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Introduction

Introduction

@ Electroweak diboson measurements

o test of the electroweak sector of the SM at the TeV scale
@ sensitive to anomalous triple gauge couplings (aTGC)
@ irreducible background to Higgs searches

© WW/WZ/ZZ scattering — (massive, weak) vector boson scattering (VBS)

@ measurable key process inextricably linked with EWSB:
the EWSB mechanism

@ must regulate (VL Vy — VL, VL) in order to restore unitarity
above ~ 1 —2 TeV
@ must thus be experimentally observable in VBS at the TeV scale

@ sensitive to anomalous quartic gauge couplings (aQGC)
o final state: diboson 4+ > 2 jets

@ VBS at the LHC at high energy (14 TeV) is the key process to
experimentally probe the SM nature of EWSB, complementary to direct
Higgs measurements
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WW/WZ/ZZ production at the LHC

WW/WZ/ZZ production at the LHC

@ Measuring WW/WZ/ZZ production is an evident prerequisite for VBS

measurements
@ LO diagrams for WW/WZ/ZZ production:
7 w/z ¢ w/z g W)z
TGC
W/Z/~
q w/z 4 w/z 4 w/z
s-channel t-channel u-channel

@ Cross sections calculated to NLO (using MCFM with PDF set CT10 or MSTWO08)
— gluon-gluon enters at NLO, < 10% of the cross-section

@ Access to triple gauge couplings (TGC)
— new physics may show up as anomalous ( = non-SM) TGCs

@ Important background to Higgs and beyond-SM searches
— precise knowledge of cross-sections and kinematic distributions needed
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WW/WZ/ZZ production at the LHC

Z7Z% — 111l and llvv

Vs J Ldt measured cross section (pb) theory (pb)  reference
ATLAS  7TeV  46fb~1 6.7 £0.7(stat) 753 (sys)£0.3(lumi) 5891022 arXiv:1211.6096
cMs 7Tev 501 624 08 (stat) 7027 (sys)£0.14(lumi)  6.3+0.4 JHEP 1301 (2013) 063
ATLAS  8TeV  20fb~1 7.1 705 (stat)£0.3(sys)=£0.2(lumi) 72703 ATLAS-CONF-2013-020
CMS 8 TeV 53fb~1 8.4 +1.0(stat)=+0.7(sys)4-0.4(lumi) 7.7+0.4 arXiv:1301.4698
@ four high pr, isolated leptons oMs JS=87TeV, L =53 fb
@ two opposite-sign same-flavor E | " eom
lepton pairs, each (8 TeV) within § 20l B 2z
66 GeV < myz < 116 GeV (ATLAS) g

60 GeV < my < 120 GeV (CMS)

@ CMS includes eer7 and purt 10- \ 1
channels 4

200 400 600 800

my, [GeV]
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WW/WZ/ZZ production at the LHC

Vs J Ldt measured cross section (pb) theory (pb)  reference
ATLAS  7TeV  46fb~1 6.7 £0.7(stat) 753 (sys)£0.3(lumi) 5891022 arXiv:1211.6096
cMs 7Tev 50f 1 624 7058 (stat) 020 (sys)20.14(lumi)  6.3+0.4 JHEP 1301 (2013) 063
ATLAS  8TeV  20fb~1 7.1 705 (stat)£0.3(sys)=£0.2(lumi) 72703 ATLAS-CONF-2013-020
CMS 8 TeV 53fb~1 8.4 +1.0(stat)=+0.7(sys)4-0.4(lumi) 7.7+0.4 arXiv:1301.4698
. ) a C ATLA NLO QCD (MCFM, CT10.0)
@ four high pr, isolated leptons s [ S e )
N — ZZ(pp)
N = .
@ two opposite-sign same-flavor N
. L 10 s
lepton pairs, each (8 TeV) within e
66 GeV < mz < 116 GeV (ATLAS) [
V5=
60 GeV <mz< 120 GeV (CMS) [ -uz“z:jTl'lT(faszm(“;astZ\)n L=5.8 fb"
LHC Data 2011 ({s=7 TeV)
. | © ATLAS ZZ— (/v <m <11 V) L=4.6 b
o CMS InCIUdeS eeTT and MUUTT 1 £ . cMszsz »||||((au<n)|‘f1szuéev;6$:.u)m‘ o
r Tevatron (15=1.96 TeV)
® CDF ZZ— li(ll/vv) (on-shell) L=6.0 fb™"
channels L ® pozz »II(II(JV\') ()a(n<m“<|211 GeV) L=8.6 fb"
Cah b b e e e e b b L
0 2 4 6 8 10 14
s [TeV]
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WW/WZ/ZZ production at the LHC

