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It is very likely that in the foreseeable future, exploration  of fundamental physics at HL-LHC 
and beyond  will only be possible  through precision studies.
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This emphasizes the need to rethink the 

Loops Hard radiation Matching Parton Shower Hadronization

Accessing the full potential  of precision physics at future colliders will (probably) 
require a foundational change in how simulations for precision collider physics are 
performed, to make them reliable and sustainable. 



Conceptually, precision physics is a relatively simple thing:

1) identify a quantity that can be accurately measured and reliably computed in the 
context of  a fundamental theory,  e.g. the Standard Model of particle physics. 

2) compute and measure this quantity; 

3) compare the results;

4) If results agree, increase the accuracy of the computation and the measurement and 
repeat the comparison, or move to a new quantity;

5) if they disagree, we have to make a difficult choice and, perhaps,  the fundamental 
theory has to go… This is the ultimate goal of the ``precision physics’’ that we are 
after. 

6) Yet, as the precision increases, it becomes more and more difficult to access the 
credibility of claims that precision can really be controlled at the required level, 
complicating the whole approach. 



Because of high stakes associated with potential  outcomes of such precision physics 
studies, the observables and the theoretical tools that are needed to describe them should be 
as transparent and simple as possible.

1) Perturbation theory is the best possible tool that we have, but the perturbative expansion 
alone is almost never sufficient. 

2) Standard Model precision physics and perturbative Standard Model  physics are 
certainly not the same thing, even at the energy frontier.  It is only the question of the 
requested precision, that the  non-perturbative physics starts playing a role. 

3) The question is one of  balance.  If parton showers or lattice methods, or other ways to 
estimate non-perturbative effects are  critical for claiming  discrepancy (or agreement) 
with the Standard Model,  it is inevitable that the reliability of  such complex theoretical 
tools will be scrutinized. 



QED 116584718.95(8)
Electroweak 154± 2
Hadronic vacuum polarization, LO 6949± 37± 21
Hadronic vacuum polarization, NLO �98.4
Hadronic light-by-light 105± 26

Table 1: Contributions to the muon anomalous magnetic moment, in units
of 10�11. The results are taken from Ref. [?].

analysis strategy. The experiment is still running, but it has already published
intermediate results which confirmed the discrepancy discovered by the BNL
experiment. This emphasizes that the solution of the problem should be on
the theory side or it should be New Physics.
The reason I want to talk about the muon magnetic anomaly is that, at

a certain level, it illustrates all the challenges that precision particle physics
faces in the present era. Let me first say why we are interested in looking
at the muon and not at the electron. The reason is that a contribution of a
heavy (new) particle with the mass M to the anomalous magnetic moment
of a lepton l , scales as

a
BSM

l
⇠
↵

⇡

m
2

l

M2
. (6.1)

Since the contribution is proportional to the lepton mass l and since mµ/me ⇡
200, the potential New Physics contribution to aµ is 40 000 times larger than
to me. Second, for M ⇠ 200 GeV,

a
BSM

µ
⇠ 60⇥ 10�11. (6.2)

Experiments are able to reach this precision (BNL) and significantly improve
on it (FNAL). This means that, if such contributions exist, they can be dis-
covered.
Let me first summarize the current experimental and theoretical results

for aµ. The numbers shown below may di↵er slightly from similar numbers in
other sources, because it depends on how the results are put together. Here
they are

a
exp

µ
= 116 592 082(55)⇥ 10�11

a
th

µ
= 116 591 846(63)⇥ 10�11.

(6.3)
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The magnitude of various contributions, in units of 10-11.

A used-to-be deviation:

Tensions in (g-2)µ: take-home message after ’24

.
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[Muon g-2 Theory Initiative, Phys.Rept. 887 (2020) 1-166]

[Budapest–Marseille–Wuppertal-coll., Nature 593, 51 (2021) & 2407.10913]

[Muon g-2 coll., Phys. Rev. Lett. 131, 161802 (2023)]

Z. Fodor g-2 from lattice QCD: the most recent result July 19, 2024 3 / 16

A very instructive example of how precision physics works is the muon anomalous magnetic 
moment.  A significant deviation between theory and experiment that existed for more than 
twenty years, seems to disappear thanks to  new results of the BMW  and CMD-3 
collaborations.  But experts still cannot pinpoint issues in other analyses of the hadronic VP. 
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↵s(MZ) =

8
<

:

0.1179± 0.0010, PDG
0.1135± 0.0010, thrust
0.1123± 0.0015, C � parameter
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Hence, the fate of this one percent precision measurement of a fundamental quantity from a high-
energy observable, and the possible resolution of a decade-long stalemate hinges on a subtle non-
perturbative effects that we (currently, at least) do not fully control. 

Values of the strong coupling constant obtained from fits to event shapes and from more global 
observables and the lattice measurements, disagree.

LEP event shapes receive significant (?) contribution from 3-jet events which are affected by their 
own  non-perturbative corrections. These corrections can be  estimated”, but the computation of 
such effects  is certainly not a first-principles computation. 



Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )

light-cone
= 0.15

H
4
0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km

s Mpc
= 1.44 ⇥ 10�42 GeV, the probability that we should

have seen a bubble by now is

P =
�

V
(V T )

light-cone
= 10�516

�409
+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �

? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole

t , mpole

h
or

↵s for the SM to be in the metastability window are
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GeV
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m
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h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections

�� =
1

16⇡2

�
24�2 + 12y2t �� 6y4t + . . .

�

102 104 106 108 1010 1012 1014 1016 1018 1020

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
l

3s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

Mt = 171.1 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 175.6 GeV

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.020

-0.015

-0.010

-0.005

0.000

RGE scale m in GeV

B
et

a
fu

nc
tio

n
of

th
e

H
ig

gs
qu

ar
tic
b l

3s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

102 104 106 108 1010 1012 1014 1016 1018 1020
-1.0

-0.5

0.0

0.5

1.0

1.5

RGE scale m in GeV

m
hêm

t
an

d
m
hêm

W

m
h êm

W

m
h êmt

1s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

102 104 106 108 1010 1012 1014 1016 1018 1020
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

RGE scale m in GeV

b l
êb l
Hto

p
co

nt
rib

ut
io

nL

3s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
asHMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]Another quantity where non-perturbative effects play a role and may obscure the outcome, is 

the top quark mass. According to PDG, top quarks have different masses (pole, MS, MC..) 
which are all quoted there. 

1) The MC top quark mass is a complex issue.  Probably it is a combination of a technical 
issue (hard cut-off in the event generators) and the physics question of how  energy of 
heavy quark jets  is calibrated. 

2) The pole mass of a top  quark cannot be measured from a       production cross section 
with the accuracy that is better than                  .     
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O(⇤QCD)



The discussion of non-perturbative effects may have important consequences for the Z-pole 
physics at future colliders where one talks about precision at the level of O(10-5) for quanities 
such as Z-width, heavy-quark forward-backward asymmetry, strong coupling constant etc. 

One can perhaps argue that non-perturbative effects in inclusive quantities are small. But 
whether or not they are sufficiently small in quantities affected by fiducial cuts, is not obvious. 



1 TeV 100 GeV 10 GeV 1 GeV

Tomography of a High-Energy Process

Loops Hard radiation Matching Parton Shower Hadronization

Energy scale
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Loops and hard radiation are supposed to describe short-distance physics. Yet, these 
contributions  are divergent in the infra-red.    Although these  divergencies are similar and 
are known to  cancel in the sum of the two, they are handled very differently  in practice. 

Loops:   mostly analytic computation of “loop integrals”,  extraction of divergencies. 

Real radiation:    subtraction (or slicing away) of singular limits of amplitudes and phase-
spaces.

Analytic loop  computations have been great for problems with small number of kinematic 
invariants;  but for high-multiplicity processes they become increasingly contrived. The scaling 
with the number of loops and with multiplicities is very poor.   At the same time, (integrated) 
divergencies of such integrals are known for arbitrary processes, through N3LO. 

Methods to address  arbitrary real-emissions processes  (subtraction and slicing) are now 
available for NLO and NNLO computations.  It is expected that  slicing methods at N3LO will 
be formulated  sooner rather than later (all this for this massless final states). 



.
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Building upon the real-emission example,  it is natural to ask if it is possible to remove 
divergences from loop integrands by subtracting universal quantities from them,  and arriving 
at finite integrands directly in momentum space for arbitrary processes? 

Can these subtractions be formulated in the language of amplitudes, rather than individual 
Feynman diagrams,  in an explicitly gauge-invariant way?

Can one even drop subtractions altogether and integrate over loop momenta and real emission 
momenta in one go, cancelling singularities on the fly?



If this were possible, perturbative computations in quantum field theory, at least through NNLO  
and, perhaps N3LO, will be formulated as a problem of computing finite multidimensional 
integrals. 

Improving on the efficiency and quality of numerical integrations is very challenging,  but also 
necessary to make sure that perturbative computations have acceptable “efficiency” scaling with 
final-state multiplicities.  

Extending Monte-Carlo methods to sample over perturbative  orders, (well-defined) quantum 
histories etc. is another possibility to (perhaps)  keep explosion of a computational cost in 
perturbative calculations  under control. 

.

.
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The need to combine parton showers with fixed-order computations may affect the logarithmic 
accuracy and  introduce unphysical features,  such as negative probabilities.  This emphasizes 
the need to rethink the strict separation into different parts, shown below,  and perhaps calls for 
an approach that has a stronger unifying power from the start.

.

.
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This emphasizes the need to rethink the 

Loops Hard radiation Matching Parton Shower Hadronization



To conclude, there are (at least) three  major  theoretical challenges in the context of precision physics 
for HL-LHC and future colliders, that we need to address.

.

.
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1) Desing a framework for perturbative computations that is sustainable both with respect 
to partonic multiplicities,  and perturbative order; 

2) Find a way to combine  fixed-order computations with parametrically-accurate parton 
showers in a natural and seamless way,  to allow efficient and physical generation of 
multi-particle final-states. 

3) Develop  a theory of non-perturbative corrections, primarily the linear ones, to ensure 
that ultra-precise measurements of important SM quantities and key observables  are 
indeed possible with the highest precision. 


