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ABSTRACT: The 4.20 discrepancy between the standard model prediction for the muon

anomalous magnetic moment a, and the experimental result is accompanied by other anoma-

HVP
i

from opaq = o(ete” — hadrons) data. However, the two most accurate determinations of
Ohad from KLOE and BaBar disagree by almost 3 0. Additionally, the combined data-driven

lies. A crucial input for the prediction is the hadronic vacuum polarization a inferred

result disagrees with the most precise lattice determination of CLEVP by 2.1 0. We show that
all these discrepancies could be accounted for by a new boson produced resonantly around
the KLOE centre of mass energy and decaying promptly yielding ete™ and p*pu~ pairs in
the final states. This gives rise to three different effects: (i) the additional e*e™ events will
affect the KLOE luminosity determination based on measurements of the Bhabha cross
section, and in turn the inferred value of op,q; (ii) the additional u* ™ events will affect
the determination of op,q via the (luminosity independent) measurement of the ratio of
't~y versus utp~y events; (iii) loops involving the new boson would contribute directly
to the prediction for a,. We discuss in detail this possibility, and we present a simple model
that can reconcile the KLOE and BaBar results for oy,,4, the data-driven and the lattice
determinations of aEVP, the predicted and measured values of a,, while complying with all
phenomenological constraints.
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1 Introduction

The recent experimental result for the muon anomalous magnetic moment a,, from the FNAL
Muon g-2 experiment [1] has confirmed the old BNL measurement [2], adding significance
to the long standing discrepancy with the standard model (SM) prediction which is now
raised to 4.2 0. Currently, the world average for this discrepancy is

Aay = aS® — )M = (2.51+0.59) - 1077, (1.1)

where a}; is the combined result from refs. [1, 2], and the SM estimate is the one recom-
mended by the Muon g-2 Theory Initiative [3] which is mainly based on the estimates in
refs. [4-23]. This estimate relies on a data-driven approach that makes use of experimental
measurements of the on,q = o(eTe™ — hadrons) cross section to determine the hadronic



vacuum polarization contribution CLEVP. This is the most uncertain input in the prediction
for a, and, due to its non-perturbative nature, improving in precision is a difficult task.

Apart for the uncertainty, one can also wonder to which level the adopted value can be con-
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a certain disagreement. In particular, KLOE [24] and BaBar [25] disagree at the level of 3 o,
HVP
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sidered reliable, since determinations of a using data from different experiments exhibit

especially in the 77~ channel that accounts for more than 70% of the value of a and
while BaBar data favour smaller values of Aa,, KLOE data pull to increase the discrepancy.’

The HVP contribution can also be determined from first principles by means of lattice
QCD techniques. However, until recently, the uncertainties in lattice results were too large
to allow for useful comparisons with the data-driven determination. A first lattice QCD
computation of aIVP with subpercent precision was recently accomplished by the BMW
collaboration [31] aEVP = 707.5(5.5) x 10719, The result differs from the world average
obtained from the data-driven dispersive approach by 2.1¢ [32] and, in particular, it would
yield a theoretical prediction for a, only 1.3 o below the measurement.’

We can thus conclude that the muon g — 2 anomaly eq. (1.1) is accompanied by other
discrepancies that, although of lesser significance, can shed some suspicion on interpreting
the a, anomaly as a reliable hint of new physics (NP). In this respect, new high statistics
measurements of op,.q, and in particular in the 777~ channel, that might be soon provided
by the CMD-3 collaboration [34], as well as new high precision lattice evaluations, which
might confirm or correct the BMW result [31], will be of crucial importance not only to
strengthen or resize the evidences for a (g — 2), anomaly, but also to assess the status of
the related additional discrepancies. In the meantime, it is worthwhile wondering if the
discordant determinations of aEVP (KLOE vs. BaBar and oy,,q vs. lattice) could be explained,
jointly with Aa,, within a single NP scenario. In this paper we explore this possibility.

We suggest that the origin of the KLOE-BaBar discrepancy could be due to a NP
contribution from a hypothetical new resonance V' lying close to the ¢ mass. This resonance
decays semi-visibly into charged leptons plus additional dark sector particles, collectively
denoted as X, thus producing a certain number of eTe™ and u™pu~ events with a smooth
continuous spectrum. Electron-positron pairs would contribute to Bhabha scattering events,
which are used by the experimental collaborations to determine the beam luminosity by
comparing the measured number of eTe™ events with the QED prediction. Clearly, in those
cases in which op,q is determined directly from the number of hadronic events [35], not
accounting for such a NP contribution to Bhabha scattering would result in overestimating
the luminosity and hence underestimating opaq.

On the other hand, events from eTe™ — V — ptu~X would be interpreted as
ete™ — y*yisr — pT s events in the analyses in which the Initial State Radiation
(ISR) photon goes undetected [36, 37], and would be counted as originating from processes
involving v* virtual photon exchange, resulting in an overestimation of the o, cross
section from pure QED. Similarly, events from ete™ — vV — yu™p~ X can also mimic

'Due to relatively larger errors, there is instead agreement within 1.5 o between KLOE and CMD-2 [26-28],
SND [29], BES-III [30].

20ther lattice determinations also tend to give larger aEVP

central values although with considerably
larger errors, see e.g the review [33].



pure QED ISR events in which the photon is detected [30, 37], when the missing energy
cannot be precisely reconstructed due to experimental limitations. This would affect the
determination of op,q based on the ratio between the number of 777~ (v) and u™ = (7)
niy > Niny /Ny, where O'Z;,Y denotes the pure QED
process that should be used to determine the photon HVP contribution (see eq. (2.8) below).
If these (hypothetical) NP effects are instead included, the KLOE vs. BaBar discrepancy

can be solved, and the disagreement between the data-driven and the lattice determination
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As a concrete example, we discuss a simple model originally proposed as a realisation
of the “inelastic dark matter” mechanism [38-41], in which the contribution to the Bhabha

process ete” — eTe” of a new vector boson V of mass my ~ 1GeV can result in

*

events [36], since ohaq X Orpy/0

of a can also be explained.

an overestimation of the luminosity at KLOE, with negligible effects on the luminosity
determination in other experiments. Furthermore, the contribution of NP-related muonic
events ete” — (1sr)V — (msr)ppu~ X will affect the analyses that rely on the ratio
Nrry/Nuuy to determine op,q. In this model, the values of the parameters required to
account for the KLOE vs. BaBar discrepancy and for reconciling the data-driven vs. lattice

EVP do not conflict with other experimental constraints (mono-photon

determination of a
search in BaBar, ¢-related observables, etc...). The strongest constraints come from the
KLOE measurement of oy,,q carried out at a center of mass (CoM) energy slightly below the
¢ resonance (KLOE10) [42], and from the measurement of the forward-backward asymmetry
in eTe final states [43]. Yet, these constraints are not sufficiently strong to exclude neither
our model, nor the general NP mechanism underlying it. While the indirect effects of the
new V' boson outlined above are still unable to fully account for the Aa,, discrepancy, due
to the coupling between V' and the muons there is also a direct contribution to a, from
loops involving V. This direct effect suffices to bring the theoretical estimate of the muon
anomalous magnetic moment in agreement with the experimental measurement. Thus, a
single NP input is able to solve consistently all the a,-related anomalies at once.

The paper is structured as follows. In section 2 we first review the main ingredients
of the data-driven calculation of aHVP, then we illustrate the mechanism through which a
shift in the luminosity determination can affect the KLOE result for op,4, and finally we
discuss the modification of op,q from NP contributions to ete™ — u™p~7. In section 3
we put forth an explicit realisation based on an inelastic dark matter model, we study
quantitatively the different effects and we present all the details of the numerical analysis.
section 4 is devoted to an analysis of the existing phenomenological constraints on our
NP model. In section 5 we discuss the solution to the a,-related anomalies, and finally in
section 6 we resume the main results and we draw the conclusions.

2 The muon magnetic moment and the hadronic cross-section

2.1 Data-driven calculation of al}LIVP

At leading order, the contribution to the muon magnetic moment arising from the
hadronic vacuum polarisation can be derived from the data on the hadronic cross-section



ohad = o(eTe” — hadrons (7)) by means of the optical theorem [44, 45]

1 o0
LOHVP _ _*
a, 7 Juz ds K(8)onad(s) - (2.1)
Here, opaq is the bare ete™ — 4* — hadrons () cross-section, obtained by removing the
infinite string of hadronic vacuum polarisation insertions in the photon propagator (that
leads to the running of aqgp), and the kernel function reads
z? l+x (1+22)(1+2)?

z?logx + 3
- x

2
log(1+2z)—o+ 5] (2.2)
with z = (1-8,)/(1+5,) and 3, = /1 — 4m2 /s. On the basis of the analyses in refs. [8-13],
the Muon g-2 Theory Initiative [3] has recommended the numerical value

aOMVP = 693.1 +£4.0- 10717, (2.3)

which directly depends on the accuracy of the hadronic cross-section experimental determi-
nation. Indeed, the HVP contribution to the muon anomalous magnetic moment is a widely
studied subject (recent works include refs. [10, 12, 13, 46-48]). In general, various data-sets
coming from the same or different experiments and exploiting several final states must
be combined. The most important channel is the 777~ channel which accounts for more
than 70% of abO’HVP. Many experimental measurements have been performed, leading to
the embarrassing situation in which the two most precise measurements disagree at the
level of ~ 3. Indeed, the values of aﬁO’HVP reported by KLOE as the average of their
three different analyses [24] and BABAR [25, 37] show a worrisome difference, while other
experiments (CMD-2, BESIII, SND [26-30]) have reported results that lie in between these
two, albeit with larger uncertainties. Note that any effect that could lift the overall value
of ophaq given by KLOE, besides reducing the discrepancy with BaBar, at the same time
would also reduce Aa,,.?

