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The Particle Flow algorithm

* Attempt to reconstruct all stable
particles in an event

* Information from sub-
detectors is combined in best
possible way

* List of particles is returned

Muon

= Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

a
=
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s CERN,
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Primary vertex Missing Transverse Energy
* The one with at least 4 associated tracks and the sum * Energy scale correction

of their p# is highest
* |z|<24cm, p < 2cm

* Cut based shower shape and isolation ID

Fortde flow foletr
U

* ID efficiency 80%, veto ID efficiency 90%
* Particle flow based relative isolation

* Anti-k; Particle flow jets with AR = 0.5

* Charged Hadron not from PV removed

* Cut based ID. ID eff. 80%, veto ID eff. 20%

* Particle flow based relative isolation with EA
correction

* Jet Energy Correction N
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[ Signal region only ]

lywy — (i1 + yi2) /2.0] < 0.6,
] ]
| AP, dijet| > 2.6,

Ag(j1,j2)| > 2.4.

Vs

Base-line selections ]

r

HCAL
deposit Charged hadron
L
ECAL deposit | [}
o M;j; > 700 GeV,
L ]
Photon
Neutral hadron
Figure from Florian Beaudette’s (LLR) talk
c c fil 2
Single lepton trigger pr > 40, pJT = 30 GeV

Lepton, photon ID and isolation
Second lepton veto

Muon (electron) pr > 25(30) GeV,
W transverse mass > 30 GeV

Et > 35 GeV

M,y — Mz| > 10 GeV (electron channel)

7| < 2.1(2.4)

| <47, [n?| <47

[Apj1g,| > 0.4, |Adjp 5, | > 0.4

B quark jet veto for tag jets

Dijet pair invariant mass M;; > 200 GeV
Photon pr,, > 22 GeV, || < 1.44

tﬁRﬂ, &R}h-r, tﬁRﬂ', &RFT > 0.5




Electron mis-identification background can be suppressed
by using the selection [ M, - M| > 10 GeV Ordered with decreasing
Electron channel only size of the backgrounds

Using data to
reduce the large
theoretical

with
one jet

uncertainty in the with one ief being mis-
identified as

an electron

normalization of : :
being mis-

background identified

*  WH+jets/multijets with one jet fakes a photon

* y+ijets with one jet fakes an electron

*  QCD Wy+tijets normalization determined in a Mjj control region with 200 GeV
< Mjj < 400 GeV )

Other processes are taken from simulation, e.g. dibosons, single top, ttbar

Base-line selections are considered to ensure the quality of final state objects.



Estimation of photon contamination background

0 Photon contamination rate
v" Template sample used
for the calculation

v" Fake photon fraction
D(QCD onl
(FF) = (@ > Y)

O Normalizing a photon like
jet sample according to the
fake FF

v’ Scale factor (p)) =

D __ D(QCD only)
PLJ] events ~ PL J events

FF *

The normalized photon like
jet sample provides photon
contamination background
for any kinematic
distributions.

Fake fraction

Charged isolation

Tight Photon

o .
A _ C mm
B D(QCD only)

Uncertainty estimation
* Systematic uncertainty from charged
isolation sideband and shower shape.
* From 13% at p¥~25 GeV to 54% at p¥>
135 GeV



ytijets to electron contamination

» The shape of missing transverse energy is

used to extract the electron
contamination rate. A data-based
sample is normalized according to this
rate. Similar as the estimation of photon
contamination.

» The contribution of this background is
negligible in the signal region but is
important for QCD Wy+jets estimation
in the Mjj control region.

Electron contamination background uncertainty
* Statistical uncertainty:16.7%
* Systematical uncertainty: 5.2%

QCD Wy+tjets Mjj control region

* 200 GeV < Mjj <400 GeV

* Base line selections

Muon channel
normalization scale factor: 0.772+0.048

Electron channel
normalization scale factor: 0.773+0.055

Theory K-factor from VBFNLO: 0.93 + 0.27

QCD Wy+jets uncertainty

e Normalization uncertainty
6.2%(muon) / 7.1%(electron)
s Systematic uncertainty on the

extrapolation from low Mjj to high Mjj




Theoretical uncertainty
PDF unc. CTEQ 61, 1 central + 20
pairs; 2.8%.
Scale unc. Obtained by varying the
central scale with a factor of 0.5 or
2, the closure results in a 20%
uncertainty.

