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Higgs / Exotics まとめ

奥村恭幸
東京大学・素粒子物理国際研究センター

Higgs - ミューオン湯川結合の測定
Higgs 粒子の精密測定

Exotics 新粒子・稀崩壊探索
ヒッグス対生成 (多分 - スキップ)
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参考
• ICHEP2020 より、YouTube で録画も見られます

• https://www.youtube.com/channel/UCOkHQDc9oET5y92G51iM5_w/videos
• ATLAS Highlight 

• https://indico.cern.ch/event/868940/contributions/3905674/attachments/2077990/3501041/ICH
EP_ATLAS_Highlights_Jakobs.pdf

• CMS Highlight 
• https://indico.cern.ch/event/868940/contributions/3905676/attachments/2084164/3501074/CM
Shighlights_ICHEP2020_V4.pdf

• Higgs summary
• https://indico.cern.ch/event/868940/contributions/3905681/attachments/2084287/3501274/ICH
EP2020_HiggsPlenary_ATLASandCMS_DeliveredVersion.pdf

• Exotics summary
• https://indico.cern.ch/event/868940/contributions/3905702/attachments/2084783/3502244/ICH
EP_2020_Cavaliere_final.pdf

• ATLAS 公開結果まとめ
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic

• CMS 公開結果まとめ
• http://cms-results.web.cern.ch/cms-results/public-results/publications/CMS/index.html
• http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/CMS/index.html
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Higgs - ミューオン湯川結合の測定
•Higgs - ミューオンとの湯川結合の測定

• LFU を破っている手で入れる変な結合であり、「125 GeV Higgs が第二世代にも、
質量に比例して結合するか？」の問いには、実験データでの検証が必要

• Hàµµ 崩壊分岐比で測定できるが、BF = 0.022% と低く背景事象が多い。
•探索解析の鍵

• Higgs µµ の質量再構成精度の改善・理解
• S/N がよい信号領域の設計
(特にVBF信号領域は Z+jets を有効に落とす)

3
FSR recovery Categorization Preselection + 

MVA CategorizationCMS PAS HIG-19-006, ATLAS 2007.07830 [hep-ex]
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Higgs - ミューオン湯川結合の測定
•ATLAS 戦略
• 20 信号領域

• ttH (b-jet, additional leptons), 
VH 3領域(additional leptons), 
VBF 4領域 (2 additional jets), 
ggF 12 領域 (0, 1, 2 jet bins)

• 20 不変質量分布を同時フィット
•CMS 戦略

• VBF DNN 分布
(2016, 2017, 2018): 
• µµ, jj 系のキネマティクス

• 15 不変質量分布 : 
• ggF 5 領域, VH 5 領域, ttH 5 領域

4
Sideband 領域
(110-115, 135-150)

Signal 領域
(115-135)CMS PAS HIG-19-006, ATLAS 2007.07830 [hep-ex]
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Higgs - ミューオン湯川結合の測定
• ICHEP 2020 の結果

• ATLAS : µ = 1.2 ± 0.6, 2.0s (expectation = 1.7s) for 125.09 GeV Higgs
• CMS : µ = 1.2 ± 0.4, 3.0s (expectation = 2.5s) for 125.38 GeV Higgs

•生成プロセス (信号領域) ごとの感度順は ATLAS / CMS で同様。
• VBF ~ ggF (全 jet bins) >> VH, ttH
• ATLAS / CMS の間のメイジャーな違いは mass resolution の違い (2T vs 3.8T) 

5CMS PAS HIG-19-006, ATLAS 2007.07830 [hep-ex]
ミューオンの湯川結合を 3 s で確認できたのは
LHC Higgs 物理の重要なマイルストーン
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LHC における Higgs の精密測定の手続き
•Simplified Template Cross-Sections (STXS) 測定
• STXS bin/region ごとの微分断面積測定に対応

•STXS bin/region
• Higgs の decay process によらず共通化された、
Particle-Level で定義されるヒッグス信号のプロダクションの分類
• 生成プロセス (ggF, VBF, ZH, WH, ttH, …)
• トポロジー (0 jet, 1 jet, 2 jets, …)
• キネマティクス (Higgs 粒子の pT)

•新物理の抽出可能性の最大化
•信号の理論計算に対する不定性の最小化

6
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LHC における Higgs の精密測定の手続き
• “STXS Stage 1.2”
と呼ばれる binning

•Total 44 bins に分類
• 生成過程
(ggH+bbH, VBF, VH, ttH, tH)

• ジェット本数
• キネマティクス (Higgs pT)

7
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Hà2g 精密測定
•Hà2g 過程の特徴
• BF (Hà2g) = 0.2% (参考: BF (HàZZà4l)=3% x 0.4% = 0.001%)
• 質量の再構成が高い分解能で可能なチャンネル
• 高統計な精密測定向けのチャンネル

•イベント選別
• Diphoton イベント (pT1>0.35mgg, pT2>0.25mgg)

• Event categorization
• 44 STXS bins (truth)
• Multiclass BDT で分類

• 44 イベントクラス (reco)
• よく 1 対 1 対応している
• 更に BDT で S/B が異なる
複数の領域に分類

• 88 イベントカテゴリー
8
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Reconstruction 情報による分類 (88)ATLAS-CONF-2020-026
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Hà2g 精密測定

