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2000
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HEP:  Uninterrupted discoveries 
for more than half a century!

From quarks to the Higgs boson,
with heroic efforts in theory and experiments:  

The Standard Model 
of particle physics:

o Non-Abelian gauge structure
o Gauge coupling universality
o Spontaneous symm breaking

70’s

at what scales? 
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• In our daily life, we live in a deeply broken phase,
    no sign of EW gauge symmetry! The “weak” force:

• Electroweak Gauge Theory

• At the EW scale ~O(100 GeV) 

!Mw/Mw ~10-4

"mh/mh ~10-3

• Yet, we are still in a broken phase:         
   

        Short-lived
    massive bosons:

Massive fermions 
& flavor mixings: 
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• Spontaneous Symmetry Breaking
• In a broken or 
     superconducting phase:
    London penetration depth  
    -- the Meissner effect: 
! ~ 1/MW ≈ 10-9 nm,  in 10-24 s
The SM scalar sector:

V =
Landau-Ginzburg Theory:

Laser @ 1012 Hz (2021)

In CM, BCS as the underlying theory to calculate      
             "(T) & #(T)!
   

What is the underlying theory to calculate $2 & ! ?
 

In any given theory:   %&h
2 ∝ (2  ! 

  

   à “naturalness”  or Little Hierarchy problem. 
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• 1st observation of WL in top decay (CDF/D0, 2000)

• Longitudinal gauge bosons

• 2nd observation:                          at LEP (L3, 2003)

PLB557, 147(2003) 

<latexit sha1_base64="rne6AJAM/UoZUSdIlWsBTYbTMbI=">AAACBXicbVDLSgMxFM3UVx1fVZdugkURpGVGpLosunFZwT6gLzLpbRuaeZDcEcvQtRt/xY2IGwW3/oJ/Y/rYtPVA4HDOSW7u8SIpNDrOr5VaWV1b30hv2lvbO7t7mf2Dig5jxaHMQxmqmsc0SBFAGQVKqEUKmO9JqHqD27FffQSlRRg84DCCps96gegKztBI7cxpA+EJJ+8kCjojO4HWOYVWjjYwpFXDq62cPWpnsk7emYAuE3dGsmSGUjvz0+iEPPYhQC6Z1nXXibCZMIWCSxjZjVhDxPiA9SCZTB/REyN1aDdU5gRIJ+pcjvlaD33PJH2Gfb3ojcX/vHqM3etmIoIoRgj4dFA3ltQsOK6EdoQCjnJoCONKmB9S3meKcTTF2WZ1d3HRZVK5yLuFfOH+Mlu8mZWQJkfkmJwRl1yRIrkjJVImnLyQN/JJvqxn69V6tz6m0ZQ1u3NI5mB9/wEJNZa7</latexit>

e+e� ! W+W�

WL dominant!
   

CDF: hep-ex/0511023;
ATLAS: 1205.2484;
CMS: 1308.3879

WL fits at 3!
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• New observation:                       @ 7.1! at ATLAS:

• New observation: qq à ZLZL @ 6! at ATLAS / CMS 

WLZL observation
& utilization of the 

“Radiation Amplitude Zero”
  

ATLAS:
arXiv:2211.09435: PLB 2023 
arXiv:2402.16365: PRL 2024 

• Longitudinal gauge bosons

<latexit sha1_base64="AVtYmr1yvga8tSLnEucspcopC74=">AAACDXicbVC7TsMwFHXKq4RXgJHFokJiqhKECmMFC0OHItGHaErkuG5r1Xlg3yCqqN/Awq+wIMQCEvwCf4NTsrTlSpaPzrnXvuf4seAKbPvHKCwtr6yuFdfNjc2t7R1rd6+pokRS1qCRiGTbJ4oJHrIGcBCsHUtGAl+wlj+6zPTWA5OKR+ENjGPWDcgg5H1OCWjKs8ousEeYvpNK1puYKb7Hrk9kdkGEW17tzo0DjG+9GjYnnlWyy/a08CJwclBCedU969vtRTQJWAhUEKU6jh1DNyUSOBVsYrqJYjGhIzJg6XSLCT7SVA/3I6lPCHjKzvSRQKlx4OvOgMBQzWsZ+Z/WSaB/3k15GCfAQvr3UT8RWNvMosE9LhkFMdaAUMn1hpgOiSQUdICmtu7MG10EzZOyUylXrk9L1Ys8hCI6QIfoGDnoDFXRFaqjBqLoGb2iD/RpPBkvxpvx/tdaMPKZfTRTxtcvBVqZ/A==</latexit>

