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GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS

γγγγ I (JPC ) = 0,1(1 −−)

Mass m < 1 × 10−18 eV
Charge q < 1 × 10−35 e

Mean life τ = Stable

gggg

or gluonor gluonor gluonor gluon
I (JP ) = 0(1−)

Mass m = 0 [a]

SU(3) color octet

gravitongravitongravitongraviton J = 2

Mass m < 6 × 10−32 eV

WWWW J = 1

Charge = ±1 e

Mass m = 80.385 ± 0.015 GeV
mZ − mW = 10.4 ± 1.6 GeV
mW + − mW− = −0.2 ± 0.6 GeV
Full width Γ = 2.085 ± 0.042 GeV
〈

Nπ±

〉

= 15.70 ± 0.35
〈

NK±

〉

= 2.20 ± 0.19
〈

Np

〉

= 0.92 ± 0.14
〈

Ncharged
〉

= 19.39 ± 0.08

W− modes are charge conjugates of the modes below.

p

W+ DECAY MODESW+ DECAY MODESW+ DECAY MODESW+ DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

ℓ+ν [b] (10.86± 0.09) % –
e+ ν (10.71± 0.16) % 40192

µ+ ν (10.63± 0.15) % 40192

τ+ ν (11.38± 0.21) % 40173

hadrons (67.41± 0.27) % –
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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

H0H0H0H0 J = 0

Mass m = 125.7 ± 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 = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.87+0.24

−0.22

Z Z∗ = 1.11+0.34
−0.28 (S = 1.3)

γγ = 1.58+0.27
−0.23

bb = 1.1 ± 0.5
τ+ τ− = 0.4 ± 0.6
Z γ < 9.5, CL = 95%
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(Not yet included in PDG2014) 
Diphoton-Excess :  > 2σ	  à 1σ	  
Discrepancy of Mh in ZZ & γγ :  2.5 σ	  à within 2σ	  
Fermionic decay channels (ττ & bb) :  2σ	  à > 4σ	  
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•  Gauge force vs Higgs force  

•  Mysteries of EW sym. Breaking 
–  Higgs, top, New Physics 

•  Naturalness Revisited 

•  EW / TeV scale and Decoupling 

•  Summary 
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TABLE I. The eighth-order QED contribution from 13 gauge-invariant groups to electorn g−2. The values with a superscript

a, b, or c are quoted from Refs.[37], [8], or [38], respectively. nf shows the number of vertex diagrams contributing to A(8)
1 .

Other values are obtained from evaluation of new programs. The mass-dependence of A(8)
3 is A(8)

3 (me/mµ,me/mτ ).

group nf A(8)
1 A(8)

2 (me/mµ)× 103 A(8)
2 (me/mτ )× 105 A(8)

3 × 107

I(a) 1 0.000 876 865 · · ·
a 0.000 226 456 (14) 0.000 080 233 (5) 0.000 011 994 (1)

I(b) 6 0.015 325 20 (37) 0.001 704 139 (76) 0.000 602 805 (26) 0.000 014 097 (1)

I(c) 3 0.011 130 8 (9)b 0.011 007 2 (15) 0.006 981 9 (12) 0.172 860 (21)

I(d) 15 0.049 514 8 (38) 0.002 472 5 (7) 0.087 44 (1) 0

II(a) 36 −0.420 476 (11) −0.086 446 (9) −0.045 648 (7) 0

II(b) 6 −0.027 674 89 (74) −0.039 000 3 (27) −0.030 393 7 (42) −0.458 968 (17)

II(c) 12 −0.073 445 8 (54) −0.095 097 (24) −0.071 697 (25) −1.189 69 (67)

III 150 1.417 637 (67) 0.817 92 (95) 0.6061 (12) 0

IV(a) 18 0.598 838 (19) 0.635 83 (44) 0.451 17 (69) 8.941 (17)

IV(b) 60 0.822 36 (13) 0.041 05 (93) 0.014 31 (95) 0

IV(c) 48 −1.138 52 (20) −0.1897 (64) −0.102 (11) 0

IV(d) 18 −0.990 72 (10)c −0.1778 (12) −0.0927 (13) 0

V 518 −2.1755 (20) 0 0 0

I(a) I(b) I(c) I(d) I(e)

I(f) I(g) I(h) I(i) I(j)

II(a) II(b) II(c) II(d) II(e)

