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2012:  The milestone discovery: 	
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2015: 5σ for both h à ττ; WWàh	



High Energy Physics IS 	


at an extremely interesting time:	
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       The completion of the SM:	


First time ever, we have a consistent 	


relativistic/quantum mechanical theory:	


weakly coupled, unitary, renormalizable, 
vacuum (quasi?)stable.	





4	



M
H

 [
G

e
V

/c
2
]

600

400

500

100

200

300

0
3 5 7 9 11 13 15 17 19

log10 ! [GeV]

Triviality

EW vacuum is absolute minimum

EW

Precision

 	


126	



       The completion of the SM:	


First time ever, we have a consistent 	


relativistic/quantum mechanical theory:	


weakly coupled, unitary, renormalizable, 
vacuum (quasi?)stable.	



Valid up to an 
exponentially 	


high scale, perhaps to 	


the Planck scale MPl!	
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“... most of the grand underlying principles 
have been firmly established. An eminent 
physicist remarked that the future truths of 
physical science are to be looked for in the 
sixth place of decimals. ”	


         --- Albert Michelson (1894)	
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“... most of the grand underlying principles 
have been firmly established. An eminent 
physicist remarked that the future truths of 
physical science are to be looked for in the 
sixth place of decimals. ”	


         --- Albert Michelson (1894)	



Michelson–Morley experiments (1887):	


“the moving-off point for the theoretical aspects 

of the second scientific revolution”	



Will History repeat itself (soon)?	
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v = mH/√(√2 λ) = 2MW/g	



SM UV complete!	
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v = mH/√(√2 λ) = 2MW/g	



Where is the next scale? 	


O(TeV)? MGUT? Mplanck?	



 Λ ~ M/g :	


Higher mass?	



Weaker coupling?	



SM UV complete!	



The nature of the EW 	


phase transition? 	
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Nima Arkani-Hamed	


(Director of CFHEP, Beijing)	
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Snowmass NP report, 1311.0299!



New Era: �
Under the Higgs lamp post
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mH ≈ 126 GeV 	



Question 1: The Nature of EWSB ?	



V (|�|) = �µ2�†� + �(�†�)2

) µ2H2 + �vH3 +
�

4
H4

Fully determined at the weak scale:	


v = (

p
2GF )�1/2 ⇡ 246 GeV

m2
H = 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1

8
.

In the SM:	
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In the SM:	



These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|m|2/�.
Expanding around this minimum h = (v + H)/

p
2 gives V (H) = 1

2m
2
HH2 +

1
6µH3 + · · · , with m2

H = �v2 and µSM = 3(m2
H/v). Consider the example

with the quartic balancing against a sextic and, for the sake of simplicity to
illustrate the point, let’s take the limit where the m2 term in the potential
can be neglected. The potential is now minimized for v2 = 2|�|⇤2, and we
find m2

H = �v2, µ = 7m2
H/v = (7/3)µSM , giving an O(1) deviation in the

cubic Higgs coupling relative to the SM. In the case with the non-analytic
(h†h)2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .

Even larger departures from the standard picture are possible — we don’t
even know whether the dynamics of symmetry breaking is well-approximated
by a single light, weakly coupled scalar, as there may be a number of light
scalars, and not all of them need be weakly coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. Is the elec-
troweak transition a cross-over, or might it have been strongly first-order
instead? And how do we attack this question experimentally? This question
is another obvious next step following the Higgs discovery: having understood

17

13	



All we know:	



O(1) deviation on 
λhhh could make EW 

phase transition 
strong 1st order!	



X.M.Zhang (1993); C. Grojean et al. (2005)!
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Higgs mass is “un-natural” in the Wilson/ ’t Hooft sense:	



           Cancelation in perspective:	


mH

2 = 36,127,890,984,789,307,394,520,932,878,928,933,023 	


            −36,127,890,984,789,307,394,520,932,878,928,917,398 	


        = (125 GeV)2 ! ?	



Question 2: The “Naturalness”	
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Higgs mass is “un-natural” in the Wilson/ ’t Hooft sense:	



           Cancelation in perspective:	


mH

2 = 36,127,890,984,789,307,394,520,932,878,928,933,023 	


            −36,127,890,984,789,307,394,520,932,878,928,917,398 	


        = (125 GeV)2 ! ?	



Question 2: The “Naturalness”	



Natural: O(1 TeV) new physics, associated with ttH.	


Unknown: Deep UV-IR correlations?	


Agnostic: Multiverse/anthropic? 	
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Question 3: The Dark Sector	



ksH
†H S�S,

k�

�
H†H �̄�.

The un-protected operator may reveal secret             	


       Higgs portal:	





TH, Z.Liu, A.Natarajan, arXiv:1303.3040 	



Z,h funnel	

 H,A	
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Question 3: The Dark Sector	



ksH
†H S�S,

k�

�
H†H �̄�.

The un-protected operator may reveal secret             	


       Higgs portal:	
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Nature News, July ’14	



LHC Leads the Way (2015-2030)	



ILC as Higgs Factory & beyond 	



FCC?	


