertainty o 9 20.3 b, s = 8 Tev B&R Syst. Uncertainty
@ E  Tri-lepton CR W*W*j ewk+strong Z <1jetCR, ee W*W*jj ewk+strong
£ 50— . wzyr € ! OS prompt leptons
& £ [ ] Q . wzjy*,zz
E Non-prompt E " \gtl?ér non-prompt
E Wiz E v
3 2F =, Data/Expected 3 o F ! I E
o [ Syst. Uncertainty 2 = _ 1
" ‘ } ] g e *ﬁ#ﬂ ‘++ T‘T a [ |
3 ¥ 3T ] 3 ElTei ¥ * Data/Expected ]
2 t +* fH + 1 ] g oF $ + + [ syst. Uncertainty
0 100 200 300 400 500 600 700 800 900 1000 7100 200 300 400 500 600 700
m; [GeV] m, [GeV]
Control Region Trilepton <1 jet b-tagged Low m;
eTeT exp. 36+ 6 278 + 28 40+ 6 76+ 9
data 40 288 46 78
eTpF exp. 110 + 18 288 + 42 75 + 13 127 + 16
data 104 328 82 120
wEuE exp. 60 + 10 88 + 14 25+ 7 40+ 6
data 48 101 36 30
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Vector boson scattering at the LHC

EW+strong measurement
(“Inclusive signal region™)

— my;j; > 500 GeV (jets with largest pr)

invariant mass of the 2 tagging jets

T T T
ATLAS * Data 2012 7
20.3fb™, {s =8 TeV B Syst. Uncertainty =
W*W4j Electroweak
W*W?4j Strong
S Prompt
Conversions
%Zt B Other non-prompt

Events/50 GeV

* Data/Bkg
3 Bkg Uncertainty
%42 (Sig+Bkg)/Bkg |

PP
.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

my[GeV]

Data/Background
T
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EW+strong measurement

(“Inclusive signal region™)

— my;j; > 500 GeV (jets with largest pr)

invariant mass of the 2 tagging jets

Events/50 GeV

T T T T T T T T
ATLAS *  Data 2012
20.3fb™, {s =8 TeV B Syst. Uncertainty
Y : W*WHjj Electroweak
W*W?4j Strong
S Prompt
Conversions

1 %Zt B Other non-prompt

* Data/Bkg
3 Bkg Uncertainty
%42 (Sig+Bkg)/Bkg |

0

I ]
PR ]

Data/Background

.
200 400 600 800 1000 1200 1400 1600 1800 2000
my[GeV]
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Events

Vector boson scattering at th

EW measurement
(“VBS signal region”)

additional cut on |Ay;;| > 2.4

|Ay;;| between the 2 tagging jets

e LHC

ATLAS *  Data2012
20.3fb?, /s =8 Tev B Syst. Uncertainty
W*W4jj Electrowe:
m; > 500 GeV W2WHj Strong
B Prompt
Conversions

30

25

20

—
15 i

.MH
ARRRN

10

Main uncertainties from

jet energy scales (up to ~15%)
and theory modelling (up to ~8%)

Bl Other non-prompt

ak
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Vector boson scattering at the LHC

W*W=jj: Lepton centrality

¢ = min[min(ne1, ne2) — min(n;1, j2), max(n;1, nj2) — max(ne, )|

@ I e e o EEREE
g 25 ATLAS *  Data 2012 -
w C SR B Syst. Uncertainty
[ 20.3fb" Vs=8TeV W-WH Electroweak J

20[ VBS SR, ee+ep+up WZly*ZZ t+W/Z

F Il Other non-prompt -

C OS prompt leptons ]

15~ Wy -

F W*WHjj Strong ]

10F {

r xxx ]

-3 -2 -1 0 1 2 4

4

— Both leptons between tagging jets (inn): ¢ > 0
— One or both leptons with larger n than closest jet: ( < 0
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Vector boson scattering at the LHC

