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‣3点/3点ゲージ結合からの寄与 
‣ヒッグスの交換・生成過程

縦偏極ベクターボソンの散乱  ➡ 電弱対称性の破れの直接検証
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終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)

   ベクターボソン散乱 (1)

前後方へのクォーク
由来ジェット
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Vector Boson Scattering at the LHC

V

V

V

V

q2

q1

q
0
2

q
0
1

• final state: defined by analysis

• initial state: we collide protons (q, q̄, g)

• interaction: consider all possible diagrams
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Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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研究対象: VBS 
(Weak Vector Boson Scattering) 
(弱ベクトルボソン散乱)

純粋な電弱相互作用の過程

反
応
断
面
積
 [p
b]

散乱のエネルギー ( ) [GeV]s



研究動機
3

67

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V
V

V
V

q

q

q

q

f̄

f

f̄

f

H
0

H
0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V
V

V
V

q

q

q

q

f̄

f

f̄

f

H
0

H
0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

‣3点/3点ゲージ結合からの寄与 
‣ヒッグスの交換・生成過程

縦偏極ベクターボソンの散乱  ➡ 電弱対称性の破れの直接検証

QCD (∼αEW4αS2)Electroweak (∼αEW6)

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)

   ベクターボソン散乱 (1)

前後方へのクォーク
由来ジェット

67

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V
V

V
V

q

q

q

q

f̄

f

f̄

f

H
0

H
0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V
V

V
V

q

q

q

q

f̄

f

f̄

f

H
0

H
0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

‣3点/3点ゲージ結合からの寄与 
‣ヒッグスの交換・生成過程

縦偏極ベクターボソンの散乱  ➡ 電弱対称性の破れの直接検証

QCD (∼αEW4αS2)Electroweak (∼αEW6)

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

Further non-WW/WZ/ZZ scattering contributions to the V V jj final state:

EW = O(↵6
EW )

not gauge invariantly separable: gauge invariantly separable:

+ + ... + + ...

can be suppressed by VBS topology cuts

QCD = O(↵2
s↵

4
EW )

+ + + +

...

gauge invariantly separable: can be suppressed by VBS topology cuts

A. Vest June 7, 2013 HB2013 13

終状態にVV+jjを作るNon-VBSバックグラウンド過程

散乱振幅 (E ≫ MH)

   ベクターボソン散乱 (1)

前後方へのクォーク
由来ジェット

Measurement of �(W±W±jj) with ATLAS | Introduction | VBS @ LHC

with = + + + +

. . .

. . .

EWK diagrams = Higgs contributions + self-interactions + non-resonant + . . ./ O(↵6
w )

QCD diagrams / O(↵4
w↵

2
s )

Christian Gumpert | IKTP, TU Dresden | 05th July, 2014 5 / 14

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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BSM

高エネルギーVBSの観測で 
多くの新物理を探索可能SM 

+新物理

VBSの測定の意義 : ヒッグス粒子の役割の検証 & 新物理の網羅的な間接探索

高エネルギーVBS

→ 課題は事象数の確保
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

LHC/ATLAS実験 4

LHC : Large Hadron Collider 
世界最大の円形ｐp加速器 (周長27km) 
衝突エネルギーは最大14TeV(現在13TeV)

ATLAS 実験

Image: Maximilien Brice/CERN

VBSを直接測定できる唯一の装置
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VBSの探索現状
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過程 ATLAS CMS

ssWW →lvlv 
(同符号WW) 6.9σ 5.5(5.7)σ

osWW (異符号WW) - -

WZ→lvll 5.7(3.3)σ 1.9(2.7)σ

ZZ→llll/llvv 5.5(4.3)σ 2.7(1.6)σ

semileptonic 
vvqq/lvqq/llqq 本解析 -

full-hadronic 
qqqq 背景事象多く困難
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Figure 5: Observed and expected multivariate discriminant distributions after the statistical fit in the ```` j j QCD CR
(left), and in the ```` j j (middle) and ``⌫⌫ j j (right) signal regions. The error bands include the experimental and
theoretical uncertainties, as well as the uncertainties in µEW and µ```` j jQCD . The error bars on the data points show the
statistical uncertainty on data.

13

electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross
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2.2. WEAK VECTOR BOSON SCATTERING

2.2.2 Production Cross-sections and Branching Fractions

The total production cross-sections for each vector boson combination, W±W±, W±W∓,W±Z, and
ZZ at center-of-mass energy of 13 TeV are calculated with MADGRAPH5 aMC@NLO 2.6.7 [37] event
generator as shown in Table 2.3. The leading contribution to the total cross-section comes from the

Table 2.3: A list of the total production cross-sections for each process calculated with MAD-
GRAPH5 aMC@NLO 2.6.7 at 13 TeV proton-proton collisions. The Electroweak tt̄ contributions are
removed from the calculations by Feynman diagram level.

Process cross-section [pb]
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pp → ZZjj 0.14

opposite-sign WW scattering process which is three times larger than that of the same-sign WW scat-
tering process. The W±Z and ZZ scattering processes have subdominant contributions. For the purpose
of observations of the highest energy VBS events which primarily needs statistics, utilizing the opposite-
sign WW scattering process is essential.

The branching fractions for W and Z bosons are shown in Figure 2.3. For both of them, hadronic final
states have dominant fractions. Making use of hadronic decay earns rich statistics to analyze.
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Fig. 2.3: Pie charts representing branching fractions for W and Z boson are shown. Untiparticles are
not explicitly shown. q represents u, d, s, c, and b quarks. Values are taken from [35].

