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if the Standard Model is so successful, 
why do we look for new physics?



why new physics?
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experimental evidences:
•Baryogenesis
•ν oscillations
•dark matter

theory issues:
•tuning of the Higgs mass 
•the strong CP problem
•the flavor puzzle
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Higgs light new particlesmixing
θ



!9

Higgs light new particlesmixing

new force couples to matter

θ

yeyA
4⇡

sin ✓
e�m�r

r



probing new spin independent 
interactions
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φ - a new force carrier (spin 0, 1 or 2), mass mφ

at atomic systems effective Yukawa like 
potential 

interaction length∼1/mφ
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ye(ypZ + (A� Z)yn)

4⇡

e�m�r

r

y2e
4⇡

e�m�r12

r12

φ - a new force carrier (spin 0, 1 or 2), mass mφ

at atomic systems effective Yukawa like 
potential 

electron-electron 
interaction

electron-nucleus 
interaction

modify the electronic transition frequencies 

interaction length∼1/mφ



isotope shift

!11

basic idea  
measure the same electronic transition in different isotopes
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probe the electron-neutron interaction (yeyn)

basic idea  
measure the same electronic transition in different isotopes
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current bounds: e-n interaction
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to maximize the sensitivity for new physics
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theory uncertainty 
smaller than 

experimental one

to maximize the sensitivity for new physics

unique observable 
which are insensitive to 

theory error

few electrons systems
(hydrogen, helium)

heavy elements
(calcium, strontium, ytterbium)
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point like finite radius

standard model

⌫A,A0

i = ⌫Ai � ⌫A
0

i = ⌫A,A0

i,0 + Fi

⌦
r2
↵
A,A0 + yeynXi(A�A0)

Delaunay, Frugiuele, Fuchs, YS, PRD 1709.02817for theory calculations: 
e.g. Pachucki, Patkos, Yerokhin, 1704.06902 
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standard model new force
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e-n interaction
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point like finite radius

standard model new force

⌫A,A0

i = ⌫Ai � ⌫A
0

i = ⌫A,A0

i,0 + Fi

⌦
r2
↵
A,A0 + yeynXi(A�A0)

e-n interaction

  the charged radius 
is the dominant error 
(from e-scattering )

combing two 
transitions

no need for charge 
radius from scattering

Delaunay, Frugiuele, Fuchs, YS, PRD 1709.02817for theory calculations: 
e.g. Pachucki, Patkos, Yerokhin, 1704.06902 
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few electrons systems -isotope shift

Delaunay, Frugiuele, Fuchs, YS, PRD 1709.02817
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FIG. 1: [YS: update the plot - math the curves to the
table] Limits on yeyn vs. the NP mass, m�. Constraints from
existing IS data (solid lines, experimental resolution � [Hz]
specified in the labels) for Ca+ (397 nm vs. 866 nm [20]) and
Yb0 (555.65 nm [21] vs. 399 nm [22]). IS projections (dashed
lines) for Ca+ [S ! D5/2 vs S ! D3/2 (D states)], Ba+,
Sr+, Sr/Sr+, Yb/Yb+ and Yb+. For comparison, existing
constraints from other experiments (shaded areas): yeyn from
fifth force [23, 24] (dark orange), ye from the (g� 2)e [25, 26]
times the best bound on yn from neutron scattering (n) [27–
30] (light blue) or yn from the SN 1987A [31] (light orange,
with O(1) uncertainties). ye, yn both from star cooling in
globular clusters [32–34] (orange). The gray line at 17MeV
indicates yeyn needed for the Be anomaly [35, 36].

II. FACTORIZATION OF NUCLEAR AND
ATOMIC EFFECTS IN ISOTOPE SHIFTS

We now discuss the scaling and factorization proper-
ties of IS which we use to probe new physics in this work.
Consider an atomic transition, denoted by i, between nar-
row atomic states and A and the A

0. The di↵erence in
transition frequency between the isotope A and A

0 is IS,

⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i . (1)

IS at leading order receives contributions from two
sources, mass shift (MS) and field shift (FS). Mass shift
arises due to a correction to the kinetic energy of atomic
electrons due to the motion of the nucleus. For indepen-
dent electrons, this is just replacing me by the reduced
mass but if electrons are correlated, this could be orders
of magnitude larger. Field shift originates from di↵erent
contact interactions between electrons and nuclei in iso-
topes. Putting these two leading contributions together,

IS can be phenomenologically written as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where two terms represent MS and FS respectively [16,
37]. We define µAA0 ⌘ m

�1
A � m

�1
A0 where mA and mA0

the masses of isotopes A and A
0.

