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Outline

Electroweak symmetry breaking? Naturelness？

Natureless sum rule in the non-SUSY and SUSY case.

How to test naturalness at the 100TeV colldier?

Outlook



Naturalness



The known “old” physics
The Weinberg-Salam Model

elementary particles The chosen one!



Why God’s particle?
Higgs potential

EWSB
（Higgs mechanism）

Gives all particles 
mass

The origin of the 
mass



Natureless
As a scalar, Higgs has large quantum corrections

m2
phys = m2

0 + c⇤2 + ...

If no NP particles cancel the quadratic 
divergence, there are quadratic quantum 
corrections up to the new physics scale.  

Symmetries could forbid such a quantum 
correction, by introducing new particles 

Big tuning if 
\lambda is large

positronLinear divergence of electron mass chiral symmetry



Natureless

top top partner, t’

W, 
Z

rho meson 
(W’, Z’), etc

SUSY Non-SUSY
BSM guidance “old days”

In the LHC era, we first search for something new, if there is 
something, we better check the principle! 

Is the new particle cancel the Higgs UV divergence from SM particles?



Indirect information
One-loop \beta function: (also for gluon) 

I. Low, R. Rattazzi, A. Vichi, arxiv: 0907.5413
I. Low, A. Vichi, arxiv: 1010.2753

Non-SUSY

suppressed hgg

has to attach external gauge fields, not 
know how precise is the cancellation

h is really H H^\dag
R. Dermisek, I. Low, 

arxiv: hep-ph/0701235
More natural SUSY

enhanced hgg
also for strongly 1st EWPT



Resonance discovery

Previous, all those resonances searches are in the gauge 
basis, model dependent, have to know (at least) rough the 

model and check the complicated mass matrix.

We better test naturalness in the mass basis

Direct test of naturalness would be the 
discovery of new resonances



Naturalness sum rule in 
the mass eigenstate



Fermion sum rule 

No quadratic div

No log div

C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett. 119 (2017) no13, 131803

LH model, no quadratic div



Fermion sum rule 

Top sector mass matrix

QD in 1-loop CW potential

No quadratic potential in the mass term

Tadpoles



No quadratic divergence

mass basis

CP conservation



No log divergence

CP conservation

Log divergence 
Ignore high order 

terms beyond 1/f^2



Gauge sum rule

No log divergence 

No quadratic divergence 



SUSY Case

Quadratic divergence



Examples

Simplest little Higgs SU3/SU2

first sum rule

After EWSB



Examples
Maximally symmetric composite Higgs SO5/SO4

Before EWSB



Examples

Maximally symmetric composite Higgs SO5/SO4

After EWSB



100TeV Collider Test



Collider Test

Double production：No sign of the couplings

single production: 
interference



Benchmark-LH

Definition of flipped rate



Benchmark-MSCHM

Another way of proving MS at colliders



Top partner mass and Br
Measure precision in percent!

hadronic boosted 
top tagging

Mass reconstruction:



Preliminary

Before the measurements of diagonal t’ Higgs Yukawa couplings, one 
have to pin down other unknown particles, details see the paper

Preselection:



ML based multi-variables

RF: Random 
Forest 

methods

Sign determinations

Single channel:

Simplified seven parameters: no much difference



Three channels



Three channels

LH:  Yukawa 3% level

MSCHM:

Sign significances are all good

Systematic errors may decrease those a few percent



Outlook

There is a very nice model independent 
naturalness sum rule in mass eigenstate

Can be tested in 100TeV，30ab^-1 with 
signs in LH & MSCHM

Can extend to SUSY and other cases



Backup
slice



物理理意义和预⾔言
物理理 为0 Top动能项：没有⾮非线性修正

类顶夸克态最轻的是exotic charge (5/3)
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通过测量量mt, tth, tthh, etc可以确定 是否为0

发现类顶夸克态，测量量它的性质

对⻆角的Higgs Yukawa和质量量



Spin 1/2 Resonances

There are many ways to generate the fermion masses

Here we only consider the “partial compositeness”

Good for 
flavor physics

Linear mixing: 

Maximally suppressed 
the FCNC by the 

small fermion mass

Lmix = �q̄iOi

Oi � U i Composite operators 

 i
Composite fermions sit in the 

representation of SO(4)
Qj Sibi-doublet Singlet

Bilinear: L = �q̄q��̄�⇥ techicolor, conformal techicolor, etc



Higgs产⽣生和衰变



Higgs物理理

Top耦合为负的情况不不再存在
Higgs 拟合 ⇠ < 0.1



Top 伴随⼦子的寻找

限制在700~900GeV



D. Matsedonskyi, G. Panico, A. 
Wulzer, JHEP, 1604, (2016) 003.

当前Top伴随⼦子寻
找正在检验原始
的复合Higgs模型

Top 伴随⼦子的寻找



SUSY粒⼦子的寻找



ttbar Higgs


