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Goldstone boson (ALP):

massive scalar: m2
s = µ2
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U(1) symmetry shift symmetry
a(x) ! a(x) + c
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ALP effective theory

3

Georgi, Kaplan, Randall 1986

For a sample of N produced LLP events, the fraction of LLPs that decay within a
detector volume V is

Na(V ) = L
1
N

N!

a=1

! (pp ! tøt a |da; "r a) Pa (da; "r a) , (2.4)

where! (pp ! tøt a |da; "r a) is the cross section for an LLP produced in a small interval around
the direction "r a with boost #$ = da/c %a. The expected number oftøt(µøµ) signal events is
Þnally given by

Nsig = Na(V ) B(a ! µøµ), B(a ! µøµ) =
! (a ! µøµ)

! a
, (2.5)

where ! a = %! 1
a and ! (a ! µøµ) are the total decay width and the partial decay width of

the LLP into muons and B(a ! µøµ) is the LLPÕs branching ratio into muons.
In general, the signal rateNsig depends on four fundamental properties of the LLP:

the massma, the coupling to top quarks ctt , the decay width ! a, and the branching ratio
B(a ! µøµ). In speciÞc models, some of these quantities might be related.

2.2 Axion-like particles

ALPs are pseudo-scalars whose couplings preserve a shift symmetrya ! a + c. At en-
ergies below a cuto! scale" = 4&f a, the phenomenology is described by an e! ective La-
grangian [26]
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In general, the scalef a and the mass of the ALP,ma, are free parameters.1 In our analysis,
we set f a = 1 TeV. The parameters cV V label ALP couplings to gauge ÞeldsV = G, W, B
associated with theSU(3)C , SU(2)L and U(1)Y groups, with Þeld-strength tensorVµ! and
dual "Vµ! = (µ!"# V "# . The ALP couplings CF and Cf to left-handed and right-handed
fermions, respectively, are in general3 # 3 matrices in ßavor space.2 Among the ßavor-
diagonal couplings, only the axial-vector combinations(CF )ii " (Cf )ii are physical; vector
couplings are incompatible with the shift symmetry. The derivative ' µa implies that ALP
couplings to on-shell fermions are proportional to the fermion massmf and therefore gen-
erally ßavor-hierarchical.

We choose to work in a basis where the interaction and mass eigenstates of up-type
quarks coincide. In this basis, we deÞne the ßavor-diagonal ALP couplings to up-type and

1In the special case of the QCD axion, f a corresponds to the axionÕs decay constant, and the axion mass
scales asma ! 1/f a .

2The SU(2)L doublets are deÞned asQ = ( uL , dL )! and L = ( ! L , "L )! ; the SU(2)L singlets areU = uR ,
D = dR , E = "R .

Ð 4 Ð
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flavor-diagonal axial-vector couplings

Shift symmetry breaking: ALP mass

down-type quarks as well as to charged leptons as

cii = ( Cu)ii ! (CQ)ii , i = { u, c, t} (2.7)

cjj = ( Cd)jj ! (V   CQV)jj , j = { d, s, b}

ckk = ( C! )kk ! (CL )kk , k = { e, µ, ! } ,

whereV is the CKM matrix. Flavor o ! -diagonal couplings will not play a role in this work.
The top-quark coupling ctt = ( Cu)33 ! (CQ)33 plays an important role in the ALP

e! ective theory at low energies. In the renormalization group (RG) evolution of the e! ective
couplings,ctt generates ALP couplings to all other fermions through mixing and renormali-
zation e! ects [45Ð48]. For ! = 4 " TeV, the ALP couplings at the top mass scaleµ = mt

are

cuu,cc(mt ) = cuu,cc(! ) ! 0.116ctt (! ) (2.8)

cdd,ss(mt ) = cdd,ss(! ) + 0 .116ctt (! )

cbb(mt ) = cbb(! ) + 0 .097ctt (! )

c!! (mt ) = c!! (! ) + 0 .116ctt (! ), #= { e, µ, ! } .

To a good approximation, these relations also hold in the perturbative regime below the
weak scale. The ALP-top coupling can thus be probed in low-energy observables through
RG e! ects in e! ective ALP couplings to light fermions. Moreover, the ALP-top coupling
induces ALP couplings to photons and gluons through top loops, which however play a
minor role in this work. Notice that also the top coupling itself receives RG corrections at
energies below the cuto! scale. For numerical predictions of the ALP couplings at di! erent
energy scales, we use our public code [49] that implements the results of Ref. [48].

A very predictive scenario is obtained by assuming that the top coupling is the only
coupling of the ALP at the cuto! scale, so that

ctt (! ) " ctt , cff (! ) = 0 ( f #= t), cV V (! ) = 0 . (2.9)

We will call this scenario the top scenario in what follows. Such a scenario arises from ultra-
violet completions of the ALP e! ective theory with top-philic heavy particles that generate
the e! ective coupling ctt (! ). In the top scenario, all ALP couplings are proportional to
|ctt |/f a. As a consequence, all partial decay widths of the ALP are determined by|ctt |/f a.
Moreover, the ALP decay rate is fully correlated with the production from top quarks. The
signal rate is thus determined by only two parameters: the ALP massma and the e! ective
top coupling |ctt |/f a.

