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What can light New Physics tell us about 
the UV?
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Two ways for Goldstone bosons to become 
massive (Pseudo-Nambu-Goldstone 
bosons)

• Explicit (external ) symmetry breaking 

• Anomalous symmetry breaking 

L 3 m2(��+ �†�†)

L 3 ⇤

4
QCDcos

'

f

m2
a = m2

m2
a =

⇤4
QCD

f2



What can light New Physics tell us 
about the UV?

V (�) = µ2��† + � (��†)2 + y  ̄� 

any other particle would be massive

m2
s = 4�f2

m2
a = 0

m = y f

A pseudo-Nambu-Goldstone boson can 
therefore be the harbinger of an otherwise 
(currently) inaccessible UV theory.
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The most famous example is the pion
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ALP Effective Lagrangian
ALP: A new pseudoscalar particle protected by an 
approximate shift symmetry 

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

Most general dimension five Lagrangian

operator. The decay mode h ! aZ should be parametrically suppressed with respect to other
Higgs decays, in particular h ! aa. In this work, we present a loophole in this argument.
If the fields integrated out to obtain the e↵ective theory obtain most of their mass from
the electroweak scale, a non-polynomial operator can mediate the decay h ! aZ already at
dimension five [44, 45]. Non-polynomial operators are also induced for the other decay modes
in this case, but do not generate operators of lower dimension [46].

We present the reach of searches for exotic Higgs decays in the plane spanned by the ALP
mass and its coupling to photons or leptons, respectively. In both cases, even a small haZ or
haa coupling allows to probe a parameter space that is so far inaccessible for ALP searches.
Existing bounds from searches for Z decays into ALPs can be improved by up to 6 orders of
magnitude and in particular almost the complete still allowed region in which the ALP can
provide an explanation for the anomalous magnetic moment of the muon can be probed by
searches for h ! aa and h ! hZ decays.
We present our results based on an e↵ective Lagrangian for a SM singlet with derivative
couplings, including the leading operators for ALP couplings to each SM field. We include
tree-level and loop-induced contributions to the corresponding Wilson coe�cients, and analyze
to what degree the latter lead to important e↵ects. Besides Higgs decays into ALPs, we discuss
contributions to the anomalous magnetic moment of the muon (g�2)µ and the electron (g�2)e,
bounds from Z decays, electroweak precision tests and flavor probes. Finally, we comment on
the resolution of the anomalies in ⇡0 ! e+e� and excited Beryllium decays.

This article is structured as follows: In Section 2, we introduce the general ALP Lagrangian
and discuss the flavor structure. We discuss ALP decay rates including the e↵ect from in-
tegrating out the top quark in Section 3. In Section 4, the preferred and excluded region
of parameter space from contributions to the anomalous magnetic moment of the muon are
derived. We discuss constraints from present and future searches for the exotic Higgs decays
h ! aa and h ! aZ in Section 5. In Section 6.1 we turn to constraints from Z�pole observ-
ables, and in Section 7 we discuss the most stringent flavor bounds. In Section 8 we comment
on ALP explanations for flavor anomalies before we conclude in Section 9.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be much smaller than the electroweak scale. A
natural way to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is
a constant. We will furthermore assume that the UV theory is CP invariant, and that CP is
broken only by the SM Yukawa interactions. The particle a is supposed to be odd under CP.
Then the most general e↵ective Lagrangian including operators of dimension up to 5 (written
in the unbroken phase of the electroweak symmetry) reads [1]
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Figure 4: One-loop diagrams contributing to the anomalous magnetic moment of the muon.

The loop contributions to the e↵ective ALP–electron coupling are not very sensitive to the
ALP mass. We find (with µ = ⇤ = 1TeV in the argument of the logarithms)
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4 Anomalous magnetic moment of the muon

The persistent deviation of the measured value of the anomalous magnetic moment aµ =
(g � 2)µ/2 from its theoretical value predicted in the SM provides one of the most compelling
hints for new physics. The di↵erence aexpµ � aSMµ = (288± 63± 49) · 10�11 [56] di↵ers from zero
by more than 3 standard deviations. It has been emphasized recently that this discrepancy
can be accounted for by an ALP with an enhanced coupling to photons [9]. At one-loop order,
the e↵ective Lagrangian gives rise to the contributions to aµ shown in Figure 4. The first
graph, in which the ALP couples to the muon line, gives a contribution of the wrong size
[57, 58]; 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 [8, 9].
Performing a complete one-loop analysis, we find that our model gives rise to the new-physics
contribution
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Figure 4: One-loop diagrams contributing to the anomalous magnetic moment of the muon.
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Figure 5: Regions in ALP coupling space where the experimental value of (g � 2)µ is reproduced
at 68% (red), 95% (orange) and 99% (yellow) CL, for ma = 1 MeV (left) and ma = 10 GeV (right).
We assume Kaµ(⇤) = 0 at ⇤ = 1TeV and neglect the tiny contribution proportional to C�Z .

They are positive and satisfy h
1,2(0) = 1 as well as h

1

(x) ⇡ (2/x)(ln x � 11

6

) and h
2

(x) ⇡
(ln x+ 3

2

) for x � 1. The scheme-dependent constant �
2

= �3 is again related to the treatment
of the Levi-Civita symbol in d dimensions, see Appendix A.

Note that in processes in which the ALP only appears in loops but not as an external
particle, the scale dependence arising from the UV divergences of the ALP-induced loop con-
tributions are canceled by the scale dependence of a Wilson coe�cient in the D = 6 e↵ective
Lagrangian of the SM. In the present case the relevant term yielding a tree-level contribution
to aµ reads (written in the broken phase of the electroweak theory)

LD=6

e↵

3 �Kaµ

emµ

4⇤2

µ̄ �µ⌫F
µ⌫µ . (25)

In order to calculate the Wilson coe�cient Kaµ one would need to consider a specific UV
completion of the e↵ective Lagrangian (1). The large logarithm in the term proportional to
C�� in (23) is, however, una↵ected by this consideration. The coe�cient we obtain for this
logarithm agrees with [9] (the remaining finite terms were not displayed in this reference). In
our numerical analysis, we will assume that the contribution ofKaµ(µ) is subleading at the high
scale µ = ⇤. If the Wilson coe�cients cµµ and C�� are of similar magnitude, the logarithmically
enhanced contribution is the parametrically largest one-loop correction. It gives a positive
shift of aµ provided the product cµµ C�� is negative. The correction proportional to C�Z is
suppressed by (1�4s2w) and hence is numerically subdominant. Note also that the contribution
proportional to (cµµ)2 is suppressed in the limit where m2

a � m2

µ, while the remaining terms
remain unsuppressed.

Figure 5 shows the regions in the parameter space of the couplings cµµ and C�� in which
the experimental value of the muon anomalous magnetic moment can be explained in terms of
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Higgs Couplings to ALPs

where GA
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1

2

✏µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [47] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. For the couplings of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising
from a constant shift a ! a + c of the ALP field can be removed by field redefinitions. The
coupling to QCD gauge fields is not invariant under a continuous shift transformation because
of instanton e↵ects, which however preserve a discrete version of the shift symmetry. Above
we have indicated the suppression of the dimension-5 operators with some new-physics scale
⇤. Note that at dimension-5 order there are no ALP couplings to the Higgs doublet �. The
only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�† iDµ �+ h.c.

� ! � g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

where cw ⌘ cos ✓w denotes the cosine of the weak mixing angle, and the last expression holds
in unitary gauge. Despite appearance, this operator does not give rise to a tree-level h ! Za
matrix element; the resulting two tree-level graphs precisely cancel each other [44, 45]. Indeed,
this operator is redundant, because it can be reduced to the fermionic operators in (1) using
the field equations for the Higgs doublet and the SM fermions [44]. It is not di�cult to show
that a term CZhOZh in the Lagrangian shifts the flavor matrices CF of the SU(2)L singlet
fermions by

Cu ! Cu � CZh 1 , Cd ! Cd + CZh 1 , Ce ! Ce + CZh 1 , (3)

while the matrices CQ and CL of the SU(2)L doublets remain unchanged. There are no addi-
tional contributions to the operators in (1) involving the gauge fields, because the combination
of axial-vector currents induced by the shifts in (3) is anomaly free.

We will be agnostic about the values of the Wilson coe�cients and allow the ratios Ci/⇤
be of O(1/TeV). In concrete models of new physics one may find that some operators (in
particular those involving ALP couplings to bosons) have loop-suppressed couplings. [Here
we may want to relate to 1305.0017 and/or 1703.10624!] However, in other models,
involving e.g. new strongly coupled sectors or large multiplicities of new particles in loops, these
coe�cients can be large. As we will discuss in Section 4, the puzzle of the anomalous magnetic
moment of the muon can be resolved within our framework only if C��/⇤ = O(1/TeV), so it
is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [5, 6]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

LD�6

e↵

=
Cah

⇤2

(@µa)(@
µa)�†�+

C
(7)

Zh

⇤3

(@µa)
�
�† iDµ �+ h.c.

�
�†�+ . . . . (4)

3
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is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [5, 6]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

LD�6

e↵

=
Cah

⇤2

(@µa)(@
µa)�†�+

C
(7)

Zh

⇤3

(@µa)
�
�† iDµ �+ h.c.

�
�†�+ . . . . (4)

3



Higgs Couplings to ALPs
where GA

µ⌫ , W
A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1

2

✏µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [47] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. For the couplings of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising
from a constant shift a ! a + c of the ALP field can be removed by field redefinitions. The
coupling to QCD gauge fields is not invariant under a continuous shift transformation because
of instanton e↵ects, which however preserve a discrete version of the shift symmetry. Above
we have indicated the suppression of the dimension-5 operators with some new-physics scale
⇤. Note that at dimension-5 order there are no ALP couplings to the Higgs doublet �. The
only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�† iDµ �+ h.c.

� ! � g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

where cw ⌘ cos ✓w denotes the cosine of the weak mixing angle, and the last expression holds
in unitary gauge. Despite appearance, this operator does not give rise to a tree-level h ! Za
matrix element; the resulting two tree-level graphs precisely cancel each other [44, 45]. Indeed,
this operator is redundant, because it can be reduced to the fermionic operators in (1) using
the field equations for the Higgs doublet and the SM fermions [44]. It is not di�cult to show
that a term CZhOZh in the Lagrangian shifts the flavor matrices CF of the SU(2)L singlet
fermions by

Cu ! Cu � CZh 1 , Cd ! Cd + CZh 1 , Ce ! Ce + CZh 1 , (3)

while the matrices CQ and CL of the SU(2)L doublets remain unchanged. There are no addi-
tional contributions to the operators in (1) involving the gauge fields, because the combination
of axial-vector currents induced by the shifts in (3) is anomaly free.

