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Status 
Where are we ? 
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2012 
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A new particle is found !! 
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(c) H ! ZZ⇤ ! 4`

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

2013 
3 decay channels are seen (≥3σ, each) 

Spin 0 is favored 
 
 

A Higgs boson is confirmed !! 
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The Review of Particle Physics (2013) 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

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

HTTP://PDG.LBL.GOV Page 4 Created: 7/12/2013 14:49

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

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
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2
)H0
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H0
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)H0
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H0
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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)

HTTP://PDG.LBL.GOV Page 5 Created: 7/12/2013 14:49

Mass determined 

3 decay channels are seen 
NEW 

July 2013 
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CERN seminars on  
Nov. 26 & Dec. 3 



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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ATLAS Preliminary
 VBF+Boosted�� �H

-1 L dt = 20.3 fb�
 = 8 TeVs

A fermionic decay channel 
(ττ) is almost seen 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&&

)µSignal strength (
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ATLAS Prelim.

-1Ldt = 20.3 fb �  = 8 TeV s

 = 125 GeVHm
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  = 1.0µVBF  0.6-
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Total uncertainty
µ on � 1 ±

(statistical)�

(syst. incl. theory)�

(theory)�

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)%

11/26/13& CERN&seminar& 44&) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb� = 7 TeV s
-1Ldt = 20.7/20.3 fb� = 8 TeV s

 = 125.5 GeVHm
Phys. Lett. B 726 (2013) 88

0.28-
0.33+ = 1.55µ

�� �H 

 0.12-
 0.17+
 0.18-
 0.24+
 0.22-
 0.23+

Phys. Lett. B 726 (2013) 88

0.35-
0.40+ = 1.43µ

 4l� ZZ* �H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

Phys.Lett.B726(2013)88

0.28-
0.31+ = 0.99µ

�l� l� WW* �H 

 0.09-
 0.15+
 0.19-
 0.23+
 0.21-
 0.20+

Phys. Lett. B 726 (2013) 88

0.18-
0.21+ = 1.33µ

, ZZ*, WW*���H
Combined

 0.10-
 0.12+
 0.13-
 0.17+
 0.14-
 0.13+

0.6-
0.7+ = 0.2µ

b b�W,Z H 

<0.1

0.4±

0.5± ATLAS-CONF-2013-079

0.4-
0.5+ = 1.4µ

)-1(8TeV: 20.3 fb  �� �H 

 0.2-
 0.3+
 0.3-
 0.4+
 0.3-
 0.3+

Total uncertainty
µ on � 1±

(statistical)�

(syst.incl.theo.)�

(theory)�

New!%

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  32 

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 

CERN seminars  
on Nov. 26 & Dec. 3 



So far, so GOOD. 
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New Era of the SM 
started 
What we need ? 
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SM is successful 

EM:  
 
EW:  
 
QCD:  
 
Higgs:  
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Precision test 

3

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).

Electron g-2 
10th order 



SM is successful 

EM:  
 
EW:  
 
QCD:  
 
Higgs:  
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Precision test 

EW precision (LEP) 

W, Z 
W, Z, h, t, b 

New Physics 



SM is successful 

  
 
EW:  
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W, Z 

t, b 

“Deviation” in ρ à Predict Mt 



SM is successful 

  
 
EW:  
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“Deviation” in ρ à Predict Mh 

0
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3

4
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6

10040 200
mH [GeV]

6
r2

LEP
excluded

LHC
excluded

6_had =6_(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

W, Z 

h 



SM is successful 

EM:  
 
EW:  
 
QCD:  
 
Higgs:  
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Precision test 

pQCD  ≥1TeV (LHC)    
Q (GeV)10 210 310

(Q
)

S
α

0.06

0.08
0.1

0.12
0.14
0.16
0.18
0.2

0.22
0.24 CMS Preliminary

   +0.0065
-0.0041

)=0.1185
Z

(MSαCMS Incl. Jets :  
  32CMS R

 cross section  tCMS t
CMS 3-Jet mass  
CMS Incl. Jets  

D0 inclusive jets  
D0 angular correlation  
H1  
ZEUS  



SM is successful 

EM:  
 
EW:  
 
QCD:  
 
Higgs:  
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Gauge forces are tested 

Gauge principle 

Unification of 3 forces ? 



