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Just as precision measurement poses serious challenges 
for experiment, it is equally challenging for theory. 

In this talk, I would like to present some of the 
theoretical challenges for theory associated with the 
coming program of precision experiments at e+e- Higgs 
factories. 

I will concentrate on two aspects: 

     the challenges of producing high-precision  
            predictions of the Standard Model 

     the ability of precision measurements to point to  
        the structure of physics beyond the SM 



before we begin: 

The purpose of precision tests of the SM is not to reduce 
the size of the error bars. 

rather 

The purpose of precision tests of the SM is to prove that 
the SM is not sufficient — and to point to a more correct 
fundamental theory. 

This puts a heavy burden on all aspects of the program.



goals for precision calculation: 

In the next few slides, I show for reference the expected 
statistical + experimental systematic precision expected 
from e+e- Higgs factories for Higgs boson and precision 
electroweak measurements.  

To compare these to SM theory, we need 

precisions for Higgs rates and couplings at the         level 

precisions for electroweak observables at the          level
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for ILC, from arXiv:1908.11299  
CEPC, FCC-ee give very similar projections



from Table 27 of the ECFA Higgs panel report,  
arXiv:1905.03764;  errors are given in units of      
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projected errors on Z boson coupling observables
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current FCC-ee CEPC Giga-Z ILC250
�Ae 140 1.1 3.2 5.1 10
�Aµ 1060 5.4 54
�A⌧ 300 3.1 5.2 5.4 57
�Ab 220 5.1 6.4
�Ac 400 5.8 21
�Aµ

FB 770 0.54 4.6
�Ab

FB 160 30 10
�Ac

FB 500 80 30
�Re 24 3 2.4 5.4 11
�Rµ 16 0.5 1 2.8 11
�R⌧ 22 1 1.5 4.5 12
�Rb 31 2 2 7 11
�Rc 170 10 10 30 50



so, 
  
We need to complete the calculation of EW corrections to 
e+e- Higgs reactions and decays at the 2-loop level 

Special effort is needed for  
                                         (off-shell propagators) 
                                         (3 loop analysis needed) 
    
For             and              , the pure QCD 4-loop result is 
known  (Baikov, Chetyrkin, Kuhn, Moch, Vogt), and is 
relevant to reach the required accuracy.  High-order 
mixed QCD+EW is still needed.
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Predictions for e+e- cross sections must be improved 
beyond the 2-loop level.    

In                  , scale uncertainties from 2-loop QCD are 
still ~ 1%   (Gao and Zhu). 

Bhabha scattering and                            have a special 
role, since they are used for luminosity spectrum and 
polarization measurements in addition to tests of the 
SM.  In general, ISR must be known to 3-loop QED. 
There is very recent progress on these issues from the 
Blümlein-de Freitas and Signer groups.
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Together with theoretical expressions from perturbation 
theory, we need accurate knowledge of input 
parameters. 

The primary source today for       ,      ,       is lattice 
QCD.  2020 FLAG avgs:  

It is important that these results can be systematically 
improved with increased computer power and higher-
loop matching calculations.       
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For event modelling and simulation, we will also need to 
understand final-state parton showers to          precision, 
including the factorization of PQCD and hadronization 
effects.  Fortunately, e+e- colliders will provide uniquely 
well-measured data sets at multiple energies. 

For     , there is a longstanding discrepancy between the 
lattice QCD values and the determination from e+e- event 
shapes by the Hoang-Stewart group,                                 . 
This probably (IMHO) rests on imprecision in the factor- 
ization of perturbative and non-perturbative final state 
effects.   We will need to solve this problem to have a 
solid     input to SM predictions for Higgs and EW.
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Now let’s turn to the other half of the story. 

To argue that we can use precision to obtain evidence of 
new physics beyond the SM, we also need to understand 
what is the sensitivity needed to find evidence of new 
physics and how new physics effects appear. 

This subject also needs more theoretical analysis.



There is a first issue to discuss here. 

The SM seems manifestly incomplete.  It does not 
address: 

Why is electroweak symmetry broken ? Why does the 
Higgs field obtain a nonzero vacuum value throughout 
space ? 

Can we predict the spectrum of quark and lepton 
masses and the values of flavor mixings ? 

Can we predict the size of CP violation, both that 
observed in the quark sector and that needed for 
baryogenesis ?  

What is the origin of dark matter ?



Are these problems addressed by new physics at the TeV 
energy scale ? 

It is fashionable now among theorists to say no.  Instead, 
we may find a nontrivial, maybe magical, connection of 
the weak scale and the Planck scale. 