We will be agnostic about the values of the Wilson coe�cients and allow the ratios Ci/⇤
be of O(1/TeV). In concrete models of new physics one may find that some operators (in
particular those involving ALP couplings to bosons) have loop-suppressed couplings. [Here
we may want to relate to 1305.0017 and/or 1703.10624!] However, in other models,
involving e.g. new strongly coupled sectors or large multiplicities of new particles in loops, these
coe�cients can be large. As we will discuss in Section 4, the puzzle of the anomalous magnetic
moment of the muon can be resolved within our framework only if C��/⇤ = O(1/TeV), so it
is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [5, 6]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

LD�6

e↵

=
Cah

⇤2

(@µa)(@
µa)�†�+

C
(7)

Zh

⇤3

(@µa)
�
�† iDµ �+ h.c.

�
�†�+ . . . . (4)

3

At dimension six and seven,  derivative couplings to the Higgs 
appear

h ! aa h ! Za

What about
the Dimension 5 
operator?

where GA
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1

2

✏µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [47] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. For the couplings of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising
from a constant shift a ! a + c of the ALP field can be removed by field redefinitions. The
coupling to QCD gauge fields is not invariant under a continuous shift transformation because
of instanton e↵ects, which however preserve a discrete version of the shift symmetry. Above
we have indicated the suppression of the dimension-5 operators with some new-physics scale
⇤. Note that at dimension-5 order there are no ALP couplings to the Higgs doublet �. The
only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�† iDµ �+ h.c.

� ! � g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

where cw ⌘ cos ✓w denotes the cosine of the weak mixing angle, and the last expression holds
in unitary gauge. Despite appearance, this operator does not give rise to a tree-level h ! Za
matrix element; the resulting two tree-level graphs precisely cancel each other [44, 45]. Indeed,
this operator is redundant, because it can be reduced to the fermionic operators in (1) using
the field equations for the Higgs doublet and the SM fermions [44]. It is not di�cult to show
that a term CZhOZh in the Lagrangian shifts the flavor matrices CF of the SU(2)L singlet
fermions by

Cu ! Cu � CZh 1 , Cd ! Cd + CZh 1 , Ce ! Ce + CZh 1 , (3)

while the matrices CQ and CL of the SU(2)L doublets remain unchanged. There are no addi-
tional contributions to the operators in (1) involving the gauge fields, because the combination
of axial-vector currents induced by the shifts in (3) is anomaly free.

We will be agnostic about the values of the Wilson coe�cients and allow the ratios Ci/⇤
be of O(1/TeV). In concrete models of new physics one may find that some operators (in
particular those involving ALP couplings to bosons) have loop-suppressed couplings. [Here
we may want to relate to 1305.0017 and/or 1703.10624!] However, in other models,
involving e.g. new strongly coupled sectors or large multiplicities of new particles in loops, these
coe�cients can be large. As we will discuss in Section 4, the puzzle of the anomalous magnetic
moment of the muon can be resolved within our framework only if C��/⇤ = O(1/TeV), so it
is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [5, 6]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

LD�6

e↵

=
Cah

⇤2

(@µa)(@
µa)�†�+

C
(7)

Zh

⇤3

(@µa)
�
�† iDµ �+ h.c.

�
�†�+ . . . . (4)

3



Higgs Couplings to ALPs

where GA
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1

2

✏µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [47] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. For the couplings of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising
from a constant shift a ! a + c of the ALP field can be removed by field redefinitions. The
coupling to QCD gauge fields is not invariant under a continuous shift transformation because
of instanton e↵ects, which however preserve a discrete version of the shift symmetry. Above
we have indicated the suppression of the dimension-5 operators with some new-physics scale
⇤. Note that at dimension-5 order there are no ALP couplings to the Higgs doublet �. The
only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�† iDµ �+ h.c.

� ! � g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

where cw ⌘ cos ✓w denotes the cosine of the weak mixing angle, and the last expression holds
in unitary gauge. Despite appearance, this operator does not give rise to a tree-level h ! Za
matrix element; the resulting two tree-level graphs precisely cancel each other [44, 45]. Indeed,
this operator is redundant, because it can be reduced to the fermionic operators in (1) using
the field equations for the Higgs doublet and the SM fermions [44]. It is not di�cult to show
that a term CZhOZh in the Lagrangian shifts the flavor matrices CF of the SU(2)L singlet
fermions by

Cu ! Cu � CZh 1 , Cd ! Cd + CZh 1 , Ce ! Ce + CZh 1 , (3)

while the matrices CQ and CL of the SU(2)L doublets remain unchanged. There are no addi-
tional contributions to the operators in (1) involving the gauge fields, because the combination
of axial-vector currents induced by the shifts in (3) is anomaly free.

We will be agnostic about the values of the Wilson coe�cients and allow the ratios Ci/⇤
be of O(1/TeV). In concrete models of new physics one may find that some operators (in
particular those involving ALP couplings to bosons) have loop-suppressed couplings. [Here
we may want to relate to 1305.0017 and/or 1703.10624!] However, in other models,
involving e.g. new strongly coupled sectors or large multiplicities of new particles in loops, these
coe�cients can be large. As we will discuss in Section 4, the puzzle of the anomalous magnetic
moment of the muon can be resolved within our framework only if C��/⇤ = O(1/TeV), so it
is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [5, 6]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are

LD�6

e↵

=
Cah

⇤2

(@µa)(@
µa)�†�+

C
(7)

Zh

⇤3

(@µa)
�
�† iDµ �+ h.c.

�
�†�+ . . . . (4)

3

At first sight, the h -> aZ decay can be mediated at dimension 5

2

FIG. 1. Tree-level diagrams representing the contribution of
the operator in (3) to S ! Zh decay. The internal dashed
line in the third graph represents the Goldstone boson '

3

.

a hierarchical structure in the mass basis in order to be
consistent with the strong constraints from flavor physics
[11]. It is thus reasonable to assume that the dominant
couplings are those to the top quarks, see (5) below.

When using an e↵ective Lagrangian to describe the
production and decays of the resonance S one should
keep in mind that in many new-physics scenarios the
masses of the heavy particles which are integrated out
are in the TeV range. When there is no significant mass
gap between S and the new sector, contributions from
operators with dimension D � 6 are not expected to be
strongly suppressed. Some of these operators can induce
new structures not present at dimension-5 level.

A. D = 5 operator analysis of S ! Zh decay

The decay S ! Zh has been studied in the context of
two-Higgs-doublet models, where it arises at the renor-
malizable level via the kinetic terms [12, 13]. However,
this requires the pseudoscalar S to be light (since the
e↵ect vanishes in the decoupling limit) and carry elec-
troweak quantum numbers. In this case the existence of
CP-odd couplings of the heavy scalar bosons can be re-
lated to three U(2) invariants of the scalar potential [14].
For the case of a gauge-singlet scalar considered here no
such invariants exist. Moreover, the e↵ective Lagrangian
up to dimension 5 does not contain any polynomial op-
erator which could mediate the decay S ! Zh at tree
level. The obvious candidate

(@µS)
�
�†iDµ �+ h.c.

� ! � g

2cw
(@µS)Zµ (v + h)2 , (3)

where cw ⌘ cos ✓w and the second expression holds in
unitary gauge, can be reduced to operators containing
fermionic currents using the equations of motion. This
follows from the partial conservation of the Higgs current

@µ
�
�†iDµ �+ h.c.

� ! �
⇣
1+

h

v

⌘X

f

2T f
3

mf f̄ i�
5

f , (4)

where T f
3

is the third component of weak isospin. The
resulting operators do not give rise to a tree-level S ! Zh
matrix element. Indeed, adding up the diagrams shown
in Figure 1 one finds that the tree-level S ! Zh matrix
element of the operator in (3) vanishes identically, and
the same is true for the S ! Zhh matrix element.

At one-loop order, the S ! Zh decay amplitude re-
ceives a contribution from an operator containing quark
fields, and since the Higgs boson couples proportional to

FIG. 2. Top-loop contributions to S ! Zh decay. We omit
a mirror copy of the first graph with a di↵erent orientation of
the fermion loop and diagrams involving Goldstone bosons.

the quark mass it su�ces to consider the term involving
the top quark. The relevant Lagrangian is

LD=5

e↵

= �c̃tt
yt
M

S
⇣
iQ̄L�̃ tR + h.c.

⌘
, (5)

where QL is the third-generation left-handed quark dou-
blet and �̃ = ✏�⇤. The one-loop Feynman diagrams con-
tributing to the decay S ! Zh are shown in Figure 2.
Analogous diagrams involving electroweak gauge bosons
in the loop vanish, since it is impossible to saturate the
Lorentz indices of the ✏µ⌫↵� tensor associated with the
dual field strength in CP-odd interactions such as (2).
We have evaluated the diagrams in Figure 2 in a general
R⇠ gauge. The resulting decay amplitude is

iA(S ! Zh) = �2mZ ✏⇤Z · ph
M

Ctop

5

,

with Ctop

5

= �Nc y
2

t

8⇡2

T t
3

c̃tt F ,

(6)

where T t
3

= 1

2

. The Z boson is longitudinally polarized,
and hence the structure 2mZ ✏⇤Z · ph ⇡ 2pZ · ph ⇡ m2

S is
proportional to the mass squared of the heavy particle.
The quantity F denotes the parameter integral

F =

Z
1

0

d[xyz]
2m2

t � xm2

h � zm2

Z

m2

t � xzm2

S � xym2

h � yzm2

Z � i0
, (7)

with d[xyz] ⌘ dx dy dz �(1� x� y � z). The factor y2t =
2m2

t/v
2 in (6) ensures that analogous contributions from

light fermions in the loop are negligible. Evaluating the
integral with mt ⌘ mt(mS) and with the physical Higgs
and Z-boson masses gives F ⇡ �0.010+0.673 i for mS =
750GeV and F ⇡ �0.092 + 0.230 i for mS = 1.5TeV,
where here and below we pick two representative values
for the mass of the pseudoscalar resonance. For m2

S �
m2

t , the function F is formally suppressed by a factor
m2

t/m
2

S , but its imaginary part is numerically enhanced.
From the amplitude (6) we obtain the decay rate

�(S ! Zh)D=5

=
m3

S

16⇡M2

��Ctop

5

��2 �3/2(1, xh, xZ) , (8)

where xi = m2

i /m
2

S and �(x, y, z) = (x � y � z)2 � 4yz.
We find �(S ! Zh)D=5

⇡ 0.6MeV c̃2tt (TeV/M)2 in both
cases. Assuming that the dominant contribution to the
S ! Zh decay amplitude indeed arises at dimension 5,
one can derive the model-independent relation

�(S ! Zh)D=5

�(S ! tt̄)
=

3y2t
16⇡2

⇣mS

4⇡v

⌘
2

|F |2 �3/2(1, xh, xZ)p
1� 4xt

.

