
The Standard Model is complete
With the discovery of the Higgs 
boson the Standard Model is 
complete.

The LHC has confirmed that 
there are no strongly coupled 
new states close to the TeV 
scale  (unless they hide).

We are less sure about very 
heavy states or weakly coupled 
New Physics.
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The lifetime gap
Example: Axion-like particle with perturbative coupling to photons

Typically: Long lifetime  = Weak couplings 
and small masses
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Example: Axion-like particle with perturbative coupling to photons

Typically: Long lifetime  = Weak couplings 
and small masses

Why would a new particle be 
light and weakly coupled?
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Feebly interacting particles 

Light and weak interactions seem to be independent conditions, is 
this theoretically motivated ?

Many UV theories predict new heavy states with sizeable couplings to 
the SM.

New light states with sizeable couplings are largely ruled out.

Goldstone bosons
(New Gauge Bosons)



V (�) = µ2��† + � (��†)2
V (�)

Im�

µ2 < 0

Re�

� = (f + s)eia/f

m2
h = |µ2|m2

s = 4�f2

m2
a = 0

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

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

Goldstone bosons

it is protected by a shift symmetry

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

L =
1

2
@µa @

µa+ cµ
@⌫a

4⇡f
µ̄�⌫µ+ . . .

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

� = (f + s)eia/f
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An exactly massless boson is very problematic. 

Goldstone bosons

 10

The global symmetry can be broken by 
explicit masses or anomalous effects

Small masses  Small couplings

L =
1

2
@µa @

µa+ cµ
@⌫a

4⇡f
µ̄�⌫µ+ . . .+

1

2
m2

aa
2

ma =
µ2

f

explicit breaking
ma =

µ2

f



The most famous example is the pion

m2
⇡ =

mu +md

f2
⇡

⇤3
QCD ⇡ (140MeV)2

hq̄LqRi = ⇤3
QCD ⇡ GeV3

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

⇢, P,N

⇡

Goldstone bosons

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

      ALP



Goldstone bosons = Axion-like particles
Any UV-theory with a spontaneously broken (approximate) 
global symmetry gives rise to a pseudo-Nambu Goldstone 
boson.

Historically known as Axion-like particles, because of the 
Peccei-Quinn solution to the strong CP problem
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Wilczek, PRL 40, 1978Weinberg, PRL 40, 1978Peccei, Quinn, PRL 38 (1977)
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Most general dimension five Lagrangian

Goldstone bosons
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1 Axion Like Particles

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

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

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

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

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

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

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

overclose the universe unless they decay or maf4
a . (10

7
GeV)

5
where we have made the optimistic assumption

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

axion, where the mass term is not present at early times.

1
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Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)

Many possible signature. I will focus on photons here, 
because photons are hard to avoid.



Couplings to Photons

MB, Neubert, Thamm, Eur.Phys. J.C 79

It is very hard to construct a “photo-phobic” ALP

For the flavor diagonal couplings we write MB: possible confusion with f for fermions?
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where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (ku)ii � (kU)ii , cdidi = (kd)ii � (kD)ii , ceiei = (ke)ii � (kE)ii . (7)

After EWSB and in the quark mass basis, the Lagrangian in (1) can be written as
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where the W±
, Z bosons and the top quark have been integrated out. For ALPs heavier than

the QCD scale ma � ⇤QCD the e↵ective ALP mass in (8) is given by the explicit soft breaking
term

m
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and the ALP coupling to photons reads
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The e↵ective mass includes a term from explicit symmetry breaking and a mass term generated
by QCD dynamics [8, 28, 29]
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for the coupling to photons. MB: f -formalism needs checking.

6

For the flavor diagonal couplings we write MB: possible confusion with f for fermions?

LD5

e↵
3
X

f

cff

2

@
µ
a

f
f̄�µ�5f , (6)

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

cuiui = (ku)ii � (kU)ii , cdidi = (kd)ii � (kD)ii , ceiei = (ke)ii � (kE)ii . (7)

After EWSB and in the quark mass basis, the Lagrangian in (1) can be written as

Le↵ =
1

2
(@µa)(@

µ
a) �

m
2

a,e↵

2
a
2

+
@µa

f

X

q=u,d,
s,c,b

⇣
q̄Lk

e↵

Q �
µ
qL + q̄Rk

e↵

q �
µ
qR

⌘
+

@µa

f

X

`=e,µ,⌧

⇣
¯̀
Lk

e↵

L �
µ
`L + ¯̀

Rk
e↵

` �
µ
`R

⌘

+ c
e↵

��

↵

4⇡

a

f
Fµ⌫F̃

µ⌫ + c
e↵

GG

↵s

4⇡

a

f
G

A
µ⌫G̃

µ⌫, A
, (8)

where the W±
, Z bosons and the top quark have been integrated out. For ALPs heavier than

the QCD scale ma � ⇤QCD the e↵ective ALP mass in (8) is given by the explicit soft breaking
term

m
2

a,e↵ = m
2

a,0 , (9)

and the ALP coupling to photons reads

c
e↵

��(ma � ⇤QCD) = c�� +
X

f

N
f
CQ

2

f cff B1(⌧f ) +
2↵

⇡s2W

cWWB2(⌧W ) . (10)

The e↵ective mass includes a term from explicit symmetry breaking and a mass term generated
by QCD dynamics [8, 28, 29]

m
2

a, e↵ = m
2

a,0 + 2
f
2

⇡m
2

⇡

f 2
c
2

GG

mumd

(mu +md)2
(11)

The e↵ective Wilson coe�cients are given by

c
e↵

GG = cGG +

nfX

q=1

cqq

2
(12)

with nf = 5 for the coupling to gluons, and

c
e↵

��(ma . ⇤QCD) = c�� � (1.92 ± 0.04)cGG � m
2

a

m2
⇡ � m2

a


cGG

md � mu

md +mu
+

cuu � cdd

2

�

+
X

q

N
2

QcqqB1(⌧q) +
X

`

c`` B1(⌧`) +
2↵

⇡

cWW

s2w

B2(⌧W ) (13)

for the coupling to photons. MB: f -formalism needs checking.

6

ALP-pion mixing

a a a a a
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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 CV 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⇡↵2

m
3
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��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 ma < 2me 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. Ifma � ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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a for any SM particle, and N
f
c and Qf denote the color multiplicity and

electric charge (in units of e) of the fermion f . The loop functions read
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How to close the gap?

��-� ��-� ��-� � ���

���

���

���

���

��

�

��-�

��-�

��-�
100m

1nm

Different strategies:
1. High statistics 

2. (Very) displaced vertices 

3. Exotic decays

4. Flavour Observables



High statistics:  
Photon fusion in Ion scattering
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How to close the gap?
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Fig. 1: Exclusive ALP production in ultra-peripheral Pb-Pb collisions.

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

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

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

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

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

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

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

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

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

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

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

4 cos2 ✓W

1
⇤aBB̃. The LEP

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

large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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Figure 1.     The caverns, access shafts and service tunnels that surrounds the ATLAS experimental 
cavern (UX15). 

 

 
Figure 2.     Cross section of the ATLAS experimental hall UX15, the electronics cavern USA15 and 
the US15 hall. 
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1 Axion Like Particles

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

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

L5 = cG
g2s

16⇡2

a

f
GA

µ⌫G̃
µ⌫, A + cW

g2

16⇡2

a

f
WA

µ⌫W̃
µ⌫, A + cB

g0 2

16⇡2

a

f
Bµ⌫B̃

µ⌫ +
@µa

f

X

i

ci
2
 ̄i�µ�5 i ,

(1.1)

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

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

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

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

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

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

overclose the universe unless they decay or maf4
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GeV)

5
where we have made the optimistic assumption

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

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

5.1 ALP searches in h ! Za decay

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

�(h ! Za) =
m

3
h

16⇡⇤2

��Ce↵
Zh

��2 �3/2

✓
m

2
Z

m2
h

,
m

2
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m2
h

◆
, (30)

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

C
e↵
Zh = C

(5)
Zh �

Nc y
2
t

8⇡2
T

t
3 ctt F +

v
2

2⇤2
C

(7)
Zh . (31)

Here yt and T
t
3 = 1

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

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

F =

Z 1

0

d[xyz]
2m2

t � xm
2
h � zm

2
Z

m2
t � xym2

h � yzm2
Z � xzm2
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⇡ 0.930 + 2.64 · 10�6 m
2
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GeV2 , (32)

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

C
e↵
Zh ⇡ C

(5)
Zh � 0.016 ctt + 0.030C(7)

Zh


1TeV

⇤

�2

. (33)

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

(5)
Zh = 0 and display the rate ratio

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

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

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

(7)
Zh .

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

18

��-� ��-� ��-� � ���

���

���

���

���

��

�

��-�

��-�

��-�
100m

1nm

h h h

a

a a

a a

a

f Z/W
±

Figure 11: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

h ! Za ! `
+
`
�
bb̄ of h ! Za ! `

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

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

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

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

vertices!]