Final states of the VBS are categorized as full-leptonic, semileptonic, and full-hadronic where both of
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信号と背景事象
- 検出器前方に飛ぶ2つのクォーク 
- ハドロン/レプトン崩壊するボソン

W/Z+Jets トップクォーク 
対生成 
(ttbar)

2 boson+Jets

EW VBS
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q

q
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l
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終状態違うが断面積大 終状態同じ。 終状態同じ。
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Vector Boson Scattering at the LHC
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• final state: defined by analysis

• initial state: we collide protons (q, q̄, g)

• interaction: consider all possible diagrams
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Figure 9: A comparison of the observed data and predicted MC distributions of the mass of the leading pT anti-kt
trimmed jet in the event for the W boson (a) and top quark (b) selections in a sample enriched in lepton+jets tt̄ events.
Simulated distributions are normalised to data. The tt̄ sample is divided into a set of subsamples (e.g. tt̄ (top)) based
on criteria described in Section 4.2. The statistical uncertainty of the background prediction (Stat. uncert.) results
from limited Monte Carlo statistics as well as the limited size of the data sample used in the data-driven estimation
of the multijet background.
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Figure 10: A comparison of the observed data and predicted MC distributions of the mass of the leading pT C/A R =
1.5 trimmed jet in events passing the top-quark selection in a sample enriched in lepton+jets tt̄ events. Simulated
distributions are normalised to data. The tt̄ sample is divided into a set of subsamples (e.g. tt̄ (top)) based on criteria
described in Section 4.2. The statistical uncertainty of the background prediction (Stat. uncert.) results from limited
Monte Carlo statistics as well as the limited size of the data sample used in the data-driven estimation of the multijet
background.
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SR CRCR

W/Z Jet 
(信号)

q/g Jet 
(背景事象)

performed in Section 7.

The definition of D2 is given by,

D2 =
eβ3(
eβ2

)3 (2.37)

eβ2 =
1

p2
Tjet

Ncl∑

i<j

pTipTj∆R
β
ij (2.38)

eβ3 =
1

p3
Tjet

Ncl∑

i<j<k

pTipTjpTk∆R
β
ij∆R

β
jk∆R

β
ki (2.39)

where, transverse momentum of i-th constituents pTi and jet itself pTjet, special angle between i and j Rij,
β is a constant, typically used β = 1(D(β=1)

2 ). The D2 of 2 prong jet (W jet) tend to have lower value of
D2, while background has higher. Analytical discussion to understand this is following.

For quark/gluon jets, the e2 can be approximated,

eβ2 =
1

p2
Tjet

Ncl∑

i<j

pTipTj∆R
β
ij (2.40)

∼
1

p2
Tjet

∑

s

pTspTs∆R
β
ss +

1

p2
Tjet

∑

sc

pTspTc∆R
β
sc +

1

p2
Tjet

∑

c

pTcpTc∆R
β
ss (2.41)

(if pTs << pTc & zc ≡ pTc/pTjet & pTc ∼ pTjet & ∆R
β
ss ∼ 1) (2.42)

→
∑

s

zs +
∑

c

Rβcc (2.43)

Assuming 3 clusters it can be simplified.

eβ2 ∼ zs + Rβcc (2.44)

As for e3,

eβ3 ∼ R3β
cc + z2s + Rβcczs (2.45)

In this case, range of e2, e3 are given by,

eβ2 → zs(zs >> Rcc) (2.46)

eβ3 → z2s(zs >> Rcc) (2.47)

eβ2 → Rβcc(zs << Rcc) (2.48)

eβ3 → R3β
cc (zs << Rcc) (2.49)
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←ジェット質量と↓  の 
2次元でボソンを同定

D2

Resolved Merged

135, 79, EPJC
375, 79, EPJC
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• final state: defined by analysis

• initial state: we collide protons (q, q̄, g)

• interaction: consider all possible diagrams
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2. 荷電レプトン数で分ける 
    L0: vvqq, L1: lvqq, L2: llqq
3. 純粋なプロセスを抜き出す 
   TopCR: bジェットを要求 
   WCR/ZCR:  

　SR: 

|mjj/J − mW/Z | ≳ 10 [GeV]

|mjj/J − mW/Z | ≲ 10 [GeV]

4. 信号純度を更に高める 
   HP:   LP: Dβ=1

2 ≲ 1.5 1.5 ≲ Dβ=1
2 ≲ 2.0

0. 前方ジェット対不変質量  
　 GeVでカットmjj > 400

6.4. MULTIVARIATE ANALYSIS
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Fig. 6.8: Schematic diagram of SR/CR definitions for resolved (top left) and merged (bottom left) are
shown. A plot for event yields in each signal and control region (right) is shown. The labels L0, L1 and
L2 stand for the 0-, 1- and 2-lepton channel, respectively. The labels ‘HP SR’, ‘LP SR’ and ‘SR’ stand
for the high-purity merged, low-purity merged and resolved signal regions, respectively.

6.4 Multivariate Analysis

The SRs defined in the previous section are greatly enhancing signal event purity but not sufficient to
observe the EWVVjj process with enough significance. Therefore, events in SRs are further processed
by the Boosted Decision Tree (BDT) to utilize kinematical information of events including those higher
order of correlations as much as possible. The BDT is chosen among machine learning algorithms
because the reasonable training speed and implementability on ROOT based analysis codes through the
Toolkit for Multivariate Data Analysis (TMVA [76]). BDT is trained simulation events optimizing the
input variable set and hyperparameters of BDT as described in Section 6.4.1 and 6.4.2. The outputs of
BDT used for statistical tests described in Section 6.8 are shown in Section 6.4.3.

6.4.1 Training Setup

BDT is trained with MC simulated events. Extended signal regions are set by removing mtag
jj requirement

for 0/1-lepton channels and additionally removing W/Z-tagger requirements for 1-lepton to get enough
training statistics. Two subdivided samples of equal size are used for the training separately and applying
conversely3). The output distributions are merged. This method is using full statistics of MC simulated
samples in training but avoiding any overtraining.

