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Recent lattice determinations of the hadronic-vacuum polarization contribution to the muon anomalous
magnetic moment aleP have confirmed the discrepancy with the data-driven dispersive method. In the
meanwhile the CMD-3 Collaboration has reported a result for the eTe™ — 7"z~ cross section considerably
larger than previous experimental results (and close to the lattice determinations) exacerbating the
discordance between different e"e~ datasets. We explore to what extent these disagreements can be
accounted for by some new physics effect altering selectively the individual experimental determinations of
o(eTe™ — hadrons). We find that specific effects of GeV-scale new particles are able to shift upwards the
KLOE and BABAR results in the low and intermediate energy windows, while leaving the CMD-3 energy
scan unaffected. Although these new physics effects cannot fully explain all the discrepancies among the
different 6(eTe™ — hadrons) datasets, they succeed in mitigating the overall tension between data-driven

and lattice estimates of a};‘VP . Remarkably, the additional loop corrections involving the new particles

concur to solve the residual discrepancy with the experimental value of (g —2),.
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I. INTRODUCTION

The theoretical uncertainty in the Standard Model (SM)
prediction for the anomalous magnetic moment of the
muon a,, is currently dominated by the error associated with
the hadronic-vacuum polarization (HVP) contribution
afVP. The recommended value for the leading order
HVP correction [1] is based on e"e~ — hadrons cross
section data, and reads,

ayOHVP = 693.1(4.0) x 10710, (1)

data-driven

This yields the SM prediction [2-21],

aM = 11659181.0(4.3) x 10719, (2)
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Comparing this result with the current experimental world
average obtained by combining the previous BNL [22] and
FNAL [23] results with the new FNAL determination [24],

a® = 116592059(22) x 10711, (3)

leads to a tension at the level of So.

On the other hand, a;/* can be also computed from first
principles by means of QCD lattice techniques. The most
precise lattice result, obtained by the BMW Collaboration

[25], is

LO,HVP _ —10
a 0P| =7075(5.5) x 107, (4)

which is in tension at 2.1¢ with the data-driven determi-
nation in Eq. (1) and, most noticeably, would reduce the
difference with the experimental value in Eq. (3) to 1.56.

Clearly, a confirmation of the correctness of the BMW
result would have a major impact on assessing the need for
new physics (NP) to account for the measured value of a,,.
Unfortunately, lattice-QCD results are generally affected by
large systematic and statistical uncertainties mostly related
to the infinite volume and continuum limits, which have so
far prevented high-accuracy determinations of the HVP.
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However, specific parameter-space regions exist in which
the previous uncertainties are under better control, and
within these regions more precise results can be obtained.
The so-called short, intermediate and long Euclidean time-
distance windows (respectively labeled with SD, W, and
LD) were first defined by the RBC/UKQCD Collaboration
in Ref. [26]. Weight functions are introduced in the HVP
integrals, which allow to select only certain regions in
parameter space, and in particular regions that are less
affected by the sources of uncertainty. In recent years,
precise lattice-QCD determination of partial HVP integrals
became available. The determination of the HVP contribu-
tion of the intermediate window a!l¥? provided by the BMW
Collaboration [25], by the CLS/Mainz group [27], by the
Extended Twisted-Mass Collaboration (ETMC) [28], by
Lehner and Meyer [29], by Aubin et al. [30] (which updates
their previous result [31]), by the yQCD Collaboration [32]
and, very recently, by the Fermilab Lattice, HPQCD, MILC
[33], and RBC/UKQCD Iattice Collaborations [34], are in
overall good agreement, giving strong support to the reli-
ability of lattice evaluations. At the same time they shed some
motivated suspicion on the result of the dispersive method
which, in the same window [35], is several ¢ below the
average of the lattice results.! In contrast, in the short-
distance window no substantial discrepancy has been
encountered [28] (see also [37]). The deviation between
the lattice results and the data-driven determination may thus
be interpreted as an effect of NP that is localized in the
intermediate and possibly large-distance windows.

In Ref. [38] it was pointed out that, besides direct NP
loop contribution to (g —2),, additional NP effects acting
indirectly on the way oy,q is extracted from the exper-
imental data were needed in order to reconcile the various
discrepancies known at that time,> and a class of NP
scenarios in which specific types of indirect effects can
affect the various experiments in different ways was put
forth.

