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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
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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

<latexit sha1_base64="Bfwn09tQn5Qc16UWl6FCpIR9Qwg="></latexit>

M(n ! p+e�⌫̄) ⇠ GF p̄Oµn ēOµ⌫, GF ⇡ 1/(300 GeV)2

• At the EW scale ~O(100 GeV) 

CDF: "Mw/Mw ~10-4

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

"mh/mh ~10-3

Yet, we are still in a broken phase:         
             massive bosons:

massive fermions & flavor mixing: 
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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 =
v = (

p
2GF )�1/2 ⇡ 246 GeV

mH =
p
2�v = 125 GeV

Landau-Ginzburg Theory:
F = ↵(T )| |2 + �(T )

2
| |4

| |2 = �↵(T )
�(T )

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)

<latexit sha1_base64="DlPTDUhagw9W+pwBxxSoR+XdG5M=">AAACGnicbVBLSwMxGMzWV62vVY9egkXwtN1dpApeih70oFCh7Rb6WLJp2oYmuyHJiqX0n3jxr3hR8aLgxX/j9oHS1oHAZOb7SGYCwajStv1tpJaWV1bX0uuZjc2t7R1zd6+iolhiUsYRi2Q1QIowGpKyppqRqpAE8YARL+hdjnzvnkhFo7Ck+4I0OOqEtE0x0onkm+f1K8Q58geefzOEOfh3LQ1hHQkhowfIfd10c+6t7zXdX9G1fDNrW/YYcJE4U5IFUxR987XeinDMSagxQ0rVHFvoxgBJTTEjw0w9VkQg3EMdMhhHG8KjRGrBdiSTE2o4VmfmEFeqz4NkkiPdVfPeSPzPq8W6fdYY0FDEmoR48lA7ZlBHcNQTbFFJsGb9hCAsafJDiLtIIqyTNjNJdGc+6CKpuJaTt/J3J9nCxbSENDgAh+AYOOAUFMA1KIIywOAJvIAP8Gk8Gs/Gm/E+GU0Z0519MAPj6wdFA57m</latexit>

�WL/�WT ⇡ m2
t/2M

2
W ⇡ 2.

• 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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• 3rd observation:                       @ 7.1! at ATLAS:

• 4th observation (?): 
     at the LHC:  at least   1 WL @ 3.3!

WLZL observation 
& utilization of the 

“Radiation Amplitude Zero”
  

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

• Longitudinal gauge bosons

CMS: arXiv:2009.09429, ATLAS: arXiv:2503.11317

Great step to scrutinizing EWSB !

<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

<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!

<latexit sha1_base64="NQL8PEjhV2xq0CCVkq9Vt2clSaA=">AAACPnicbVDLSgMxFM34rPU16tJNsAjtpsyIVJdFNy4UKtgHdOqQSTNtbGYyJBmxDP03N4K/4A+4EXGj4NJMO4htvZBwcu653JzjRYxKZVkvxsLi0vLKam4tv76xubVt7uw2JI8FJnXMGRctD0nCaEjqiipGWpEgKPAYaXqD87TfvCdCUh7eqGFEOgHqhdSnGClNuaabOBgxeDUqNt3LWwrT+w46isM/7xJ0UBQJ/gB/1Q4PSA9pQQYmM3NsyTULVtkaF5wHdgYKIKuaaz47XY7jgIQKMyRl27Yi1UmQUBQzMso7sSQRwgPUI8nY/ggeaqoLfS70CRUcs1M6FEg5DDytDJDqy9leSv7Xa8fKP+0kNIxiRUI8WeTHDGqnaZawSwXBig01QFhQ/UOI+0ggrHTieW3dnjU6DxpHZbtSrlwfF6pnWQg5sA8OQBHY4ARUwQWogTrA4Am8gU/wZTwar8a78TGRLhjZzB6YKuP7ByMirSc=</latexit>

M(W i
LW

j
L ! W i

LW
j
L) ⇡ M(!i!j ! !i!j)

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 (?)

