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英語が時々混じってしまうと思います … いつでも止めてください (わからない時も)	



Outlook 
•  CMS の status & 13 TeVにおける初期の結果

•  Tau ID の性能向上

•  H à ττ を用いたヒッグス粒子の CP 測定について
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CMS検出器 

Solenoid
Magnet Muon detector

γ

Neutral 
hadron

charged 
hadrone

µ

CMS : 直径15m x 長さ 22m
(ATLAS : 直径 25m x 長さ 44m)

強いソレノイド磁場 (3.8T) + 全吸収型電磁カロリメーター	

à e/γ に特化 : σmγγ/mγγ ~ 0.8% (cf. ATLAS ~ 1.2%)
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LS1 における upgrade 

DAQ
トリガー

4層目の
ミューオン検出器

最外層のハドロンカロリメータ：	
光検出器の取り替え	

(pixel 4th layerのため)
新しいビームパイプ
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ハドロンカロリメータの
Commissioning crew 
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Detector status

Several recovery campaigns have re-established an almost 
perfect status.
➡Please note that the scale starts at 90%!

96 – 100% eff.

積分ルミノシティー 1297 pb-1

(~35% は磁場なし)13 TeV
50 + 25ns run



CMS magnet (cryogenics) issue 
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Solenoid coil

圧縮機 
(compressor)

ヘリウムガス	 液体ヘリウム	

熱	

CMS Status Report, LHCC Open Session, 3/6/15 8

Status of the Magnet
● Cryo cold box instabilities since March

● Suspected oil contamination from 

compressor plant

● Three increasingly invasive campaigns of 

cleaning  and replacement since Apr 1
st
 

● Many thanks to TE and EN 

departments for exceptional effort

● Cold box restarted on 30
th
 May

● Under close observation

● Decision on re-connecting the magnet 

imminent

● If all goes well, operational ~8
th
 June

● Precautionary preparations for 

comprehensive cleaning campaign

● YETS 2015-16 or sooner

Without offset Without offset 

With offset 

Δp

Δp

● Pressure drop across filter over 

several regeneration cycles

● Offset indicates non-volatile 

pollutant 
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pollutant 

•  圧縮機に何かが混入したときにみられる現象 (おそらく機械油)
•  TS 中にフィルターを交換したが目立った改善なし？ (原因特定に至らず)
    à なるべく LHC と足並みを揃えて cleaning を実施

    à 大規模な cleaning, 部品交換を年末に予定

熱	 ヘリウムガス	

Compressor における圧力遷移	

正常	 異常	

~2week



Selected physics results @ 13TeV 
http://cms-results.web.cern.ch/cms-results/public-results/
preliminary-results/   (preliminary な結果)
http://cms-results.web.cern.ch/cms-results/public-results/
publications/   (publications)
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•  Charged hadron multiplicity v.s η (FSQ-15-001)
•  Di-jet bump search (EXO-15-001)
•  Ttbar cross-section

–  Di-lepton (TOP-15-003)
–  Semi-lepton (TOP-15-005)
–  Differential (TOP-15-010)

•  Single-top (TOP-15-004)
•  Ridge analysis (FSQ-15-002)
•  W, Z inclusive cross-section (SMP-15-004)
•  W’, Z’ search (DP-2015-037, DP-2015-039)

Soft-QCD
Hard-QCD
EWK

High mass  
EWK



Charged Hadron multiplicity v.s η 
•  13 TeV における初の論文 (データ取得時間 : 1.5時間)
•  <µ> ~ 5%, B = 0T (low pT の charged hadron に感度)
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dN/dη: first publication!
The dNch/dη was measured in CMS in a special early run @13 TeV taken on 
June 7th (~1h30’):

• 11.5M events with no magnetic field
• 0.2% - 5% PU (separated beam)
• Nch defined as: 

• all charged particles with |η|<2
• decay products with cτ<1cm included
• secondary interactions excluded as well as prompt leptons

Two main analyses with 
several cross check:

• tracklet-based
• track based

Counting experiment
@ pixel detector	
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dNch/dη(|η| < 0.5) = 5.49 ± 0.01 (stat) ± 0.17 (sys) Track 
(Straight line)

Tracklet  
(pair of hits)

