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Motivation for Electroweak (Di)Boson Studies

® (Di)Boson production cross ® Anomalous Gauge Couplings
section measurement: (aGC)
o Test of SM electroweak theory o aGC modifies total cross sections
and perturbative QCD at TeV and kinematics
scale o An effective Lagrangian featuring
o lIrreducible background to Higgs such couplings can be
(WW,ZZ, Zy) constructed and tested

o Sensitive to new particles
decaying to dibosons

o Small cross sections O(1-100 pb)




(D) Boson Analysis Overview

Leptonic decay channels

Standard Model Total Production Cross Section Measurements  swws: iacn 2014

Experimental signature: T ]
o isolated high p; leptons voET ATLASPrefminary  Run 1 VE=7.8TeV 3
o EJSSif v present o b At S
o Jets (for some study) B B cew
® Common backgrounds: Top, 0
V+jetsly, other diboson 5 e | ]
processes w ¢ o
o Data driven used where possible ; | _-_J'-_.._ﬁ :
® Focus on summary of recent v -
results using 8 TeV datasets o ]
o 7 TeV in backup slides
o Selections, major backgrounds,
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WZzZ — lvll

(13 fb1,8 TeV)

Main Selection Cuts:

o Z:

- 2leptons, p; > 10 GeV
- |My — My;| <10 GeV

o W:

. 3dlepton, p;r > 20 GeV
. EMSS > 25 GeV

- M;>20GeV

Major backgrounds: Z+jetsly, Top, ZZ
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Main Systematics:_Reco acceptance, BG, luminoisity
Measured total cross section:

owz = 203108 (stat) 12 (syst)* 57 (lumi) pb

SM: oy, (NLO) = 20.3 + 0.8 pb

o in common fiducial volume provided as well
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77 — I

(20.3 fb1,8 TeV)
Main Selection Cuts: Measured total cross section:
e 4leptons, py > 7 GeV - 077 = 7.1135(stat) + 0.3(syst) + 0.2(lumi) pb
eadin
e Trigger matched lepton: p;/*“™ > 25 GeV s aWZ(NLO) = 7.2133 pb (both Z's in mass window)
e 66 GeV < M;;< 116 GeV (each pair) o in common fid. vol. provided as well
Major backgrounds: Z+jetsly, Top, ZZ
220 TT T T |-\ T \Jl\ll\ L L L L S B AT"_AS Prelir‘ninary | ! |NLOQCD(IMCFM,CT1O.O):
%' L ‘ ‘ - & I PP ZZ (pP) (66<m <116 GeV) |
9.200_‘ ATLAS Pre!lmlrr_ary . ‘ - N 77 (pp) (66<m, <116 GeV)
: ] o - e T
2180 - 3 +Data & 2
E ok uzz—mm E 10 = =
T SRR . - e ]
% 140 "“E'-‘,"*:‘J.Ldl_EOfb E - e -
€ R ] - ]
= : Lite 0 ys=8TeV 1 N i
S1200 e LT LHC Data 2012 (1s=8 TeV)
-l B e N B O ATLAS ZZ-> Il (66<m <116 GeV) L=20 fb" —
2100 a-'n-‘u't-fg A - v CMS ZZ- il (60<m<120GeV)L —53fb"
— = l;'“..':.. - ., N
T TLE T "_' 3 o oo ] 1 — LHC Data 2011 (1s=7 TeV) e
S T i = = o ATLAS ZZ-s Il(ilivv) (66<m <116 GeV) L=4.6 fb"
- . bt -rmremsm=merss=asme= N - .-' Y CMSZZ- Il (60<m <120 GeV) L= 5.0 fb 7
60 o S ‘;.:'; ) - ~ : Tevatron (Vs=1.96 TeV) ]
T R ] B ® DO ZZ- liivv) (B0<m,<120 GeV) L=8.6 b .
SLIEA S O R - A CDF ZZ ll{livv) (on-chell) L=6.0 b -
.'..\??|.‘.y-...1|.‘.|‘..\.‘|‘..|‘..\.‘;: e L
200 40 60 80 100 120 140 160 180 200 220 0 2 4 6 8 10 12 14
Subleading Lepton-Pair Mass [GeV] \s [TeV]


https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555
https://cds.cern.ch/record/1525555

