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King's Landing：  Run3-fell

CMS(Compact Muon Solenoid) is one of the 
large experiments at the LHC,  consists of over 
3000 scientists, >200 institutes, from 40+ 
countries.  PKU joined CMS in late 1990s.

Going Beyond:
● Dark Matter,
● CP violation,
● Flavor symmetry,
● Fine Tuning,
● Lepton Flavor 

Universality Violation
● Muon g-2
● W-mass!



3

King's Landing：  Run3-fell

CMS(Compact Muon Solenoid) is one of the 
large experiments at the LHC,  consists of over 
3000 scientists, >200 institutes, from 40+ 
countries.  PKU joined CMS in late 1990s.

Going Beyond:
● Dark Matter,
● CP violation,
● Flavor symmetry,
● Fine Tuning,
● Lepton Flavor 

Universality Violation
● Muon g-2
● W-mass!



4

Boson

The LHC is also a Large Boson Collider



W-mass@CMS 
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● Quite challenging analysis
○ results expected at Moriond2023 (hopefully)

● Intermediate results
○ CMS-PAS-SMP-14-007:  

■ W-like measurement of the Z boson mass using dimuon events collected in pp collisions at 7TeV 
○ Phys. Rev. D 102 (2020) 092012:  

■ Measurements of the W boson rapidity, helicity, double-differential cross sections, and charge 
asymmetry

● CERN-THESIS-2021-271  thesis of Elisabetta Manca
○ “...of the order of 10 MeV, using the data… in 2016” 

● MiNNLOPS (OR MiNNLO⊗SCETlib, EWK NLO) being investigated
○ consistently combine next-to-next-to-leading order (NNLO) QCD calculations with parton-shower simulations
○ Several billion events’ budget!

Below I will focus more on 
W plus friends! 

Two CMS Awards
2020-2021  Congqiao Li
2021-2022  Qiang Li
For efficient MC production

http://cds.cern.ch/record/2139655?ln=en
https://doi.org/10.1103/PhysRevD.102.092012
http://cds.cern.ch/record/2800948/files/CERN-THESIS-2021-271.pdf
https://arxiv.org/abs/2006.04133


W-boson related topics:  not meant to be exhaustive

6

W+jets
WW WWW     discovery

https://arxiv.org/pdf/1707.05979.pdf
https://arxiv.org/pdf/2107.01137.pdf
https://arxiv.org/pdf/2107.01137.pdf
https://arxiv.org/pdf/2201.13045.pdf


7

Boson scattering and Interaction
• Yang-Mills Non-Abelian interactions

Anomalous coupling, EFT
• Electroweak symmetry breaking

Higgs Unitarization Scheme
• Tev scale new Physics

Boosted Boson
WW->WW behavior 
on scattering energy

Same-Sign W W-> Polarized scattering,    ~200 events (2016-2018)!

Boson Scattering and Interactions：only feasible at the LHC
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Stair to X：multi-boson road

Enriched CMS measurement 
summary plot, left plot is the 
version in 2013 and right the 
one in 2020.
9 order of magnitudes on XS!

8

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSMP13009/wwaa.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSMP13009/wwaa.pdf
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              Anomalous Couplings and EFT 
EWDim6, SMEFT,  aTGC, aQGC...



Symmetry Magzine 

“These heavy boson-boson collisions … 
provide physicists with a unique view of the 
subatomic world.”  10

Indirect and Direct Search for New Physics

https://www.symmetrymagazine.org/article/the-large-boson-boson-collider
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Outline
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● W boson and Photon Associated and Scattering Production
○ VBS W+γ discovery           JHEP 06 (2017) 106,  PLB 811 (2020) 135988

○ W+γ precision measurement   Phys. Rev. Lett. 126, 252002 (2021)

● Polarized Vector W boson Scattering
○ First probe at CMS                  Phys. Lett. B 812 (2020) 136018

○ Projection at a TeV Scale Muon Collider   Phys.Rev.D 104 (2021) 9, 093003

○ Heavy Majorana Neutrino and Weinberg Operator
CMS-PAS-EXO-21-003    to be submitted to PRL

● Triple W boson Resonance Searches
○ Deep Learning Tagger           JINST 15 (2020) P06005

