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The more we know, the more we don’t know

ATLAS Prelim.
Many issues remain: = 12536 Gev
Hoyy
- properties of the Higgs w=117%%
« is there new physics beyond the Hozzoa
Standard Model? il

H—- WW* - iv

+ in the electroweak symmetry 4= 10802
breaking sector : T
W,Z H— bb
- elsewhere =054

... to explain hierarchy problem, dark  |#-=
matter, ...
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One process to address remaining questions on the electroweak
symmetry breaking mechanism and the nature of gauge interactions:

Electroweak vector boson scattering
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Scattering of electroweak gauge

bosons
Diagrams
N with triple
couplings

Constrained by diboson production

Quartic gauge boson vertex

First observation via W* W* ji-EW production

‘\'\lf‘f‘l Higgs
’fJ\H\‘ 1_7 exchange

Observed in other channels
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Scattering of
massive

electroweak gauge
bosons - Definition
and significance

q Gtag - Contains VVVV vertex

(predicted by the SM)
= probe self-interactions of
the electroweak gauge bosons

« Contains scattering of
longitudinal components of
the gauge bosons
= Probe electroweak

, symmetry breaking

q Grag mechanism
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Longitudinal VBS

The scattering of longitudinal vector bosons violates unitarity in the

absence of a SM Higgs boson:

Gauge bosons:

2 0
e — ng G (i )

4myy, my
=~ E?, violates unitarity

Higgs exchange: (s, t, u

>> my,, my)

2
MHiEes _ 8w

u
2
4nry,

= terms cancel
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Longitudinal VBS

The scattering of longitudinal vector bosons violates unitarity in the
absence of a SM Higgs boson:

cross section [fb]
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Longitudinal VBS

The scattering of longitudinal vector bosons violates unitarity in the
absence of a SM Higgs boson:
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= Probing the Higgs properties through the scattering of electroweak
gauge bosons
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ing at

VBS signal definition
Vij-EW: O(EW) = 6 (incl. decays)

-
X g E

~—
s

VVJ_]-QCD O(EW) = 4}, O(QCD) = 2 (incl. decays)

irreducible EW VVV



Uik Schnar VBS signal definition
Vij-EW: O(EW) = 6 (incl. decays)

VBS irreducible EW A\A'AY

VVJ_]-QCD O(EW) = 4}, O(QCD) = 2 (incl. decays)

X... hot
included

in
+ + + + ... .o
Y Ei: % X ﬁ WEWEjj
DRESDEN
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Ulrike Schnoor VBS in ‘A/i Wijj Channel
Cross sections in various VV channels at 8 TeV: (cuts:
Final state Process VVjj-EW  VVjj-QCD  Ratio 2 leptons: pr >
ol wEw* 19.5 fb 18.8 fb 1:1 5GeV,
o (FulFujj  WEWF+ZZ  937fb 3192 1:30 Mo > 4GeV,
e R wEZ 02fb 87 120 2jetsipr>
S 000gjj 7z 15 fb 106 fb 1:70 10 GeV)

VBS by channel

- WEWH=jj most promising: high EW/QCD ratio (no gluons in
initial state)

. Wiij has larger QCD contribution, but profits from clean 3
lepton signature

- WEWToverwhelmed by ttbar background — use MVA methods
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VVjj-EW vs. VVjj-QCD

Comparison of W= W=jj-EW and W*W=j-QCD

Tagging the VBS process according to dijet kinematics

Rapidity difference of tagging jets Invariant mass of tagging jets
ETTT T T T T T Y o T T T T T
3z ! E
18 —— WWj-EW E
13 5 —— WWjj-QCD 3
£ 13
T 1072 -
E = El
E ERR- 3
1074 = —— WWj-EW b
E —— WWji-QCD m
C 103
ECI =S N I B B I B A (=N T N NN NEWES FEWS PN R e e
o 1 2 3 4 5 7 0 100 200 300 400 500 600 700 800 goO
Ay i) M(jj) [GeV]
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VVjj-EW vs. VVjj-QCD