This is an important feature in view of the fact that
besides the 4.2¢ discrepancy between the data-driven SM
prediction for a, and the experimental result and the

"The tension between the dispersive method [35] and the
individual results of different lattice collaborations is around 4c¢
[25,27,28,34]. Reference [28] quotes a 4.5¢ tension for the
combined BMW, CLS/Mainz, and ETMC results neglecting
correlations. Reference [36] quotes a 3.86 tension for the combined
BMW, CLS/Mainz, ETMC, and RBC/UKQCD assuming 100%
correlation.

The need to resort to indirect effects on the measurement of
Onaq t0 account for the a, discrepancies is also warranted by the
fact that, as was argued in Ref. [39] (see also Ref. [40]), the
possibility of solving the lattice/data-driven discrepancy relying
only on direct NP contributions to the e™ e~ — hadrons process is
excluded by a number of experimental constraints, as for example
the global electroweak fits, which would enter in serious tension
with observations, because of modifications of the hadronic
contribution to the running of the fine-structure constant [41-44].

discrepancy of comparable significance with the lattice
results for ail¥?, significant disagreements between differ-
ent experimental determinations of o},,4 are also present. In
particular, the long-standing ~3c discrepancy between
KLOE and BABAR, which provided the two most accurate
determinations of oy,,4, i now overshadowed by the new
CMD-3 measurement of the ete™ — ztz~ cross section
[45].3 The result of this measurement yields a value of
0.+, well-above previous results. In particular, in the
energy range /s € [0.6,0.88] GeV the CMD-3 contribu-

tion to ag®™" is more than 56 above the contribution
estimated from KLOE data [45,47].

The aim of this work is to study in details whether the
class of new physics scenarios introduced in Ref. [38] can:

(1) Solve the discrepancy between the data-driven and

lattice evaluation of the HVP contribution afi¥? in
the intermediate window.

(2) Solve the discrepancy between the full experimental

measurement a;, " and its data-driven counterpart.

(3) Improve the consistency between the different data-

sets used for the data-driven estimate of the HVP
contribution a;P,

We will thus study the impact of indirect NP effects on the
intermediate energy window aii¥? for the different datasets
that we label as KLOEOS [48], KLOE10 [49] KLOEI12 [50],
BESIII [51], BABAR [52,53] (for which we perform for the
first time a full study of the published results), and CMD-3
(for which we estimate the a}l¥? contribution using the data
in the ancillary files of Ref. [45]).

Finally, we also include in the final fit the most recent
SND 2020 result [54], the results from CMD-2 [55-57] and
the older SND 2006 measurement [58].

This work extends the study of Ref. [38] in several
important ways. First, we include a simulation of the
BABAR analyses in the MadGraph5_aMC@NLO platform
[59] that uses the muon method for the determination of
Ohad [52,53]. Secondly, we estimate the contribution to
ai™* in the intermediate energy window from the CMD-3
measurement reported in Ref. [45], and we compare this
new piece of information with the corresponding results
from other experiments and from the lattice. Third, we

’It should be remarked that a recent study of higher-order
radiative processes in eTe™ — utu~y and eTe” — zT a7y events
performed by the BABAR Collaboration at NNLO [46], pointed
out that the different treatment of these events adopted by
different experiments that determine oyp,q(s) thorough the radi-
ative method may explain the discrepancy between KLOE and
BABAR. However, the discrepancy with CMD-3 that is using the
scanning method cannot be explained in a similar way.

“The BABAR analysis requires a visible photon in the detector
acceptance and two reconstructed muons tracks. The correspond-
ing NP process is thus e™e™ — yV, along with the semivisible V
decay. More details about the reconstruction procedure used for
BABAR are given in Appendix A.
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refine the simulation of the experimental efficiencies of the
NP signal.

All in all, we find that within our scenario a good
consistency between (g — 2), values inferred from lattice,
data-driven, and experimental results can be recovered,
although the consistency between the different o},,4 datasets
can only be marginally improved. In particular, we find that
the dominant repercussions from NP processes on the
determination of oy,y are confined to the low- and inter-
mediate-energy windows while the high-energy window
remains largely unaffected, which is in nice agreement with
lattice indications. A final remark is in order regarding the
recent CMD-3 measurement of ¢+ ,-. Since this measure-
ment is performed with the energy-scanning method in the
energy range /s €[0.6,0.88] GeV [45], that is at c.m.
energies well below the V resonance, it is clear that their
result cannot be affected by the NP construction of
Ref. [38]. Hence, in our scenario the good agreement
between CMD-3 and the lattice results, and the marked
disagreement with other experiments performed with the
radiative method at /s ~ My or at /s > M, has a natural
explanation.

