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LHC @ CERN
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•世界最大、最高エネルギーの 
 陽子・陽子衝突型加速器 

- CERN 付近( ジュネーブ )の 
スイスとフランスの国境に建設された。 

- 全周27 km、 地下100mのトンネルに設置。 

•最大衝突エネルギー 
- 7 TeV +7 TeV = 14 TeV 

‣2012年は 4+4 = 8 TeV 。 
‣2015年から 13  TeV で運転している。 

•4つの実験 
- ATLAS, CMS, ALICE, LHCb



LHC トンネル内部
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コライダー実験
•陽子は素粒子ではない 

- 陽子は、クォーク3個の他にも、グルーオンや 
生まれては消える沢山の「海クォーク」のかたまり。 
‣衝突させても陽子の全てのエネルギーが 

反応に使われるわけではない。 
•加速器の種類 

- 電子・陽電子 衝突型加速器 
‣メリット 

- 素粒子同士の衝突なのでエネルギーがわかっている。 
- 反応がきれい。 

‣デメリット 
- 加速器に沿って曲げるときにエネルギーを失う 

(シンクロトロン放射)ので、 
エネルギーを上げるのが難しい。 
✓ 線型加速器が計画されている (ILC @ 北上山地) 

‣精密測定向き 
- 陽子・(反)陽子 衝突型加速器 

‣メリット 
- 最大エネルギーを高くできる→色々な未知の反応が起こる 

‣ “発見” 向き。
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衝突を起こす粒子

衝突で生成する粒子

陽子の構成



検出器と粒子の識別
•衝突で生成した「全ての」粒子を 

捕えたい。 
- 複数の検出器を組み合わせる。 

•検出器の種類 
- 飛跡検出器 

‣荷電粒子の飛跡をとらえる。 
- カロリメータ 

‣粒子のエネルギーを測定する。 
- 電磁カロリメータ 
- ハドロンカロリメータ 

がある。 
- ミューオン検出器 

•粒子の識別 
- 例) 電子(e)⇔光子(γ) 

‣カロリメータでは 
似た反応を起こす。 

- 飛跡の有無で判断。 
- 例) 電子 ⇔ 荷電パイ中間子(π)/陽子 

‣カロリメータの層で識別。 
- ミューオン (µ) 

‣飛跡+ミューオン検出器。
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ATLAS 実験
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

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

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

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

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

– 4 –

•A Toroidal LHC ApparatuS 
- 100GeV~TeVスケールでの様々な物理に対応した汎用検出器 

•コラボレーション 
- ~ 3000人の研究者 

‣ 1000人以上の 
PhD students 

- 39 ヶ国 
- ~180 機関 
‣日本も参加 

•ATLAS検出器 
-重量: ~ 7000 tons 
-高さ: 25m 
- 全長: 44m 
-センサー数: ~108 



ATLAS 検出器
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ヒッグス粒子発見
• ヒッグスの生成 @ LHC 

- gluon-gluon fusion がメイン 
• 崩壊 

- H→γγ, ZZ  
‣不変質量分布にピークを観測 → 新粒子発見！ 

- mH = 126 GeV 
‣スピン 0、パリティ+ を確認 → ヒッグス!! 

✓ 2012年ノーベル賞 !!!
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of them fails the transverse impact parameter selection.
This procedure allows the tt̄ and Z+ jets backgrounds to
be estimated simultaneously from a fit to the m12 distri-
bution.
To determine the reducible ℓℓ + ee background, a

CR is formed by relaxing the selection criteria for the
electrons of the sub-leading pair: each of these elec-
trons is then classified as “electron–like” or “fake–like”
based on requirements on appropriate discriminating
variables [102]. The numbers of events with different
combinations of “electron–like” or “fake–like” objects
are then used to estimate the true composition of the
CR (in terms of isolated electrons, non-prompt electrons
from heavy-flavour decays, electrons from photon con-
versions and jets misidentified as electrons), fromwhich
the expected yields in the signal region can be obtained
using transfer factors from the MC simulation.
Similar techniques are used to determine the back-

grounds for the VBF–like and VH–like categories.

5.4. Systematic uncertainties
The dominant sources of systematic uncertainty af-

fecting the H → ZZ∗ 8 TeV analysis are listed in Table 6
(see Ref. [2] for the 7 TeV analysis). Lepton reconstruc-

Table 6: FormH = 125 GeV and the 8 TeV data analysis, the impact of
the main sources of systematic uncertainty specific to the H → ZZ∗
channel on the signal yield, estimated reducible background, event
migration between categories and mass measurement. Uncertainties
common to all channels are listed in Table 1.

Source Uncertainty (%)
Signal yield 4µ 2µ2e 2e2µ 4e
Muon reconstruction and identification ±0.8 ±0.4 ±0.4 -
Electron reconstruction and identification - ±8.7 ±2.4 ±9.4

Reducible background (inclusive analysis) ±24 ±10 ±23 ±13
Migration between categories
ggF/VBF/VH contributions to VBF–like cat. ±32/11/11
ZZ∗ contribution to VBF–like cat. ±36
ggF/VBF/VH contributions to VH–like cat. ±15/5/6
ZZ∗ contribution to VH–like cat. ±30