Jet energy scale and Jet energy

resolution uncertainties
Jet p from simulation smeared to
describe the data
Propagated to Mjj shape

Luminosity 2.6%
Generator level cuts 1%

PU Modeling 1%

Jet anti-b tag uncertainty
Scale factor 96.6% for combined
secondary vetex algorism, with 2%
uncertainty.
This uncertainty is propagated to the
signal region and leads to 8.3%
uncertainty for the tty process and
22.6% uncertainty for the single top
process.
The effects on other processes are
negligible.

Photon energy scale 1%
Trigger 1%

Lepton RECO/ID efficiency Scale
factor 2%

N d

—



19.7 fb' (8 TeV)
T I T T T T

Events / bin

- Data

WCOCD Wy + Jets
I Fake photon

Bl Z7 and dibosons
@ Top

19.7 ' (8 TeV)
T I T T T T

mACD Wy + Jets
m Fake photon

1 Fake electron

W £y and dibosons

To -
E EWK Wy+2lets

Events / bin

EWK Wy+2Jets |

& Uncertainty Band |

Data - MC
uncertainty

7000

M, (GeV)

Comparison between predicted and observed Mjj distribution in
muon (left) and electron (right) channels
The uncertainty band combines both statistical uncertainty and

e Uncertainty Band

FTITETR T I TR T TRTH)

data s Lot

Data - MC
uncertainty

systematical uncertainties



Upper limit on the signal strength
* Using binned Mjj shape for limit

calculation
* Full CLs construction

O CMS-NOTE-2011-005 (2011)

-- Expected significance —

1.
-- Observed significance —
2.

50

70

Process Muon channel Electron channel
EWK-induced Wv+2jets 5.8 +£1.8 38+1.2
QCD-induced Wry+jets  11.2+3.2 10.3+3.2

W +jets, 1jet — v 3.1+0.8 22+06

MC tty 1.2+0.6 04+0.2

MC single top quark 0.54+0.5 06+04

MC WV, Vs twojets 0.3 10.2 03402

MC Zry + jets 024+0.2 03+£0.2

Total prediction 221+£38 179+3.5

Data 24 20

-- Best fit signal strength —

N

1]

=1.78%

0.99
0.76

(68% CL.)

Observed limit
(95% CL.)

Expected limit 2.0
(median)

Expected limit 3.5
(10)

Expected limit 6.1
(20)

11



From signal strength to cross sections:

Tfiducial region = Ogenerator * [ * €generated to fiducial

A 4.8% interference effect is not included
as uncertainty, since there is a large
correlation with the scale uncertainty.

Fiducial region definition

o Pl =30 Gev, |y1] <47,

o P2 =30 GeV, 2| <47,

o M >700GeV, |Ay(j,j)| > 24,
ph >20GeV, |5'| <24,

o pl >20GeV, 7| < 1.4442,

The normalization of QCD signal is o 1 >20GeV,
changed to use NLO/LO correction factor. e AR;j, AR;j, AR, AR;, > 0.4.
Ttems EWK measurement EWK+QCD measurement
i 178702 099707

EWK fraction (search region) 100% 27.1%

EWK fraction (fiducial region) 100% 25.8%
Observed (Expected) significance 2.67(1.52) ¢ 7.69(7.49) o
Theory cross section (fb) 6.1 = 1.2 (scale) £+ 0.2 (PDF) 23.5 + 6.6 (scale) &= 0.8 (PDF)
Measured cross section (fb) 10.8 &= 4.1 (stat.) = 3.4 (syst.) £ 0.3 (lumi.) | 23.2 &= 4.3 (stat.) = 1.7 (syst.) &= 0.6 (lumi.)

