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Exotic 探索まとめ 1 
(光子 & フェルミオンの共鳴探索を中心に)

奥村恭幸
東京大学 ICEPP

新学術領域研究「ヒッグス粒子発見後の素粒子物理学の新展開」キックオフ会議
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標準模型を超えて
• 素粒子標準模型は実験をよく再現する優れた模型

• でも多分、超高エネルギーまで万能な理論ではない
– 階層性問題 (不自然に弱い重力)
– ダークマター
– パラメーター数
– フェルミオンの世代
– 力の統一
– etc.. 

きっと何かはあるけど、どこになにがあるのかはわからない
100 GeV ‒ 10 TeV 領域を包括的にカバーする戦略で探索
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イベントトポロジーベースの戦略

• 二体崩壊過程の共鳴をベースに新物理を探索

– jet – jet (qq, qg, gg)
– jet – g (gg, qg)
– g–g
– lepton – lepton
– lepton – Missing ET  
–WW, WZ, ZZ, hh

広い物理モデル
様々な新粒子をカバーする探索

このトークで
カバーする内容

次の野辺さんのトークで、W, Z, H 共鳴、
Boosted object を含む共鳴、

ダークマター対生成探索がカバーされます。
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トークの内容
• 光子検出性能についての議論

• 2 光子共鳴探索
• 2 ジェット共鳴探索
• 荷電レプトン共鳴探索
• 第三世代に注目した共鳴探索
ATLAS 実験の公式結果一覧
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
CMS 実験の公式結果一覧
http://cms-results.web.cern.ch/cms-results/public-results/publications/
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光子検出性能
についてのまとめ
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光子の再構成 (ATLAS)
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Figure 4: Electron pair invariant mass distribution from Z ! ee decays in data compared to simulation after the
application of the full calibration, for (a) 2015 dataset and (b) a subset of 2016 dataset. The distributions for the
data are shown without applying any background subtraction. The simulation is normalised to data. The bottom
panels show the residuals for the data/MC ratios together with the total uncertainty (shaded green band).

6 Calibration checks

In order to check the accuracy of the whole calibration procedure, the electron pair invariant mass (mee)
distribution of Z ! ee candidates, is compared between data and simulation. Figure 4 shows the com-
parison separately for the 2015 dataset (3.2 fb=1 of integrated luminosity) and for the first part of the 2016
dataset (2.7 fb=1 of integrated luminosity). These comparisons are performed without applying any mass-
dependent background subtraction to the data: the multi-jet contributions is evaluated to be negligible
and the contribution from other non-resonant processes (Z ! ⌧⌧ and tt̄ ) is evaluated to be ⇠ 1.5% for
mee = 80 GeV [8]. Data and simulation agree within uncertainties for both datasets.

The instantaneous luminosity delivered by the LHC has largely increased during 2015 and 2016, and
the average number of simultaneous interactions per bunch crossing µ has increased from 13.6 for 2015
to 20.5 for the initial 2016 dataset shown in this note. Because of this large change in the data-taking
conditions, the stability of the calibration has been studied as a function of µ and of time in both datasets.
Figure 5 shows the ratio of the invariant mass from Z ! ee events to the average value observed in the
whole 2015 data sample (hmee (2015)i) as a function of µ and time for both datasets. The stability of the
response of the electromagnetic calorimeter versus µ and time is seen to be better (at most 0.1%) than the
current systematic uncertainty of the calibration procedure.

7 Conclusions

The calibration of electrons and photons described in [2] has been updated to take into account the up-
grade of the detector, the updates and improvements of the simulation, the reconstruction and data-taking
conditions using new simulated samples and 3.2 fb=1 of data at

p
s = 13 TeV collected during 2015.

In particular, an updated simulation-based calibration has been provided and energy scale factors and
additional contributions to the energy resolution have been obtained from Z ! ee events. The layer cali-
bration estimated from Run-1 is still used, but its validity has been checked and an additional systematic
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Figure 2: (a) Energy scale factor ↵ and (b) additional constant term c0 for energy resolution from Z ! ee events as
a function of ⌘. The uncertainty bands on the top plots represent the total uncertainties on these quantities, while
the thin black (resp. thick blue) lines at the bottom represent the statistical (resp. total) uncertainties.

5 Uncertainties on energy scale and resolution

In addition to the uncertainties discussed in Section 4 for the in-situ corrections, many additional sources
of uncertainty on the energy scale and resolution for electrons and photons are considered: beam config-
uration, detector description, procedures and statistics of the samples used for data-driven corrections. A
detailed analysis of all those sources was performed in Run-1 for precision measurements (Section 10 of
[2]). The same model has been implemented for the Run-2 calibration with the updates described in the
following.

Since the uncertainty model developed in Run-1 accounts for more than 70 independent systematic vari-
ations for the energy scale, a simplified model has been developed, considering all the e↵ects to be fully
correlated across ⌘, and summing the e↵ects of all sources of systematic uncertainty in quadrature to
form a single systematic variation. This systematic model is usually pessimistic and is used only by
analyses not very sensitive to the energy scale of electrons and photons. A similar simplification for the
uncertainties on the resolution is provided.

The values of most of the systematic uncertainties have been taken from Run-1 results. Section 5.1 lists
the checks and the updates regarding the most important uncertainties with respect to the uncertainties
used in Run-1, while Section 5.2 shows the uncertainty on the energy scale arising from the introduction
in the calibration of the scintillators in the region 1.4 < |⌘ | < 1.6, as described in Section 3.

5.1 Main sources of uncertainty in Run-2

The main sources of uncertainty on the energy scale and the ones that have been updated are shown in
Figure 3 for |⌘ | < 0.6 and 5 GeV < ET < 1 TeV for electrons, unconverted and converted photons,
including
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• 電磁カロリメータによるエネルギー再構成
– 複数のカロリメータ層の情報を
用いたエネルギー測定
• カロリメータ前のエネルギー損失も補正

•

• 2016 年のデータを用いた calibration
– Zàeeデータを用いてエネルギー再構成の性能を実証
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~25 放射長ある電磁カロリメータ

a ~ 10% sqrt(GeV)
b ~ 250 MeV
c ~ 0.7%
(100GeV 以上の光子に対しては
c の項が主に分解能を決める)

エネルギー分解能
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光子の同定 (ATLAS)
• 電磁シャワー形状の解析による光子選別

• 同定効率のデータを用いた評価
– Zàllg (Radiative Z) を用いた測定

Photon identification

Marco Delmastro 38

π0 candidateϒ candidateS3 (“Back”)

S3 (“Middle”)

S1 (“Strips”)

Presampler

Diphoton searches in ATLAS

η

7

⇡0 ! ��
背景事象を識別

Electron/Photon Reconstruction

6

1. Find cluster seed with energy > 2.5 
GeV through a sliding window algorithm.

- the seed cluster size 3x5 η/Φ middle 
layer unit (0.025x0.025)

