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ヒッグス発見
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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 [n]

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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最新結果では, 

2012年7月ヒッグスが発見された.
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Fig. 3.1. The dominant SM Higgs boson production mechanisms in hadronic collisions.

of which are displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [222,223], the weak vector
boson fusion processes [90,224–227], the gluon–gluon fusion mechanism [166] and the associated Higgs production
with heavy top [228,229] or bottom [230,231] 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 �⇤ Q Q̄ + H. (3.4)

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

Higgs pair production: pp �⇤ H H + X (3.5)

and the relevant subprocesses are the gg ⇤ H H mechanism, which proceeds through heavy top and bottom quark
loops [232,233], the associated double production with massive gauge bosons [234,235], qq̄ ⇤ H H V , and the
vector boson fusion mechanisms qq ⇤ V ⇥V ⇥ ⇤ H Hqq [236,237]; see also Ref. [235]. 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.

Also suppressed are processes where the Higgs is produced in association with one [239,240], two [241,242] or
three [243] hard jets in gluon–gluon fusion, the associated Higgs production with gauge boson pairs [244,245], the
production with a vector boson and two jets [245–247]. Other production processes exist which have even smaller
production cross sections [136,248–253]. Finally, Higgs bosons can also be produced in diffractive processes [254–
258]. For the interesting exclusive-central-diffractive processes [256–258], the mechanism is mediated by color singlet
exchanges leading to the diffraction of the incoming hadrons and a centrally produced Higgs boson. A mixture of
perturbative and non-perturbative aspects of QCD is needed to evaluate the cross sections, leading to uncertainties in
the predictions.

In this chapter, we discuss all these processes in detail, analyzing not only the total production cross sections but
also the differential distributions and, in particular, the Higgs boson transverse momentum and rapidity distributions.
In addition, we pay special attention to three very important points: the QCD radiative corrections or the K -factors,
the residual cross section dependence on the renormalization and factorization scales, and the choices of different sets
of parton distributions functions (PDFs) with which one has to convolute the partonic cross sections to obtain the total
hadronic cross sections.

3.1.3. The higher-order corrections and the K -factors
It is well known that for processes involving strongly interacting particles, as is the case for the ones that we will

consider here, the lowest-order (LO) cross sections are affected by large uncertainties arising from higher-order (HO)
corrections. If at least the next-to-leading-order (NLO) QCD corrections to these processes are included, the total
cross sections can be defined properly and in a reliable way in most cases: the renormalization scale µR at which one
defines the strong coupling constant and the factorization scale µF at which one performs the matching between the

gluon fusion (ggF)

associated production (AP) w/V=W, Z vector boson fusion (VBF)

associated production w/Q=t,b,

Fig. from A. Djouadi, Phys.Rept. 457 (2008) 1
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ヒッグス生成断面積

ggF

VBF

WH

ttH
ZH

ggF: 19.3pb, VBF: 1.6pb, WH: 0.7pb, ZH: 0.4pb, ttH:  0.13pb

[LHC Higgs XS WG report, arXiv: 1307.1347]

mh = 125 GeV,  σ(tot)=22.1pb 
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分岐比
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信号強度
µi,X =

�i · Br(h ! X)

�SM
i · BrSM(h ! X) X = ��, V V ⇤, ⌧⌧, bb̄,

i = ggF, VBF, VH, ttH,

µggF,�� =

いろんなチャンネルで信号強度を測る



現状
Signal strength 
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!  Grouped by dominant 
decay: 
! χ2/dof = 0.9/5 
! p-value = 0.97 

(asymptotic) 

[CMS-PAS-HIG-14-009] 

今のところ, 標準模型と無矛盾

Main'Decay'and'ProducLon'Modes'

) µSignal strength (
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ATLAS Prelim.
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標準模型のヒッグス
- 標準模型はゲージ対称性に基づく. SU(3)CxSU(2)LxU(1)Y

ヒッグスの役割

2. 質量の起源を与える.

1. 電弱対称性を自発的に破る.

実験でチェックするには？



質量生成

W+
µ W�

⌫

hh

このようにWが質量を獲得したのであれば, hWW結合も必ずある.

- フェルミオンも同様

- 結合定数は質量に比例. 標準模型では, 
gHWW = mW /v
gHf̄f = mf/v 予言

- ヒッグスは質量の起源を与える.

W+
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⌫

v v
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v2
h2W+
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v
hf̄f + · · ·

� =
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ヒッグス 
2重項



V (�) = �µ2�†�+ �(�†�)2

真空の転移

高温 低温

電弱対称性の破れ
- ヒッグスは電弱対称性を自発的に破る.



電弱対称性の破れ

V (�) = �µ2�†�+ �(�†�)2 !
�0!v+h

m2
h

2
h2 +

m2
h

2v
h3 +

m2
h

8v2
h4

- ヒッグスは電弱対称性を自発的に破る.

- hhh結合定数はヒッグスが期待値を持って初めて出現.

- 元のヒッグスポテンシャルの形を知りたいのなら, ヒッグ
スの自己結合定数を調べればよい. hhh, hhhh, (hhhhh?)

- 電弱相転移が1次だったのか, 
それとも2次だったのか分かるかも知
れない.
- 1次なら宇宙のバリオン非対称性を説明できる可能性あり！ (後述).



質量 vs. 結合定数

- 破線が標準模型の予言. 今の所データは標準模型と無矛盾.

- 結合定数を測って, 質量との関係をみる.

- 新物理があると, 結合定数と質量の関係式が変わる.

Resolving SM contributions 

!  Individual coupling 
scaling factors: 
!  κW, κZ, κb, κt, κτ. 
!  All loops resolved: 

"  κγ(κW, κt) 
"  κg(κt, κb) 

!  SMH width scaled. 

!  “Reduced” couplings 
as function of “mass”: 
!  λf = κf (mf/vev) 
!  (gV

/2vev)1/2 = κV
1/2 

(mV/vev) 
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The MSSM Higgs sector at tree-level is a Type-II 2HDM. The corresponding scalar potential is a special case
of eq. (12) with

λ1 = λ2 = −λ345 = 1
4
(g2 + g′ 2) , λ4 = − 1

2
g2 , λ5 = λ6 = λ7 = 0 . (23)

In terms of the scalar potential parameters in the real Higgs basis [26],

Z1 = Z2 = 1
4
(g2 + g′ 2) cos2 2β , Z3 = Z5 + 1

4
(g2 − g′ 2) , Z4 = Z5 − 1

2
g2 ,

Z5 = 1
4
(g2 + g′ 2) sin2 2β , Z6 = −Z7 = ± 1

4
(g2 + g′ 2) sin 2β cos 2β . (24)

Note that the tree-level MSSM Higgs sector possesses a large-mass decoupling limit when mA ≫ mZ in which
case h0 is a SM-like Higgs boson. The weak-coupling decoupling limit can be achieved at tree-level when
sin 4β ≃ 0 [cf. eq. (24)]. However, in this case the radiative corrections to Z6 cannot be neglected. On the
other hand, it is possible to find regions of MSSM parameter space where the radiative corrections conspire to
(approximately) cancel the tree level value of Z6, in which case one of the neutral CP-even Higgs bosons of the
MSSM is SM-like while the other Higgs bosons need not be particularly heavy [38].
If h0 is a SM-like Higgs boson, then its couplings can be treated to first order in the parameter that measures

the departure from the decoupling limit. For the Type-I and II 2HDMs, this parameter is cos(β − α). We
summarize the SM-like Higgs couplings normalized to the corresponding SM results in Table I.

TABLE I: Couplings of the SM-like Higgs boson h0 of the CP-conserving 2HDM, normalized to those of the SM Higgs
boson, in the decoupling limit. The HV V couplings apply to both V V = W+W− or ZZ.