VBS Signal Region

etet eipi prut Total

WEW=jj Electroweak | 2.55 + 0.25 7.3 £ 0.6 40+04 [139+12
WEW=jj Strong 0.25 +£0.06 0.71 +£0.14 0.38+0.08 | 1.34 £ 0.26

WZ|v,ZZit+W/Z 22405 424+ 1.0 19+ 05 82419

W+~ 0.7+ 0.4 1.3+0.7 - 204+ 1.0

OS prompt leptons 1.39 £ 0.27 0.64 + 0.24 - 2.0+ 0.5

Other non-prompt 0.50 £+ 0.26 1.5+ 06 0.34 £ 0.19 23+ 07

Total Predicted 7.6 +1.0 15.6 + 2.0 6.6 + 0.8 29.8 £ 3.5

Data 6 18 10 34

WEW3j sample composition

in VBS signal region (all channels combined)
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46.4%

Electroweak WWj
Strong WWij

W Prompt
Conversions

W Other non-prompt

26


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803

Vector boson scattering at the LHC

W*W=*jj candidate event
p*ptjj Candidate Event e
m;i=2800 GeV |Ayil=6.3

220
160

100

360

| QUATLAS
1| A EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC

Jets: pll =271 GeV, p/? = 54 GeV, 77! = 2.9, 772 = —3.4
Muons: péﬂl = 180 GeV, péﬂz =38 GeV, n*! = 1.4, n"2 = 1.3
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803

Vector boson scattering at the LHC

W*W=3j production cross sections

Measurement

Inclusive signal region (EW+-strong WEwjj production)
Cross section [fb] 2.1 + 0.5(stat) £ 0.3(syst)
Significance 4.5 s.d.
VBS signal region (EW WEW=j; production)
Cross section [fb] 1.3 + 0.4(stat) 4 0.2(syst) 0.95 + 0.06
Significance 3.6 s.d. 2.8 s.d.

—5 Interference between EW and strong WEW=j; production: ~ 7 + 4 %
(LO, evaluated with SHERPA), included in EW signal

First evidence of a process dominated by VBS and containing a
quartic electroweak gauge boson vertex!
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Vector boson scattering at the LHC

tion cross sections

W*W=*3j produ

Inclusive phase space
(EW-+strong measurement)

VBS phase space
(EW measurement)

2.0+ 1.5+ 05(fb]

ot

eyt

2.2+0.9+0.2[fb]

Combination
2.1+ 0.5 0.3 [fb]

ATLAS SM 0%%=l.52 +0.11 [fb] ATLAS SM Uwﬁ=0.95 +0.06 [fb]
20.3 fbL, {s=8 TeV NLO, POWHEG-BOX, CT10 20.3 fbl{s=8 TeV NLO, POWHEG-BOX, CT10
ee* etet

0.4+ 1.0+4.0 [fb]

s

eyt

. . —
2.1+ 0.7 0.3 [fb] 1.3+0.60.25 [fb]
e pEpE

1.7+ 0.8+ 0.15 [fb]

Combination
1.3+ 0.4+ 0.2 [fb]

0.5 1
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Vector boson scattering at the LHC

Overview of ATLAS SM cross sections

Standard Model Production Cross Section Measurements st varch 2015

—_ a1
g 107 ATLAS  Preliminary
b 108 01 <pc2mev Run1 +s5=7,8TeV
105 3™ LHC pp V5=7 TeV LHC pp V5=8TeV
Theory Theory
4
10 . Observed 45-49m* FA% Observed 203!
103
102 ot e
Jotal 1 -
A A; 39 o
10 e
N ~eOs— oper 1
1 Hoorr -0~ - !
A T H
10_1 Hv»\Fn‘, uln E N i
s - :
n H—yy : :
1072 n i H
H- -/A/ »4( i A E
103 i A i