qq̄ ! W±
L ZL

arXiv:2607.12879

only at low scale:

at high scale 

not at high scale 
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• 5th observation (?): 
     at the LHC:  at least   1 WL @ 3.3!

• Longitudinal gauge bosons

CMS: arXiv:2009.09429, ATLAS: arXiv:2503.11317

Extremely challenging!
à great step to scrutinizing EWSB !

<latexit sha1_base64="jer9uo2HUVZ5Uq2YC702rdawtYU=">AAACFnicbVDLTgIxFO3gC8fXqEs3jcTEFZkxBlwS3bhwgYkwJAySTinQ0HmkvWMkk/kPN/6KG2N0oYlb/8YC4wLwJk1Pzrm3vef4seAKbPvHKKysrq1vFDfNre2d3T1r/6CpokRS1qCRiGTLJ4oJHrIGcBCsFUtGAl8w1x9dTXT3gUnFo/AOxjHrBGQQ8j6nBDTVtaoesEeYvpNK1svMFLv3Xhzg/PIgwm73Jqf+gJl1rZJdtqeFl4GTgxLKq961PrxeRJOAhUAFUart2DF0UiKBU8Ey00sUiwkdkQFLp+tk+ERTPdyPpD4h4Ck710cCpcaBrzsDAkO1qE3I/7R2Av2LTsrDOAEW0tlH/URg7XWSEe5xySiIsQaESq43xHRIJKGgkzS1dWfR6DJonpWdSrlye16qXeYhFNEROkanyEFVVEPXqI4aiKJn9Io+0ZfxZLwYb8b7rLVg5DOHaK6M71+Pzp1z</latexit>

W±W± ! W±
L W±

L
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Goldstone-boson Equivalence Theorem (GET): 

   
At high energies E>>MW, the longitudinally polarized gauge bosons 
behave like the corresponding Goldstone bosons. (They remember 
their origin!)

Lee, Quigg, Thacker (1977); M. Chanowitz, M. Gailard (1984);
Y.-P. Yao, C.-P. Yuan (1988); J. Bagger, C. Schmidt (1990) …

• Goldstone-bosons Equivalence Theorem: 
At high energies:
     

     Wi
L à Correspond to the broken generators 

- incomplete representation:
- nothing to say about the “Higgs boson” 
    à The Higgs mechanism DOES NOT require a Higgs boson!

trivial “scalarization”
(for any vector state)

symmetry 
breaking residual 

VL wavefunction:
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• The Higgs Boson

or 



• “Bad high-energy behavior”
• The Higgs boson unitarize the amplitude:

• Consistent perturbative theory up to Λ (?)

~ (g2/16π2) s/v2

10

~ s/v2

~ mH
2/v2

• New strong dynamics effects may still exist, 
but “delayed” to v2/Λ2.

VL VL à VL VL Scattering

Lee, Quigg, Thacker (1977)
Chanowitz, Furman, Hinchliffe (1978)
Chanowitz, Gailard (1984)
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• EW Symmetry Restoration (EWSR)