(9)

But this operator can be eliminated using the EoMs for the 
Higgs current

…unless New Physics get a sizable part of their masses from 
the electroweak scale
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Figure 8: Left: Contours for the ratio �(h ! Za)/�(h ! Z�)
SM

in the plane of the Wilson

coe�cients ctt and C(7)

Zh for ma < 1 GeV and ⇤ = 1 TeV. Right: The same rate ratio as a function of
the e↵ective Wilson coe�cient Ce↵

Zh for di↵erent ALP masses ma = 1 � 30 GeV.

arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [44, 45]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references and connect with non-linear EWSB!] The e↵ective Lagrangian
for such models generically contains operators which are non-polynomial in the Higgs field
(see e.g. [46]). At dimension-5 order, there is a unique such operator relevant to the decay
h ! Za. It is given by [44] [Which additional operators are generated when we integrate
by parts?]

Lnon�pol

e↵

3 C
(5)

Zh

⇤
(@µa)

�
�† iDµ �+ h.c.

�
ln

�†�

µ2

+ . . . , (34)

and its contribution to the decay amplitude was already included in (31) and (33). The decay
h ! Za is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only
arise in such special models.

In the right plot in Figure 8, we allow for non-zero C
(5)

Zh and display the rate ratio as
a function of the e↵ective Wilson coe�cient Ce↵

Zh defined in (33) for di↵erent ALP masses.
In models where a tree-level dimension-5 contribution is present, one can naturally obtain
h ! Za rates exceeding the SM h ! Z� rate by orders of magnitude. For example, with
|Ce↵

Zh| = 0.3 and for a light ALP (ma < 1GeV) one finds a ratio of about 60, corresponding
to a 9% h ! Za branching ratio. This would be a spectacular new-physics e↵ect. We find
that the decay rate is approximately independent of the ALP mass as long as ma is below a
few GeV. The decay h ! Za is kinematically allowed as long as ma < mh � mZ ⇡ 33.9GeV.
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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 
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Vectorlike Quarks
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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.

1

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.

1

µ2

The Puzzle of the top contribution



Exotic Higgs Decays:

What makes h -> Za special, is that the non-polynomial 
operator is the only dimension 5 operator that mediates that 
process.

h ! Za
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Figure 8: Left: Contours for the ratio �(h ! Za)/�(h ! Z�)
SM

in the plane of the Wilson

coe�cients ctt and C(7)

Zh for ma < 1 GeV and ⇤ = 1 TeV. Right: The same rate ratio as a function of
the e↵ective Wilson coe�cient Ce↵

Zh for di↵erent ALP masses ma = 1 � 30 GeV.

arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [44, 45]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references and connect with non-linear EWSB!] The e↵ective Lagrangian
for such models generically contains operators which are non-polynomial in the Higgs field
(see e.g. [46]). At dimension-5 order, there is a unique such operator relevant to the decay
h ! Za. It is given by [44] [Which additional operators are generated when we integrate
by parts?]

Lnon�pol

e↵

3 C
(5)

Zh

⇤
(@µa)

�
�† iDµ �+ h.c.

�
ln

�†�

µ2

+ . . . , (34)

and its contribution to the decay amplitude was already included in (31) and (33). The decay
h ! Za is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only
arise in such special models.

In the right plot in Figure 8, we allow for non-zero C
(5)

Zh and display the rate ratio as
a function of the e↵ective Wilson coe�cient Ce↵

Zh defined in (33) for di↵erent ALP masses.
In models where a tree-level dimension-5 contribution is present, one can naturally obtain
h ! Za rates exceeding the SM h ! Z� rate by orders of magnitude. For example, with
|Ce↵

Zh| = 0.3 and for a light ALP (ma < 1GeV) one finds a ratio of about 60, corresponding
to a 9% h ! Za branching ratio. This would be a spectacular new-physics e↵ect. We find
that the decay rate is approximately independent of the ALP mass as long as ma is below a
few GeV. The decay h ! Za is kinematically allowed as long as ma < mh � mZ ⇡ 33.9GeV.
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Particles which do not get their masses dominantly from the 
electroweak scale only contribute at dimension 7.

This gives a non-trivial handle on the UV completion.

This can be confirmed in the non-linear language

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz, 1701.05379 

is a custodial-breaking term that we will disregard in what follows, being phenomenologically
extremely suppressed (for this reason sometimes it is included instead among the NLO chiral
terms even if it is a two-derivative coupling). The fermion kinetic energy and Yukawa-like terms
written in the mass eigenstate basis come next, with

Y
Q,L

(h) ⌘ Y
Q,L

F
Q,L

(h) , (45)

where Y
Q,L

are the 6⇥6 block-diagonal matrices containing the usual Yukawa couplings as defined
in Eq. (14). This notation follows the assumption that the Yukawa-type fermion-h couplings are
aligned with the fermion masses. Finally, the last line contains the usual QCD ✓ term associated
to the strong CP problem.

L LO
a

contains two terms which are two-derivative couplings,

L LO
a

=

1

2

(@

µ

a)(@

µ

a) + c

2D

A
2D

(h) , (46)

where A
2D

(h) is a custodial breaking two-derivative operator with mass dimension three,

A
2D

(h) = iv

2

Tr[TV
µ

]@

µ

a

f

a

F
2D

(h) . (47)

This operator appears then singled out at the LO in the chiral expansion, unlike the case of the
linear expansion in which the only LO ALP term was the a kinetic energy, see Eq. (3) and Table 1.
In other words, if the EWSB is non-linearly realized A

2D

(h) may well provide the dominant and
distinctive signals. It induces a two-point function of the form Z

µ

@

µ

a which contributes to the
longitudinal component of the Z boson together with the usual would-be Nambu-Goldstone boson
of the SM, and thus to the Z mass. Its impact is in this respect analogous to that of the two-point
function stemming from the d = 5 NLO linear operator O

a�

, see Sect. 2 and Eq. (8). Nevertheless,
it will be shown in Sects. 3.2 and 4 that A

2D

has additional physical consequences distinct from
those induced by O

a�

, as illustrated in Table 1.
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Linear @ NLO (d = 5) O
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– –

Chiral @ LO(2@) A
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A
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A
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A
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Table 1: Couplings resulting from the bosonic axion NLO linear coupling Oa�

and from its LO chiral
sibling A

2D, as formulated in the Lagrangians Eqs. (16) and (55), respectively. Only fermionic vertices
survive as physical impact from Oa�

, as in the linear expansion higher orders (d � 7) are required for
aZh

n (n 6= 1) couplings, while the latter are present in the chiral case at LO. For the complete Feynman
rules see App. B.
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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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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
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Zh . Since only the relative sign of the two

coe�cients matters, we take C
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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
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The argument for the absence of a tree-level dimension-5 contribution to the h ! Za decay
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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 +E

T,miss

+ jj,
pp ! hZ ! 2Z + E

T,miss

or pp ! htt̄ ! Z + E
T,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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where the e↵ective coupling is given by
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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.
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Figure 12: Bound from Br(h ! BSM) = 0.34 (green) and the projected bound for 3000 fb�1 atp
s = 14 TeV, Br(h ! BSM) = 0.1 (red contour).

Numerically, we obtain for ⇤ = 1TeV

Ce↵

ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025
�
C2

WW + C2

ZZ

�
, (39)

indicating that the top-quark contribution in particularly can be sizable. Relation (37) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if the ALP couples to at least one of the heavy SM particles (t, Z or W ).
Also, because of the presence of UV divergences in the various terms, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent to
set it to zero in general.
Imposing the current upper limit Br(h ! BSM) < 0.34 at 95% CL [71], corresponding to

�(h ! aa) < 2.1MeV, we obtain the bound

��Ce↵

ah

�� < 1.34


⇤

1TeV

�
2

. (40)

More generally, the allowed values for Ce↵

Zh and Ce↵

ah if both coe�cients are present is shown as
the green region in Figure 12. The constraints from the projection for the branching ratio of
the Higgs in BSM states at

p
s = 14 TeV and a luminosity of 3000 fb�1 of Br(h ! BSM) < 0.1

is shown by the red dashed contour. The constraint on Ce↵

ah alone for a 10% h ! aa branching
ratio is |Ce↵

ah | ⇡ 0.62 (⇤/TeV)2. Invisible ALP decays induce invisible Higgs boson decays, for
which the bounds Br(h ! invisible) < 0.23 (ATLAS [85]) and Br(h ! invisible) < 0.24 (CMS
[63]), lead to a constraint of

��Ce↵

ah

�� < 1.02 (⇤/TeV)2 for Br(a ! invisible) = 1, but gives no
constraint for Br(a ! invisible) < 0.48.
Depending on the pattern of ALP decay modes, promising signals arise from multi-photon
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ALP Decays into SM particles

Decays into photons

The first term is the leading Higgs portal interaction, which gives rise to the decay h !
aa, while the second one is the leading operator mediating the decay h ! Za at tree level
[44].1 These decay modes will be of particular interest to our discussion in Section 5. If the
electroweak symmetry is realized non-linearly, insertions of �†� in operators such as the ones
shown in (4) are accompanied by factors 1/f 2 rather than 1/⇤2, where f is the analog of the
pion decay constant [48]. As a result, the contributions of these operators to the h ! Za and
h ! aa decay amplitudes can be enhanced by a factor ⇠ ⇤2/f 2 if f < ⇤ [22]. In practice,
however, in many composite Higgs scenarios the ratio ⇠ = v2/f 2 is already tightly constrained
by electroweak precisions tests, implying ⇠ < 0.05 [49], and Higgs phenomenology, yielding
⇠ < 0.1 [85], [CMS paper?] both at 95% confidence level (CL). As a result, it is unlikely that
f can be significantly below the TeV scale.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read

LD5
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3 e2 C��
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⇤
Fµ⌫ F̃
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2e2
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⇤
Fµ⌫ Z̃
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e2

s2wc
2

w

CZZ
a

⇤
Zµ⌫ Z̃

µ⌫ , (5)

where sw = sin ✓w and cw = cos ✓w, and we have defined

C�� = CWW + CBB , C�Z = c2w CWW � s2w CBB CZZ = c4w CWW + s4w CBB . (6)

The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(7)

Note that KD = V †KUV , where V = U †
u Ud denotes the CKM matrix. In any realistic

model these couplings must have a hierarchical structure in order to be consistent with the
strong constraints from flavor physics. We will discuss the structure of the flavor-changing
ALP couplings in Section 7. For now, let us focus on the flavor-diagonal couplings of a to
fermions. Using the fact that the flavor-diagonal vector currents are conserved, we can rewrite
the relevant terms in the Lagrangian in the form

LD5

e↵

3
X

f

cff
2

@µa

⇤
f̄ �µ�5 f , (8)

where the sum runs over all fermion mass eigenstates (except the neutrinos), and we have
defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (9)

1In [22] the authors have also introduced dimension-7 operators mediating an (o↵-shell) h�a coupling. We
note that such a coupling cannot exist on shell, and hence the corresponding operators can be removed by
field redefinitions. [Add an appendix?]
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Figure 2: Representative one-loop Feynman diagrams contributing to the decay a ! `+`�.
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which numerically is of order 10�2 for ⇤ = 1TeV and O(1) Wilson coe�cients.1 In the
presence of the mixing in (19), the SM ⇡0 ! �� amplitude mediated by the axial-vector
anomaly induces an additional contribution to the a ! �� amplitude. Combining all terms,
we thus obtain (assuming m
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The contribution from the coe�cient c
ss

not shown here would be suppressed, for light ALPs,
by a factor of order m2

⇡

/m2
⌘

relative to the contributions from c
uu

and c
dd

.