Heyperparameters of BDT are optimized at the merged region for each channel separately, and those are
3)Samples are divided into A and B for even and odd number of events, respectively. Then each subsample A and B is used

for training and get BDTA and BDTB. The BDTA(B) is applied to subsample B(A).
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FIG. 2. The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (middle left), ζV (middle right), mtag
jj (bottom left), and ζV (bottom

right) in the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for the high-purity merged signal region. The background
contributions after the global likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted
backgrounds normalized to the signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The middle pane shows the ratios of the observed data to the postfit signal and background predictions.
The bottom pane shows the ratios of the postfit and pre-fit background predictions.
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更に機械学習(BDT by TMVA)で信号の特徴を最大限活用する。
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FIG. 2. The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (middle left), ζV (middle right), mtag
jj (bottom left), and ζV (bottom

right) in the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for the high-purity merged signal region. The background
contributions after the global likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted
backgrounds normalized to the signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The middle pane shows the ratios of the observed data to the postfit signal and background predictions.
The bottom pane shows the ratios of the postfit and pre-fit background predictions.
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FIG. 2. The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (middle left), ζV (middle right), mtag
jj (bottom left), and ζV (bottom

right) in the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for the high-purity merged signal region. The background
contributions after the global likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted
backgrounds normalized to the signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The middle pane shows the ratios of the observed data to the postfit signal and background predictions.
The bottom pane shows the ratios of the postfit and pre-fit background predictions.
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ATLAS DRAFT

Experimentally, VBS is characterized by the presence of a pair of vector bosons and two forward jets,49

VV j j (V = W, Z), with a large separation in rapidity and a large dijet invariant mass. Multiple processes can50

produce the same final state of two bosons and two jets. The production of VV j j at tree level is composed51

of EW production involving only electroweak-interaction vertices, and strong production involving at least52

one strong-interaction vertex. The EW production is further categorized into two components. The first53

component is the EW VBS production with actual scattering of the two electroweak bosons. The scattering54

occurs via triple or quartic gauge vertices, the s- and t-channel exchange of a Higgs boson, or a W/Z boson.55

The second component is the EW non-VBS production with electroweak vertices only, where the two56

bosons do not scatter. The EW non-VBS component cannot be separated from the EW VBS component in57

a gauge invariant way [13] and contributes significantly to the total cross section. It is therefore included in58

the signal generation. Representative Feynman diagrams at tree level are shown in Figure 1.59
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Figure 1: Representative Feynman diagrams for (a) EW VV j j production via VBS (b) EW VV j j production via
non-VBS contribution (c) QCD VV j j production.

Both ATLAS and CMS Collaborations performed searches for VBS. So far electroweak VV j j production60

has only been observed in the same-sign W±W± j j channel [14, 15] and W Z j j channel [16] in the fully61

leptonic final states by ATLAS and CMS experiments, using data collected at a center-of-mass energy62

of
p

s = 13 TeV. Evidence of electroweak VV j j production has also been obtained in the Z� j j [17]63

channel by the CMS Collaboration using pp collisons at
p

s = 8 TeV. Limits on fiducial cross sections of64

electroweak VV j j production have been reported for the W Z j j [18], Z Z j j [19], Z� j j [20] and W� j j [21]65

channels. Constraints on anomalous QGCs (aQGC) are reported in Refs. [17, 18, 20–26], where Ref. [26]66

is a similar study as this paper, albeit focused on EW production of VV j j in the WV ! `⌫qq channel only67

and performed at 8 TeV.68

This paper presents a study of the EW production of VV j j (V = W, Z) with the vector boson pair decaying69

semileptonically. A larger data sample is used and additional diboson signal processes with similar final70

states are included.71

Three VV semileptonic decay channels are explored: the first one in which there is a Z boson decaying into72

a pair of neutrinos, Z ! ⌫⌫1; the second one in which a W boson decays into a charged lepton (electrons73

or muons, denoted by `) and a neutrino, W ! `⌫; the third one in which a Z boson decays into a pair74

of light charged leptons, Z ! ``. In all cases, the other vector boson V is required to decay into a pair75

of quarks, V ! qq, leading to ZV ! ⌫⌫qq, WV ! `⌫qq and ZV ! ``qq final states. Due to the76

geometrical acceptance of the detector for leptons and jets, these processes overlap in the fiducial region of77

1 To simplify the notation, antiparticles are not explicitly labeled in this paper.
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Figure 1: Representative Feynman diagrams for (a) EW VV j j production via VBS (b) EW VV j j production via
non-VBS contribution (c) QCD VV j j production.
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s = 13 TeV. Evidence of electroweak VV j j production has also been obtained in the Z� j j [17]63

channel by the CMS Collaboration using pp collisons at
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s = 8 TeV. Limits on fiducial cross sections of64

electroweak VV j j production have been reported for the W Z j j [18], Z Z j j [19], Z� j j [20] and W� j j [21]65

channels. Constraints on anomalous QGCs (aQGC) are reported in Refs. [17, 18, 20–26], where Ref. [26]66

is a similar study as this paper, albeit focused on EW production of VV j j in the WV ! `⌫qq channel only67

and performed at 8 TeV.68

This paper presents a study of the EW production of VV j j (V = W, Z) with the vector boson pair decaying69

semileptonically. A larger data sample is used and additional diboson signal processes with similar final70

states are included.71

Three VV semileptonic decay channels are explored: the first one in which there is a Z boson decaying into72

a pair of neutrinos, Z ! ⌫⌫1; the second one in which a W boson decays into a charged lepton (electrons73

or muons, denoted by `) and a neutrino, W ! `⌫; the third one in which a Z boson decays into a pair74

of light charged leptons, Z ! ``. In all cases, the other vector boson V is required to decay into a pair75

of quarks, V ! qq, leading to ZV ! ⌫⌫qq, WV ! `⌫qq and ZV ! ``qq final states. Due to the76

geometrical acceptance of the detector for leptons and jets, these processes overlap in the fiducial region of77

1 To simplify the notation, antiparticles are not explicitly labeled in this paper.
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non-VBScontribution(c)QCDVVjjproduction.
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FIG. 2. The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (middle left), ζV (middle right), mtag
jj (bottom left), and ζV (bottom

right) in the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for the high-purity merged signal region. The background
contributions after the global likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted
backgrounds normalized to the signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The middle pane shows the ratios of the observed data to the postfit signal and background predictions.
The bottom pane shows the ratios of the postfit and pre-fit background predictions.
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Experimentally, VBS is characterized by the presence of a pair of vector bosons and two forward jets,49

VV j j (V = W, Z), with a large separation in rapidity and a large dijet invariant mass. Multiple processes can50

produce the same final state of two bosons and two jets. The production of VV j j at tree level is composed51

of EW production involving only electroweak-interaction vertices, and strong production involving at least52

one strong-interaction vertex. The EW production is further categorized into two components. The first53

component is the EW VBS production with actual scattering of the two electroweak bosons. The scattering54

occurs via triple or quartic gauge vertices, the s- and t-channel exchange of a Higgs boson, or a W/Z boson.55

