
LHC-ATLAS実験における
前⽅陽⼦検出器を⽤いた⼆光⼦共鳴探索の

背景事象推定
⽇本物理学会 2021年秋季⼤会

2021年9⽉17⽇ 17pT2-4
東⼤理, 東⼤素セA

舘野元, ⽥中純⼀A, 寺師弘⼆A, 奥村恭幸A, 江成祐⼆A, 増渕達也A



⾼エネルギー光⼦-光⼦散乱
光⼦-光⼦散乱に寄与するO(100) GeVの新粒⼦の予⾔
• 荷電粒⼦

Vector-like fermionなど

• 中性粒⼦
• Axion-like particle
• KKグラビトン
• Strongly-interacting heavy dilaton

ただの⼆光⼦共鳴探索ではなく

光⼦-光⼦散乱に特化した解析で探索できれば
• 新粒⼦発⾒時に信号の種類を特定しやすい
• 通常の⼆光⼦共鳴探索と結果を統合できる
• 同じEFTラグランジアンで統⼀的に結果を解釈できる
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Figure 4: Two-dimensional limits on anomalous quartic gauge coupling diphoton production
mechanisms given the upper limit observed on the light-by-light production cross section. The
limits are shown in terms of the coupling parameters z1 and z2.
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鉛イオン同⼠の衝突実験では観測済み
Phys. Rev. Lett. 123 (2019) 052001
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電場

陽⼦衝突でも同じパターンの
光⼦-光⼦散乱が起こるはず

イベントの特徴
・⼆光⼦が

- back-to-back
-排他的(他にオブジェクトが無い)

・陽⼦を壊さない

ビーム粒⼦周辺の等価光⼦同⼠の散乱

光⼦-光⼦散乱に寄与する
新粒⼦を探索

ATLAS実験YouTube動画
https://youtu.be/zsVrMeiqsAM

ビーム粒⼦周辺の電場
=等価光⼦の集まり

ビーム粒⼦が
すれ違うときに

等価光⼦同⼠が散乱
イベントディスプレイ

① ②

③ ④

特別な
検出器で
捉えたい

https://youtu.be/zsVrMeiqsAM
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Feynman diagrams
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(Dated: July 20, 2019)

Some Feynman diagrams made using feynmp for use.

I. INTRODUCTION

Precision measurements of electromagnetic couplings are fundamental tests of quantum electrodynamics (QED)
and powerful probes of new physics beyond the Standard Model (BSM). The electron anomalous magnetic moment
ae = 1

2 (ge � 2) is among the most precisely measured observables in nature [1, 2]. The muon counterpart aµ is
measured to 1 part in 107 [3] and reports a longstanding 3 � 4� deviation from the SM prediction, which may be a
harbinger of new physics.
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Figure 4: Schematic diagrams of lepton pair production in (left) exclusive and (right) single dissociative production.
These processes have at least one proton in the final state and are considered signal.

Requirement pp ! p(�� ! ee)p pp ! p(�� ! µµ)p

� ⇥ L 44790 44740
� ⇥ L ⇥ ✏filter 11570 11560
� ⇥ L ⇥ ✏filter ⇥ wSF 11440 11190
Exactly two signal leptons 1217 3628
Trigger matched 968 2641
Opposite charge 964 2641
Same flavour 964 2641
p``T < 5 GeV 931 2594
A``
� < 0.01 913 2520

N0.5 mm
tracks = 0 378 1138

m`` > 20 378 1138
m`` < [70, 105] GeV 283 960
⇠A`` 2 [0.02, 0.12] OR ⇠C`` 2 [0.02, 0.12] 69.8 155
⇠A`` 2 [0.035, 0.08] OR ⇠C`` 2 [0.035, 0.08] 18.2 28.9
|⇠AFP � ⇠`` | < 0.005 17.8 27.8

Table 2: Event yields of the simulated signal samples pp ! p(�� ! ``)p normalised to L = 14.6 fb�1 after each
requirement applied sequentially (cutflow). The generator cross-section is �, which includes a generator-level
requirement m`` > 20 GeV. The ✏filter is the e�ciency of the generator level filter requirement (two leptons
p`T > 12 GeV, |⌘` | < 2.7). The wSF are the scale factors accounting for lepton reconstruction and trigger e�ciencies.
Soft-survival probabilities of Ssurv = 1 and AFP track e�ciency of ✏track = 1 are assumed.

