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= WW production at LHC

= WW event selection

= WW cross section measurement

" Sources of systematic uncertainties

= WW normalized differential cross section
" Search for aTGC
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W+*W- production

qgq>WW LO diagram qq->WW LO diagram gg>WW NLO diagram
t-channel s-channel (~3 % contribution)

TGC vertex

Cross section available at NNLO QCD [1408.5243]
* ~7% higher wrt NLO

* The gg 2 H 2> WW is considered as background (only 3% of
expected signal yields)

W*W:- production cross section larger than W*Z and ZZ production
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Irreducible background to new physics searches and Higgs analyses

Sensitive to new physics: probe the presence of aTGC
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Higher order corrections

* Lots of theoretical interest in previous discrepancy,
particularly wrt jet-veto efficiency [1407.4481] [1407.4537]
* The 0-jet (or 1-jet bin) veto applied in this analysis makes the

kinematical distributions particularly sensitive to higher-order QCD
corrections

* We reweight p(WW) of the qq > WW MC to a NLO+NNLL p;
resummation calculation = correlated with jet veto

* Compare to latest NNLO cross-section
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Event selection 9

* Data: 19.4 fblat 8 TeV

* The fully-leptonic (ee/pp/ep) final state
* 2 leptons with P;>20 GeV and |n| < 2.4 (2.5) for pu (e)
* real MET from the neutrinos

q

* Selection optimized to enhance ratio signal / background

* Tight lepton ID/Isolation W-lv + jets
(jet>fake lepton)
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Event selection 9

* Data: 19.4 fblat 8 TeV
* The fully-leptonic (ee/pp/ep) final state

q

* 2 leptons with P;>20 GeV and |n| < 2.4 (2.5) for pu (e)
* real MET from the neutrinos

* Selection optimized to enhance ratio signal / background

Tight lepton ID/Isolation W- v + jets
(jet>fake lepton)

events outside Z mass window

min(proj. MET, proj. Track MET) > 20 GeV Z->11 + jets

Dedicated MVA to further reduce off-peak (fake MET)

contribution
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Event selection 9

* Data: 19.4 fblat 8 TeV

* The fully-leptonic (ee/pp/ep) final state
* 2 leptons with P;>20 GeV and |n| < 2.4 (2.5) for pu (e)
* real MET from the neutrinos

q

* Selection optimized to enhance ratio signal / background

* Tight lepton ID/Isolation W-lv + jets %
(jet>fake lepton) éﬂ

* events outside Z mass window :z;
« min(proj. MET, proj. Track MET) > 20 GeV Z->11 + jets a
 Dedicated MVA to further reduce off-peak (fake MET) ©
contribution 5
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* Apply top-veto based on jet b-tagging and tW and ttbar g
soft muon tagging production ©
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Event selection 9

* Data: 19.4 fblat 8 TeV

* The fully-leptonic (ee/pp/ep) final state

* 2 leptons with P;>20 GeV and |n| < 2.4 (2.5) for pu (e)
* real MET from the neutrinos

q

* Selection optimized to enhance ratio signal / background

* Tight lepton ID/Isolation W-lv + jets %
(jet>fake lepton) éﬂ

* events outside Z mass window :z;
« min(proj. MET, proj. Track MET) > 20 GeV Z->11 + jets a
 Dedicated MVA to further reduce off-peak (fake MET) ©
contribution 5

(a

C

* Apply top-veto based on jet b-tagging and tW and ttbar g
soft muon tagging production ©

Reject events with a third lepton passing
identification requirements
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WW selected events

The events are analyzed in four exclusive categories
Separated between different- and same-flavor leptons
Separated between events with 0 or 1 reconstructed jet with E; > 30 GeV

. CMS Preliminary 19.4 fb’! (8 TeV) CMS Preliminary 19.4 fb (8 TeV)
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WW production cross section

* Ndata - kag

L = luminosity, 19.4 fb!
L-e-(3-B(W— KU))2 « ¢ =signal efficiency

B (W-1v) = branching ratio to
leptons, 10.80 £ 0.09%

Ndata — kag

OW+W—- —

Results per channel

Event category WTW™ production cross section (pb.)
Oiet cateco Different-flavor 59.7 1.1 (stat.) £ 3.3 (exp.) £3.5(th.) = 1.6 (lum.)
) 8°TY  Game-flavor 64.3 4 2.1 (stat.) & 4.6 (exp.) & 4.3 (th.) £ 1.7 (lum.)
Lot cat Different-flavor 59.1 + 2.8 (stat.) & 6.0 (exp.) £ 6.2 (th.) = 1.6 (lum.)
JEt CAtEEOTY  game-flavor 65.1 4 5.5 (stat.) & 8.3 (exp.) & 8.0 (th.) £ 1.7 (lum.)