Gian Giudice:  “The Dawn of the Post-Naturalness Era” 

Nima Arkani-Hamed:  “The World is not a Crappy Metal” 

This is a beautiful idea, but for now it is mostly wishful 
thinking. 

My opinion is that the TeV scale is our best bet, and the 
search for TeV-scale new physics is hardly exhausted.



I do encourage young theorists to try to find a UV-IR 
connection.  Maybe this beautiful idea can be discovered. 
(See the talk by Rafaelle D’Agnolo at PASCOS 2021.) 

I also encourage young theorist to think about why TeV 
new physics, if it exists and solves our problems, should 
be so heavy relative to the LHC energy  (the “little 
hierarchy problem”).  

In the latter case, we can still expect many clues from 
experiment.



In this context, the following things are known about new 
physics corrections to the Higgs boson couplings: 

1.  These corrections are small, at most of order  

Such corrections are consistent with the current excellent 
agreement between LHC Higgs measurements and the SM. 

2.  Any pattern of Higgs coupling anomalies, induced by 
multiple Higgs, SUSY, compositeness, etc., can be 
consistent with all current data.  We know that the Higgs 
field is responsible for EW symmetry breaking, but we do 
not know anything else about it. 

3.  Each Higgs boson coupling responds to its own specific 
types of new physics.  In principle, we can read the 
pattern and gain clues to what is beyond the SM.  
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On the next few slides, I have some illustrative examples. 

Please recognize that these ideas are still discussed 
mainly in the study of relatively simple models. More 
systematic studies will be needed to see how they play 
out over the vast space of BSM models.



worked example:   grand-unified SUSY

Wells and Zhang, 
arXiv:1711.04774

(b � 1)
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Huang, Long, and Wang, arXiv:1608.06619



SUSY model 2 Higgs doublet model

composite Higgs model Little Higgs model

arXiv:1708.08912



Though it is clear how to find the Higgs boson properties 
for any given new physics model,  

what we would really like to have is a solution to the  

                “Higgs Inverse Problem” 

Given a pattern of Higgs boson coupling anomalies, how 
well can we reconstruct the underlying model? 

I hope that, by pooling knowledge from experts on 
different classes of models, we can come to a general 
understanding of how to interpret Higgs boson 
measurements.



Here are some sample, more specific, questions 
about Higgs boson couplings: 

In SUSY and similar 2-Higgs-doublet models, the b 
and τ couplings have the same anomaly at the tree 
level.  What do we learn by comparing their  
measured values ? 

Both models with Higgs-singlet mixing and models 
with composite (Goldstone) Higgs lead to anomalies 
in the W and Z couplings.  What other precision tests 
discriminate these possibilities ? 

What is the generation-dependence of Higgs coupling 
anomalies ?   Can this be related to the mechanisms 
that generate the fermion mass spectrum ?



In most composite Higgs models, there is a special 
role for the top quark. What is the reflection of this 
in the t couplings ?   How do measurements of the g 
coupling and the b coupling help the interpretation ?  
LHC can measure the g and t couplings at large 
momentum transfer; what is the synergy with 
precision measurements on the Higgs mass shell ? 
What can we learn from new interactions in t and b 
pair production ?



It is consistent with our knowledge of weak decays that 
Higgs couplings can violate quark and lepton flavor. Do 
processes such as             ,             exist ?   How can 
measurements of these processes interpreted along with 
other coupling anomalies ? 

There are known methods for observing CP violation in 
τ, W, Z, t couplings.  Can these methods be extended to 
other Higgs decay modes ?  What are the implications of 
various outcomes for these searches ?
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This list is certainly not exhaustive. 

There is a tremendous amount that we do not know 
now about the Higgs boson.   Much of this can be 
revealed at an e+e- Higgs factory. 

Can we find a unified conceptual picture to help us 
understand the effects that we will discover ?



In terms of technology, the e+e- Higgs factory is the 
logical next step in particle physics. 

We understand how to build the accelerators, how to 
perform the measurements, how to model the SM model 
to robustly observe new physics.  Much work needs to be 
done, but this program is achievable. 

With costs at the LHC scale, at least one Higgs factory   
is affordable as a global project.   We can construct one 
on a time scale relevant to the careers of young people 
in our community. 

It is time to sharpen this case, marshall our will, and 
make this program real. 



Some hopefully useful general references: 

A. Blondel et al.  “Theory for the FCC-ee” 
           arXiv:1905.05078 

K. Fujii et al. “ILC Study Questions for Snowmass 2021” 
           arXiv:2007.03650