5.2 h ! aa decay rate

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

�(h ! aa) =
v
2
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3
h
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. (36)

where the e↵ective coupling is given by
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(37)
with ⌧i/h ⌘ 4m2

i /m
2
h and �1 = �

11
3 . The relevant loop functions read

g1(⌧) = ⌧ f
2(⌧) + 2

p
⌧ � 1 f(⌧) � 2 , g2(⌧) =

2⌧

3
f
2(⌧) + 2

p
⌧ � 1 f(⌧) �

8

3
. (38)
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1 Axion Like Particles

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

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

L5 = cG
g2s

16⇡2

a

f
GA

µ⌫G̃
µ⌫, A + cW

g2

16⇡2

a

f
WA

µ⌫W̃
µ⌫, A + cB

g0 2

16⇡2

a

f
Bµ⌫B̃

µ⌫ +
@µa

f

X

i

ci
2
 ̄i�µ�5 i ,

(1.1)

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

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

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

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

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

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

overclose the universe unless they decay or maf4
a . (10

7
GeV)

5
where we have made the optimistic assumption

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

axion, where the mass term is not present at early times.
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1 Axion Like Particles

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

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

L5 = cG
g2s

16⇡2

a

f
GA

µ⌫G̃
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(1.1)

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

L>5 =
cah
f 2

(@µa) (@
µa)�†�+

cZh

f 3
(@µa)

�
�†iDµ�+ h.c.

�
�†� + . . . , (1.2)

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

5.1 ALP searches in h ! Za decay

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

C
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Zh ⇡ C

(5)
Zh � 0.016 ctt + 0.030C(7)

Zh


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. (33)

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

(5)
Zh = 0 and display the rate ratio

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

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

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

(7)
Zh .

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

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

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

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

�(h ! Za) =
m

3
h

16⇡⇤2

��Ce↵
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��2 �3/2

✓
m

2
Z

m2
h

,
m

2
a

m2
h

◆
, (30)

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

C
e↵
Zh = C

(5)
Zh �

Nc y
2
t

8⇡2
T

t
3 ctt F +

v
2

2⇤2
C

(7)
Zh . (31)

Here yt and T
t
3 = 1

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

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

F =

Z 1

0

d[xyz]
2m2

t � xm
2
h � zm

2
Z

m2
t � xym2

h � yzm2
Z � xzm2

a

⇡ 0.930 + 2.64 · 10�6 m
2
a

GeV2 , (32)

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

C
e↵
Zh ⇡ C

(5)
Zh � 0.016 ctt + 0.030C(7)

Zh


1TeV

⇤

�2

. (33)

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

(5)
Zh = 0 and display the rate ratio

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

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

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

(7)
Zh .

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

How to close the gap?
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Figure 17: Left: Geometric setup of the MATHUSLA surface detector above the ATLAS/CMS

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

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

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

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

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

between the interaction point and the electromagnetic calorimeter.

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

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

fa
M =

Z

⌦M

d⌦

✓
1

�

d�

d⌦

◆h
e�rin(⌦)/La � e�rout(⌦)/La

i
, (35)

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

!24

Flavour-violating ALP-couplings to quarks

For the flavor diagonal couplings we write

LD5

e↵
3
X

f

cff

2

@
µ
a

⇤
f̄�µ�5f , (6)

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

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (7)

After EWSB and in the quark mass basis, the Lagrangian in (1) can be written as

Le↵ =
1

2
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2
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2

s C
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⇤
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A
µ⌫G̃

µ⌫, A
, (8)

where the W±
, Z bosons and the top quark have been integrated out. For ALPs heavier than

the QCD scale ma � ⇤QCD the e↵ective ALP mass in (8) is given by the explicit soft breaking
term

m
2

a,e↵ = m
2

a,0 , (9)

and the ALP coupling to photons reads

C
e↵

��(ma � ⇤QCD) = C�� +
X

f

N
f
CQ

2

f

16⇡2
cff B1(⌧f ) +

2↵

⇡

CWW

s2W

B2(⌧W ) . (10)

The e↵ective mass includes a term from explicit symmetry breaking and a mass term generated
by QCD dynamics [8, 28, 29]

m
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a, e↵ = m
2

a,0 +
f
2
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The e↵ective Wilson coe�cients are given by

C
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nfX

q=1

cqq

32⇡2
(12)

with nf = 5 for the coupling to gluons, and

C
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CWW

s2w

B2(⌧W ) (13)

for the coupling to photons
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Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on Limit (95% CL) on

coupling cij cij ·
�
TeV

⇤

�
·
p

B cij/(V ⇤
tjVti) ·

�
TeV

⇤

�
·
p

B

B(K+ ! ⇡
+
⌫̄⌫) 0 < ma < 265 (⇤) Long-lived |KD +Kd|ds 4.9 ⇥ 10�9 1.4 ⇥ 10�5

B(B+ ! K
+
⌫̄⌫) 0 < ma < 4785 Long-lived |KD +Kd|sb 6.9 ⇥ 10�6 1.7 ⇥ 10�4

B(B ! K
⇤
⌫̄⌫) 0 < ma < 4387 Long-lived |KD � Kd|sb 5.1 ⇥ 10�6 1.2 ⇥ 10�4

B(K+ ! ⇡
+
��) ma < 108 �� |KD +Kd|ds 2.1 ⇥ 10�8 5.8 ⇥ 10�5

B(K+ ! ⇡
+
��) 220 < ma < 354 �� |KD +Kd|ds 2.4 ⇥ 10�7 6.6 ⇥ 10�4

B(K0

L ! ⇡
0
��) ma < 110 �� Im(KD +Kd)ds 1.4 ⇥ 10�8 1.0 ⇥ 10�4

B(K0

L ! ⇡
0
��) ma < 363 �� Im(KD +Kd)ds 1.2 ⇥ 10�7 8.9 ⇥ 10�4

B(KL ! ⇡
0
e
+
e
�) 140 < ma < 362 e

+
e
� Im(KD +Kd)ds 2.9 ⇥ 10�9 2.1 ⇥ 10�5

dB/dq2(B0 ! K
⇤0
e
+
e
�)[0.0,0.05] 0 < ma < 224 e

+
e
� |KD � Kd|sb 6.4 ⇥ 10�7 1.5 ⇥ 10�5

dB/dq2(B0 ! K
⇤0
e
+
e
�)[0.05,0.15] 224 < ma < 387 e

+
e
� |KD � Kd|sb 9.3 ⇥ 10�7 2.2 ⇥ 10�5

B(KL ! ⇡
0
µ
+
µ
�) 210 < ma < 350 µ

+
µ
� Im(KD +Kd)ds 4.0 ⇥ 10�9 3.0 ⇥ 10�5

B(B+ ! K
+
a(µ+

µ
�)) 250 < ma < 4700 (†) µ

+
µ
� |KD +Kd|sb 4.4 ⇥ 10�8 1.1 ⇥ 10�6

B(B0 ! K
⇤0
a(µ+

µ
�)) 214 < ma < 4350 (†) µ

+
µ
� |KD � Kd|sb 5.1 ⇥ 10�8 1.2 ⇥ 10�6

B(B+ ! K
+
⌧
+
⌧
�) 3552 < ma < 4785 ⌧

+
⌧
� (KD +Kd)sb 8.2 ⇥ 10�5 2.0 ⇥ 10�3

Table 1: Summary table of indicative constraints on the quark flavor violating ALP couplings
from hadron decays, in which the hadron can decay to an on-shell ALP. The measurements and SM
predictions (where appropriate) are given in Tables 3 to 8 in Appendix D. The limit cited is the
strongest limit found within the mass range probed by the measurement. (⇤): cuts are applied to
exclude the region around m⇡ (123 < m⌫⌫̄ < 168 MeV). (†): cuts are applied to exclude regions
around the J/ ,  (2S) and  (3370) resonances. The last column is to allow for comparison of
bounds in the case where the flavour changing couplings are induced by SM loops only, and in this
case we assume that the tree-level ALP couplings are all real, as they must be if they are flavour
conserving.
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What about loop-induced flavour-couplings?

MB, Neubert, Renner, 
Schnubel, Thamm, 19….
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Figure 1: One-loop diagrams contributing to the flavor-changing ALP–quark couplings in the down
sector.

2.1 Loop-induced quark flavor-changing ALP couplings

Flavor-changing ALP–fermion interactions arise at one-loop order from loops involving W

bosons even if we assume that the UV theory does not contain new sources of flavor or
CP violation beyond those present in the SM. The largest e↵ects are those involving loops
containing the top quark. The relevant diagrams are shown in Figure 1. Introducing the
variable xt = m

2

t/m
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W , we find for the loop-induced couplings in the down sector
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where we have neglected the light quark masses. The presence of UV divergences in these
expressions signals that the couplings (KD)ij(µ) must contain flavor non-diagonal terms pro-
portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
of the one-loop corrections. In the MFV case, where KU is diagonal, the above expression
reduces to (recall that ctt = (Ku)33 � (KU)33):
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(15)

The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV

(KD)
e↵

ij = (KD)ij (⇤) + V
⇤
tiVtj [0.01 ctt � 0.004CWW ] . (16)
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Figure 1: One-loop diagrams contributing to the flavor-changing ALP–quark couplings in the down
sector.

