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Introduction
Diboson and electroweak physics at the LHC

@ diboson and electroweak (EW) physics:

o test of the electroweak sector of the SM at the TeV scale
@ sensitive to anomalous ( = non-SM) gauge couplings
— new physics in EW sector
e important/irreducible background to Higgs and beyond-SM searches
— precise knowledge of cross sections and kinematic distributions needed
@ evident prerequisite for vector boson scattering measurements

@ leading order diagrams for electroweak diboson production:
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Introduction

Electroweak diboson production at the LHC

proton - (anti)proton cross sections
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Diboson production

Z7Z% — 111l and llvv

® two (ITI7ITI7) or one (IT17wv) total cross sections
.OppOSIte_Slgn Sam.e_ﬂavor. hlgh pTY ,‘ ‘A‘TIIA‘S ‘F'rn‘elir“nir;a;y‘ rrrrr ‘NI‘.O‘QC‘D(‘MC‘FN‘LC‘TI‘OD‘):
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Vs JLdt measured total cross section (pb)  theory (pb)

7TV 46f7 ! 6.7 £ 0.7(stat) IO 3 (syst) £ 0.3(lumi) 5.8010-22
8Tev  20f~ 1 7.1 10 (star) + 0.3(syst) £ 0.2(lumi) 72703
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Diboson production

WZ — vl

@ 3 high pr, isolated leptons total cross sections
e L L L B0 B
® 1 opposite-sign lepton pair forming 8 [ ATLasPreiminay e ]
Z within 81 GeV < mz < 101 GeV gg ______________ i
© y NLO QCD (MCFM, CT10)
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Vs JLdt measured total cross section (pb)  theory (pb)

7Tev 461 10.0 T]5(stat) £ 0.9(syst) £ 0.4(lumi) 176 T1°0

8Tev 131 20.3 T0-8(stat) 112 (syst) TO 7 (1umi) 20.3 + 0.8
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Diboson production

WW — lvilv

T T T T T
ATLAS — Monte Carlo (MC@NLO)

< F B
@ tight event selection needed 8 098 pawaon 57wy o oun E
. o E B + Stat Uncertainty E
against background: < o025 ij:4.e fo Full Uncertanty =
. . . 8 E 3
@ two opposite-sign high pr % 0-021{_‘_ =
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@ measured cross section slightly 5§ 1Fe=—e——¢ —. E
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larger than the SM prediction S %% w0 e e 10 i3 a0 ! 350
Leading lepton p_ [GeV]

NG JLdt measured total cross section (pb) theory (pb)

7TeV 4.6fb~1 51.9 + 2.0(stat) + 3.9(sys) + 2.0(lumi) 447731
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Diboson production

W Z — lvjj

@ WW/WZ — lvjj signal also established

> 1sooo}del:4.7fb4 e Data
e one high pr isolated lept @ 1o000 18- 7 TeV
gh pr Isolated lepton v 16000?ATLASP | fissingle-t
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Vs [Ldt measured cross section (pb)  theory (pb)

7 TeV 471 72 £ 9(stat) + 15(syst) £+ 13(MC stat) 63.4 + 26
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Diboson production

example: W~ — lvy:

@ final states: lvy, IT17y and vy
. .