13 TeV における theory / MC の tuning

8 arXiv:1507.05915

Soft / Hard scattering
の比率は √s に依存
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di-jet resonance search 
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q, g

q, g

q, g

q, g

X

Run-1
8 TeV

σ(13TeV) / σ(8TeV)

CMS PAS EXO-15-001

•  √s が増加することによる恩恵を 
フルにうける解析	

•  シンプル、かつ検出器の理解が 
さほど必要でない  
à 初期の解析に適する

CMS EXO-12-059

“古典的”な Bump 探し

200 pb-1 @ 13TeV ~ run-1 (20 fb-1)



di-jet resonance search 
2 jets (pT > 60 and 30 GeV) & |Δηjj| < 1.3 (t-channel を suppress)

Background fit

q* (4.5 TeV) à qg

Mjj > 3.5 TeVで、
4 事象観測 
(4.6 Bkg exp., 0.8 sig. exp)

Di-jet resonance search 

22August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

• Above 3.5 TeV 
- ~5 background events are expected 

(from fit to data) and 
- ~1 events of signal from the 

considered q* model (4.5 TeV). 
-  4 events are observed in data.

• With the current integrated 
luminosity we expect to exceed the 
sensitivity of the 8 TeV Run1 analyses 
only for narrow resonances with 
masses greater than about 5 TeV.

Dijet Mass Spectrum and Fit

z Dijet mass in predefined bins with 
resolution width
Î Compared to QCD MC & fit

z Data is fit with a 3 parameter 
function inspired by QCD:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑗𝑗𝑗𝑗

= 𝑝𝑝0
(1− 𝑥𝑥)𝑝𝑝1
𝑥𝑥𝑝𝑝2 , 𝑥𝑥 = 𝑑𝑑𝑗𝑗𝑗𝑗

√𝑠𝑠

z Data well described by fit
Î χ2 /ndf = 25/34 (with empty bins)
Î χ2/ndf = 24/27 (without empty bins)

z Residuals are all less than 2σ

Robert Harris, Fermilab 19

PAS

3.3 Dijet mass spectrum 3

Figure 1: Dijet mass spectrum from wide jets (points) compared to a smooth fit (solid) and to
predictions [31] including detector simulation of QCD (dashed) and an excited quark signal
(histogram). The QCD prediction has been normalized to the data. The uncertainty bars are
statistical only. The bin-by-bin fit residuals, (data-fit)/sdata, are shown at the bottom.

CMS PAS EXO-15-001

DRAFT
CMS Physics Analysis Summary
The content of this note is intended for CMS internal use and distribution only

2015/08/26
Head Id: 301484
Archive Id: 301485P
Archive Date: 2015/08/26
Archive Tag: trunk

Search for narrow resonances using the dijet mass spectrum
with 42 pb�1 of pp collisions at

p
s = 13 TeV

The CMS Collaboration

Abstract

A search for narrow dijet resonances in proton-proton (pp) collisions at
p

s = 13 TeV
is presented. The dijet mass distribution of the two leading jets is measured with
the CMS detector. The data used correspond to an integrated luminosity of 42 pb�1

from Run 2 of the LHC. The pseudorapidity separation of the two jets is required to
satisfy |Dhjj| < 1.3 with each jet inside the region |h| < 2.5. The highest observed
dijet mass is 5.4 TeV. The spectrum is well described by a smooth parameterization
and no significant evidence for new particle production is observed. Upper limits at
the 95% confidence level are set on the resonance cross section. By comparing these
generic limits with theoretical predictions for the cross section of several models of
new particles, lower limits are set on the mass of string resonances, excited quarks,
axigluons, colorons, scalar diquarks and color octet scalars. For resonance masses
greater than 5 TeV this search is expected to be more sensitive than those in Run 1 of
the LHC at

p
s = 8 TeV. A lower mass limit of 5.1 TeV is set for string resonances

which extends previous exclusions from Run 1.

