
Theoretical Particle Physics  
— in Quantum Universe Cluster — 

( christophe.grojean@desy.de )

Christophe GrojeanChristophe Grojean

DESY (Hamburg)  
Humboldt University (Berlin)

QU Attract Workshop, Hamburg, November 25, 2025

7/1/2015 W3-S-Chair of "Theoretical Particle  development of theories beyond the Standard Model" - Department of Human Resources and Development

http://www.personalabteilung.hu-berlin.de/stellenausschreibungen/w3-s-professur-fuer-theoretische-teilchenphysik-2500-entwicklung-von-theorien-jenseits-des-… 1/2

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the
Standard  Model"
Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Code  number

PR  /  012/15

Category  (s)

Professorships

Number  of  points

1

Of  use

Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Application  deadline

07/03/2015

Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.
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Quantum Universe Cluster
By now, you should already be familiar with the structure of the cluster
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Our offers/Your shopping list

9 PD + 7 PhD 
DESY 

theory group

3 fellow positions in strings: 
	 QG.1.1 Holography 
	 QG.1.2 Quantum BH 
	 SMART.1.1 Feynman: Binary 
3 fellow positions in pheno: 
	 H.1 H potential interpretation 
	 H.2 Higgs and matter/antimatter 
	 H.2 Precision predictions 
3 fellow positions in cosmo: 
	 GW.3 GW signatures from axion early cosmology 
	 GW3 GWs from cosmological phase transitions 
	 QG.2.2 Swampland Phenomenology 

1 PhD position in Strings 
	 SMART.1.1 Feynman: AdS 
4 PhD positions in Pheno 
	 H.1 Higgs EWSB+GW 
	 DM2 Investigating self-interacting DM 
	 GW2 Ultra-light dark matter in the sky  
	 QG.2.2 Positivity  
2 PhD positions in Cosmo 
	 DM2 PBH production 
	 GW3 Inflaton couplings with GWs
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Let’s talk about Physics
Often, the athletes, as the physicists, push the frontiers/break the records. 

How high can a human jump with a pole? 
Physics (energy conservation) tells us that longer and longer poles don’t help!
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footspeed:  44.72km/h 
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Newton: how high you jump is related to how fast the Moon turns around the Earth etc…
Try to put the numbers: it works because of Pythagorus and the factor π in acceleration for uniform circular motion 
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Let’s talk about Physics
Often, the athletes, as the physicists, push the frontiers/break the records. 

How high can a human jump with a pole? 
Physics (energy conservation) tells us that longer and longer poles don’t help!

Over the years, we have learnt a few other conservation laws 
that tell us what an athlete/a particle can do or cannot do.

— Remarkable breakthrough in the understanding of Nature: —
“forces among particles are associated to symmetries” (Noether)

conservation of E → invariance by (time)-translation
electro-magnetic forces → (local) invariance by phase rotation of particle wavefunctions

�h = 7.62m

�h =
v2

2g

footspeed:  44.72km/h 
(Usain Bolt, Berlin,  August 2009, between 60m and 80m)

Newton: how high you jump is related to how fast the Moon turns around the Earth etc…
Try to put the numbers: it works because of Pythagorus and the factor π in acceleration for uniform circular motion 

— Symmetries and Forces —
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Theory of Everything vs. Effective Field Theory

Now that we know QCD, should we care about nuclear physics?
Once string theory will be experimentally established, should we still learn the Standard Model?
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Theory of Everything vs. Effective Field Theory

Now that we know QCD, should we care about nuclear physics?
Once string theory will be experimentally established, should we still learn the Standard Model?

Philosophical dilemma: how can we be sure there is no heavier particles undiscovered yet?
Technical difficulties (e.g. strong coupling, non-perturbative effects…).

Conceptual obstacles: separation of scales → large logs that endangers perturbative expansions. 
Solution: match to EFT and run to lower energies. 
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Theory of Everything vs. Effective Field Theory

Now that we know QCD, should we care about nuclear physics?
Once string theory will be experimentally established, should we still learn the Standard Model?

Philosophical dilemma: how can we be sure there is no heavier particles undiscovered yet?
Technical difficulties (e.g. strong coupling, non-perturbative effects…).

Conceptual obstacles: separation of scales → large logs that endangers perturbative expansions. 
Solution: match to EFT and run to lower energies. 

— EFTs are not an option —
— Physics is a succession of EFTs —

It is better to know it and to do it correctly.
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BSM Selection RulesEffective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

c(D)
i ⇠ (coupling)ni�2

Dimensional arguments impose

ni=number of fields in operator 
   (independant of D)

generically, (coupling ~ g*) coupling of New Physics to SM
but there might exist “selection rules” that lead to other scaling

O
(D)
i



CG - 25 Nov. 2025/ 146

BSM Selection RulesEffective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

Operator Naive (maximal) Symmetry/Selection Rule

scaling with g⇤ and corresponding suppression

Oy = |H|
2 ̄LH R g3⇤ Chiral: yf/g⇤

OT = (1/2)

✓
H†

$
DµH

◆2

g2⇤ Custodial: (g0/g⇤)2, y2t /16⇡
2

OGG = |H|
2Ga

µ⌫G
aµ⌫

OBB = |H|
2Bµ⌫Bµ⌫

g2⇤

Shift symmetry: (yt/g⇤)2

Elementary Vectors: (gs/g⇤)2 (for OGG)

(g0/g⇤)2 (for OBB)

Minimal Coupling: g2⇤/16⇡
2

O6 = |H|
6 g4⇤ Shift symmetry: �/g2⇤

OH = (1/2)(@µ|H|
2
)
2 g2⇤ Coset Curvature: ✏c

OB = (i/2)

✓
H†

$
DµH

◆
@⌫Bµ⌫

g⇤
Elementary Vectors: g0/g⇤ (for OB)

g/g⇤ (for OW )

OW = (i/2)

✓
H†�a

$
DµH

◆
@⌫W a

µ⌫

OHB = (i/2)
�
DµH†D⌫H

�
Bµ⌫

OHW = (i/2)
�
DµH†�aD⌫H

�
W a

µ⌫

g⇤

Elementary Vectors: g0/g⇤ (for OHB)

g/g⇤ (for OHW )

Minimal Coupling: g2⇤/16⇡
2

Table 1: Some operators relevant for Higgs physics and the impact of approximate symmetries

on the estimated size of their coe�cient [6]. The coe�cient ✏c parametrizes the possibility that

the Higgs doublet originates as a PNGB from the flat coset ISO(4)/SO(4) [36] (see also [37]).

