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              Outline

- Physics behind the SM


- Physics beyond the SM
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A great leap towards the dynamics of EWSB!

               Milestone



- Quantum Mechanics + Lorentz invariance


- Gauge Invariance/Redundancy


- Renormalizability


             Behind the SM



   Renormalizability as a consequence

mt,mW,Z ⇠ O(100GeV)
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L ⇠ (@�)2 +m2�2 + �4�
4

+ �6�
6 + �8�

8 + · · ·
<latexit sha1_base64="YxvyWslyz9VTpMoY+cVqFgouS/I="></latexit>

L ⇠ (@�)2 +m2�2 + �4�
4

+O

✓
E2

⇤2
UV

◆

<latexit sha1_base64="fVwJq9prybanZWlsE6kMHdEQyPI="></latexit>

RGE 

Wilson 71’
Wilson and Kogut 74’

Polchinski 83’



- SM as an effective field theory


- C, CP, U(3)^5 are all accidental symmetries


- All the terms consistent with symmetries will be 
generated from RGE


             Behind the SM



Are all the small parameters 
natural?



               t’ Hooft Naturalness

         A small parameter is natural 
if setting it to zero leads to an enhanced symmetry

 Guideline for model building



          t’ Hooft Naturalness: SM Lesson

⇤UV ⇠ 1018GeV

Enhanced Chiral symmetry!m⌫ ⇠ 5⇥ 10�11GeV
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          t’ Hooft Naturalness: SM Lesson

⇤UV ⇠ 1018GeV

Enhanced Chiral symmetry!

⇤QCD ⇠ 1GeV
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Dimensional Transmutation

m⌫ ⇠ 5⇥ 10�11GeV
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          t’ Hooft Naturalness: SM Lesson

⇤UV ⇠ 1018GeV

Enhanced Chiral symmetry!

⇤QCD ⇠ 1GeV
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Enhanced Shift symmetry!

m⌫ ⇠ 5⇥ 10�11GeV
<latexit sha1_base64="Jn3El0l+0Zs4GYR4r6T1P5D70CU=">AAACEHicbVC7TgMxEPTxJrwClDQWEYKG6C6AoERQQBkkEpByIfI5m8SK7TvZe4jolE+g4VdoKECIlpKOv8F5FLxGsjQ7s6v1TpRIYdH3P72Jyanpmdm5+dzC4tLySn51rWrj1HCo8FjG5jpiFqTQUEGBEq4TA0xFEq6i7unAv7oFY0WsL7GXQF2xthYtwRk6qZHfVo1QpzS0QtEDGqJQYGng32S7QdB3NdxhdgbVfiNf8Iv+EPQvCcakQMYoN/IfYTPmqQKNXDJra4GfYD1jBgWX0M+FqYWE8S5rQ81RzdziejY8qE+3nNKkrdi4p5EO1e8TGVPW9lTkOhXDjv3tDcT/vFqKraN6JnSSImg+WtRKJcWYDtKhTWGAo+w5wrgR7q+Ud5hhHF2GORdC8Pvkv6RaKgZ7xdLFfuH4ZBzHHNkgm2SHBOSQHJNzUiYVwsk9eSTP5MV78J68V+9t1DrhjWfWyQ94719zLpuZ</latexit>

m⇡ ⇠ 0.14GeV
<latexit sha1_base64="5mtBpxRV2gGt5GhzSysk2CdUEjg=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHZjQI9BD3qMYB6QDWF20kmGzOwuM71iWAJe/BUvHhTx6k9482+cPA6aWNBQVHXT3RXEUhh03W9naXlldW09s5Hd3Nre2c3t7ddMlGgOVR7JSDcCZkCKEKooUEIj1sBUIKEeDK7Gfv0etBFReIfDGFqK9ULRFZyhldq5Q9X2Y0F9IxR1C16J+ggPmF5DbdTO5d2COwFdJN6M5MkMlXbuy+9EPFEQIpfMmKbnxthKmUbBJYyyfmIgZnzAetC0NGQKTCud/DCiJ1bp0G6kbYVIJ+rviZQpY4YqsJ2KYd/Me2PxP6+ZYPeilYowThBCPl3UTSTFiI4DoR2hgaMcWsK4FvZWyvtMM442tqwNwZt/eZHUigXvrFC8LeXLl7M4MuSIHJNT4pFzUiY3pEKqhJNH8kxeyZvz5Lw4787HtHXJmc0ckD9wPn8ALl6Wlw==</latexit>

Dimensional Transmutation



          t’ Hooft Naturalness: SM Lesson

⇤UV ⇠ 1018GeV

Enhanced Chiral symmetry!