10 CMS PAS EXO-15-001

37 pb-1
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ttbar cross-section 
•  精密測定 + ほとんどの物理解析において主な背景事象

–  σtt(13TeV) ~ 800pb à 1Hz @ L = 1034 (/cm2s) à Top-factory
•  Di-lepton, leptonic + jet を使用
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•  Opposite-sign e + muon  
(pT > 20 GeV)

•  ≥ 2 jets (pT > 30 GeV)

σtt (eµ) = 722 ± 60 (stat) ± 62 (sys) ± 93 (lum) pb
σtt (l+j) = 836 ± 27 (stat) ± 84 (sys) ± 100 (lum) pb

cf) σtt
NNLO = 832+40

-46 pb

純度の高い  
ttbar 

11 CMS-PAS-TOP-15-003, TOP-15-005



W’, Z’ : early look at 13TeV 
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W’ à µν
1 muon (> 55 GeV), 
Δφ (µ, ν) > 2.5 rad

P. Sphicas
Experimental Summary

Wc, Zc: Early look at 13 TeV

Aug 31-Sep 5, 2015
LHCP2015 54 27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity
And just as people were packing to come to St. Petersburg…

Z’ à µµ

2 muons (> 48 GeV)
Opposite-sign

Z’ à ee

Electron は miss-alignment  
の影響を受けない

初期の alignment を使用
42 pb-1

2.9 TeV

DP-2015-037

P. Sphicas
Experimental Summary

Wc, Zc: Early look at 13 TeV

Aug 31-Sep 5, 2015
LHCP2015 54 27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity27

Preparations for Higher Luminosity

SUSY l+jets control region di-photon spectrum

di-lepton spectrum lepton+MET mass (W’)
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV

Preparation for higher luminosity
And just as people were packing to come to St. Petersburg…

Z’ à µµ

2 muons (pT > 48 GeV)
Opposite-sign

2 electrons  
(ET > 35 GeV)

M > 2TeV での exp. Bkg. ~ 0.007



Spectacular ee event 
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•  Run-1 の upper limit : σ = 4.4 fb @ mee = 3TeV
•  (もし信号ならば) 42pb-1 で 1event à σ = 24 fb  

additional な event は数 100 pb-1 まで出ないはず

Colins-Soper angle が negative (DY bkg. は通常 positive)

DP-2015-039

Energy balanced (resonance-like)

Back-to-back



Outlook 
•  CMS の status & 13 TeVにおける初期の結果

•  Tau ID の性能向上

•  H à ττ を用いたヒッグス粒子の CP 測定について
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Tau ID plays an important role 

Run-1 : Tau ID efficiency : 50 – 60% @ 1% fake rate
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•  高い ID efficiency @ できるだけ低い fake rate  
•  高い運動量領域まで ID efficiency を保持したい

jet à tau fake による
背景
事象

Run-2



∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)

Run-1における τh ID @ CMS 

3. 本物の tau と QCD jet を分けるため、isolation cone における  
エネルギー損失 < 2 GeVを要求
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1. 観測された γ, e± から π0 を再構成 
(fixed size window : strip)

2. m(π- + strip) を計算 
タウの質量領域かをチェック	



Run-1 τh ID の限界 
•  時々、e+/e- が strip の外に出る

•  Electron の total energy が 2GeV以上
の場合、信号なのに reject されてしまう

•  より高い tau pT で顕著  
(decay product が high pT になるため)

γπ- 

Isolation  
cone

e+ 

e- 

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)
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Z à ττ

17 



Δφ (tau, e)

 τh ID の性能向上へ 
e+/e- が strip の外に出る確率は pT(e) に依存 

à Low pT のelectron ほど磁場に曲げられて外に出やすい

à pT(e)に応じて strip size を動的に変化 (dynamic strip)
Δη (tau, e)

Dynamic strip

Dynamic strip のサイズ 
はシミュレーションで決定	

γπ- 

e+ 

e- 

Run-1
(fixed)

Dynamic strip

Run-1 のサイズ	

Dynamic strip
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Performance の改善 

Efficiency を大幅に改善

Efficiency drop が改善
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最適化して …

Run-1

∆κ
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(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)
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•  提案
•  Development
•  CMS run-2に正式採用

同じ efficiency point で、  
fake rate を 30%程度削減 
(かつ high pT でも高い識別効率)



Outlook 
•  CMS の status & 13 TeVにおける初期の結果

•  Tau ID の性能向上

•  H à ττ を用いたヒッグス粒子の CP 測定について
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Why Higgs CP is interesting ? 
•  SM : 1つのヒッグス粒子, CP固有状態, CP even
•  BSM model