CEPC/SppC?	



e+e-&Z,240-350GeV	
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Nature News, July ’14	



LHC Leads the Way (2015-2030)	



T a b l e 1 - 1 . P r o p o s e d r u n n i n g p e r i o d s a n d i n t e g r a t e d l u m i n o s i t i e s a t e a c h o f t h e c e n t e r - o f - m a s s e n e r g i e s
f o r e a c h f a c i l i t y .

F a c i l i t y H L - L H C I L C I L C ( L u m i U p ) C L I C T L E P ( 4 I P s ) H E - L H C V L H C
�
s ( G e V ) 1 4 , 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 3 5 0 / 1 4 0 0 / 3 0 0 0 2 4 0 / 3 5 0 3 3 , 0 0 0 1 0 0 , 0 0 0�
L d t ( f b − 1 ) 3 0 0 0 / e x p t 2 5 0 + 5 0 0 + 1 0 0 0 1 1 5 0 + 1 6 0 0 + 2 5 0 0 5 0 0 + 1 5 0 0 + 2 0 0 0 1 0 , 0 0 0 + 2 6 0 0 3 0 0 0 3 0 0 0

�
d t ( 1 0 7 s ) 6 3 + 3 + 3

( I L C 3 + 3 + 3 )

+ 3 + 3 + 3
3 . 1 + 4 + 3 . 3 5 + 5 6 6

ILC as Higgs Factory & beyond 	



FCC?	


CEPC/SppC?	



Snowmass 1310.8361	



e+e-&Z,240-350GeV	





Academic Experts Committee Interim Summary 
Recommendation 1: The ILC project requires huge investment that is so huge that a 
single country cannot cover, thus it is indispensable to share the cost internationally. 
From the viewpoint that the huge investments in new science projects must be 
weighed based upon the scientific merit of the project, a clear vision on the discovery 
potential of new particles as well as that of precision measurements of the Higgs 
boson and the top quark has to be shown so as to bring about novel development that 
goes beyond the Standard Model of the particle physics.!

Recommendation 2: Since the specifications of the performance and the scientific 
achievements of the ILC are considered to be designed based on the results of LHC 
experiments, which are planned to be executed through the end of 2017, it is 
necessary to closely monitor, analyze and examine the development of LHC 
experiments. Furthermore, it is necessary to clarify how to solve technical issues and 
how to mitigate cost risk associated with the project.!

Recommendation 3: While presenting the total project plan, including not only the plan 
for the accelerator and related facilities but also the plan for other infrastructure as 
well as efforts pointed out in Recommendations 1 & 2, it is important to have general 
understanding on the project by the public and science communities. 

ILC:	


(Hitoshi Yamamoto, 2015)	





F.	
  Zimmermann	
  

Too far to know, 

but aim at keeping 


both machines operational


TLEP/VHE-LHC:	
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Office of Engineering and Support at IHEP  

“enormous  amount  of  effort  &  progress” 

• appointed by IHEP director Y. F. Wang 
             on April 15, 2014 
• veterans and very experienced    
             professionals 
 
 

February 28, 2015 

QingHuangDao site  
Investigation 
¾ 300km from Beijing 
¾ Geo well suited 
¾ Great environment 

 
 

e+ e- LTB 

CEPC (50km-100km) 
Boostr(50Km-100km) 

SppC 50-100Km) 

CEPC/SPPC	





Yifang	
  Wang	
  CEPC/SPPC:	



(理想的) 时间进度安排 
• CEPC（建设：2021-2028） 

– 预先研究及准备工作 
• 2014年底之前完成 pre-CDR，争取纳入十三五规划 
• 预研：2016-2020  
• 工程设计: 2016-2020 

– 建设: 2021-2027 
– 数据获取: 2028-2035 

• SppC（建设：2035-2042） 
– 预先研究及准备工作 

• 预先研究：2014-2030 
• 工程设计: 2030-2035 

– 建造: 2035-2042 
– 数据获取: 2042 - 2055 

显然具体过程不会如此
简单，应该有： 
概念设计评审 
预研项目申请与审批 
项目建议书评审 
工程设计评审 
国际评审 
。。。 

技术上 
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Ecm running time statistics (FCC-ee) 

b,c,τ 1011    b,c,τ 

90 GeV 1-2 yrs 1012       Z (Tera Z) 

160 GeV 1-2 yrs 108- 109  WW(Oku W) 

240 GeV 4-5 yrs 2x106   ZH (Mega H) 

350 GeV 4-5 yrs 106          tt  (Mega top) 

e+e- colliders: Energy/Lumi projection	


TLEP Report: 1308.6176	
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In a pessimistic scenario, the LHC does not see a new 
particle associated with the Higgs sector, then the effects 
of a heavy state on Higgs coupling gi at the scale M:	


                                                 ≈ a few % for M ≈ 1 TeV	

�i ⇥

gi

gSM
� 1 ⇤ O(v2/M2)

Precision Higgs Physics	



 If no deviations, I’d DEFINE it THE SM Higgs! 	
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In a pessimistic scenario, the LHC does not see a new 
particle associated with the Higgs sector, then the effects 
of a heavy state on Higgs coupling gi at the scale M:	


                                                 ≈ a few % for M ≈ 1 TeV	

�i ⇥

gi

gSM
� 1 ⇤ O(v2/M2)

Higgs coupling deviations:  	