13

2レプトン終状態を通して
陽⼦衝突における等価光⼦同⼠の反応を
観測済み

Phys. Rev. Lett. 125 (2020) 261801
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鉛イオン衝突
陽⼦衝突

Journal of Physics G: 
Nuclear and Particle Physics 47 (2020) 060501

⾼質量領域では陽⼦衝突を⽤いた⽅が
(ATLAS実験では)感度が⾼い

⼆光⼦不変質量 [GeV]

光⼦-光⼦の実効瞬間ルミノシティ

Forward Proton Trajectories – ξ Dependence
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前⽅陽⼦検出器
双極磁⽯

⼩
中エネルギー

損失⼤

前⽅陽⼦検出器を利⽤し
壊れていない陽⼦に対する要求を
イベント選択条件に含めることで
SN⽐を⼤幅に上げる

陽⼦は反応により数百GeVのエネルギーを損失
→ ビームの⼀部として残るがLHCマグネットに

曲げられて軌道がやや逸れる
陽⼦エネルギー損失率#によって軌道が変わる

衝突点ビーム
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Forward Proton Trajectories – ξ Dependence
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ビームパイプ内に挿⼊
(ビーム軸から~3.5 mmまで)

シリコントラッカーが
LHCマグネットの情報と合わせて
陽⼦運動量スペクトロメータの役割
→ 陽⼦エネルギー損失率を測定

$!"#$#% = 1 −
(信号陽⼦
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4.3.7.2 High pile-up environment To study the effect of pile-up interactions on the AFP proton
reconstruction quality, simulated events with µ=0, 1, 5, and 15 are considered. A robust set of
SiT+ToF cuts is chosen to account for the reconstruction of additional diffractive protons arriving
from the pile-up interactions. Fig. 32 presents the track reconstruction efficiency for single-arm SiT
detectors (in AFP 204 and 212 stations) as a function of proton relative energy loss. The tracking
efficiency reaches 95% in 0.02 < ⇠p < 0.1 for low pile-up contamination and 90% for µ=15.

The full proton reconstruction efficiency for single-arm detectors (including ToF information from
the timing detector) can be also defined. The average efficiency of the proton track plus time recon-
struction is found to be ⇡ 85% for µ=0, 1 and 76% for µ=15. These values demonstrate the excellent
performance expected with the AFP detectors even in a high pile-up environment.
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Figure 32. Proton track reconstruction efficiency for single-arm SiT detectors for different pile-up scenarios
as a function of relative proton energy loss ⇠. Only tracks with segments matched between the near (AFP
204) and far (AFP 212) stations are included.

4.4 The AFP Beam Interface

The AFP beam interface of choice is the Roman pot (RP). The RP beam interface has been adopted
by the ALFA and TOTEM collaborations and has shown to work reliably at the LHC. At the higher
luminosities of the last LHC run period, the original rectangular pot shapes used to house the ALFA
and TOTEM detector planes presented a significant impedance to the circulating bunches, and beam
losses and heating of the pot material limited the insertion of the pots. Both ALFA and TOTEM have
modified the electrical shape of the pot into a cylinder closely fitting inside the pot bellows by using
filler shapes, thereby eliminating the resonant cavities that are at the origin of the losses and heating.

Thus, the present TOTEM horizontal pot design is cylindrical, leaving only a 2.5 mm clearance
gap between the outer bellows cylinder and the pot itself. The remaining energy radiated into the
gap is absorbed by ferrite elements at the end of the gap, and the generated heat is dissipated into
the main Roman pot support structures. TOTEM’s cylindrical pot design [66] is copied for the AFP
pot with the small modifications discussed below.