Vector Boson Scattering

V'V — VV provides insight into EWSB mechanism, access to quartic couplings
Electroweak VVjj production: Strong VVjj production:

o0 e e
S =

Experimental signature
(W*W* example):

tagging jet (4)

* Same sign WW channel has
the lowest QCD background.

tagging jet (3)




WEIW=jj - llvjj

(20.3 fb1,8 TeV)

Main Selection Cuts: Expected S/B: 0.9
e 2 same-sign lepton, p; > 25 GeV Main Systematics: WZ/y+jets, norm. theo. unc., JES
o M;>20GeV Measured EW fiducial cross section:
o |M, —My|>10GeV e j; = L3+ 04(stat) £ 0.2(syst) fb
Sl oS ey sM: a2, +  (NLO) = 0.95+0.06 fb
* &r e_ » N0 b-Je . 1st evidence (3.60) for EW W*W1jj production
e M;;>500 GeV; |A)’jj| > 2.4(VBS region only)  access to WWWW vertex, set 15t limits on aQGC parameters a, & as
Major backgrounds: prompt [ (WZ/y+jets), & T T T T T T T T
i i _ - ATLAS Preliminary
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e E 203fb"\s=8TeV S?siyncenainty 1 - K-matrix unitarization -
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/ — 4l

(7 &8 TeV)

® The Z - 41 production was first observed at the LHC by both ATLAS and
CMS along with the Higgs boson discovery in the 41 decay channel
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/ — 4l

(7 &8 TeV)

® Measurement approaches:

o Measure inclusive 4l production cross-section at the Z resonance, i.e.
the non-resonance 4l events are treated as signal

—> cross section measurement will be less depending on theory
interpretation

o In determination of Z - 41 decay branching fraction, the non-resonance
41 contribution is subtracted and the resonance 4l event yield is
normalized by the Z - uu with the same dataset

® Experimental Challenges:

o The Z - 4l process is dominant by low mass m3, and low p; leptons
(the p; -ordered 4™ leptons)

o Need to detect low pr leptons
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/Z - 4l

(7 &8 TeV)

Main Selection Cuts:

e 4leptons, pr > 4/7 GeV (ule)

o pr™ 520, 15, 8/10 GeV

o M;,>20GeV, M3,>5 GeV

(] 4e,4[.l: Mll> 5 GeV

e 80GeV < M,<100 GeV

Major backgrounds: VV, Z+jets, Top
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Measured total cross section (8 TeV, M;+,- > 5 GeV):
0741 = 107 £ 9(stat) * 4(syst) + 3(lumi) fb
SM:0;_4;(NLO) = 1048+ 2.5 fb

Measured branching fraction (7 & 8 TeV):

Iy-41/Tz = (3.20 £ 0.25(stat) + 0.13(syst)) x 107°
SM prediction: (3.33 + 0.01) x 107°

T ‘ T T T T ‘ T T T T
qa— 292" = et
Ns=7TeV
m(e'e, ntuw) > 4 GeV
POWHEG

inclusive

do/dm, [fb/GeV]

t-channel only
i 1] L L L L L L L ‘ L L L L ‘ L L L L ‘ L L L 1
0 50 100 150 200 250

m,, [GeV]



http://arxiv.org/abs/1403.5657v1

(20.3 fb1,8 TeV)

Zjj sets constraint on QCD modeling with VBF topology, sets limits on WWZ couplings

Electroweak Zjj production: Strong Zjj production: Diboson Zjj production:

7

q ¢ q Woe q

noe

2 interferencg

5 fiducial regions: different sensitivity to EW Zjj Composition (%)
o

. . H H 'y
Search: Optimize for EW,,Z] J .. Process baseline high-pr search control high-mass
® Control: Suppress EW Zjj, evaluate strong Zjj 3 7 " 1
® Baseline: Most inclusive fiducial region trong Z)j 958 940 947 960 85
® High-mass: ij >1 TeV Electroweak Zjj 1.1 2.1 4.0 14 12
. i1 7 Ja WZ and ZZ 1.0 1.3 0.7 1.4 1
® High-p;: py'/p;? > 85/75 GeV -
. . . tt 1.8 2.2 0.6 1.0 2
The last 3 regions are chosen with looser selection Single & 01 01 “01 <01 “o01
to study inclusive Zjj production. The last 2 regions I\;niﬁ :P o 0 0l 0o o
are useful to probe the impact of the EW Zjj e ' S ' =Y
WW, Wjets <01 <01 <01 <11 <0.1