parametrically measured by:
R. Capdevilla, TH, arXiv:2412.12336 (PRL) 
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<latexit sha1_base64="LC2bWMjtVdNKzXX/BtR6mYTfIN4=">AAACBHicbVDLSgMxFM3UVx1foy7dBEtBEMuMSHVZdOOygn1Ap5ZMmrahmQfJHbEMs3Xjr7gRcaPg2l/wb8xMu2nrhYTDOffm5hwvElyBbf8ahZXVtfWN4qa5tb2zu2ftHzRVGEvKGjQUoWx7RDHBA9YADoK1I8mI7wnW8sY3md56ZFLxMLiHScS6PhkGfMApAU31rLIL7AnydxLJ+qmZ4CjC2IUQtx5Osb7OzNTsWSW7YueFl4EzAyU0q3rP+nH7IY19FgAVRKmOY0fQTYgETgVLTTdWLCJ0TIYsyZenuKypPh6EUp8AcM7O9RFfqYnv6U6fwEgtahn5n9aJYXDVTXgQxcACOl00iAXWFrNEcJ9LRkFMNCBUcv1DTEdEEgo6t8y6s2h0GTTPK061Ur27KNWuZyEU0RE6RifIQZeohm5RHTUQRS/oDX2iL+PZeDXejY9pa8GYzRyiuTK+/wDLoZX9</latexit>

pp ! W+W�

<latexit sha1_base64="bFDTFtxjF7zh2Gyjn7B2PFBiPEc=">AAACBHicbVC7TsMwFHV4lvAqMLJYVJWYqgShwljBwlgk+hBNqRzXaa06iWXfIKooKwu/woIQC0jM/AJ/g5t2acuRLB2dc+zre3wpuAbH+bVWVtfWNzYLW/b2zu7efvHgsKnjRFHWoLGIVdsnmgkesQZwEKwtFSOhL1jLH11P/NYjU5rH0R2MJeuGZBDxgFMCRuoVyx6wJ8jfSRXrZ3aKpcTYgxi3HjwZ4ntsZ3avWHIqTg68TNwZKaEZ6r3ij9ePaRKyCKggWndcR0I3JQo4FSyzvUQzSeiIDFiaD89w2Uh9HMTKnAhwrs7lSKj1OPRNMiQw1IveRPzP6yQQXHZTHskEWESng4JEYLPipBHc54pREGNDCFXc/BDTIVGEgultsrq7uOgyaZ5V3Gqlenteql3NSiigY3SCTpGLLlAN3aA6aiCKXtAb+kRf1rP1ar1bH9PoijW7c4TmYH3/AZXIloM=</latexit>

pp ! W±Z

• Physics with Gauge Boson Pairs
K. Cheng, TH, T. A. Wu, to appear 
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• Radiation Amplitude Zeros (RAZs)

Most sensitive test for WW" self-coupling!

Most sensitive test for WWZ coupling!
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Gauge / scalar separation:

•   Gauge sector: Radiation Amplitude Zeros (RAZs)
 

       EM:                     ;  EW (transverse):

R. Capdevilla, TH, arXiv:2412.12336 (PRL)

• Higgs scalar sector:

U. Baur, TH, JO, (1994)Mikaelian, Samual (1979)
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R. Capdevilla, TH, arXiv:2412.12336; Huang, Lewis, Lane, Liu, arXiv:2009.09429 

Massless gauge sector  &  Higgs sector:

Test EWSR @ LHC / muon Collider

For # = MW/2E << 1:  
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What do we learn in testing EWSR?  
“endlessly confirm the correctness of SM” 

SMEFT  BSM             vs.           HEFT  BSM

HVV:  smaller @ new scale ~ " ;      larger nearby scale ~ 4# $  

(light) Fermion Yukawa’s wide open:

E. Celada, TH et al., arXiv:2312.13082

weakly coupled (SUSY, 2HDM)          strongly coupled (composite) 

At the LHC: Higgs coupling SM-like ~ 10%

- Carlo Rubia

Z. Liu, I. Lewis, I. Mahbub, arXiv:2605.08433
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Conclusions
• EW physics @ high energies 
remains exciting and challenging!  

• We are approaching 
the EW symmetric phase measured by MW/2E.

• Longitudinal gauge bosons (WL
i)+ Higgs (h) 

form an O(4) multiplet: 
sensitive to underlying EWSB as well as BSM: 
weakly coupled vs strongly coupled theories;

the symmetry could be larger or smaller than O(4).

Electroweak physics @ high energies is rich!
• EW PDF’s & EW jets to emerge @ high energies! 
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Thank you!


