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Bias alert
I am the US representative to the FCC “Physics, Detectors, Experiments” executive committee.

I am a member of the US DOE/NSF Higgs factory steering committee (4 members)

I am very excited about the physics of future electron-positron colliders.

About me:

B.A. Gettysburg college 1984

PhD U. Rochester AMY experiment at KEK in Japan

Postdoc U. Chicago CDF experiment at Tevatron

Faculty at Maryland since 1993 working on the D0 experiment at the Tevatron, the  CMS experiment at the LHC, 
and FCC.

Known for my work in

Studies of QCD using W and Z bosons

W mass, W width

New particle searches (4th generation quarks, leptoquarks, dark matter with a QCD-like dark sector)

Radiation damage in plastic scintillators

Calorimetry (especially dual-readout crystal calorimetry)

I love both ATLAS and ILC but will often forget to show them my 
love.  I have only two slides on CEPC, although I think it is also 
great.

Also I’m vice chair of the  DPF division of APS so please join now so we can have our fair number of fellows.
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e+e- colliders have long been a leading source of our 
knowledge of the Higgs boson
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The previous denizen of the LHC tunnel told us 
exactly where to look.  LEP 1989 – 2000.

Power of polarization

https://cds.cern.ch/record/567226/files/10-1-ra.pdf



And since its discovery at LHC, we have learned a lot more
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy

Higgs cross section at 14 TeV  is ~60 pb (arXiv:2209.07510).  300 fb-1 yields  about 2E7 Higgs

2012



A historical aside…
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The history of our field would have been very different if LEP 2 had been able to go just a little higher

About 700 pb-1



Higgs
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So far, it may be that the EWK symmetry is broken via the textbook version of the Higgs mechanism
But we do not know
• if Higgs gives mass to first and second generation quarks.  
• what sets its Yukawa couplings
• what gives neutrinos their mass?
• if dark matter is indeed a massive particle, what gives it its mass?
• Since the Higgs determines the CKM matrix, it is the source of SM CP violation in the quark sector.  Is there 

more to this interesting fact?
• Are there any new particles that affect its couplings to the known particles via loop corrections? (or even at 

tree level through mixing)

2024- 2025

LHC Run 3

2026-2028 
LS3

2029-2041 
HL-LHC

We are here

300 fb-1 3000 fb-1

We will get increased precision, maybe extending to new areas such as coupling to charm quarks and the Higgs triple 
coupling, during the HL-LHC running.
What will remain to learn at a new e+e- machine?  What are some challenges with what we will be learning at HL-LHC.



Higgs nomenclature
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Vector boson fusion (VBF)

ttH

VH (ZH)

tHW

ggF

Sometimes  κ 
sometimes µ

At the LHC, each 
measurable is a 
product of terms 
related to production 
and to decay. Some of 
these contain more 
than one κ. We’ll 
discuss e+e- later.



What will we know by the end of the HL-LHC run?
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arXiv:1307.7135

sqrt(10) ~3.2

In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical 
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by 
the square root of the integrated luminosity.

Precision in %: [scenario 2, scenario 1]

[1.5,1.5]      [1.5,1.6]      [1.7,1.6]       [2.2,2]           [1.6,1.7]     [3.1,2.6]         [2,1.7]          [2.8,1.6]

Surely will gain a factor of 1.5 to 2.  May gain more (hard to know)  Maybe at 2-10%?



What these precisions mean…
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Report of the Topical Group on Higgs Physics for Snowmass 2021: 
The Case for Precision Higgs Physics
https://arxiv.org/abs/2209.07510

Precision of Higgs coupling 
measurement

Some models do exceed these reaches for a given precision.
HL-LHC puts us at 2-10%
Maybe enough.  Or… 

Often, the reach goes as 𝑝
Factor 10 is factor of 3



Or we may end up here.
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Pushing down systematic uncertainties can be done, but it requires cross checks.  Some systematics 
can be reduced more reliably than others.

CDF: 80433±9 MeV
(0.01% measurement)



Systematics on Higgs measurements
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Measurements of the Higgs boson production cross section and couplings in the WW boson pair decay channel in proton-proton collisions at  √s=13 TeV
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-013/index.html

Chart shows clearly the need for 
the emphasis of this school.  
This will also apply to FCCee.

Getting the experimental 
uncertainties down in a high 
pileup environment will give 
experimentalists lots of fun.  
Not a trivial challenge.

CMS H->WW



A new hope
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Given our other scientific 
commitments, an “affordable” path 
to make sure there is no gap in having 
a running high energy collider.

2024- 2025

LHC Run 3

2026-2028 
LS3

2029-2041 
HL-LHC

We are here

All good things must 
end.  2041 is only 17 
years from now.