○ WWW Resonance                 arXiv:2201.08476  submitted to PRL
                                                                             arXiv:2112.13090  submitted to PRD

https://link.springer.com/article/10.1007/JHEP06(2017)106
https://linkinghub.elsevier.com/retrieve/pii/S0370269320307917
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252002
http://dx.doi.org/10.1016/j.physletb.2020.136018
https://doi.org/10.1103/PhysRevD.104.093003
http://cds.cern.ch/record/2803671?ln=en
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://arxiv.org/abs/2201.08476
https://arxiv.org/abs/2112.13090
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       1-1. Vector Boson Scattering

● Rare & Novel processes (to be) discovered
● Clean environment with less QCD activity

VBF Jets property measurement;
● VV scattering sensitive to UV completeness
● High Tail enhancements:  

to probe anomalous Triple (Quartic) Gauge Couplings

Two VBF Tagged Jets:
 Large mjj and |detajj|
 More quark-like
Lower central hadronic activity:
  More balanced between
      VBF and Central systems
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   1-2.  PKU VBS Roadmap 
VBS Invisible Higgs
EPJC 74 (2014) 2980

VBF W+2Jets
JHEP 11 (2016) 147

Let there be light!

Snapshot of CMS Analysis Page

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSMP13012/Diagram2.pdf
https://link.springer.com/article/10.1140/epjc/s10052-014-2980-6
https://link.springer.com/article/10.1007%2FJHEP11%282016%29147
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       1-3.  VBS Wγ Discovery 

8TeV JHEP 06 (2017) 106

13TeV, 2016
PLB 811 (2020) 135988

https://link.springer.com/article/10.1007/JHEP06(2017)106
https://linkinghub.elsevier.com/retrieve/pii/S0370269320307917
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 1-4.  VBS Wγ Discovery 

most stringent limit for aQGC 
operator fM2-5, and fT6-7

Misidentified Photon and Lepton 
estimated from data
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 1-5.  Inclusive Wγ 
● Last time measurement was for 7TeV
● Wγ fiducial cross section based on fit to mlγ distribution:

○ σ = 15.44 ±0.05 (stat) ±0.84 (exp) ±0.12 (theory) pb
● Theoretical cross sections:

○ MadGraph5_aMC@NLO 0+1 jets at NLO: 15.44 ±1.24 pb
○ POWHEG with “NLO competition” scheme: 22.45 ±3.21 pb

● Limits on dimension 6 EFT operators based on photon pT distribution 

most stringent limit for  cWWW

Full Run2 arXiv:2102.02283
Phys. Rev. Lett. 126, 252002 (2021)

https://arxiv.org/abs/1408.5766
https://arxiv.org/abs/2102.02283
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252002
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1-6. Best limits on Gauge Boson Self Couplings   

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#Figure_8_limits_on_dimension_8_t
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Outline
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2-1. Polarized Vector Boson Scattering

Longitudinal weak boson scattering… is one of 
the most important processes to be studied at the 
Superconducting Super Collider and the CERN 
Large Hadron Collider.  纵向玻色子散射是LHC待
研究的最重要的物理过程。

Small Signal, <10% of VBS
Junho Lee… Q.Li... et.al.,  
PRD 99, 033004 (2019) ; PRD 100, 116010 (2019)

BDT and DNN can help improve the sensitivity.  
Although it still needs 3000/fb to reach 4-5 
standard deviations.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.033004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.116010


20

2-2. First Probe from CMS on Polarized VBS
● Signal sample simulated in WW/pp center-of-mass frame
● Simultaneous fit in bins of two BDT discriminant variables: 

pp WW

MADGRAPH5_aMC@NLO2.7.2

Phys. Lett. B 812 (2020) 136018

http://dx.doi.org/10.1016/j.physletb.2020.136018
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2-3. First Probe from CMS on Polarized VBS
Inclusive BDT:  Isolate VBS against non VBS background
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2-4. First Probe from CMS on Polarized VBS

pp

WW

Signal BDTs to improve the sensitivity to polarized scattering
    Train LL against (LT+TT) and train (LL+LT) against TT
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2-5. First Probe from CMS on Polarized VBS
● Simultaneous fit on two BDT discriminant variables: 

Observed (expected) significance 
for LL and LT+LL:   0.88 (1.17)σ;  2.3 (3.1)σ
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2-6. Polarized VBS at a Muon Collider

Tianyi Yang,... Q.Li…
Phys.Rev.D 104 (2021) 9, 093003

https://doi.org/10.1103/PhysRevD.104.093003
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2-7. Heavy Majorana and Weinberg Operator
Jie Xiao, Sitian (PKU)      CMS-PAS-EXO-21-003    To be submitted to PRL

0vμμ  experiment

http://cds.cern.ch/record/2803671?ln=en
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2-8. Heavy Majorana and Weinberg Operator

~23TeV!