II(f) III(a) III(b) III(c) IV

V VI(a) VI(b) VI(c) VI(d) VI(e)

VI(f) VI(g) VI(h) VI(i) VI(j) VI(k)

FIG. 2. Typical self-energy-like diagrams representing 32
gauge-invariant subsets contributing to the tenth-order lepton
g−2. Solid lines represent lepton lines propagating in a weak
magnetic field.

slight modification of programs for the eighth-order dia-
grams. Together with the results of subsets VI(j,k), the

contributions from 17 subsets to A(10)
1 were evaluated

and published [10]. We recalculated all 17 subsets once
more from scratch and found that the results of I(d), I(f),
II(a), II(b), and VI(c) in [10] were incorrect. Although
the constructed integrals for the first four subsets are free
from errors, they did not include the finite renormaliza-
tion terms in the last step of the calculation. The value
of the subset VI(c) was a typo. The corrected values are
listed in Table II.
Other subsets are far more difficult to handle. Thus

we developed and utilized the code-generating algorithm
gencodeN which carries out all steps automatically,

including subtraction of ultraviolet and infrared diver-
gences [40]. By gencodeN and its modifications for
handling vacuum-polarization loops and light-by-light-
scattering loops, we have obtained fortran programs
for 12 more subsets [12, 14–18]. The subsets III(c) and
I(j), which involve one(two) light-by-light scattering sub-
diagram(s) internally, were handled manually [11, 19].
The subset II(e), which contain a sixth-order light-by-
light-scattering subdiagarm internally, was handled by
an automation procedure [13]. At least two independent
codes for non-automated programs were written by dif-
ferent members of our collaboration in order to minimize
human errors.

All integrals were numerically evaluated by VEGAS
[39]. For some diagrams of the sets IV and V that contain
cancellation of linear IR divergence within a diagram, we
used the quadruple-precision arithmetics to avoid possi-
ble round-off errors of numerical calculations. The con-
tribution of the tau-particle loop to ae is negligible at
present. Thus the sum of (6) and (9) gives effectively the
total tenth-order QED contribution to ae.

This work is supported in part by the JSPS
Grant-in-Aid for Scientific Research (C)20540261 and
(C)23540331. T. K.’s work is supported in part by the
U. S. National Science Foundation under Grant NSF-
PHY-0757868. T. K. thanks RIKEN for the hospitality
extended to him while a part of this work was carried
out. Numerical calculations are conducted on RSCC and
RICC supercomputer systems at RIKEN.

[1] D. Hanneke, S. Fogwell, and G. Gabrielse,
Phys. Rev. Lett. 100, 120801 (2008).
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EWPT (1-loop) 

Predict Mt, Mh 
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Very well-established !! 



Higgs Force 
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What is the origin of mass ? 
Higgs mechanism ? Fermion Mass hierarchy, mixing, CP violation ? 

 
 

Higgs mechanism  Yukawa interaction Higgs self-interaction 

(New) non-Gauge force Normalization  
of Higgs coupling 



Higgs Force 
  
  What is the origin of mass ? 

Higgs mechanism ? Fermion Mass hierarchy, mixing, CP violation ? 
 
 

LHC = 300/fb
ILC = TDR

Comparison of LHC and ILC Higgs coupling accuracies ? 

Here is the figure from the ILC TDR:

M. Peskin 

2014/9/6-9 ILD2014 Koji TSUMURA (Kyoto U.) 

~ 0.1% ~ 10% 



Higgs Force 
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What is the origin of mass ? 
Higgs mechanism ? Fermion Mass hierarchy, mixing, CP violation ? 
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Actually, LHC only see ratios of BRs !! 

Direct measurement of Total Width of h 
(Experimental reconstruction) 

Chapter 6
Higgs Couplings, Total Width and
Branching Ratios

6.1 Model Independent Determination of Higgs Couplings

The sigma times branching ratio measurements in the previous chapters imply a very high level of
precision for the various Higgs boson couplings. To quantify this we perform a global fit of the Higgs
boson couplings and total Higgs width using all the available cross section and cross section times
branching ratio data.