SM: VBS Amplitude unitarized by Higgs

Higgsless Model

AWWZZ = s
v2 +O(1)

SM

AWWZZ = s
v2 �

1
v2

s2

s�Mh
2 +O(1)
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Marco Sekulla (Universität Siegen) Issues of Unitarisation Dresden October 1st 2013 6 / 34

SM: VBS Amplitude unitarized by Higgs

Higgsless Model

AWWZZ = s
v2 +O(1)

SM

AWWZZ = s
v2 �

1
v2

s2

s�Mh
2 +O(1)
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~ (g2/16π2) s/v2
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Theory of anomalous couplings  Nicolas Greiner, MPI München                      Dresden, 1.10.2013 

Unitarity in the SM
● Famous SM example: longitudinal WW  WW scattering→

– Longitudinal polarization:

– For each diagram:

– Adding photon, Z and 4W vertex: 

– Summing all diagrams:

● In SM unitarity is preserved by gauge cancellations.

● Adding additional terms (dim 6 operators) spoils cancellations 

~ s/v2

~ mH
2/v2

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

VL VL à VL VL Scattering
✏(k)µ

L =
E

mW
(�W , k̂) ⇡ kµ

mW

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

parametrically measured by:
<latexit sha1_base64="uw7/0B/MVhgny7GzQXxAtiCtbBM=">AAAB+nicbVDNSsNAGNzUv1r/oh57WSyCp5IUqV6EoghehAq2KTQlbDabdukmG3Y3Qok5+CpeRLwo+BC+gm/jts2lrQMLw8ws3/eNnzAqlWX9GqW19Y3NrfJ2ZWd3b//APDzqSp4KTDqYMy56PpKE0Zh0FFWM9BJBUOQz4vjjm6nvPBEhKY8f1SQhgwgNYxpSjJSWPLPqBoQpBK9gdu850OU6DLPGrefkuWfWrLo1A1wldkFqoEDbM3/cgOM0IrHCDEnZt61EDTIkFMWM5BU3lSRBeIyGJJutnsNTLQUw5EK/WMGZupBDkZSTyNfJCKmRXPam4n9eP1Xh5SCjcZIqEuP5oDBlUHE47QEGVBCs2EQThAXVG0I8QgJhpduq6NPt5UNXSbdRt5v15sN5rXVdlFAGVXACzoANLkAL3IE26AAMXsAb+ARfxrPxarwbH/NoySj+HIMFGN9/rwOSyg==</latexit>

� =
MW

2EW

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

v

E
:

v (250 GeV)

10 TeV
⇡ ⇤QCD (300 MeV)

10 GeV
<latexit sha1_base64="9eedIKH/CAnHaIHVgZCg7Jc82tA="></latexit>

v/E, mt/E, MW /E ! 0!

<latexit sha1_base64="LhVZoAfyP9Na9uxVQ8Dg0peRKQY=">AAACA3icbVC7TgJBFJ3FF+ILtbSZCCZWZJcYtCRaaImJPBKWkNnhAhNmH5m5SyCbLW38FRtjbDSx9xf8G5eFBvAkk5ycc2bu3OMEUmg0zV8js7G5tb2T3c3t7R8cHuWPTxraDxWHOvelr1oO0yCFB3UUKKEVKGCuI6HpjO5mfnMMSgvfe8JpAB2XDTzRF5xhInXzRRthguk7kYJeHBXH1GZBoPwJLV9VivQeGnE3XzBLZgq6TqwFKZAFat38j93zeeiCh1wyrduWGWAnYgoFlxDn7FBDwPiIDSBKZ8f0IpF6tO+r5HhIU3Upx1ytp66TJF2GQ73qzcT/vHaI/ZtOJLwgRPD4fFA/lBR9OiuE9oQCjnKaEMaVSH5I+ZApxjGpLZesbq0uuk4a5ZJVKVUey4Xq7aKELDkj5+SSWOSaVMkDqZE64eSFvJFP8mU8G6/Gu/Exj2aMxZ1TsgTj+w8MF5bk</latexit>