–  MSSM : 3つのヒッグス粒子, CP固有状態, even (h0, H0), odd (A)
•  一般的に

–  見つかったヒッグス粒子は必ずしも CP 固有状態である必要なし

   à CP even と odd が mix した状態として存在

22 

SM : α = 0
CP odd : α = π/2
Max. mixing : α = π/4

CP の測定 (混合角の測定) = 新しい物理の間接的探索

f =
denominator + Iso. < X

pT > 20 GeV, |η| < 2.3, decay mode finding, pdg Id ̸= [11, 13, 15, 22]
(77)

|H⟩ = cosα|even⟩+ sinα|odd⟩ (78)

α : CP mixing angle



What do we know about CP ? 
•  ヒッグス粒子の崩壊過程を使う

–  H à γγ : C = +1
–  ZZ, WW, γγ における運動学的分布から特定の JP を仮説検定 	

23 

H à ZZ à 4l

0+

0-

Shape analysis Hypothesis
test

SM favors (JP = 0+)

Specific JP (in x-axis)
C = +1, P = +1  
Higgs à CP even (?)



This is not the end of the story 
24 

CP odd
Z

Z

CP even
Z

Z
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1
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(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)
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v
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µ (44)

m2
V

v
hVµV

µ (45)

1

Λ
AVµν Ṽ

µν (46)cos(α) + sin(α)  

最終的な Data の分布には “CP even” の寄与しか現れない

à Hypothesis test は常に CP even を favor (shape analysis !)

Λ が大きい場合 (その可能性が高い)、 
この項の寄与は α に寄らず ~ 0

Signal rate (µ-value) から α に対して制限をつけることも可能だが

Signal rate ∝ f(α, Λ) なので Λ の仮定が必要 (model dependent)

L = 



On the other hand – fermionic coupling 
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f

f
- 

f

f- 

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (32)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(33)

gg : 1.514+0.551
−0.476 (34)

ZZ : 1.549+0.953
−0.661 (35)

WW : 0.623+0.593
−0.479 (36)

tautau : 0.948+0.431
−0.379 (37)

τ− → π−ν (12%) (38)

τ− → π−π0ν (26%) (39)

τ− → π−π0π0ν (11%) (40)

τ− → π−π+π−ν (10%) (41)

(42)

τ̄(cosφτ + i sinφγ5τ)h (43)

m2
Z

v
hZµZ

µ (44)

m2
V

v
hVµV

µ (45)

1

Λ
AVµν Ṽ

µν (46)

mf

v
hfif̄i (47)

mf

v
Afif̄i (48)

CP oddCP even
cos(α) + sin(α)  

∆κ

κ
<∼ 5%/Λ2 (Λ in TeV) (47)

1

Γ

dΓ(h → π+π− + 2ν)

d∆φ
(48)

gg : 1.514+0.551
−0.476 (49)

ZZ : 1.549+0.953
−0.661 (50)

WW : 0.623+0.593
−0.479 (51)

tautau : 0.948+0.431
−0.379 (52)

τ− → π−ν (12%) (53)

τ− → π−π0ν (26%) (54)

τ− → π−π0π0ν (11%) (55)

τ− → π−π+π−ν (10%) (56)

(57)

mi

v
hf̄i(cosα + iγ5 sinα)fi (58)

m2
Z

v
hZµZ

µ (59)

m2
V

v
hVµV

µ (60)

1

Λ
AVµν Ṽ

µν (61)

mf

v
hfif̄i (62)

mf

v
iγ5Afif̄i (63)

•  CP even も odd も tree-level で ff に結合できる

–  CP even も odd も最終的な分布に同等に寄与

•  Hypothesis test à NP に対する assumption なしに CP を 
probe できる (model independent)

結論 : ヒッグス粒子の CP は、fermionic coupling を使うべし

- 

L = 



q

q

q

q

H

Fermionic coupling を用いた CP 測定手法 
26 

H à ττ において、tau 崩壊面の 
角度差 Δφ を見る  
(high pileup では特に困難)

Tau polarization を用いる手法

Gluon fusion + 2 jets を用いる方法 (I want to do this)

2つのジェットの  
角度差 Δφ に着目

CP odd 
CP even
Maximum mix

VBF は感度なし
(|M|2 が α に依存しない)

•  Polarization を用いた手法
よりも簡単

•  ヒッグス粒子の崩壊に  
無関係 (combinable)