Before discussing the global fit in detail, it would be helpful to show an example explaining how
we get the absolute couplings and Higgs total width. Let’s look at the following four independent
measurements:

Y1 = ‡ZH = F1 · g2
HZZ

Y2 = ‡ZH ◊ Br(H æ bb̄) = F2 · g2
HZZg2

Hbb̄

�T

Y3 = ‡‹‹̄H ◊ Br(H æ bb̄) = F3 · g2
HW W g2

Hbb̄

�T

Y4 = ‡‹‹̄H ◊ Br(H æ WW ú) = F4 · g4
HW W

�T
,

where �T is the Higgs total width, gHZZ , gHW W , and gHbb̄ are the couplings of the Higgs to ZZ,
WW , and bb̄, respectively, and F1, F2, F3, F4 are calculable quantities. It is straightforward to get
the couplings with the following steps:

i.) from the measurement Y1 we can get the coupling gHZZ .

ii.) from the ratio Y2/Y3 we can get the coupling ratio gHZZ/gHW W .

iii.) with gHZZ and gHZZ/gHW W , we can get gHW W .

iv.) once we know gHW W , we can get the Higgs total width �T from the measurement Y4

v.) from the ratio Y3/Y4 we get the ratio gHbb/gHW W , from which we obtain gHbb.
This example already gave quite clear synergy between the two main Higgs production channels.

The best energy to investigate the Higgsstrahlung production e+e≠ æ ZH is around 250 GeV,
however the e+e≠ æ ‹‹̄H at 250 GeV is very small. WW-fusion production will be fully open at 500
GeV with cross section one order of magnitude larger. This is one essential motivation to go to higher
energy after running at 250 GeV.

We discuss in detail the model independent fit of the Higgs couplings for the ILC(1000) luminosity
scenario. For this scenario the 33 independent ‡ ◊ Br measurements in Table 5.4 are used as
experimental input. The ‡◊Br measurements are labelled with with Yi, i = 1, 2, ..., 33. The predicted
values of these measurements as a function of the Higgs couplings are given by Y

Õ

i = Fi · g2

HZZ g2

HXX

�T
,

111

Recoil !! 
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Gauge  
Force 

Higgs 
Force 

~0.1% (1-loop) 
~10% 

~0.1% 

Any deviation form the SM could be understood as NP 

+ Total width 



Mysteries of EWSB 

Where does the EW scale come from? 
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EW scale  : v ~ 246 GeV Planck : MPl ~ 1019 GeV GUT : MGUT ~ 1016 GeV	

Unif. of EW and strong 
Unif. of Matter 

Unif. of Gauge and Gravity 

     |    |    |    |    |    |    |    |    |    |    |    |    |    |    |    |    |    | 
1019 1016 102 <<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 
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6_had =6_(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty

Achievements of e+e- colliders 
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Log10(Q/GeV)
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_
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U(1)

SU(2)

SU(3)

Higgs boson is light 
LEP/SLC electroweak precision 
measurements predicted the SM Higgs 
boson mass to be around 100 GeV. 
(Actual discovery by LHC at around 126 
GeV.) 

Unification with supersymmetry (SUSY) 
Precise measurement of the gauge couplings 
with RGE calculations indicate: if 
supersymmetry exists around 1-10 TeV, the 
three forces unify at around 1016 GeV. 

with SUSY 

without SUSY 

ヒッグス質量 (GeV) エネルギースケール 10N (GeV) 

LEP measurements 

Unification 

e+e− Energy Frontier :"
LEP (√s=90−209 GeV, 1989-2000) & SLC (√s=90−100 GeV, 1989-1998)"

SUSY 
around 1 TeV 

Martin, hep-ph/9709356 LEP Combined 

��

Hierarchy 



Mysteries in Higgs sector 

(Within the SM,) Precise value of Mh fixes Curvature 
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ü  Input for all Higgs BR & xsec !! 
ü  Input for RGE analysis !! 

EWSB 

v=246 GeV 

Mh=126 GeV 

EWSB 

v=246 GeV Least Requirement : as low as Mt error 

ΔM~30MeV 

ΔM~60MeV 

“Off-shell” 

l  Tree-level 
l  Neglect W width 
   & fermion masses 

ΔM~120MeV 



Mysteries in Higgs sector 

(Within the SM,) Precise value of Mh fixes Curvature 

4 

Higgs precision (SUSY) EWSB 

v=246 GeV 

Mh=126 GeV 

EWSB 

v=246 GeV 

Accurate Mh, Mt à New Physics 

Accurate  ρ  à Predict Mt 
Accurate ρ + Mt  à Predict Mh 

EW precision 

Least Requirement : as low as Mt error 



Mysteries in Higgs sector 

What is the trigger of EWSB ? 
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EWSB 

v=246 GeV 

Mh=126 GeV 

EWSB 

v=246 GeV 

What is the origin of μ2	  <	  0	  ? 