A suppression gV /g⇤ for every field strength (referred to as Elementary Vectors in the table),

applies to all models where the transverse components of gauge bosons are elementary. See

Ref. [36] for a construction where transverse gauge bosons are composite and have strong

dipole interactions.

These inequalities determine the region of the plane (⇤, g⇤) which is excluded consistently with

the EFT expansion for a given . This is a conservative bound, since it is obtained by using

only a subset of the events (e↵ectively only those with relevant energy up to Mcut = ⇤). It

is thus less stringent than the bound one would obtain in the full theory with the full dataset,

but it is by construction consistent with the EFT expansion. Compared to the constraint

implied by the full theory with the same reduced dataset, that of Eq. (2.2) has an error of

order 2. For constraints obtained in this way, and for a valid EFT description in general, no

question of unitarity violation arises (see for example Ref. [38] for a discussion of this issue

in the context of anomalous triple gauge couplings).

An analysis of the experimental results based on the multiple cut technique proposed here

6

Examples of symmetries leading to different selection rules
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c(D)
i ⇠ (coupling)ni�2

Dimensional arguments impose

ni=number of fields in operator 
   (independant of D)

generically, (coupling ~ g*) coupling of New Physics to SM
but there might exist “selection rules” that lead to other scaling

O
(D)
i

https://arxiv.org/abs/1604.06444


CG - 25 Nov. 2025/ 147

Causality, Locality, Unitarity→Positivity
Not all bona fide IR EFT are extendable in the UV

2 Examples

Let’s begin with some examples of the apparently consistent low-energy effective theories we will
constrain. Of course we should be precise about what we mean by a consistent effective theory—
loosely it should have stable vacuum, no anomalies and so on, but most precisely, a consistent
effective field theory is just one that produces an exactly unitary S-matrix for particle scattering
at energies beneath some scale Λ.

Consider the theory of a single U(1) gauge field. The leading interactions in this theory are
irrelevant operators,

L = →
1

4
FµνF

µν +
c1

Λ4
(FµνF

µν)2 +
c2

Λ4
(FµνF̃

µν)2 + . . . , (1)

with Λ some mass scale and c1,2 dimensionless coefficients. As another example, consider a massless
scalar field ω with a shift symmetry ω → ω+const. Again the leading interactions are irrelevant,

L = ∂µω∂µω +
c3

Λ4
(∂µω∂

µω)2 + . . . (2)

As far as an effective field theorist is concerned, the coefficients c1,2,3 are completely arbitrary
numbers. Whatever the ci are, they can give the leading amplitudes in an exactly unitary S-matrix
at energies far beneath Λ. Of course the theories are non-renormalizable so an infinite tower of
higher operators must be included, nonetheless there is a systematic expansion for the scattering
amplitudes in powers of (E/Λ) which is unitary to all orders in this ratio. However, we claim that
in any UV completion which respects the usual axioms of S-matrix theory, the ci are forced to be
positive

ci > 0 . (3)

It is easy to check that indeed these coefficients are positive in all familiar UV completions of
these models. For instance, the Euler-Heisenberg Lagrangian for QED, arising from integrating
out electrons at 1-loop, indeed generates c1,2 > 0. Analogously, we can identify ω as a Goldstone
boson in a linear sigma model, where ω and a Higgs field h are united into a complex scalar field
Φ,

Φ = (v + h)eiπ/v , (4)

with a potential V (|Φ|) = λ(|Φ|2 → v2)2. The action for ω, h at tree-level is

L =
(

1 +
h

v

)2
(∂ω)2 + (∂h)2 → M2

hh2 → . . . (5)

Integrating out h at tree-level yields the quartic term

Leff =
λ

M4
h

(∂ω)4 + . . . (6)

which has the claimed positive sign.

3

Pions EFT UV: c3≥0

QED EFT
Euler-Heisenberg

charged particles. As usual in a relativistic EFT, the interactions are organized according
to their canonical dimensions, each consecutive term being suppressed by appropriate
power of the cut-o↵ scale ⇤ ⇠ me. For E ⌧ ⇤ the power counting suggests that the
interactions with the lowest canonical dimensions are the most relevant ones. At the
dimension-6 level there is no possible gauge-invariant interaction due to the identity
Fµ⌫F⌫⇢F⇢µ = 0 (more generally, all invariants with an odd number of Fµ⌫ vanish). Thus,
the leading interactions arise at the level of dimension-8 operators. For simplicity, I
assume that parity is conserved in the EFT, so that the interactions do not depend
F̃ (in principle, the Lagrangian may contain terms with an even number of F̃ , but in
that case they can always be traded for F ). There are 2 independent parity-conserving
dimension-8 operators , which I parametrize as3

L
d=8

EH
= a1

↵2

16
(Fµ⌫Fµ⌫)(F⇢�F⇢�) + a2

↵2

16
(Fµ⇢F⌫⇢)(Fµ�F⌫�), (1.12)

where ↵ = e
2

4⇡
and e is the electromagnetic coupling. When these e↵ective interactions

arise from integrating out charged particles, any of the 4 external photon legs in the
vertex has to pick up at least one power of e. Since the coe�cient of an F 4 operators
has the ~ dimension �1, while [e] = ~�1/2, the mismatch has to be balanced by a loop
factor. For these reasons I factored out ↵2 = e4/16⇡2 from the Wilson coe�cients, such
that ai are simply order one numerical coe�cients. Any other dimension-8 terms can be
expressed by the ones in Eq. (1.12). The Wilson coe�cients a1 and a2 are arbitrary at
this point. They can be fixed when the UV completion of this EFT is specified.

