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る。このレプトンがタウレプトンの場合、スピン 0のパイメソンを含むハ
ドロン的崩壊を起こせば、そのパイメソンの分布を見ることでそのレプト
ンが右巻きか左巻きかがわかる。そこで、レプトン 4個のうちの少なくと
もタウレプトンが１つあるいは２つ発生し、さらにその崩壊物として終状
態にパイメソンが１個あるいは２個存在する状況を想定してモンテカルロ
シミュレーションを行い、電荷-2をもつスカラー粒子が左巻レプトン対へ
崩壊するかあるいは右巻レプトン対へ崩壊するかを区別出来ることを示し
た。いくつかのやり方を示しているが、最も効率の良い方法は、H±±→
τ±τ± → π±l±νν̄ 崩壊におけるパイメソンとレプトンの不変質量の分布
を見ることである、ということを示した。　本研究では模型に特徴的な
崩壊過程を実験によって確かめる手段を与えた点を高く評価した。またこ
の研究は、著者らがヒッグス粒子やニュートリノに関わる研究を長年にわ
たって、精力的かつ包括的に進めてきたなかでなされた仕事であり、この
点についても評価した。
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CERN Seminars 

ATLAS results on Higgs boson searches in fermion final states 
 

by Aliaksandr Pranko (LBNL) 
Nov. 26, 2013 

Direct Measurement of the Higgs Boson Fermionic Couplings at CMS 
by Monica Vazquez Acosta (Imperial College London) 

Dec. 3, 2013 
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Back to 2004 
 
 
 
 

   ATLASのヒッグス発見能力 by 浅井さん 

A. Djouadi / Physics Reports 457 (2008) 1–216 127

Fig. 3.49. The significance for the SM Higgs boson discovery in various channels in ATLAS as functions of MH . Left: the significance for 100 fb�1

data and with no vector boson fusion channel included and right: for 30 fb�1 data in the MH  200 GeV range with the qq ! qq H channels
included [215].

below MH = 200 GeV but with the luminosity L = 30 fb�1 which is expected at an earlier stage. The updated
analysis now includes the vector boson fusion channels with the decays H ! ⌧⌧ and H ! W W ⇤ which lead
to a substantial increase of the total significance. Note that the K -factors, which would have significantly increased
the signal for the gg ! H process that is mostly used at high MH , have unfortunately not been included [see the
discussion below].

The CMS plot in Fig. 3.50 shows the integrated luminosity that is needed to achieve a 5� discovery signal
in the various detection channels. Here, the vector boson fusion process with all relevant Higgs decays, H !
� � , ⌧⌧, W W (⇤), Z Z (⇤), has been included [together with the K -factors for the gg ! H process]. As can be seen, a
minimal luminosity of 10 fb�1 is necessary to cover the low Higgs mass range down to MH ⇠ 115 GeV and the high
mass range up to MH ⇠ 800 GeV when all channels are combined. One can see also that the vector boson fusion
channels add value in the entire Higgs mass range. In particular, the qq ! Hqq processes with H ! W W, Z Z are
also very useful in the high Higgs mass range.

Thus, the SM Higgs boson in its entire mass range will be found at the LHC provided that a luminosity larger than
R

L = 30 fb�1 is collected and the performances of the detectors are as expected. For higher luminosities, this can be
done in various and sometimes redundant channels, therefore strengthening the signal and providing great confidence
that it is indeed a scalar Higgs boson which has been observed. However, at low luminosities, and in particular in the
low Higgs mass range MH . 135 GeV, several channels must be combined in order to establish a clear evidence for
the Higgs particle. The interesting question which can be asked is this: at which stage will this integrated luminosity
be collected?

Before closing this section, let us make a digression about the K -factors. The inclusion of the higher-order radiative
corrections to the Higgs production cross sections and distributions, which is theoretically indispensable to stabilize
the scale dependence and to allow for precise predictions as it has been discussed at length in the previous sections, can
be also very important in the experimental analyses. Indeed, not only they increase [in general] the size of the discovery
signals and, thus, their significance, but they also can change the kinematical properties of the processes under study,
leading to different selection efficiencies and, thus, to a different number of collected events. This is particularly the
case in the gg ! H process where large K -factors appear and where the Higgs transverse momentum is generated at
higher orders, when additional jets which balance this pT are produced.

Of course, the K -factors can be included for the signal only if they are also available for the backgrounds and there
are at least two situations in which this holds:

125GeV 
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７月革命 (1830) 
ドラクロワ ‘民衆を導く自由の女神’ (1830) 

７月革命 (2012) 

完全に一致 
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A new boson 
We found 125 GeV object !! 

July revolution 
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The Review of Particle Physics (2012) 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

A0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric Models [l]

Mass m > 93.4 GeV, CL = 95% tanβ >0.4

H±H±H±H± Mass m > 79.3 GeV, CL = 95%

See the Particle Listings for a Note giving details of Higgs
Bosons.

Heavy Bosons Other ThanHeavy Bosons Other ThanHeavy Bosons Other ThanHeavy Bosons Other Than
Higgs Bosons, Searches forHiggs Bosons, Searches forHiggs Bosons, Searches forHiggs Bosons, Searches for

Additional W BosonsAdditional W BosonsAdditional W BosonsAdditional W Bosons

W ′ with standard couplings
Mass m > 2.150 × 103 GeV, CL = 95%

Additional Z BosonsAdditional Z BosonsAdditional Z BosonsAdditional Z Bosons

Z
′

SM with standard couplings
Mass m > 1.830 × 103 GeV, CL = 95% (pp direct search)
Mass m > 1.500 × 103 GeV, CL = 95% (electroweak fit)

ZLR of SU(2)L×SU(2)R×U(1) (with gL = gR)
Mass m > 630 GeV, CL = 95% (pp direct search)
Mass m > 1162 GeV, CL = 95% (electroweak fit)

Zχ of SO(10) → SU(5)×U(1)χ (with gχ=e/cosθW )
Mass m > 1.640 × 103 GeV, CL = 95% (pp direct search)
Mass m > 1.141 × 103 GeV, CL = 95% (electroweak fit)

Zψ of E6 → SO(10)×U(1)ψ (with gψ=e/cosθW )
Mass m > 1.490 × 103 GeV, CL = 95% (pp direct search)
Mass m > 476 GeV, CL = 95% (electroweak fit)

Zη of E6 → SU(3)×SU(2)×U(1)×U(1)η (with gη=e/cosθW )
Mass m > 1.540 × 103 GeV, CL = 95% (pp direct search)
Mass m > 619 GeV, CL = 95% (electroweak fit)

HTTP://PDG.LBL.GOV Page 5 Created: 6/18/2012 15:05

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

Υ(1S) X +Υ(2S) X
+Υ(3S) X

( 1.0 ±0.5 ) × 10−4 –

Υ(1S)X < 4.4 × 10−5 CL=95% –
Υ(2S)X < 1.39 × 10−4 CL=95% –
Υ(3S)X < 9.4 × 10−5 CL=95% –

(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [h] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [i ] ( 6.08 ±0.13 ) % –
B0

s X [i ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [i ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [j ] < 3.2 × 10−3 CL=95% –
e+ e−γ [j ] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [j ] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [j ] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [k] < 6.8 × 10−6 CL=95% –
qqγγ [k] < 5.5 × 10−6 CL=95% –
ν ν γγ [k] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [h] < 1.7 × 10−6 CL=95% 45594

e± τ∓ LF [h] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [h] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

Higgs Bosons — H0 and H±, Searches forHiggs Bosons — H0 and H±, Searches forHiggs Bosons — H0 and H±, Searches forHiggs Bosons — H0 and H±, Searches for

The July 2012 news about Higgs searches is described in the
addendum to the Higgs review in the data listings, but is not
reflected here.

The limits for H0
1 and A0 refer to the mmax

h benchmark scenario for the
supersymmetric parameters.

H0H0H0H0 Mass m > 115.5 and none 127–600 GeV, CL = 95%

H0
1 in Supersymmetric Models (m

H0
1

<m
H0

2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)

Mass m > 92.8 GeV, CL = 95%

HTTP://PDG.LBL.GOV Page 4 Created: 6/18/2012 15:05
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ヒッグスの基礎 
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“the” = 標準模型のヒッグス (h) 
v ヒッグス物理で最低限知っておくこと 

²  ヒッグスの 真空期待値 [VEV] (　                  )が電弱対称性の破れを導く 
à “ヒッグス機構”でゲージボソンが質量を獲得 

²  フェルミオンの質量も湯川相互作用を通じてVEVで生成 
 
 
 

² “質量” と “結合” の関係 
 

The Higgs boson 

V

V

h

F

F

h
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LHCでのSMヒッグスの生成 (125GeV)

17

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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Gluon Fusion 
(ggF) 15.3 50.0 3.3

Vector Boson 
Fusion (VBF) 1.2 4.2 3.5
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0.6
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1.5
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2.5
3.0

ttH 0.1 0.6 6.0

σ(pb)
@7TeV

σ(pb)
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14TeV 
/ 7TeV

ttbar 170 830 4.9

湯川？

ゲージ

ゲージ

湯川
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ヒッグスの崩壊

❖ Γ(vector boson) ∝ mH3
❖ Γ(fermion) ∝ mH

18

Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .

112

MH~125GeV

SM
ヒ
ッ
グ
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壊
比

ヒッグス質量[GeV]
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ヒッグスの崩壊

❖ SM 125GeV 崩壊比 (%)

19

全幅は４MeV

H→bb 58

H→ττ 6.3

H→μμ 0.022

H→cc 2.7

H→ss 0.044

H→γγ 0.23

H→WW 22

H→ZZ 2.7

H→Zγ 0.16

H→gg 8.6
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ATLAS	
  	
  
Hàγγ,	
  ZZà4l,	
  WWàlvlv	
  
èfull-­‐data	
  
Hàbb,ττ	
  
èHCP	
  data(13;-­‐1)	
  

CMS	
  	
  
Hàγγ,	
  ZZà4l,	
  WWàlvlv,	
  Hàττ	
  
èfull-­‐data	
  
Hàbb	
  
èHCP	
  data(12;-­‐1)	
  

増渕さんのスライド	
  

mH=125.5	
  GeV	
  

Decay	
  mode	
   Expected	
  (σ)	
   Observed	
  (σ)	
  

ZZ	
   4.4	
   6.6	
  

γγ	
   4.1	
   7.4	
  

WW	
   3.7	
   3.8	
  

bb(HCP	
  data)	
   ~1σ	
   <	
  1σ	
  

ττ(HCP	
  data)	
   1.7	
   1.1	
  

mH=125.7	
  GeV	
  

Decay	
  mode	
   Expected	
  (σ)	
   Observed	
  (σ)	
  

ZZ	
   7.1	
   6.7	
  

γγ	
   3.9	
   3.2	
  

WW	
   5.3	
   3.9	
  

bb(HCP	
  data)	
   2.2	
   2.0	
  

ττ	
   2.6	
   2.8	
  

複数のモードでヒッグスを発見 
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Figure 1: Observed values of the test statistic (black solid line) as a function of the fraction of qq̄ produc-
tion of the spin-2 state fqq̄ for the H ! �� (a), H ! WW⇤ ! `⌫`⌫ (b) and H ! ZZ⇤ ! 4` (c) channels.
The blue and red dashed lines indicate the positions of the median expected values of the sampling dis-
tributions for the spin-0 and spin-2 signals, respectively, obtained from pseudo-experiments. The green
and yellow bands correspond, respectively, to one and two standard deviations around the spin-0 median
curve.

