
Particle physics – where to next ? 

David Milstead 



•  Where are we ?   

•  What are we doing now ?  

•  What can/should we do in the future?  

• The European PP Strategy Update   

 

 

Disclaimer 
– PP is a very broad field.  

– Focus on the issues surrounding EWSB and new 
physics 

– Dark matter plays an important role in collider physics 
but is not discussed (much) here.  

– Neutrinos are also largely ignored.  

 



A potted history of particle physics 

Standard Model (th) 

Standard Model (exp.) 

Beyond the Standard Model (th+exp) 

1950 1970 1990 2010 



Guiding paradigms 
(1)  SM development  (~ 1950-1970)

Theory: gauge symmetries, renormalizability,  EW symmetry breaking.

Experiment:  Exploratory and guided by theory. 

(2)  SM validation (~ 1970->2035 ?)

Gradual process as increasing energy reveals more massive particles.

Experiment:  Mostly guided by theory.

(3)  Beyond-the-Standard Model searches (~ 1970->)

Theory: GUTs, naturalness, supersymmetry etc.

Experiment: Mostly ?? guided by theory (naturalness). 

(2) is alive (EWSB+top poorly measured) but the end is coming.

(3) is the present + future.  What should our strategy be ?    



Collider+non-collider + theory=beautiful SM physics 

+.. + 

   Predict top quark and Higgs boson masses ahead of discovery.
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 Precision muon lifetime : s 

+ collider measurements (eg  GeV)  

 unobserved particle masses.

"No lose" experiments - SM particle discovery or new physics.



The Standard Model 

Fundamental scalar !  
We’ve never seen one of 
those before  
And an entirely new field! 



”Priority” issues for PP  
• SM  

–  EWSB is poorly explored experimentally.  

•  Where is the new physics energy scale ?  
– Dark matter, naturalness, SUSY  -> TeV scale ?  

 

 

 

 

 

 

 

• Explore the energy and precision frontiers 

GeV 

New physics scales ?  
SUSY ?  DM ? Seesaw  ? 
Baryogenesis ?  



The energy frontier  



Main collider work horse – Large Hadron Collider 

Luminosity and detector 
upgrades.  
 
Taken ~% of total luminosity 
 
Built to find the Higgs 



EWSB and the Higgs 

http://ippog.web.cern.ch/sites/ippog.web.cern.ch/files/Writeup.pdf 

Self-couplings 

Couplings to massive particles 
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The LHC Higgs 

Looks and smells like a SM Higgs with ~125 GeV mass 
Imprecise measurements.  
Model-dependent (no absolute normalisation) 
Missing couplings (eg self-interactions).  



Vacuum (meta)-stability  
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tunnelP e   


  vacuum universe   no need to panic 

Interesting that the SM Higgs sits on edge of stability.
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Renormalize loop divergences away via mass redefinition:

              

          "new theory of short distance physics" + SM "long distance physics"

= arbirary cut-off s
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coupled !

Such fine tuning is implausible/unlikely ! 

The SM Higgs is unnatural! 

 New physics (SUSY,ED) at  TeV to suppress fine-tuning.Λ

Naturalness and Higgs fine-tuning 



The fine tuning problem 



From unbroken to broken symmetry 

No broken symmetry in the early universe

0T 100 GeVT

First order 

Second order 

Phase transition



Why is the phase transition important ? 

SM has ingredients for baryogenesis :

 baryon number and CP violation

Electroweak baryogenesis if first order phase transition.

 Higgs mass < 70 GeV or new physics (eg SUSY).

 Observable via anomalous c



 ubic and quartic self-couplings. 

 Use the Higgs to explain baryogenesis !

 





EWSB is the key issue for the energy frontier 

• Experiment 
– The only (apparently) fundamental scalar ever 

observed.  

– Properties must be measured to high precision (mass, 
couplins to SM inc. self-couplings) 

  

• Theory 
–  Naturalness  

–  Vacuum stability 

–  Electroweak phase transition (baryogenesis) 

 
Major open questions about the Higgs can be posed.  
Do we know the answers ?  



Supersymmetry to the rescue ? 

Stop and top cancel to suppress  
fine-tuning for SUSY ~TeV mass. 

+ Approximate unification of 
gauge couplings 

+ WIMP dark matter candidate  

+ First order phase transition 



No new physics (so far).  
Exclusions up to ~2 TeV.  