v ⇡ 246 GeV

<latexit sha1_base64="CYVPN+tLWt19BgFdHjYIYgsOLqs=">AAACEXicbVDLTgIxFO34RHyhLt00gokrMsMCXRLduMREHgkQ0il3oKEznbR3VDLhK9z4K26McSOJX+DfOAyzATxJk3PPuW3vPW4ohUHb/rU2Nre2d3Zze/n9g8Oj48LJadOoSHNocCWVbrvMgBQBNFCghHaogfmuhJY7vpv7rSfQRqjgESch9Hw2DIQnOMNE6hcqXYQXTN+JXRnBNC51pQqGEjxkWqtnmpZaDEeLujTtF4p22U5B14mTkSLJUO8XZt2B4pEPAXLJjOk4doi9mGkUXMI0340MhIyP2RDidJIpvUykAfWUTk6ANFWX+phvzMR3k06f4cisenPxP68ToXfTi0UQRggBX3zkRZKiovN46EBo4CgnCWFci2RCykdMM45JiPlkdWd10XXSrJSdarn6UCnWbrMQcuScXJAr4pBrUiP3pE4ahJM38kG+ycx6td6tT+tr0bphZXfOyBKsnz/zRZ7K</latexit> ��!<latexit sha1_base64="3Sdxv4aRSj3DcWxy5XMIJOXbhec=">AAAB+3icbVDLSgMxFM3UV62vUZe6CLaCqzLTRXVZFMFlBfuATimZNNOGZh4kd4plmI2/4kbEjYL/4C/4N6bT2bT1QOBwzklu7nEjwRVY1q9R2Njc2t4p7pb29g8Oj8zjk7YKY0lZi4YilF2XKCZ4wFrAQbBuJBnxXcE67uRu7nemTCoeBk8wi1jfJ6OAe5wS0NLAPHeAPUP2TuKKmKVJ5R47ivt4WkkHZtmqWhnwOrFzUkY5mgPzxxmGNPZZAFQQpXq2FUE/IRI4FSwtObFiEaETMmJJNjPFl1oaYi+U+gSAM3UpR3ylZr6rkz6BsVr15uJ/Xi8G76af8CCKgQV0MciLBYYQz4vAQy4ZBTHThFDJ9Q8xHRNJKOi6Snp1e3XRddKuVe16tf5YKzdu8xKK6AxdoCtko2vUQA+oiVqIohf0hj7Rl5Ear8a78bGIFoz8zilagvH9BwVplDc=</latexit>

E ⇠ v

<latexit sha1_base64="6TkDCQ1xKOgP7+aHwoGVUKVF+wU=">AAAB+nicbVDLSgMxFM3UV62vUZfdBFvBVZnporosiuCygn1Ap5RMmpmGZh4kd4plnIW/4kbEjYIf4S/4N6btbGw9EDicc5Kbe9xYcAWW9WMUNja3tneKu6W9/YPDI/P4pKOiRFLWppGIZM8ligkesjZwEKwXS0YCV7CuO7mZ+90pk4pH4QPMYjYIiB9yj1MCWhqaZQfYIyzeSV2RsCyt3mLH9/G0mg3NilWzFsDrxM5JBeVoDc1vZxTRJGAhUEGU6ttWDIOUSOBUsKzkJIrFhE6Iz9LFyAyfa2mEvUjqEwJeqH9yJFBqFrg6GRAYq1VvLv7n9RPwrgYpD+MEWEiXg7xEYIjwvAc84pJREDNNCJVc/xDTMZGEgm6rpFe3VxddJ516zW7UGvf1SvM6L6GIyugMXSAbXaImukMt1EYUPaNX9IE+jSfjxXgz3pfRgpHfOUV/YHz9Ah97k7I=</latexit>