PP JetsDijets W Z teamWW Y7 Wt H Wz zz Wy W' 2y 6w iz thy Zii Wywwik a
0

R=04 R=04 Wk ewk
total |y\<3.0 |y}<3.0 fiducial fiducial fiducial total  total fiducial total fiducial total ' total fiducial fiducial fiducial total total fiducial fiducial fiducid fiducial | total
y'<30 njets=(
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Vector boson scattering at the LHC

W*W=3j production — CMS

invariant mass of the 2 tagging jets: Backgrounds:
19.4 fb™ (8 TeV
< oMs —— 8 Tev) Y
f - Data 1
8 WEWSj 1
S | [l Other Bkgs. -
& 10 Nonprompt
I o wz ]
x ] . .
51 \\\ ] = veto events with any b-jets (reduces tt)
NM&\\\\\\T\\\\\\§ ° Wij 3 Or more prompt |eptons
200 1000 1500 2000 = veto events with any additional lepton
m; (GeV) with loose criteria

Cross section in extended fiducial phase space:
(pé > 10 GeV, |ng| < 2.5, pJT > 20 GeV, [n;| < 5.0, mj;; > 300 GeV, [An;;| > 2.5)

@ measured: o = 4.0 T35(stat) 71 5(syst) fb
@ significance: 2.0 s.d.
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Vector boson scattering at the LHC

W*W=5j candidate event

CMS Experiment at the LHC, CERN

Dat 16:54.712215 GMIVIS:16:54 CBST)
B 4

Jets: pi! =73 GeV, pi? =61 GeV, Emiss — 95 QeV
Leptons: pf. =114 GeV, p% = 33 GeV mj; = 596 GeV
Anja Vest, TU Dresden 32




Look at physics beyond the SM
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Look at physics beyond the SM
Look at physics beyond the SM

@ The SM may be considered as a low-energy effective theory of a more
complete but unknown theory

@ Model independent approach: effective Lagrangian

(SM + higher-dimension operators):

(d)
I
Lo = Lsm + Z Z AZZ—4 O,Ed)

dimension d ¢

— valid only, if new physics out of direct LHC reach, s <« A2

@ New physics in EW sector modify gauge boson self-interactions
— VBS could still be strong and differ from SM predictions

@ Look at genuine dimension 8 QGC operators with no effect on TGC

Anja Vest, TU Dresden 34



Look at physics beyond the SM
Look at physics beyond the SM

@ Relevant effective aQGC parametrizations (examples):

EW chiral Lagrangian approach  Effective Field Theory description

(non-linear representation, dim 4) (linear representation, dim 8)
WWWW, WWZZ al Vvvv
ay, o fsi/ANY fara /A%, fri/A?
Appelquist et al. (1980) Eboli et al. (2006), arXiv:hep-ph/0606118

@ EWchL approach can be translated in EFT description and vice versa

— switch of operator basis, dependent on vertex

— Qu/5 & % CONVErSION arXiv:1300.7890, arXiv:1310.6708

[
-
)
-

— WWWW vertex: o, = 250w

- 4
and ays+2-a5=F5r%g
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Unitarization

Look at physics beyond the SM

e With aQGCs unitarity may be violated even in presence of a SM Higgs

= unitarization scheme needed!
— all unitarization schemes are arbitrary and introduce model dependence!

@ K-matrix method (\\/VHIZARD arXiv:0806.4145)
e scattering amplitude A(s) projected on Argand

— saturation of the amplitude

10

1on—/u/nitarized

Real 1-S UB

(v

unitarized (K-matrix)

itarity bound

c

L
2000

WHIWH—>WHW+

2500

0 000 500
.6708, M. Sekulla + GV

107

K
arXiv:1310
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Im[A],

Ak (s)
Re[A]
A(s)

— allows for probing the entire
kinematic phase space without

being unphysical
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Look at physics beyond the SM

Constraints on aQGCs from W*W*j;

