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● Biggest problem:  measuring signal on top of the enormous W+jets 
background  (S/B<4%)

● Understanding mjj shape of backgrounds is critical

Cross Section Analysis Strategy
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•  Trigger on charged lepton

•  Require missing ET

•  Look for two jets and form 
invariant mass

•  Fit signal+background dijet-
mass shape to extract diboson 
cross-section
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Selezione degli eventi

1
W ! l⌫: un leptone (e o µ) + grande E

miss

T

> 50 GeV
2

W /Z ! qq

0

Canale risolto - due jet separati con R=0.4
Canale boostato - unico fat jet di con R=1.0 +
taglio sottostruttura del jet

R: distanza angolare massima di un cluster dall’asse del jet

3 Reiezione del fondo di top: escludere eventi che contengono altri jet (R=0.4)
al di fuori del fat jet selezionato
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•  Two separate analysis channels for two hadronic  
     W/Z topologies:  

•  Resolved topology:  
»  Hadronic W/Z decay: two “standard” jets (W/Z à jj) 
»  Provides the largest significance in cross section 

measurement 

•  Boosted topology:  
»  Hadronic W/Z decay: one single large-R jet (W/Z à J) 

•  W/Z produced with a large Lorentz boost 

»  Provides best sensitivity to aTGC 

Semileptonic diboson production  
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TGC 

Resolved 

Boosted 

•  Aims of  the analysis: 
•  Diboson cross section measurement.  
•  Constrain new physics through limits 

on anomalous Triple Gauge Couplings 
(aTGC) 

•  We use 20.2 fb-1 collision data at 8 TeV 
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Exactly one ELECTRON 
or MUON: 
•  with large pT> 30 GeV 
•  in central η region 
•  isolated  

Missing transverse 
energy: 
•  ET

miss > 40 GeV  
(resolved) 

Identifying WW/WZàlνqq  
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Resolved channel: R=0.4 anti-Kt jets 
•  Exactly two separate jets of  pt>25 GeV 
•  Further cuts on di-jet and lepton kinematics 

1.  Select leptonic W 2.  Select hadronic W/Z 

Event display reference:  
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplaysFromHiggsSearches 



Exactly one ELECTRON 
or MUON: 
•  with large pT> 30 GeV 
•  in central η region 
•  isolated  

Missing transverse 
energy: 
•  ET

miss > 50 GeV  
(boosted) 

Identifying WW/WZàlνqq  
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1.  Select leptonic W 2.  Select hadronic W/Z 

Event display reference:  
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics 

Boosted channel: R=1 
anti-Kt jet (large-R jet) 
•  Exactly one large-R jet 

of  high pt: pt>200 GeV 
•  No additional R=0.4 

anti-Kt jets (to reduce 
top background) 

NOTE: Boosted and Resolved 
phase spaces are not 
orthogonal 
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Contributions to final state 
•  Signal:  

•  WW ~80%, WZ ~20% 
•  Cannot separate the WW and 

WZ resonances 

•  W/Z + jets (V+jets) 
•  Largest component  

»  ~84% of  total selected events 

•  Top 
•  top/anti-top and single top 
•  contributes to the visible peak 

•  Minor backgrounds 
•  QCD multijet:  

»  data-driven method based on 
modified event selection. 

•  ZZ: ~ negligible 
»  only considered for resolved 
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MonteCarlo modelled 

DRAFT

Auxiliary material766
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Figure 8: (a) Comparison of the mjj distributions for the WW and W Z processes, in the WV ! `⌫jj channel. (b)
Comparison of the mJ distributions for the WW and W Z processes, in the WV ! `⌫J channel.
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Largest systematics 
•  MonteCarlo modelling: generator 

comparison 
»  Resolved: Top, ~13% 
»  Boosted: W/Z+jets, ~60% 

Cross section measurement 
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Cross section is measured in the fiducial phase space. 
•  Kinematic acceptance of  measurement. 
•  Defined from MonteCarlo particle-level objects. 