2.2 Modifying the hadronic cross-section: the luminosity determination

Some of the early experimental results for the hadronic cross-section (and in particular
the two first analysis from the KLOE collaboration [35, 42], denoted respectively as
KLOEO8 and KLOE10) depend on the specific luminosity £.+.- of the colliding beams:
Ohad X Nhad/Le+e—, With Npaq the number of hadronic events. The luminosity is estimated
by comparing high statistics measurements of ete™ — eTe™ events with the SM prediction
for Bhabha scattering;:

Ngn
o (R Y (2.4)
Ueff

where Npp, is the total number of (background subtracted) Bhabha events. For each

experiment, the effective SM Bhabha cross section aesflfv[ is evaluated by inserting into

can be also estimated from hadronic 7 decays data [46, 49-52]. The resulting value (703.0 +
+

3 _HVP
e

4.4) x 10710 [61] is significantly larger than the result from e*e™ — hadrons, and in agreement with the

lattice estimate.



detector simulations the results of high precision Bhabha event generators [53-55]. The
presence of NP contributions to eTe™ — e*e™ unaccounted for by asflfvl would then yield an
incorrect estimate of the beam luminosity. The true luminosity £.+.- would be related to

the inferred one as
SM

g
Lovn =M O (2.5)
Oeff

where o is the full Bhabha cross-section including the NP contribution, that we parametrize
in terms of a correction to the QED Bhabha cross section as

Oet = 0o (1 4+ 0R) . (2.6)

Note that a possible difference in the efficiencies for revealing SM and NP-related events is
also absorbed in dr. As a consequence, the true luminosity would be smaller (cf. eq. (2.5)),
the true hadronic cross section would become larger onaq — ohaq(1l + dgr), and thus the
inferred value of the HVP would be increased as:

LO,HVP LO,HVP
a,” —a, ' (1+0R). (2.7)

It is understood that the correction dr induced by the shift in the luminosity depends on
the details of the experimental setup, in such a way that while it can be quite important
in some experiment, it could be completely negligible in others. Needless to say, lattice

HVP
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calculations of a are not affected by this type of indirect effects on a};o’HVP that stem

from modifications of the estimated luminosity.

2.3 Modifying the hadronic cross-section: the o(upvy) method

Several experimental measurements, including KLOE12 [36], BaBar [37] and BESIII [30] do
not rely on a determination of the luminosity from Bhabha scattering to measure oy,,q, and
use instead a luminosity independent method. The method exploits the following relation

N,
0 _ 2'mmmmyisr 0
O'ﬂ,+7_r7 = 7+ - O'N+IJ‘7 s (28)
! KTH VISR

that involves the ratio between the number of 777~ and u™ ™~ events with an ISR photon,
and the 02+,r = o(ete™ — puTp~) cross section computed in QED. The KLOE12
measurement is peculiar in that it does not detect the photon, since the angular cuts that
are used to enhance ISR over final state radiation (FSR) events imply that the photon gets
lost in the beam pipe. The CoM energy of the collision is then reconstructed from the
charged particles invariant mass.

If we have an excess of NP-related puX events (where X represents undetected particles)
mimicking puy final states and contributing to the denominator in eq. (2.8), these events
need to be subtracted out in order that the derived value of U?Hrr could be correctly related
to the photon HVP. The hadronic cross-section induced by virtual photon exchange is then
shifted as

o0 — 029*_) ~ 0-9r+7r* [146,(s)] , (2.9)

o T



where s’ is the invariant mass squared of the charged particles, and we have defined:

Ty (87) (2.10)
opuu(s’) SM7 .

5#(5/)

where NP (e5M) is the efficiency of the selection cuts for the NP (SM) events. The cross
section 055 y represents the NP contribution yielding events for which the final state may
contain additional (invisible) states, and that are counted in the experimental analysis as
long as they pass the kinematic cuts.

The shift in the hadronic cross section depends on s’ and has to be integrated along with
the kernel function K(s') in order to obtain the final shift to abO’HVP. A similar correction
will also affect every measurement which uses the di-muon final state as a luminosity mea-
surement. Finally, a flavour-universal new physics effect capable of modifying the large angle
eTe™ — eTe™ cross-section at the level of a few percent, can in principle lead to an effect of
similar size for yuuX events, where an ISR photon is emitted, up to differences related to
the muon mass and to different experimental cuts. Therefore we can expect the correction dp
of the previous section and the correction d,, discussed in this section to be of a similar size.

A remark is in order regarding the possibility that the NP will also produce an excess
of hadronic events. Since these events will not be related to the exchange of a virtual v*,
they must be subtracted from the hadronic data sample in order to reconstruct the 0297:_)
cross section from which the photon HVP can then be derived. Let us define in complete
analogy with eq. (2.10) a correction

oNP_ () (NP

5u(s') = (:jf((s/))ew (2.11)
The effect of the mm events of NP origin can then be subtracted out simply by replacing
in eq. (2.6) (and in eq. (2.7)) 0r — dr — 0-(5'), and in eq. (2.9) 0,(s") = d,(s") — 0x(s).
It is clear that the relative strength characterising the NP couplings to the leptons and to
the hadrons is a model dependent issue, so that the size of the hadronic shift . relative
to the leptonic ones dg,d, cannot be assessed in a general way. However, in our signal
region, corresponding to the p/w resonance, the SM cross-section for hadronic final states
is larger than the one for muons by about an order of magnitude. Therefore, in models
where the NP contribution to the leptonic and hadronic channels are of similar size, we have
dr ~ 0,u(s") > 0x(s"). This will be the case in the example that will be detailed below, where
in first approximation the hadronic shift can be neglected, and we can simply set d,(s") = 0.

HVP

2.4 Overall effects of new physics on a,

Several experiments have provided measurements of the hadronic cross section. Combining
these measurements is an intricate process which requires the use of dedicated codes, which
are not publicly available [12, 13]. In order to get a handle of the soundness of the numerical
procedure that we have adopted, we have relied on the available results for the various
experiments reported in refs. [12, 13], focusing on the range v/s’ € [0.6,0.9] GeV for the



reduced energy:

366.9 +£2.1)- 10710
376.8 +2.7) - 10710
372.5+3)-10710
368.3 +4.2) - 10710
371.8 £5)- 10710

(
(
all¥P (Vs €10.6,0.9] GeV) = E
(
(377.0 £6.3) - 10710

When combined with a simple 2, we obtain a global fit of CLEVP(\/? €[0.6,0.9] GeV) = 371.1
that matches the results of both the combined fit presented in refs. [12, 13] (see also table 6
in ref. [3]), thus corroborating the reliability of our method.

Feeding the indirect effects of NP discussed in sections 2.2 and 2.3 into the results listed
in eq. (2.12) is far from being a straightforward step. This is because different measurements
are affected by the NP in different ways, while others are not affected at all. In particular,
the KLOE result in eq. (2.12) corresponds to an average of three different analyses, labelled
as KLOEO08 [35], KLOE10 [42] and KLOE12 [36]. A NP-related shift in the luminosity
determination (see section 2.2) can affect KLOE0O8 and KLOE10, but not KLOE12. This
last analysis can instead be affected by additional NP-related putpu~ events (see section 2.3).
The rest of this section is thus devoted to unfold the details of the indirect NP effects on
the three KLOE analyses.

The hadronic cross section o

i
analyses, is related to the radiative cross section that includes the emission of an ISR photon

(s"), whose determination was the aim of the KLOE

via the following relation:

do(ntn™
s o(rtrn™y) — 0
ds’ o

(sYH(s,s), (2.13)

where H is the radiator function that accounts for the ISR and s’ = M2_ is the di-pion
invariant mass. The different strategies followed by the KLOE collaboration in their three
different analysis are resumed as follows:

« KLOEOS data-set consists on 60 measurements in the range 0.35 < s'/GeV? < 0.85
collected with the eTe™ beam energies tuned to /s = 1.0194 GeV, that is at the
¢-meson pole. Their determination of o2 _ relies directly on eq. (2.13), where the
radiative cross section in the LH side is inferred from the number of 777~ v events
that pass the cuts, and relies on the knowledge of the luminosity that, as discussed in
section 2.2, is measured via Bhabha scattering.

o KLOEI10 data-set consists of 75 measurements of the radiative cross section in the range
0.1 < s'/GeV? < 0.85, collected with the eTe™ beam energies tuned to /s = 1 GeV,
that is about 4.5 x I'y, below the ¢ pole. Also in this case the inferred hadronic cross
section depends on the measurement of the luminosity. However, given the ~ 20 MeV
difference in the CoM energy with respect to KLOEOS, the two measurements could



be simultaneously affected by a luminosity redetermination only if the width of the
new resonance is several times larger than I'y. The model discussed in the next section
yields instead a width of order I'y. Then it turns out that the most convenient choice
is that of shifting KLOEOS results by locating the new resonance close to mg, while
leaving the KLOE10 measurement unaffected by the NP.

o KLOEI12 relies instead on eq. (2.8) where data correspond to the ratio between the
number of 77~y and put "y events (where the photon goes undetected) measured in
30 different bins in the interval 0.35 < s’/GeV? < 0.95, where s’ corresponds to the g/
and 77 invariant mass. The advantage of this method is that the dependence on the
luminosity cancels in the ratio, so that KLOE12 is not affected by possible changes in
the luminosity determination. However, as described in section 2.3, the measurement
would be directly affected by additional ™ u~ events of NP origin accompanied by
undetected X particle(s).