2.Match cluster to a track (ID)

- to distinguish e from unconverted γ
3.Match track to a secondary vertex

- to distinguish e from converted γ 
4.Rebuild clusters in optimized cluster 
sizes

- Δη x ΔΦ = 3x7 (5x5) barrel (endcap)
5. Compute energy measurement, 
summing all the cells in the cluster
6.Apply cluster position and energy 
calibration (next slides)

vertex in ID
the conversion happens 
on the 1st SCT layer

電子・陽子対生成点 = 
“Conversion vertex”



/35

光子トリガー (ATLAS)
• 2016 年物理ラン
– 2-gトリガー

• 25 GeV x 35 GeV
• 2 光子共鳴解析

– High mass
– 125 GeV Higgs

– 1-gトリガー
• 140 GeV閾値

– dijet + ISR
– gj共鳴探索

• オフライン光子に対するトリガー効率測定
– Trigger 効率の plateau でデータ解析
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2 光子共鳴探索
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2 光子に崩壊する共鳴探索
• 二光子に見えうる新物理現象の例

– スカラー、擬スカラー ( 2HDM / 複合スカラー ) 
– Graviton の KK 励起状態

• シンプルなデータ解析
– スムーズなバックグラウンドスペクトラム上における共鳴を探索
– 2015 年データ (~3/fb) において超過を観測 @ 750 GeV

• 2016 年の 4 倍の統計で追試
CMS : Phys.Rev.Let. 117(2016), no. 5, 051802
ATLAS : arXiv:1606.03833

The largest deviation from the background-only hypothesis is observed near a mass of 750 GeV, for
a k/MPl value of 0.23, corresponding to a local excess of 3.8 standard deviations. The width associated
with k/MPl = 0.23 at mG⇤ = 750 GeV is 57 GeV. The global significance evaluated using the search region
of 500–2000 GeV in mass and 0.01–0.3 in k/MPl is 2.1 standard deviations. The statistical uncertainty
from the number of pseudo-experiments is ±0.05 standard deviations. For k/MPl = 0.01, correspond-
ing to a narrow width signal, the largest deviation from the background-only hypothesis corresponds to
3.3 standard deviations local significance at a mass near 770 GeV. The change in the likelihood ratio
between the best signal-plus-background fits with a small k/MPl value and k/MPl = 0.23 corresponds to
a di↵erence of 1.3 standard deviations, assuming the asymptotic approximation.

Figure 6 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 res-
onance search together with the best background-only fit (NS=0) using the functional-form approach.
The compatibility with the background-only hypothesis, quantified with the local p0-value expressed in
standard deviations, is shown in Figure 7 as a function of the hypothesized resonance mass and width.
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Figure 6: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit. The di↵erence between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a value outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.

As in the spin-2 resonance search, the largest deviation is observed near a mass of 750 GeV. It corres-
ponds to a local excess over the background-only hypothesis with a significance of 3.9 standard deviations
for a width of 45 GeV. The impact of systematic uncertainties on the significance of the excess is small,
corresponding to a change of about 0.1 standard deviations in the local significance. Only systematic
uncertainties related to the background modelling have a non-negligible contribution to this small di↵er-
ence. The global significance evaluated using the search region of 200–2000 GeV in mass and 0%–10%
in �X/mX is 2.1 standard deviations. The statistical uncertainty from the number of pseudo-experiments
is ±0.05 standard deviations.

If assuming a signal with a narrow width, the largest deviation from the background-only hypothesis is
found for a mass near 750 GeV and it corresponds to a local significance of 2.9 standard deviations. The
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value jmj of the median of the sampling distribution
exceeds 0.5 in any interval, the statistical uncertainty in
the predicted number of background events is increased by
an additional term, denoted the “bias term,” which is
parametrized as a continuous function of mγγ . The bias
term is tuned in such a manner that the sampling
distribution of a pull variable that includes the bias term
yields jmj < 0.5 for all intervals. The additional uncer-
tainty is then included in the likelihood function by adding
to the background model a component having the same
shape as the signal, with a normalization coefficient
distributed as a Gaussian of mean zero and width equal
to the integral of the bias term over the FWHM of the
tested signal shape. The inclusion of the additional
component, whose magnitude is comparable to the 1
standard deviation band shown in Fig. 1, has the effect
of avoiding falsely positive or negative tests that could be

induced by a mismodeling of the background shape, and it
degrades the analysis sensitivity by 5% or less.
For the 8 TeV data in the mX ≤ 850 GeV search, the

background shape is parametrized as gðmγγÞ ¼ m−c
γγ e−dmγγ ,

where c and d are parameters fit independently for each
event category of Fig. 2, and differentmγγ intervals are used
for each mX. The intervals are chosen by comparing the
results of the nominal parametrization with those obtained
using alternative parametrizations of the background, with
the intervals determined to minimize differences in the
predicted background yields [8]. The method used for
13 TeV and the one of Ref. [8] yield similar levels of
uncertainty in the background estimation. The latter
approach, however, is not easily applicable when only a
small number of events populate the mγγ > mX region,
which is why this approach is not adopted for the 13 TeV
analysis or for the 8 TeV search with mX > 850 GeV.
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FIG. 1. Observed diphoton invariant mass mγγ spectra for the event categories used in the analysis of the 13 TeV data: (upper row)
magnetic field strength B ¼ 3.8 T; (lower row) B ¼ 0 T; (left column) both photons in the ECAL barrel detector, (right column) one
photon in the ECAL barrel detector and the other in an ECAL endcap detector. No event with mγγ > 1600 GeV is selected in the
analysis. The results of a likelihood fit to the background-only hypothesis are also shown. The shaded regions show the 1 and 2 standard
deviation uncertainty bands associated with the fit, and reflect the statistical uncertainty of the data. The lower panels show the difference
between the data and fit, divided by the statistical uncertainty in the data points.

PRL 117, 051802 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
29 JULY 2016

051802-4
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信号とバックグラウンド
• 新物理の信号

– Spin-0 共鳴 (例 : High mass ヒッグス)
– Spin-2 共鳴 (例 : Graviton の KK 励起)

• バックグラウンド
– 2 光子を含む標準模型事象

(irreducible background)
• 指数関数的な微分断面積
• “t-channel” の角度特性

– 2 光子を含まない標準模型事象
(reducible background)
• 光子同定 + Isolation カットで落とす

Background modeling

Marco Delmastro Diphoton searches in ATLAS 30

parton 
fragmentation

IRREDUCIBLE

REDUCIBLE

boxborn

jets in γj and jj events with a neutral meson 
decaying in collimated photon pairs 

Background modeling

Marco Delmastro Diphoton searches in ATLAS 30
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Background modeling

Marco Delmastro Diphoton searches in ATLAS 30

parton 
fragmentation

IRREDUCIBLE

REDUCIBLE

boxborn

jets in γj and jj events with a neutral meson 
decaying in collimated photon pairs 
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例えば ggF でできて
2 光子に崩壊するスカラー粒子
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解析のコンセプト (ATLAS)
• 2 光子トリガーによるデータ収集
– 35, 25 GeV

• オフラインイベント選別
– 2 つ光子を終状態に検出

• “Tight” な光子同定
• Isolation カット
• 高横運動量

– イベント毎の 2 光子系の
不変質量に相対的なカット

– pT1>0.4M, pT2>0.3M
– “Spin-0 解析” と呼ばれるカット

• 不変質量分布を解析し信号 (有無) を決定
– バックグラウンド +信号でモデル

(smooth な指数関数 + 共鳴)

12

Why'di2photon'searches'

2'

Fully'reconstructed'resonances:'simplest'way'to'discover'new'parAcles'
'
StaAsAcally'significant'peak''
over'a'smooth'background''
•  experimentally'robust'
•  small'systemaAcs'
•  difficult'for'unknown'backgrounds'to'mimic'
⇒ simple'yet'striking'signature!'