The quantity �hr
2
iAA0 is dominated by the di↵erence

in the mean squared charge radii of the two nuclei but
can include other contact interactions. Both µAA0 and
�hr

2
iAA0 are purely nuclear quantities that do not de-

pend on the electronic transition i. Note, however, that
while µAA0 is known with high precision, while �hr

2
iAA0

is known only to a limited accuracy. The parameters Ki,
and Fi are isotope-independent, transition-dependent co-
e�cients of the MS and FS, and their precise values nec-
essary in the observable we construct. Each term of Eq.
(2) is a product of a purely nuclear quantity and a purely
electronic quantity, resulting in the factorization of nu-
clear and electronic dependence. This is known as leading
order (LO) factorization.

Given two electronic transitions, i = 1, 2, one can elim-
inate the uncertain �hr

2
iAA0 giving a relation between the

isotope shift ⌫
AA0

1 and ⌫
AA0

2 . In terms of the modified IS1,
m⌫

AA0

i ⌘ ⌫
AA0

i /µAA0 . this relation is,

m⌫
AA0

2 =K21+F21m⌫
AA0

1 , (3)

with F21 ⌘ F2/F1, and K21 ⌘ K2 � F21K1.
Equation (3) leads to a linear relation between m⌫1

and m⌫2, giving rise to a straight line in the so-called
King plot of m⌫2 vs m⌫1 [16]. It is important to stress
that the linearity of this equation holds regardless of the
precise values of of the K and F electronic parameters.
Testing linearity necessitates at least three independent
isotope pairs in two transition, which constitutes a purely
data driven test of LO factorization.

The formulae in our treatment of new physics will be
simplified greatly by introducing a geometrical descrip-
tion of LO factorization. It is thus worthwhile to un-
derstand King linearity in this language. As we will now
explain, King linearity is equivalent to coplanarity of vec-
tors. For each transition i, we can form a vector

�!
m⌫i ⌘

⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
. (4)

The nuclear parameters of field and mass shift, µAA0 and

�hr
2
iAA0 can also be written as vectors �!

mµ and
����!
m�hr

2
i

in the same space (notice that �!
mµ ⌘ (1, 1, 1)) and hence

Eq. (2) becomes

�!
m⌫i = Ki

�!
mµ + Fi

����!
m�hr

2
i. (5)

1 Below we will adopt the notation of adding an m to “modi-
fied” (i.e. normalized by µAA0 ) quantities, such as m�hr2iAA0 ⌘
�hr2iAA0/µAA0 .

experimental error≫theory error
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FIG. 1: Yb0 and Sr, Sr/Sr+ will be updated. Lim-
its on yeyn vs. the NP mass, m�. Constraints from exist-
ing IS data (solid lines, experimental resolution � [Hz] spec-
ified in the labels) for Ca+ (397 nm vs. 866 nm [20]) and
Yb0 (555.65 nm [21] vs. 399 nm [22]). IS projections (dashed
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Sr/Sr+, Yb/Yb+ and Yb+. For comparison, existing con-
straints from other experiments (shaded areas): yeyn from
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tion of LO factorization. It is thus worthwhile to un-
derstand King linearity in this language. As we will now
explain, King linearity is equivalent to coplanarity of vec-
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2

Z) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤
! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0!Xµ+µ�

d�pp!X�⇤!Xµ+µ�
= ✏4

m4

µµ

(m2
µµ �m2

A0)2 + �2

A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM

⇡ ✏4
⇡

8

m2

A0

�A0�mµµ

⇡
3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0

!

µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID

: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID

: A fake di-muon pair can also arise from
one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID
.