One practical e↵ect of the interactions in Eq. (1.12) is to modify Maxwell’s equations
of electrodynamics. Due to the non-linearities in the field equations, a superposition of
two solutions is not a solution anymore. In practice, however, the non-linear e↵ects are
extremely small in the low-energy regime, such that they have not been unambiguously
observed to date.4

The e↵ective Lagrangian in Eq. (1.11) can be used to calculate any scattering pro-
cesses with low-energy photons. In particular, the dimension-8 interactions in Eq. (1.12)
provide the tree-level contributions to the 2-to-2 scattering. It is straightforward (even
if a bit tedious) to derive the Feynman rules and calculate the scattering amplitudes.
I will write down the results as a function of the helicities (+/�) of the incoming and
outgoing photons. One can express the helicity amplitudes in terms of the kinematical
invariants s = (p1 + p2)2, t = (p1 � p3)2, u = (p1 � p4)2 as

M(±±;±±) =
↵2

8⇤4
(4a1 + 3a2) s

2,

M(±⌥;±⌥) =
↵2

8⇤4
(4a1 + 3a2) u

2,

M(±⌥;⌥±) =
↵2

8⇤4
(4a1 + 3a2) t

2,

M(±±;⌥⌥) =
↵2

8⇤4
(4a1 + a2)

�
s2 + t2 + u2

�
. (1.13)

3In the literature another parametrization is typically used: L
d=8

EH
= c1(Fµ⌫Fµ⌫)(F⇢�F⇢�) +

c2(Fµ⌫ F̃µ⌫)(F⇢�F̃⇢�). This is equivalent to the one in Eq. (1.12) upon relating the Wilson coe�cients
as a1↵2 = 16c1 � 32c2, a2↵2 = 64c2.

4Light-by-light scattering is routinely observed in colliders, however for photon energies E � me

where the EFT in Eq. (1.11) is no longer valid.
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3

bound [11] (f(s) < c1s log2 s for s ! 1 and some constant c1). The last postulate
does not hold the Euler-Heisenberg e↵ective theory, as f(s) ⇠ s2. Although Eq. (1.20)
cannot be applied in this EFT, it should be valid in its UV completion provided the
latter is well-behaved. On the other side, the left-hand side can be reliably calculated
within the EFT, as it refers to the s ! 0 limit of the amplitudes.

We choose the spin state �1�2 such that that spins are the same after t-channel
crossing: f�1�2(u) = f�1�2(s). Then unitarity (the optical theorem) allows us to trade
the imaginary forward amplitude for the total elastic and inelastic scattering cross section
from the given initial spin state: Im f�1�2(s) = s��1�2!all(s). Thus, we rewrite Eq. (1.20)
as

1

2!

df�1�2

ds2
|s=0 = 2

Z 1

0

ds
��1�2!all(s)

⇡s2
. (1.21)

The right-hand side is unknown and depends on the UV completion of the EFT, however
one thing we are sure is that it is manifestly positive. This in turn implies the positivity
of the left-hand side, which can be adequately approximated in the EFT and expressed
in terms of the Wilson coe�cients a1, a2.

To obtain concrete bounds, we use the amplitudes in the linear polarization basis in
Eq. (1.19). Under crossing the linear polarizations remain the same. Hence, the forward
amplitudes for the spin states |x/y, x/yi and |x/y, y/xi are transformed into itself under
t-channel crossing, as required in the derivation of Eq. (1.21). The dispersion relations
for these states read

(2a1 + a2)
↵2

2⇤4
= 2

Z 1

0

ds
�x/y,x/y!all(s)

⇡s2
,

a2
↵2

4⇤4
= 2

Z 1

0

ds
�x/y,y/x!all(s)

⇡s2
. (1.22)

Since the right-hand sides are manifestly positive, we obtain the positivity conditions on
the Wilson coe�cients in the Euler-Heisenberg Lagrangian:

2a1 + a2 > 0, a2 > 0. (1.23)

These conditions have to be satisfied for any sensible UV completion of the Euler-
Heisenberg Lagrangian. It is easy to verify it that the positivity conditions are satisfied
in (scalar) QED examples in Eq. (1.15) and Eq. (1.16). For the axion in Eq. (1.18) one
has 2a1 + a2 = 0 at tree level, which means that another contribution must arise at a
loop level to make this combination strictly positive.