Mass measurement 4µ 2µ2e 2e2µ 4e
Lepton energy and momentum scale ±0.2 ±0.2 ±0.3 ±0.4

tion, identification and selection efficiencies, as well as
energy and momentum resolutions and scales, are de-
termined using large control samples from the data, as
described in Section 2. Only the electron uncertainty
contributes significantly to the uncertainty on the signal
yield.
The background uncertainty is dominated by the un-

certainty on the transfer factors from the CRs to the sig-
nal region and the available number of events in the con-
trol regions.
The uncertainty on the population of the various cate-

gories (migration) comes mainly from the knowledge of

the theoretical cross sections for the various production
processes, the modelling of the underlying event and the
the knowledge of the jet energy scale.
The H → ZZ∗ → 4ℓ mass measurement is dis-

cussed in Section 7.2. The main sources contributing
to the electron energy scale uncertainty are described
in Section 4.4; the largest impact (±0.4%) is on the 4e
final state. Systematic uncertainties from the knowl-
edge of the muon momentum scale (discussed in detail
in Ref. [100]) are smaller. Mass scale uncertainties re-
lated to FSR and background contamination are below
±0.1%.
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Figure 3: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates in the data. The estimated background, as
well as the expected SM Higgs boson signal for mH = 124.3 GeV
(scaled by the signal strength obtained from fits to the data), are also
shown. The single-resonant peak at m4ℓ ∼ 90 GeV includes contribu-
tions from s-channel Z/γ∗ and t-channel (Z∗/γ∗)(Z∗/γ∗) production.

5.5. Results
The reconstructed four-lepton mass spectrum after

all selections of the inclusive analysis is shown in
Fig. 3. The data are compared to the (scaled) ex-
pected Higgs boson signal for mH = 124.3 GeV and
to the estimated backgrounds. At the maximum devi-
ation from the background-only expectation (occurring
at mH = 124.3 GeV), the significance of the observed
peak is 6.6σ for the combined 7 TeV and 8 TeV data,
to be compared with 4.4σ expected from SM Higgs bo-
son production at this mass. This result establishes a
discovery-level signal in the 4ℓ channel alone.
Table 7 presents the numbers of observed and ex-

pected events in the peak region. Out of a total of
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Figure 2: Invariant mass distribution of diphoton candidates after all
selections of the inclusive analysis for the combined 7 TeV and 8 TeV
data. The result of a fit to the data with the sum of a SM Higgs boson
signal (withmH = 126.8 GeVand free signal strength) and background
is superimposed. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

4.5. Results
The diphoton invariant mass distribution after selec-

tions for the full data sample is shown in Fig. 2. At the
maximum deviation from the background-only expec-
tation, which occurs for mH ∼ 126.5 GeV, the signif-
icance of the observed peak is 7.4σ for the combined
7 TeV and 8 TeV data and the category-based analysis
(compared with 4.3σ expected from SM Higgs boson
production at this mass), which establishes a discovery-
level signal in the γγ channel alone. Table 5 lists the

Table 5: For the H → γγ analysis of the
√
s = 8 TeV data, the num-

bers of events observed in the data (ND), the numbers of background
events (NB) estimated from fits to the data, and the expected SMHiggs
boson signal (NS ) for mH = 126.8 GeV, split by category. All num-
bers are given in a mass window centred at mH = 126.8 GeV and con-
taining 90% of the expected signal (the size of this window changes
from category to category and for the inclusive sample). The predicted
numbers of signal events in each of the ggF, VBF, WH, ZH and tt̄H
processes are also given.

Category ND NB NS ggF VBF WH ZH tt̄H
Untagged 14248 13582 350 320 19 7.0 4.2 1.0
Loose high-mass two-jet 41 28 5.0 2.3 2.7 < 0.1 < 0.1 < 0.1
Tight high-mass two-jet 23 13 7.7 1.8 5.9 < 0.1 < 0.1 < 0.1
Low-mass two-jet 19 21 3.1 1.5 < 0.1 0.92 0.54 < 0.1
EmissT significance 8 4 1.2 < 0.1 < 0.1 0.43 0.57 0.14
Lepton 20 12 2.7 < 0.1 < 0.1 1.7 0.41 0.50
All categories (inclusive) 13931 13205 370 330 27 10 5.8 1.7

observed number of events in the main categories, the
estimated background from fits to the data (described in

Section 4.3), and the predicted signal contributions from
the various production processes.
Additional interpretation of these results is presented

in Section 7.

5. The H→ ZZ∗→ 4ℓ channel

Despite the small branching ratio, this channel pro-
vides good sensitivity to Higgs boson studies, e.g. to
the coupling to Z bosons, mainly because of the large
signal-to-background ratio.
Events are required to have two pairs of same-flavour,

opposite-charge, isolated leptons: 4e, 2e2µ, 2µ2e, 4µ
(where final states with two electrons and two muons
are ordered by the flavour of the dilepton pair with mass
closest to the Z-boson mass). The largest background
comes from continuum (Z(∗)/γ∗)(Z(∗)/γ∗) production,
referred to hereafter as ZZ∗. Important contributions
arise also from Z + jets and tt̄ production, where two
of the charged lepton candidates can come from decays
of hadrons with b- or c-quark content, misidentification
of light-quark jets, and photon conversions.
The analysis presented here is largely the same as that

described in Ref. [100] with only minor changes. The
electron identification is tightened in the 8 TeV data to
improve the background rejection for final states with
a pair of electrons forming the lower-mass Z∗ boson.
The mass measurement uses a constrained fit to the Z
mass to improve the resolution. The lepton pairing is
modified to reduce the mis-pairing in the 4µ and 4e fi-
nal states, and the minimum requirement on the mass
of the second Z∗ boson is relaxed. Final-state radiation
(FSR) is included in the reconstruction of the first Z(∗) in
events containing muons. Finally, a classification which
separates Higgs boson candidate events into ggF–like,
VBF–like and VH–like categories is introduced.

