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Why long-lived particles?

Collider experiments are designed to search for prompt decays. 
New particles with microscopic lifetimes are strongly constrained 
by LHC searches.
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Why long-lived particles?

Very long-lived particles are constrained by astrophysical 
observables and beam-dump experiments.
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What makes particles long-lived?

Typically: Large boosts and small decay width. E.g. Axion-like 
particles coupled to photons

Why long-lived particles?
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Typically:  Long lifetime  = Weak couplings and small masses
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Why long-lived particles?

Constraints on axions 
interacting with photons
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Why long-lived particles?

‘Lifetime gap’ for Axions 
coupled to photons
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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.

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

Weak couplings and small masses



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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Scales at f
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The most famous example is the QCD axion

The mass of the QCD axion is linked to it’s couplings
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The QCD axion
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The QCD axion

a ⇡0

�

�

g, �

a
t

g, �

The Axion-photon coupling is related to its mass

Both gluon- 
and fermion 
couplings 
contribute
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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]
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(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
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Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)

Most general dimension five Lagrangian at the UV scale 

All couplings are suppressed by the UV scale f

Axionlike Particles
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Most general dimension five Lagrangian at the UV scale 

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

Axionlike Particles



Axionlike Particles
For ALPs the link between coupling and mass is broken

The phenomenology is very different depending on the 
interactions induced at the UV scale

RG effects are important! 

MB, Neubert, Renner, Schnubel, 

Thamm,  JHEP 04 (2021) 063 

Chala et al., 	 

Eur.Phys.J.C 81 (2021) 2

Solution to the strong CP problem not only for the ‘axion band’
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Axionlike Particles

For ALPs the link between coupling and mass is broken. In 
principle the strong CP problem can be explained outside 
the QCD axion band

18
Valenti, Vecchi, Xu, JHEP 10 (2022) 025  and references




Axionlike Particles

For small muon couplings the muon anomalous magnetic 
moment can be explained

ing minimum energies are su�ciently long-lived to travel from the Sun to the Earth before
decaying. We also note that limits on the ALP–electron coupling in the mass range between
20MeV and 10GeV can be derived from dark-photon searches performed at MAMI [81] and
BaBar [82]. While a proper conversion of these limits is non-trivial [83] and beyond the scope
of this work, the bounds one obtains are typically rather weak, of order |c

e↵

ee |/⇤ & 103 TeV�1.
Assuming the approximate universality of the ALP–lepton couplings shown in (32), a stronger
constraint can be derived from a dark-photon search in the channel e+e� ! µ

+
µ
�
Z

0 performed
by BaBar [84], which we will reanalyze in the context of our model in the next section. For
C�� = 0, this gives rise to the bound shaded in gray in Figure 4.

Of the one-loop contributions to the e↵ective ALP–electron coupling in (24), only the
photon term shows a sizable sensitivity to the ALP mass, and only in the region where ma &
me. We find (with µ = ⇤ = 1TeV in the argument of the logarithms)

c
e↵

ee (ma = 1GeV) ⇡ cee

⇥
1 + O

�
↵
�⇤

� 0.8 · 10�2
CWW + (0.7 � 1.1 i) · 10�2
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CWW � 1.4 · 10�2

C�� .

(36)

To satisfy the model-independent bound |c
e↵

ee |/⇤ < 10�6 TeV�1 in the mass range ma < 10 keV
would require that |C��| and |CWW | (and hence both |CWW | and |CBB|) must be smaller than
approximately 10�4 (⇤/TeV) in this low-mass region.

4 Anomalous magnetic moment of the muon

The persistent deviation of the measured value of the muon anomalous magnetic moment
aµ = (g � 2)µ/2 [85] from its SM value provides one of the most compelling hints for new
physics. The di↵erence a

exp

µ � a
SM

µ = (29.3 ± 7.6) · 10�10, where we have taken an average
of two recent determinations [86, 87], di↵ers from zero by about 4 standard deviations. It
has been emphasized recently that this discrepancy can be accounted for by an ALP with an
enhanced coupling to photons [11]. At one-loop order, the e↵ective Lagrangian gives rise to
the contributions to aµ shown in Figure 5. The first graph, in which the ALP couples to the
muon line, gives a contribution of the wrong sign [88, 89]; however, its e↵ect may be overcome
by the second diagram, which involves the ALP coupling to photons (or to �Z), if the Wilson
coe�cient C�� in (1) is su�ciently large [10, 11]. Performing a complete one-loop analysis, we
find that the e↵ective ALP Lagrangian gives rise to the new-physics contribution
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

[Add a new plot and/or discussion of the case where all diagonal and o↵-diagonal cou-
plings are 1, and plot constraints on Lambda?]

In the SM, lepton flavor violating (LFV) couplings are not present, because in the absence
of neutrino masses the SM respects an exact lepton flavor symmetry. E↵ects from MFV-
type ALP couplings in the lepton sector are therefore absent or proportional to neutrino
masses. Even if ALP tree-level couplings are lepton flavor violating, from eq.(8) it follows that
these couplings are suppressed by the lepton masses. Given the large hierarchy in charged
lepton masses, loop e↵ects can be important if the lepton in the loop is heavier than the
external lepton(s). In observables probing lepton flavor-violating decays like µ ! e�, µ ! 3e
or tau decays, the contributions from electromagnetic form factors may dominate over LFV
four fermion interactions. ALPs contribute to the electromagnetic form factors through the
diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.