WZ — vl

Vs J Ldt measured cross section (pb) theory (pb)  reference

ATLAS  7TeV  46fb~1  10.0 T]3(stat)£0.9(sys)£0.4(lumi)  17.6 711 EPJC 72 (2012) 2173
cMS 7TV 11fb~ 1 17.0 £2.4(stat)+1.1(sys)£1.1(lumi) 19.8 £0.1 CMS-PAS-EWK-11-010
ATLAS  8Tev  13fb~! 203 F0-8(stat) ™13 (sys) 0 L (lumi) 203 +0.8 ATLAS-CONF-2013-021

@ three high pr, isolated leptons

L . . gowo- T T e

@ opposite-sign lepton pair forming b F Owz :

Z within g 00 H.H’ By

66 GeV < mz < 116 GeV (ATLAS) & 80 HHJH i Q%}? ]

60 GeV < mz < 120 GeV (CMS) 601 +‘H ", atLas prefiminary |

@ lepton + Effniss forming W 40_#"#{:‘] .\.EZSTeV‘J-Ldl:L’;fb" :

@ (leading syst error: Z-+jets 20; +{+A+ ;
background estimate) r

920 60 80 100 120 140 160
M.(IET"™) [GeV]
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WW/WZ/ZZ production at the LHC

WZ — vl

Vs J Ldt measured cross section (pb) theory (pb)  reference

ATLAS  7TeV  46fb~1  10.0 T]3(stat)£0.9(sys)£0.4(lumi)  17.6 711 EPJC 72 (2012) 2173
cMs 7TeV  11fb~!  17.0 £2.4(stat)£1.1(sys)£L1(lumi)  19.8 0.1 CMS-PAS-EWK-11-010
ATLAS  8Tev  13fb~! 203 F0-8(stat) ™13 (sys) 0 L (lumi) 203 +0.8 ATLAS-CONF-2013-021
N M —_ L B L L L L BB B T T T T T l-- T
@ three high pr, isolated leptons T [ ansremnay | e ]
@ opposite-sign lepton pair forming Ty | _F i
© NLO QCD (MCFM, CT10)

Z within 10
66 GeV < mz < 116 GeV (ATLAS)
60 GeV < my < 120 GeV (CMS)

@ lepton + EXS forming W

-+ WZ (pP)(66<m <116 GeV)
—— WZ (pp)(66<m <116 GeV)

LHC Data 2012 ({5=8 TeV)

O ATLAS WZ - Wl (66<m <116 GeV) L=13 fb™"
LHC Data 2011 (fs=7 TeV)

® ATLASWZ - Wl (66<m <116 GeV) L=4.6 fiy"
Tevatron ({s=1.96 TeV)

® DOWZ- Wil (60<m, <120 GeV) L=8.6 fb™

A CDFWZ- Wil L=7.1fb

@ (leading syst error: Z-+jets

background estimate)

0 2 4 6 8 10 12 14
s [TeV]
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WW/WZ/ZZ production at the LHC

Vs J Ldt measured cross section (pb)  theory (pb)  reference
ATLAS  7TeV  46fb~!  51.9 £2.0(stat)£3.9(sys)£2.0(lumi)  44.7 T2¢ arXiv:1210.2979
cMs 7TeV  49fb1 524 +2.0(stat)£4.5(sys)E1.2(lumi)  47.0 £2.0 CMS-PAS-SMP-12-005
cMs 8TeV 35fb~!  69.9 +2.8(stat)+5.6(sys)£3.1(lumi)  57.3 722 arXiv:1301.4698
. . . = - 1
@ tight event selection needed against . CMS — \E BTeVL ‘3;5‘fb_
background: 8 »00f -+ DATA ]
[Te) ww
@ opposite-sign high pr isolated @ Hw
= W Z+jets
leptons E 150 W+ jets
miss B H top
° .ET (agalns't Z+jets) j’” o 5 sy
@ jet veto (against tf) 100 ; .
@ cross sections at the LHC are slightly i B -@
larger than the SM prediction 50; 4 'fﬁ:% ;
[ - ™) i
ob o ]
0 50 100 150
Py [Gev]
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'/WZ/ZZ production at the LHC

