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長寿命粒子

崩壊を媒介する粒子が重い, 結合が弱い, 終状態の位相空間が小さい…
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Long-Lived Particles in the SM
• The world is full of long-lived particles
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Long-Lived Particles in the SM
• The world is full of long-lived particles
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B. Shuve

素粒子は色々な理由で長い寿命を持つ

新粒子も同様に寿命が長い可能性
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例 :SUSYの長寿命粒子
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質量差が小さい

SUSY以外でも: HNL, dark photon, ALP…
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LHCにおける”Lifetime frontier”

4

新粒子質量

新粒子の寿命トラックの
ポイティング分解能

(~20 μm)

検出器サイズ
(O(10m))

ほとんどの探索は、プラ
イマリーバーってくすか
らくる”Prompt”な粒子を
使う。

検出器サイズよりも長寿
命で見えない粒子は損失
運動量として見える
(“ダークマター” 探索)

ENRGY 
FRONTIER

ATLAS/CMS/
LHCbによる 

“Lifetime frontier”

遅い荷電粒子 
大きなdE/dx

専用の検出器のよる 
“Lifetime frontier”

Inspired: H.Oide



R.Sawada

長寿命探索

5Hideyuki Oide 2019-11-22

Hadron Collider LLP Search Classes

13

ID Displaced
Vertex + X

Metastable
heavy charged
particleStable heavy 

charged particle

Disappearing
track

Displaced leptons

Non-prompt
photons/jets

Lepton-jets

Emerging jets

Displaced 
vertex in MS

Dilepton displaced
vertex

Direct LLP Detection LLP Decay Detection

Stopped
particles

Monopole/HIP

Displaced jets  
(Calo-ratio)

H.Oide

位置、時間、速さが特徴的



R.Sawada

11

Where to look for long-lived particles?

CODEX-b

Feng, et al 1710.09387

Gligorov et al 1708.09395

Chou et al 1606.06298

We propose to 
instrument the ATLAS 
service shaft

Bauer, OB, Lee, Ohm 1909.13022

ANUBIS

LHCでの専用検出器
CODEX-b:     LHCb付近
FASER:         ATLAS IPから~500 m、前方
MATHUSLA: CMSの地上検出器
ANUBIS:       ATLASサービスシャフト内
MoEDAL:     LHCb付近で、モノポール
NA62:           中性LLP探索
SHiP:            ビームダンプ
milliQan:      CMS付近でミリチャージ

6

ATLAS, CMS LHCbからも多く
の人が、これらの実験に参加

Oleg Brandt: 6th LHC LLP workshop
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FASER

7

日本からも、KEK、名古屋、九大から参加Hidden corners at the LHC

�7

illustration from symmetry magazine

d = cτβγ = cτp/mτβ p/mτ

SM

New long-lived particle boosted along beam line…
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FASER

8

FASER detector

�13

Tracker
Tracker frame 

manufacturing at Uni 
Geneva.

• 3 tracking stations, each 3 planes of     
8 semi-conductor strip (SCT) modules

• SCT modules donated by ATLAS! 

Tracker prototype plane testing 
ongoing at CERN.

A′�

e−

e+

FASER detector

�12

Magnets

decay volume

spectrometer

Designed and to be 
constructed at CERN

• 3 x 0.55 T permanent dipole magnet
• To separate highly collimated particle tracks by > 300 μm. A′�

e−

e+

FASER: ForwArd Search ExpeRiment

�3

• A new low-cost LHC experiment in search for New Physics 
in 13 TeV proton collisions in Run 3 data

‣ With the goal to detect a simple striking signal:

Run 2 Run3Long Shutdown 2

CERN Approved 
March 2019

Construction and commissioning by collaboration of 64 people    
(20 institutes, 8 countries)

SM

SM

NP

Claire Antel : 7th LHC LLP workshop

FASER detector

�10

A′�

e−

e+
Geometry: 

5 m length total 
20 cm aperture 

1.5 m decay volume 

FASER:  In search for long-lived physics

FASERν
 To detect and measure 

collider neutrinos. 

tungsten/emulsion 
detector

+ newly approved component:
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MATHUSLA        ANUBIS

9

MATHUSLA - Layout

Cristiano Alpigiani

• arXiv 1606.06298
• arXiv 1806.07396 
• CERN-LHCC-2018-025 

ü Need robust tracking 

ü Need excellent background rejection

ü Need a floor detectors to reject 
interactions occurring near the surface

ü Both RPCs and extruded scintillators 
coupled to SiPMs are considered (good 
time/space resolution

6th LHC LLP Workshop

Ø Dedicated detector sensitive to neutral long-lived particles that have lifetime up to the Big 
Bang Nucleosynthesis (BBN) limit (107 – 108 m) for the HL-LHC

Ø Proposed a large area surface detector located above CMS
¾LLP / 1/area 

v Cosmic muon rate of about ~2 MHz (100m2)
and 0.1 Hz LHC muon rejected with timing

v LHC neutrinos: expected 0.1 events from high-E 
neutrinos (W, Z, top, b), ~1 events from low-E 
neutrinos (!/K) over the entire HL-LHC run

v Upward atmospheric neutrinos that interact in the decay volume (70 events per year above 
300 MeV) “decaying” to low momentum proton