Higgs interaction 2HDM coupling decoupling limit

hV V sin(β − α) 1− 1

2
cos2(β − α)

hhh see eq. (61) of Ref. [26] 1 + 3(Z6/Z1) cos(β − α)

hhhh see eq. (62) of Ref. [26] 1 + 4(Z6/Z1) cos(β − α)

hDD [Type-I] ,hUU [Types-I and II]
cosα
sin β

= sin(β − α) + cos(β − α) cot β 1 + cos(β − α) cot β

hDD [Type-II] −
sinα
cosβ

= sin(β − α)− cos(β − α) tan β 1− cos(β − α) tan β

For example, in the Type-II 2HDM, if λV is a Higgs coupling to vector bosons, λH is the trilinear Higgs self-
coupling, and λt [λb] are Higgs couplings to up-type [down-type] fermions, then the couplings of h0 approach
the decoupling limit as shown below:

λV

[λV ]SM
= 1 +O

(

Z2
6m

4
Z

(m2
H −m2

h)
2

)

, (25)

λH

[λH ]SM
= 1 +O

(

Z2
6m

2
Z

m2
H −m2

h

)

, (26)

λt

[λt]SM
= 1 +O

(

Z6m2
Z cotβ

m2
H −m2

h

)

. (27)

λb

[λb]SM
= 1 +O

(

Z6m2
Z tanβ

m2
H −m2

h

)

. (28)

That is, the approach to decoupling is fastest in the case of the h0V V couplings and slowest in the case of the
Type-II h0bb couplings at large tanβ. Moreover, the approaches to large-mass decoupling and weak-coupling
decoupling are only distinguished by the behavior of the Higgs self-coupling. Finally, we note that if only h0

is light (implying the large-mass decoupling limit), then a precision measurement of the h0bb̄ coupling provides
the greatest sensitivity to the mass scale of the heavy Higgs states [38].
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例: 2重項拡張模型 (type II):

SM-like ⧧ SM
- 新粒子が重い場合, ヒッグスセクターは標準模型のよう
にみえる.
- これらを区別するには, 結合定数の精密測定が必要.
- 結合定数によって, 新粒子の効果の現れ方が異なる.

~1/(mH)^4

~1/(mH)^2

mh=125 GeV

- この模型ではHVV結合定数には, 新物理の効果が出にくい.

�HV V

�Hbb

mH

�Hbb

�HV V

大まかなイメージ

[Haber, 1401.0152]



標準模型の問題点

• 暗黒物質 

• バリオン非対称宇宙 

• ニュートリノ質量/混合角

- 理論的な問題

- 観測的な問題

• 微調整の問題

(- 真空の安定性)



真空の安定性

V (') = �µ2

2
'2 +

�

4
'4 !

'�v

�(Q)

4
'4

246 GeV

V (')

'

- 標準模型の真空は本当に安定なのだろうか.

V (') = �µ2

2
'2 +

�

4
'4

- λ=mh2/2v2 > 0 なので安定に見える.

- しかし, λはスケールによって値が変化. λ-> λ(Q). 
高エネルギー(φが大)でもλ(Q)>0かは非自明.

- φの大きな領域では, 低次の項は無視.



真空の安定性
- λ(Q)はくりこみ群方程式で評価できる.

d�(t)

dt
=

1

16⇡2

⇥
24�2 � 6y4t + 12�y2t + · · ·

⇤
, t = ln(Q/v)

- λとytの大きさ(ヒッグスとトップの質量)によって次の
ような可能性がある.

安定 準安定
不安定

遷移確率 = 小
遷移確率 = 大

寿命 > 宇宙年齢
寿命 < 宇宙年齢 

標準模型の真空はどうなっているか?

246 GeV

V (')

'

λ(Q)>0
λ(Q)<0
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Figure 2. Upper: RG evolution of λ (left) and of βλ (right) varying Mt, α3(MZ), Mh by
±3σ. Lower: same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(λ)

√
4|λ|/yt

and sign(λ)
√

8|λ|/g2, which correspond to the ratios of running masses mh/mt and mh/mW , re-
spectively (left). The Higgs quartic β-function is shown in units of its top contribution, βλ(top
contribution) = −3y4t /8π

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ≈ 1.2× 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

√
8π.

left). Indeed, λ is the only SM coupling that is allowed to change sign during the RG

evolution because it is not multiplicatively renormalised. For all other SM couplings, the

β functions are proportional to their respective couplings and crossing zero is not possible.

This corresponds to the fact that λ = 0 is not a point of enhanced symmetry.

In figure 2 (lower left) we compare the size of λ with the top Yukawa coupling yt and

the gauge coupling g2, choosing a normalisation such that each coupling is equal to the

corresponding particle mass, up to the same proportionality constant. In other words, we

– 16 –
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Figure 3. Left: SM phase diagram in terms of Higgs and top pole masses. The plane is divided into
regions of absolute stability, meta-stability, instability of the SM vacuum, and non-perturbativity of
the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative for Mt > 230 GeV.
The dotted contour-lines show the instability scale ΛI in GeV assuming α3(MZ) = 0.1184. Right:
zoom in the region of the preferred experimental range of Mh and Mt (the grey areas denote
the allowed region at 1, 2, and 3σ). The three boundary lines correspond to 1-σ variations of
α3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size of the theoretical error.

stability, metastability, and instability of the EW vacuum are shown both for a broad range

ofMh andMt, and after zooming into the region corresponding to the measured values. The

uncertainty from α3 and from theoretical errors are indicated by the dashed lines and the

colour shading along the borders. Also shown are contour lines of the instability scale ΛI .

As previously noticed in ref. [8], the measured values of Mh and Mt appear to be rather

special, in the sense that they place the SM vacuum in a near-critical condition, at the

border between stability and metastability. In the neighbourhood of the measured values

of Mh and Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt − 173.10GeV)− 0.5GeV
α3(MZ)− 0.1184

0.0007
± 0.3GeV . (4.4)

The quoted uncertainty comes only from higher order perturbative corrections. Other

non-perturbative uncertainties associated with the relation between the measured value of

the top mass and the actual definition of the top pole mass used here (presumably of the

order of ΛQCD) are buried inside the parameter Mt in eq. (4.4). For this reason we include

a theoretical error in the top pole mass and take Mt = (173.10 ± 0.59exp ± 0.3th)GeV.

Combining in quadrature theoretical uncertainties with experimental errors, we find

Mh > (129.1± 1.5)GeV (stability condition). (4.5)

– 18 –

- 我々の真空が安定か準安定かはトップの質量に強く依存.

真空の安定性

- Δmt=0.5 GeV@HL-LHC, Δmt=0.1 GeV@ILC



ヒッグスと新物理

ヒッグスセクターは新物理の窓.

ヒッグス

暗黒物質

バリオン数生成

ニュートリノ質量

拡張模型のほとんどはヒッグスセクターが拡張されている

ヒッグスを通して新物理を探る



拡張ヒッグス
- 標準模型の問題点を解決する模型は, ヒッグスセクターが
拡張されている.

ρパラメーターが一つの指針:

- SU(2)の下でどのような表現のヒッグス場が良い?

1重項: ρ=0 2重項: ρ=1 3重項: ρ=1/2

精密測定の結果:

⇢ =

m2
W

m2
Z cos ✓2W

=

P
i[Ti(Ti + 1)� Y 2

i ]v
2
iP

i 2Y
2
i v

2
i

n重項

0

BBBBB@

�T3

�T3�1
...

��T3+1

��T3

1

CCCCCA

⇢ = 1.0004+0.0003
�0.0004 (95% C.L.)

(T: アイソスピン, Y: ハイパーチャージ)
(2T3+1)



拡張ヒッグス
- 1重項ヒッグスと2重項ヒッグスを追加してもρ=1.                
(但し, 量子補正で1からずれるのである特定の場合だけ可.)

⇢ =
v2� + 2v2�
v2� + 4v2�

- 3重項ヒッグスの導入はツリーレベルでも注意が必要.