»  Nonzero boosted/resolved overlap 

Cross section extraction 
•  From Binned Maximum Likelihood 

fit 
•  Resolved: di-jet invariant mass mjj 
•  Boosted: large-R jet mass mJ 

Margherita Spalla 
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Cross section results 
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Significance 
Expected: 5.2 σ 
Observed: 4.5 σ 

Resolved 

Boosted 
Significance 
Expected: 2.3 σ 
Observed: 1.3 σ 
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6080100120140160

Ev
en

ts
 / 

6 
G

eV

500

1000

1500

2000

2500 ATLAS Preliminary
Jν l→WV 

-1 = 8 TeV, 20.2 fbs
Signal Region

Data
WV
V+Jets
Top quark
Multijet

 [GeV]Jm
60 80 100 120 140 160

Bk
g

D
at

a-
Bk

g

-0.05
0

0.05
0.1

Ev
en

ts
 / 

5 
G

eV

2000

4000

6000

8000

10000

12000

14000
ATLAS Preliminary

jjν l→WV 
-1 = 8 TeV, 20.2 fbs

Signal Region

Data
WV
V+Jets
Top quark
Multijet

 [GeV]jjm
40 60 80 100 120 140 160 180 200

Bk
g

D
at

a-
Bk

g

-0.05

0

0.05

0.1

Cross section results 

18/04/2017 8 

Significance 
Expected: 5.2 σ 
Observed: 4.5 σ 

Resolved 

Boosted 
Significance 
Expected: 2.3 σ 
Observed: 1.3 σ 
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Figure 3: The observed mjj distribution in the WV ! `⌫jj signal region, overlaid with the post-fit background and
signal estimates. The hatched band indicates the total uncertainty on the fit result.

smaller. The observed significance of the result is 1.3� (including statistical and systematic uncertainties),435

compared to an expected significance of 2.5�. The fitted W/Z+jets (top-quark) background normalization436

is 1.01 ± 0.04 (1.06 ± 0.20) times its pre-fit value.437

The extracted fiducial cross-section for the signal process is438

�fid(WV ! `⌫J, observed) = 30 ± 11(stat) ± 22(sys) fb , (5)

which is compatible with the theoretical prediction of439

�fid(WV ! `⌫J, theory) = 58 ± 15 fb . (6)

The breakdown of the uncertainties contributing to the fiducial cross-section measurement is shown in440

Table 5.441

The cross-section measurements are summarized in Fig. 5. As mentioned in Section 8.2, the two cross-442

section measurements are performed in partially overlapping phase spaces. The uncertainty on the theory443

prediction is significantly larger in the WV ! `⌫J channel than in the WV ! `⌫jj channel. The theoretical444

uncertainty in the WV ! `⌫J channel is dominated by the scale uncertainties, which are particularly large445

because of the aggressive jet veto in this channel (only about 30% of signal MC events pass the jet veto446

in the WV ! `⌫J channel, compared to about 80% in the WV ! `⌫jj channel).447

11 Constraints on new physics448

In many extensions of the SM, diboson production can be modified, such as through new resonances that449

couple to bosons. If the scale of new physics is su�ciently high, new resonances may not be visible in450

the current data; however, diboson physics could still be a�ected below the new physics scale, in the form451
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procedure [56] is used to estimate the scale uncertainties. These uncertainties are also propagated to the416

theoretical f WW value which enters into the Dfid calculation, although the e�ect of this on the measured417

�fid is very small (⇠ 0.1%). PDF uncertainties on the theoretical prediction are also accounted for.418

10 Cross-section results419

The result of the ML fit to the m0jj distribution for the WV ! `⌫jj channel is shown in Fig. 3. The420

WV ! `⌫qq0 signal can be clearly distinguished from the background. The observed significance is421

4.5�, including statistical and systematic uncertainties,5 while the expected significance, calculated using422

the Asimov dataset [57], is 5.2�. The fitted W/Z + jets background normalization is 1.02± 0.01 times its423

pre-fit value, while the fitted top-quark background normalization is 0.96 ± 0.10 times its pre-fit value.424

