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Introduction: Theory — WW Production

* Test of the Standard Model at the highest energies ever

Vs (TeV) | oo WW (pb) | oxLo WW (pb)
7 29.51 47.04 pb (7555)
8 35.56 57.25 pb (T350) | .
10 48.07 78.80 pb (jg_g%) -
14 74.48 124.31 pb (*25%)

« Measurement of the self-interaction boson coupling (TGC) could be a candle of new
physics

Av
Lwwv = igwwyv 9] (WhW™H = WHW VY + ky W, W,V + — - WW, PV
- W

* This process is a background for several analysis

= Precision measurements in the SM (top, Electroweak)

= Higgs (H— WW), SUSY and other New Physics searches

[*]J. M. Campbell, R. K. Ellis and C.Williams, " *Vector boson pair production at the LHC," JHEP 1107, 018 (2011)
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Introduction: Theory — WW Production

*  WW Process: production modes

= Quark — antiquark annihilation: qq — WW (97 %)

u

U W~ A
Z [y
W+ e
s — channel t — channel
=  Gluon — gluon fusion: gg - WW ( 3 %) Suppressed by two
powers of ag
g d W~
—— g
d i T u

~




Introduction: Signal

* Experimental Signature for WW — Illvv. BR (W — Iv) = 0.1080

<
[ 2 hight pT leptons
J

with opposite sign

4 )

Large missing
transverse energy

v MET because of
\undetected neutrinos Y

u [ No hard jet activity

CMS Experiment at LHC,CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST
Run/Event: 142132/92434735

=l

—

* Major backgrounds:

JET *  Others (WZ/ZZ, Wy) from MC

= Drell-Yan, ttbar, tW, W+jets, W+y*

= Estimated from control regions on Data



Selection

Inclusive cross section estimated as:

4 :
e ~N N 4.+,: Data yield
N, .: Expected Background
Tww = [ NData — Nokg ] — Lbk'g InteI:grated lumiiosity
WY Lo - €+ (3- BR(W — 407))? int 0
e: signal efficiency
N / \BR: W — Iv branching ratio
= We need to extract the number of signal events, Ny ., = N, — N,

Try to be as pure as possible, maximal background rejection
Optimized selection to increase signal significance

Four leptonic final states (channels) studied

total |=| ppu |+| pe |+]| eu |+]| ee




Selection

Only 2 high p_ (20 GeV) isolated
leptons with om)osite sign

Reject events consistent
with Z boson mass for SF channels

Require high missing
transverse energy, MET

Veto events with high p_jets (30 GeV)

Veto events with soft muon or
low p_ jets b-tagged

Kinematical cuts
l.e. on D, (1D

SF : Same flavour final state (mm, ee)
OF: Opposite flavour final state (me, em)

Reduce diboson WZ and ZZ
and W+jets and QCD

Reduce Drell-Yan
and peaking WZ / ZZ

[ J
| ]
[ J
[

Reduce top quark backgrounds:
ttbar and single top, tW

and W+jets

Reduce remaining Drell-Yan }
7



Signal Efficiency

4 A
o _ NData. _ kag
W L €] (3 BR(W — ¢0))?

. J

*  We need to measure correctly the efficiency for signal selection
= Estimated from Monte Carlo simulation

= Correct lepton efficiencies on MC with data measurements with scale factors
(identification) or weights (trigger) — Tag & Probe with Z boson

= Estimate also the scale factor the central jet veto (CJV) efficiency

€ = A ) Etrigger * €41 ID+Iso * €£2 ID+Iso * €CIV * €other cuts

e=A- Wirigger * (Weffﬂ " €41 ID+15.:.) ¥ (Wefffz * €42 1D+Isn) ¥ (Sfcw ¥ ECJV) * €other cuts

8



Background estimation

4 A
o _ NData. _ ka
WY L - €+ (3- BR(W — €0))?
\ Y,

* Precise measurement of the backgrounds

= Top processes: ttbar and single-top (tW) )
= Drell-Yan (ee and pp final state) Estimated from Control
. > Regions on Data
" W+jets (Data Driven Methods)
= WHy*
/
3\
= WZandZZ
- Wty > Estimated from Monte
= Drell-Yan (tr final state) Carlo simulation