Combined by performing a profile likelihood fit
ow+w- = 60.1 £ 0.9 (stat.) = 3.2 (exp.) = 3.1 (th.) = 1.6 (lum.) pb.
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* The result is below one standard deviation of the NNLO theoretical
prediction of +1.3
59.8+13 pb
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Sources of uncertainties

Source Uncertainty (%)
Statistical uncertainty 1.5
Luminosity 2.6
Lepton efficiency @
Lepton momentum scale 0.
E%‘-‘iss resolution 0.7
Jet energy scale 1.7
tt+tW normalization 2.2
W + jets normalization 1.3
Z/v*— {*{~ normalization 0.6
Z/v* — 17T normalization 0.2
W+ normalization 0.3
W7 * normalization 0.4
V'V normalization 3.0

H — WW normalization

Jet counting theory model
PDFs

MC statistics
Total uncertainty

* Total uncertainty ¥8%

e Systematics limited result

* Main uncertainties
o 4.3% jet counting
o 3.8% lepton efficiency
o 2.6% luminosity
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WW fiducial phase space

* Measure “fiducial” cross section to minimize the
dependence on theoretical prediction, especially that
related to the requirement on the number of
reconstructed and identified jets

* Two WW fiducial phase spaces

—— — e

| @ No jets with |n| < 4.7 and a given minimum jet p;
and prompt leptons with pT > 20 GeV and |n| < 2.5
* Prompt leptons before final state radiation
* Leptons from t decay not considered
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WW fiducial cross section

Measured in the ep and O-jet category

Results in fiducial phase space @)

p’{ft threshold (GeV) 0ojet measured (pb) Oojet predicted (pb)
20 36.2 0.6 (stat.) £ 2.1 (exp.) = 1.1 (th.) £ 0.9 (lum.) 36.7 £ 0.1 (stat.)
25 40.8 £ 0.7 (stat.) £ 2.3 (exp.) £ 1.3 (th.) £ 1.1 (lum.) 40.9 £ 0.1 (stat.)
30 440+ 0.7 (stat.) £2.5 (exp.) £ 1.4 (th.) £ 1.1 (lum.) 43.9 + 0.1 (stat.)

> For ajet p;>30GeV: 1.6% (stat) 5.7% (exp) 3.2% (th)

Results in fiducial phase space 2)
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Pk threshold (GeV) Tojet,W—s £, measured (pb) Tojet, W £y Predicted (pb)
20 0.223 =+ 0.004 (stat.) = 0.013 (exp.) = 0.007 (th.) = 0.006 (flum.) 0.228 + 0.001 (stat.)
25 0.253 =+ 0.005 (stat.) = 0.014 (exp.) = 0.008 (th.) = 0.007 (lum.) 0.254 + 0.001 (stat.)
30 0.273 =+ 0.005 (stat.) = 0.015 (exp.) = 0.009 (th.) = 0.007 (lum.) 0.274 + 0.001 (stat.)

> Forajet p;>30GeV: 1.8% (stat) 5.6% (exp) 3.2% (th)
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WW normalized differential cross section

 Measured in the ep and O-jet category. Fiducial phase space 2)

* Data-background unfolded (SVD method), tested to be
independent of the MC used (Powheg, Madgraph, MC@NLO)
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Anomalous triple gauge couplings

Use only the O-jet bin q Z/y

Owww, Ow, Op

Look for TGC deviations from the SM

If the scale of New Physics is large
enough, it can be described by an

CMS Preliminary 19.4 b (8 TeV)
T T | T T T T T T T T T T T T T | T T T T | T T

A 3 10'¢ Dt Top

Effective Field Theory O by Bz Weets

= F — G, /A2=20TeV?