•  あまり study されていない

Gen-level

τ-

ντ

π+

τ+
π-

ντ

- Δφ

H
τ

τ



Gluon fusion + 2 jets includes 
“not-interesting” events 
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CPの情報を  
持つ

CP の情報
を持たない  
(単なる  
gluon splitting)

•  VBF-like な 
selection が良い

•  が、VBF-like に
なるほど gluon-
fusion は減少

à 最適化が必要

Inclusive ΔRjj > 0.6
mjj > 200 GeV

CP odd    CP even

ggH + 2jets



Feasibility study using H à ττ

•  Run-1 における H à ττ と同じ event selection
•  ≥ 2 jets à leading, sub-leading を使って Δφ(jj) を計算

•  VBF-like な selection をかけて gluon splitting の事象を除く

–  ΔR(jj) > 0.6, mjj > 200 GeV

28 

decay Obs. µ-value (run-1) @ 2 jets

H à γγ 1.514 +0.551
-0.476

H à WW 0.623 +0.593
-0.479

H à ττ 0.948 +0.431
-0.379 

H à ZZ 1.549 +0.953
-0.661 

ττ : 2 jets phase space で
　　 高い S/N でヒッグス粒子をタグできるq

q

q

q

τ

τ

H

全て fermion coupling



Sensitivity check using run-1 data 
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pure CP odd を 2σ で棄却

Z à ττ
ttbar
EWK (W)

SM Higgs (ggH + VBF) 
x 20

VBF

20 fb-1  
8TeV

N
or

m
al

iz
ed

4.5 Higgs signal : 
(75% VBF, 25% ggH) 
Data : blinded

for emphasizing the CP-dependent ! cosð2ΔϕjjÞ terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for Δϕjj that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb−1 of data
from the 8 TeV run and projected limits for 50 fb−1 of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight”were performed with the tight analysis

cuts from the same table, which forms a subset of the loose
category.
The dashed curves show the estimated significance of the

total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 2σ over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass mττ and the discriminating variable
sin ðjΔϕjjj=2Þ (green and maroon dashed, with loose and
tight cuts, respectively).
The solid curves show the exclusion significance com-

puted using the CLs method [72] relative to the α ¼ 0 case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin ðjΔϕjj=2jÞ,
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pureCP-odd Higgs
corresponding to α ¼ π=2 is already nearly ruled out at
95% C.L. With 20 fb−1 of luminosity at 14 TeV this should
improve to α ≤ 0.9, while with 50 fb−1 of luminosity it
should improve further to α ≤ 0.7.
To further elucidate how the constraints on CP mixing

will improve, in the left-hand plot of Fig. 5 we show the
expected exclusion limit on the mixing angle α as a
function of the integrated luminosity at 14 TeV. This shows
that the limit should improve to α ≤ 0.3 with 500 fb−1. In
the right-hand plot we increase the theoretical uncertainty
from 10% to 25%, in case theoretical advances do no keep
up with experimental ones. We find that the two curves are
within errors of each other, since the 25% uncertainty on
the theory prediction only starts to affect things at 4σ level.
As can be seen from the figure precision measurements of

α
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

S
ig

ni
fic

an
ce

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5 )α
jj

φ∆ττm
)α

jj
φ∆ττm

)α
jj

φ∆

jj
φ∆ττm

jj
φ∆ττm

jj
φ∆

 looseττm
 tightττm

 8 TeV-120 fb

α
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

S
ig

ni
fic

an
ce

0

2

4

6

8

10

12

14
)α

jj
φ∆ττm

)α
jj

φ∆ττm
)α

jj
φ∆

jj
φ∆ττm

jj
φ∆ττm

jj
φ∆

)  loose(  and sin(
)  tight(  and sin(
 tight(mva and sin(

)  loose  and sin(
)  tight  and sin(

)   tightmva vs sin(

)  loose(  and sin(
)  tight(  and sin(
 tight(mva and sin(

)  loose  and sin(
)  tight  and sin(

/2
/2
/2 )
/2
/2

/2

/2
/2
/2 )
/2
/2

/2 )   tightmva vs sin(
 looseττm
 tightττm

 14 TeV-150 fb

FIG. 4 (color online). Expected limits that can be achieved with our analysis using the 20 fb−1 8 TeV data set (left) and using a 50 fb−1

