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Part-1
the Higgs potential at very high 

energy & Higgs Inflation



The SMN

• Local gauge symmetry SU(3)XSU(2)XU(1)Y with 
Higgs mechanism => SU(3)XU(1)em in broken phase

• N-generations of Weyl spinors:  {Q,U,D,L,E,(n)} X N 

• Quiz) How many free parameters?



Free parameters in SMN
• Total (N2+N+6) free parameters (+ neutrino masses and mixings)

★ gauge couplings (g3, g2, g1) : 3 

★ Higgs self coupling + VEV : 2

★ Fermion masses : (2N +N)

★ N(N-1)/2 mixing angles + (N-1)(N-2)/2 complex phases

• N=3 (4th chiral gen. ruled out by the LHC), 18 in total 

• 17 known before the LHC



Only two parameters

The Higgs potential
VHiggs = �(H   H � v2/2)2

The most general  
renormalizable 
potential with a 
Tachynonic mass

Lorentz scalar (s=0) 
(1,2,1/2) of SU(3)XSU(2)XU(1)
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Vacuum expectation value
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The self coupling
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the last piece of information within the SM

LHC (2012)

ATLAS + CMS 
>5154 authors 

(some died before publication in PLB)
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Cut-off
• In principle, we can ‘calculate’ everything E< 𝝠SM  

• 𝝠SM > TeV, LHC

• 𝝠SM ~ Mplanck, in principle (Don’t forget 
renormalizability!)

• We may be able to see physics near the Planck 
energy assuming that the SM is good, which is not 
likely though.



Higgs + Gravity 
V (H) = �

�
|H|2 � v2/2

�2

S =

Z
d4x

p
g


M2

P+⇠|H|2

2
R+ |DH|2 � V (H) + LSM

�

• ‘non-minimal coupling term’ Dim=4 term (indeed minimally coupled in Einstein 
frame) is introduced. 

• This term is completely compatible with all symmetries of the theory, i.e. local 
covariance, Lorentz symmetry and also the SM gauge symmetry

• There could be more terms ~ O(4+n)/𝝠n≥1 w/ strengths to be determined by 
future experiments or underlying theory you assume. Below, 𝝠, those terms may 
be neglected. 



famous flat potential

Einstein frame
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Bezrukov, Shaposhnikov (2008) for K(phi)=xi phi^2
SCP, Yamaguchi (2008) for general K(phi)
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The Higgs potential 
in Einstein frame

inflation here
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Planck 2015

Higgs inflation = R^2 inflation

Planck Collaboration [Astron.Astrophys. 594 (2016)]



Higgs=R2
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**During inflation kinetic energy is not important so that φ can be 
regarded as an auxiliary field.
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RG running of lambda

self int. gauge int.

This dominates over other interactions.



Pythia(MC) mass 
vs 

pole mass



2-loop effective coupling

criticality

Hamada, Kawai, Oda, SCP [PRL 2014]

S. Moch, et al.,MITP report 
[1405.4781]

See talks by H. Haber and also Jinsu Kim 



Mt & MH from Higgs inflation

Higgs Inflation

Hamada, Kawai, Oda, SCP [PRL(2014)]
Hamada, Kawai, Oda, SCP, [PRD(2015)]



Potential Synergy

Cosmological observation
e.g. primordial gravitational wave

=
Precision particle physics experiments

e.g. top quark mass



Part-2
“Consistency check” in finding a new Higgs-like-

particle (HLP)



Extended Higgs sector

• No good reason to believe in the minimal Higgs 
sector

• Maybe there are more scalars

• Maybe some (or one) of them are light within the 
reach of the LHC

• Di-photon channel is one good channel for discovery



~1.2 year ago
Experimentalists told us that they have seen 

~15 “resonance”events in diphoton
with 750 GeV invariant mass.�

�
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Genesis: Dec. 2015
• Two independent experiments (CMS & ATLAS) 

reported essentially same thing. 

✴ 2.6 sigma (CMS 2.6/fb) local

✴ 3.9 sigma (ATLAS 3.2/fb) local

• which did not look like random fluctuations…

• ~ 9 in 10M trials 



Renaissance: March 2015

• At Moriond, analysis updated (8 TeV + 13 TeV)

• 2.9 sigma (CMS),  3.9 sigma (ATLAS)

• We were almost convinced that we finally got the 
direct signal of BSM ~ 3 in 10M

• …even though Global significance was still low 1.6 
sigma and 2.0 sigma ~ 5 in 1000



We were all excited!