9

• 88 領域同時フィット
•関数型モデルの選択
• 信号

• DSCB 関数
• バックグラウンド

• なめらかな単調減少関数
• “Spurious signal” で不定性を評価

ATLAS-CONF-2020-026
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Hà2g 精密測定
• 全断面積測定(誤差=8%)
• 5つの生成過程のそれぞれの断面積測定

• Compatibility with the SM prediction = 3% (1.9s)
• VH をひとくくりにすると 50%

• 27 STXS bins に対する微分断面積測定
• Compatibility with the SM prediction = 60% 
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結合定数の決定のための global fit
•7 つの decay channels を使用して global fit
• Hàµµ (BR=0.02%) や Hàinvisible (BR=0.1%+BSM) の探索を含む

11

Table 13: Best-fit values and uncertainties for the VH, V ! leptons cross-section times the H ! bb̄ branching
fraction, in the reduced STXS scheme. The SM predictions for each region, computed using the inclusive cross-section
calculations and the simulated event samples are also shown. The contributions to the total uncertainty in the
measurements from statistical (Stat. unc.) or systematic uncertainties (Syst. unc.) in the signal prediction (Th. sig.),
background prediction (Th. bkg.), and in experimental performance (Exp.) are given separately. The total systematic
uncertainty, equal to the di�erence in quadrature between the total uncertainty and the statistical uncertainty, di�ers
from the sum in quadrature of the Th. sig., Th. bkg., and Exp. systematic uncertainties due to correlations. All
leptonic decays of the V bosons (including those to ⌧-leptons, ` = e, µ, ⌧) are considered. These results along with
the corresponding correlation matrix are available in the HEPData repository [123].

STXS region SM prediction Result Stat. unc. Syst. unc. [fb]
Process pV , t

T interval [fb] [fb] [fb] Th. sig. Th. bkg. Exp.

W(`⌫)H 150–250 GeV 24.0 ± 1.1 19.0 ± 12.1 ± 7.7 ± 0.9 ± 5.5 ± 6.0
W(`⌫)H > 250 GeV 7.1 ± 0.3 7.2 ± 2.2 ± 1.9 ± 0.4 ± 0.8 ± 0.7

Z(``/⌫⌫)H 75–150 GeV 50.6 ± 4.1 42.5 ± 35.9 ± 25.3 ± 5.6 ± 17.2 ± 19.7
Z(``/⌫⌫)H 150–250 GeV 18.8 ± 2.4 20.5 ± 6.2 ± 5.0 ± 2.3 ± 2.4 ± 2.3
Z(``/⌫⌫)H >250 GeV 4.9 ± 0.5 5.4 ± 1.7 ± 1.5 ± 0.5 ± 0.5 ± 0.3
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Figure 7: Measured VH, V ! leptons cross-sections times the H ! bb̄ branching fraction in the reduced STXS
scheme.
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background-only hypothesis with a significance of 5.5 standard deviations, compared to an expectation of
4.9 standard deviations. Good agreement is also found when comparing the values of signal strengths in
the individual channels from the dijet-mass analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 5 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal to background yields and after subtraction of all
backgrounds except for the W Z and Z Z diboson processes.
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Figure 5: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, pVT regions and
number-of-jets categories are summed and weighted by their respective S/B ratios, with S being the total fitted signal
and B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.17). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

9.1.2 Diboson validation

The measurement of V Z production using a multivariate approach, as a validation of the Higgs boson
analysis, returns a signal strength of

µbb
VZ
= 0.93+0.15

�0.14 = 0.93+0.07
�0.06(stat.)+0.14

�0.12(syst.),

in good agreement with the Standard Model prediction. Analogously to the nominal analysis, fits are also
performed with separate signal strengths for the W Z and Z Z production modes, and the results are shown
in Figure 6.

29

Hàbb
精密測定

Hàinvisible
探索 (VBF)

ATLAS-CONF-2020-027
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Coupling modifier
それぞれの生成x崩壊における全断面積測定を使用
Loop を含む “Effective Coupling” 
Hgg, Hgg の coupling modifier 測定

(SM粒子への tree の結合は SM を仮定)

Probing BSM 標準模型の精査
SM 粒子への tree level の結合の調査
(あらわな BSM BF (Bu, Bi) は zero に固定)

あらわな BSM BF (Bu, Bi) もフロート
• Bi: 直接制限、
• Bu: 他の BF の SM との整合性より制限)

SM との整合性 51%

Probing BSM

12ATLAS-CONF-2020-027

SM との整合性 92%
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断面積測定
•各生成プロセスの信号強度
• 主要 5 過程で ~5 sigma を達成
• SM との compatibility = 86%

• STXS 微分断面積
• 31 自由度での fit
• 29 (STXS bins) + 2 (BF ratio modifiers)
• SM との compatibility = 95%

13
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Htt オペレータの型のテスト (CMS)
•Htt オペレータの型がスカラー型か擬スカラー型かの試験