2重項ヒッグスの期待値
v� :

v� :

3重項ヒッグスの期待値

v� . 3.5 GeV⇢ = 1.0004+0.0003
�0.0004

- 7重項(T3=3, Y=2)はツリーでρ=1. 詳細は津村さんへ！



拡張ヒッグス

暗黒物質

バリオン数生成

ニュートリノ質量

拡張ヒッグスの観点から以下の問題を考える.

1重項 2重項 3重項

S0

S0

S±, S±±

w/ Z2

w/o Z2

�00 w/ Z2 �0 w/ Z2

�00 w/o Z2 �0w/o Z2

�00 w/ Z2 �0 w/o Z2

スカラー粒子が如何に有用かが分かる.
(Zee-Babu模型) (Ma模型) (タイプIIシーソー)



2重項ヒッグス模型
�1, �2

Two Higgs Doublet Model (2HDM)∗

Eibun Senaha

December 13, 2013

1 Higgs potential

The most general Higgs potential in a renormalizable theory which is invariant under the
SU(2)L × U(1)Y gauge transformation is given by

V2HDM(Φ1, Φ2) = m2
1|Φ1|2 + m2

2|Φ2|2 − (m2
3Φ

†
1Φ2 + h.c.)

+
λ1

2
|Φ1|4 +

λ2

2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†

1Φ2|2

+

[
λ5

2
(Φ†

1Φ2)
2 +

{
λ6(Φ

†
1Φ1) + λ7(Φ

†
2Φ2)

}
(Φ†

1Φ2) + h.c.

]
, (1.1)

where the charge assignments of the Higgs fields are (2, 1
2) for SU(2)L × U(1)Y . Here the

hermiticity of V2HDM requires m2
1,m

2
2,λ1,λ2,λ3,λ4 ∈ R while in general m2

3,λ5,λ6,λ7 ∈ C, three
of their phases are independent1 and yield the explicit CP violation. The Yukawa interactions
are generally written as

LYukawa = q̄L(f (d)
1 Φ1 + f (d)

2 Φ2)dR + q̄L(f (u)
1 Φ̃1 + f (u)

2 Φ̃2)uR

+l̄L(f (e)
1 Φ1 + f (e)

2 Φ2)eR + h.c., (1.2)

where
Φ̃i(x) = iτ2Φ

∗
i (1.3)

and f (u,d.e)
1,2 are the Yukawa couplings. To avoid the Higgs-mediated flavor changing neutral

current(FCNC) process at the tree-level, we impose the discrete symmetry as

Φ1 → Φ1, Φ2 → −Φ2, uR → uR, dR → dR, eR → eR, (1.4)

or
Φ1 → Φ1, Φ2 → −Φ2, uR → −uR, dR → dR, eR → eR, (1.5)

then we obtain the two type of Yukawa interactions as follows

Type I : LYukawa = q̄Lf (d)
1 Φ1dR + q̄Lf (u)

1 Φ̃1uR + l̄Lf (e)
1 Φ1eR + h.c., (1.6)

Type II : LYukawa = q̄Lf (d)
1 Φ1dR + q̄Lf (u)

2 Φ̃2uR + l̄Lf (e)
1 Φ1eR + h.c., (1.7)

and at the same time, in the Higgs potential, it is required m2
3 = λ6 = λ7 = 0. Here we consider

the case m2
3 ̸= 0, however, which breaks the discrete symmetry in (1.4), (1.5) “softly”, so that

there is still no FCNC interactions at the tree-level.
∗since October 24, 2008
1One can always get rid of one of the four phases by rephasing the either Higgs fields.

1

2重項ヒッグスが2個

湯川結合を一般的に書くと,

FCNCをツリーレベルで禁止する為に, 離散対称性を課す.

u d e
�1

�2

type I type II type X(III) type Y(IV)

u
d e

u ud
e d

e

一般に, 次の4つのパターンがある.

(�̃1,2 = i⌧2�⇤
1,2)



湯川結合定数

huū
cos↵

sin�

cos↵

sin�

cos↵

sin�

cos↵

sin�

hdd̄
cos↵

sin�
� sin↵

cos�

cos↵

sin�
� sin↵

cos�

heē
cos↵

sin�
� sin↵

cos�
� sin↵

cos�

cos↵

sin�

I II X (III) Y (IV)

tan� =
v2
v1

↵ : h-H混合角v2 = v21 + v22 = (246 GeV)2



湯川結合定数のずれ方
Kanemura, Tsumura, Yagyu, Yokoya,1406.3294

κV κu κd κe

Type-I ↓ ↓ ↓ ↓

Type-II ↓ ↓ ↑ ↑

Type-X ↓ ↓ ↓ ↑

Type-Y ↓ ↓ ↑ ↓

κV κu κd κe

Type-I ↓ ↑ ↑ ↑

Type-II ↓ ↑ ↓ ↓

Type-X ↓ ↑ ↑ ↓

Type-Y ↓ ↑ ↓ ↑

TABLE V: Direction of modifications for each Higgs boson coupling constants in the THDMs. The left and

right tables show the case with cos(β − α) < 0 and cos(β − α) > 0, respectively. The up (down) arrow

denotes the scaling factor to be larger (smaller) than 1.
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FIG. 10: The scaling factors for the Yukawa interaction of the SM-like Higgs boson in THDMs in the case

of cos(β − α) < 0.

The scaling factors will be measured accurately at future collider experiments such as the high

luminosity running of the LHC (HL-LHC) and the ILC. In TABLE IV, we give a brief summary of

expected sensitivities on the (SM-like) Higgs boson coupling constant at various future experiments.

The ranges shown for LHC and HL-LHC represent the conservative and aggressive scenarios for

systematic and theory uncertainties. ILC numbers assume (e−, e+) polarizations of (−0.8, 0.3) at

250 and 500 GeV and (−0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty.

A. Higgs boson couplings in the THDMs

We first consider the deviations in the Higgs boson coupling constants in the THDMs. From

TABLE II, it can be seen that all the four types of Yukawa interaction have different combinations of
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κV κu κd κe

Type-I ↓ ↓ ↓ ↓

Type-II ↓ ↓ ↑ ↑

Type-X ↓ ↓ ↓ ↑

Type-Y ↓ ↓ ↑ ↓

κV κu κd κe

Type-I ↓ ↑ ↑ ↑

Type-II ↓ ↑ ↓ ↓

Type-X ↓ ↑ ↑ ↓

Type-Y ↓ ↑ ↓ ↑

TABLE V: Direction of modifications for each Higgs boson coupling constants in the THDMs. The left and

right tables show the case with cos(β − α) < 0 and cos(β − α) > 0, respectively. The up (down) arrow

denotes the scaling factor to be larger (smaller) than 1.
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FIG. 10: The scaling factors for the Yukawa interaction of the SM-like Higgs boson in THDMs in the case

of cos(β − α) < 0.

The scaling factors will be measured accurately at future collider experiments such as the high

luminosity running of the LHC (HL-LHC) and the ILC. In TABLE IV, we give a brief summary of

expected sensitivities on the (SM-like) Higgs boson coupling constant at various future experiments.

The ranges shown for LHC and HL-LHC represent the conservative and aggressive scenarios for

systematic and theory uncertainties. ILC numbers assume (e−, e+) polarizations of (−0.8, 0.3) at

250 and 500 GeV and (−0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty.

A. Higgs boson couplings in the THDMs

We first consider the deviations in the Higgs boson coupling constants in the THDMs. From

TABLE II, it can be seen that all the four types of Yukawa interaction have different combinations of

24

湯川結合はタイプによって標準模型からのずれ方が全く異な
る. (量子補正込みでタイプの識別可 [Kanemura, Kikuchi, Yagyu,1401.0515])



フレーバーからの制限
1.3 The two-Higgs-doublet model (2HDM)
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Figure 1.13. Excluded regions of the (mH+

, tan —) parameter space for Z
2

-symmetric 2HDM Types. The Type
Y and X models [cf. Table 1.8] are denoted above by Type III and IV, respectively. The color coding is as follows:
BR(B æ Xs“) (red), �

0≠ (black contour), �MBd
(cyan), Bu æ ·‹· (blue), B æ D·‹· (yellow), K æ µ‹µ

(gray contour), Ds æ ·‹· (light green), and Ds æ µ‹µ (dark green).