In the invariant mass squared range in which the three KLOE analyses overlap, the
numerical results for the individual contribution to the muon magnetic anomaly are [24]:

(378.9+3.2)- 10710 (KLOE08)
allVP (s’ € [0.35,0.85] GeV?) = ¢ (376.0 + 3.4) - 10-10  (KLOE10 (2.14)
7
(377.4+2.6)-1071° (KLOE12),

We use these determinations and, after correcting them for the effects of 0z (luminosity
shift) and 6, (pu events of NP origin) we combine them into a single KLOE result.?
While we have so far not specified an explicit NP mechanism responsible for the indirect
corrections, we anticipate that we have in mind the excitation of a new resonance which
promptly decays, vielding the required excess of ete™ and u™pu™ pairs possibly accompanied
by other undetected particles. As a consequence, a measurement performed at a CoM
energy below the NP resonance would remain unaffected by these corrections. However,
experiments that exploit the ISR method to scan over the reduced energy v/s' will generally
be affected whenever the CoM energy +/s is above the resonance, even if not particularly
close to the pole. This is because ISR photon emission can downgrade the effective eTe™
collision energy to the right value to excite the resonance. Hence, for example, the BESIII
measurement (/s ~ 3.8 GeV, v/s' € [0.6, 0.9] GeV) would be affected by a new resonance
sitting close to the ¢ mass, and in our study we have taken this effect into account. BaBar
data-taking was carried out at /s ~ 10.6 GeV, and a/IjO’HVP was calculated using the
measured 77~ cross section from threshold to 1.8 GeV, and in this case the high energy
bins would clearly not get affected by a resonance at the ¢ mass. Conservatively, we have
not included in our main results a possible correction to the BaBar measurements, even for

*As discussed in [24] there are large correlations among the three different KLOE determinations of aEVP.

Most sources of systematic uncertainties, which represent the leading contribution to the total error, are
fully correlated between all energy bins. There is also a full statistical correlation in the two-pion data that
are shared between KLOEO8 and KLOE12 [24]. We defer to future work the complete analysis of the KLOE
datasets corresponding to a total of 195 data bins along with their correlation matrices.
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Figure 1. Theoretical prediction for a, based on a data driven global fit to abO’HVP obtained by
including a NP correction affecting in an equal way eTe™ and p*pu~~ final states (oblique violet
band). The thick purple line assumes that the NP does not affect the BaBar result, while the
dotted purple line assumes for BaBar an effect half the size than the one in KLOE and BESIII. The
blue band corresponds to the combined BNL and FNAL experimental results, the red band to the
prediction obtained with the BMW lattice estimate of akO’HVP [31], and the orange band to the
one obtained from o},,4 in the absence of NP corrections. The width of the bands represent 1o
uncertainties.

the subset of data restricted to the v/’ interval in eq. (2.12). However, to get an handle on
the possible consequence of shifting also the BaBar measurement, we will show the effects
of assuming a correction half the size the one for BESIII.

Finally, we should also stress that our analysis has been forcefully restricted to the
invariant mass squared interval 0.35 < s’/ GeV? < 0.85 for which we could carry out our

procedure in a consistent way. However, since the contribution of the eTe™ — 77~ channel

HVP
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the dedicated (but non-public) codes from [12, 13] could lead to a sizeably larger shift in
oLOHVP
"

to a over the complete v/s' range is about 35% larger, we expect that a full fit using
. This means that the results we are presenting here can be taken as a conservative
estimate of the possible NP effects on the aEVP determination.

We illustrate the results of our fit in figure 1. The blue band corresponds to the
combined BNL and FNAL experimental results, the red band to the prediction obtained
with the BMW lattice estimate of a,I;O’HVP [31], and the orange band to the one obtained
from opaq without modifications of the KLOE and BESIII results. The excellent agreement
between our x? fit and the full results of refs. [12, 13] is put in evidence by the precise
overlap between the violet and the orange bands occurring at the left boundary of figure 1,
where the KLOE and BESIII results are taken at face value and not modified. We next
increase the KLOE(OS, KLOE12 and BESIII value for oy,,q assuming this is due to some



unspecified NP contribution that affects the luminosity measurement (KLOEOS) and the
detected number of puy events (KLOE12 and BESIII), while it remains negligible for all
the other measurements. The purple band shows how a 2-3% shift of equal size in KLOEOS,
KLOEI12 and BESIII would yield a shift of ~ 0.5 x 10 in a;%-#¥¥ "and would drive the
dispersive determination of a{;O’HVP in agreement at the ~ 1.50 level with the BMW-lattice
result. As will be discussed in the following sections, a moderate shift of this size would
also maintain the different KLOE analyses in overall satisfactory agreement among them.

On the other hand, in order to reduce to the ~ 1 ¢ level the tension with the combined
BNL and FNAL experimental results, abO’HVP must be increased by an appreciably larger
factor ~ 1.6 - 107, However, this would bring the KLOEOS and KLOE12 results in serious
disagreement with KLOE10, and KLOE12 data on puy will also get in strong tension with
the SM prediction. Finally, the dotted purple line assumes a shift for BaBar of half the size
the one in BESIII and KLOE.

To summarise, a NP effect acting only indirectly through a luminosity shift (KLOEO0S)
and via the production of an excess of uuy events (KLOE12 and BESIII) would suffice
to reinstate a satisfactory agreement between the different experimental determinations

of ophaq, and to reconcile the dispersive data-driven and lattice estimates of abO’HVP. Yet

it would not be able to fully solve the discrepancy between the measured value of a,
and the theoretical prediction, which thus still calls for a direct NP contribution to the
muon anomalous magnetic moment. In the next section we will present and explicit
example in which a new Feebly Interacting Particle (FIPs) produced resonantly at the
KLOEO08/KLOE12 CoM energy and decaying mostly “semi-visibly” into eTe™ and putpu~,
can produce indirect effects of the required size, while a direct loop contribution of the FIP

to the muon anomalous magnetic moment can eventually solve all the a,-related anomalies.

3 Model realisation and analysis

In section 3.1 we describe a simple model, that fits in the so-called “inelastic dark matter
(iDM) scenario”, which is well suited to increase the number of Bhabha events in KLOE0S
and to provide additional u*u~ events in KLOE12, while evading at the same time all
other experimental constraints. In section 3.2 we first review the details of the luminosity
measurements in the different experiments that contributed to the determination of opag,
and then we analyse quantitatively the effects on the determination of a,I;O’HVP from opaq
data that could result from an overestimation of the KLOE luminosity. In section 3.3 we
study the effects of additional NP-related ppX events at KLOE12.

3.1 An inelastic dark matter model

We introduce a “dark” Abelian gauge group U(1)p with gauge coupling gp, along with
a dark Higgs S with U(1)p-charge gs = +2, and two Weyl spinors 7, £ with charges
¢y = —¢q¢ = —1 that can be combined in a Dirac fermion x = (n ¢NT. We furthermore
assume that a charge conjugation symmetry extended to the dark sector enforces invariance
under the transformations V — —V, n — ¢ and & — 7 [41].
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Under these premises, we can write the following Lagrangian terms:

ﬁ :_EF/MVF/ o g/€ VjH (3 1)

v 4 B cos By, MY ’
A A

Ls = (D"S)1(DuS) + 3lSI* = F1SI* = = ISP IHP, (32)

where we have introduced the customary kinetic mixing term e corresponding to a small
interaction between the dark photon V), and the hypercharge current J{; [56, 57]. The
Lagrangian for the dark fermions can be written as

LM = 3 (i) —my) x — %yssw + 5*2) + h.c. (3.3)

where the second term describes the coupling between the Weyl fermions and the dark
Higgs boson S. Note that the charge conjugation symmetry mentioned above enforces that
both 7 and &' couple to S with the same Yukawa coupling. The dark Higgs boson mass
mg and the dark photon mass my read

mg = \/2Ag vg, (3.4)

B (V29
my = 2gpvg = ( Now ) mg . (3.5)

The diagonalisation of the fermion mass matrix is straightforward and leads to two states
X1 = ﬁ(n —¢) and yo = %(n + &) with masses

1
My1,x2 = My F \ﬁysvs- (3.6)

The phase of x1 has been fixed to obtain a positive mass term under the assumption
my 2 ysvs/v/2. In the mass basis, the dark Higgs S couples diagonally to 12 (expressed
in term of the Majorana spinors) via the term:

1
Lsy=—5usS (X3 — i), (3.7)

where the Yukawa coupling can be expressed as

_ 9D My, — My,

= 3.8
S = 5T my (3.8)

In contrast, the dark photon interacts with the fermions via an off-diagonal coupling
EVX = —Z'gDV,u)_(z’}/‘uxl . (3.9)

This construction can satisfy the main conditions to generate a significant shift in the KLOE
luminosity estimate and to provide additional di-muon events, while escaping detection in
other experiments:

o the dark photon mass must be very close to the KLOE CoM energy /s ~ 1.02 GeV,
in order to produce V' resonantly;
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o dark photon decays must contribute non-negligibly to Bhabha scattering events, and
therefore they need to include ete™ pairs with invariant mass close to 1 GeV, as well
as additional di-muon events;

e in order to escape bump searches, the dark photon main decay channel must be
multi-body and must include some missing energy.