The diagrams on the left and in the center of Figure 5 allow only for a single lepton
flavor change, whereas for the diagram on the right of Figure 5, both ALP-vertices can change
the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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The allowed 
parameter space is 
right in the ‘lifetime 
gap’

MB, Neubert, Renner, Schnubel, 
Thamm, Phys.Rev.Lett. 124 (2020) 
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How to close the gap?

ATLAS, Nature Phys 13, no. 9, 852 (2017)
Knapen et al. Phys. Rev. Lett. 118 (2017) 
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CMS 1810.04602

Different strategies:

1. High statistics


2. (Very) displaced vertices 

4. Exotic decays

3. Flavor observables



High statistics: 

Photon fusion in Ion scattering

21

How to close the gap?

a

Pb

Pb

Pb

Pb

�

�

Ze

Ze

Fig. 1: Exclusive ALP production in ultra-peripheral Pb-Pb collisions.

LEP and LHC [13–15]. In Fig. 2, we show the expected sensitivity from performing a bump hunt in
m�� for UPCs, assuming a luminosity for the current (1 nb�1) and the high luminosity (10 nb�1) Pb-Pb
runs.1 For each mass point we computed the expected Poisson limit [16]. The dominant backgrounds
are estimated to be light-by-light scattering [3] and fake photons from electrons, and become negligible
for m�� & 20 GeV. In the region which there is background, we assume the entire signal falls into a
bin of width 1 GeV. The signal selection criteria in this case are ET > 2 GeV and |⌘| < 2.5 for the
two photons and |��� � ⇡| < 0.04. The analogous limit from the exclusive p-p analysis performed by
CMS [17] is also shown, which is very weak due to low photon luminosities. For the FF̃ operator the
heavy-ion limits are significantly stronger, whereas for the BB̃ operator, traditional p-p collider limits
are enhanced due to additional production channels through the Z coupling.

Light-by-light scattering has been measured by the ATLAS collaboration [2], and the results were
consistent with our estimates and those in earlier computations [18–20]. Using the observed m�� spec-
trum, we then derive an observed limit on ALPs for F eF and B eB couplings, which are shown in black
in Fig. 2. In detail, we generated Monte Carlo samples for the ALP signal using a modified version of
the STARlight code [21],2 which assigns a small virtuality to the photons and as such leads to a typical
p��T . 100 MeV for the recoil of the ��-system. We then follow the ATLAS analysis and apply the
following selection cuts on the signal:

1. Require exactly two photons with ET > 3 GeV and |⌘| < 2.4

2. Demand |��� � ⇡| < 0.03, where ��� is the azimuthal angle between the two photons

The signal efficiency is ⇠70% near threshold and becomes fully efficient if the sum of the photon ener-
gies exceeds 9 GeV. The selection criteria are slightly different from our previous theoretical analysis,
however we note that only the larger ET cut leads to noticeable changes for the efficiencies. Given
that we do not model photon identification at the detector level, we apply an extra total reconstruction
efficiency of 90%, which roughly takes into account the per-photon ID efficiency of 95% measured by
ATLAS.

The m�� spectrum measured by ATLAS is plotted in bin-widths of 3 GeV, starting at m�� = 6
GeV. For our exclusion, we generated samples with m�� = 7, 10, 13, 16, ... GeV, and assume that all the
events are contained in their respective bins after final selection. We further assume that ATLAS did not
observe any events with m�� & 30 GeV. The 95% exclusion limits on the coupling 1/⇤ are obtained
assuming only statistical uncertainties. A more detailed CLs analysis that includes a proper treatment of
systematics would yield slightly more conservative limits, and we encourage the experimental commu-
nity to include such an analysis as it is beyond the scope of our simulation framework.

In summary, we have found that heavy-ion collisions at the LHC can provide the best limits on
ALP-photon couplings for 7 GeV < ma < 100 GeV, confirming our previous estimates. The very

1Limits from the p-Pb runs are not competitive despite their higher luminosity, because of the less advantageous Z2 scaling
of the production rate. Collisions with lighter elements, e.g. Ar-Ar, may set relevant limits if the luminosity could be enhanced
by two to three orders of magnitude, as compared to current Pb-Pb run.

2Our patch for ALP production is now included in the latest STARlight release.
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Fig. 2: Left: We show 95% exclusion limits on the operator 1
4

1
⇤aF F̃ using recent ATLAS results on heavy-ion

UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb�1 (10 nb�1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb�1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2�, 3�) [22] and from the LHC (ATLAS
2�, 3�) [23, 24] (see [1] for details). Right: The corresponding results for the operator 1

4 cos2 ✓W

1
⇤aBB̃. The LEP

I, 2� (teal shaded) limit was obtained from [14].

large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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1 Axion Like Particles

Axion like particles (ALPs) is a collective name for pseudo Nambu-Goldstone bosons with unspec-
ified derivative couplings to Standard Model (SM) particles. The name is inspired by the axion
which is the pseudo Nambu-Goldstone boson of the Peccei-Quinn symmetry [1–4] introduced to
solve the strong CP-problem, but an ALP appears in any theory with a spontaneously broken
global symmetry. For some large breaking scale f , the ALP can be the harbinger of an ultraviolet
sector of physics with masses MUV / f that is otherwise inaccessible by current and future collider
experiments. Since ALP couplings instead scale as 1/f , they can be long-lived if the New Physics
is heavy, making them prime candidates for experiments probing displaced vertices. Measuring
the ALP couplings to SM particles can therefore reveal non-trivial information about a whole New
Physics sector. In addition, ALPs can be non-thermal candidates for Dark Matter [5]. In order
for the decays of the ALP Dark Matter not to disturb cosmology, the ALP has to decay before
Big Bang Nucleosynthesis [6]. This means that the lifetime of the ALP must be c⌧a . 108 m,
providing additional motivation for displaced vertex searches. 1