The second component is the EW non-VBS production with electroweak vertices only, where the two56

bosons do not scatter. The EW non-VBS component cannot be separated from the EW VBS component in57

a gauge invariant way [13] and contributes significantly to the total cross section. It is therefore included in58

the signal generation. Representative Feynman diagrams at tree level are shown in Figure 1.59
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Figure 1: Representative Feynman diagrams for (a) EW VV j j production via VBS (b) EW VV j j production via
non-VBS contribution (c) QCD VV j j production.
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is a similar study as this paper, albeit focused on EW production of VV j j in the WV ! `⌫qq channel only67
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This paper presents a study of the EW production of VV j j (V = W, Z) with the vector boson pair decaying69
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Three VV semileptonic decay channels are explored: the first one in which there is a Z boson decaying into72
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Figure1:RepresentativeFeynmandiagramsfor(a)EWVVjjproductionviaVBS(b)EWVVjjproductionvia
non-VBScontribution(c)QCDVVjjproduction.
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同時フィットによる信号強度測定
P: poisson分布 
G: gauss分布

6.8. STATISTICAL ANALYSIS AND INTERPRETATION

6.8.1 Methodology

The likelihood function is given by

L(µ,!ν,!θ) =
∏

ni∈bins

P(ni|µ,!ν,!s(!θ),!b(!θ))× G(!θ| !θ0) (6.9)

P(ni|µ,!ν,!s(!θ),!b(!θ)) =

(
µsi(!θ) +

∑
k∈bkgs νkbki(!θ)

)

ni!
e−(−µsi(!θ)−

∑
k∈bkgs νkbki(

!θ)) (6.10)

where µ and νk are the normalization factor on signal and k-th background, respectively. νk for back-
grounds without dedicated control region (QCDVVjj, single top) are fixed unity. θi is nuisance parame-
ters associated with each systematic uncertainty, the initial value is set at !θ0. si and bki are the number
of signal and k-th background events in certain i-th bin ni. G(!θ| !θ0) is a constraint term for a systematic
uncertainty given by the Gaussian distribution on the nuisance parameters with unity of expected value
and with 1σ of uncertainty as standard deviation. θ and ν are referred to as nuisance parameter (NP).

The parameter of interest is µ defined in Equation 6.7.

A test statistic used to perform the hypothesis test is the log likelihood ratio:

t = −2 lnΛ = −2 ln



L(µ, !̂̂ν,
!̂̂
θ)

L(µ̂, !̂ν, !̂θ)



. (6.11)

The numerator stands for the conditional likelihood estimator, which is maximization with fixed value

of µ, and corresponding nuisance parameters are represented as !̂̂ν,
!̂̂
θ. The enumerator stands for the un-

conditional likelihood estimator, which is maximization without fixed value of µ, and corresponding the
signal-strength and nuisance parameters are represented as µ̂, !̂ν, !̂θ. After each maximization, nuisance
parameters are fixed at certain value, this is referred as to profiled.

The compatibility between a hypothesis and observed dataset with tobs is evaluated by p-value or Z

standard deviation (with unit of σ), which are calculated by the distribution of the t as follows,

p =

∫∞

tobs

f(t|µ)dt, (6.12)

Z = Φ−1(1− p), (6.13)

where Φ−1 is the inverse of the cumulative distribution of the Gaussian distribution. A given alter-
native hypothesis is excluded if the p-value is sufficiently small, or Z [σ] is sufficiently higher. The
3 σ corresponds to 99.7% is typical value which physicists claim evidence of alternative hypothesis. One
undesirable feature of p-value is that alternative hypothesis: H0,mu "= 0 is excluded even if null hypoth-
esis: H0,mu = 0 is excluded. To deal with this issue, define CLs+b which is p-value under alternative
hypothesis, CLb which is p-value under null hypothesis, and CLs = CLs+b/CLb [164]. CLs cannot be
small when experimental dataset does not excluded an alternative hypothesis nor a null hypothesis.

In this study, a null-hypothesis is equivalent to standard model prediction except EWVVjj contribution,
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Table 6.20: Summary of normalization factors.

Nuisance Parameter Sample Category Value

norm WLepMerged W+ jets merged Float
norm WLepResolved W+ jets resolved Float
norm ZLepMerged Z+ jets merged Float
norm ZLepResolved Z+ jets resolved Float
norm ttbarLepMerged ttbar merged Float
norm ttbarLepResolved ttbar resolved Float
SysVVNorm diboson common in all regions 30%
SysStopNorm single top common in all regions 20%
SysWjetsNorm0LepResolved W+ jets 0lep,resolved 14%
SysWjetsNorm0LepMerged W+ jets 0lep,merged 8%
SysZjetsNorm0LepResolved Z+ jets 0lep,resolved 22%
SysZjetsNorm0LepMerged Z+ jets 0lep,merged 42%

Table 6.21: Summary of shape modeling systematics.
Nuisance Parameter Sample Category Description

SysMODEL Wjets MadGraph W+ jets CRVjet,SR SHERPA v.s. MG5
SysMODEL Zjets MadGraph Z+ jets CRVjet,SR SHERPA v.s. MG5
SysMODEL VV PwPy Diboson SR SHERPA v.s. POWHEG+PYTHIA8
SysMODEL ttbar rad ttbar SR QCD-scale
SysMODEL ttbar Herwig ttbar SR POWHEG+PYTHIA8 v.s. POWHEG+HERWIG
SysMODEL ttbar aMcAtNlo ttbar SR POWHEG v.s. MADGRAPH5 aMC@NLO
SysINTERFERENCE VBSvsQCDVV signal SR Interference (Re(MEW ·MQCD))

The observed distributions of the BDT outputs in SRs used in the global likelihood fit are compared
with the predictions, shown in Figure 6.22, 6.23, 6.24 for the 0-lepton channel, the 1-lepton channel, and
the 2-lepton channel, respectively. The observed data distributions are well reproduced by the predicted
contributions. The compatibility of the fit is calculated from the χ2 test [123] is 16%. The numbers
of events observed and estimated in the SRs are summarized in Table 6.24 for the 0-lepton channel,
Table 6.25 for the 1-lepton channel, and Table 6.26 for the 2-lepton channel. The fitted value of the
signal strength is

Number of events in each category is show in Figure 6.25.