Backgrounds

2

MATHUSLA @ P5

Cristiano Alpigiani6th LHC LLP Workshop

Ø Worked with Civil Engineers to define the building and the layout of MATHUSLA at P5 

Ø Layout restricted by existing structures based on current concept and engineering requirements

10

Jura SideBeam line

20 m decay volume
Below the surface

Christiano Alpigiani, 6th LHC LLP workshop

ANUBIS

Sensitivity study for exotic Higgs decays

L = �s
2
H

†
H h ! ss, s ! SMSM

We simulated the signal with 
MadGraph and require the LLP to 
penetrate at least 1 (2) tracking 
stations 

We consider two scenarios: 

• optimistic (requiring 4+ events - 
similar to MATHUSLA) 

• conservative (requiring 50+ 
events - similar to ATLAS muon 
spectrometer search)

h

s

s

SM
SM

22

Oleg Brandt: 6th LHC LLP workshop

ANUBIS

Current proposal: 
Four evenly spaced tracking stations with 
a cross-sectional area of 230 m2 each

13

18 m

image mirrored× 4

ATLAS
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専用実験の物理感度

10PBC BSM working group report 1901.09966 

PBC BSM working group report 1901.09966

Dark Scalar with exotic higgs decays

LHC external detectors probe higher masses

32

ヒッグス・ダークスカラー混合

PBC BSM working group report 1901.09966

Sterile RH Neutrinos

very complementary coverage

33

重いニュートリノ

PBC BSM working group report 1901.09966

Dark Photon only

For < ~GeV or massless dark photon + invisible or milli-
charged states, need LDMX, milliQan

34

ダークフォトン
Axion-like Particles: Pure fermion coupling

PBC BSM working group report 1901.09966

35

Axion-like粒子
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コミュニティーの動向

11

LPCC (LHC Physics Centre at CERN)の元で、新たに長寿命粒子探索ワー
キンググループが発足。  
(他には、top, ダークマター、EWK, Heavy flavour, 機械学習などがある) 

• 実験と理論の橋渡し 
• ベンチマークモデルの推奨 
• 長寿命粒子のシミュレーション開発 
• 結果の発表の仕方や、解釈の仕方の推奨 
• 新しい探索についての議論をリード 

承認されている実験(ATLAS, CMS, FASER, LHCb, MoEDAL) と理論の代
表者によって構成

M. Mangano, 7th LHC LLP workshop

草の根のコミュニティー: 年二回のワークショップ
ホワイトペーパー: arXiv:1903.04497

日本でも2017年から国内研究会を毎年秋に開催

https://longlivedparticles.web.cern.ch
https://longlivedparticles.web.cern.ch
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長寿命粒子関連論文の増加

12
Inspired: H.Oide
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Year
2013 2014 2015 2016 2017 2018 2019 2020

arXivのphysics分野で、 
”long lived, LHC”を含む論文数 / “Higgs”を含む論文数

（2020年8月11日時点）



ICHEPのハイライト
個人的なバイアスもかかっていますが、なるべくデータ量の多い
結果を選びました。 

長寿命粒子探索は時間がかかるので、まだ2015̶2016年の新し
い結果も出てきています。その他の結果は以下を参照してくださ
い。

• Search for Long-lived Particles and Unconventional Signatures with the ATLAS detector
• Searches for SUSY with long-lived particles in ATLAS
• Search for new physics with unconventional signatures at CMS
• Search for long-lived particles at CMS

https://indico.cern.ch/event/868940/contributions/3815890/
https://indico.cern.ch/event/868940/contributions/3815897/
https://indico.cern.ch/event/868940/contributions/3815925/
https://indico.cern.ch/event/868940/contributions/3815924/
https://indico.cern.ch/event/868940/contributions/3815890/
https://indico.cern.ch/event/868940/contributions/3815897/
https://indico.cern.ch/event/868940/contributions/3815925/
https://indico.cern.ch/event/868940/contributions/3815924/
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CMS: 消失飛跡

ウィーノやピュアなヒッグシーノは、荷電粒子と中
性粒子の質量差が小さくなり、長生きになる。 
例: AMSBウィーノ: ΔM ~ 160 MeV, cτ0 ~ 6cm 

崩壊物は(普通の解析では)見えないので飛跡が消え
たように見える。

14

Phys. Lett. B 806 (2020) 135502 

Unconventional Signatures at CMS — ICHEP 2020 brian.patrick.francis@cern.ch

�11

Search for Disappearing Tracks
• Signature-driven search for long-lived charged 

particles decaying within the silicon tracker 
• Many models introduce this signature, for example 

anomaly-mediated supersymmetry breaking (AMSB) 

• With a small mass splitting between chargino (    ) 
and neutralino (    ): 
• Chargino is long-lived, O(1) ns 
• Neutralino interacts only weakly, and pion is too 

soft to be reconstructed 
• With an its decay products either unobserved or 

unreconstructed, the chargino track “disappears” 
• Search uses 13 TeV from 2017-8 corresponding to 