The dispersion relations in Eq. (1.22) also provide a neat path to derive perturbativity
bounds on the Wilson coe�cients. Let us assume that the 2 ! 2 cross section calculated
in the EFT approximates well the one in the full UV complete theory all the way to the
cut-o↵ ⇤, that is for

p
s . ⇤. Cutting o↵ the integral on the right-hand side we obtain

2a1 + a2 & ↵2

16⇡2

✓
19a2

1

20
+

13a1a2
15

+
13a2

2

64

◆

a2 & ↵2

16⇡2

✓
a2
1

5
+

a1a2
60

+
3a2

2

40

◆
(1.24)

These constrain a1 and a2 to a be inside a circle of finite radius, and they cannot be arbi-
trarily large in a consistent EFT (although they can be rather huge due to the smallness
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UV: 

one-loop QED:

The remaining helicity amplitudes, not displayed above, are zero. The first 3 amplitudes
depend on the same linear combination of the Wilson coe�cients. That is because they
are not independent, as they are related by the crossing symmetry. t-channel crossing
corresponds to exchanging s $ u, and replacing the 1st helicity entry with the opposite
of the 3rd and vice-versa. u-channel crossing corresponds to exchanging s $ t, and
replacing the 1st helicity entry with the opposite of the 4th and vice-versa. The crossing
symmetry must hold in any sensible quantum field theory, and one can easily see that
the amplitudes in Eq. (1.13) are consistent with the t- and u-channel crossing. The last
amplitude in Eq. (1.13) transform into itself under crossing symmetry.

The Euler-Heisenberg Lagrangian is an e↵ective theory valid at energies up to the
cut-o↵ ⇤. At that scale it is replaced by another theory containing some other particle of
mass⇠ ⇤ coupled to the photon. The dimension-8 interactions in Eq. (1.12) approximate
the e↵ects of exchanging the new particle between photons at energy scales E ⌧ ⇤. The
coe�cients a1 and a2 can then be matched by comparing the EFT results for the 2-to-2
scattering amplitude with that calculated in the UV theory with the new particle.

One example of the UV completion is the QED Lagrangian:

LUV = �
1

4
Fµ⌫Fµ⌫ + i �µ@µ + eQe �µ Aµ, (1.14)

where  is the electron field and Qe = �1. In QED, 2-to-2 photon scattering proceeds
through box diagrams with the electron in the loop, like the one in Fig. ??. Calculating
the helicity amplitudes from these diagrams, expanding the results in m2

e
, and keeping

the leading 1/m4

e
term in this expansion, the QED amplitudes take the form of Eq. (??)

with the following identification:

aQED

1

⇤4
= �

4Q2

e

9m4
e

,
aQED

2

⇤4
=

56Q2

e

45m4
e

. (1.15)

For other SM fermions the result is the same upon replacing Qe ! Qf , me ! mf , and
including the color factor where appropriate. Integrating out a scalar with the mass
ms and the electric charge Qe leads to a di↵erent pattern of the Wilson coe�cients (see
e.g. [8]):

aSQED

1

⇤4
=

Q2

s

18m4
s

,
aSQED

2

⇤4
=

2Q2

s

45m4
s

. (1.16)

Finally, consider a UV completion which is itself an e↵ective theory. The Lagrangian
contains a real scalar h of mass mh coupled to photons via dimension-5 interactions

LUV = �
1

4
Fµ⌫Fµ⌫ +

1

2
(@µh)

2
�

m2

h

2
h2 + bh

↵

4⇡f
hFµ⌫F̃µ⌫ . (1.17)

The coupling bh is characteristic for axions, or more generally for Goldstone bosons of a
global symmetry spontaneously broken at the scale f where the global symmetry current
has a mixed triangle anomaly with the electromagnetic U(1) currents. Integrating out h
at tree level leads to the e↵ective dimension-8 interactions in Eq. (1.12) with the Wilson
coe�cients

aaxion
1

⇤4
= �

b2
h

⇡2f 2m2

h

,
aaxion
2

⇤4
=

2b2
h

⇡2f 2m2

h

. (1.18)

9

tree-level ALP:

The remaining helicity amplitudes, not displayed above, are zero. The first 3 amplitudes
depend on the same linear combination of the Wilson coe�cients. That is because they
are not independent, as they are related by the crossing symmetry. t-channel crossing
corresponds to exchanging s $ u, and replacing the 1st helicity entry with the opposite
of the 3rd and vice-versa. u-channel crossing corresponds to exchanging s $ t, and
replacing the 1st helicity entry with the opposite of the 4th and vice-versa. The crossing
symmetry must hold in any sensible quantum field theory, and one can easily see that
the amplitudes in Eq. (1.13) are consistent with the t- and u-channel crossing. The last
amplitude in Eq. (1.13) transform into itself under crossing symmetry.

The Euler-Heisenberg Lagrangian is an e↵ective theory valid at energies up to the
cut-o↵ ⇤. At that scale it is replaced by another theory containing some other particle of
mass⇠ ⇤ coupled to the photon. The dimension-8 interactions in Eq. (1.12) approximate
the e↵ects of exchanging the new particle between photons at energy scales E ⌧ ⇤. The
coe�cients a1 and a2 can then be matched by comparing the EFT results for the 2-to-2
scattering amplitude with that calculated in the UV theory with the new particle.

One example of the UV completion is the QED Lagrangian:

LUV = �
1

4
Fµ⌫Fµ⌫ + i �µ@µ + eQe �µ Aµ, (1.14)

where  is the electron field and Qe = �1. In QED, 2-to-2 photon scattering proceeds
through box diagrams with the electron in the loop, like the one in Fig. ??. Calculating
the helicity amplitudes from these diagrams, expanding the results in m2

e
, and keeping

the leading 1/m4

e
term in this expansion, the QED amplitudes take the form of Eq. (??)

with the following identification:

aQED

1

⇤4
= �

4Q2

e

9m4
e

,
aQED

2

⇤4
=

56Q2

e

45m4
e

. (1.15)

For other SM fermions the result is the same upon replacing Qe ! Qf , me ! mf , and
including the color factor where appropriate. Integrating out a scalar with the mass
ms and the electric charge Qe leads to a di↵erent pattern of the Wilson coe�cients (see
e.g. [8]):

aSQED

1

⇤4
=

Q2

s

18m4
s

,
aSQED

2

⇤4
=

2Q2

s

45m4
s

. (1.16)