3.2 ALP decay into charged leptons

If the ALP mass is larger than 2m
e

⇡ 1.022MeV, the leptonic decay a ! e+e� or decays
into heavier leptons (if kinematically allowed) can be the dominant ALP decay modes in
some regions of parameter space. We have calculated the corresponding decay rates from
the e↵ective Lagrangian including the complete set of one-loop mixing contributions from the
bosonic operators in (1) and (6), see Figure 2. In analogy with (11), we write the result in the
form (with ` = e, µ, ⌧)
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which is approximately linear in the ALP mass. At one-loop order, the e↵ective Wilson
coe�cient ce↵

``

receives contributions from c
``

as well as from the diboson coe�cients C
WW

and

1Relation (19) holds as long as |m2
⇡ � m2

a| � 2✏ m⇡ma. In the opposite limit one would obtain ⇡0 =
1p
2

(⇡0
phys+aphys)+O(✏), but such a large mixing requires a fine-tuning of the masses that is rather implausible.

9

a ⇡, ⌘
a a a a a

�

� �

�

� �

� � �

�

f W± 'W W± ⇧�Z

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case where no small
coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
suppressed, relative to the a ! �� rate, by a factor of order m2

a v
4/⇤6. Alternatively, if Dirac

neutrino mass terms are added to the SM, the corresponding couplings in (8) yield a a ! ⌫⌫̄
decay rate proportional to m2

⌫ . In either way, for ⇤ in the TeV range or higher, this decay
rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (4) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
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on-shell wave-function renormalization factors for the external photon fields.
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coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
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rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (4) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
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ALP Decays into SM particles
a a

l

l

lW, Z, �

l

Figure 2: Representative one-loop Feynman diagrams contributing to the decay a ! `+`�.

where

✏ =
f
⇡

2
p
2⇤


(c

uu

� c
dd

) + 32⇡2 C
GG

m
d

� m
u

m
d

+m
u

�
, (20)

which numerically is of order 10�2 for ⇤ = 1TeV and O(1) Wilson coe�cients.1 In the
presence of the mixing in (19), the SM ⇡0 ! �� amplitude mediated by the axial-vector
anomaly induces an additional contribution to the a ! �� amplitude. Combining all terms,
we thus obtain (assuming m

a

6= m
⇡

)

Ce↵
��

(m
a

. 1GeV) ⇡ C
��

� (1.92 ± 0.04)C
GG

� m2
a

m2
⇡

� m2
a


C

GG

m
d

� m
u

m
d

+m
u

+
c
uu

� c
dd

32⇡2

�

+
X

q=c,b,t

N
c

Q2
q

16⇡2
c
qq

B1(⌧q) +
X

`=e,µ,⌧

c
``

16⇡2
B1(⌧`) +

2↵

⇡

C
WW

s2
w

B2(⌧W ) .

(21)

The contribution from the coe�cient c
ss

not shown here would be suppressed, for light ALPs,
by a factor of order m2

⇡

/m2
⌘

relative to the contributions from c
uu

and c
dd

.

3.2 ALP decay into charged leptons

If the ALP mass is larger than 2m
e

⇡ 1.022MeV, the leptonic decay a ! e+e� or decays
into heavier leptons (if kinematically allowed) can be the dominant ALP decay modes in
some regions of parameter space. We have calculated the corresponding decay rates from
the e↵ective Lagrangian including the complete set of one-loop mixing contributions from the
bosonic operators in (1) and (6), see Figure 2. In analogy with (11), we write the result in the
form (with ` = e, µ, ⌧)

�(a ! `+`�) =
m

a

m2
`

8⇡⇤2

��ce↵
``

��2
s

1 � 4m2
`

m2
a

, (22)

which is approximately linear in the ALP mass. At one-loop order, the e↵ective Wilson
coe�cient ce↵

``

receives contributions from c
``

as well as from the diboson coe�cients C
WW

and

1Relation (19) holds as long as |m2
⇡ � m2

a| � 2✏ m⇡ma. In the opposite limit one would obtain ⇡0 =
1p
2

(⇡0
phys+aphys)+O(✏), but such a large mixing requires a fine-tuning of the masses that is rather implausible.
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a a a a a

�

� �

�

� �

� � �

�

f W± 'W W± ⇧�Z

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧

�Z

(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients C

V V

in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵

��

such that

�(a ! ��) ⌘ 4⇡↵2m3
a

⇤2

��Ce↵
��

��2 . (12)

To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with m

a

< 2m
e

this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵
��

depends on the ALP mass. Ifm
a

� ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain

Ce↵
��

(m
a

� ⇤QCD) = C
��

+
X

f

N f

c

Q2
f

16⇡2
c
ff

B1(⌧f ) +
2↵

⇡

C
WW

s2
w

B2(⌧W ) , (13)

where ⌧
i

⌘ 4m2
i

/m2
a

for any SM particle, and N f

c

and Q
f

denote the color multiplicity and
electric charge (in units of e) of the fermion f . The loop functions read

B1(⌧) = 1 � ⌧ f 2(⌧) ,

B2(⌧) = 1 � (⌧ � 1) f 2(⌧) ,
with f(⌧) =

(
arcsin 1p

⌧

; ⌧ � 1 ,
⇡

2
+ i

2
ln 1+

p
1�⌧

1�
p
1�⌧

; ⌧ < 1 .
(14)
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The fermion loop function has the property that B1(⌧f ) ⇡ 1 for light fermions with masses

m
f

⌧ m
a

, while B1(⌧f ) ⇡ � m

2
a

12m2
f
for heavy fermions (m

f

� m
a

). Thus, each electrically

charged fermion lighter than the ALP adds a contribution of order c
ff

/(16⇡2) to the e↵ective
Wilson coe�cient Ce↵

��

, while fermions heavier than the ALP decouple. The calculation of the
electroweak loop corrections to the decay rate is far more involved than that of the fermion
loops. We have evaluated the relevant diagrams shown in Figure 1 in a general R

⇠

gauge.
After some intricate cancellations, the main result of these corrections is to renormalize the
fine-structure constant ↵ in the expression for the rate, which is to be evaluated at q2 = 0,
as appropriate for on-shell photons. As mentioned earlier, the Wilson coe�cient C

��

is not
renormalized at one-loop order. The remaining finite correction in (13) is strongly suppressed,

since the loop function B2(⌧W ) ⇡ m

2
a

6m2
W

is proportional to the ALP mass squared. An interesting

feature of our result for the e↵ective ALP–photon coupling in (13) is that the loop-induced
contributions from both fermions and W bosons vanish in the limit m

a

! 0. This is an
advantage of our choice of operator basis.

It is interesting to compare our result for the fermionic contributions to the a ! �� decay
rate with the corresponding e↵ects on the di-photon decay rate of a CP-odd Higgs boson.
In this case the Higgs boson couples to the pseudoscalar fermion current, and one finds an
expression analogous to (13), but with the loop function [B1(⌧f )�1] instead of B1(⌧f ) [53]. The
di↵erence can be understood using the anomaly equation for the divergence of the axial-vector
current, which allows us to rewrite the ALP–fermion coupling in (10) in the form

c
ff

2

@µa

⇤
f̄�

µ

�5f = �c
ff

m
f

⇤
a f̄ i�5f + c

ff

N f

c

Q2
f

16⇡2

a

⇤
e2F

µ⌫

F̃ µ⌫ + . . . , (15)

where the dots represent similar terms involving gluons and weak gauge fields. The first term
on the right-hand side is now of the same form as the coupling of a CP-odd Higgs boson to
fermions, while the second term has the e↵ect of subtracting “1” from the function B1(⌧f ).

At one-loop order, relation (13) involves all Wilson coe�cients in the e↵ective Lagrangian
(1) except for C

GG

. Even if the original coe�cient C
��

vanished for some reason, these loop
contributions would induce an e↵ective coe�cient Ce↵

��

at one-loop order. The ALP–gluon
coupling would first enter at two-loop order. Using results derived in the following section, its
e↵ect can be estimated as

�Ce↵
��

(m
a

� ⇤QCD) ⇡ �3↵2
s

(m2
a

)

⇡2
C

GG

X

q

Q2
q

B1(⌧q) ln
⇤2

m2
q

, (16)

where for the light quarks q = u, d, s one should use a typical hadronic scale such as m
⇡

instead of m
q

in the argument of the logarithm. Numerically, this two-loop contribution can
be sizable due to the large logarithm.

If the ALP mass is not in the perturbative regime, i.e. for m
a

. 1GeV, the hadronic loop
corrections to the e↵ective ALP–photon coupling can be calculated using an e↵ective chiral
Lagrangian. This is discussed in detail in Appendix B. Including interactions up to linear
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fermions:

as a consequence of the anomaly equation:

� m2
a

12m2
f

, for mf � ma

1 , for ma ⌧ mf

(
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Figure 8: Left: Contours for the ratio �(h ! Za)/�(h ! Z�)
SM

in the plane of the Wilson

coe�cients ctt and C(7)

Zh for ma < 1 GeV and ⇤ = 1 TeV. Right: The same rate ratio as a function of
the e↵ective Wilson coe�cient Ce↵

Zh for di↵erent ALP masses ma = 1 � 30 GeV.

arise from integrating out heavy particles whose mass remains large in the limit of unbroken
electroweak symmetry [44, 45]. However, this argument does not apply for the class of models
featuring new heavy particles which receive their mass from electroweak symmetry breaking.
Concrete examples of such models, containing new heavy leptons or scalars, can be found in
... [Give some references and connect with non-linear EWSB!] The e↵ective Lagrangian
for such models generically contains operators which are non-polynomial in the Higgs field
(see e.g. [46]). At dimension-5 order, there is a unique such operator relevant to the decay
h ! Za. It is given by [44] [Which additional operators are generated when we integrate
by parts?]