The individual sources of systematic uncertainty detailed in Section 6.7 are combined into categories.
Apart from the statistics of the data, the uncertainties with the largest impact on the sensitivity of EW
VVjj production are from the modeling of background (Z+ jets, W+ jets and QCD-induced diboson
processes), the modeling of the signal, b-tagging, and reconstruction of small-R and large-R jets.

In figure 6.26, the nuisance parameter pulls and constraints are shown for the unconditional combined fit
to CR+SR, performed on an observed data-set.

MC statistical uncertainties, normalization and experimental systematic uncertainties are considered in
the fit. This is due to that the SRs are also dominated by background, similar to CRs, thus CR+SR
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: bkg. normalization scale: sig. normalization scale (信号強度) μ

 : 系統誤差の分散と平均 (100個程度) 

 : fit前の系統誤差の分散と平均
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W/Z+jetsのMCシミュレーションの 
系統誤差が最も効く。
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reproduced by the predicted contributions in all cases, with
the smallest p-value of 0.16 from the χ2 test [101] being for
the mtag

jj distribution in the merged high-purity ZCR. The
numbers of events observed and estimated in the SRs are
summarized in Table VI for the 0-lepton channel, Table VII

for the 1-lepton channel, and Table VIII for the 2-lepton
channel. The fitted value of the signal strength is

μobsEWVVjj ¼ 1.05þ0.42
−0.40 ¼ 1.05# 0.20ðstat:Þþ0.37

−0.34ðsyst:Þ:
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FIG. 5. Comparisons of the observed data and expected distributions of the BDT outputs of the 1-lepton channel signal regions:
(a) high-purity and (b) low-purity merged signal regions; (c) the resolved signal region. The background contributions after the global
likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted backgrounds normalized to the
signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
entries in overflow are included in the last bin. The middle pane shows the ratios of the observed data to the postfit signal and
background predictions. The uncertainty in the total prediction, shown as bands, combines statistical and systematic contributions. The
bottom pane shows the ratios of the postfit and prefit background predictions.
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The background-only hypothesis is excluded in data with a
significance of 2.7 standard deviations, compared with 2.5
standard deviations expected.
Figure 7 shows the measured signal strength from

the combined fit with a single signal-strength fit parameter,
and from a fit where each lepton channel has its own

signal-strength parameter. The probability that the signal
strengths measured in the three lepton channels are com-
patible is 36%.
After the global maximum-likelihood fit, the uncertain-

ties described in Sec. VIII are much reduced. The effects of
systematic uncertainties on the measurement after the fit are
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FIG. 6. Comparisons of the observed data and expected distributions of the BDT outputs of the 2-lepton channel signal regions:
(a) high-purity and (b) low-purity merged signal regions; (c) the resolved signal region. The background contributions after the global
likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted backgrounds normalized to the
signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
entries in overflow are included in the last bin. The middle pane shows the ratios of the observed data to the postfit signal and
background predictions. The uncertainty in the total prediction, shown as bands, combines statistical and systematic contributions. The
bottom pane shows the ratios of the postfit and prefit background predictions.
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studied using the signal-strength parameter μobsEWVVjj. The
relative uncertainties in the best-fit μobsEWVVjj value from the
leading sources of systematic uncertainty are shown in
Table IX. The individual sources of systematic uncertainty

detailed in Sec. VIII are combined into categories. Apart
from the statistics of the data, the uncertainties with the
largest impact on the sensitivity of EW VVjj production
are from the modeling of background (Z þ jets, W þ jets
and QCD-induced diboson processes), the modeling of
the signal, b-tagging, and reconstruction of small-R and
large-R jets.

B. Cross-section measurements

The determination of the fiducial cross section is
performed by scaling the measured signal strengths with
the corresponding SM predicted fiducial cross sections,
σfid;obsEWVVjj ¼ μobsEWVVjj · σ

fid;SM
EWVVjj. It is assumed that there is

no new physics that could cause sizable kinematic mod-
ifications of the background and signal. Therefore, the only
new physics signals that can be detected in an unbiased way
are those leading to an enhanced EW VVjj signal strength
in the search region of this analysis. The fiducial cross
sections for EW VVjj are measured in the merged and
resolved fiducial phase-space regions described in Sec. VII
and inclusively. The merged HP SR and LP SR are
combined to form one single merged fiducial phase-space
region. The systematic uncertainties of the measured
fiducial cross sections include contributions from exper-
imental systematic uncertainties, theory modeling uncer-
tainties in the backgrounds, theory modeling uncertainties
in the shapes of signal kinematic distributions, and lumi-
nosity uncertainties. The measured and SM predicted
fiducial cross sections for EW VVjj processes are sum-
marized in Table X, where the measured values are
obtained from two different simultaneous fits. In the first
fit, two signal-strength parameters are used, one for the
merged category (both HP and LP), and the other one for
the resolved category; while in the second fit, a single
signal-strength parameter is used. The measured and SM
predicted fiducial cross sections in each lepton channel are

SM
σ/σ=µBest fit 
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ATLAS , Observed-1=13 TeV, 35.5 fbs

FIG. 7. The fitted values of the signal-strength parameter
μobsEWVVjj for the 0-, 1- and 2-lepton channels and their combi-
nation. The individual μobsEWVVjj values for the lepton channels are
obtained from a simultaneous fit with the signal-strength param-
eter for each of the lepton channels floating independently. The
probability that the signal strengths measured in the three lepton
channels are compatible is 36%.

TABLE IX. The symmetrized uncertainty σμ from each source
in the best-fit signal-strength parameter μobsEWVVjj. The floating
normalizations include uncertainties of normalization scale fac-
tors for Z þ jets, W þ jets and top quark contributions.