Good agreement with theory predictions.
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We consider an effective field theory
with SU(2)Q@U(1) gauge symmetry
linearly realized and with higher

dimensional operators containing
pure quartic couplings.
Reference: arXiv:hep-ph/0606118

A change of selections for the aQGC
study

. p¥ > 200 GeV

. 3’]1 3’]2

lywy — | <1.2, |An;;|>2.4

Likelihood based statistical study

fm.esi — —21}1[:(?&5{';9)

= -2*ANLL;
ANLL = L(minimize(9)) — L(best fit)

Events / 28.6 GeV

CMS prellmmary [Ldt=197fb" Vs=8TeV

—&— Data

= Sum of backgrounds
=r=r= Signal, AQGC=0 (SM)
EILTE Signal,f“-’!\‘=44 Tev*
Signal uncertainty
l:l Background uncertainty

L] el

60 80 100 120 140 160 180 200 220 240
Pl [GeV]

Comparison of predicted and observed

distributions with electron and muon
combined channels. The last p¥¥ bin has been
extended to include overflow contribution.

N
L(A,0) = norm(O)lPoisson(Nl S+B)IHP(p¥’w,A)
n
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October 2015 CMs —

ATLAS  1— Channel Limits JLdt s
fo /A" F-—-4 WVy [-7.7e+01,8.1e+01] 193" 8 TeV
— Zy [-7.1e+01, 7.5e+01] 19.7fb' 8 TeV
[T Wy [-7.7e+01, 7.4e+01] 197" 8 TeV
=1 ss WW [-3.3e+01,3.2e+01] 194 "' 8 TeV
Il YY->WW  [-1.5e+01,1.5e+01] 51! 7 TeV
v YY->WW  [-4.6e+00, 4.6e+00] 19.7fb' 8 TeV
figs A [P I WVy [-1.3e+02, 1.2e+02] 193 fb' 8 TeV
—————i Zy [-1.9e+02, 1.8e+02] 19.7f"' 8 TeV
| ——1 Wy [-1.2e+02, 1.3e+02] 19.7fp' 8 TeV
1—1 ss WW [-4.4e+01,4.7e+01] 194" 8 TeV
Foeeeed yv—=WW  [-5.7e+01,5.7e+01] 51" 7 TeV
11 Yy—>WW  [-1.7e+01,1.7e+01] 197 "' 8TeV
g /A° [, 1 Wyy -2.5e+02,2.5e+02] 20.3fb"' 8 TeV
—1 Zy [-3.2e+01,3.1e+01] 197" 8 TeV
|- Wy -2.6e+01, 2.6e+01] 19.7fb' 8 TeV
fua /A BT T T I Wryy -47e+02,44e+02] 203" 8TeV
— Zy [-5.8e+01,5.9e+01] 19.7f' 8 TeV
— Wy -4.3e+01, 4.4e+01] 19.7"' 8TeV
fs /A — Wy -4.0e+01, 4.0e+01] 19.7fb"' 8 TeV
fis /A° — Wy [-6.5e+01, 6.5e+01] 19.7fb' 8 TeV
fue /A 1 I Wy [[1.3e+02, 1.3e+02] 19.7f' 8 TeV
F—1 ss WW [-6.5e+01,6.3e+01] 194" 8TeV
fy /A - = Wy [-1.6e+02, 1.6e+02] 19.7fo"' 8 TeV
| 3 T 1 | ss wWwW [-7.?e+01, 6.6e+01] 119.4 fo! 8 TeV
L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1
-500 0 500 1000 1500

aQGC Limits @95% C.L. [TeV™]

WVy CMS: Phys. Rev. D 90 (2014) 032008
same sign WW: Phys. Rev. Lett 114 (2014) no. 5, 051801
VBS Zy: CMS-PAS-SMP-14-018
Exclusive yy — WIW CMS: JHEP 07 (2013) 116
WYy ATLAS: Phys. Rev. Lett. 115 (2015), no. 3, 031802
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ATLAS Channel Limits Jit s
fro /A" reemeemecemaecenaaas | Wryy [-1.6e+01, 1.6e+01] 20.3fb" 8 TeV
=== mmmmmmmememeemememm—naas 1 WVy [-2.5e+01,2.4e+01] 19.3fb"' 8TeV
— Zy [-3.8e+00, 3.4e+00] 19.7fb' 8TeV
by Wy [-5.4e+00, 5.6e+00] 19.7 fb"' 8 TeV
—_-l ss WW [-4.2e+00, 4.6e+00] 19.4fb"' 8 TeV
tr /A — Zy [-4.4e+00, 4.4e+00] 19.7fb' 8 TeV
e Wy [-3.7e+00, 4.0e+00] 19.7fb" 8TeV
1—1 ss WW [-2.1e+00, 2.4e+00] 194! 8TeV
N [ — Zy [-9.9e+00, 9.0e+00] 19.7fb" 8 TeV
— — Wy [-1.1e+01, 1.2e+01] 19.7fb" 8 TeV
b= —= ss WW [-5.9e+00, 7.1e+00] 19.4fb" 8 TeV
fr5 /A — Wy [-3.8e+00, 3.8e+00] 19.7fb' 8 TeV
N — Wy [-2.8e+00, 3.0e+00] 19.7 fo' 8 TeV
N I 1 Wy [-7.3e+00, 7.7e+00] 19.7fb"' 8 TeV
! ! | I ! ! | I I ! ! ! ! I