0vμμ  experiment
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Outline
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://arxiv.org/abs/2201.08476
https://arxiv.org/abs/2112.13090
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       3-1. ‘traditional’ di-boson Resonance Search
Take Standard (Minimal) Warped ED model as an example
● 2 Branes in Bulk, everything propagates to the same bulk
● motivated by hierarchy problem and flavor structure 
● Constrained by LHC searches

Rich developments and applications of advanced 
technique on (boosted) jet in last years:    
PileUp Per Particle Identification (PUPPI);  W/H 
tagging;  Nsubjettiness; Softdrop; Grooming; Deep 
learning tagger (DeepAK, ParticleNet)

https://indico.cern.ch/event/753914/timetable/?view=standard#5-new-results-from-searches-wi
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          3-2. Deep Tagger in CMS

DeepAK8

JINST 15 (2020) P06005
CMS_DP-2017-049

DeepAK and ParticleNet becomes CMS 
standards! 
Developed by Dr. Huilin Qu (曲慧麟) + PKU
CERN Fellow, UCSB Ph.D, PKU Under.

https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005
https://cds.cern.ch/record/2295725/files/DP2017_049.pdf
https://arxiv.org/abs/1902.08570
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        3-3.  2+1=3 is not easy
Extended Warped ED model (link1, link2): 
● 3 (or more) branes, 2 (or more) Radions
● Various fields propagate in diff. Regions

CMS PAS B2G-20-001

https://arxiv.org/abs/1711.09920
https://arxiv.org/abs/1612.00047
http://cds.cern.ch/record/2759857?ln=en
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         3-4. tri-W in 1 lepton channel

Only through all those challenging 
improvements it is possible to have 
three W bosons to study. It is just like 
what the ancient Chinese poet Qu 
Yuan 屈原 (c. 340–278 BC) mentioned 
in his poem The nine songs: Mountain 
Spirit:   "I picked three-bloom asphodel 
out in the hills, on slopes rough and 
rocky, through tangles of vines". 

https://cms.cern/news/one-two-three-w-
bosons-bloom-springResolved Radion                              Merged Radion

B2G-20-001/B2G-21-002    submitted to PRL/PRD

https://cms.cern/news/one-two-three-w-bosons-bloom-spring
https://cms.cern/news/one-two-three-w-bosons-bloom-spring
https://arxiv.org/abs/2201.08476
https://arxiv.org/abs/2112.13090
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         3-5. tri-W in 1 lepton channel
AK8 Jet number
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         3-6. tri-W in 1 lepton channel
Signal Regions 1-3 for 
merged Radion scenario

Very complicated and wide 
Radio-jet compositions and 
distributions!

“Radion jets”! Beyond the usual top/W/Z/Higgs tagging.
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         3-7. tri-W in 1 lepton channel
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         3-8. tri-W in 1 lepton channel



36

         3-9. tri-W in 1 lepton channel
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         3-10. tri-W resonance search results
B2G-20-001    arXiv:2201.08476  
submitted to PRL  [1lep+0lep Channels]
B2G-21-002  arXiv:2112.13090
Submitted to PRD  [Full Hadronic Channel]

Inspired also by Prof. Kuang’s idea!

28 Jan 2016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-001/index.html
https://arxiv.org/abs/2201.08476
https://arxiv.org/abs/2112.13090


Summary
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(W) Boson scattering and Interaction
• Yang-Mills Non-Abelian interactions

Anomalous couplings, EFT
• Electroweak symmetry breaking

Higgs Unitarization Scheme
• Tev scale new Physics

Boosted Boson
• Future:  Run3,  novel ideas

      (Electron) Muon Collider

Boosted 
Higgs→WW

Higgs light 
quark Yukawa

Higgs 
scattering!
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here do we come from?

hat are we?

here are we going?
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A5.  VBS Zγ with 2016-2018 dataset
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Jie Xiao 
VBSCAN 2020

https://indico.cern.ch/event/950601/contributions/4021245/attachments/2106567/3542795/vbscan_20200922.pdf
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         4-1.  electron-muon Collider
Electron-muon collider is a VBS 
machine with low bkg!

Would be interesting to check this 
option, considering muon anomalies 
(LHCb LFUV,  muon g-2...)

https://www.hindawi.com/journals/ahep/2021/6693618/


46

         4-2.  electron-muon Collider

https://www.hindawi.com/journals/ahep/2021/6693618/
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Higgs Pair

Single Higgs

bkg: em>vvz

bkg: em>vvw+w-

 4-3. Xsec plot @ emu and mumu collider

mu-mu collider

A vector boson scattering/fusion machine
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 4-4. physics@electron-muon collider

Flexibility to extend to various options!