Finally, consider a UV completion which is itself an e↵ective theory. The Lagrangian
contains a real scalar h of mass mh coupled to photons via dimension-5 interactions

LUV = �
1

4
Fµ⌫Fµ⌫ +

1

2
(@µh)

2
�

m2

h

2
h2 + bh

↵

4⇡f
hFµ⌫F̃µ⌫ . (1.17)

The coupling bh is characteristic for axions, or more generally for Goldstone bosons of a
global symmetry spontaneously broken at the scale f where the global symmetry current
has a mixed triangle anomaly with the electromagnetic U(1) currents. Integrating out h
at tree level leads to the e↵ective dimension-8 interactions in Eq. (1.12) with the Wilson
coe�cients

aaxion
1

⇤4
= �

b2
h

⇡2f 2m2

h

,
aaxion
2

⇤4
=

2b2
h

⇡2f 2m2

h

. (1.18)
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Causality, Locality, Unitarity→Positivity
Not all bona fide IR EFT are extendable in the UV

2 Examples

Let’s begin with some examples of the apparently consistent low-energy effective theories we will
constrain. Of course we should be precise about what we mean by a consistent effective theory—
loosely it should have stable vacuum, no anomalies and so on, but most precisely, a consistent
effective field theory is just one that produces an exactly unitary S-matrix for particle scattering
at energies beneath some scale Λ.

Consider the theory of a single U(1) gauge field. The leading interactions in this theory are
irrelevant operators,

L = →
1

4
FµνF

µν +
c1

Λ4
(FµνF

µν)2 +
c2

Λ4
(FµνF̃

µν)2 + . . . , (1)

with Λ some mass scale and c1,2 dimensionless coefficients. As another example, consider a massless
scalar field ω with a shift symmetry ω → ω+const. Again the leading interactions are irrelevant,

L = ∂µω∂µω +
c3

Λ4
(∂µω∂

µω)2 + . . . (2)

As far as an effective field theorist is concerned, the coefficients c1,2,3 are completely arbitrary
numbers. Whatever the ci are, they can give the leading amplitudes in an exactly unitary S-matrix
at energies far beneath Λ. Of course the theories are non-renormalizable so an infinite tower of
higher operators must be included, nonetheless there is a systematic expansion for the scattering
amplitudes in powers of (E/Λ) which is unitary to all orders in this ratio. However, we claim that
in any UV completion which respects the usual axioms of S-matrix theory, the ci are forced to be
positive

ci > 0 . (3)

It is easy to check that indeed these coefficients are positive in all familiar UV completions of
these models. For instance, the Euler-Heisenberg Lagrangian for QED, arising from integrating
out electrons at 1-loop, indeed generates c1,2 > 0. Analogously, we can identify ω as a Goldstone
boson in a linear sigma model, where ω and a Higgs field h are united into a complex scalar field
Φ,

Φ = (v + h)eiπ/v , (4)

with a potential V (|Φ|) = λ(|Φ|2 → v2)2. The action for ω, h at tree-level is

L =
(

1 +
h

v

)2
(∂ω)2 + (∂h)2 → M2

hh2 → . . . (5)

Integrating out h at tree-level yields the quartic term

Leff =
λ

M4
h

(∂ω)4 + . . . (6)

which has the claimed positive sign.

3

Pions EFT UV: c3≥0

QED EFT
Euler-Heisenberg

Convex cone fully characterised by its extremal rays.  How to determine these extremal rays?

charged particles. As usual in a relativistic EFT, the interactions are organized according
to their canonical dimensions, each consecutive term being suppressed by appropriate
power of the cut-o↵ scale ⇤ ⇠ me. For E ⌧ ⇤ the power counting suggests that the
interactions with the lowest canonical dimensions are the most relevant ones. At the
dimension-6 level there is no possible gauge-invariant interaction due to the identity
Fµ⌫F⌫⇢F⇢µ = 0 (more generally, all invariants with an odd number of Fµ⌫ vanish). Thus,
the leading interactions arise at the level of dimension-8 operators. For simplicity, I
assume that parity is conserved in the EFT, so that the interactions do not depend
F̃ (in principle, the Lagrangian may contain terms with an even number of F̃ , but in
that case they can always be traded for F ). There are 2 independent parity-conserving
dimension-8 operators , which I parametrize as3

L
d=8

EH
= a1

↵2

16
(Fµ⌫Fµ⌫)(F⇢�F⇢�) + a2

↵2

16
(Fµ⇢F⌫⇢)(Fµ�F⌫�), (1.12)

where ↵ = e
2

4⇡
and e is the electromagnetic coupling. When these e↵ective interactions

arise from integrating out charged particles, any of the 4 external photon legs in the
vertex has to pick up at least one power of e. Since the coe�cient of an F 4 operators
has the ~ dimension �1, while [e] = ~�1/2, the mismatch has to be balanced by a loop
factor. For these reasons I factored out ↵2 = e4/16⇡2 from the Wilson coe�cients, such
that ai are simply order one numerical coe�cients. Any other dimension-8 terms can be
expressed by the ones in Eq. (1.12). The Wilson coe�cients a1 and a2 are arbitrary at
this point. They can be fixed when the UV completion of this EFT is specified.