H ! ZZ⇤ ! 4` channels.

• Systematic uncertainties on the energy scale of electromagnetic objects (electrons and photons)
a↵ect all three decay channels. The associated nuisance parameters are correlated across the chan-
nels.

• The systematic uncertainty on the measured luminosity is correlated among the H ! WW⇤ !
`⌫`⌫ and H ! ZZ⇤ ! 4` channels. This uncertainty does not a↵ect the H ! �� channel, for
which the background normalisation is extracted directly from fits to the data.

The common systematic uncertainty resulting from the method employed to determine the luminosity in
the 2011 and 2012 datasets is not correlated among the channels. The corresponding e↵ect is expected
to be very small. It has also been verified that the results are nearly insensitive to variations of the Higgs
boson mass within the measured accuracy of about ±0.6 GeV [12].

6 Results of the combination

Table 2 shows the expected and observed p0 values for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H ! ��, H ! WW⇤ ! `⌫`⌫ and H ! ZZ⇤ ! 4` channels. The results are shown as
a function of the qq̄ spin-2 production fraction. The compatibility of each spin hypothesis with the data
is shown in Fig. 2. The test statistic calculated on data is compared to the corresponding expectations
obtained from pseudo-experiments, as a function of fqq̄. The number of pseudo-experiments performed
to determine the distributions of the test statistics amount to 100k for the JP = 0+ and 1 million for the
JP = 2+ hypothesis.

The data are in good agreement with the Standard Model JP = 0+ hypothesis. The observed values
in Fig. 2(a) are, however, found to be above the JP = 0+ median values. This e↵ect can be attributed to
the aforementioned statistical fluctuation in the data of the H ! ZZ⇤ ! 4` decay channel.

Figure 3 shows the comparison of the expected and observed CLs(JP = 2+) as a function of fqq̄.
The expected exclusion of the spin-2 hypothesis shows only a weak dependence on fqq̄, due to the com-
plementary sensitivities of the channels to the di↵erent production mechanisms of the spin-2 resonance,

9

Spinの決定 
0+(Higgs like)と2+(Massive Graviton)の区別 
 
ü  Gluon fusion と qq 生成の割合でスピンを区別するセンシティビティが異なる 

ビーム軸からの角度分布 レプトン対の疑ラピディティ分布 4レプトンから定義される 
様々な角度分布 15 2013/12/11　京大素粒子セミナー 津村浩二 



The Review of Particle Physics (2013) 
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χc2(1P)X < 3.2 × 10−3 CL=90% –
Υ(1S) X +Υ(2S) X

+Υ(3S) X
( 1.0 ±0.5 ) × 10−4 –

Υ(1S)X < 4.4 × 10−5 CL=95% –
Υ(2S)X < 1.39 × 10−4 CL=95% –
Υ(3S)X < 9.4 × 10−5 CL=95% –

(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [i ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [j ] ( 6.08 ±0.13 ) % –
B0

s X [j ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 1.7 × 10−6 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

Higgs Bosons — H0 and H±Higgs Bosons — H0 and H±Higgs Bosons — H0 and H±Higgs Bosons — H0 and H±

H0H0H0H0 Mass m = 125.9 ± 0.4 GeV

H0 signal strengths in different channelsH0 signal strengths in different channelsH0 signal strengths in different channelsH0 signal strengths in different channels

Combined Final States = 1.07 ± 0.26 (S = 1.4)
W W ∗ Final State = 0.88 ± 0.33 (S = 1.1)
Z Z∗ Final State = 0.89+0.30

−0.25
γγ Final State = 1.65 ± 0.33
bb Final State = 0.5+0.8

−0.7

τ+ τ− Final State = 0.1 ± 0.7
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H0 DECAY MODESH0 DECAY MODESH0 DECAY MODESH0 DECAY MODES Fraction (Γi /Γ) p (MeV/c)

W W ∗ seen –
Z Z∗ seen –
γγ seen –
bb possibly seen –
τ+ τ− possibly seen –

Mass Limits for the Standard Model HiggsMass Limits for the Standard Model HiggsMass Limits for the Standard Model HiggsMass Limits for the Standard Model Higgs

Mass m > 122 and none 127–600 GeV, CL = 95%

The limits for H0
1 and A0 in supersymmetric models refer to the mmax

h
benchmark scenario for the supersymmetric parameters.

H0
1 in Supersymmetric Models (m

H0
1

<m
H0

2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)H0

1 in Supersymmetric Models (m
H0

1
<m

H0
2
)

Mass m > 92.8 GeV, CL = 95%

A0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric ModelsA0 Pseudoscalar Higgs Boson in Supersymmetric Models [n]

Mass m > 93.4 GeV, CL = 95% tanβ >0.4

H±H±H±H± Mass m > 79.3 GeV, CL = 95%

Heavy Bosons Other ThanHeavy Bosons Other ThanHeavy Bosons Other ThanHeavy Bosons Other Than
Higgs Bosons, Searches forHiggs Bosons, Searches forHiggs Bosons, Searches forHiggs Bosons, Searches for

Additional W BosonsAdditional W BosonsAdditional W BosonsAdditional W Bosons

W ′ with standard couplings
Mass m > 2.630 × 103 GeV, CL = 95%

Additional Z BosonsAdditional Z BosonsAdditional Z BosonsAdditional Z Bosons

Z
′

SM with standard couplings
Mass m > 2.330 × 103 GeV, CL = 95% (pp direct search)
Mass m > 1.500 × 103 GeV, CL = 95% (electroweak fit)

ZLR of SU(2)L×SU(2)R×U(1) (with gL = gR)
Mass m > 630 GeV, CL = 95% (pp direct search)
Mass m > 1162 GeV, CL = 95% (electroweak fit)

Zχ of SO(10) → SU(5)×U(1)χ (with gχ=e/cosθW )
Mass m > 1.970 × 103 GeV, CL = 95% (pp direct search)
Mass m > 1.141 × 103 GeV, CL = 95% (electroweak fit)

Zψ of E6 → SO(10)×U(1)ψ (with gψ=e/cosθW )
Mass m > 2.000 × 103 GeV, CL = 95% (pp direct search)
Mass m > 476 GeV, CL = 95% (electroweak fit)

Zη of E6 → SU(3)×SU(2)×U(1)×U(1)η (with gη=e/cosθW )
Mass m > 1.870 × 103 GeV, CL = 95% (pp direct search)
Mass m > 619 GeV, CL = 95% (electroweak fit)
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質量が決まった!! 

いくつかの崩壊モードでシグナルを観測 
NEW 
(特にタウ) 

7月時点 
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加速器実験におけるタウ 
�
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•  実験での粒子の見え方： 

 

 + ハドロンはさらにジェットを作る 
 + v (or DM) は運動量の消失として見る 

FIG. 8: Particle signatures left in the detector components.

B. What Do Particles Look Like in a Detector

As theorists, we mostly deal with the fundamental degrees of freedom in our SM Lagrangian,

namely the quarks, leptons, gauge bosons etc. in our calculations. The truth is that most of

them are not the particles directly “seen” in the detectors. Heavy particles like Z, W, t will

promptly decay to leptons and quarks, with a lifetime 1/Γ ∼ 1/(2 GeV) ≈ 3.3×10−25 s. Other

quarks will fragment into color-singlet hadrons due to QCD confinement at a time scale of

th ∼ 1/ΛQCD ≈ 1/(200 MeV) ≈ 3.3 × 10−24 s. The individual hadrons from fragmentation

may even behave rather differently in the detector, depending on their interactions with matter

and their life times. Stable paricles such as p, p̄, e±, γ will show up in the detector as energy

deposit in hadronic and electromagnetic calorimeters or charge tracks in the tracking system.

In Fig. 8, we indicate what particles may leave what signatures in certain components of the

detector.

20

Detector Components

4

Inner detector 
measures momentum 
and charge

Calorimeters 
measure energy, 
EM and hadronic 
components

Muon spectrometer 
measures muon 
momentum
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例えば、 

37

            photon
(isolated EM shower)

photon

photon

HCAL showers 
(produced by hadrons)

tracks 
(mostly charged pions)

a H→γγ candidate from CMS
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•  タウはどう見えるか？ 
 

タウの寿命は 87mm　= 検出器の中で崩壊する 

タウの崩壊モード:  
 
 
 
 
 
 

常に v を含む (ßLHCでは運動量の再構成が難しい) 

FIG. 8: Particle signatures left in the detector components.

B. What Do Particles Look Like in a Detector

As theorists, we mostly deal with the fundamental degrees of freedom in our SM Lagrangian,

namely the quarks, leptons, gauge bosons etc. in our calculations. The truth is that most of

them are not the particles directly “seen” in the detectors. Heavy particles like Z, W, t will

promptly decay to leptons and quarks, with a lifetime 1/Γ ∼ 1/(2 GeV) ≈ 3.3×10−25 s. Other

quarks will fragment into color-singlet hadrons due to QCD confinement at a time scale of

th ∼ 1/ΛQCD ≈ 1/(200 MeV) ≈ 3.3 × 10−24 s. The individual hadrons from fragmentation

may even behave rather differently in the detector, depending on their interactions with matter

and their life times. Stable paricles such as p, p̄, e±, γ will show up in the detector as energy

deposit in hadronic and electromagnetic calorimeters or charge tracks in the tracking system.

In Fig. 8, we indicate what particles may leave what signatures in certain components of the

detector.