E � v
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<latexit sha1_base64="LC2bWMjtVdNKzXX/BtR6mYTfIN4=">AAACBHicbVDLSgMxFM3UVx1foy7dBEtBEMuMSHVZdOOygn1Ap5ZMmrahmQfJHbEMs3Xjr7gRcaPg2l/wb8xMu2nrhYTDOffm5hwvElyBbf8ahZXVtfWN4qa5tb2zu2ftHzRVGEvKGjQUoWx7RDHBA9YADoK1I8mI7wnW8sY3md56ZFLxMLiHScS6PhkGfMApAU31rLIL7AnydxLJ+qmZ4CjC2IUQtx5Osb7OzNTsWSW7YueFl4EzAyU0q3rP+nH7IY19FgAVRKmOY0fQTYgETgVLTTdWLCJ0TIYsyZenuKypPh6EUp8AcM7O9RFfqYnv6U6fwEgtahn5n9aJYXDVTXgQxcACOl00iAXWFrNEcJ9LRkFMNCBUcv1DTEdEEgo6t8y6s2h0GTTPK061Ur27KNWuZyEU0RE6RifIQZeohm5RHTUQRS/oDX2iL+PZeDXejY9pa8GYzRyiuTK+/wDLoZX9</latexit>

pp ! W+W�

-0.5< cosΘ< 0.5

WLWL

WTWL

WTWT

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

pp ! W±Z
-0.3< cosΘ< 0.3

WLZL

W
TZL

W
LZT

WTZT

duWZ
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• Physics with Gauge Boson Pairs
K. Cheng, TH, T. A. Wu, to appear 



13

• Radiation Amplitude Zeros (RAZs)

<latexit sha1_base64="m8rNjJkoZq9ctKO5jBFVnAs+XNw=">AAACFHicbVBLSwMxGMz6rPVV9eglWARBWnZFqxeh6MVjC/YB3XbJZtM2NPsg+VYoy/4NL/4VLyKCKHj335hue2nrQGAy8+Ux40aCKzDNX2NldW19YzO3ld/e2d3bLxwcNlUYS8oaNBShbLtEMcED1gAOgrUjyYjvCtZyR/cTv/XEpOJh8AjjiHV9Mgh4n1MCWnIKV9SxYciA9JJWr2QPiO+TFN/iBCd1x8PnuO7EqR3qKzKhNNni1CkUzbKZAS8Ta0aKaIaaU/i0vZDGPguACqJUxzIj6CZEAqeCpXk7ViwidEQGLMlCpfhUSx7uh1KvAHCmzs0RX6mx7+pJn8BQLXoT8T+vE0P/ppvwIIqBBXT6UD8WGEI8aQh7XDIKYqwJoZLrH2I6JJJQ0D3mdXRrMegyaV6UrUq5Ur8sVu9mJeTQMTpBZ8hC16iKHlANNRBFL+gNfaFv49l4Nd6Nj+noijE7c4TmYPz8AblInSU=</latexit>

cW
��

✓ =
Qd +Qu

Qd �Qu

<latexit sha1_base64="LkeEiaWOTjCTP7UgoZhXHDaqFnk=">AAACGXicbVDLSgMxFM3UV62vUZdugkUQpGVGpIogFN24rNAX9jFk0rQNzTxI7ghlmC9x46+4keJGwZV/Y9rOpq0XAodzTm5yjhsKrsCyfo3M2vrG5lZ2O7ezu7d/YB4e1VUQScpqNBCBbLpEMcF9VgMOgjVDyYjnCtZwRw9TvfHCpOKBX4VxyDoeGfi8zykBTTnmLXXaMGRAunGjW3h2qgm+wzGOB92eU8AXeNCNnELSDvSOlCzMKZw4Zt4qWrPBq8BOQR6lU3HMSbsX0MhjPlBBlGrZVgidmEjgVLAk144UCwkdkQGLZ8kSfKapHu4HUh8f8Ixd8BFPqbHnaqdHYKiWtSn5n9aKoH/TibkfRsB8On+oHwkMAZ7WhHtcMgpirAGhkusfYjokklDQZeZ0dHs56CqoXxbtUrH0dJUv36clZNEJOkXnyEbXqIweUQXVEEVv6AN9oW/j1Xg3Jsbn3Jox0jvHaGGMnz+I9p6J</latexit>

cW
�ZT

✓ =
gd� + gu�
gd� � gu�
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Gauge / scalar separation:

•   Gauge sector: Radiation Amplitude Zeros (RAZs)
 

       EM:                     ;  EW (transverse):

R. Capdevilla, TH, arXiv:2412.12336 (PRL)
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µ±⌫µ ! W±�,W±Z

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

new scale ~ "                             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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Figure 1. Schematic process involving a collinear splitting A ! B + C.

the cross section can be expressed in a factorized form

d�X,BC ' d�X,A ⇥ dPA!B+C , (2.1)

where P is the splitting function for A ! B+C. A given splitting can also act as the “hard”

process for later splittings, building up jets. The factorization of collinear splittings applies

similarly for initial-state particles, leading to the picture of parton distribution functions

(PDFs) for an initial state parton B (or C)

d�AB0!CX ' dPA!B+C ⇥ d�BB0!X , (2.2)

We will discuss this situation in the next section.

Integrating out the azimuthal orientation of the B +C system, the splitting kinemat-

ics are usually parametrized with two variables: a dimensionful scale and a dimensionless

energy-sharing variable z. The parton shower or DGLAP equations are constructed by

using the dimensionful scale as an evolution variable, though the choice is not unique.

Common choices include the transverse momentum kT of B or C relative to A’s three-

momentum vector, the virtuality of the o↵-shell leg (A for final-state showering, B or C for

initial-state showering), the energy-weighted opening angle of the split, or the renormal-

ization scale within dimensional regularization. We will mainly use kT -ordering in what

follows, though we will also discuss some results with virtuality-ordering. The energy-

sharing variable z (z̄ ⌘ 1 � z) is commonly taken to be the energy fraction of A taken

up by B (C). Alternately, z is sometimes defined as the lightcone momentum fraction,

z ⌘ (EB +~pB · p̂A)/(EA + |~pA|). Here, in practice we will use the three-momentum fraction

z ⌘
|~pB|

|~pB| + |~pC |
, (2.3)

which generally spans from zero to one, even in a massive shower. In the relativistic regime,

where the collinear factorization is strictly valid, all of these definitions are equivalent.1

1There is unavoidably some frame-dependence to this setup, as there is in all parton showers that are

defined strictly using collinear approximations. A more complete treatment would exhibit manifest Lorentz-

– 4 –
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Figure 1: Schematic processes involving a collinear splitting A → B + C in either the

final state (left) or initial state (right).

broken phase, where we introduce the Goldstone Equivalence Gauge. Section 5 explores

some of the consequences of electroweak showering in final-state and initial-state splitting

processes, including interleaving into QCD showers. We summarize and conclude in Sec-

tion 6. Appendices give supplementary details of Goldstone Equivalence Gauge and the

corresponding Feynman rules in practical calculations.

2 Showering Preliminaries and Novel Features with EWSB

We first summarize the general formalism for the splitting functions and evolution equations

with massive particles that forms the basis for the rest of the presentation. We then lay

out some other novel features due to EWSB.

2.1 Splitting formalism

Let us consider a generic “hard” process nominally containing a particle A in the final

state, slightly off-shell and subsequently splitting to B and C, as depicted in Fig. 1. In the

limit where the daughters B and C are both approximately collinear to the parent particle

A, the cross section can be expressed in a factorized form [2]

dσX,BC ≃ dσX,A × dPA→B+C , (2.1)

where P is the splitting function for A→ B+C. A given splitting can also act as the “hard”

process for later splittings, building up jets. The factorization of collinear splittings applies

similarly for initial-state particles, leading to the picture of parton distribution functions

(PDFs) for an initial state parton B (or C)

dσAB′→CX ≃ dPA→B+C × dσBB′→X . (2.2)

We will discuss this situation in the next subsection.