2.1 Loop-induced quark flavor-changing ALP couplings

Flavor-changing ALP–fermion interactions arise at one-loop order from loops involving W

bosons even if we assume that the UV theory does not contain new sources of flavor or
CP violation beyond those present in the SM. The largest e↵ects are those involving loops
containing the top quark. The relevant diagrams are shown in Figure 1. Introducing the
variable xt = m
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W , we find for the loop-induced couplings in the down sector

(KD)
e↵

ij = (KD)ij (µ) +
y
2

t

16⇡2

⇢
V

⇤
miVnj (KU)mn (�m3 + �n3)


�1

4
ln

µ
2

m2

t

+
3

8

1 � x
2

t + 2 ln xt

(1 � xt)2

�

+ V
⇤
tiVtj (KU)33 + V

⇤
tiVtj (Ku)33


1

2
ln

µ
2

m2

t

� 7 � 8xt + x
2

t + 6 ln xt

4 (1 � xt)
2

�

� 6g2 CWW V
⇤
tiVtj

1 � xt + xt ln xt

(1 � xt)
2

�
,

(Kd)
e↵

ij = (Kd)ij ,
(14)

where we have neglected the light quark masses. The presence of UV divergences in these
expressions signals that the couplings (KD)ij(µ) must contain flavor non-diagonal terms pro-
portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
of the one-loop corrections. In the MFV case, where KU is diagonal, the above expression
reduces to (recall that ctt = (Ku)33 � (KU)33):
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The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV
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For the flavor diagonal couplings we write
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where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (7)

After EWSB and in the quark mass basis, the Lagrangian in (1) can be written as
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where the W±
, Z bosons and the top quark have been integrated out. For ALPs heavier than

the QCD scale ma � ⇤QCD the e↵ective ALP mass in (8) is given by the explicit soft breaking
term

m
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a,0 , (9)

and the ALP coupling to photons reads
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The e↵ective mass includes a term from explicit symmetry breaking and a mass term generated
by QCD dynamics [8, 28, 29]
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The e↵ective Wilson coe�cients are given by
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for the coupling to photons

6

f



⌥ ! �a(⌧⌧)

B+ ! K+a(µµ)

KL ! ⇡0��

dBr/dq2(B ! K⇤ee)

K+ ! ⇡+��

b ! s�

⌥ ! �a(µµ)

Bs ! µ�µ+

(g � 2)µ

B ! K⇤⌫̄⌫

K+ ! ⇡+⌫̄⌫

K
L
!

⇡
0
µ
+
µ
�

B ! K
⇤ a(µ

µ)

J/ 
! �a

(µµ
)

�Z

[T
eV

�
1
]

Flavour-violating couplings to quarks

a a

W
±

W
±

di di

d̄j d̄j

t

t̄

t

Figure 1: One-loop diagrams contributing to the flavor-changing ALP–quark couplings in the down
sector.

2.1 Loop-induced quark flavor-changing ALP couplings

Flavor-changing ALP–fermion interactions arise at one-loop order from loops involving W

bosons even if we assume that the UV theory does not contain new sources of flavor or
CP violation beyond those present in the SM. The largest e↵ects are those involving loops
containing the top quark. The relevant diagrams are shown in Figure 1. Introducing the
variable xt = m
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W , we find for the loop-induced couplings in the down sector
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where we have neglected the light quark masses. The presence of UV divergences in these
expressions signals that the couplings (KD)ij(µ) must contain flavor non-diagonal terms pro-
portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
of the one-loop corrections. In the MFV case, where KU is diagonal, the above expression
reduces to (recall that ctt = (Ku)33 � (KU)33):
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The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV
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ij = (KD)ij (⇤) + V
⇤
tiVtj [0.01 ctt � 0.004CWW ] . (16)
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Figure 3: Bounds on universal ALP couplings to up-type quarks with cuu = ccc = ctt and all other
Wilson coe�cients zero at tree level.

In Figure 3, we collect the constraints on ALPs with universal couplings to up-type quarks
cuu = ccc = ctt. For masses ma . m⇡, ALP couplings of |cuu|/⇤ & 10�3

/TeV are excluded by
the measurement of Br(K+ ! ⇡

+
⌫̄⌫) shown in purple in Figure 3. Similar to the case of an

ALP with couplings to SU(2)L gauge bosons, larger couplings cuu are excluded by constraints
from searches for K+ ! ⇡

+
�� and K

0 ! ⇡
0
�� decays shown in beige in Figure 3. While the

constraints on cuu from K
+ ! ⇡

+
⌫̄⌫ decays are slightly stronger compared to the constraints

on CWW in Figure 2, constraints from photon decays are weaker. The reason is that tree-
level couplings to quarks only induce the ALP coupling to photons at the one-loop level. For
the same reason, the horizontal gray region indicating the parameter space excluded by the
contribution of �(Z ! a�) to the total Z width represents a significantly weaker constraint
|cuu|/⇤ & 146/TeV. In contrast to Figure 2, the constraints from B

!
K

⇤
⌫⌫̄ and B

+ ! K
+
⌫⌫̄

decays extend beyond the muon threshold and constraints on leptonic ALP couplings are
absent, because the corresponding Wilson coe�cients c`` are only generated through 2-loop
diagrams. As a consequence, ALPs with universal couplings to up-quarks are largely uncon-
strained from flavor observables for ma & 1 GeV and the anomalous magnetic moment of
the muon cannot be explained in this scenario. Couplings |cuu|/⇤ & 17.7/TeV are ruled out
throughout the parameter space by the measurement of the chromomagnetic moment of the
top quark µ̂t, shown in light green in Figure 3. Contours of constant Br(h ! aa) = 10�1

, 10�2

and 10�3 are shown as red dotted, dashed and solid lines, respectively. The ALP coupling to
top quarks also induces the exotic Higgs h ! Za and the corresponding contours of constant
Br(h ! Za) = 10�1

, 10�2 and 10�3 are shown as blue dotted, dashed and solid lines. In con-
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How to close the gap?
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Flavour bounds can close the gap if c�� = cWW
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Flavour-violating ALP couplings to leptons
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Flavour-violating couplings to leptons

MB, Neubert, Renner, 
Schnubel, Thamm, 20….

Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on

coupling c |c| ·
�
TeV

⇤

�
·
p

B

B(µ ! ea(invisible)) 13 < ma < 80 Long-lived
p

|Keµ
e |2 + |Keµ

L |2 3.8 ⇥ 10�7

B(µ ! ea(invisible)) 0 < ma < 13 Long-lived
p

|Keµ
e |2 + |Keµ

L |2 1.5 ⇥ 10�6

B(⌧ ! ea(invisible)) 0 < ma < 1600 Long-lived
p

|Ke⌧
e |2 + |Ke⌧

L |2 2.3 ⇥ 10�4

B(⌧ ! µa(invisible)) 0 < ma < 1600 Long-lived
p

|Kµ⌧
e |2 + |Kµ⌧

L |2 3.2 ⇥ 10�4

B(µ ! e��) 0 < ma < 105 ��
p

|Keµ
e |2 + |Keµ

L |2 2.6 ⇥ 10�6

B(µ ! 3e) 0 < ma < 105 e
+
e
�

p
|Keµ

e |2 + |Keµ
L |2 3.1 ⇥ 10�7

B(⌧� ! µ
�
e
+
e
�) 200 < ma < 1671 e

+
e
�

p
|Kµ⌧

e |2 + |Kµ⌧
L |2 6.1 ⇥ 10�7

B(⌧ ! 3e) 200 < ma < 1776 e
+
e
�

p
|Ke⌧

e |2 + |Ke⌧
L |2 7.5 ⇥ 10�7

B(⌧ ! 3µ) 211 < ma < 1671 µ
+
µ
�

p
|Kµ⌧

e |2 + |Kµ⌧
L |2 6.6 ⇥ 10�7

Table 2: Summary table of constraints on the lepton flavor violating ALP couplings from lepton
decays, in which the lepton can decay to an on-shell ALP. The measurements and SM predictions
(where appropriate) are given in Table 9. The limit cited is the strongest limit found within the mass
range probed by the measurement.

RK⇤ =
Br(B ! K

⇤
µµ)

Br(B ! K⇤ee)
=

(
0.66+0.11

�0.07 ± 0.03 for 0.045GeV2
< q

2
< 1.1GeV2

0.69+0.11
�0.07 ± 0.05 for 1.1GeV2

< q
2
< 6GeV2

, [97] (59)

disagree with the SM prediction of lepton-flavor universality with uncertainties at the percent
level [98] with a significance of 2.5�. ALPs mediate the decays B ! K

(⇤)
`
+
`
� with di↵erent

interaction strengths for ` = e and ` = µ. The couplings of ALPs with masses m
2

a > q
2 for

which RK can be explained are [34, 99]

4.0 ⇥ 104 . 0.03Re[µ
+] +

��µ
+

��2 + m
2

e

m2
µ

��e
+

��2 . 9.4 ⇥ 104 , (60)

where 
+

µ is defined in analogy to (25) with (KD � Kd)bs ! (KD + Kd)bs and 
+

e , 
�
e with

cµµ ! cee. An explanation by pseudoscalar couplings to muons is therefore ruled out, because
it contributes with the wrong sign [34]. For an ALP that couples only to electrons the condition
(60) reads

66 .
����
cee(KD +Kd)bs
1 � m2

a/m
2

Bs

���� . 101 , (61)

where we have set ⇤ = 1 TeV. The CDF limit on Br(Bs ! e
+
e
�) < 2.8 ⇥ 10�7 results in the

constraint
����
cee(KD � Kd)bs
1 � m2

a/m
2

Bs

���� . 26 . (62)

An explanation of RK is possible if (KD)bs and (Kd)bs are similar in size and cancel in Br(Bs !
e
+
e
�). This would be impossible to achieve in the scenarios discussed in Section 3.6 where only

28

f/cµe & 2⇥ 108 TeV

Lepton Flavour constraints provide very strong limits on 
ALP couplings as well.