The fiducial cross-section for the signal process is extracted from the fit as described in Section 8, and the425

result is426

�fid(WV ! `⌫jj, observed) = 209 ± 28(stat) ± 45(sys) fb . (3)

The sizes of the various sources of systematic uncertainty contributing to this cross-section measurement427

are shown in Table 4. The measurement can be compared to the theoretical prediction of428

�fid(WV ! `⌫jj, theory) = 225 ± 13 fb . (4)

The theoretical prediction is obtained using MC@NLO for the qq0 ! WV prediction. The gg ! WW429

prediction is also included, and is calculated using the total NLO gg ! WW cross-section prediction [58]430

multiplied by the acceptance from MC@NLO, i.e. assuming the same acceptance as for the qq0 ! WW431

process.432

Source of uncertainty Relative uncertainty for �fid

Top-quark background modeling 13%
W/Z + jets modeling 4%
Multijet background modeling 1%
Signal modeling 12%

Small-R jet energy/resolution 9%
Other experimental (leptons, pileup) 4%
Luminosity 2%

MC statistics 9%
Data statistics 14%

Table 4: Breakdown of the uncertainties in the measured fiducial cross-section in the WV ! `⌫jj channel. Uncer-
tainties smaller than 1% are omitted from the table.

The result of the mJ fit for the WV ! `⌫J channel is shown in Fig. 4. Although the signal-to-background433

ratio is better in this case than in the WV ! `⌫jj channel, the total number of signal events is much434

5 The significance is calculated based on the profile-likelihood ratio between the background-only and signal-and-background
hypotheses. This ratio is converted to a significance under the asymptotic approximation [57].
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Search for anomalous Triple Gauge 
Couplings  (aTGC) 

•  Contribution from new physics: vector 
boson couplings may deviate from 
Standard Model. 

•  Model independent interpretations 
•  Here results in Effective Field Theory 

framework 
»  Three free parameters 

•  aTGC tend to enhance the event rate at 
high pT 

•  Strategy:  
•  Cut on 65 GeV < mjj/mJ < 95 GeV 
•  Maximum Likelihood fit of  pT(jj) or pT(J) 

»  aTGC modelled with FullSim MonteCarlo 
»  Resolved only: mjj sideband control region 
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Here, � is the Higgs doublet field, Dµ is the covariant derivative, and W µ⌫ and Bµ⌫ are the field strengths467

of the W and B fields. The coe�cients of these operators, cW /⇤2, cB/⇤2, and cWWW /⇤2, can be related468

to the LEP-constraint aTGC parameters as follows:469

cW
⇤2 =

2
m2

Z

�gZ1 , (12)

cB
⇤2 =

2
m2
W

�� � 2
m2

Z

�gZ1 , (13)

cWWW

⇤2 =
2

3g2m2
W

� . (14)

This relation only holds if no form factor is applied to the aTGCs.470

The aTGC and EFT parameters both tend to increase the diboson cross-section at high pT(V ) and high471

invariant mass of the diboson system. In this analysis, the new physics search uses signal regions with472

exactly the same event selection as the cross-section measurements, except that the mjj requirement is473

tightened to 65 < m0jj < 95 GeV in the WV ! `⌫jj channel and the mJ requirement is tightened to474

65 < mJ < 95 GeV in the WV ! `⌫J channel. These tighter requirements lead to an increase in475

the signal-to-background ratio. In the WV ! `⌫jj channel, events which fail the mjj requirement (i.e.476

40 < mjj < 65 GeV or 95 < mjj < 200 GeV) are put into a sideband control region.477

The search makes use of the pT(jj) (WV ! `⌫jj channel) or pT(J) (WV ! `⌫J channel) distribution.478

