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Today’s Topics: 

• Longitudinal gauge bosons & 
electroweak symmetry restoration 

• Electroweak splitting: 
EW PDF and EW showering
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• 1st observation of WL in top decay

• 3rd observation:                       @ 5.2𝛔
at LHC:

• 4th observation (?): 
at the LHC: at least one WL @ 3.3𝛔

trivial “scalarization”
(for any vector state)

symmetry 
breaking residual 

ATLAS: arXiv:2402.16365, PRL 

VL wavefunction for a massive vector :

• Longitudinal gauge bosons

CMS: arXiv:2009.09429, ATLAS: arXiv:2503.11317

Great step to scrutinizing EWSB !

• 2nd observation:                          at LEP 
Angular distribution fit PLB557, 147(2003) 
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EW Symmetry Restoration (EWSR)

parametrically measured by:

R. Capdevilla, TH, arXiv:2412.12336, PRL 2025 
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Radiation Amplitude Zeros (RAZs)
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Gauge / scalar separation:

• Gauge sector: Radiation Amplitude Zeros (RAZs)

EM:                     ;  EW (transverse):

R. Capdevilla, TH, arXiv:2412.12336
(PRL, 2025)

• 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 𝛅 = MW/2E << 1:  

Talk by
Steven LowetteNext target: WLWL →WLWL @ HE
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What do we learn in testing EWSR?
“endlessly confirm the correctness of SM” ?!

SMEFT  BSM             vs.           HEFT  BSM

new scale ~ 𝞚 nearby scale ~ 4𝛑 𝞄

(light) Fermion Yukawa’s wide open:

TH, Kilian, Kreher, Ma, Maltoni, Pagani, Reuter, Striegl, Xie, arXiv:2108.05362, arXiv:2312.13082

weakly coupled (SUSY)         strongly coupled (composite) 

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

- Carlo Rubia
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• Power corrections suppressed: 
• Log corrections (RGE) large:

• Other Aspects of EWSR
Colinear splitting: the dominant phenomena

EW “partons” dynamically generated 

EW shower/jets:

• Virtual Sudakov suppression; 
• Real emission enhancement.

S. Frixione, F. Maltoni, D. Pagani, M. 
Zaro, arXiv:2506.10733.
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TH, Yang Ma, Keping
Xie, arXiv:2007.14300

the valance. : LO sea.
Quarks: NLO;  gluons: NNLO.

EW PDFs @ a Muon Collider 
DGLAP evolution in full SM:

Take into account two scales:  𝛍QCD ~ 𝛬QCD ,  𝛍EW ~ v
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EW Showering @ high energies

W±/Z

q

q

How jetty is it?

@ 5 TeV

Sphericity Thrust 

TH, K. Xie, Y. Ma & A. Wu, … ; VINCIA
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• With W/Z showers, all leptons/neutrino components exist!

• (𝞶L , eL) indistinguishable in the symmetric phase. 

• EW “jets”:  e.g., a HE 𝝂→ an observable jet!

EW Showering @ high energies

TH, K. Xie, Y. Ma & A. Wu, …, in preparation.
VINCIA used.

𝞶L=eL
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Fragmentation to a final state particle  

J.M. Chen, TH & B. Tweedie, arXiv:1611.00788; 
TH, Ma, Xie, arXiv:2203.11129
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“Ultra collinear behavior”
New characteristics with the mass:

• EWSB residual effect, Goldstone Eq. Th. violation!
• The PDFs for WL no log(Q2/M2): MW/E > Yukawa!
• Kinematic basis for 

“forward jet-tagging, central jet-vetoing”.
J.M. Chen, TH & B. Tweedie, arXiv:1611.00788

kT
2 > mW

2, it shuts off;
kT

2 < mW
2, flattens out!
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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 + Higgs 
form an O(4) multiplet: 

sensitive to underlying EWSB & BSM  

• Colinear splitting is the dominant behavior:
- Initial state EW PDF
- Final state EW showering & fragmentation 

Electroweak physics rich!
Energy frontier drives!
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Thank you!
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LHC Rocks!
Energy frontier for the next ~15 years! 

Reaching a scale of a few TeV,
Towards the future Standard Model! 

10 decades

0.1 fb = (10-20 cm)2
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At high energies E>>MW, the longitudinally polarized gauge bosons 
behave like the corresponding Goldstone bosons associated with the 
gauge symmetry breaking. (They remember their origin!)

Lee, Quigg, Thacker (1977); Chanowitz, Gailard (1984); J. Chen, TH, B. Tweedie,  
arXiv:1611.00788; Coumo, L. Vecchi, A. Wulzer, arXiv:1911.12366 

Wi
L →Most sensitive to the underlying mechanism for EWSB.