The total decay width of the ALP is in general given by 3

" a = " (a $ $$) +
!

! = e,µ,"

" (a $ #ø#) # (ma ! 2m! ) + " (a $ had) # (ma ! 3m#). (2.10)

3Decays into neutrinos are in principle possible, but extremely suppressed by the small neutrino mass.

Ð 5 Ð

Shift symmetry for ALP-fermion couplings:

cii = ( CU )ii ! (CQ )ii
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Yukawa-like flavor hierarchy

e.g. Bonnefoy et al. 2206.04182

(*)

(*) vector couplings observable in weak-interaction processes



Running couplings

5Chala et al. 2012.09017; Bauer et al. 2012.12272
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down-type quarks as well as to charged leptons as

cii = ( Cu)ii ! (CQ)ii , i = { u, c, t} (2.7)

cjj = ( Cd)jj ! (V   CQV)jj , j = { d, s, b}

ckk = ( C! )kk ! (CL )kk , k = { e, µ, ! } ,

whereV is the CKM matrix. Flavor o ! -diagonal couplings will not play a role in this work.
The top-quark coupling ctt = ( Cu)33 ! (CQ)33 plays an important role in the ALP

e! ective theory at low energies. In the renormalization group (RG) evolution of the e! ective
couplings,ctt generates ALP couplings to all other fermions through mixing and renormali-
zation e! ects [45Ð48]. For ! = 4 " TeV, the ALP couplings at the top mass scaleµ = mt

are

cuu,cc(mt ) = cuu,cc(! ) ! 0.116ctt (! ) (2.8)

cdd,ss(mt ) = cdd,ss(! ) + 0 .116ctt (! )

cbb(mt ) = cbb(! ) + 0 .097ctt (! )

c!! (mt ) = c!! (! ) + 0 .116ctt (! ), #= { e, µ, ! } .

To a good approximation, these relations also hold in the perturbative regime below the
weak scale. The ALP-top coupling can thus be probed in low-energy observables through
RG e! ects in e! ective ALP couplings to light fermions. Moreover, the ALP-top coupling
induces ALP couplings to photons and gluons through top loops, which however play a
minor role in this work. Notice that also the top coupling itself receives RG corrections at
energies below the cuto! scale. For numerical predictions of the ALP couplings at di! erent
energy scales, we use our public code [49] that implements the results of Ref. [48].

A very predictive scenario is obtained by assuming that the top coupling is the only
coupling of the ALP at the cuto! scale, so that

ctt (! ) " ctt , cff (! ) = 0 ( f #= t), cV V (! ) = 0 . (2.9)

We will call this scenario the top scenario in what follows. Such a scenario arises from ultra-
violet completions of the ALP e! ective theory with top-philic heavy particles that generate
the e! ective coupling ctt (! ). In the top scenario, all ALP couplings are proportional to
|ctt |/f a. As a consequence, all partial decay widths of the ALP are determined by|ctt |/f a.
Moreover, the ALP decay rate is fully correlated with the production from top quarks. The
signal rate is thus determined by only two parameters: the ALP massma and the e! ective
top coupling |ctt |/f a.

The total decay width of the ALP is in general given by 3

" a = " (a $ $$) +
!

! = e,µ,"

" (a $ #ø#) # (ma ! 2m! ) + " (a $ had) # (ma ! 3m#). (2.10)

3Decays into neutrinos are in principle possible, but extremely suppressed by the small neutrino mass.
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The Wilson coe! cient Csb(µ) is generated through matching contributions of loops with
top quarks and W bosons. Using results from [40] and the TdAlps code to RG-evolve the
ALP parameters, we obtain the ßavor-changing Wilson coe! cient at the weak scale as

Csb(µw) = (7 .5499cff ! 0.0224cGG ! 0.0119cW W ! 0.0001cBB ) á10! 4, (4.3)

where all ALP couplings are deÞned at the cuto" scale# = 4 ! TeV and ßavor universality
is assumed.7 Below the weak scale, the RG evolution of the coupling is mild, so that
Csb(µ < µ w) = Csb(µw) holds to a good approximation.

The decay rate for B " Ka is given by

$(B " Ka ) =
mB

64!
|Csb(mb)|2

f 2
a

f 2
0

!
m2

a

"
#

1 !
m2

K

m2
B

$ 2

" 1/ 2(m2
B , m2

K , m2
a) , (4.4)

with the kinematic function " (a, b, c) = a2 + b2 + c2 ! 2(ab+ ac+ bc). The scalar form factor
f 0

!
m2

a

"
parametrizes hadronicB " K transitions at momentum transfer q2 = m2

a [70].
Expressed in terms of ALP parameters at# = 4 ! TeV, the branching ratio for B + " K + a
reads

B(B + " K + a) = 0 .1|cff ! 0.0030cGG ! 0.0016cW W |2
#

TeV
f a

$ 2

(4.5)

á
f 2

0 (m2
a)

f 2
0 (0)

" 1/ 2(m2
B , m2

K , m2
a)

m2
B ! m2

K
.