Exclusion limits on «4 and as extracted from cross section in VBS phase space

@ aQGC samples from WHIZARD-+PYTHIA8 with K-matrix unitarization

ULO 7\\ L ‘ T ‘ TT T ‘ TT I T ‘ L T ‘ TTTT ‘ TTTT ‘ TTTT ‘ T \L

r ATLAS ]
0.6~ 20317, Vs=8Tev

F P — W W jj B
0‘4; K-matrix unitarization
0.2F i observed 1-dimensional

0: \ ] 95% confidence intervals:
025 ] —0.14 < oy < 0.16
-U.2 confidence intervals -

E meswcL ] 0.23 < a5 < 0.24
_0'4; @ 95% CL = (respective other a; = 0)
.0.6— —expected 95% CL -

[ x Standard Model E

ot b b b v b b b 80 0004

-04 -03 -02 -0.1 0 0.1 02 03 04
a,

= Scale of new physics: A > 500 — 650 GeV (rule of thumb: A = v/\/a; arxiv:1307.8170)
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Look at physics beyond the SM

Constraints on aQGCs from W~~ production

. . . m~~ distributions
o First evidence for W~~ production! 7

> T T T
] ® Data
. G 350 ATLAS
o Constraints on aQGC parameters 8 ¢ =g
> 30 [ Wy + Wij E|
q v £ | T 17 +ets
0 o250 [ Other backgrounds
w E
205 \s=8TeV, 203"
w £ electron channel (N, _ 0)
Y 151 |
10 -
5 E
7 w e
e . . 1 % 100 200 300 400 500
unitarization with form factors .7:(5) = W m,, [GeV]
=1 =1 E 70; ATLA‘S oD
Observed [TeV™"]  Expected [TeV™"] o EZWW
O o Y
Fro/A* | [-0.9, 0.9] x 102 [-1.2, 1.2] x 102 3% + =[R
n=0 | fuz/A* | [-0.8,0.8] x 10*  [=1.1, 1.1] x 10* g 50 58 Otver backgrounds
N 4 , 4 ) 1 w F
Fus/AY | 1.5, 1.4] x 10 [-1.9, 1.8] x 10 ab otevzoat’ A
fro/A* | [-7.6, 7.3] x 10? [-9.6, 9.5] x 10? 3 muon channel (N, 0)
n=1| fue/A* | [~44,4.6] x 10*  [=5.7,5.9] x 10 80
fus/AY | [-8.9,80] x 104 [-11.0, 10.0] x 10*
fro/A* | [-2.7,2.6] x 10*°  [-3.5,3.4] x 10°
n=2 | fme/A* | [-1.3,1.3] x 10°  [-1.6, 1.7] x 10°
fus/AY | [=2.9, 2.5] x 10° [-3.7, 3.3] x 10° 400 500

m,, [GeV]
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Look at physics beyond the SM

Constraints on H*+ — W+

From W*W=;j measurement (CMS):

— 95% CL upper limits on the cross section times branching fraction,
o+ X B(H* — WEW*)

CMS 19.4 b (8 TeV)
3 L L B
= " VBF H — WiW* —— Observed
T . Median expected
% Expected + 1o
L200F* Expected + 20

',‘ vev = 35 GeV
T 5, -u=es vev =25 GeV
% —— vev=16 GeV
ook
100,

x|
©

—
I e et S

200 300 400 500 600 700 800
o (GeV)
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Summary and outlook
Summary

@ Vector boson scattering processes provide a very important test of the
EW theory and of the dynamics of EW symmetry breaking

@ First LHC results:

— W*W=4; production:
first evidence for a process
with VBS and containing
an EW quartic gauge coupling

— exclusion limits set on
anomalous QGC parameters

@ Need to explore vector boson scattering at higher energies,
complementary to studying Higgs boson properties
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Summary and outlook

Outlook — LHC @ 13/14 TeV

e Look also at WEW T34, WZjj, ZZjj and W/Z~jj final states, ...
o Extract longitudinal polarization states Vp,

@ Cross sections at 8 and 13 TeV (in VBS phase space optimized for 8 TeV):

final state sensitive to oEW|fb] oStrong|fp) background
VV — 8TeV 13TeV 8TeV 13 TeV

ot wEwE 1.13 3.97 0.110 0.346 W*Z, inst.