ILC and FCC-ee
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Shiltsev, DPF-Pheno 2024

Seventeen years is a short time.  Luckily we have two options that we have a high confidence can be made to 
work on this time scale that can produce large, clean Higgs samples.



Any new machine is hard
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All accelerator physics is hard, even “relatively straightforward” plans.  This can happen at any option.  

Nakayama, London



seventeen years is a short time
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accelerator physics is  a very challenging highly technical area

Vladimir Shiltsev: DPF/Pheno 2024 in Pittsburg



Higgs and so much more
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https://arxiv.org/pdf/2209.14136

FCC-ee nominal strawman run plan ILC nominal strawman run plan

https://arxiv.org/abs/2208.06030

For more on these 
machines, see 
https://arxiv.org/abs/2
209.14136

• It is interesting to note that HL-LHC gives about 2E8 Higgs while FCCee will give about 1E6 Higgs
• Linear colliders allow polarization, which is a great asset for exploring EWK physics due to its V-A structure



Higgs at e+e-
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• Model independent coupling measurements
• Measurement of loop corrections to the Higgs couplings
• “Closure” tests of the standard model
• Decay channels too difficult to handle in hadron collider environment

I’ve always been a fan of closure tests.
But of course observing Higgs to dark matter would also be super cool.



Higgs production
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One of the strengths of the LHC program is the 
access to so many Higgs production diagrams.  
This benefit can also be accessed at FCCee.

Run plan for optimal Higgs studies involves two 
energies, 240 and 365 to pick up the two main 
diagrams (365lso gives us the tt sample)

We can also see there are in principle non-trivial 
backgrounds (it is a log plot).



Higgs mass
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At the LHC, the Higgs mass is measured in ZZ to 4 leptons and 𝛾𝛾 final states
Current measurement (pdg) is 125.20 ± 0.11 GeV using 25 fb-1 of data
Projected HL-LHC should roughly scale as 1/sqrt(2500/25)=1/10  (about 0.01 GeV)

https://new-cds.cern.ch/doi/10.17181/jfb44-s0d81

Might guess you would measure it in e+e- collisions in a similar way.

If we want to measure the Higgs coupling to electrons, need to 
know this number to about 4 MeV.

To see the new physics beyond the Higgs loop, need mass to 
about 10 MeV or better



e+e- to ZH magic
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Higgs can be identified independent of decay mode using the “missing mass “ or “boson recoil mass” method. If 
an event has an identified Z boson, use its 3-momentum as the 3-momentum of the recoil particle and the 
center-of-mass collision energy to calculate the mass of whatever is recoiling against the Z.  

The ZZ background is not negligible, so works best if you can use a Z decay with excellent resolution, generally Z 
to muons (with a really great tracker).

“missing mass” or “recoil mass” or “recoil” 
or “leptonic recoil” (for the most 
commonly used Z decay mode)



Missing mass
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Muons!

Although 
the jet 
channel is 
certainly 
usable



trackers
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Note that for FCCee Z pole running, the magnetic field is limited to 2T to 
achieve luminosity goals.  Not a requirement at ZH, although designing 
magnets and detectors to work well at different fields can be challenging.



Missing mass and H mass
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https://new-cds.cern.ch/records/a68b8-3mt57

Expected uncertainty combining all 
channels and energies around 0.0038 GeV

For Higgs, this last cut 
has a decay-mode 
dependency (but is 
very good at getting 
rid of the Z (not ZZ) 
background)



Extreme care needed

8/6/2024 S. Eno, SLAC summer school, 2024 24

Work needed on resolution measurements, beam energy spread



Cross sections
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At a future Higgs factor, cross section measurements are the key.
These are the measurements that give us the access to the partial widths (and thus the loops).

These need to be measured as precisely as possible
• A precision measurement of the total Higgs cross section in a model-independent way using the missing mass.
• Excellent control over luminosity calculation
• Excellent control acceptance/efficiency
• Compare to a highly precise theory calculation

Results often reported using the kappa framework (there are variations regarding how possible non-SM 
decays are included).

High precision on the calculated SM value in the denominator is required.

(sometimes  µ is used instead of κ )



Cross sections at LHC
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What we measure is a cross section for a 
production mode and a decay

And not really even that, since each set of selection criteria is only enriched in a single 
production+decay diagram.  For this analysis, at least the VH seems clean.

arXiv:2206.09466

Expected signal composition in each STXS 
bin. Generator-level bins are reported in
the horizontal axis, and the corresponding 
analysis categories on the vertical axis.

Higgs to WW



Giant fit
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6500 parameters



Cross sections at LHC
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arXiv: 1606.02266

At the LHC, each measurable involves at least two 
couplings (production and decay).  By measuring 
several processes, the individual couplings can be 
disentangled, but with substantial correlations.