The decay width of the ALP depends on its mass. Forma < 3m! and speciÞcally in the
benchmark scenario withma = 300 MeV, hadronic ALP decays are kinematically forbidden.
The total decay width of the ALP is then given by

$a =
%

"= e,µ

$(a " #+ #! ) + $(a " $$) . (4.6)

The partial widths for decays into leptons and photons are [13, 40]

$(a " #+ #! ) = |c"" (ma)|2
mam2

"

8! f 2
a

&

1 !
4m2

"

m2
a

, (4.7)

$(a " $$) =
'
'
' Ce!

## (ma)
'
'
'
2 ( %

4!

) 2 m3
a

4f 2
a

.

The branching ratio B(a " µ+ µ! ) depends on the massma and on the relative size of
the couplings cee, cµµ and Ce!

## . For ßavor-universal couplingsc"" = cff , ALP decays into
electrons are suppressed compared to muons by the small electron mass. The e" ective
ALP-photon coupling has been calculated in chiral perturbation theory, yielding [27, 40]

Ce!
## (ma) # c## + cee(ma) + cµµ (ma) !

#
5
3

+
m2

!

m2
! ! m2

a

md ! mu

md + mu

$
cGG (4.8)

7The full two-loop matching contributions of the ALP-gluon coupling to Csb(µw ) have been calculated
in Ref. [69], but are not included here.
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Figure 2 : Proper decay length,c! a, (left) and branching ratios (right) of an ALP in the top
scenario (Eq.2.9) as a function of its mass,ma. For a Þxed mass, all decay modes are fully
determined by the top-quark coupling |ctt (! )|/f a, deÞned at the cuto! scale! = 4 " TeV.
In the left panel, vertical lines for c! a indicate benchmark ALP masses used in this study.
The dip in the decay length aroundma = m! is due to ALP-pion mixing.

The ALP decay into leptons and hadrons is open only above the kinematic threshold, as
indicated by the Heaviside function " . The decay rate into fermion pairs is

#(a ! f øf ) =
ma

8"

|cff (ma)|2m2
f

f 2
a

!

1 "
4m2

f

m2
a

" 1
2

. (2.11)

In the top scenario,cff (ma) # cff (µw) for ALP masses below the weak scaleµw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq.2.11 applies only in the regime
of perturbative QCD, i.e., for ma ! 2GeV. To make predictions at lower scales, the ALP
e! ective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq.2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales asc! a $ f 2

a /c 2
tt . The ALP branching ratio into any speciÞc Þnal

state is thus independent ofctt . The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig.2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For2mµ < m a < 1GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are a! ected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in
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Figure 2 : Proper decay length,c! a, (left) and branching ratios (right) of an ALP in the top
scenario (Eq.2.9) as a function of its mass,ma. For a Þxed mass, all decay modes are fully
determined by the top-quark coupling |ctt (! )|/f a, deÞned at the cuto! scale! = 4 " TeV.
In the left panel, vertical lines for c! a indicate benchmark ALP masses used in this study.
The dip in the decay length aroundma = m! is due to ALP-pion mixing.

The ALP decay into leptons and hadrons is open only above the kinematic threshold, as
indicated by the Heaviside function " . The decay rate into fermion pairs is
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In the top scenario,cff (ma) # cff (µw) for ALP masses below the weak scaleµw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq.2.11 applies only in the regime
of perturbative QCD, i.e., for ma ! 2GeV. To make predictions at lower scales, the ALP
e! ective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq.2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales asc! a $ f 2

a /c 2
tt . The ALP branching ratio into any speciÞc Þnal

state is thus independent ofctt . The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig.2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For2mµ < m a < 1GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are a! ected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in

Ð 6 Ð

Top scenario

decay length decay modes

ctt (! ) != 0 , cii (! ) = 0 ( i != t)
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Bauer et al. 1708.00443 Gavela et al. 1905.12953
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Batell et al. 0911.4938

meson decays

t t
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Higgs decays virtual ALPs
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g
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Figure 1 : Example Feynman diagram for the production and decay of a long-lived ALP at
the LHC via pp ! tøta, a ! µøµ. The dotted line illustrates that ALP decays at a distance
from its production point. The small black circle indicates the e! ective ALP-top coupling,
and the large white circle indicates the loop-induced ALP coupling to muons.

In Fig. 1, we show a representative Feynman diagram of the LHC process

pp ! tøta, a ! µøµ. (2.1)

A resonant long-lived ALP is produced in top-antitop events from proton-proton collisions
and decays into a displaced muon-antimuon pair. In general, other decay channels like
e+ e! , ! + ! ! , "" , or qøq are possible, depending on the mass and couplings of the LLP. In
this work, we focus on theµ+ µ! Þnal state, which can be reconstructed well in the LHC
detectors.