In Sec. II we briefly summarize the experimental and
lattice status and introduce the time windows’ kernels. In
Sec. III we discuss the various indirect effect that GeV-scale
NP can have on the determination of oy, with the
dispersive approach. In Sec. IV we introduce a phenom-
enological NP scenario wherein a viable solution to all the
a, window discrepancies can be provided. Finally, in
Sec. V we draw our conclusions.

II. TIME WINDOWS’ KERNELS AND
THE DATA-DRIVEN APPROACH

The full HVP contribution to a, can be decomposed as
the sum of three terms corresponding to the three windows
SD, W, and LD [26],

HVP — HVP + aHVP + aHVP (5)

Ay LD °

that on the QCD lattice correspond to different Euclidean
time windows. Each term is obtained by modifying the

TABLE IL.
HVP

integration kernel using predefined smooth step functions
in order to exponentially suppress contributions from other
regions. In the time-momentum representation, the HVP
contribution to the muon anomalous magnetic moment is

alvP = <%)2 /O " Gk (1)G(1), (6)

where K(1) is a kernel function (given in Appendix B of
Ref. [60]) and G(r) is given by the correlator of two
electromagnetic currents. The windows in Euclidean time
are defined by means of an additional weight function:

Osp(t) =1 —-0(t, 19, A),

Ow(t) = O(t, 1y, A) — O(t,1,, A),
OLp(t) = O(t, 11, 4),
1 s
o(,7,A) :5(1 +tanhtAt>, (7)

with parameters ty = 0.4 fm, t;, = 1.0 fm, and A = 0.15 fm.
In order to compare with the data-driven approach, the
HVP contributions can be written as

1 ~( E A
aiV? = _3/ EK <_> Ohad(E)Oi(E)dE,  (8)
Ey, m

2w y

where E is the e e‘ c.m. energy, Ey, the threshold energy,

fo dy eyl

mass, Ghyq = J(e e — hadrons), the index i = LD, W, SD
refers to a specific window, and [28,35]

7 is the kernel function, m,, the muon

. © dtt?e 'K (m,1)0;(t)
®i(E) = fo foo di? —EtKﬂ >
5 e (my,t)

©)

where the kernel function is defined as

Results for the short-distance, intermediate- and long-distance windows contributions and for the total
contribution to a,. The results for the data-driven approach [35] are given in the first line, and QCD lattice

results [25,27,28,34] in the following lines. The lattice average from Ref. [36] assumes 100% correlation. All

numbers are in units of 10710,

ally? alive altyP a/r;rvp
Data-driven [35] 68.4(5) 229.4(1.4) 395.1(2.4) 693.0(3.9)
BMW [25] 236.7(1.4) 707.5(5.5)
Mainz/CLS [27] 237.30(1.46)
ETMC [28] 69.27(34) 236.3(1.3)

RBC/UKQCD [34] 235.56(82)

Lattice average [36] 236.16(1.09)
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— BMW [25]
- CLS/Mainz [27]
—— ETMC [28]
—— RBC/UKQCD [34]
—— Av. lattice [36]
e R-Ratio (Colangelo et al. [35])

227 229 231 233 235 237 239
a\};vVleoll)

FIG. 1. Comparison of the results for the intermediate window
contribution to afV* from the data-driven approach [35] (region
in red) and from four lattice computations (BMW [25], CLS/
Mainz [27] and ETMC [28], RBC/UKQCD [34] in blue). The
black point and the blue region correspond to the average given in
Ref. [36] of the four lattice results assuming conservatively a
100% correlation.

K(z) =2/Oldy(1 -) [1 —J%(Z\/Zl—yjﬂ,

with jo(x) = sin(x)/x.

In Table I, we collect the results for the windows con-
tributions to the HVP taken from Refs. [25,27,28,34,35]. We
see that while there are no indications of sizeable discrep-
ancies in the short distance window, in the intermediate
window the disagreement between the lattice and the data-
driven results is remarkable. Figure 1 summarizes the
situation for the intermediate window. The data-driven result
of [35] corresponds to the red data point and shaded region,
the four lattice computations [25,27,28,34] correspond to the
black data points, and their average [36] obtained by
assuming conservatively a 100% correlation correspond to
the blue data point and shaded region. It is clear that the 2.1¢
discrepancy between the data-driven and the BMW lattice
evaluations of the total afV" is exacerbated in the inter-

mediate window. Mostimportantly, the BMW result for a}}¥?
is confirmed independently by the recent results of the
Mainz/CLS [27], ETMC [28], RBC/UKQCD [34], and
Fermilab, HPQCD, and MILC [33] lattice Collaborations,
strengthening the confidence in the reliability of the lattice
approach.