Number'
of'events'

mγγ'
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Interest of dijet data scouting

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
● needed also at 13 TeV  � very interesting 

The production at LHC is allowed! 

Final'states'with'high'pT'photons:'
•  relaAvely'low'background''
''''''at'hadron'colliders'
•  good'mass'resoluAon'

Many'theoreAcal'moAvaAons'
'

Spin20'' Spin22''
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信号のモデル
• 信号の不変質量分布 (共鳴) のモデル
– 200 GeV – 2.4 TeVまでの質量領域の G/m<10% の
シミュレーションサンプルを準備

– Bright Wigner 共鳴を、Double-Sided Cristal-Ball 関数で
畳み込んで、信号共鳴形状を関数系で表現
• 典型的な検出器の分解能による共鳴の太さ ~ 1%

– 例 : s=2.3 GeV @ 200 GeV, s= 15 GeV @ 2 TeV
• エネルギー測定分解能が決める場合 (左)
• 物理のWidth が幅を決める場合の例 (右)

13
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バックグラウンドのモデル
• バックグラウンドで分布をモデル

– 標準模型の gg事象の関数系は Sherpa MC を用いて決定
– gj、jjの関数系はコントロールサンプルを用いて決定

• Calorimeter isolation の分布を用いて測定 gg、gj、jjを成分分解
– Isolation カットをかけると 90% の purity であることが確認

14

再掲 : 本物の photon と、fake の
photon (jet 由来) の isolation 分布の違い

4 MeV) or a width equal to 6% of the mass. The bias from the modelling of the signal mass resolution
has a negligible impact on the extracted signal yield.

6 Background estimates

The estimate of the background m�� contribution in the selected sample is based on a fit using a smooth
functional form, with parameters determined in situ, to model the total background. The mass distribution
from data is fitted in the range above 180 GeV, and the search range for the signal is 200–2400 GeV. In
the analysis of the 2015 data alone, the fit range starts at 150 GeV, to increase the number of events in the
invariant mass sideband (m�� < 200 GeV) and thus improve the precision of the fit results. In the data
there are 19717 events with m�� > 180 GeV. The number of candidates used in the fit to the 2016 (2015)
data alone, i.e. the candidates with m�� > 180 GeV (m�� > 150 GeV) in the 2016 (2015) data is 15466
(7765).

A family of functions, adapted from those used by searches for new physics signatures in dijet final
states [36], is chosen to describe the shape of the invariant mass distribution:

f(k)(x; b, {ak}) = N(1 � x1/3)bx
Pk

j=0 a j(log x) j
, (2)

where x = m��/
p

s, b and ak are free parameters, and N is a normalization factor. The number of free
parameters describing the normalized mass distribution is thus k + 2.

To validate the choice of this functional form and to derive the corresponding uncertainties, the method
detailed in Ref. [37] is used to check that the functional form is flexible enough to accommodate dif-
ferent physics-motivated underlying distributions. The shape of the mass distribution for the irreducible
diphoton background is obtained from the simulated Sherpa diphoton samples. The shape of the mass
distribution for the reducible photon+jet and dijet backgrounds is estimated from data control samples
selected with one or two of the photons failing the tight identification criteria but fulfilling a looser set of
requirements. As the limited number of data events does not directly allow a precise estimate of the mass
distribution for masses above 500 GeV, the invariant mass distributions of these samples are fitted with
various smooth functions providing an adequate fit to the data. The final pseudo-data set is obtained by
summing the diphoton contribution and the smoothed estimate of the photon+jet and dijet backgrounds,
normalised to their yields estimated in the data with the methods described in Section 4.2.

The bias related to the choice of functional form is estimated as the fitted "spurious" signal [37] yield in
these pseudo-data, which consist only of background events, when performing a signal-plus-background
fit for various signal mass hypotheses. To be selected for the analysis, the functional form is required to
have a fitted "spurious" signal of less than 30% of the statistical uncertainty in the fitted signal yield over
the full investigated mass range. Among the forms fulfilling this criteria, the one with the lowest number
of degrees of freedom is preferred. Based on these criteria, the functional form defined in Equation (2)
with k = 0 is selected. The uncertainty in the background is estimated from the fitted "spurious" signal.
For a narrow-signal hypothesis, it varies from 18 events at 200 GeV to 0.012 events at 2400 GeV, for the
combined 2015+2016 dataset. For larger hypothesized signal widths, the signal is integrated over a wider
mass range and the background uncertainty is larger, varying from 117 events at 200 GeV to 0.35 events
at 2400 GeV, for a hypothesized signal with a relative width �X/mX of 10%.

9
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2016 年データフィット結果

7 Statistical procedure

The numbers of signal and background events are obtained from maximum-likelihood fits of the m�� dis-
tribution of the selected events. Various (mX , ↵) hypotheses, corresponding to the presence of a resonance
of mass mX and width �X = ↵mX , are probed. Each fit allows for a single signal component.

The function used to describe the data can be written as

NS(�S) fS(m��) + NB fB(m��), (3)

where NS is the fitted number of signal events, fS(m��) is the normalized invariant mass distribution for
a given signal hypothesis, NB is the fitted number of background events and fB(m��) is the normalized
invariant mass distribution of the background events. The fitted number of signal events is related to the
assumed signal cross section times branching ratio to two photons (�S ) in the fiducial acceptance via the
integrated luminosity and the detector e�ciency correction factors.

Uncertainties in the signal parameterization, in the detector e�ciency correction factors for the signal and
in the description of the background shape are included in the fit via nuisance parameters. Uncertainties
in the signal modelling are constrained with Gaussian or log-normal penalty terms. The parameters of
the functional form used to describe the background are nuisance parameters without penalty terms, and
the systematic uncertainty in the background description is implemented by the "spurious" signal term,
which is constrained by a Gaussian penalty term and, for a given (mX , ↵) hypothesis, has the same
invariant mass distribution as the signal. This "spurious" signal uncertainty is considered separately for
each (mX , ↵) hypothesis without any correlation between the di↵erent investigated mass ranges.