The exclusion of low tan — < 1 in all four model Types for mH+ < 500 GeV, arises as a result of three
observables: BR(B æ Xs“), �0≠, and �MBd

. The constraints at low tan — are similar between
the model Types, since the couplings to the up-type quarks are universal. In the Type I 2HDM, a
value of tan — > 1 signals the decoupling of one Higgs doublet from the whole fermion sector. In
Type II and Type III (=Type Y), which share the same coupling pattern for the quarks, there exists a
tan —-independent lower limit of mH+ & 300 GeV imposed by BR(B æ Xs“). (This latter constraint
is now somewhat more stringent in light of Ref. [85].) No generic lower limit on mH+ is found in
Type I and Type IV (=Type X) models. Constraints for high tan — are only obtained in the Type II
model. This can be understood by noting that the leptonic and semi-leptonic observables require
tan —-enhanced couplings ⁄dd⁄¸¸ ≥ tan2 — ∫ 1 (d = d, s, b) for the contributions to be interesting.
In the Type III (=Type Y) and and the Type IV (=Type X) 2HDMs, these couplings are instead
always ⁄dd⁄¸¸ = ≠1, while in Type I they are proportional to cot2 —.

Finally, recently current data from BaBar of the B̄ æ D· ‹̄ and B̄ æ Dú· ‹̄ slightly deviate from
the SM predictions by 2.0 ‡ and 2.7 ‡, respectively [105]. Moreover, these data are also inconsistent
with the Type-I (X) and Type-II (Y) 2HDMs, since both decay rates, which depend on the charged
Higgs mass, cannot be explained simultaneously for the same value of mH± . However, these data
can be compatible in the context of a more general 2HDM with unconstrained Higgs-quark Yukawa
interactions [106]. Meanwhile, there is no confirmation yet of the BaBar results for B̄ æ D· ‹̄ and
B̄ æ Dú· ‹̄ from the BELLE collaboration. Thus, it is certainly premature to claim a definitive
deviation from the predictions of the Standard Model as well as all 2HDMs with Types I, II, X, or Y
Yukawa interactions.
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B ! Xs� (red)
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(X) (Y)
白い領域が許さ
れている.



ヒッグスとCPの破れ
- ヒッグスセクターを拡張すると, CPを破る可能性がある.
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1 Introduction

Since the observation of a new boson at a mass around 125.5GeV at the Large Hadron

Collider (LHC) [1, 2], the most urgent mission is to investigate the properties of this new

boson. There have been a large number of studies or fits of the Higgs boson couplings to the

standard model (SM) particles in more or less model-independent frameworks [3–18, 20–32],

in the two-Higgs doublet model (2HDM) frameworks [33–51], and in the supersymmetric

frameworks [52–56]. Based on a study using a generic framework for Higgs couplings to

the relevant SM particles, three of us has reported [22] that the SM Higgs boson [57–59]

provides the best fit to all the most updated Higgs data from ATLAS [60–63], CMS [64–70],

and Tevatron [71, 72]. In particular, the relative coupling to the gauge bosons is restricted

to be close to the SM values with about a 15% uncertainty while the Yukawa couplings are

only loosely constrained. Furthermore, the hypothesis of a pure CP-odd state for the new

boson has been mostly ruled out by angular measurements [73, 74]. Nevertheless, there is

still a large room for the possibility of a CP-mixed state [19, 22].

If the Higgs boson is a CP-mixed state, it can simultaneously couple to the scalar and

pseudoscalar fermion bilinears as follows:

LHf̄f = −gf H f̄
(
gSHf̄f + igPHf̄fγ5

)
f , (1.1)

– 1 –

- 電子や中性子の電子双極子モーメントの制限も考慮する.

CP-even 結合 CP-odd 結合

- CPを破る結合定数も含めてχ2フィットしてみる.

- 125GeVヒッグスがピュアなCP-oddである可能性は角度
分布で除外. 但し, CP混合状態である可能性は残っている.
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2HDM I CS
d = CS

u CS
l = CS

u CP
d = −CP

u CP
l = −CP

u

2HDM II CS
d =

Oφ1i

cβ
CS
l =

Oφ1i

cβ
CP
d = t2βC

P
u CP

l = t2βC
P
u

2HDM III CS
d = CS

u CS
l =

Oφ1i

cβ
CP
d = −CP

u CP
l = t2βC

P
u

2HDM IV CS
d =

Oφ1i

cβ
CS
l = CS

u CP
d = t2βC

P
u CP

l = −CP
u

Table 1. The couplings CS,P
d,l ≡ gS,P

Hd̄d,Hl̄l
as functions of CS,P

u and tanβ in the four types of 2HDMs,
see ref. [51] for details of conventions in 2HDMs.

Figure 1. The confidence-level regions of the fit to the most updated Higgs data by varying CS
u ,

CP
u , and Cv in the plane of CS

u vs CP
u for Type I–IV. The contour regions shown are for ∆χ2 ≤ 2.3

(red), 5.99 (green), and 11.83 (blue) above the minimum, which correspond to confidence levels of
68.3%, 95%, and 99.7%, respectively. The best-fit points are denoted by the triangles.

with

s2β =
(1− C2

v )

(1− C2
v ) + (CS

u − Cv)2 + (CP
u )2

. (2.4)

We are using the abbreviations: sβ ≡ sinβ, cβ ≡ cosβ, tβ = tanβ, etc, and the convention

of Cv > 0.

In figure 1, we show the confidence-level (CL) regions of the fit to the most updated

Higgs data by varying CS
u , C

P
u , and Cv in the plane of CS

u vs CP
u for Type I–IV of the

2HDMs. Comparing to figure 11 in ref. [51] for the CPV3 fit, the CL regions are mildly

reduced, preferring positive CS
u values slightly more than the negative ones, after the

– 3 –

EDMの制限無しの場合CS
u = gSHt̄t, CP

u = gPHt̄t

I II

III (X) IV (Y)

(CS
u -C

P
u ) plane

CS
u = CP

u = 1/2 の可能性をまだ残している.

[Cheung, Lee, Tseng, 1310.3937]
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Figure 16. The 95%CL regions satisfying the Thallium, thorium-monoxide, neutron, and Mer-
cury EDM constraints (black) simultaneously, as well as the Higgs data. The orange, pink,
and green regions are for the cases of applying relaxed constraints |dTl,n,Hg/dEXP

Tl,n,Hg| ≤ r and
|(dThO/FThO)/dEXP

ThO | ≤ r with the relaxation factor r = 10 (orange), 30 (pink), and 100 (green).

supersymmetric particles, or any other exotic particles that carry CP-violating couplings.

These contributions and the contributions from the 125.5GeV Higgs boson could cancel

each other in a delicate way. If we allow 1% fine tuning, the constraints on the pseudoscalar

coupling CP
u are relaxed and |CP

u | as large as 0.5 can be allowed.

In the following we offer a few more comments before we close.

1. The observable EDMs involve the electron EDM dEe , (C)EDMs of the up and down

quarks dE,C
u,d , and the coefficient of the Weinberg operator dG. Only dG is independent

of the Higgs couplings to the first-generation fermions.

2. The observed 125.5 Higgs boson, which is denoted as H in this work, gives definite

predictions for dEe and dE,C
u,d through the two-loop Barr-Zee diagrams.

3. For dEe , we consider both the Barr-Zee diagrams mediated by the γ-γ-H couplings

and by the γ-H-Z couplings with the constituent contributions from top, bottom,

tau, and W-boson loops. We note the γ-γ-H Barr-Zee diagrams are dominant. We

further observe that the contributions from top and W-boson loops are dominant and

a cancellation occurs between them around Cv = 1 in Types II and III. Note the

current Higgs data prefer the region around Cv = 1.