101/fb

�̃± ! ⇡±�0
<latexit sha1_base64="BpLGLFUiUmZjkxALj3O/artN4I0=">AAACHHicbVDLSgMxFM34rPU16tJNsBVclZl2ocuiG5cV7AM6bclk0jY0kxmSO0oZ5kPc+CtuXCjixoXg35g+BG09EDiccy439/ix4Boc58taWV1b39jMbeW3d3b39u2Dw4aOEkVZnUYiUi2faCa4ZHXgIFgrVoyEvmBNf3Q18Zt3TGkeyVsYx6wTkoHkfU4JGKlnV4oecBGw1KNDnnVTLw4z7Ck+GAJRKrrHXsx/VJPopk5W7NkFp+RMgZeJOycFNEetZ394QUSTkEmggmjddp0YOilRwKlgWd5LNIsJHZEBaxsqSch0J50el+FTowS4HynzJOCp+nsiJaHW49A3yZDAUC96E/E/r51A/6KTchknwCSdLeonAkOEJ03hgCtGQYwNIVRx81dMh0QRCqbPvCnBXTx5mTTKJbdSKt+UC9XLeR05dIxO0Bly0TmqomtUQ3VE0QN6Qi/o1Xq0nq03630WXbHmM0foD6zPb7F7olc=</latexit>
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長生き

見えない

低運動量で見えない
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CMS: 消失飛跡
トリガー: pTmiss, isolatedトラック 
オフラインカット: 
ISRジェット (pt > 110 GeV), 
pTmiss > 120 GeV 
≥1 トラック:  
pt > 55 GeV, |η| < 2.1  
≥4 ピクセルヒット 
検出器のギャップリージョンではない 
近くにジェットやレプトンがない

15

Phys. Lett. B 806 (2020) 135502 

Unconventional Signatures at CMS — ICHEP 2020 brian.patrick.francis@cern.ch

�13

Event Selection

• “Disappearing” criteria: 
• Sum of calorimeter deposits in ΔR<0.5 less than 10 GeV 
• ≥3 missing outer hits 

• Separate into three signal categories 
• Number of tracker layers with hits: =4, =5 *, ≥6

• ISR jet (pt > 110 GeV), MET > 120 GeV 
• ≥1 track: 

• pt > 55 GeV, |η| < 2.1 
• ≥4 pixel hits *
• Pass fiducial selections: reject gaps in 

detector coverage, regions of low lepton 
reco. efficiency 

• Isolated from jets and reconstructed leptons 
• Zero missing inner/middle silicon hits — 

minimize spurious tracks

* Newly possibly since  
Phase I upgrades!

Four layer Phase 1  
pixel upgrade (top)

消失飛跡選択条件: 
•内側や途中に、missingヒット無し  
•消失条件: 
•ΔR<0.5カロリメータのエネルギーが 10 GeV 未満 
• 外側に3個以上の missingヒット 
•シリコンレイヤー数でカテゴリー分け、 =4, =5, ≥6

上が2017年からのレイアウト
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CMS: 消失飛跡

16

Phys. Lett. B 806 (2020) 135502 

• Combined with 2015-6 results for a purely wino-like neutralino in AMSB — best limits 
to date! 
• Left: exclude chargino masses up to 884 (474) GeV for a lifetime of 3 (0.2) ns 

• First limits for purely higgsino-like neutralino in AMSB 
• Right: exclude chargino masses up to 750 (175) GeV for a lifetime of 3 (0.05) ns

�15
Unconventional Signatures at CMS — ICHEP 2020 brian.patrick.francis@cern.ch

Results

ウィーノLSP: 
2017-2018の新しい解析と、2015-2016の結果をコンバイン 
棄却領域: 3 ns で 884 GeV。 0.2 ns で 474 GeV。 
ヒッグシーノLSP: 
2017-2018データだけ使用 
棄却領域: 3 ns で 750 GeV。 0.05 ns で 175 GeV。

期待BG: 47.8 +2.7-2.3 (stat) ± 8.1 (syst)      観測数:  48 events 

c.f. ATLAS @ 36 fb-1 では wino:460 GeV, higgsino:152 GeV

ウィーノ ヒッグシーノ
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CMS: LLPの光子への崩壊

17

10.1103/PhysRevD.100.112003  
EXO-19-005

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS12

Technology Legacy: Crystal Electromagnetic Calorimeter

• Designed for excellent energy resolution
• Crucial role in H→ɣɣ observation
• Resulted in outstanding time resolution

• LLP enabler

ECAL: 鉛タングステン結晶 
       時間分解能 70̶100 ps 
      (経年劣化で低下)

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS

Delayed Photons in the Electromagnetic Calorimeter

13

ECAL based

Lesson from tracker: LLP sensitivity drops at ~1m
: LLP — heavy: slow moving → delayed

: delayed and slanted at ECAL γ

χ̃0
ECAL Timing enables this search

Signature

photon energy

EXO-19-005
10.1103/PhysRevD.100.112003

See also Justin’s talk (here)