The local p-value (p0) for the compatibility with the background-only hypothesis when testing a given
signal hypothesis (mX , ↵) is based on scanning the q0(mX ,↵) test statistic [38]:

q0(mX ,↵) = �2 log
L(�S = 0,mX ,↵, ˆ̂⌫)

L(�̂S,mX ,↵, ⌫̂)
, (4)

where the values of the parameters marked with the hat superscript are chosen to unconditionally max-
imize the likelihood L, while the value with a double hat is chosen to maximize the likelihood in a
background-only fit, and ⌫ represents the nuisance parameters which are varied in the fit. This p0-value
is calculated using the asymptotic approximation to the test statistic distribution [38].

Global significance values are computed to account for the trial factors given by the search range. A
large number of pseudo-experiments are generated assuming the background-only hypothesis and, for
each pseudo-experiment, a maximum-likelihood fit is performed with the signal mass, width and rate
as free parameters, within the search range. The corresponding p0-value is computed and the global
significance is estimated by comparing the minimum p0-value observed in data to the distribution derived
from pseudo-experiments.

The expected and observed 95% confidence level (CL) exclusion limits on the cross section times branch-
ing ratio to two photons are computed using a modified frequentist approach CLs [39] with the asymptotic
approximation to the test statistic distribution [38]. Cross-checks with sampling distributions generated
using pseudo-experiments are performed for a few signal mass points. The largest di↵erences are of the
order of 10–30% on the cross-section limit for a high-mass, narrow resonance.
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Figure 7: Upper limits on the fiducial cross section times branching ratio to two photons at
p

s = 13 TeV of a
spin-0 particle as a function of its mass mX , for di↵erent values of the decay width divided by the mass. In (a) a
narrow-width signal, with �X = 4 MeV, is assumed.
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CMS の結果
6 6 Selected data sample and interpretation of the results

mentum. This allows to test the transverse energy range up to roughly 150(100) GeV in the
barrel (endcap) region. For the barrel region, the energy scale corrections are found to be stable
within 0.4% in the probed range. A stability better than 0.8% is observed for photon candidates
in the endcaps.

6 Selected data sample and interpretation of the results

A total of 6284 (2791) photon pairs are selected in the EBEB (EBEE) category. Out of these,
461 (800) pairs have an invariant mass above 500 GeV. The invariant mass distribution of the
selected events is shown in Fig. 2. A parametrisation of the spectrum of the form f (mgg) =

ma+b·log(mgg)
gg , obtained through an unbinned maximum likelihood fit to the selected events, is

shown. This parametric form corresponds to the one chosen to model the background in the
hypothesis tests, as detailed in Section 8.
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Figure 2: Observed invariant mass spectra for the EBEB (left) and EBEE (right). No event with
mgg > 2000 GeV is selected in the analysis. The results of a likelihood fit to the background-
only hypothesis are also shown. The shaded regions show the 1 and 2 standard deviation
uncertainty bands associated with the fit, and reflect the statistical uncertainty of the data. The
lower panels show the difference between the data and fit, divided by the statistical uncertainty
in the data points.

The results of the search are interpreted in the framework of a composite statistical hypoth-
esis test. A simultaneous fit to the invariant mass spectra of the EBEB and EBEE event cat-
egories is used to study the compatibility of the data with the background-only and the sig-
nal+background hypotheses.

The test statistics used in the hypothesis tests are based on the profile likelihood ratio:

q(µ) = �2log
L(µ · S + B|q̂µ)

L(µ̂ · S + B|q̂)

where S and B are the probability density functions for the resonant diphoton production pro-
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Trigger : 2 光子 pT > 60 GeV
オフライン 2 光子 pT > 75 GeV, |h|<2.5
イベント分類
• EBEB 両方共 Barrel
• EBEE 片方 Endcap
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2 ジェット共鳴探索
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解析戦略
• 新粒子の 2jet 終状態への

BF は一般に大きい
– 終状態のカラーの自由度による

• “High mass” 探索
– マルチ TeVの共鳴

• 余剰次元 & 量子重力
(QBH /KK Graviton生成)

• 複合クォーク模型
(Excited quark)

– 13 TeV物理解析の最重要課題

• “Low mass” への拡張の必要性
– Dark Matter mediatorの理解
– トリガーバイアス

• ISR をつかった解析
• Data scouting を用いた解析

6.5 TeV 12
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MZ'B
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g
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UA2
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CDF 1.1 fb!1

CMS
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ATLAS 1 fb!1

CMS
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CMS 5 fb!1

CMS 20 fb!1

ATLAS
13 fb!1

FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

note that an update of the “scouted data” anal-

ysis [23] with more luminosity by CMS (and AT-

LAS) would also push sensitivity to lower cou-

plings in the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [48], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

http://arxiv.org/pdf/1306.2629v3.pdf
(13 TeV results are missing here) 
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High mass : dijet 探索
ATLAS 解析
• Trigger : jet 360 GeV
• pT1 440 GeV
• pT2 60 GeV
• y* = |y1-y2|/2<0.6
CMS 解析
• Trigger : HT>800 GeV

• Plateau at M>1.1TeV
• 2 Jet pT> 30 GeV, |h|<2.5
• |Dhjj|<1.3
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角度解析 (ATLAS)
• Trigger : jet 360 GeV
• pT1 > 440 GeV, |h|<2.8
• pT2 > 60 GeV
• y* = |y1-y2|/2<1.7
• yB = 1/2 ln (x1/x2) < 1.1

1 Introduction

The centre-of-mass energy of proton–proton (pp) collisions at the Large Hadron Collider (LHC) at CERN
has been increased from

p
s = 8 TeV to

p
s = 13 TeV, opening a new energy regime to observation.

New particles produced in LHC collisions must interact with the constituent partons of the proton. Con-
sequently, the new particles can also produce partons in the final state. Final states including partons often
dominate in models of new phenomena beyond the Standard Model (BSM). The partons shower and had-
ronize, creating collimated jets of particles carrying approximately the four-momenta of the partons. The
total production rates for two-jet (dijet) BSM signals can be large, allowing searches for anomalous dijet
production to test for such signals with a relatively small data sample, even at masses that constitute
significant fractions of the total hadron collision energy.

In the Standard Model (SM), hadron collisions produce jet pairs primarily via 2 ! 2 parton scattering
processes governed by quantum chromodynamics (QCD). Far above the confinement scale of QCD (⇡
1 GeV), jets emerge from collisions with large transverse momenta, pT, perpendicular to the direction of
the incident partons. For the data analysed here, QCD predicts a smoothly falling dijet invariant mass
distribution, m j j. New states decaying to two jets may introduce localized excesses in this distribution.
In QCD, due to t-channel poles in the cross-sections for the dominant scattering processes, most dijet
production occurs at small angles ✓⇤, defined as the polar angle in the dijet centre-of-mass frame. 1 Many
theories of BSM physics predict additional dijet production with a significant population of jets produced
at large angles with respect to the beam; for reviews see Refs. [1, 2]. The search reported in this Letter
exploits these generic features of BSM signals in an analysis of the m j j and angular distributions.

