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CONTEXT: ALP SEARCH
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FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .
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µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results. After electroweak symmetry break-
ing, the coupling gaW generates interactions between a
and W+W�, as well as ZZ, Z�, and �� in ratios given
by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)
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,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:
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h
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with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

b
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• When axion-like particles couple to SU(2) gauge bosons, they 
can be produced in rare B decays
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CONTEXT: ALP SEARCH
• We perform the first search for ALPs in this process

• Most of parameter space: 
prompt ALPs

• For masses < 1 GeV, 
however, we end up with 
long-lived ALPs

• We did not design a 
separate long-lived search, 
but needed to assess 
sensitivity to long-lived ALPs
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• Blind analysis strategy: use 8% of total dataset as optimization 
sample used to determine analysis method, discard for final results
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.
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energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169
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ANALYSIS STRATEGY
• Reconstruct                                           candidates, look for narrow 

peak in diphoton invariant mass spectrum
B± ! K±a, a ! ��
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SIGNAL EXTRACTION
• Use a low-order polynomial to model continuum background, MC 

for peaking background, signal MC for signal shape

• Perform fits in diphoton mass intervals of width (30� 70)�
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• Signal MC resolution is validated by data/MC comparisons of  
                      and                     , found to be consistent within 3%B± ! K±⇡0
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• Assess systematic uncertainties by varying continuum, peaking 
background, and signal models 
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LLP SIGNAL SHAPE
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133

 (GeV)am
0 1 2 3 4 5

   
S

N

-100

-50

0

50

100

 (GeV)am
0 1 2 3 4 5

   
SS

-5

0

5

FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169

4
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LLP SIGNAL SHAPE
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• Problem: we don’t know 

where the LLP decays!

• We made some (mostly unsuccessful) attempts to correct the signal 
shape (for example, in the kinematic fit to the B meson mass of the 
kaon + 2 photons)

• Used “out-of-the-box” loose photon PID

• For our search, major limiting factor is not generally a drop in photon 
ID efficiency, but rather the smearing of the signal shape
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LLP -> PHOTON IMPROVEMENTS?
• For LLP analysis where the photons are produced in association with 

charged particles, can constrain photons to originate from DV

• Timing information (TOP detector): useful if there are other charged 
particles in the event!

• Dedicated LLP -> photon reconstruction could help improve signal 
efficiency, as could algorithms that take into account overlapping 
shower shapes from boosted ALP

• Pointing information from the EMC? Seems difficult

• Validation could be done with                            ?
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PRESSING AHEAD…
• In the preliminary results presented at ICHEP, we simply ran the 

same procedure as the prompt analysis, but with the long-lived 
signal template (and some tweaks to the fit intervals)

• This conservative approach leads to a sub-optimal determination of 
the background shape, weaker limits, and larger systematics

• We are currently improving our background modelling, in 
particularly putting more constraints on the background diphoton 
mass distribution using MC and control regions
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PRESSING AHEAD…

⌘ and ⌘0 resonances contain two components: a narrow
peak from B± ! K±h0 decays, and a broader resonance
peak originating from continuum quark production. We
therefore model the peaks as a sum of the signal tem-
plate shape and a Gaussian whose mean and width are
fixed by fits to MC. The normalization of each compo-
nent is determined from the fit to data. To assess system-
atic uncertainties, we repeat the fits with a third-order
polynomial for the continuum background in the region
ma < 1.35 GeV and a constant function for larger masses,
we vary the size of the fit interval, and we propagate the
uncertainties in the resolution of the peaking component.
The systematic uncertainty in the signal yield resulting
from variations in the background shape is estimated to
be, on average, 50% of the corresponding statistical un-
certainty, and this constitutes the largest source of sys-
tematic uncertainty. The systematic uncertainty in the
background is most pronounced in the vicinities of the
⇡0 and ⌘ masses, as these peaks are only separated by an
interval of 40 times the signal resolution, and the fit in-
terval must be comparable to this size to fix the shape of
the continuum background in the fits. We observe sensi-
tivity to the parameters used in this mass range to model
the continuum background and the peaks, leading to a
systematic uncertainty that dominates the total uncer-
tainty for some mass hypotheses in the vicinity of the ⇡0

and ⌘ resonances.
The fitted signal yields and statistical significances are

shown in Fig. 2. The largest local significance is observed
near ma = 3.53 GeV with a global significance of less
than one standard deviation after including trial factors,
consistent with the null hypothesis.

The signal e�ciency estimated from MC varies be-
tween 2% for ma = 4.78 GeV to 33% for ma = 0.3 GeV.
A 6% systematic uncertainty in the signal e�ciency is
derived from the data-to-MC ratio after BDT selections
for events in the vicinity of the ⌘0 resonance, which have a
larger relative contribution from signal-like B± ! K±⌘0

events compared to continuum qq̄ backgrounds. To fur-
ther validate the signal extraction procedure, we deter-
mine the B± ! K±h0, h0 ! �� (h0 = ⇡0, ⌘, ⌘0) branch-
ing fractions by treating the peaks as signal, extracting
the number of events in the peak using the fitting proce-
dure described above, and subtracting non-B± ! K±h0

peaking backgrounds whose magnitude is determined
from MC. The results are found to be compatible with
the current world averages [43] within uncertainties.