 à Dynamical EWSB from New Physics 

SM (+conformal sym.) 
SUSY (supersymmetry) 

Composite Higgs (some global sym.) 

Gauge-Higgs Unif. (gauge sym.) 

Quantum effect 

Analog to “Natural theories” 
l  BCS theo. for superconductivity 
l  Chiral sym. breaking in QCD 



Mysteries in Higgs sector 

Fine-tuning problem is solved at the same time !! 
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What is the origin of μ2	  <	  0	  ? 

 à Dynamical EWSB from New Physics 

SM (+conformal sym.) 
SUSY (supersymmetry) 

Composite Higgs (some global sym.) 

Gauge-Higgs Unif. (gauge sym.) 

Without mechanism Mh tends to be heavy : Naturalness Problem δMh
2≈Λ2  

Key : δMh
2 ≈ 0 by sym.	



Higgs potential Stability 
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S. Matsumoto 

Mt=174.34, Mh=126GeV 

Precise value of Mt measures the stability of Higgs pot. 

Mt 

Extrapolating SM to Very High Energies 
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

The SM can be valid up to very 
high energies.  Under this 
hypothesis, the stability of our 
vacuum can be tested via precise 
measurements of electroweak 
observables. 
 
Current measurements are limited 
by the uncertainties in the top quark 
mass and αs measurements. 
 
ILC will improve the top quark 
measurement by five fold (100 
MeV) over the HL-LHC (500 MeV). 
 
Future Lattice QCD calculations 
can provide precise αs calculations 
at the 0.08% level (Lepage, 
McKenzie, Peskin, arXiv:
1404.0319). 

Degrassi et al. 
JHEP 1208 (2012) 098 
arXiv:1205.6497�

���

  
Flat potential (λ~0) suggests inflation?   



Does SM valid up to Planck?  
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S. Matsumoto 

Mt=174.34, Mh=126GeV 

Precise value of Mt measures the stability of Higgs pot. 

Mt   

Gravity (String) scale ? 

Sensitive to Mt 

Flat potential (λ~0) suggests inflation?   

Flat potential (λ~0) suggests inflation?   



Does SM valid up to Planck?  
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S. Matsumoto 

Mt=174.34, Mh=126GeV 

Precise value of Mt measures the stability of Higgs pot. 

Mt   

Required precision depends on central value of Mt 
 
 

      Least Requirement : as low as mh & αs errors 
        [ ΔMt < 300 MeV from current errors ] 

Top Quark Mass 

HL-LHC: 
arXiv:
1311.2028 
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Seidel, Simon, Tesar, Poss, 
EPJ C73 2530 (2013),  
arXiv:1303.3758 ���

Gravity (String) scale ? 



Indirect search for New Physics 
Model independent search 
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EWSB and top 
Top as a probe of Composite Higgs  
                                                            (motivated by QCD-like strong dynamics)  
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−20% −80% −60% −40% 40% 60% 80% 20% 

20% 

10% 

−10% 

−20% 

Impact on Top Sector 

Deviations for different models for new physics scale at ~1 TeV. 
Based on F. Richard, arXiv:1403.2893�

Composite Higgs with SO(5)/SO(4)�

RS warped with Hosotani mechanism�

RS with Custodial SU(2)�

Little Higgs�

Composite Top�

AdS5 with Custodial O(3)�

RS with SU(2)R×SU(2)L×U(1)X�

5D Emergent�

LHC 300 fb-1 

ILC, √s = 500 GeV 
Lumi = 500 fb-1 

Composite Higgs theories have an impact on the top sector. Composite Higgs 
models can be tested at the ILC through precise measurements of the top 
couplings.  Beam polarization (both e- and e+) is essential to distinguish the ttZ and 
ttγ couplings. 

