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LHC Run-2始動!
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• 重心系エネルギーが、2012年までの8 TeVから、
13 TeVに上がり、2015年からLHCが再始動!

• いよいよTeVスケールの物理の本格的な探索の時代
に入った。 Mean Number of Interactions per Crossing
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13 TeV / 8 TeV inclusive pp cross-section ratio!
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At 1034 cm–2 s–1 @ 13 TeV 
pp the LHC produces:!
-  200 Hz W → lν
-  19 Hz Z → ll!
-  8 Hz top pair!
-  0.5 Hz Higgs!

• 重心系エネルギーが13 TeVに増大したことに伴って、高エネルギー領域の
parton luminosityも上昇。

• MX~TeVレベルの生成過程の断面積は、オーダー10倍程度上昇。

• 高統計のデータ取得を待たずとも、新物理の兆候が見える可能性がある。

LHC @ √s=13 TeV
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TeVスケールでの新物理
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Naturalnessの要請から、TeVスケールで、新粒子・相互作用
が存在する可能性がある 

→ 超対称性、Walking Technicolor、複合ヒッグス粒子模型、その他
Strong dynamics in pictures: QCD
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• TeVスケールの新粒子が、ボソン対に崩壊するケースが、
多くのモデルで予想されている。

• Run-1では、ダイボソン共鳴事象などで、標準理論からの
若干の逸脱が見られた。Run-2で行われた追跡調査およ
び、その他の結果について、報告する。 Resonance mass (TeV)
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 = 8 TeVs, -1CMS, L = 19.7 fb

Run-1でのダイボソン共鳴事象探索

3.4σ local
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Run-2でのダイボソン共鳴探索
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H→ZZ(*)→4μ

• 本講演では、以下の内容を網羅する。

• W/Z/H Boson-tagging (large-R jets = J)を用いた探索

• JJ, lvJ, llJ, vvJチャンネル

• その他のダイボソン共鳴事象探索

• γγ, ZZ→4l チャンネル



Boson Taggingを用いた探索
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Boosted-Boson Tagging
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• ボソン(W,Z,H)のハドロン崩壊を、large-Rジェットとして同定。崩壊粒子
は、R~2M/pTの範囲内に収まる。

• High-pTの領域で、W/Z/Hボソンを伴う新物理の探索の際に、高いシグナル感
度を提供する。
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• Large-R (=1.2, 1.0)で、Cambridge-Aachen
やanti-ktアルゴリズムを用いてjet finding.

• Groomingと呼ばれる手法で、pileupなどか
ら由来するsubjetを除去。

• C2, D2, τ21wtaなどのsubstructure変数を用い
て、multijetなどのBG rejectionを高める。

n点エネルギー相関や、N-subjettiness
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 Taggingの性能
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• Groomingやsubstructureは、データをよく再現でき
ている。

• Anti-kt R=1.0, trimmed (fcut=5%, Rsub=0.2)にpT依
存のD2カットをかけたものを、Run-2の標準として
採用。

• Higgs-taggingについては、更にb-tagも要求。

ATLAS Simulation Preliminary
 = 13 TeVs = Optimal grooming + tagging combination
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Run-1での結果
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Resonance mass (TeV)
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Run-1での結果 (H関連)
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VH→JJ lvH(→bb)ll/lv/vvH(→bb)
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• ダイボソン事象全般に、有意な逸脱は無いものの、不変質量 2 TeV付近が怪
しい？（ただし、全てのチャンネルで起きているわけではない）

• Run-2での追跡調査が、重要！

CMS
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VV→qqqq(JJ)探索

• Large-R jetsの不変質量分布に対して
bump hunting. 

• Large-R jetの質量 (|mjj - mW/Z| < 30 GeV
を要求) → WZ/WW/ZZのシグナル領域に
重複あり。

• Higgs-tagging veto有り。

• mJJのサイドバンドで、データを良く再
現。

5.2 Boson tagging requirements

The two jets with the highest transverse momentum each must satisfy the three boson tagging require-
ments discussed in section 4: py � 0.45, ntrk < 30, and |m j � mV | < 13 GeV, where mV is the peak
value of the reconstructed W or Z boson mass distribution. For the W0 ! WZ search, this final cut sets
mV equal to the peak reconstructed W boson mass when applied to the lower mass jet, and to the peak
reconstructed Z boson mass when applied to the higher mass jet.

The expected e�ciency of these boson tagging cuts applied to signal events is evaluated using the MC
signal samples described in section 3. For signal events passing event topology requirements on the mass-
drop filtering, ⌘, the rapidity di↵erence, and the pT asymmetry, the average e�ciency of the tagging cuts
for each of the two leading-pT filtered jets s approximately the same in the GRS ! WW and GRS ! ZZ
samples, and ranges from 44.0% in the mGRS = 1.2 TeV sample to 33.9% for the mGRS = 3.0 TeV sample.
Figure 2(b) shows the selection e�ciency of the event selection and tagging requirements for signal events
with resonance mass within 10% of the nominal signal mass for the W0 ! WZ and bulk GRS ! WW
and bulk GRS ! ZZ benchmark models, with both statistical and systematic uncertainties included in
the error band. The average background selection e�ciency of the tagger for each of the two leading-pT
filtered jets in simulated QCD dijet events satisfying the same event selection requirements ranges from
1.2% for events with dijet masses between 1.08 TeV and 1.32 TeV, to 0.6% for events with dijet masses
between 2.7 TeV and 3.3 TeV.