Hereafter, pT(Vrec) is used to refer to both pT(jj) and pT(J). The pT(Vrec) distributions of the events in the479

signal regions are shown in Fig. 6. This figure also shows the expected enhancement at high pT(Vrec) in480

the presence of di�erent EFT parameter values. As can be seen from the figure, no significant deviation481

from the SM prediction is observed, so 95% confidence intervals are computed for the aTGC and EFT482

parameters.483

The confidence intervals are computed from binned ML fits to the pT(Vrec) distributions. In the WV ! `⌫jj484

channel, simultaneous fits to the pT(Vrec) distributions in the signal region and sideband CR are used,485

while in the WV ! `⌫J channel, only the pT(Vrec) distribution in the signal region is used. Since the486

WV ! `⌫J and WV ! `⌫jj selections overlap, the confidence intervals are calculated separately for the487

WV ! `⌫J and WV ! `⌫jj selections. The systematic uncertainties on the normalizations and pT(Vrec)488

shapes of the signal and backgrounds are accounted for through nuisance parameters. The systematic489

uncertainties that have the largest impact on the results are the jet-related uncertainties (in both channels)490

and the uncertainty from the limited size of the MC samples (in the WV ! `⌫jj channel).491

The observed 95% confidence intervals for the aTGC parameters are shown in Table 6, without applying492

the LEP constraints. The confidence intervals are shown separately for the WV ! `⌫jj and WV ! `⌫J493

selections, and the expected confidence intervals under the SM hypothesis are also shown for comparison.494

The aTGC parameter confidence intervals are shown for ⇤FF = 5 TeV and for the case of no form factor495

(equivalent to⇤FF = 1). The value of⇤FF = 5 TeV is chosen in order to ensure unitarity over the range of496

aTGC parameter values to which this analysis is sensitive [62]. Since the WV ! `⌫J selection has higher497

signal e�ciency than the WV ! `⌫jj selection at high pT(V ), the WV ! `⌫J selection has significantly498

better sensitivity to the aTGC parameters. The aTGC sensitivity in the WV ! `⌫J channel mainly comes499

from the pT(V ) > 600 GeV bins, whereas the sensitivity in the WV ! `⌫jj channel mainly comes from500

the 300 � 600 GeV bins.501

In addition, the expected and observed confidence intervals for the aTGC parameters in the LEP-constraint502

scenario are given in Table 7 for the WV ! `⌫J selection with ⇤FF = 1.503

22nd March 2017 – 18:12 19

Λ = new 
physics scale 
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and the uncertainty from the limited size of the MC samples (in the WV ! `⌫jj channel).491

The observed 95% confidence intervals for the aTGC parameters are shown in Table 6, without applying492

the LEP constraints. The confidence intervals are shown separately for the WV ! `⌫jj and WV ! `⌫J493

selections, and the expected confidence intervals under the SM hypothesis are also shown for comparison.494

The aTGC parameter confidence intervals are shown for ⇤FF = 5 TeV and for the case of no form factor495

(equivalent to⇤FF = 1). The value of⇤FF = 5 TeV is chosen in order to ensure unitarity over the range of496

aTGC parameter values to which this analysis is sensitive [62]. Since the WV ! `⌫J selection has higher497

signal e�ciency than the WV ! `⌫jj selection at high pT(V ), the WV ! `⌫J selection has significantly498

better sensitivity to the aTGC parameters. The aTGC sensitivity in the WV ! `⌫J channel mainly comes499

from the pT(V ) > 600 GeV bins, whereas the sensitivity in the WV ! `⌫jj channel mainly comes from500

the 300 � 600 GeV bins.501

In addition, the expected and observed confidence intervals for the aTGC parameters in the LEP-constraint502

scenario are given in Table 7 for the WV ! `⌫J selection with ⇤FF = 1.503
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Search for anomalous Triple Gauge 
Couplings  (aTGC) 

•  Contribution from new physics: vector 
boson couplings may deviate from 
Standard Model. 