In the absence of significant signal, Bayesian upper lim-
its at 90% confidence level (CL) on the branching frac-
tion B± ! K±a, a ! �� are derived with a uniform
positive prior in the branching fraction. Systematic ef-
fects are included by convolving the likelihood function
with a Gaussian having a � equal to the systematic un-
certainty. Uncertainties in the luminosity (0.6%) [31] and
from the limited statistical precision of simulated samples
(1%) are included. The resulting limits on the branch-
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FIG. 3: 90% CL upper limits on the B± ! K±a branching
fraction assuming promptly decaying ALPs. The gray bands
indicate the regions excluded from the search in the vicinity
of the ⌘ and ⌘0 masses.

ing fraction assuming promptly decaying ALPs are dis-
played in Fig. 3. While the model in Eq. (1) predicts
BF (a ! ��) = 1, the results can be easily re-interpreted
for models with di↵erent diphoton branching fractions.

Our search is designed to target promptly decaying
ALPs. However, as ALPs can be long lived at small
masses and coupling, we assess how our signal e�ciency
and resolution are a↵ected by non-zero ALP lifetimes,
and we subsequently measure the B± ! K±a branch-
ing fraction for ALPs with non-zero lifetimes. We re-
strict our search to the mass range for which our search
is sensitive to couplings that give rise to long-lived ALPs,
namely ma < 2.5 GeV. The selection procedure is identi-
cal to that described for prompt ALP decays. Long-lived
ALPs induce a non-negligible bias in the measurement
of the diphoton mass, and the resolution is significantly
impacted, ranging from 15 MeV near ma = 0.175 GeV to
28 MeV near 2 GeV for c⌧a = 100mm.

The signal is extracted with unbinned maximum like-
lihood fits based on the model previously described.
The largest global significance is found to be 0.8� at
ma = 1.10 GeV and c⌧a = 1 mm, once again consistent
with the null hypothesis. By a significant margin, the
largest systematic uncertainties are uncertainties in the
signal yield resulting from variations in the background
description. The resulting uncertainties are estimated to
be, on average, 1.5 times the corresponding statistical
uncertainties for c⌧ = 10mm and 100 mm, while the sys-
tematics at shorter lifetimes are the same as for promptly
decaying ALPs. The large systematic uncertainties at
c⌧ � 10 mm arise from the long tail induced by the bias
in the measurement of the signal diphoton mass. The de-
scription of the signal tail and the background are highly
correlated, leading to large systematic uncertainties.

The 90% CL upper limits on the B± ! K±a, a ! ��

5

 (GeV)am
0 0.5 1 1.5 2 2.5

)γγ 
→

 B
F(

a 
×

 a
) 

±
 K

→ ±
B

F(
B

-710

-610

-510  = 0aτc
 = 1 mmaτc
 = 10 mmaτc
 = 100 mmaτc

90% CL limit

FIG. 4: The 90% CL upper limits on the B± ! K±a branch-
ing fraction for ma < 2.5 GeV and c⌧a between 0 and 100 mm.
The gray bands indicate the regions excluded from the search
in the vicinity of the ⌘ and ⌘0 masses.
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LIMITS ON ALP COUPLING
• The coupling         predicts both ALP BF and lifetime

• Use limit on BF as function of lifetime to set limit on

gaW
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BABAR preliminary

• Improve limit on 
coupling by over 
2 orders of 
magnitude for 
some masses!

FIG. 5: The 90% CL limits on the coupling gaW as a function
of the ALP mass (area above solid black line), together with
existing constraints [27] (shaded regions).

The 90% CL upper limits on the B± ! K±a, a ! ��256

branching fractions are plotted in Fig. 4. The limit de-257

grades at long lifetime because of the broadening of the258

signal shape and lower e�ciency. The lifetime depen-259

dence of the limit is less pronounced at higher masses260

because the ALP is less boosted and has a shorter decay261

length in the detector.262

The 90% CL limits on the ALP coupling, gaW , are pre-263

sented in Fig. 5. The limits take into account the finite264

ALP lifetime by mapping the branching fraction upper265

limit as a function of c⌧a. We determine the value of266

gaW such that the theoretically predicted lifetime and267

branching fraction correspond to the 90%-CL-excluded268

value at the same lifetime. The resulting bounds con-269

strain ALP couplings below 10�5 GeV�1, improving cur-270

rent constraints by more than two orders of magnitude. 271

At ma = 0.175 GeV, the limit on the coupling corre- 272

sponds to a lifetime of c⌧a = 50mm, while the lifetime at 273

the excluded value of gaW decreases below c⌧a = 1 mm 274

at ma = 2.5 GeV. 275

In summary, we report the first search for axion-like 276

particles in the process B± ! K±a, a ! ��. The results 277

strongly constrain ALP couplings to electroweak gauge 278

bosons, improving upon current bounds by several orders 279

of magnitude, except in the vicinity of the ⇡0, ⌘, and ⌘0
280

diphoton resonances. Our results demonstrate the sensi- 281

tivity of flavor-changing neutral current probes of ALP 282

production, which complement existing searches for the 283

direct ALP coupling to photons below the B meson mass. 284
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BABAR 
preliminary