普通の光子 重いLLPからの光子

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS

Delayed Photons in the Electromagnetic Calorimeter

13

ECAL based

Lesson from tracker: LLP sensitivity drops at ~1m
: LLP — heavy: slow moving → delayed

: delayed and slanted at ECAL γ

χ̃0
ECAL Timing enables this search

Signature

photon energy

EXO-19-005
10.1103/PhysRevD.100.112003

See also Justin’s talk (here)

•重い粒子 → 光束より遅い 
•直接来るよりも遠回り 

普通の光子よりも、遅く到達する。
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10.1103/PhysRevD.100.112003  
EXO-19-005

CMS: LLPの光子への崩壊

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS

Use Cluster Shape to ID Photons from LLP Decays

15

ECAL based

Pointing (PV)
SM Bkg

Slanted
LLP signal

prompt-ɣ → bkg displaced-ɣ → signal

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS

Use Cluster Shape to ID Photons from LLP Decays

15

ECAL based

Pointing (PV)
SM Bkg

Slanted
LLP signal

prompt-ɣ → bkg displaced-ɣ → signal

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS

Use Cluster Shape to ID Photons from LLP Decays

15

ECAL based

Pointing (PV)
SM Bkg

Slanted
LLP signal

prompt-ɣ → bkg displaced-ɣ → signal

http://www.roma1.infn.it/cms/tesiPHD/franci.pdf

•2016̶2017データ 
•トリガー: 2光子 or 斜め入射光子トリ
ガー (HLT) 
•オフライン 
•普通の光子の他に, “OOT”光子 (pT 
> 70 GeV) を使用。 
•≥3 ジェット 
•1光子、2光子のカテゴリー 
•pTmiss と t𝛾 のビンでフィット

Out-of-time (OOT) 光子 
3ns以上遅いエネルギー損失からスタートしてカロリメータのクラスタリング 
さらに、OOT光子は斜めであることを要求。
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10.1103/PhysRevD.100.112003  
EXO-19-005

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS16

Delayed Photons in the Electromagnetic Calorimeter

9

0 200 400 600 800 1000
 (GeV)miss

T
p

5−10

4−10

3−10

2−10

1−10

1

10

210

310

Ev
en

t /
 G

eV

 0.012)×(Scaled 
 < 1.0 ns]
γ

Data [t
 

 1.0 ns]≥ 
γ

 Data [t

 1.0 ns]≥ 
γ

: 2 m [tτc
: 200 TeVΛGMSB  

 (13 TeV)-141.5 fb

γ2017CMS

0 10 20
 (ns)γt

3−10

2−10

1−10

1

10

210

310

410

510

Ev
en

t /
 n

s

 0.056)×(Scaled 
 < 100 GeV]miss

T
Data [p

 

 100 GeV]≥ miss
T

 Data [p

 100 GeV]≥ miss
T

: 2 m [pτc
: 200 TeVΛGMSB  

 (13 TeV)-141.5 fb

γ2017CMS

0 200 400 600 800 1000
 (GeV)miss

T
p

5−10

4−10

3−10

2−10

1−10

1

10

210

310

Ev
en

t /
 G

eV

 0.011)×(Scaled 
 < 1.0 ns]
γ

Data [t
 

 1.0 ns]≥ 
γ

 Data [t

 1.0 ns]≥ 
γ

: 2 m [tτc
: 200 TeVΛGMSB  

 (13 TeV)-141.5 fb

γγ2017CMS

0 10 20
 (ns)γt

3−10

2−10

1−10

1

10

210

310

410

510

Ev
en

t /
 n

s

 0.079)×(Scaled 
 < 100 GeV]miss

T
Data [p

 

 100 GeV]≥ miss
T

 Data [p

 100 GeV]≥ miss
T

: 2 m [pτc
: 200 TeVΛGMSB  

 (13 TeV)-141.5 fb

γγ2017CMS

Figure 4: The p
miss
T (left) and tg (right) distributions for the 2017g (upper row) and 2017gg

(lower row) event selections shown for data and a representative signal benchmark (GMSB:
L = 200 TeV, ct = 2 m). The p

miss
T distribution for data is separated into events with tg � 1 ns

(blue, darker) and tg < 1 ns (red, lighter), scaled to match the total number of events with
tg � 1 ns. Signal (black, dotted) is shown only for events with tg � 1 ns. The tg distribution
for data is separated into events with p

miss
T � 100 GeV (blue, darker) and p

miss
T < 100 GeV (red,

lighter), scaled to match the total number of events with p
miss
T � 100 GeV. Signal (black, dotted)

is shown only for events with p
miss
T � 100 GeV. The entries in each bin are normalized by the

bin width. The horizontal bars on data indicate the bin boundaries. The last bin in each plot
includes overflow events.

• Signal delayed (>1.5 ns)  wrt SM backgrounds
• Final selection also uses pTmiss (200 GeV)

ECAL based

CMS: LLPの光子への崩壊

Summer 2020 Cristián H. Peña | Searches for long-lived particles at CMS17

Delayed Photons in the Electromagnetic Calorimeter
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Figure 5: The 95% CL exclusion contours for the GMSB neutralino production cross section,
shown as functions of the neutralino mass, or equivalently the SUSY breaking scale, L, in the
GMSB SPS8 model, and the neutralino proper decay length, ctec0

1
.