5.1. Event selection
The data are selected using single-lepton or dilepton

triggers. The pT threshold of the single-muon trigger is
24 GeV (18 GeV) in 2012 (2011) and the ET threshold
of the single-electron trigger is 24 GeV (20–22 GeV).
The dielectron trigger threshold is ET = 12GeV and
the dimuon trigger threshold is pT = 13GeV (10GeV
in 2011) for both leptons. In addition, an asymmetric
dimuon trigger and electron–muon triggers are used as
described in Ref. [100]. The efficiency for events pass-
ing the offline analysis cuts to be selected by at least one
of the above triggers is between 97% and 100%.
Muon and electron candidates are reconstructed as

described in Section 2. In the region |η| < 0.1, which
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ヒッグス粒子発見
•標準模型の完成とその後 

- まだ、素粒子物理に謎は多い 
‣階層性問題、ダークマター、ニュートリノ質量 etc. etc… 

- 最初の2つを解決してくれそうだった超対称性は、LHC で一向に見つからない…。 
‣新しいアプローチでの新物理探索が必要 

- モデルに依らない新粒子探索。 
- ヒッグスの結合定数の精密測定。 

✓ これらをやるためにはもっと多くのデータが必要
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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Figure 2: (a): Expected measurement precision on the signal strength in all considered channels for
luminosities of 300 fb�1 and 3000 fb�1. (b): Expected measurement precisions on ratios of Higgs boson
partial widths without theory assumptions on the particle content in Higgs loops or the total width.The
bars give the expected uncertainty on the signal cross sections (the dashed areas include current theory
uncertainties from scale and PDF variations).

best cases. The ratios ��/�Z and �t/�g provide constraints on new physics contributions to the H ⌅ ��
and gg ⌅ H loops at the ⇥5–20% level. For the derived ratio �⌅/�µ, that gives insight into the coupling
relation between the 2nd and 3rd fermion generation, a precision of ⇥30% is reachable.

In a minimal coupling fit, where only two independent scale factors CV and CF for the vector and
fermion couplings and no additional BSM contributions are allowed in loops or in the total width (⇤V,F ⇥
�C,F ⇥ C2

V,F), experimental precisions of ⇥5% on C2
V and ⇥7% on C2

F are expected with 3000 fb�1 (⇥10%
and ⇥15% with current theory cross section uncertainties), a reduction of about a factor of two compared
to 300 fb�1.

2.3 Observation of the Higgs self coupling

In order to completely determine the parameters of the Standard Model and establish the Higgs mech-
anism as being responsible for the electroweak symmetry breaking, the measurement of the Higgs self-
couplings and subsequent reconstruction of the Higgs potential is important. A direct analysis of the
Higgs boson trilinear self-coupling ⇥HHH can be done via the detection of Higgs boson pair production.
At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and for centre-of-mass
energies of 14 TeV, the production cross section of two 125 GeV Higgs bosons is estimated2 to be 34 fb.
Due to the destructive interference of diagrams involving gg ⌅ HH, the cross section is enhanced at
lower values of ⇥HHH; cross sections for ⇥HHH/⇥S M

HHH = 0 and ⇥HHH/⇥S M
HHH = 2 are ⇤⇥=0 = 71 and

⇤⇥=2 = 16 fb respectively.
A Higgs boson mass mH ⇤ 125 GeV implies a number of potential channels to investigate, due to a

2Cross sections at NLO calculated using the HPAIR package [6].
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LHC アップグレード

• LHC 加速器の強度増大計画 
- (Run1: 2010 - 2012) 

‣ 7-8 TeV, L ~ 0.7e34, ∫L ~ 25 /fb 

- Run2: 2015 - 2018 
‣ 13-14 TeV, L ~ 1.5e34, ∫L ~ 150 /fb 

- Run3: 2020 - 2022 
‣ 14 TeV,  L~  2e34,  ∫L ~ 300 /fb 

- Run4 (HighLumi-LHC) : 2025 - 
‣ 14 TeV,  L~  5-7e34,  ∫L ~ 3000 /fb 

‣加速器が増強されたら 
それに合わせて検出器の 
アップグレードも必要。

10

Run2 Run3 Run4 = HL-LHC



• 反応断面積 
- QCD 反応 

‣総断面積 
- ~100 mb = 10^9 Hz @ 7e33 

‣Hard process (Jet): 
 
 
 
  

- ~ 1 µb = 100 Hz ( e.g. ET(jet) > 100 GeV ) 

‣ヒッグス粒子生成 (ex. 125 GeV): 
- ~ 30 pb = 0.3 Hz 

✓ σ(H)/σ(total) ~ 10桁 !! 

• トリガー(どういうデータを取るか)が非常に重要

物理事象とトリガー

11

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
ZZ

σσσσ
WW

σσσσ
WH

σσσσ
VBF

M
H
=125 GeV

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

{

g

g

g

g

g

g

q̄

q



b-jet
b-jet

νW
W

H

ミューオントリガー（ハードウエア・L1） 
の回路・検出器開発

40MHz → 100KHz（L1・2μsec） →  400Hz 
どのイベントを記録するか？（捨てるか） 

選択するのはトリガー 

ハドロンコライダーの物理はトリガーで決まる

    10-1  b： p-p 非弾性散乱 
→ 10-8  b： Z ボソン生成 
→ 10-11 b： Higgs生成

µ

研究の種１12

Level-1 muon trigger
•ミューオントリガー検出器 

-バレル (|η|<1.0) 
‣ Resistive Plate Chamber (RPC) 

- Roma-I, etc. 
- エンドキャップ (1.0 < |η|< 2.4 ) 