III. GeV-SCALE NEW PHYSICS INDIRECT
EFFECTS ON THE DATA-DRIVEN
DETERMINATION

The data-driven method relies on the assumption that all
the processes that concur to determine oy, are SM
processes. In presence of GeV-scale new physics, and in
particular in the case the relevant couplings are sizeable
enough to affect the muon (g — 2),,, this hypothesis can fail
at multiple levels.

To give an example, when the hadronic cross section is
directly inferred from the detected number of hadronic

events, a relation similar to the following one is generally
used:

d0had _ Nhaa = Noka
ds' e(s"L(s") ~

(10)

where Ny,q 1s the measured number of hadronic final states
produced in e'e” annihilation with final-state invariant

mass /s, Npia 1s the estimated number of background
events, €(s’) is the detection efficiency, and L(s’) the

luminosity for final states with invariant mass Vs , corre-
sponding to the c.m. energy of the collision (which, in
experiments that exploit initial state-radiated photons to
scan over ', is different from the electron/positron c.m.
beam energy +/s). A crucial observation is that each one of
these quantities can be affected by the presence of NP. In
particular £(s’) is generally determined by comparing the
measurements of some other process (e.g., Bhabha scatter-
ing) with the SM theoretical expectation.

A. Luminosity estimate from Bhabha scattering

In order to extract the hadronic cross-section oy, at the
subpercent level, the experimental luminosity must be
precisely measured.

In the two earlier analysis of the KLOE Collaboration
[48,49] (referred to as KLOEO8 and KLOE10), the lumi-
nosity was inferred by comparing measurements of the
Bhabha cross section e™e™ — eTe™ at large angles with the
SM predictions from high precision Bhabha event gener-
ators [61-63]. As discussed extensively in [38], a new
physics contribution to Bhabha scattering able to affect the
determination of oy,4 at the required level via an incorrect
determination of L(s"), should be of the order of ~O(1 nb).
This can be obtained for instance by resonantly producing a
new boson of mass close to the KLOES/KLOE10 c.m.
energies. In the following, we will assume a phenomeno-
logical setup in which a dark photon (DP) V with a mass
around the GeV, decays semivisibly yielding the required
excess of eTe™ events, together with some missing/energy
momentum associated with additional invisible decay
products.

A remark is in order regarding the present treatment of
the BESIII dataset with respect to our previous analysis
[38]. The most recent measurement of BESIII [51] relies on
Bhabha scattering to calibrate the luminosity instead of the
ratio with muon final states (both methods are used in the
paper, but the Bhabha approach is eventually preferred due
to the smaller experimental errors). Thus, the overall shift
that we obtain for BESIII in the present analysis is sizeably
smaller than in our previous analysis. However, this does
not impact strongly the overall fit due to the relatively large
error bars of the BESIII [51] measurement compared to the
KLOE and BABAR results.
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B. The 6 (ppy) method

More recent measurements, including KLOE12 [50] and
BABAR [53] estimate the luminosity directly from the
number of di-muon final states which can be collected
along with a zzy dataset. While this approach allows for the
approximate cancellation of many systematic uncertainties,
it relies much more critically on the SM-only hypothesis
due the much smaller SM puy cross section compared to
Bhabha. NP effects do not require a tuning of the masses of
the new particles involved to be relevant for affecting
analyses that adopt this strategy. Relevant effects can be
quite generically expected for any GeV-scale new boson
with a coupling to muons sufficiently large to explain the
(9 —2), anomaly via new loop contributions. Since oy, is
eventually obtained by multiplying the ratio of events
Nzzy/ Ny by the theoretical SM muon production cross

section oah!, any excess of NP-related yuX events must be
subtracted from the dataset in order to obtain the correct
value of oy,4. If, under the assumption of SM u-production
only, this is not done, the inferred value of ¢,,4 will be
lower, given that the NP-related u+u~ events contribute to
the normalization factor of the hadronic events. If instead
the NP origin of some u*p~ events is accounted for, the net
effect is to increase the inferred value of oy,y.

In a general DP model, decays of the hypothetical boson,
besides additional u "~ events, may also lead to additional
hadronic final states. However, the fact that at the p/w peak
the SM-rate for the hadronic processes are larger than that
for u" u~ production by an order of magnitude, implies that
the NP effects in the hadronic channel are much less
important than in the muon channel. To clarify further this
point, let us consider two-pion events of NP origin that,
because of the missing energy/momentum associated with
the V invisible decay products, are reconstructed at
invariant masses laying within the p region. These events
are produced via excitation of the V resonance at /s ~
1 GeV and as a result, their rate is not increased by the
hadronic resonances that require Vs ~m , to contribute to
enhance the two-pion channel.’