• フェルミオンの運動量とスピンが直交する
終状態では、スカラーと擬スカラー
オペレータの間の符号の効果が見える。

• CP odd/even の混合角を PoI としてスタディー

•Hàtt の decay で測定
• 観測量 fCP

• それぞれのタウの崩壊生成物が貼る平面
を推定し、２つの平面の間の角度差

• オペレータの型の違いに感度

• (もちろん full reconstruction はできないので) 色々な近似でなんとか算出
• “impact parameter method” “neutral pion method”
• タウの崩壊過程によってベストなものを使う
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†
|�ni =

p
n+ 1 |�n+1i (8)
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The measurement of a nonzero mixing angle would have implications for certain new physics
models, such as supersymmetric models and 2HDM [28]. For example, in the minimal su-
persymmetric model, CP violation in the Higgs-to-fermion couplings is small. In the next-to-
minimal supersymmetric model ftt can be larger but is not allowed to exceed ⇡27�. These
upper bounds originate from exclusion limits, the currently known Higgs parameters, and
constraints on the electric dipole moment of the electron and muon [29].

This is the first analysis that directly measures the potential mixing between a scalar and pseu-
doscalar Htt coupling. This is performed by measuring the angles between the t decay
planes, which has the advantage that it is a model-independent measurement. The precision
to which ftt can be measured by an LHC experiment with 150 (500) fb�1 of proton-proton
collisions has been estimated to be 27� (14�) at the 68% confidence level [30]. Also the ATLAS
Collaboration has performed a Phase 2 projection study, limited to the t± ! r±n ! p±p0n
channel [31].

The decay of a (pseudo) scalar Higgs boson into two fermions can be written as [32, 33]

G(H ! f f̄ ) µ 1 � szs̄z ± Cs? s̄?, (3)

in which s and s̄ are the spin vectors of the t leptons in the t rest frames, and C is a unitary
complex number. The transverse part in the equation enters with a real and positive (negative)
sign if H is a scalar (pseudoscalar). For mixed couplings C takes a complex value.

The transverse spin components of the t affect the angular correlation of the di-t decay prod-
ucts. For t decays to a charged pion and neutrino the transverse momentum components of
the charged pions are predominantly anti-aligned for a scalar decay, and aligned instead for a
pseudoscalar. Consequently, the angle between the decay planes of the t leptons is sensitive to
ftt; the relation between the t decay plane and its decay products is discussed in Section 2.

This analysis uses the 137 fb�1 data set of pp collisions at
p

s = 13 TeV collected with the CMS
experiment at the LHC in 2016, 2017, and 2018. We denote a t decaying to hadrons as th, and
a t decaying to a muon as tµ . The sign of the t leptons is only indicated when relevant for
the t decay chain. This analysis targets the thth and tµ th decay channels, which are the most
sensitive for the analysis. This covers about 50% of all possible di-t final states.

2 Analysis strategy
In this section we present the different methods that are used in the analysis to reconstruct the
t decay planes and outline the strategy to optimise the signal sensitivity. We define fCP as
the angle between the t decay planes. In Fig. 1 we show the fCP distributions, calculated in
the rest frame of the boson, for the scalar, pseudoscalar, and maximally mixed values of ftt, as
well as the fCP distribution from Drell-Yan processes. These distributions are for both t leptons
decaying to a charged pion and a neutrino.

There is a phase shift between different mixing scenarios such that the difference in fCP equals
2ftt. It is important to note that the distribution of fCP of a decaying vector boson is flat; we
will exploit this symmetry as explained in section 8.

The observable fCP was originally introduced in e+e� collisions [32, 34] where the t momen-
tum can be reconstructed. In hadronic collisions the momenta of the neutrinos cannot be well
constrained and so methods of estimating fCP have been extended and optimised for hadronic
collisions [30].

1. Introduction 1

1 Introduction
In the standard model (SM) the electroweak symmetry breaking is postulated via the Brout–
Englert–Higgs mechanism [1–3]. The mechanism predicts the existence of a scalar boson, the
Higgs boson (H), which was discovered simultaneously by the ATLAS [4] and CMS [5] exper-
iments at the CERN LHC using proton-proton (pp) collision data collected in 2011 and 2012 at
centre-of-mass energies of 7 and 8 TeV, respectively. Since 2012 the coupling of the Higgs boson
to t leptons has been measured [6–8].

The SM Higgs boson is even under charge-parity (CP) inversion. Therefore, the CP structure
of the couplings of the Higgs boson is an observable of outmost interest. A deviation from a
purely scalar (CP-even, JPC = 0++) interaction in any coupling would be a direct indication of
new physics.

The CMS and ATLAS Collaborations have studied the couplings of the Higgs boson to vector
gauge bosons, including tests of CP violation [9–21], respectively. These studies excluded pure
pseudoscalar couplings (CP-odd, JPC = 0�+) of the Higgs boson to gauge bosons.

CP violating effects are expected to be more experimentally accessible in Higgs boson’s cou-
plings to fermions than those to gauge bosons. In couplings to gauge bosons CP-odd contri-
butions enter either via higher-order operators that are suppressed by powers of 1/L2 [22],
where L is the scale of the new physics in an effective field theory, or via non-renormalisable
interaction terms [23, 24]. Therefore these are expected to only yield a minor contribution
to the coupling. A renormalisable CP-violating Higgs-to-fermion coupling may occur at tree
level. The t and top Yukawa couplings, Htt and Htt respectively, are therefore the optimal
couplings for CP studies in pp collisions [25], and measurements of these two couplings are
complementary.