• BBH: The Bethe-Heitler (BH) background played

Bjorken, Essig, Schuster, 
Toro, 0906.0580

differential relation:
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to baryon number and to leptons via B–� kinetic mixing, and on a vector that mediates

a protophobic force. Finally, summary and discussion are provided in Sec. 4. N.b., all

information required to recast dark photon searches to any vector model, including software

to perform any such recasting, is provided at https://gitlab.com/philten/darkcast.

2 Generic Vector Boson Model

In this section, we consider a generic model that couples a vector boson X to SM fermions,

f , and to invisible dark-sector particles, �, according to

L ⇢ gX
X

f

xf f̄�
µfXµ +

X

�

LX��̄ , (2.1)

where gXxf is the coupling strength to fermion f , and the form of the X��̄ interaction

does not need to be specified.1 For example, in the minimal A0 scenario, where the A0

coupling to SM fermions arises due to �–A0 kinetic mixing, gX = "e, x` = �1, x⌫ = 0, and

xq = 2/3 or �1/3. The A0 also has a model-dependent coupling to the weak Z current

that scales as O(m2
A0/m2

Z), see e.g. Ref. [65]. For mA0 > 10 GeV, we adopt the model of

Refs. [66, 67]. The A0 decays visibly if mA0 < 2m� for all �, and predominantly invisibly

otherwise. The more general model has 14 parameters: the 12 fermion couplings, the X

boson mass, mX , and its decay branching fraction into invisible dark-sector final states.

Recasting a dark photon search that used the final state F involves solving the following

equation for each mX = mA0 :

�XBX!F ✏(⌧X) = �A0BA0!F ✏(⌧A0) , (2.2)

where �X,A0 denotes the production cross section, BX,A0!F is the decay branching fraction,

and ✏ is the detector e�ciency, whose lifetime dependence is made explicit. From Eq. (2.2),

one can see that what is needed are the ratios �X/�A0 , BX!F/BA0!F , and ✏(⌧X)/✏(⌧A0).

N.b., in models where the X couples to an anomalous SM current, there are additional

strong constraints from the Bu,d ! KX, Z ! �X, and K ! ⇡X processes, which arise

due to the enhanced production rates of the longitudinal X mode [68–70].

2.1 X production

The ratio of production cross sections for both electron-beam bremsstrahlung and e+e�

annihilation is
�eZ!eZX

�eZ!eZA0
=

�e+e�!X�

�e+e�!A0�
=

(gXxe)2

("e)2
. (2.3)

For proton-beam bremsstrahlung the situation is more complicated, but to a good approx-

imation the ratio can be taken to be

�pZ!pZX

�pZ!pZA0
⇡

g2X(2xu + xd)2

("e)2
, (2.4)

1
This model is flavor-conserving due to its diagonal couplings. Of course, one could also consider

flavor-violating X couplings; however, in such cases, the constraints from studies of flavor-changing neutral

currents are much stronger than those from A0
searches. Furthermore, we only consider real xf for similar

reasons, making this a CP -conserving model as well.
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tion angle bin) was obtained from the data by applying
the selection criteria described above and fitting the ex-
perimental distributions of “elasticity” and Mγγ for each
angular bin. The typical background in the event selec-
tion process was only a few percent of the real signal
events (see Fig. 2). However, the uncertainty of 1.6% in
the background extraction in this much upgraded exper-
iment still remained one of the largest contributions to
the total systematic uncertainty.
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FIG. 2: Typical distribution of reconstructed “elasticity” (left
panel) and Mγγ (right panel) for one angular bin.

The extraction of differential cross sections from the
experimental yields requires an accurate knowledge of the
total photon flux for each tagger energy bin, the number
of atoms in the target, the acceptance of the experimental
setup and the inefficiencies of the detectors. The uncer-
tainty reached in the photon flux measurement, as de-
scribed above, was at the level of 1% [17]. Different tech-
niques have been used to determine the number of atoms
in both targets with an uncertainty less than 0.1% [15].
The acceptance and detection efficiencies and their un-
certainties were calculated by a GEANT-based Monte
Carlo code that included accurate information about the
detector geometry and response of each detector element.
Other than accidental backgrounds, some physics pro-
cesses with an energetic π0 in the final state can poten-
tially contribute to the extracted yield. The ω photopro-
duction process through the ω → π0γ decay channel is
the dominant contribution to the background. The fit
of the experimental data, as described below, with the
subtracted physics background changes the extracted π0

decay width by 1.4% with an uncertainty of 0.25%.
The resulting experimental cross sections for 12C and