• Some papers were submitted at the same moment 
(not just the same day!) when the data was 
announced … sometimes theorists are faster than 
speed of light(?)

• Flood of papers appeared on arXiv every day



Dooms day:August 2016

• ICHEP 2016 (Aug 5), data 
updated  

• ATLAS: 15.4/fb, 
• CMS: 12.9/fb
• becomes < 1 sigma



Lessons from failure

or



The sources of doubt
• Indeed, even before ICHEP, we had some good reasons not to 

believe in the signal.

• Background modeling  was based on low energy data with a 
Logarithmic functional. A slight change in the slope in the control 
region may cause a large effect in the signal region, which is actually 
a dangerous process.

• The 13 TeV data was barely compatible with 8 TeV data.  There 
was a large chance of incompatibility~2 sigma 

• Photon quality was not uniform.  Some ‘photons’ could be mis-
identified ones with a quite high probability.

¥ No good model was suggested.
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-Arthur Eddington

ÒIt is also a good rule not to put 
overmuch conÞdence in the 

observational results that are put 
forward until they are conÞrmed by 

theory.Ó



An interpretation of 
the 750 GeV resonance

32

with new vectorlike quarks



but they should be MANY

Kanemura, Nishiwaki, Okada, Orisaka, SCP, Watanabe [PTEP (2016)]
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Consistency check

•  ZA, ZZ, WW channels should be there! 
HM Lee, DJ Kim, KC Kong, SCP  [JHEP(2015)] 

• Additional jet activities are also expected!
B. Fuks, DW Kang, SCP,  M. Seo, [PLB(2016)]

34



Diphoton resonance

★s=0 or 2 (or 4, 6, etc.)

★s=1 is not good due to Landau-
Yang theorem. 
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AA, ZA, ZZ, WW etc
HM Lee, DJ Kim, KC Kong, SCP  [JHEP11(2015)150 ]



scalar

You cannot allow diphoton without extras!

SM gauge symmetry



Pseudo scalar

You cannot allow diphoton without extras!!



spin-2

You cannot allow diphoton without extras!!!



Additional jet
B. Fuks, DW Kang, SCP,  M. Seo, [PLB(2016)]
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We need this
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Then, we have these too

NOTE 
Furry’s theorem does not  

forbid non-Abelian gauge boson!

additional jet is always accompanied!



What else can be asked?

• Can we see “Q” in the loop ?

• mass? representation? spin?

• Do we find any robust prediction?

e.g. sig(R)/sig(R+jet) 



We actually learn

• sig(R)/sig(R+jet) = 20-40%

• Almost independent of mass, spin and color 
representation of Q



Simple modeling

s = 1/ 2

s = 0

“quark”

“squark”



tools
FeynRules, NLOCT packages,

MadGraph5 aMC@NLO

NNPDF 3.0 parton distribution functions
accessed via the LHAPDF 6 library

MadSpin, MadWidth
 Pythia 8

FastJet, MadAnalysis 5

+note pad
with pencils

**B. Fuks
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Triangles
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Boxes



Lesson #1 
Representation independent!!



vs

s = 1/ 2

s = 0

Lesson #2 
Heavy squarks are less important than quarks 



More lessons
• Lesson#1 All diagrams have common group theory factors: 

representation independent of Q or squark

• Lesson#2 Quarks are more important than squarks 

• Lesson#3 Triangle wins over Box 

✦ sig(R+j)/sig(R)  is almost independent of the new heavy 
quark’s mass because of common factors

• No UV divergence is involved as no counter term arises but IR 
divergence is. You can “cut” this by imposing a stringent Pt cut 
>O(100) GeV



jet activity is indeed sizable

B. Fuks, DW Kang, SCP,  M. Seo, [PLB(2016)]



Heavier resonances: 1.5 TeV, 2 TeV …

at least 20% additional jet activities
are always expected!

B. Fuks, DW Kang, SCP,  M. Seo, [PLB(2016)]



When a new resonance would 
be seen in di-photon channel

• Additional jet-activity should be also checked :
(20-40)% of di-photon seems unavoidable

• Other channels (ZA, ZZ, WW) should be also 
checked : the SM gauge symmetry tells you that AA 
can not be stay alone.



Summary
• Part1: The Higgs inflation is a realistic and very 

attractive possibility. We may measure the top 
quark mass using the cosmological data!

• Part2: 750 GeV is gone but we learned important 
lessons: Pay attention to other channels! 
(consistency is always important) 

• LHC will probe heavier regime. Let’s be prepared!
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