Integrating out the azimuthal orientation of the B+C system, the splitting kinematics

are parametrized with two variables: a dimensionful scale (usually chosen to be approxi-

mately collinear boost-invariant) and a dimensionless energy-sharing variable z. Common

choices for the dimensionful variable are the daughter transverse momentum kT relative to

– 5 –

For the factorization to be valid:
• Power corrections suppressed: 
• Log corrections (RGE) large:

Other Aspects of EWSR
Splitting: the dominant phenomena

EW “partons” dynamically generated 

EW shower/jets:
<latexit sha1_base64="MDdl3psYFpqItoYw1gwH/1YQd1U="></latexit>

W ⇤ ! qq̄g ..., `±⌫� ...

t⇤ ! bb̄W ⇤, tZ⇤, th⇤ ...

⌫⇤ ! `±W ⇤ ... ! EW jets

2

Those processes take over the annihilation channels at
higher energies

p
s ⇡ 2.5, 4.5, 11 TeV for W+

W
�
, tt̄ and

tt̄H production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At

p
s ⇡ 30 TeV, the

production rate for �� ! tt̄ is higher by two orders of
magnitude than that for µ+

µ
�
! tt̄ annihilation.

However, this description becomes inadequate at some
high scales. First, at high energies E � m`, the collinear
logarithm (↵/2⇡) ln (E2

/m
2
`) may be sizeable and needs

to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9–11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12–14]. To estimate the re-
summation e↵ects, we plot the cross sections with the
leading-order �-PDF with a scale Q =

p
ŝ/2, where

p
ŝ

is the �� c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15–17] and
explored in details [18], at scales Q

2
� M

2
Z , the SM

gauge symmetry SU(2)L⌦U(1)Y is e↵ectively restored.
Consequently, the four EW gauge bosons (W±,3

, B) in
the SM must be taken into account all together coher-
ently with B-W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19–21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e↵ects are gov-
erned by power corrections of the order M2

Z/Q
2 [22, 23],

a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e↵ects in QCD.

II. Electroweak Parton Distribution Functions
Below the EW scale Q < MZ , the e↵ects of the SU(2)L
gauge bosons are suppressed by g

2
/M

2
Z . The gauge bo-

son radiation o↵ a charged lepton beam (`± = e
±
, µ

±)
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

`R, `L, ⌫L and B,W
±,3

. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings to e, µ are not rele-
vant for the current consideration. However, we must in-
clude the e↵ects of longitudinally polarized gauge bosons
characterized by power corrections of the order M2

Z/Q
2.

Denote an EW PDF as fi(x,Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scale Q.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

dfi
d lnQ2

=
X

I

↵I

2⇡

X

j

P
I
i,j ⌦ fj , (5)

Q µ �, Z, �Z W
±

⌫ `sea q g

MZ 97.9 2.06 0 0 0.028 0.035 0.0062
3 TeV 91.5 3.61 1.10 3.59 0.069 0.13 0.019
5 TeV 89.9 3.82 1.24 4.82 0.077 0.16 0.022

TABLE I. Momentum fractions (%) carried by various parton
species. The sea leptons include `sea = µ̄+

P
i 6=µ(`i +

¯̀
i) and

⌫ =
P

i(⌫i + ⌫̄i). The quark components include all the 6
flavors.

where I specifies the gauge group, and the P
I
ij are the

splitting functions for j ! i. The complete list of the
EW splitting functions for the SM chiral states are avail-
able in Refs. [15, 16, 20]. The initial condition for a
lepton beam is f`(x,m2