20

ハドロンコライダーでは v は縦方向の運動量保存則が使えない（分からない） 
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•  ハドロンコライダーでタウが見分けられる場合 
 

１．タウジェットとして見る 
 

ü  QCDジェットに比べてアクティビティが小さい 
ü  ブーストされているのでコーンサイズが小さい 

 

 “ミニ”ジェットとして見える 
 
 

２．コリニア近似で運動量を再構成 
 

ü  ブーストされているため v は良い近似でタウジェット（もしくは電
子またはミューオン[レプトニック崩壊の場合]）と同じ方向に出る 

ü  見えない運動量が２個のタウからしか出ない過程ならこの近似のも
とで親のタウの運動量が計算できる 

Tau Reconstruction
✤ LHC produces high-momenta taus

    → tightly collimated decay products
    → looks like a mini-jet in the detector

✤ Clustering algorithm groups neighbouring 
calorimeter cells together into energy clusters

✤ “anti-kt” algorithm groups clusters into jets
✤ Taus are seeded by “anti-kt” jets
✤ Associate tau decay products in a narrow cone 

around the seed (∆R < 0.2):
✤ Energy from calorimeters
✤ Tracks from inner detector
✤ Direction from tracking and calorimeters

8

Decays*and*reconstruction*of*tau*
•  Hadronic'decays'of'tau:'65%'
•  Reconstruc:on'seeded'by'an:Dkt'jets(R=0.4)'
•  pT'>'10'GeV,'|η|'<'2.5''
•  calibrated'3D'topological'clusters'
•  good'quality'tracks'with'pT'>'1'GeV'
•  discrimina:ng'variables'

•  combined'informa:on'from'calorimeter'and'
tracking'

•  input'to'mul:Dvariate'algorithms'

9'
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Sofia Maria Consonni1, on behalf of the ATLAS Collaboration
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1)  Università degli Studi di Milano & INFN
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Response curves as a function of reconstructed tau pT at LC scale for 1-
prong (left) and multi-prong (right) tau candidates in various |η| bins

TES uncertainty for 1-prong (top, |η|<0.3) and multi-prong (bottom, 
1.6<|η|<2.5) decays. The single contributions are shown as points and 
the combined uncertainty as the filled band.

Identification

In-situ identification efficiencies

Identification performance

Examples of jet rejection variables: shower width in the electromagnetic and 
hadronic calorimeter weighted by the transverse energy of each calorimeter part (1), 
number of tracks in the isolation annulus (2), decay length significance of the 
secondary vertex for multi-prong tau candidates in the transverse plane (3), pileup 
corrected transverse energy of isolated clusters (4). 

Examples of electron rejection variables: 
maximum transverse energy deposited in a cell in the 
pre-sampler layer of the electromagnetic calorimeter, 
which is not associated with that of the leading track 
(5), ratio of high-threshold to low-threshold hits 
(including outlier hits), in the Transition Radiation 
Tracker (TRT), for the leading pT core track (6) 
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Isolation variables

Invariant mass of tracks and clusters  

Impact parameter, secondary vertexing

Longitudinal position of energy deposits 

ATLAS LAr strip information

ATLAS TRT information 

Decay products are collimated

Presence of leading charged hadron

No gluon radiation

Low invariant mass

Lifetime

EM energy fraction different from electrons

EM component from !0

Less transition radiation than electrons

Identification efficienciesIdentification efficiencies Cuts Likelihood BDT

W→τν
Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic

Loose 0.87 ± 0.02 ± 0.02 0.70 ± 0.02 ± 0.02 0.81 ± 0.02 ± 0.03W→τν
Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic

Medium 0.79 ± 0.02 ± 0.03 0.46 ± 0.02 ± 0.03 0.63 ± 0.02 ± 0.03
W→τν
Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic Tight 0.65 ± 0.02 ± 0.03 0.27 ± 0.01 ± 0.02 0.42 ± 0.01 ± 0.03

Z→ττ
Results on 0.8 fb-1, statistical 
uncertainty is given first and then 
the systematic

Loose 1.03 ± 0.05 ± 0.08 0.83 ± 0.05 ± 0.08 0.88 ± 0.05 ± 0.08Z→ττ
Results on 0.8 fb-1, statistical 
uncertainty is given first and then 
the systematic

Medium 0.80 ± 0.05 ± 0.07 0.56 ± 0.04 ± 0.05 0.61 ± 0.04 ± 0.06
Z→ττ
Results on 0.8 fb-1, statistical 
uncertainty is given first and then 
the systematic Tight 0.63 ± 0.04 ± 0.06 0.32 ± 0.02 ± 0.03 0.40 ± 0.03 ± 0.04
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標準模型ヒッグスとタウ 

�
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hàττ @ LHC 
 
 
 
 

Vector Boson Fusion (VBF) via qqàqqh 
 

ü 2番目に大きい生成断面積 
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hàττ @ LHC 
 
 
 
 

Vector Boson Fusion (VBF) via qqàqqh 
 

ü 2番目に大きい生成断面積 
ü 区別しやすい終状態 → シグナル!! 

φ	



η	



Forward	
  jets	
  

Higgs	
  Decay	
  
Central jet veto 
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hàττ @ LHC 
 
 
 
 

コリニア近似 
 

基本的なアイデア 
ü  高エネルギーのタウ崩壊から出てくるニュートリノはタウと同じ方向に進む 

τ

ν

µ

ν
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hàττ @ LHC 
 
 
 
 

コリニア近似 
 

横運動量平面（ハドロンコライダーでは縦方向は使えない） 

連立方程式を解いて、４元運動量が再構成できる!! 
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hàττ @ LHC 
 
 
 
 

M(ττ)=mh 

シミュレーションの結果 
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H→ττ: mass reconstruction  

Visible mass Full reconstructed mass 

better 
Z & Higgs "
separation 

Di-tau mass estimation uses visible decay products & missing ET in  
a maximum likelihood fit 
The mass resolution is ~ 10-20% depending on channel/category 
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X [ ( 5 + 5 2 - - 4 2 2  ) +P,~( 1 + z - 8 z  2) ] , (4) 

. f ( td  - ~ n - ;  z) = 1 + P , ( 2 z -  1 ) ,  (5) 

with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 

= m  2 

Fv(m ) H a (  , m 2) d m  2, , f ( t~  ~v i ;  z) = 2 v, z 

( ...... )~ (6) 

where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 

a 2 Fs in2o)  
H)~(z,m=)= ( l _ a 2 ) ( l + 2 a 2 ) [  a2 + l + c o s 2 e )  

+p~  cos 0 (sin2e) sin 2e) tan 0 - 1 -  cos2e))] 
a 

a-" [cos2co 
H'-L(z, m2) = ( l _ a Z ) ( l + 2 a 2 ) L  a 2 +sin=co 

+ P ,  cos 0 (cos2o) + s i n  2~Ota n 0_sin2~o)]  
- a 

(7) 

(8) 

where a =  m/m~ and 

l - a 2 +  (1 + a 2 ) c o s 0  
coso~= l +a2+ ( l_a2)cos O, 

2 z -  1 - a  2 
C O S 0 =  l _ a 2  (9) 

The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 
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Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - .A  + + missing energy where z =  EA/E,, and where it is 
assumed that E~>> m, (the collinear limit).  The mass, width of 
the p and a, mesons are taken to be ( rap, Fp) = (0.77, 0.15 ) GeV 
and (m, , ,  Fa,) = ( 1.22, 0.42) GeV [2]. The T, L subscripts on p 
and a, refer to transversely, longitudinally polarised vector me- 
sons respectively. 

In passing we note that there is a possible small ad- 
ditional contribution arising from spin-zero 3n states, 
such as n' [ 1 ], which can be parametrised as in (6),  
with v replaced by n', and with 

[ 
to '  = - - k l +  ~ ]--__~" - ) ,  H a  (; ,  m 2) 1 p 2 z -  1 --a2"~ 

1 --a  2 (10) 

which, in the small mass limit ( a ~ 0 )  reduces to 
f ( t g  ~n; z) as expected. Such a n' state could appear 
as a leading particle in ty  or t~- decays. 

The p and aL polarisations are measured by observ- 
ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 
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ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
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ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 

502 

µ,e	

µ,e	


レプトンへの崩壊でもOK 
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Fig. 6. Plots of the correlation d21’/d z d ~ in energy fractions in X — r -. A — B + o’s, where X is
either a spin-one or spin-zero boson and z = EA /E, and ~ = E

0/E... If A  B then the graphs with
A B can be obtained by reflection in the line z = 5. The first column shows the correlation when X is
a Z boson and the second shows the correlation when X is a Higgs boson. In descending order the
three pairs of plots are for the (~. r~) pair decaying into (sa~,ir~ ), (~‘ , p.4.) and finally (/. ar~)with

e or ~z.

m~m mode as an energetic m ± with a soft m T The effect of a small parity
violation in Z decay (P = —0.135) leads to a slightly higher density when both m’s
are soft. If I P~I is large, as expected from some proposed Z”s, [22], then the
asymmetry between soft and hard pions grows, but the positive energy—energy
correlation between m and m still holds, in contrast to the negative correlation
in the H—arT~--amm~ channel.

However although this is a clean signature for H —a ~ decays it accounts for
only (B,.)

2 ‘~ 1% of the total r-pair events. We therefore systematically studied all
possible pairs of the decay modes shown in fig. 2, which cover some 85% of r
decays. Since P

1 I in (5.5) is small (P1 = —0.135 for V = Z) the double decay
distributions of H and Z origin will be similar if either of the individual T decay
distributions are insensitive to the helicity of the ,-. This is the case if A = e (see
fig. 2), and indeed also for A = p, a, if we do not distinguish between the
polarisation states of the vector meson. In fact we saw from fig. 3 that the r1~—a a,

タウ崩壊の生成物のエネルギー分布を 
見ることで、相互作用が分類出来る！ 
�
�
�
�

検出器内で崩壊しない e, µ  
では区別出来ない !! 

32 2013/12/11　京大素粒子セミナー 津村浩二 



New Results 
•  シグナル候補の生成過程 
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H→ττ  
Significant Branching Ratio (~ 6%) at low mass 
Challenges:  
- Reconstruction of different tau decay modes: Hadronic tau (τh) reconstruction 
- Reconstruction of di-τ mass (presence of ν’s) 
Improve sensitivity:  
Different categories based on jet multiplicity and τ pt 

Optimized τhad-isolation and e,µ→τhad fake rejection 

(best S/B)"
Enhanced gluon-fusion 
contribution 

2-jet 1-jet 

0-jet category:  allows to control systematics uncertainties (nuisances in fit) 
Fit for Higgs signal is performed in all categories 

Vector Boson Fusion (VBF) Background dominated 
Event categories: 

0-jet 

俗に Boosted と呼ぶ 
（割りと最近の進展） 

使わない 
l  BGが多い 
l  コリニア近似が悪い 

前方後方にハードなジェット 

H→ττ%Search:%Analysis%Categories%%%
•  Analysis&is&performed&in&two&simple&categories&

–  VBF:&2&jets&with&leading&(subcleading)&PT>40c50&(30c35)&GeV;&Δη(jj)&cut&&
•  targeYng&VBF&Higgs&producYon&(VBF&signal&fracYon:&54%c63%)&

–  Boosted:%PT(H)>100&GeV&
•  dominated&by&gluon&fusion&(ggF&signal&fracYon71%c74%)&

–  LepTlep%&%LepThad:%veto&events&with&bctags&to&suppress&top&background&
•  “Rest”%category%in%HadThad:%events&failing&Boosted&&&VBF&selecYon&used&to&

constrain&mulYjet&and&Z→ττ&backgrounds&
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New Results 
•  圧倒的にBG 
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H→ττ%Search:%Background%Es@ma@on%