→ “Bad high energy behavior” 

Goldstone-boson Equivalence Theorem

𝛚i
→ Correspond to the broken generators 

- Living in a “incomplete representation”, 
nothing to say about the “Higgs boson”.

- The “Higgs mechanism” for W mass generation DOES NOT 
require the existence of a Higgs boson!
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The Role of the Higgs Boson

Laser @ 1012 Hz (2021, Ames Lab)

or + h 
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(4). EW logarithms

At scale Q :

SU(2) versus SU(3):
Gauge boson splitting 

J. Chiu, A. Manohar et al., 2005; 
Manohar, Bauer et al. (SCET);
M. Chiesa et al., PRL (2013); 
T. Becher et al., 1305.4202;
Bauer, Ferland, 1601.07190;

• Virtual Sudakov suppression; 
• Real emission enhancement.

(Bryan Webber)

Some numerology:
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- Top decay/showering @ 10 TeV

Yukawa:

Leading ultra-collinear:

U(1) gauge:

J.M. Chen, TH & B. Tweedie, arXiv:1611.00788

EW theory still puzzling: 
both conceptually & technically !
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SU(2) x U(1) @ E & The Higgs

Chanowitz, Furman, Hinchliffe

Bad high-energy
behavior cancelled

by: 
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SU(2) x U(1) @ E & The Higgs

Chanowitz, Furman, Hinchliffe
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Higgs boson save the day:

“UV complete”

bad high-energy behavior!

D. Dicus & V. Mathur (1973);
Lee, Quigg, Thacker (1977).

High-energy behavior: VL & the role of H
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EW PDFs at a muon collider
“partons” dynamically generated

Initially, the “valence parton”:

γ/ Z

µ+ ⌫̄µ

e− e−

W+

(a)s

e− e−

µ+ ⌫̄µ

γ/ Z

W+

W+

(b)t

e−

e−

Z

µ+
W+

⌫̄µ

⌫̄µ

(c)u

e−

⌫e

e−

W−

W+

µ+
⌫̄µ

(d)di-W

FIG. 1: Tree-level Feynman diagrams for e− µ+ ! e− ⌫̄µW+ . The s, t, u-channels are labelled in

terms of the factorized 2 ! 2 partonic process γ(Z )µ+ ! W+ ⌫̄µ.

lat ions for the hard scattering process. We will customarily denote it by Q2 for the rest of
the presentation.

At the leading order, we identify the init ial condit ions as
f ` (⇠, m2

` ) = δ(1− ⇠), f γ(⇠, m2
` ). (4)

Those lead to QED parton distribution funct ions given by Eq. (2) with the replacement of
the fixed energy to a dynamical scale E ! Q.

The next-to-leading-log (NLL) resummation for QED parton distribut ion funct ions have
been worked out recently [37, 38]. (K eping: discuss a bit more on t he QED PEF
formalism...)

I I I . A N AT OM I CA L ST UDI ES

In order to gain some insight for the e↵ectiveness of the EPA and the QED PDF, we
choose to study an idealist ic process for the sake of illustration

e− µ+ ! e− ⌫̄µW+ , (5)
with the tree-level Feynman diagrams in the SM depicted in Fig. 1. This process allows
us to avoid the s-channel annihilat ion as in e+ e− or µ+ µ− collisions, and to focus on the
collinear split t ing behavior via the γ/ Z neutral currents. Furthermore, if we choose to work
with the right-handed electron beam e−R , the W-exchange diagram in Fig. 1(d) vanishes, so
that we can e↵ectively study the factorization of the 2 ! 2 sub-process

γ(Z ) µ+ ! W+ ⌫̄µ. (6)
We denote the center-of-momentum (c.m.) energy squared as s = (pe + pµ)2, and the
subprocess c.m. energy squared ŝ = (xpe + pµ)2 = xs. The momentum transfer is t =
(pe − p0

e)
2 ⌘− q2, which should be the characterist ic scale for the factorizat ion. Naively,

the photon-mediated processes in Figs. 1(a) and 1(b) dominate the cross sect ion from the
collinear enhancement ⇠1/ q2, and theW/ Z -mediated processesaresuppressed by⇠q2/ M 2

W

at moderate energies.

A . E↵ect ive phot on approximat ion

In Figure 2, we compare the EPA results with the full leading order (LO) calculat ion for
the total cross sections versus the c.m. energy

p
s for various choices of the scale Q2. Our
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Leading order “sea parton”:

Beyond leading order with DGLAP evolution:

+ …

Take into account two scales:  𝛍QCD ~ 𝛬QCD ,  𝛍EW ~ v
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