208Pb are shown in Figs. 3 and 4 along with the fit results
for individual contributions from the different π0 pro-
duction mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange), TPr, and the strong
(hadron exchange), TS , contribute coherently, as well as
incoherently in π0 photoproduction from nuclei at for-

ward angles. The cross section of this process can be ex-
pressed by four terms: Primakoff (Pr), nuclear coherent
(NC), interference between strong and Primakoff ampli-
tudes (Int), and nuclear incoherent (NI):

dσ

dΩ
= | TPr + eiϕTS |2 +

dσ
NI

dΩ

=
dσ

Pr

dΩ
+

dσ
NC

dΩ
+

dσ
Int

dΩ
+

dσ
NI

dΩ
,

where ϕ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the π0 decay width, the primary focus of
this experiment [9]:

dσ
Pr

dΩ
= Γ(π0 → γγ)

8αZ2

m3

β3E4

Q4
|FEM (Q)|2 sin2 θπ,

where Z is the atomic number; m, β, θπ are the mass,
velocity and production angle of the pion; E is the energy
of the incident photon; Q is the four-momentum transfer
to the nucleus; FEM (Q) is the nuclear electromagnetic
form factor, corrected for final state interactions (FSI)
of the outgoing pion. The FSI effects for the photopro-
duced pions, as well as the photon shadowing effect in nu-
clear matter, need to be accurately included in the cross
sections before extracting the Primakoff amplitude. To
achieve this, and to calculate the NC and NI cross sec-
tions, a full theoretical description based on the Glauber
method was developed, providing an accurate calculation
of these processes in both light and heavy nuclei [18, 19].
For the NI process, an independent method based on
the multi-collision intranuclear cascade model [20] was
also used to check the model dependence of the extracted
decay width. The uncertainty in the decay width from
model dependence and the parameters inside of the mod-
els was estimated to be 0.3%.
The Γ(π0 → γγ) decay width was extracted by fitting

the experimental results with the theoretical cross sec-
tions of the four processes mentioned above folded with
the angular resolutions (σθ

π0
= 0.6 mrad) and the mea-

sured energy spectrum of the incident photons. In the fit-
ting process, four parameters, Γ(π0 → γγ), CNC , CNI , ϕ,
were varied to calculate the magnitude of the Primakoff,
NC, NI cross sections and the phase angle, respec-
tively. Independent analyses of the experimental data
by two groups within the PrimEx collaboration yielded
the weighted averages of the extracted decay widths for
12C and 208Pb presented in Table I.
The extracted decay width combined for the two tar-

gets is Γ(π0 → γγ) = 7.82±0.14 (stat.)±0.17 (syst.) eV.
The quoted total systematic uncertainty (2.1%) is the
quadratic sum of all the estimated uncertainties in this
experiment. The systematic uncertainties were verified
by measuring the cross sections of the Compton scatter-
ing and the e+e− production processes. The extracted
cross sections for these well-known processes agree with
the theoretical predictions at the level of 1.5% and will
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the selection criteria described above and fitting the ex-
perimental distributions of “elasticity” and Mγγ for each
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events (see Fig. 2). However, the uncertainty of 1.6% in
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FIG. 2: Typical distribution of reconstructed “elasticity” (left
panel) and Mγγ (right panel) for one angular bin.