`) ⇡ �(1 � x) + O(↵) and it
evolves as ln

�
Q

2
/m

2
`

�
. At the electroweak scale, the

matching conditions are f�(x,M2
Z) 6= 0, fZ(x,M2

Z) =
0, f�Z(x,M2

Z) = 0, with a general relation

0

@
fB
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fBW 3

1
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2
W c

2
W cW sW

2cW sW �2cW sW c
2
W � s

2
W

1

A

0

@
f�

fZ

f�Z

1

A ,

where sW = sin ✓W is the weak mixing angle. The mixed
PDF f�Z (or fBW 3) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving �/Z (or B/W

3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for ` = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarks q =

Pt
i=d(qi+ q̄i) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions hxfii =

R
xfi(x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di↵erence for the EW PDFs. As expected, the
fermionic states sharply peak at x ⇡ 1, while the bosonic
states peak at x ⇡ 0, reflecting the infrared behavior. It
is noted that there is an enhanced rate at small x for
the fermions, deviating from the leading order behavior
⇠ 1/(1�x). This is from the soft �⇤

/Z
⇤
/W

⇤ splitting at
higher orders. Owing to the large flux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL, ZL) do not scale with Q

at the leading order [15, 16, 26] � an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ
+
µ
� Collisions

We write the production cross section of an exclusive
final state F and the unspecified remnants X in terms
of the parton luminosity dLij/d⌧ and the corresponding

<latexit sha1_base64="HQfSoKBJFyyozorbm/qiFEEwO7A=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VwVZMi1WXRjRuhBfuApg2TyaQdOnkwcyOWkIUbf8WNiBsF/8Bf8G9M027aemDgcM6ZuXOPEwmuwDB+tcLa+sbmVnG7tLO7t3+gHx61VRhLylo0FKHsOkQxwQPWAg6CdSPJiO8I1nHGt1O/88ik4mHwAJOI9X0yDLjHKYFMsnVsAXuC/J1EMjdN7u3OoHrRHFSxJQQ2U1svGxUjB14l5pyU0RwNW/+x3JDGPguACqJUzzQi6CdEAqeCpSUrViwidEyGLMnnpvgsk1zshTI7AeBcXcgRX6mJ72RJn8BILXtT8T+vF4N33U94EMXAAjob5MUCQ4inZWCXS0ZBTDJCqOTZDzEdEUkoZJWVstXN5UVXSbtaMWuVWvOyXL+Zl1BEJ+gUnSMTXaE6ukMN1EIUvaA39Im+tGftVXvXPmbRgja/c4wWoH3/AS1VlVQ=</latexit>
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J.M. Chen, TH & B. Tweedie, 
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arXiv:1703.08562
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Those processes take over the annihilation channels at
higher energies

p
s ⇡ 2.5, 4.5, 11 TeV for W+

W
�
, tt̄ and

tt̄H production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At

p
s ⇡ 30 TeV, the

production rate for �� ! tt̄ is higher by two orders of
magnitude than that for µ+

µ
�
! tt̄ annihilation.

However, this description becomes inadequate at some
high scales. First, at high energies E � m`, the collinear
logarithm (↵/2⇡) ln (E2

/m
2
`) may be sizeable and needs

to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9–11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12–14]. To estimate the re-
summation e↵ects, we plot the cross sections with the
leading-order �-PDF with a scale Q =

p
ŝ/2, where

p
ŝ

is the �� c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15–17] and
explored in details [18], at scales Q

2
� M

2
Z , the SM

gauge symmetry SU(2)L⌦U(1)Y is e↵ectively restored.
Consequently, the four EW gauge bosons (W±,3

, B) in
the SM must be taken into account all together coher-
ently with B-W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19–21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e↵ects are gov-
erned by power corrections of the order M2

Z/Q
2 [22, 23],

a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e↵ects in QCD.