g
I(l,v) 2 10i ATLAS Ty ki
! - E Bl 3F i &
| E JLdt:A.eib‘ R
Py r e
T 1 wermev
) g|° E [0 Data 2011 (inclusive) [ Data 2011 (Exclusive)
q v(l,v) 1] 1o [ —&— SHERPAx 1.0 (Inclusive) —— SHERPA x 1.0 (Exclusive) o
. . E —A— ALPGEN x 1.5 (Inclusive) —a— ALPGEN x 1.5 (Exclusive) o @ =
@ one hlgh ET isolated phOtOn F —8— MCFM (Inclusive) e —=— MCFM (Exc\uswe;cus ) """‘E!th
10'2 L 1 1 L
@ isolated high pr lepton(s) d 2F @ . T3
Il o E 3
ST PSP SRS S 2 S O SR
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@ AR(y,l) > 0.7 to suppress =k . ‘ . E
FSR photons o2 2F
8ls E
miss 8|8 ! i,.,‘,,;
@ ER'S > 35/90 GeV (lvy/vvy) = oE
7 TeV, 4.6 fb—1
Jjet multiplicity channel measured cross section (pb) theory (pb)
inclusive (Njet > 0) lvy 2.77 £ 0.03(stat) £ 0.33(syst) £ 0.14(lumi) 1.96 + 0.17
inclusive (Njey > 0) 1t~ 1.31 + 0.02(stat) + 0.11(syst) + 0.05(lumi) 1.18 + 0.05
inclusive (Njey > 0) vy 0.133 + 0.013(stat) + 0.20(syst) + 0.005(lumi) 0.156 + 0.012
exclusive (Njep = 0) lvy 1.76 £ 0.04(stat) & 0.24(syst) £ 0.08(lumi) 1.39 £0.13
exclusive (Njey = 0) 1t 1.05 £ 0.02(stat) 4= 0.10(syst) =+ 0.04(lumi) 1.06 £ 0.05
exclusive (Njey = 0) vy 0.116 £ 0.010(stat) £ 0.13(syst) £ 0.004(lumi) 0.115 £ 0.009
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Electroweak Zjj production

Electroweak Zjj production new!

@ EW Zjj production, /s = 8 TeV, [Ldt = 20.3 fb~*

vector boson fusion (VBF): non-resonant [T~ jj

similar to VBF Higgs production Z bremsstrahlung: production:
sensitive to aTGC
q q L q q
z
ite z Hoe
W P z et
q g q q
= 10 aaas T T T T T T T ™3
¢ =3 E oo ATLAS 3
N r - 1]
@ opposite-sign same-flavor lepton pair °© L . ILdt}ZO:beV ]
. . S= e
within 81 GeV < mz < 101 GeV 1 L —
@ > 2 high pr jets E ¢4 3
@ inclusive Zjj production: measurement of _1' ® Data 2012 i
fiducial cross sections in 5 phase space regions 10 £+ Powheg (Zjj) + Sherpa (VZ) ¢4 3
with different sensitivity to the EW component = | ,F~
g s T
@ search regions: m;; > 250 GeV & 1 TeV Sle 0.9f N
and jet veto on additional jets in the rapidity 08 J
interval between the two tag jets baseline  high P, search control  high mass
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Electroweak Zjj production

Electroweak Zjj production

T
ATLAS

> 3
[} |
@ EW Zjj component extracted using 2 10f jrazaat
. Te) - 7
a 2-component template fit to the S L = search region 7
m;; spectrum, signal template by =g 102§ ~ . E
. E - =
SHERPA EW Zjj Monte Carlo e —t
. . 10 —— =
@ background-only hypothesis rejected E - Data(2012) — :1:$ E
F — ]
with significance above the 50 level g T Beerownd —+
E — Background + EW Zjj —+ 13
. . . 2| 50 ‘ ‘ : : ==
@ Bayesian unfolding to particle level: e 1 N $++ ..... E
normalized differential cross sections %‘3 055 —+ #‘ E

@ fiducial cross sections in search regions %E X S,
(theory prediction from POWHEG): Of [ unconstrained E

500 1000 1500 2000 2500 3000 3500
m; [GeV]
OEW,measured (Mj; > 250 GeV) = 54.7 £ 4.6(stat) f‘?‘oi(syst) 4 1.5(lumi) fb
Otheory (Mj; > 250 GeV) = 46.1 % 0.2(stat) 753 (scale) & 0.8(PDF) + 0.5(model) fb
OEW,measured (Mj; > 1 TeV) = 10.7 £ 0.9(stat) £ 1.9(syst) & 0.3(lumi) fb
Gtheory (M > 1 TeV) = 9.38 4 0.05(stat) 7525 (scale) 4 0.24(PDF) £ 0.09(model) fb
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Anomalous triple gauge couplings