Background estimation: W+jets

* Fake Rate (FR) method

« Measure, in a QCD data enriched sample, the probability (FR) for a loose lepton object
to pass the tight requirements used in the selection

« Background estimation derived by weighting events in a 'tight+fail ' sample

P N weighting ... I
QCD Data e Data BN e N

Measure 'tight lepton \ . Estimated
"~ Fake Rate > |

FR (py, W+
Ll \ fall lepton / \ Hets /

- T~ _—

CMS preliminary All channels
. 40
* Systematic error 36% S o
351 +8S data =
= Differences in jet composition in the QCD-enriched 20- R E
control region sample and the W+jets in the analysis - E
sample 8 :
£ 20 N 7
= (Closure Test on Same Sign Data events * 151 N\ E
CEE =
o+ N\ E
: " :
obereti L T e
0 20 40 60 BO 100 120 140 160 180 200

leading pT (GeV/c)



Background estimation: Top processes

the WW region

by inverting the veto
« I 1 r r 1 ]
2 [+ data CMS preliminary { ! .
E I W ﬁW’fJ'etS " Lp= :|3.54 ﬂ:?: 1 Data tOp enriched
gop R ] Measure top
1 | | tagging efficiency
20
10} * M

Extrapolate from a control region in Data, enriched in tt/tW,

MWM { l

n HM + T . .
00 0 ” o Estimate efficiency
; Se‘cond‘jetl T‘CI-IIE (nlum‘er:atc‘)r) for tagglng tOp eVel’ltS
3' | date Wt . CMS preliminary 8top
@ v W+jets L=3541" |
= tw [l Z+jets
3 100
+ j( | = Systematic error 18%
50| *Hﬁ | | = Top tagging efficiency
I 1 ]
I ¢ ] - _ :
bt %, Ads. _ tt/tW cross-section
-10 0 10 20

second jet TCHE (denominator)

= Control region statistics

Top reduction: apply soft muon veto and low p; jet top-tagging — tag a soft jet

Measure the efficiency to tag a soft jet on Data and estimate the final top veto efficiency in

y Data \

Control region

\\\Top tagged events

¢ weighting ...

Etop

1-Etop

J

. Estimated
. top events
AN

) >

~__ _—
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Background estimation: Drell-Yan

 Estimate Drell-Yan contribution from a signal-free region (based on m,)

= Estimate the ratio of Drell-Yan events outside/inside

108 IE_' ! T Tt L '_El o
E CMS preliminary 2012 - \?Va\: 3 the Z mass reglon
- Vs=7TeV,L=4.92fb" ] ’ control, MC
10" -:i?zz 3 Rout/in _ Npy
B I Fakes § MC — Nsignal,MC
106 - B Z+jets = oy
i - - . §
F 1 = Count the number of events on data inside
10f L _ that region corrected for:
10° 1 -« 72/WZ (real MET, MC predicted)
10? |;— .
e m m m we ae aw « non-peaking backgrounds as N el data events
GeV
Mo (GeV) k corrected: ; . e
ee [
Nﬁ?‘ntml Nggntrnl
* Extrapolate to the signal region

signal data control,data control,data control MC out/in
NDY _ (NE'E" —k- NEM o NZV ) . RMC

* Systematic error 50%

= Rout/in estimation

= Control region sample statistics 12



Background estimation: Others

W+y*: Use a data driven method to estimate the k-factor to correct for the NLO cross-

section

% [ T T T | T T T T | ]
= Select a pure W+y* region (dedicated cuts to reject © ,_ [~ %%, ZZ  CMS preliminary
back d n 150 F— W+y top & VHets | _ o0 41
o - ' 1
ackgrounds) 5 w2 Vs=8TeV -
Q |

=

Q

" Using the 1*p*u final state a k-factor of 1.5 for the
cross section is found, when comparing SS and OS
number of events on Data

*  WZ and ZZ backgrounds are estimated directly

from MC simulation

m, [GeV]