•  Model independent interpretations 
•  Here results in Effective Field Theory 

framework 
»  Three free parameters 

•  aTGC tend to enhance the event rate at 
high pT 

•  Strategy:  
•  Cut on 65 GeV < mjj/mJ < 95 GeV 
•  Maximum Likelihood fit of  pT(jj) or pT(J) 

»  aTGC modelled with MonteCarlo 
»  Resolved only: mjj sideband control region 
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aTGC limits: 95% Confidence Interval 

•  Best sensitivity from boosted 

•  Boosted results similar to best 
previously published constraints 

»  leptonic WW and WZ at 8 TeV 
(ATLAS/CMS) 

»  CMS semileptonic WW/WZ at 8 TeV  
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   : boosted observed 
   : boosted expected 
   : resolved observed 
   : resolved expected 
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Figure 7: The 95% confidence-level regions for combinations of two EFT parameters. (a) cWWW /⇤2 and cB/⇤2,
(b) cWWW /⇤2 and cW /⇤2, (c) cB/⇤2 and cW /⇤2. The expected and observed confidence regions are shown for the
WV ! `⌫jj channel and the WV ! `⌫J channel. When computing the confidence regions for two parameters, the
third EFT parameter is held fixed to zero.
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Summary 
•  Analysis exploits both resolved and boosted topologies 

•  4.5 σ evidence of  resolved WW/WZ 

18/04/2017 12 Margherita Spalla 

fid, theo.
WVσ/fid, meas.

WVσRatio of measurement to prediction, 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Data
Tot. uncertainty
Stat. uncertainty
MC@NLO

ATLAS Preliminary
-1 = 8 TeV, 20.2 fbs

jjν l→WV

Jν l→WV

•  1.3 σ in boosted channel 

•  Measured fiducial cross sections 
in agreement with SM (NLO) 

•  Constraint on aTGC 
•  Boosted signature provides limits 

similar to current best published 
limits 

Ref. to shown plots: STDM-2015-23 (paper in preparation) 
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/ 
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Data-driven corrections to MC: 
resolved channel 

•  Applied to W/Z+jets only 
•  Reweighting as a function 

of: 
•   Δφ(jj)  
•  pT(j1) 

•  Order of  5-10%  

•  Derived in mjj sideband 
control region: 
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m0
jj /2 [65, 95]GeV
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Data-driven corrections to MC: 
boosted channel 
•  Applied to top and W/Z+jets 
•  Constant Scale Factors (SF)  

•  Top correction: order of  10% 
•  W/Z+jets correction: order of  15% 
•  each derived in specific control 

region 

•  W/Z + jets control region: 
•  mJ sidebands. 

•  Top control region:  
•  at least one b-tagged small-R jet,  
•  not overlapping with the large-R jet 

(ΔR(j,J)>1.) 
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mJ /2 [65, 95]GeV
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QCD multijet estimation 
•  Template shape estimated from 

QCD control region 
»  About 2.5% of  total background 

•  Template normalization from 
ET

miss fit 
•  multijet ET

miss template: from QCD 
control region 

•  ET
miss templates for other 

processes: 
»  WW/WZ, W/Z+jets, top 
»  from MC 
»  summed in a single template in 

the fit 

•  Resulting normalization is scaled 
by efficiency of  dropped cuts 
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NOTE: 
In boosted analysis, QCD multijet 
is negligible in muon channel 

QCD control region 
Ø  Electron channel: invert 

electron quality criteria and 
isolation  

Ø  Muon channel: invert muon 
impact parameter and 
isolation 

ET
miss FIT REGION 

Resolved Boosted 

All cuts but: 
ET

miss 

Δη(j,j) 
Δφ(ET

miss,j1) (μ ch. only) 
mT (μ ch. only) 