We can choose my ~ 1GeV 2 m,, > m,, by fixing vg and by requiring the approximate
relations

ysvs ~ V2my, V2ys Sagp - (3.10)

When this arrangement of mass values is satisfied, the dark photon decays mainly proceed
through the chain V — x1 x2 = x1 x1eTe™ (™). That is, V decays with almost a 100%
branching ratio into y1x2 while direct V' — ete™ (uT ™) decays are suppressed as €2 and
thus subdominant. The x2 — x1 (hadrons) decay will also be present at a similar level than
the (semi)leptonic channels (see e.g. figure 1 of [58]). As argued in section 2.3, due to the
fact that the SM hadronic cross section is much larger than the leptonic ones, the relative
NP correction to the hadronic channel will be accordingly suppressed. For this reason we
will not include it in our simulations.

The lightest new fermion 1, which may play the role of the dark matter particle, is
stable and escapes undetected, while the heavier fermion x2 decays into x1ete™ (utu™),
providing the main contribution to the NP-related additional electron-positron (di-muon)
pairs. The V width that is almost saturated by the V' — x1x2 process will be an important
quantity in the rest of this work. In the limit ém = my — (my, + my,) < my we have:

_ 2apVom(ém + 2my, )?/?
~ - .

Ty

(3.11)

In particular, in the benchmark points used in the next section, phase space suppression due
to my, ~ my leads to a width of order MeV. Note that since there are charged particles
in the decay chain final state, the V' boson escapes invisible decays searches. At the same
time, since the three body decay y2 — x1€Te™ is characterised by a continuous and smooth
eTe™ energy spectrum, it also escapes standard “bump” searches.

The mass of the dark Higgs boson depends on its quartic coupling Ag, which is a
free parameter in the theory. The particular case mg < 2m,,, which ensures that the
S — x1x1 decay channel is closed, represents an interesting possibility to render x; a good
DM candidate [59-61]. The argument proceeds in two steps:

1. The t-channel p-wave y1x1 <> S.S process is enhanced by a relatively large Yukawa
coupling (see eq. (3.8)). As a consequence, it keeps X1 in equilibrium with the S
population up to a temperature T,. This temperature can be modified by changing
the S mass in the regime mg 2 m,,.

2 At T Z mg thermal equilibrium between the dark sector composed of S and x; and the
lightest SM particles is typically maintained via the standard xox1 — e*e™ process,
with the y; relativistic. Moreover, at T' < mg, the contribution of S decays and
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inverse decays mediated by a triangle loop involving V' V' e maintains S in thermal equi-
librium.® Consequently, S continues to be coupled to the thermal bath down to tem-
peratures T' <« mg and in particular throughout the x1x1 — S5 annihilation process.

Arranging for freezing-out the yi1x1 — SS process around Ty, ~ m,, /20 then allows
to reproduce the correct dark matter relic density. This corresponds to the “forbidden
annihilation” regime of the iDM model which can be realised when % <my, S Mgl

Finally, let us briefly discuss the direct contribution of V' to the muon g — 2. Any vector
particle with a direct interaction with muons will give rise to a one-loop contribution to a,.
For a pure vector coupling, this contribution can be written as:

——
2T

where x, = m,/my, gev = e with e the electromagnetic coupling constant, and the loop

Aa, = a F(xp) (3.12)

function F is given by:

1 222 (1 - 2)
Flz) = / d . 3.13
(z) o g (1—2)(1—22%2) (3:.13)
For my in the GeV range, the loop function simplifies and one has approximately
2 1GeV) 2
Aay, ~2-107 ( e > ( ) . 3.14
u “\0.005) "\ iy (3.14)

The direct contribution in eq. (3.14), together with the indirect corrections from the lumi-
nosity determination, can reconcile the theoretical predictions for a, with the experimental
results.

3.2 Numerical analysis: luminosity determination

We have implemented the iDM model in FEYNRULES/UFO [65-67] files, and we have
used the MADGRAPH5 aMC@NLO platform [68] in order to generate s- and ¢-channel
ete events’ that would contribute to the KLOE, BaBar and BESIII measurements of
the Bhabha cross section.® We have simulated the process ete™ — yi1x1eTe™ and we
have applied the relevant cuts directly on the generated final states. For the luminosity
measurement, the different experiments exploited various kinematic ranges:

5Note that these loop processes typically dominate over the Higgs-portal induced interactions due to the
large kinetic mixing considered in this study (see e.g. [59]).
5In the case where the S boson has a longer life-time, additional effects such as the dilution of the x1

Te™ could also lead to the proper relic density, see the

relic density from the entropy injection from S — e
recent work [62], although additional constraints from BBN then apply (see e.g. [59, 63, 64].

"We simulate eTe™ — x1x2, x2 — x1eTe”, including the leptonic branching ratios of the .

8The two experiments CMD-2 [26, 69] and SND [29, 70] carried out measurements in the energy range for

77 (y) production by scanning directly with the beam energy. For each point, Bhabha events were used

s
to calibrate the luminosity. The angular cuts applied are respectively cos 6 € [—0.83,0.83] (SND [70]) and
cosf € [—0.45,0.45] (CMD-2 [26]) . These experiments differ in two main aspects from the previous ones.
First they cannot distinguish easily 7’s from p’s, so that the final hadronic cross-section can be obtained
only after subtracting the ete™ — p* 1~ component by relying on the theoretical estimation. Second, each
energy point in the scan has its own luminosity measurement, so that the effects of NP would need to be
estimated independently for each +/s.
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o At KLOE, with CoM energy /s = 1.02GeV, the following cuts were applied [71]:
cosf € [—0.57,0.57], E. € [0.3,0.8] GeV, p > 400 MeV and a cut on the polar angle
acollinearity ¢ < 9°. KLOE reported the Bhabha cross section a;’ife, = (431+0.3) nb.

e At BaBar, with asymmetric collisions of 9 GeV electrons and 3.1 GeV positrons corre-
sponding to /s = 10.58 GeV, the following cuts were applied [72]: the polar angles in
the centre of mass are required to satisfy | cos 6| < 0.7 for one track and |cos @] < 0.65
for the other; the scaled momentum P; = 2p;/+/s, where p; are the momenta of
the track i and /s is the CoM energy, were required to satisfy P, > 0.75 and
P, > 0.5 (i = 1 denotes the track with the higher CoM momentum); the cut on the
acollinearity angle was ¢ < 30°. The luminosity was estimated also by exploiting the
ete” — putu~ process and, according to the uncertainties reported in table 3 of [72],
the muon process slightly dominates the average. Furthermore, BaBar associated
a 0.7% uncertainty on the Bhabha estimates due to “Data-MC differences”. After
accounting for the detector efficiency, the reported measurement for the Bhabha cross

section is 0¥ _ = (6.169 & 0.041)nb and that for the eTe™ — ptu~ process
is oV 4, = (0.4204 £ 0.0023) nb.

o The BESIII collaboration also delivered an initial state radiation (ISR) measure-
ment [30], although with larger uncertainties, at the CoM energy +/s = 3.773 GeV. This
measurement is in better agreement with KLOE data. The luminosity estimate [73]
relies solely on Bhabha scattering, with the relatively loose cuts cos6 € [—0.83,0.83].
They reported a Bhabha cross section of aé’ife, = (147.96 + 0.74) nb.

Because of the strong suppression of the Bhabha scattering due to the angular cuts and
the e* suppression of direct leptonic V decays, the order percent NP contribution required
to shift significantly aEVP cannot be obtained from the off-shell exchange of a V' boson.
However, for s-channel on-shell V' production the suppression is partly compensated by the
resonant nature of the process. The direct consequence is that given a vector boson V of a
certain mass, at most one among the above experiments can be affected non-negligibly in
its luminosity determination.

Since the KLOE measurement is the main responsible of reducing the data driven value
of the HVP, we need to increase on,q around the CoM energy of ~ 1 GeV. Accordingly,
we require a dark photon mass my ~ 1GeV. In this case NP effects on the luminosity
measurement will translate into a large contribution to the hadronic cross section as derived
from the KLOE data. On the other hand, for the other experiments the corresponding effects
are off-resonance, and we have explicitly checked that they are negligible for the relevant
parameter space of our model. Figure 2 shows the relative enhancement dp of eq. (2.6) of
the inferred Bhabha cross section as a function of the mass of the dark photon. This directly
translates into an equal enhancement of the hadronic cross section. The dashed curves are
obtained for m,, = 0.90 my, while the solid curves for m,, = 0.93my . The different colors
denote different values of the dark coupling ap = 0.05 (blue), 0.1 (yellow) and 0.5 (green).
In addition, we fixed m,, = 18 MeV and the dark photon couplings to electrons and muons
toece =15 x 1073, As we will discuss in section 4, this value for the couplings is allowed
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Figure 2. Relative enhancement di of the inferred Bhabha cross section as a function of my
for m,, = 0.93my (solid curves) and m,, = 0.9my (dashed curves), and ap = 0.05 (blue), 0.1
(orange) and 0.5 (green). In this plot m,, = 18 MeV and € = 1.65 x 1072. Below the red horizontal
line all the KLOE measurements are consistent at a 3o level.

by current experimental results. The red horizontal line indicates the value of dg below
which KLOEO8 and KLOE12 remain compatible within 3o with KLOE10. In this region,
all other measurements also agree with the combined KLOE result at better than 3o.