Cornella, Paradisi, Sumensari, 
1911.060279
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Flavour-violating couplings to leptons
Without tree-level flavour violating couplings to leptons 
there are no loop-induced LFV ALP couplings, because 
the SM conserves lepton flavour

a
`i

`j

a a

W
±

W
±

di di

d̄j d̄j

t

t̄

t

Figure 1: One-loop diagrams contributing to the flavor-changing ALP–quark couplings in the down
sector.

2.1 Loop-induced quark flavor-changing ALP couplings

Flavor-changing ALP–fermion interactions arise at one-loop order from loops involving W

bosons even if we assume that the UV theory does not contain new sources of flavor or
CP violation beyond those present in the SM. The largest e↵ects are those involving loops
containing the top quark. The relevant diagrams are shown in Figure 1. Introducing the
variable xt = m

2

t/m
2

W , we find for the loop-induced couplings in the down sector

(KD)
e↵

ij = (KD)ij (µ) +
y
2

t

16⇡2

⇢
V

⇤
miVnj (KU)mn (�m3 + �n3)


�1

4
ln

µ
2

m2

t

+
3

8

1 � x
2

t + 2 ln xt

(1 � xt)2

�

+ V
⇤
tiVtj (KU)33 + V

⇤
tiVtj (Ku)33


1

2
ln

µ
2

m2

t

� 7 � 8xt + x
2

t + 6 ln xt

4 (1 � xt)
2

�

� 6g2 CWW V
⇤
tiVtj

1 � xt + xt ln xt

(1 � xt)
2

�
,

(Kd)
e↵

ij = (Kd)ij ,
(14)

where we have neglected the light quark masses. The presence of UV divergences in these
expressions signals that the couplings (KD)ij(µ) must contain flavor non-diagonal terms pro-
portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
of the one-loop corrections. In the MFV case, where KU is diagonal, the above expression
reduces to (recall that ctt = (Ku)33 � (KU)33):

(KD)
e↵

ij = (KD)ij (µ) +
y
2

t

16⇡2
V

⇤
tiVtj

⇢
ctt


1

2
ln

µ
2

m2

t

� 7 � 8xt + x
2

t + 6 ln xt

4 (1 � xt)
2

�

� 6g2 CWW
1 � xt + xt ln xt

(1 � xt)
2

�
.

(15)

The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV

(KD)
e↵

ij = (KD)ij (⇤) + V
⇤
tiVtj [0.01 ctt � 0.004CWW ] . (16)
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⌫ = 0

If they are present they induce dipole moments

¯̀
j

`i `j

�

a

`i `j

�
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`k `k

�

a`j`i

�

a

�

a

�

aµ µ e µ e e µ e

⌧, µ, e ⌧, µ, e

Figure 5: Diagrams contributing to LFV electromagnetic form factors.

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

4 Probes of flavor-changing ALP couplings to leptons

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

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

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

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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Flavour-violating couplings to leptons
Even though they are loop-suppressed, dipole moment 
can be more important than tree-level terms
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Figure 6: Diagrams contributing to µ ! 3e decays.

4.1 µ ! ea

If the ALP is light enough, it can be produced on-shell in decays of leptons. The decay rate
for the decay of a muon into an electron and an ALP is given by

�(µ ! ea) =
1

32⇡mµ⇤2
�
1/2

�
1, xµ, xe/µ

�
⇥ (43)

n�
|Kµe

e |2 + |Kµe
E |2

� ⇥
m

4

µ�
1/2

�
1, xµ, xe/µ

�
� m

4

a

�
1 � xµ � xe/µ

�⇤
+ 4Re(K⇤µe

e K
µe
E )mµmem

2

a

o

with xe/µ = m
2

e/m
2

µ, and analogous expressions hold for the tau decays ⌧ ! µa and ⌧ ! ea.
In the limit me/mµ ! 0,

�(µ ! ea) ⇡
m

3

µ

32⇡⇤2

✓
1 � m

2

a

m2
µ

◆2 �
|Kµe

e |2 + |Kµe
E |2

�
(44)

Depending on the ALP branching ratios and lifetime, this process can mediate the decays
µ ! 3e, µ ! e�� or µ ! e+ invisible. For ALPs decaying into collimated photons below the
experimental angular resolution, the signature µ ! e�� can be reconstructed as µ ! e�. We
discuss this in detail in Section 4.5.

4.2 µ ! 3e

If the ALP is too heavy to be produced on-shell in lepton decays, it can nevertheless mediate
the lepton-flavor violating decays µ ! 3e, and tau decays ⌧ ! 3e and ⌧ ! 3µ. In this case
both the tree-level exchange of the ALP and the contribution from photon penguins with
subsequent � ! e

+
e
� decays contribute. The corresponding diagrams are shown in Figure 6.

The di↵erential decay width for the three-body decay µ ! 3e is given by

d� =
1

(2⇡)3
1

32m2
µ

|M|2ds12ds23 , (45)

where sij = (pi + pj)2 and the two indistinguishable negatively charged electrons carry mo-
menta p1 and p2, while the momentum of the e

+ is given by p3. [SR: Martin had ”the two
indistinguishable negatively charged electrons carry momenta p1 and p3, while the mo-
mentum of the e+ is given by p2”, but I’m pretty sure it’s correct now? Double-check
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Example: µ ! eee

Enhanced by the QED coupling over the electron Yukawa 
and a potentially large logarithm.
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Flavour-violating couplings to leptons

Dipoles also give rise to new constraints 
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Figure 6: Diagrams contributing to µ ! 3e decays.

4.1 µ ! ea

If the ALP is light enough, it can be produced on-shell in decays of leptons. The decay rate
for the decay of a muon into an electron and an ALP is given by

�(µ ! ea) =
1

32⇡mµ⇤2
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1/2
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1, xµ, xe/µ

�
⇥ (43)
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with xe/µ = m
2

e/m
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µ, and analogous expressions hold for the tau decays ⌧ ! µa and ⌧ ! ea.
In the limit me/mµ ! 0,

�(µ ! ea) ⇡
m

3

µ

32⇡⇤2

✓
1 � m

2
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m2
µ

◆2 �
|Kµe

e |2 + |Kµe
E |2

�
(44)

Depending on the ALP branching ratios and lifetime, this process can mediate the decays
µ ! 3e, µ ! e�� or µ ! e+ invisible. For ALPs decaying into collimated photons below the
experimental angular resolution, the signature µ ! e�� can be reconstructed as µ ! e�. We
discuss this in detail in Section 4.5.

4.2 µ ! 3e

If the ALP is too heavy to be produced on-shell in lepton decays, it can nevertheless mediate
the lepton-flavor violating decays µ ! 3e, and tau decays ⌧ ! 3e and ⌧ ! 3µ. In this case
both the tree-level exchange of the ALP and the contribution from photon penguins with
subsequent � ! e

+
e
� decays contribute. The corresponding diagrams are shown in Figure 6.

The di↵erential decay width for the three-body decay µ ! 3e is given by

d� =
1

(2⇡)3
1

32m2
µ

|M|2ds12ds23 , (45)

where sij = (pi + pj)2 and the two indistinguishable negatively charged electrons carry mo-
menta p1 and p2, while the momentum of the e

+ is given by p3. [SR: Martin had ”the two
indistinguishable negatively charged electrons carry momenta p1 and p3, while the mo-
mentum of the e+ is given by p2”, but I’m pretty sure it’s correct now? Double-check
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and to anomalous magnetic dipole moments

There are several contributions from ALPs to lepton anomalous magnetic moments. At the
one-loop level, there are penguin diagram with the ALP attached only to fermion lines as
well as Barr-Zee diagrams with the ALP connected to fermions and the photon. At two-loop
level there is also a contribution from ALP-photon couplings only [79]. For the case of flavor
conserving ALP couplings the di↵erent contributions have been discussed in [79–83], and one
finds

�aµ =
2mµ

e
F2(0) = �

m
2

µ

⇤2


c
2

µµ

16⇡2
h1(xµ) +

2↵

⇡
cµµC��

⇣
log

µ
2

m2
a

� h2(xµ)
⌘�

, (52)

where we have neglected the contribution from Barr-Zee diagrams with internal Z bosons,
which is suppressed by the Z vector coupling (1� 4s2w) ⇡ ↵. The loop functions for vanishing
and large x are given by h1,2(0) = 1 and h1(x � 1) ⇡ (2/x)(log x � 11/6), h2(x � 1) ⇡
(log x+ 3/2) and the full expression can be derived with the formulas in Appendix B and are
given explicitly in [83]. Note that the contribution proportional to c

2

µµ has the wrong sign to
explain the deviation of aexpµ with respect to the SM value, but the analogous expression for
�ae has the right sign.