Vs J Ldt measured cross section (pb)  theory (pb)  reference

ATLAS  7TeV  46fb~!  51.9 £2.0(stat)£3.9(sys)£2.0(lumi)  44.7 T2¢ arXiv:1210.2979
cMS 7TeV  49fb~1 524 £2.0(stat)+4.5(sys)£1.2(lumi)  47.0 +£2.0 CMS-PAS-SMP-12-005
cMs 8TeV 35fb~!  69.9 +2.8(stat)+5.6(sys)£3.1(lumi)  57.3 722 arXiv:1301.4698

@ tight event selection needed against

background: aras | " oo Caro oL
0.03= paia 2011 (157 Tev) ® Daa
. . . . . 4 Stat. Uncertainty
@ opposite-sign high pr isolated ILd‘:‘*-G'b Pl Uncertanty

leptons
o EN**(against Z+jets)
@ jet veto (against tf)

1/0{g, X Ao, /dp, [GeV]
°
o
3

o
2
o

G ARAN AR AR RAN I LA RARRNRE

Y (1Y T RS N N R NN R

0.01
@ cross sections at the LHC are slightly 0.005
larger than the SM prediction ———t
g 1.5 ¢
IR | S ——
2 E —e—
a 05 1
25 40 60 80 100 120 140 50
Leading lepton p, [GeV]
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WW/WZ/ZZ production at the LHC

Summary of (diboson) cross sections at the LHC

Standard Model total production cross-sections corrected for leptonic
branching fractions, compared to theoretical expectations:

L. ATLAS Preliminary
E 35pb
E . LHC pp & =7 TeV
F 35 pt Theory
E o Data (L=0.035- 4.6 o)
a LHC pp s = 8 TeV
10° Theory
E 5814 ® Data(L=58-201fb?
= -— 581"
100 1.0 b 3 ¥
E 10 * 131
E 46
c -
10l A:m‘ i 2017
E 21t |3 =
E 46"
I z [ t ww T wz Twe Tz

[pb]

Oyt

Production Cross Section,

=
[S)

=
Q
2

CM

T 77TeV CMS measurement (statlsyst

$ 8TeV CMS measurement (statisysy

—— 7TeV Theory prediction
—— 8TeV Theory prediction

L wy :

H zZy

: —o— wwwz, \WW
—_—— .
H - wz

—o— ZZ

H
—px

E/>15GeV |
| AR(N)>07

E>30Gev
In*|<24

491"

E N , | 50f? PN
F i 36,19 pb somt | 3smt 1100 g3l

S PAS EWKAL010 (W2)

IHEP 0011152 oS EWK 11009
HE

cusPasS

@ No significant deviation from the SM observed

@ (Massive) diboson measurements:

o unfolded differential cross sections by ATLAS for all results at 7 TeV
@ jet multiplicity bins not yet measured (— VBS)
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WW/WZ/ZZ production at the LHC

Anomalous triple gauge couplings

w w Z
(a)TGC (a)TGC aTGC (not in SM)
Z/y w Z/y
w A A

e WWYV (V = Z/v) couplings «— WW and WZ (also W)

iy
2
myy

L
EWWY. — gV (Wi WHVY — WV, W) sy W W, VA 4

pv

wi wpve
IWWV K

5 parameters: Ag{ (= gf — 1), Aky (= Kz — 1), Ay (= Ky — 1), Az, A,
® ZZV (V = Z/v) couplings «— ZZ (also Z~)

e

Lazv =5z (F O V) 2a(0° Z5) + £ (67Vor) 27 25)
zZ

4 parameters: 7, f], {7, ]
@ Parameters in red (aTGCs) are zero in the SM

@ Unitarization via energy-dependent form factors
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/'WZ/ZZ production at the LHC