– 23 –

EDMの制限を入れた場合

I II

III (X) IV (Y)

|CP
u | < 0.01CP-odd結合定数は厳しく制限されている.

χ2フィット
[Cheung, Lee, E.S., Tseng, 1403.4775]



ヒッグスと 
バリオン数生成



バリオン非対称宇宙
[NASA]

これまで『触れる』実験をたく
さん行ったが, 対消滅の経験な
し.　(月、火星、イトカワ) [JAXA]

[NASA]- 宇宙は物質で出来ている.

『触れない』実験.

- 遠方の銀河が反物質で出来ている可能性は?
-> 宇宙論的に厳しい. 例えば, 軽元素合成までに物質と反物質を分離で
きたとしても,

T=38 MeVでの地平線内の全エネルギーは10-7M⊙   
<< 銀河団の質量 (≃1012 M⊙, M⊙は太陽質量,1.1x1057 GeV)



❒ バリオン対称宇宙(η=0)から, バリオン数(η≠0)を作るには 
次の条件が必要. [Sakharov, ’67]

(1) バリオン数の破れ 
(2) CとCPの破れ 
(3) 非平衡の実現

バリオン数はいつ頃できたのか.

Sakharovの条件



バリオン数生成の時期

❒ インフレーションの後 (スケールは模型に依る) 
❒ 軽元素合成 (T≃O(1) MeV)の前. どのようなシナリオが可能か.
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Figure 1. Leptoquark decays.
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Figure 2. Radiative corrections to leptoquark decays important for CP-violation.

where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

2

[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]

近い将来, 検証可能なシナリオ

- TeVスケールレプトジェネシス
- 電弱バリオン数生成

- ニュートリノ振動バリオン数生成

↔ ヒッグス物理

↔ ニュートリノ物理⦘

可能性は無数



[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]
Sakharovの条件

電弱バリオジェネシス

Bの破れ: スファレロン過程 (高温で頻繁に起こる) 

Cの破れ: カイラルゲージ相互作用 

CPの破れ: 小林-益川位相, 標準模型の拡張模型では他にも物理的
CP位相が存在. 

非平衡の実現: 電弱相転移が『強い』一次.

バリオン数は膨張する泡によって作られる.

broken phase

symmetric phase



相転移の次数

[From K. Funakubo’s slide]

 1次転移になる為に
は, ポテンシャルに負
の寄与が必要.?

��

�2

�4

1. ツリーレベルの混合で
出す. 

2. 有限温度のボゾンルー
プで出す.

自由エネルギーの1(2)階微分に不連続性 = 1(2)次相転移.

バリオン数生成の為 
には, vC/TC>(1.0-1.4) 
が必要!



- 125GeVヒッグスでは, 相転
移が1次ではない                 
(クロスオーバー).

-> 標準模型ではバリオン非対称性は
出せない.

182 M. Laine, K. Ruramukainen/Nuclear Physics B (Proc. Suppl.) 73 (1999) 180-185 
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The phase diagram of the Standard Figure 1. 
Model. The non-perturbative endpoint location 
has been studied with 3d simulations in [11-14] 
and with 4d simulations in [15-18]. In perturba- 
tion theory (dotted line), the transition is always 
of the first order. 

The U(1) group has here been neglected (i.e., 
sin 2 0w = 0), since its effects are small [10]. Let 
us denote 

2 2 4 x = v = m3(g l/g3. (41 

In the 4d simulations, one studies the 
SU(2)+Higgs theory, whose Lagrangian is pre- 
cisely Eq. (3) but in 4d. 

The theory in Eq. (3) has a first order phase 
transition for small Higgs masses (small values 
of x) [7]. The transition gets weaker for larger 
Higgs masses, and ends at m H  '~' 80 GeV [11], see 
Fig. 1. Recently, the interest has been in studying 
the endpoint region in some detail. Here, pertur- 
bation theory does not work at all and the dy- 
namics is completely non-perturbative. 

The fact that  there is an endpoint, was first 
reliably demonstrated in [11,12]. The endpoint 
location was determined more precisely in [13]. 
A continuum extrapolation of the endpoint loca- 
tion was made in [14], employing improvement 

formulas derived in [19]: 

Xc = 0.0983(15), Yc = -0.0175(13). (5) 

In [14], it was also shown that  the endpoint be- 
longs to the 3d Ising universality class. 

The values in Eq. (5) can be converted to the 
endpoint locations in different 4d physical the- 
ories, using the relations derived in [8]. Some 
values are given in Table 1. The errors here rep- 
resent the errors in Eq. (5): no additional errors 
have been added from dimensional reduction. 

With 4d simulations, the endpoint location in 
the SU(2)+Higgs model has been studied at a 
fixed (symmetric) lattice spacing in [15,16], and 
with an asymmetric lattice spacing in [17,18]. 
A continuum extrapolation has been carried out 
in [18], and that  result is shown in Table 1. It 
should be noted that  the exact MS gauge cou- 
pling to which the 4d simulations correspond, is 
not known. This affects strongly the critical tem- 
perature (Tc (x m H / g ) ,  while the endpoint loca- 
tion itself is not that  sensitive. 

We can now compare the 3d and 4d results for 
SU(2)+Higgs. Clearly, they are completely com- 
patible. 

Finally, consider the effect of sin 2 6w. In 
general, the hypercharge U(1) group makes the 
transition slightly stronger, though not by very 
much [10]. Thus one might also expect that  the 
endpoint location changes to somewhat larger x 
than in Eq. (5). The infinite volume and contin- 
uum extrapolation of the endpoint location has 
not been determined with sin 2 0w = 0.23, but it 
has been determined with finite volumes in [20]. 
On a lattice with 4/(g~a) = 8 and volume = 323, 
we get 

0 0.1043(22), y0 -0.02860(99) X c ~ 

1 _ 0.1045(14), y~ -0.02125(76), (6) X c 

where (0) refers to sin20w = 0 and (1) to 
sin 20W = 0.23. Hence Xc does not appear to 
depend significantly on sin 2 0w, while Yc changes 
a bit. Assuming that  the same pattern remains 
there at the infinite volume and continuum limits, 
the endpoint location in physical units is given in 
Table 1 also for sin 2 0w = 0.23. 

Recent topics of interest, other than the end- 
point location, include the excitation spectrum 

2次転移

1次転移

クロスオーバー

mH

T C

標準模型での可能性
格子計算の結果

- 相転移の次数はヒッグスの質量
に強く依存する.

結論

- ヒッグスセクターに一つの新粒子を入れるだけでもこの問題は
簡単に解決する. 

1重項ヒッグスと2重項ヒッグスの場合をみてみる.



hhh vs. vC/TC
- 電弱対称性が破れて初めて出現する結合定数

h

h h

h

h

h

hhh結合定数に対する新物理の効果  
⟺ 相転移の次数を決める効果

vC/TC>(1.0-1.4)

0

0 50 100 150 200 250 300
  (GeV)

Veff

T=Tc

T>Tc

T<Tc

��hhh =
�hhh � �SM

hhh

�SM
hhh

- 対称性の破れの情報を持っている.

vC/TCvs.

を調べればよい.



vC/TC

0

0 50 100 150 200 250 300
  (GeV)

Veff

T=Tc

T>Tc

T<Tc

❒ 臨界温度(TC)は2つの真空が縮退する温度
で定義.

❒ ボゾンループによって一次相転移が実現.

Ve↵ ' D(T 2 � T 2
0 )'

2 � ET'3 +
�T

4
'4 !

T=TC

�TC

4
'2('� vC)

2

vC =
2ETC

�TC

) vC
TC

=
2E

�TC

Eが大きくなる条件とは?

�TC ' � ' m2
h/(2v

2)



Nondecoupling

Φ3が出る

重いヒッグスの質量は次で与えられる.