3.3 Numerical analysis: the o(upy) method

New physics strongly modifies the puy cross-section without need of tuning my around
the experimental CoM energy. This is due to the fact that the pu~y cross-section is smaller
than the Bhabha one. The experimental cuts are as follow:

o KLOEI12 [36] analysis relied on a final state with a missing photon, with the kinematic
cuts on the muons cosf,, € [—0.64,0.64], and p,r > 160 MeV or p,, > 90 MeV and
a cut on the (assumed) polar angle of the missing photon (reconstructed from the
muons momenta) cos 6, > 15°. Finally, the reconstructed track mass my, of each p,
as defined in [36] must satisfy my, C [0.08,0.115] to distinguish them from pions.

« BESIII [30] analysis uses a final with a visible photon, with |cos6,| < 0.93 and E., =
0.4 GeV. Both muons are required to have cos 8, € [—0.92,0.92], and p,7 > 300 MeV.
An additional criterium of consistency of the final states with a pp-y is implemented via
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the so-called 4C kinematical fit. The latter cannot be straightforwardly reproduced,
we note however that the cut on x? used in [36] x? < 60 is relatively loose. Accounting
for the energy resolution of 2.5%, we required the missing energy in the system to be
smaller than 0.3 GeV. Note that tightening this requirement to 0.2 GeV reduces the
NP contribution by three.

o At BaBar [37], both visible and invisible channels where used and the analysis is
significantly more involved. In view of the importance of properly implementing
the experimental cuts in the two previous experiments, we leave for future work a
complete simulation of the BaBar measurement.

We have used the same approach than for the Bhabha cross-section, relying on the MAD-
GrAPH5_aMC@NLO platform [68] to simulate the NP contributions. In the KLOE12 [36]
case, the relevant process is eTe™ — y1x2 via the resonant V production. In BESIII,
we instead produced directly the V in addition to the hard photon eTe™ — V7, closely
mimicking the SM ISR process. In both cases, the NP does not include soft or collinear
photons (since a hard photon is required for BESIII) and is performed at leading order
in QED. In both cases, the amount of missing energy in our final states determines the
efficiency of the experimental cuts. In term of our iDM model, the mass m,, of the dark
matter candidate has a strong influence on the final result, with smaller values leading to
stronger effects.

We show in figure 3 the resulting shift for a parameter point chosen for simplicity such
that the relative shift in KLOE12 (denoted by 55LOE12), BESIII (5E’ESHI) and in KLOEO8
(0r) are of the same order. We also include three curves depicting different guesses for the
effect in BaBar (solid black: 65313"“ = 0, dashed gray: 55313&“ = 5EESIH /2, dot-dashed gray:
65’3]3“ = 5E’ESIH). The dotted green curve shows the combined KLOE result. In all cases,
above the dotted purple horizontal line, agreement between the data-driven approach and
the BMW lattice result is achieved with 90% C.L.. Yet, the overall effect of the indirect
corrections does not suffice to provide a complete solution to the Aa, anomaly eq. (1.1).

Let us close this section by pointing that each of the effects described above requires a
different degrees of tuning on the parameters of our model. The shift from o (upuy) method
with a visible 7 like in the analysis of ref. [30] does not require any particular tuning, and
will thus be affected in any iDM model with sufficiently large kinetic coupling . (This can
be seen from the constant value reached by abO’HVP in figure 3 when the KLOE CoM does
not correspond precisely to my.) The effect on KLOE12 that exploits the o(uuy) method
where the photon is not detected requires my ~ mg, but does not depends critically on the
value of m,,. Finally, the luminosity method used by KLOEOS8 requires both my ~ mg
and my, S my.

4 Relevant constraints

In this section we study the most relevant constraints on the iDM scenario outlined in
section 3.1.

~16 —



my,=0.93my, m,, =18 MeV, €=0.0165 ... KLOE only

— Global fit

BaBar _ sBESIII
o4 =06,

90%CL Data/Lattice

.............................................................................

BaBar _ gBESIII
5“3 ar — 6“ 2

Aanpyp X 1010
P, N W s~ U1 OO N 0

55aBar =0

0 . . . . .
1.005 1.01 1.015 1.02 1.025 1.03 1.035
my [GeV]

Figure 3. Theoretical prediction for the shift in a as a function of my for a dark photon model
with my, = 18 MeV, my, = 0.93my, ap = 0.5 and € = 0.0165, which leads to §;“OF!2 ~ §BESIL
The dotted green line shows the combined KLOE result, while the thick black curve includes all the
measurements, assuming negligible shifts on BaBar results. The dashed grey lines indicate the effect
of an hypothetical shift in BaBar §;2B" = 5EESIH (top) and §72Bar = 55’ESIH/2 (bottom). Above
the dashed purple line the BMW lattice result and the data-driven analysis agree at better than the
90% C.L.

LO,HVP
o

4.1 BaBar dark photon searches

The BaBar experiment made two searches relevant to our case. The first one focuses
on resonances in the ete™ spectrum with an energetic initial state radiation (ISR) pho-
ton [74]. They applied the following selection cuts (with all variables in the CoM frame):
cos O+ > —0.5, cos 0,- < 0.5, £, > 0.2GeV and E, + E+ + E.- ~ 10.58 GeV.

The polar angles are defined with respect to the electron beam direction, and the last
selection cut requires the centre-of-mass energy of the candidate event to be within the
beam energy spread, that is around 5-10 MeV [75] (see also [76], which quotes the spread
5.5 (2.7) MeV for the e~ (e*) beam). This search is ineffective in constraining the iDM
model because the emission of two x; states always results in missing energy larger than
20 MeV, that is larger than the beam energy spread.

In the second search, BaBar analysed single photon events with large missing energy
searching for bumps in the photon spectrum [77] (which superseded the older search for
invisible final states in single-photon decays employed in Y(15) [78]). We reinterpret the
mono-photon sensitivity exploiting the same strategy of [79-81]. Since this search does not
use cuts on simple quantities but a multivariate analysis, we use the following cuts: the
events satisfy the mono-photon selection criteria if Elyq > 2GeV, —0.16 < cos(6,) < 0.84
and p(e”) < 150 MeV or p(et) < 150 MeV. The expected sensitivity in terms of the kinetic
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mixing € = gey /e for the iDM model is obtained as [80]

EiDM __ _mono—vy M (4 1)
exp ~  ~exp Nall ’ .
where eg'°77 is the current bound from the BaBar mono-photon analysis [77], Ny cuts are

the number of events selected using only the photon cuts, and N, are the number of events
that pass all the cuts.

Although BaBar results do not constrain significantly our scenario, the semi-visible
final states could be probed in the future by Belle-IT [80, 82], possibly from longer decay
chain involving also the dark Higgs boson [83]. One key factor compared to the analysis in
ref. [80] is that here we are concerned with a parameter space region in which the V' decay
does not lead to a displaced vertex. A complete background study is thus required to derive
a proper projection of the foreseeable constraints on our scenario.

4.2 Effects on the ¢-meson properties

Since the dark photon mass must be close to the KLOE CoM energy, it will also be close
to the ¢-meson mass, and thus the two widths I'y and I'y will overlap, possibly affecting
the properties of the ¢. In particular, if the dark photon couples universally to all SM
fermions proportionally to their electric charge, then its coupling to the strange quark will
unavoidably induce ¢ — V mixing (instead, in the case of a more specific lepto-philic vector
boson, this would not occur, and the analysis below would not apply).

The mixed mass term My 4 can be derived from the real part of the off-diagonal
self-energy of the (V, ¢) system. Assuming my ~ mg we have

1 ee
My, = —(V|—V, 59" 4.2
o= VI Vysrtsld 42)
ee £
= f,— ~ 0.25M — 4.
Fo 5 025 er(O.m), (4.3)

where fy4 is the ¢ meson decay constant defined as
(0[s77s|g) = femge™”,

and we have factorised the amplitude and used the fact that mixing can only occur between
states with the same polarisation €*. The evolution in time of the mixed states is governed
by the time-dependent Heisenberg equation:

0 (o)) _ mg —is  Myg ><|¢>>
ot <|V>> ( MV¢2 my —i ) \[V)) (44)

Mixing effects are strongly suppressed when the diagonal entries in the effective Hamiltonian
differ sizeably, that is when |mgy — my| > My, or [I'y — I'y| > My,. For instance, in
the case my ~ mg but I'y # I'y, the mass difference m,, — m,, between the two mass
eigenstates is given by

2T e (Mg — mv)62f¢2)
9Ty —T'y)?

(4.5)

My, — My =
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For the range of parameters relevant for this work, the mass shift is both smaller than
the experimental uncertainty on the ¢ mass (m; " = 1019.461 £ 0.016 MeV) and orders of
magnitude lower than the uncertainty on the lattice prediction (mz)h = 1018 4+ 17 MeV [84]).”
Similarly, the shifts in the width of the mass eigenstates are safely suppressed by £2.