     Δ:         VVH       bbH,ττH        ggH,γγH       HHH	


Composite     (3-9)%       (1 TeV/f )2                                  100%	


H0, A0                               6% (500 GeV/MA)2	



T’                                                         -10% (1 TeV/MT)2	



Precision Higgs Physics	



LHC 14 TeV, 3ab-1:  8%           15%             few%               50%	



(tree-level)	



(loop)	



 If no deviations, I’d DEFINE it THE SM Higgs! 	
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Higgs-Factory: Mega (106) Higgs Physics	



J
H
E
P
0
1
(
2
0
1
4
)
1
6
4

Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

ILC Report: 1308.6176	



~ 200 fb	
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     ILC: Ecm = 250 (500) GeV,  250 (500) fb-1	



•  Model-independent measurement: 	


     ΓH ~ 6%,    ΔmH ~ 30 MeV	


      (HL-LHC: assume SM, ΓH~ 5-8%,  ΔmH ~ 50 MeV)	


•  TLEP 106 Higgs: ΓH ~ 1%, ΔmH ~ 5 MeV.	



Higgs-Factory: Mega (106) Higgs Physics	



J
H
E
P
0
1
(
2
0
1
4
)
1
6
4

Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

TLEP Report: 1308.6176	



ILC Report: 1308.6176	



~ 200 fb	





Coupling	

 HL-LHC	

 ILC	

 FCC-ee	



kW	

 2-5%	

 1.2%	

 0.19%	



kZ	

 2-4%	

 1.0%	

 0.15%	



kb	

 4-7%	

 1.7%	

 0.42%	



kc	

 –	

 2.8%	

 0.71%	



kτ	

 2-5%	

 2.4%	

 0.54%	



kµ	

 ~10%	

 91%	

 6.2%	



kg	

 2-5%	

 8.4%	

 1.5%	



kγ	

 3-5%	

 2.3%	

 0.8%	



kZg	

 ~12%	

 ?	

 ?	



BRinvis	

 ~10-15%?	

 < 0.9%	

 < 0.19%	



ΓH	

 ~50%?	

 5.0%	

 1.0%	



kt	

 7-10%	

 14%	

 13% (*)	



kH	

 30-50% ?	

 80%	

 80%(*)	



• Comparison (FCCee/TLEP 4IP)	



Sensitive to new physics 	


at tree level	



Expected effects < 5% / Λ2
NP	



Sensitive to new physics 	


in loops	



Need higher energies	



Sensitive to light dark matter;	


 exotic decays	



Model-independent results	


HL-LHC(3 ab-1), 	



ILC(0.25,0.5,1 ab-1),  TLEP(10 ab-1)	



Snowmass Higgs Working Group: 1310.8361 
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•  Clean environment, ΔEcm < 1 MeV, 105 x LEP-I	


•  possible longitudinal polarization	


•  Precision measurements (statistical): 	



Z-ploe:    ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6 ; 	


ΔMW ~ O(1 MeV), Δmt ~ O(10 MeV), ΔmH ~ O(10 MeV).	



 (GeV)topm
171.5 172 172.5 173 173.5 174 174.5 175

 (G
eV

)
W

m

80.35

80.355

80.36

80.365

80.37 TLEP (Z pole)
TLEP (Direct)
ILC (Direct)
LHC (Future)
Tevatron
Standard Model

TLEP Report: 1308.6176	



Z-Factory: Tera (1012) Z Physics	
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•  Flavor physics & CP violation:	


     with O(1011) B-hadrons: Bs oscillation, Bc … 	


     complementary to LHCb, Belle II.	


	


•  Indirect new physics probe (Z’…):	


    δ ~ (v/Λ)2, sensitivity reach Λ ~ 10 TeV.	


	


•  However, systematics dominance!	


    must control theoretical errors!	


	


•  It calls for heroic theory efforts: 	


    largest uncertainty from running αQED  	


    (low energy hadronic contributions)	


    3-loop EW; multi-loop QCD …	



Z-Factory: Tera (1012) Z Physics	
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Snowmass QCD Working Group: 1310.5189 

Higgs Production @ FCChh/SPPC 	
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Figure 3: Production rates of SM processes versus the pp CM energy [4].

a low production rate and large SM backgrounds. Moreover, one needs to
disentangle di↵erent contributions from di↵erent contributing diagrams. At
100 TeV, this process will however probe a SM Higgs self-coupling at the ten
percent level [5, 6, 7, 8]. The 100 TeV pp collder could also directly probe
the top Yukawa coupling, via tt̄H production, at the 1% level [9].

Experiments at 100 TeV probe the SM in a regime where the electroweak
symmetry is e↵ectively restored. A couple of new features are worth noting
(more details will be given in Section 6.2.2). First of all, in processes at the
very high energies

p
ŝ� MW , EW gauge bosons are copiously produced by

radiation. For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor
4↵2 log2(p2

T /m2
W ) ⇠ 0.1, and we have “electroweak radiation” in complete

analogy with electromagnetic and gluon radiation. For instance, a W or Z
gauge boson would be radiated o↵ a light quark with 10 TeV of energy with
a probability of 10% and o↵ a gauge boson with a probability of 20%. These
production rates are one-to-two orders of magnitude higher than what we typ-

9
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Higgs Self-couplings:	


� L = − 1

2
m 2

H H 2 − g H H H

3 !
H 3 − g H H H H

4 !
H 4 ,

g H H H = 6 � v =
3 m 2

H

v
, g H H H H = 6 � =

3 m 2
H

v 2
.