BABAR 
preliminary

• No significant signal, set Bayesian 90% CL limits assuming a flat 
prior in the branching fraction
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LIMITS ON ALP COUPLING

12

• The coupling         predicts both ALP BF and lifetime

• Use limit on BF as function of lifetime to set limit on

gaW
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BABAR preliminary

• Improve limit on 
coupling by over 
2 orders of 
magnitude for 
many masses!
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SUMMARY
• Displaced photons are well motivated by many hidden-sector 

models 

• Time and person-power constraints for the BABAR ALP search  
necessitated an LLP interpretation of a prompt search rather than a 
dedicated search            

• Mis-reconstruction of long-lived ALPs degrades signal resolution, 
and makes the search more challenging  

• A dedicated long-lived ALP search would greatly improve sensitivity 
and the techniques used could potentially be applied to many 
searches!
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BACKUP SLIDES



ANALYSIS STRATEGY
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• Reconstruct                                           candidates, look for narrow 
peak in diphoton invariant mass spectrum

B± ! K±a, a ! ��
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• Measure                                           branching fraction forB± ! K±a, a ! ��
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0.1GeV < ma < 4.78GeV
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• Exclude mass intervals in vicinity of peaking                  backgrounds: 
0.1-0.175 GeV, 0.45-0.63 GeV, 0.91-1.01 GeV 

⇡0/⌘/⌘0

<latexit sha1_base64="J51ijSVKtE0zPgeIZ5smFKRiKxk=">AAAB+XicbVDLSsNAFJ34rPUVdelmsIiuaiIFdVd047KCfUATy2R60w6dTMLMpFBC/8SNC0Xc+ifu/BunaRbaeuBeDufcy9w5QcKZ0o7zba2srq1vbJa2yts7u3v79sFhS8WppNCkMY9lJyAKOBPQ1Exz6CQSSBRwaAeju5nfHoNULBaPepKAH5GBYCGjRBupZ9tewp6cCw80ydtZz644VScHXiZuQSqoQKNnf3n9mKYRCE05UarrOon2MyI1oxymZS9VkBA6IgPoGipIBMrP8sun+NQofRzG0pTQOFd/b2QkUmoSBWYyInqoFr2Z+J/XTXV47WdMJKkGQecPhSnHOsazGHCfSaCaTwwhVDJzK6ZDIgnVJqyyCcFd/PIyaV1W3Vr15qFWqd8WcZTQMTpB58hFV6iO7lEDNRFFY/SMXtGblVkv1rv1MR9dsYqdI/QH1ucPRICSyw==</latexit>

• For                             , ALPs can be long lived, and we additionally 
determine signal BFs for  

ma < 2.5 GeV

<latexit sha1_base64="tv1CcjOXTf8mUWZwkusYgwM7vKk=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcCEhKRUVXBRd6LKCfUAbwmQ6aYfOTMLMRCghG3/FjQtF3PoZ7vwbJ20W2nqGgcM593LvPUFMiVSO822UlpZXVtfK65WNza3tHXN3ry2jRCDcQhGNRDeAElPCcUsRRXE3FhiygOJOML7J/c4jFpJE/EFNYuwxOOQkJAgqLfnmAfPhVc0+65/qx6AaCZbe4nbmm1XHdqawFolbkCoo0PTNr/4gQgnDXCEKpey5Tqy8FApFEMVZpZ9IHEM0hkPc05RDhqWXTg/IrGOtDKwwEvpzZU3V3x0pZFJOWKAr8x3lvJeL/3m9RIUXXkp4nCjM0WxQmFBLRVaehjUgAiNFJ5pAJIje1UIjKCBSOrOKDsGdP3mRtGu2W7cv7+vVxnURRxkcgiNwAlxwDhrgDjRBCyCQgWfwCt6MJ+PFeDc+ZqUlo+jZB39gfP4ALtCVig==</latexit>

c⌧a = 1, 10, 100 mm

<latexit sha1_base64="eBr1iSqswEWlj9dQIBRI6OlDahA=">AAACDHicbVDLSgMxFL1TX7W+qi7dDBbBRSkzUlAXQtGNywr2AZ1SMmmmDU0yQ5IRytAPcOOvuHGhiFs/wJ1/Y2Y6C209kORw7rnk3uNHjCrtON9WYWV1bX2juFna2t7Z3SvvH7RVGEtMWjhkoez6SBFGBWlpqhnpRpIg7jPS8Sc3ab3zQKSiobjX04j0ORoJGlCMtJEG5Qr2NIoH6MqtelXXyS7HM4/HkR5LnnA+My6n5mSwl4mbkwrkaA7KX94wxDEnQmOGlOq5TqT7CZKaYkZmJS9WJEJ4gkakZ6hAnKh+ki0zs0+MMrSDUJojtJ2pvzsSxJWact840xHVYi0V/6v1Yh1c9BMqolgTgecfBTGzdWinydhDKgnWbGoIwpKaWW08RhJhbfIrmRDcxZWXSfus5tZrl3f1SuM6j6MIR3AMp+DCOTTgFprQAgyP8Ayv8GY9WS/Wu/UxtxasvOcQ/sD6/AGBHplt</latexit>
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• Signal: simulated with EVTGEN, promptly decaying samples for 24 
ALP mass points (0.1-4.78 GeV), long-lived samples for 16 ALP mass 
points (0.1-2.5 GeV)