ECAL Radius

Large extension in c! and mass

Peak sensitivity around ~few meters

LLP-HLT Trigger (2017) → 1 photon search → expanded c! coverage

ECAL based

1

1 Introduction

The results of a search for long-lived particles (LLP) decaying to a photon and a weakly-
interacting particle are presented. Neutral particles with long lifetimes are predicted in many
models of physics beyond the standard model (SM). In this paper, a benchmark scenario of
supersymmetry (SUSY) [1–14], with gauge-mediated SUSY breaking (GMSB) [15–23] is em-
ployed, commonly referred to as the “Snowmass Points and Slopes 8” (SPS8) benchmark model
[24]. In this scenario, pair-produced squarks and gluinos undergo cascade decays as shown in
Fig. 1, and eventually produce the lightest SUSY particle (LSP), the gravitino (eG), which is sta-
ble and weakly interacting. The phenomenology of such decay chains is primarily determined
by the nature of the next-to-lightest SUSY particle (NLSP). In the SPS8 benchmark, the NLSP is
the lightest neutralino, ec0

1, and the mass of the NLSP is linearly related to the effective scale of
SUSY breaking, L [15, 25].
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Figure 1: Example Feynman diagrams for SUSY processes that result in a diphoton (left)
and single photon (middle and right) final state via squark (upper) and gluino (lower) pair-
production at the LHC.

In the SPS8 model, L is a free parameter whose value determines the rate and primary produc-
tion mode of SUSY particles. Depending on the value of L, the coupling of the NLSP to the
gravitino could be very weak and lead to long NLSP lifetimes. The dominant decay mode of
the NLSP is to a photon and a gravitino, resulting in a final state with one or two photons and
missing transverse momentum (p

miss
T ). The dominant squark-pair and gluino-pair production

modes also result in additional energetic jets. If the NLSP has a proper decay length that is a
significant fraction of the radius of the CMS tracking volume (about 1.2 m), then the photons
produced at the secondary vertex tend to exhibit distinctive features. Because of their produc-
tion at displaced vertices and their resulting trajectories, the photons have significantly delayed
arrival times at the ECAL (order of ns) compared to particles produced at the primary vertex
and traveling at the speed of light. They also enter the ECAL at non-normal impact angles.

The present search makes use of these features to identify potential signals of physics beyond
the SM. We select events with one or two displaced or delayed photons, and three or more
jets. Signal events are expected to produce large p

miss
T as the LSP escapes the detector volume

without detection. In the case of very long-lived NLSPs, one of the NLSPs may completely
escape the detector, further increasing the p

miss
T . Previously, similar searches for LLPs decaying

to displaced or delayed photons have been performed by the CMS [26] and ATLAS [27] Collab-
orations using LHC collisions at a center-of-mass energy of 7 and 8 TeV, respectively. Past LHC
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1 Introduction

The results of a search for long-lived particles (LLP) decaying to a photon and a weakly-
interacting particle are presented. Neutral particles with long lifetimes are predicted in many
models of physics beyond the standard model (SM). In this paper, a benchmark scenario of
supersymmetry (SUSY) [1–14], with gauge-mediated SUSY breaking (GMSB) [15–23] is em-
ployed, commonly referred to as the “Snowmass Points and Slopes 8” (SPS8) benchmark model
[24]. In this scenario, pair-produced squarks and gluinos undergo cascade decays as shown in
Fig. 1, and eventually produce the lightest SUSY particle (LSP), the gravitino (eG), which is sta-
ble and weakly interacting. The phenomenology of such decay chains is primarily determined
by the nature of the next-to-lightest SUSY particle (NLSP). In the SPS8 benchmark, the NLSP is
the lightest neutralino, ec0

1, and the mass of the NLSP is linearly related to the effective scale of
SUSY breaking, L [15, 25].
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Figure 1: Example Feynman diagrams for SUSY processes that result in a diphoton (left)
and single photon (middle and right) final state via squark (upper) and gluino (lower) pair-
production at the LHC.

In the SPS8 model, L is a free parameter whose value determines the rate and primary produc-
tion mode of SUSY particles. Depending on the value of L, the coupling of the NLSP to the
gravitino could be very weak and lead to long NLSP lifetimes. The dominant decay mode of
the NLSP is to a photon and a gravitino, resulting in a final state with one or two photons and
missing transverse momentum (p

miss
T ). The dominant squark-pair and gluino-pair production

modes also result in additional energetic jets. If the NLSP has a proper decay length that is a
significant fraction of the radius of the CMS tracking volume (about 1.2 m), then the photons
produced at the secondary vertex tend to exhibit distinctive features. Because of their produc-
tion at displaced vertices and their resulting trajectories, the photons have significantly delayed
arrival times at the ECAL (order of ns) compared to particles produced at the primary vertex
and traveling at the speed of light. They also enter the ECAL at non-normal impact angles.