•  All&major&backgrounds&are&either&directly&esYmated&from&data&or&
normalized&to&data&in&dedicated&control&regions&&&

11/26/13& CERN&seminar& 28&

Z→ττ:%major&
background;&
modeled&by&data&

“Fakes”:%mulYjet,&&
W+jets,&top&(with&fake&
tau);&modeled&by&data&

“Others”:%%
Dibosons%&&H→WW*&
modeled&by&MC;&&
Z→ee/μμ&&&top&
modeled&by&MC&and&&
normalized&to&data&
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New Results 
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H→ττ%Search:%Compa@bility%With%MH=125%GeV%

•  Each&event&is&weighted&
by&ln(1+S/B)&for&
corresponding&bin&in&
BDTcscore&

•  Excess%of%data%events%is%
consistent%with%
presence%of%Higgs%at%125%
GeV%

11/26/13& CERN&seminar& 40&

Signals&at&MH=110,&125&and&150&
GeV&are&shown&at&best&fit&μ;&postc
fit&background&normalizaYons&
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実験屋さんの数々の努力の結果、 
小さなピークを得る。 
（下図はBGを差っ引いたもの） 

H→ττ%Search:%Results%Per%Channel%

•  Measured&signal&strength&
μ=σmes/σSM=1.4+0.5c0.4&
–  Boosted&category:&μ=1.2+0.8c0.6&
–  VBF&category:&μ=1.6+0.6c0.5&&&

11/26/13& CERN&seminar& 41&

Uncertain@es%on%μ:%
StaYsYcal:&±0.3&
SystemaYc:&+0.3/c0.2&
Theory:&+0.3/c0.2&&
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Summary%%%

•  H→μμ:&no&excess&over&
background&observed&
–  Observed&limit:&9.8×SM&
–  Expected&limit:&8.2×SM&&&

•  H→bb:&no&excess&over&
background&observed&
–  Observed&limit:&1.4×SM&
–  Expected&limit:&1.3×SM&&&

•  ATLAS%observed%4.1σ%
evidence%for%H→ττ%decays%%%

•  ATLAS%results%show%that%the%
Higgs%boson%does%not%
universally%couple%to%fermions%
(leptons)%
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H→ττ: Combined Mass distribution 

Weighted by S/(S+B) using 68% region  
around the mττ peak 

HIG-13-004 
All di-τ final states: 
eµ, eτh, µτh, τhτh, ee, µµ  

eµ, eτh, µτh, τhτh only  (ee, µµ use BDT) 

Calculate S/(S+B) in every bin of the mass  
distributions of every event category and 
 channel 



拡張ヒッグス模型とタウ 
�
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•  SUSY ヒッグスセクター 
2HDM(two Higgs doublet model) w/ SUSY 関係式 

v スーパーポテンシャルの正則性 
v u と d の質量生成 
v アノーマリーキャンセレーション 
v (ゲージ結合の統一) 

もっともポピュラーな拡張ヒッグス 

A. Djouadi / Physics Reports 459 (2008) 1–241 21

these anomalies disappear because the sum of the hypercharges or charges of all the 15 chiral fermions of one
generation in the SM is zero, Tr(Y f ) = Tr(Q f ) = 0. In the SUSY case, if we use only one doublet of Higgs
fields as in the SM, we will have one additional charged spin- 1

2 particle, the higgsino corresponding to the SUSY
partner of the charged component of the scalar field, which will spoil this cancellation. With two doublets of Higgs
fields with opposite hypercharge, the cancellation of chiral anomalies still takes place [90].

In addition, in the SM, one generates the masses of the fermions of a given isospin by using the same scalar field
� that also generates the W and Z boson masses, the isodoublet �̃ = i⌧2�⇤ with opposite hypercharge generating
the masses of the opposite isospin-type fermions. However, in a SUSY theory and as discussed in Section 1.1.2,
the Superpotential should involve only the superfields and not their conjugate fields. Therefore, we must introduce
a second doublet with the same hypercharge as the conjugate �̃ field to generate the masses of both isospin-type
fermions [19,20,26].

In the MSSM, the terms contributing to the scalar Higgs potential VH come from three different sources [18,39]:
(i) The D terms containing the quartic Higgs interactions, Eq. (1.10). For the two Higgs fields H1 and H2 with

Y = �1 and +1, these terms are given by

U(1)Y : V 1
D = 1

2

hg1

2
(|H2|2 � |H1|2)

i2

SU(2)L : V 2
D = 1

2

hg2

2
(Hi⇤

1 ⌧ a
i j H j

1 + Hi⇤
2 ⌧ a

i j H j
2 )

i2
(1.56)

with ⌧ a = 2T a . Using the SU(2) identity ⌧ a
i j⌧

a
kl = 2�il� jk � �i j�kl , one obtains the potential

VD = g2
2

8
[4|HÑ

1 ·H2|2 � 2|H1|2|H2|2 + (|H1|2)2 + (|H2|2)2] + g2
1

8
(|H2|2 � |H1|2)2. (1.57)

(ii) The F term of the Superpotential equation (1.12) which, as discussed, can be written as VF =
P

i |@W (� j )/@�i |2. From the term W ⇠ µĤ1 · Ĥ2, one obtains the component

VF = µ2(|H1|2 + |H2|2). (1.58)

(iii) Finally, there is a piece originating from the soft-SUSY-breaking scalar Higgs mass terms and the bilinear term

Vsoft = m2
H1

HÑ
1 H1 + m2

H2
HÑ

2 H2 + Bµ(H2 ·H1 + h.c.). (1.59)

The full scalar potential involving the Higgs fields is then the sum of the three terms [39]

VH = (|µ|2 + m2
H1

)|H1|2 + (|µ|2 + m2
H2

)|H2|2 � µB✏i j (Hi
1 H j

2 + h.c.)

+ g2
2 + g2

1
8

(|H1|2 � |H2|2)2 + 1
2

g2
2 |HÑ

1 H2|2. (1.60)

Expanding the Higgs fields in terms of their charged and neutral components and defining the mass squared terms

m2
1 = |µ|2 + m2

H1
, m2

2 = |µ|2 + m2
H2

, m2
3 = Bµ (1.61)

one obtains, using the decomposition into neutral and charged components Eq. (1.55)

VH = m2
1(|H0

1 |2 + |H�
1 |2) + m2

2(|H0
2 |2 + |H+

2 |2) � m2
3(H�

1 H+
2 � H0

1 H0
2 + h.c.)

+ g2
2 + g2

1
8

(|H0
1 |2 + |H�

1 |2 � |H0
2 |2 � |H+

2 |2)2 + g2
2

2
|H�⇤

1 H0
1 + H0⇤

2 H+
2 |2. (1.62)

One can then require that the minimum of the potential VH breaks the SU(2)L ⇥ U(1)Y group while preserving
the electromagnetic symmetry U(1)Q. At the minimum of the potential V min

H one can always choose the vacuum
expectation value of the field H�

1 to be zero, hH�
1 i = 0, because of SU(2) symmetry. At @V/@ H�

1 = 0, one obtains
then automatically hH+

2 i = 0. There is therefore no breaking in the charged directions and the QED symmetry is
preserved. Some interesting and important remarks can be made at this stage [18,39]:

4点結合はゲージ結合 ! mh < mZ @ tree level 
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•  SUSY ヒッグスセクター 
H1, H2: 複素２重項 x 2 = 8 自由度 
      à 5個の物理的ヒッグス (h, H, A, H+, H-) 
            (3つはヒッグス機構で W+, W-, Z に吸われる) 

もっともポピュラーな拡張ヒッグス 

電荷を持ったスカラー(New) 
付加的な中性スカラー(New) 

A. Djouadi / Physics Reports 459 (2008) 1–241 21

these anomalies disappear because the sum of the hypercharges or charges of all the 15 chiral fermions of one
generation in the SM is zero, Tr(Y f ) = Tr(Q f ) = 0. In the SUSY case, if we use only one doublet of Higgs
fields as in the SM, we will have one additional charged spin- 1

2 particle, the higgsino corresponding to the SUSY
partner of the charged component of the scalar field, which will spoil this cancellation. With two doublets of Higgs
fields with opposite hypercharge, the cancellation of chiral anomalies still takes place [90].

In addition, in the SM, one generates the masses of the fermions of a given isospin by using the same scalar field
� that also generates the W and Z boson masses, the isodoublet �̃ = i⌧2�⇤ with opposite hypercharge generating
the masses of the opposite isospin-type fermions. However, in a SUSY theory and as discussed in Section 1.1.2,
the Superpotential should involve only the superfields and not their conjugate fields. Therefore, we must introduce
a second doublet with the same hypercharge as the conjugate �̃ field to generate the masses of both isospin-type
fermions [19,20,26].

In the MSSM, the terms contributing to the scalar Higgs potential VH come from three different sources [18,39]:
(i) The D terms containing the quartic Higgs interactions, Eq. (1.10). For the two Higgs fields H1 and H2 with

Y = �1 and +1, these terms are given by

U(1)Y : V 1
D = 1
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(1.56)

with ⌧ a = 2T a . Using the SU(2) identity ⌧ a
i j⌧

a
kl = 2�il� jk � �i j�kl , one obtains the potential

VD = g2
2

8
[4|HÑ

1 ·H2|2 � 2|H1|2|H2|2 + (|H1|2)2 + (|H2|2)2] + g2
1

8
(|H2|2 � |H1|2)2. (1.57)

(ii) The F term of the Superpotential equation (1.12) which, as discussed, can be written as VF =
P

i |@W (� j )/@�i |2. From the term W ⇠ µĤ1 · Ĥ2, one obtains the component

VF = µ2(|H1|2 + |H2|2). (1.58)

(iii) Finally, there is a piece originating from the soft-SUSY-breaking scalar Higgs mass terms and the bilinear term

Vsoft = m2
H1

HÑ
1 H1 + m2

H2
HÑ

2 H2 + Bµ(H2 ·H1 + h.c.). (1.59)

The full scalar potential involving the Higgs fields is then the sum of the three terms [39]

VH = (|µ|2 + m2
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2 + h.c.)
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1
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Expanding the Higgs fields in terms of their charged and neutral components and defining the mass squared terms

m2
1 = |µ|2 + m2

H1
, m2

2 = |µ|2 + m2
H2

, m2
3 = Bµ (1.61)

one obtains, using the decomposition into neutral and charged components Eq. (1.55)

VH = m2
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One can then require that the minimum of the potential VH breaks the SU(2)L ⇥ U(1)Y group while preserving
the electromagnetic symmetry U(1)Q. At the minimum of the potential V min

H one can always choose the vacuum
expectation value of the field H�

1 to be zero, hH�
1 i = 0, because of SU(2) symmetry. At @V/@ H�

1 = 0, one obtains
then automatically hH+

2 i = 0. There is therefore no breaking in the charged directions and the QED symmetry is
preserved. Some interesting and important remarks can be made at this stage [18,39]:
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•  H+ あるところには W+ あり 
(W+の縦波モードはヒッグス２重項の成分) 
 

– 例えば、e+e- à W+W-, H+H- @ LEP 
– 例えば、pp à tt à bbW+W-, bbW+H-, … @ LHC 

 Wが常に背景事象となるため解析が難しい 
 
 
 

   タウのカイラリティで区別できる 
B.K. Bullock, K. Hagiwara, A.D. Martin, PRL(1991) 
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タウのパートナー（スタウの場合） 
•  スタウ混合(＠JLC)をタウで測る 
(リニアコライダーで対生成し、その角分布を見る) 
 →さらにニュートラリーノ混合の情報に関係 

3) τ polarization in τ̃1 decay

a) Pτ (τ̃1 → τχ0
i )

The τ lepton arising from the decay τ̃1 → τχ0
i further decays into Aντ where A = eν, π, ρ, a1....