5.3 Dijet mass requirement

The invariant mass calculated from the two leading jets must exceed 1.05 TeV. This requirement restricts
the analysis of the dijet mass distribution to regions where the trigger is fully e�cient for boson-tagged
jets, so that the trigger e�ciency does not a↵ect its shape.

6 Background model

The search for high-mass diboson resonances is carried out by looking for resonance structures on a
smoothly falling dijet invariant mass spectrum, empirically characterised by the function

dn
dx
= p1(1 � x)p2�⇠p3 xp3 , (1)

where x = m j j/
p

s, and m j j is the dijet invariant mass, p1 is a normalisation factor, p2 and p3 are
dimensionless shape parameters, and ⇠ is a dimensionless constant chosen after fitting to minimise the
correlations between p2 and p3. A maximum-likelihood fit, with parameters p1, p2 and p3 free to float, is
performed in the range 1.05 TeV < m j j < 3.55 TeV, where the lower limit is dictated by the point where
the trigger is fully e�cient for tagged jets and the upper limit is set to be in a region where the data and
the background estimated by the fit are well below one event per bin for the tagged distributions. The
likelihood is defined in terms of events binned in 100-GeV-wide bins in m j j as
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Y

i
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ATLAS-CONF-2015-073
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• バックグラウンド除去のため、Boosted-boson taggingに加えて、dijet rapidity
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VV→qqqq (JJ)探索
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ATLAS-CONF-2015-073

有意なピークは観測されなかった。ただし、mJJ~2 TeVのシグナルは棄却されていないので、
より高統計のデータで検証・追跡調査必要。

1.38-1.6 TeVを95%CLで棄却
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WV→lvqq (lvJ)探索
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• 1 lepton+Missing ET+large-R jetの終
状態. 

• NeutrinoのpZは、Wの質量からレプ
トンの運動量とMissing ETを用いて
求める。

• Signal regionは、boosted-bosonのmass
によってWWとWZに分類される (重複有
り)。

ATLAS-CONF-2015-075

• W+jets, ttbar BGs: MCを用いて評価。規格化は、control 
regionを用いてデータから。 

• Z+jets, VV BGs: MCを用いて評価。

• Multijet BG: データを用いて評価。

• m(G*) < 1060 GeV & m(W′)<1.25 TeV@95% CLで除外。 
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• 2 レプトン+large-R jetの終状態。88 < mee < 99 GeV, 66 < mμμ < 116 GeV.

• バックグラウンドは、Z+jetsが支配的。Boson taggingの条件を通過した事象で、質量域のみが
mW/mZの条件を満たさない事象を、コントロール領域としてZ+jets BGを評価。

• m(G*) < 850 GeV & m(W′)<1.4 TeV@95% CLで除外。

ATLAS-CONF-2015-071
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MC methods.

The Z+jets events di�er from the signal ZV events in that the mass of their leading large-R jets is expected
to have a smooth distribution without a resonance structure at the vector boson mass mV . A Z+jets control
region (CR) is defined by requiring the leading large-R jet to pass the D(�=1)

2 requirement of either W or
Z boson tagging, but have its mass outside both the W and Z mass windows. At this preliminary stage,
the large-R jet mass is calibrated only above 50 GeV. However events with mJ < 50 GeV are included to
increase the statistics of the CR. This is justified by the fact that the mJ value contributes negligibly to
the value of m``J in the TeV region. Figure 3(a) compares the observed m``J distribution in the CR with
MC simulations. As expected, the control region is dominated by the Z+jets events. After subtracting the
small diboson and top-quark contributions based on the simulation, the data m``J distribution in the CR is
extrapolated to the signal region using the MC simulation to arrive at the Z+jets background contribution:

NZ+jets
SR (mi) = NData

CR (mi) ⇥ ↵MC(mi) = NData
CR (mi) ⇥

 
NSR(mi)
NCR(mi)

!

MC
(1)

Here N (mi) are the numbers of events in bin i of the m``J distributions. The extrapolation benefits from
small systematic uncertainties as many of the uncertainties cancel in the ratio. The Z+jets distribution
in the ZW signal region extrapolated from the data CR agrees well with the MC simulation as shown in
Fig. 3(b). The MC is then used to model the Z+jets background in the signal regions, and the di�erences
with respect to the extrapolated data CR are taken as systematic uncertainties on the Z+jets modelling.
The tail of the MC distribution is fit with a functional form in order to smooth its tail and extrapolate to
empty bins.

(a) Z+jets CR (b) ZW SR

Figure 3: Comparisons of (a) the observed and expected m``J distributions in the Z+jets control region and (b) the
derived Z+jets m``J distribution in the ZW signal region with the MC prediction, using the Z+jets control region
extrapolation method described in the text. The gray bands represent the uncertainties on the total MC predictions.
The last bin includes overflows.

The e�ects of the limited number of events available in the diboson and top-quark MC samples are visible

8
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• Run-2では、Z(→vv)Jチャンネルも考慮。Z(→vv)を
Missing ETとして再構成するので、横質量mTを考え
る。

• 主要なBGは、Z+jets, W+jets, ttbar。それぞれに対応
するコントロール領域を定義し、シグナル領域と共に
combined fit。

• m(W′)<1.6 TeV@95% CLで除外。

ATLAS-CONF-2015-068
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processes. These selections are tuned to provide a constant 50% signal e�ciency as a function of the jet
pT.