Iada ey WEWTF, ZZ 3.64 123 5.51 21.8 tt and Z+jets

cremeEyi; o Wz 0.571 2.34 1.12 4.38 4¢ production

LHem o4 2z 0.027 0.098  0.024 0.100 inst.

by Ch. Gumpert, CERN-THESIS-2014-290

— At 13 TeV with ~ 5 fb~! similar
significance expected than with 8 TeV data

Anja Vest, TU Dresden ATLAS Experiment (© 2015 CERN 41



Summary and outlook
Outlook — Beyond the LHC

Above Vi = myy ~ 1 — 2 TeV it will become possible to experimentally
probe the SM nature of EWSB by VBS measurements

— Probing in particular unitarization of W W scattering, and explore
dynamics well above EWSB

http://fcc.web.cern.ch
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Backup
Unitarity

Unitarity of a theory is necessary for its consistency
@ ensures that probabilities always sum to 1
@ implies the optical theorem

= the imaginary part of a probability amplitude Im(M) of a 2-body
forward scattering is related to the total cross section

= the total cross section must not diverge
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Backup

Vector boson scattering and the role of the Higgs boson

@ total cross sections as a function of the V'V center-of-mass energy:  arxiv:0806.4145

o[nb] o [nb]
¢ o(VV = VV), no Higgs \ a(VV = VV) with m;, = 120 GeV
2— h \
< b 14 \
t - . N . .
i SM without a Higgs boson S SM with a 120 GeV Higgs boson
1 s
1 e
- b
% 0.1
' WHW= 22
05 NG :
\ ) 0.01 — WHW s W
~ — WrW- =27
— Wtz -wtz
I s WHWE S WHW
0.2 WHWw > WHIW 0.001 4 ZZ 22
T T T T
0 1000 2000 3000 ( 1000 2000 3000
V5 [GeV V5 [GeV]

@ unitarity preservation visible only in V'V scattering at large v/5 = myy > 1 TeV

= V'V scattering is a key process to experimentally probe the SM nature of EWSB!
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W*W=3j: fiducial phase space

Inclusive signal region

@ exactly 2 leptons with same electric charge

o etet ety and ptpt final states
P > 25 GeV, |nf| < 2.5
o myy > 20 GeV

o ARy > 0.3
@ > 2 jets reconstructed with the anti-k; algorithm, jet size R = 0.4

o P > 30 GeV, || < 4.5
o ARj; > 0.3

o EWss > 40 GeV

@ invariant mass of the two jets with the largest p7: m;; > 500 GeV

VBS signal region

o rapidity separation between these jets: |Ay;;| > 2.4
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W=W=3j: kinematic distributions

Events/20 GeV

Events

25

20

15

10

Data 2012

Syst. Uncertainty
W*Wjj Electroweak
W*W?4j Strong

. WZ/y* 27 EHWIZ
OS prompt leptons
WA

Other non-prompt

ATLAS .
203 1% (s=8TeV B&R
Incl. SR ee+ep+up

5 %
0 50 100 150 200 250
EY"™® [GeV]
R T R
700 ATHAS *  Data 2012
[ 203fb" /s=8TeV B&X Syst. Uncertainty
60E- “Wjj Electroweak

50
40
30

20

10

)
W*W4j Strong
. Wziy*,ZZ tt+ Wiz
OS prompt leptons
B Other non-prompt
W+y

Nojer
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Events/25 GeV

Events/50 GeV

16
1.