For ALPs with lepton flavor violating couplings, additional contributions to the anomalous
magnetic moment of the muon can arise from the tau in the loop and we find from the diagram
on the right of Figure 5

�aµ =
2mµ

e
F2(0) =

mµm⌧

16⇡2 ⇤2
Re

⇥
(k⌧µ

E )⇤k⌧µ
e

⇤
h(x⌧ ) + O

⇣
mµ

m⌧

⌘
(53)

where the function h(x) is given in (103) and h(x) = 1 for x ! 0 and h(x) = 0 for x � 1.
For the anomalous magnetic moment of the electron there is a contribution from the tau in
the loop analogous to (53) with the replacement µ ! e as well as from the muon in the loop
where one needs to replace µ ! e and ⌧ ! µ in (53).

There is also a contribution to aµ from the diagram on the right of Figure 5 with the
electron in the loop and we find

�aµ = � memµ

32⇡2⇤2

⇣
|kµe

E |2 + |kµe
e |2

⌘
j(xµ) + O

⇣
me

mµ

⌘
(54)

where the function j(x) is given in (103) and j(x) = 1 for x ! 0 and j(x) = 0 for x � 1.
Interestingly, the sign of (53) can have either sign, whereas the sign of (54) is fixed and

positive for ma > mµ. The contributions from (53) and from (54) can have the right sign to
explain the anomalous magnetic moment of the muon.

In the following we discuss three di↵erent scenarios to address the tension in both aµ and
ae with an ALP with couplings to leptons and photons with two dominant couplings each, but
a combination of these di↵erent mechanisms might be realized as well.

I. Very large photon couplings For very large ALP couplings to photons and a relative
sign between the photon and muon couplings, �c

e↵

��/cµµ ⇠ 10�30, the contribution from (52)
can explain �aµ [79–83]. Including lepton-loops, the ALP photon coupling is given by (13)

20

the equation above...] The squared matrix element summed over electron and positron spins
and averaged over muon spin states is given by

|M|2 =
⇢

s23 (s12 + s13)

|s23 � m2
a + ima�a|2

� s13s23

Re[(s23 � m2
a + ima�a)(s13 � m2

a + ima�a)]

+
s13(s12 + s23)

|s13 � m2
a + ima�a|2

��
|Kµe

e |2 + |Kµe
E |2

�
|cee|2

m
2

em
2

µ

⇤4
+GFF(s12, s13, s23) (46)

[SR: I get 2(|Kµe
E |2 + |Kµe

e |2) instead of (|Kµe
e � Kµe

E |2 + |Kµe
e + Kµe

E |2). I guess this is the
same thing?] where GFF(s12, s13, s23) is a lengthy expression containing the contributions
from form factors and the interference terms between the two classes of diagrams shown in
Figure 6, given in Appendix B.

4.3 µ ! e�

The partial decay width for µ ! e� is given by

�(µ ! e�) =
m

3

µ
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✓
1 � m

2

e

m2
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◆h
|F2(0)|2 + |F 5

2
(0)|2
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with

F2(0) = �mµeQµ

16⇡2⇤2
(Kµe

E � K
µe
e )

✓
1

4
cµµg(0,mµ,ma) + e

2
C��g��(0,mµ,ma)

◆
, (48)

F
5

2
(0) = �mµeQµ

16⇡2⇤2
(Kµe

E +K
µe
e )

✓
1

4
cµµg(0,mµ,ma) + e

2
C��g��(0,mµ,ma)

◆
, (49)

and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.

4.4 The anomalous magnetic moment of the muon and the electron

The SM prediction for the anomalous magnetic moment aµ = (g � 2)µ/2 [71, 72] is in tension
with the current best measured value by about 4 standard deviations [73]. Furthermore, a
slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],

�aµ = a
exp

µ � a
SM

µ = (29.3 ± 7.6) · 10�10
, (50)

�ae = a
exp

e � a
SM

e = (�87 ± 36) · 10�14
. (51)

Interestingly, �aµ and �ae are opposite in sign and the e↵ect in the electron anomalous mag-
netic moment is larger if rescaled by the square of the lepton masses�ae/�aµ ⇡ �12.6m2

e/m
2

µ.

19

!32

MB, Neubert, Renner, 
Schnubel, Thamm, 20….



Future:  

The anomalous magnetic moment of the muon

[Gohn 1506.00608]

aµ = (g � 2)µ/2

Currently: 3.6� discrepancy
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the equation above...] The squared matrix element summed over electron and positron spins
and averaged over muon spin states is given by
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from form factors and the interference terms between the two classes of diagrams shown in
Figure 6, given in Appendix B.
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.

4.4 The anomalous magnetic moment of the muon and the electron

The SM prediction for the anomalous magnetic moment aµ = (g � 2)µ/2 [71, 72] is in tension
with the current best measured value by about 4 standard deviations [73]. Furthermore, a
slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],
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µ � a
SM

µ = (29.3 ± 7.6) · 10�10
, (50)

�ae = a
exp

e � a
SM

e = (�87 ± 36) · 10�14
. (51)

Interestingly, �aµ and �ae are opposite in sign and the e↵ect in the electron anomalous mag-
netic moment is larger if rescaled by the square of the lepton masses�ae/�aµ ⇡ �12.6m2

e/m
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.
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recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],
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ALPs and (g-2)
Could an ALP explain either -or both- anomalies?
Without flavour violation

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

e↵

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

+
µ
�
Z

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

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

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

4 Anomalous magnetic moment of the muon

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

exp

µ � a
SM

µ = (29.3 ± 7.6) · 10�10, where we have taken an average
of two recent determinations [86, 87], di↵ers from zero by about 4 standard deviations. It
has been emphasized recently that this discrepancy can be accounted for by an ALP with an
enhanced coupling to photons [11]. At one-loop order, the e↵ective Lagrangian gives rise to
the contributions to aµ shown in Figure 5. The first graph, in which the ALP couples to the
muon line, gives a contribution of the wrong sign [88, 89]; however, its e↵ect may be overcome
by the second diagram, which involves the ALP coupling to photons (or to �Z), if the Wilson
coe�cient C�� in (1) is su�ciently large [10, 11]. Performing a complete one-loop analysis, we
find that the e↵ective ALP Lagrangian gives rise to the new-physics contribution
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the equation above...] The squared matrix element summed over electron and positron spins
and averaged over muon spin states is given by
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same thing?] where GFF(s12, s13, s23) is a lengthy expression containing the contributions
from form factors and the interference terms between the two classes of diagrams shown in
Figure 6, given in Appendix B.
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.

4.4 The anomalous magnetic moment of the muon and the electron

The SM prediction for the anomalous magnetic moment aµ = (g � 2)µ/2 [71, 72] is in tension
with the current best measured value by about 4 standard deviations [73]. Furthermore, a
slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],
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µ = (29.3 ± 7.6) · 10�10
, (50)
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e = (�87 ± 36) · 10�14
. (51)

Interestingly, �aµ and �ae are opposite in sign and the e↵ect in the electron anomalous mag-
netic moment is larger if rescaled by the square of the lepton masses�ae/�aµ ⇡ �12.6m2

e/m
2

µ.
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Photon coupling loop-induced from 
electron coupling
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

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

4 Probes of flavor-changing ALP couplings to leptons

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

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

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

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.
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slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
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Large flavour non-universal 
couplings can provide a solution.
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Figure 7: Parameter space for which �ae (yellow) and �aµ (orange) can be explained at the
95% CL by flavor-conserving ALP couplings to muons and electrons for ma = 110MeV, 1 GeV and
10 GeV.
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where `i = e, µ, ⌧ . For an ALP heavier than the electron, a large ALP-photon coupling can be
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explained at 95% C.L. by an ALP with ma = 0.1, 1, 10 GeV in orange and yellow, respectively.
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to overcome this contribution, which leads to the parabolic shape of the orange region. For
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magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.

4 Probes of flavor-changing ALP couplings to leptons

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

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

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

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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the equation above...] The squared matrix element summed over electron and positron spins
and averaged over muon spin states is given by
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E |2). I guess this is the
same thing?] where GFF(s12, s13, s23) is a lengthy expression containing the contributions
from form factors and the interference terms between the two classes of diagrams shown in
Figure 6, given in Appendix B.
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.

4.4 The anomalous magnetic moment of the muon and the electron

The SM prediction for the anomalous magnetic moment aµ = (g � 2)µ/2 [71, 72] is in tension
with the current best measured value by about 4 standard deviations [73]. Furthermore, a
slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],

�aµ = a
exp

µ � a
SM

µ = (29.3 ± 7.6) · 10�10
, (50)

�ae = a
exp

e � a
SM

e = (�87 ± 36) · 10�14
. (51)

Interestingly, �aµ and �ae are opposite in sign and the e↵ect in the electron anomalous mag-
netic moment is larger if rescaled by the square of the lepton masses�ae/�aµ ⇡ �12.6m2

e/m
2

µ.
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With flavour violation
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Flavour-violating couplings can give either sign 
depending on the mass hierarchies
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

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

4 Probes of flavor-changing ALP couplings to leptons

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

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

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

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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There are several contributions from ALPs to lepton anomalous magnetic moments. At the
one-loop level, there are penguin diagram with the ALP attached only to fermion lines as
well as Barr-Zee diagrams with the ALP connected to fermions and the photon. At two-loop
level there is also a contribution from ALP-photon couplings only [79]. For the case of flavor
conserving ALP couplings the di↵erent contributions have been discussed in [79–83], and one
finds
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� h2(xµ)
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, (52)

where we have neglected the contribution from Barr-Zee diagrams with internal Z bosons,
which is suppressed by the Z vector coupling (1� 4s2w) ⇡ ↵. The loop functions for vanishing
and large x are given by h1,2(0) = 1 and h1(x � 1) ⇡ (2/x)(log x � 11/6), h2(x � 1) ⇡
(log x+ 3/2) and the full expression can be derived with the formulas in Appendix B and are
given explicitly in [83]. Note that the contribution proportional to c

2

µµ has the wrong sign to
explain the deviation of aexpµ with respect to the SM value, but the analogous expression for
�ae has the right sign.