Comparison of W= W=jj-EW and W*W=j-QCD

Kinematics of the leptons, i.e. the decay products of the W bosons:

Transverse momentum of first lepton

do/dM(1l) [fb/GeV]

Invariant mass of leptons

RN e A EEARNEARSS s R s e
—— WWj-EW
—— WW;jj-QCD

do/dpr(i1) [fb/GeV]

)
|

3
|

1073

S B B L L L B B U

Bl b b b b b e by 138

—— WW-EW
—— WWjj-QCD

L

o 50 100 150 200 250 300 350
Mll) [GeV]

o

20

40

60

8o

100 120 140 160 180
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ATLAS detector

44m

‘Muon chambers

A
ol

,

roid magnets

Tile calorimeters
LAr hadronic end-cap and
\ forward calorimeters
LAr eleciromagnetic calorimeters
Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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S

MET
J2
&

VBS topology
« two forward energetic tagging jets
(initial quarks radiating off Ws)

+ two central leptons
(decay products of Ws)

+ Missing Er from Ws

Inclusive analysis phase space

2 same-sign high-pr leptons
at least 2 high-pr jets
EMiss> 40 GeV

leading jets: m;; > 500 GeV

VBS analysis phase space

inclusive analysis phase space +

Ay(jj)| > 2.4

Measure W+ W= jj (incl.
EW, QCD)

Measure W= W= jj EW and
set aQGC limits
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280 ET (GeV]

wp*jj Candidate Event r

mjj=2800 GeV

|Ayil=6.3

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

pr(lep1) = 180.2 GeV
pr(lep2) = 37.5 GeV
EMiss= 74.8 GeV

Phys. Rev. Lett. 113, 141803
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Backgrounds to W* Wjj

Backgrounds arise due to

Events with two prompt like-charge leptons in the final state

Events with two opposite-charge leptons in the final state, if one
charge is mis-measured

Events with one charged lepton and one lepton from jet
mis-identification or hadronic decays

Double parton interaction (negligible)
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Photon conversions

Prompt photon conversion: W~

— estimated from MC

Charge mis-identification due to bremsstrahlung with conversion:

Z [~v*+jets or tt

— estimated from a control-region with two oppositely charged
electrons by applying charge-flip rates determined in Z — ee events

Cross check in < 1 jet control region:

@ a5 T T T T T
> T T T T T T 3 = .
® - 5] ATLAS Preliminary ¢ Data 2012
S ATLAS‘Prellrnlnary * Data2012 o 40 20317, 1s =8 TeV &X S sl Uncertainty
o 10 20.3fb", 15 =8 TeV B2 Syst. Uncertainty . Wjj ewk+strong
2 <1jet CR, ee WOWjj ewkstron 35E- <1jetCR,ee 0s pro t leptons
5 10 s ’ OS promp( lepton: 0 - W Z;
2
fir
10° ] l?mer non-prompt 25 — S”’e' yon-prompt
20
1
0 15,
1 105
10" 9
B T i T 8 + Data/Expected
5
g_ 3 +‘ +‘ + W § oL + 3 syst. Uncertainty |
A s vvn‘ H”fT " d Rt Tt act
E p 4 + Da(a/Expecled 2 BT S e S o e e 2
a a + +
300 400 soo 600 700 2 - 0 1 H
m, [GeV] ()
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Event yields

Inclusive analysis region

W WZ(ew+qcd)

M Faks BG
Wgamma

Wt

W ZZ(ew+qed)

M Charge flips

VBS analysis region

4

W WZ(ewrqcd)

W Fake BG
Wgamma

Wty

W ZZ(ew+qed)

W Charge flips

W Wwss QCD

Process Inclusive Region

VBS Region

Prompt backgrounds 1.7+ 1.6
Conversions 5.6 = 1.1
Fake leptons 23+09
WEW=*ji-QCD (is signal)