2.1 Signal event rate

The expected number of top-associated LLPs ÒaÓ produced at the LHC with a given inte-
grated luminosity L is

N = L #(pp ! tøta), (2.2)

where # is the hadronic cross section at a Þxed proton-proton collision energy. The decay
length of the LLP in the laboratory frame, da = $" c! a, is determined by its lifetime ! a

and Lorentz boost$" . For an LLP with decay length da, produced in the direction %ra, the
probability to decay within a radial interval ! r a = r out

a " r in
a is

Pa(da;%ra) = exp
!

"
r in

a

da

"
" exp

!
"

r out
a

da

"
. (2.3)

In practice, r in
a and r out

a are the distances from the production point to where the particleÕs
trajectory intersects with the detector boundaries. For a sample ofN produced LLP events,
the fraction of LLPs that decay within a detector volume V is then

Na(V ) = L
1
N

N#

a=1

# (pp ! tøt a |da;%ra) Pa (da;%ra) , (2.4)
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Figure 1 : Example Feynman diagram for the production and decay of a long-lived ALP at
the LHC via pp ! tøta, a ! µøµ. The dotted line illustrates that ALP decays at a distance
from its production point. The small black circle indicates the e! ective ALP-top coupling,
and the large white circle indicates the loop-induced ALP coupling to muons.

In Fig. 1, we show a representative Feynman diagram of the LHC process

pp ! tøta, a ! µøµ. (2.1)

A resonant long-lived ALP is produced in top-antitop events from proton-proton collisions
and decays into a displaced muon-antimuon pair. In general, other decay channels like
e+ e! , ! + ! ! , "" , or qøq are possible, depending on the mass and couplings of the LLP. In
this work, we focus on theµ+ µ! Þnal state, which can be reconstructed well in the LHC
detectors.

2.1 Signal event rate

The expected number of top-associated LLPs ÒaÓ produced at the LHC with a given inte-
grated luminosity L is

N = L #(pp ! tøta), (2.2)

where # is the hadronic cross section at a Þxed proton-proton collision energy. The decay
length of the LLP in the laboratory frame, da = $" c! a, is determined by its lifetime ! a

and Lorentz boost$" . For an LLP with decay length da, produced in the direction %ra, the
probability to decay within a radial interval ! r a = r out

a " r in
a is

Pa(da;%ra) = exp
!

"
r in

a

da

"
" exp

!
"

r out
a

da

"
. (2.3)

In practice, r in
a and r out

a are the distances from the production point to where the particleÕs
trajectory intersects with the detector boundaries. For a sample ofN produced LLP events,
the fraction of LLPs that decay within a detector volume V is then

Na(V ) = L
1
N

N#

a=1

# (pp ! tøt a |da;%ra) Pa (da;%ra) , (2.4)
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top kinematics Phan, SW coming soon
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Figure 6 : The transverse displacementlxy of the least displaced muon after event selection,
for various ALP signal benchmarks (colored lines) and background fromtøtj events (gray
regions). Displaced decays within the pixel tracker (in 6 bins) and the outer tracker are
shown, with the binning used in the analysis.

lifetime. We compare the predicted sensitivity with existing searches and indirect probes
for similar scenarios in Sec.4.3.

To calculate the expected limits, we use thecombine tool [62], which implements the
frequentist AsymptoticLimits method [63]. Limits were calculated for ALP mass points
(including all 15 benchmarks used in this analysis) ranging from0.3 to 10 GeV. Between
mass points, we use a linear interpolation.

The uncertainty in the luminosity measurement in CMS is around2! 3%[64]. However,
in order to accommodate other uncertainties a! ecting both signal and background in the
same way (such as displaced vertex reconstruction resolution, or di-muon mass resolution),
we assume a conservative overall systematic uncertainty of 10% in the signal e" ciency and
30% in the background e" ciency when computing expected limits.

Note that all of the results are presented assuming
"

s = 13 TeV, although a center-of-
mass energy of 14 TeV is expected at the HL-LHC. Thus, the results presented here for the
HL-LHC are conservative, considering the increase in the cross section expected at higher
"

s.

4.1 ALP benchmark scenario

To calculate the expected upper limits on the cross section! (pp # tøta) $ B(a # µøµ) and
on the ALP-top coupling |ctt |/f a, we use the events that pass the event selection shown in
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kinematics

Ferber, SW et al. 2201.06580

(proj.)B ! K (! ) inv.
<latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ZBSRBCbB3FVHz6UDdIKvk8e6tCw="></latexit><latexit sha1_base64="jmyoQoheRzF1obdGg0tDsP2JxSo="></latexit><latexit sha1_base64="jmCAay9GYgh5voFFWZfkGDPg/wg="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit><latexit sha1_base64="6pmixJSnhI+krB86Yy/JhzR6q74="></latexit>

tøt /E
<latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oZe6pHD+XEiOqqi1TLbml9Vrcb8="></latexit><latexit sha1_base64="6NRQLhhZNaH1BGPf7WrrSK5Q07Y="></latexit><latexit sha1_base64="iqWli5kJ4sSbtrxo8nmYdy1dYUw="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit><latexit sha1_base64="wncEcf2x/1HaoXNvNr2Nk+QHH7k="></latexit>

tøt
<latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="HNKklh73PXSIN6rNbLzmTucDTbg="></latexit><latexit sha1_base64="hBOPb3pjopKn7dlVh9xj6zwdhVU="></latexit><latexit sha1_base64="6hk78CZHOAJes9O2Yil/72UznAM="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit><latexit sha1_base64="djKMtMzUKLhYcV8TqSgbLLKw6uQ="></latexit>

https://arxiv.org/abs/2201.06580


Global analysis of the ALP effective theory

13

Figure 1 : Overview of the observables used in our analysis. The colored lines illustrate
which ALP couplings are mostly probed by each sector.