SM / SUSY�

�tLtLZ

tLtLZ

�tRtRZ

tRtRZ

�%�
ü  Anomalous top coupling measurement 
ü  Top FCNC decay (ex. tàcZ, tàch) 

Charm-Tag would be an advantage @ ILC 

Deviations decouple for large NP scale (ex. Top partner) 

Top-Gauge coupling precision  
 limits indirect search potential 



EWSB and Higgs 
Higgs as a probe of Composite Higgs  
                                                            (motivated by QCD-like strong dynamics)  
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Composite Higgs: Reach 
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ILC 

Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Comparison depends on the coupling strength (g*) 

H
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gs
 

Direct Search 

HL-LHC (approx.) �$�

Higgs-Gauge coupling precision limits indirect search potential 



Higgs as a probe of SUSY Higgs  
                                                            

EWSB and Higgs 
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LHC: ATL-PHYS-PUB-2013-016
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-1LHC 3000 fb

ILC

95% CL exclusion potential

ILC

Heavy Higgs Mass Reach 
•  LHC: Heavy Higgs direct search 
•  ILC: Indirect search via effect on Higgs couplings BR(h"WW)/BR(h"bb) 

and BR(h"WW)/BR(h"ττ)  

ILC: 
Lumi 1920 fb-1, sqrt(s) = 250 GeV 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 

Preliminary 

� �

Yukawa coupling precision is important for sort of 2HDMs 



Minimality/Simplicity 
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Minimality Principle ? 

Nature does not always respect Minimality 
 
 

 

 
New Physics often requires ext. Higgs sector 
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¢ SU(2) x U(1) à U(1)EM  
✖        SU(2)    à U(1)EM w/o Neutral current (Z) 

SM    à 1HDM 
MSSM    à 2HDM (4HDM, …) 
Composite Higgs  à depend on models  
Gauge Higgs  à depend on models 
Ext. Gauge sym.  à 1HDM + singlet 
v inspired   à depend on models 

        (Type-II seesaw : 1HDM+Triplet)  



Non-minimal Higgs sector ? 
Most likely to be a doublet, but possible mixing w/ other multiplets 
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Singlet 
Additional doublet 
Triplet 
… 
Septet 
… 

New Particle in EW sector !! 
  à Direct search : H, A, H+, H++, … 
 

h125 as a probe : coupling deviations 
 

Extended Gauge sym. 

Neutrino mass 

SUSY 

Not yet thought of 

At least 1 (0.1) % precision for M > 1 (3) TeV (M is a new Higgs scale) 
[ pre-factor: loop suppression, tanβ enhancement, non-decoupling effect ] 



Fingerprint Models 
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Model independent approach à Probe NP scale/pattern  



Direct search for New Physics 
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Do we still have a chance in EW scale? 
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LHC has been extensively searched for  
New colored particle : > 1TeV SUSY confronts LHC

squark
~1800GeV

gluino ~1400GeV

13年11月25日月曜日

Squark 
≥	 1.8TeV 

Gluino 
≥	 1.4TeV 



Do we still have a chance in EW scale? 
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SUSY (supersymmetry) 

Composite Higgs (some global sym.) 

Gauge-Higgs Unif. (gauge sym.) 

Need Mechanism to split  
colored and non-colored sector 
(unless New Physics is decoupled) 

(re)consider Naturalness 

Non-Minimal extended Model  
(too many possibility) 

Need Motivation!!   
 

DM, v, g-2, etc. 

LHC has been extensively searched for  
New colored particle : > 1TeV 

Top-down 

Bottom-up ü  Positron excess in cosmic ray 
ü  3.5 keV gamma line 
ü  PeV v @ IceCUBE 
ü  Inflation ? [BICEP2] 
ü  Proton charge radius 
ü  v anomalies (LSND, MiniBooNe) 
ü  Top FB asymmetry [CDF, D0] 
ü  Lepton universality [LEP] 
ü  Inclusive & Exclusive Vub 
ü  W+W+ scatt. [LHC] 
 



degenerate 
SUSY 

Mind of SUSY theorists 

Higgs mass
and MSSM  

current SUSY search 

NMSSM 

extra 
matter 

FCNC 

R parity 
violation 

little hierarchy problem 

muon g-2 

Heavy Supersymmery Light Supersymmetry 

Lot’s of Model building activity so far   

Higgs Br

high scale, split SUSY 

13年11月25日月曜日

M. Nojiri 



SUSY models now face experimental test  
( we need to reconsider other criterions seriously) 

 

So far, CMSSM w/ EW SUSY particle is the best bench-mark model 
( It may draw too much attentions !! ) 

SM	 EW-‐SUSY	 TeV-‐SUSY	 HS(100TeV)	