83+13
40=£0.9
23+£07
1.3+ 0.1

Background total 21+£24
Expected signal 22+ 15

16 £ 2
14 +£1

Data 50

34
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Kinematics of jets

Tagging jets invariant mass

> T 3 . 1. .
3 ATLASlF’rehmmary - "Data 2012 1 Rapidity difference
p=4 20.3fb% Vs =8TeV EZZI Syst. Uncertainty
i W*WHjj Electroweal ) T T T T T T T il
2 9 WAWHj Strong N S 30 ATLAS Preliminary Data 2012 ]
¢ B Prompt o bl 5= B . 3]
w Conversions . 25 20317, 1s =6 Tev \%’%’Eggg?éméalg
f& B Other non-prompt m; > 500 GeV I WAWHj Strong ]
S B Prompt A
20| .
Conversions ]
Other non-prompt
15) =
10 E
B F ¢ Data/Expected ] St E
2 r ) syst. Uncertainty ] |
g
X L
% [+ $+l++ 4?
g ﬂf Ayl
o

G 200 400 600 800 1000 1200 1400 1600 1800 2000

mieev  (VBS signal region before Ayj; cut)

(Inclusive region before mj; cut)

Phys. Rev. Lett. 113, 141803
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Results

Extract cross section by fitting a likelihood function to the observed data

Total cross sections

EWQCD
EW (VBS

Observed Significance
(incl. Region) 2.1 £ 0.5 (stat.) £ 0.3 (syst.) fb 450
Region) 1.3 £ 0.4 (stat.) & 0.2 (syst.) fb 3.60

Comparison to theory prediction:

ATLAS Preliminary SM 0if5,=1.52 + 0.11 [fb] ATLAS Preliminary SM a}R5=0.95 + 0.06 [fb]
20.3 b, {5=8 TeV NLO, POWHEG-BOX, CT10. 20.3 ok (5=8 TeV NLO, POWHEG-BOX, CT10.
etet etet
etur —_ . et .
jrors ,— . e [
C !l Combination
2.1+0.6[fb] 1.3 0.4 [fb] "
05 1 15 2 25 -1 05 0 0.5 1 15 2

3 35 25
i (o] oo (0]

oW [fb] oW [fb]

Phys. Rev. Lett. 113, 141803
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Anomalous quartic gauge
couplings

Model effects of new physics via higher-order operators

Effective field theory ansatz:

(d)
C:
Lerr = Lsm + Z Z /\‘If—“ O/(d)-

d>4 i

= Introduce additional higher-dimensional (d) operators O which
modify the electroweak gauge couplings, suppressed by scale of new
physics A
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Electroweak chiral Lagrangian

In analogy to chiral perturbation theory in QCD:
Break electroweak SU(2);, ® U(1)y to U(1)q and custodial symmetry
SU(2)c

= Electroweak chiral Lagrangian with the operators

£4 = 044(tr[VHV,,])2
and
Ls = ozt—,(tr[V#V“])2

with parameters a4 and as
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Unitarity

In general, additional operator terms lead to unitarity violation of the

amplitude:
110",
* TS
T W, mfﬂl
WHw+ =W *Il +, ag = 0.1, unitarized -~
151010} unitarity bound
/’
-~
1x107) //
2 o
S /
1109 &
//
1x107)
1%10
500 1000 1500 2000 2500

V5 [Gev]

unitarization with K-matrix
method (projection of amplitude
on Argand circle) as implemented
in WHIZARD (2, 3]

3000

= apply unitarization
procedure to retain
physical events




W+W+ scattering at
ATLAS

Ulrike Schnoor

Scattering of
massive

electroweak gauge
bosons - Definition

and significance

Measurement of
electroweak
production of two
like-charge W
bosons at ATLAS
Signal definition
Phase space definition
Background estimates

Results

Anomalous quartic

gauge couplings
Effective field theory
Limits on aQGC

Interpretation in terms
of resonances

Prospects at 14 TeV'