The decay distributions of the τ decay products depend on the polarization of the parent[9]. In
particular, for each decay channel the momentum distribution of the decay products (π−, ρ →
π−π0,...) differs significantly according to whether the parent is τ−

R (h = 1/2) or τ−
L (h = −1/2).

If the τ lepton is relativistic, Pτ can then be determined from the energy distribution of the
decay products [10]. Compared to the case of ẽ and µ̃ decays, where the polarization of the
final state lepton is not measurable, we therefore have one more piece of information available
for the study of the nature of τ̃1 and χ0

i . In this section, we discuss the decay width of τ̃ into
χ0

i τ and χ−
i ντ , while keeping our eyes on the polarization of the τ lepton.

The stau-ino-fermion interaction relevant for τ̃1 decay is expressed by the following Lagrangian[8]:

L =
∑

i=1,2

j=1,..,4

τ̃i τ̄(PLaR
ij + PRaL

ij)χ
0
j +

∑

i=1,2

j=1,2

τ̃i ν̄τPRbijχ
+
j , (9)

where
(

aR(L)
1j

aR(L)
2j

)

=

(

cos θτ sin θτ

− sin θτ cos θτ

)(

aR(L)
Lj

aR(L)
Rj

)

,

(

b1j

b2j

)

=

(

cos θτ sin θτ

− sin θτ cos θτ

)(

bLj

bRj

)

, (10a)

aR
Lj = −

gmτ√
2mW cos β

Nj3, aL
Lj =

g√
2

[Nj2 + Nj1 tan θW ] ,

aR
Rj = −

2g√
2
Nj1 tan θW , aL

Rj = −
gmτ√

2mW cos β
Nj3,

bLj = −gUj1, bRj =
gmτ√

2mW cos β
Uj2. (10b)

The coefficients of the terms which flip chirality of the (s)fermion (aL
Ri, a

R
Li) are proportional

to the τ Yukawa coupling gmτ/(mW cos β
√

2). Notice that this coupling is proportional to
cos−1 β, which is close to tanβ when tanβ ≫ 1.
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6

Nojiri (1994) 
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タウのパートナー（スタウの場合） 
•  スタウ＠LHC 

Choi et.al. (2008) 

1.) A rich source of information on supersymmetric particles and the structure of the underlying theory

can eventually be provided at LHC [1, 2] by cascade decays. After squarks and gluinos are copiously

produced in high energy proton-proton collisions [3], they cascade down, generally in several steps,

to the lightest supersymmetric particle, thereby generating intermediate non-colored supersymmetric

states like charginos/neutralinos and sleptons [4] which are difficult to produce otherwise at a hadron

collider.

Much attention has been paid in the recent past to the SPS1a cascade [5]

q̃ → qχ̃0
2 → qℓℓ̃ → qℓℓχ̃0

1 (1)

which gives rise to a well-populated ensemble of neutralinos and R-type sleptons with ratios of 30%, 10%

and 100% in the first, second and third branching, respectively. Analyzing the visible qℓℓ final state in

various combinations of leptons and quark jet, the cascade has served to study the precision with which

the masses of supersymmetric particles can be measured at LHC, for a summary see Ref. [6]. In addition,

invariant mass distributions have been shown sensitive to the spin of the particles involved [7–10],

shedding light on the very nature of the new particles observed in the cascade and on the underlying

physics scenario.

So far, cascades have primarily been studied involving first and second generation leptons/sleptons.

In this brief note we will explore how the polarization of τ leptons can be exploited to study R/L

chirality and mixing effects in both the τ̃ and the neutralino sectors.∗ As expected, it turns out that

measuring the correlation of the τ polarizations provides an excellent instrument to analyze these effects.

As polarization analyzer we will use single pion decays of the τ ’s. At high energies the mass of the

τ leptons can be neglected and the fragmentation functions are linear in the fraction z of the energy

transferred from the polarized τ ’s to the π’s [12]:

(τR)± →
(−)
ντ π± : FR = 2z (2)

(τL)± →
(−)
ντ π± : FL = 2(1 − z) (3)

In the relativistic limit, helicity and chirality are of equal and opposite sign for τ− leptons and τ+

anti-leptons, respectively. For notational convenience we characterize the τ states by chirality.

This note should serve only as an exploratory theoretical study. Experimental simulations will

include other τ decay final states in addition to pions, e.g. ρ’s and a1’s. The ρ-meson mode is expected

to contribute to the τ -spin correlation measurement even if the π± and π0 energies are not measured

separately. In this case the τ polarization analysis power of the ρ channel is κρ = (m2
τ − 2m2

ρ)/(m
2
τ +

∗For a discussion of polarization effects in single τ decays see Ref. [11].

1

2m2
ρ) ∼ 1/2 in contrast to κπ = 1, but its larger branching fraction of Bρ ≈ 0.25, versus Bπ ≈ 0.11,

more than compensates for the reduced analysis power. Moreover, in actual experiments it should

be possible to measure the π± energy and the γ energies of the π0’s, all emitted along the parent

τ -momentum direction at high energies. Significant improvement of the τ analysis power is therefore

expected from the ρ and a1 modes by determining the momentum fraction of π± in the collinear limit

of their decays [12]. For each mode, cuts and efficiencies for τ identification must be included to arrive

finally at realistic error estimates. The large size of the polarization effects predicted on the theoretical

basis, and exemplified quantitatively by the pion channel, should guarantee their survival in realistic

experimental environments, and we expect that they can be exploited experimentally in practice.
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Figure 1: (a) The general structure of the quantum numbers of the particles involved in the cascade

(1); (b) the angular configuration of the particles in the squark/χ̃0
2/τ̃1 rest frames; and (c) the spectrum

of the double τβτγ → ππ fragmentation functions Fβγ (β, γ = R,L) with z = m2
ππ/m2
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2

0 0.2 0.4 0.6 0.8 1

 m
ττ

0

1

2

3

4
 (a)  [ττ] distributionn

0 0.2 0.4 0.6 0.8 1

 m
ππ

0

1

2

3

4
 (b)  [ππ] distribution

RR

RL=LR

LL

RR
=R
L=
LR=

LL

Figure 2: The “normalized” invariant mass distributions of (a) ττ and (b) ππ pairings in the χ̃0
2 decays

of the cascade (1). The indices denote the chiralities of the near and far tau leptons.

which are distinctly different for the pion final states. Due to the scalar stau intermediate state, the ττ

and ππ distributions do not depend on the polarization state of the parent χ̃0
2 state [contrary to the qτ

and qπ distributions in the chain].

Cutting out small transverse pion momenta in actual experiments will modify the distributions of

the ππ invariant mass, and the distributions are shifted to larger mππ values. For R chiralities of the

τ ’s, with hard τ → π fragmentation, the shift is smaller than for L chiralities with soft fragmentation.

[This will be analyzed quantitatively in the next section for the specific reference point SPS1a.]

3.) The sensitivity of various distributions [ττ ], [qτ+], [qτ−] and [ππ], [qπ+], [qπ−] in the cascade (1)

starting with a left-handed squark q̃L is studied in the tableau of Fig. 3. The distributions are compared

for the SUSY chain in SPS1a, in which the probability for τ̃R in τ̃1 is close to 90%, with a spin chain

(UED′) characteristic for universal extra-dimension models [15,16]:

q1 → qZ1 → qℓℓ1 → qℓℓγ1 (21)

To focus on the spin aspects,† the same mass spectrum is chosen in the UED′ as in the SUSY chain:

mq̃L
= mq1

= 570.6 GeV, mχ̃0
2

= mZ1
= 176.4 GeV, mτ̃1 = mτ1 = 134.1 GeV and mχ̃0

1
= mγ1

= 98.6

†For this purpose we deliberately ignore the naturally expected mass pattern in models of universal extra dimensions.

5
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タウのパートナー（KKタウ[UED]の場合） 
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Figure 2: The “normalized” invariant mass distributions of (a) ττ and (b) ππ pairings in the χ̃0
2 decays

of the cascade (1). The indices denote the chiralities of the near and far tau leptons.

which are distinctly different for the pion final states. Due to the scalar stau intermediate state, the ττ

and ππ distributions do not depend on the polarization state of the parent χ̃0
2 state [contrary to the qτ

and qπ distributions in the chain].

Cutting out small transverse pion momenta in actual experiments will modify the distributions of

the ππ invariant mass, and the distributions are shifted to larger mππ values. For R chiralities of the

τ ’s, with hard τ → π fragmentation, the shift is smaller than for L chiralities with soft fragmentation.

[This will be analyzed quantitatively in the next section for the specific reference point SPS1a.]

3.) The sensitivity of various distributions [ττ ], [qτ+], [qτ−] and [ππ], [qπ+], [qπ−] in the cascade (1)

starting with a left-handed squark q̃L is studied in the tableau of Fig. 3. The distributions are compared

for the SUSY chain in SPS1a, in which the probability for τ̃R in τ̃1 is close to 90%, with a spin chain

(UED′) characteristic for universal extra-dimension models [15,16]:

q1 → qZ1 → qℓℓ1 → qℓℓγ1 (21)

To focus on the spin aspects,† the same mass spectrum is chosen in the UED′ as in the SUSY chain:

mq̃L
= mq1

= 570.6 GeV, mχ̃0
2

= mZ1
= 176.4 GeV, mτ̃1 = mτ1 = 134.1 GeV and mχ̃0

1
= mγ1

= 98.6

†For this purpose we deliberately ignore the naturally expected mass pattern in models of universal extra dimensions.

5

distributions. Optimization procedures in this context are far beyond the scope of this theoretical note.

Experimental details may be studied in the recent reports [2,17] in which the analysis of di-τ final states

is presented for supersymmetry cascades of type (1) at LHC.