The Htt coupling can be decomposed into a CP-even and a CP-odd coupling denoted as kt

and k̃t , respectively, via [25]:

LY = �
mt H

v
(kt t̄t + k̃t t̄ ig5t). (1)

In this equation mt is the mass of the t lepton, and the vacuum expectation value, v, has a
value of 246 GeV. The effective mixing angle ftt for the Htt coupling is defined in terms of
the couplings as

tan(ftt) =
k̃t

kt
, (2)

while the fractional contribution of the CP-odd coupling f tt
CP is obtained from the mixing angle

as f tt
CP = sin2(ftt). The effective mixing angle in the Htt coupling is defined equivalently

as ftt. A mixing angle of ftt =0 (90)� corresponds to a pure scalar (pseudoscalar) coupling.
For any other value of ftt the Higgs boson has a mixed coupling with CP-even and CP-odd
components, with maximal mixing at a value of 45�.

Recently, both the CMS [26] and ATLAS [27] Collaborations presented first measurements of
the CP structure of the Higgs coupling to top quarks. The CMS results rejected the purely
CP-odd hypothesis with a significance of 3.2 standard deviations, while the ATLAS analysis
rejected this hypothesis with a significance of 3.9 standard deviations. The two experiments
measured an observed (expected) uncertainty on the mixing angle at 95% CL of 55 (65)� and
43 (63)�, respectively. Both measurements yielded values consistent with SM predictions.
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1 Introduction
In the standard model (SM) the electroweak symmetry breaking is postulated via the Brout–
Englert–Higgs mechanism [1–3]. The mechanism predicts the existence of a scalar boson, the
Higgs boson (H), which was discovered simultaneously by the ATLAS [4] and CMS [5] exper-
iments at the CERN LHC using proton-proton (pp) collision data collected in 2011 and 2012 at
centre-of-mass energies of 7 and 8 TeV, respectively. Since 2012 the coupling of the Higgs boson
to t leptons has been measured [6–8].

The SM Higgs boson is even under charge-parity (CP) inversion. Therefore, the CP structure
of the couplings of the Higgs boson is an observable of outmost interest. A deviation from a
purely scalar (CP-even, JPC = 0++) interaction in any coupling would be a direct indication of
new physics.

The CMS and ATLAS Collaborations have studied the couplings of the Higgs boson to vector
gauge bosons, including tests of CP violation [9–21], respectively. These studies excluded pure
pseudoscalar couplings (CP-odd, JPC = 0�+) of the Higgs boson to gauge bosons.

CP violating effects are expected to be more experimentally accessible in Higgs boson’s cou-
plings to fermions than those to gauge bosons. In couplings to gauge bosons CP-odd contri-
butions enter either via higher-order operators that are suppressed by powers of 1/L2 [22],
where L is the scale of the new physics in an effective field theory, or via non-renormalisable
interaction terms [23, 24]. Therefore these are expected to only yield a minor contribution
to the coupling. A renormalisable CP-violating Higgs-to-fermion coupling may occur at tree
level. The t and top Yukawa couplings, Htt and Htt respectively, are therefore the optimal
couplings for CP studies in pp collisions [25], and measurements of these two couplings are
complementary.

The Htt coupling can be decomposed into a CP-even and a CP-odd coupling denoted as kt

and k̃t , respectively, via [25]:

LY = �
mt H

v
(kt t̄t + k̃t t̄ ig5t). (1)

In this equation mt is the mass of the t lepton, and the vacuum expectation value, v, has a
value of 246 GeV. The effective mixing angle ftt for the Htt coupling is defined in terms of
the couplings as

tan(ftt) =
k̃t

kt
, (2)

while the fractional contribution of the CP-odd coupling f tt
CP is obtained from the mixing angle

as f tt
CP = sin2(ftt). The effective mixing angle in the Htt coupling is defined equivalently

as ftt. A mixing angle of ftt =0 (90)� corresponds to a pure scalar (pseudoscalar) coupling.
For any other value of ftt the Higgs boson has a mixed coupling with CP-even and CP-odd
components, with maximal mixing at a value of 45�.

Recently, both the CMS [26] and ATLAS [27] Collaborations presented first measurements of
the CP structure of the Higgs coupling to top quarks. The CMS results rejected the purely
CP-odd hypothesis with a significance of 3.2 standard deviations, while the ATLAS analysis
rejected this hypothesis with a significance of 3.9 standard deviations. The two experiments
measured an observed (expected) uncertainty on the mixing angle at 95% CL of 55 (65)� and
43 (63)�, respectively. Both measurements yielded values consistent with SM predictions.