⇤QCD ⇠ 1GeV
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Enhanced Shift symmetry!

mh ⇠ 125GeV
<latexit sha1_base64="rpXSJzi4s2o42qpXcWyVoVqJ/ZE=">AAACAXicbVBNS8NAEN34WetX1YvgZbEInkpSFT0WPeixgv2AJpTNdtou3U3C7kQsoV78K148KOLVf+HNf2PS9qCtDwYe780wM8+PpDBo29/WwuLS8spqbi2/vrG5tV3Y2a2bMNYcajyUoW76zIAUAdRQoIRmpIEpX0LDH1xlfuMetBFhcIfDCDzFeoHoCs4wldqFfdXuU9cIRZ3yGXURHjC5hvoo3y4U7ZI9Bp0nzpQUyRTVduHL7YQ8VhAgl8yYlmNH6CVMo+ASRnk3NhAxPmA9aKU0YAqMl4w/GNGjVOnQbqjTCpCO1d8TCVPGDJWfdiqGfTPrZeJ/XivG7oWXiCCKEQI+WdSNJcWQZnHQjtDAUQ5TwrgW6a2U95lmHNPQshCc2ZfnSb1cck5K5dvTYuVyGkeOHJBDckwcck4q5IZUSY1w8kieySt5s56sF+vd+pi0LljTmT3yB9bnD2oElZU=</latexit>

???

m⌫ ⇠ 5⇥ 10�11GeV
<latexit sha1_base64="Jn3El0l+0Zs4GYR4r6T1P5D70CU=">AAACEHicbVC7TgMxEPTxJrwClDQWEYKG6C6AoERQQBkkEpByIfI5m8SK7TvZe4jolE+g4VdoKECIlpKOv8F5FLxGsjQ7s6v1TpRIYdH3P72Jyanpmdm5+dzC4tLySn51rWrj1HCo8FjG5jpiFqTQUEGBEq4TA0xFEq6i7unAv7oFY0WsL7GXQF2xthYtwRk6qZHfVo1QpzS0QtEDGqJQYGng32S7QdB3NdxhdgbVfiNf8Iv+EPQvCcakQMYoN/IfYTPmqQKNXDJra4GfYD1jBgWX0M+FqYWE8S5rQ81RzdziejY8qE+3nNKkrdi4p5EO1e8TGVPW9lTkOhXDjv3tDcT/vFqKraN6JnSSImg+WtRKJcWYDtKhTWGAo+w5wrgR7q+Ud5hhHF2GORdC8Pvkv6RaKgZ7xdLFfuH4ZBzHHNkgm2SHBOSQHJNzUiYVwsk9eSTP5MV78J68V+9t1DrhjWfWyQ94719zLpuZ</latexit>

m⇡ ⇠ 0.14GeV
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Dimensional Transmutation



mh ⇠ 125GeV

               Hierarchy problem

⇤UV ⇠ 1018GeV

⇤IR & 103GeVNeed engineering the UV 
parameter

�m2
h ⇠ cUV

3y2t
16⇡2

⇤2
IR

<latexit sha1_base64="BWv1pfaTsmQ/iW/g/xDV3dOpWrM="></latexit>



              Naturalness as Guideline

- Compositeness


- Supersymmetry       


⇤IR ⇠ ⇤UVe
�8⇡2/g2

UV

Q |�i = | i Enhanced chiral symmetry

Dimensional Transmutation



mh ⇠ 125GeV

             Compositeness

⇤IR ⇠ ⇤UVe
�8⇡2/g2

UV

 Nambu-Goldstone boson

Enhanced shift symmetry!