Fine-tuning level 10-32 Natural 10-3 10-6 

Flavor/CP problrem None Serious Mild None 
Coupling unification Not Unify Unify Unify Unify 

Proton decay None Serious Mild None 
Dark Matter None OK OK OK 
Simplicity Simple Complex Complex Simple 

Testability Good Good Bad BAD 

Naturalness Revisited 

Naturalness in SUSY 
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Reweighting Criterion ?  or  Inventing Mechanism ? 
(Need to pay a price) 

SM	 EW-‐SUSY	 TeV-‐SUSY	 HS(100TeV)	

Fine-tuning level 10-32 Natural 10-3 10-6 

Flavor/CP problem None Serious Serious Mild 
Coupling unification Not Unify Unify Unify Unify 

Proton decay None Serious Serious Mild 
Dark Matter None OK OK OK 

SM	 EW-‐SUSY	 TeV-‐SUSY	 HS(100TeV)	

Fine-tuning level 10-32 Natural 10-3 10-6 



Mechanism 
Natural SUSY :   
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Higgs ~ gaugino ~ scalar 

Higgs < gaugino < scalar 
Mechanism 1-loop 1-loop 

III   Split SUSY from Anomaly Mediation
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q̃, ℓ̃, H0,±, A

Ωh̃ = ΩDM

mass [TeV]

1

103

106

W̃
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g̃

h̃, G̃

q̃, ℓ̃, H0,±, A

ΩW̃ = ΩDM

Figure 1: Two versions of the Spread Supersymmetry spectrum, with the Higgsino LSP (left)
and the wino LSP (right).

unknown coefficient of order unity that is not displayed. The coefficient of the last term could

be suppressed due to an approximate Peccei-Quinn (PQ) symmetry.

The gauginos and Higgsinos acquire masses from higher order effects in FX/M2
∗ or through

R symmetry breaking necessary to suppress the cosmological constant in supergravity.1 This

yields a spectrum for superpartners that spans some range. Since m̃ scans in the multiverse, the

forbidden window in the LOSP mass from the TeV scale to TR will force either the LOSP to be

heavier than TR or to be in the TeV domain. The former simply gives a perturbation of High

Scale Supersymmetry, but the latter leads to Spread Supersymmetry.

The spread spectrum we have in mind is illustrated in Fig. 1. The gravitino mass m3/2 =

FX/
√
3MPl ≡ ϵ∗m̃ breaks R symmetry and anomaly mediation leads to gaugino masses of order

m3/2/16π2, so that the gauginos are lighter than the squarks and sleptons by a factor ϵ∗/16π2.

(ϵ∗ ≡ M∗/
√
3MPl is typically smaller than 1.) The only remaining question is the mass of

the Higgsinos, which is model dependent. Two versions of the spread spectrum are shown in

Fig. 1. In the left panel the Higgsino masses arise from a one-loop radiative correction form

virtual gauginos and Higgs bosons. In the right panel the Higgsino masses are of order the

1We assume that the supersymmetry preserving vacuum expectation value ⟨X⟩ is sufficiently small that
contributions to gaugino and Higgsino masses from operators involving X†X are negligible.
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High scale messengers

 couple directly only 

to scalar masses

Anomaly  Mediation

with unsuppressed scalar masses

Yasunori Nomura, LJH   1111.4519  
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heavier than TR or to be in the TeV domain. The former simply gives a perturbation of High
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The spread spectrum we have in mind is illustrated in Fig. 1. The gravitino mass m3/2 =
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3MPl ≡ ϵ∗m̃ breaks R symmetry and anomaly mediation leads to gaugino masses of order

m3/2/16π2, so that the gauginos are lighter than the squarks and sleptons by a factor ϵ∗/16π2.
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3MPl is typically smaller than 1.) The only remaining question is the mass of
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Wells   hep-ph/0411041 

Spread SUSY

Giudice, Luty, Murayama, Rattazzi
   hep-ph/9810442 

µ

L. Hall 



Zoo of New Physics 

H. Murayama 



EW/TeV scale & DM 
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Lower bound on WIMP annih. xsec !!  
 