If we assume universality for the V couplings (for
example proportionality to the electromagnetic charge),
than the number of muonic and hadronic final states of NP
origin that are reconstructed with invariant mass within
the p region will be roughly comparable. As a result, this
effect will be much more significant for the u channel than
for the n channel. The dominant effect of V-quark
interactions is in fact that of reducing the branching ratio
for decays yielding dimuons in the final state. A naive

In fact, the attempt to fit the anomaly via the direct
interference of NP contributions to the e*e™ — hadrons process
carried out in Ref. [39] (see also Refs. [40,64]) requires (using our
notations) e, (e, — €4)| ~2 x 1072; that is, couplings that are
much larger than those required to render effective our indirect
effects.

estimate of this effect by accounting for hadronic events
induced by off shell V* mixing with the p leads to a
reduction of the NP shift by roughly one half. However, an
additional complication is that if NP contributes to the

hadronic channel, then the inferred o, = oo + 6N,
cannot be directly related to the photon HVP, since one
should first extract the pure QED contribution. While
keeping in mind these caveats, in Sec. IV we will simply
adopt a phenomenological model in which it is assumed
that the V coupling to the pions are sufficiently suppressed
with respect to the couplings to the charged leptons,
leaving for future work a detailed estimate of hadronic
effects in the representative case in which V-quark
couplings are fixed by some universality condition.

C. Background subtraction

The precise subtraction of background events is a key
issue in most experimental analyses, since only the true
hadronic final states must be retained, while spurious
events must be identified and rejected. For instance, an
important background considered by KLOE for the analy-
sis using the puy events is the 7~z z° final state, as well as
upy events that can also be misidentified as 7~z "y. This
issue may be particularly important for the KLOE analysis,
due to the fact that the particle identification between
muons and pions relied on the so-called computed track
mass m;,,. The latter is defined in terms of the momenta p
and p_ of the reconstructed positively and negatively
charged tracks, based on the energy-conservation relation

2
(V=P tmi=l5-P ) =174 7P =0,
(1)

which assumes a SM process containing a real photon with
E, =|p,| = =|p- + p.|. For NP events with additional
missing energy, as for example the four-body process
ete” >V > utuyy; where V is a hypothetical DP
produced on shell whose decay products also contain the
invisible particle y,, energy conservation would imply the
replacement |p_+ p.|* = (E, + E,)*. Experimentally,
muons and pions from these events would thus tend to
yield track mass solutions with values somewhat larger than
for the SM process. In fact, a full simulation shows that the
track mass distribution for our ppuy,y, final states are
roughly flat, with a lower threshold at the muon mass. As
the KLOE Collaboration eventually rely on a fit on
Monte Carlo (MC)-based distributions to distinguish the
uuy, wmy, and 7t 7~ 20 sample, the effect of injecting a NP
signal which does not directly match any of these distri-
butions cannot be easily estimated, in the lack of access to
the simulation tools used by the collaboration.
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D. Efficiencies

All analyses rely to a certain extent to a tag-and-probe
approach to derive their efficiencies from the data. This two
step process works as follows:

(i) The selection cuts are applied on the dataset,
requiring only one u/z track. When available,
particle identification requirements are made more
stringent on this track. This forms the data control
sample.

(i) A kinematic fit is performed on the track along with
the reconstructed photon to determine the most
likely localization for the opposite charge u/x, with
the tagging and reconstruction efficiencies obtained
by comparing with the reconstructed event.

Critically, the differences between the MC and the data on
this sample are eventually used to apply a mass-dependent
data/MC correction. If NP events are included in the data
control sample, the efficiency estimate will be biased.
Additionally, since the NP does not necessarily treat zz
and up final states on equal footing, there is no reason to
expect that the efficiencies will cancel in the ratios between
zzr and pp events, as is broadly expected in the SM. In the
KLOEI2 analysis, these efficiencies have been found to
agree with the MC simulation within a few per mil, leaving
little room for a significant NP effect. On the other hand,
corrections at a few percents are used in the BABAR
analysis. A complete study of the potential NP effects in
the determination of the efficiencies should be undertaken
directly by the experimental collaborations.

