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Landscape of new physics

ruled out SMEFT

hopeless SMEFTSM + X

But why should there be any new physics that is light and weakly 
coupled? 
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New Physics 
Mass

New Physics 
couplings

If these states are light they can be DM or mediators



Light new physics ?
First example: Goldstone bosons
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V (�) = µ2��† + � (��†)2

� = (f + s)eia/f

m2
h = |µ2|m2

s = 4�f2

m2
a = 0

Every spontaneously broken 
continuous symmetry gives rise to 
massless spin-0 fields.

V (�)

Im�

µ2 < 0

Re�



Since the GB corresponds to the phase of a complex field, it is 
protected by a shift symmetry

it is protected by a shift symmetry

This symmetry forbids a mass term, and all couplings are 
suppressed by the UV scale

L =
1

2
@µa @

µa+ cµ
@⌫a

4⇡f
µ̄�⌫µ+ . . .

eia(x)/f ! ei(a(x)+c)/f = eia(x)/feic/f

� = (f + s)eia/f
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Goldstone bosons



An exactly massless boson is very problematic. 
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The global symmetry can be broken by 
explicit masses or anomalous effects

Small couplings correspond to small masses and a 
decoupled NP sector.
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The most famous example is the pion

m2
⇡ =

mu +md

f2
⇡

⇤3
QCD ⇡ (140MeV)2

hq̄LqRi = ⇤3
QCD ⇡ GeV3

LQCD = q̄Li /D qL + q̄Ri /D qR +mq q̄LqR

⇢, P,N

⇡

The pion mass is controlled by the explicit breaking 
through light quark masses
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NP at f

axion

Goldstone bosons
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2 The E↵ective ALP Lagrangian

In this section we summarise the important results from [55] and [30] which are relevant for
the phenomenology of an axion-like particle in flavor observables and in exotic decays of the
Higgs and Z bosons. In particular, we stress that renormalization-group (RG) e↵ects generate
ALP couplings to all gauge bosons, leptons and quarks even if only a single ALP coupling is
present at the UV scale. This has important consequences for the branching ratios of the ALP
to SM particles and ignoring RG e↵ects would lead to di↵erent constraints for any given ALP
model. In addition, many of the ALP searches discussed in Section 3 are relevant for a larger
class of models than one would naively expect from the coupling structure in the UV.

2.1 The ALP Lagrangian at the UV scale

We consider a new pseudoscalar resonance, a, whose couplings to SM fields are protected by
an approximate shift symmetry a ! a + c at the classical level which is only broken by the
mass term m

2
a,0. The most general e↵ective Lagrangian including operators of dimension up

to 5 and invariant under the SM gauge group reads [56]

LD5
e↵ =

1

2
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a) �
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2
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2 +
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f

X
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 ̄F cF �µ  F + c�
@
µ
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f

�
�
†
iDµ�+ h.c.

�

+ cGG
↵s

4⇡

a

f
G

a
µ⌫ G̃

µ⌫,a + cWW
↵2

4⇡

a

f
W

A
µ⌫ W̃

µ⌫,A + cBB
↵1

4⇡

a

f
Bµ⌫ B̃

µ⌫
.

(2.1)

Here Ga
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of the SM gauge group SU(3)c, SU(2)L

and U(1)Y , B̃µ⌫ = 1
2✏

µ⌫↵�
B↵� etc. (with ✏

0123 = 1) are the dual field strength tensors, and
↵s = g

2
s/(4⇡), ↵2 = g

2
/(4⇡) and ↵1 = g

0 2
/(4⇡) denote the corresponding coupling parameters.