Another point that we need to check concerns the partial width for ¢ decays into leptons,
that is strongly suppressed with respect to hadronic decay channels, and which could be
affected by mixing with the V. The experimental value is F;’;‘; = 1.27 £ 0.04keV [85]
while recent QCD lattice estimate have a theoretical errors of the same order, dominated
by the theoretical error on the ¢ meson decay constant f, = 241 +£9 £ 2MeV [84]. It is
straightforward to solve numerically eq. (4.4) and derive the time-dependent evolution of the
mixed states: |¢(t)) = a(t)|¢) + b(t)|V'), where the kets in the right-hand side corresponds
to the states at ¢ = 0. Since both the mixing term b and the V decay width in eTe™
are e-suppressed, the dominant modification to the ¢ leptonic width will arise from the
time-integration of the |a(t)| factor. By taking my ~ mg and I'y # I'y the change in the

leptonic width is well reproduced by the following scaling

0 geel | 2 fo
Coee Ty — Ty

(4.6)

For all relevant points in our parameter space, this correction remains safely below the
experimental and theoretical uncertainties which are both of a few percent.!?

Altogether, we can conclude that both the measurements and the theoretical predictions
for ¢-meson related observables do not have a sufficient level of precision to constrain
effectively our NP scenario. Eventually, the main reason underlying this conclusion is that
both the ¢ and the V boson have very suppressed leptonic branching ratios, while their

main decay channels ¢ — hadrons and V' — x1x2 are completely different final states.

4.3 KLOE10 off-resonance measurement

The second analysis from the KLOE collaboration, KLOE10 [42], was performed ~ 20 MeV
below the ¢ resonance, at /s = 1.00 GeV. This implies that if the V' width is significantly
smaller than 20 MeV, KLOEOS [35] and KLOE10 [42] measurements cannot be simultane-
ously shifted by similar amounts. A naive comparison indicates that the two measurements
would remain in agreement at the 20 level if the shift does not exceed 0z ~ 2%. However,
the final KLOE result is in fact a simultaneous fit to three analysis (including the last
KLOE12 [36]) which was carried out by the KLOE collaboration in ref. [24]. The combined
KLOE result takes into account sizeable correlations between various systematic uncertain-
ties which dominate the overall error, and which increase it by about 60% with respect to

°The mixing is maximal when my = mg and T'yv = Ty, in which case the mass splitting is simply
dm = 2My . This shift is still an order of magnitude lower than the theoretical estimate for mg [84] so that
we cannot derive useful constraints from the mass shift. Note that the splitting is also smaller than I'y, so
that at KLOE both ¢ and V' can be simultaneously produced on resonance.

10We have cross-checked numerically this result by adding also the direct V — e

e~ contribution. In
this case both the ¢ — e"e™ and V — e"e™ amplitudes must be estimated and their interference must be
included in the time-integrated decay rate. We have found that the correction saturates the experimental
uncertainty only for rather large values of kinetic mixing, exceeding ~ 0.05.
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a naive estimate assuming uncorrelated measurements.!! Systematic correlations might
thus allow for somewhat larger values of g while maintaining compatibility between the
different results, and for this reason we relax the compatibility requirement to

or <2.5% when I'y < 20 MeV . (4.7)

In our benchmark iDM scenario, the V' width is typically of the order of few MeVs, making
this constraint relevant. However, this is still a large enough shift to solve the tension with
the BaBar result.

4.4 Muon cross-section measurements

The KLOE [36], BaBar [37] and BESIII [30] collaborations have also measured puy fi-
nal states to determine the differential luminosity by comparing with the theoretical

Te~ — uT ") cross-section, and cross-checked the results with the total lumi-

o =0o(e
nosity as determined from Bhabha scattering. Agreement is usually obtained at or below
the percent level for the overall integrated cross-sections. However, for specific subsets
of di-muon invariant mass bins deviations can be significant (see e.g. the data in the
m?,, ~ (0.6-0.9) GeV? windows reported in figure 5 in ref. [36], figure 32 in ref. [37] and
figure 1 in ref. [30]). We will focus here on the analysis of the KLOE collaboration [36]
(KLOE12) which exploits ppy final states in which the v is not reconstructed. Assuming
that the branching fractions for V' boson decays into muons and electrons are similar, as
would be implied by universality of the V' couplings to leptons, we would expect a relative
excess of di-muon events similar to the excess of ete™ Bhabha events in the KLOEOS
measurement [35]. KLOE12 further observed that the integrated pu~y cross-section was in
accordance with the theoretical prediction up to a ~ 1% systematic uncertainty. Since this
measurement relied on the same method to estimate the luminosity [71] as the KLOEO08
analysis, in reconstructing the cross-section the direct contribution to pu events from
ptu~(x1x1) can be compensated at least in part by the effect of overestimating the lumi-
nosity because of a similar excess of ete™(y1x1) Bhabha events. In fact, let us consider
figure 5 in ref. [36] where the number of puy events expected in the SM N, E}Y[ was estimated
with the Phokhara MC, and compared to the experimental data N P. From the QED
cross-section o, one estimates

SM SM SM
Npoy =€, Opp X L5 - (4.8)
where (—:EM is the experimental efficiency for the SM signal and [,SMe, = Lot~ (14 dR) is

the (overestimated) luminosity inferred by assuming only QED Bhabha scattering, while
L+ is the true luminosity obtained after accounting for the NP contribution g to ete™

events, see eq. (2.5) in section 2.2. On the other hand, the experimental data include also a

NP
ppX
undetected 7y, and measured with efficiency ellfp, so that

direct NP contribution o from ptp~ (x1x1) events mimicking puy final states with an

NP = (Mo, + NP ollc ) % Levem = Moy (14 53) X Love- . (4.9)

HNKLOEOS and KLOE12 have also a fully correlated statistical error, since are based on the same dataset.
Statistical errors are, however, a subdominant source of uncertainty.
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All in all, from equations (4.8) and (4.9), we obtain:

NoP 144,
SM )
N L+ 0r

(4.10)

which shows how the direct effect J,, and the indirect (luminosity-related) effect g tend to
compensate in the ratio. Note, however, that while the relative luminosity shift dz defined
in section 2.2 is independent of the CoM energy of the eTe™ collision, that is, it remains
constant with respect to the reconstructed di-muon invariant mass squared s’, this is not
true for the direct effect. This depends on the different energy behaviour of the SM and
NP cross sections, so that we have as in eq. (2.10):

O'NP (S,) GNP

n o oppX
W ) S

(4.11)
with the experimental efficiencies explicitly included for clarity. As a consequence of the s’
dependence in d,, also the ratio in eq. (4.10) will depend on ¢’

In order to numerically estimate the predicted ratio NP /N, E}Yl with the NP effects
included, we have implemented in the MADGRAPH5_aMC@NLO platform [68] the ete™ —
't~ x1x1 process along with the cuts described in ref. [36]. In particular, at KLOE the
identification of u* (and 7%) events relies on the “computed track mass” my,., which is defined
in terms the momentum p; and p_ of the reconstructed positively and negatively charged
tracks, and of the missing energy of the event, as the solution of energy conservation.
Under the assumption that the missing energy is carried away by a photon we have
E2 = |py|* = [p- + P+ |?, and the energy conservation condition reads

2
R A e A A (1.12)

For muon identification it is required that the solution satisfies 80 < my,/MeV < 115.
However, for ptpu~(x1x}) final states energy conservation would imply the replacement
-+ 1) — (By, + Exxl)2 so that if eq. (4.12) is instead still used, one tends to obtain
track mass solutions that are somewhat larger than the muon mass (with values that
depend on M,, ), so that certain utpu~ events do not pass the my, cut and are rejected.
However, the most important suppression of the number of p*pu~(x1x}) events that pass
the cuts arises from the requirement that the polar angle 6, of the di-muon momentum
ﬁuu = P4 + p_ satisfies cos 6, > cos 15°.12 Tt is thus clear that if we assume that y1x} are
emitted approximately isotropically, the momentum of the recoiling di-muon system will
pass this cut only a fraction (sin 15°)2/2 ~ 3.5% of the times.

We illustrate the results of our simulation in figure 4. The slope of the ratio is generated
by the 0,,(s") correction and is mostly active at small values of s, where the SM 1y signal
is more suppressed. The luminosity effect instead shifts the entire curve downwards. All
in all, we have estimated the x? value for the green curve in figure 4, and we have found

12This cut selects recoiling photons that are emitted at small angles with respect to the beam direction,
which largely enhances the number of ISR with respect to FSR v events.
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Figure 4. New physics contributions on the ratio NEEP/NPSL})/I for our iDM model with m,, =
0.95GeV,m,, = 18 MeV and ¢ = 0.013 (green line). The grey points are the KLOE data [36] and
the black line the data fit to a constant ratio. We have added a 1% uncertainty corresponding to
the experimental systematics for visualisation [36].

that it yields a value roughly similar to the x? of the constant fit.'> However, the NP
effect has the interesting feature of being able to better accommodate, at least qualitatively,
the behaviour of the data, which at small s’ overshoot the constant fit, while for large s’
undershoot it.