o 10° E —— Cypn/A? = 20 TeV'23

. . ° ° o [ - 2 _ -2 E

Six different EWK dimension-six g LA
. -

operators generate aTGC and Higgs 1% omm— — E

anomalous couplings i — = o

105 I M

BT |

_l 1 | | I | ) I | | | I | 1 )
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Anomalous triple gauge couplings

o5 . CMS o 19 4.f.b. .(8.1.-6.\./)
There are 3 C- and P-conserving S - —— Observed 68% CL 4 Best Fit .
. . . ) 20} — = Observed 95% CL ) Standard Model -
dimension-six operators that = Expocted 68% OL ]
generate aTGC N< 15;—— Expected 95% CL _E
“: 10- =
(@] - ]
C 5t =
Cw - .
Oy = A A2 (DI ®) Wi (D" ) 55 . g
= e o
Op = L (DI0) B (D®) 1O z §
-151 E =
. . :. T I <
Perf9rmed 2D and 1D likelihood 20 T ST T T R 0 15 =
profiles Corun/ A2 (TeV?) G
k5
o
Coupling constant  This result This result 95% interval World average %
(TeV—2) (TeV~2) (TeV2) S
cwww /A2 0. 1+3§ [—5.7,5.9] —5.5+4.8 (from A,) -
cw /A2 —3.615% [—11.4,54] —3.973% (from g%)
cp/ A2 —3.211>0 [—29.2,23.9] ~1.7113¢ (from x, and g%) ( 16 J




WZ Production at the LHC

Processes for
WZ Production

One of the diboson processes that has
non-zero TGC contribution in SM

The “ideal” diboson process:
= Cross section relatively large
= Small background

Background to Higgs Physics and many
searches:W’, SUSY, Technicolor, ...

Sensitive to WWZ aTGCs

Events /100 GeV

10*
10°
10?
10
1

10?

Search examp

le:

W’ —=>WZ Search
EXO-12-025

CMS Preliminary 2012

yS=8TeV wz
—W'(1.5TeV)

— W (1.0TeV)
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WZ event selection

Full 7 and 8 TeV luminosities

Select fully-leptonic (eee/eep/epp/pupp) final states
» Z candidate = 2 opposite-charge same flavor leptons
* W candidate = one lepton + MET > 30 GeV

Selection optimized to enhance S/B ratio
* ZZis anirreducible background. Veto events with > 3 leptons

* Instrumental backgrounds due to mis-identified particles or leptons
not decaying from W/Z
Mainly Z+jets and top
Require tight lepton isolation, Z mass window and large MET
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Analysis is signal dominated
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CMS Preliminary  ys=7TeV  all channels CMS Preliminary  {s=7TeV  all channels
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WZ results

CMS Preliminary (s=7TeV,L=491fb"

CMS Preliminary

{s=8TeV,L=1961b"

| I I I | I | I | | ! | | I | 1 ! | I | | | | | I I I | I | | | | | I |
@ stat. — syst -®- stat. ~— syst
theory — jumi. theory — jumi.
eee 1.29+0.19 " ° " eee 1.14 £ 0.11 H—o—H
129+0.17+0.08+0.03 1.14+£0.08 + 0.06 + 0.05
eep 1.11£0.18 een 1.07 £0.10
1.11£0.15+£ 0.08 + 0.02 H 1.07£0.07 £ 0.05 £ 0.05
upe 1.11+£0.17 upe 1.11+0.10
1.11£0.15+£ 0.09 + 0.02 H 1.11+£0.07 £ 0.06 £ 0.05
upp 1.18+0.16 | upp 1.17 £0.10
1.18+0.13+0.08+0.03 1.17+0.06 £ 0.06 £ 0.05
combined 1.17 £ 0.10 " et combined 1.12 + 0.08 L o
117+ 0.07+£0.06+0.03 1.12+0.03+0.05+0.05
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 1
0 0.5 1 1.5 2 0 05 1 1.5 2
exp theory exp theory
Swiz/ Owz Ow:z ! Owz
ol [pb] ony [pb] (MCFM, MSTWO8 pdf sets)
7 TeV  20.8 4+ 1.3(stat.) &+ 1.1(syst.) & 0.5(lumi.) 17.8701
8 TeV 24.7 4+ 0.8(stat.) & 1.1(syst.) & 1.1(lumi.) 22.074%

@ Statistical errors dominates 7 TeV measurement

@ Main systematic uncertainty source coming from background estimation (~ 6 %)

@ Cross section measured slightly above the NLO predictions
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Summary

* Inclusive WW production cross section measurement at
8 TeV in agreement with the NNLO SM prediction

= Inclusive WZ production cross section measurements at
7 and 8 TeV consistent with the NLO expectation

= No evidence for anomalous WWZ and WWY triple
gauge-boson couplings has been found

= Further information at SMP-14-016 and SMP-12-006
documents
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WZ systematics