For ALPs with lepton flavor violating couplings, additional contributions to the anomalous
magnetic moment of the muon can arise from the tau in the loop and we find from the diagram
on the right of Figure 5
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e
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(53)

where the function h(x) is given in (103) and h(x) = 1 for x ! 0 and h(x) = 0 for x � 1.
For the anomalous magnetic moment of the electron there is a contribution from the tau in
the loop analogous to (53) with the replacement µ ! e as well as from the muon in the loop
where one needs to replace µ ! e and ⌧ ! µ in (53).

There is also a contribution to aµ from the diagram on the right of Figure 5 with the
electron in the loop and we find
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j(xµ) + O
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where the function j(x) is given in (103) and j(x) = 1 for x ! 0 and j(x) = 0 for x � 1.
Interestingly, the sign of (53) can have either sign, whereas the sign of (54) is fixed and

positive for ma > mµ. The contributions from (53) and from (54) can have the right sign to
explain the anomalous magnetic moment of the muon.

In the following we discuss three di↵erent scenarios to address the tension in both aµ and
ae with an ALP with couplings to leptons and photons with two dominant couplings each, but
a combination of these di↵erent mechanisms might be realized as well.

I. Very large photon couplings For very large ALP couplings to photons and a relative
sign between the photon and muon couplings, �c

e↵

��/cµµ ⇠ 10�30, the contribution from (52)
can explain �aµ [79–83]. Including lepton-loops, the ALP photon coupling is given by (13)
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magnetic moments of leptons is therefore negligible. The contribution of �(Z ! a�) to the
total Z width results in the constraint |cdd|/⇤ & 442/TeV. The excluded parameter space is
shown gray in Figure 4. Higgs decays are strongly suppressed for ALP couplings to down-type
quarks, because the amplitudes are directly proportional to the Yukawa coupling of the b
quark.
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diagrams shown in Figure 5. The associated calculations are presented in full in Appendix B.
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the lepton flavor, such that the heaviest lepton in this loop becomes the largest scale in the
calculation. We use the same symbols for the form factors independent of the external leptons;
the correct meaning should become clear from the context.

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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the replacements µ ! e and ⌧ ! µ. These two contributions can have opposite sign and the
right magnitude to explain both �ae and �aµ. In Figure 8 we show the parameter space in
|(kE)12| and |(ke)12| for which �ae and �aµ can be explained by an ALP with mass ma in
yellow and orange, respectably. In Figure 9 and Figure 10 we further show the parameter space
in the ma � cµe plane for fixed c``/⇤ = 1/TeV and in the cµe � c`` plane for |(kE)12| = |(ke)12|
for which �aµ and �ae can be explained in orange and yellow.

III. Flavour-violating tau couplings A contribution to both aµ and ae arises from tau
leptons in the loop of the diagram on the right of Figure 5 if the external fermions are muon
or electrons, respectively. This contribution is given by (53) (for the electron one needs to
replace µ ! e) and chirally enhanced by the tau mass. Even though (53) can have either sign,
it requires both k
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e 6= 0 (and k
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E , k

⌧e
e 6= 0 in the case of �ae)[MB: What about subleading

contributions to amu, ae?] and a simultaneous explanation of both anomalies is ruled out by
the ALP contribution to µ ! e�
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whereas an explanation of�aµ or�ae requires coe�cients Re[(k⌧µ
E )⇤k⌧µ

e ] ⇡ 5 and Re[(k⌧e
E )⇤k⌧e

e ] ⇡
0.32 if ⇤ = 1 TeV. This conclusion does not change for di↵erent ALP masses. An explanation
to either �aµ or �ae can be obtained from tau-flavor violating ALP couplings if c⌧⌧ < 1. In
Figure 11 and 12 we show the parameter space in the ma�c⌧µ and ma�c⌧e plane for which the
measured values can be reproduced in orange and yellow assuming (ke)ij = (kE)ij = cij/

p
2.

A sizable value of either cµµ or cee could provide a contribution large enough to explain the
tension in the respective other magnetic moment, as shown in Figure 7.
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With flavour violation

the equation above...] The squared matrix element summed over electron and positron spins
and averaged over muon spin states is given by
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same thing?] where GFF(s12, s13, s23) is a lengthy expression containing the contributions
from form factors and the interference terms between the two classes of diagrams shown in
Figure 6, given in Appendix B.
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and where the loop functions g(0,mi,ma) and g��(0,mi,ma) are given in Eqns. (91) and (92)
in App. B. Similar equations hold for radiative tau decays with obvious replacements.

4.4 The anomalous magnetic moment of the muon and the electron

The SM prediction for the anomalous magnetic moment aµ = (g � 2)µ/2 [71, 72] is in tension
with the current best measured value by about 4 standard deviations [73]. Furthermore, a
slight deviation of the electron anomalous magnetic moment ae = (g�2)e/2 has been observed
recently. The central value of aexpe [74, 75] deviated from the SM prediction [76] previously,
but it has been made statistically more significant by an improved measurement of the fine-
structure constant [77] which contributes to the error budget of the SM prediction. The current
tension amounts to 2.4 standard deviations [78],

�aµ = a
exp

µ � a
SM

µ = (29.3 ± 7.6) · 10�10
, (50)

�ae = a
exp

e � a
SM

e = (�87 ± 36) · 10�14
. (51)

Interestingly, �aµ and �ae are opposite in sign and the e↵ect in the electron anomalous mag-
netic moment is larger if rescaled by the square of the lepton masses�ae/�aµ ⇡ �12.6m2

e/m
2

µ.
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Flavour violating couplings can provide a solution.
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Figure 5: Diagrams contributing to LFV electromagnetic form factors.

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

4 Probes of flavor-changing ALP couplings to leptons

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

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

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

In the following we discuss constraints from lepton flavor changing observables. The con-
straints from various measurements on tree-level LFV couplings are collected in Table 2 and
shown in Figure 9, 11 and Figure 12 for a single LFV coupling. In the following subsections
we provide formulae and details on how these constraints were derived.
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Figure 9: Bounds on ALP mediated flavor o↵-diagonal transitions between muons and electrons
with cµe ⌘

p
|(kE)µe|2 + |(ke)µe|2, assuming universal ALP couplings to leptons cee/f = cµµ/f =

c⌧⌧/f = 1TeV�1 and all other Wilson coe�cients zero at tree level.

4.5 Discussion of lepton flavor observables

We present constraints on the ALP-induced transitions µ ! e, ⌧ ! µ or ⌧ ! e in Figures 9, 11
and 12, respectively. We assume that all other flavor-changing lepton couplings vanish in each
case and that diagonal couplings to leptons are given by cee/f = cµµ/f = c⌧⌧/f = 1TeV�1.
These flavour-conserving couplings are needed to determine the branching ratios and decay
lengths of the ALP, which decays into leptons or photons through the loop-induced coupling
(13). In the absence of additional assumptions, a UV completion in which a horizontal global
symmetry group is broken to produce a pseudo-Nambu Goldstone boson would induce all
possible flavor o↵-diagonal couplings to leptons. The results presented in this section are
nevertheless useful to constrain UV complete models in which one coupling dominates over
the others. A discussion of lepton flavor violating ALP decays in the context of explicit UV
models has also been provided in [84].

For a dominant flavor changing coupling cµe ⌘
p

|(kE)µe|2 + |(ke)µe|2 and massesma > mµ,
the lepton flavor-changing transitions µ ! e� and µ ! 3e are induced by the form factors
defined in (B.1) and the four-fermion operators obtained by integrating out the ALP. The
two constraints shown in light blue and purple in Figure 9 therefore reflect the expected hi-
erarchy from the additional factor of ↵ and the phase space factor in �(µ ! 3e) compared
to �(µ ! e�) for this mass region [85, 86]. The situation changes for masses ma < mµ,
for which the ALP can be produced on-shell. Constraints from µ ! ea with subsequent
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Figure 10: Bounds on ALP mediated flavor o↵-diagonal transitions between muons and electrons
with cµe ⌘

p
|(kE)µe|2 + |(ke)µe|2, assuming universal ALP couplings to leptons cee/f = cµµ/f =

c⌧⌧/f and ma = 10 MeV and 1 GeV, respectively. All other Wilson coe�cients are set to zero at
tree level.