aTGC results overview

Feb 2013 Feb 2013
fieose T HY s’ T T
LEP Limit ot DO imit o
— ww -0.043-0.043 4.6 fb" =
0410 -
K, — wv -0.043-0.033 5.0 fb* Ak wy 0410-0.460 4.6 f
y E— Wy -0.380-0.290 5.0 fb*
et LEPC 1 -0.074-0.051 0.7 fb* ’ ’ P
A — ww -0.062-0.059 4.6 fb — ww -0.210-0.220 4.9 fb
z e ww -0.048 - 0.048 4.9 fb* — wv -0.110-0.140 50 fb*
— wz -0.046 - 0.047 4.6 b —— DO Combination  -0.158 - 0.255 8.6 fb™
— wyv -0.038 - 0.030 5.0 fb* . LEP Combination -0.099 - 0.066 0.7 ™
Fod DO Combination ~ -0.036 - 0.044 8.6 fb* A — Wy -0.065 - 0.061 4.6 fb*
ot LEP Combination -0.059 - 0.017 0.7 fb* v — wy -0.050 - 0.037 5.0 fb*
zZ — ww -0.039 - 0.052 4.6 fb™ D
Ag; — ww -0.095 - 0.095 4.9 byt - ww 0048-0048 4.9t
— wz -0.057 - 0.093 4.6 fb* - wv -0.088-0.030 5.0
o DO Combination 0034 - 0.084 8.6 o o1 DO Combination  -0.036 - 0.044 8.6 fb™
‘ ‘ Lepc on_-0.054-0,021 07 b : o Lepc on_-0.059-0.017 0.7
-0.5 0 0.5 1 15 -0.5 0 0.5 1 15
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
Fen 2013
T T ATLAS Lvmls‘ = .
ows s - @ 8 TeV data not yet included
y —_ 2z -0.015 - 0.015 4.6 fb* . -
! > 0150015 01 @ TGCs consistent with the SM
7 — zz -0.013-0.013 4.6 fb* .
f 2 001-0012 50 @ four of the WWZ and WW- couplings
o — z -0.016-0.015 46 b constrained to O(0.05) (LEP scenario)
5 — 7z -0.014-0.014 50 fo*
— 0,013 1 . .
p z 0013-0013 461 @ ZZZ/v couplings constrained to 0(0.01)
5 — 2z -0.012-0.012 5.0 fbt
L | | | | eg. ff(CMS): [-0.011, 0.012], ff(LEP): [-0.28, 0.32]
05 0 0.5 1 15  x10° .
- arxiv.org/abs/1302.3415v2
aTGC Limits @95% C.L.
A. Vest @ J(L:me 7, 2013 HB2013 10



WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering introduction

@ A measurable key process inextricably linked with EWSB is the scattering of
massive, weak vector bosons (WW/WZ/Z2Z) — “VBS"

@ Without a light SM Higgs boson (mpu < 850 GeV) VBS would violate unitarity,
— Higgs contribution exactly cancels increase for large s for SM-HW W coupling

92 82 t2
A(WLWL — WLWL) X 7‘/;/ —s—t+ 3 + 5
v s—my t—my

VBS cross sections as a function of the VBS center-of-mass energy (arXiv:0806.4145):

o/n

9

o(VV = VV), no Higgs o/nb \ ‘ S(VV = VV) with m), = 120 GeV ‘
o

0.14

0.5

0.01+

WHW™ = W
WHW- =22

WHZ Wtz
- WHWE s Wt
027 0.001 | i
0 lU‘UU 20‘00 3000 1(]‘“1) 2(]‘(!(! 3000
V5 [GeV 5 [GeV]
SM without a Higgs boson SM with a 120 GeV Higgs boson
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WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V'Vjj final state:

triple and quartic gauge vertices

V XHX

f HO'

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)

— setting exclusion limits on aQGC
A. Vest June 7, 2013 HB2013 12



WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V'Vjj final state:
o EW = O(a%yy)

not gauge invariantly separable: gauge invariantly separable:

can be suppressed by VBS topology cuts
e QCD = O(a?2aty,)

EORD S

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13



WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering event topology

Example:

@ high pr central leptons (1, 2) (decay products of the vector bosons)
@ two hard, forward tagging jets (3, 4) with large m,; and well separated in 7
@ missing transverse energy due to the neutrinos from W decays

@ to extract the EW contribution from the total EW+QCD process:
cut on |An;;| and my;

A. Vest June 7, 2013 HB2013 14



WW/WZ/ZZ scattering at the LHC

V'Vjj final states

Most promising measurable V' Vjj final states in terms of WW/WZ/ZZ
scattering :

@ fully leptonic final states

WEW=Ejj —  [Fvl*vj] equally charged leptons, best oew to oqcp ratio
WEWTFjj —  [FvlFujj oppositely charged leptons, huge tt background
W*Zjj — IT17IFvjj  clean channel due to three lepton final state
Z7Zjj — ITI7IFI7jj  very clean channel due to four lepton final state
Z7jj — I wjj more difficult to measure, but higher BR