N

1

N

N N o ®

ATLAS
20.3 fb™ (s =8 TeVv
VBS SR, ee+ep+up

100 150

200

BORNCE-

E

Data 2012

Syst. Uncertainty
W*Wjj Electroweak
W2ZIy*ZZ,tt+W/Z
Other non-prompt
OS prompt leptons

W+y
W*W?jj Strong

P S
50 300 350 400
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ATLAS
20.3fb™ (s =8 TeV
VBS SR, eetep+up

50 100 150 200

[ |

250 300 350 400 450
mr(LLET™) [GeV]

Data 2012

Syst. Uncertainty
W*W#jj Electroweak
WZIy*ZZ t+W/Z
Other non-prompt
W+y

OS prompt leptons
W*W?jj Strong

500
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W*3jj event yields

Inclusive Region
etet et s

Prompt 3.0+ 0.7 6.1+ 13 2.6 +0.6
Conversions 32+07 24 +0.8 -
Other non-prompt 0.61 + 0.30 19+08 041 +0.22
WEW=jj Strong 080 +£0.15 25404 1.42+0.23
WEW=*jj Electroweak | 3.07 £ 0.30 9.0 + 0.8 49 +05
Total background 6.8+12 103+20 3.0+ 06
Total predicted 107 +£14 21.7+£26 93+ 1.0
Data 12 26 12
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V*4j — systematic uncertainties

Systematic Uncertainties ee/ep/pp (%) - VBS SR

Background Signal
Jet uncertainties 13/15/15 | Theory WEW*jj-ewk 6.0
Theory WZ /~* 45/5.4/7.8 Jet uncertainties 5.1
MC statistics 8.9/6.4/8.4 Luminosity 2.8
Fake rate 4.0/7.2/6.8 MC statistics 45/2.7/3.7
OS lepton bkg/Conversion rate  5.5/4.4/— E'S reconstruction 1.1
ERSS reconstruction 2.9/3.2/1.4 | Lepton reconstruction  1.9/1.0/0.7
Theory W + ~ 3.1/2.6/- b-tagging efficiency 0.6
Luminosity 1.7/2.1/2.4 Trigger efficiency 0.1/0.3/0.5
Theory WEW ¥ jj-strong 0.9/1.5/2.6
Lepton reconstruction 1.7/1.1/1.1
b-tagging efficiency 0.8/0.9/0.7
Trigger efficiency 0.1/0.2/0.4
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W*=W=34 production — control regions

tt/b-tag control region: m;; < 500 GeV control region:
— other non-prompt (b-decays) — mix
3 s e s g ATLAS ‘ b 201‘2
[ | - .
E ATLAS e Data 2012 B [ ata )
S . F 203t s=8Tev B Syst Uncerainy ] @ 203", (s=8Tev B Syst. Uncertainty
5 MR e ok Lo, . e e WYL
= =
o 25 Bl Other non-prompt = \(})\;Der non-prompt
1] £ W/Z \/
C QS prompt leptons
20 T+W/Z
150
100
5
° e B 2~ DamEpeced ]
% P g;\:.lﬁﬁe;cr::ﬁny I §_ f 3 syst. Uncertainty + | q
g E % L I S | == ]
& 1k 1+1+¥H++\ #A % == ‘f+ T ]
g o 4 g f —+ ]
8 3 ] S 9 1
%0 4080 80" 100 120 140 160 180 200 1 2 3 4 5
p,() [Gev] By
TY
Control Region Trilepton <1 jet b-tagged Low m
eTeT exp. 36+ 6 278 + 28 40+ 6 76 + 9
data 40 288 46 78
eTuT  exp. 110 +£ 18 288 +42 75+ 13 127 + 16
data 104 328 82 120
pEuE exp. 60 + 10 88 + 14 25 + 7 40+ 6
data 48 101 36 30
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Backup
New resonances in electroweak sector

J=0 J=1 J=2
I=0 o (Higgs) W (y'/2'7) 1° (Graviton?)
I=1 7+, 7 (2HDM?) o= 0t (W')Z'7) at,a’
I=2| ¢=F ¢F, ¢" (Higgs triplett?) - t=E 1 10

@ width I' of the resonances for their decays into longitudinal EW gauge
bosons dependent on their mass M and coupling g