14CMS PAS HIG-20-006
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Htt オペレータの型のテスト (CMS)
• thtµ , ththを使用

• BDT を用いた categorization
• ２つのタウの崩壊過程 (µ, p+, ràp+p0, a1pàp+p0 p0, a3pàp+ p+ p- ) で場合分け

• fCP の再構成精度が異なる
• Higgs signals, true tau BG, fake tau BG を区別

• CP odd/even の混合角 ftt を PoI として Likelihood でスキャン
• 0度 (=CP even only) と無矛盾の結果 (中心値 )
• 3.2 sigma で CP odd 100% 仮設とは矛盾
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Figure 10: The fCP distribution for the three most sensitive channels combined. Events were
collected from all years and NN/BDT bins in the three signal categories. The background is
subtracted from the data. The events are reweighed via A S/(S + B), in which S and B are
the signal and background rates, respectively, and A is a measure for the average asymmetry
between the scalar and pseudoscalar distributions. The definition of the value of A per bin is
|CPeven

� CPodd
|/(CPeven + CPodd), and A is normalised to the total number of bins. In this

equation CPeven and CPodd are the scalar and pseudoscalar contributions per bin. The scalar
distribution is depicted in blue, while the pseudoscalar is displayed in green. In the predictions,
the rate parameters are taken from their best-fit values. The grey uncertainty band indicates the
uncertainty on the subtracted background component. In combining the channels, a phase-shift
of 180� was applied to the channel involving a muon since this channel has a phase difference of
180� with respect to the two hadronic channels due to a sign-flip in the muon spectral function.
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strength were left to float freely in the fit. As we cannot disentangle µtt from the production
signal strength modifiers in the fit, µtt is fixed to unity.

The fit allows us to distinguish between scalar and pseudoscalar Htt coupling hypotheses at
an observed (expected) sensitivity of 3.2 (2.3) standard deviations. The observed (expected)
value of ftt is found to be 4 ± 17� (0 ± 23�) at the 68% CL, and ±36� (±55�) at the 95% CL.
Furthermore, we obtain an observed ±66� at the 99.7% CL. The uncertainty can be decomposed
into the following components: statistical, bin-by-bin fluctuations in the background samples,
experimental systematical uncertainties, and theoretical uncertainties. In this decomposition
we obtain ftt = (4 ± 17 (stat) ± 2(bin-by-bin) ± 1 (syst) ± 1(theory))�.

This result is compatible with the standard model predictions within the experimental uncer-
tainties.

The expected sensitivity of the thth channel is 1.8s, while the tµ th channel contributes with
1.5s. The µr mode yields the most sensitive expected contribution of 1.2s, followed by the
rr and rp modes that contribute 1.1 and 1.0s, respectively. All other modes have sensitivities
below 1s.

The statistical uncertainties in the background templates are one of the driving sources of sys-
tematic uncertainty in this analysis. As the dominant contributions to the backgrounds are
determined themselves in a data-driven manner, the amount of data itself is the limiting factor
in this uncertainty. This source of uncertainty is followed by the hadronic trigger efficiency,
theory uncertainties, the t energy scale, and the fake factor method.
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Figure 7: Negative log-likelihood scan for the combination of the tµ th and thth channel. The
observed (expected) sensitivity to distinguish between the scalar and pseudo-scalar hypothe-
ses, defined at ftt = 0 and ±90�, respectively, is 3.2 (2.3) standard deviations. The observed
(expected) value for ftt is 4 ± 17� (0 ± 23�) at the 68% CL, at the 95% CL the value is ±36�

(±55�), and at the 99.7% CL we obtain an observed ±66�.

As a cross check on the results, we extract the overall value of the Higgs production signal
strength modifier µ with respect to the predictions of the standard model. A dedicated fit was
performed with a single common rate parameter µ to simultaneously scale two rate parameters
µggH and µqqH. In the fit µtt was kept fixed at unity. The extracted observed (expected) value is
0.82 ± 0.15 (1.0 ± 0.17); the value is invariant whether we fix ftt to its SM value or let it float in
the fit. The value is compatible with what was obtained by a dedicated coupling analysis [73].

In Fig. 8 we display a scan of the branching fraction modifier with respect to the SM value µtt
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Leptoquark 探索 (ATLAS)
• Leptoquarks 探索

• GUT, LFU violation tests in B-sector
• LQ の対生成を色々な終状態でテスト

• LQàej, µj, et, µt, tt, nt (j=udcsb) の終状態について 139/fb で発表
• “cross-generation” の結合をもつ LQ 探索も遂行中

• LQàtt に注目したスカラー LQ の対生成探索
• 22 領域の meff (SR), HT (CR), 1.4 TeV までの LQ を棄却 (B=100%) 

• LQàet, µtに注目したスカラー LQ の対生成探索
• Boosted top を用いた解析、 parameterized BDT を用いた信号抽出
• 1.5 TeV (te, tµ それぞれで評価), local p-value ~10% @1.45 TeV (et), 1.6 TeV (µt)

16

スカラー LQ に対する棄却域
質量 - 崩壊分岐比

スカラー LQ に対する
生成断面積上限 (BR=100%)

ATLAS-CONF-2020-29, ATLAS-CONF-2020-33 
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Leptoquark 探索 (CMS)
•CMS 3rd gen LQ 探索
• tn/bt, tt/bn
• ttn(b) 終状態で探索

• Single production
• Pair production  

• boosted regime / resolved regime を検査し、広範囲の質量を検査

17

2

Figure 1: Main Feynman diagrams for LQ production: pairwise (left), and in combination with
a lepton (right).