Here ! is the electromagnetic coupling,sw = sin "w and cw = cos "w are the sine and cosine
of the weak mixing angle, andFµ! , Zµ! , Wµ! are the Þeld strength tensors of the physical
gauge bosons. The couplings

c"" = cW W + cBB , c" Z = c2
w cW W ! s2

wcBB , cZZ = c4
w cW W + s4

w cBB (2.5)

are deÞned at the weak scaleµw = mZ . At energies above the weak scale,cW W and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms
of cW W and cBB at the cuto! scale" .

In the e! ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,
we set

ma = 300 MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the
benchmark choice for ALPs with massesma " mZ . For ßavor observables, the bench-
mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay
mostly into muons. As a consequence, our interpretation of ßavor data and the combination
with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,
{ cff , cGG, cW W , cBB } . We combine high-energy observables at the LHC and LEP, as
well as ßavor observables at LHCb and Belle II that constrain the parameter space in all
directions. In Fig. 1, we illustrate the sensitivity of the di ! erent sectors to the ALP cou-
plings. Top, dijet and electroweak observables are su# cient to resolve the full parameter
space. Flavor observables are sensitive to an intricate combination of all four parameters.
When added to the high-energy observables, they drastically enhance the sensitivity of the
global Þt.

This analysis serves as a proof of principle and contains only a small selective set of obser-
vables. The sensitivity of the global Þt can be further improved in a more comprehensive
data analysis.

Ð 4 Ð

Bruggisser, Grabitz, SW  2308.11703

Biekoetter et al. 2307.10372ALP-induced SMEFT effects

resonant and virtual ALP effects

„All observables depend on all couplings.“
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Figure 5 : Bounds on the ALP parameter space with ßavor-universal fermion couplings
from measurements at the LHC and LEP. Left: individual 2-parameter Þts of { cff , cGG}
to measurements of dijet angular distributions (orange), top-antitop production at high
transverse momenta (red), the four-top production cross section (green); and the result of
the Þnal combined 4-parameter Þt to all data from Secs.3.1 and 3.3, proÞled over cW W

and cBB (blue area). Right: 4-parameter Þt of { cff , cGG, cW W , cBB } to all data from
Secs.3.1 and 3.3 (blue area), excluding same-sign diboson production (brown lines) or the
Z boson width (purple lines), and proÞled overcff and cGG. The contours correspond to
! ! 2 = 5 .99 in the 2-parameter and (proÞled) 4-parameter Þts. The region outside the
contours is excluded. All parameterscX are deÞned at the cuto" scale# = 4 " TeV.

two collaborations agree within uncertainties. In our Þt, we include the results of all
measurements, assuming the corresponding uncertainties to be uncorrelated.

3.2 Combined Þt to top and dijet data

The Þt results for top and dijet observables are shown in Fig.5, left, assuming ßavor-
universal ALP couplings to quarks as in (2.3). The colored contours correspond to bounds
obtained from individual Þts of { cff , cGG} to dijet angular distributions (orange), the trans-
verse momentum distribution in top-antitop production (red), and the four-top production
cross section (green). When combining the observables from all three sectors in one Þt, we
obtain the bounds corresponding to the blue area. It is apparent that four-top production
constrains the blind directions left by dijet and top-antitop observables. In the combined
Þt, the { cff , cGG} sector of the ALP parameter space is fully resolved.

For ßavor-universal ALP-fermion couplings, the combined Þt yields a robust upper bound
of (see Fig.5 left)

|cff (4" TeV) |
f a

!
3.6

TeV
. (3.18)
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Figure 5 : Bounds on the ALP parameter space with ßavor-universal fermion couplings
from measurements at the LHC and LEP. Left: individual 2-parameter Þts of { cff , cGG}
to measurements of dijet angular distributions (orange), top-antitop production at high
transverse momenta (red), the four-top production cross section (green); and the result of
the Þnal combined 4-parameter Þt to all data from Secs.3.1 and 3.3, proÞled over cW W

and cBB (blue area). Right: 4-parameter Þt of { cff , cGG, cW W , cBB } to all data from
Secs.3.1 and 3.3 (blue area), excluding same-sign diboson production (brown lines) or the
Z boson width (purple lines), and proÞled overcff and cGG. The contours correspond to
! ! 2 = 5 .99 in the 2-parameter and (proÞled) 4-parameter Þts. The region outside the
contours is excluded. All parameterscX are deÞned at the cuto" scale# = 4 " TeV.

two collaborations agree within uncertainties. In our Þt, we include the results of all
measurements, assuming the corresponding uncertainties to be uncorrelated.