Up to operators of dimension five, the couplings between the ALP and SM particles are given by
the operators

L5 = cG
g2s

16⇡2

a

f
GA

µ⌫G̃
µ⌫, A + cW

g2

16⇡2

a

f
WA

µ⌫W̃
µ⌫, A + cB

g0 2

16⇡2

a

f
Bµ⌫B̃

µ⌫ +
@µa

f

X

i

ci
2
 ̄i�µ�5 i ,

(1.1)

where c�� = cW + cB and c�Z = cos2 ✓w cW � sin2 ✓W cB and cZZ = cos4 ✓w cW + sin4 ✓W cB are the
relevant Wilson coe�cients in the electroweak broken phase, and the couplings to fermions ci are
assumed to be flavour universal. Here, f sets the scale of the UV completion and is related to the
ALP decay constant by f = �2cGfa. Operators that introduce couplings between the ALP and
the Higgs boson � only arise at dimension six and higher,

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

where the Higgs portal allows for h ! aa decays, whereas the coupling to the Higgs current
introduces the decay h ! Za. A possible dimension five operator coupling the ALP to the Higgs
current is redundant unless it is induced by integrating out new massive particles that obtain most
of their mass from the electroweak scale [7–10]. An ALP mass can be generated through some
external breaking of the corresponding symmetry, or can be dynamically introduced through its
couplings to the QCD condensate. In the latter case, the ALP mass is directly related to the
decay constant ma / f⇡m⇡/fa with f⇡ and m⇡ the pion decay constant and the pion mass, respec-
tively. In the more general case there is no such relation andma and f are independent parameters.

1
Due to their light masses, ALPs are generically displaced from their minimum during inflation. After reheating,

their energy density behaves like dark energy until Hubble is of order their mass. Afterwards, they dilute away

as normal matter. Because their energy density does not dilute away like matter until very late, they generically

overclose the universe unless they decay or maf4
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7
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5
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that the axions start oscillating as soon as they can. This assumption is not true for some ALPs, e.g. the QCD

axion, where the mass term is not present at early times.
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Figure 7: Feynman diagrams contributing to the decay h ! Za.

5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to the
fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution to
the h ! Za decay amplitude arises first at dimension-7 order, from the second operator shown
in (4). Loops with internal gauge bosons give a vanishing contribution. The corresponding
diagrams are shown in Figure 7 and we obtain [44, 45]

�(h ! Za) =
m

3
h

16⇡⇤2

��Ce↵
Zh

��2 �3/2

✓
m

2
Z

m2
h

,
m

2
a

m2
h

◆
, (30)

where �(x, y) = (1 � x � y)2 � 4xy, and we have defined

C
e↵
Zh = C

(5)
Zh �

Nc y
2
t

8⇡2
T

t
3 ctt F +

v
2

2⇤2
C

(7)
Zh . (31)

Here yt and T
t
3 = 1

2 are the top-quark Yukawa coupling and weak isospin, and C
(5)
Zh = 0 since

the e↵ective Lagrangian (1) does not contain an operator giving a tree-level contribution to the
h ! Za decay amplitude. The top-quark loop contribution involves the parameter integral

F =

Z 1

0

d[xyz]
2m2

t � xm
2
h � zm

2
Z

m2
t � xym2

h � yzm2
Z � xzm2

a

⇡ 0.930 + 2.64 · 10�6 m
2
a

GeV2 , (32)

where d[xyz] ⌘ dx dy dz �(1 � x � y � z). Numerically, we obtain

C
e↵
Zh ⇡ C

(5)
Zh � 0.016 ctt + 0.030C(7)

Zh


1TeV

⇤

�2

. (33)

The left plot in Figure 8 shows our predictions for the h ! Za decay rate normalized to the
SM rate �(h ! Z�)SM = 6.32 · 10�6GeV [61]. We set C

(5)
Zh = 0 and display the rate ratio

in the plane of the Wilson coe�cients ctt and C
(7)
Zh . Since only the relative sign of the two

coe�cients matters, we take C
(7)
Zh to be positive without loss of generality. We find that, in

a large portion of parameter space, the exotic h ! Za mode can naturally have a similar
decay rate as the h ! Z� mode in the SM, especially if the top-quark contribution interferes
constructively with the dimension-7 contribution proportional to C

(7)
Zh .

The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
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Figure 11: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

h ! Za ! `
+
`
�
bb̄ of h ! Za ! `

+
`
�
j(j), where a single jet would be observed in the case of

strongly collimated jets. Very light ALPs or ALPs with very small couplings can remain stable
on detector scales. In this case, a Higgs produced in vector boson fusion (VBF) or in association
with a Z or a top quark pair can lead to interesting signatures pp ! hjj ! Z +ET,miss + jj,
pp ! hZ ! 2Z + ET,miss or pp ! htt̄ ! Z + ET,miss + tt̄, respectively. Alternatively, the
o↵-shell production pp ! Z

⇤
! ha can lead to an interesting mono-higgs signal. The latter

has been discussed in great detail in [? ].
[Note also that ATLAS-CONF-2016-042 contains a 4-lepton search with displaced

vertices!]