The sum in the first line extends over the chiral fermion multiplets F of the SM and the Higgs
doublet is denoted by �. The quantities cF are 3⇥3 hermitian matrices in generation space
and together with the ALP couplings to gauge bosons cGG, cWW , cBB and to the Higgs doublet
c�, there are 49 real parameters in the Lagrangian. The five global U(1) symmetries of the
SM (individual lepton numbers, baryon number, and hypercharge) can be used to remove
five of these, resulting in 44 real physical parameters. This can be seen by examining the
transformation of the full Lagrangian under these global symmetries. We define QF as the
charge matrix of the fermion F and Q� as the charge of the Higgs doublet under one of these

symmetries, such that e.g. Q(B)
d  d =

1
3  d gives the baryon number of the down type quarks.

Then a field redefinition

 F ! exp

✓
ic
a

f
QF

◆
 F , � ! exp

✓
ic
a

f
Q�

◆
�, (2.2)
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Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)

Most general dimension five Lagrangian at the UV scale 

Axionlike particles

All couplings are suppressed by the UV scale f
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Most general dimension five Lagrangian at the UV scale 

Axionlike particles

All couplings are suppressed by the UV scale f

explicit mass term couplings to fermions
coupling to the Higgs current

coupling to gluons
coupling to SU(2)L gauge bosons

coupling to hypercharge

F=Q,u,d,L,e



For the purpose of this talk I will focus on the fermion couplings 

Axionlike particles
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The derivative coupling can be rewritten as a pseudoscalar 
coupling using the anomaly equation for the axial-vector current 
( or the equations of motion)
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If you calculate axion production, these two bases are equivalent 

Axionlike particles

a

E.g. an axion radiated off an electron

Same for the axion decay rate into photons

a

�

�

=
a

=a
 

a
 

    

+
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There are many ways to search for axions…

Axionlike particles
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MB, Neubert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056 
  



Axionlike particles

At very low energies, axion exchange induces a spin-dependent force

J. E. Moody and F. Wilczek, Phys. Rev. D 30 (1984), 130  
Ledbetter, Romalis, Kimball, Phys. Rev. Lett. 110, 040402 (2013)

a

N N

N

N

Constraints  e.g. from hyperfine splitting corrections
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. . .

Axionlike particles

If there is a theta angle the axion has a tiny scalar coupling as well

monopole2 dipole2monopole x dipole

�

Any such force would depend on the size of the theta angle, which 
acts like a spurion for the shift symmetry

J. E. Moody and F. Wilczek, Phys. Rev. D 30 (1984), 130 
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Axionlike particles
This can have interesting effects in situations where the nuclear density 
is large, because finite density effects change the axion potential 

and then one can have 

nucleon number density

theta ~ pi

A. Hook and J. Huang, JHEP 06 (2018), 036

and a large force at small  
distances 
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Axionlike particles

The axion also mediates spin-independent forces via 2-axion exchange 
that is completely theta independent

If you calculate the potential you find

for

19 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

The axion also mediates spin-independent forces via 2-axion exchange 
that is completely theta independent

If you calculate the potential you find

Vab =
3c2 1

c2 2

128⇡3f4

1

r5

for

for

This result can’t possibly depend on the basis!
20 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles
The problem is that applying the equations of motion only accounts for 
a linear shift in the fermion fields. Since we have an 1/f4 effect we need 
to shift up to quadratic order

 ! exp

✓
i
a

f

◆
 = i

a

f
 � a2

2f2
 + . . .

or in terms of the anomaly equation

EoM account only for this term

21



Axionlike particles

And the result agrees with the derivative basis

As a result the full calculation in the pseudoscalar basis has additional 
contributions

22 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

But there is a quadratic spurion in the ALP Lagrangian

A delicate cancellation between the linear and quadratic interactions 
makes the spin-independent axion force extremely suppressed ~1/r5

cm

For a generic ALP this shift-symmetry breaking scales like ~1/f5

23 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

But the QCD axion is special, because the shift symmetry is broken by 
the quark masses

The relevant interactions of the QCD axion in the chiral 2-flavor 
Lagrangian   can be written as

and

24 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

All terms are shift symmetric apart from

with 

and the coefficient

This term breaks the shift symmetry at the same order in 1/f as the 
leading shift-invariant interactions even though it’s induced by a higher 
order operator