IV. EXPLICIT MODEL AND RESULTS

An example of how the NP contributions to Bhabha and
eTe” — 't~ events needed to account for the various a,-
related discrepancies (while evading all other experimental
constraints) was provided in Ref. [38], that adopted the
inelastic dark matter model of Refs. [65-67] in which a
dark Abelian gauge group U(1)p, kinetically mixed with
U(1)qgp, is spontaneously broken by the vacuum expect-
ation value of a dark Higgs S. For simplicity here we
assume a simple phenomenological setup along the lines of
the model of Ref. [68] in which a new J = 1~ vector V
couples to a current J4, that is a linear combination of the
SM fermion currents. In addition, we assume that V has
also an off-diagonal coupling to two Majorana dark
fermions y ,,

L>=eV,Jy—gpViar'xi. Jy= Z efr'fio (12)
i=u,df.v

where e is the usual QED coupling while gp is the V
coupling to the dark sector fermions. For the parameters
appearing in J) we assume ¢; < 1 and, in particular, a
relative suppression of the neutrino with respect to the

charged leptons couplings, sufficient to evade the con-
straints from neutrino trident production [69] as well as
other neutrino-related constraints [70], that is €, <€, =~
€, = ¢ (where the parameter ¢ should not be confused with
€ that refers instead to the efficiency). We also assume a
certain suppression of the V couplings to the light quarks
(€,.4 S €) to justify the approximation discussed in the
previous section of neglecting NP contributions to
e"e™ — hadrons. Finally, the two Majorana dark fermions
are characterised by a certain mass splitting Am,, and, in
particular, the lightest one may also play the role of a dark
matter particle. This model provides all the conditions
required to shift the luminosity estimates based on mea-
surements of Bhabha events and to generate additional di-
muon events. Since the most worrisome discrepancy
among the various datasets is represented by the low
values of oy, reported by the three KLOE analyses, we
fix the V mass close to the KLOE c.m. energy. More
precisely, since for KLOE08/12 /s = 1.020 GeV while
for KLOE10 /s = 1.0 GeV, we fix My = 1.001 GeV so
that the KLOEIOQ measurement is also affected by NP
events.

In order to avoid bounds from light resonances searches,
the DP main decay channel must consist of multibody final
states, including a certain amount of missing energy. With
m, +m, < My, V decays proceed mainly via the chain
V= yixe = nete (uwhpT), with BR(V = yipo) ~
100% and BR(V — ete™,utp~)  £2. In particular, to
ensure that the ete™ and u*u~ events from V decays will
carry away sufficient energy to populate the datasets after
the experimental cuts, we choose m,,, ~0.97TMy > m, ~
3 MeV (the dark matter mass does not play a critical role as
long as m, < O(10) MeV).

This is possible by assuming that a new boson produced
resonantly around the KLOE c.m. energy decays promptly
yielding e*e™ and p*u~ pairs in the final state. This can
give rise to three different effects:

(1) 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,4.

(2) The additional u"u~ events will affect the determi-
nation of oy, via the (luminosity-independent)
measurement of the ratio of #7772~y versus u u~y
events.

(3) Loops involving the new boson would give a direct
contribution to the predicted value of a,,.

All these effects were discussed in detail in Ref. [38], where
it was concluded that a new gauge boson V of mass close to
the mass of the ¢ meson My, ~ M, ~1.020 GeV was able to
release the tensions between the KLOE and BABAR results
for 61,4, the data-driven and lattice determinations of aj}; ",
and the measured values of a, with the theoretical predic-
tion, without conflicting with other phenomenological
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constraints. Yet, in Ref. [38] a complete agreement among all
the datasets could not be reached, and this was essentially due
to the fact that one of the three KLOE measurements of 6y,
(commonly referred as KLOE10 [49]) was performed at a
c.m. energy 20 MeV below the V resonance, thus remaining
unaffected by the NP.

While we adopt the same theoretical model of Ref. [38],
here we shift downwards by a few MeV the location of the
V resonance. With respect to the analysis in Ref. [38] such a
small shift leaves the NP effects on the BABAR dataset
essentially unmodified, because it operated at a c.m. energy
much larger than My (/s = 10.6 GeV). For KLOEOS
and KLOEI12, that collected data at the ¢ resonance
(/s = 1.02 GeV), the NP effects are somewhat reduced
but, due to radiative return on the nearby V resonance, are
still significant. Most importantly, now the KLOEI10
luminosity measurement get also affected by additional
Bhabha events of NP origin, resolving the tension observed
in Ref. [38] between the KLOE10 and KLOEO8/KLOE12
determinations of oy,q.