Anomalous triple gauge couplings (aTGC)

W W z V=2~
(a)TGC (a)TGC aTGC (not in SM)
Z/y w Z/y
w Z Z

@ beyond SM physics modeled by effective Lagrangian with anomalous TGC (aTGC)
parameters (in red) which are zero in the SM
@ charged aTGC: WIWV
o from WW, WZ, W~, and EW Zjj ( ) measurements

L . ” . ix
o SWWV — g (WLWHVY — WIEVLWH) +iky Wi W, VI + ;—QV‘;W;L#W#V”

@ 5 parameters: Ag? (= g7 — 1), Az (= kz — 1), Ay (= ky — 1), Az, Ay
@ neutral aTGC: ZZV (not in SM)
@ from ZZ and Z~ measurements

o Lzzv =i (F OV VV?)Za(0725) + I (9°Vou) 217 Z5)

@ 8 parameters: hY, hY, fV, f¥
@ avoiding unitarity violation via dipole form factors F(s) = m

(A: scale above which unitarity is violated)
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Anomalous triple gauge couplings

aTGC results

One- and two-dimensional 95% confidence intervals for aTGC:

@ example: limits from WW

I T T T T T
Phys.Rev. D87, 112001 (2013) 95% C.L. limits from WW production
— ATLAS (4.6 b, A<6 TeV)
bebed ATLAS (4.6 VEJ' A=)
= r r 0 T T . T T Ak, L 1 ovs
ATLAS N5 =7TeV < ATLAS \E=7TeV < ATLAS \E=7TeV b L
0.1 LEP Sconario + LEP Scenario . 0.1} LEP Scenario A —_—
Pty Juessm 02f et Jressw g P Juesom

(Y
N
~

\
i
il

ol 4 01 0.1 1 Agf :V ‘
‘ ) 03, e . : 3 - | | I N I I
0.1 0.1 N 2 0.1 0.1 AKOZZ 0.1 0.1 N 06 04 02 0 02 04 06
° : first ever limits at a hadron collider from VBF Z (from m; > 1 TeV):

arXiv:1401.7610

aTGC A =6TeV (obs) A=6TeV (exp) A=o0(obs) A=o0/(exp)

AgZ [—0.65, 0.33] [-0.58, 0.27]  [-0.50, 0.26] [—0.45, 0.22]
Az [—0.22, 0.19] [-0.19, 0.16]  [-0.15, 0.13] [—0.14, 0.11]

— TGC consistent with the SM
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Vector boson scattering

Vector boson scattering (VBS)

@ vector boson scattering at the LHC at high energy (14 TeV) is the key
process to experimentally probe the SM nature of EWSB

triple and quartic gauge vertices

LA X
L

Higgs exchange and Higgs production via

vector boson fusion (VBF)

@ final state: diboson + > 2 jets (V'V3)

@ sensitive to anomalous quartic gauge couplings (aQGC)
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Vector boson scattering

Prospects for VBS at /s = 14 TeV

@ /s = 14 TeV— VBS centre-of-mass energy of ~ 1 — 2 TeV
@ signal: anomalous VBS ZZ tensor singlet resonance [

— 2 opposite sign, same flavor lepton pairs, at least two jets with m;; > 1 TeV
— signal chosen is a hard benchmark, sensitivity higher for other resonances

Mresonance  coupling  width 300 fb=1 3000 fb~!
500 GeV  g=1 I'=2GeV 2.40 7.50
1 TeV g=175 TI'=50 GeV 1.70 5.50
1 TeV g=2.5 I' =100 GeV  3.00 9.40

ATLAS Prellmlnary .SM w
(Simulation)

J. L dt=3000fb" Non-vv

Diboson

ATLAS Preliminary ISM w
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_I. L dt=3000 o™