• Background: samples generated & weighted to data luminosity

•                                                 (JETSET) 
•                         (EVTGEN) 
•                                  (BHWIDE) 
•                                                    (KK with TAUOLA)

e+e� ! qq̄ (q = u, d, s, c)

<latexit sha1_base64="lLp3B3kpDLpucD/VFgJ9zvEnS/A=">AAACEnicbVDJSgNBEO2JW4xb1KOXxiAkOIYZCagHIejFYwSzQCYJPZ1K0qRnSXePEoZ8gxd/xYsHRbx68ubf2FkOmvig4PFeFVX13JAzqSzr20gsLa+sriXXUxubW9s76d29igwiQaFMAx6ImkskcOZDWTHFoRYKIJ7Loer2r8d+9R6EZIF/p4YhNDzS9VmHUaK01ErnoHkMzRNHsG5PESGCBzxwXCLiwcgxHTM7uIzMtilNmmulM1bemgAvEntGMmiGUiv95bQDGnngK8qJlHXbClUjJkIxymGUciIJIaF90oW6pj7xQDbiyUsjfKSVNu4EQpev8ET9PRETT8qh5+pOj6ienPfG4n9ePVKd80bM/DBS4NPpok7EsQrwOB/cZgKo4kNNCBVM34ppjwhClU4xpUOw519eJJXTvF3IX9wWMsWrWRxJdIAOURbZ6AwV0Q0qoTKi6BE9o1f0ZjwZL8a78TFtTRizmX30B8bnD1eqnKE=</latexit>

e+e� ! BB̄

<latexit sha1_base64="YTWyOXt2no1cp+ycI9X44sLO3eU=">AAACA3icbVDLSgNBEJyNrxhfq970MhgEQQy7ElBvIV48RjAPyG7C7KQ3GTL7YGZWCUvAi7/ixYMiXv0Jb/6Nk2QPmljQUFR1093lxZxJZVnfRm5peWV1Lb9e2Njc2t4xd/caMkoEhTqNeCRaHpHAWQh1xRSHViyABB6Hpje8nvjNexCSReGdGsXgBqQfMp9RorTUNQ+gcwqdM0ew/kARIaIHXHU8ItLquGsWrZI1BV4kdkaKKEOta345vYgmAYSKciJl27Zi5aZEKEY5jAtOIiEmdEj60NY0JAFIN53+MMbHWulhPxK6QoWn6u+JlARSjgJPdwZEDeS8NxH/89qJ8i/dlIVxoiCks0V+wrGK8CQQ3GMCqOIjTQgVTN+K6YAIQpWOraBDsOdfXiSN85JdLl3dlouVahZHHh2iI3SCbHSBKugG1VAdUfSIntErejOejBfj3fiYteaMbGYf/YHx+QNvgZdr</latexit>

e+e� ! e+e�(�)

<latexit sha1_base64="7pIdUTyGV355kejvWhBs/5MGatE=">AAACCXicbVA9SwNBEN3z2/h1ammzGARFDHcSULugjaWCMYHcJcxtJsni7t2xu6eEkNbGv2JjoYit/8DOf+MmXqHGBwOP92aYmRelgmvjeZ/O1PTM7Nz8wmJhaXlldc1d37jWSaYYVlkiElWPQKPgMVYNNwLrqUKQkcBadHM28mu3qDRP4ivTTzGU0I15hzMwVmq5FJv72DwIFO/2DCiV3OXKbtAFKWGv5Ra9kjcGnSR+Tookx0XL/QjaCcskxoYJ0Lrhe6kJB6AMZwKHhSDTmAK7gS42LI1Bog4H40+GdMcqbdpJlK3Y0LH6c2IAUuu+jGynBNPTf72R+J/XyEznOBzwOM0Mxux7UScT1CR0FAttc4XMiL4lwBS3t1LWAwXM2PAKNgT/78uT5Pqw5JdLJ5flYuU0j2OBbJFtskt8ckQq5JxckCph5J48kmfy4jw4T86r8/bdOuXkM5vkF5z3L9HBmSg=</latexit>

e+e� ! µ+µ�(�), ⌧+⌧�(�)

<latexit sha1_base64="vkzYUUlYlD62L/r8eSq+GFZ97h8="></latexit>

• Detector effects fully simulated with GEANT4
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• Preselection: Reconstruct        candidates from         candidate and 
two photons 

B±

<latexit sha1_base64="/7c5sIxZMG+hf3I/zvMBYB7iO/k=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaEvRG8OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt987CdiUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+2rqler3tzXKo1mHkcRzuAcLsGDOjTgDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB5gwjpE=</latexit>