* The Drell-Yan — Tt is also estimated from MC

= Cross-check result on Data using the embedding method
= Take kinematics from well reconstructed Z(up) events in data

= Replace muons with taus from simulation and repeat reco

13



Systematic uncertainties

* As shown, several sources of systematics considered

= Experimental: order of the few percent (momentum scale, MET resolution, etc ...)
= Theoretical: PDF and higher order corrections (few percent for qq production)

= Major source for WW efficiency is the jet veto uncertainty

= Data Driven methods: from 18 % for Top to 50% for Drell-Yan

=  Luminosity: 4.4% @ 8 TeV (2.2% @ 7 TeV)

qq gg top | Wjets | WZ | Z/yx | Wy | W™ | Z/yx

- W"W- | - W"W~ +Z7 | = if — TT
Luminosity 22 2.2 - - 2.2 - 22 - -
Trigger efficiency 1.5 1.5 - - 1.5 - 1.5 -
Lepton id efficiency 2.0 2.0 - - 2.0 - 2.0 -
Muon momentum scale 1.5 1.5 - - 1.5 - 1.5 -
Electron energy scale 25 25 - - 1.9 - 2.0 -
E?"i-“" resolution 2.0 2.0 - - 2.0 - 2.0 -
Jet veto efficiency 4.7 4.7 - - 4.7 - 47 - - 3
pile-up : 2.3 2.3 - - 2.3 - 2.3 - - g,lvﬁn
top normalisation - - 18 - - - - - - 1n %
W + jets normalisation - - - 36.0 - - - - -
Z/v"*— 71 normalisation - - - - - 50.0 - -
W + 7 normalisation - - - - - - 30.0 -
W + 9" normalisation - - - - - - - 30.0 -
Z/v* — 7T normalisation - - - - - - - - 10.0
PDEs 23 0.8 - - 5.9 - - - -
Higher order corrections 1.5 30.0 - - 3.3 - - - - 14




Results — WW 2011 @ 7 TeV

180 F T T T 1 =

% - CMS preliminary 2012 —- Data é 400 E_ CMS preliminary 2012 —+ Data _E
E 160 1 5o 7 Tev, L= 402 1" — x\z’tzz E 350 |- 5=7TeV, L=4.021b" = :"z"'dz =
S =i | wf e -
120 : H{ e Qms_@sysu : 550 ; + E u?stzns.&) syst.]_i
. . . 100 | . g 1
Dls.trlbutlons .after 8o T + Leadmg pr - 20 ®4  Trajling Pr
signal selection N E wof T oy -
for 4.92 /fb for the of B -.;in E wf 5, -
inclusive final state of e E so- = -
0:' "’*—ﬁh,.en., . 0-“' e L e e ]
% : L + ] § : | 'ir 1
; W »M‘f +t #’ +. * * + & ,1 -t | #3353 ++¢++ * + + "
Backgrounds scaled : H ++ f { | it j
by control regions On OU 20 40 B0 80 100 120 140 16§Tma:8(ﬂée\?}00 00 20 40 &0 BO 100 120 pTrL:_IU(Ge\;]Gﬂ
data estimations
£ ogpFET T T T T T T T T = [T T T T 1 T ]
g L cms preliminary 2012 —#- Data ] “E 140 |~ CMS preliminary 2012 -+ Data -
5 " (5=7TeV,L=492 0" v 5 f5=7TeV,L=4921" ww
z 200__ -g?zz . z - -;\;szfzz
- B Z+jets ] - [ | ;f::: -
150 - [] o (stats® syst) ] 100 :_ [] o (stats® syst.)
—- DEIIEI i{ 80 [~ %
WW 100 —i"\- Dilepton pT -] 60| i. H’t mll I
W WZ+22Z % ] of eSS b4 '
+ o T E - I AR .
: ., ] % SIS SO,
Top 0 R — obt
% 2 r . % 2 i | ]
Fakes F ettt L :: BN AT RN "+++ it
1 T4ﬂ*3++++++ +a..¢. +++ {. ,,,,,,,,,,,,,,,,, ,L 4 ..+,,*+ ++.+"+*+ +#‘.+ B +++"‘_'