The third jet collection used in this analysis is employed to identify jets originating from b-quarks. They
are built from ID tracks coming from the PV using the anti-kt algorithm with R = 0.2 and are required to
have pT > 10 GeV and |⌘ | < 2.5. These track jets are identified as coming from b-quark fragmentation
using a multivariate algorithm based on the combination of tracking information and secondary vertex
reconstruction in a boosted decision tree [44–46]. The selection is chosen such that the average b-jet
identification e�ciency, measured in a tt̄ sample, is 70%.

The missing transverse momentum is calculated as the negative vectorial sum of the transverse momenta
of calibrated electrons, muons, and small-R jets. Energy depositions from the underlying event and other
soft radiation are taken into account by constructing a “soft term” from ID tracks associated to the primary
vertex that are not matched to any reconstructed object [47, 48]. In addition to this definition of Emiss

T , a
purely track-based measurement of the missing transverse momentum (pmiss

T ) is calculated as the negative
vectorial sum of the transverse momenta of ID tracks associated to the primary vertex.

5. Event Selection

A number of event selection criteria are applied in order to define a signal-like event sample and several
background-like event samples, as explained in the following.

5.1. Signal Region

The set of criteria imposed to select signal-like events is chosen in order to identify those events with
large Emiss

T resulting from the presence of a Z ! ⌫⌫ decay and a hadronically decaying W or Z boson.
Therefore, an initial selection is made by requiring Emiss

T > 250 GeV and vetoing events with charged
leptons. The selected sample still contains a large fraction of events from multijet and non-collision
backgrounds. The contribution from non-collision backgrounds is removed by requiring pmiss

T > 30 GeV.
The remaining contribution from multijet events, originating primarily from the presence of mismeasured
jets, is reduced to a negligible amount by requiring that the minimum azimuthal separation between the
Emiss

T and any small-R jet is greater than 0.6 radians and that the azimuthal separation between the Emiss
T

and the pmiss
T be less than ⇡/2 radians.

The hadronic boson decay is identified requiring that the leading (highest pT) large-R jet in the event has
a mass consistent with the W or Z boson mass (mW ,Z ± 15 GeV) and a two-prong structure. The latter is
achieved applying a pT-dependent selection on the D(�=1)

2 variable as decribed in Section 4.

The final discriminant, which exploits the resonant production of the signal, is the transverse mass variable
built using the Emiss

T and the leading large-R jet:

mT =

q
(ET,J + Emiss

T )2 � (~pT,J + ~Emiss
T )2 (1)

in which both the ~pT,J and the ~Emiss
T are defined in the transverse plane, while ET,J =

q
m2

J + p2
T,J . This

distribution is expected to show a Jacobian peak at the mass of the new particle for the signal while it is
smooth for all of the background processes. The resolution on the transverse mass is about 25% of the
signal mass.

5
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• Higgs-taggingを用いた解析。解析手法としては、前述のチャンネルと類似。ただ
し、Higgs-taggingのために、R=0.2 track jetsを用いたb-tagも導入。

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
Z+b
Z+c
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

2 lep., 2 tag
 < 145 GeVjet75 GeV < m

 [GeV]VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0
0.5

1
1.5

2

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310
Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
Z+b
Z+c
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

2 lep., 1 tag
 < 145 GeVjet75 GeV < m

 [GeV]VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0.5

1

1.5

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310
Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
W+b
W+c
W+l
Z+b
Z+c
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

1 lep., 2 tags, 0 add. tags
 < 145 GeVjet75 GeV < m

 [GeV]VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0
0.5

1
1.5

2

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310

410

Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
W+b
W+c
W+l
Z+b
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

1 lep., 1 tag, 0 add. tags
 < 145 GeVjet75 GeV < m

 [GeV]VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0
0.5

1
1.5

2

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310
Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
W+b
W+c
W+l
Z+b
Z+c
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

0 lep., 2 tags, 0 add. tags
 < 145 GeVjet75 GeV < m

 [GeV]T, VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0.5
1

1.5

0 600 200 800 2400 3000

Ev
en

ts
 / 

10
0 

G
eV

1−10

1

10

210

310

410
Data 2015
HVT(M=2.0 TeV)
Diboson
tt

Single top
VH
W+b
W+c
W+l
Z+b
Z+c
Z+l
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1Ldt = 3.2 fb∫ = 13 TeV s

0 lep., 1 tag, 0 add. tags
 < 145 GeVjet75 GeV < m

 [GeV]T, VHm
0 500 1000 1500 2000 2500 3000D

at
a/

Pr
ed

0.5

1

1.5



大川英希 第２回CiRfSEワークショップ 素粒子構造部門、2016年1月19日

VH→vv/lv/ll+bb探索

17

• 0-レプトン、1-レプトン、2-レプトン全てにおいて、有意なexcessは観測され
なかった。
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• 0-レプトン、1-レプトン、2-レプトン全てにおいて、有意なexcessは観測され
なかった。
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• Large-R jetsを用いたダイボソン共鳴探索では、現時点で新粒子の兆候は見
られない。

• ただし、mX~2 TeVのシグナルを棄却するには、より多くの統計を要する。

• 今年の春以降のデータを用いた追跡調査が、重要となる。



その他のダイボソン共鳴事象探索
H→γγ, ZZ(→4l)
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• Run-1で、これらのチャンネルを用いた更なる新粒子の探索も行ったが、標準理論から
の有意な逸脱は、見られなかった。Run-2ではどうか？