K±

<latexit sha1_base64="QS920b12ik8hnsF8qulrVKNtM9U=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVW9CJ4qeC2hXYt2TTbhibZJckKZelv8OJBEa/+IG/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+e0nqjSL5YOZJDQQeChZxAg2VvLvHnuJ6JcrbtWdA60SLycVyNHsl796g5ikgkpDONa667mJCTKsDCOcTku9VNMEkzEe0q6lEguqg2x+7BSdWWWAoljZkgbN1d8TGRZaT0RoOwU2I73szcT/vG5qossgYzJJDZVksShKOTIxmn2OBkxRYvjEEkwUs7ciMsIKE2PzKdkQvOWXV0nrourVqlf3tUrjOo+jCCdwCufgQR0acAtN8IEAg2d4hTdHOi/Ou/OxaC04+cwx/IHz+QOl+I6a</latexit>

• Require mES =

s
(s/2 + ~pi · ~pB)2

E2
i

� p2B > 5.0 GeV

<latexit sha1_base64="gVE+ysJfInQP9w2KhrJYPXb518Y="></latexit>

|�E| = |
p
s/2� ECM

B | < 0.3 GeV

<latexit sha1_base64="nbKa7dlfzbMzT7Y2We0Z25VY4l8="></latexit>

• Perform kinematic fit requiring photon and kaon to originate from 
beamspot, constrain mass to            and energy to beam energy mB±

<latexit sha1_base64="6y5S9nSUUZbKW9RJrJjFzNGN2Ik=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnor9eKxgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyU3md56o0iyS92YaU1/gkWQhI9hY6UEM0sZjPxazQbniVt050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RITXvkpk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2LqlerXt/VKvVGHkcRTuAUzsGDS6jDLTShBQQEPMMrvDnKeXHenY9Fa8HJZ47hD5zPH+PlkH0=</latexit>

• Train 2 Boosted Decision Trees: each is trained on MC for one of 
the two predominant backgrounds:

• cc 
•

e+e� ! qq̄ (q = u, d, s, c)

<latexit sha1_base64="lLp3B3kpDLpucD/VFgJ9zvEnS/A=">AAACEnicbVDJSgNBEO2JW4xb1KOXxiAkOIYZCagHIejFYwSzQCYJPZ1K0qRnSXePEoZ8gxd/xYsHRbx68ubf2FkOmvig4PFeFVX13JAzqSzr20gsLa+sriXXUxubW9s76d29igwiQaFMAx6ImkskcOZDWTHFoRYKIJ7Loer2r8d+9R6EZIF/p4YhNDzS9VmHUaK01ErnoHkMzRNHsG5PESGCBzxwXCLiwcgxHTM7uIzMtilNmmulM1bemgAvEntGMmiGUiv95bQDGnngK8qJlHXbClUjJkIxymGUciIJIaF90oW6pj7xQDbiyUsjfKSVNu4EQpev8ET9PRETT8qh5+pOj6ienPfG4n9ePVKd80bM/DBS4NPpok7EsQrwOB/cZgKo4kNNCBVM34ppjwhClU4xpUOw519eJJXTvF3IX9wWMsWrWRxJdIAOURbZ6AwV0Q0qoTKi6BE9o1f0ZjwZL8a78TFtTRizmX30B8bnD1eqnKE=</latexit>

e+e� ! B+B�

<latexit sha1_base64="CnafgCsHkEUsB5cDqNWlptKvNfE=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBEELCrgTUW4gXjxHMA5LdMDvpJENmH8zMKmGJF3/FiwdFvPoX3vwbJ8keNLGgoajqprvLiziTyrK+jczK6tr6RnYzt7W9s7tn7h80ZBgLCnUa8lC0PCKBswDqiikOrUgA8T0OTW90PfWb9yAkC4M7NY7A8ckgYH1GidJS1zwCtwBusSPYYKiIEOEDrrqFqlvsmnmrZM2Al4mdkjxKUeuaX51eSGMfAkU5kbJtW5FyEiIUoxwmuU4sISJ0RAbQ1jQgPkgnmX0wwada6eF+KHQFCs/U3xMJ8aUc+57u9IkaykVvKv7ntWPVv3QSFkSxgoDOF/VjjlWIp3HgHhNAFR9rQqhg+lZMh0QQqnRoOR2CvfjyMmmcl+xy6eq2nK9U0ziy6BidoDNkowtUQTeohuqIokf0jF7Rm/FkvBjvxse8NWOkM4foD4zPH9yJleI=</latexit>



•   
•   
• cosine of angle between  

sphericity axes of       candidate  
and rest of event (ROE) 

• PID info for kaon candidate 
• 2nd Legendre moment of ROE, 

calculated relative to       thrust  
axis 

• helicity angle of most energetic  
photon, and of kaon

SELECTIONS
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• 13 BDT training observables:

mES

<latexit sha1_base64="jCdy7V8CsFFhH5XTeoewHoQcMog=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnoriuCxov3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkkH8wkpr7AQ8lCRrCx0qPopz0l0M39tF+uuFU3A1omXk4qkKPRL3/1BhFJBJWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LJRZU+2l28RSdWGWAwkjZkgZl6u+JFAutJyKwnQKbkV70ZuJ/Xjcx4YWfMhknhkoyXxQmHJkIzd5HA6YoMXxiCSaK2VsRGWGFibEhlWwI3uLLy6R1VvVq1cu7WqV+lcdRhCM4hlPw4BzqcAsNaAIBCc/wCm+Odl6cd+dj3lpw8plD+APn8wczx5Ch</latexit>