The AFP Roman pot station contains the pot and the mechanics allowing it to enter the beam
pipe aperture. The cylindrical pot’s orientation and its motion are horizontal, transverse to the beam
direction. Again, TOTEM’s horizontal station is perfectly suited for AFP, and therefore the TOTEM
Roman pot station design [66] is adopted.

Chapter 4: The AFP Detector 47

陽⼦エネルギー損失率!

トラッキング効率の$依存性

⾼効率

ATLAS-TDR-024
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解析の戦略
• ALP: 強いCP問題を解決するために導⼊されたアクシオンの拡張
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• 3つの戦略
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4.3.7.2 High pile-up environment To study the effect of pile-up interactions on the AFP proton
reconstruction quality, simulated events with µ=0, 1, 5, and 15 are considered. A robust set of
SiT+ToF cuts is chosen to account for the reconstruction of additional diffractive protons arriving
from the pile-up interactions. Fig. 32 presents the track reconstruction efficiency for single-arm SiT
detectors (in AFP 204 and 212 stations) as a function of proton relative energy loss. The tracking
efficiency reaches 95% in 0.02 < ⇠p < 0.1 for low pile-up contamination and 90% for µ=15.

The full proton reconstruction efficiency for single-arm detectors (including ToF information from
the timing detector) can be also defined. The average efficiency of the proton track plus time recon-
struction is found to be ⇡ 85% for µ=0, 1 and 76% for µ=15. These values demonstrate the excellent
performance expected with the AFP detectors even in a high pile-up environment.
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Figure 32. Proton track reconstruction efficiency for single-arm SiT detectors for different pile-up scenarios
as a function of relative proton energy loss ⇠. Only tracks with segments matched between the near (AFP
204) and far (AFP 212) stations are included.

4.4 The AFP Beam Interface

The AFP beam interface of choice is the Roman pot (RP). The RP beam interface has been adopted
by the ALFA and TOTEM collaborations and has shown to work reliably at the LHC. At the higher
luminosities of the last LHC run period, the original rectangular pot shapes used to house the ALFA
and TOTEM detector planes presented a significant impedance to the circulating bunches, and beam
losses and heating of the pot material limited the insertion of the pots. Both ALFA and TOTEM have
modified the electrical shape of the pot into a cylinder closely fitting inside the pot bellows by using
filler shapes, thereby eliminating the resonant cavities that are at the origin of the losses and heating.

Thus, the present TOTEM horizontal pot design is cylindrical, leaving only a 2.5 mm clearance
gap between the outer bellows cylinder and the pot itself. The remaining energy radiated into the
gap is absorbed by ferrite elements at the end of the gap, and the generated heat is dissipated into
the main Roman pot support structures. TOTEM’s cylindrical pot design [66] is copied for the AFP
pot with the small modifications discussed below.

The AFP Roman pot station contains the pot and the mechanics allowing it to enter the beam
pipe aperture. The cylindrical pot’s orientation and its motion are horizontal, transverse to the beam
direction. Again, TOTEM’s horizontal station is perfectly suited for AFP, and therefore the TOTEM
Roman pot station design [66] is adopted.
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解析の戦略
• ALP: 強いCP問題を解決するために導⼊されたアクシオンの拡張
• パラメータ: 質量"*と(光⼦との)結合定数#+,

• 3つの戦略
1. Back-to-backな⼆光⼦を選ぶ
2. 前⽅陽⼦の再構成効率が⾼い領域に注⽬
3. 陽⼦エネルギー損失率を2通りの⽅法で

測定し整合性を要求
$!"#$#%
± と$33

± のマッチングによる背景事象削減
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("# = 0.05 TeV"#