‣Thin Gap Chamber (TGC) 
-日本が 

✓ 検出器建設、 
✓エレクトロニクス開発 
✓ 実験オペレーション 
✓ アップグレード 

に関して大きな貢献をしている。 
•手法 

- トロイド磁石による磁場で 
「どれだけ曲がったか」を測定し、 
横方向運動量(pT)に対する閾値に応じた 
トリガーを発行する。 
‣この閾値を低くすれば物理に対する 

アクセプタンスが大きくなるが、 
レートも増大する。

12

3.6 Level-1 Muon Trigger System

Figure 3.18: R-z cross-section of the Level1 muon trigger system -

to the other two to make high pT triggers (threshold range: approximately 8∼35 GeV).
Each unit is composed of two detector planes except for the innermost TGC (TGC-1) which
has three planes. Each detector plane is read out in two orthogonal projections, η and φ
, which are refereed as bending and non-bending projections, respectively, even though in
the non-bending projection (φ) there is some bending in the barrel and substantial bending
in the endcap. The pT discrimination against the trigger threshold is mainly given by the
information read out from the detector in the bending projection. However, the information
in the non-bending view helps reduce the background trigger rate due to noise hits produced
by low energy protons, neutrons and charged particles. It is also helpful to localize the
track candidate in space as required for the level-2 trigger. In addition, the trigger chamber
information in the non-bending view provides the second coordinate measurement for offline
reconstruction of muons, since the precision chambers give information only in the bending
direction.

As indicated in Fig. 3.18, basic principle of the trigger algorithm is to require a coinci-
dence of hits in the units of chamber layers within a road. The road width is related to the
pT threshold to be applied. The coincidences are required separately in both views, with a
time gate close to the bunch crossing cycle(25 nsec). The coincidence requirement allows for
missing layers to cope with detector inefficiencies, dead regions, etc. For the low pT triggers,
coincident hits are required in at least three out of four layers within a road. For the high
pT triggers, additional coincidences in the third unit for the both the η and φ views are
required. As most of the third units have two readout layers, one out of two coincidence is
required. Only exception is the TGC-1’s bending direction (wire plane) to which two out of

45

/21
横運動量とアクセプタンスの関係（ミューオンの例）

7

横運動量pT：運動量ベクトルの 
ビーム軸に垂直な成分の大きさ。 
!
アクセプタンス：生成された粒子 
に対し、要求がカバーする領域の率。

　　ミューオンのpT閾値 [GeV]　　
ア
ク
セ
プ
タ
ン
ス

pT閾値20 GeVを30 GeVに上げると、 
ミューオンに対するアクセプタンスが、 
20-50%減ってしまう（右の例の場合）。

トリガー発行頻度を下げるために、pT閾値を上げるべきではない。



 Toshi SUMIDA Kyoto HEP , 26 Apr 2016 Introduction to LHC-ATLAS

京都 ATLAS グループ
•スタッフ 

-石野 → 2016.4 から東大 ICEPP へ。CERN滞在率 ~60% ?  
✓京都メンバーとしてグループに残っている。 

‣TileMuon プロジェクトリーダー、Phase2 アップグレード。 

-隅田  : 2016.2 まで、TGC グループリーダーとして CERN 滞在、2016.4 に帰国。 
‣HL-LHC のためのバレル部ミューオントリガーの改良、TGC ソフトウェア開発、 

jet/etmiss グループデータマネジャー、ダイボソン解析(予定)、etc. 

•学生 
-田代(D4) 

‣ L1-Muon-EC への InnerCoincidenceの導入、Vector-Like Quark 探索。 
-救仁郷(D2) 

‣TileMuon トリガー、BurstStopper、boosted boson のための large-R ジェットの測定。 
-赤塚(M2) 

‣エンドキャップ部L1ミューオントリガー用新基盤の開発とトリガーロジックの構築、BurstStopper 
-野口(M2) 

‣フォワード部ミューオン検出器(CSC)のハイレベルトリガーへの導入。 

•卒業生 
- 加茂(2015.3) 

‣ b-ジェット エネルギー較正の不定性測定。 
-門田(2016.3) 

‣ di-muon トリガーのバックグラウンド排除のための研究。

13



Vector-Like Quark 探索
•階層性問題の解決? 

✓ ヒッグス質量の量子補正(a)に
おける発散を T のループ(b)で
キャンセルできる。 

- 13 TeV データを使った解析が進行中。

14
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Figure 1. One-loop Higgs mass renormalization in a model with a fermionic top partner,

such as the Littlest Higgs.

the theory. What is the minimal set of new particles that must appear below 1 TeV to

avoid fine-tuning? It is well known that the only SM contribution to the Higgs mass

that must be modified at sub-TeV scales is the one-loop correction from the top sector.

All other SM loops are numerically suppressed by either gauge or non-top Yukawa cou-

plings, by extra loop factors, or both. As a result, the states responsible for cutting o↵

these loops can lie above 1 TeV with no loss of naturalness. Thus, the sub-TeV particles

that soften the divergence in the top loop, the “top partners,” provide a uniquely well-

motivated target for searches at the LHC, and it must be ensured that a comprehensive,

careful search for such partners is conducted.

The best-known mechanism for canceling the Higgs mass divergences is super-

symmetry (SUSY). In SUSY models, the quadratic divergence in the SM top loop is

cancelled by loops of scalar tops, or stops. Recently, a number of papers [2] empha-

sized the importance of stop searches at the LHC, and reinterpreted the published

LHC results, based on the 1 fb�1 integrated luminosity data set, in terms of bounds

on stop masses. It was found that completely natural spectra are allowed so far. On

the other hand, incorporating a 125 GeV Higgs in the Minimal SUSY Model (MSSM)

does require significant fine-tuning, of order 1% at best. (Fine-tuning can be reduced

in non-minimal models [3].)