(annih. xsec must be large enough to eliminate too many DM) 

Evidence for DM 
ü  Galaxy Rotation Curve 
ü  Velocity Dispersion of Galaxies 
ü  Galaxy Clusters and Gravitational Lensing  
ü  Sky surveys and baryon acoustic oscillations 
ü  Cosmic Microwave Background (CMB) 
ü  Type Ia supernovae distance measurements 
ü  Lyman-Alpha Forest 
ü  Structure Formation 
	

O(100)GeV [ EW/TeV scale ] + weak int. 



Higgs Invisible Decay 
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Lower bound on WIMP annih. xsec !!  
 

(annih. xsec must be large enough to eliminate too many DM) 

Abe, Kitano 

Current best bound of 
DM direct detection (LUX2013) 

XENON1T (~ 2017 ?) 

Ex. SM + gauge singlet DM  S1: summary in light mass region 

• if XENON1T find DM (2017??),   ILC find invisible decay

LUX

XENON1T

10
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-42
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m
2
]

mDM [GeV]

ILC reach

current
bound

LHC reach

Brinv>0.19

Brinv>0.09

Brinv>0.0026

1 order improvement is expected @ LZ 

Improve Inv. Decay search  
or Mono-photon search ? 



Do we still have a chance in EW scale? 
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LHC14 and/or HL-LHC will further  
constrain non-colored particle 

One often hears that new particle exclusions from the 
LHC imply that the ILC cannot discover new particles in 
direct pair production.   That is not correct, especially 
for particles with only electroweak interactions.   In 
those cases, the LHC is sensitive only when the energy 
release in particle decay is large.

Degenerate Spectrum 

ΔM < 200 MeV ΔM > 20 GeV [ 19 / 20 ] [ATLAS-CONF-2013-069] 

Latest result (2013 July) 

is excluded! 

[ 11 / 20 ] 

Lifetime of charged wino :  

• Main decay mode :  
 

• Life-time is strongly depends on 

Long-lived 



Do we still have a chance in EW scale? 
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LHC14 and/or HL-LHC will further  
constrain non-colored particle discovery up to            means ...

p
s/2

ILC BSM White Paper

ILC White Paper 

ΔM ~ 2 GeV [ ILC ] 

ΔM ~ 20 GeV [ LHC ] 

ΔM ~ 200 MeV [ LHC: long-lived ] 



Decoupling & Degeneracy 
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Decoupling preserves SU(2) structure 
à “Natural” Degeneracy 

[ 11 / 20 ] 

Lifetime of charged wino :  

• Main decay mode :  
 

• Life-time is strongly depends on 

Higgsino LSP : ΔM > 400 MeV 

ΔM ~ 2 GeV [ ILC ] 

Wino LSP : ΔM < 200 MeV 



Summary 
•  Higgs force is still unknown 
•  EWSB & “(revised)Natualness” are still guiding principle 

–  Links to New Physics  

•  There are many NP indications 

    ILC 
•  Precise determination of Mass & Couplings 
•  Direct & Indirect search for New Physics 
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ü  Dark Matter 
ü  Origin of neutrino mass 
ü  Muion g-2 
ü  Positron excess in cosmic ray 
ü  3.5 keV gamma line 
ü  PeV v @ IceCUBE 
ü  Inflation ? [BICEP2] 
ü  Proton charge radius 
ü  v anomalies (LSND, MiniBooNe) 
ü  Top FB asymmetry [CDF, D0] 
ü  Lepton universality [LEP] 
ü  Inclusive & Exclusive Vub 
ü  W+W+ scatt. [LHC] 



Mysteries in Higgs sector 

Is the EW scale natural ? 

2014/9/6-9 ILD2014 

S. Matsumoto 

Mt=174.34, Mh=126GeV 

EWSB 

v=246 GeV 

Mh=126 GeV 

(Within the SM,) Precise value of Mh fixes Curvature 
Independent reconstruction of Higgs pot. : λ	  hhh  
[ measure of EW phase transitions ] 

Grand desert 
(Hierarchy) 

Only the probe of mass-coupling relation : Mh
2=2λv2 



Summary 

Where does the EW scale come from? 

2014/9/6-9 ILD2014 Koji TSUMURA (Kyoto U.) 

S. Matsumoto 

Mt=174.34, Mh=126GeV 

EWSB 

v=246 GeV 

Mh=126 GeV 

Mh, Higgs couplings inc. λ	  hhh 

Mt, anomalous top couplings Flat potential (λ~0) suggests inflation?   

Grand desert (Hierarchy) 

Dynamical generation of EW from New Physics 

Possible connection w/ DM 