Lnon�pol

e↵

3 C
(5)

Zh

⇤
(@µa)

�
�† iDµ �+ h.c.

�
ln

�†�

µ2

+ . . . , (34)

and its contribution to the decay amplitude was already included in (31) and (33). The decay
h ! Za is unique in the sense that, at dimension-5 order, a tree-level hZa coupling can only
arise in such special models.

In the right plot in Figure 8, we allow for non-zero C
(5)

Zh and display the rate ratio as
a function of the e↵ective Wilson coe�cient Ce↵

Zh defined in (33) for di↵erent ALP masses.
In models where a tree-level dimension-5 contribution is present, one can naturally obtain
h ! Za rates exceeding the SM h ! Z� rate by orders of magnitude. For example, with
|Ce↵

Zh| = 0.3 and for a light ALP (ma < 1GeV) one finds a ratio of about 60, corresponding
to a 9% h ! Za branching ratio. This would be a spectacular new-physics e↵ect. We find
that the decay rate is approximately independent of the ALP mass as long as ma is below a
few GeV. The decay h ! Za is kinematically allowed as long as ma < mh � mZ ⇡ 33.9GeV.
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This decay can have sizable 
branching ratios, exceeding 
h -> Z gamma. 



Macroscopic Lifetime

the ALP-induced loop corrections in Figure 4, without invoking a large contribution from the
unknown short-distance coe�cient Kaµ(⇤). There is a weak dependence on the ALP mass,
such that the allowed parameter space increases for m2

a � m2

µ. Interestingly, we find that an
explanation is possible without much tuning for values |C��| ⇠ 1 and |cµµ| & 2, or for |cµµ| < 1
and |C��| & 2. Since the coupling of the ALP to muons is not constrained by perturbativity,
we consider the first possibility more plausible. In Section 6, we will show that this scenario
is consistent with existing precision measurements at the Z pole.

5 Exotic decays of the Higgs boson into ALPs

The presence of the ALP couplings to SM particles gives rise to the possibility of various exotic
decay modes of the Higgs boson, which might be discoverable during the high-luminosity run
of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety
of interesting search channels for ALPs, depending on how a and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�
search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [59] and ATLAS [60]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
leaving plenty of room for new-physics e↵ects. A discovery of the h ! Z� decay mode and an
accurate measurement of its rate are among the most pressing targets for the high-luminosity
LHC run. Very importantly, we will show that ALP searches in the h ! Za ! Z�, Z��
channels can potentially probe regions in the ma –C�� parameter space that are inaccessible
to any other searches.
The lifetime of ALPs and their boost factor have important consequences on their dominant
decay modes. In particular, for very light ALPs or very weak couplings, the decay length can
become macroscopic and hence only a small fraction of ALPs decay inside the detector. Since
to good approximation Higgs bosons at the LHC are produced along the beam direction, the
average decay length of the ALP perpendicular to the beam is L?

a (✓) = sin ✓ �a�a/�a, where ✓
is the angle of the ALP with respect to the beam axis in the Higgs-boson rest frame, �a and
�a are the usual relativistic factors in that frame, and �a is the total decay width of the ALP.
If the ALP is observed in the decay mode a ! XX̄, we can express its total width in terms
of the branching fraction and partial width for this decay, i.e.

L?
a (✓) = sin ✓

p
�2

a � 1
Br(a ! XX̄)

�(a ! XX̄)
⌘ La sin ✓ . (26)

The boost factor is �a = (m2

h � m2

Z + m2

a)/(2mamh) for h ! Za and �a = mh/(2ma) for
h ! aa. For the example of a ! �� decays, the geometry is sketched in Figure 6.
We call fZa

dec

and faa
dec

the fraction of all h ! Za and h ! aa events where the ALPs decay
before they have traveled a perpendicular distance L

det

set by the relevant detector components
needed for the reconstruction of the particles X (i.e., the electromagnetic calorimeter if X is a
photon, and the inner tracker if X is an electron). Since two-body decays of the Higgs boson

16

�

8
>>>>>><

>>>>>>:

La

Beam axis

h

a

a

ECAL

Ldet

� �

Figure 6: Sketch of the decay h ! aa ! 4� in a vertical cross-section of the detector with the
beam axis in the plane of the paper. The gray shaded area represents the position of the ECAL.

are isotropic in the Higgs rest frame, it follows that

fZa
dec

=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
,

faa
dec

=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
2

.

(27)

To good approximation one finds that faa
dec

⇡ (fZa
dec

)2 and for small L
det

/La

fZa
dec

⇡ ⇡

2

L
det

La
, faa

dec

⇡
✓
L
det

La

◆
2

ln
1.258La

L
det

, (28)

while for large L
det

/La both event fractions are very close to 1. We now define the e↵ective
branching ratios

Br(h ! Za ! `+`�XX̄)
��
e↵

= Br(h ! Za) Br(a ! XX̄) fZa
dec

Br(Z ! `+`�) ,

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 faa
dec

,
(29)

where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the decay length La ⌧ L
det

the e↵ective
branching ratios are just the products of the relevant branching fractions for the individual
decays. They depend on the squares of the Wilson coe�cients Ce↵

Zh and Ce↵

ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L

det

, the dependence on this branching ratio drops out to good
approximation, because the relevant product Br(a ! XX̄)/La / �(a ! XX̄) is governed by
the a ! XX̄ decay rate. Via this rate enters a dependence on the Wilson coe�cient Ce↵

XX

responsible for the decay a ! XX̄.
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Figure 6: Sketch of the decay h ! aa ! 4� in a vertical cross-section of the detector with the
beam axis in the plane of the paper. The gray shaded area represents the position of the ECAL.

are isotropic in the Higgs rest frame, it follows that

fZa
dec

=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
,

faa
dec

=

Z ⇡/2

0

d✓ sin ✓
⇣
1 � e�Ldet/L?

a (✓)
⌘
2

.

(27)

To good approximation one finds that faa
dec

⇡ (fZa
dec

)2 and for small L
det

/La

fZa
dec

⇡ ⇡

2

L
det

La
, faa

dec

⇡
✓
L
det

La

◆
2

ln
1.258La

L
det

, (28)

while for large L
det

/La both event fractions are very close to 1. We now define the e↵ective
branching ratios

Br(h ! Za ! `+`�XX̄)
��
e↵

= Br(h ! Za) Br(a ! XX̄) fZa
dec

Br(Z ! `+`�) ,

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 faa
dec

,
(29)

where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the decay length La ⌧ L
det

the e↵ective
branching ratios are just the products of the relevant branching fractions for the individual
decays. They depend on the squares of the Wilson coe�cients Ce↵

Zh and Ce↵

ah which govern the
Higgs decay rates into ALPs, and on the branching ratio Br(a ! XX̄) for the ALP decay
mode in which the ALP is reconstructed. In the opposite case, where the ALP decay length is
larger than the detector scale L

det

, the dependence on this branching ratio drops out to good
approximation, because the relevant product Br(a ! XX̄)/La / �(a ! XX̄) is governed by
the a ! XX̄ decay rate. Via this rate enters a dependence on the Wilson coe�cient Ce↵

XX

responsible for the decay a ! XX̄.
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Figure 7: Sketch of the decay h ! Za ! Z�� in a vertical cross section of the detector. The gray
shaded area represents the position of the electromagnetic calorimeter (ECAL).

of the LHC. The relevant decay modes are h ! Za and h ! aa. These o↵er a variety of
interesting search channels for ALPs, depending on how the ALP and the Z boson decay. In
some regions of parameter space, the decay h ! Za may be reconstructed in the h ! Z�
search channel and appear as a new-physics contribution to this decay mode. The present
experimental upper limits on the pp ! h ! Z� rates reported by CMS [83] and ATLAS [84]
(both at 95% confidence level (CL)) are 9 and 11 times above the SM value, respectively, thus
leaving plenty of room for new-physics e↵ects. A discovery of the h ! Z� decay mode and an
accurate measurement of its rate are among the most pressing targets for the high-luminosity
LHC run. Very importantly, we will show that ALP searches in the h ! Za and h ! aa
channels with subsequent a ! �� or a ! e+e� decays can potentially probe regions in the
m

a

–Ce↵
��

and m
a

– ce↵
ee

parameter spaces that are inaccessible to any other searches.
The lifetime of ALPs and their boost factor have important consequences for their de-

tectability. For very light ALPs or very weak couplings, the decay length can become macro-
scopic and hence only a small fraction of ALPs decay inside the detector. Since to good
approximation Higgs bosons at the LHC are produced along the beam direction, the average
decay length of the ALP perpendicular to the beam axis is

L?
a

(✓) =
�
a

�
a

�
a

sin ✓ ⌘ L
a

sin ✓ , (39)

where ✓ is the angle of the ALP with respect to the beam axis, �
a

and �
a

are the usual
relativistic factors, and �

a

is the total decay width of the ALP. For the example of h ! Za
decay followed by a ! ��, the geometry is sketched in Figure 7. Note that the quantity L?

a

(✓)
(but not L

a

) is invariant under longitudinal boosts along the beam axis, and we are thus free
to define L

a

and the angle ✓ in the Higgs-boson rest frame. If the ALP is observed in the
decay mode a ! XX̄, we can express its total width in terms of the branching fraction and
partial width for this decay, yielding

L
a

=
p

�2
a

� 1
Br(a ! XX̄)

�(a ! XX̄)
, (40)
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Future Searches
The reach for future searches for h -> Za and h -> aa decays 
is immense

As a bound on 
the New Physics 
scale.
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Figure 15: Constraints from di↵erent experiments on the ALP mass and coupling to photons. The
parameter space for which at least 100 h ! Za ! `+`�+�� (h ! aa ! ��+��) events are expected

at the LHC with 300 fb�1 is shaded green (blue) for C(5)e↵

Zh = Ce↵

ah = Ce↵

�� = 1.

Figure 14 together with the parameter space for which at least 100 events of h ! �� + �� or
h ! `+`� + �� events are expected for 300 fb�1 with C

(5) e↵

Zh = Ce↵

ah = Ce↵

�� = 1 and varying
new physics scale ⇤. Note, that now also the parameter space preferred by the (g � 2)µ
measurement is shifted, since cµµ = 1. The LHC will be able to probe new physics scales as
high as ⇤ = 102 TeV with the current run.