However, SUSY is not the only option for canceling the quadratic divergence in the

SM top loop. An alternative is to introduce a spin-1/2 top partner T , a Dirac fermion

with mass mT , which is an SU(2)L singlet, color triplet, and has electric charge 2/3.

In the Weyl basis, T = (TL, TR). This field couples to the SM Higgs doublet H via

L = ��TT
†
RH̃Q

3

+
�2

t + �2

T

2mT
(H†H)T †

LTR + h.c. , (1.1)

where Q
3

is the SM third-generation left-handed quark doublet, �t is the SM top

Yukawa, �T is a new dimensionless coupling constant, and H̃ = (i�
2

H)†. The one-
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Introduction: Vector Like Quark 2

Takuya Tashiro (Kyoto U)

‣ Vector Like Quark (VLQ)　
‣ カイラリティ左手系と右手系がSU(2)の同じ表現に属す
‣ 標準模型のquarkなら左手系はSU(2) doublet, 右手系はSU(2) singlet
‣ VLQは左手系、右手系ともにSU(2) singlet (or doublet, triplet)

‣ 三種類のmodel (singlet, doublet, triplet) が存在する

‣ top loopによるhiggs mass発散を解消する

ukpM¯³

�M�~|���M���~M�~�����M`M
�ÄÂÈÉÅÁ�&;¯�&; rl?i²�¥B0±�¦½º²�

TMZ5L²��}~�MOrtOYPM�����~�SM}��{�~�SM�����~�M ��¦½P

2 Model framework

2.1 Representations and couplings

The minimal scenarios with the presence of VLQs besides SM particles are those in which the new states interact
with SM quarks and the Higgs boson through Yukawa couplings. Classifying VLQs in multiplets of SU(2)L,
it is possible to write gauge-invariant interaction terms only for singlets, doublets and triplet representations.
All the possibilities are shown in Tab. 1. Pure mixing terms between VLQs and SM states, allowed by gauge

SM quarks Singlets Doublets Triplets

(

u
d

) (

c
s

) (

t
b

)

(U)
(D)

(

X
U

)

(

U
D

)

(

D
Y

)

⎛

⎝

X
U
D

⎞

⎠

⎛

⎝

U
D
Y

⎞

⎠

SU(2)L
qL = 2
qR = 1

1 2 3

U(1)Y

qL = 1/6
uR = 2/3
dR = −1/3

2/3 −1/3 7/6 1/6 −5/6 2/3 −1/3

LY
−yiuq̄

i
LH

cui
R

−yidq̄
i
LV

i,j
CKMHdjR

−λiuq̄iLHcUR

−λidq̄iLHDR

−λiuψLH(c)ui
R

−λidψLH(c)diR
−λiq̄iLτaH(c)ψa

R

Lm not allowed −M ψ̄ψ

Table 1: Allowed representations for VLQs, with quantum numbers under SU(2)L and U(1)Y and Yukawa
mixing terms in the Lagrangian. Depending on the chosen representation, the Higgs boson may be H or Hc,
therefore it has been noted asH(c) when necessary. The gauge invariant mass term common to all representations
is a peculiar feature of VLQs.

invariance for singlets and SM-like doublet representations, have been omitted because they can be eliminated
through rotations of the states.

After the Higgs develops its VEV, VL states are allowed to mix with SM quarks: the mixing occurs in
the left-handed sector for the singlet and triplet representations and in the right-handed sector for the doublet
representation. The mass eigenstates will be labelled as:

{X5/3, t
′, b′, Y−4/3}. (1)

The mass matrices for the SM-partners t′ and b′ can be diagonalized by unitary 4× 4 matrices V t,b
L and V t,b

R :
⎛

⎜

⎜

⎝

mu

mc

mt

mt′

⎞

⎟

⎟

⎠

= (V t
L)

† ·Mt · (V t
R) (2)

⎛

⎜

⎜

⎝

md

ms

mb

mb′

⎞

⎟

⎟

⎠

= (V b
L)

† · Mb · (V b
R) (3)

where the actual expressions of Mt and Mb depend on the chosen representations and on the assumptions
on the mixing parameters. The couplings with gauge bosons also depend on the chosen representations, but
a common feature of every VLQ scenario is that tree-level FCNCs are developed through the mixing with SM
quarks. The general form of Zqq couplings with the presence of VLQs is:

gIJZL=
g

cW

(

T3 −Qs2W
)

δIJ+fL
g

cW
(V t,b

L )∗,q
′I(V t,b

L )q
′J

gIJZR=
g

cW

(

−Qs2W
)

δIJ +fR
g

cW
(V t,b

R )∗,q
′I(V t,b

R )q
′J (4)

where I, J run on all quarks, including VLQs, T3 = ±1/2 is the weak isospin of top or bottom in the SM,
and fL,R = {0,±1/2,±1} are parameters which depend on the VLQ representation and satisfy the relation

T q′

3 = T3 + fL = fR; they are listed in Tab. 2 for each representation.
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 今回の発表内容 : 電荷+2/3のVLQ( T ) の探索

single production VLQ 探索 5

Takuya Tashiro (Kyoto U)

* production : single production
                         Tの生成に伴い、
                               b quark, light quarkが生じる

* decay mode : T->Zt,
    Z->l+l-
      t->Wb, W->qq’

Run2 VLQ探索として、以下のmodeを使用する

b

q q’

W
T

b

Z

t

解析手法
‣ single lepton triggerを要求
‣ e+e-, またはμ+μ-からZを再構成
‣ boosted top taggingを用いてtopを再構成
‣ Z, topが両方再構成されたeventを3つのcontrol  
  regionに分け、そのevent数からsignal数を算出