Uncertainty source σμ

Total uncertainty 0.41
Statistical 0.20
Systematic 0.35
Theoretical and modeling uncertainties
Floating normalizations 0.09
Z þ jets 0.13
W þ jets 0.09
tt̄ 0.06
Diboson 0.09
Multijet 0.04
Signal 0.07
MC statistics 0.17
Experimental uncertainties
Large-R jets 0.08
Small-R jets 0.06
Leptons 0.02
Emiss
T 0.04

b-tagging 0.07
Pileup 0.04
Luminosity 0.03

TABLE X. Summary of predicted and measured fiducial cross
sections for EW VVjj production. The three lepton channels are
combined. For the measured fiducial cross sections in the merged
and resolved categories, two signal-strength parameters are used
in the combined fit, one for the merged category and the other one
for the resolved category; while for the measured fiducial cross
section in the inclusive fiducial phase space, a single signal-
strength parameter is used. For the SM predicted cross section,
the error is the theoretical uncertainty (theo.). For the measured
cross section, the first error is the statistical uncertainty (stat.), and
the second error is the systematic uncertainty (syst.).

Fiducial
phase space

Predicted
σfid;SMEWVVjj [fb] Measured σfid;obsEWVVjj [fb]

Merged 11.4# 0.7 (theo.) 12.7# 3.8ðstat:Þþ4.8
−4.2 ðsyst:Þ

Resolved 31.6# 1.8 (theo.) 26.5# 8.2ðstat:Þþ17.4
−17.1 ðsyst:Þ

Inclusive 43.0# 2.4 (theo.) 45.1# 8.6ðstat:Þþ15.9
−14.6 ðsyst:Þ
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relative uncertainties in the best-fit μobsEWVVjj value from the
leading sources of systematic uncertainty are shown in
Table IX. The individual sources of systematic uncertainty
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largest impact on the sensitivity of EW VVjj production
are from the modeling of background (Z þ jets, W þ jets
and QCD-induced diboson processes), the modeling of
the signal, b-tagging, and reconstruction of small-R and
large-R jets.

B. Cross-section measurements

The determination of the fiducial cross section is
performed by scaling the measured signal strengths with
the corresponding SM predicted fiducial cross sections,
σfid;obsEWVVjj ¼ μobsEWVVjj · σ

fid;SM
EWVVjj. It is assumed that there is

no new physics that could cause sizable kinematic mod-
ifications of the background and signal. Therefore, the only
new physics signals that can be detected in an unbiased way
are those leading to an enhanced EW VVjj signal strength
in the search region of this analysis. The fiducial cross
sections for EW VVjj are measured in the merged and
resolved fiducial phase-space regions described in Sec. VII
and inclusively. The merged HP SR and LP SR are
combined to form one single merged fiducial phase-space
region. The systematic uncertainties of the measured
fiducial cross sections include contributions from exper-
imental systematic uncertainties, theory modeling uncer-
tainties in the backgrounds, theory modeling uncertainties
in the shapes of signal kinematic distributions, and lumi-
nosity uncertainties. The measured and SM predicted
fiducial cross sections for EW VVjj processes are sum-
marized in Table X, where the measured values are
obtained from two different simultaneous fits. In the first
fit, two signal-strength parameters are used, one for the
merged category (both HP and LP), and the other one for
the resolved category; while in the second fit, a single
signal-strength parameter is used. The measured and SM
predicted fiducial cross sections in each lepton channel are
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FIG. 7. The fitted values of the signal-strength parameter
μobsEWVVjj for the 0-, 1- and 2-lepton channels and their combi-
nation. The individual μobsEWVVjj values for the lepton channels are
obtained from a simultaneous fit with the signal-strength param-
eter for each of the lepton channels floating independently. The
probability that the signal strengths measured in the three lepton
channels are compatible is 36%.

TABLE IX. The symmetrized uncertainty σμ from each source
in the best-fit signal-strength parameter μobsEWVVjj. The floating
normalizations include uncertainties of normalization scale fac-
tors for Z þ jets, W þ jets and top quark contributions.

Uncertainty source σμ

Total uncertainty 0.41
Statistical 0.20
Systematic 0.35
Theoretical and modeling uncertainties
Floating normalizations 0.09
Z þ jets 0.13
W þ jets 0.09
tt̄ 0.06
Diboson 0.09
Multijet 0.04
Signal 0.07
MC statistics 0.17
Experimental uncertainties
Large-R jets 0.08
Small-R jets 0.06
Leptons 0.02
Emiss
T 0.04

b-tagging 0.07
Pileup 0.04
Luminosity 0.03

TABLE X. Summary of predicted and measured fiducial cross
sections for EW VVjj production. The three lepton channels are
combined. For the measured fiducial cross sections in the merged
and resolved categories, two signal-strength parameters are used
in the combined fit, one for the merged category and the other one
for the resolved category; while for the measured fiducial cross
section in the inclusive fiducial phase space, a single signal-
strength parameter is used. For the SM predicted cross section,
the error is the theoretical uncertainty (theo.). For the measured
cross section, the first error is the statistical uncertainty (stat.), and
the second error is the systematic uncertainty (syst.).

Fiducial
phase space

Predicted
σfid;SMEWVVjj [fb] Measured σfid;obsEWVVjj [fb]

Merged 11.4# 0.7 (theo.) 12.7# 3.8ðstat:Þþ4.8
−4.2 ðsyst:Þ

Resolved 31.6# 1.8 (theo.) 26.5# 8.2ðstat:Þþ17.4
−17.1 ðsyst:Þ

Inclusive 43.0# 2.4 (theo.) 45.1# 8.6ðstat:Þþ15.9
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2.7σ (exp. 2,5σ)の優位度でVBS事象を観測。 
ハドロン崩壊を使用したSM-VBSの初めての測定。

Phys. Rev. D 100, 032007



実験結果の再解釈: EFT
15

有効場理論(EFT: Effective Field Theory)

f : 結合定数 
Λ: カットオフスケール 
O: 演算子 
n : 質量次元

ℒEFT = ℒSM + ∑
n>4

∑
i∈operators

fn,i

Λn
On,i

7.2. STATISTICAL TEST
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Fig. 7.5: mVV distribution at boosted signal region for 0-lepton HP (top left), 0-lepton LP (top right), 1-
lepton HP (middle left), 1-lepton LP (middle right), 2-lepton HP (bottom left), and 2-lepton LP (bottom
right) before fitting. Since the normalization factors obtained by the fit are not applied, histograms for
MC simulations have approximately 10-20% greater than observed data. histograms for MC simulations
match observed data when the fit is performed to obtain limits.
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最も新物理の特徴を表す  分布を用いて再フィットする。mVV