The extraction of differential cross sections from the
experimental yields requires an accurate knowledge of the
total photon flux for each tagger energy bin, the number
of atoms in the target, the acceptance of the experimental
setup and the inefficiencies of the detectors. The uncer-
tainty reached in the photon flux measurement, as de-
scribed above, was at the level of 1% [17]. Different tech-
niques have been used to determine the number of atoms
in both targets with an uncertainty less than 0.1% [15].
The acceptance and detection efficiencies and their un-
certainties were calculated by a GEANT-based Monte
Carlo code that included accurate information about the
detector geometry and response of each detector element.
Other than accidental backgrounds, some physics pro-
cesses with an energetic π0 in the final state can poten-
tially contribute to the extracted yield. The ω photopro-
duction process through the ω → π0γ decay channel is
the dominant contribution to the background. The fit
of the experimental data, as described below, with the
subtracted physics background changes the extracted π0

decay width by 1.4% with an uncertainty of 0.25%.
The resulting experimental cross sections for 12C and

208Pb are shown in Figs. 3 and 4 along with the fit results
for individual contributions from the different π0 pro-
duction mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange), TPr, and the strong
(hadron exchange), TS , contribute coherently, as well as
incoherently in π0 photoproduction from nuclei at for-

ward angles. The cross section of this process can be ex-
pressed by four terms: Primakoff (Pr), nuclear coherent
(NC), interference between strong and Primakoff ampli-
tudes (Int), and nuclear incoherent (NI):
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where ϕ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
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where Z is the atomic number; m, β, θπ are the mass,
velocity and production angle of the pion; E is the energy
of the incident photon; Q is the four-momentum transfer
to the nucleus; FEM (Q) is the nuclear electromagnetic
form factor, corrected for final state interactions (FSI)
of the outgoing pion. The FSI effects for the photopro-
duced pions, as well as the photon shadowing effect in nu-
clear matter, need to be accurately included in the cross
sections before extracting the Primakoff amplitude. To
achieve this, and to calculate the NC and NI cross sec-
tions, a full theoretical description based on the Glauber
method was developed, providing an accurate calculation
of these processes in both light and heavy nuclei [18, 19].
For the NI process, an independent method based on
the multi-collision intranuclear cascade model [20] was
also used to check the model dependence of the extracted
decay width. The uncertainty in the decay width from
model dependence and the parameters inside of the mod-
els was estimated to be 0.3%.
The Γ(π0 → γγ) decay width was extracted by fitting

the experimental results with the theoretical cross sec-
tions of the four processes mentioned above folded with
the angular resolutions (σθ
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= 0.6 mrad) and the mea-

sured energy spectrum of the incident photons. In the fit-
ting process, four parameters, Γ(π0 → γγ), CNC , CNI , ϕ,
were varied to calculate the magnitude of the Primakoff,
NC, NI cross sections and the phase angle, respec-
tively. Independent analyses of the experimental data
by two groups within the PrimEx collaboration yielded
the weighted averages of the extracted decay widths for
12C and 208Pb presented in Table I.
The extracted decay width combined for the two tar-

gets is Γ(π0 → γγ) = 7.82±0.14 (stat.)±0.17 (syst.) eV.
The quoted total systematic uncertainty (2.1%) is the
quadratic sum of all the estimated uncertainties in this
experiment. The systematic uncertainties were verified
by measuring the cross sections of the Compton scatter-
ing and the e+e− production processes. The extracted
cross sections for these well-known processes agree with
the theoretical predictions at the level of 1.5% and will
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ηc cross check
4

This Work Experiment
VMD⇥|F(m)|2 Average SU(3)

B(⌘c ! ⇢⇢) 1.0% 1.8± 0.5% 1.10± 0.14%

B(⌘c ! !!) 0.40% 0.20± 0.10% 0.44± 0.06%

B(⌘c ! ��) 0.25% 0.28± 0.04% 0.28± 0.04%

B(⌘c ! K⇤K⇤) 0.91% 0.91± 0.26% 1.00± 0.13%

TABLE I: Validation of our results using ⌘c ! V V decays.
Our predictions are consistent with the averages of the ex-
perimental values for each decay [32]. Furthermore, we derive
more precise experimental values by averaging all ⌘c ! V V
results assuming SU(3) symmetry in these decays, and find
that our predictions are consistent with these SU(3)-averaged
experimental results to O(10%).

when including higher-twist e↵ects, which is known as
the ⌘c ! V V puzzle. Though not the focus of our
work, we can provide an explanation for this puzzle: since
F(1.4GeV) ⇡ 1 and pQCD scaling goes as m�4, we find
that F(m⌘c) ⇡ 5% implying there are non-perturbative
remnants at m⌘c , which gives B(⌘c ! V V ) values much
larger than those obtained from a purely pQCD-based
calculation (see Table I).