One practical e↵ect of the interactions in Eq. (1.12) is to modify Maxwell’s equations
of electrodynamics. Due to the non-linearities in the field equations, a superposition of
two solutions is not a solution anymore. In practice, however, the non-linear e↵ects are
extremely small in the low-energy regime, such that they have not been unambiguously
observed to date.4

The e↵ective Lagrangian in Eq. (1.11) can be used to calculate any scattering pro-
cesses with low-energy photons. In particular, the dimension-8 interactions in Eq. (1.12)
provide the tree-level contributions to the 2-to-2 scattering. It is straightforward (even
if a bit tedious) to derive the Feynman rules and calculate the scattering amplitudes.
I will write down the results as a function of the helicities (+/�) of the incoming and
outgoing photons. One can express the helicity amplitudes in terms of the kinematical
invariants s = (p1 + p2)2, t = (p1 � p3)2, u = (p1 � p4)2 as

M(±±;±±) =
↵2

8⇤4
(4a1 + 3a2) s

2,

M(±⌥;±⌥) =
↵2

8⇤4
(4a1 + 3a2) u

2,

M(±⌥;⌥±) =
↵2

8⇤4
(4a1 + 3a2) t

2,

M(±±;⌥⌥) =
↵2

8⇤4
(4a1 + a2)

�
s2 + t2 + u2

�
. (1.13)

3In the literature another parametrization is typically used: L
d=8

EH
= c1(Fµ⌫Fµ⌫)(F⇢�F⇢�) +

c2(Fµ⌫ F̃µ⌫)(F⇢�F̃⇢�). This is equivalent to the one in Eq. (1.12) upon relating the Wilson coe�cients
as a1↵2 = 16c1 � 32c2, a2↵2 = 64c2.

4Light-by-light scattering is routinely observed in colliders, however for photon energies E � me

where the EFT in Eq. (1.11) is no longer valid.
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2 Examples

Let’s begin with some examples of the apparently consistent low-energy effective theories we will
constrain. Of course we should be precise about what we mean by a consistent effective theory—
loosely it should have stable vacuum, no anomalies and so on, but most precisely, a consistent
effective field theory is just one that produces an exactly unitary S-matrix for particle scattering
at energies beneath some scale Λ.

Consider the theory of a single U(1) gauge field. The leading interactions in this theory are
irrelevant operators,

L = →
1

4
FµνF

µν +
c1

Λ4
(FµνF

µν)2 +
c2

Λ4
(FµνF̃

µν)2 + . . . , (1)

with Λ some mass scale and c1,2 dimensionless coefficients. As another example, consider a massless
scalar field ω with a shift symmetry ω → ω+const. Again the leading interactions are irrelevant,

L = ∂µω∂µω +
c3

Λ4
(∂µω∂

µω)2 + . . . (2)

As far as an effective field theorist is concerned, the coefficients c1,2,3 are completely arbitrary
numbers. Whatever the ci are, they can give the leading amplitudes in an exactly unitary S-matrix
at energies far beneath Λ. Of course the theories are non-renormalizable so an infinite tower of
higher operators must be included, nonetheless there is a systematic expansion for the scattering
amplitudes in powers of (E/Λ) which is unitary to all orders in this ratio. However, we claim that
in any UV completion which respects the usual axioms of S-matrix theory, the ci are forced to be
positive

ci > 0 . (3)

It is easy to check that indeed these coefficients are positive in all familiar UV completions of
these models. For instance, the Euler-Heisenberg Lagrangian for QED, arising from integrating
out electrons at 1-loop, indeed generates c1,2 > 0. Analogously, we can identify ω as a Goldstone
boson in a linear sigma model, where ω and a Higgs field h are united into a complex scalar field
Φ,

Φ = (v + h)eiπ/v , (4)

with a potential V (|Φ|) = λ(|Φ|2 → v2)2. The action for ω, h at tree-level is

L =
(

1 +
h

v

)2
(∂ω)2 + (∂h)2 → M2

hh2 → . . . (5)

Integrating out h at tree-level yields the quartic term

Leff =
λ

M4
h

(∂ω)4 + . . . (6)

which has the claimed positive sign.

3

bound [11] (f(s) < c1s log2 s for s ! 1 and some constant c1). The last postulate
does not hold the Euler-Heisenberg e↵ective theory, as f(s) ⇠ s2. Although Eq. (1.20)
cannot be applied in this EFT, it should be valid in its UV completion provided the
latter is well-behaved. On the other side, the left-hand side can be reliably calculated
within the EFT, as it refers to the s ! 0 limit of the amplitudes.

We choose the spin state �1�2 such that that spins are the same after t-channel
crossing: f�1�2(u) = f�1�2(s). Then unitarity (the optical theorem) allows us to trade
the imaginary forward amplitude for the total elastic and inelastic scattering cross section
from the given initial spin state: Im f�1�2(s) = s��1�2!all(s). Thus, we rewrite Eq. (1.20)
as

1

2!

df�1�2

ds2
|s=0 = 2

Z 1

0

ds
��1�2!all(s)

⇡s2
. (1.21)

The right-hand side is unknown and depends on the UV completion of the EFT, however
one thing we are sure is that it is manifestly positive. This in turn implies the positivity
of the left-hand side, which can be adequately approximated in the EFT and expressed
in terms of the Wilson coe�cients a1, a2.

To obtain concrete bounds, we use the amplitudes in the linear polarization basis in
Eq. (1.19). Under crossing the linear polarizations remain the same. Hence, the forward
amplitudes for the spin states |x/y, x/yi and |x/y, y/xi are transformed into itself under
t-channel crossing, as required in the derivation of Eq. (1.21). The dispersion relations
for these states read

(2a1 + a2)
↵2

2⇤4
= 2

Z 1

0

ds
�x/y,x/y!all(s)

⇡s2
,

a2
↵2

4⇤4
= 2

Z 1

0

ds
�x/y,y/x!all(s)

⇡s2
. (1.22)

Since the right-hand sides are manifestly positive, we obtain the positivity conditions on
the Wilson coe�cients in the Euler-Heisenberg Lagrangian:

2a1 + a2 > 0, a2 > 0. (1.23)

These conditions have to be satisfied for any sensible UV completion of the Euler-
Heisenberg Lagrangian. It is easy to verify it that the positivity conditions are satisfied
in (scalar) QED examples in Eq. (1.15) and Eq. (1.16). For the axion in Eq. (1.18) one
has 2a1 + a2 = 0 at tree level, which means that another contribution must arise at a
loop level to make this combination strictly positive.