4.5 KLOE forward-backward asymmetry

The KLOE collaboration performed an analysis of the forward-backward asymmetry App
in eTe™ — eTe™ around the ¢ resonance in order to extract the leptonic widths T4 and
Iy and to carry out a test of lepton flavour universality [43]. They measured App for
three different CoM energies:

0.6275 + 0.0003 (/5 = 1017.17 MeV ~ my — T'5/2)
App(Vs) = 4 0.6205 £ 0.0003 (/5 = 1019.72MeV ~ my) (4.13)
0.6161 +0.0004 (v/5 = 1022.17 MeV ~ my, + ['y/2),

where all three data-points share a common systematic uncertainty of 0.002. The collab-
oration then fitted these three experimental values to the interference pattern expected
from the ¢ to obtain the measurement I'gee = 1.32 & 0.05 & 0.03keV. An off-shell V
exchange will also induce an interference pattern in the asymmetry, we can re-interpret this
measurement as being a limit on the V contribution. However, we also must include the

13 A more recent dataset on muonic events with similar errors was presented in ref. [86].
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direct contribution from the eTe™ — V — x1x1eTe™ process. Let us denote the measured
number of forward/backward events as Np and Np. The asymmetry can be decomposed as

Np — N
App(Vs) = ﬁ (4.14)
= AREPh (1 6R(V/5)) + Afg + Al - (4.15)

The first term of the second line includes a correction which is due to the fact that the process
ete™ — V — x1x1eTe” contributes to the denominator of the Bhabha asymmetry while,
since it has a negligible asymmetry, it does not contribute to the numerator. The second
and third contributions correspond to the interference between virtual photon exchange
and respectively the ¢ and the V vector boson. Since the V is produced resonantly, the
correction dr depends strongly on /s and on the value of the V' width. The effect of iy is
to reduce the asymmetry, while both the interference terms contribute positively.

In order to assess the complete V' contribution, we have simulated the full process
ete” — ete” in MADGRAPHS_aMC@NLO, implementing the cuts given in [43]. It is
clear that the fit performed by the collaboration cannot be applied to the scenario at hand
with multiple interference terms plus the “inverse resonance” effect. Hence we instead adopt
a more conservative proxy, the difference between the lowest and the highest measurements

of AFB in \/E:

_ App(mg —T'y/2) — App(mg +1'y/2)

AApg = 4.16

FB AFB(m¢ — F¢/2) + AFB(m¢ + F¢/2 ( )
Sr(/57) — Or(yET

_AAY, + AAY, - RS )2 R(yS+). (4.17)

where sy ~ mg £+ I'y/2 are the CoM energies of the KLOE measurements, cf. eq. (4.13).
KLOE measured AALY = (9.1740.35) - 1073, In either the vector meson dominance!? or in

a simple factorisation approach, the ¢-mediated interference cross-section can be obtained as

3aemr¢ee S — mi /Cmax 2 (CG + 1)2
int = d - 41 4.18
Tint me (S — mZ)Q + SI% Cmin T\ 1-— Co + ’ ( )

where ¢y is the outgoing electron angle and cpin, cmax are either the acceptance or 0 for
the forward/backward case. Estimating the theoretical uncertainties on this expression
is delicate, although it is clear that the theoretical prediction for I'y.. plays the leading
role. We can get an estimate of this effect by using the lattice result f;. The most recent
estimate [84] gives f; = 241 + 9 4+ 2MeV. However, an earlier lattice estimate [91] found
fe = 308 £29MeV which, in spite of the much larger error, differs from the result of
ref. [84] by more than 20. Another earlier estimate [92] found a central value in agreement
with ref. [84] but with twice the error f; = 241 + 18 MeV. This latter uncertainty would
correspond to a 1.8 - 1073 uncertainty on AApg, while the difference between the central
values of refs. [84] and [91] would translate into an uncertainty of ~ 6.7 - 1073,

1See e.g. ref. [87] for more details on the Vector Meson Dominance approach (VMD) which has been
widely used in recent dark sector literature [88-90] for the ¢ and dark photon-related amplitudes.
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From our simulations, we obtain a theoretical prediction for the contribution from
Bhabha and the ¢ resonance of AA'I}hB = 12.0-10~3 which also differs from the experimental
measurement by 2.8 - 1073, Altogether, it is clear that additional theoretical input on
the ¢ interference contribution would be required to match the experimental precision.
We will therefore present in the rest of this work both a conservative estimate based on
the discrepancy between the lattice estimate of refs. [84] and [91] (corresponding to a
~ J_rg:g 1073 error), and a more aggressive limit based only on the difference between
our estimate of the SM ¢ contribution and the measurement (~ £3-1073). If we neglect
the interference term and consider the small width regime I'yy < I'y, then for the case of
maximum negative shift, my ~ ,/s_, we have AARNE ~ —dp(,/5-)/2. For the “aggressive”
limit this translates into a maximum shift on the luminosity of g ~ 1.2%. As shown in
figure 2, this still allows to bring KLOE in agreement within 20 with BaBar.

In practice, the interference contribution is also important and allows for somewhat
larger shifts due to cancellations between both terms, as is confirmed by the full numerical
results. Furthermore, the above limit is strongly reduced for larger width with a Fi / I‘%/
suppression of AA%IE when I'y < I'y. Finally, while the analysis in ref. [43] relied on a very
precise calibration of the CoM energy, this was not the case for the study used to derive
the aII;IVP KLOE contribution. As can be seen e.g. from figure 7 of ref. [71], the spread
in the CoM energy is larger, of the order of MeV, and this is related to the method used
to measure the hadronic cross-section via ISR. Since we are primarily interested in this
measurement, then we need to consider an uncertainty on my of the same order.'®

Although limited by theoretical uncertainty, the forward-backward asymmetry mea-
surement can provide significant constraints on our scenario. This mostly occurs because
in the particular iDM model we have considered, the V' width (see eq. (3.11)) is always in
the MeV range. It would certainly be interesting to have a more complete experimental
dataset, leveraging this observable to constrain this type of physics, for example from the
CMD-3 experiment [34].

Finally, we did not include possible limits from the value of the ¢ partial width into
muons reported in the same reference [43]. This is because firstly I'y,,, was inferred from
cross-sections measurements only and thus has significantly larger experimental uncertainties,
and moreover it is also sensitive to the Bhabha luminosity shift that we have described
above. Secondly, it depends on the V' coupling to muons, which do not directly enter our

mechanism to shift a/IjVP

, and also on the mass m,, of the lightest dark matter particle,
since for the u*p~ channel the experimental cuts on the missing energy are significantly
tighter. Similar considerations can be applied to the estimates of I'g.. derived from fitting

measurements of cross-sections into hadronic final states.

4.6 Indirect effects on LEP precision measurements

A new vector boson of ~ 1 GeV mass can give rise to different types of indirect effects on
LEP electroweak precision measurements. A first effect is a modification of the value of the

15This prevents us to use the asymmetries corresponding to the /5o =~ mg bin, since the two points are
separated by an energy interval of the order of the uncertainty on my .
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electromagnetic coupling constant extrapolated at the large CoM energy scale of the LEP
eTe™ collisions, that can be written as

a(s)

(0%

B 1 — Aoy(s) = Aoop(s) — Aa}(i)d(s)

, (4.19)

where Aay and Aayep are the contribution to the photon vacuum polarization from the
leptons and the top quark, which can be computed perturbatively with good accuracy,
while the five-flavor hadronic contribution Aa}(lz)d has to be extracted from data, and is

determined by the dispersion relation

/
Aaipy(s) = 47r82aP / ds’ U;‘ai(;) : (4.20)
where P denotes the integral principal value. The important difference with the otherwise
similar expression in eq. (2.1) is the 1/s factor in that equation which implies that low
energy data play a dominant role for a,, while e.g. for s ~ M% the low energy contribution
to the integral in eq. (4.20) is much less relevant. Hence, an increased value of the KLOE
result for op,q in the [0.6,0.9] GeV energy range is unlikely to affect the overall agreement
with the LEP electroweak precision data (see also the dedicated analyses in refs. [93, 94]).

Additional subtle effects are related to corrections to luminosity measurements. The
importance of a reliable determination of the LEP luminosity is well exemplified by the
recent reassessment of the LEP measurement of the number of light active neutrino species
N, [95]. During the first phase (LEP-1) high statistics data were collected at and around the
Z pole, providing a wealth of measurements with sub-percent precision [96]. In particular,

the value of N, was estimated from the measurement of the hadronic peak cross section
peak

Opaq Dy means of the relation
M 12 R
N, (gM> — <;Tpe‘;k ~RV-3-6, (4.21)
I MZ Ohad

where I’g}}f[ are the SM predictions for the partial Z decay width into neutrinos and
(massless) charged leptons, RY is the ratio between the Z branching fractions into hadrons
and leptons and 6, ~ 2.26 x 1072 accounts for a small correction from finite m, effects
on the I'M partial width. The combination of the measurements made by the four LEP
experiments [96] led to: N, = 2.9840 £ 0.0082 which had a 20 tension with the canonical
SM value NSM = 3. The measurement is directly affected by biased errors in estimating the
integrated luminosity only through aﬁsgk, all other quantities in eq. (4.21) instead do not
depend on the absolute luminosity. Indeed, the uncertainty on the integrated luminosity
represents the largest contribution to the uncertainty on N,. The LEP luminosity was
determined by comparing the measured rate of Bhabha-scattering process at small angles
with the SM prediction. Recently this determination has been reassessed first by correcting
for a bias in the luminosity measurement due to the large charge density of the particle
bunches which modify (decrease) the effective acceptance of the luminometer [95], and next
by using an updated and more accurate prediction of the Bhabha cross section which is
found to reduce its value by about 0.048% [97]. Both effects go in the direction of decreasing
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the Bhabha cross section with respect to that used in the LEP fit [96], thus increasing
the effective luminosity, decreasing aﬁad, and eventually raising the inferred value of active
neutrino species to IV, = 2.9963 £ 0.0074, in perfect agreement with the SM.