Triple coupling sensitivity:	


Test the shape of the 	


Higgs potential, and 	


the fate of the EW-phase 
transition!	

HHH coupling
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±20%

TLEP Report: 1308.6176	
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H

LHC 100 TeV pp

mass reach of new physics
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Higgs Self-couplings:	


� L = − 1

2
m 2

H H 2 − g H H H

3 !
H 3 − g H H H H

4 !
H 4 ,

g H H H = 6 � v =
3 m 2

H

v
, g H H H H = 6 � =

3 m 2
H

v 2
.

Triple coupling sensitivity:	


Test the shape of the 	


Higgs potential, and 	


the fate of the EW-phase 
transition!	
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���������������������������������������������������������������������������
  0.5 ab-1        1 ab-1            3 ab-1                    1 ab-1          3 ab-1                    2 ab-1             3 ab-1 

±20%

TLEP Report: 1308.6176	



Snowmass 1310.8361	



H

H

H ?
H

H

H

LHC 100 TeV pp

mass reach of new physics

30 Higgs working group report

Table 1-24. Expected per-experiment precision on the triple-Higgs boson coupling. ILC numbers include
bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of (�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at
1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not including any 1000 GeV running. ILC1000-
up is the luminosity upgrade with a total of 1600 fb�1 at 500 GeV and 2500 fb�1 at 1000 GeV. CLIC numbers
include only the bbbb final state and assume 80% electron beam polarization. HE-LHC and VLHC numbers
are from fast simulation [102] and include only the bb�� final state. ‡ILC luminosity upgrade assumes an
extended running period on top of the low luminosity program and cannot be directly compared to CLIC
numbers without accounting for the additional running period.

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC
p

s (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000R
Ldt (fb�1) 3000/expt 500 1600‡ 500+1000 1600+2500‡ 1500 +2000 3000 3000

� 50% 83% 46% 21% 13% 21% 10% 20% 8%

Table 1-25. Expected precision on the triple-Higgs boson coupling for combined facilties, assuming the
final states, polarizations, and integrated luminosities assumed above in Table 1-24. Here “ILC-up” refers to
ILC1000-up, and “CLIC” refers to CLIC3000 with the two numbers shown assuming unpolarized beams or
80% electron beam polarization, respectively. TLEP is in parantheses since it would not contribute to the
measurement of the self-coupling, but could be a step along the way to the higher-energy hadron colliders.

LHC HL-LHC
+ILC +ILC-up +(TLEP) +ILC-up +CLIC

+CLIC +HE-LHC +VLHC +HE-LHC +VLHC +HE-LHC +VLHC
21% 12.6% 15.2/9.8% 18.6% 7.9% 10.9% 6.8% 12.5/8.9% 7.2/6.2%

Community Planning Study: Snowmass 2013
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SUSY @ FCChh/SPPC 	


M.Mangano et al.: 1407.5066 
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Mass reach at 100 TeV:	


~ 7x over LHC	
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Pushing the “Naturalness” limit	



The Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2	



Thus, mstop > 8 TeV à 10-4 fine-tune!	



Stop like T’ search at hadron collider

- Larger production rate than the stop. 

- Studied quite a bit back then, as a “counter 
example” of SUSY.
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Figure 2: Cross-sections at 14 TeV (left) and 100 TeV (right).
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Figure 3: Search significance as computed in [1] for fermions (left) and scalar (right).
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Figure 4: Ratio of scalar cross-section to fermion cross-section.

4

Meade and Reece,  
Han, Mabhubani, Walker and LTW, etc 

Wednesday, April 23, 14

11

contours of the two di↵erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

T.Cohen et al.: 1406.4512 
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No-Lose(?) for “Natural theory” at FCCee,hh	



1509.04284!
(David Curtin’s talk) !

Summary

Thank you!

Any theory of ~10% naturalness with O(SM) top partners 
will be discovered at lepton collider and/or 100 TeV

1. No-Lose Theorem:

2. Implications for future colliders

3. Probing UV completion is vital!
Can we formally prove that full that SM-charged BSM 
states appear at ΛUV in full symmetry-based theories?

Both lepton collider and 100 TeV have to work in tandem for 
full coverage of  general naturalness
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How much “tune” is fine-tuned?	



Atomic physics:	


Rydberg const. E0 ~ α2 me à O(25 eV),   very natural!	
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How much “tune” is fine-tuned?	



Nuclear physics? 	



Atomic physics:	


Rydberg const. E0 ~ α2 me à O(25 eV),   very natural!	
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- 

LUX collaboration, 2013!

WIMP DM Searches  	
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- 

LUX collaboration, 2013!