The dispersion relations in Eq. (1.22) also provide a neat path to derive perturbativity
bounds on the Wilson coe�cients. Let us assume that the 2 ! 2 cross section calculated
in the EFT approximates well the one in the full UV complete theory all the way to the
cut-o↵ ⇤, that is for

p
s . ⇤. Cutting o↵ the integral on the right-hand side we obtain

2a1 + a2 & ↵2

16⇡2

✓
19a2

1

20
+

13a1a2
15

+
13a2

2

64

◆

a2 & ↵2

16⇡2

✓
a2
1

5
+

a1a2
60

+
3a2

2

40

◆
(1.24)

These constrain a1 and a2 to a be inside a circle of finite radius, and they cannot be arbi-
trarily large in a consistent EFT (although they can be rather huge due to the smallness
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UV: 

one-loop QED:

The remaining helicity amplitudes, not displayed above, are zero. The first 3 amplitudes
depend on the same linear combination of the Wilson coe�cients. That is because they
are not independent, as they are related by the crossing symmetry. t-channel crossing
corresponds to exchanging s $ u, and replacing the 1st helicity entry with the opposite
of the 3rd and vice-versa. u-channel crossing corresponds to exchanging s $ t, and
replacing the 1st helicity entry with the opposite of the 4th and vice-versa. The crossing
symmetry must hold in any sensible quantum field theory, and one can easily see that
the amplitudes in Eq. (1.13) are consistent with the t- and u-channel crossing. The last
amplitude in Eq. (1.13) transform into itself under crossing symmetry.

The Euler-Heisenberg Lagrangian is an e↵ective theory valid at energies up to the
cut-o↵ ⇤. At that scale it is replaced by another theory containing some other particle of
mass⇠ ⇤ coupled to the photon. The dimension-8 interactions in Eq. (1.12) approximate
the e↵ects of exchanging the new particle between photons at energy scales E ⌧ ⇤. The
coe�cients a1 and a2 can then be matched by comparing the EFT results for the 2-to-2
scattering amplitude with that calculated in the UV theory with the new particle.

One example of the UV completion is the QED Lagrangian:

LUV = �
1

4
Fµ⌫Fµ⌫ + i �µ@µ + eQe �µ Aµ, (1.14)

where  is the electron field and Qe = �1. In QED, 2-to-2 photon scattering proceeds
through box diagrams with the electron in the loop, like the one in Fig. ??. Calculating
the helicity amplitudes from these diagrams, expanding the results in m2

e
, and keeping

the leading 1/m4

e
term in this expansion, the QED amplitudes take the form of Eq. (??)

with the following identification:

aQED

1

⇤4
= �

4Q2

e

9m4
e

,
aQED

2

⇤4
=

56Q2

e

45m4
e

. (1.15)

For other SM fermions the result is the same upon replacing Qe ! Qf , me ! mf , and
including the color factor where appropriate. Integrating out a scalar with the mass
ms and the electric charge Qe leads to a di↵erent pattern of the Wilson coe�cients (see
e.g. [8]):

aSQED

1

⇤4
=

Q2

s

18m4
s

,
aSQED

2

⇤4
=

2Q2

s

45m4
s

. (1.16)

Finally, consider a UV completion which is itself an e↵ective theory. The Lagrangian
contains a real scalar h of mass mh coupled to photons via dimension-5 interactions

LUV = �
1

4
Fµ⌫Fµ⌫ +

1

2
(@µh)

2
�

m2

h

2
h2 + bh

↵

4⇡f
hFµ⌫F̃µ⌫ . (1.17)

The coupling bh is characteristic for axions, or more generally for Goldstone bosons of a
global symmetry spontaneously broken at the scale f where the global symmetry current
has a mixed triangle anomaly with the electromagnetic U(1) currents. Integrating out h
at tree level leads to the e↵ective dimension-8 interactions in Eq. (1.12) with the Wilson
coe�cients

aaxion
1

⇤4
= �

b2
h

⇡2f 2m2

h

,
aaxion
2

⇤4
=

2b2
h

⇡2f 2m2

h

. (1.18)
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tree-level ALP:

The remaining helicity amplitudes, not displayed above, are zero. The first 3 amplitudes
depend on the same linear combination of the Wilson coe�cients. That is because they
are not independent, as they are related by the crossing symmetry. t-channel crossing
corresponds to exchanging s $ u, and replacing the 1st helicity entry with the opposite
of the 3rd and vice-versa. u-channel crossing corresponds to exchanging s $ t, and
replacing the 1st helicity entry with the opposite of the 4th and vice-versa. The crossing
symmetry must hold in any sensible quantum field theory, and one can easily see that
the amplitudes in Eq. (1.13) are consistent with the t- and u-channel crossing. The last
amplitude in Eq. (1.13) transform into itself under crossing symmetry.

The Euler-Heisenberg Lagrangian is an e↵ective theory valid at energies up to the
cut-o↵ ⇤. At that scale it is replaced by another theory containing some other particle of
mass⇠ ⇤ coupled to the photon. The dimension-8 interactions in Eq. (1.12) approximate
the e↵ects of exchanging the new particle between photons at energy scales E ⌧ ⇤. The
coe�cients a1 and a2 can then be matched by comparing the EFT results for the 2-to-2
scattering amplitude with that calculated in the UV theory with the new particle.