The direct effect of a (constructive) NP contribution to the Bhabha cross section
would instead go in the opposite direction, decreasing the estimated luminosity, and hence
increasing Jﬁzzk and reducing N,. However, at LEP energies the my ~ 1 GeV vector boson
grossly behaves like a massive photon with e-suppressed couplings to electrons/positrons.
The most relevant effect will then come from t-channel -V interference, which in our
case is suppressed by a relative €2 ~ 1074, and thus negligible. An additional indirect
effect is again related to adjustments in the value of the hadronic vacuum polarization
that enters the t-channel photon propagator, and that could modify the value of the a(t)
input to the LEP Bhabha event generators [53]. Yet, given that at the small Bhabha
scattering angles/small momentum transfer (6 < 60mrad, t < (2.8 GeV)?) specific of the
LEP luminosity measurements the hadronic contribution remains small (Aa}(lz)d < 0.008
and at most ~ 30% of the total vacuum polarization, see e.g. ref. [53]) the corresponding
correction remains below the systematic uncertainties. It is interesting to note that, although
both the direct contribution of V' to Bhabha scattering and the indirect effect of increasing
the value of Aaflz)d affect negligibly the LEP luminosity measurement, they go in the same
direction and, for example, both would tend to decrease the central value of IV,.

4.7 LEP limit on V — Z mixing

In the inelastic dark matter model, the interaction between the dark photon and the SM
particles proceed via kinetic mixing between the U(1)y and the U(1)y field strength. This
implies that after electroweak symmetry breaking, the Z boson mixes with the dark photon,
leading to a small modification of the SM electroweak couplings. A complete fit for this
effect in the electroweak precision observables was performed in [98, 99] leading to the
relatively model independent bound:

£ <0.027 (LEP - EW fit). (4.22)

5 Joint solution to the a,-related anomalies

In this section we study in which range of parameters for the model outlined in section 3.1
the indirect NP-induced effects on a,, discussed in the sections 2.2 and 2.3, together with
the direct loop contributions of the new vector boson V' can optimally resolve the various
a,, related discrepancies.

First we present in figure 5 the parameter space in which one can obtain a simultaneous
fit to both the BaBar/KLOE discrepancy and the a, at the 20-level. The blue region
denotes the values of ¢ where the KLOE result is within 20 of the BaBar measurement
assuming that the BaBar result is not modified, while the green region is the area where a,,
fits the experimental result at the 20-level (with both the shift in the data-driven estimate
and the new physics contribution included). As expected from the resonant nature of the
production mechanism, the shift in KLOE data brings it in agreement with BaBar only in
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Figure 5. Parameter range compatible at 20 with the experimental measurement of Aa, (green
region) resulting from a redetermination of the KLOE luminosity, for ap = 0.5,m,, = 0.93 my
and m,, = 18 MeV. In the blue region the KLOE and BaBar results for on,q are brought into
agreement at 20. The red region corresponds to a shift of the KLOE measurement in tension with
BaBar (and with the other experiments) at more than 20. The limit from the electroweak fit at
LEP (gray band), the projection for LHC run-3 [99] (violet dashed line), and the recasting of the
BaBar limit [74] (orange band) are also shown (see text). The hatched magenta region corresponds
to the conservative 20 exclusion from A Apg, while the magenta dashed line corresponds to the more
aggressive exclusion limit (see text).

a narrow region around the ¢ mass. Depending on the strength of the shift, it can account
for up to one-quarter of the full anomaly before leading to new tensions with the rest of
the data-driven experimental results. Conversely, our results can be interpreted as a new
exclusion limit for this type of dark photons centred around the GeV (represented as the
red area in the figure) for which the shift lead to 3¢ internal tension between the different
KLOE measurements. We note that similar exclusions likely exist around the CoM energy
of the different experiments using Bhabha scattering to calibrate their luminosity. The
magenta area represents the 20 “conservative” exclusion using the AApg measurement as
presented in section 4.5, while the dashed magenta line is the “aggressive” exclusion.
When the dark photon mass becomes close to 1 GeV, the KLOE10 [42] analysis result
will receive a correction similar to the one for KLOEOS8 at my ~ 1.02GeV. While this
circumvents efficiently all the ¢-meson related constraints, it also provides a significantly
weaker overall effect since both the KLOEO8 and KLOE12 result are not modified. It can
nonetheless provide a definite improvement in the overall agreement between the data-driven
method and the lattice BMW result, although with a NP contribution almost overshooting
the a, anomaly. Finally, the shift in BESIII does not rely on a tuned my value and will be
active for all vector masses in the GeV region. If a similar effect could be quantitatively
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Figure 6. Theoretical prediction (purple) for a, as a function of € for a dark photon model
with m,, = 18 MeV, m,, = 0.9GeV, my = 1.019 GeV and ap = 0.5. The dashed purple curve
denotes the region where the KLOE(O8 and KLOE10 results are more than 30 away. The blue band
corresponds to the combined BNL and FNAL experimental results after subtracting the direct NP

contribution from the dark photon. The red band shows the prediction obtained with the BMW

LO,HVP
n

lattice estimate of a . The width of the bands represents 1o uncertainties. The grey region is

excluded by LEP.

shown to exist in BaBar, it would represent a generic mechanism to reduce the discrepancies
with the BMW lattice estimate, although at the cost of increasing the tension with the
KLOE results.

In figure 6 we show in purple the £10 band for the theoretical prediction of a, as a
function of ¢ for m,, = 18 MeV, m,, = 0.95GeV, my = 1.019 GeV and ap = 0.5. Since
our analysis only includes the correction to aEVP in the /s € [0.6,0.9] GeV range, we use a
theoretical uncertainty on our result of 35% to account for the missing contribution. The
dashed curve denotes the values of ¢ for which the KLOEOS result is more than 30 away
from the KLOE10 measurement. The red region shows the 10 BMW-lattice computation
and the blue region shows the 1o band for the BNL and FNAL experimental results
after subtracting the direct contribution to a,. The grey area is excluded by a fit to the
electroweak SM couplings at LEP, see eq. (4.22). Therefore, this figure shows the interplay
between the indirect effect of correcting the KLOE(OS, KLOE12 and BESIII results (purple
curve) and the direct NP contribution to a, (blue curve), and identifies the regions where
the experimental result and the lattice and data-driven computation become compatible
at the ~ 20 level. In particular the figure shows that with a specific choice of the model
parameters it is possible to bring the data-driven theoretical prediction in good agreement
with the experimental result while reducing the discrepancy with the prediction based on
the lattice computation below the ~ 20 level.
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6 Conclusions

In this work, we have explored the intriguing possibility that a feebly interacting particle with
mass around the ¢ resonance, that would be produced in e*e™ collisions whenever /s > my,
could contribute to the measured number of ete™ and u™p~ events. This could affect
significantly the estimated luminosity from Bhabha events, thus affecting the determination
of opaq from the number of hadronic final state. It would furthermore contribute to the
ratio between ISR 77y and ppy events used in luminosity independent measurements of
Ohad, implying that some corrections must be applied before the experimental results could
be related to the hadronic contribution to the photon vacuum polarization. Finally it would
also require a reinterpretation of the results on measurements of the di-muon cross-section.
Such a cascade of rather subtle indirect effects can result in increasing the data-driven
estimate of aHVP by a few percent, which suffices to solve the tension between the KLOE
and BaBar determinations of op.4, and to reconcile the estimate of the hadronic vacuum
polarisation contribution aEVP from the data-driven dispersive method with the latest
lattice calculation [31] (as well as with the estimate of aEVP from 7 hadronic decays).

To illustrate the viability of this mechanism, we have constructed an explicit model based
on a iDM paradigm which includes a vector particle mediator V' with mass my ~ 1 GeV.
V' decays mainly proceed via a semi-visible leptonic channel, and can mimic effectively the
Bhabha signature altering the estimated value of the luminosity at KLOEOS, and produce
the required excess of semi-visible muonic final states in the KLOE12 and BESIII analyses.
We have found that in our model the indirect effects by themselves are not sufficient to solve
completely the discrepancy between the experimental determination of a,, and the prediction.
However, the vector boson mediator will also contribute directly to a, via genuine NP loop
contributions, and we find that when direct and indirect effects are considered together,
the a, discrepancy can indeed be solved, (with about 1/4 of the discrepancy accounted
by indirect effects, and 3/4 by direct loop effects). Clearly, the new vector boson will
also contribute to the anomalous magnetic moment of the electron (¢ — 2).. However, the
corresponding correction is strongly suppressed by the naive rescaling factor m?2/ mi, which
ensures that the NP effect remains an order of magnitude below the current constraints.
The simple model that we have put forth also provides an adequate light dark matter
candidate with a rich phenomenology which might be worthwhile exploring further. On the
long run, we hope that our work can provide further motivations to the search for similar
“stealthy” dark photons characterised by the required semi-visible decays. Eventually, since
the most important effect in our construction is that of shifting agvp to larger values, a
crucial test of the whole idea could come from the MuonE experiment [100-103], as well as

EVP on the lattice.

from new high precision determinations of a
Note added. As this paper was being finalised, the work [104] appeared which studied
the possibility of reconciling the data driven and the lattice determinations of aEVP by
invoking a light NP mediator that directly modifies oy,,4. The authors concluded that such
a possibility is excluded by a number of experimental constraints. The NP effect explored
in this work is of a completely different nature, and it leads to different conclusions. In first
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place, it does not modify directly op.q at a significant level. Moreover, as we have shown,

HVP

L , it can

besides allowing to reconcile the data driven and the lattice determination of a
also bring into agreement the KLOE and BaBar results for op,q.
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