In Fig. 4(a) it is shown how a cut of 15 GeV on the pion transverse momenta modifies the SUSY

and UED′ distributions of the ππ invariant mass. Given the specific SPS1a mass differences, the SUSY

LR-dominated distribution is mildly affected while the UED′ LL-dominated distribution is shifted more

strongly. [The different size of the shifts can be traced back to the different shapes of the R and L

fragmentation functions. Since L fragmentation is soft, more events with low transverse momentum are

removed by the cut and the shift is correspondingly larger than for hard R fragmentation.] Apparently,

the transverse momentum cut does not erase the distinctive difference between the LR and LL distri-

butions.
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Figure 4: (a) The SUSY and UED′ distributions of the ππ invariant mass with a cut of 15 GeV on

the pion transverse momenta; and (b) the dependence of the expectation value ⟨mππ⟩ on the stau mixing

angle θτ̃ [in units of π] for the SPS1a values of tan β,M1,2, µ and the lighter stau mass mτ̃1 [without

(red) and with (blue) π transverse momentum cut]. The (red) dot on the solid line denotes the value

of ⟨mππ⟩ at the SPS1a point. The (red) dotted line represents the average values of ⟨mππ⟩ if χ̃0
1,2 are

unmixed pure bino-like and wino-like states, respectively.

7
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Choi et.al. (2008) 
•  アナロジー 

1.) A rich source of information on supersymmetric particles and the structure of the underlying theory

can eventually be provided at LHC [1, 2] by cascade decays. After squarks and gluinos are copiously

produced in high energy proton-proton collisions [3], they cascade down, generally in several steps,

to the lightest supersymmetric particle, thereby generating intermediate non-colored supersymmetric

states like charginos/neutralinos and sleptons [4] which are difficult to produce otherwise at a hadron

collider.

Much attention has been paid in the recent past to the SPS1a cascade [5]

q̃ → qχ̃0
2 → qℓℓ̃ → qℓℓχ̃0

1 (1)

which gives rise to a well-populated ensemble of neutralinos and R-type sleptons with ratios of 30%, 10%

and 100% in the first, second and third branching, respectively. Analyzing the visible qℓℓ final state in

various combinations of leptons and quark jet, the cascade has served to study the precision with which

the masses of supersymmetric particles can be measured at LHC, for a summary see Ref. [6]. In addition,

invariant mass distributions have been shown sensitive to the spin of the particles involved [7–10],

shedding light on the very nature of the new particles observed in the cascade and on the underlying

physics scenario.

So far, cascades have primarily been studied involving first and second generation leptons/sleptons.

In this brief note we will explore how the polarization of τ leptons can be exploited to study R/L

chirality and mixing effects in both the τ̃ and the neutralino sectors.∗ As expected, it turns out that

measuring the correlation of the τ polarizations provides an excellent instrument to analyze these effects.

As polarization analyzer we will use single pion decays of the τ ’s. At high energies the mass of the

τ leptons can be neglected and the fragmentation functions are linear in the fraction z of the energy

transferred from the polarized τ ’s to the π’s [12]:

(τR)± →
(−)
ντ π± : FR = 2z (2)

(τL)± →
(−)
ντ π± : FL = 2(1 − z) (3)

In the relativistic limit, helicity and chirality are of equal and opposite sign for τ− leptons and τ+

anti-leptons, respectively. For notational convenience we characterize the τ states by chirality.

This note should serve only as an exploratory theoretical study. Experimental simulations will

include other τ decay final states in addition to pions, e.g. ρ’s and a1’s. The ρ-meson mode is expected

to contribute to the τ -spin correlation measurement even if the π± and π0 energies are not measured

separately. In this case the τ polarization analysis power of the ρ channel is κρ = (m2
τ − 2m2

ρ)/(m
2
τ +

∗For a discussion of polarization effects in single τ decays see Ref. [11].

1

2m2
ρ) ∼ 1/2 in contrast to κπ = 1, but its larger branching fraction of Bρ ≈ 0.25, versus Bπ ≈ 0.11,

more than compensates for the reduced analysis power. Moreover, in actual experiments it should

be possible to measure the π± energy and the γ energies of the π0’s, all emitted along the parent

τ -momentum direction at high energies. Significant improvement of the τ analysis power is therefore

expected from the ρ and a1 modes by determining the momentum fraction of π± in the collinear limit

of their decays [12]. For each mode, cuts and efficiencies for τ identification must be included to arrive

finally at realistic error estimates. The large size of the polarization effects predicted on the theoretical

basis, and exemplified quantitatively by the pion channel, should guarantee their survival in realistic

experimental environments, and we expect that they can be exploited experimentally in practice.
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Figure 1: (a) The general structure of the quantum numbers of the particles involved in the cascade

(1); (b) the angular configuration of the particles in the squark/χ̃0
2/τ̃1 rest frames; and (c) the spectrum

of the double τβτγ → ππ fragmentation functions Fβγ (β, γ = R,L) with z = m2
ππ/m2

ττ .
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他に例はないか？�
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レプトンと結合するスカラー 
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標準模型的２重項ヒッグス： 

３重項ヒッグス： 

(一重荷電)１重項ヒッグス： 

(二重荷電)１重項ヒッグス： 



ニュートリノ質量模型 
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標準模型的２重項ヒッグス： 
３重項ヒッグス： 
(一重荷電)１重項ヒッグス： 
(二重荷電)１重項ヒッグス： April 3, 2011, ”thdmx.tex”, Koji TSUMURA 16

Figure 11: Feynman diagrams for the two-loop mass generation of light neutrinos in the ZBM.

1.8 Zee-Babu model (2-loop radiative seesaw)

In the Zee-Babu model (ZBM) [7], two pairs of extra scalar singlets k± and k±± are introduced to

the SM in order to generate tiny neutrino masses at two-loop level. The new interaction terms, which

relevant to the radiative neutrino mass, are given by

LZBM = −LcY1 iσ2Lk
+ − ℓcRY2ℓRk

++ − µk−k−k++ +H.c.

= −2ℓLY
†
1 ν

c
Lk

− − ℓRY
†
2 ℓ

c
Rk

−− − µk−k−k++ +H.c. (66)

where Y1 = −Y T
1 and Y2 = Y T

2 . If we asigned the lepton number two to k− and k−−, µ is a lepton

number breaking parameter.

The neutrino mass is generated from the two-loop diagrams in FIG. 11.

The loop-induced mass is calculated in zero momentum limit as

+iM = +

∫

q1

∫

q2

i

q21 −m2
ℓ

i

q22 −m2
ℓ′

i

q21 −m2
k±

i

q22 −m2
k±

i

(q1 + q2)2 −m2
k±±

(
−i (2!)µ

)

× νL(−2 i Y ∗
1 PR)iℓ(!!k1 +mℓ)(+2 i Y2PR)ℓℓ′(!!k2 +mℓ′)(−2 i Y †

1 PR)ℓ′jν
c
L

= νL
[
−i 16µ(Y ∗

1 )iℓmℓ(Y2)ℓℓ′Iℓℓ′mℓ′(Y
†
1 )ℓ′j

]
νcL = νL

(
−i 1

2 Mν

)
νcL, (67)

where

Iℓℓ′ = +

∫

q1

∫

q2

1

q21 −m2
ℓ

1

q22 −m2
ℓ′

1

q21 −m2
k±

1

q22 −m2
k±

1

(q1 + q2)2 −m2
k±±

. (68)

The singlet Yukawa interactions in the physics basis are given by

Lyukawa
ZBM → = −2ℓLY

†
1 U

∗
Lν

c
Lk

− − ℓRY
†
2 ℓ

c
Rk

−− +H.c. (69)

The lepton flavor violating decay of charged lepton is induced also at one-loop level due to singlet

interactions as in FIG. 12.

Calculation of Feynman diagrams are very similar to those of the HTM. Coefficients of the effective

dipole operator can be read out as

AZBM
L =

√
2GF emµ

(4π)2
2v2

m2
k±

(Y †
1 UL∗)ei(UT

L Y1)iµF2

( m2
i

m2
k±

)
(70)

AZBM
R =

√
2GF emµ

(4π)2
v2

m2
k±±

(Y †
2 )eℓ(Y2)ℓµ

[
4F2

( m2
ℓ

m2
k±±

)
+ 2F1

( m2
ℓ

m2
k±±

)]
, (71)

April 3, 2011, ”thdmx.tex”, Koji TSUMURA 12

Figure 7: Feynman diagrams for the one-loop mass generation of light neutrinos in the Zee model.

Figure 8: The Feynman diagram for µ → eγ from singlet scalars in the Zee model.

The neutrino mass is generated from the one-loop diagrams in FIG. 7. The loop-induced mass is

calculated in zero momentum limit as

+iM = +

∫

k
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) i
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(51)

where
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The lepton flavor violating decay of charged lepton is induced also at one-loop level as in FIG. 8.
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with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 

= m  2 

Fv(m ) H a (  , m 2) d m  2, , f ( t~  ~v i ;  z) = 2 v, z 

( ...... )~ (6) 

where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 

a 2 Fs in2o)  
H)~(z,m=)= ( l _ a 2 ) ( l + 2 a 2 ) [  a2 + l + c o s 2 e )  

+p~  cos 0 (sin2e) sin 2e) tan 0 - 1 -  cos2e))] 
a 

a-" [cos2co 
H'-L(z, m2) = ( l _ a Z ) ( l + 2 a 2 ) L  a 2 +sin=co 

+ P ,  cos 0 (cos2o) + s i n  2~Ota n 0_sin2~o)]  
- a 

(7) 

(8) 

where a =  m/m~ and 

l - a 2 +  (1 + a 2 ) c o s 0  
coso~= l +a2+ ( l_a2)cos O, 

2 z -  1 - a  2 
C O S 0 =  l _ a 2  (9) 

The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 
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Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - .A  + + missing energy where z =  EA/E,, and where it is 
assumed that E~>> m, (the collinear limit).  The mass, width of 
the p and a, mesons are taken to be ( rap, Fp) = (0.77, 0.15 ) GeV 
and (m, , ,  Fa,) = ( 1.22, 0.42) GeV [2]. The T, L subscripts on p 
and a, refer to transversely, longitudinally polarised vector me- 
sons respectively. 

In passing we note that there is a possible small ad- 
ditional contribution arising from spin-zero 3n states, 
such as n' [ 1 ], which can be parametrised as in (6),  
with v replaced by n', and with 

[ 
to '  = - - k l +  ~ ]--__~" - ) ,  H a  (; ,  m 2) 1 p 2 z -  1 --a2"~ 

1 --a  2 (10) 

which, in the small mass limit ( a ~ 0 )  reduces to 
f ( t g  ~n; z) as expected. Such a n' state could appear 
as a leading particle in ty  or t~- decays. 