And anybody who has ever done this kind of fit will 
surely agree with the quoted text from the paper.



Theory status
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Right now, uncertainties on 
cross sections at hadron 
colliders can be substantial.  

Uncertainties on branching 
fractions tend to be around 2%. 

arXiv:2209.07510

Uncertainties on gluon 
fusion contribution to 
Higgs cross section



At  e+e-, again use the missing mass magic
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e+e- collisions allows a very pure extraction of the ZH cross section.  

https://new-cds.cern.ch/records/a68b8-3mt57

Removing the Z suppression cut to remove virtually all dependence 
on Higgs decay mode at the cost of additional backgrounds.



but
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But we still need to compare to the predicted values.  And the theory calculations require input of 
measured SM parameters.



To understand Higgs, need to understand the Z

8/6/2024 S. Eno, SLAC summer school, 2024 32

This plot shows the ratio of the uncertainty in a scenario to that if all EWK parameters were known to infinite precision.  As you can see, reducing the 
uncertainties on fundamental EWK parameters at the Z running has a strong impact error bars on all measurements. (take say the turquoise δ𝑔𝐻

𝑍𝑍… 
with Z running the uncertainty is just over than 1.  without it is almost 2.

No orange line 
connects the 
Higgs to the 
EWK, illustrating 
broken 
correlation



Orders of magnitude
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Higgs Couplings

8/6/2024 S. Eno, SLAC summer school, 2024 34

Once we have the ZH cross section 
regardless of branching ratio, each 
decay mode directly measures only 
one coupling.

Not a surprise that we improve most 
regarding the coupling to the Z at what 
is essentially a Z factory.

4.5
9.3
2.6
1.3
1

1
4.4
1.2
2.9
13
4.5

https://new-cds.cern.ch/records/511pr-rd590



Higgs width
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Non standard modeling decay modes of the Higgs give an increased width.

Could the Higgs provide dark matter mass? a portal to a dark sector? or to other light or long-lived particles? Or to 
particles whose backgrounds are too large to allow detection?

Standard model prediction for the Higgs width is 4.07 MeV ±4% (pdg)
Standard model prediction for BR to invisible is  the negligible contribution from ZZ to four neutrinos (10-3).

SUSY-based 
“glueballs” model 
as function of top 
partner mass.

https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3



At LHC
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Current measurement at LHC is 3.7−1.4
+1.9 Mev (pdg) (50% measurement)

After HL-LHC, maybe 14% measurement? (including invisible decays in the model-dependent fit to all cross 
sections gives 6-17% uncertainty)

Measurement also done in llνν  channel

Note the interference term between continuum and signal is destructive.



Higgs width at e+e-
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Although combining many few percent measurements to get a 
1% measurement is never a trivial thing to do

Much easier, much less model dependent at a Higgs factory
Two ways:
• Both start with ZH cross section at 240 GeV

• First uses ZH->ZZZ* at 240 GeV (about a 4.6% 
measurement)

• Second uses ννH->bb at 370 GeV (about a 3.2% 
measurement)

• These two plus other channels for the second method 
could lead to about 1% measurement

or



Back to couplings
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And surely we’ll want to look 
for flavor violating decays as 
well

arXiv:2306.17520

Well, maybe these things are 
harder than I’m implying.

Many of the decay modes we want 
to measure are hadronic.



These are interesting.  Consider Higgs to gluon
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Biggest change for some 
model. 

Also pattern can help 
distinguish between 
different models.



So need to ID jet flavor
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Kaon (strange) tagging could be key 
to this program

Although note that this is not easy.  
The differences in the kaon content 
are not large, and training on MC 
could lead to biases due to 
uncertainties in fragmentation.

arXiv:2310.03440



Charm fragmentation
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https://arxiv.org/abs/2105.06335

Charm-quark fragmentation fractions into charm hadrons 
measured in pp collisions at √ s = 5.02 TeV in comparison with 
experimental measurements performed in e+e − collisions at 
LEP and at B factories, and in ep collisions at HERA

Some disagreement between LEP and b 
factories.  Considerable disagreement between 
these and pp.



Unlike at ATLAS/CMS, kaon ID will be available
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Time of flight 30 ps
dN/dx via “cluster 
counting”

https://ieeexplore.ieee.org/abstract/document/4330801 (1980)

https://ieeexplore.ieee.org/abstract/document/4330801


Two taggers
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arXiv:2202.03285
arXiv:2310.0344

Both use  graph neural nets.
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Liang et al
Non-trivial correlations

For strange, non-trivial charge mis-id.  Lots of 
mis-id to u,d,g (30%)

Even b’s only correctly id’d 90% of the time 
(ignoring charge misid)



Results (FCCee)

8/6/2024 S. Eno, SLAC summer school, 2024 45

Can see we really do 
not get a measurement 
of the strange coupling 
yet.  More work and 
clever ideas needed!