!! = 1.6 TeVの場合

!! = 0.4 TeVの場合

!! = 1.0 TeVの場合

. = 13 TeV, 14.6 fb"#
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事象選択条件
oトリガー

• (4
35 ≥ 35 GeV, (4

31 ≥ 25 GeV

1. Preselection
• )4 ≥ 40 GeVの(isolated)光⼦が2つある事象のみ
• 前⽅陽⼦検出器の再構成陽⼦のうち
$33
± に最も近い$!"#$#%

± を持つ陽⼦を各サイド1つずつ選択
2. アコプラナリティカット

• >6
33 = 1 −

76%%
8 < 0.01 (⼆光⼦がback-to-back)

3. 前⽅陽⼦再構成効率カット
• #&&± と #()*+*,

± が陽⼦再構成効率の⾼い範囲内
[0.035, 0.08) にある事象のみ
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. = 13 TeV, 14.6 fb"#

!! = 1.0 TeV, 
("# = 0.05 TeV"#

背景事象

信号事象
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選択領域
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("# = 0.05 TeV"#

!! = 1.6 TeVの場合

!! = 0.4 TeVの場合

!! = 1.0 TeVの場合

前⽅陽⼦検出器の
陽⼦再構成効率が
保証される範囲

. = 13 TeV, 14.6 fb"#

Inclusive $$
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ATLAS Work in progress

Signal MC
Mixed MC sample

事象選択条件
oトリガー

• (4
35 ≥ 35 GeV, (4

31 ≥ 25 GeV

1. Preselection
• )4 ≥ 40 GeVの(isolated)光⼦が2つある事象のみ
• 前⽅陽⼦検出器の再構成陽⼦のうち
$33
± に最も近い$!"#$#%

± を持つ陽⼦を各サイド1つずつ選択
2. アコプラナリティカット

• >6
33 = 1 −

76%%
8 < 0.01 (⼆光⼦がback-to-back)

3. 前⽅陽⼦再構成効率カット
• #&&± と #()*+*,

± が陽⼦再構成効率の⾼い範囲内
[0.035, 0.08) にある事象のみ

4. 陽⼦と⼆光⼦の測定間の整合性の要求(マッチング)
• Δ$± = $!"#$#%

± − $33
± < 0.005 (陽⼦と⼆光⼦の#が⽭盾しない)
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両サイド(±)のうちどちらか⼀⽅でも条件を満たせば事象選択

!! = 1.0 TeV, 
("# = 0.05 TeV"#
信号事象

背景事象

差の分布

. = 13 TeV, 14.6 fb"#

背景事象MCサンプル
(データ補正後)
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選択領域
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Signal MC
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. = 13 TeV, 14.6 fb"#

!! = 1.0 TeV, 
("# = 0.05 TeV"#

背景事象

信号事象

選択領域

Inclusive $$
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信号事象と背景事象17pT2-4 13

陽⼦が2つ壊れる 3通りの信号過程のうち
壊れない陽⼦がある
排他的/1つ壊れる信号
に注⽬

排他的 陽⼦が1つ壊れる

前⽅陽⼦検出器で検出可能

⼆光⼦と陽⼦に相関がない事象
(組合せ背景事象)が⽀配的

!

)

前⽅陽⼦検出器

ビーム軸

Drell-Yanなど排他的でない⼆光⼦⽣成と
パイルアップ陽⼦(別のバーテックス由来の陽⼦)

前⽅陽⼦検出器

!