The p and aL polarisations are measured by observ- 
ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 
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τ を通じた崩壊で判定する	




興味が有るのは分布 
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同符号レプトンを要求することでBGフリー 

 

多少細かいことを言うとレプトンのエネルギーが　　　　　　　　　　　　　　　　　　
高過ぎると曲がらないので電荷の測定に失敗する 

 

à イベントが少なくても分布が綺麗に見える 
 

電弱相互作用でしか作れないので数が少ない 

48 2013/12/11　京大素粒子セミナー 津村浩二 



•  H++  崩壊からのタウ 
LFV崩壊モード (H++  ! eτ, µτ) 

   見える不変質量 = 

コリニア近似:	
  mτ	
  <<	
  mH++	


H++
τ+

π+

ν̄

ℓ+

49 2013/12/11　京大素粒子セミナー 津村浩二 

タウ崩壊の生成物 
のエネルギー割合 z 



•  H++  崩壊からのタウ 
LFV崩壊モード (H++  ! eτ, µτ) 

50 2013/12/11　京大素粒子セミナー 津村浩二 

Volume 273, number  4 PHYSICS LETTERS B 26 December 1991 

f ( t d  - e - ;  z) - ; ( 1 --z) - - 3  

X [ ( 5 + 5 2 - - 4 2 2  ) +P,~( 1 + z - 8 z  2) ] , (4) 

. f ( td  - ~ n - ;  z) = 1 + P , ( 2 z -  1 ) ,  (5) 

with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 

= m  2 

Fv(m ) H a (  , m 2) d m  2, , f ( t~  ~v i ;  z) = 2 v, z 

( ...... )~ (6) 

where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 

a 2 Fs in2o)  
H)~(z,m=)= ( l _ a 2 ) ( l + 2 a 2 ) [  a2 + l + c o s 2 e )  

+p~  cos 0 (sin2e) sin 2e) tan 0 - 1 -  cos2e))] 
a 

a-" [cos2co 
H'-L(z, m2) = ( l _ a Z ) ( l + 2 a 2 ) L  a 2 +sin=co 

+ P ,  cos 0 (cos2o) + s i n  2~Ota n 0_sin2~o)]  
- a 

(7) 

(8) 

where a =  m/m~ and 

l - a 2 +  (1 + a 2 ) c o s 0  
coso~= l +a2+ ( l_a2)cos O, 

2 z -  1 - a  2 
C O S 0 =  l _ a 2  (9) 

The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 

i d F  
V~ dz 

1 dV 
F~dz 

0. z , ~  (o) x L (or x r 

O. 3 / -  ~ .  \ .p~ alt 

0.2 ~ 7' - - 

0,4~ (b)~ R (or l;~ ) ,> 
/ 

! F)L. /"  0.3 P g , e  

0 2  ~ / 

01 

0 0.2 0./., 0.6 0.8 

Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - . A  + + missing energy where z =  EA/E,, and where it is 
assumed that E~>> m, (the collinear limit).  The mass, width of 
the p and a, mesons are taken to be ( rap, Fp) = (0.77, 0.15 ) GeV 
and (m, , ,  Fa,) = ( 1.22, 0.42) GeV [2]. The T, L subscripts on p 
and a, refer to transversely, longitudinally polarised vector me- 
sons respectively. 

In passing we note that there is a possible small ad- 
ditional contribution arising from spin-zero 3n states, 
such as n' [ 1 ], which can be parametrised as in (6),  
with v replaced by n', and with 

[ 
to '  = - - k l +  ~ ]--__~" - ) ,  H a  (; ,  m 2) 1 p 2 z -  1 --a2"~ 

1 --a  2 (10) 

which, in the small mass limit ( a ~ 0 )  reduces to 
f ( t g  ~n; z) as expected. Such a n' state could appear 
as a leading particle in ty  or t~- decays. 

The p and aL polarisations are measured by observ- 
ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 

502 

Volume 273, number  4 PHYSICS LETTERS B 26 December 1991 

f ( t d  - e - ;  z) - ; ( 1 --z) - - 3  

X [ ( 5 + 5 2 - - 4 2 2  ) +P,~( 1 + z - 8 z  2) ] , (4) 

. f ( td  - ~ n - ;  z) = 1 + P , ( 2 z -  1 ) ,  (5) 

with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 

= m  2 

Fv(m ) H a (  , m 2) d m  2, , f ( t~  ~v i ;  z) = 2 v, z 

( ...... )~ (6) 

where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 

a 2 Fs in2o)  
H)~(z,m=)= ( l _ a 2 ) ( l + 2 a 2 ) [  a2 + l + c o s 2 e )  

+p~  cos 0 (sin2e) sin 2e) tan 0 - 1 -  cos2e))] 
a 

a-" [cos2co 
H'-L(z, m2) = ( l _ a Z ) ( l + 2 a 2 ) L  a 2 +sin=co 

+ P ,  cos 0 (cos2o) + s i n  2~Ota n 0_sin2~o)]  
- a 

(7) 

(8) 

where a =  m/m~ and 

l - a 2 +  (1 + a 2 ) c o s 0  
coso~= l +a2+ ( l_a2)cos O, 
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The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 
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Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - . A  + + missing energy where z =  EA/E,, and where it is 
assumed that E~>> m, (the collinear limit).  The mass, width of 
the p and a, mesons are taken to be ( rap, Fp) = (0.77, 0.15 ) GeV 
and (m, , ,  Fa,) = ( 1.22, 0.42) GeV [2]. The T, L subscripts on p 
and a, refer to transversely, longitudinally polarised vector me- 
sons respectively. 

In passing we note that there is a possible small ad- 
ditional contribution arising from spin-zero 3n states, 
such as n' [ 1 ], which can be parametrised as in (6),  
with v replaced by n', and with 

[ 
to '  = - - k l +  ~ ]--__~" - ) ,  H a  (; ,  m 2) 1 p 2 z -  1 --a2"~ 

1 --a  2 (10) 

which, in the small mass limit ( a ~ 0 )  reduces to 
f ( t g  ~n; z) as expected. Such a n' state could appear 
as a leading particle in ty  or t~- decays. 

The p and aL polarisations are measured by observ- 
ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 
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FIG. 3: Invariant-mass distributions of `⇡⌧ (left) and `j⌧ (right) in the pp ! H++H�� ! `+`+`�⌧� process

followed by hadronic decays of ⌧�, after the requirement of the same-signed dilepton with M`` ' mH±± .

Dashed (Solid) histograms are for H±±
L (H±±

R ). Smooth lines in the left panel are theoretical expectations

by using Eqs. (4).

to this small cone more than 0.95 of the jet. The second method could tag the ⌧ decay into 2⇡ and

3⇡ originated from ⌧ ! ⇢⌫ and a1⌫ decays, in addition to the single ⇡. Thus the tagging e�ciency

is better than the first method, but the spin analysis power is weakened.

The extensive signal-to-background studies including ⌧ ’s can be found, for example, in Ref. [13,

14]. Following their results, a clear signal extraction is expected by the requirement of the same-

signed dilepton and possibly a peak in their invariant-mass. Thus, we present the simulation results

only for the signal events, but not for the background events. Expected background processes are

diboson production, tt̄ plus one boson production, etc.

As the first case, we deal with pp ! H++H�� ! `+`+`�⌧�. This decay pattern can be

easily identified by requiring the same-signed dilepton with a sharp peak in their invariant-mass

distribution. The mass of H±± can be clearly obtained from the peak. Then, the invariant-

mass distribution of the remaining `� and decay products of ⌧� can be used for the polarization

discriminant. We take the hadronic decays of ⌧ , because of the better spin analysis power than

the leptonic ones as shown in Fig. 1.

In Fig. 3, the invariant-mass distributions of `⇡⌧ (left panel) and those of `j⌧ (right panel) from

H�� ! `�⌧� are shown for the events with 3` and one ⌧ -tagged jet. Results for the decay of H±±
L

(H±±
R ) are plotted in the dotted (dashed) curves. The y-axis of the plots hereafter stands for the

number of events in our simulation. We generate the same number of events for H±±
L and H±±

R

for each decay pattern, and perform the ⌧ -tagging methods for the same event sets. Therefore,

the di↵erence of the total number of events between H±±
L and H±±

R indicates the di↵erence of

8
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1

1 Introduction

The existence of non-zero neutrino masses is a firmly established signal of physics beyond the
standard model. The minimal seesaw model of type II [1–4] is realized with one triplet scalar
field with the SU(2)L ⇥ U(1)Y quantum numbers F ⇠ (3, 2) that contains a doubly charged
component F++ (here and below charge conjugate modes are implicitly included). This par-
ticle carries double electric charge and decays to same-charge lepton pairs `+

i `
+
j allowing also

lepton flavor violating decays. The observation of this particle in the LHC experiments would
establish the see-saw mechanism of type-II as the most promising framework giving mass to
neutrinos [5]. The F++ Yukawa coupling matrix Yij

F is proportional to the light neutrino mass
matrix. Therefore the measurement of the F++ ! `+

i `
+
j branching fractions at the LHC would

allow testing the neutrino mass mechanism [6]. In this scenario, the LHC experiments could re-
construct unknown neutrino parameters such as the absolute neutrino mass scale, the mass hi-
erarchy and Majorana CP-violating phases [7, 8] of which the Majorana phases are not testable
in neutrino oscillation experiments.

In this article the results of an inclusive search for the doubly charged Higgs boson in the
CMS experiment are presented based on data corresponding to an integrated luminosity of 4.63
fb�1. Both the pair production process pp ! F++F�� ! `+

i `
+
j `

�
k `

�
l [9, 10] and the associated

production process pp ! F++F� ! `+
i `

+
j `

�
k nl [11] are studied, assuming that the F++ and

F+ are degenerate in mass. The respective Feynman diagrams and cross sections are shown in
Figs. 1 and 2. We search for an excess of events in all possible flavor combinations of the same-
charge lepton pairs coming from the decays F++ ! `+

i `
+
j without making assumptions on the

F++ branching fractions. Both the three and four charged lepton final states are considered
including at most one and two hadronically-decaying t leptons, respectively. In our search the
F++ ! W+W+ decays are assumed to be suppressed.
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Figure 1: Feynman diagrams of both pair and associated production.
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Figure 2: Cross sections of both pair and associated production processes [10].
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•  背景事象は電荷が同符号のレプトン 
またはタウジェットを要求して落とせる。 
 

•  背景事象は不変質量が mH++ 程度である 
ことを反対側のレプトンペアに要求しても 
落とせる。 
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FIG. 3: Invariant-mass distributions of `⇡⌧ (left) and `j⌧ (right) in the pp ! H++H�� ! `+`+`�⌧� process

followed by hadronic decays of ⌧�, after the requirement of the same-signed dilepton with M`` ' mH±± .

Dashed (Solid) histograms are for H±±
L (H±±

R ). Smooth lines in the left panel are theoretical expectations

by using Eqs. (4).

to this small cone more than 0.95 of the jet. The second method could tag the ⌧ decay into 2⇡ and

3⇡ originated from ⌧ ! ⇢⌫ and a1⌫ decays, in addition to the single ⇡. Thus the tagging e�ciency

is better than the first method, but the spin analysis power is weakened.