2015/3/23 日本物理学会年次大会
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その他: official sampleを使ったstudy 35

‣ 最近までVLQ official sampleが 
なかったため、これまで見せ 
ていたplotは自前のsignal sample 
で作っていた。

‣ ようやくofficial sample (MadGraph) 
が出来たので、それに移行して
みた

自前のsample使用plot
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ATLAS Simulation
-1 L dt = 3.00 fb∫=13TeV s

official	sample使用plot‣ official sampleでの  
signal region event数:
‣ BG: ~8 events
‣ signal: ~0.12 event

‣ 自前sampleに比べて 
明らかにsignal数が減る

田代



Resonances from a new particle ?
•2γ 共鳴探索 

- 750 GeV にピーク 
‣ p-value: local 3.6 σ, global  2.0 σ 

- CMS でも微かに兆候 ? 
‣本物 ? 眉唾 ?  

✓ c.f ) 2011年末の H→γγ: local 2.8 σ 
- もっと沢山のデータで早急な確認が必要。

15

the Monte-Carlo extrapolation approach discussed in Section 6.1 and the uncertainty on the shape of the
background mass distribution is shown in Figure 4. The uncertainties on the normalization of the signal
yield, discussed in Section 4.4, a�ect only the limits on the production cross sections.

8.1 Results of the search for a spin-0 resonance
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Figure 5: 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 (top). The di�erence between the data and this fit is shown in
the bottom panel. The arrows indicate values outside the range shown in the bottom panel.

Figure 5 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 resonance
search together with the best background-only fit (N

S

=0).

The compatibility with the background-only hypothesis, quantified with the local p0-value, is shown in
Figure 6 as a function of the hypothesized resonance mass and width for the spin-0 search. For small
assumed signal widths, the local significance is slightly overestimated because it does not include the
e�ective additional look-elsewhere e�ect induced by the resolution uncertainty. This uncertainty is taken
into account when estimating the global significance.

The largest deviation is observed near a mass of 750 GeV. It corresponds to a local excess over the
background-only hypothesis of 3.9 standard deviations, for a width of ⇡ 45 GeV. The global significance
evaluated using the search region of 200 � 2000 GeV in mass and 1% � 10% in �

X

/m
X

is 2.0 standard
deviations. The statistical uncertainty from the number of pseudo-experiments is ±0.1.

The local significance of the excess with floating width reported here, 3.9 standard deviations, is compatible
with that reported in Ref. [17], where also a narrow-width fit was performed. The global significance
of the floating-width excess reported here is lower than that reported in Ref. [17] due to an improved
estimation using pseudo-experiments.
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ATLAS: Update of SM Higgs searches, 13/12/2011 21 

After all selections: kinematic cuts, γ identification and isolation 

� 22489 events with 100 < mγγ < 160 GeV observed in the data 
� expected signal efficiency:  ~ 35% for mH=125 GeV 

mγγ spectrum fit with exponential function for  
background plus Crystal Ball + Gaussian for signal 
Æ background determined directly from data 

Main systematic uncertainties 
 
Expected signal yield    : ~ 20% 
HÆ γγ mass resolution : ~ 14% 
HÆ γγ pT modeling       : ~ 8%  
Background modeling    : ±0.1-5.6 events 

Systematic uncertainties on  
signal expectation 

隅田、救仁郷



Resonances from a new particle ?
•750 GeV 新粒子(?)の崩壊モード 

✓width 40 GeV ？ 
- WW, ZZ,  ttbar, gg, HH, tautau

16

SR categorization

5

pT(V2)/m(VV)

Current SR

0.4

2) 解析の最適化：Background除去の改善, カテゴリ分け
WW/WZ→l"J

ℓ!

q
q

W

W/Z

X

• pTV > 0.4 ml!J 
• ETmiss > 100 GeV 
• b-jet veto

W→lv + boson jet

W+jets, tt主要なBG

6

pT(V2)/m(VV)

N(
j)

Main SR

ggF SR

1

high purity due to 
tight pT cut & 

ttbar rejection cut

tight pT cut but 
many ttbar b.g. 

for signals with many jets

0.4

SR categorization

N(j)
0 1 2 3 4 5 6 7 8 9 10

En
tri

es

1

10

210

310

410

510
Data (2015)
W+jets
Top
Dibosons
Z+jets

 only)MC
statσSM total (

 InternalATLAS

 L dt =3.21/fb∫

N(j)
0 1 2 3 4 5 6 7 8 9 10

da
ta

 / 
M

C

0
0.5

1
1.5

2

N(additional jets)

4

• HVT signal peaks at N(j)=0 while RS G* signals (produced 
via gg fusion) have more jets in the event 

• It is simpler than using top mass

HVT WW m=0.7TeV 
RSG* WW m=0.7TeV

N(j)
0 1 2 3 4 5 6 7 8 9 10

En
tri

es

1

10

210

310

410

510
Data (2015)
W+jets
Top
Dibosons
Z+jets

 only)MC
statσSM total (

 InternalATLAS

 L dt =3.21/fb∫

N(j)
0 1 2 3 4 5 6 7 8 9 10

da
ta

 / 
M

C

0
0.5

1
1.5

2

N(additional jets)

4

• HVT signal peaks at N(j)=0 while RS G* signals (produced 
via gg fusion) have more jets in the event 

• It is simpler than using top mass

HVT WW m=0.7TeV 
RSG* WW m=0.7TeV

10

野辺（東京）

Internal plot



Large-R jet calibration

•重い新粒子が崩壊してできたボソンに
よる「大きな」ジェット 
-エネルギーの精密な較正 
-系統誤差の見積り 
‣をデータを使ってやる 

- di-jet 
- Z/gamma + jet 
- multi-jet 

✓ここを頑張って、一番高い pT 
までエネルギーを精密に測定。
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• leading jet          : anti-kt10 trimmed jet 
• non-leading jets :  anti-kt4/anti-kt10 trimmed 
となるようにコードを変更 ( 念のために Jeff とも少し相談 ) 
した後に grid job を MC/data 共に流した。 
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Level1 Muon Endcap trigger
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Level1 Muon Endcap trigger
•歴史 

-開発 
‣南條, 石野, et al. 