All cuts but: 
ET

miss 

Margherita Spalla 



DRAFT

jets are b-tagged using the MV1 algorithm [45, 46], using a working point with a b-tagging e�ciency277

of about 70% and a light-jet rejection factor of over 100 in tt̄ events. About 90% of the events in this278

top CR originate from top-quark backgrounds. There is a deficit in data in the top CR with respect to279

the MC prediction, which is attributed to a mismodeling of the top-quark backgrounds. A global scale280

factor of 0.87 for the top-quark backgrounds is obtained from this CR, after subtracting o� the prediction281

for non-top quark backgrounds. The data-MC agreement in the top CR, after application of the top scale282

factor, is shown in Fig. 2(a). This scale factor is applied to the tt̄ and single-top background predictions283

in the signal region.284

The control region for the W + jets background (W + jets CR) is obtained applying the standard signal285

region selection, but adding the requirement that mJ < 65 GeV or mJ > 95 GeV. This additional mJ286

requirement removes almost all of the WV signal events and also a large fraction of the top-quark events.287

The top-quark background prediction in the W + jets CR is scaled by the top scale factor obtained above.288

A data deficit is observed in the W + jets CR with respect to the prediction. A global scale factor of 0.84289

is obtained for the W + jets background, after subtracting o� the expected contributions from the other290

signal/background processes. A data-MC comparison in the W + jets CR is shown in Fig. 2(b), after291

application of the W + jets scale factor. The W + jets scale factor is applied to the W + jets prediction in292

the signal region.293

The method for estimating the multijet background is similar to that used in the WV ! `⌫jj channel. As294

in the WV ! `⌫jj channel, a multijet CR is defined by requiring a “bad” lepton candidate. The shapes295

of the kinematic distributions are estimated from this CR using the same method as in the WV ! `⌫jj296

channel. The multijet event yield is estimated from a Emiss
T fit, as in the WV ! `⌫jj channel, but the only297

requirement that is dropped for the fit is the Emiss
T > 50 GeV requirement. The multijet background is298

found to be negligible for the muon channel, so only the contribution in the electron channel is considered299

for the final results.300

The numbers of expected and observed events in the WV ! `⌫J signal region are summarized in Table 2.301

The previously-mentioned top and W + jets scale factors are applied to the predictions. The contribution302

from Z Z events is expected to be very small in the WV ! `⌫J channel, so it is neglected. The nominal303

predictions for the mJ distribution shapes of the signal and backgrounds are shown in Fig. 1(b).304

8 Cross-section extraction305

The fiducial cross-section �fid for WV ! `⌫qq0 production is measured independently for the WV ! `⌫jj306

and WV ! `⌫J phase spaces, in both cases using the formula:307

�fid =
NWV

L · Dfid
, (1)

where NWV is the measured signal yield, L is the integrated luminosity, and Dfid is a factor that corrects308

for experimental acceptance and e�ciencies. Since this analysis measures NWV as the sum of the WW309

and W Z processes, which can each have di�erent acceptances and e�ciencies, Dfid is given by:310

Dfid = f WW · CWW + (1 � f WW ) · CWZ , (2)

where the CWV are reconstruction correction factors and the variable f WW is the predicted ratio of the311

WW fiducial cross-section to the WW +W Z fiducial cross-section. The CWV factors are defined as the312
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Cross section extraction 
Number of  signal events 
•  From Binned Maximum Likelihood fit 
•  Fit variable: 

•  Resolved: di-jet invariant mass mjj 
•  Boosted: large-R jet mass mJ 
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•  L: integrated luminosity 
•  Dfid: corrects for the difference between fiducial 

phase space and the actual selection on 
reconstructed objects. 
 Dfid ⇠ NWV

[reco, selected]

NWV
[WV ! `⌫qq, inFiducial]

Margherita Spalla 



Systematic uncertainties 

•  Detector-related uncertainties 
•  Larger component:  

»  Resolved: small-R jet energy scale / resolution 
»  Boosted: large-R jet energy and mass scale / resolution 

•  Modelling uncertainties 
»  Generator comparison / theoretical uncertainties on 

process cross section 
»  Data-driven SF where applicable  

•  Larger contribution 
»  Resolved: Top / signal modelling 
»  Boosted Top / W/Z+jets modelling 

18/04/2017 18 Margherita Spalla 



aTGC parameters in Effective Field Theory 

•  EFT assumed to be valid below an energy scale Λ 
•  Introduces three CP-conserving dimension-six operators 