* Statistics dominated at both 7 and 8 TeV
* MET and data-driven backgrounds are the largest systematics

Table 1: Summary of systematic uncertainties, in units of percent, in the WZ cross section

measurement at 7 TeV and 8 TeV. =
7TV 5 TeV 3
source input eee | eey | MUHe | UMUMU input eee | eell | MUMHe | UMM %
QCD scale 13 1.3 1.3 1.3 1.3 1.6 16 | 1.6 | 1.6 1.6 o)
PDFs 14 14 14 14 14 14 14 | 14 | 14 14 =z
lepton and trigger efficiency - 29 2.7 2.0 1.4 1 1.8 | 1.8 1.8 1.8 E
Emiss - 3.7 3.4 43 37 | 1.5(u),25(e),5(Gets) | 29 | 29 | 3.5 3.1 @)
muon momentum scale 1 - 0.60 | 0.43 | 1.06 0.2 0.0 | 04 | 09 1.1 =
electron energy scale 2(EB),5(EE) | 19 | 075 | 1.2 - f(pry) 0.8 | 0.6 | 0.1 0.0 S
pile-up 5 0.27 | 0.50 | 1.00 | 0.64 - 08 | 1.1 | 06 0.9 ]
ZZ cross section 14 050 | 092 | 0.62 | 0.85 15 02 | 0.2 0.2 0.2 a
Zy cross section 7 0 0 0.04 0 15 02 | 0.0 0.2 0.0 =
data-driven - 27 | 65 | 63 | 60 - 27 | 19 | 27 | 26 S
backgrounds - 0.2 0.2 0.9 0.2 - 08 | 1.2 | 11 1.0 g
statistical - 135 | 139 | 131 | 11.0 - 73 | 68 | 6.0 5.0 0
systematic - 6.1 7.8 8.1 7.2 - 47 | 44 | 51 47
luminosity 22 22 22 22 22 44 44 | 44 | 44 44
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WW signal samples

* The qq > WW is generated with POWHEG
* For comparison also we used MADGRAPH
and MC@NLO

* The gg > WW is generated using the GG2VV.

8 \[\ ?St;

- o

g

g « B

* The gg > H->WW is generated with >
POWHEG . S

* Considered as background (only3%of |77 k5
expected signal yields g

g w ©

S

* Set of PDF: CTEQ6L for LO generators and CT10 for
NLO generators

* All generators interfaced with PYTHIA
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MET Definition for H = WW — |Vlv Selection

® |[f the momentum of a lepton
from Z decay is mis-measured

® Invariant mass is also mis-measured
- Event passes Z veto
® |nstrumental MET is generated

- Event passes MET selection

® To reduce instrumental MET

® Define a “Projected MET”

= The MET component
perpendicular to the lepton
with the smallest A®(MET, )

® Projected MET also reduces
background from DY =TT

Projected MET Definition
A = min(Ad(lr, BF™), A(bs, EF™))

N {Erlfliss if A‘bmin > %a

ERSS sin(Adpmin)  if Adpmin < 5

lepton; Problem |

pi(measured)

Instrumental
MET

p2(measured)
lepton?
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MET Definition for H = WW — |VIv Selection

e Multiple proton-proton
interactions per bunch crossing

can produce instrumental MET | MinMET = min(pMET, pTrackMet)

Min MET Definition

® Select events by taking the
minimum of two different

estimators of MET r-® view Problem 2

® Projected MET

Instrumental

® Projected Track MET
MET
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® Track MET definition neutral
r-Z view
® Negative vector sum of tracks neutral4
- |Ztrack - Zpv| < 0.1 cm charged K
® The two estimators are more
correlated for real MET than charged

instrumental MET

—
N
(@)]

—/




Data-driven backgrounds

» Top background (ttbar and tW) (syst. 2.2%)
* Jet veto efficiency applied to MC events to
obtain normalization determined from a data
control sample with inverted top veto.

MisiD _ () » WhH+jets background (syst. 1.3%)

Arbitrary Units

» Z+jets background (syst. 1%):
* Extrapolate to get the residual yield in the
signal region using the expected ratio “Rout/in”
w.r.t the Z mass window

15

5

* normalization and shape estimated from dilepton
control region enriched in misidentified leptons.

* Matrix method, using a (n, pT )-dependent fake
rate measured with a QCD control sample.