得られた新物理への制限
16
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考えうる全ての演算子に対して、 
現状で最も強い制限を得た。

新物理(8次元演算子)に対し、 
Semi-leptonic VBS解析が 
Full-leptonic 解析より感度がある。
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展望
17

2024年までのデータで発見(5σ)は確実。 
系統誤差の改善次第では、 
2018年のデータでも発見の可能性がある。

順位 系統誤差 Δμ
1 Z+jets mjj reweighting ~0.13
2 diboson normalization ~0.09
3 W+jets mjj reweighting ~0.08
4 W+jets normalization factor ~0.07

Run2全データでより 
精密な測定が進行中

東大　　野辺氏 
筑波大　若狭氏 
お茶大　藤本氏 



2016年までのATLAS実験Run2のデータ(36/fb)を用いてSemi-leptonic VBS 
過程を、世界で初めて2.7σの優位度で測定した。 
信号強度は、 

であった。 
優位な標準模型からの超過が見つからなかったため、 
EFTを用いて一般の新物理に対して、制限を設けた。 
full-leptonicに比べ良い感度があることを示した。

18まとめ
reproduced by the predicted contributions in all cases, with
the smallest p-value of 0.16 from the χ2 test [101] being for
the mtag

jj distribution in the merged high-purity ZCR. The
numbers of events observed and estimated in the SRs are
summarized in Table VI for the 0-lepton channel, Table VII

for the 1-lepton channel, and Table VIII for the 2-lepton
channel. The fitted value of the signal strength is

μobsEWVVjj ¼ 1.05þ0.42
−0.40 ¼ 1.05# 0.20ðstat:Þþ0.37

−0.34ðsyst:Þ:
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FIG. 5. Comparisons of the observed data and expected distributions of the BDT outputs of the 1-lepton channel signal regions:
(a) high-purity and (b) low-purity merged signal regions; (c) the resolved signal region. The background contributions after the global
likelihood fit are shown as filled histograms. The signal is shown as a filled histogram on top of the fitted backgrounds normalized to the
signal yield extracted from data (μ ¼ 1.05), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
entries in overflow are included in the last bin. The middle pane shows the ratios of the observed data to the postfit signal and
background predictions. The uncertainty in the total prediction, shown as bands, combines statistical and systematic contributions. The
bottom pane shows the ratios of the postfit and prefit background predictions.
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Run2全データを用いて、VBSのさらなる精密測定と 
よりエネルギースケールの大きい or 結合定数が小さい新物理探索が進行中。
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具体例 : 電弱スキルミオン
20

・質量は上下両サイドから制限
WW scatteringDM direct detection &

1.5 TeV . M . 34 TeV May, 2016

8TeV2.5TeV today

near future⇠ 4 TeV⇠ 5 TeV

⇠ 10 TeV

Xenon1T
LZ LHC RUN2

・標準模型の Higgs Lagragian に、実験で許されている 
　範囲内で高次の微分項を導入し、Higgs 場が non-trivial な  
　configuration を持つことが可能であることを示した

まとめ

http://www2.yukawa.kyoto-u.ac.jp/~ppp.ws/PPP2017/slides/Kurachi.pdf

Lower bound Upper bound

in case α4<0.01

in case α4<0.1

M Kurachi et. al.

Conversion EFT to EW chiral Lagrangian. 

Our limits : FS0=FS2=2   
→ α4 = 0.001, probably it’s possible to observe or  
     exclude Electroweak-Skyrmion by our results. 

1703.06397

カイラル対称性の破れ →   擬NGボソン “Pion” → 核子(ソリトン解)
電弱対称性の破れ → 擬NGボソン “Higgs” → 暗黒物質(ソリトン解)？

Slides

https://arxiv.org/pdf/1703.06397.pdf
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Fig. 6.20: The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (bottom left), pj2
T (bottom right),

in the 0-lepton (top) and 1-lepton (bottom) channels for the resolved signal region. The background
contributions after the global likelihood fit are shown as filled histograms. The signal is shown as a
filled histogram on top of the fitted backgrounds normalized to the signal yield extracted from data
(µ = 1.05), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The size
of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The middle pane shows the ratios of the observed data to the post-fit signal
and background predictions. The bottom pane shows the ratios of the post-fit and pre-fit background
predictions.
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Fig. 6.18: The distributions for Emiss
T (top left), mtag

jj (top right), mVVjj (bottom left),ζV (bottom right)
in the 0-lepton (top) and 1-lepton (bottom) channels for the high-purity merged signal region. The
background contributions after the global likelihood fit are shown as filled histograms. The signal is
shown as a filled histogram on top of the fitted backgrounds normalized to the signal yield extracted
from data (µ = 1.05), and unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal
and background is indicated by the hatched band. The middle pane shows the ratios of the observed data
to the post-fit signal and background predictions. The bottom pane shows the ratios of the post-fit and
pre-fit background predictions.
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8.13 Boosted Decision and Regression Trees 115

Figure 18: Schematic view of a decision tree. Starting from the root node, a sequence of binary splits using
the discriminating variables xi is applied to the data. Each split uses the variable that at this node gives the
best separation between signal and background when being cut on. The same variable may thus be used at
several nodes, while others might not be used at all. The leaf nodes at the bottom end of the tree are labeled
“S” for signal and “B” for background depending on the majority of events that end up in the respective
nodes. For regression trees, the node splitting is performed on the variable that gives the maximum decrease
in the average squared error when attributing a constant value of the target variable as output of the node,
given by the average of the training events in the corresponding (leaf) node (see Sec. 8.13.3).

8.13.1 Booking options

The boosted decision (regression) treee (BDT) classifier is booked via the command:

factory->BookMethod( Types::kBDT, "BDT", "<options>" );

Code Example 51: Booking of the BDT classifier: the first argument is a predefined enumerator, the second
argument is a user-defined string identifier, and the third argument is the configuration options string.
Individual options are separated by a ’:’. See Sec. 3.1.5 for more information on the booking.