5.3.2 Decays into Leptons

If the ALP is heavy enough, ma > 2me or ma > 2mµ, a significant fraction of ALPs can
decay into electrons or muons, especially if the decay into photons is loop-suppressed. The
decay chains h ! aa ! `+`� + `+`� and h ! Za ! `+`� + `+`� provide clean search
channels in this parameter space. If only ALP couplings to muons are relevant, cosmological
bounds, beam dump searches and searches for ALPs converting to photons are not expected
to provide relevant limits MB: put bounds from photon coupling in the plot?. A search for
h ! aa ! µ+µ� + µ+µ� decays has been proposed in [81] in the context of the Next-to
Minimal Supersymmetric SM (NMSSM) and performed by CMS [36, 37]. The bound on the
Higgs branching ratio can be directly translated into exclusion limits in the ma � cµµ plane.
We show the excluded parameter space for Ce↵

ah = 1 based on 2.8 fb�1 of 13 TeV data in
Figure 16 shaded dark blue. We further show the parameter space that can be excluded by a
search for this final state based on 300 fb�1 of 13 TeV data (shaded light blue). This analysis is
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f W± 'W W± ⇧�Z

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case where no small
coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
suppressed, relative to the a ! �� rate, by a factor of order m2

a v
4/⇤6. Alternatively, if Dirac

neutrino mass terms are added to the SM, the corresponding couplings in (8) yield a a ! ⌫⌫̄
decay rate proportional to m2

⌫ . In either way, for ⇤ in the TeV range or higher, this decay
rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (4) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman

5

Ce↵
��

CZh
h h

a

Z Z

a

f W± h

Z

a

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) =
m3

h

16⇡⇤2

��Ce↵

Zh

��2 �3/2

✓
m2

Z

m2

h

,
m2

a

m2

h

◆
, (30)

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

Ce↵

Zh = C
(5)

Zh � Nc y
2

t

8⇡2

T t
3

ctt F +
v2

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 � xm2

h � zm2

Z

m2

t � xym2

h � yzm2

Z � xzm2

a

⇡ 0.930 + 2.64 · 10�6

m2

a

GeV2

, (32)

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

Ce↵

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

18
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Macroscopic Lifetime
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If the alps are light, they are strongly boosted! The LHC only 
has a finite angular resolution putting a limit on the angle for 
which single photons can be separated from pairs,

where the first operator mediates the decay h ! aa, while the second one is responsible for
h ! Za. Note that a possible dimension-5 operator coupling the ALP to the Higgs current is
redundant unless it is introduced by integrating out a heavy new particle which acquires most
of its mass through electroweak symmetry breaking [5–8].

At the FCC-ee, the ALP can be produced in the s-channel,

�(e+e� ! a ! X) =
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2 +m2
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2
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Br(a ! e+e�)Br(a ! X) , (3)

where �a is the total decay width of the ALP. Resonant production is suppressed by the
ALP branching ratio into electrons, which is expected to be small for the projected FCC-ee
center-of-mass energy. In contrast, ALPs produced in exotic decays of heavy SM particles,
benefit from the large number of Z-bosons and Higgs bosons produced in the clean collision
environment at the FCC-ee. In the following we will consider the processes Z ! �a, h ! Za
and h ! aa with the corresponding partial widths2
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, (6)

where we define ce↵Zh = c(5)Zh + 2cZhv2/f 2 to take into account possible contributions from a
dimension-5 operator which originates from integrating out chiral heavy new physics.

Light or weakly coupled ALPs become long lived and thus only a small fraction of them
decay inside the detector. The average decay length of the ALPs perpendicular to the beam
axis is given by

L?
a (✓) =

p
�2
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�a
sin ✓ , (7)

where �a denotes the relativistic boost factor given by
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2ma
, for h ! aa .

(8)

2Other promising processes at the FCC-ee could be mono-Z, W and � signatures with missing energy based
on results discussed in [9, 10].
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Searches for h -> aa and h -> Za are strongly motivated in 
various final states. Current constraints:
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Figure 9: Left: Excluded parameter space from searches for h ! Z� are shaded blue. Right:
Parameter space excluded by searches for enhancements of the SM decay h ! �� and from searches
for h ! �� + �� between ma = 100 MeV and ma = 10 � 62.5 GeV. The blue shaded regions are
excluded for Ce↵

ah = 1, the red shaded regions are also excluded for Ce↵

ah = 0.1. Dotted contours
correspond to Br(a ! ��) = 0.1. The grey dashed contours indicate the universal limit from the
constraint on h ! BSM.

Figure 8 shows that significant decay rates can be found even close to the kinematic limit.
The LHC collaborations have reported the 95% CL upper limit Br(h ! BSM) < 0.34 on

decays of the Higgs boson into non-SM final states from a combined analysis of the Higgs-
boson production and decays rates [71]. This implies the model-independent bound �(h !
BSM) < 2.1MeV on any decay rate involving new particles. For the special case of h ! Za
decay, we thus obtain

��Ce↵

Zh

�� < 0.72


⇤

1TeV

�
2

. (35)

This bound is obtained by neglecting the ALP mass and get weaker if ma approaches the
kinematic threshold ma = mh � mZ . The constraint from the projection for the branching
ratio of the Higgs in BSM states at

p
s = 14 TeV and a luminosity of 3000 fb�1 of Br(h !

BSM) < 0.1 is given by |Ce↵

Zh| ⇡ 0.34 (⇤/TeV). For Higgs-boson decays into invisible particles,
the stronger bounds Br(h ! invisible) < 0.23 (ATLAS [85]) and Br(h ! invisible) < 0.24
(CMS [63]), both at 95% CL, were derived, but do not currently constrain h ! Za decays,
even for Br(a ! invisible) = 1. Depending on the dominant branching ratio of the ALP,
the decay h ! Za has di↵erent interesting experimental signatures. Decays of the ALP into
photons can be searched for in the h ! Za ! `+`��� final state. No dedicated searches have
been performed in this channel yet, but for strongly boosted ALPs, the two photons can be
reconstructed as a single photon, and the decays h ! Za would lead to a modification of the
�(h ! Z�) cross section. Since there is no interference term, this cross section can only be

20

Ce↵
Zh = 1 Br(a ! ��) = 1

Br(a ! ��) = 0.1Ce↵
Zh = 1

�
�

h h
a

+
2 2

� �a

MB, Neubert, Thamm, 1704.08207

Ce↵
�� = 1

Ce↵
�� = 1

Ce↵
�� = 0.1

Exotic Higgs Decays



Searches for h -> aa and h -> Za are strongly motivated in 
various final states. Current constraints:
From a               decaysa ! ff̄
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Figure 10: The left panel shows the parameter space excluded by a search for h ! ZZd ! 2`+`�

with a solid (dotted) contour for Br(a ! `+`�) = 1(0.1). The right panel shows constraints from LHC
searches for h ! aa decays for various final states. The solid contours assume Br(a ! XX) = 1
if only one decay is constrained and Br(a ! XX) = Br(a ! Y Y ) = 0.5 if two final states are
considered. The dotted contour corresponds to Br(a ! XX) = 0.1 and Br(a ! XX) = 0.1,
Br(a ! Y Y ) = 0.9 for mY > mX . The gray dashed contour in both plots show the universal limit
from h ! BSM.

enhanced in this scenario. From Figure 8 follows that this enhancement could be of order
one and stronger. We estimate the mass below which the ALP will decay into di-photons
that mimic a single photon in the detector to be below ma < 47MeV, by adapting the boost
factor from the h ! aa decay for ma < 100MeV, following the analysis [67]. The current
limits on the cross section �(pp ! h ! Z�) < 9 � 11 ⇥ �(pp ! h ! Z�)

SM

than rule out
the blue shaded area shown in the left panel of Figure 11 above the blue solid contour for
Br(a ! ��) = 1 and the blue dotted contour for Br(a ! ��) = 0.1. For very low ALP
masses, sensitivity is lost irrespective of the branching ratio Br(a ! ��), because the e↵ective
branching ratio Br(h ! Za ! `+`���)

��
e↵

defined in (29) is independent of Br(a ! ��) and
goes to zero for large boost factors �a and small decay rates �(a ! ��).
If the leptonic decay modes are relevant, ALPs can be searched for in h ! Za ! 4` decays.
An analysis by ATLAS searching for new ”dark” bosons Zd produced in Higgs decays h ! ZZd

with subsequent decays ZZd ! 4`, where ` = e, µ can be reinterpreted to constrain Ce↵

Zh in the
considered mass windowmZd

= 15�35 GeV []. We show the excluded region in the left panel of
Figure 10, in which the solid (dotted) contour again correspond to Br(a ! `+`�) = 1(0.1). We
strongly encourage to extend these searches for lower masses and to separate final state lepton
flavours. The expected asymmetry between electron, muon and tau final states from ALP
decays would be a striking signature of a light pseudoscalar. The possibility to observe light
new physics in Higgs decays with this final state has also been mentioned in [64]. A heavier
ALP can also decay into heavy-quark jets, which would provide spectacular signatures, such as
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Very displaced Vertices
Currently we have constraints on long-lived particles with a 
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The idea is to probe 
these length scales 
with a dedicated 
detector during the 
high luminosity run 
of the LHC.

2

challenging. In this case, direct detection of the ULLP decay
might be the only avenue to their discovery. Exotic Higgs
Decays are perhaps the best motivated of these scenarios.2

Searches for exotic decays of the recently discovered 125
GeV Higgs boson are one of the most promising discovery
avenues for new physics [54]. The Higgs is copiously pro-
duced at pp colliders through its coupling to the top quark via
gluon fusion, but its decay width is dominated by the small
bottom quark Yukawa yb ⇠ 0.02. This means that even very
small couplings of the Higgs to new degrees of freedom can
manifest as exotic decay modes with observably large branch-
ing fractions. Such couplings are generic in BSM scenarios,
since new hidden sectors that include neutral LLPs can couple
to the Higgs via portal operators of low effective dimension.

In particular, this makes exotic Higgs decays one of the
most plausible sources of LLPs. Furthermore, these LLPs
will in general obey the BBN lifetime bound, since their
coupling to the Higgs implies thermal contact with the SM
plasma.3 This is realized, for example, in theories of Neu-
tral Naturalness [55–59], and generic scenarios with Hidden
Valleys [10–15] or dark photons [60–62]. The large rate of
Higgs and hence ULLP production can compensate to some
extent for the low probability of decaying in the detector, but
this is not enough to probe ULLPs with lifetimes near the
BBN bound. This is especially regrettable, since invisible
Higgs decays with ⇠ 10% branching ratios are discoverable
at the High-Luminosity LHC (HL-LHC) [63, 64]. At future
lepton colliders, sub-percent invisible decays can be directly
probed [49, 65]. For all of these MET signals, full characteri-
zation of the produced final state would be invaluable.