WIMP DM Searches  	



GeV low mass:	


DD difficult;	


Collider complementary	



100 GeV or higher mass:	


DD + ID + HE Collider	


Too hard for O(1) TeV	



having a sizable admixture of bino together with wino or higgsino. Since the
mixing between the states arises through electroweak symmetry breaking, in
the limit where the masses M1, M2, µ are large compared to MZ , the mixing
angles will be very small, suppressed by powers of (MZ/M), unless some
pair of the diagonal masses are close to degenerate, as with the case of “well-
tempered” neutralinos [43]. For the case where the bino/higgsino are nearly
degenerate, the mixing terms are parametrically ⇠ MZ , and this also sets
the size of the splitting between the charged and neutral states, which can
be typically ⇠ 20 � 50 GeV. For the bino/wino case, the mixing terms are
parametrically ⇠M2

Z/M , and we expect somewhat smaller splittings.
Thermal relic pure winos and higgsinos must have a mass of 3.1 TeV and

1.1 TeV respectively to account for all the dark matter. At smaller masses
they can still account for a significant fraction of the dark matter, for instance
a 2 TeV wino can account for half of the dark matter. Mixed dark matter
can be lighter but masses around ⇠ 500 GeV are typical.

The direct detection of pure winos and higgsinos is extremely challenging.
The leading dark matter-nucleon interaction arises at 1-loop, and gives rise
to a tiny spin-independent cross section [56, 57]

�SI

⇢ ⇡ 10�47 cm2 for winos,
 10�48 cm2 for higgsinos.

These cross sections are just at the border of the irreducible neutrino scat-
tering floor for direct detection experiments, and with TeV masses the rates
are also too low to be seen in any of the planned experiments. Mixed dark
matter is a much more promising target for direct detection, and is already
tested by current limits, but a sizable region of parameter space continues to
be viable.

We can also consider indirect detection of high energy particles resulting
from dark matter annihilation near the center of our galaxy. Of course predic-
tions for indirect detection rates are fraught with astrophysical uncertainties,
and it is di�cult to get robust limits in this way. Nonetheless, pure winos
are constrained in an interesting way, since their annihilation cross section
has a significant Sommerfeld enhancement [58]. The absence of any signals
in the HESS experiment for high energy gamma photons from the galactic
center [59] sets limits on the fraction of dark matter a wino of a given mass
can comprise. A 3 TeV wino making up all the dark matter is excluded
for a standard NFW dark matter distribution, though it is allowed for more

45
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WIMP DM:	



with � / g4
e↵/M2

DM. This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (�1)B+L+2S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identified as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particles—the squarks and gluinos—which
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to ⇠ 102� 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by an R-symmetry. The
scalars are not so heavy as to obviate the need for R-parity, so the LSP is

40
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Figure 20: Left: The mass reach for the pure wino in the monojet channel with L =
3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The bands are generated by
varying the background systematics between 1�2% and the signal systematic uncertainty
is set to 10% [65]. Right: The mass reach in the pure wino scenario in the disappearing
track channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The
bands are generated by varying the background normalization between 20� 500% [65].

background, which is varied between 1�2%, generating the bands in the plot.
Naively scaling by total event rates the systematics from current ATLAS
studies [66] (see Ref. [67] for the CMS study) would yield 0.5% for 3000 fb�1,
but this is clearly overly optimistic. Choosing the systematic error ⇠ 1� 2%
as we have done may also be optimistic, but it sets a reasonable benchmark,
and underscores that minimizing these systematics should be a crucial factor
taken into account in the design of the 100 TeV detectors. Given the same
integrated luminosity, the monojet search increases the reach relative to the
LHC by nearly a factor of 5, as shown in the left panel of Fig. 20 .

Due to the tiny mass splitting �m = 166 MeV between the chargino and
the neutralino, the decay lifetime can be long. The resulting disappearing
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Electroweak Resonances: Z’,W’	

 Colored Resonances:	



New Particle Searches 	
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Electroweak Resonances: Z’,W’	

 Colored Resonances:	



New Particle Searches 	



 ~ 6x over LHC	
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 M ~ 40 – 50 TeV!	
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- 

Snowmass NP report, 1311.0299!

New Particle Searches 	



e+e- & pp complementarity	


for a broad range of searches.	



e+e- (real)	



e+e- (real)	



e+e- (virtual)	

e+e- (real)	



pp (virtual)	



pp (real)	



à 6 TeV	



à 13 TeV	



à 8 TeV	
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Other Rich Physics Opportunities  	



•  Bread & butter SM physics:	


     WW, tt threshold options at FCCee	


     “top window” to new physics at FCChh	


     EW vector boson showering at FCChh	


	


•  WLWL scattering at Eww > 10 – 20 TeV	



•  Probe extended Higgs sector	


    TeV scale seesaw for neutrino masses …	
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Heavy Higgs bosons: H0, H±	



Mass reach at 100 TeV:	


~ 5x over LHC	





50	



The Higgs as pivot for “seesaw”:	


Type I seesaw: M = MN, right-handed (sterile) NR

i	


H à NN,  N  à Hν, …	



m⌫ ⇠ 
hH0i2

M

Yanagida; Ramond et al.; Mohapatra …	
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The Higgs as pivot for “seesaw”:	


Type I seesaw: M = MN, right-handed (sterile) NR

i	



Fileviez-Perez et al., 2008.	