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (4), as well
as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of ALPs.
We have calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as
well as all one-loop corrections arising from two insertions of operators from the dimension-
5 e↵ective Lagrangian (1). The relevant diagrams are shown in Figure 11. Since both the
Higgs boson and the APL couple to fermions proportional to their mass, only the top-quark
contribution needs to be retained in the second diagram. Keeping ma only in the phase space
and neglecting it everywhere else, we find

�(h ! aa) =
v
2
m

3
h

32⇡⇤4

��Ce↵
ah

��2
✓
1 �

2m2
a

m2
h

◆2
s
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4m2

a

m2
h

. (36)

where the e↵ective coupling is given by

C
e↵
ah = Cah(µ) +

Nc y
2
t

4⇡2
c
2
tt
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ln
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2
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�
g
2
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�2

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µ
2
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2
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ln

µ
2
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Z

+ �1 � g2(⌧Z/h)

�
,

(37)
with ⌧i/h ⌘ 4m2

i /m
2
h and �1 = �

11
3 . The relevant loop functions read

g1(⌧) = ⌧ f
2(⌧) + 2

p
⌧ � 1 f(⌧) � 2 , g2(⌧) =

2⌧

3
f
2(⌧) + 2

p
⌧ � 1 f(⌧) �

8

3
. (38)
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1 Axion Like Particles

Axion like particles (ALPs) is a collective name for pseudo Nambu-Goldstone bosons with unspec-
ified derivative couplings to Standard Model (SM) particles. The name is inspired by the axion
which is the pseudo Nambu-Goldstone boson of the Peccei-Quinn symmetry [1–4] introduced to
solve the strong CP-problem, but an ALP appears in any theory with a spontaneously broken
global symmetry. For some large breaking scale f , the ALP can be the harbinger of an ultraviolet
sector of physics with masses MUV / f that is otherwise inaccessible by current and future collider
experiments. Since ALP couplings instead scale as 1/f , they can be long-lived if the New Physics
is heavy, making them prime candidates for experiments probing displaced vertices. Measuring
the ALP couplings to SM particles can therefore reveal non-trivial information about a whole New
Physics sector. In addition, ALPs can be non-thermal candidates for Dark Matter [5]. In order
for the decays of the ALP Dark Matter not to disturb cosmology, the ALP has to decay before
Big Bang Nucleosynthesis [6]. This means that the lifetime of the ALP must be c⌧a . 108 m,
providing additional motivation for displaced vertex searches. 1

Up to operators of dimension five, the couplings between the ALP and SM particles are given by
the operators

L5 = cG
g2s

16⇡2

a

f
GA

µ⌫G̃
µ⌫, A + cW
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16⇡2
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µ⌫ +
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f

X

i

ci
2
 ̄i�µ�5 i ,

(1.1)

where c�� = cW + cB and c�Z = cos2 ✓w cW � sin2 ✓W cB and cZZ = cos4 ✓w cW + sin4 ✓W cB are the
relevant Wilson coe�cients in the electroweak broken phase, and the couplings to fermions ci are
assumed to be flavour universal. Here, f sets the scale of the UV completion and is related to the
ALP decay constant by f = �2cGfa. Operators that introduce couplings between the ALP and
the Higgs boson � only arise at dimension six and higher,

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

where the Higgs portal allows for h ! aa decays, whereas the coupling to the Higgs current
introduces the decay h ! Za. A possible dimension five operator coupling the ALP to the Higgs
current is redundant unless it is induced by integrating out new massive particles that obtain most
of their mass from the electroweak scale [7–10]. An ALP mass can be generated through some
external breaking of the corresponding symmetry, or can be dynamically introduced through its
couplings to the QCD condensate. In the latter case, the ALP mass is directly related to the
decay constant ma / f⇡m⇡/fa with f⇡ and m⇡ the pion decay constant and the pion mass, respec-
tively. In the more general case there is no such relation andma and f are independent parameters.

1
Due to their light masses, ALPs are generically displaced from their minimum during inflation. After reheating,

their energy density behaves like dark energy until Hubble is of order their mass. Afterwards, they dilute away

as normal matter. Because their energy density does not dilute away like matter until very late, they generically

overclose the universe unless they decay or maf4
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where we have made the optimistic assumption

that the axions start oscillating as soon as they can. This assumption is not true for some ALPs, e.g. the QCD

axion, where the mass term is not present at early times.
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external breaking of the corresponding symmetry, or can be dynamically introduced through its
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Figure 7: Feynman diagrams contributing to the decay h ! Za.

5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to the
fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution to
the h ! Za decay amplitude arises first at dimension-7 order, from the second operator shown
in (4). Loops with internal gauge bosons give a vanishing contribution. The corresponding
diagrams are shown in Figure 7 and we obtain [44, 45]
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where �(x, y) = (1 � x � y)2 � 4xy, and we have defined
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Here yt and T
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3 = 1

2 are the top-quark Yukawa coupling and weak isospin, and C
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Zh = 0 since

the e↵ective Lagrangian (1) does not contain an operator giving a tree-level contribution to the
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where d[xyz] ⌘ dx dy dz �(1 � x � y � z). Numerically, we obtain
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The left plot in Figure 8 shows our predictions for the h ! Za decay rate normalized to the
SM rate �(h ! Z�)SM = 6.32 · 10�6GeV [61]. We set C

(5)
Zh = 0 and display the rate ratio

in the plane of the Wilson coe�cients ctt and C
(7)
Zh . Since only the relative sign of the two

coe�cients matters, we take C
(7)
Zh to be positive without loss of generality. We find that, in

a large portion of parameter space, the exotic h ! Za mode can naturally have a similar
decay rate as the h ! Z� mode in the SM, especially if the top-quark contribution interferes
constructively with the dimension-7 contribution proportional to C

(7)
Zh .