As is common, a rapidity y = ln (E + pz)/(E � pz)/2 is defined for each of the outgoing partons, where E
is its energy and pz is the component of its momentum along the beam line.2 Each incoming parton carries
a fraction (Bjorken x) of the momentum of the proton. A momentum imbalance between the two partons
boosts the centre-of-mass frame of the collision relative to the laboratory frame along the z direction by
yB = ln (x1/x2)/2 = (y3 + y4)/2, where yB is the rapidity of the boosted centre-of-mass frame, x1 and
x2 are the fractions of the proton momentum carried by each parton and y3 and y4 are the rapidities of
the outgoing partons in the detector frame. Di↵erences between two rapidities are invariant under such
Lorentz boosts, hence the following function of the rapidity di↵erence y⇤ = (y3 � y4)/2 between the two
jets,

� = e2|y⇤ | ⇠ 1 + cos ✓⇤

1 � cos ✓⇤
,

is the same in the detector frame as in the partonic centre-of-mass frame. In the centre-of-mass frame, the
two partons have rapidity ±y⇤.

1 Since, experimentally, the two partons cannot be distinguished, ✓⇤ is always taken between 0 and ⇡/2 with respect to the beam.
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the

detector and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). It is equivalent to the rapidity for massless
particles.

2
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模型 ATLAS CMS
q* 5.6 TeV 5.4 TeV
ADD QBH (n=6) 8.7 TeV
RS Graviton 1.9 TeV
W’ 2.9 TeV 2.7 TeV
W* 3.3 TeV
L dim6 (des. intf.) 13 TeV
L dim6 (con. intf.) 20 TeV
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Low mass : ISR + dijet
• シングルジェットトリガーを使った解析は高い pTを要求 (440 GeV)

– Mass がバイアスされ 1 TeVより低い領域を議論するのは困難
• ISR の光子 / ジェットでトリガー

Trigger : 140 GeV g
ISR 150 GeV photon
2 jet pT > 25 GeV |h|<2.8,
y*<0.8

Trigger : 380 GeV jet
ISR 430 GeV photon
2 jet pT > 25 GeV |h|<2.8,
y*<0.6

20

2 jet + ISR (光子)

2 jet + ISR (ジェット)

200 GeV ‒ 1 TeV まで ~100fb ‒
10fb の断面積をもつ共鳴を棄却

350 ‒ 550 GeV まで ~100fb の
断面積をもつ共鳴を棄却



/35Low mass : 
Trigger-object level analysis

• HLT-reconstructed jet のみを high rate で記録する
特別なデータ収集法 ( “data scouting” )
– ATLAS : “L1 jet trigger (J75)” を満たしたイベントを収集

• 低い Jet pTカットで解析 (440 GeV à 185 GeV)
– CMS : HLT の trigger 条件を緩和

• HT 800 GeV à 250 GeV
• M(jj) ~ 500 GeVまで共鳴探索の範囲を拡大
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ダークマターに対する解釈
13 TeV High mass 
dijet 探索

13 TeV
dijet + ISR 探索

13 TeV
TLA dijet 探索

22
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断面積の上限を gq の上限に焼き直し

� / g4q
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gq=0.25 の棄却領域

8 TeV High mass 
dijet 探索

Note : 講演後 8 TeV の棄却領域の塗りつぶしが正しくなかったのを修正しました。
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光子 + ジェット共鳴
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光子 + ジェット共鳴探索
• High mass 2 jet 共鳴探索と相補的
– BR は小さいが、クリーン & 高分解能
– Excited quark (複合クォーク), 

QBH (ADD, RS 余剰次元模型)

Search for excited quarks

August 5th, 2016ICHEP 2016, Chicago
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4.37 and 1.36 TeV based on 
the coupling.  

• CMS Run II significantly 
extends the Run I limit 
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Figure 3: Photon-jet invariant mass distributions of events selected in data and results of a background-only fit, for
(a) the q⇤ and RS1 (n = 1) QBH searches and (b) the ADD (n = 6) QBH search. The top panels show the data
(dots), the nominal fit results (blue lines), and the uncertainty on the background models (light blue bands) due to
the uncertainty in the fit parameter values. Some examples of expected signals overlaid on the fitted background
are also shown, for (a) a q⇤ with a mass of 3.8 TeV (red dashed line) and an RS1 (n = 1) QBH with a threshold
mass of 4 TeV (orange dotted line) and (b) an ADD (n = 6) QBH with a threshold mass of 6 TeV (red dashed line).
The bottom panels show the di↵erence between the data and the prediction of the background-only fit, divided by
the square root of the predicted background.
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ATLAS 解析
• Trigger @ g 140 GeV
• Isolated g pT 150 GeV
• jet pT 150 GeV
• |Dh|<1.6

CMS 解析
• Trigger @ g 175 GeV
• Isolated g pT 190 GeV
• jet pT 150 GeV
• |Dh|<1.8, |Df|>1.5
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Figure 5: Observed 95% CL limits (dots and solid black line) on the production cross section times branching ratio
to a photon and a quark or a gluon for (a) an excited quark q⇤, (b) an RS1 (n = 1) QBH, and (c) an ADD (n = 6)
QBH. The limits are shown as a function of the q⇤ mass or the QBH production threshold mass. The median
expected 95% CL exclusion limits (dashed line), in the case of no expected signal, are also shown. The green and
yellow bands correspond to the ±1� and ±2� intervals. The red solid lines show the predicted � ⇥ BR (at leading
order in ↵s in the case of the q⇤ model). The dashed red lines in (a) show how the PDF uncertainties a↵ect the
prediction. In the case of the q⇤ and ADD QBH searches, the corresponding limits from the ATLAS Run 1 pp data
are indicated (vertical line).
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模型 ATLAS CMS
q* 4.4 TeV 4.4 TeV
ADD QBH (n=6) 6.2 TeV
RS QBH (n=1) 3.8 TeV
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荷電レプトンを含む終状態
に注目した共鳴探索
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W’àlv 探索1 Introduction

There are many models of physics beyond the Standard Model (SM) predicting new spin-1 gauge bosons
that could be discovered at the Large Hadron Collider (LHC). While the details of the models vary,
conceptually these particles are heavier versions of the SM W and Z bosons and are generically called W0
and Z0 bosons.