例

偶然
マッチング

信号事象 背景事象

⼆光⼦として観測されるプロセス
(フェイク含む)は様々
→データドリブンな推定が望ましい



Functional decomposition (FD)を使う
データの⼆光⼦不変質量分布から信号と背景事象をモデルする⼿法

背景事象の推定⼿法17pT2-4 14

arXiv:1805.04536

例 Eボソン

ヒッグス

BG+信号

BG only

⼿法の正しさを事前に検証しておくことが重要
→ 信号事象と背景事象のサンプルが必要

・データ*

・仮定する信号分布+

を専⽤の
正規直交関数系→
の線形和で表す
(decomposition)

&!!を無次元化した量'

arXiv:1805.04536

低次項は
主にBG成分を構成

⾼次項は
信号成分を構成

(normalized)

F = G + IJ = K
9:;

<().5
L9(9(N) + IK

9:;

<
O9(9(N)

BGをオーバーフィットしない程度に
精度良くフィットできるよう
低次と⾼次の境⽬,&'を最適化



背景事象のサンプル
⽀配的な組合せ背景事象のサンプルを作成
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 Simulation Work in ProgressATLAS

信号MCのΔ$分布

⼆光⼦-陽⼦間
マッチング条件

マッチング領域から排除
→ 組合せ背景事象のサンプル

データには
単⼀バーテックス由来の事象
(特殊な背景事象や信号混⼊)
が⼊り得る

データ(preselection前)

イベント
番号

光⼦
コンテナ

番号

陽⼦
コンテナ

番号
1 1 1
2 2 2
3 3 3
⋮ ⋮ ⋮

N-1 N-1 N-1
N N N

シフトデータ
イベント

番号
光⼦

コンテナ
番号

陽⼦
コンテナ

番号
1 1 2
2 2 3
3 3 4
⋮ ⋮ ⋮

N-1 N-1 N
N N 1

シフトにより
⼆光⼦-陽⼦間の
相関を無くす

データドリブンなサンプル

本解析特有の事象選択の効率などをより正確に再現
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背景事象サンプルの確認17pT2-4

シフトデータ作成の際の注意点
①単⼀バーテックスに由来する背景事象
→今回は無視(寄与はわずか)

②信号の混⼊

7%

100%

信号MCの⼆光⼦不変質量分布

シフトしても7%残るが
FDの結果への影響は⼩さい

③データとの予期せぬ不⼀致の可能性
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-1 = 13 TeV, 14.6 fbs

Data 2017
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 Work in progressATLAS
-1 = 13 TeV, 14.6 fbs

Data 2017
BG Stat. Unc.
Shifted data
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!! < 0.05 -&

!! ≥ 0.05
!

!

! !

信号のサイドバンドの⼆光⼦不変質量分布に
おいてデータとの不⼀致は⾒られない

Dilepton: CEP:
Central
Exclusive
Production
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背景事象推定⼿法の検証17pT2-4 17
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Full Spectrum

①シフトデータ(事象選択後)からFDで背景事象分布を得た
→残差から結果がreasonableであることを確認

②これをもとに同じ誤差を持つ⾼統計の
擬シフトデータを⽣成(Asimov data)
→ -0 = 400 GeV, 512 = 0.05 TeV12の
信号MCを異なる強度8で⼊⼒ → BG+信号フィット

⼆光⼦不変質量分布

シフトデータ

擬シフトデータ
+信号MC

平均1%以内の精度で
各々⼊⼒と整合
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Ideal
Observed

P1/R = 0.0958

' = 1
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感度評価
擬データに512 = 0.05 TeV12の信号MCを強度8 = 1で⼊⼒
複数通りのALP質量で実験
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⋮

#' = 200 GeV

#' = 400 GeV

#' = 600 GeV

Significance

p値

信号効率を反映

感度評価結果
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まとめと展望
まとめ
• ⼆光⼦系と前⽅陽⼦のkinematicsの整合性を要求して⼆光⼦共鳴探索
• ⽀配的な「組合せ背景事象」を⾒積もるためにシフトデータを作成
• シフトデータをfunctional decompositionしてBGと信号をモデル

• FDの想定通りの動作を確認
• 感度を評価し信号効率から想定される振る舞いを確認

展望
Run2のデータを使ってALPを探索

• 単⼀バーテックス背景事象の影響を⾒積もる
• 系統誤差を⾒積もる
• データの考察: ALP質量/結合定数でスキャン → 観測 or 棄却域の設定
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