Entries
n
n
o
Entries

Non-vv
Diboson

; SMWV +
1.0 TeV Res
‘(g=175)

; SMWV +

'é‘ 'é‘

o
3
<
3

(g=1.75)

A L A R A e
\\u\\mhu\m\m\m\m\m\m\m\mf
o b S b b

15 2 25 3 35 4 45 5 02 03 04 0506 1
leading m, [TeV] my [TeV]
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Triboson production

Triboson production at /s = 14 TeV: Zvvy

=
Q
@
2
<
w

A. Vest

2 opposite charge, same-flavor high pr
leptons in Z window

2 photons, well separated

one lepton and one v with pp > 160 GeV
(improves aQGC sensitivity)

ff\i'g: anomalous quartic gauge coupling
parameters

expected sensitivity to anomalous Z~~
production at /s = 14 TeV, quoted in
5o-significance discovery values:

300 fb~' 3000 fb~!
frs/A* 0.9 TeV™* 0.4 TevV—*
fro/A* 2.0 TeVv™* 0.7 TeVv™*

AR N RN RS RAARN R RN AN RARE
ATLAS Simulation Preliminary
8- f,/A*=0.4TeV"
—8-SM
—o-2Zyd
z

j Ldt =3000 fb™*
V5= 14TeV

[P
84 25 26 27 28 29 3 3.1 32 33 34
1og10 M(I"yy) [GeV]

o 10FT T T T

- £ ATLAS E

8 °F Simulation E

.S 8F Preliminary E

E 7K —3000 o' 7

@ 6 —300 b
5 ]
4 E
3= E
2 E
1 E
o L

L L
1 05 0 0.5 1
fr/ A (Zyy—ITyy) [Tev]
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Summary and outlook

Summary and outlook

@ electroweak diboson measurements continue to improve

@ cross sections measurements: no significant deviations from the SM

— measurement of fiducial and total (ZZ, WZ, WW) cross sections
— unfolded differential cross sections for all fully leptonic results at 7 TeV

@ TGC consistent with the SM <« limits on aTGC

— sensitivity for aTGC limits expected to increase with increased
centre-of-mass energy and integrated luminosity

@ more results on full 8 TeV dataset to come
° : EW Zjj production measurement, including VBF
@ cross sections measurements and limits on aTGC
@ prospects for VBS and triboson production at /s = 14 TeV:

@ access to quartic gauge couplings
@ increase of significances for anomalous resonances or couplings with high
luminosity
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The ATLAS detector

Tile calorimeters
LAr hadronic end-cap and
X forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

ATLAS Experiment (© 2013 CERN
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A. Vest

Summary of (diboson) cross sections

SM total production cross sections corrected for leptonic branching fractions, compared

to theoretical expectations:

2 105 ATLAS Preliminary
s E 35 pb’1
] - o LHC pp Vs =7 TeV
© B 35 pb Theory
10° :
E O Data (L=0.035-4.6 fb?)
3’ LHC pp Vs =8 TeV
10 Theory
o 5.8 % e Data(L=58-20fb)
B = ® 5.8 fb*
10°E 1.0 fb?t F X
100t = 1310
4.6 ot =
10 a6t ; : 2017}
) 21t |z —=
4.6 fb?
I z it t ww T owz Towte Tozz

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/SM_SummaryPlot/SM_SummaryPlot.png

— no significant deviation from the SM observed
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Analysis strategy

@ Common characteristics:

small cross sections

high pr isolated leptons (electrons or muons)
ER'* due to neutrinos from W or Z — vv decays
two forward jets for VBF Z process

@ Common backgrounds:

o W-jets/Z+jets: data driven methods to estimate backgrounds from jets

mis-reconstructed as charged leptons or E1"*°

e tt and single top: estimated using data driven backgrounds

/ : et
N . q b

74 7 (o v

q B — ( V ) w* —

# 2000000000000 {

_ -
—— > - /

i % Jet q :

¢

b \jet

@ (massive) diboson production: estimated from MC

A. Vest
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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

Ofd = =

Nobstbkg o _ Nobstbkg C _ Npassed A _ Ngenerated fid
cz  Twt= ACLBR® YT N N

generated fid ! generated all

Ngpg: 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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Electroweak Zjj production new!