3.2 Combined Þt to top and dijet data

The Þt results for top and dijet observables are shown in Fig.5, left, assuming ßavor-
universal ALP couplings to quarks as in (2.3). The colored contours correspond to bounds
obtained from individual Þts of { cff , cGG} to dijet angular distributions (orange), the trans-
verse momentum distribution in top-antitop production (red), and the four-top production
cross section (green). When combining the observables from all three sectors in one Þt, we
obtain the bounds corresponding to the blue area. It is apparent that four-top production
constrains the blind directions left by dijet and top-antitop observables. In the combined
Þt, the { cff , cGG} sector of the ALP parameter space is fully resolved.

For ßavor-universal ALP-fermion couplings, the combined Þt yields a robust upper bound
of (see Fig.5 left)
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Figure 1 : Overview of the observables used in our analysis. The colored lines illustrate
which ALP couplings are mostly probed by each sector.

Here ! is the electromagnetic coupling,sw = sin "w and cw = cos "w are the sine and cosine
of the weak mixing angle, andFµ! , Zµ! , Wµ! are the Þeld strength tensors of the physical
gauge bosons. The couplings

c"" = cW W + cBB , c" Z = c2
w cW W ! s2

wcBB , cZZ = c4
w cW W + s4

w cBB (2.5)

are deÞned at the weak scaleµw = mZ . At energies above the weak scale,cW W and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms
of cW W and cBB at the cuto! scale" .

In the e! ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,
we set

ma = 300 MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the
benchmark choice for ALPs with massesma " mZ . For ßavor observables, the bench-
mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay
mostly into muons. As a consequence, our interpretation of ßavor data and the combination
with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,
{ cff , cGG, cW W , cBB } . We combine high-energy observables at the LHC and LEP, as
well as ßavor observables at LHCb and Belle II that constrain the parameter space in all
directions. In Fig. 1, we illustrate the sensitivity of the di ! erent sectors to the ALP cou-
plings. Top, dijet and electroweak observables are su# cient to resolve the full parameter
space. Flavor observables are sensitive to an intricate combination of all four parameters.
When added to the high-energy observables, they drastically enhance the sensitivity of the
global Þt.

This analysis serves as a proof of principle and contains only a small selective set of obser-
vables. The sensitivity of the global Þt can be further improved in a more comprehensive
data analysis.
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The Wilson coe! cient Csb(µ) is generated through matching contributions of loops with
top quarks and W bosons. Using results from [40] and the TdAlps code to RG-evolve the
ALP parameters, we obtain the ßavor-changing Wilson coe! cient at the weak scale as

Csb(µw) = (7 .5499cff ! 0.0224cGG ! 0.0119cW W ! 0.0001cBB ) á10! 4, (4.3)

where all ALP couplings are deÞned at the cuto" scale# = 4 ! TeV and ßavor universality
is assumed.7 Below the weak scale, the RG evolution of the coupling is mild, so that
Csb(µ < µ w) = Csb(µw) holds to a good approximation.

The decay rate for B " Ka is given by

$(B " Ka ) =
mB

64!
|Csb(mb)|2

f 2
a

f 2
0

!
m2

a

"
#

1 !
m2

K

m2
B

$ 2

" 1/ 2(m2
B , m2

K , m2
a) , (4.4)

with the kinematic function " (a, b, c) = a2 + b2 + c2 ! 2(ab+ ac+ bc). The scalar form factor
f 0

!
m2

a

"
parametrizes hadronicB " K transitions at momentum transfer q2 = m2

a [70].
Expressed in terms of ALP parameters at# = 4 ! TeV, the branching ratio for B + " K + a
reads

B(B + " K + a) = 0 .1|cff ! 0.0030cGG ! 0.0016cW W |2
#

TeV
f a

$ 2

(4.5)

á
f 2

0 (m2
a)

f 2
0 (0)

" 1/ 2(m2
B , m2

K , m2
a)

m2
B ! m2

K
.

The decay width of the ALP depends on its mass. Forma < 3m! and speciÞcally in the
benchmark scenario withma = 300 MeV, hadronic ALP decays are kinematically forbidden.
The total decay width of the ALP is then given by

$a =
%

"= e,µ

$(a " #+ #! ) + $(a " $$) . (4.6)

The partial widths for decays into leptons and photons are [13, 40]

$(a " #+ #! ) = |c"" (ma)|2
mam2

"

8! f 2
a

&

1 !
4m2

"

m2
a

, (4.7)

$(a " $$) =
'
'
' Ce!

## (ma)
'
'
'
2 ( %

4!

) 2 m3
a

4f 2
a

.

The branching ratio B(a " µ+ µ! ) depends on the massma and on the relative size of
the couplings cee, cµµ and Ce!

## . For ßavor-universal couplingsc"" = cff , ALP decays into
electrons are suppressed compared to muons by the small electron mass. The e" ective
ALP-photon coupling has been calculated in chiral perturbation theory, yielding [27, 40]

Ce!
## (ma) # c## + cee(ma) + cµµ (ma) !