2 The CMS detector
The central feature of the CMS detector is a 3.8 T superconducting solenoid magnet with an in-
ner diameter of 6 m. Within the magnet volume are the following subdetectors: a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL). Muons are detected in gas-ionization chambers em-
bedded in the steel flux-return yoke outside the solenoid. In addition, two steel and quartz-
fiber hadron forward calorimeters extend the detection coverage to regions close to the beam
pipe. A more detailed description of the CMS detector, together with a definition of the coor-
dinate system used and the relevant kinematic variables, can be found in Ref. [52].

3 Simulated data samples
Monte Carlo (MC) event generators are used to simulate the SM background processes and
the signal. These simulations are used to guide the design of the analysis, to estimate minor
backgrounds, and for the interpretation of the results.

Background events are generated at leading order (LO) for the W + jets and Z/g⇤ + jets
processes using the generator MADGRAPH5 aMC@NLO [53], while the next-to-LO (NLO)
generator POWHEG 2.0 [54–57] is used for tt , single-t and diboson processes, and MAD-
GRAPH5 aMC@NLO at next-to-LO for tt + V, tt + Z/g⇤, tttt , tZq, and triboson production.
Both MADGRAPH5 aMC@NLO and POWHEG are interfaced with PYTHIA 8.212 [58] for parton
showering and hadronization using the tune CP5 [59] (CUETP8M1 [60], CUETP8M2T4 [61])
for simulated events matched with 2017 and 2018 (2016) data. In the following, we group these
irreducible backgrounds as either ”t production” or ”Others”, depending on whether a top
quark is expected in the SM process or not.

Signal samples are generated using MADGRAPH 5.2 interfaced with PYTHIA for the LQS and
LQV models Ref. [41] and [42], according to the implementations in Ref. [43] and [44]. The
NNPDF31 LO AS 0130 [62] (NNPDF31 LO AS 0130 [63]) parton distribution function (PDF)
set is utilized with the tune CP2 [59] (CUETP8M1 [60]) for the simulated events used with the
2017 and 2018 (2016) data. The LQ mass range under investigation is between 0.5 and 2.3 TeV,
with samples produced in steps of 0.3 TeV. We consider LQS (LQV) decaying as LQ ! tt (tn) or
LQ ! bn (bt), each with a branching fraction of 0.5. For singly produced leptoquarks samples
are generated with l values 0.1, 0.5, 1, 1.5, 2, and 2.5. Using MC simulation, we have verified
that the kinematics of singly produced leptoquarks are independent of l below l = 0.5, in

6. Background estimation 5

(Nb-jet = 1 or Nb-jet � 2), and to whether the top quark candidate is selected through the fully
or partially merged topology (“boosted”), or the resolved topology (“resolved”). For each of
these four categories of events a shape-based analysis is performed, searching for evidence of a
signal by considering the distribution of ST, the scalar sum of the pT of the top quark candidate,
the selected th, and the p

miss
T . Figure 2 shows the ST distributions for the events passing the

signal selection in the four categories of the analysis, while Table 1 gives the yields from the
background estimation and the expected signal yields.
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Figure 2: Distribution of the variable ST for events passing the signal selection. Upper-left:
boosted top (hadronically decaying top quark reconstructed in the fully or partially merged
topology) and exactly one b jet; lower-left: boosted top and at least two b jets; upper-right:
resolved top (hadronically decaying top quark reconstructed in the resolved topology) and
exactly one b jet; lower-right: resolved top and at least two b jets.

6 Background estimation
Several SM processes contribute as backgrounds in the signal region. We treat separately the
two situations in which a genuine th is present or not in the event.

The irreducible background with a real tau lepton that decays hadronically is estimated from
simulated samples, and normalized to data in a signal-free control region to account for resid-
ual differences between the two. In particular, for the background due to processes with at
least one top quark (e.g. tt or tt + V), which account for most of the irreducible background,
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Figure 3: The observed and expected (solid and dotted black lines) 95% CL upper limits on
s(pp ! LQSLQS) (upper), s(pp ! nLQS) l = 1.5 (center-left) and 2.5 (lower-left), and s(pp !
LQSLQS)+s(pp ! nLQS) l = 1.5 (center-right) and 2.5 (lower-right), as a function of the mass
of the LQS. The bands represent the expected variation of the limit to within one and two
standard deviation(s). The solid blue curve indicates the theoretical predictions at LO, except
for pair-produced LQS, for which an NLO calculation [44] is shown.
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Figure 6: The observed and expected (solid and dotted lines) 95% CL LQ exclusion limits in the
plane of the LQ-lepton-quark vertex coupling and the mass of the LQ for single (brown lines),
pair (blue lines) production, and considering their sum (black lines). Regions to the left of the
lines are excluded. The upper plot pertains to an LQS with equal couplings to tt, bn, while
the lower plots are for an LQV assuming k = 0 (left) and 1 (right) and equal couplings to tn,
bt. For LQV , the gray area shows the band preferred (95% CL) by B-physics anomalies: l =p

0.7 ± 0.2 ⇥ mLQ TeV [42].