Chaudhuri, Grimus, 
Mukhopadyaya, arXiv:1305.5761	


Chun et al., arXiv:1305.0329	



H à NN,  N  à Hν, …	



m⌫ ⇠ 
hH0i2

M

Type II seesaw: M = MH++ , a Higgs triplet Φ3	

 H++ à l+i l+j	



Yanagida; Ramond et al.; Mohapatra …	



17

FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with Φ1 = Φ2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v∆,

the minimal width or the maximal decay length occur near the cross-over between WW -dominant and ℓℓ-

dominant regions near 10−4 GeV. As seen in Fig. 15, the proper decay length can be as large as cτ >∼ 10 µm.

Mohapatra, Senjanovic,  …	



H++ à l+i l+j	
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The Higgs as pivot for “seesaw”:	


Type I seesaw: M = MN, right-handed (sterile) NR

i	



Fileviez-Perez et al., 2008.	


Chaudhuri, Grimus, 
Mukhopadyaya, arXiv:1305.5761	


Chun et al., arXiv:1305.0329	



H à NN,  N  à Hν, …	



m⌫ ⇠ 
hH0i2

M

Type II seesaw: M = MH++ , a Higgs triplet Φ3	



Type III seesaw: M = MT, a fermionic triplet T3:	



H++ à l+i l+j	



T+ à H l+i , T0 à W± l	



Yanagida; Ramond et al.; Mohapatra …	



17

FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with Φ1 = Φ2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v∆,

the minimal width or the maximal decay length occur near the cross-over between WW -dominant and ℓℓ-

dominant regions near 10−4 GeV. As seen in Fig. 15, the proper decay length can be as large as cτ >∼ 10 µm.

Mohapatra, Senjanovic,  …	



H++ à l+i l+j	



Senjanovic et al., arXiv:0904.2309.	



Watch out: H0 à µτ  (l+i l-j)  for BSM  flavor physics!	


TH, Marfatia,  PRL (2001)	


Harnik, Kopp, Zupan, 2013	
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•  Higgs boson is a new class. New physics 
BSM à “under the Higgs lamppost”	



	


•  It calls for new colliders:	


    Precision: FCCee/CEPC	


      Tera Z:     ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6.	


        At thresholds:   ΔMW ~ 1 MeV, Δmt ~ 10 MeV	



      Mega Higgs: κv ~ 0.2%, ΓH ~ 1%, ΔmH ~ 5 MeV.	





Conclusions
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•  Higgs boson is a new class. New physics 
BSM à “under the Higgs lamppost”	



	


•  It calls for new colliders:	


    Precision: FCCee/CEPC	


      Tera Z:     ΔMZ , ΔΓZ < 0.1 MeV, Δsin2θw < 10-6.	


        At thresholds:   ΔMW ~ 1 MeV, Δmt ~ 10 MeV	



      Mega Higgs: κv ~ 0.2%, ΓH ~ 1%, ΔmH ~ 5 MeV.	


    Energy frontier: FCChh/SPPC	


         λhhh < 10% à Conclusive for EWPT	


        6x LHC reach: 10 – 30 TeV à fine-tune < 10-4	



            WIPM DM mass ~ 1 – 5 TeV	





P5 Five Science �
Drivers
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 Use the Higgs boson as a new tool for discovery

 Pursue the physics associated with neutrino mass 

 Identify the new physics of dark matter

 Understand cosmic acceleration: dark energy and inflation

  Explore the unknown: new particles, interactions,  
and physical principles

Report of the Particle Physics Project 	


Prioritization Panel, May 2014 	
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High Energy Physics IS 	


at an extremely interesting time:	



The SM is a triumph:	



2 Update of the global electroweak fit 9
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case of the orange prediction), besides the asymmetry measurements.

G fitter	
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A highly self-consistent flavor sector:	
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Higgs Report: 1310.8361	



4 Higgs working group report

The precisions that can be obtained on the coupling measurements are projected for the LHC and e+e�

machines. A muon collider is expected to be capable of a similar program as the e+e� machines, but detector
simulations to extract these estimates have not been completed at this time.

Extractions of the Higgs coupling constants from measured decay modes can serve to limit various new
physics models, or to confirm the validity of the Standard Model. The conclusions derived from this exercise
depend on the uncertainties in the calculation of the Standard Model cross sections and branching ratios.
In this subsection, we discuss the uncertainties on the theoretical predictions of the Higgs branching ratios,
which have been tabulated by the LHC Higgs cross section working group [15,16].

There are two types of uncertainties that arise when computing the uncertainties on Higgs branching ratios:
parametric uncertainties and theoretical uncertainties. The parametric uncertainties describe the dependence
of the predictions on the input parameters. For a 126 GeV Standard Model Higgs boson, the parametric
uncertainties arise predominantly from the b-quark mass and ↵s and we use the values given in Table 1-2.
The parametric uncertainties are combined in quadrature. The theoretical uncertainties are estimated from
the QCD scale dependence and from higher order electroweak interactions and are listed in Table 1-3. The
theory uncertainties are combined linearly. The errors on the predictions for the branching ratios for a 126
GeV Standard Model Higgs boson are given in Table 1-4. The uncertainties on the total widths are given
in Table 1-5, where the parametric errors from �↵s, �mb, �mc and the theory uncertainties are given
separately. The dominant source of the electroweak uncertainty is from NLO corrections which are known
but not yet implemented exactly in the partial width calculations. These electroweak uncertainties can be
expected to be reduced in the future. It is also possible that the uncertainties on the b-quark mass and ↵s

may be reduced by future lattice calculations by up to a factor of 5, as shown in Table 1-6.