�E

<latexit sha1_base64="4sjFdz2UJoh4gRB9Dl5PrfYEuhM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FH+AxgnlAsoTZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdD31m09cGxGpBxzH3A/pQIm+YBSt1OrccImU3HaLJbfszkCWiZeREmSodYtfnV7EkpArZJIa0/bcGP2UahRM8kmhkxgeUzaiA962VNGQGz+d3TshJ1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv0LPxUqTpArNl/UTyTBiEyfJz2hOUM5toQyLeythA2ppgxtRAUbgrf48jJpnJW9SvnyvlKqXmVx5OEIjuEUPDiHKtxBDerAQMIzvMKb8+i8OO/Ox7w152Qzh/AHzucPTBmPgQ==</latexit>

B±

<latexit sha1_base64="/7c5sIxZMG+hf3I/zvMBYB7iO/k=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaEvRG8OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt987CdiUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+2rqler3tzXKo1mHkcRzuAcLsGDOjTgDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB5gwjpE=</latexit>

B±

<latexit sha1_base64="/7c5sIxZMG+hf3I/zvMBYB7iO/k=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaEvRG8OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt987CdiUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+2rqler3tzXKo1mHkcRzuAcLsGDOjTgDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB5gwjpE=</latexit>

• energy of most energetic 
photon in     candidate 

• invariant mass of ROE  
• multiplicity of neutral clusters 
• invariant mass of diphoton 

pair, with 1 photon in 
candidate and 1 photon in 
ROE, closest to each of  
⇡0, ⌘, ⌘0

<latexit sha1_base64="mOHxqyurS67KS2Lb97UQZdY1Aes=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyii1JmpKDuim5cVrAP6Iwlk962oZnMkGSEOhR/xY0LRdz6H+78G9N2Ftp64HIP59xLbk4Qc6a043xbuaXlldW1/HphY3Nre8fe3WuoKJEU6jTikWwFRAFnAuqaaQ6tWAIJAw7NYHg98ZsPIBWLxJ0exeCHpC9Yj1GijdSxD7yY3Tslr+SBJlk76dhFp+xMgReJm5EiylDr2F9eN6JJCEJTTpRqu06s/ZRIzSiHccFLFMSEDkkf2oYKEoLy0+n1Y3xslC7uRdKU0Hiq/t5ISajUKAzMZEj0QM17E/E/r53o3oWfMhEnGgSdPdRLONYRnkSBu0wC1XxkCKGSmVsxHRBJqDaBFUwI7vyXF0njrOxWype3lWL1Kosjjw7RETpFLjpHVXSDaqiOKHpEz+gVvVlP1ov1bn3MRnNWtrOP/sD6/AGBKZP9</latexit>

B±

<latexit sha1_base64="/7c5sIxZMG+hf3I/zvMBYB7iO/k=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaEvRG8OIRExdIYCXd0oWGtrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt987CdiUK64VXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+2rqler3tzXKo1mHkcRzuAcLsGDOjTgDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB5gwjpE=</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>
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• Adopted same BDT cuts for all signal masses 

BABAR 
preliminary

BABAR 
preliminary

• Cut of > 0.13 on continuum-trained BDT output, > 0.15 on  
          -trained BDT outpute+e� ! B+B�
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SIGNAL EXTRACTION
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• Perform unbinned maximum likelihood fits for signal peak over smooth 
background 

• 476 mass hypotheses, step size between adjacent mass hypotheses is 
given by the signal resolution,  

•      is determined by fitting a double-sided Crystal Ball function to signal 
MC at various masses, interpolating for intermediate values 

• Resolution ranges from 8 MeV at                               to 14 MeV at  
                    , decreasing back to 2 MeV at                            as a result of 
the kinematic fit 

• Signal MC resolution is validated by data/MC comparisons of  
                      and                     , found to be consistent within 3% 

• Signal efficiency derived from MC, ranges from 2% at 
to 33% at

�
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FIT PROPERTIES
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• Fits are performed over intervals of length                  depending on ALP 
mass, restricted to the range   

• Signal PDF: modeled from signal MC and interpolated between 
simulated mass points

0.11 GeV < ma < 4.8 GeV
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• Continuum background PDF: second-order polynomial for                              
,                         , first-order polynomial at higher masses

• Likelihood function includes contributions from signal, continuum 
background, peaking background

• Peaking background PDF: each SM diphoton resonance is modeled as 
a sum of a signal template and a broader Gaussian distribution with 
parameters fixed to fits in MC — this component arises from continuum 
production of               that is broadened because of kinematic fit⇡0/⌘/⌘0
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

the B± candidate constituents and the second with the98

ROE; particle identification information on the kaon can-99

didate; second Legendre moment of the ROE, calculated100

relative to the B± thrust axis; helicity angle of the most101

energetic photon forming the a candidate and helicity an-102

gle of the kaon candidate; energy of most energetic pho-103

ton forming the a candidate; invariant mass of the ROE;104

multiplicity of neutral candidates in the event; invariant105

masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5 GeV, and is observed to be128