Z+jet : ' ' _
- +I E 5 040 60 BO 100 120 140 160 180 200 0 4] 20 40 60 80 100 120 140 160 180 200

P (GeV) M,, (GeV)




Results — WW 2012 @ 8 TeV

Distributions after
signal selection
for 3.54 /fb for the
inclusive final state

Backgrounds scaled
by control regions on
data estimations

—&- Data

B Wz +22
Top
Fakes

B Z+jets

entries / 5 GeV

data / prediction

entries / 5 GeV

data / prediction

— T T T T T
[ data [ Z+jets CMS preliminary
200 __ wWw Wjets L=35401" —_
data-driven normalization
-l top i
B 7] stat @ syst
150 |~ + _
- Leadingp-
100 5, Leading p
50 |- F -! " N
4 n ]
L = b, -
- —#tee n
0 I - .‘”‘m.
2 |
15F »
E 7 1
1F Z” t*d&‘//g//,*“‘+++(%?/% i_
05 F % + e
0 = L
0 50 100 150
max [GeV]
B — T T T T T
I e data [ Z+jets CMS preliminary
Ww W+jels . L=3.5.40Tb" ]
| . v top data-driven normalization
7] stat @ syst
200 (- - i
i Dilepton py
100 + _|
L —
e
WaaVg
L B +
0 P I = == =~ =
2
15 F
1 ;— B WW(/M W T ;.'//
05 F e
0k s s . .
40 60 80 100 120

Py [GeV]

entries / 5 GeV

data / prediction

entries / 5 GeV

data / prediction

400 —
& data [ Z+jets CMS preliminary
WW Wajets L=35407"
- . Vv top data-driven normalization ]
300 B [7] stat @ syst _]
-
200 * 7 |
- % Trailing p; |
-— E
. |
100 |- —+ —
I pases s =
i — == .
0 — +i-EEI_
2 E T T ]
15 F .- E
1 — s g f;//i _+__+sz 7 —#
20 40 60 80
prn [GeV]
L L R B S B A B
| = data [ Z+jets CMS preliminary |
I W Wijets L=3s400” |
150 . vV top data-driven normalization ]
L stat @ syst i
100 |- +
_ mll |
50 ; $ Mf&; -
T :
[ e ***Mﬁ et
0 L L NI B S S|
2 F 3
1.5 — + +
13 +¢f*m”» s gt ot %/
05 F +
0 £
] 50 100 150 200
m, [GeV]
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Results

Results for 7 TeV with 4.92 /b

Sample Yield =+ stat. & syst.
go — WHW- 46.0 £ 0.6 + 14.2
qq — WTW~ 7509 + 4.1 +53.1
tt +tW 1285+ 1284+ 19.6
W+jets 59.5+39 4214
WZ+727 294+04+£20
Z/v* 11.0+£514+26
Wy 188 +28+4+47
Z/y* =TT 0.0+1.0+£0.1
Total Background 24714+ 14.6 +29.5
Signal + Background | 1044.0 +£15.2 4+ 62.4
Data 1134

52.4 + 2.0 (stat.) + 4.5 (syst.) + 1.2 (lumi.) pb

Theoretical: oy, = 47.0 £ 2.0 pb [*]

Results for 8 TeV with 3.54 /fb

sample yield =+ stat. + syst.
gg—WW 433+ 1.0+134
qq—WW 640.3 £ 49 +47.4
tt + tW 131.6 £12.7 £19.5
W + jets 60.0 £ 4.3 +21.6
WZ + 77 274+05+29
Z/vy" 42.5+6.0+99
Wy + Wo* 13.6 24443
total background 2752 +149+31.2
signal + background | 958.8 + 15.7 & 58.3
data 1111 £33

69.9 + 2.8 (stat.) + 5.6 (syst.) £ 3.1 (lumi.) pb

Theoretical: oo = 57.3 N 12g pb [*]

17

[*]J. M. Campbell, R. K. Ellis and C.Williams, " *Vector boson pair production at the LHC," JHEP 1107, 018 (2011)



Results — CMS & ATLAS

s WW (pb)

D. Evans @ HCP2012

—W— CMS (7 TeV, 4.92 fb™)