• 2012年7月に、ヒッグス粒子を発見し
た“Golden Channels”。

• バックグランドが少なく(又は精度よく
評価しやすく)、新物理の兆候が見えや
すい。
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• Diphotonトリガー(ET>35, 25 GeV)で取得されたデー
タを使用。

• γのベースラインセレクション: ET(γ1,γ2)> 40, 30 GeV

• 質量依存のカット: ET(γ1,γ2)> 0.4 mγγ, 0.3 mγγ

• Isolation: 

• ETiso < 0.022 × ET + 2.45 GeV & pTiso < 0.05 × pT

• Run-2の条件下で、シグナルの有意度が最大になるよ
うに、最適化が行われた。(SM H→γγ測定と、ETiso

が異なる)

Run-2では、2 fb-1のデータで、Run-1の感度に達する (現在のデータ量は3.2 fb-1)
mX > 450 GeVのシグナルでは、Run-1の感度を超える！
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• バックグラウンドのみ存在すると仮定した
フィッティング。

ATLAS-CONF-2015-081
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• バックグラウンド＋想定されるシグナルを用
いたフィッティング（上述の式に加えて以下
のシグナルの関数を使用）も考慮。

x�p1 ·
�
1� x1/3

�p2
, x = m��/13000

lifetime of at least 10 ps, are passed through a full detector simulation [15] based on G����4 [16]. Pileup
e�ects are simulated by overlaying each Monte Carlo (MC) event with a variable number of MC inelastic
pp collisions generated using P�����8 [17]. MC events are weighted to reproduce the distribution of the
average number of interactions per bunch crossing observed in the data. The resulting detector simulation
outputs are passed through the same event reconstruction algorithms as used for the data.

The signal is simulated using a SM Higgs-like boson produced in pp collisions at
p

s = 13 TeV via gluon
fusion (ggF), and decaying into two photons. MC samples are produced for di�erent hypotheses of the
scalar boson mass mX , in the range [200 - 2000] GeV. The width of the simulated boson is set to 4 MeV,
regardless of the resonance mass and corresponding to that of a 125 GeV SM Higgs boson. This choice
will subsequently be referred to as the Narrow Width Approximation (NWA). The interference between
the gg ! X ! �� process, where X is the simulated scalar boson, and the QCD prompt diphoton
production associated to the gg ! �� process is estimated to be tiny and is therefore neglected in the
simulation. The properties of the signal are also studied using the other main SM Higgs boson production
modes: vector boson fusion (VBF), associated production with a vector boson (WH, ZH) and associated
production with a top quark pair (ttH). Gluon-fusion events are generated with P�����-��� [18, 19]
interfaced with P�����8 for the underlying event, parton showering and hadronization. VBF samples
are generated using P�����-��� [20] interfaced with P�����8. WH, ZH and ttH samples are generated
with P�����8. The underlying event for the ggF and VBF samples, as well as the minimum-bias events,
are simulated using the P�����8 AZNLO tune [21], while the A14 tune [22] is used for all other signal
samples. The CT10 [23] parton distribution function (PDF) set is used for the samples generated with
P�����-��� [18, 24, 25] while CTEQ6L1 [26] is used for the samples generated with P�����8. The
shape of the reconstructed invariant mass distribution of the NWA samples is completely dominated by
detector e�ects, and in particular by the diphoton invariant mass resolution discussed in Section 5.

In addition to the NWA signal models, resonances with a natural width that cannot be neglected with
respect to the experimental diphoton invariant mass resolution (“large” width) are studied. In order to
obtain the mass distribution of a resonance with a large natural width, the convolution of a resolution
function with a function parameterizing the resonance theoretical line shape is used, expanding the
approach used in Run-1 by both ATLAS [13] and CMS [14]. The resolution function accounting for
detector and reconstruction e�ects is obtained by fitting the reconstructed mass distributions of the NWA
signal samples, since their response is completely dominated by detector e�ects2. A double-sided Crystal
Ball function (DSCB) is used, defined as:

N ·

8>>>>>>>>><>>>>>>>>>:

e�t
2/2 if �↵low � t � ↵high

e
�↵2

low/2
↵low
nlow

✓
nlow
↵low
�↵low�t

◆�nlow if t < �↵low

e
�↵2

high/2
↵high
nhigh

✓
nhigh
↵high

�↵high+t
◆�nhigh if t > ↵high,

(1)

where t = �mX/�CB, �mX = mX � µCB, N is a normalization parameter, µCB is the peak of the Gaussian
distribution, �CB represents the width of the Gaussian part of the function, ↵low (↵high) parameterizes the
mass value where the distribution switches from a Gaussian to a power-law function on the low (high)
mass side, and nlow (nhigh) is the exponent of this power-law function. The theoretical line shape, as a
function of the resonance mass mX and of its natural width �, is chosen to be the P����� implementation
of a large-width scalar resonance when assuming SM-like couplings [27]. The line-shape is modeled with

2 The same fits are used to parameterize the NWA signal properties. See Section 7 for details.
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不変質量750 GeV付近に、excessが観測された



大川英希 第２回CiRfSEワークショップ 素粒子構造部門、2016年1月19日

γγ共鳴探索

23

• Narrow widthのシグナルを仮定すると、local 3.6σ (global 2.0σ)のずれ。

• シグナルの崩壊幅 Γ=45 GeVを仮定すると、local 3.9σ (global 2.3σ)に増大。

• 他のチャンネル(特にZZチャンネル)での確認と、より高統計のデータを用いた追
跡調査が必要不可欠。

 [GeV]Xm

200 400 600 800 1000 1200 1400 1600 1800

Lo
ca

l p
-v

al
ue

5−10

4−10

3−10

2−10

1−10

1

ATLAS Preliminary
-1 = 13 TeV, 3.2 fbs

Observed

σ0

σ1

σ2

σ3

σ4

 [GeV]Xm
200 400 600 800 1000 1200 1400 1600 1800

 B
R 

[fb
]