Given any ALP U(3) representation, e.g. as shown in
Fig. 1, and the mass-dependent vertex scaling functions,
e.g. Eq. (18), we can calculate exclusive hadronic ALP
decay widths and its total hadronic width. The detailed
calculations are provided in the Supplemental Material,
and summarized briefly here.

• �a!V V : As discussed above, we calculate a ! ⇢⇢,
a ! !!, a ! ��, and a ! K⇤K⇤ using our extended-
VMD framework. Additionally, we calculate �a!⇡⇡�

as a ! ⇢⇢ followed by ⇢–� mixing and ⇢! ⇡⇡.

• �a!V P : Since a ! ⇢⇡ violates isospin and a ! K⇤K
violates SU(3) symmetry, they are expected to be sub-
leading and di�cult to calculate, thus we do not con-
sider them here.3 Most other decays of this type in-
volving ground-state mesons violate C, so also are not
considered.

• �a!�� : At low masses, the chiral transformation gen-
erates a direct a�� coupling, while at high masses
pQCD quark-loop contributions (at two-loop order)
are important. Additionally, calculated for the first
time here using our extended-VMD approach, a !

V V ! ��, where the vector mesons mix with the pho-
tons, are the dominant contributions over most of the
mass range considered.

• �a!3⇡: These decays proceed via isospin-violating a–
⇡0 mixing, and by a–⌘(0) mixing followed by ⌘(0) ! 3⇡.

3 Specifically, determining the U(3)-violating components of a and
the kaon-loop contributions to isospin-violating final states would
be tedious.

We calculate these decay rates using the LO chiral La-
grangian, and add a k factor to account for the well-
known large final-state pion rescattering e↵ects.

• �a!PPP : In this category, we calculate a ! ⌘(0)⇡⇡
and a ! KK⇡. The amplitudes for these decays are
dominated by scalar and tensor meson exchanges. The
scalar resonance parameters and couplings are taken
from the ⌘0 ! ⌘⇡⇡ model of Ref. [33], where they
were determined by fitting all available data. We use a
similar approach to derive the f2(1270) tensor-meson
contribution. The form of the K⇡ S-wave amplitude is
taken from Ref. [34]. Unlike above, we cannot obtain
the F functions for these vertices directly from data.
Given that the dimensionality of each of these vertices
is the same as that of V V P , we also use Eq. (18) here.
This universality assumption is validated by the fact
that we accurately predict both B(⌘c ! ⌘⇡⇡) and
B(⌘(1760) ! ��) ⇥ B(⌘(1760) ! ⌘0⇡⇡) to ⇡ 20%,
and B(⌘c ! KK⇡) to ⇡ 10%. Given that a ! ⌘⇡⇡
or a ! KK⇡ has the largest branching fraction for
ma & 1GeV, the lack of more stringent data-driven
constraints here is the weakest component of our ALP
decay calculations, though these data-driven tests sug-
gest that the uncertainties are small. (These predic-
tions could be improved in the future, as a better
experimental understanding of the excited ⌘⇤ states
would make it possible to extract the F functions for
the SPP and TPP vertices from data.)

• �a!gg: The NLO pQCD calculation of Eq. (5) derived
in Ref. [20] is adopted here.

• �a (total hadronic width): We take �a = �a!gg for
ma & 1.84GeV, while for lower masses, the sum of all
exclusive modes is used for �a. At ma ' 1.84GeV we
find �a!gg ⇡

P
i=exc.

�i.

The decay widths and branching fractions are summa-
rized in Fig. 3. The unaccounted for branching fraction is
also shown in Fig. 3, and is substantial for ma & 2GeV.
This includes decays such as a ! AA, i.e. two axial-
vector mesons, which should be comparable to a ! V V
above about 2.5GeV, and many decay paths that in-
volve excited resonances, rescatterings, etc. For exam-
ple, ⇡ 20% of ⌘c decays result in a 6⇡ final state, and
we expect that the ALP will decay to many-body final
states that are not studied here at about the same rate.
Using our framework and the branching fractions in

Fig. 3, we can now evaluate the constraints on this model.
We focus on the m⇡ < ma < 3GeV region, where our
work has the biggest impact. Constraints where fa .
3f⇡ are omitted, e.g., bounds from radiative J/ decays,
since we assumed f⇡ ⌧ fa when deriving a. Details on all
calculations are provided in the Supplemental Material,
while in Fig. 4 and below we summarize the constraints.