⇒ ⇒ ⤴

ラグランジアンにある質量次元を持った変数
ヒッグスの4点結合定数の適当な組み合わせ

必要なもの: 1. 強結合 λi, 2. 小さな M

M :

E ⤴
vC
TC

M2 & �i'
2

M2 ⌧ �i'
2

�i :
m2

� ' M2 + �i'
2

重いヒッグスの質量を大きくする極限には2種類ある

重いヒッグス粒子がnondecopuling的

Φ3が出ない
Ve↵ 3 �cT (m2

�)
3/2 = �c|M |3T

✓
1 +

�i'2

M2

◆3/2

Ve↵ 3 �cT (m2
�)

3/2 = �c�3/2
i T'3

✓
1 +

M2

�i'2

◆3/2



hhh結合定数への量子補正

c=1(2): 中性(荷電)ヒッグス

�2HDM
hhh � 3m2

h

v

�

�1 +
�

�=H,A,H±

c

12�2

m4
�

m2
hv2

�
1� M2

m2
�

�3
�

� .

h

h

h

重いヒッグスのhhh結合定数への量子補正を計算する.

For M2 � �iv2 (m2
� �M2), the quantum corrections would be suppressed.

For M2 � �iv2 (m2
� � �iv2), the quantum corrections would grow with m4

�.

[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

⇒ nondecoupling極限 (結合定数を大きくする)

⇒ 通常のdecoupling極限 (1/質量)

For sin(� � �) = 1
(ヒッグス-ゲージ結合定数、ヒッグス-湯川
結合定数が標準模型と同じになる極限)

m2
� �M2 + �iv

2重いヒッグスの質量を大きくする極限には2種類ある

⇒重いヒッグス粒子がnondecopuling的 λhhh ⤴
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Figure 1: Contour plot of ∆λhhh/λhhh and ϕC/TC in the 2HDM.

1

2重項ヒッグス拡張模型

- Mは電弱対称性が破れる
前から存在する質量変数.

- Δλhhhが(15-20)%以上ならば, 電弱相転移は強い1次.

- 強い一次相転移は重いヒッ
グスの量子効果によって引
き起こされる.

- 標準模型に2重項ヒッグス
を追加.

[Kanemura, Okada, E.S., PLB606,(2005)361]

強い1次転移



based on the improved sphaleron decoupling condition.

The paper is organized as follows. In Sec. II, we introduce the model and discuss the

vacuum structure of this model. In Sec. III, we present standard formulas for studying the

EWPT and classify the pattens of the EWPT. The sphaleron decoupling condition is given

in Sec. IV. Subsequently, a typical example is given in order to see the magnitude of the

sphaleron energy in this model. Our main results are presented in Sec. V, and Sec. VI is

devoted to conclusions and discussion.

II. THE MODEL

We consider a minimal extension of the SM that includes a gauge singlet real scalar S.

The most general renormalizable scalar potential is given by

V0 = − µ2
HH†H + λH(H†H)2

+ µHSH†HS +
λHS

2
H†HS2

+ µ3
SS +

m2
S

2
S2 +

µ′
S

3
S3 +

λS

4
S4, (4)

where H is the SU(2) doublet Higgs field. After two scalar fields H and S get the VEVs (v

and vS), they are cast into the form

H(x) =

⎛

⎝ G+(x)

1√
2

(
v + h(x) + iG0(x)

)

⎞

⎠ , S(x) = vS + s(x). (5)

The minimization (tadpole) conditions of the scalar potential can be written as

µ2
H = λHv2 + µHSvS +

λHS

2
v2

S,

m2
S = −µ3

S

vS
− µ′

SvS − λSv2
S − µHS

2

v2

vS
− λHS

2
v2. (6)

The mass matrix of h and s (denoted as M2
H) has the 2-by-2 form. The mass eigenvalues

(m2
H1,H2

) are obtained by diagonalizing M2
H with an orthogonal matrix O(α)

M2
H =

⎛

⎝(MH)2
11 (MH)2

12

(MH)2
21 (MH)2

22

⎞

⎠ =

⎛

⎝cos α − sin α

sin α cos α

⎞

⎠

⎛

⎝m2
H1

0

0 m2
H2

⎞

⎠

⎛

⎝ cos α sin α

− sin α cos α

⎞

⎠ , (7)

4

1重項ヒッグス拡張模型
H: 2重項 S: 1重項

H-S混合項

標準模型とは異なる相転移にするには, H-S混合項が重要



hhh結合定数
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FIG. 9. (Left panel) ζsph at TC and 0 are plotted as a function of α. (Right panel) vC/TC vs. ζsph

in the same α range as the left panel.

To do so, we evaluate λH1H1H1 in the effective potential approach. Although the external

momentum dependence is inherently important, we do not pursue this analysis in this paper

and defer it to future work. λrSM
H1H1H1

at the one-loop order is given by 4

λrSM
H1H1H1

= λrSM,tree
H1H1H1

+ λrSM,loop
H1H1H1

, (44)

where

λrSM,tree
H1H1H1

= 6

[
λHvc3

α +
µHS

2
sαc2

α +
λHS

2
sαcα(vsα + vScα) +

(
µ′

S

3
+ λSvS

)
s3

α

]
, (45)

λrSM,loop
H1H1H1

= c3
α

〈
∂3V1

∂ϕ3
H

〉
+ c2

αsα

〈
∂3V1

∂ϕ2
H∂ϕS

〉
+ cαs2

α

〈
∂3V1

∂ϕH∂ϕ2
S

〉
+ s3

α

〈
∂3V1

∂ϕ3
S

〉
, (46)

where cα = cos α and sα = sin α. It should be noted that the vacuum and Higgs boson

masses have to be renormalized at the one-loop level in order to evaluate λrSM
H1H1H1

properly.

In our analysis, Eqs. (38) - (41) are used for it. One can easily work out λH1H1H1 in the SM

in the effective potential approach (see, e.g., [41]). In this case, λH1H1H1 has the simple form

λSM
H1H1H1

=
3m2

H1

v

[
1 +

9m2
H1

32π2v2
+

∑

i=W,Z,t,b

ni
m4

i

12π2m2
H1

v2

]
≃ 175.83 [GeV]. (47)

4 λH1H1H1 in the SM with two real singlets are discussed in Ref. [40].

18

α: h-H 混合角 (μHS, λHSの函数)

α-> 0

3m2
H1

v
(SM-like)
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真空が不(準)安定- 強い1次相転移はH-Sの混
合によって引き起こされる.

- このとき, HVV, Hff, hhhは標準模型からずれる.

1重項ヒッグス拡張模型

 =

gH1V V

gSMhV V

=

gH1ff

gSMhff

= cos↵

- 標準模型に1重項ヒッ
グスを追加.

強い1次転移

[Fuyuto, E.S., PRD90, 015015 (2014)]
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Figure 2.7: Examples of double Higgs production processes. The upper and down left figures are

included the trilinear Higgs coupling constant λhhh.

Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.
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Figure 2.7: Examples of double Higgs production processes. The upper and down left figures are

included the trilinear Higgs coupling constant λhhh.

Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.

λhhhの測定

例: @LC

λhhhはhを2個生成するプロセスに含まれている.
以下ではLCを例にとる.

Higgsstrahlung

WW-fusion

バックグラウンド



生成断面積
e

e+

Z

Z
h h

h
hhh

*

*

¸

-

√s=500GeVだとHiggsstralungが効くが,1TeVくらいになるとWW-fusion過程が効く.
√s<1TeVなら, 生成断面積はO(0.1)fb

FIG. 3: The double Higgs boson production at the e+e− collider. The double-Higgs-strahlung

process e+e− → hhZ and the vector boson fusion process e+e− → hhνeν̄e.