A. Window anomaly and GeV-scale new physics

Once the masses of the NP particles have been fixed, we
compute the absolute shift for KLOEOS, KLOE10, KLOE12,
and BABAR as the function of the coupling e. Table II shows
the shift due to DP related events for the different experi-

ments in the energy region v/s’ € [0.6,0.9] GeV (in which all
the experiments have provided the relevant information) and
for e = 0.0125. It can be seen that the indirect NP contri-
bution in the short-distance window is negligible with respect
to the ones in the intermediate and long distance windows.
This is because the corresponding weight function strongly
suppresses the SD NP contribution.

Figure 2 shows the evolution of the shift in the
contributions to aff¥? from the intermediate window,
resulting from our NP model, as function of the parameter
e. The dark region at ¢ > 0.027 is excluded by the limit

TABLEIL Indirect new physics contribution to a!!"* for the 7z
channel in the short-, intermediate-, and long-distance windows
for KLOEO8 [48], KLOEI10 [49], KLOEI12 [50], and BABAR
[52,53], in units of 107'°(¢/0.0125)> and in the range
Vs’ =[0.6 —0.9] GeV. The last column shows the total 7z
channel SM contribution in units of 10710, computed in the
relevant /s’ range from the data publicly available in the
literature. The theoretical errors are not shown (see the discussion
in the main text).

Lattice Av.

[
/

CMD3

BaBaR

AaWHVPX 1010

Data-Driven + NP

KLOE

EW Fit

2t

my, = 0.97 my , mm =3MeV, my =1.001 ge\/ | |
0.001 0.002 0.005 0.010 0.020

E,,:Ee

FIG. 2. Theoretical estimate for the shift in a, in the inter-
mediate window compared to the data-driven result for KLOE
(orange region), BABAR (green region), CMD-3 (aquamarine
region) and for the full data-driven combination (dark red region).
All the bands show the 16 regions. Aai? = aiVP () — atlVP(0)
in the vertical axis is the NP contribution with respect to the SM
data-driven estimate. The lattice result from Ref. [36] is shown in
blue. For reference we also depict in dark gray the excluded
region from LEP for the case of a kinetically mixed dark photon
model.

from electroweak precision observables derived in
Refs. [71,72] for the case in which V is a kinetically
mixed dark photon. Note that in any case the direct-loop
contribution to a,, significantly overshoots the experimental
value. We did not include in our estimates possible effects
from background subtraction and corrections to the effi-
ciency, as they cannot be estimated in a reliable way. For
this reasons we believe that the NP effects are likely
underestimated.

Several comments are in order. In first place, the shifts
due to NP are estimated only for the energy range
Vs’ =[0.6,0.9] GeV, which corresponds to about half of
the HVP contribution in the intermediate window.® For v/s’
above the GeV no NP effects are expected, since e'e™
(uTu™) events with such an invariant mass cannot originate
from the V resonance with My, ~ 1 GeV. However, the range
Vs’ < 0.6 GeV will also contribute to the overall shift. In
order to account for (1) the missing data relative to the Vs <
0.6 GeV range, (2) the potential NP effects on background
subtractions and on the efficiency calibration procedure, and
(3) the effect of experimental smearing described in

agl[\)/P.NP a&VP.NP aESIP.NP t}ét\g.SM
KLOEO8 0.03 0.31 0.69 368.7
KLOE10 0.65 6.66 15.07 366.0
KLOEI2 0.06 0.63 1.43 366.6
BABAR 0.59 6.67 15.68 376.7
CMD-3 .. . . 383.7

®We do not include the results on e*e~ — KK provided by the
SND [73] and CMD-2 [74] Collaborations. Since eTe™ — KK is
dominated by the ¢ resonance peak, similarly to KLOEOS also
these results will likely be shifted due to their calibration of the
luminosity via Bhabha scattering events. However, we can expect
that the overall effects of these additional measurements will be
small, due to both the large experimental errors and the small
contribution from KK final states to the total HVP.
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Appendix A, we include a 50% theoretical error on the
overall size of the shifts generated by the indirect NP effects.

To estimate the window contribution afi¥? from the
CMD-3 data in the energy range /s €[0.6,0.9] GeV we
have used the values of the pion form factor |F,|? given in
the ancillary files of Ref. [45] to compute the two-pion

cross section, from which the afl¥? contribution is derived.
We obtain
HVP.CMD-3 =114.5(1.2) x 1071, (13)

V5/GeV €[0.6.0.9]

Since in our scenario the evaluation of a;/¥* from CMD-3

data does not receive NP contributions (a{,I,VP‘NP = 0) the
value in Eq. (13) remains constant across all values of &,
see Fig. 2.