-製作, 建設, 試験 
‣石野, et al. 

-運転 (代表者) 
‣Run1 : 石野 
‣Run2 : 隅田 

- 検出器の修理などのメ
ンテナンスを行う。 

- 実験中の様々な問題に
対応する。 

•現在と今後 
- トリガー性能の評価 
- Run2 での改良 
‣TileMuon coincidence 
‣BurstStopper 

- Run3 以降のアップグレード 

19
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L1-MU-EC upgrade
•問題 

- |η|>1.0 のエンドキャップ部だけに、
想定外に多くのミューオントリガーが
あった。 
‣原因: 衝突点起源でない(遅い)粒子 

•対策 
-磁場よりも内側の検出器と TGC との
コインシデンスを取って、バックグラ
ウンドを取り除く。 
‣Run2 

- TGC-FI (田代) 
- TileCal (救仁郷) 

‣Run3 
- FI を New Small Whell という、
方向情報も持った検出器で 
置き換える。 
✓ トリガーボードも交換(赤塚)
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Figure 2: Schematic side view of the ATLAS muon spectrometer depicting the naming and
numbering scheme; top: sector with large chambers; bottom: sector with small chambers.
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Run3 に向けた新しいトリガーボードの作成
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numbering scheme; top: sector with large chambers; bottom: sector with small chambers.
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ミューオンハイレベルトリガー
•L1をパスしたミューオンに対して 
MDT(水色、黄緑) の情報を使って pT を計算し、 
次段のトリガーを発行する。 
-ここに今まで使われていなかった CSC を導入する。
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野口

2008 JINST 3 S08003

Figure 6.1: Cross-section of the bar-
rel muon system perpendicular to the
beam axis (non-bending plane), show-
ing three concentric cylindrical layers of
eight large and eight small chambers. The
outer diameter is about 20 m.

Figure 6.2: Cross-section of the muon system in
a plane containing the beam axis (bending plane).
Infinite-momentum muons would propagate along
straight trajectories which are illustrated by the dashed
lines and typically traverse three muon stations.

where a high momentum (straight) track is not recorded in all three muon layers due to the gaps
is about ±4.8� (|h |  0.08) in the large and ± 2.3� (|h |  0.04) in the small sectors. Additional
gaps in the acceptance occur in sectors 12 and 14 due to the detector support structure (feet). The
consequences of the acceptance gaps on tracking efficiency and momentum resolution are shown
in figures 10.37 and 10.34, respectively. A detailed discussion is given in section 10.3.4.

The precision momentum measurement is performed by the Monitored Drift Tube chambers
(MDT’s), which combine high measurement accuracy, predictability of mechanical deformations
and simplicity of construction (see section 6.3). They cover the pseudorapidity range |h | < 2.7
(except in the innermost end-cap layer where their coverage is limited to |h | < 2.0). These cham-
bers consist of three to eight layers of drift tubes, operated at an absolute pressure of 3 bar, which
achieve an average resolution of 80 µm per tube, or about 35 µm per chamber. An illustration of a
4 GeV and a 20 GeV muon track traversing the barrel region of the muon spectrometer is shown in
figure 6.4. An overview of the performance of the muon system is given in [161].

In the forward region (2 < |h | < 2.7), Cathode-Strip Chambers (CSC) are used in the inner-
most tracking layer due to their higher rate capability and time resolution (see section 6.4). The
CSC’s are multiwire proportional chambers with cathode planes segmented into strips in orthogo-
nal directions. This allows both coordinates to be measured from the induced-charge distribution.
The resolution of a chamber is 40 µm in the bending plane and about 5 mm in the transverse plane.
The difference in resolution between the bending and non-bending planes is due to the different
readout pitch, and to the fact that the azimuthal readout runs parallel to the anode wires. An illus-
tration of a track passing through the forward region with |h | > 2 is shown in figure 6.5.

To achieve the sagitta resolution quoted above, the locations of MDT wires and CSC strips
along a muon trajectory must be known to better than 30 µm. To this effect, a high-precision optical
alignment system, described in section 6.5, monitors the positions and internal deformations of
the MDT chambers; it is complemented by track-based alignment algorithms briefly discussed in
section 10.3.2.

– 165 –



その他の新しいアイデア

•HL-LHC (Run4) では、バレル部の
ミューオントリガー検出器(RPC)に 
新しい層(BI) が加わる予定。 
-これを使ってトリガーの時点で

トラッキングを行い、レートの
削減ができないか？ 
‣ローマ大学との共同研究
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 Toshi SUMIDA Kyoto HEP , 26 Apr 2016 Introduction to LHC-ATLAS