The present search makes use of these features to identify potential signals of physics beyond
the SM. We select events with one or two displaced or delayed photons, and three or more
jets. Signal events are expected to produce large p

miss
T as the LSP escapes the detector volume

without detection. In the case of very long-lived NLSPs, one of the NLSPs may completely
escape the detector, further increasing the p

miss
T . Previously, similar searches for LLPs decaying

to displaced or delayed photons have been performed by the CMS [26] and ATLAS [27] Collab-
orations using LHC collisions at a center-of-mass energy of 7 and 8 TeV, respectively. Past LHC
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CMS: LLPのジェットへの崩壊
10.1016/j.physletb.2019/134876 
EXO-19-001
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Fig. 1. Diagram showing the GMSB signal model (upper figure), and diagram of a 
typical event (lower figure), expected to pass the signal region selection. The event 
has delayed energy depositions in the calorimeters but no tracks from a primary 
vertex.

two endcap sections. Forward calorimeters extend the pseudora-
pidity coverage provided by the barrel and endcap detectors. The 
silicon tracker measures charged particles within the pseudora-
pidity range |η| < 2.5. It consists of 1440 silicon pixel and 15 
148 silicon strip detector modules. For nonisolated particles with 
1 < pT < 10 GeV, in the region |η| < 1.4, the track resolutions are 
typically 1.5% in pT and 25–90 (45–150) µm in the transverse (lon-
gitudinal) impact parameter [29]. The HCAL is segmented into indi-
vidual calorimeter cells along pseudorapidity (η), azimuth (φ), and 
depth. The barrel muon system is composed of drift-tubes (DTs) 
and resistive plate chambers (RPCs). These provide high resolution 
hit positioning and timing to determine the muon trajectory. The 
hits in the DTs are clustered into track segments, referred to as DT 
segments, as detailed in Ref. [30]. In the forward region, RPCs are 
used along with cathode strip chambers (CSCs), which have greater 
resistance to the higher radiation flux occurring along the beam-
line than DTs. A more detailed description of the CMS detector, 
together with a definition of the coordinate system used and the 
relevant kinematical variables, can be found in Ref. [9].

The CMS ECAL consists of 75 848 lead tungstate crystals, which 
provide coverage in pseudorapidity |η| < 1.48 in a barrel region 
(EB) and 1.48 < |η| < 3.00 in two endcap regions (EE). This anal-
ysis relies on the timing capabilities of the EB [7]. The ECAL mea-
sures the energy of incoming electromagnetic particles through the 
scintillation light produced in the lead tungstate crystals. Silicon 
avalanche photodiodes (APDs) are used as photodetectors in the 
barrel region. These are capable of measuring the time of incoming 
particles with a resolution as low as ∼200 ps for energy deposits 

above 50 GeV [31]. Each ECAL crystal with an APD unit attached is 
referred to as an ECAL cell.

In the region |η| < 1.74, the HCAL cells have widths of 0.087 in 
η and 0.087 in φ. In the η–φ plane, and for |η| < 1.48, the HCAL 
cells map on to 5×5 arrays of ECAL crystals to form calorimeter 
towers projecting radially outwards from close to the nominal in-
teraction point. For |η| > 1.74, the coverage of the towers increases 
progressively to a maximum of 0.174 in #η and #φ. Within each 
tower, the energy deposits in ECAL and HCAL cells are summed to 
define the calorimeter tower energies, subsequently used to pro-
vide the energies and directions of hadronic jets.

Events of interest are selected using a two-tiered trigger sys-
tem [32]. The first level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a time interval of 
less than 4 µs. The second level, known as the high-level trigger 
(HLT), consists of a farm of processors running a version of the full 
event reconstruction software optimized for fast processing, and 
reduces the event rate to around 1 kHz before data storage.

3. Object and event reconstruction

The primary physics objects used in this analysis are jets re-
constructed from the energy deposits in the calorimeter towers, 
clustered using the anti-kT algorithm [33,34] with a distance pa-
rameter of 0.4. The contribution from each calorimeter tower is 
assigned the coordinates of the tower and a momentum, the abso-
lute value and the direction of which are found from the energy 
measured in the tower assuming that the contributing particles 
originated at the center of the detector. The raw jet energy is 
obtained from the sum of the tower energies, and the raw jet mo-
mentum by the vectorial sum of the tower momenta, which are 
found from the energy measured in the tower. The raw jet ener-
gies are then corrected to reflect a uniform relative response of the 
calorimeter in η and a calibrated absolute response in transverse 
momentum pT [35]. Jets reconstructed using the CMS particle flow 
(PF) algorithm [36] are not used in this analysis because non-
prompt jets do not produce reliable information in the tracker and 
out-of-time energy deposits are not included in the PF jet recon-
struction.

All reconstructed vertices in the event, consistent with origi-
nating from a proton-proton (pp) interaction, are considered to be 
primary vertices (PVs) [29]. Each track that is identified as origi-
nating from a PV is associated with a jet if the separation of the 
track from the jet axis #R =

√
(#η)2 + (#φ)2 < 0.4, where #η

and #φ represent the difference (in radians) between the jet axis 
and the track in the pseudorapidity and in the azimuthal direction, 
respectively.