decays a ! ��, a ! e
+
e
� and a ! invisible are shown in light green, purple and dark red

in Figure 9, respectively, and provide stronger constraints compared to µ ! e� for masses
of a few MeV< ma < mµ. Here, we define the decay a ! invisible as the ALP leaving the
detector before decaying and details of the calculation can be found in Appendix E.2. The
corresponding constraint is derived from the limits obtained by the TWIST collaboration [87],
and is sensitive to the ALP decay length which is set by the ALP coupling to electrons in
this mass range. For masses 13MeV < ma < 80 MeV, the bound is largely independent from
the angular distribution of the electrons, whereas for masses ma < 80 MeV, the bound de-
pends on whether the decay is (an)isotropic. The angular distribution depends on the relative
values of (kE)µe and (ke)µe and we use the most conservative bound from [87] in this mass
region. Kinematically, ALP decays into electrons and photons could in principle extend to
ALP masses as small as or below ma = 2me, respectively. The limits are obtained by SIN-
DRUM for µ ! 3e [88] and LAMPF for µ ! ��e [89]. The experiments employ a time limit of
⌧eee < 0.8 ns and ⌧e�� < 2.5 ns for the detection of the final state particles. If the ALP decay
is delayed, this parameter space cannot be excluded even if the decay still happens within
the detector. A search for resonances in the dataset without the strong cut on the time of
detection of the decay products would be sensitive to much smaller ALP masses. We further
show constraints from µ ! ea ! e�� transitions where the ALP is boosted such that the
opening angle between the two collimated photons from the ALP decay is below the angular
resolution of the experiment. The excluded parameter space is obtained from the limit set
by the MEG collaboration [90] and is shown in orange in Figure 9. The parameter space for
which the anomalous magnetic moment of the electron can be explained by the heavier muon
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Conclusions

ALPs could be harbingers of a New Physics sector at a 
large scale not directly accessible by collider searches

Flavour searches are important to constrain this 
symmetry structure.

ALP couplings are set by the symmetries of this new 
sector.

The tension in the lepton anomalous magnetic moments 
could be a sign of lepton-flavour violating ALPs.
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Bounds from tau-mu couplings

c``/f = 1 TeV�1

⌧ ! µ + inv.

�aµ

⌧ ! µµµ
⌧ ! µ�

⌧ ! µ�e�

⌧ ! µee

Figure 11: Bounds on ALP mediated flavor o↵-diagonal transitions between muons and electrons
with c⌧µ ⌘

p
|(kE)⌧µ|2 + |(ke)⌧µ|2, assuming universal ALP couplings to leptons cee/f = cµµ/f =

c⌧⌧/f = 1TeV�1 and all other Wilson coe�cients zero at tree level.

in the loop requires couplings of Re
⇥
(kµe

E )⇤kµe
e

⇤
. �1 which is excluded for all masses ma.

The corresponding parameter space is shown in yellow in Figure 9. A possible explanation for
the anomalous magnetic moment of the muon is only possible if ma > mµ and ruled out by
µ ! e� and µ ! eee for all values of ma as indicated by the orange contour in Figure 9. In
Figure 9 we also show projections of future lepton flavor experiments indicated by the dashed
contours. The dashed blue and orange contours show the sensitivity reach of MEGII [90] and
the dashed red and purple contours indicate the future sensitivity of Mu3E [91]. The lifetime
of the ALP strongly a↵ects the reach of the di↵erent experiments. In Figure 10 we show
how the exclusion contours and sensitivity reach of the various experimental searches in the
cµµ � cµe plane for fixed ALP masses. An explanation for �ae and �aµ is only possible for
ma > mµ and requires very small values of c`` . 10�4 or cµe < 10�4.

Constraints on the lepton flavor-changing coupling c⌧µ ⌘
p

|(kE)⌧µ|2 + |(ke)⌧µ|2 are shown
in Figure 11. flavor o↵-diagonal couplings of the ALP to muons and electrons or taus and
electrons are assumed to be zero. The decay ⌧ ! µ� is induced by the form factors F2(0) and
F

5

2
(0) given in Appendix B and the parameter space excluded by the limit from Babar [92] is

shown in light blue in Figure 11. The decay ⌧ ! µee is excluded for o↵-shell ALPs for c⌧µ & 10
and shown in dark green in Figure 11. For on-shell ALPs, the constraints are significantly
stronger and searches for the decays ⌧ ! µee and ⌧ ! µµµ are excluded for values of
c⌧µ & 10�6 � 10�4 for ma > 2mµ and ma > 2me, respectively. The excluded parameter space
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Figure 3: Bounds on universal ALP couplings to up-type quarks with cuu = ccc = ctt and all other
Wilson coe�cients zero at tree level.

In Figure 3, we collect the constraints on ALPs with universal couplings to up-type quarks
cuu = ccc = ctt. For masses ma . m⇡, ALP couplings of |cuu|/⇤ & 10�3

/TeV are excluded by
the measurement of Br(K+ ! ⇡

+
⌫̄⌫) shown in purple in Figure 3. Similar to the case of an

ALP with couplings to SU(2)L gauge bosons, larger couplings cuu are excluded by constraints
from searches for K+ ! ⇡

+
�� and K

0 ! ⇡
0
�� decays shown in beige in Figure 3. While the

constraints on cuu from K
+ ! ⇡

+
⌫̄⌫ decays are slightly stronger compared to the constraints

on CWW in Figure 2, constraints from photon decays are weaker. The reason is that tree-
level couplings to quarks only induce the ALP coupling to photons at the one-loop level. For
the same reason, the horizontal gray region indicating the parameter space excluded by the
contribution of �(Z ! a�) to the total Z width represents a significantly weaker constraint
|cuu|/⇤ & 146/TeV. In contrast to Figure 2, the constraints from B

!
K

⇤
⌫⌫̄ and B

+ ! K
+
⌫⌫̄

decays extend beyond the muon threshold and constraints on leptonic ALP couplings are
absent, because the corresponding Wilson coe�cients c`` are only generated through 2-loop
diagrams. As a consequence, ALPs with universal couplings to up-quarks are largely uncon-
strained from flavor observables for ma & 1 GeV and the anomalous magnetic moment of
the muon cannot be explained in this scenario. Couplings |cuu|/⇤ & 17.7/TeV are ruled out
throughout the parameter space by the measurement of the chromomagnetic moment of the
top quark µ̂t, shown in light green in Figure 3. Contours of constant Br(h ! aa) = 10�1

, 10�2

and 10�3 are shown as red dotted, dashed and solid lines, respectively. The ALP coupling to
top quarks also induces the exotic Higgs h ! Za and the corresponding contours of constant
Br(h ! Za) = 10�1

, 10�2 and 10�3 are shown as blue dotted, dashed and solid lines. In con-
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Figure 1: One-loop diagrams contributing to the flavor-changing ALP–quark couplings in the down
sector.

2.1 Loop-induced quark flavor-changing ALP couplings

Flavor-changing ALP–fermion interactions arise at one-loop order from loops involving W

bosons even if we assume that the UV theory does not contain new sources of flavor or
CP violation beyond those present in the SM. The largest e↵ects are those involving loops
containing the top quark. The relevant diagrams are shown in Figure 1. Introducing the
variable xt = m

2

t/m
2

W , we find for the loop-induced couplings in the down sector
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�
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ij = (Kd)ij ,
(14)

where we have neglected the light quark masses. The presence of UV divergences in these
expressions signals that the couplings (KD)ij(µ) must contain flavor non-diagonal terms pro-
portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
of the one-loop corrections. In the MFV case, where KU is diagonal, the above expression
reduces to (recall that ctt = (Ku)33 � (KU)33):
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y
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(15)

The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV

(KD)
e↵

ij = (KD)ij (⇤) + V
⇤
tiVtj [0.01 ctt � 0.004CWW ] . (16)
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Figure 4: Bounds on universal ALP couplings to down-type quarks with cdd = css = cbb and all
other Wilson coe�cients zero at tree level.

trast to ALPs coupled to SU(2)L gauge bosons, neither flavor constraints nor the measurement
of the width of the Z gauge boson exclude large branching ratios for exotic Higgs decays for
ma & 1 GeV in the case of universal ALP couplings to up-type quarks, but Br(h ! Za) = 0.1
is in conflict with the chromomagnetic moment of the top quark..

For universal ALP couplings to down-type quarks cdd = css = cbb, the constraints from
flavor observables are shown in Figure 4. Since only couplings to down quarks are present,
flavor-violating transitions between down quarks are not generated at one loop. Constraints
from Br(K+ ! ⇡

+
⌫̄⌫), Br(K+ ! ⇡

+
��) and Br(K ! ⇡

0
��) shown in purple, orange and

yellow in Figure 4, are therefore considerably weaker, because ALPs are only produced through
ALP-pion mixing. In contrast to both ALPs coupled to SU(2)L gauge bosons and ALPs
coupled to up-type quarks, radiative Upsilon decays lead to important constraints, because
the coupling to b-quarks is induced at tree-level. Searches for resonances in ⌥ ! �+ invisible
by BaBar [53] and ⌥ ! � + hadrons provide the strongest limit for ALPs with masses ma &
m⇡. The corresponding parameter space is shown in Figure 4 in light blue and dark green,
respectively. All constraints are allow for ALP couplings of |cdd|/⇤ & 10�1

/TeV and light ALPs
with ma . 10�2 GeV are almost unconstrained by flavor observables.2 Couplings of the ALP
to leptons are not induced at the 1-loop level, and a new physics contribution to the anomalous

2This does not mean that this parameter space is unconstrained in this scenario. Astrophysical and cosmo-
logical constraints, such as energy loss of red giants [66–68] and supernova observations [69, 70] are sensitive
to long-lived particles with couplings to photons or nuclei and lead to strong constraints for ma < m⇡.
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where we have neglected the light quark masses. The presence of UV divergences in these
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portional to the relevant entries of the CKM matrix in order to cancel the scale dependence
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The term proportional to CWW in this result agrees with a corresponding expression derived in
[13]. However, the parametrically leading term proportional to ctt, which is enhanced by a large
logarithm, was not considered in this reference. Numerically, we obtain with µ = ⇤ = 1TeV
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New Gauge Bosons

Hidden Photon mass term

L = �1

4
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mA0 = gXhSi

New light gauge bosons have long history Holdom Phys.Lett 166B, (1986)
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Figure 2: Branching ratios for the gauge bosons of a secluded U(1)X gauge group mixing with the SM
hypercharge gauge boson. See text for details.