The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
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Figure 11: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

h ! Za ! `
+
`
�
bb̄ of h ! Za ! `

+
`
�
j(j), where a single jet would be observed in the case of

strongly collimated jets. Very light ALPs or ALPs with very small couplings can remain stable
on detector scales. In this case, a Higgs produced in vector boson fusion (VBF) or in association
with a Z or a top quark pair can lead to interesting signatures pp ! hjj ! Z +ET,miss + jj,
pp ! hZ ! 2Z + ET,miss or pp ! htt̄ ! Z + ET,miss + tt̄, respectively. Alternatively, the
o↵-shell production pp ! Z

⇤
! ha can lead to an interesting mono-higgs signal. The latter

has been discussed in great detail in [? ].
[Note also that ATLAS-CONF-2016-042 contains a 4-lepton search with displaced

vertices!]

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (4), as well
as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of ALPs.
We have calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as
well as all one-loop corrections arising from two insertions of operators from the dimension-
5 e↵ective Lagrangian (1). The relevant diagrams are shown in Figure 11. Since both the
Higgs boson and the APL couple to fermions proportional to their mass, only the top-quark
contribution needs to be retained in the second diagram. Keeping ma only in the phase space
and neglecting it everywhere else, we find
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1 Axion Like Particles

Axion like particles (ALPs) is a collective name for pseudo Nambu-Goldstone bosons with unspec-
ified derivative couplings to Standard Model (SM) particles. The name is inspired by the axion
which is the pseudo Nambu-Goldstone boson of the Peccei-Quinn symmetry [1–4] introduced to
solve the strong CP-problem, but an ALP appears in any theory with a spontaneously broken
global symmetry. For some large breaking scale f , the ALP can be the harbinger of an ultraviolet
sector of physics with masses MUV / f that is otherwise inaccessible by current and future collider
experiments. Since ALP couplings instead scale as 1/f , they can be long-lived if the New Physics
is heavy, making them prime candidates for experiments probing displaced vertices. Measuring
the ALP couplings to SM particles can therefore reveal non-trivial information about a whole New
Physics sector. In addition, ALPs can be non-thermal candidates for Dark Matter [5]. In order
for the decays of the ALP Dark Matter not to disturb cosmology, the ALP has to decay before
Big Bang Nucleosynthesis [6]. This means that the lifetime of the ALP must be c⌧a . 108 m,
providing additional motivation for displaced vertex searches. 1

Up to operators of dimension five, the couplings between the ALP and SM particles are given by
the operators
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where c�� = cW + cB and c�Z = cos2 ✓w cW � sin2 ✓W cB and cZZ = cos4 ✓w cW + sin4 ✓W cB are the
relevant Wilson coe�cients in the electroweak broken phase, and the couplings to fermions ci are
assumed to be flavour universal. Here, f sets the scale of the UV completion and is related to the
ALP decay constant by f = �2cGfa. Operators that introduce couplings between the ALP and
the Higgs boson � only arise at dimension six and higher,
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(@µa) (@
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�
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where the Higgs portal allows for h ! aa decays, whereas the coupling to the Higgs current
introduces the decay h ! Za. A possible dimension five operator coupling the ALP to the Higgs
current is redundant unless it is induced by integrating out new massive particles that obtain most
of their mass from the electroweak scale [7–10]. An ALP mass can be generated through some
external breaking of the corresponding symmetry, or can be dynamically introduced through its
couplings to the QCD condensate. In the latter case, the ALP mass is directly related to the
decay constant ma / f⇡m⇡/fa with f⇡ and m⇡ the pion decay constant and the pion mass, respec-
tively. In the more general case there is no such relation andma and f are independent parameters.
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Figure 7: Feynman diagrams contributing to the decay h ! Za.

5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to the
fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution to
the h ! Za decay amplitude arises first at dimension-7 order, from the second operator shown
in (4). Loops with internal gauge bosons give a vanishing contribution. The corresponding
diagrams are shown in Figure 7 and we obtain [44, 45]
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Here yt and T
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2 are the top-quark Yukawa coupling and weak isospin, and C
(5)
Zh = 0 since

the e↵ective Lagrangian (1) does not contain an operator giving a tree-level contribution to the
h ! Za decay amplitude. The top-quark loop contribution involves the parameter integral
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where d[xyz] ⌘ dx dy dz �(1 � x � y � z). Numerically, we obtain
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The left plot in Figure 8 shows our predictions for the h ! Za decay rate normalized to the
SM rate �(h ! Z�)SM = 6.32 · 10�6GeV [61]. We set C

(5)
Zh = 0 and display the rate ratio

in the plane of the Wilson coe�cients ctt and C
(7)
Zh . Since only the relative sign of the two

coe�cients matters, we take C
(7)
Zh to be positive without loss of generality. We find that, in

a large portion of parameter space, the exotic h ! Za mode can naturally have a similar
decay rate as the h ! Z� mode in the SM, especially if the top-quark contribution interferes
constructively with the dimension-7 contribution proportional to C

(7)
Zh .