Table 1-2. Parametric uncertainties used by the Higgs Cross Section Working group to determine Higgs
branching ratio and width uncertainties [15, 17].

Parameter Central Value Uncertainty
↵s(MZ) 0.119 ±0.002 (90% CL)

mc 1.42 GeV ±0.03 GeV
mb 4.49 GeV ±0.06 GeV
mt 172.5 GeV ±2.5 GeV

Table 1-3. Theory uncertainties on MH = 126 GeV Higgs partial widths [17].

Decay QCD Uncertainty Electroweak Uncertainty Total
H ! bb, cc ⇠ 0.1% ⇠ 1� 2% ⇠ 2%
H ! ⌧+⌧�, µ+µ� – ⇠ 1� 2% ⇠ 2%
H ! gg ⇠ 3% ⇠ 1% ⇠ 3%
H ! �� < 1% < 1% ⇠ 1%
H ! Z� < 1% ⇠ 5% ⇠ 5%
H !WW ⇤/ZZ⇤ ! 4f < 0.5% ⇠ 0.5% ⇠ 0.5%

Community Planning Study: Snowmass 2013

Also need to quantify the new physics corrections	


(study specific models)	
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EW WG Report: 1310.6708	



Z-Factory: Z Physics at the pole	



1.2 Electroweak precision physics 3

coupled solutions to this important question. Some of these operators induce deviations in EWPOs and Higgs
couplings as well as multi-boson production, while others are uniquely probed by multi-boson production.

In this report, in Sec. 1.3, we will use the EFT approach to explore the potential of multi-boson processes at
the LHC and other machines for providing information about the scale and the dynamics of the new physics.

1.2 Electroweak precision physics

In this section we focus on two important observables, MW and sin2 ✓`
e↵. We start with a discussion on the

theoretical predictions, followed by discussions of their measurements at various machines.

1.2.1 Uncertainties in predictions of Z pole observables, sin2 ✓`
e↵ and MW

At e+e� colliders, near the Z-peak the di↵erential cross section for e+e� ! ff̄ can be written as1

d�

d cos ✓
= Rini



9
2
⇡

�ee�ff (1� PeAe)(1 + cos2 ✓) + 2(Ae � Pe)Af cos ✓

(s�M2
Z)2 �M2

Z�2
Z

+ �non�res

�

, (1.2)

where �ff = Rf
V g2

V f +Rf
Ag2

Af , �Z =
X

f

�ff , (1.3)

Af = 2
gV f/gAf

1 + (gV f/gAf )2
=

1� 4|Qf | sin2 ✓f
e↵

1� 4 sin2 ✓f
e↵ + 8(sin2 ✓f

e↵)2
. (1.4)

Here �Z is the total Z decay width, �ff is the partial width for the decay Z ! ff̄ , and gV f/gAf are the
e↵ective vector/axial-vector coupling that mediate this decay. These e↵ective couplings include higher-order
loop corrections to the vertex, except for QED and QCD corrections to the external ff̄ system, which are
captured by the radiator functions Rf

V and Rf
A. The factor Rini, on the other hand, accounts for QED

radiation in the initial-state. (Specifically, as written in Eq. 1.2, it describes these e↵ects relative to the
final-state radiation contribution for e+e�.)

Equation 1.2 explicitly spells out the leading Z-pole contribution, while additional e↵ects from photon
exchange and box corrections are included in the remainder �non�res.

The ratio of the vector and axial vector couplings of fermions to the Z boson, gV f and gAf , is commonly
parametrized through the e↵ective weak mixing angle sin2 ✓f

e↵ . At e+e� colliders it can be determined from
the angular distribution of fermions in e+e� ! ff̄ processes with respect to the scattering angle cos ✓ or
from the dependence on the initial electron polarization Pe:

AFB ⌘ �(cos ✓ > 0)� �(cos ✓ < 0)
�(cos ✓ > 0) + �(cos ✓ < 0)

= RFB
3
4AeAf , (1.5)

ALR ⌘ �(Pe > 0)� �(Pe < 0)
�(Pe > 0) + �(Pe < 0)

= Ae. (1.6)

RFB accounts for QCD and QED corrections. The total cross-section, decay width �Z , and branching ratios
of the Z boson are measured from the rates and lineshape of the cross sections �e+e�!ff̄ (s) on the Z pole
(
p

s = MZ) and for at least one value of
p

s each above and below the pole (
p

s = MZ ±�E).
1For a review, see Ref. [3].
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LHC LHC ILC/GigaZ ILC ILC ILC TLEP SM prediction
p

s [TeV] 14 14 0.091 0.161 0.161 0.250 0.161 -
L[ fb�1] 300 3000 100 480 500 3000⇥4 -
�MW [MeV] 8 5 - 4.1-4.5 2.3-2.9 2.8 < 1.2 4.2(3.0)
� sin2 ✓`

e↵ [10�5] 36 21 1.3 - - - 0.3 3.0(2.6)
Table 1-12. Target accuracies for the measurement of MW and sin2