@ semi-leptonic final states
WEZjj, ZZji = 11 Jliiaghag
WEWE]j, WEZjj, WEWTFjj = 15 Vjjjugg

— more difficult distinguish from hadronic background

A. Vest June 7, 2013 HB2013 15



WW/WZ/ZZ scattering at the LHC

Modeling of anomalous quartic gauge couplings (VBS)

Extension of the effective SM-Lagrangian by introducing additional dimension-8
operators for QGCs (no effect on TGCs):
arXiv:hep-ph /0606118

electroweak chiral Lagrangian approach ' effective field theory approach

(e.g. in WHIZARD) (e.g. in VBFNLO)
@ operators: @ operators:
Ly = ay(tr[V,V,])? Ls0= L (Du@)T D, ®)x[(DF®)T DV @]
L5 = o (tr[V, VH])2 Ls1 = L4 [(DL@)T D )x[(D,®)T DV @]
@ aQGC parametrizations: ay and as @ aQGC parametrizations: fso and fs1
as/foo=fa
ay4/5 and [so/1 can be converted into each other o : ‘ o
. . o ‘WHIZARD 7
for W=W=jj production: %\ fope
W=WwW 1j producti . i g=] \ VBENLO /
~ _1 : ~ 1 1/ F : € \
4 N 575+ fso and a5 = 5760 5(fs1 — fs0) 5 o] \\ /// ]
. s \ P
(with fg0/1 = 54+ TeV?) R

A. Vest June 7, 2013 HB2013 fo 16
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WW/WZ/ZZ scattering at the LHC

Unitarization

@ Unitarization with the k-matrix method (WHIZARD arXiv:0806.4145)

@ unitarization by infinitely heavy and wide 1
resonance Ax
k-matrix amplitude: |Ag (s)]2 =25 1
@ allows arbitrary number of resonances with free | > 5
2v 4v 6v

couplings g and free widths I"

@ Unitarization via form factors (VBENLO = arXiv:1205.4231)

1
0.9 AFF = 2000 GeV, n= 2
@ regime where unitarity is violated depends on o Ve 200 G
the operators and their coupling strengths =00
K ooal
@ energy-dependent form factors 03}
1 0.2+
S) = ——— L
7 (s) Yk " A , ,
. . . . . 0 200( 1000 6000 8000
Afp: scale above which unitarity is violated " 3 [Gev] ' o

Shape of F(s) with App = 2 TeV
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WW/WZ/ZZ scattering at the LHC

Kinematic distributions, unitarized

Comparison of unitarization with k-matrix method (WHIZARD, ay/5) and form
factors (VBFNLO, fg0/1) at generator level

Example process: pp — qqetvetv

Ag(leptons) differential cross-sections with unitarization:

A¢ of leptons

— L L L L T T T L

2 C _ L I 3
s 3 EF— fofa= ~+
| E— fq = -2176 1
z 3 i —+o
S E— fo —4352 ‘ E
T a5 f = —870.4 ! =
F-—a3=0,a5=0 ‘f** B
2F——ay=-01,a5=0 I =
F-— ay=-02,a5=0 e E
L5~ g =—04,05=0 i =
= I -3
1 -1
C r—**‘ ﬁ,“ B
05— T g:;ﬁ_:—":
0 I ‘ \V L1 ‘ ] I ‘ ] I ‘ ] - ‘ ] I ‘ \:

o 0.5 1 1.5 2 2.5 3
A

fS,O = fS,l ~ 2176 - a4, Q5 = 0
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First LHC limits on anomalous quartic gauge couplings

First LHC limits on aQGCs CMS PAS FSQ-12-010

First limits on anomalous quartic gauge couplings (CMS) from exclusive or
quasi-exclusive ( “inelastic” or “proton dissociative”) W W~ production
8 w— v W=
pp — pHWTW—p) — pGItpi—pp*)
vy = WTW= = Itol v
Y wt 7 w+
@ both very forward-scattered protons escape detection

@ process characterized by

@ a primary vertex with only one [T1™ pair associated to it

o 0 extra tracks from this primary vertex

o large pair transverse momentum pr(IT17) and invariant mass m+;—

@ exclusive 4™ u~ production used as benchmark to validate efficiency of
vertexing and exclusivity selection, and pileup dependence