One example of the UV completion is the QED Lagrangian:

LUV = �
1

4
Fµ⌫Fµ⌫ + i �µ@µ + eQe �µ Aµ, (1.14)

where  is the electron field and Qe = �1. In QED, 2-to-2 photon scattering proceeds
through box diagrams with the electron in the loop, like the one in Fig. ??. Calculating
the helicity amplitudes from these diagrams, expanding the results in m2

e
, and keeping

the leading 1/m4

e
term in this expansion, the QED amplitudes take the form of Eq. (??)

with the following identification:

aQED

1

⇤4
= �

4Q2

e

9m4
e

,
aQED

2

⇤4
=

56Q2

e

45m4
e

. (1.15)

For other SM fermions the result is the same upon replacing Qe ! Qf , me ! mf , and
including the color factor where appropriate. Integrating out a scalar with the mass
ms and the electric charge Qe leads to a di↵erent pattern of the Wilson coe�cients (see
e.g. [8]):

aSQED

1

⇤4
=

Q2

s

18m4
s

,
aSQED

2

⇤4
=

2Q2

s

45m4
s

. (1.16)

Finally, consider a UV completion which is itself an e↵ective theory. The Lagrangian
contains a real scalar h of mass mh coupled to photons via dimension-5 interactions

LUV = �
1

4
Fµ⌫Fµ⌫ +

1

2
(@µh)

2
�

m2

h

2
h2 + bh

↵

4⇡f
hFµ⌫F̃µ⌫ . (1.17)

The coupling bh is characteristic for axions, or more generally for Goldstone bosons of a
global symmetry spontaneously broken at the scale f where the global symmetry current
has a mixed triangle anomaly with the electromagnetic U(1) currents. Integrating out h
at tree level leads to the e↵ective dimension-8 interactions in Eq. (1.12) with the Wilson
coe�cients

aaxion
1

⇤4
= �

b2
h

⇡2f 2m2

h

,
aaxion
2

⇤4
=

2b2
h

⇡2f 2m2

h

. (1.18)
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What is the connection with swampland/weak gravity conjecture?
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Colliders
(LHC = Higgs + Nothing*) ⇒ More energy & More precision

* actually a lot progress in our understanding of the SM: 
1) Improved measurements of SM processes;  2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.
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Colliders
(LHC = Higgs + Nothing*) ⇒ More energy & More precision

We need a broad and ambitious programme that can 
1. sharpen our knowledge of already discovered physics 

2. push the frontiers of the unknown at high and low scales. 
  

The Future Circular Collider integrated programme fits the bill.

* actually a lot progress in our understanding of the SM: 
1) Improved measurements of SM processes;  2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.
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Future Circular Collider
• A versatile particle collider, with four interaction poins, housed in a 200m-underground 

91 km ring around CERN.  

• Implemented in several stages:  
‣ an e+e- “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV  

‣ followed by a high-energy pp collider reaching 100 TeV

CG - / 349

FCC-ee

FCC-hh
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Progress in Accelerator Science
At FCC-ee: LEP1 data accumulated in every 2 mn. 

(for the same power consumption, i.e. machine 100’000 more efficient). 

-6
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FCC-ee Physics Programme

• Opportunities beyond the baseline plan (√s below Z, 125GeV, 217GeV; larger integrated lumi…) 
• Opportunities to exploit FCC facility differently (to be studied more carefully):

๏ using the electrons from the injectors for beam-dump experiments, 
๏ extracting electron beams from the booster, 
๏ reusing the synchrotron radiation photons.

Total 
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CDR baseline runs (4IPs)
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FCC-ee

FCC-ee Physics Programme
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FCC-ee"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top 3

FCC-ee Physics Programme
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FCC-ee
•Axion-like particles, dark photons, 	
Heavy Neutral Leptons  
• long lifetimes - LLPs 

direct searches  
of light new physics

𝜈

flavour factory 
(1012 bb/cc; 1.7x1011 𝜏𝜏) 

𝜏 physics

•𝜏-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s𝜏𝜏 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top 3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N𝜈 
•Rl, AFB  
•mW, ΓW

FCC-ee Physics Programme
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EU Support
• EU Competitiveness Report: 400-page report made public by Mario Draghi on Monday 9/9/24024:   

• Handed to Ursula von der Leyen (European Commission president) for subsequent action 

• Urges the EU to invest 800 billion euros annually [with specific guidance] to close the economic gap 
between the US and China (consistently seen as a threat throughout the report)  

• CERN mentioned 19 times in the report (and FCC 3 times)! 
• “Refinancing CERN and ensuring its continued global leadership in frontier research should be 

regarded as a top EU priority.” 
• “One of CERN’s most promising current projects, with significant scientific potential, is the 

construction of the Future Circular Collider (FCC): a 90-km ring designed initially for an electron 
collider and later for a hadron collider.” 

• Speech of Ursula von der Leyen at CERN@70 celebration (Youtube recording from 38'12" onwards)  
• “CERN has become the centre of the world for particle physics”  
• “I am proud that we have funded the FCC Feasibility Study”  
• “I want the increase research budget just as you wish, Fabiola”  

 • July 16, 2025: Commission’s proposal for the next Multiannual Financial Framework 2028–34 
and the European Competitiveness Fund: 410 billion EUR  

• FCC is one of the 11 “moonshots” with up-to 20% of the project funded by EU.  

Youtube
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Breaking news from the European Commission

A more sexy view of the Moonshots:

Youtube
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Why becoming a physicist?

You can choose the problems you want to work on.

You are interacting with intellectually stimulating people.

You won’t be eternal, but your science can be eternal… 
provided you pass it to the next generation!

I wish you all the best for your studies and your scientific career.