#
5
3

+
m2

!

m2
! ! m2

a

md ! mu

md + mu

$
cGG (4.8)

7The full two-loop matching contributions of the ALP-gluon coupling to Csb(µw ) have been calculated
in Ref. [69], but are not included here.
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Figure 6 : Impact of ßavor observables in a global analysis of the ALP parameter space
{ cff , cGG, cW W , cBB } for ma = 300 MeV. Shown are projections onto 2-dimensional planes
for selected combinations of ALP couplingscX (! ), deÞned at the cuto" scale! = 4 ! TeV.
Left: LHC + B ! K /E (BaBar) [ 73]. Right: LHC + B ! K /E (BaBar) [ 73] + B !
K (µ+ µ! ) (LHCb) [ 71, 72]. The blue contours correspond to# " 2 = 5 .99 in a (proÞled) 4-
parameter Þt to high-energy observables (as in Fig.5). The green-yellow areas show viable
parameter points obtained from a scan including bounds from the ßavor observables. The
dark regions are disfavored by the combination of high-energy and ßavor observables. A
small region around (0,0) is always allowed, but not visible in all panels. All parameters
cX are deÞned at the cuto" scale! = 4 ! TeV.

K /E . The correlation between cff and cGG is di" erent than for B ! K /E , due to the
additional impact of cGG on the ALP decay width, which enters the branching ratio into
muons and the decay length of the ALP. Interestingly, a few parameter points are not
constrained by di-muon searches, but still byB ! K /E . This is the case if the ALP
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K (µ+ µ! ) (LHCb) [ 71, 72]. The blue contours correspond to# " 2 = 5 .99 in a (proÞled) 4-
parameter Þt to high-energy observables (as in Fig.5). The green-yellow areas show viable
parameter points obtained from a scan including bounds from the ßavor observables. The
dark regions are disfavored by the combination of high-energy and ßavor observables. A
small region around (0,0) is always allowed, but not visible in all panels. All parameters
cX are deÞned at the cuto" scale! = 4 ! TeV.

K /E . The correlation between cff and cGG is di" erent than for B ! K /E , due to the
additional impact of cGG on the ALP decay width, which enters the branching ratio into
muons and the decay length of the ALP. Interestingly, a few parameter points are not
constrained by di-muon searches, but still byB ! K /E . This is the case if the ALP
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The Wilson coe! cient Csb(µ) is generated through matching contributions of loops with
top quarks and W bosons. Using results from [40] and the TdAlps code to RG-evolve the
ALP parameters, we obtain the ßavor-changing Wilson coe! cient at the weak scale as

Csb(µw) = (7 .5499cff ! 0.0224cGG ! 0.0119cW W ! 0.0001cBB ) á10! 4, (4.3)

where all ALP couplings are deÞned at the cuto" scale# = 4 ! TeV and ßavor universality
is assumed.7 Below the weak scale, the RG evolution of the coupling is mild, so that
Csb(µ < µ w) = Csb(µw) holds to a good approximation.

The decay rate for B " Ka is given by

$(B " Ka ) =
mB

64!
|Csb(mb)|2

f 2
a

f 2
0

!
m2

a

"
#

1 !
m2

K

m2
B

$ 2

" 1/ 2(m2
B , m2

K , m2
a) , (4.4)

with the kinematic function " (a, b, c) = a2 + b2 + c2 ! 2(ab+ ac+ bc). The scalar form factor
f 0

!
m2

a

"
parametrizes hadronicB " K transitions at momentum transfer q2 = m2

a [70].
Expressed in terms of ALP parameters at# = 4 ! TeV, the branching ratio for B + " K + a
reads

B(B + " K + a) = 0 .1|cff ! 0.0030cGG ! 0.0016cW W |2
#

TeV
f a

$ 2

(4.5)

á
f 2

0 (m2
a)

f 2
0 (0)

" 1/ 2(m2
B , m2

K , m2
a)

m2
B ! m2

K
.

The decay width of the ALP depends on its mass. Forma < 3m! and speciÞcally in the
benchmark scenario withma = 300 MeV, hadronic ALP decays are kinematically forbidden.
The total decay width of the ALP is then given by

$a =
%

"= e,µ

$(a " #+ #! ) + $(a " $$) . (4.6)

The partial widths for decays into leptons and photons are [13, 40]

$(a " #+ #! ) = |c"" (ma)|2
mam2

"

8! f 2
a

&

1 !
4m2

"

m2
a

, (4.7)

$(a " $$) =
'
'
' Ce!

## (ma)
'
'
'
2 ( %

4!

) 2 m3
a

4f 2
a

.

The branching ratio B(a " µ+ µ! ) depends on the massma and on the relative size of
the couplings cee, cµµ and Ce!

## . For ßavor-universal couplingsc"" = cff , ALP decays into
electrons are suppressed compared to muons by the small electron mass. The e" ective
ALP-photon coupling has been calculated in chiral perturbation theory, yielding [27, 40]

Ce!
## (ma) # c## + cee(ma) + cµµ (ma) !