II. Electroweak Parton Distribution Functions
Below the EW scale Q < MZ , the e↵ects of the SU(2)L
gauge bosons are suppressed by g

2
/M

2
Z . The gauge bo-

son radiation o↵ a charged lepton beam (`± = e
±
, µ

±)
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

`R, `L, ⌫L and B,W
±,3

. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings to e, µ are not rele-
vant for the current consideration. However, we must in-
clude the e↵ects of longitudinally polarized gauge bosons
characterized by power corrections of the order M2

Z/Q
2.

Denote an EW PDF as fi(x,Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scale Q.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

dfi
d lnQ2

=
X

I

↵I

2⇡

X

j

P
I
i,j ⌦ fj , (5)

Q µ �, Z, �Z W
±

⌫ `sea q g

MZ 97.9 2.06 0 0 0.028 0.035 0.0062
3 TeV 91.5 3.61 1.10 3.59 0.069 0.13 0.019
5 TeV 89.9 3.82 1.24 4.82 0.077 0.16 0.022

TABLE I. Momentum fractions (%) carried by various parton
species. The sea leptons include `sea = µ̄+

P
i 6=µ(`i +

¯̀
i) and

⌫ =
P

i(⌫i + ⌫̄i). The quark components include all the 6
flavors.

where I specifies the gauge group, and the P
I
ij are the

splitting functions for j ! i. The complete list of the
EW splitting functions for the SM chiral states are avail-
able in Refs. [15, 16, 20]. The initial condition for a
lepton beam is f`(x,m2

`) ⇡ �(1 � x) + O(↵) and it
evolves as ln

�
Q

2
/m

2
`

�
. At the electroweak scale, the

matching conditions are f�(x,M2
Z) 6= 0, fZ(x,M2

Z) =
0, f�Z(x,M2

Z) = 0, with a general relation

0

@
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1
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0

@
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2
W s

2
W �cW sW

s
2
W c

2
W cW sW

2cW sW �2cW sW c
2
W � s

2
W

1

A

0

@
f�

fZ

f�Z

1

A ,

where sW = sin ✓W is the weak mixing angle. The mixed
PDF f�Z (or fBW 3) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving �/Z (or B/W

3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for ` = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarks q =

Pt
i=d(qi+ q̄i) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions hxfii =

R
xfi(x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di↵erence for the EW PDFs. As expected, the
fermionic states sharply peak at x ⇡ 1, while the bosonic
states peak at x ⇡ 0, reflecting the infrared behavior. It
is noted that there is an enhanced rate at small x for
the fermions, deviating from the leading order behavior
⇠ 1/(1�x). This is from the soft �⇤

/Z
⇤
/W

⇤ splitting at
higher orders. Owing to the large flux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL, ZL) do not scale with Q

at the leading order [15, 16, 26] � an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ
+
µ
� Collisions

We write the production cross section of an exclusive
final state F and the unspecified remnants X in terms
of the parton luminosity dLij/d⌧ and the corresponding
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“Leptonic showering”

• With W/Z showers, all leptons/neutrino components exist!
• EW “jets”:  e.g., a HE % à an observable jet!

J.M. Chen, TH & B. Tweedie, arXiv:1611.00788; 
C. Bauer, D. Provasoli, B. Webber, arXiv:1806.10157
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• QED is ~UV complete, but doesn’t go beyond O(GeV):
               e.g. (g-2)e versus (g-2)!
• QCD IS UV complete, could be dynamically
     extrapolated to an exponentially high scale Q:

   

            but new physics comes in at 
  

• The SM with the Higgs is ~UV complete,  
                   --- to be tested by EWSR
but what confidence do we have to extrapolate it to O(MPL)?   

<latexit sha1_base64="n2sOqqB9Zl8fFwPO2NE4cpPpswk="></latexit>

↵s(Q
2) ⇡ 1/ ln(Q2/⇤2

QCD) ) ⇤QCD ⇡ Q exp(�1/2↵s)

à“UV completion” needs NOT to be a completion!
i.e. Go for BSM & beyond EWSR!

In approaching EWSR, 
how much the SM “UV completion” tells us?

Further Remarks
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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! 