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CLs method relative to the α ¼ 0 case. See the text for details.
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FIG. 3 (color online). Signal distributions for Δϕjj with
inclusive (non-WBF-like) cuts at

ffiffiffi
s

p
¼ 8 TeV: pTj > 30 GeV,

ΔRjj > 0.4. In particular there are no cuts on mjj or pT;H. These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1=π. Note that by assumption the shape of the WBF
distribution does not vary with α.
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Future projection  
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50 fb-1, 14TeV

α > 0.9 rad を 3σ で棄却

for emphasizing the CP-dependent ! cosð2ΔϕjjÞ terms in
the gluon fusion channel can be seen in Fig. 3. A much
more inclusive set of selection cuts results in a signal
distribution for Δϕjj that is still sensitive to CP effects but
at a substantially reduced level.

IV. ESTIMATED LIMITS ON CP PROPERTIES

We now discuss our results. In Fig. 4 we show the
significances that can be achieved using the 20 fb−1 of data
from the 8 TeV run and projected limits for 50 fb−1 of data
at 14 TeV, corresponding to around two years of running.
Those results from the analyses marked with “loose” were
performed using the loose analysis cuts from Table II, while
those marked “tight”were performed with the tight analysis

cuts from the same table, which forms a subset of the loose
category.
The dashed curves show the estimated significance of the

total signal over the Standard Model backgrounds. The
dark yellow dashed curve shows the results obtained doing
a standard WBF-style analysis with loose cuts, achieving a
significance of barely 2σ over the background. The purple
dashed curve shows our best approximation to the current
CMS analysis [46] with tighter cuts, while the upper three
dashed curves either utilize the 18 variables described
above (blue dashed) or use a simultaneous fit to both the
ditau invariant mass mττ and the discriminating variable
sin ðjΔϕjjj=2Þ (green and maroon dashed, with loose and
tight cuts, respectively).
The solid curves show the exclusion significance com-

puted using the CLs method [72] relative to the α ¼ 0 case.
The maroon curve again shows the results using the loose
event selection and ditau invariant mass and sin ðjΔϕjj=2jÞ,
while the blue and green curves utilize the tight selection
and (in the green case) the BDT. We observe from the left-
hand figure that with our best analysis a pureCP-odd Higgs
corresponding to α ¼ π=2 is already nearly ruled out at
95% C.L. With 20 fb−1 of luminosity at 14 TeV this should
improve to α ≤ 0.9, while with 50 fb−1 of luminosity it
should improve further to α ≤ 0.7.
To further elucidate how the constraints on CP mixing

will improve, in the left-hand plot of Fig. 5 we show the
expected exclusion limit on the mixing angle α as a
function of the integrated luminosity at 14 TeV. This shows
that the limit should improve to α ≤ 0.3 with 500 fb−1. In
the right-hand plot we increase the theoretical uncertainty
from 10% to 25%, in case theoretical advances do no keep
up with experimental ones. We find that the two curves are
within errors of each other, since the 25% uncertainty on
the theory prediction only starts to affect things at 4σ level.
As can be seen from the figure precision measurements of
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FIG. 4 (color online). Expected limits that can be achieved with our analysis using the 20 fb−1 8 TeV data set (left) and using a 50 fb−1

data set at 14 TeV (right). The dashed curves show the estimated significance of the total signal over the Standard Model backgrounds,
and the solid curves show the exclusion significance computed using the CLs method relative to the α ¼ 0 case. See the text for details.
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FIG. 3 (color online). Signal distributions for Δϕjj with
inclusive (non-WBF-like) cuts at

ffiffiffi
s

p
¼ 8 TeV: pTj > 30 GeV,

ΔRjj > 0.4. In particular there are no cuts on mjj or pT;H. These
are generator-level distributions, with each channel separately
normalized by its cross section, and the whole plot is normalized
to 1=π. Note that by assumption the shape of the WBF
distribution does not vary with α.
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まとめ 
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•  CMS is in full swing (except for magnet)
–  Highly operative after upgrade (both h/w and s/w) during 

long shutdown period
–  Cryogenics issue is still there but believed to be solved 

soon

•  Higgs CP property can be a nice probe for NP
–  Fermionic coupling will allow model-independent 

measurement of the Higgs CP property
–  Feasibility study using run-1 data with ττ final state 

suggests that run-2 data will provide interesting results

•  New tau identification is developed and will improve 
physics performance with tau in run-2