#
5
3

+
m2

!

m2
! ! m2

a

md ! mu

md + mu

$
cGG (4.8)

7The full two-loop matching contributions of the ALP-gluon coupling to Csb(µw ) have been calculated
in Ref. [69], but are not included here.
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Impact of ALP lifetime
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Figure 6 : Impact of ßavor observables in a global analysis of the ALP parameter space
{ cff , cGG, cW W , cBB } for ma = 300 MeV. Shown are projections onto 2-dimensional planes
for selected combinations of ALP couplingscX (! ), deÞned at the cuto" scale! = 4 ! TeV.
Left: LHC + B ! K /E (BaBar) [ 73]. Right: LHC + B ! K /E (BaBar) [ 73] + B !
K (µ+ µ! ) (LHCb) [ 71, 72]. The blue contours correspond to# " 2 = 5 .99 in a (proÞled) 4-
parameter Þt to high-energy observables (as in Fig.5). The green-yellow areas show viable
parameter points obtained from a scan including bounds from the ßavor observables. The
dark regions are disfavored by the combination of high-energy and ßavor observables. A
small region around (0,0) is always allowed, but not visible in all panels. All parameters
cX are deÞned at the cuto" scale! = 4 ! TeV.

K /E . The correlation between cff and cGG is di" erent than for B ! K /E , due to the
additional impact of cGG on the ALP decay width, which enters the branching ratio into
muons and the decay length of the ALP. Interestingly, a few parameter points are not
constrained by di-muon searches, but still byB ! K /E . This is the case if the ALP
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parameter Þt to high-energy observables (as in Fig.5). The green-yellow areas show viable
parameter points obtained from a scan including bounds from the ßavor observables. The
dark regions are disfavored by the combination of high-energy and ßavor observables. A
small region around (0,0) is always allowed, but not visible in all panels. All parameters
cX are deÞned at the cuto" scale! = 4 ! TeV.

K /E . The correlation between cff and cGG is di" erent than for B ! K /E , due to the
additional impact of cGG on the ALP decay width, which enters the branching ratio into
muons and the decay length of the ALP. Interestingly, a few parameter points are not
constrained by di-muon searches, but still byB ! K /E . This is the case if the ALP
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top coupling

shift-symmetric ALP couplings: effective theory

direct bound on running

running couplings and virtual ALPs: many observables

global analysis

Figure 1 : Overview of the observables used in our analysis. The colored lines illustrate
which ALP couplings are mostly probed by each sector.

Here ! is the electromagnetic coupling,sw = sin "w and cw = cos "w are the sine and cosine
of the weak mixing angle, andFµ! , Zµ! , Wµ! are the Þeld strength tensors of the physical
gauge bosons. The couplings

c"" = cW W + cBB , c" Z = c2
w cW W ! s2

wcBB , cZZ = c4
w cW W + s4

w cBB (2.5)

are deÞned at the weak scaleµw = mZ . At energies above the weak scale,cW W and cBB

are not renormalized [44]. This allows us to express the couplings in (2.5) directly in terms
of cW W and cBB at the cuto! scale" .

In the e! ective Lagrangian (2.1), the ALP mass ma is a free parameter. For concreteness,
we set

ma = 300 MeV (2.6)

throughout this work. The LHC and LEP observables we consider are insensitive to the
benchmark choice for ALPs with massesma " mZ . For ßavor observables, the bench-
mark (2.6) implies that ALPs can be resonantly produced in B meson decays and decay
mostly into muons. As a consequence, our interpretation of ßavor data and the combination
with LHC results are benchmark-dependent.

The main goal of this work is to resolve the full parameter space of ALP couplings,
{ cff , cGG, cW W , cBB } . We combine high-energy observables at the LHC and LEP, as
well as ßavor observables at LHCb and Belle II that constrain the parameter space in all
directions. In Fig. 1, we illustrate the sensitivity of the di ! erent sectors to the ALP cou-
plings. Top, dijet and electroweak observables are su# cient to resolve the full parameter
space. Flavor observables are sensitive to an intricate combination of all four parameters.
When added to the high-energy observables, they drastically enhance the sensitivity of the
global Þt.

This analysis serves as a proof of principle and contains only a small selective set of obser-
vables. The sensitivity of the global Þt can be further improved in a more comprehensive
data analysis.
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Figure 12 : Projections for Belle IIÕs sensitivity to ALPs with e! ective couplings to
fermions, cf f (" )/f a (top), and weak gauge bosons,cW W (" )/f a (bottom), as a function
of the ALP mass ma. Shown are contours ofN = 2 .3 events expected in 50 ab! 1 of data
from B + ! K + a, a ! X decays with X = e+ e! (blue) and µ+ µ! (green). The area
enclosed by the contours could be excluded at the 90% CL, assuming zero background.
The region above the orange dashed curve (cf. Fig.11) could be excluded at 90% CL with
the search forB + ! K + a, a ! inv. proposed in Sec.4, assuming zero background. For
comparison, we also show the existing bounds on ALPs from Fig.3.

muons are also largely due to drops in the ALP branching ratios. In thecff scenario the
sensitivity to displaced leptons is expected to dominate due to the large branching ratio
into leptons; for the cW W scenario the sensitivity to photons is more promising. Searches
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