In the following, a search for a W0 boson is presented using the pp collision data collected with the
ATLAS detector in 2015 and 2016 at a centre-of-mass energy of 13 TeV. The dataset corresponds to
an integrated luminosity of 3.2 fb�1 collected in 2015 and 10.1 fb�1 taken in 2016. The results are
interpreted in the context of the benchmark Sequential Standard Model (SSM), i.e. the extended gauge
model of Ref. [1], in which the couplings of the W0SSM to fermions are assumed to be identical to those of
the SM W boson. The decay of the SSM W0 to SM bosons is not allowed and interference between the
SSM W0 and the SM W boson is neglected.

The search is carried out in the W0 ! e⌫ and W0 ! µ⌫ channels. The signature is a charged lepton (`)
with high transverse momentum (pT) and substantial missing transverse momentum (Emiss

T ) due to the
undetected neutrino. The signal discriminant is the transverse mass

mT =

q
2pTEmiss

T (1 � cos �`⌫), (1)

where �`⌫ is the angle between the lepton and Emiss
T in the transverse plane1. The dominant background

for the W0 ! `⌫ search is the high-mT tail of the charged-current Drell–Yan (qq̄0 ! W ! `⌫) process.

Searches for W0SSM bosons in the W0 ! e⌫ and W0 ! µ⌫ channels were carried out by both the ATLAS
and CMS collaborations using the Run 2 data taken at a centre-of-mass energy of

p
s = 13 TeV in 2015.

The ATLAS analysis was based on data corresponding to an integrated luminosity of 3.2 fb�1 and sets
a 95% confidence level (CL) lower limit on the W0SSM mass of 4.07 TeV [2]. The CMS collaboration
published preliminary results on a search using 2.2 fb�1 which excludes W0SSM masses below 4.4 TeV at
95% CL [3].

2 ATLAS detector

The ATLAS experiment [4] at the LHC is a multi-purpose particle detector with a forward-backward sym-
metric cylindrical geometry and a near 4⇡ coverage in solid angle. It consists of an inner tracking detector
(ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
(EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner tracking detector covers the
pseudorapidity range |⌘| < 2.5. It consists of a silicon pixel detector including the newly-installed insert-
able B-layer [5], followed by silicon micro-strip, and transition radiation tracking detectors. Lead/liquid-
argon (LAr) sampling calorimeters provide EM energy measurements with high granularity. A hadronic
(steel/scintillator-tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and
forward regions are instrumented with LAr calorimeters for both EM and hadronic energy measurements

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

2

シングルミュー粒子トリガー (µ 50 GeV)
pT>55 GeV, |h|<2.4, d0, z0sinq
Combined muon, Isolation カット
それぞれの検出層に 3 ヒット
Veto muons in 1.01<|h|<1.10 
MET>55 GeV

シングル電子トリガー
(medium 60GeV, loose 140GeV)
|h|<2.47, veto 1.37<|h|<1.52
電子 ID (tight Likelihood)
Isolation カット
MET>65 GeV

74% (2TeV)
69% (4TeV)

53% (2TeV)
49% (4TeV)
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W’àlv 探索

W’ 質量を仮定した際の Sequential Standard Model の棄却 (95% CL)
電子チャンネル : mW’ = 4.6 TeV (4.6 TeV expected)
ミューオンチャンネル : mW’ = 4.2 TeV (4.3 TeV expected)

Combined results : mW’ = 4.7 TeV (4.8 TeV expected)

ピーキングが悪く S/sqrt(B) が稼げないため、
ミューオンの方が High Mass の感度が低い
電子・ミューオンともに、 3 TeV 以上で
感度が下がってしまうのは、
ミューオントリガーの eta 依存性と
電子の同定効率のエネルギー依存性に関係
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Z’àll 探索 (ATLAS)Table 4: Observed and expected 95% C.L. lower mass limits for various Z0 gauge boson models. The widths are
quoted as a percentage of the resonance mass.

Model Width [%] ✓E6 [Rad]
Lower limits on mZ 0 [TeV]

ee µµ ``
Obs Exp Obs Exp Obs Exp

Z0
SSM 3.0 - 3.85 3.86 3.49 3.53 4.05 4.06
Z0
� 1.2 0.50 3.48 3.49 3.18 3.19 3.66 3.67

Z0
S 1.2 0.63 ⇡ 3.43 3.44 3.14 3.14 3.62 3.61

Z0
I 1.1 0.71 ⇡ 3.37 3.37 3.08 3.08 3.55 3.55

Z0
⌘ 0.6 0.21 ⇡ 3.25 3.25 2.96 2.94 3.43 3.42

Z0
N 0.6 -0.08 ⇡ 3.23 3.23 2.95 2.94 3.41 3.41

Z0
 0.5 0 ⇡ 3.18 3.18 2.90 2.88 3.36 3.35

13

GUT & E6 symmetry 
breaking をするため
に出てくる 二個の
U(1) 対称性による Z’

28

muon チャンネル選別 :
トリガー 1 ミューオン 26 GeV / 50 GeV
2 ミューオン pT>30 GeV, |h|<2.5, 
Isolation カット
それぞれの検出層に 3 ヒット
Veto muons in 1.01<|h|<1.10 

効率 44% (3 TeV Z’)

電子チャンネル選別 :
トリガー 2 電子 (15 GeV)
2 電子 pT>30 GeV, |h|<2.47
Isolation カット

効率 73% (3 TeV Z’)
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6 5 Analysis strategy and results

m(ee) [GeV]
80 100 200 300 1000 2000 3000

Ev
en

ts
 / 

G
eV

4−10

3−10

2−10

1−10

1

10

210

310

410

510 Data
- e+ e→*/Z γ

ττ, tW, WW, WZ, ZZ, tt
Jets

CMS
Preliminary

 (13 TeV)-112.4 fb

) [GeV]−µ+µm(
80 100 200 300 1000 2000 3000

 E
ve

nt
s 

/ G
eV

-410

-310

-210

-110

1

10

210

310

410

510 Data
−µ+µ →*/Z γ

, tWtt

, W+jetsττWW, WZ, ZZ, 

 (13 TeV)-113.0 fb

CMS
Preliminary

Figure 1: The invariant mass spectrum of (top) ee and (bottom) µ+µ� events. The points with
error bars represent the data. The histograms represent the expectations from SM processes:
Z/g⇤, tt and other sources of prompt leptons (tW, diboson production, Z ! tt), and the mul-
tijet backgrounds. Multijet backgrounds contain at least one jet that has been misreconstructed
as an electron. The MC simulated backgrounds are normalised to the data in the region of
60 < m`` < 120 GeV, with the muon channel using a prescaled lower threshold trigger for this
purpose.
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Figure 2: The 95% CL upper limits on the production cross section times branching fraction for
a spin-1 resonance with a width equal to 0.6% of the resonance mass, relative to the produc-
tion cross section times branching fraction for a Z boson, for the (top) dielectron and (bottom)
dimuon channel. The shaded bands correspond to the 68 and 95% quantiles for the expected
limits. Theoretical predictions for the spin-1 Z0

SSM and Z0
y resonances are shown for compari-

son.
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7

such as PYTHIA must be corrected as they include off-shell effects. A reasonable approximation
of the on-shell cross section calculation is obtained by applying a ±5%

p
s cut on the mass

window, following the prescription in Ref [31].