まとめ
• CERN の LHC 加速器は(少なくとも2030年まで) 
世界の高エネルギーフロンティア。 

-唯一のヒッグスファクトリー。 
- 新粒子の直接発見を行える場所。 

•京都 ATLAS グループ 
- LHC での新物理の発見を目指して 

‣ヒッグスの精密測定のためのミューオントリガーの改良 
‣新粒子の探索 

✓ を精力的に行っている。 

-具体的な研究項目 
‣ Run3 での L1ミューオンエンドキャップトリガーアップグレード 

- NewSmallWheel のための New SectorLogic の開発 
‣ Run4 での L1ミューオンバレルトリガーアップグレード 

- RPCトラッキングトリガーの開発 
‣ Run2 での研究アイテム 

-ミューオンハイレベルトリガー 
-ジェットのエネルギー不定性測定 
 
これらの仕事をきっちりやって、博士過程で物理解析に移行
する、というのが理想。 
✓ Run2 の全データが D1 のときに出揃う。 

 完璧なタイミング。 (ちょっと良すぎる)
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ミューオン検出器
•各検出器の全層の情報からミューオンの位置と運動量を測定する。

26

3. MUON SPECTROMETER
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Figure 3.1: Cut away view of the Muon Spectrometer -

B⃗ is the magnetic flux density. Then equation of motion can be expressed as

mv

ρ
= q(v⃗ × B⃗) (3.2)

→ pT = qBρ

where ρ is the radius of the curvature. Thus pT of the particle with unit charge is

pT (GeV) = 0.3Bρ(T ·m) (3.3)

One way to measure pT is to fully reconstruct a trajectory using all the precision position
measurements. There also exists, however, a useful and practical approach to determine pT
of the charged particle, namely the saggita measurement. Fig. 3.2 shows an overview of the
sagitta measurement, where transverse direction is defined as x-coordinate and longitudinal
direction as y-direction. In the figure, s is the sagitta and L means the length of the
magnetic field in the longitudinal direction. An assumption that ρ >> L is made in the
following discussion.

L

2ρ
= sinθ/2 ∼ θ/2 → θ ∼ 0.3LB

pT
(3.4)
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Trigger system in ATLAS (Run1)
•陽子バンチの交差頻度: 40 MHz 

-衝突を全部見てどれを残すか 
判断するのは不可能。 
‣多段トリガーを用いる。 

✓効率よくレートを落とし 
次のレベルに渡すことが必要。
 

•レベル1トリガー  (L1) 
- ~1µsec でトリガー判定を 
行う必要がある。 
  →専用ハードウェア を用いる。 
‣ Full bandwidth : 

    100 kHz in Run2 

•高レベルトリガー 
- CPU (PC)でのトリガー判定。 

‣レベル2 (L2) : ~ kHz 
‣イベントフィルタ (EF): ~ 100 Hz 

✓ Run2 では “HLT” として 
統合された。
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2. LHC-ATLAS EXPERIMENT

4 kHz

400 Hz

< 2.5 μsec

 ~ 40 msec

~ 4 sec

Figure 2.9
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バースト事象
•Run1 での ATLAS data taking における大きな dead time を作った原因 

- ~ µsec にわたってミューオン全検出器に多量のヒット。 
    → システムの自動復旧が不可能な程の大規模なエラーが起こる。 
    → ATLAS が 100% busy 状態に。 
    → TGC の完全リスタート: ~ 4分。 

•2012年データに 4イベント発見。 
- 物理事象ではなく、大きな電気的なノイズであるようだ。 

✓ “Burst event” と呼ぶ。しかし原因は不明。 
-何故か LHC の lumi が上がると頻度が増える ?? 

‣もっと沢山のデータが必要 → 専用トリガーの開発。 
-長時間トリガーを出し続けるのを止めないといけない。 

‣→ L1 veto 機能の追加。

28

20 Nov 2012 RC Weekly 4

Deadtime details

DeadTime
(min)

Hold trigger
(min)

Total
(min)

Eff. loss
(%)

PIX 7.3 4.5 11.8 0.3

SCT 26. 5.6 31.6 0.7

RPC 0. 7.8 7.8 0.2

TGC 88. 37. 125. 3.0

Total ~4.2
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RunNumber 215414 EventNumber 164475462  

Burst Event ① 
CAL 

TGC + CAL 

RPC + TGC + CAL 

MDT + RPC + TGC + CAL 
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RunNumber 215414 EventNumber 97983432 

c.f. Normal Event 
CAL 

TGC + CAL 

RPC + TGC + CAL 

MDT + RPC + TGC + CAL Burst event

Normal event



Burst stopper
• New features in Run2 

- SL にバースト判定ロジック 
‣バースト状態ではトリガーを出さないようセクター毎に設定する。 

- “Burst Merger” board 
✓ 72 NIM inputs, 4 outputs : 開発、インストール完了。 

‣全 SL からの信号を統合して TGC レベルでのバースト判定を行う。 
‣バースト信号 → CTP に直接入力 

- トリガー 
✓専用 menu: L1_TGC_BURST, 専用 data stream: 

calibration_TgcNoiseBurst 
✓ 2015年ランで導入。 

- L1 veto 
✓別信号で送っているがまだ monitoring mode 。
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Burst Merger Board
■ installed since Run-2 
◆ L1_TGC_BURST has been activated  
to take some events from 25 ns running. 
‣ calibration_TgcNoiseBurst stream. 
‣ e.g.) The event is taken when 3 wire coincidence 
out of continuous 6 bunch spaces in 10 sectors is satisfied. 

◆ implemented several scalers for further investigations
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TGC+RPC MDT+RPC

Run: 279813, LB: 363, BCID: 2979
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Burst event 2015
•約 200 事象を取得。 
•2016年ランに向けて 

- L1 veto を稼働させるためのバースト判定条件の最適化。 
✓これがないとまともに ATLAS を運転できなくなる可能性もあるので 

 Lumi が上がる前 (<1e34)にやってしまう。
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MDT 
TGC 
RPC

Run: 280753 
Event: 1890652 
LB: 393