The jet timing is determined using all ECAL cells that satisfy 
#R < 0.4 between the jet axis and cell position, that exceed an 
energy threshold of 0.5 GeV and that satisfy reconstruction quality 
criteria. For each cell within the ECAL detector, the timing offset 
is defined such that a particle traveling at the speed of light from 
the center of the collision region to the cell position arrives at time 
zero. Energy deposits with a recorded time that is either less than 
−20 ns or greater than 20 ns are rejected, to remove events orig-
inating from preceding or following bunch collisions, respectively. 
The time of the jet, tjet, is defined by the median cell time. The 
jet-based requirements used to reject the dominant background 
sources, referred to as the signal jet requirements, are detailed in 
Section 5.

The missing transverse momentum vector, %pmiss
T , used for this 

analysis is defined as the projection on the plane perpendicular 
to the beams of the negative vector sum of calorimeter momenta 
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the observed number of events with tjet > 3 ns and PVfraction
track >

0.08. Two VRs are defined to verify the prediction of the satellite 
bunch and timing tail background contributions.

The first VR is selected to contain events with tjet < −1 ns and 
passing all signal requirements except for that on PVfraction

track . The 
pass/fail ratio of the PVfraction

track < 0.08 requirement is measured for 
events with −3 < tjet < −1 ns and applied to the number of events 
with tjet < −3 ns and PVfraction

track > 0.08. The upper bound on tjet
ensures the sample is enriched with jets in the tail of the tjet dis-
tribution. The correlation between the variables in the VR is con-
firmed to be consistent with zero, which allows an unbiased pre-
diction to be made. The prediction from this method for the num-
ber of events passing tjet < −3 ns and PVfraction

track < 0.08 is 0.09+0.2
−0.06

events, to be compared with 1 observed event. The event passing 
selection has no paired RPC or DT hits and is therefore unlikely to 
originate from a cosmic ray muon. The compatibility with expecta-
tion is within two standard deviations, however, to ensure the pre-
diction is unbiased, a further validation is carried out. The require-
ment of pmiss

T > 300 GeV is inverted and the prediction repeated. 
The events must still satisfy the pmiss

T (trigger) > 120 GeV require-
ment. The number of events satisfying tjet < −3 ns and PVfraction

track <
0.08 is predicted to be 1.95 ± 0.29 events, to be compared with 
1 event observed. As the validation with pmiss

T < 300 GeV probes 
a similar phase space to the validation with pmiss

T > 300 GeV, but 
with a significantly increased number of events, an excess due to 
a systematic effect would be enhanced. The observation in the re-
gion with tjet < −3 ns and PVfraction

track < 0.08, for pmiss
T > 300 GeV, is 

therefore considered to be consistent with a statistical fluctuation.
A second VR is defined using events with 1 < tjet < 3 ns. The 

pass/fail ratio of the PVfraction
track < 0.08 requirement is measured 

for events with 1 < tjet < 2 ns and applied to the number of 
events with 2 < tjet < 3 ns and PVfraction

track > 0.08. The estimation 
from this method for the number of events passing 2 < tjet < 3 ns
and PVfraction

track < 0.08 is 0.03+0.08
−0.03 events, in agreement with the 0 

events observed.
The prediction for the SR relies on using the efficiency of the 

PVfraction
track requirement of events with 1 < tjet < 3 ns to predict the 

efficiency of the PVfraction
track requirement for tjet > 3 ns. Because of 

differences in the reconstruction of the calorimeter energy and 
tracker pT, this efficiency may be expected to have some small 
time dependence. In order to measure any such tjet dependence 
and derive an associated systematic uncertainty, a data sample 
with the offline pmiss

T requirement inverted (but passing trigger re-
quirements) and tjet > 2 ns is used. The region of PVfraction

track < 0.08 is 
not included to avoid contamination from cosmic ray or beam halo 
muon deposits. The slope of a linear fit to the pass/fail ratio of a 
looser requirement of PVfraction

track < 0.5 against tjet is consistent with 
zero. As for the beam halo prediction, the uncertainty from the fit 
is propagated to the region with tjet > 3 ns and PVfraction

track > 0.08. 
The final prediction for the core and satellite bunch background 
contribution is 0.11+0.09

−0.05 (stat)+0.02
−0.02 (syst) events.

6.3. Cosmic ray events

The discriminating variables used for the cosmic back-
ground prediction are the tRMS

jet of the jet and the larger of 
max(!φDT) and max(!φRPC), labeled as max(!φDT/RPC). The 
pass/fail ratio of the tRMS

jet < 2.5 ns requirement is measured for 
events with max(!φDT/RPC) > π/2 and applied to events with 
max(!φDT/RPC) < π/2. Cosmic ray muons that radiate a photon via 
bremsstrahlung while passing through the HCAL will typically de-
posit significant energy in a single isolated cell. The HCAL noise re-
jection quality filters are designed to reject events containing such 

Table 2
Summary of the estimated number of background events.