The uncertainty on the signal efficiency is: 8% (10%) for the dielectron barrel-barrel (barrel-
endcap) channel; +1

�3% for the dimuon barrel-barrel channel; +1
�4% for the dimuon positive end-

cap channel. A mass-dependent uncertainty is set for the dimuon negative endcap channel
that vary from +1

�4% at 500 GeV to �30% at 2 TeV. A mass-dependent asymmetric uncertainty
ranging from �0.2% at 500 GeV to �10% (�3%) at 3 TeV is added in quadrature to this to ac-
count for the trigger efficiency uncertainty in the muon negative (positive) endcap channel. An
asymmetric trigger efficiency uncertainty of �1% is set in the muon barrel-barrel channel, con-
stant with the mass. A relative mass scale calibration uncertainty of 1% is considered when the
different channels are combined. In the dimuon analysis potential misalignments in the muon
chambers and track quality degradation result in uncertainties of +20% in the mass resolution.

The uncertainty in the background shape is, as noted above, dominated by the statistical un-
certainty in the background amplitude estimate. In addition to the efficiency and resolution
contribution, the sources of uncertainty on the background shape arise from uncertainties in
the PDFs (assessed using the PDF4LHC prescriptions [32] and varying up to 10% at 5 TeV),
and in the NNLO corrections to the cross sections. Photon-induced contributions are studied
using the MRST2004QED and NNPDF PDFs and are found to have a negligible effect in the
derived limits. The jet background in the electron analysis is a small fraction of the total back-
ground; therefore, although the uncertainty in this background is large (50%), its impact on the
limit determination is negligible. Varying the numbers of background events within their total
uncertainties is found to have a negligible impact on the derived limits.

The 95% CL upper limits on Rs together with the 68% and 95% expected bands are shown in
Figure 2 for both the dielectron and dimuon channels and in Figure 3 for the combination of
the two channels. The resonance width is taken to be 0.6% of the assumed mass value.

The 95% CL lower limits on the masses of the Z0
SSM and Z0

y bosons are presented in Table 1,
along with the expected results. The limits exclude a Z0

SSM with a mass less than 4.0 TeV and
Z0

y with a mass less than 3.5 TeV. This surpasses the current best available limits of 3.36 TeV
and 2.74 TeV, respectively [5, 6].

Table 1: The observed and expected 95% CL lower limits on the masses of spin-1 Z0
SSM and Z0

y
bosons. The limits are rounded to the nearest 50 GeV.

Channel Z0
SSM Z0

y

Obs. (TeV) Exp. (TeV) Obs. (TeV) Exp. (TeV)
ee 3.65 3.65 3.10 3.10

µ+µ� 3.75 3.75 3.20 3.20
ee + µ+µ� 4.0 4.0 3.50 3.50

6 Conclusion

A search for new narrow neutral spin-1 resonances decaying to an ee or µ+µ� final state has
been performed using 2016 proton-proton collision data collected at

p
s = 13 TeV. The data

correspond to an integrated luminosity of 12.4 (13.0) fb�1 for the dielectron (dimuon) sample.
The observations are consistent with the expectations of the standard model. Upper limits at
95% CL are set on the cross section times branching fraction for new boson production relative

29

muon チャンネル選別 :
トリガー 1 ミューオン 50 GeV
2 ミューオン pT>53 GeV, |h|<2.4,
Isolation cut
(radiative muon にたいする special fit)

効率 ~ 90% (1 TeV Z’ トリガー除く)

電子チャンネル選別 :
トリガー 2 電子 (33 GeV)
2 電子 pT>33 GeV, |h|<2.5, 
Isolation カット

効率 ~ 66-69% (1 TeV Z’ - トリガー除く) 
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第三世代に注目した探索
( 2HDM に注目)
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tt 共鳴 (ATLAS)
E

ve
n
ts

 /
 G

e
V

2−10

1−10

1

10

210

310

410

510

610

710 Data 

ττ→H/A

 = 20β= 600 GeV, tan Am

 fakesτ l,→Jet

ττ →Z

, single toptt

Diboson

µµ ee / →Z 

Uncertainty

Pre-fit background

ATLAS Preliminary

 -1 = 13 TeV, 13.3 fbs

hadτlepτ →H/A 

b-veto

 [GeV]tot
Tm

100 200 300 400 500 600

D
a

ta
/P

re
d

0.5
1

1.5

(a) ⌧lep⌧had b-veto category

E
ve

n
ts

 /
 G

e
V

2−10

1−10

1

10

210

310

410

510
Data 

ττ→H/A

 = 20β= 600 GeV, tan Am

 fakesτ l,→Jet

ττ →Z

, single toptt

Diboson

µµ ee / →Z 

Uncertainty

Pre-fit background

ATLAS Preliminary

 -1 = 13 TeV, 13.3 fbs

hadτlepτ →H/A 

b-tag

 [GeV]tot
Tm

50 100 150 200 250 300 350 400 450 500

D
a

ta
/P

re
d

0.5
1

1.5

(b) ⌧lep⌧had b-tag category

E
ve

n
ts

 /
 G

e
V

2−10

1−10

1

10

210

310

410 Data 

ττ→H/A

 = 20β= 600 GeV, tan Am

 fakesτ l,→Jet

ττ →Z

, single toptt

Diboson

µµ ee / →Z 

Uncertainty

Pre-fit background

ATLAS Preliminary

 -1 = 13 TeV, 13.3 fbs

hadτlepτ →H/A 
miss

T
high-E

 [GeV]tot
Tm

100 200 300 400 500 600 700

D
a

ta
/P

re
d

0.5
1

1.5

(c) ⌧lep⌧had high-Emiss
T category

E
ve

n
ts

 /
 G

e
V

2−10

1−10

1

10

210

310

Data 

ττ→H/A

 = 20β= 600 GeV, tan Am

Multi-jet

ττ →Z

 + jetsντ→W

, single toptt

Others

Uncertainty

Pre-fit background

ATLAS Preliminary

 -1 = 13 TeV, 13.2 fbs

hadτhadτ →H/A 

b-veto

 [GeV]tot
Tm

200 300 400 500 600 700 800 9001000

D
a

ta
/P

re
d

0.5
1

1.5

(d) ⌧had⌧had b-veto category

E
ve

n
ts

 /
 G

e
V

2−10

1−10

1

10

210 Data 

ττ→H/A

 = 20β= 600 GeV, tan Am

Multi-jet

ττ →Z

 + jetsντ→W

, single toptt

Others

Uncertainty

Pre-fit background

ATLAS Preliminary

 -1 = 13 TeV, 13.2 fbs

hadτhadτ →H/A 

b-tag

 [GeV]tot
Tm

150 200 250 300 350 400 450 500 550 600

D
a

ta
/P

re
d

0.5
1

1.5

(e) ⌧had⌧had b-tag category

Figure 4: The distribution of mtot
T for the (a) b-veto, (b) b-tag, (c) high-Emiss