A. Vest June 7, 2013 HB2013 19



First LHC limits on anomalous quartic gauge couplings

First LHC limits on aQGCs CMS PAS FSQ-12-010
Y w-— Ww-
@ Event selection:
@ 2 high pr isolated opposite charge ue
o m(pteT) > 20 GeV
pr(pFeT) > 30 GeV v wt+ 7 wt
(SUPPresseS rtro background) CMS Preliminary 2011, {$=7 TeV, L=5.05 fb*
@ no other tracks from primary vertex *2120:“”“”“”“”“”“”“”‘:
@ [ W oa B orell-van ot 1
@ Results (5.05 fb=1, 7 TeV): D100F S ncusveww EEvifacveww |
L — Elasticyy - T 22 Inelastic yy - T'T i
@ 2 events observed go M = Wets ]
@ expected signal: 2.2 +£ 0.5 7 YW
o expected background: 0.84 + 0.13 60~ -
@ total cross-section L ]

o(pp = pIWWp™) — ™) pverp™))

@ measured: 2.1 ffg fb
@ SM prediction: 3.8 + 0.9 fb

4 6 8 10 12 14
N(extra tracks, ey vertex)
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First LHC limits on anomalous quartic gauge couplings

First LHC limits on aQGCs

@ Event selection:

@ Results (5.05 fb=1, 7 TeV):

A. Vest

2 high pr isolated opposite charge ue
m(ute™) > 20 GeV

pr(ptet) > 30 GeV

(suppresses 777~ background)

no other tracks from primary vertex

2 events observed

expected signal: 2.2 + 0.5
expected background: 0.84 4+ 0.13
total cross-section

Events/30 GeV

o(pp = pIWWp™) — ™) pverp™))

@ measured: 2.1 ffg fb
@ SM prediction: 3.8 + 0.9 fb

June 7, 2013 HB2013

CMS PAS FSQ-12-010

VY ~ W'W (a0W=-2E-4, aCW=-8E-4, A=500Ge

10

v w— v W=
v wt 7 W+
CMS Preliminary 2011, Ys=7 TeV, L=5.05 fo™*
L B
F - Data - Drell-YanT'T
25 - = inclusive w'w B piffractive W'wW"
E — Elasticyy - T'T = Inelastic yy - T'T"
20 | B = wijets
L —yy - W'W (SM)
15:* ey - W'W (@0W=2E-4, aCW=0, A=500GeV)

ol b Sl b b

0 50 100 150 200 250 300
p,(en) [GeV]
20



First LHC limits on anomalous quartic gauge couplings

First LHC limits on aQGCs CMS PAS FSQ-12-010

@ Two dimension-6 terms in effective Lagrangian — parameters a}V, a!V’

@ Limits (95% C.L.) set from number of events with py(pe) > 100 GeV:
lay /A%|/ GeV ™2 < 0.00017

X
ra

0'3 CMS preliminary 2011, s =7 TeV, L =5.05 fb™
L B B

—
w 2 —2 Y 2L T oy 1
lalV /A2|/ GeV ™2 < 0.0006 Lo :
- [ C o 0% |

<

O 151 A ]
AFF = 500 GeV, n=2 — = © ]
(\l< 1; 0.0% ]
< 30 ‘CMS Pvehmmavy?t‘)n‘ﬁﬂ‘k\/‘ L:ﬁ?ﬁ'b‘ ;\O g L s g
C w 2]
3 Mo P © 05¢ wINvleeViy
o 25| = inclusive w'w B8 Diffractive W'W o C |
[ = = . o =
3 Elastoyy - v B Inelastcyy - Tt £ ]
29 e = s E E 3
3] — o WW oM 0.5 E
w 15 oYY+ WW (J0W=2E-4, aCW=0, A=500GeY) ] £ 3
WY~ WW (a0W=-26-4, aCW=-BE-4, A=500Ge\; -1« standard Model -
10| ! E —— CMS 95% C.L. (A =500 GeV) E
-1.5p =
5 ] S OPAL 95% confidence region E

2 e ag?
% 50 100 150 2073 o 1 05 0 05 1
p.(ep) [Ge 2 -2
X aYIn? [GevY

LHC limits two orders of magnitude more stringent than LEP combined limit
(corresponding to one order of magnitude better sensitivity in A)
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Prospects for WW/WZ/ZZ scattering at high energy at the LHC