Background source Events predicted

Beam halo muons 0.02+0.06
−0.02 (stat)+0.05

−0.01 (syst)
Core and satellite 

bunch collisions
0.11+0.09

−0.05 (stat)+0.02
−0.02 (syst)

Cosmic ray muons 1.0+1.8
−1.0 (stat)+1.8

−1.0 (syst)

Fig. 2. The timing distribution of the background sources predicted to contribute to 
the signal region, compared to those for a representative signal model. The time is 
defined by the jet in the event with the largest tjet passing the relevant selection. 
The distributions for the major background sources are taken from control regions 
and normalized to the predictions detailed in Section 6. The observed data is shown 
by the black points. No events are observed in data for tjet > 3 ns (indicated with a 
vertical black line).

isolated deposits, thus inverting these filters, with all other re-
quirements applied, provides a validation region enriched in events 
with cosmic ray muons.

The correlation between tRMS
jet and max(!φDT/RPC) in the val-

idation sample is consistent with zero, allowing them to be 
used to make an unbiased prediction. The estimation in the VR 
for the number of events passing signal thresholds in tRMS

jet and 
max(!φDT/RPC) is 1.1+1.9

−1.1 events, in agreement with the 1 event 
observed. A systematic uncertainty in the SR prediction is derived 
from the statistical uncertainty in the VR. The final prediction in 
the SR is 1.0+1.8

−1.0 (stat)+1.8
−1.0 (syst) events.

6.4. Background summary

The estimated background yields and uncertainties are summa-
rized in Table 2. The total background prediction is 1.1+2.5

−1.1 events.

7. Results and interpretation

Fig. 2 shows the timing distribution for events with jets pass-
ing all the SR requirements. The distributions for the major back-
ground sources are taken from control regions and normalized to 
the predictions detailed in Section 6. These distributions are shown 
for illustration only and are not used for the statistical interpreta-
tion. The overall background prediction for the SR is 1.1+2.5

−1.1 events, 
which is consistent with the observation of 0 events.

The model used for the interpretation is the GMSB SUSY model 
in which gluinos are pair produced and form R-hadrons. The long-
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Fig. 4. The observed upper limits at 95% CL for the gluino pair production cross 
section in the GMSB model, shown in the plane of mg̃ and cτ0. A branching fraction 
of 100% for the gluino decay to a gluon and a gravitino is assumed. The area below 
the thick black curve represents the observed exclusion region, while the dashed 
red lines indicate the expected limits and their ±1 standard deviation ranges. The 
thin black lines show the effect of the theoretical uncertainties on the signal cross 
section.

Fig. 5. The observed and expected upper limits at 95% CL on the gluino pair pro-
duction cross section for a gluino GMSB model with mg̃ = 2400 GeV. The one (two) 
standard deviation variation in the expected limit is shown in the inner green (outer 
yellow) band. The blue solid line shows the observed limit obtained by the CMS dis-
placed jet search [20].

masses up to 2100, 2500, and 1900 GeV are excluded at 95% con-
fidence level for proper decay lengths of 0.3, 1, and 100 m, re-
spectively. The reach for models that predict significant missing 
transverse momentum in the final state is significantly extended 
beyond all previous searches, for proper decay lengths greater than 
∼0.5 m.
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•2016̶2018年データ 
•トリガー: pTmiss 
•オフライン 
•pTmiss > 300 GeV 
•MSヒットの条件で宇宙線除去 
•3ns以上遅いジェット

期待BG: 1.1+2.5-1.1 
観測数: 0

2.5 TeV gluino @cτ0=1m 棄却



R.Sawada

ATLAS: displaced vertex と 
displaced muon
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いろんなモデルで現れるSignature 
•StopのRPV崩壊 
•RPV結合定数は小さいはず 
•→ 長寿命になる 

•長寿命 electroweakino のRPV崩壊 
•長寿命Long-lived レプトクォーク 
•ヒッグス粒子のLLPへの崩壊 
•重いニュートリノ

この論文ではこのモデルで解釈
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•2016̶2018年データ 
•トリガー: ETmiss, or MSトラック (>60 GeV) 
• “Large-radius”トラック と secondary-vertex
の再構成を行う、特別なデータプロセス。 
•Displaced vertex 
•マテリアルveto 
•ハドロン崩壊BGの削減 
•ntrack >= 3, mDV > 20 GeV 
•フェイクと、ハドロン崩壊BG 

•ミューオントラック 
• |d0| > 2m 
•qualityカットと、宇宙線のカット

ATLAS: displaced vertex と 
displaced muon

SUSY-2018-33
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まとめ
•“Lifetime frontier”はまだ探索されていない領域がある 

•論文数増加、WG設置など、コミュニティーも活発 

•専用の検出器の提案も多数 

•解析では、特殊な、トリガー、オブジェクト再構成、データプロセス、BG見
積もり手法を伴うことがあり、大変だが面白い 

•フルRun2の解析は、まだ発表されていないものが多く、今後に期待 

•  (今日は話していませんが) Run3に向けての開発にも力を入れています
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