SM is successful 

EM:  
 
EW:  
 
QCD:  
 
Higgs:  
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Why not? 
Higgs precision (ILC) 

Higgs force 
(Origin of mass) 



Why Higgs? 
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“Energy Frontier” study for Snowmass 2013 

Introduction 
 

the discovery of the Higgs boson has changed our viewpoint … 
 

1st, the Higgs boson completes the particle spectrum of the SM. 
It is clear now exactly what the model does not explain. 

 

2nd, one of the key mysteries concerns the Higgs boson itself. 
 

3rd, the Higgs boson itself give us a new experimental approach. 
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We are here !! 

This is a new tool to probe New Physics scale. 



What is the SM ? 
Matter contents à quarks, lepton, Higgs (completed) 

Gauge symmetry à gluon, W, Z, γ (tested) 
Renormalizability à loop corrections (tested) 
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All parameters are now fixed!! 



Not yet Tested !! 
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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 



Not yet Tested !! 
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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 
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Higgs to Vector Boson Coupling : NV 

• If NV is less than unity, the energy scale of new scalar can be 

determined 

• NV
2 > 0.984@95%CL if NV

2=1. 

– MA > 600GeV (1.4TeV) for tanE = 7 (1) in 2HDM (type independent) 

– MS > 4TeV in additional singlet model 
Model independent 

Kanemura 
Tian 



Mh as an input 
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Max Baak (CERN) 
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Indirect determination of W mass 

!  Scan of Δχ2 profile versus MW 
•  Also shown: SM fit with  

minimal inputs:  
MZ, GF, Δαhad

(5)(MZ), αs(MZ),  
MH, and fermion masses 

•  Good consistency between 
total fit and SM w/ minimal inputs 

!  MH measurement allows for  
precise constraint on MW 

•  Agreement at 1.4σ 
!  Fit result for indirect determination of MW (full fit w/o MW): 
 

!  More precise estimate of MW than the direct measurements!  
•  Uncertainty on world average measurement: 15 MeV 

29 The ElectroWeak fit of Standard Model 

Uncertainty on MW from Global Fit is reduced to 15 MeV w/ Mh. 
[ More precise than direct measurements (≈20MeV) !! ] 

Max Baak (CERN) 

Confrontation of measurement and prediction 

!  Breakdown of predicted uncertainties for MW and sin2θleff 

The ElectroWeak fit of Standard Model and Beyond 

!  MW and sin2θleff are (and will be) sensitive probes of new physics! 

Need further precision in δMW to discriminate two M. Baak 



Mt as an input 
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Max Baak (CERN) 

Confrontation of measurement and prediction 

!  Breakdown of predicted uncertainties for MW and sin2θleff 

The ElectroWeak fit of Standard Model and Beyond 

!  MW and sin2θleff are (and will be) sensitive probes of new physics! 

Max Baak (CERN) 

Conclusions 1/2 

!  Including MH measurement, precise predictions of EW 
observables at loop level are possible for the first time. 

!  Overall consistency of the SM fit is very good. 
•  MH consistent at 1.3σ with indirect prediction from EW fit. 
•  p-Value of global electroweak fit of SM: 18+2 % (pseudo-experiments) 

51 The ElectroWeak fit of Standard Model 
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Figure 1-6. Fit results for the present and assumed future scenarios compared to the direct measurements.
For the future scenarios the central values of the input measurements are adjusted to reproduce the SM with
MH ' 126 GeV. Left: ��

2 profiles versus MH ; in blue the present result, and in light blue, green and
orange the present, LHC and ILC/GigaZ scenarios are shown, respectively, all using the future fit setup
with corresponding uncertainties. Right: MW versus mt; the horizontal and vertical bands indicate in blue
today’s precision of the direct measurements, and in light green and orange the extrapolated precisions for
LHC and ILC/GigaZ, respectively.

given in Table 1-13. The sensitivity to new physics is improved over a factor of three compared with that of
today.

1.2.7 EWPOs in the MSSM

Precision measurements of SM observables have proven to be a powerful probe of BSM physics via virtual
e↵ects of the additional BSM particles. In general, precision observables (such as particle masses, mixing
angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
the other model parameters, and can be measured with equally high precision. Various models predict
di↵erent values of the same observable due to their di↵erent particle content and interactions. This permits
to distinguish between, e.g., the SM and a BSM model, via precision observables. Naturally, this requires
a very high precision of both the experimental results and the theoretical predictions. (It should be kept
in mind that the extraction of precision data often assumes the SM.) Important EWPOs are the W boson
mass, MW , and the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , where the top quark mass plays a crucial
role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
experimental value.