Prospects for VBS at high energy at the LHC

Vs = 14 TeV CERN-ESG-005, ATLAS-PHYS-PUB-2012-005

— VBS centre-of-mass energy of ~ 1 —2 TeV

@ unitarization only guaranteed for explicitly included resonance(s) at unique

values of the coupling g arXiv:0806.4145
| J=0 J=1 J=2
I=0 o? (Higgs) W (v'/Z") 1Y (Graviton?)
I=1 7t 7% (2HDM?) pE, % (w'/2) at,a’
I=2| ¢FF 6%, ¢ (Higgs triplett?) tFE 1 E 0

@ unitarization with k-matrix method
@ new physics signal in this study: anomalous VBS ZZ resonance f*
= Four lepton final state ZZjj — llijj:
o exactly four selected leptons: two opposite sign, same flavor pairs

@ at least two selected jets with m;; > 1 TeV
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Prospects for WW/WZ/ZZ scattering at high energy at the LHC

Prospects for VBS at high energy at the LHC

Vs = 14 TeV CERN-ESG-005, ATLAS-PHYS-PUB-2012-005
— VBS centre-of-mass energy of ~ 1 —2 TeV
@ signal: anomalous VBS ZZ resonance [V (m =1 TeV,g = 1.75,T = 50 GeV)
= Four lepton final state ZZjj — llijj:

o exactly four selected leptons: two opposite sign, same flavor pairs

@ at least two selected jets with m;; > 1 TeV
8 2‘2‘0; = ""ATLAS Préiiminary’ .SM w 1 8 _ T 7 ATLAS Prelimindry Wsuw ]
E 0F (Simulation) E| uE.l (Simulation) ]
200F E 4 w ]
o Ldt=3000f0" [ |Nenwv E L dt = 3000 fb b
160E Z o fes Z o vfes
140? 7(g=1.75) 7; (@=1.75) 1
1205 E ]
1005 E :
80E E E
60E E
40 E
20F E
0 05 1 15 2 25 3 35 4 45 5 03 0.4 0506
leading m; [TeV] m, [TeV]
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Prospects for WW/WZ/ZZ scattering at high energy at the LHC

Prospects for VBS at high energy at the LHC

Vs = 14 TeV CERN-ESG-005, ATLAS-PHYS-PUB-2012-005
— VBS centre-of-mass energy of ~ 1 —2 TeV
@ signal: anomalous VBS ZZ resonance [V (m =1 TeV,g = 1.75,T = 50 GeV)
= Four lepton final state ZZjj — llijj:

o exactly four selected leptons: two opposite sign, same flavor pairs
@ at least two selected jets with m;; > 1 TeV

@ statistical precision for cross-section measurements in the signal-enhanced
kinematic region of my; > 200 GeV:

@ 30% with 300 fb~!
e 10% with 3000 fb~!

@ statistical precision on the SM contribution for my4; > 500 GeV:

e 45% with 300 fb~!
e 15% with 3000 fb~!
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Prospects for WW/WZ/ZZ scattering at high energy at the LHC

Prospects for VBS at high energy at the LHC

Vs = 14 TeV CERN-ESG-005, ATLAS-PHYS-PUB-2012-005
— VBS centre-of-mass energy of ~ 1 —2 TeV
@ signal: anomalous VBS ZZ resonance [V (m =1 TeV,g = 1.75,T = 50 GeV)
= Four lepton final state ZZjj — llijj:

o exactly four selected leptons: two opposite sign, same flavor pairs
@ at least two selected jets with m;; > 1 TeV

@ sensitivity for 300 fb~!and 3000 fb~!:

Myesonance  Coupling  width 300 fb~! 3000 fb—!
500 GeV g=1 I'=2GeV 240 7.50
1 TeV g=175 T =50 GeV 1.70 5.50
1 TeV g=25 T =100GeV 3.00 9.40

@ signal chosen is a hard benchmark, sensitivity higher for other resonances
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Summary and outlook
Summary and outlook

e WW, WZ and ZZ measurements continue to improve

@ cross-sections measured: no significant deviations from the SM
@ limits set on aTGCs: TGCs show no deviations from the SM

(Massive) vector boson scattering measurements started

@ cross-section measurements
@ set limits on aQGCs

First LHC limits on aQGCs (vyWW): ~ two orders of magnitude more
stringent than LEP limits

More results on full 8 TeV dataset to come

Probing WW/WZ/ZZ scattering at LHC at high energy (14 TeV) promising:

@ at a VBS centre-of-mass energy of ~ 1 — 2 TeV it will be possible to
experimentally probe the SM nature of EWSB, complementary to direct Higgs
measurements