× 
fid
σ

95
%

 C
L 

Up
pe

r L
im

it 
on

 

1−10

1

10

210

310
ATLAS Preliminary

-1 = 13 TeV, 3.2 fbs

Observed
Expected

σ 1 ±
σ 2 ±

ATLAS-CONF-2015-081



大川英希 第２回CiRfSEワークショップ 素粒子構造部門、2016年1月19日

ZZ共鳴事象

24

• H→ZZは、Two Higgs Doublet Model (2HDM)において、low tan βでの重
いヒッグス粒子探索に適している。

• 又、広範囲の質量域で感度があるため、新粒子探索の最重要チャンネル
群の一つ。
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Figure 4: The decay branching ratios of the heavier MSSM Higgs bosons A (left), H (center) and
H± (right) as a function of their masses for tanβ = 2.5. The program HDECAY [65] has been used
with modifications so that the radiative corrections lead to Mh = 126 GeV.

gauge bosons in the case of the H state) not too suppressed, many interesting channels

appear. The branching fractions for the H/A/H± decays are shown in Fig. 4 as functions

of their masses at tan β = 2.5. They have been obtained using the program HDECAY

[65] assuming large MS values that lead to a fixed Mh = 126 GeV value. The pattern

does not significantly depend on other SUSY parameters, provided that Higgs decays into

supersymmetric particles are kinematically closed as it will be implicitly assumed in the

following8, where the main features of the decays are summarised in a few points.

– Sufficiently above the tt̄ threshold for the neutral and the tb threshold for the charged

Higgs bosons, the decay channels H/A → tt̄ and H+ → tb̄ become by far dominant for

tan β <∼ 3 and do not leave space for any other decay mode. Note that these decays have

also significant branching fractions below the respective kinematical thresholds [66]. It is

especially true for the charged Higgs state for which BR(H+→ tb̄)>∼1% forMH± ≈130 GeV.

– Below the tt̄ threshold, the H boson can still decay into gauge bosons H → WW and

ZZ with rather substantial rates as the HV V couplings are not completely suppressed.

– In the window 2Mh <∼ MH <∼ 2mt, the dominant decay mode for tan β <∼ 3 turns

out to be the very interesting channel H → hh channel. As discussed earlier, the Hhh

self–couplings given in eq. (2.15) is significant at low tan β values.

– If allowed kinematically, i.e. for MA>∼ Mh +MZ GeV, the CP–odd Higgs boson can

also decay into hZ final states with a significant rate below the tt̄ threshold as the AZh

coupling (that is the same as the HV V coupling) is substantial. Nevertheless, the A → ττ

channel is still important as it has a branching fraction above ≈ 5% up to MA ≈ 2mt.

– In the case of the charged Higgs state, there is also the channel H+ → Wh which is

8In fact, even in this low tanβ case, the tt̄ decays for sufficiently large masses are so dominant that

they do not lead to any significant quantitative change if SUSY particles are light. In addition, being not

enhanced by tan β, the ∆b correction has no impact in this low tanβ regime.

– 17 –

H→ZZ

 [GeV]Hm
200 300 400 500 600 700 800 9001000

ZZ
)[p

b]
→

 B
R

(H
× 

gg
F

σ
95

%
 li

m
it 

on
 

-210

-110

1

10
 expectedllll

 expectedqqννllqq+
 expectedννll

Combined expected
Combined observed
σ1±
σ2±

ATLAS 
-1 = 8 TeV, 20.3 fbs

ggF
qqνν+llqq+ννllll+ll→ZZ→H



大川英希 第２回CiRfSEワークショップ 素粒子構造部門、2016年1月19日

重いZZ→4l共鳴事象探索

25

• 200 GeV < m4l < 1 TeVの質量域で探索を行った。

• シグナルアクセプタンスを稼ぐために、pTの閾値やレプトン同定の条件をできる限
りゆるくしている (μ: pT > 6 GeV, |η| < 2.7;  e: ET > 7 GeV, |η| < 2.47)。

• イベントセレクション: 

• 少なくとも4つのleptonが存在し、フレーバー
とチャージの組合せを満たす。

• pT(1) > 25 GeV, pT(2) > 15 GeV, pT(3) > 10 GeV

• 50 < m12 < 106 GeV, m34 制限なし

• dR(li,lj) > 0.10 (同じフレーバーの場合), 
dR(li,lj) > 0.20 (異なるフレーバーの場合)

• J/ψ veto. 
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• A minimal (! η, ! Φ)=(0.075,0.125) EM Calorimeter grid 2.5 
GeV (local maximum) is required to become a cluster seed : 
sliding window algorithm

• Tracks loosely matched to the cluster are used to build 
electron candidates. Pattern recognition improvements and 
refitting the tracks with the Gaussian Sum Filter (based on 
Kalman filtering to account for bremsstrahlung energy loss 
in the inner detector) resulted in an important performance 
improvement in 2012.

• Possible converted photon candidates are reconstructed in 
the same manner : Loosely matched tracks help on vertex 
finding.