⇤UV ⇠ 1018GeV



Two approaches for new physics

Tevatron, LHC

Resonance searches



Two approaches for new physics

LEP I

Precision measurement

LHC



              Higgs Coupling Measurements



mh ⇠ 125GeV

Indirect Signatures

mZ ⇠ 90GeV  LEP I

⇤UV ⇠ 1018GeV

HL-LHC

LHC, Higgs factories

<latexit sha1_base64="fe+RgE1MULT51rTK9Wsng3B2xXw=">AAACDXicbVDLSgMxFM3UV62vqks3wSq4kDIjUl0W3Si4qNIXdIYhk962ocnMmGSEMvQH3Pgrblwo4ta9O//G9LHQ1gOBk3POJbkniDlT2ra/rczC4tLySnY1t7a+sbmV396pqyiRFGo04pFsBkQBZyHUNNMcmrEEIgIOjaB/OfIbDyAVi8KqHsTgCdINWYdRoo3k5w/cGxNuEz91pcDXd0PsKibgHo+uju0e4yrU/XzBLtpj4HniTEkBTVHx819uO6KJgFBTTpRqOXasvZRIzSiHYc5NFMSE9kkXWoaGRIDy0vE2Q3xolDbuRNKcUOOx+nsiJUKpgQhMUhDdU7PeSPzPayW6c+6lLIwTDSGdPNRJONYRHlWD20wC1XxgCKGSmb9i2iOSUG0KzJkSnNmV50n9pOiUiqXb00L5YlpHFu2hfXSEHHSGyugKVVANUfSIntErerOerBfr3fqYRDPWdGYX/YH1+QP0ppo2</latexit>

!IR → 10TeV



- One coupling - one scale


- A set of selection rules

          Indirect Signature

g⇤

yf , g, g
0

‣ Preserve the non-
linearity:


‣ Explicit breaking


m⇤ ⇠ g⇤f



          Indirect Signature

H

W,Z

H
f

SILH: G.F. G, C. G,  A.P & R.R 07
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2m2
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m2
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f̄LHfR ) cy ⇠ g
2
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OH =
@µ(H†

H)@µ(H†
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2m2
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⇤



          Indirect Signature

WL, ZL, h

⇠ E2

m2
⇤

OW =
ig

2m2
⇤
(H†

�
a !
D

µ
H)D⌫

W
a
µ⌫ ) cW ⇠ 1

HL-LHC can play a role!

DL and L.T. Wang  18’ see also R. Franceschini et al 17’



yf , g, g
0

Elementary Strong

         Strong multipolar interactions

q, `

- New power-counting rules

W a
µ⌫ , Bµ⌫ : g⇤

DL, A. Pomarol, R. Rattazzi & F. Riva 16’
M.  Anber, N. Chen and D. Liu, To appear

H 2 SO(5)/SO(4)
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W a
µ⌫ , Bµ⌫ : U(1)4local
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         Strong multipolar interactions

WL, ZL, h

g⇤
g

E2

m2
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OHW =
ig

m2
⇤
(Dµ

H)†�a(D⌫
H)W a

µ⌫
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g
2
⇤

16⇡2
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16⇡2

E2

m2
⇤

E2

m2
⇤



        Non-Interference for BSM Amplitudes

At dimension-six level, it seems that BSM doesn’t 
want to entangle with SM

A.  Azatov, R. Contino, C. Machado and F. Riva,  16’



             Two ways out

- Add one more final state


- Spin-correlation/Quantum Entanglement    


Azimuthal angles



   Top Electroweak dipole Moment

T.  Han, D. L. and S. Wang, 24’ 
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High energy can help
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A.  Bhoonah,  N. Chen, H. Y. Ji, DL and K. Xie,  To appear



                 Conclusion

- We enter into an era of data-driven model-
building


- Try crazy ideas and try innovative experiments, 
Hopefully something will come up!



Back-up Slides



Two approaches for new physics

LEP I

Precision measurement



Two approaches for new physics

Tevatron, LHC

Resonance searches



Can HL-LHC do precision measurement?

LHC?



Uncertainty

• Lepton colliders:  ~ 0.1%

• Hadron Colliders:  3% - 20%



Effective Operators



Helicity structure for WW



Mass scale reach HL-LHC

DL and L.T. Wang  ‘18
see also R. Franceschini et al Dilepton: M. Farina et al 



mh ⇠ 125GeV

⇤UV ⇠ 1018GeV

           Conformal Technicolor

⇤EW ⇠ 4⇡v ⇠ 3.1TeV
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M. Luty and T. Okui 04



           Conformal Technicolor

From R. Rattazzi, V. Rychkov, E. Tonni and A. Vichi 08