S MCFM (7 TeV)

—w— CMS (8 TeV, 3.54 fb")

—- ATLAS (7 TeV, 4.6 fb™)

80

70+

60

50~

40

. MCFM (8 TeV)

T T I T

~ CMS-SMP-12-005 -7TeV |
| CMS-SMP-12-013 -8TeV |
- ATLAS: arXiv:1210.2979

A=

R m\\ m\\\\\

@ @ I @ il il It
AN N

|||};/A/'||||||||||

N\ \\\\\\ NN \&*

*  Both CMS and ATLAS observe an excess above theoretical prediction

= Difference between 8 TeV result and theory value is (22 + 13)%

18



Results — CMS & ATLAS

U Results
i) oGpoWWxBeh | SWNLO |
ATLAS 7TeV 4.6 51.9 4+ 2.0(stat.) + 3.9(syst.) +2.0(lumi.) 44, 7+§3
CMS 7TeV 49 52.4 + 2.0(stat.) + 4.5(syst.) + 1.2(lumi.) —
CMS 8TeV 35 69.9 £ 2.8(stat.) £ 5.6(syst.) + 3.1(lumi.)  57.3%%%

0 Systematics (~8%)
— Jet Veto efficiency (major), lepton, ET'5oy, lumi

e e e ——————————————

A proposal for BSM interpretations of this discrepancy:

chargino production and leptonic decay

1.5-20 off

Feigl, Rzehak, Zeppenfeld, arXiv:1205.3468

* Understanding these excess from SM will rely on M.L. Mangano @ HCP2012

= Proving that the SM predictions are accurate
= Increase the statistics and reduce the systematics

* Missing some WW contributions at higher order?
= Double-parton-scattering, Diffraction, yyproduction ...
* Missing backgrounds?

= Could be introducing the observed bias

19



Conclusions

The cross section for the WW process was measured in the fully leptonic final state for
the full 2011 dataset at a center of mass energy of 7 TeV and for the first 3.54 /fb 2012

data at 8 TeV

Oyw = 52.4 = 2.0 (stat.) £ 4.5 (syst.) + 1.2 (lumi.) pb

Oy = 09.9 + 2.8 (stat.) + 5.6 (syst.) + 3.1 (lumi.) pb

CMS-SMP-12-005
CMS-SMP-12-013

The value for 7 TeV is 1-0 deviated from the theoretical prediction of 47+2.0 pb
+2.0

For 8 TeV, more than 1-o deviated from the prediction of 57.3 - 1-6 pb

Need to understand these excess: ongoing

Benchmark analysis for the Higgs searches in the H — WW channel

= Fully understanding of the main irreducible background

= Validity of the methods

20



Back-up slides
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Results — CMS & ATLAS

® Understanding whether indeed these are departures from the SM wiill
rely on

® proving that the SM (~QCD) predictions are accurate
® increasing statistics
® reducing systematics

® |mproving QCD predictions requires better theoretical calculations, but
needs data to be validated --- else you won't believe the predictions!

® Efforts to improve SM predictions will pay off regardless of whether the
current discrepancies are confirmed or not!

® For example, the precision Higgs physics programme will require better
QCD modeling:

® The discovery did not rely on MCs, but the measurements will.

M.L. Mangano @ HCP2012

22



Signal Efficiency: Jet Veto

We measured the jet veto efficiency on Data events and compare with MC

Select a clean Z sample

= Do not apply MET cuts

=  Look at the Z boson mass window

Jet veto efficiency for signal on Data events

_ MC data MC
" Eyw T Eww (82 /ez)

Scale factor found to be near to one

= Assign a systematic on the measurement

23



Signal Efficiency: Jet Veto Systematics

s At . _ MC data /o, MC
- Jetveto efficiency: ¢, =€, (,/¢e,™)

- We studied the theoretical uncertainty from the ratio e /e '

= Vary the normalization (uR) and factorization (uF) scales by 0.5 and 2 times nominal

e Take ratio of maximum WW and minimum Z and vice versa wrt nominal

* The systematic for jet veto efficiency

is 4.6% for 30 GeV jets based on MCFM

24
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