FIG. 4: The cross sections of e+e− → hhZ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

process may decrease the cross section. On the other hand, if we have large enough energy,
one can control the collision energy to obtain the maximal production rate. In FIG. 4, the

cross sections of the double-Higgs-strahlung are evaluated as a function of e+e− center of
mass energy

√
s. The left (right) panel shows the case with the Higgs boson mass to be

mh = 120(160) GeV. The curves are presented in the same manner as in FIG. 2. Under the
variation of the hhh coupling constant, the cross section of the double-Higgs-strahlung has

the opposite correlation to that of gg → hh. Therefore, the positive contributions to the
hhh coupling constant has an advantage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be obtained from the Compton
back scattering method [38]. By using hard photons, Higgs boson pairs can be produced in

γγ → hh process. Feynman diagrams for this process are shown in FIG. 5, and the helicity

7

induced processes such as gg → hh and γγ → hh, cross sections can depend on new physics

particles in additional one-loop diagrams. In the THDM and scalar leptoquark models,
cross sections for e+e− → hhZ and γγ → hh can be enhanced due to the nondecoupling

effect on the hhh coupling constant through the extra scalar loops. In the chiral fourth
generation model, cross sections of double Higgs boson production processes can become

significantly large, because new particles mediate in the leading order loop diagram as well
as the nondecoupling effect on the hhh coupling constant. In models with vectorlike quarks,

the effect on the cross sections are small because of the decoupling nature of the theory.
By measuring these double Higgs boson production processes at different future collider

experiments, we would be able to test properties of new physics particles in the loop, which
helps identify the new physics model.

In Sec. II, effects of the hhh coupling constant in Higgs boson pair production processes
gg → hh at LHC, e+e− → hhZ and e+e− → hhνν̄ at ILC and CLIC, and γγ → hh at their

photon collider options are discussed. Model dependent analyses for these processes are
given in Sec. III for the THDM, the scalar leptoquark models, the chiral fourth generation

model, and the vectorlike quarks. In Sec. IV, summary and discussions are given.

II. THE HIGGS BOSON PAIR PRODUCTION PROCESSES AT COLLIDERS

In this section, we discuss Higgs boson pair production processes gg → hh [16–18],

e+e− → hhZ [22], e+e− → hhνν̄ [23] and γγ → hh [29] in various new physics models.
These processes contain the hhh coupling constant so that they can be used to determine

the hhh coupling constant at future collider experiments. The effective ggh and γγh vertices
would be precisely measured in the single Higgs boson production processes as gg → h at

hadron colliders [32] and γγ → h resonance production at the PLC [33], which will be used
to extract the hhh coupling constant from the one-loop induced processes such as gg → hh

and γγ → hh. In this section, before going to the discussion on the calculation for the cross
sections in each model, we first consider the results in the SM with a constant shift of the

hhh coupling constant by a factor of (1 + ∆κ);

λhhh = λSM
hhh(1 + ∆κ), (1)

where λSM
hhh = −3m2

h/v at the tree level 2 with v (≃ 246 GeV) being the VEV and mh

being the mass of the Higgs boson h. This constant shift can be realized when there is

2 At the one-loop order, the effective hhh vertex function have been evaluated as [7]

ΓSM
hhh(ŝ,m

2
h,m

2
h) ≃ −

3m2
h

v

{
1−

Ncm4
t

3π2v2m2
h

[
1 +O

(
m2

h

m2
t

,
ŝ

m2
t

)]}
, (2)

where Nc(=3) is the color factor. The full expression of the vertex function ΓSM
hhh

(p21, p
2
2, p

2
3) is also given

in Appendix A for completeness. In numerical analysis, we include the SM one-loop correction to the hhh

coupling constant.
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FIG. 6: The full cross section of e−e− (γ(+)γ(+)) → hh process as a function of
√
see for mh = 120

GeV (left) and mh = 160 GeV (right).

FIG. 7: The cross sections of e+e− → hhνν̄ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

laser photon. The curves are given in the same manner as in FIG. 2. The situation is very

different from gg → hh at the LHC. Energies of initial gluons are widely varied at a hadron
collider, while back-scattered photons at the PLC have narrow band spectra. Therefore, we

can tune the effective energy of photons at the PLC to some extent. The relative strength
of the W boson and the top-quark loop diagrams strongly depends on the collision energy

and the Higgs boson mass. Only for mh = 120 GeV, the large hhh coupling constant case
(∆κ = +1.0) shows a peak at the near threshold regime. It is found that the negative

deviation of the hhh coupling constant makes cross section large for mh = 120 GeV (left),
while it has an opposite effect on the cross section for mh = 160 GeV (right).

If we go to further high energy e+e− colliders, the second stage of the ILC or the CLIC,
the Higgs boson pair production via the W boson fusion mechanism becomes important [23].

The cross section increases for higher energy because of the t-channel enhancement of
W+W− → hh subprocess. In FIG. 7, we evaluate the production rate for e+e− → hhνν̄

by CalcHEP [39]. For both mh = 120 GeV (left) and mh = 160 GeV (right) cases, the
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Chapter 9
Summary

A summary of all model independent coupling precisions is given in Table 9.1.

Table 9.1. Summary of expected accuracies �gi/gi for model independent determinations of the Higgs boson
couplings. The theory errors are �Fi/Fi = 0.1%. For the invisible branching ratio, the numbers quoted are 95%
confidence upper limits.

ILC(250) ILC(500) ILC(1000) ILC(LumUp)Ô
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb≠1) 250 250+500 250+500+1000 1150+1600+2500
““ 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
W W 4.8 % 1.1 % 1.1 % 0.6 %
ZZ 1.3 % 1.0 % 1.0 % 0.5 %
t¯t – 14 % 3.1 % 1.9 %
b¯b 5.3 % 1.6 % 1.3 % 0.7 %
·+·≠ 5.7 % 2.3 % 1.6 % 0.9 %
cc̄ 6.8 % 2.8 % 1.8 % 1.0 %
µ+µ≠ 91% 91% 16 % 10 %
�T (h) 12 % 4.9 % 4.5 % 2.3 %
hhh – 83 % 21 % 13 %
BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %

For the purpose of comparing ILC coupling precisions with those of other facilities we present
the coupling errors in Table 9.2.

Table 9.2. Summary of expected accuracies �gi/gi of Higgs boson couplings using, for each coupling, the fitting
technique that most closely matches that used by LHC experiments. For gg , g“ , gW , gZ , gb, gt, g· , �T (h) the seven
parameter HXSWG benchmark parameterization described in Section 10.3.7 of Ref. [206] is used. For the couplings
gµ, ghhh and the limit on invisible branching ratio independent analyses are used. The charm coupling gc comes
from our 10 parameter model independent fit. All theory errors are 0.1%. For the invisible branching ratio, the
numbers quoted are 95% confidence upper limits.

ILC(250) ILC(500) ILC(1000) ILC(LumUp)Ô
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb≠1) 250 250+500 250+500+1000 1150+1600+2500
““ 17 % 8.3 % 3.8 % 2.3 %
gg 6.1 % 2.0 % 1.1 % 0.7 %
W W 4.7 % 0.4 % 0.3 % 0.2 %
ZZ 0.7 % 0.5 % 0.5 % 0.3 %
t¯t 6.4 % 2.5 % 1.3 % 0.9 %
b¯b 4.7 % 1.0 % 0.6 % 0.4 %
·+·≠ 5.2 % 1.9 % 1.3 % 0.7 %
�T (h) 9.0 % 1.7 % 1.1 % 0.8 %
µ+µ≠ 91 % 91 % 16 % 10 %
hhh – 83 % 21 % 13 %
BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %
cc̄ 6.8 % 2.8 % 1.8 % 1.0 %

In the energy and luminosity scenarios discussed in this paper it was assumed that the luminosity
upgrades at 250 and 500 GeV center of mass energy occurred after the energy upgrade at 1000 GeV.
It is of interest to consider a scenario where the 250 GeV and 500 GeV luminosity upgrade running

135

ILC white paper, 1310.0763

Δλhhh/λhhh=13%で測定できるならば, 電弱バリオン数生成
のシナリオを直接精査できる。
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まとめ

•ヒッグスセクターは新物理の窓 

• SM-like ⧧ SM. 結合定数の精密測定が重要 

•ヒッグスの3点自己結合定数の測定によって
電弱相転移の次数が分かる. (宇宙のバリオン
数生成と関連)
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ニュートリノ質量
- 標準模型では, ニュートリノの質量はゼロ.
質量生成機構
- シーソー機構

タイプ1: 右巻きニュートリノを導入
タイプ2: 3重項ヒッグスを導入
タイプ3: 3重項フェルミオンを導入

- 輻射シーソー機構

量子補正によって質量を生成する.