Unfolded normalized differential cross section distributions in the search regions:

dijet invariant mass rapidity separation between the leading jets
- 3 = 1 3
SlE Fo— ) Ty bhaoty) | B B ' ' ' ' T ATAS 3
o 193 A\ Sherpa Zjj (QCD + EW) T ¢ —— JLdt=203 10" 7
—— N . 3 —o L oo P (s=8Tev ]
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- Powheg Zjj (QCD) - o — E
E 07
; E + Data (2012)
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search region E - - - Powheg Zij (QCD)
1 1 1 1 - 1 1 1 1
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5|s NS sz F
50 NN s F
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= E E > E E
2 s 12F I E 2 g 12¢ t E
2|8 1B P ! 1 3 B Eres . ¥ ) 1
a E i B! E a E N7, E
0.8 o e 0.8 4
500 1000 1500 2000 2500 3000 0 1 2 3 4

>
=

m; [GeV]
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aTGC results overview

One-dimensional 95% confidence intervals for aTGC:

ATLAS -+ ATLAS, 15 = 7TeV === DO (Wy).\s = 1.96TeV ATLAS ATLAS. 15 7TeV ==-COF. 13- 196 TV ATLAS + ATLAS, 16 = 7TeV ==+ GDF,15.+ 196 TeV

O 2w A=2Tev Py 4sh A= S1m) A= 15TeV Py pp vy 45! 51 A=15TeV

95CL —— ATLAS, 13 =7TeV === DO(WWWZWy), 15 = 196 TeV astcL ATLAS,15=7TeV .= DO, 13- 196 TeV astcL ATLAS, - D0,15- 196 TeV
728 A= 15TeV

48M' A-6TeV  86H'A-2TeV 461", A=3TeV 721" A-15TeV a5t

- LEP e LEP.
T T T " T T T T T

A,
Ak,
1 | - PR P 1 P .| | R Y i - PR PR -
-06 -04 -02 0 0.2 04 06 -0.2 -0.15 -0.1 -0.05 0 0.05 -0.001 0 0.001
Coupling Strength Coupling Strength Coupling Strength
L T T T T T
95% C.L. limits from WW production ATLAS —— ATLAS, (5= 7 TeV.
PRSP
Yo Amasienias i Auas,ven 710 |
Ak, ! Vous oo oF 451" A=2TeV
Va - << COF 15= 196 TeV
WW ————— s ! A% A=2Tev ATLAS
— D0.15- 198 e
—_ atblA-2Tev |
R L S fo|  —cus -y
2 ri Az Wz e — RS, - e
A S— 95%CL. 461" A H

! L !
-06 -04 -02 0 02 04 06

TGC consistent with the SM
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Unitarization

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

@ unitarization by infinitely heavy and wide 1
resonance Ax
k-matrix amplitude: [Ax (s)]2 2222 1
@ allows arbitrary number of resonances with free | > /5
2v 4v 6v

couplings g and free widths I"

@ Unitarization via form factors (e.g. VBEFNLO arXiv:1205.4231)

. . . . . 1
@ regime where unitarity is violated depends on 09+ .
. . 08} Aer
the operators and their coupling strengths ol
— 0.6 F

- — 0.5 F
o energy-dependent form factors Kool
0.3 F
1 0.2 +
_F(S) = - 0.1 F 1
3 2\n L L "
(1 + S/A ) 0 0 2000 1000 6000 8000

. e V5 [Gev]
A: scale above which unitarity is violated
Shape of F(s) with Apgp = 2 TeV
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