The extensive signal-to-background studies including ⌧ ’s can be found, for example, in Ref. [13,

14]. Following their results, a clear signal extraction is expected by the requirement of the same-

signed dilepton and possibly a peak in their invariant-mass. Thus, we present the simulation results

only for the signal events, but not for the background events. Expected background processes are

diboson production, tt̄ plus one boson production, etc.

As the first case, we deal with pp ! H++H�� ! `+`+`�⌧�. This decay pattern can be

easily identified by requiring the same-signed dilepton with a sharp peak in their invariant-mass

distribution. The mass of H±± can be clearly obtained from the peak. Then, the invariant-

mass distribution of the remaining `� and decay products of ⌧� can be used for the polarization

discriminant. We take the hadronic decays of ⌧ , because of the better spin analysis power than

the leptonic ones as shown in Fig. 1.

In Fig. 3, the invariant-mass distributions of `⇡⌧ (left panel) and those of `j⌧ (right panel) from

H�� ! `�⌧� are shown for the events with 3` and one ⌧ -tagged jet. Results for the decay of H±±
L

(H±±
R ) are plotted in the dotted (dashed) curves. The y-axis of the plots hereafter stands for the

number of events in our simulation. We generate the same number of events for H±±
L and H±±

R

for each decay pattern, and perform the ⌧ -tagging methods for the same event sets. Therefore,

the di↵erence of the total number of events between H±±
L and H±±

R indicates the di↵erence of

8
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R ). Smooth lines in the left panel are theoretical expectations

by using Eqs. (4).

to this small cone more than 0.95 of the jet. The second method could tag the ⌧ decay into 2⇡ and

3⇡ originated from ⌧ ! ⇢⌫ and a1⌫ decays, in addition to the single ⇡. Thus the tagging e�ciency

is better than the first method, but the spin analysis power is weakened.

The extensive signal-to-background studies including ⌧ ’s can be found, for example, in Ref. [13,

14]. Following their results, a clear signal extraction is expected by the requirement of the same-

signed dilepton and possibly a peak in their invariant-mass. Thus, we present the simulation results

only for the signal events, but not for the background events. Expected background processes are

diboson production, tt̄ plus one boson production, etc.

As the first case, we deal with pp ! H++H�� ! `+`+`�⌧�. This decay pattern can be

easily identified by requiring the same-signed dilepton with a sharp peak in their invariant-mass

distribution. The mass of H±± can be clearly obtained from the peak. Then, the invariant-

mass distribution of the remaining `� and decay products of ⌧� can be used for the polarization

discriminant. We take the hadronic decays of ⌧ , because of the better spin analysis power than

the leptonic ones as shown in Fig. 1.

In Fig. 3, the invariant-mass distributions of `⇡⌧ (left panel) and those of `j⌧ (right panel) from

H�� ! `�⌧� are shown for the events with 3` and one ⌧ -tagged jet. Results for the decay of H±±
L

(H±±
R ) are plotted in the dotted (dashed) curves. The y-axis of the plots hereafter stands for the

number of events in our simulation. We generate the same number of events for H±±
L and H±±

R

for each decay pattern, and perform the ⌧ -tagging methods for the same event sets. Therefore,

the di↵erence of the total number of events between H±±
L and H±±

R indicates the di↵erence of
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f ( t d  - e - ;  z) - ; ( 1 --z) - - 3  

X [ ( 5 + 5 2 - - 4 2 2  ) +P,~( 1 + z - 8 z  2) ] , (4) 

. f ( td  - ~ n - ;  z) = 1 + P , ( 2 z -  1 ) ,  (5) 

with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 

= m  2 

Fv(m ) H a (  , m 2) d m  2, , f ( t~  ~v i ;  z) = 2 v, z 

( ...... )~ (6) 

where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 

a 2 Fs in2o)  
H)~(z,m=)= ( l _ a 2 ) ( l + 2 a 2 ) [  a2 + l + c o s 2 e )  

+p~  cos 0 (sin2e) sin 2e) tan 0 - 1 -  cos2e))] 
a 

a-" [cos2co 
H'-L(z, m2) = ( l _ a Z ) ( l + 2 a 2 ) L  a 2 +sin=co 

+ P ,  cos 0 (cos2o) + s i n  2~Ota n 0_sin2~o)]  
- a 

(7) 

(8) 

where a =  m/m~ and 

l - a 2 +  (1 + a 2 ) c o s 0  
coso~= l +a2+ ( l_a2)cos O, 

2 z -  1 - a  2 
C O S 0 =  l _ a 2  (9) 

The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 
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Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - . A  + + missing energy where z =  EA/E,, and where it is 
assumed that E~>> m, (the collinear limit).  The mass, width of 
the p and a, mesons are taken to be ( rap, Fp) = (0.77, 0.15 ) GeV 
and (m, , ,  Fa,) = ( 1.22, 0.42) GeV [2]. The T, L subscripts on p 
and a, refer to transversely, longitudinally polarised vector me- 
sons respectively. 

In passing we note that there is a possible small ad- 
ditional contribution arising from spin-zero 3n states, 
such as n' [ 1 ], which can be parametrised as in (6),  
with v replaced by n', and with 

[ 
to '  = - - k l +  ~ ]--__~" - ) ,  H a  (; ,  m 2) 1 p 2 z -  1 --a2"~ 

1 --a  2 (10) 

which, in the small mass limit ( a ~ 0 )  reduces to 
f ( t g  ~n; z) as expected. Such a n' state could appear 
as a leading particle in ty  or t~- decays. 

The p and aL polarisations are measured by observ- 
ing the v o n n  decay angular distributions [7,5]. 
When the meson energy (zE~) in the laboratory frame 
greatly exceeds its mass, in, the energy fraction 
( x = E J E p )  distribution is the most convenient ob- 
servable [ 4 ], 
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which, in the small mass limit ( a ~ 0 )  reduces to 
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as a leading particle in ty  or t~- decays. 
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ing the v o n n  decay angular distributions [7,5]. 
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タウ崩壊のエネルギー分布 

H++崩壊の不変質量分布 

タウの軽いレプトンへの崩壊 
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with P c =  - 1 and PR = + 1. For the p and a~ modes, 
in order to gain sensitivity to the polarisation o f  the 
parent x lepton, it is important  to distinguish be- 
tween transversely (T)  and longitudinally (L)  pola- 
rised vector mesons [4 -6] .  For a vector (nn)  state, 
VT or vc, we find 
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where n = 2 ,  3 for v = p ,  a~ respectively. For Fv(m2),  
which represents the invariant mass distribution o f  
the nn system in the t - , ( n n ) + v  decay, we adopt 
the phenomenologically successful P- and a rmeson-  
dominance matrix elements of  Ktihn and Santamaria 
[2 ]. Because there are two (or more)  missing neutri- 
nos the vector meson polarisations can only be mea- 
sured in the t-pair rest frame. In this frame the collin- 
ear decay distributions HL' are [ 4 ] 
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The distributions ( 4 ) -  (6) are all shown in fig. 1. We 
see that the leading particles in tL- (and t~ ) decays 
are a,T and PT, while those arising from ty  (and t + ) 
decays are Pc, a,c and n. 
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Fig. 1. The fractional energy distributions (normalised as in (3) ) 
of  particle A arising from (a) tC or t d ,  (b)  tR or t~- decays, 
that is t + - . A  + + missing energy where z =  EA/E,, and where it is 
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and a, refer to transversely, longitudinally polarised vector me- 
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•  H++  崩壊からのタウ 
フレーバー保存崩壊モード(H++  !  ττ) 

   見える不変質量 = 

コリニア近似:	
  mτ	
  <<	
  mH++	
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タウ崩壊の生成物 
のエネルギー割合 z 
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•  H++  崩壊からのタウ 
フレーバー保存崩壊モード(H++  !  ττ) 
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パイオン的事象の抽出 より一般のタウジェット 
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まとめ 
•  加速器におけるタウ 
タウは検出器内で崩壊、故に取り扱いが面倒、
しかし情報も多い 
 

•  二重荷電ヒッグスとニュートリノ 
シーソー模型のバラエティの一つ 
例として H++ を含むものがある、SU(2)の表現で分類 
�

�

�

�
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•  タウを通じた崩壊で相互作用の分類が可能 

 
ブーストされたタウの崩壊物のエネルギー分布 
à タウのカイラリティの良い指標  

v 二重荷電ヒッグスの崩壊はBGフリー 
 （少数でも分布が見れる） 

v いろんな崩壊モードが使える 
LFV or フレーバー保存 
レプトニック or ハドロニック 
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FIG. 3: Invariant-mass distributions of `⇡⌧ (left) and `j⌧ (right) in the pp ! H++H�� ! `+`+`�⌧� process

followed by hadronic decays of ⌧�, after the requirement of the same-signed dilepton with M`` ' mH±± .

Dashed (Solid) histograms are for H±±
L (H±±

R ). Smooth lines in the left panel are theoretical expectations

by using Eqs. (4).

to this small cone more than 0.95 of the jet. The second method could tag the ⌧ decay into 2⇡ and

3⇡ originated from ⌧ ! ⇢⌫ and a1⌫ decays, in addition to the single ⇡. Thus the tagging e�ciency

is better than the first method, but the spin analysis power is weakened.

The extensive signal-to-background studies including ⌧ ’s can be found, for example, in Ref. [13,

14]. Following their results, a clear signal extraction is expected by the requirement of the same-

signed dilepton and possibly a peak in their invariant-mass. Thus, we present the simulation results

only for the signal events, but not for the background events. Expected background processes are

diboson production, tt̄ plus one boson production, etc.

As the first case, we deal with pp ! H++H�� ! `+`+`�⌧�. This decay pattern can be

easily identified by requiring the same-signed dilepton with a sharp peak in their invariant-mass

distribution. The mass of H±± can be clearly obtained from the peak. Then, the invariant-

mass distribution of the remaining `� and decay products of ⌧� can be used for the polarization

discriminant. We take the hadronic decays of ⌧ , because of the better spin analysis power than

the leptonic ones as shown in Fig. 1.

In Fig. 3, the invariant-mass distributions of `⇡⌧ (left panel) and those of `j⌧ (right panel) from

H�� ! `�⌧� are shown for the events with 3` and one ⌧ -tagged jet. Results for the decay of H±±
L

(H±±
R ) are plotted in the dotted (dashed) curves. The y-axis of the plots hereafter stands for the

number of events in our simulation. We generate the same number of events for H±±
L and H±±

R

for each decay pattern, and perform the ⌧ -tagging methods for the same event sets. Therefore,

the di↵erence of the total number of events between H±±
L and H±±

R indicates the di↵erence of

8
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