T categories of the ⌧lep⌧had and (d) b-veto,
(e) b-tag categories of the ⌧had⌧had channel, The label “Others” in (d) and (e) refers to contributions from diboson,
Z (``)+jets and W (`⌫)+jets production. The binning displayed is that entering into the statistical fit discussed
in Section 8. The predictions and uncertainties for the background processes are obtained from the fit under the
hypothesis of no signal. The expectations from signal processes are superimposed. Overflows are included in the
last bin of the distributions.
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t(レプトニック) + t(ハドロニック)
• MET or single µ/e トリガー
• MET>150GeV (METトリガーイベントのみ) 
• 1 iso lepton pT(l)>30 GeV
• pT(t)>25 GeV, |h(t)|<2.3
• Df (t, l)>2.4, mT<40 GeV

• t(ハドロニック) + t(ハドロニック)
single tトリガー (125 GeV)

• pT(t1) >140 GeV, pT(t2) >55 GeV 
• Df (t1, t2)>2.7
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Figure 4: The distribution of mtot
T for the (a) b-veto, (b) b-tag, (c) high-Emiss

T categories of the ⌧lep⌧had and (d) b-veto,
(e) b-tag categories of the ⌧had⌧had channel, The label “Others” in (d) and (e) refers to contributions from diboson,
Z (``)+jets and W (`⌫)+jets production. The binning displayed is that entering into the statistical fit discussed
in Section 8. The predictions and uncertainties for the background processes are obtained from the fit under the
hypothesis of no signal. The expectations from signal processes are superimposed. Overflows are included in the
last bin of the distributions.
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(pT(t2) 60 GeV)

32 The 2-Higgs Doublet Model

We will now determine the Yukawa couplings. In the type II model, e.g. the Yukawa
Lagrangian is given by4
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Here U ⌘ (u, c, t)T , D ⌘ (d, s, b)T and E ⌘ (e, µ, ⌧)T . The hf denote the various Yukawa
couplings. Coupling the Higgs doublets for the various models as described above and
rotating to the mass eigenstates, one gets, in the notation of Ref. [8], the Yukawa Lagrangian
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(2.49)

Here we have replaced the Yukawa coupling hf of the fermions f to the Higgs boson byp
2mf/vi. In the Lagrangian the u, d, l, ⌫ stand for all three generations. The Lagrangian

defines the parameters ⇠f
h , ⇠f

H, ⇠f
A. They are defined in Table 2.1.

Type I Type II Lepton-specific Flipped
⇠u
h cos ↵/ sin� cos ↵/ sin� cos ↵/ sin� cos ↵/ sin�

⇠d
h cos ↵/ sin� � sin ↵/ cos� cos ↵/ sin� � sin ↵/ cos�

⇠l
h cos ↵/ sin� � sin ↵/ cos� � sin ↵/ cos� cos ↵/ sin�

⇠u
H sin ↵/ sin � sin ↵/ sin � sin ↵/ sin � sin ↵/ sin�

⇠d
H sin ↵/ sin � cos ↵/ cos � sin ↵/ sin � cos ↵/ cos�

⇠l
H sin ↵/ sin � cos ↵/ cos � cos ↵/ cos � sin ↵/ sin�

⇠u
A cot � cot � cot � cot �

⇠d
A � cot � tan� � cot � tan�

⇠l
A � cot � tan� tan� � cot �

Table 2.1: The u, d, l (they stand for all three generations) Yukawas couplings to the neutral
Higgs bosons h, H, A in the four di↵erent models.

2.3 Branching Ratios

For the determination of the Higgs decays widths, we also need the couplings to the gauge
bosons. The couplings of the Higgs bosons to the gauge bosons are derived from

2
X

i=1

(Dµ�i)
†(Dµ�i) , (2.50)

4Compare with “Theoretische Teilchenphysik” winter semester 2013/14, section 2.7.2.
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tt 共鳴 (ATLAS)

ggF を仮定
(b-veto 選別)

bbàH 生成を仮定
tanb が大きい時に主な生成モード
(b-tag 選別が威力を発揮)

Low mass では
lep-had チャンネル
がリード
(バックグラウンド的に有利)
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High mass では
had-had チャンネル
がリード
(タウの分岐比的に有利)
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tn 共鳴 (ATLAS)
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Figure 5: Distribution of mT after full event selection and a fit to the data with the background-only hypothesis.
The horizontal axis starts at mT = 50 GeV and is in logarithmic scale. Three H+ signal hypotheses are included
separately on the stack. The signal samples at 200, 500 and 1000 GeV are scaled, respectively, to 5, 5 and 10 times
the cross section predicted at tan � = 60 in the hMSSM benchmark scenario. Bins have a varying size. The last bin
includes all overflow events. The total (statistical and systematic) uncertainties in the SM prediction, as obtained
from the binned profile likelihood ratio fit, are shown in the lower plot.
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Figure 6: Observed and expected 95% CL exclusion limits for heavy charged Higgs boson production as a function
of mH+ in 14.7 fb�1 of pp collision data at

p
s = 13 TeV. The prediction for �(pp ! [b]tH+) ⇥ BR(H+ ! ⌧⌫)

as a function of the charged Higgs boson mass is also shown as a dotted-dashed line, for tan � = 60 in the hMSSM
benchmark scenario.
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選別条件
MET トリガー (90 GeV)
t(ハドロニック)>40 GeV
3 or more jets (pT>25 GeV)
at least one b-tagged jet
e/µ veto (20 GeV)
MET > 150 GeV
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共鳴探索としてのアプローチのまとめ

KK GravitonExcited quark (Q)BH etc..新スカラー新ベクター

ダークマター 複合クォーク 余剰次元 超対称性 新しいゲージ群2HDM
etc..

100 GeV 1 TeV Multi TeV

gg 共鳴

gj 共鳴

jj 共鳴

tt tn 共鳴

ll 共鳴

lv 共鳴
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まとめ
• 750 GeV 2 光子のアップデート (12-15/fb)

– ATLAS/CMS ともに 2015 年の超過は再現されず
– 仕切り直し

• 多角的な共鳴探索を O(100GeV) – multi TeVで進行中
– 広いパラメタ (質量) 領域をカバー

• Low mass dijet共鳴の探索手法の確立
– 様々なイベントトポロジーで多くの物理シナリオをカバー
– 今の所新物理の兆候はなし、探索を継続

• 時間の都合でカバーできなかった内容
– lj共鳴探索 (レプトクォーク)、Zg共鳴探索 (2 光子と相補的)
– 共鳴以外の the exoticな探索 (長寿命、高電荷粒子探索等)
– 他にもたくさん

• ATLAS / CMS の public page でご確認ください
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