3 Searching for Hidden Photons

In Section 4 we present and discuss the results of recomputing the limits from searches for secluded,
hidden photons for U(1)B�L and U(1)Lµ�Le , U(1)Le�L⌧ , U(1)Lµ�L⌧ gauge bosons. Before we do so,
let us describe our strategy for recasting electron and proton beam dumps and fixed target experiments as
well as collider searches. In addition, we consider bounds from white dwarfs and neutrino experiments.

3.1 Decay widths and branching ratios

A crucial ingredient in all laboratory searches are the decay widths and branching ratios. The decay
widths for the gauge boson of a secluded U(1)X are purely determined by mixing with the hypercharge
gauge boson. For charged SM leptons, the decay widths are straightforwardly computed by replacing
the coupling of a (massive) photon by ↵ ! ↵✏

2. Decays into hadrons can be determined with a data-
driven approach by taking advantage of measurements of the ratio between the production cross section
of hadronic final states and muon pairs in e

+
e
� colissions, R(s) = �(e

+
e
�

! hadrons)/�(e
+
e
�

!

µ
+
µ
�
) [91, 92]. The hadronic decay width is then given by

�(A
0
! hadrons) = ✏

2
�(�

⇤
! µ

+
µ
�
) R(M

2

A0) for U(1)X , (12)

where �(�
⇤

! µ
+
µ
�
) is the partial decay width for a virtual SM photon of mass MA0 . We show the

results in Fig. 2.
For gauge bosons of charged lepton family number differences, decays into hadronic final states

are also only possible through kinetic mixing, and can be determined analogous to the universal gauge
boson,

�(A
0
! hadrons) = ✏µ⌧ (M

2

A0)
2
�(�

⇤
! µ

+
µ
�
)R(M

2

A0) for U(1)Lµ�L⌧ , (13)

where the kinetic mixing parameter is given by (9) and the obvious replacements hold for U(1)Lµ�Le

and U(1)Le�L⌧ . The partial decay width into the leptons charged under the corresponding gauge group
can be directly deduced from (3) and (51) from Appendix A. The respective uncharged lepton family

7

The new light gauge boson couples like a a massive photon

!50



New Gauge Bosons
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[Echenard, Essig, Zhong, 1411.1770]

µ+ ! �0e+⌫e⌫̄µ ! e+e�e+⌫e⌫̄µ

The Mu3e experiment can search for light hidden photons

Part II

The Mu3e Experiment

21

Displaced vertices [Mu3E collaboration, in prep.]
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New Gauge Bosons
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LHCb can search for hidden photons in rare charm decays

D⇤ ! D� ! D�0 ! De+e�

Taking advantage of large statistics: 
About 14 Trillion D* mesons in Run III (15 /fb)

Ilten et al. Phys. Rev. Lett.  116, no. 25, 251803 (2016)

A0

⇡
⇡

D⇤

D
K

q

q̄

Br(D⇤ ! D�) = 38%

Universal

Br(D⇤ ! D⇡) = 62%

LHCb, Phys. Rev. Lett. 120, 061801 (2018) 
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New gauge bosons with gauge couplings to the SM

New Gauge Bosons

There is a limited number of possible new light gauge 
bosons consistent with the SM (= anomaly free, and able to 
reproduce mixing structures).

Universal B - L Lµ � L⌧Le � L⌧Lµ � Le
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! e
+
e
�
). See text for details.

can only couple through kinetic mixing with the photon. The branching ratios for the gauge boson of
a gauged lepton family number difference are shown in Fig. 3. Hadronic decays are suppressed in all
cases and the different shape of �(A

0
! hadronic) in the case of U(1)Lµ�Le can be explained by the

approximate cancellation in ✏µe(M
2

A0) ⇡ m
2
µ/M

2

A0 � m
2
e/M

2

A0 ⇡ 0 for MA0 > mµ.
For a U(1)B�L gauge boson, we take advantage of the analysis in [10], where the couplings are

computed using a data-driven method based on vector-meson dominance (VMD) for masses MA0 below
the QCD scale. The flavour-universal charges lead to an absence of A

0
� ⇢ mixing. Therefore, hadronic

decays only open up once the much narrower !-resonance turns on at m! = 782 MeV, and below
that scale, the leptonic decay rates dominate as is evident from the upper left panel of Fig. 3. For
masses of the A

0 gauge boson above the QCD scale, the vector dominance model breaks down at around
M

0
A
& 1.65 GeV [10]. We rescale the R-ratio with the B � L charges above this value,

�(A
0
! hadrons) =

P
q �(A

0
! qq̄)

P
q �(�⇤ ! qq̄)

�(�
⇤

! µ
+
µ
�
) R(M

2

A0) for U(1)B�L , (14)

in which the sum extends over all quarks with masses mq < MA0/2. This matching is good, given the
expected precision of the VMD method of about 10% � 20% [10].

8

Couplings to the SM are loop-induced and finite (!)

…couplings to hadrons and electrons are suppressed.
µ, ⌧

B̂µ ✏ = � e g

8⇡2
log

m2
⌧

m2
µ

A0
µ

BRs very different 
from the universal 
case

⇡ g
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Jaeckel, Spannowsky, Phys. Lett. B 753, 482 (2016)
Armengaud et al., JCAP 1311, 067 (2013) …and others
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Macroscopic Lifetime

MB, Neubert, Thamm, 1708.00443 

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].
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center-of-mass energy. In contrast, ALPs produced in exotic decays of heavy SM particles,
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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
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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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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 � a

SM
µ = (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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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 � a

SM
µ = (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
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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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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 h1,2(0) = 1 as well as h1(x) ⇡ (2/x)(ln x �
11
6 ) and h2(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)

L
D=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 m

2
a � m

2
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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Figure 11: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

h ! Za ! `
+
`
�
bb̄ of h ! Za ! `

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

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

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

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

vertices!]

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (4), as well
as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of ALPs.
We have calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as
well as all one-loop corrections arising from two insertions of operators from the dimension-
5 e↵ective Lagrangian (1). The relevant diagrams are shown in Figure 11. Since both the
Higgs boson and the APL couple to fermions proportional to their mass, only the top-quark
contribution needs to be retained in the second diagram. Keeping ma only in the phase space
and neglecting it everywhere else, we find
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Figure 7: Feynman diagrams contributing to the decay h ! Za.

5.1 ALP searches in h ! Za decay

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

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

(5)
Zh = 0 and display the rate ratio

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

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

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

(7)
Zh .

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

h ! Za ! `
+
`
�
bb̄ of h ! Za ! `

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

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

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

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

vertices!]

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (4), as well
as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of ALPs.
We have calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as
well as all one-loop corrections arising from two insertions of operators from the dimension-
5 e↵ective Lagrangian (1). The relevant diagrams are shown in Figure 11. Since both the
Higgs boson and the APL couple to fermions proportional to their mass, only the top-quark
contribution needs to be retained in the second diagram. Keeping ma only in the phase space
and neglecting it everywhere else, we find
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where the e↵ective coupling is given by
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with ⌧i/h ⌘ 4m2

i /m
2
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3 . The relevant loop functions read
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. (38)
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Figure 12: Bound from Br(h ! BSM) = 0.34 (green) and the projected bound for 3000 fb�1 at
p

s = 14 TeV, Br(h ! BSM) = 0.1 (red contour).

Numerically, we obtain for ⇤ = 1TeV

C
e↵
ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025

�
C

2
WW + C

2
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 C

e↵
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 C
e↵
ah alone for a 10% h ! aa branching

ratio is |C
e↵
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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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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Vectorlike Quarks

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

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

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

Lkinetic =
−1

4g2(µ)
Ga

µνG
µν
a (5)

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

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

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

−Lmass = λ1

(

QHT c + QH̃Bc
)

+ λ2

(

QcH̃T + QcHB
)

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

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

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

4

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

c1 =
4

3

−β
(1 − β)2

, c2 =
4

3

1

(1 − β)2
, β ≡

2mAmB

λ1λ2v2
. (7)

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

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

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

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

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

3 Experimental Constraints

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

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

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

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

O1 = c1

αs

4πv2
Ga

µνG
µν
a H†H (1)

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

O2 = c2

αs

8π
Ga

µνG
µν
a log

(

H†H

v2

)

, (2)

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

2
(h + v)),

O1 ⊃
c1αs

4π
GµνG

µν

(

h

v
+

h2

2v2

)

, O2 ⊃
c2αs

4π
GµνG

µν

(

h

v
−

h2

2v2

)

, (3)

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