The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
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5.1 ALP searches in h ! Za decay

The e↵ective Lagrangian (1) does not contain operators contributing to the h ! Za decay
amplitude at tree level. The only contribution arising at dimension-5 order is due to fermion
loop graphs. Because both the Higgs boson and the ALP couple to fermions proportional to the
fermion mass, the only relevant e↵ects comes from the top quark. A tree-level contribution to
the h ! Za decay amplitude arises first at dimension-7 order, from the second operator shown
in (4). Loops with internal gauge bosons give a vanishing contribution. The corresponding
diagrams are shown in Figure 7 and we obtain [44, 45]
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The left plot in Figure 8 shows our predictions for the h ! Za decay rate normalized to the
SM rate �(h ! Z�)SM = 6.32 · 10�6GeV [61]. We set C

(5)
Zh = 0 and display the rate ratio

in the plane of the Wilson coe�cients ctt and C
(7)
Zh . Since only the relative sign of the two

coe�cients matters, we take C
(7)
Zh to be positive without loss of generality. We find that, in

a large portion of parameter space, the exotic h ! Za mode can naturally have a similar
decay rate as the h ! Z� mode in the SM, especially if the top-quark contribution interferes
constructively with the dimension-7 contribution proportional to C

(7)
Zh .

The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
amplitude holds in all new-physics models, in which the operators in the e↵ective Lagrangian
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1 Axion Like Particles

Axion like particles (ALPs) is a collective name for pseudo Nambu-Goldstone bosons with unspec-
ified derivative couplings to Standard Model (SM) particles. The name is inspired by the axion
which is the pseudo Nambu-Goldstone boson of the Peccei-Quinn symmetry [1–4] introduced to
solve the strong CP-problem, but an ALP appears in any theory with a spontaneously broken
global symmetry. For some large breaking scale f , the ALP can be the harbinger of an ultraviolet
sector of physics with masses MUV / f that is otherwise inaccessible by current and future collider
experiments. Since ALP couplings instead scale as 1/f , they can be long-lived if the New Physics
is heavy, making them prime candidates for experiments probing displaced vertices. Measuring
the ALP couplings to SM particles can therefore reveal non-trivial information about a whole New
Physics sector. In addition, ALPs can be non-thermal candidates for Dark Matter [5]. In order
for the decays of the ALP Dark Matter not to disturb cosmology, the ALP has to decay before
Big Bang Nucleosynthesis [6]. This means that the lifetime of the ALP must be c⌧a . 108 m,
providing additional motivation for displaced vertex searches. 1

Up to operators of dimension five, the couplings between the ALP and SM particles are given by
the operators
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where c�� = cW + cB and c�Z = cos2 ✓w cW � sin2 ✓W cB and cZZ = cos4 ✓w cW + sin4 ✓W cB are the
relevant Wilson coe�cients in the electroweak broken phase, and the couplings to fermions ci are
assumed to be flavour universal. Here, f sets the scale of the UV completion and is related to the
ALP decay constant by f = �2cGfa. Operators that introduce couplings between the ALP and
the Higgs boson � only arise at dimension six and higher,
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where the Higgs portal allows for h ! aa decays, whereas the coupling to the Higgs current
introduces the decay h ! Za. A possible dimension five operator coupling the ALP to the Higgs
current is redundant unless it is induced by integrating out new massive particles that obtain most
of their mass from the electroweak scale [7–10]. An ALP mass can be generated through some
external breaking of the corresponding symmetry, or can be dynamically introduced through its
couplings to the QCD condensate. In the latter case, the ALP mass is directly related to the
decay constant ma / f⇡m⇡/fa with f⇡ and m⇡ the pion decay constant and the pion mass, respec-
tively. In the more general case there is no such relation andma and f are independent parameters.

1
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axion, where the mass term is not present at early times.
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Many experimental signatures:
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Figure 17: Left: Geometric setup of the MATHUSLA surface detector above the ATLAS/CMS

cavern together with a sketch of the pp ! h ! aZ process with a subsequent decay of the ALP in

the MATHUSLA detector volume. Right: Total percentage of ALPs decaying within the ATLAS or

CMS detector per ALPs produced in the Higgs decay h ! aZ (green), fraction of ALPs produced

decaying in ATLAS/CMS together with a leptonically decaying Z (dashed green), and the percentage

of ALPs decaying within the MATHUSLA detector volume (red). The gray area shows the distance

between the interaction point and the electromagnetic calorimeter.

detector [47] build in a shielded part of the LHCb cavern, and a set of detectors called FASER
[46] build along the beam line, ⇠ 150m and ⇠ 400m from the interaction point of ATLAS
or CMS. Since long lived ALPs are mostly produced in Higgs and Z decays at the LHC, we
will consider the reach of the surface detector MATHUSLA for ALPs produced in the decays
Z ! �a, h ! Za and h ! aa.