• Unconverted photon candidates are formed from clusters 
only.

• Position corrections and energy calibration optimized per 
particle type can be applied.
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• 主要なバックグラウンド: ZZ, Z+jets, ttbar, ttbarV, VVV. 

• ZZ, ttbarV, VVVは、MCから評価。ZZについては、m4lのサイドバンドから規格化を検証
できる。

• ll+μμ: inverted-d0, eμ+μμ, inverted-isolation
の3つのコントロール領域でのフィットか
ら、Z+jetsとttbarの寄与を評価。

• ll+ee: 3l+Xのコントロール領域から、
IBLのヒット数とTRTの情報への同時
フィットから、light-flavor, heavy-flavor, 
photonからのfake leptonの寄与を評価。
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ATLAS-CONF-2015-059
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• 4-レプトンの不変質量分布に、有意なピークは観測されなかった。

• より崩壊比の大きい、他のZZチャンネル (llvv, llqq, vvqq)の解析も進行中。

• 又、より高統計のデータを用いた調査も重要。
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• ダイボソン共鳴事象は、標準理論を超えた物理を探索する上で、非常に重要なチャ
ンネルである。

• 2015年に取得した全データ (LHC Run-2 データ)を用いたダイボソン共鳴事象の探
索について、発表した。

• Run-1で存在した、JJチャンネルでのmJJ~2 TeVの逸脱が、Run-2では観測されな
かった。

• 一方、光子対の共鳴事象では、不変質量約750 GeVに若干の逸脱が見られた。

• 他のチャンネル (特にZZ→llvv)で、同様の共鳴が見られるかを確認することが、急
務である。現在、解析を進めている。

• 又、本年の春以降に取得されるより高統計のデータを用いて、引き続き探索を続け
ていく。



backups
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Trimming • Grooming手法の中で (trimming, pruning, 
split-filtering)、trimmingが最もBG rejection
とpileupに対する安定性が優れている。

calculation. The ratio of the N-subjettiness functions found with the standard subjet axes, ⌧21, and with
the ‘winner-takes-all’ axes, ⌧wta

21 , can be used to generate the dimensionless variables that have been shown
in particle-level MC to be particularly useful in identifying two-body structures within jets:
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Energy correlation ratios:
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where the parameter � is used to give weight to the angular separation of the jet constituents. In the above
functions, the sum is over the constituents i in the jet J, such that the 1-point correlation function Eq. (7b)
is approximately the jet pT. Likewise, if one takes � = 2, it is noted that the 2-point correlation functions
are equivalent to the mass of a particle undergoing a two-body decay in collider coordinates.
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Values of � = 1 and 2 are studied here.
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⌧21, ⌧wta
21 are given later in this section. The dipolarity [23], D, uses a related method to define hard

substructure.

• Centre-of-mass jet shapes transform the constituents and then use them with respect to the jet
axis. The variables considered are thrust, Tmin, Tmaj, sphericity, S , and aplanarity, A, which have
been used in a previous ATLAS measurement [24].

• Quantum-jet variables The quantum jets (‘Q-jets’) method [25] is unique in its class, using a
non-deterministic approach to jet reconstruction. More information on the use of this method by
ATLAS can be found in Ref. [26].

The variables found in the following studies to be most interesting in terms of W-jet tagging are described
here in more detail.

Jet Mass:
The mass of a jet is given by the di↵erence between the squared sums of the energy Ei and momenta pi
of the constituents:

M2 =

0
BBBBB@
X

i

Ei

1
CCCCCA

2

�
0
BBBBB@
X

i

pi

1
CCCCCA

2

. (3)

For a two-body decay, the jet mass can be approximated as:

M2 ⇡ pT1 pT2�R2
12. (4)

N-subjettiness:
The “N-subjettiness” [21, 22] jet shape variables describe to what degree the substructure of a given jet J
is compatible with being composed of N or fewer subjets. The 0-, 1- and 2-subjettiness are defined as:

⌧0(�) =
X

i2J

pTi�R�, (5a)

⌧1(�) =
1
⌧0(�)

X

i2J

pTi�R�a1,i, (5b)

⌧2(�) =
1
⌧0(�)

X

i2J

pTi min(�R�a1,i,�R�a2,i), (5c)

where the distance �R refers to the distance between constituent i and the jet axis, and the parameter �
can be used to give a weight to the angular separation of the jet constituents. In the studies presented here,
the value of � = 1 is taken. The calculation of ⌧N requires the definition of N axes, such that the distance
between each constituent and any of these axes is RaN ,i. In the above functions, the sum is performed over
the constituents i in the jet J, such that the normalisation factor ⌧0 (Eq. 5a) is equivalent to the magnitude
of the jet pT multiplied by the ��exponentiated jet radius.