•  Their coupling constants are the aTGC parameters of  
interest  

 

18/04/2017 Margherita Spalla 19 

Phys. Rev. D 48 (1993) 2182 
Annals Phys. 335 (2013) 21  

DRAFT

11 Constraints on new physics459

In many extensions of the SM, diboson production can be modified, such as through new resonances that460

couple to bosons. If the scale of new physics is su�ciently high, new resonances may not be visible in the461

current data; however, diboson production could still be a�ected below the new physics scale, in the form462

of modified couplings. One common framework for parameterizing new physics in diboson production is463

an e�ective Lagrangian [1] of the form:464

LWWX /
f
(1 + �gX

1 )(W+µ⌫W�µ �W+µW�µ⌫ )X⌫

+(1 + �X )W+µW�⌫ X µ⌫ +
�X

m2
W

W+⌫µ W�⇢⌫ X µ
⇢

g
, (7)

where X = Z or �, W±µ⌫ = @µW±⌫ � @⌫W±µ , and Xµ⌫ = @µX⌫ � @⌫Xµ . The six parameters �X , �X , and465

�gX
1 (hereafter called “aTGC parameters”) are all zero in the SM. The parameter �g�1 is zero because of466

EM gauge invariance, leaving five free aTGC parameters, which describe deviations of the triple gauge467

boson couplings from their SM predictions. It is common to apply the so-called LEP constraint [71],468

which imposes SU (2) ⇥ U (1) gauge invariance, and which reduces the number of independent aTGC469

parameters to three, by introducing the following constraints: �gZ1 = �Z +�� tan2 ✓W , �� = �Z , where470

✓W is the weak mixing angle. Since aTGC parameters lead to violation of unitarity at high energies, form471

factors are often applied to them in order to ensure unitarity:472

↵ ! ↵
✓
1 + ŝ

⇤2
FF

◆2 , (8)

where ↵ is one of the aTGC parameters, ŝ is the square of the diboson invariant mass, and ⇤FF is the form473

factor energy scale.474

An alternative framework for describing modifications of diboson production is an e�ective field theory475

(EFT) [72, 73] that is assumed to be valid below an energy scale ⇤, and which introduces three CP-476

conserving dimension-six operators:477

OW = (Dµ�)†W µ⌫ (D⌫�) , (9)
OB = (Dµ�)†Bµ⌫ (D⌫�) , (10)

OWWW = Tr[Wµ⌫W⌫⇢W µ
⇢ ] . (11)

Here, � is the Higgs doublet field, Dµ is the covariant derivative, and W µ⌫ and Bµ⌫ are the field strengths478

of the W and B fields. The coe�cients of these operators, cW /⇤2, cB/⇤2, and cWWW /⇤2, can be related479

to the LEP-constraint aTGC parameters as follows:480

cW
⇤2 =

2
m2

Z

�gZ1 , (12)

cB
⇤2 =

2
m2
W

�� � 2
m2

Z

�gZ1 , (13)

cWWW

⇤2 =
2

3g2m2
W

� . (14)

This relation only holds if no form factor is applied to the aTGCs.481
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Here, � is the Higgs doublet field, Dµ is the covariant derivative, and W µ⌫ and Bµ⌫ are the field strengths467

of the W and B fields. The coe�cients of these operators, cW /⇤2, cB/⇤2, and cWWW /⇤2, can be related468

to the LEP-constraint aTGC parameters as follows:469

cW
⇤2 =

2
m2

Z

�gZ1 , (12)

cB
⇤2 =

2
m2
W

�� � 2
m2

Z

�gZ1 , (13)

cWWW

⇤2 =
2

3g2m2
W

� . (14)

This relation only holds if no form factor is applied to the aTGCs.470

The aTGC and EFT parameters both tend to increase the diboson cross-section at high pT(V ) and high471

invariant mass of the diboson system. In this analysis, the new physics search uses signal regions with472

exactly the same event selection as the cross-section measurements, except that the mjj requirement is473

tightened to 65 < m0jj < 95 GeV in the WV ! `⌫jj channel and the mJ requirement is tightened to474