Community Planning Study: Snowmass 2013

Largest uncertainties come from Mt 

M. Baak 
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Max Baak (CERN) 

Confrontation of measurement and prediction 

!  Breakdown of predicted uncertainties for MW and sin2θleff 

The ElectroWeak fit of Standard Model and Beyond 

!  MW and sin2θleff are (and will be) sensitive probes of new physics! 

Need Theorist’s effort  

18 Tohoku Forum for Creativity, Oct. 23 2013, Hiroshi YOKOYA 

Threshold Scan at the ILC 

9 QCD calc. up to NN(N)LO 

9 Beam spectrum, ISR effects 

9 Beam polarization reduces BG events.   

9 Higgs-exchange effects →  yt measurement Horiguchi et al. 13 

Fujii,Matsui,Sumino 94, Martinez, 
Miquel 03, Seidel,Simon 12 

←  PS-mass (can be converted to MS mass) 

←  overall normalization rather uncertain 

another δm~40MeV by conversion 

Threshold scan @ ILC 
δMt ≈40 MeV 

M. Baak 



Mt as an input 
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To be or not to be.  
Our vacuum may be unstable 

Unstable To confirm our safety,  
we need more accurate Mt. 

G. Degrassi et.al.  



Beyond the SM 
Why ? Where is it ? 
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What is the Beyond SM ? 
The SM is now completed. 

 
What is the mechanism for charge quantization ? 
Why does the strong interaction not break CP ? 
What is the correct theory of neutrino mass ? 

What is the mechanism that led to baryon asymmetry ? 
What is dark matter ? 
What is dark energy ? 

What was the mechanism of cosmic inflation? 
How are the four forces and matter unified ?  

How can gravity be quantized ? 
…  
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viXtra.org 

GUT? 

PQ sym.? 
Seesaw? 

Leptogenesis? 
EW baryogenesis? WIMP? Axion? 

Inflaton? 

String? 

Cosmological const.? 

TOE? 



No Principle at all !! 
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Why µ2<0 ? 
Are there any underlying dynamics ? 

 

Fine-tuning δmh
2≈Λ2 ? 

Why is the Higgs so light ? 
 

Minimal Higgs sector ? 
Why does the nature choose one doublet ? 

In the Standard Model, symmetry breaking is the result 

of a fundamental scalar field with the potential 

The total of the Standard Model explanation for the 

phenomenon of symmetry breaking is

It is not possible to compute      within the Standard 

Model.  The result contains quadratic divergences with 

competing signs. 

V (�) = µ2|�|2 + �|�|4

µ2 < 0

µ2



Dynamical Symmetry Breaking 
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Why µ2<0 ? 
Are there any underlying dynamics ? 

 

  
No reason!! 

Dynamics 
 

[ BCS theory for superconductors ] 
Attractive force à cooper-pair à symmetry breaking 

 

[ Chiral symmetry breaking ] 
QCD à qq condensate à symmetry breaking 

In the Standard Model, symmetry breaking is the result 

of a fundamental scalar field with the potential 

The total of the Standard Model explanation for the 

phenomenon of symmetry breaking is

It is not possible to compute      within the Standard 

Model.  The result contains quadratic divergences with 

competing signs. 

V (�) = µ2|�|2 + �|�|4

µ2 < 0

µ2



EW Symmetry Breaking 
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Why µ2<0 ? 
Are there any underlying dynamics ? 

 

  
No reason!! 

Dynamics 
 

µ2 = +t +t̃ t̃ + · · ·

µ2<0 is induced from radiative corrections (dynamically)	

In the Standard Model, symmetry breaking is the result 

of a fundamental scalar field with the potential 

The total of the Standard Model explanation for the 

phenomenon of symmetry breaking is

It is not possible to compute      within the Standard 

Model.  The result contains quadratic divergences with 

competing signs. 

V (�) = µ2|�|2 + �|�|4

µ2 < 0

µ2

Supersymmetry 



EW Symmetry Breaking 
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Why µ2<0 ? 
Are there any underlying dynamics ? 

 

  
No reason!! 

Dynamics 
 

In the Standard Model, symmetry breaking is the result 

of a fundamental scalar field with the potential 

The total of the Standard Model explanation for the 

phenomenon of symmetry breaking is

It is not possible to compute      within the Standard 

Model.  The result contains quadratic divergences with 

competing signs. 