It is for these reasons that we advocate in this paper for
the construction of dedicated LLP detectors at hadron collid-
ers. For the purpose of sensitivity estimates, we focus here on
exotic Higgs decays as a benchmark model, where sensitiv-
ity to ULLPs at the BBN lifetime bound would allow for full
coverage of an essentially finite parameter space. However,
extending our sensitivity to long decay lengths is generally
motivated to discover and diagnose many BSM scenarios.

At the HL-LHC, ULLP decays could be detected by in-
strumenting a suitably large volume near the interaction
point, with sufficient shielding to suppress backgrounds from
prompt particles produced in the collision.4 We propose the
MATHUSLA detector concept (MAssive Timing Hodoscope
for Ultra Stable neutraL pArticles), which is located at the sur-
face above and slightly displaced from the interaction point.
This detector extends the lifetime range of LLP searches by
three orders of magnitude compared to the main detector and
could discover ULLPs near the BBN limit. With present tech-
nology and available land above the CMS or ATLAS interac-
tion points, this detector could be constructed in time for the
HL-LHC upgrade.

2 For very light LLPs like sub-GeV sterile neutrinos, fixed target experiments
like SHiP [53] can be sensitive to BBN lifetimes.

3 An exception to this argument may be inflationary scenarios with very low
reheating temperatures.

4 This is similar in spirit to the MilliQan external detector proposed to find
stable milli-charged particles produced at the LHC [66, 67].

20m

200m

100m

100m

Surface Detector

(side view)

FIG. 1. Possible geometric configurations for the MATHUSLA sur-
face detector at the HL-LHC. Gray shading indicates areas assumed
to be sensitive to LLP decays. The surface detector is a 200m square
building, centered along the beam line.

II. MATHUSLA SURFACE DETECTOR FOR THE HL-LHC

We propose constructing a dedicated detector to observe
ULLPs decaying into charged SM particles away from the
main detector. The HL-LHC will produce Nh ⇡ 1.5 ⇥ 108

Higgs bosons. When producing ULLPs in exotic Higgs de-
cays, the number of observed ULLP decays is roughly

N

obs

⇠ Nh · Br(h ! ULLP ! SM) · ✏
geometric

· L

bc⌧

(1)

where L is the linear size of the detector along the ULLP’s
direction of travel, ✏

geometric

is the chance that the ULLP will
pass through the detector (i.e. geometric coverage), and b

is the Lorentz boost |~p|/m of the produced ULLP. Since the
Higgs boson is dominantly produced on threshold, if it decays
to n ULLPs with mass mX , their characteristic boost will be

b ⇠ mh

nmX
, (2)

so typically b . 3 for n = 2 and mX & 20 GeV.5 Assuming
the ULLP decays exclusively to the SM,6 observation of a few
ULLP decays with a lifetime of c⌧ ⇠ 107 m requires

L ⇠ (20 m)

✓
b

3

◆✓
0.1

✏

geometric

◆
0.3

Br(h ! ULLP)
. (3)

Therefore, ULLPs near the BBN lifetime bound arising from
exotic Higgs decays near current limits [68, 69] could be dis-
covered if the detector had a linear size of ⇠20 m in the direc-
tion of travel and ⇠10% geometric coverage. Central to this
estimate is the assumption that the dedicated ULLP detector
operates in a very low background regime. A necessary re-
quirement is that the detector is shielded from the background

5 n > 2 typically implies higher-dimensional operators, cascade decays
in the hidden sector, or a hidden confining gauge group that produces a
shower. We focus on n = 2 which suffices to discuss detector require-
ments.

6 Generically, a coincidence of small widths is required for a ULLP to decay
to both SM and hidden sector particles.
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FIG. 3. HL-HLC sensitivity to LLP production in exotic Higgs
decays. Solid lines: Required Br(h ! XX) required to see 4 events
in MATHUSLA. Dotted lines: projected ATLAS Br(h ! XX)
exclusions [82]. Purple shading: projected CMS Br(h ! invis)
exclusion [63], which applies roughly beyond the blue shaded region.

depending on the LLP mass. The signal reconstruction effi-
ciency could be very close to this, given the extremely robust
tracking required for background rejection, and possibly even
better depending on the detailed design and geometry. There-
fore, we assume an aspirational 100% detection efficiency for
simplicity, which suffices to demonstrate the achievable reach.

The Br(h ! XX) required for 4 expected signal events is
shown as solid lines in Fig. 3 for different LLP masses mX =
5, 20, 40 GeV.10 If LLP decays were actually observed, this
would be within a modest O(1) factor of the discovery reach,
assuming backgrounds could be almost completely rejected as
we argue above. Conversely, if no events are observed, these
curves correspond to 95% CL exclusions, again assuming no
backgrounds.

An important point of comparison is provided by the recent
study [82], which investigated the sensitivity of a search for
a single displaced vertex (DV) in the ATLAS Muon System
(MS) with data-driven background estimates. Out of all the
possible searches in the main detector, this strategy will have
the best or close to the best sensitivity for long LLP lifetimes.
The projected exclusion limits from this search, making opti-
mistic assumptions about QCD background, are shown as dot-
ted lines in Fig. 3. The MATHUSLA detector extends lifetime
sensitivity by three orders of magnitude, and allows detection
of ULLPs close to the BBN lifetime limit.

For decay lengths less than ⇠ 106 m, MATHUSLA is also
orders of magnitude more sensitive than invisible Higgs decay
searches. For relatively large Br(h ! ULLPs) & 10%, both
searches would find a signal. Assuming the invisible Higgs
decay products are all ULLPs, this would make it possible
to uniquely determine the lifetime and diagnose the hidden

10 Based on the required energy deposition and final state kinematics com-
pared to the neutrino scattering background, we expect MATHUSLA to be
sensitive to LLP masses above a few GeV, with sensitivity to lower masses
possible in some cases. The details depend on the final detector design.

sector dynamics.
Our estimates demonstrate that a concept like MATHUSLA

is capable of searching for and discovering LLPs with life-
times approaching the Big Bank Nucleosynthesis limits.

III. SUB-SURFACE DETECTORS FOR THE 100 TEV
COLLIDER

A 100 TeV collider with 30 ab�1 of integrated luminosity,
such as the proposed SPPC [46] in China or the FCC-hh at
CERN [47], will produce Nh ⇡ 2.2 ⇥ 1010 Higgs bosons.
Correspondingly, the achievable sensitivity to ULLP decays is
orders of magnitude greater than at the HL-LHC. At the BBN
limit, the sensitivity to sub-percent level exotic Higgs decay
branching fractions to ULLPs matches or exceeds invisible
decay searches. For intermediate lifetimes, a dedicated ULLP
detector could outperform invisible Higgs searches at lepton
colliders by orders of magnitude.

A surface detector like MATHUSLA could be constructed
at a 100 TeV collider as well, but the required size may not
be practical if the tunnel is deeper underground than the LHC.
However, we argue that a dedicated underground ULLP detec-
tor should be included in the design of any new pp machine ab
initio, since the excavation of a new tunnel provides ample op-
portunity to repurpose an underground hall near the main de-
tector for this purpose at relatively little additional cost. Such
a subsurface design can be much more compact than MATH-
USLA while achieving much greater LLP acceptance.

A benchmark geometry could be a Forward LLP detector
reminiscent of a Muon System of HCAL endcap. For con-
creteness, we assume a detector volume in the shape of a
cylindrical ring aligned with the beamline, with an inner ra-
dius of 5 m, an outer radius of 30 m, a depth of 20 m, and sit-
uated starting 40 m from the interaction point down the beam-
line. This should allow for at least 20 m of shielding, based
on typical main detector geometries proposed for the 100 TeV
collider [84].

Leaving more detailed design and background studies for
future work, we make just a few remarks. Backgrounds from
charged cosmic rays and atmospheric neutrinos are greatly re-
duced, due to the lower detector volume and, for the former,
shielding by the rock above. A dominant background is likely
to be muons produced in the 100 TeV collision, and highly
redundant vetoes would have to be implemented accordingly.
However, it is clear that in principle, similar detector tech-
nologies as those used in MATHUSLA should be sufficient
to reject all backgrounds. Furthermore, the compact size of
this detector may allow for more elaborate instrumentation,
which would aid in the analysis of LLP decays as well as the
rejection of backgrounds.

We quantitatively estimate sensitivity in the same fashion
as for the HL-LHC, with results for a MATHUSLA-like sur-
face detector (assuming an area scaled up by the greater depth
of the 100 TeV tunnel), and the benchmark Forward Detec-
tor, shown in Fig. 4. The projections in Fig. 4 make clear
that a dedicated ULLP detector at a 100 TeV collider could
probe many ULLP production scenarios with lifetimes up to
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ALPs can be discovered in Higgs decays.

Different processes (h -> aa, h-> a Z, Z -> a 
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ALP Effective Lagrangian
ALP: A new pseudoscalar particle protected by an 
approximate shift symmetry 

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

Most general dimension five Lagrangian

operator. The decay mode h ! aZ should be parametrically suppressed with respect to other
Higgs decays, in particular h ! aa. In this work, we present a loophole in this argument.
If the fields integrated out to obtain the e↵ective theory obtain most of their mass from
the electroweak scale, a non-polynomial operator can mediate the decay h ! aZ already at
dimension five [44, 45]. Non-polynomial operators are also induced for the other decay modes
in this case, but do not generate operators of lower dimension [46].

We present the reach of searches for exotic Higgs decays in the plane spanned by the ALP
mass and its coupling to photons or leptons, respectively. In both cases, even a small haZ or
haa coupling allows to probe a parameter space that is so far inaccessible for ALP searches.
Existing bounds from searches for Z decays into ALPs can be improved by up to 6 orders of
magnitude and in particular almost the complete still allowed region in which the ALP can
provide an explanation for the anomalous magnetic moment of the muon can be probed by
searches for h ! aa and h ! hZ decays.
We present our results based on an e↵ective Lagrangian for a SM singlet with derivative
couplings, including the leading operators for ALP couplings to each SM field. We include
tree-level and loop-induced contributions to the corresponding Wilson coe�cients, and analyze
to what degree the latter lead to important e↵ects. Besides Higgs decays into ALPs, we discuss
contributions to the anomalous magnetic moment of the muon (g�2)µ and the electron (g�2)e,
bounds from Z decays, electroweak precision tests and flavor probes. Finally, we comment on
the resolution of the anomalies in ⇡0 ! e+e� and excited Beryllium decays.