65 < mJ < 95 GeV in the WV ! `⌫J channel. These tighter requirements lead to an increase in475

the signal-to-background ratio. In the WV ! `⌫jj channel, events which fail the mjj requirement (i.e.476

40 < mjj < 65 GeV or 95 < mjj < 200 GeV) are put into a sideband control region.477

The search makes use of the pT(jj) (WV ! `⌫jj channel) or pT(J) (WV ! `⌫J channel) distribution.478

Hereafter, pT(Vrec) is used to refer to both pT(jj) and pT(J). The pT(Vrec) distributions of the events in the479

signal regions are shown in Fig. 6. This figure also shows the expected enhancement at high pT(Vrec) in480

the presence of di�erent EFT parameter values. As can be seen from the figure, no significant deviation481

from the SM prediction is observed, so 95% confidence intervals are computed for the aTGC and EFT482

parameters.483

The confidence intervals are computed from binned ML fits to the pT(Vrec) distributions. In the WV ! `⌫jj484

channel, simultaneous fits to the pT(Vrec) distributions in the signal region and sideband CR are used,485

while in the WV ! `⌫J channel, only the pT(Vrec) distribution in the signal region is used. Since the486

WV ! `⌫J and WV ! `⌫jj selections overlap, the confidence intervals are calculated separately for the487

WV ! `⌫J and WV ! `⌫jj selections. The systematic uncertainties on the normalizations and pT(Vrec)488

shapes of the signal and backgrounds are accounted for through nuisance parameters. The systematic489

uncertainties that have the largest impact on the results are the jet-related uncertainties (in both channels)490

and the uncertainty from the limited size of the MC samples (in the WV ! `⌫jj channel).491

The observed 95% confidence intervals for the aTGC parameters are shown in Table 6, without applying492

the LEP constraints. The confidence intervals are shown separately for the WV ! `⌫jj and WV ! `⌫J493

selections, and the expected confidence intervals under the SM hypothesis are also shown for comparison.494

The aTGC parameter confidence intervals are shown for ⇤FF = 5 TeV and for the case of no form factor495

(equivalent to⇤FF = 1). The value of⇤FF = 5 TeV is chosen in order to ensure unitarity over the range of496

aTGC parameter values to which this analysis is sensitive [62]. Since the WV ! `⌫J selection has higher497

signal e�ciency than the WV ! `⌫jj selection at high pT(V ), the WV ! `⌫J selection has significantly498

better sensitivity to the aTGC parameters. The aTGC sensitivity in the WV ! `⌫J channel mainly comes499

from the pT(V ) > 600 GeV bins, whereas the sensitivity in the WV ! `⌫jj channel mainly comes from500

the 300 � 600 GeV bins.501

In addition, the expected and observed confidence intervals for the aTGC parameters in the LEP-constraint502

scenario are given in Table 7 for the WV ! `⌫J selection with ⇤FF = 1.503
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Λ = new 
physics 
scale 

•  Alternative description: effective Lagrangian, not 
discussed in this talk 

Φ = Higgs doublet 
Bμν, Wμν = combinations of  derivatives 
of  gauge-boson fields  



aTGC results from ATLAS leptonic WW at 8 TeV 
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Figure 16: The expected and observed 95% confidence-level contours for limits in the plane of two simultaneously
non-zero parameters in the e↵ective field theory framework. In each case, only the two e↵ective field theory
couplings under study are allowed to di↵er from zero.
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aTGC results from this analysis  
(for comparison) 
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Figure 7: The 95% confidence-level regions for combinations of two EFT parameters. (a) cWWW /⇤2 and cB/⇤2,
(b) cWWW /⇤2 and cW /⇤2, (c) cB/⇤2 and cW /⇤2. The expected and observed confidence regions are shown for the
WV ! `⌫jj channel and the WV ! `⌫J channel. When computing the confidence regions for two parameters, the
third EFT parameter is held fixed to zero.
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