  Also the measurement 
of the charm coupling 
relies strongly on the Z 
to invisible, but…

Work in progress
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Loukas Goukas, FCC week, San Francisco



Detector implications (beyond kaon tagging)
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Higgs top coupling
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Really cannot be done at FCCee.  3% measurement at ILC/CLIC/C3.  Also hl-lhc expects 3% measurement

https://arxiv.org/abs/2208.06030

arXiv:2209.07510



Beyond the kappa framework
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The Higgs coupling measurements have been widely studied in the corresponding design studies through global fits in 
the so-called κ framework. While very helpful in illustrating the precision reach of Higgs measurements, this κ framework 
can miss interactions of Lorentz structure different from that of the SM.  This method is a more realistic way of including 
potential effects of new physics.

https://arxiv.org/abs/2206.08326

These can include the relations 
between the longitudinal components 
of the WZ to higgs couplings.



Kappa frame work
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EFT framework
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HL-LHC 𝜅𝑊precision goes from 1.5 to 2%



Higgs coupling to electron
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https://link.springer.com/article/10.1140/epjp/s13360-021-02204-2
https://accelconf.web.cern.ch/ipac2017/papers/wepik015.pdf
https://arxiv.org/abs/2107.02686

Would take a couple of years, so not clear this would ever 
happen, but a fun idea.  LEP did run at this energy, but not 
enough int lum to make an event.

PLB755(2016)58

YIKES!!

https://link.springer.com/article/10.1140/epjp/s13360-021-02204-2
https://accelconf.web.cern.ch/ipac2017/papers/wepik015.pdf


CP violation
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arXiv:2406.03557
JHEP 03, 050 (2016)
Konstantin Asteriadis et al 

Θ is the angle between the incoming 
electron and the outgoing Higgs



Higgs self coupling
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One of the main drivers of the length of the HL-LHC run

https://cds.cern.ch/record/2805993?ln=en

Requires a center-of-mass energy of 
500 GeV, which FCC-ee can’t really do, 
although linear colliders could with 
enough money.  FCChh could also 
access these energies once magnets 
are developed (and money found)

https://arxiv.org/abs/2307.16515

Predicted in the SM



Higgs self coupling
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Can be measured indirectly at FCC-ee to about 30%

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.015001
https://link.springer.com/article/10.1007/JHEP02(2018)178

How to distinguish modifications to hZZ and hhh

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.015001


Extended higgs-like sectors

8/6/2024 S. Eno, SLAC summer school, 2024 56

arXiv:1910.11775Through their effects on the couplings



Extended higgs-like sectors
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arXiv:2005.14536
doublet



Direct searches in Higgs decays
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arXiv:2209.07510



Can I avoid thinking about this?
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summary
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• A Higgs factory will give us precision information about what is both the oddest part, 
and the part that sets most of the physics, of the standard model

• The required work is challenging and fun
• However, none of the three possibilities will happen if the world particle physics 

community doesn’t push.
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arXiv:1708.08912



backup
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Timely progress on understanding the tunnel
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Slides M. Benedikt
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T. Watson Annecy



All details being scrutinized
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Cool things about the machine
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Machine calibration
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One of the things I find most fascinating about this machine is the 
possibility to do an extremely precise energy calibration via “resonant 
depolarization”, used to measure the spin precession frequency, which is 
related to the beam energy via:

https://inspirehep.net/literature/1650329
https://www.sciencedirect.com/science/article/pii/037026939290457F
https://cds.cern.ch/record/267514/

where the cyclotron frequency is: 

So the “spin tune” or number of spin processions in one turn, the part 
beyond 1 :

If the beam is excited by a magnetic field perpendicular to the beam 
axis, it rotates the spin around the radial direction.  If this kick is in 
phase with the spin progression, you can push the spin into the 
horizonal plane and then flip it.

Each time moves a bit farther away 

y is vertical

https://inspirehep.net/literature/1650329
https://www.sciencedirect.com/science/article/pii/037026939290457F


Resonant depolarization
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Wilkinson, Annecy and Krakow

Goal is 4 keV.  LEP measurement was 1.2-1.7 
MeV
This process requires strong collaboration 
between accelerator and machine physicists



Interesting news from CEPC on longitudinal polarization
Zhe Duan’s talk
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Purple line
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8/6/2024 S. Eno, SLAC summer school, 2024 72Physics briefing book, European strategy 2019
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Change in an observable with 
an single external higgs line 
with change in hhh delta 
kappa lambda
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