For MATHUSLA, it is impossible to detect both final state particles in h ! Za and
Z ! �a decays and highly unlikely to see both ALPs from h ! aa decays in the decay volume.
However, because of the much lower background, single ALPs can be detected irrespective of
their origin. The fraction of ALPs decaying in the MATHUSLA detector is then given by

fa
M =

Z

⌦M

d⌦

✓
1

�

d�

d⌦

◆h
e�rin(⌦)/La � e�rout(⌦)/La

i
, (35)

where ⌦M describes the area in solid angle covered by the MATHUSLA detector, d�/d⌦
denotes the di↵erential cross section for ALPs produced in the decay of a Z or Higgs boson in
the laboratory frame, and La = pa/(�ama), where pa is the ALP momentum in that frame. At
fixed solid angle, the radii rin and rout denote the distances between the interaction point and
the intersections of the ALP line of flight with the MATHUSLA detector. The MATHUSLA
detector with a volume of 20m⇥ 200m⇥ 200m will be placed 100m above the beam line and
100m shifted from the interaction point along the beam line and has a considerably smaller
coverage in solid angle: approximately 5% at MATHUSLA compared to 100% at ATLAS and
CMS. Nevertheless, as Figure 17 shows, for long-lived ALPs, the number of ALPs decaying in
the MATHUSLA volume is comparable to the number of ALPs decaying within a radius of
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How to close the gap?
The fraction of ALPs decaying within ATLAS/CMS 
compared to e.g. MATHUSLA

Comparable numbers, but for ~ GeV masses LHC searches 
need to reconstruct the Z boson

MB, Neubert, Thamm, JHEP 1712 044 (2017) 



Far Detectors
Searches at far detectors probe parameter space 
that can’t be reached by the LHC

MB, Neubert, Thamm, JHEP 1712 044 (2017) 30



h !

Far Detectors
Searches at far detectors probe parameter space 
that can’t be reached by the LHC or any lab search

Comparison between MATHUSLA 
sensitivity estimate and bounds 
from flavor observables

MB, Neubert, Thamm, JHEP 1712 044 (2017) 
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ALPs and dark matter
Typically axions are good dark 
matter candidates if they’re very 
light and the relic density is set 
by misalignment.

Otherwise they decay into 
photons which is almost 
impossible to avoid barring 
enormous fine-tuning.

If there is a Z2 symmetry                every single dim 5 operator is 
forbidden. In this case all axion interaction are via the Higgs portal

a ! �a

Axion Dark 

Matter

MB, Spinner, Rostagni, Phys.Rev.D 107 (2023) 132



ALPs and dark matter
Searches for Higgs decays 
are mores sensitive than 
any other observable even 
for light axions

Higgs decays into axions 
probe the reheating 
temperatures for freeze-in 
DM

MB, Spinner, Rostagni, Phys.Rev.D 107 (2023) 1
33



DIS Scattering
If the axion is too stable even 
searches for displaced vertices 
can be hopeless, but it can 
scatter off the detector!

MB, Foldenauer, Reimitz, Plehn SciPost Phys. 10 (2021)
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Higgs portal interactions are to 
weak, but if there were new 
mediators it’s possible




Conclusions
Goldstone bosons appear in any theory with a spontaneously 
broken global symmetry

There is a ‘lifetime gap’ in our current sensitivity.   

Complementary strategies can access this gap (statistics, flavor, 
displaced vertices, exotic decays)

Searches for exotic Higgs decays are very promising and are 
sensitive to the structure of the UV theory
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Extended QCD axion models

Extended color sector

Valenti, Vecchi, Xu, JHEP 10 (2022) 025

36



The Puzzle of the top contribution

This is not new. Integrating out New Physics leads to 
the operators

1 Introduction

If the Large Hadron Collider (LHC) does not produce any resonances aside
from the Higgs boson required to unitarize W -W scattering, physicists will
be forced to look for new physics in indirect ways. One approach, recently
re-emphasized by [1], is to hunt for new physics via the presence of higher-
dimension operators involving only Standard Model fields. Many of these
operators, exhaustively catalogued in [2], are already well constrained by
existing precision measurements from LEP and are unlikely to be probed
further at the LHC. Here we discuss higher-dimension operators containing
the Higgs boson that are currently poorly constrained, but could directly
influence collider phenomenology at the LHC. Our primary focus will be on
final states with two Higgs bosons.

Colored particles that get part of their mass from electroweak symmetry
breaking (EWSB) can induce the operator

O1 = c1

αs

4πv2
Ga

µνG
µν
a H†H (1)

at the loop level. The mass scale v = 246 GeV has been chosen for later
convenience, and 4πv may or may not be the actual scale of new physics. The
influence of this and other operators on single Higgs boson production and
branching ratios was recently discussed in [1, 3]. By itself, O1 is insufficient
to completely describe the low energy effects on both single and pair Higgs
boson production. To see this, consider a new particle whose mass comes
entirely from EWSB. This yields a different (non-decoupling) operator. As
is familiar from Higgs low energy theorems, a heavy quark with Yukawa
coupling λ→ ∞ generates not O1 but

O2 = c2

αs

8π
Ga

µνG
µν
a log

(

H†H

v2

)

, (2)

which can be understood by thinking of H as a background field and treating
the heavy quark mass as a threshold for the running of the QCD gauge
coupling [4]. If we expand O1 and O2 in terms of the physical Higgs boson
h (H = 1√

2
(h + v)),

O1 ⊃
c1αs

4π
GµνG

µν

(

h

v
+

h2

2v2

)

, O2 ⊃
c2αs

4π
GµνG

µν

(

h

v
−

h2

2v2

)

, (3)

then the differing effects on Higgs boson pair production are manifest.
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with consequences for Higgs pair production. The top 
only generates       and         . c2 C(5)

Zh
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Vectorlike Quarks

Pierce, Thaler, Wang, JHEP 0705, 070 (2007) 

Figure 2: The two diagrams that contribute to Higgs pair production coming
from the higher dimension operators O1 and O2. In the first diagram, a new
g–g–h vertex combines with the Standard Model three Higgs boson coupling.

where δbi = 2/3 for a SU(3) fundamental fermion. The non-canonically
normalized QCD gauge kinetic term

Lkinetic =
−1

4g2(µ)
Ga

µνG
µν
a (5)

can then be expanded in terms of h to determine the effective values of c1

and c2 relevant for single and pair Higgs production.2 At higher order in h,
O1 and O2 are insufficient to specify all of the allowed Higgs interactions, so
Eqs. (4) and (5) should be used directly.