10
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Results: 0-jets bin

Events / (5 GeV)

MC/data

Events / (8 GeV)

MC/data

CMS Preliminary 19.4 fb (8 TeV)
1000— ~Data BWz/zZINVV
r WwW Top
Y mHiggs EDY
800— \ W+jets
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Results: 1-jets bin
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WW event yields

Process 0O-jet category 1-jet category
Different-flavor Same-flavor Different-flavor Same-flavor
q9 — WTW~ 3516 + 271 1390 + 109 1113 =137 386 + 49
gg -+ WTW~ 162 + 50 91 + 28 62 + 19 27 +£9
W W~ 3678 + 276 1481 + 113 1174 + 139 413 =50
ZZ +WZ 84 + 10 89 + 11 86 +4 42 +2
|7A74% 33 +17 17 £ 9 28 +14 14 +7
Top-quark 522 + 83 248 + 26 1398 + 156 562 + 128
Z/y*—= 070 38 +4 141 = 63 136 + 14 65 + 33
Wo* 54 + 22 12+5 18 + 8 3+2
Wy 54 + 20 20+ 8 36 +14 9+ 6
W +jets(e) 189 + 68 46 + 17 114 + 41 16 + 6
W +jets(p) 81 + 40 19+ 9 63 + 30 17 £ 8
Higgs 125 + 25 53 +11 75 + 22 22+7
Total bkg. 1179 + 123 643 +73 1954 + 168 749 4+ 133
WTW~™ + Total bkg. 4857 + 302 2124 + 134 3128 + 217 1162 + 142
Data 4847 2233 3114 1198
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WW normalized differential cross section

CMS Preliminary 194 (8 TeV) CMS Freiiminary 19.4f™ (8 TeV)
= T T T T T T é T T T T T T T T
% [ : -
= = =28 S - Data NQ_}_ - —— - Data .
2 102 -m- Madgraph - ke = -m- Madgraph
2 = & MC@NLO 7 = S & MC@NLO 3
2 C = Powheg 7 ° o = Powheg 3
- - o o -
© 103 — S
© 107E E =3 1023 & —
e E 3 3 €
C ] ~lo - .
- — L | —_
....... M
10% — - 104 = ﬂ:: S
C —_—r= - j o)
- | 1 | l | | - = l | | | | 1 | | = QD
15— — LT3 —— —
s - = g - o e e e A
< : el g S S S SIS SIS S i e m = === ? e - m T -+ = e
% 1\ R g g e Eereres = A %‘ g~ » = =
C - C - <
= 0.5 [ Madgraph+Pythia normalized 0.6,y 3 F 0.5 [~ MadgraphsPythia normaiized 10 6,y 3 6
. B — — g 15 — 3 "~
- T : i F G 0
E 1 = o 'm""o"_....o.... ’ — E. 1 ._...0 ........... == O / O 7] ge)
g - [ Y ] é - . ,q_')
o5 [ NCOMLOag romaizetnnney — 05 . MC@NLOsHerwg romaized oo, E a
. 15F ' ' E s 15F ' ' = %
S o ] S - A A A ©
g 'F A N PR S L & g
L] r -1 Q ~ 1 N
= 05 f_ PownegsPytia nomalized 0 e, . | _f = 05 f_ PownegsPythia normalized 0 Guco ‘ | . _E -
40 60 80 100 120 140 20 40 60 80 100 120 140 160 180 200
Vi I
Pr (GeV) pT,max (GeV)

—
(98]
=

—




WW particle level definition (1/2)

* Fiducial and differential WW cross sections at Particle Level
only (not at Parton Level)

e Particle Level definition:

* stable particles from full ME+parton shower generators. WW
results just before Final State Radiation (FSR).

* without any simulation of the interaction of these particles with
the detector components or any additional proton-proton
interactions.

* Definition of jets at particle level:

* define with anti-k, algorithm, with R= 0.5, built from stable truth
particles: electrons, muons, taus and neutrinos are removed from
the collection of gen-particles.
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WW particle level definition (2/2)

* Definition of leptons at particle level:
* No isolation condition is imposed
* Leptons just after W decay before FSR (BORN leptons)
* Parent of the lepton require to be a W boson

* Taus considered as background: electrons and muons from tau
decays are not considered as part of the signal

° Further cuts in the event:

* Defined with hard jet veto in particle levels: No jets with |n]| <
4.7 and a given maximum jet p; (nominal value in the analysis is
jet p; > 30 GeV)

* Selected only ep events with leptons=electron/muon are defined
as before, and fulfilling:

pT>20GeVand |n| <2.5
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