Major backgrounds: tt
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Z

(20.3 fb1,8 TeV)

. . |7t
Main Selection Cuts:  phlae =
| | + || + |7 | o
Object baseline high-mass search control high-pr
Leptons | <247, p& > 25 GeV
Dilepton pair 81 < myy < 101 GeV
Pl > 20 GeV _
Jets || < 4.4, AR;; > 0.3
P > 55 GeV P > 85 GeV
p¥>¢15 GeV F’¥>75 GeV
Dijet system — mj; > 1 TeV mgj > 250 GeV —
Interval jets A“:‘FQ’TP =0 d-‘\.'jiatp =1 —
Zjj system panee < 015 | ppteee? < 0.15 —

Main Systematics: JES, JER

Measured fiducial cross sections:
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A

(20.3 fb1,8 TeV)

Extracted EW Zjj cross sections (fit M;; in search region): Main Systematics: JES, JER,
o7f] = 54.7 £ 4.6(stat)*3§,(syst) + 1. 5(luml) fb sig. modeling, bkg Modeling,
SM: O'Z” Y(NLO) = 46.1 + 0.2(stat)*J3(scale) + 0.8(PDF) + 0.5(model) fb  sig/bkg interference

oz}; ( ;> 1TeV) = 10.7 + 0.9(stat) £ 1.9(syst) + 0.3(lumi) fb

SM:ay/] (NLO)( ;> 1TeV) = 9.38 £ 0.05(stat)*33 (scale) + 0.24(PDF) + 0. 09(model) fb

The background- onIy hypotheS|s IS rejected at > 50 significance. °!;, - ' § ‘qu,
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[Ldt=203" CJOC0Zi [ —.— “ Powheg Zj (QCD + EW)
Vs=8TeV 55‘;“ 10 - - - Powheg Zj (QCD)
@ Top ; .
10°E -
g s
6 ATLAS  TTTTTTmETTet
07E [Lai-203 1"
F 1s=8TeV
I baselineregon ~  ==esfesess
10'75_ L | ! L I
S 8
" 1sE TR e
100 150 200 250 300 350 400 E — WN%**# PO
Leading jet P; [GeV] E i
aTGC A =6TeV (obs) A=6TeV (exp) A =oc (obs) A=oo (exp) gle ¥ 1 R —
o L ) A
Agrz  [-0.65,0.33] [-0.58, 0.27]  [=0.50, 0.26] [—0.45, 0.22] I e e e e
Az [—0.22, 0.19] [-0.19, 0.16]  [-0.15,0.13] [—0.14, 0.11] e o 200

m; [GeV]


http://link.springer.com/article/10.1007/JHEP04(2014)031

Summary

® Cross sections:
o Compatible with SM expectations
o Differential cross section probe MC modelling

® aGCs:
o Competitive limits obtained
® Plans:
o 8 TeV publications in preparation for all VV
o Working towards combination across channels (& experiments)
o Need for coherent NLO+PS MC for all analyses; NNLO QCD, NLO EW
o VBS/VBF cross sections will rise a lot with the increase in energy
o 13/14 TeV data will allow measurements of new rare processes, probe

NP
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W)y, Z(l/vv)y

Main Selection Cuts:
e Common:
AR(l,y) > 0.7 to surpress FSR photon
1 isolated photon, EY. > 15 GeV
o Wy(lvy):
1 lepton, py > 25 GeV
EMiss > 35 GeV, My > 40 GeV
Mgy, — My| > 15 GeV
o Zy(lly):
- 2 opposite charge lepton, M;; > 40 GeV
o Zy(vvy):
. EY>100 GeV, ETsS > 90 GeV
AP(EFHSS,y) > 2.6, Ap(EFHSS, jet) > 0.4

Major backgrounds: W+jets, y+jets, ZII

(4.6 fb1,7 TeV)

Measured total cross section:

O_ext—ﬁd [pb] P —fd [pb]
Measurement MCFM Prediction
J!I'\rjlalt :_> U
ery 2.74 £ 0.05 (stat) £ 0.32 (syst) = 0.14 (lumi) 1.96 £ 0.17
vy 2.80 £ 0.05 (stat) £ 0.37 (syst) £ 0.14 (lumi) 196 £ 0.17
bury 2.77 £ 0.03 (stat) = 0.33 (syst) £ 0.14 (lumi) 1.96 £ 0.17
ete™y  1.30 £ 0.03 (stat) £ 0.13 (syst) £ 0.05 (lumi) 1.18 £+ 0.05
ptu~ 132 £ 0.03 (stat) £ 0.11 (syst) £ 0.05 (lumi) 1.18 £ 0.05
(67~ 1.31 + 0.02 (stat) &+ 0.11 (syst) £ 0.05 (lumi) 1.18 £+ 0.05
vy 0.133 £ 0.013 (stat) = 0.020 (syst) £ 0.005 (lumi) 0.156 + 0.012
Njet =0
ery 177 £ 0.04 (stat) £ 0.24 (syst) £ 0.08 (lumi) 1.39 £ 0.13
iy 1.74 £ 0.04 (stat) £ 0.22 (syst) = 0.08 (lumi) 1.39 £ 0.13
Loy 1.76 £ 0.03 (stat) = 0.21 (syst) £ 0.08 (lumi) 1.39 £ 0.13
ete”™y  1.07 £ 0.03 (stat) £ 0.12 (syst) £ 0.04 (lumi) 1.06 + 0.05
ptp~y  1.04 £ 0.03 (stat) £ 0.10 (syst) = 0.04 (lumi) 1.06 £ 0.05
Ty 1.05 £ 0.02 (stat) £ 0.10 (syst) = 0.04 (lumi) 1.06 £ 0.05
vy 0.116 £+ 0.010 (stat) = 0.013 (syst) £ 0.004 (lumi) 0.115 + 0.009
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W)y, Z(l/vv)y

(4.6 fb1,7 TeV)
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WW - lvlv

(4.6 foL,7 TeV)
Main Selection Cuts: Major backgrounds: V+jets, Top, VV
e 2 isolated opposite sign leptons Expected S/B: 2.3
leading/ sub-leading > 25/20 GeV . o ..

* pr Pr N Main Systematics: Jet Veto Efficiency
* My = M| > 15/10 GeV (SF/OF) Measured total cross section:
® Erge > 45/25 GeV (SF/OF) oww = 51.9 + 2.0(stat) + 3.9(syst) + 0.9(lumi) pb
* Jetveto SM: gy (NLO) = 44.7+21 pb
o pit>30GeV ww 1.9

> oo T T  95%C.L imits from WW production |
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WW/WZ — lvgq’

(4.6 fb1,7 TeV)

Main Selection Cuts: (electron)
e 1lepton, pr > 25 GeV

E;ﬂiss > 30 GeV
v > 40 GeV

AnGtj?) <15

2 jets, p;eading/p;ub—leading > 30/25 GeV

A(,b(E"”SS, j')>0.8, AR(j1,j?) > 0.7,

1000
% L [Ldt=4.71b"
800 [\s=7TeV
(‘IU - ATLAS Preliminary
‘D" 600

400

200

I-J—.—'-I[lll]\lll

W= l(e,u)v + 2 jets

.L1100. -

50 200 250
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Expected S/B: 0.027

Major backgrounds: V+jets
Main Systematics: MC stats, JES, W/Z+jets norm.
Measured total cross section:
oww+wz = 72 + 9(stat) + 15(syst) + 13(MC stat.) pb
SM: oy +wz(NLO) = 63.4 + 2.6 pb
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r 280 ET [GeV]

p*u'jj Candidate Event

m;i=2800 GeV |Ayfj|=6.3 :220

- 160

~ 100

Run Number: 207490, Event Number: 33152138

Date: 2012-07-26 04:16:35 UTC

5/6/2014 H. Feng, Univ. of Michigan



CMS Experiment at LHC, CERN
Data recorded: Thu Oct 27 17:10:24 2011 EDT
Run/Event: 180076 / 456795917

Figure 5: Event display of a typical event from the peak at the Z boson mass.

Z— 4l Candidate Event Display