This article is structured as follows: In Section 2, we introduce the general ALP Lagrangian
and discuss the flavor structure. We discuss ALP decay rates including the e↵ect from in-
tegrating out the top quark in Section 3. In Section 4, the preferred and excluded region
of parameter space from contributions to the anomalous magnetic moment of the muon are
derived. We discuss constraints from present and future searches for the exotic Higgs decays
h ! aa and h ! aZ in Section 5. In Section 6.1 we turn to constraints from Z�pole observ-
ables, and in Section 7 we discuss the most stringent flavor bounds. In Section 8 we comment
on ALP explanations for flavor anomalies before we conclude in Section 9.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be much smaller than the electroweak scale. A
natural way to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is
a constant. We will furthermore assume that the UV theory is CP invariant, and that CP is
broken only by the SM Yukawa interactions. The particle a is supposed to be odd under CP.
Then the most general e↵ective Lagrangian including operators of dimension up to 5 (written
in the unbroken phase of the electroweak symmetry) reads [1]

LD5

e↵

=
1

2
(@µa)(@

µa) +
@µa

⇤

X

F

 ̄F CF �µ  F

+ g2s CGG
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⇤
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µ⌫,A + g2 CWW

a

⇤
WA

µ⌫ W̃
µ⌫,A + g0 2 CBB

a

⇤
Bµ⌫ B̃

µ⌫ ,

(1)
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the electroweak scale, a non-polynomial operator can mediate the decay h ! aZ already at
dimension five [44, 45]. Non-polynomial operators are also induced for the other decay modes
in this case, but do not generate operators of lower dimension [46].
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the resolution of the anomalies in ⇡0 ! e+e� and excited Beryllium decays.

This article is structured as follows: In Section 2, we introduce the general ALP Lagrangian
and discuss the flavor structure. We discuss ALP decay rates including the e↵ect from in-
tegrating out the top quark in Section 3. In Section 4, the preferred and excluded region
of parameter space from contributions to the anomalous magnetic moment of the muon are
derived. We discuss constraints from present and future searches for the exotic Higgs decays
h ! aa and h ! aZ in Section 5. In Section 6.1 we turn to constraints from Z�pole observ-
ables, and in Section 7 we discuss the most stringent flavor bounds. In Section 8 we comment
on ALP explanations for flavor anomalies before we conclude in Section 9.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be much smaller than the electroweak scale. A
natural way to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is
a constant. We will furthermore assume that the UV theory is CP invariant, and that CP is
broken only by the SM Yukawa interactions. The particle a is supposed to be odd under CP.
Then the most general e↵ective Lagrangian including operators of dimension up to 5 (written
in the unbroken phase of the electroweak symmetry) reads [1]

LD5

e↵

=
1

2
(@µa)(@

µa) +
@µa

⇤

X

F

 ̄F CF �µ  F

+ g2s CGG
a

⇤
GA

µ⌫ G̃
µ⌫,A + g2 CWW

a

⇤
WA

µ⌫ W̃
µ⌫,A + g0 2 CBB

a

⇤
Bµ⌫ B̃

µ⌫ ,

(1)
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�m2
a

2
a2

e↵ect can be estimated as

�Ce↵
��

(m
a

� ⇤QCD) ⇡ �3↵2
s

(m2
a

)

⇡2
C

GG

X

q

Q2
q

ln
⇤2

m2
q

B1(⌧q) , (15)

where for the light quarks q = u, d, s one should use a typical hadronic scale such as m
⇡

instead of m
q

in the argument of the logarithm. Numerically, this two-loop contribution can
be sizeable due to the large logarithm.

If the ALP mass is not in the perturbative regime, i.e. for m
a

. 1GeV, the hadronic loop
corrections to the e↵ective ALP–photon coupling can be calculated using an e↵ective chiral
Lagrangian. This is discussed in detail in Appendix A. Including interactions up to linear
order in the ALP field, and working at leading order in the chiral expansion, one obtains [43]

L
�PT

=
1

2
@µa @

µ

a � m2
a

2
a2 + e2


C

��

� 2

3
(4
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+ 
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�
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⇤
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+
f 2
⇡

8
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µ

⌃†⇤ + f 2
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4
B0 tr
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if 2
⇡
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@µa

2⇤
tr

⇥
ĉ
qq

(⌃†D
µ
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µ

⌃†)
⇤
.

(16)

Here f
⇡

⇡ 130MeV is the pion decay constant, ⌃ = exp
⇣

i

p
2

f⇡
⌧
a

⇡
a

⌘
contains the pion fields

and B0 =
m

2
⇡

mu+md
is proportional to the chiral condensate. For simplicity we restrict ourselves

to flavor SU(2) with just one generation of light quarks. The hermitian matrices m
q

=
diag (m

u

,m
d

) and ĉ
qq

= diag (c
qq

+ 32⇡2 C
GG


q

) are diagonal in the quark mass basis. The
parameters


u

=
m

d

m
u

+m
d

, 
d

=
m

u

m
u

+m
d

(17)

have been chosen such that there is no tree-level mass mixing of the ALP with the ⇡0. Note
the unusual appearance of a “tree-level” contribution proportional to C

GG

to the coe�cient
of the ALP–photon coupling in (16). When higher-order corrections (including the e↵ects of
the strange quark) are taken into account, the coe�cient of C

GG

inside the bracket is reduced
by about 5% and one obtains [C

��

� (1.92± 0.04)C
GG

] [56]. This large e↵ect is a consequence
of the axial-vector anomaly leading to enhanced ⇡0, ⌘, ⌘0 couplings to two photons combined
with a mass-mixing of the ALP with these mesons [57].

QCD dynamics generates a mass for the ALP given (at lowest order) by [47–49]

m2
a

=
f 2
⇡

m2
⇡

2⇤2

�
32⇡2 C

GG

�2 m
u

m
d

m
u

+m
d

. (18)

A possible explicit shift-symmetry breaking mass term would have to be added to this expres-
sion. The last term in (16) gives rise to a kinetic mixing between the ALP and the neutral
pion. Diagonalizing this term changes the mass eigenvalues for ⇡0 and a by tiny corrections
of order f 2

⇡

/⇤2 relative to the leading terms. At the same time, however, the state ⇡0 receives
a small admixture of the physical ALP state, such that

⇡0 = ⇡0
phys � ✏m2

a

m2
⇡

� m2
a

aphys + O(✏2) , (19)
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Bounds from Precision Observables

we obtain
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where �
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= �3, and we have defined

p(x) =
(1 � x)3 ln(1 � x)
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The imaginary parts in the above expressions arises from loop graphs containing a photon and
an ALP and reflect the existence of the on-shell decay Z ! �a considered in Section 6.1. In
cross sections these imaginary parts only enter at two-loop order and thus can be omitted to
the order we are working. We can then match the above results with the definition of the S,
T , U parameters defined in terms of ⇢⇤ and the quantities in (52). This leads to
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where we have set µ = ⇤. The coupling ↵ should be evaluated at µ = mZ , while e2 in
the expression for the T parameter should be evaluated at µ = 0. The presence of UV
divergences in these expressions signals that additional, short-distance contributions from
dimension-6 operators not containing the pseudoscalar a are required in order to cancel the
scale dependence. Like in our discussion in Section 4, we will assume that these are small at
the new physics scale, since they are not enhanced by the large logarithm ln(⇤2/m2

Z).

Figure 20 shows the allowed parameter space for C
(5)

Zh = 0 in the plane of the Wilson
coe�cients C���C�Z (left) and CWW �CBB (right) obtained from the global electroweak fit
[105]. The various coe�cients are related by (6). We observe that the coe�cients C�� and
CBB are largely unconstrained, while C�Z and CWW are restricted to relatively narrow ranges.
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Figure 20: Allowed regions in the parameters space of the Wilson coe�cients CWW�CBB (left) and

C���C�Z (right) obtained from a global two-parameter electroweak fit [105] with C(5)

Zh = 0 at 68%
CL (red), 95% CL (orange) and 99% CL (yellow). We assume that contributions from dimension-6
operators not containing the ALP field can be neglected at ⇤ = 1 TeV.

Figure 21: Allowed regions in the parameters space of the Wilson coe�cients CWW�CBB (left) and
C���C�Z (right) obtained from the global electroweak fit [105] at 68% CL (red), 95% CL (orange)

and 99% CL (yellow) for three free parameters and C(5)e↵

Zh = 0.72. We assume that contributions
from dimension-6 operators not containing the ALP field can be neglected at ⇤ = 1 TeV.
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where �
2

= �3, and we have defined

p(x) =
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. (53)

The imaginary parts in the above expressions arises from loop graphs containing a photon and
an ALP and reflect the existence of the on-shell decay Z ! �a considered in Section 6.1. In
cross sections these imaginary parts only enter at two-loop order and thus can be omitted to
the order we are working. We can then match the above results with the definition of the S,
T , U parameters defined in terms of ⇢⇤ and the quantities in (52). This leads to
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where we have set µ = ⇤. The coupling ↵ should be evaluated at µ = mZ , while e2 in
the expression for the T parameter should be evaluated at µ = 0. The presence of UV
divergences in these expressions signals that additional, short-distance contributions from
dimension-6 operators not containing the pseudoscalar a are required in order to cancel the
scale dependence. Like in our discussion in Section 4, we will assume that these are small at
the new physics scale, since they are not enhanced by the large logarithm ln(⇤2/m2

Z).

Figure 20 shows the allowed parameter space for C
(5)

Zh = 0 in the plane of the Wilson
coe�cients C���C�Z (left) and CWW �CBB (right) obtained from the global electroweak fit
[105]. The various coe�cients are related by (6). We observe that the coe�cients C�� and
CBB are largely unconstrained, while C�Z and CWW are restricted to relatively narrow ranges.
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Figure 20: Allowed regions in the parameters space of the Wilson coe�cients CWW�CBB (left) and

C���C�Z (right) obtained from a global two-parameter electroweak fit [105] with C(5)

Zh = 0 at 68%
CL (red), 95% CL (orange) and 99% CL (yellow). We assume that contributions from dimension-6
operators not containing the ALP field can be neglected at ⇤ = 1 TeV.
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Figure 21: Allowed regions in the parameters space of the Wilson coe�cients CWW�CBB (left) and
C���C�Z (right) obtained from the global electroweak fit [105] at 68% CL (red), 95% CL (orange)

and 99% CL (yellow) for three free parameters and C(5)e↵

Zh = 0.72. We assume that contributions
from dimension-6 operators not containing the ALP field can be neglected at ⇤ = 1 TeV.
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ALP Decays into SM particles

Partial ALP widths for all Wilson coefficients set to 1.