Several configuration options are available to customize the BDT classifier. They are summarized
in Option Tables 25 and 27 and described in more detail in Sec. 8.13.2.

Decision Tree
BDT: 多変数からなる決定木をBoostさせる 
機械学習アルゴリズム。 
Boost: 決定木を大量に生成し、 
それらの性能に応じた重み付け平均をとる。
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Figure 6: BDT W -boson tagger (top left) and DNN W -boson tagger(top right), BDT top-quark tagger (bottom left),
DNN top-quark tagger (bottom right) score distributions for jets with 1000 <ptrue

T < 1500 GeV and mcalo > 40 GeV
with one entry per jet and weighted according to the testing event weights described in Section 4.1. Each multivariate
tagger is trained with variables optimized by its own method.

to retune the hyperparameters each time the set of input observables is changed and so this optimization
is performed again for the set of observables coming from the BDT optimization. The taggers whose
performance are compared consist of a varying ptrue

T -dependent cut on the relevant discriminant (BDT,
DNN, substructure variable) and a fixed cut on the jet mass. The substructure observables used in the
simple reference taggers are chosen as D2 and ⌧32 for W -boson and top-quark tagging, respectively and
the fixed mass cuts are defined by a mass window of [60,100] GeV for W -boson and a lower mass bound
of 120 GeV for top-quark tagging.

15

BDT outputの一例→ 
多変数から信号と 
背景事象を分ける 
1変数を生成する。
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2. ボソン偏極への感度
unitarityの破れがおこるのは 散乱; 性質測定の観点から偏極は重要 
大半径ジェットを用いたW偏極測定の研究は、今までおこなわれていなかった。

WLWL → WLWL

W-
θ*

jet2

jet1

W-W+
VV

②W静止系でθ*を再構成

[方法]
①ジェットを2つに分割する。

jet1

jet2
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偏極測定の実現可能性の検証6.2. EXPERIMENTAL DATASETS AND MONTE-CARLO SIMULATIONS
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Fig. 6.3: Feynman diagrams of W+ jets (top left), Z+ jets (top center), tt̄ (top right), single top produced
via t-channel (bottom left), s-channel (bottom center), and t-channel in association with a W boson
(bottom right) are shown.

6.2 Experimental Datasets and Monte-Carlo Simulations

This section describes experimental datasets and MC simulations. In Section 6.2.1, the summary of data
taking history, corresponding integrated luminosities and pileup conditions, and triggers are shown. A
summary of generators used for generations of MC simulations are described in Section 6.2.3.

6.2.1 Experimental Datasets

The dataset used in this study is collected with the ATLAS detector in 2015 and 2016 pp collisions
at

√
s = 13 TeV. Data collection histories and the distribution of the mean number of interaction per

crossing (< µ >) are shown in Figure 6.4. In the 2015 (2016) runs, the ATLAS experiment recorded
3.9 fb−1 (35.6 fb−1) out of 4.2 fb−1 (38.5 fb−1) delivered by the LHC, which corresponds to the data
taking efficiency of 92%. The inefficiencies are due to warm start: when the collisions become stable,
the tracking detectors are turned on a ramp of the high-voltages and turning on the preamplifiers for
the pixel system. Further quality requirements are imposed to the data to ensure all detectors worked
correctly. The efficiencies for each detector are shown in Table 6.1. Overall, the efficiency is 87.1 (93)%
for the 2015 and 2016 data takings, and the main source of inefficiencies are IBL and toroid turned off in
a few runs. Furthermore, saturation in the specific cell of the electromagnetic calorimeter are observed
and it is not implemented in MC simulations. It is removed by run-by-run veto with an efficiency of 2%.
The total integrated luminosity used in this analysis is 35.5 fb−1.

Datasets are categorized by data taken periods summarized in Table 6.2. Since the categorization cor-

87

2016年のデータに、 
1レプトン&MET>20GeV, 
ΔR(Wジェット, Bジェット) >1.4 等を要求

top由来のWボソンの偏極は精度よく計算されており、 
lepton崩壊を用いて実験的に検証されている。

50%程度の純度でWジェットサンプルを選択できる。

→大半ジェットを使った手法で 
　無矛盾な結果が得られるかを確認する。



25Wジェットを用いたW偏極測定

結果は標準模型の予言 & レプトン崩壊を用いた測定結果と無矛盾。 
→  VBSの縦波成分の割合の測定・抽出がハドロン崩壊するWがあっても可能。
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Figure 6: Confidence interval for the measurement. Only statistical uncertainty is considered.
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4 Results68

�2 fit is performed to Figure 4 under constraint as F0 + FR + FL = 1.69

�2 values at F0 and FL plane are shown in Figure 5.70

Figure 5: �2 between data and sum of templates for cos ✓⇤ distribution. Mass window cut (60 < mlarge�Rjet <
100GeV ) is applied.

Confidence intervals are calculated from Figure 5, shown in Figure 6. Result is summarized at Table 2.71

F0 FL FR

Observed 0.70(5) 0.30(5) 0.00(7)
SM prediction 0.699(3) 0.301(2) 0.0000(5)

Table 2: Comparison between expected and observed polarization fraction of W boson.
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9.2. POLARIZATION-SENSITIVE LARGE-R JETS OBSERVABLE
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Fig. 9.5: Comparisons between data and MC simulated events for large-R jet mass (left) and cos θ∗

(right) distributions. Discrepancy at lower region most likely comes from multi-jets events.

MC simulated events undershoot data at high | cos θ∗|.

9.2.4 Results

The obtained cos θ∗ distribution (Figure 9.5) for data is fitted by templates for assumption of purely
polarized W bosons. A χ2 fit is performed, and Figure 9.6 shows the χ2 distribution. The total fraction
is fixed to unity (fr0 + frR + frL = 1). Any systematic uncertainties are considered in this fit. The χ2

distribution is subtracted by the value of minimum, and confidence intervals are calculated based on χ2

probability with two degrees of freedom as shown in Figure 9.6. Result is summarized in Table 9.2.
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Fig. 9.6: The χ2 distribution with respect to each template fraction for cos θ∗ distribution (left) and the
confidence interval for the measurement (right) are shown. Only statistical uncertainty is considered.
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