The naturalness score card 

Observable Theory Successful prediction 
of new physics 

Kaon mass difference Effective Yes – charm mass 

Pion mass difference Effective Postdiction -  r0 

Electron mass  Classical-quantum Postdiction – e+ 

Higgs mass SM No (SUSY, ED) 

Strong CP SM No (Axions) 

Cosmological constant SM/GR No 

A mixed set of results for the main motivation for new TeV-scale physics 
 
Is new physics ”around the corner” or hidden/invisible at the LHC ?  
Is the basic reasoning correct ?  
Quantum gravity may allow short/long distance mixing. 



Baryogenesis 

• Affleck-Dine  baryogenesis 
• GUT  baryogenesis 
• Leptogenesis  
• Spontaneous baryogenesis 
• Electroweak baryogenesis  
• Dissipative baryogenesis  
• Warm baryogenesis  
• Cloistered  baryogenesis  
• Cold baroygenesis  
• Planck baryogenesis  
• WIMPy baryogenesis  
• Dirac Leptogenesis  
• Post-sphaleron baryogenesis  
• Non-local electroweak baryogenesis  
• Magnet assisted baryogenisis  
• Singlet-assisted baryogenisis 

 
Electroweak baryogenesis is not the 
only model on the market…. 
 
It is, however, broadly falsifiable.  
 
Many models predict high mass 
states and can’t be tested.  



The precision frontier 



Precision frontier experiments 

NP scale sensitivity 

beyond the LHC for range 

of couplings and new

particles.

Broad and diverse program

and international and national

labs and institutions.

Scenario/coupling  
dependent 



Electric dipole moment= new physics 
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Electric dipole moment along spin axis:   

-transformation:

  (even),  -      odd

-violation  and  symmetry   violation.

Measurement of a non-zero EDM  measure
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SM EDMs tiny  any observation = new physics. 
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Worldwide program of EDM searches 
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More constraining than LHC for certain scenarios.

Eg -EDM search (ACME)

sin

 new physics scale > 3 TeV (1 loop)

EXP (new) 



g-2 muon – a crack in the SM ? 

2
Magnetic moment for muon :   =

eg
S

m


…. 

? 



Other cracks in the SM at the intensity frontier ? 

Different proton radius measurements

from muonic  hydrogen and

scattering+hydrogen spectroscopy.
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Where are we ?  

• A complete but poorly constrained SM in the top/EWSB sector.  

–  We’ve discovered a very special particle and field  

–  Precision needed.  

• New physics processes excluded  

–   masses up to 1-2 TeV from collider experiments.   

– >2 TeV from non-collider experiments (more scenario 
dependent) 

 

• Some possible hints for new physics at 2-3 sigma level.  

• The naturalness paradigm for new TeV-scale physics has (so far) 
not worked out.   



Some interesting reactions 

Arxiv:1710.07663 (Giudice) 

The Dawn of the Post-Naturalness Era 

 

Bizarre :  the LHC has delivered ~% of its data.   



Where are we going ? 



What will (almost certainly) happen ? 

• The LHC will deliver 3000fb-1 by 2035  
• Sensitivity up to ~3 TeV in new physics  
• Greater precision on SM quantities 
  

• New measurements of g-2 muon 
•  x 5 improvement in sensitivity 

 
•  New searches for electron, neutron EDMs  + other 

non-collider experiments (SHIP, nnbar are 
possibilities).  
•  ~order of magnitude improvement expected 



What can happen ? 

200 -3000

 collider at

 GeV 

for precision Higgs/EWSB.

Precision frontier - new physics 

from deviations wrt SM.

e e
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 ~

hadron-hadron collider 

at  100 TeV 

Precision Higgs/EWSB + 

new physics searches  

at energy frontier.

s



The collider market place  
Collider 𝒔 (TeV) 

 ℒ 

(ab-1) 

Location Type Date Mature 

ILC 0.25 
 

0.5,1.0 ? 

2 
 
 

Japan Linear e+e- >2030 Shovel-
ready  

TDR (2013) 

CLIC 0.38 
 

1.5,3 

0.5 
 

1.5,2 

CERN Linear e+e- >2035 CDR (2012) 

FCC-ee 0.25/0.36 10/2.6 CERN Circular e+e- >2035 No 

LEP3 0.25 1 CERN Circular e+e- >2035 No 

CEPC 0.25 5 China Circular e+e- >2035 CDR (2017) 

HE-LHC 28  10 CERN Circular hh >2040 No 

FCC-hh 100 10 CERN Circular hh >2045 No 
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  high precision Higgs factorye e  

ILC~CLIC~LEP3  sensitivity, FCCee  (x 2-5 better) 
Tree-level sensitivity to new physics:  
Dg <1% for 1 TeV 
Sensitivity to new physics in loops 
 



s

s

Original plan =500 GeV  1 TeV .