• We recast existing limits on the a�� vertex from
LEP [19, 35] and beam-dump experiments [36, 37] us-
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Given any ALP U(3) representation, e.g. as shown in
Fig. 1, and the mass-dependent vertex scaling functions,
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decay widths and its total hadronic width. The detailed
calculations are provided in the Supplemental Material,
and summarized briefly here.

• �a!V V : As discussed above, we calculate a ! ⇢⇢,
a ! !!, a ! ��, and a ! K⇤K⇤ using our extended-
VMD framework. Additionally, we calculate �a!⇡⇡�
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• �a!V P : Since a ! ⇢⇡ violates isospin and a ! K⇤K
violates SU(3) symmetry, they are expected to be sub-
leading and di�cult to calculate, thus we do not con-
sider them here.3 Most other decays of this type in-
volving ground-state mesons violate C, so also are not
considered.

• �a!�� : At low masses, the chiral transformation gen-
erates a direct a�� coupling, while at high masses
pQCD quark-loop contributions (at two-loop order)
are important. Additionally, calculated for the first
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were determined by fitting all available data. We use a
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contribution. The form of the K⇡ S-wave amplitude is
taken from Ref. [34]. Unlike above, we cannot obtain
the F functions for these vertices directly from data.
Given that the dimensionality of each of these vertices
is the same as that of V V P , we also use Eq. (18) here.
This universality assumption is validated by the fact
that we accurately predict both B(⌘c ! ⌘⇡⇡) and
B(⌘(1760) ! ��) ⇥ B(⌘(1760) ! ⌘0⇡⇡) to ⇡ 20%,
and B(⌘c ! KK⇡) to ⇡ 10%. Given that a ! ⌘⇡⇡
or a ! KK⇡ has the largest branching fraction for
ma & 1GeV, the lack of more stringent data-driven
constraints here is the weakest component of our ALP
decay calculations, though these data-driven tests sug-
gest that the uncertainties are small. (These predic-
tions could be improved in the future, as a better
experimental understanding of the excited ⌘⇤ states
would make it possible to extract the F functions for
the SPP and TPP vertices from data.)

• �a!gg: The NLO pQCD calculation of Eq. (5) derived
in Ref. [20] is adopted here.

• �a (total hadronic width): We take �a = �a!gg for
ma & 1.84GeV, while for lower masses, the sum of all
exclusive modes is used for �a. At ma ' 1.84GeV we
find �a!gg ⇡

P
i=exc.

�i.

The decay widths and branching fractions are summa-
rized in Fig. 3. The unaccounted for branching fraction is
also shown in Fig. 3, and is substantial for ma & 2GeV.
This includes decays such as a ! AA, i.e. two axial-
vector mesons, which should be comparable to a ! V V
above about 2.5GeV, and many decay paths that in-
volve excited resonances, rescatterings, etc. For exam-
ple, ⇡ 20% of ⌘c decays result in a 6⇡ final state, and
we expect that the ALP will decay to many-body final
states that are not studied here at about the same rate.
Using our framework and the branching fractions in

Fig. 3, we can now evaluate the constraints on this model.
We focus on the m⇡ < ma < 3GeV region, where our
work has the biggest impact. Constraints where fa .
3f⇡ are omitted, e.g., bounds from radiative J/ decays,
since we assumed f⇡ ⌧ fa when deriving a. Details on all
calculations are provided in the Supplemental Material,
while in Fig. 4 and below we summarize the constraints.

• We recast existing limits on the a�� vertex from
LEP [19, 35] and beam-dump experiments [36, 37] us-
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outlook

new physics beyond the standard model is well 
motivated, but with unknown scale

we saw examples how to probe new forces in intensity 
and precision frontiers

each of these examples probes unexplored territories and 
improve our understanding of Nature
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