For concreteness, consider the following Lagrangian (H̃ = ε · H†)

−Lmass = λ1

(

QHT c + QH̃Bc
)

+ λ2

(

QcH̃T + QcHB
)

+ mAQQc + mB(TT c + BBc) + h.c., (6)

where Q, Qc are vector-like SU(2)L doublets and T, T c (B, Bc) are vector-like
SU(2)L singlets, with appropriate hypercharges and SU(3)C couplings. In
order to suppress contributions to the T -parameter [15], we assume custodial

2Note that the definitions of O1 and O2 assume canonically normalized kinetic terms.

4

isospin. Using Eq. (4) with i = 1 to 4 and δbi = 2/3:3

c1 =
4

3

−β
(1 − β)2

, c2 =
4

3

1

(1 − β)2
, β ≡

2mAmB

λ1λ2v2
. (7)

If all the mass of the heavy quarks comes from EWSB (β = 0) then c1 = 0.
Can the effects of Oi be visible before the new colored states are seen

directly? In the case of heavy quarks that get all of their mass from EWSB,
it seems unlikely. The new quarks could at most have Yukawa coupling
λ ∼ 4π/

√
NC to keep the theory perturbative, where the number of colors

NC = 3 for our toy model. With masses of λv/
√

2 ∼ 1.3 TeV, the heavy
quarks will have a rather small pair-production cross section ∼ 10 fb, but
could well be visible at the LHC in single production via b − W fusion (see,
e.g. [16]), depending on the flavor structure of the heavy sector. So, direct
production would likely be the first window on new physics of this type. What
about the case where the quarks have mostly vector-like masses (β % 1),
so c1 % c2? The large vector-like mass supresses the overall contribution
to c1, as this operator decouples like m2. So for c1 to be O(1), the large
vector-like mass must be compensated by a large number Nf of heavy quarks:
Nf ∼ m2/λ2v2 to prevent rapid decoupling. Since the b − W fusion process
scales roughly as m−7, the total production cross section for Nf copies of new
physics will scale like m−5. Thus, there is at least a parametric limit where
the effect of O1 is visible before the new heavy quarks are seen directly. For
reasonable values of λ, β, and Nf , the mass of the new quarks could even
exceed the LHC center-of-mass energy while the contribution of these heavy
states to O1 could remain substantial.

3 Experimental Constraints

Direct experimental constraints on O1 and O2 are quite weak for a low mass
Higgs. Direct constraints come from Tevatron searches for Higgs boson pro-
duction via gluon-gluon fusion, which constrain the combination (c1 + c2).

3In order for this QCD beta function argument to make sense, β has to be far from 1,
or else there is a mass eigenstate lighter than the physical Higgs. Note that (1 − β)2 is
proportional to the determinant of the mass matrix. For simplicity, we take β as a real
parameter. In the case where it is complex, the formulae for c1 and c2 are modified, but
they remain real, as Hermiticity of the Lagrangian requires. When there are phases in the
mass matrix, c2 can be negative.
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1 Introduction

If the Large Hadron Collider (LHC) does not produce any resonances aside
from the Higgs boson required to unitarize W -W scattering, physicists will
be forced to look for new physics in indirect ways. One approach, recently
re-emphasized by [1], is to hunt for new physics via the presence of higher-
dimension operators involving only Standard Model fields. Many of these
operators, exhaustively catalogued in [2], are already well constrained by
existing precision measurements from LEP and are unlikely to be probed
further at the LHC. Here we discuss higher-dimension operators containing
the Higgs boson that are currently poorly constrained, but could directly
influence collider phenomenology at the LHC. Our primary focus will be on
final states with two Higgs bosons.

Colored particles that get part of their mass from electroweak symmetry
breaking (EWSB) can induce the operator

O1 = c1

αs

4πv2
Ga

µνG
µν
a H†H (1)

at the loop level. The mass scale v = 246 GeV has been chosen for later
convenience, and 4πv may or may not be the actual scale of new physics. The
influence of this and other operators on single Higgs boson production and
branching ratios was recently discussed in [1, 3]. By itself, O1 is insufficient
to completely describe the low energy effects on both single and pair Higgs
boson production. To see this, consider a new particle whose mass comes
entirely from EWSB. This yields a different (non-decoupling) operator. As
is familiar from Higgs low energy theorems, a heavy quark with Yukawa
coupling λ→ ∞ generates not O1 but

O2 = c2

αs

8π
Ga

µνG
µν
a log

(

H†H

v2

)

, (2)

which can be understood by thinking of H as a background field and treating
the heavy quark mass as a threshold for the running of the QCD gauge
coupling [4]. If we expand O1 and O2 in terms of the physical Higgs boson
h (H = 1√

2
(h + v)),

O1 ⊃
c1αs

4π
GµνG

µν

(

h

v
+

h2

2v2

)

, O2 ⊃
c2αs

4π
GµνG

µν

(

h

v
−

h2

2v2

)

, (3)

then the differing effects on Higgs boson pair production are manifest.
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