Conclusions

References

TECHNISCHE
@ UNIVERSITAT
DRESDEN

29/39

Influence on kinematics

Anomalous quartic gauge couplings modify the kinematics of the

decay products of the gauge bosons:

w12 p

= — a, =0.1,a;=-0.4 Wt Wt ji-EW
Q o — =0105=01 -WiyViii>QCD
o — g =04,05-0 HWZ]

p=d

[ zzj
yLL dt=2031b" Wy
s=8TeV Eltt+V
Fake leptons

Bl Charge flip

M(l,1,) [GeV]

— a,=0.1,05=-0.4 I W+ Wt j-EW
Il W+ W+ j-QCD

Wz

Fake leptons

I Charge flip

Ldt=2031b"
s=8TeV

300 400

500

p, (1) +p, () [GeV]
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Interpretation in terms of
resonances

Anomalous couplings can be interpreted in terms of models such as:
- Extended Higgs sectors (2HDM, etc)
« Composite Higgs, Technicolor

or simplified models of generic resonances ordered by spin, isospin,
with different masses, couplings, and widths [4]:

resonance spin) isospinl [/Iy Aaq/a Aas/a

1) 0 2 1 1/4 -1/12
t 2 2 1/30 -5/8 35/8
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Prospects at 14 TeV

Estimate sensitivity to anomalous couplings in W W= jj-EW at
High-Luminosity LHC (/s = 14TeV, £ = 3000 fb~")
= Use performance projections for the future ATLAS detector in
terms of
- efficiency (trigger, particle identification, flavor tagging)
« resolutions (momentum, energy)
Backgrounds: MC for WZ, WWss-QCD.
WZ background is scaled by a factor 2 to account for
additional background contributions from charge-flip,
jet fakes, photon conversion

Selection: * 2 leptons with same charge, pr > 25 GeV
« > 2jets, pr > 50 GeV
+ m(jj) > 1000 GeV
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3500

Entries

3000
2500
2000
1500
1000

500

Prospects at 14 TeV [5]

ATLAS Simulation Preliminary . VBS ssWW (SM)

L=3000 fo' 2 SMVBS ssWW +
% fgo = 10 TeV*

[ svssww aco

SM WZ + mis-ID

4 5
my, [TeV]

my; with a signal of
fso=10Tev™*

(corresponding to a.s = 0.0046 and
as = —0.0023 for A = 1 TeV)

Significance [o]

Or

[ ATLAS
£Simulation
reliminary

—3000 fb™!

—300 fb"!

AT R

z 4 e 8 10
fo/A* (VBS WAW*SEvity) [TeV]

signal significance (in standard

deviations) as a function of fs
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+ Scattering of massive electroweak gauge bosons is a crucial
defnito process to study the electroweak gauge interactions and the
o mechanism of electroweak symmetry breaking
- First evidence of W+ W scattering and W* W+ jj production

= Measurements in good agreement with the SM prediction

: « First limits on anomalous couplings of massive electroweak gauge
Prospcts at 147 bosons of parameters oy, as
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Available experimental constraints

 No observation of processes with quartic vertex of massive electroweak

on 4 electroweak gauge boson

couplings

gauge bosons before the presented measurement

+ No constraints on massive gauge boson quartic couplings

« Constraints on anomalous quartic gauge couplings with photons exist:

Experiment  channel Publication year
CMS WW~, WZy  CMS-PAS-SMP-13-009 2013
CMS WW-— vy JHEP07 (2013) 116 2013
Do vy — WW Phys Rev D 88 012005 2013
L3 WWr Phys. Lett. B 527:29-38, 2002 2002
OPAL WW+~ Phys. Lett. B580:17-36, 2004 2004
DELPHI WWr Eur. Phys. ] C31:139-147, 2003 2003
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Leptons

Jets

ERiss> 40 GeV
Veto

VBS cuts

Analysis event selection

exactly 2

well isolated, tight quality cuts
pr> 25GeV, || < 2.5

myp > 20 GeV

at least 2
pr> 30GeV, || < 4.5

events with additional softer and less isolated
leptons
events with b-tagged jets

mj; > 500 GeV
|Ayj| > 2.4 (in VBS region)
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