25 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

The leading contributions to the potential read

This force acts only between nuclei, because the shift-symmetry 
breaking quadratic coupling doesn’t exist  for leptons

cN1cN2

26 MB,  Rostagni,  hep-ph/2307.09516



Axionlike particles

The leading constraints arise from “Casimir-less” fifth force searches 
and the force is purely attractive for an axion only coupled to gluons 

 Chen, Tham, Krause, Lopez, Fischbach, Decca, Phys. Rev. Lett. 116 (2016) 
no.22, 221102

“old” bound 

new bound, only ssb
new bound

27 MB,  Rostagni,  hep-ph/2307.09516



Hidden Photons
Second example: gauge bosons (local symmetry breaking)

� = (f + s)eia/f

Interactions with the SM are either directly set by the gauge 
coupling or through kinetic mixing

mX = gXf

Bµ ✏ / gXe

8⇡2
log

⇤2

m2Xµ

Small gauge couplings imply small masses
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4
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µ�� V (�)+ gX  ̄�µ X
µ
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Hidden Photons
The hidden photon can be either a secluded gauged group, 
or one of the anomaly free global symmetries of the SM 
(unless you add more matter fields)

If you calculate the kinetic mixing between the photon and the 
hidden photon

Bµ Xµ

Xµ� ✏ / egµ�⌧

12⇡2
log

✓
mµ

m⌧

◆

U(1)B�L U(1)Lµ�Le U(1)L⌧�Le U(1)Lµ�L⌧
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Bounds on hidden photons
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Bounds on hidden photons
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Hidden Photons
The hidden photon can be either a secluded gauged group, 
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Hidden Photons
In some cases the loop induced mixing is finite, e.g. 

In this case the muon, tau and the corresponding neutrinos 
are charged under a new gauge group

33

Bµ Xµ XµW 3
µ

With the result

MB, Foldenauer, Phys. Rev. Lett. 129, 171801 (2022).



Hidden Photons

But this is not always the case, e.g. for a charged B-L group

Bµ ✏ / gXe

8⇡2
log

⇤2

m2Xµ

What’s the implication of this UV divergence in kinetic mixing?

So some hidden photon gauge groups have finite kinetic 
mixing, others are sensitive to a UV scale

34



Hidden Photons

Consider the photon-Z mixing in the SM

L � Z3
1

4
Fµ⌫Fµ⌫ + ZZ

3
1

4
Zµ⌫Zµ⌫

� � � Z ZZ

✏ / gXe

8⇡2
log
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m2
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8⇡2
log
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8⇡2
log

⇤2

m2

Needs 3 counterterms:

35

1

4
ZAAF

µ⌫Fµ⌫ +
1

4
ZZZZ
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1

2
ZZAFµ⌫Z

µ⌫

But there can be only 2:

L � 1

4
ZBBB

µ⌫Bµ⌫ +
1

4
ZWWW a,µ⌫W a

µ⌫



Hidden Photons

Consider the photon-Z mixing in the SM

� � � Z ZZ

✏ / gXe

8⇡2
log

⇤2

m2
✏ / gXe

8⇡2
log

⇤2

m2 ✏ / gXe

8⇡2
log

⇤2

m2

The only way 3 divergences can be absorbed in 2 
counterterms is when the couplings aren’t independent 
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Hidden Photons

If the kinetic mixing term is UV divergent there must be a 
symmetry breaking in the UV that mixes the gauge bosons

Without knowing anything else we know that GUV can’t be a 
direct product

GUV ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)B�L

Whereas for it must be possible to find a direct product
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Two Surprises 

1. For QCD axions interacting with quarks and gluons the 
leading term in the spin-independent force is induced by 
higher-order shift-symmetry breaking operators

2. The divergence of any loop-induced kinetic mixing term for 
hidden photons tells us whether the underlying gauge group 
in the Uv can be written as a direct product or must be a GUT
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