Now  =250 GeV , maybe 380 GeV, 500 GeV

Most (not all) core measurements are kept but a lot is lost. 

Project started in the 1990's. Decision (hoped for) in 2018.

International Linear collider 



Hadron-hadron colliders 

100

380

Future circular collider

 collider at  TeV

New tunnel (80-100 km).

16 T magnets 

FCC-ee first (  GeV) ?

pp s

s





28

240

High Energy LHC

 collider at  TeV

Existing tunnel 

16 T magnets 

LEP3 first (  GeV) ? 

pp s
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hh physics at 100 TeV  
•  An order of magnitude lower in probed distance scale 

•  Factors ~5-10 in mass scale for new physics  

• Complete exploration of the Higgs sector (quartic coupling)  

–   Test electroweak baryogenesis  

• High precision Higgs + SM measurements + DM searches 

 

 

• No ”no lose” theorem unlike Tevatron and LHC. 

• No consensus in community.     

–  Magnet builders and theorists like it.  

• For the first time in ~50 years its not clear that a new insight 
will come from pushing the high energy frontier.  



The cards are on the table 

How do we play them ? 



(Some) questions for the PP strategy ? 
• What benefits Swedish activities and interests ?  

 

• Higgs/EWSB 

– Is a reduced ILC still attractive ?  

– Can we afford a complete Higgs sector exploration ?  

– Is a FCC affordable/justified if the null hypothesis persists ?  

 

• Is it better for CERN/the community  to invest in smaller scale experiments 
instead of a FCC if the null hypothesis persists  ? 

 

• How should CERN spend our money in the next 5-10 years ?   

 

• What is the role of national labs ?  

 

• How does CERN maintain a leading role ? 

• …. 

 



• Swedish contribution to 
European Strategy Update  

• Document for end of 2018  

• Meeting at UU, later at 
Lund  

• UU bid for community 
symposium in May 2019  

• Take part !  

Swedish process ongoing 
Submission at the end of 2018 



Summary 

 
• The SM test paradigm is entering its final phase (EWSB)  
• The BSM search paradigm has (so far) failed, as has its 

main motivator, naturalness.  
 
• Lots of  interesting projects and interesting unanswered 

questions. 
• An e+e- collider is essential for progress.  
• Its not obvious how we play the cards.   

–   Tectonic plates will shift after Japan’s ILC decision. 

• Take part in the strategy update.     



The European Particle Physics Strategy 

• 2006  
–  First strategy  
– http://council.web.cern.ch/sites/council.web.cern.ch/files/Euro

pean_Strategy/ESStatement.pdf 

• 2013  
–  Strategy update  
– https://cds.cern.ch/record/1567258/files/esc-e-106.pdf  

• 2018  
–  Strategy update process starts (submissions at end of 2018) 

• 2019  
– Community Symposium (UU have bid to host)  

• 2020 
–  Strategy update  
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And  (equally importantly) - no 
observation in any unexpected 
channel (yet). 

Observation of a Higgs boson pairs



Mixing scales  

1
.

Collide protons at c.o.m. energy   and measure photons from collision. 

Distance scale for collision  reduces with  

 Low   long distance  and low  photon energy  

  > Planck mass  Black hol
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 Distance scale, Schwarzchild radius:   increases with .

Hawking radiation photons  decreases with . 

 High   long distance  and low  photon energy  
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 ur prejudice for decoupled scales.



Large Hadron Collider 

Luminosity and detector 
upgrades.  
 
Taken ~% of total 
luminosity 



High precision threshold scan 

 Boson couplings 

340Top Physics (    GeV)s 



Don’t even think of building a European 
collider outside of CERN! 

EU strategy 

Outreach 

Spin-offs 

Training 

Swedish process ongoing 
Submission at the end of 2018 



LHC and CERN  

Full exploitation of the LHC up to ~2030 

Design a new CERN-based collider  

e+e- collider needed for the Higgs 
International linear collider 

Long-baseline neutrinos 

Theory 

Precision frontier 

Detector R&D 

Astro-particle symbiosis 

Nuclear-particle symbiosis 



Standard Model 

Strong  
Strong CP problem 

Non-perturbative QCD: 
confinement 

Electroweak 

Symmetry breaking: 
Higgs properties still to be 
precisely determined, 
Naturalness 
Top quark properties 

Yet to fail precision tests 
at 10-18 m in the  
perturbative sector 

Non-perturbative EW 
effects still to be observed. 

+ neutrino mass, unification of  strong+EW, no dark matter candidate, 
baryogenesis, electric charge quantisation … 





Another fine-tuning problem 