● A novel kind of collider from 0 -> 1
○ low to high collision energy
○ linear/circular/hybrid 
○ various beam combinations: 

      e−μ+, e+μ−, e+μ+,e-μ−, polarization

● An important intermediate step 
○ between e-e and mu-mu
○ Robust under muon beam induced background

● Rich physics with economical budget
○ Charged Lepton Flavor violation
○ Higgs precision measurement
○ Muon anomaly, majorana neutrino, heavy lepton
○ ~ 1-2 billion $  in total



  4-5.  Asymmetric collision  arXiv:2010.15144
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● Take 50-1000/100-3000 GeV benchmark as examples
● Higgs produced through VBS, ~60fb
● Main background is VBS Z production
● Using MG+Pythia+Delphes (Muon Collider Card)

Larger Nozzle to suppress 
more beam background, 
without much loss on signal 
acceptance.

https://arxiv.org/pdf/2010.15144.pdf
https://indico.cern.ch/event/957299/contributions/4023467/attachments/2106044/3541874/delphes_card_mucol_mdi_.pdf


 4-6.   Lepton complex:  eμ  || same-charge ||  μ−μ+  ||  mu-source
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LFV, Higgs, majorana neutrino ....      
~10-20 billion RMB in total to reach physics hopefully  ~ CEPC + half-SPPC

O(10)GeV 
ele mu collision O(50-100)GeV ele

O(1) TeV mu O(50-100)GeV ele
O(1-3) TeV mu

1 km size;  
1 billion RMB

2-3 km size; 
5 billion RMB

  6 km size;  
  10 billion RMB

6 km size;  
10-20 billion RMB

O(1-3) TeV mu
O(1-3) TeV mu

New World/Virgin land  

μ−μ+eμeμlinear eμ

6TeV ~ 40TeV pp



Lepton Flavor Violation  arXiv:2003.03997

● Many specific and well motivated BSM models including LFV can be found in literature.
● A simple model where LFV transitions are mediated by a generic heavy neutral boson (Z’)

○ Z’ as a gauge singlet,  SU(2)L invariance
○ No assumption on the couplings of the Z’ with quarks

Low energy bounds on Z’ couplings

SINDRUM Collaboration 51

Upper bound from muon decay 

e+mu@500 GeV 

e+mu@1000 GeV 

e+ mu-   > e- mu+   double LFV

https://arxiv.org/pdf/2003.03997.pdf
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The measured precision of gHbb in the 
electron-muon collider can reach to a few 
percent level with order ab−1 of data and is 
dominated by the uncertainty on gHWW.

Higgs property measurement  arXiv:2010.15144

https://arxiv.org/pdf/2010.15144.pdf


Facility and cost estimation
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Total Project Cost (TPC) model in US accounting  (EU accounting might be 2-3 times lower): 
     “civil construction”, “accelerator components”, “site power infrastructure”

https://www.nature.com/articles/d41586-018-07492-w

3 times larger

CEPC:
2B$*(50km/10km)^0.5+2B$*(0.25)^0.5+2B$*(500MW/100MW)^0.5~10B$
or     
2B$*(100km/10km)^0.5+2B$*(0.25)^0.5+2B$*(500MW/100MW)^0.5~12B$

https://arxiv.org/pdf/1705.02011.pdf
https://www.nature.com/articles/d41586-018-07492-w


Facility and cost estimation
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1TeV Muon beam:
2B$*(4km/10km)^0.5+2B$*(2)^0.5+2B$*(100MW/100MW)^0.5~6B$

(3TeV Muon ~8B $)
If 3 times larger

2B$  in total
Note:  

● electron part cost is relatively small
● O(100)GeV e-mu collider cost much less

Physics Today 51, 3, 48 (1998)
"But  the result  might  well be a 
machine that  is less  expensive  
than an  ee linear  collider  with  the  
same  final  energy,  though a  TeV 
muon  collider  would  still  be  a  
billion-dollar  undertaking."

Total Project Cost (TPC) model in US accounting  (EU accounting might be 2-3 times lower): 
     “civil construction”, “accelerator components”, “site power infrastructure”

https://physicstoday.scitation.org/doi/pdf/10.1063/1.882185
https://arxiv.org/pdf/1705.02011.pdf