0 50 100

aQGC Limits @95% C.L. [TeV™]

WVy CMS: Phys. Rev. D 90 (2014) 032008
same sign WW: Phys. Rev. Lett 114 (2014) no. 5, 051801
VBS Zy: CMS-PAS-SMP-14-018

Exclusive yy — WIW CMS: JHEP 07 (2013) 116
WYy ATLAS: Phys. Rev. Lett. 115 (2015), no. 3, 031802
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Summary

@ Significance wrt no EWK signal is found to be 2.7 o, the cross
section in the fiducial region is measured to be 10.8 1+ 4.1
(stat.) & 3.4 (syst.) £ 0.3 (lumi.) fb, being consistent with the
standard model predictions.

@ The cross section measured with only non-WYy plus two jets
contribution as background is 23.2 + 4.3 (stat.) = 1.7 (syst.)

0.6 (lumi.) fb, which is consistent with the SM EWK+QCD
prediction.

@ Experimental limits on dimension eight anomalous quartic

gauge couplings fM,O—7/A4 ' fT,o—z//14 , and fT,5—7//14 eli=
set at 95% confidence level.

€@ We will be able to measure the process more precisely using
the 13 TeV data.
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Observed Limits

Expected Limits

77 (TeV™7) < famo/A* <74 (TeV ™)
-125 (TeV™) < fann /A% < 129 (TeV™H)
26 (TeV™*) < fan /A% < 26 (TeV ™)
43 (TeV ™) < fua/A* < 44 (TeV ™)
-40 (TeV™*) < faa/A* < 40 (TeV ™)
65 (TeV ™) < fms/A* < 65 (TeV ™)
129 (TeV™?) < fme/A* < 129 (TeV™H)
164 (TeV™Y) < far /A% < 162 (TeV™H)
5.4 (TeV™) < fro/ A* < 5.6 (TeV™?)
B7(TeV™h < fri/A* <40 (TeV Y
A1 (TeV™) < fra/ At <12 (TeV ™)
3.8 (TeV™) < frs/A* < 38 (TeV™?)
2.8 (TeV™) < frg/A* <3.0(TeV™?)
73(TeV™) < frp/A* < 7.7 (TeV™H)

-47 (TeV™") < fmo/ A* < 44 (TeV ™)
72(TeV™) < fan /A <79 (TeV™)
16 (TeV™4) < fan/A* < 15 (TeV ™)
25 (TeV™) < faa/ At <27 (TeV ™)
23 (TeV™4) < fa/A* < 24 (TeV ™)
-39 (TeV™) < fus/A* <39 (TeV )
77 (TeV™4) < fme/ A <77 (TeV™)
99 (TeV™*) < far/ A < 97 (TeV ™)
-3.2(TeV ™) < fro/A* < 3.4 (TeV™?)
22(TeV™?) < fri/A* < 2.5 (TeV )
6.3 (TeV ™) < fra/A* < 7.9 (TeV™?)
23 (TeV™) < frs/A* < 2.4 (TeV™?)
1.7 (TeV™) < fre/A* < 1.9 (TeV™H)
44 (TeV™) < fr7/A* <47 (TeV™H)
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Symmetries and Particle content

Effective field theory with SU(2)®U(1) gauge symmetry implemented

for high order operators

Linear realization of the gauge symmetry implements the “pure”
quartic couplings with dimension 8 and higher dimension operators

Reference: arXiv:ihep-ph/0606118, different convention with the

VBFNLO

The LM5 operator in the reference
is not hermitian, we have got
confirmation from the authors. We
also thank Mr. X. Wang, Y. Zhang
for helping with the cross check.
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