スカラー LQ に対する
生成断面積上限 (BR=50%)

ベクター LQ に対する棄却域
結合 ‒ LQ 質量 (BR=50%)CMS PAS EXO-19-015



/22

Z の LFV 稀崩壊探索 (ATLAS)
• Zàtµ, te 探索

• Zàtt, W+jets with t fake background
• 5 個の NN で信号を抽出

• 1P (Zàtt, W+jets (fake), Zàll)
• 2P (Zàtt, W+jets (fake))
• 一つの Combined NN output を計算

•同時 fit 
• 1P, 3P NN output, CR (Zàtt)

•結果
• Best fit

• 95% CL exclusion limit:
• Unpolarized シナリオ
• B(et) < 8.1 x 10-6 (8.1 x 10-6)
• B(µt) < 9.9 x 10-6 (6.2 x 10-6)
• cf: LEP limit B(et) < 9.8 (OPAL), B(µt) < 12 (DELPHI) 
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Figure 3: The best-fit expected and observed distributions of the combined NN output in the SR for both the e⌧ (top
row) and µ⌧ (bottom row) channels for events with 1P or 3P ⌧had-vis candidates. The expected signal, normalised to
B(Z ! `⌧) = 5 ⇥ 10�4, is shown as a dashed red histogram in each plot. In the panels below each plot, the ratios of
the observed yields (dots) and the best-fit background-plus-signal yields (solid red line) to the best-fit background
yields are shown. The hatched error bands represent the combined statistical and systematic uncertainties. The last
bin in each plot includes overflow events.
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A summary of the uncertainties and their impact on the best-fit LFV branching fraction is given in Table 4,
which shows that the sensitivity of the search is primarily limited by the available amount of data.

Table 4: A summary of the uncertainties and their impacts on the signal branching fraction. The uncertainties for
light lepton include those in the trigger, reconstruction, identification and isolation e�ciencies, as well as energy
calibrations. The uncertainties for jet and Emiss

T include those in the energy calibrations and resolutions.

Impacts on signal branching fraction [⇥10�6]
Uncertainty e⌧ µ⌧

Statistical ±3.5 ±2.8
Systematic ±2.3 ±1.6

Tau ±1.9 ±1.5
Energy calibration ±1.3 ±1.4
Jet rejection ±0.3 ±0.3
Electron rejection ±1.3

Light lepton ±0.4 ±0.1
Emiss

T , jet and flavour tagging ±0.6 ±0.5
Z background modelling ±0.7 ±0.3
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Total ±4.1 ±3.2

The best-fit expected and observed distributions of the combined NN output in the SR are shown in Figure
3. The best-fit yields of Z ! ⌧⌧ and events with fakes are close to the prefit predicted values and are
determined with a relative precision between 2% to 4%. Table 5 shows the best-fit expected background
and signal yields and the observed number of events in the SR of the e⌧ and µ⌧ channels with an additional
requirement of combined NN output > 0.7 to consider the most signal-like events.

The amount of best-fit Z ! `⌧ signal in 139 fb≠1 Run 2 data corresponds to the branching fractions2
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likelihood functions of the presented measurement with a similar measurement done with ATLAS Run 1
data [53]. Nuisance parameters from the two measurements are considered uncorrelated in the combined
likelihood function. The upper limits are shown in Table 6 for the hypotheses of LFV decays involving
parity-conserving, and maximally parity-violating, interactions.

These results set stringent constraints on LFV Z decays involving ⌧-leptons (using only their hadronic
decays), superseding the otherwise most stringent ones set by the LEP experiments more than two decades
ago. The precision of this result is dominated by statistical uncertainties.

2 While the actual physical branching ratio must be positive, the signal strength modifier in the fit is not constrained to be positive.
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requirement of combined NN output > 0.7 to consider the most signal-like events.
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No statistically significant deviation from the SM prediction is observed and upper limits on the LFV
branching fractions are set. For the µ⌧ channel, a more stringent upper limit is set by combining the
likelihood functions of the presented measurement with a similar measurement done with ATLAS Run 1
data [53]. Nuisance parameters from the two measurements are considered uncorrelated in the combined
likelihood function. The upper limits are shown in Table 6 for the hypotheses of LFV decays involving
parity-conserving, and maximally parity-violating, interactions.

These results set stringent constraints on LFV Z decays involving ⌧-leptons (using only their hadronic
decays), superseding the otherwise most stringent ones set by the LEP experiments more than two decades
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11

18ATLAS-CONF-2020-035



/22

モノジェット探索
• ISR jets + Missing ET 
• Generic Dark Matter 探索
• 例: Axial Vector Mediator
を通じた DM 対生成

•Z(ànn) + jets 制御
• Tail まで含めて Error < 5%
• Zàll Control region
• 計算精度の向上:

• Sherpa 2.2.1 NLO
• NNLO QCD, NLO EW
を参照にした reweight

• Inclusive SR & binned fit
• Model dependent limit
• Model independent limit

19Model independent limit Axial vector mediatorATLAS-CONF-2020-048
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ヒッグス対生成
•ヒッグス対生成事象探索
• 標準模型ヒッグス (“non-resonant”)
• 新共鳴探索 (KK Graviton etc)