22% on average over the range ma > 1.5 GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8 MeV near ma = 0.175 GeV to 14MeV near ma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78 GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11 GeV < ma < 148

4.8 GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35 GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169

4

• Peaking backgrounds observed at                 masses ⇡0/⌘/⌘0
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•           local excess 
observed at 
mass, consistent 
with world-avg BF 

⌘c
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.

following 13 input observables: energy-substituted mass
(mES) and energy di↵erence (�E) of the B± candidate;
cosine of the angle between two sphericity axes, one com-
puted with the B± candidate constituents and the other
with the ROE; particle identification information on the
kaon candidate; second Legendre moment of the ROE,
calculated relative to the B± thrust axis; helicity angle of
the most energetic photon forming the a candidate; helic-
ity angle of the kaon candidate; energy of most energetic
photon forming the a candidate; invariant mass of the
ROE; multiplicity of neutral candidates in the event; in-
variant masses of diphoton pairs, defined to include only
one of the photons forming the a candidate, that are clos-
est to the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP
mass is specifically excluded to limit potential bias in the
classifier. Both BDTs are trained on simulated samples
of promptly decaying signal events and backgrounds.

The final dataset is selected by applying criteria on
the two BDT scores (a minimum score of 0.13 on
the continuum-trained BDT, 0.15 on the B+B�-trained
BDT), allowing multiple candidates per event. These
criteria are independent of the particular ALP mass hy-
pothesis. The resulting diphoton invariant mass distri-
bution is shown in Fig. 1. The background is dom-
inated by continuum events and by peaking contribu-
tions from B± ! K±h0 and B± ! ⇡±h0 decays with
h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass
slightly below 3 GeV, with a local significance of 2.6�
as determined by the signal extraction procedure defined
below. This is consistent with the measured world aver-
age BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set conservative
upper limits on an ALP signal at that mass by assuming
the events in the excess originate from the ALP signal.

We extract the signal yield of promptly decaying ALPs
by performing a series of unbinned maximum likelihood
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays. The step size between adjacent mass hypotheses is
equal to the signal resolution, �. The gray bands indicate the
regions excluded from the search in the vicinity of the ⌘ and
⌘0 masses.

fits of a hypothetical signal peak over a smooth back-
ground. We perform fits for 461 signal mass hypotheses
with a scan step size equal to the signal resolution, �.
The latter is determined by fitting the signal sample at
each simulated ALP mass with a double-sided Crystal
Ball function [41], and interpolating the results to the
remaining mass hypotheses. The resolution ranges from
8 MeV near ma = 0.175 GeV to 14MeV near ma = 2GeV,
and decreasing back to 2MeV near ma = 4.78 GeV as a
result of the constraint imposed on the mass of the B±

meson candidate in the kinematic fit. The MC predic-
tions are validated using a sample of B± ! K±⇡0 and
B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso-
lutions agree with the data within 3%.

The unbinned likelihood fits are performed over dipho-
ton mass intervals, each of which has a width varying
between (30–70)� with the constraint 0.11 GeV < ma <
4.8 GeV. The mass-dependent interval size is established
to be su�ciently broad as to fix the continuum back-
ground shape. The likelihood function includes contri-
butions from signal, continuum background components,
and, where needed, peaking components describing the
⇡0, ⌘ and ⌘0 resonances. The signal probability den-
sity function (pdf) is described by a non-parametric ker-
nel density function modeled from the signal MC mass
distribution and extrapolated between simulated mass
points [42]. The systematic uncertainty in the signal yield
derived from this procedure is estimated to be, on aver-
age, 3% of the corresponding statistical uncertainty.

The continuum background is modeled by a second-
order polynomial for ma < 1.35 GeV and by a first-order
polynomial at larger masses, with the normalization de-
termined from the fit. The shape of the peaking ⇡0,
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
ground processes normalized to data luminosity.
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masses of diphoton pairs, defined to include only one of106

the photons forming the a candidate, that are closest to107

the masses of the ⇡0, ⌘, and ⌘0 mesons. The ALP mass108

is specifically excluded to limit potential bias in the clas-109

sifier. Both BDTs are trained on samples of promptly110

decaying signal events and simulated backgrounds.111

The final dataset is selected by applying criteria on112

the two BDT scores (a minimum score of 0.13 on113

the continuum-trained BDT, 0.15 on the B+B�-trained114

BDT), allowing multiple candidates per event. These115

criteria are independent of the particular ALP mass hy-116

pothesis. The resulting diphoton invariant mass distribu-117

tion is shown in Fig. 1. The background is dominated by118

continuum quark production, together with peaking con-119

tributions from B± ! K±h0 and B± ! ⇡±h0 decays for120

h0 = ⇡0, ⌘, ⌘0. We observe an excess at the ⌘c mass with121

a local significance of 2.6�, consistent with the measured122

world average BF (B± ! K±⌘c, ⌘c ! ��) [43]. We set123

conservative upper limits on an ALP signal at that mass124

by assuming the events in the excess originate from the125

ALP signal. Agreement between data and MC predic-126

tions of event counts is observed to be 18% or better for127

all diphoton masses below 1.5GeV, and is observed to be128

22% on average over the range ma > 1.5GeV.129

We extract the signal yield of promptly decaying ALPs130

by performing a series of unbinned maximum likelihood131

fits of a hypothetical signal peak over a smooth back-132

ground. We perform fits for 461 signal mass hypotheses133
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169
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FIG. 1: The diphoton mass distribution of ALP candidates,
m�� , together with Monte Carlo predictions of leading back-
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FIG. 2: The distribution of signal events (Ns) and local signal
significance (Ss) from fits as a function of ma for prompt ALP
decays.