@ increase of significances for VBS anomalous resonances with high luminosity
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Analysis Dataset Reference
ATLAS ZZ — Ul 20 b~ 1, 8 TeV ATLAS-CONF-2013-020
WZ — lvll 131, 8 TeV ATLAS-CONF-2013-021
WW +WZ — lvjj 471, 7 Tev ATLAS-CONF-2012-157
ZZ — U, vy 46fb~1, 7 Tev arXiv:1211.6096
WW — lvlv 46fb~ 1, 7 Tev arXiv:1210.2979
WZ — il 461, 7 Tev EPJC 72 (2012) 2173
vector boson scattering 300, 3000 fbfl, 14 TeV ATLAS-PHYS-PUB-2012-005
CMS vy = WW — evuv 5.05fb~ 1, 7 TeV CMS-PAS-FSQ-12-010
WW — lvlv and ZZ — ULl 3.5and 5.3 fb_l, 8 TeV arXiv:1301.4698
ZZ — Ul 5.0 fb~ 1, 7 Tev JHEP 1301 (2013) 063
WW + WZ — lvjj 5.0 fb~1, 7 TeV EPJC 73 (2013) 2283
WW — iy 4.9 fb~1, 7 Tev CMS-PAS-SMP-12-005
WZ — vl 1171, 7 Tev CMS-PAS-EWK-11-010
Both vector boson scattering 300, 3000 fb_l, 14 TeV CERN-ESG-005
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Analysis strategy

@ Common characteristics:

small cross-sections

high pr isolated leptons (electrons or muons)

ET'*® due to neutr

inos from W decays

two forward jets for WW/WZ/ZZ scattering processes

@ Common backgrounds:

o WHjets/Z+jets: data driven methods to estimate backgrounds from jets
mis-reconstructed as charged leptons or Einiss
e tt and single top: estimated using data driven backgrounds

( ‘ Jjet
) _ q b
MA(F) :

V
w ]
0000000000000 [
? W &
g _ Vv
et .
/ J 1 b et

e (massive) diboson production: estimated from MC
e other backgrounds: Zv, W~, ZZZ, ZWW: estimated from MC

A. Vest

June 7, 2013 HB2013
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Analysis strategy

@ Cross-section measurements
o fiducial phase space: event yields at final selection, correct for efficiency
@ extrapolation to total phase space: additionally correct for acceptance
Npassed _ Ngenerated fid

Oey = Nobstbkg o _ Nobstbkg C _
fid c-L ’ tot A-C-L-BR> Ngenerated fid ' Ngenerated all

Ngps: number of observed events passing the selection

kag: number of estimated background events

L: integrated luminosity

C': efficiency correction factor in the fiducial volume

A: kinematic and geometric acceptance from the total phase space to the fiducial phase space
BR: branching ratio of bosons decaying to leptons

@ Extraction of exclusion limits:

@ we can use the impact of anomalous couplings on both production rate and
event kinematics to set limits
@ various scenarios assumed:

@ aTGC: equal couplings scenario, LEP scenario, HISZ scenario
@ aQGC: electroweak chiral Lagrangian / effective field theory approach
@ unitarization method
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W Z — lvjj

Vs J Ldt measured cross section (pb)  theory (pb)  reference

ATLAS  7TeV  47fb~! 72 £0(stat):15(sys)£13(MC stat)  63.4 +2.6 ATLAS-CONF-2012-157
CMS 7 TeV 501 68.9 18.7(stat)£9.7(sys) £ 1.5(lumi) 65.6 +2.2 Eur.Phys.J. C73 (2013) 2283
S . >
@ WW/WZ — lvjj signal also established & 1800017 g 47 " —~-oua
o Fs=7TeV Mottt
. . < 160007ATLAS Prelimi tEsingle-t
@ one high pr isolated lepton 2 14000 reiminary mmwz. e
. = WIZ + jets
° EZFISS> 25/30 GeV (5 12000 hed vz

W1 (ep) v +2jets

e exactly two jets with pr > 25/35 GeV 10000)
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Backup
Phase space

Fiducial volume used in the generator level study quoted in this talk

... to suppress V' — jj diagrams which are not contained in the NLO
calculation

@ Leptons:

o phr > 10 GeV
° [m| <5

@ Jets:

Pl > 20 GeV
Injl <5
|[AR(j7)| > 0.4
mj; > 150 GeV
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Event displays

Two candidate vy — WTW ™ — [Tl v events:
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