•ダイヒッグス系の不変質量
スペクトラムを用いて解析

20
VBF HH (4b) の m4b HH 全断面積上限値

Phys. Lett. B 800 (2020) 135103, JHEP 07 (2020) 108
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自己結合定数への制限
•Higgs pair production 解析と
single production 解析を combine
•Kappa framework で、他の
coupling modifier と併せた推定

21ATLAS-CONF-2019-049
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まとめ
•Higgs 
• 主要な生成過程の観測を達成
• ミューオンへの湯川結合について
3s の有意度で達成
• 統一的なフレームワークで精密測定
を精力的に進めています
• 第二世代結合定数の測定
• 精密測定 (結合定数)

• Exotics 
• 解析技術の改善や、これまで見られていないチャンネルでの探索を行い、
LHC データでの発見の可能性を最大化するよう解析を進行中
• Leptoquark, Z LFV, Mono jet

一部のみを紹介しています。 ICHEP のトークや、ATLAS/CMS 
の public results を参考にしてください
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追加資料集

23



/22

Tau CP 測定 MVA 入力変数

24

8. Event categorisation 13

Table 4: Input variables to the MVA discriminants for the tµ th and thth channel. For all
variables only the visible decay products of the t leptons are implied, except for the tµ th and
thth mass, for which the SVFIT algorithm is used.

Observable tµ th thth
pT of leading th or tµ X X
pT of (trailing) th for tµ th (thth) channel X ⇥

pT of visible di-t X X
pT of di-th + pmiss

T ⇥ X
pT of µ + th + pmiss

T X ⇥

Visible di-t mass X X
tµ th or thth mass (using SVFIT) X X
Leading jet pT X X
Trailing jet pT X ⇥

Jet multiplicity X X
Dijet invariant mass X X
Dijet pT X ⇥

Dijet |Dh| X ⇥

pmiss
T X X

• The jet-fakes category includes all background processes in which minimally one
QCD jet is misidentified as t lepton. For the tµ th channel the l ! th misidentified
events and events involving a prompt muon enter in this category as well.

The three categories are mutually exclusive and, by definition, the lower bound for the MVA
score is 1/3. Subsequently, the three training categories are normalised to account for unbal-
anced data sets. These are normalised using a class weight that scales each training category
to a scale such that the classes are overall treated as equally important in the training. For each
year a separate training has been performed. The samples are split in two, mutually exclusive,
training and prediction samples, such that none of the events are used simultaneously for both
training and predictions.

In the tµ th channel the event categorisation is performed with a multi-class Neural Network
(NN). The architecture of the NN is similar to the one previously used in the study of Higgs
decay in t leptons with machine learning techniques [73]. In the thth channel the event cate-
gorisation is performed using a BDT algorithm combined with the XGBoost package.

The input variables used in the categorisation of the tµ th and thth are displayed in Table 4.
This is a subset of the variables employed in [73], in which these were reviewed to have good
discriminating power between the different processes. Furthermore, it was inferred in [73]
via a Taylor expansion that the di-t mass (using SVFIT) and the visible di-t mass contribute
most to the power of the MVA to distinguish between signal and background events. The
training is performed inclusively for all the t decay modes. After the categorisation a cutoff of
SIP > 1.5sSIP

is applied to the impact parameter significances of the µ as well as the pion of the
t decay to a single pion.

In Fig. 3 the postfit NN scores of the genuine t (left), and jet-fakes (right) categories for the
tµ th channel are displayed. The best-fit signal contributions are overlaid. The genuine t back-
ground contributions are indicated with µ ! th Embed. The jet-fake contributions are indi-
cated with j ! th. The remaining contributions from the backgrounds that are considered in
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Hàµµ Categorization MVA - 1
•CMS 
• VBF DNN: 
• 主な入力変数

• Dimuon 系: Mµµ, s(Mµµ), pT(µµ), yµµ, fCS, qCS
• Dijet 系: 3-vector of j1, j2, Mjj, Dhjj
• Dimuon 系と Dijet 系の間の、Rapidity 相関、pT バランス
• Soft jet の情報 (hadronic jets in the rapidity gap of two jets)

•ATLAS
• VBF BDT:
• 主な入力変数

• Dimuon 系: pT(µµ), yµµ, q*
• Dijet 系: pT, h of j1, j2, Mjj, Dhjj, pT(jj), yjj, Track multiplicity of jets (q/g tagging)
• Missing ET, HT
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Hàµµ Categorization MVA - 2
•CMS
• ggH BDT
• 主な入力変数 (VBF とは違い Mµµ と無相関なものを選択)

• Dimuon 系の情報: pT(µµ), yµµ, fCS, qCS
• Jet 関係の情報: Leading jet pT, h

•ATLAS
• ggH BDT
• 主な入力変数

• Dimuon 系: pT(µµ), yµµ, q*
• Jet 系: 
(1-jet bin) leading jet の pT, eta, Ntrack + Dimuon システムとの開き角
(2-jet bin) VBF と同じ変数

26
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Hàgg の入力変数まとめ
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•ATLAS dihiggs 探索
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