V (�) = µ2|�|2 + �|�|4

µ2 < 0

µ2

µ2<0 is induced from radiative corrections (dynamically)	

µ2 = +t +t/T T + · · ·
Little Higgs, … 



Is the Higgs mass natural ? 
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Fine-tuning δmh
2≈Λ2 ? 

Why is the Higgs so light ? 

Quantum corrections to the Higgs mass 

Unnatural (cancellation w/ counter terms) 



Is the Higgs mass natural ? 
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Fine-tuning δmh
2≈Λ2 ? 

Why is the Higgs so light ? 

SUSY holds naturally light Higgs mass 

Supersymmetry 



Is the Higgs mass natural ? 
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Fine-tuning δmh
2≈Λ2 ? 

Why is the Higgs so light ? 

Top partner holds naturally light Higgs mass 

Little Higgs, … 

There can be mixing with partners of Gauge bosons, top quarks.  
Precision EW and top studies are necessary.  



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 
… 

Additional Higgs bosons are introduced !! 
H, A, H+, H++, … 

SM-like Higgs couplings deviate from SM 

Extended Gauge sym. 

Neutrino mass 

SUSY 

Not yet thought of 



Non-minimal Higgs sector ? 
Most likely to be a doublet,  

but possible mixing w/ other multiplets 
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Additional Higgs bosons are introduced !! 
H, A, H+, H++, … 

SM-like Higgs couplings deviate from SM 

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

Singlet 
Additional doublet 
Triplet 
… 
Septet 
… 

M. Peskin (LCWS2013) 



Model discrimination 
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So far, No New Physics. 
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SUSY confronts LHC data SUSY confronts LHC

squark
~1800GeV

gluino ~1400GeV

13年11月25日月曜日
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Squark 
≥	 1.8TeV 

Gluino 
≥	 1.4TeV 

Does ILC discover new particle? 



Light or Heavy SUSY? 

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
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M. Nojiri 

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 SUSY  
is still alive!! 

Non-colored particles 
are still targets @ ILC 

discovery up to            means ...
p
s/2

ILC BSM White Paper

ILC BSM White paper 

4(2)GeV 



New Physics Zoo 
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There are Many Motivations.  
But, we don’t know where is it. 

 
 

Determination of New Scale  
is a key issue @ ILC 



ILC Physics 
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ILC Physics 
Precision Higgs/top/EW study 

•  Model independent determination of Higgs couplings (%-level) 
•  Invisible(exotic) Higgs decay / Total width 
•  Precise determination of MW (few MeV) 

•  Improvement of Triple Gauge coupling measurement 
•  Precise determination of Mt (100 MeV)  

•  Precision measurement of top coupling (incl. rare decay) 
•  Improvement of αs @ Giga-Z 

•  Higgs self-coupling measurement  
(experimental reconstruction of Higgs potential) 

  Search for New Particles in LHC blind spots 
•  Light EW new particle (Higgsino, new Higgs, DM) 

•  Follow up any discovery @ LHC 
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Any Deviations 
= New Physics 



Summary 
Precision Higgs/top/EW study 

•  Model independent determination of Higgs couplings (%-level) 
•  Invisible(exotic) Higgs decay / Total width 
•  Precise determination of MW (few MeV) 

•  Improvement of Triple Gauge coupling measurement 
•  Precise determination of Mt (100 MeV) 

•  Precision measurement of top coupling (incl. rare decay) 
•  Improvement of αs @ Giga-Z 

•  Higgs self-coupling measurement  
(experimental reconstruction of Higgs potential) 

  Search for New Particles in LHC blind spots 
•  Light EW new particle (Higgsino, new Higgs, DM) 

•  Follow up any discovery @ LHC 
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Any Deviations 
= New Physics 

Tanabe 
Mori 

Kurata 

Horiguchi 

Watanuki 
Tomita 
Ishikawa 

Ono 
Kawada 
Calancha 
Tian 



Summary 
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SummaryPlan of my talk 

STATUS 
Where are we? 

New Era of the SM 
What we need to do? 

Physics Beyond the SM 
Why? Where is it? 

ILC Physics 
What do we do? 
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A Higgs boson is confirmed. 
No New Physics, so far.  
 

Precision measurement of h, t, W/Z. 
(Direct search for New Physics).  
Indirect search for New Physics.  
 

Higgs forces are totally unknown !! 
SM is NOT satisfactory… 
(v, DM, DE, Baryogenesis, inflation, GUT, string,…) 
 

We don’t know the scale. 

Determination of New Scale  
is a key issue @ ILC.  



Thank you for your attention 
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