新しいスカラー粒子が必要



輻射シーソー模型
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Figure 1: Feynman diagrams for neutrino masses in the model by Zee-Babu [4] (left), that
by Ma [6] (center) and that in Ref. [7] (right).

2 Radiative seesaw models

The Zee-Babu model

In the model proposed in Ref. [4] (we refer to as the Zee-Babu model), in addition
to singly-charged singlet scalar bosons ω±, doubly-charged singlet scalar fields k±± are
introduced, both of which carry the lepton number of two unit. The neutrino mass matrix
is generated at the two-loop level via the diagram in Fig. 1 (left). The universal scale
of neutrino masses is determined by the two-loop suppression factor 1/(16π2)2 and the
lepton number violating parameter µ. The charged lepton Yukawa coupling constants yℓi
(ye ≪ yµ ≪ yτ <∼ 10−2) give an additional suppression factor. Thus, any of fij or gij in
Fig. 1 (left) can be of O(1) when mω and mk are at the TeV scale. The flavor structure of
the mass matrix is determined by the combination of the coupling constants fij and yigijyj.
The flavor off-diagonal coupling constants fij and gij induce lepton flavor violation (LFV).

In the scenario with hierarchical neutrino masses, fij satisfy feµ ≃ feτ ≃ fµτ/2. The
typical relative magnitudes among the coupling constants gij can be gµµ : gµτ : gττ ≃ 1 :
mµ/mτ : (mµ/mτ)2. For gµµ ≃ 1, the neutrino data and the LFV data give the constraints
such as mk >∼ 770 GeV and mω >∼ 160 GeV [9]. On the other hand, the constraints on
the couplings and masses are more stringent for the inverted neutrino mass hierarchy. The
current data then gives mω ≃ 825 GeV for gµµ ≃ 1 [9]. One of the notable things in this
case is the lower bound on sin2 2θ13, which is predicted as around 0.002 [8].

The Ma model

The model in Ref. [6], which we here refer to as the Ma model, is the simplest radiative
seesaw model with right-handed neutrinos Nα

R, in which the discrete Z2 symmetry is intro-
duced and its odd quantum number is assigned to Nα

R. The Higgs sector is composed of
two Higgs doublet fields, one of which (Ξ) is Z2 odd. As long as the Z2 symmetry is exact,
the neutral components of Ξ do not receive VEVs. We have one SM-like Higgs boson h,
and four physical Z2-odd scalar states; ξ0r (CP-even), ξ0i (CP-odd) and ξ± as physical scalar
states. This Z2 odd Higgs doublet is sometimes called as the inert Higgs doublet [11] or the
dark scalar doublet [12]. The LEP II limits are studied in this model in Ref. [17].

The neutrino masses are generated at the one loop level via the diagram depicted in
Fig. 1 (center), in which Z2 odd particles, ξ0 and Nα

R, are in the loop. The universal scale
for neutrino masses is determined by the one-loop suppression factor 1/(16π2), the scalar
coupling λ5 and the mass MNα

R
of the right-handed neutrinos.

LCWS/ILC2010

diagrams from [arXiv:1007.0706]

- 量子補正によってニュートリノの質量が生成される.
Zee-Babu模型 Ma模型 AKS模型

1重項荷電ヒッグス 
(ω+, k++)

1重項荷電ヒッグス(S+) 
1重項中性ヒッグス(η0)) 

2重項ヒッグス(Φ) 
RHニュートリノ(NR)

2重項ヒッグス(ζ) 
RHニュートリノ(NR)

暗黒物質 暗黒物質
バリオン数生成
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1 Introduction

The presence of cold dark matter (CDM) in our Universe is now well established by a

number of observational experiments, especially the very precise measurement of the cosmic

microwave background radiation in the Wilkinson Microwave Anisotropy Probe (WMAP)

experiment [1]. The measured value of the CDM relic density is

ΩCDM h2 = 0.1099 ± 0.0062 ,

where h is the Hubble constant in units of 100 km/Mpc/s. Though the gravitation nature

of the dark matter is established, we know almost nothing about the particle nature, except

that it is, to a high extent, electrically neutral.

One of the most appealing and natural CDM particle candidates is weakly-interacting

massive particle (WIMP). It is a coincidence that if the dark matter is produced thermally

in the early Universe, the required annihilation cross section is right at the order of weak

interaction. The relation between the relic density and the thermal annihilation cross

section can be given by the following simple formula [2]

Ωχh2 ≃
0.1 pb

⟨σv⟩
, (1.1)

where ⟨σv⟩ is the annihilation rate of the dark matter around the time of freeze-out. Given

the measured ΩCDMh2 the annihilation rate is about 1 pb or 10−26 cm3 s−1. This is exactly

the size of the cross sections that one expects from a weak interaction process and that

would give a large to moderate production rate at the LHC. In general, production of

dark matter at the LHC would give rise to a large missing energy. Thus, the anticipated

signature in the final state is high-pT jets or leptons plus a large missing energy. Note that

there could be non-thermal sources for the dark matter, such as decay from exotic relics

like moduli fields, cosmic strings, etc. In such cases, the annihilation rate in eq. (1.1) can

be larger than the value quoted above.

– 1 –

CMB, BBN, BAO, rotation curveなど

Planck

⌦CDMh2 = 0.1196± 0.0031 (68% C.L.)

Shedding Light on Dark Matter at Colliders 3
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Fig. 1. The energy budget of
the Universe according to recent
cosmological evidence19 and as-
suming the ⇤CDM model.30
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Fig. 2. Temperature power spectrum from Planck. The den-
sities of baryoninc and dark matter are measured from the
relative heights of the acoustic peaks. The third acoustic peak
is sensitive to the dark matter density. From Ref. 26.

Evidence from the formation of large-scale structure (galaxies and their clus-
ters) strongly favor cosmologies where non-baryonic DM is entirely composed of
cold dark matter (CDM), i.e. non-relativistic particles. CDM particles, in turn,
may be axions,31 superheavy non-thermal relics (wimpzillas, cryptons)32 or weakly
interacting massive particles (WIMPs). The latter class of DM candidates arises
naturally in models which attempt to explain the origin of electroweak symmetry
breaking and this is precisely where the connection between Cosmology and Parti-
cle Physics lies. Furthermore, the typical (weak-scale) cross sections characterizing
these models are of the same order of magnitude as the WIMP annihilation cross
section, thus establishing the so-called WIMP miracle. A review on the interplay
between (string-inspired) Cosmology and the LHC with an emphasis on the dark
sector is given in Ref. 33 and in references therein.

1.2. Connection between WIMPs and colliders

WIMP dark matter candidates include the lightest neutralino in models with weak-
scale supersymmetry,2–10 Kaluza-Klein photons arise in scenarios with universal
extra dimensions (UED),11 while lightest T -odd particles are predicted in Little
Higgs models34 with a conserved T -parity. The common denominator in these the-
ories is that they all predict the existence of an electrically neutral, colorless and
stable particle, whose decay is prevented by a kind of symmetry: R-parity, con-
nected to baryon and lepton number conservation in SUSY models; KK-parity, the
four-dimensional remnant of momentum conservation in extra dimension scenarios;
and a Z2 discrete symmetry called T -parity in Little Higgs models.

Weakly interacting massive particles do not interact neither electromagnetically
nor strongly with matter and thus, once produced, they traverse the various detec-
tors layers without leaving a trace, just like neutrinos. However by exploiting the
hermeticity of the experiments, we can get a hint of the WIMP presence through
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