with a scan step size equal to the signal resolution, �. 134

The latter is determined by fitting the signal sample at 135

each simulated ALP mass with a double-sided Crystal 136

Ball function [41], and interpolating the results to the 137

remaining mass hypotheses. The resolution ranges from 138

8MeV nearma = 0.175GeV to 14MeV nearma = 2GeV, 139

and decreasing back to 2MeV near ma = 4.78GeV as a 140

result of the constraint imposed on the mass of the B±
141

meson candidate in the kinematic fit. The MC predic- 142

tions are validated using a sample of B± ! K±⇡0 and 143

B± ! K±⌘ decays. The simulated ⇡0 and ⌘ mass reso- 144

lutions agree with the data within 3%. 145

The unbinned likelihood fits are performed over dipho- 146

ton mass intervals, each of which has a width varying 147

between 30–70� with the constraint 0.11GeV < ma < 148

4.8GeV. The mass-dependent interval size is established 149

to be su�ciently broad as to fix the continuum back- 150

ground shape. The likelihood function includes contri- 151

butions from signal, continuum background components, 152

and, where needed, peaking components describing the 153

⇡0, ⌘ and ⌘0 resonances. The signal probability den- 154

sity function (pdf) is described by a non-parametric ker- 155

nel density function modeled from the signal MC mass 156

distribution and extrapolated between simulated mass 157

points [42]. The systematic uncertainty on the signal 158

yield derived from this procedure is estimated to be on 159

average 3% of the corresponding statistical uncertainty. 160

The continuum background is modeled by a second- 161

order polynomial for ma < 1.35GeV, and by a first-order 162

polynomial at larger masses. The shape of the peak- 163

ing ⇡0, ⌘ and ⌘0 resonances contain two components: a 164

narrow peak from B± ! K±h0 decays, and a broader 165

resonance peak originating from continuum quark pro- 166

duction. We therefore model the peaks as a sum of the 167

signal template shape and a Gaussian whose mean and 168

width are fixed by fits to MC. The normalization of each 169

4

SIGNAL YIELD
Ev

en
ts

 / 
( 0

.0
06

05
36

4 
)

0

5

10

15

 (GeV)redm
1.7 1.8 1.9 2 2.1 2.2 2.3

D
at

a 
- B

kg
  

-5

0

5

BABAR preliminary

Ev
en

ts
 / 

( 0
.0

05
37

86
2 

)

0

500

1000

1500

 (GeV)redm
0.2 0.3 0.4 0.5 0.6

D
at

a 
- B

kg
  

-100

0

100

ma = 0.3 GeV

<latexit sha1_base64="HAGxN+pXdl4w087cs50VkH0K4A4=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXMgwowV1IRRd6LKCfUA7DJk0bUOTzJBkhDLMxl9x40IRt36GO//GTDsLbT0hcDjnXu69J4wZVdp1v62FxaXlldXSWnl9Y3Nr297ZbaookZg0cMQi2Q6RIowK0tBUM9KOJUE8ZKQVjm5yv/VIpKKReNDjmPgcDQTtU4y0kQJ7nwfoynXOuifmcaSHkqe3pJkFdsV13AngPPEKUgEF6oH91e1FOOFEaMyQUh3PjbWfIqkpZiQrdxNFYoRHaEA6hgrEifLTyQEZPDJKD/Yjab7QcKL+7kgRV2rMQ1OZ76hmvVz8z+skun/hp1TEiSYCTwf1EwZ1BPM0YI9KgjUbG4KwpGZXiIdIIqxNZmUTgjd78jxpnjpe1bm8r1Zq10UcJXAADsEx8MA5qIE7UAcNgEEGnsEreLOerBfr3fqYli5YRc8e+APr8wcqE5WH</latexit>

ma = 2 GeV
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• (left) sample fits

• (right below) signal yield and local 
significance

• most significant excess  
after including trial factors

< 1�
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SYSTEMATIC UNCERTAINTIES

23

• Assess uncertainty on signal yield from fit by varying order of polynomial 
for continuum background (3rd-order for                            , constant at 
higher mass), varying shape of peaking background within uncertainties, 
and using next-nearest neighbor for interpolating signal shape

• Dominates total uncertainty for some masses in vicinity of ⇡0/⌘/⌘0
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• 6% systematic uncertainty on signal efficiency, derived from data/MC 
ratio in vicinity of        ⌘0
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• Systematic uncertainty on signal yield from varying signal shape width 
within uncertainty is on average 3% of statistical uncertainty

• Other systematic effects negligible by comparison, including on limited 
signal MC statistics, luminosity

ma < 1.35 GeV
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