✓

`
eff at the LHC, ILC and TLEP,

also including estimated future theoretical uncertainties due to missing higher-order corrections, and theory
uncertainties of their SM predictions. The uncertainties on the SM predictions are provided for �mt =
0.5(0.1) GeV (see Table 1-3 for details). At present the measured values for MW and sin2

✓

`
e↵ are: MW =

80.385± 0.015 GeV [112] and sin2

✓

`
e↵

= (23153 ± 16)⇥ 10�5 [3] compared to their current SM predictions
of Section 1.2.1: MW = 80.360± 0.008 GeV and sin2

✓

`
e↵

= (23127± 7.3)⇥ 10�5.

The vertex correction to the Z ! bb̄ partial width is also of interest, which is sensitively probed by Rb =
�Z!bb̄/�had. A precision of 2� 5⇥ 10�5 is stated as a reasonable goal for the measurement of Rb at TLEP,
a factor of ⇡ 10 improvement over LEP and SLC.

A discussion of present and future anticipated theory errors of predictions for Rb and �Z can be found in
Section 1.2.1.

1.2.6 Prospects for determinations of SM parameters from global fits with
GFITTER

Measurements at future colliders will increase the experimental precision of key observables sensitive to
electroweak loop e↵ects. Among these are the W boson mass, the top quark mass, and the e↵ective
weak mixing angle. Alongside the construction of these machines, progress in the calculation of multi-
loop corrections to these observables, and also in the determination of �↵had(M2

Z), is expected. Taken
together in the global electroweak fit, these improvements will provide tests of the consistency of the SM
with unprecedented power.

This section presents a short summary of preliminary studies foreseen to be published soon. To date results
of the global electroweak fit are compared with expectations for the Large Hadron Collider (LHC) with
R

Ldt = 300 fb�1 at
p

s = 14 TeV and the International Linear Collider (ILC) with GigaZ option [197].
The left columns of Table 1-13 summarize the current and the projected experimental precisions for the
observables used in the fit. For the studies of fit prospects at the LHC and ILC presented here, the central
values of the assumed future measurements have been adjusted to obtain a common fit value of MH '
126 GeV. We assume that the theoretical uncertainties in the SM predictions of MW and sin2✓`

e↵reduce from
the current �theoMW = 4 MeV and �theo sin2✓`

e↵ = 4.7 · 10�5 to 1 MeV and 10�5, respectively. We refer to
our past publications [115, 116, 117] for details about the theoretical calculations and the statistical methods
used.

Indirect determinations of the SM parameters and observables are obtained by scanning the ��2 profile in
fits where the corresponding input constraint is ignored. Examples for such profiles of the Higgs boson mass
are shown in the left panel of Fig. 1-6. The resulting one-sigma uncertainties are listed in Table 1-13.

The assumed improvements in the experimental precision of MW and mt from the LHC lead to a reduction
of the uncertainty in the indirect determination of MH (present: +44

�34 GeV, LHC: +23
�20 GeV). Substantial gain

Community Planning Study: Snowmass 2013

Including all:	
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DM: Collider vs. Direct Direction	


Zhou, Berge, Tait, Wang, Whiteson, 1307.5327!
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Collider search superior to DD:	


Low mass (larger kinetic MET); Spin-dependent (no N2)	
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Higgs Self-couplings 	


& The Nature of EWPT:	
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Also see, Peskin, arXiv:1312.4974	


including ILC luminosity upgrade.	



TH, Z.Liu, J.Sayre, arXiv:1311.7155	



ILC250+ LHC
+ILC500+ HL_LHC

+ILC1000+ HL_LHC

Model-Dependent Fitting A HMDAL
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Higgs Total Width & Invisible BR:	



ΓH ~ 3%	



BRinv < 1%	
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The fermion mass/mixing is a muchn bigger puzzle!	



TH, Liu, arXiv:1303.3040	


Carena et al., arXiv:1305.5761. 	



What controls the mixing structure:	


“Minimal Flavor Violation” for BSM?	



The b rare decays are pushing the limits:	


b à s γ,  Bs à µ+ µ-  	

 BR(Bs) ~ tan6β / M4

A 	



Most recent LHCb+CMS: 	


arXiv:1411.4413 	



B ( B 0
s � µ + µ − ) =

�
2 . 8 + 0 . 7

− 0 . 6

�
× 1 0 − 9 a n d

B ( B 0 � µ + µ − ) =
�
3 . 9 + 1 . 6

− 1 . 4

�
× 1 0 − 1 0 ,T h e fi t f o r t h e r a t i o s o f t h e b r a n c

S B 0
s

S M = 0 . 7 6 + 0 . 2 0
− 0 . 1 8 a n d S B 0

S M = 3 . 7 + 1 . 6
− 1 . 4 .

l i k e l i h o o d s c a n s a r e s h o w n i n t h e E x t e

With Belle 2 as well,	


likely a surprise to breakthrough!	
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Yukawa coupling	



EWSB	



Color/charged 
particles in loops:	



5. Couplings & Width

Higgs boson couplings encode its properties: 	