Recent studies [27] have shown that an e↵ective alternative axis definition can increase the discrimination
power of these variables. The ‘winner-takes-all’ axis uses the direction of the hardest constituent in
the exclusive kt subjet instead of the subjet axis, such that the distance measure �Ra1,i changes in the

6

N-subjettiness

calculation. The ratio of the N-subjettiness functions found with the standard subjet axes, ⌧21, and with
the ‘winner-takes-all’ axes, ⌧wta

21 , can be used to generate the dimensionless variables that have been shown
in particle-level MC to be particularly useful in identifying two-body structures within jets:

⌧21 =
⌧2
⌧1
, ⌧wta

21 =
⌧wta

2

⌧wta
1
. (6)

Energy correlation ratios:
The 1-point, 2-point and 3-point energy correlation functions for a jet J are given by:

ECF0(�) =1, (7a)

ECF1(�) =
X

i2J

pTi , (7b)

ECF2(�) =
X

i< j2J

pTi pT j

⇣
�Ri j
⌘�
, (7c)

ECF3(�) =
X

i< j<k2J

pTi pT j pTk

⇣
�Ri j�Rik�R jk

⌘�
, (7d)

where the parameter � is used to give weight to the angular separation of the jet constituents. In the above
functions, the sum is over the constituents i in the jet J, such that the 1-point correlation function Eq. (7b)
is approximately the jet pT. Likewise, if one takes � = 2, it is noted that the 2-point correlation functions
are equivalent to the mass of a particle undergoing a two-body decay in collider coordinates.

An abbreviated form of these definitions can be written as :

e(�)
2 =

ECF2(�)
ECF1(�)2 , (8a)

e(�)
3 =

ECF3(�)
ECF1(�)3 . (8b)

These ratios of the energy correlation functions can be used to generate the dimensionless variable
C(�)

2 [14], and its more recently modified version D(�)
2 [15, 16], that have been shown in particle-level

MC to be particularly useful in identifying two-body structures within jets:

C(�)
2 =

e(�)
3

(e(�)
2 )2
, (9a)

D(�)
2 =

e(�)
3

(e(�)
2 )3
. (9b)

Values of � = 1 and 2 are studied here.
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• W/Z-tagging同様、anti-kt R=1.0を用いてjet finding. 

• H→bb同定のため、track jet R=0.2を用いて、double b-tag (現在70% 
working pointのみ使用).

• C2, D2, τ21wtaの中で、D2がBG rejectionが最も良い。

• b-hardronからのμがいた場合には、jetのfour vectorに加える。
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Table 1: The resonance width (�) and the product of cross sections times branching ratios (BR) to four-quark final
states used in model A for the HVT W 0 and Z 0 and the bulk GRS for several values of resonance pole masses (m).

W 0 ! W Z Z 0 ! WW GRS! WW GRS ! Z Z
m �HVT � ⇥BR � ⇥BR �GRS � ⇥BR � ⇥BR

[TeV] [GeV] [fb] [fb] [GeV] [fb] [fb]
1.3 33.3 62.7 28.7 76 7.2 3.9
1.6 40.9 23.3 10.6 96 2.0 1.1
2.0 51.0 7.6 3.35 123 0.47 0.25

4. Jet reconstruction and event selection

The methodology of the analysis is to reconstruct hadronically decaying W and Z bosons, and thus the
handling of jets is of prime importance. However, to ease the combination of these results with other
search modes, events containing charged leptons or large missing transverse momentum are identified
and removed.

4.1. Jet reconstruction

Jets are reconstructed from topological clusters in the electromagnetic and hadronic calorimeters using
the anti-kt [32] algorithm with the radius parameter R set to 1.0. A second jet collection is made, using
the same clusters but with R=0.4, which is used only when explicitly stated. In addition to these, jets
are also created from the charged-particle tracks using the anti-kt algorithm with R=0.2. The tracks used
have to satisfy pT >0.4 GeV, tracking quality requirements and consistency with the primary vertex3.

These track-jets are used to identify b-quarks using an algorithm based upon track impact parameters and
secondary vertices with an e�ciency chosen to be approximately 70% per jet in tt̄ samples [33], and are
associated [34] to the large-R jets.

To avoid possible contamination of the validation regions described in Sec. 5 from jets containing H !
bb̄, large-R jets with two or more associated b-tagged track-jets and 110 < mJ < 140 GeV are rejected.

The large-R jets are processed following Ref. [35], and the implementation of this procedure is sum-
marised in the next subsection. The subsequent one discusses an additional selection on the number of
associated charged tracks.

4.1.1. Jet grooming and boson-tagging requirements

The large-R jets are trimmed [36] as described by the “R2” configuration in Ref. [35]. The trimming
procedure is to re-cluster the large-R jet constituents using the kt algorithm with R=0.2, and any of the
sub-jets with a pT below 5% of the original jet are dropped. The sum of the four-momenta of all subjets
is taken as the four-momentum of the trimmed jet.

3 The primary vertex is identified as the vertex with the largest ⌃p2
T of the tracks associated with it.
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Figure 2: The separation in |�y12 | of the selected jets for data (points), multi-jet simulation (solid) and W 0 simulation
with mW 0 = 1.5 TeV (a) and 2.4 TeV (b). Events in the histograms have been selected after applying the trigger
selection, jets |⌘ | < 2.0, leading jet pT > 450 GeV, mJJ > 1.0 TeV and |mJJ � mW 0 | < 0.1 ⇥ mW 0 . All samples
are scaled to the same number of events as the data. In the last bin events with |�y12 | > 3.0 are included.
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Figure 3: The e�ciency for signal selection without (a) and with (b) the Ntrk < 30 requirement. To compute the
e�ciency, a 10% window around the resonance pole mass is applied to the invariant-mass of the dijet system.

Table 2: The numbers of events selected by the W Z analysis in data, and from an example W 0 simulation with a
mass of 2.0 TeV. Only statistical errors on the signal are shown.