@ example: vector isovector resonance p: I' ~ gQMp

104 o(VV — VV), with 500 GeV vector isovector

@ «; parametrize low-mass tail of
these resonances 1

WHW* o WA

@ unitarization only guaranteed for

explicitly included resonance(s) at
unique values of the coupling g 5083
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W*Zjj: experimental tasks

e W*Z (+ n jets) can have any number of jets: n =0,1,2,3, ...
— lowest order: W*Z + 0 jets

_ . Vs =8TeV, 13 fb~!
@ 3 high pr, isolated leptons

180

o _ _ g e0f e
@ 1 opposite-sign lepton pair forming S 1605 ‘Jﬁ Sue =
Z within 81 GeV < my, < 101 GeV g 140 BL e
Ij>j 120; u E%;:)et E
@ residual lepton + EF" forming W 100 b T
80F H‘h ATLAS Preliminary 4
£ & Ns=8TeV,[Ldt=13fb"
@ results: 60 g E
40;*
e 1094 events observed 20E
e 277 background events expected %106 200 300 400 500 600 700 800
(mainly Z+jets & fake leptons) Mz [GeV]

@ Oiotal = 20. 3+0 7(btat)+1 ?(Sth) o 6(1um1) pb (omerm = 20.3 £ 0.8 pb)

o for W*Z VBS measurement: require additional 2 jets
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Backup
Modeling of anomalous quartic gauge couplings

EW chiral Lagrangian approach (non-linear realization of the gauge symmetry)

@ aQGC operators (dimension 4):

Ly = ay(Te[V,V,])? L = as(Te[V,VH])?

@ V,=%(D,X), & =e7'V, w: goldstone scalar field triplett

@ aQGC parametrizations: a4 and as

EWchL historically motivated as a Higgs-less model, a posteriori modified to

include the SM Higgs boson

EFT approach (linear realization of gauge symmetry)

@ operators (dimension 8):

Lso = L52((D,®)! D, ®] x [(D*®) D* @]
Ls1 = 'lf:j [(DH<I>)TD”<I>] X [(DV@)TD”CI)]
o parametrizations: £%2 and 22
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Unitarization schemes

K-matrix: saturation of amplitude to achieve unitarity
form factor: suppression of amplitude to get below unitarity bound

1o [— J—
<05
0% 2 3 4

b
4\/7r_v

https://indico.desy.de/getFile.py/access?contribld=8&sessionId=2&resId=0&materialld=slides&confId=7512
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Unitarization

o With aQGCs unitarity may be violated even in presence of a SM Higgs
(effective parametrization always violates unitarity at some mvv)

= unitarization scheme needed!

— all unitarization schemes are arbitrary and

introduce model dependence!

e Form factors F(s) = (1+§/A2,)™"
— suppression of amplitude

e additional arbitrary parameters:
exponent n and form factor scale App

e can be generally used for arbitrary
anomalous operators

e needs “fine tuning”

Anja Vest, TU Dresden

Feigl, Zeppenfeld, 2010

© =
T
L

App = 2000 GeV, n=2
L App = 2000 GeV, n= 1 1

(
CehEioalko
:

.

N CR St
T
L

0 2000 4000 6000 8000
V5 [Gev]
forn =2 at App = 2 TeV:

amplitude suppressed by a factor of 4

55



Backup
Kinematic distributions, unitarized

@ comparison of unitarization with K-matrix method (WHIZARD, av5)

and form factors (VBFNLO, fg/1) at generator level

@ example process: pp — qqetvetv

Ag(leptons) differential cross-section distribution:

A¢ of leptons

— e s B B B By B B
) F T \ B
= 3.5 e stozfjl:o fE
3 s fosfa=-2176 =
N E— fuo=fa = —4852 IR
© 25 fso=fa1 = —8704 : —
FE--wa3=0,a5=0 —+— El
2b— - ay=-01,a5 =0 A. Melzer : —
E ay=—-02,a5 =0 —+ B
5E-- ay=-04,a5=0 ! =
g B -3
1 — -1 —
£ —! ] E
05— - ———— -1 =
ottt 11| T e N -

o 0.5 1 1.5 2 2.5 3
Ap

Anja Vest, TU Dresden

generator cuts:
@ ph > 10 GeV, || < 5
@ pl >20 GeV, ;| <5
@ |AR(jj)| > 0.4
@ m;j; > 150 GeV

aQGC parameter:
@ fso=fs1~2176-au

. x f
(with fso1 = s/,\4/1 TeV4)

@ ;=0
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Constraints on aQGCs from vy — WW

Anja Vest,

sensitive to W W~y vertex
additional cut at pr(uteT) > 100 GeV:

— 0 events left

1D and 2D limits (95% CL) on aQGC
parameters af’ /A% and 'V /A2

o |al /A% < 0.00015 GeV 2
o |aY /A% < 0.0005 GeV 2

unitarization with form factor with
AFF = 500 GeV, n=2

un-unitarized limits (without form factor):

@ 30 — 40 times better, but dominated by
V'3 above unitarity
@ %100 improvement wrt. DO
@ %3000 improvement wrt. LEP
TU Dresden

30r

CMS Vs=7TeV,L= 505fbl

25

20

Events/30 GeV

a%/n? [GeV?]

-0.001 -

-0.002

0.001—

b e pam
[ E= inclusive w'w
[ M«

[ — Elast

F—w

B orell-vante
= oiffractive w'w {
= wets

icyy - v B Inelastic yy - T

WW (SM)

50

250 300

150 260
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0.02)05
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Limits on

Anja Vest, TU Dresden

aQGCs for W

— LEP
DO yy -» WW
— CMS WVy

ATLAS

----- CMS yy - WW
— ATLAS Wyy

f'Eo -4
A4 [TeV™]

AQGC Limits 95% CL

aW
A02 [TeV?

.............

aW
/\02 [TeV?

-10%-10*-10%-10% -10

10 10% 10® 10* 10°

58


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-05/

Effective QGC in VBS

@ non-linear realization of the gauge symmetry — chiral EW Lagrangian:

5:)4:m%{[(vv*vv*)(wwv*w<W+w*>2] F W)W 2) + 5h(22)%)
L5 =as g {(WHwW)? 4+ % S WIWT)(22) + 5l (22)° }

o effective parametrlzat|on of physics beyond kinematic reach, e.g.
resonances at new physics scale A = v/,/q;

e wide — continuum, narrow — particles

Anja Vest, TU Dresden

WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os0. Oss X X
OO0 Orm1.9m6 Omr X X X X X X X
Onm2 Omz Oma Oums X X X X X X
Or0.011 .Ors X X X X X X X X X
Or5 .Or6 . Orsg X X X X X X X X
Ors .01, X X X X X
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Prospects for VBS at /s = 14 TeV

@ LHC@14 TeV =5 Vi=myy ~1-2TeV

@ signal chosen: anomalous VBS ZZ tensor singlet resonance [
— exactly four selected leptons: two opposite sign, same flavor pairs
— hard benchmark, sensitivity higher for other resonances

Mresonance  coupling  width 300 fb—1 3000 fb—1!
500 GeV  g=1 =2 GeV 2.40 7.50
1 TeV g= 175 F =50 GeV 1.70 5.50
1 TeV g=25 I' =100 GeV  3.00 9.40

"TATLAS ¥ Prellmlnary ISM w
(Simulation)

J. Ldt=30001b" Non-vv

Diboson

,,,,,, ‘ " ATLAS Preliminary ISMW
(Simulation)

j L dt = 3000 fo™' Non-Vv

Diboson

Entries
n
N
o
Entries

7 SMWV +
Z10Tev

7 +
fes %1076V Res J
?'i(g;i 75)

7(g=1.75)

IR A L LTI
T IS

05 1 15 2 25 3 35 4 45 03 04 0506
leading m [TeV] m, [TeV]
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