Selection Data HVT W 0 simulation
mJJ > 1000 GeV 972069 21.5 ± 0.1

Topological selections 285474 15.4 ± 0.1
Boson tagging 128 3.09 ± 0.05

10



大川英希 第２回CiRfSEワークショップ 素粒子構造部門、2016年1月19日

JJ探索

34

5.2 Boson tagging requirements

The two jets with the highest transverse momentum each must satisfy the three boson tagging require-
ments discussed in section 4: py � 0.45, ntrk < 30, and |m j � mV | < 13 GeV, where mV is the peak
value of the reconstructed W or Z boson mass distribution. For the W0 ! WZ search, this final cut sets
mV equal to the peak reconstructed W boson mass when applied to the lower mass jet, and to the peak
reconstructed Z boson mass when applied to the higher mass jet.

The expected e�ciency of these boson tagging cuts applied to signal events is evaluated using the MC
signal samples described in section 3. For signal events passing event topology requirements on the mass-
drop filtering, ⌘, the rapidity di↵erence, and the pT asymmetry, the average e�ciency of the tagging cuts
for each of the two leading-pT filtered jets s approximately the same in the GRS ! WW and GRS ! ZZ
samples, and ranges from 44.0% in the mGRS = 1.2 TeV sample to 33.9% for the mGRS = 3.0 TeV sample.
Figure 2(b) shows the selection e�ciency of the event selection and tagging requirements for signal events
with resonance mass within 10% of the nominal signal mass for the W0 ! WZ and bulk GRS ! WW
and bulk GRS ! ZZ benchmark models, with both statistical and systematic uncertainties included in
the error band. The average background selection e�ciency of the tagger for each of the two leading-pT
filtered jets in simulated QCD dijet events satisfying the same event selection requirements ranges from
1.2% for events with dijet masses between 1.08 TeV and 1.32 TeV, to 0.6% for events with dijet masses
between 2.7 TeV and 3.3 TeV.

5.3 Dijet mass requirement

The invariant mass calculated from the two leading jets must exceed 1.05 TeV. This requirement restricts
the analysis of the dijet mass distribution to regions where the trigger is fully e�cient for boson-tagged
jets, so that the trigger e�ciency does not a↵ect its shape.

6 Background model

The search for high-mass diboson resonances is carried out by looking for resonance structures on a
smoothly falling dijet invariant mass spectrum, empirically characterised by the function

dn
dx
= p1(1 � x)p2�⇠p3 xp3 , (1)

where x = m j j/
p

s, and m j j is the dijet invariant mass, p1 is a normalisation factor, p2 and p3 are
dimensionless shape parameters, and ⇠ is a dimensionless constant chosen after fitting to minimise the
correlations between p2 and p3. A maximum-likelihood fit, with parameters p1, p2 and p3 free to float, is
performed in the range 1.05 TeV < m j j < 3.55 TeV, where the lower limit is dictated by the point where
the trigger is fully e�cient for tagged jets and the upper limit is set to be in a region where the data and
the background estimated by the fit are well below one event per bin for the tagged distributions. The
likelihood is defined in terms of events binned in 100-GeV-wide bins in m j j as

L =
Y

i

�ni
i e��i

ni!
, (2)
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Figure 12: The observed p-values found for the RS graviton in the WW and the Z Z channels, and on the HVT in
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are similar, very similar p-values are obtained in each.
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CMS

Search for diboson resonances 
• Run 1: CMS 2s excess near 1.8-2.0 TeV 
• Repeat search at 13 TeV using most sensitive 

channels: lnJ, JJ 
• Analysis categorized in dijet mass for  

optimal sensitivity to WW, WZ, ZZ signals 
• 13 TeV: no excess observed in the region of 

interest near 2 TeV 
• More data needed to fully exclude Run 1 excess 

 
 

30 
15/12/2015 CMS Collaboration - 13 TeV Results 

EXO-15-002 

Run 1 

GBulkÆWW (lνJ+JJ) GBulkÆZZ (JJ) W’ÆWZ (lνJ+JJ) 
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Figure 2: Reconstructed m`⌫J distributions for di�erent signal models.

The dominant uncertainties on the signal acceptance arise from the choice of PDF and from the uncertainty
on the amount of initial and final state radiation present in simulated signal events. The PDF uncertainties
are estimated by taking the acceptance di�erence between the NNPDF23LO and MSTW2008LO PDF
and adding it in quadrature to the di�erence between the NNPDF23LO error sets.

The uncertainty on the integrated luminosity is 5 %. It is determined, following the same methodology
as that detailed in Ref. [48], from a preliminary calibration of the luminosity scale using a pair of x � y
beam-separation scans performed in June 2015.

8 Results

A simultaneous binned maximum-likelihood fit to m`⌫J distributions of the events in the signal region,
the top control region and the W+jets control region is performed using a statistical analysis package
RooStats [49]. The fit includes five contributions: signal, W+jets, Z+jets, top and diboson. The W+jets
and tt̄ normalizations are left free to float in the global fit while the diboson and Z+jets are constrained
within their uncertainties, 11% [50] and 10% [51] respectively. The fit is performed simultaneously for
the electron and muon channels. Systematic uncertainties are taken into account as nuisance parameters
with Gaussian sampling distributions. For each source of systematic uncertainty, the correlations across
bins and between di�erent kinematic regions, as well as those between signal and background, are taken
into account. Nineteen m`⌫J bins between 500 and 3500 GeV are used in the fit with variable bin width
in order to account for the expected resolution of a resonance peak as a function of the resonance mass
while still keeping reasonably high statistics in each bin. The signal resonance distributions are shown in
Figure 2.

Tables 1 and 2 show the number of events predicted and observed in each region and when fitting to the

9
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