An important improvement of the present study with
respect to Ref. [38] is that the residual internal discrepancy
within the KLOE experimental datasets that was formerly
observed in correspondence with the largest values of ¢ is
now resolved. This is due to the fact that in Ref. [38] the V
mass was fixed at the value My ~ M, so that the NP was
affecting KLOEOS and KLOE12, but not the KLOE10 data,
that were taken at a c.m. energy 20 MeV below the ¢
resonance. Once ISR effects are included, the slightly lower
value My ~ M4 — 17 MeV adopted in this paper is enough
to mitigate this issue, since now all the three KLOE datasets
include e-dependent NP contributions.

Finally, our estimate of the af}¥* for CMD-3 in their full
range 0.327 < /s/GeV < 1.199 is

aHVP,CMD—3

m =139.4(1.6) x 10710, (14)

V/s<1.2 GeV

B. Internal discrepancies of the o},,q datasets

The measurements of oy,q performed with the energy
scanning method is not affected by the NP when the data
points are taken at /s < My. This is the case for the data
points used by the CMD-3 Collaboration to compare their
results with the ones of the other experiments, which fall in
the interval /s € [0.60,0.88] GeV [45]. Note that the
CMD-3 result is a couple of ¢ above BABAR, several ¢
above the combined KLOE result, and quite close to the
lattice estimate, in nice agreement with what is expected in
our scenario. However, for the same reason also the CMD-2
[55-57] and SND [54,58] results are not modified. This
implies that the NP scenarios discussed above cannot
mitigate the discrepancy between CMD-3 and CMD-2/
SND datasets.

Altogether, nine experimental results are included in our
fit. While the /s regions probed by each analysis differ,
they all overlap in the /s € [0.60, 0.88] interval. As a first
measure of the (dis)agreement between the different deter-
minations of 6y,,q, we estimate the p-value of af!¥" for the

----- Std Dev. from g},,4 data

5l ——— Std Dev. from Aay,™" and a,>® ]

..................
________________
"
.........
............

o my, =0.97 my , my, =3Mev,mv‘=1.001 GeV |
0.002 0.005 0.010 0.020
£,= &

FIG. 3. Standard deviation of the global fits to the internal
consistency of the data-driven dataset, and to the window
anomaly as a function of ¢ for m, =3 MeV, m,, = 0.97Tmy,
my = 1.001 GeV, and ap = 0.5.

corresponding  datasets, within the overlapping c.m.
energy range.7 We find that in the SM-only hypothesis,
the datasets present a discrepancy at the ~4.5¢ level. Note
that this p-value is not linked directly to the window anomaly,
and simply represents a test of the self-consistency of the
different datasets under the SM-only hypothesis.

We have also estimated the likelihood including the
consistency in the intermediate window of the averaged
data-driven result atY?| .., with the lattice estimate a¥%|,,,,
as well as the consistency between the FNAL experimental
result a,” and the prediction based on the BMW lattice
result. For this latter case there is substantial agreement with
the SM-only case, however, our NP scenario also implies a
direct (loop-induced) contribution to a,, that should be
removed from a; " to obtain the SM-only prediction based
on the BMW’s HVP result.

We show in Fig. 3 the result of both global fits,
expressing for convenience the p-value in term of standard
deviations for our benchmark parameter point. The window
discrepancy corresponds to the blue curve, and we see that
for values of the coupling above ¢ ~ 0.012 it decreases well
below 26. In contrast, the inner tension within the exper-
imental datasets, that correspond to the orange dashed
curve, is only very mildly mitigated regardless the value of
e. Finally, in Fig. 4 we illustrate the impact of the direct and
indirect NP effects on the overall scenario of the a, related
discrepancies. We see that a remarkable improvement in the
agreement among the various theoretical and experimental
determinations can be obtained for £ ~ O(1%).

The fact that our mechanism can solve the discrepancies
between lattice and data-driven results both for the total and
intermediate windows HVP contributions without invoking
modifications of oy,4 above 1 GeV, is consistent with the

"Note that the KLOEO8 and KLOE12 measurements are
partially correlated [50].
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FIG. 4. Shifts in the prediction of the data-driven results
from KLOE (orange band), BABAR (green band), CMD-3
(aquamarine band) and from the average of the eTe™ data (brown
band), as a function of & for m, =3 MeV, m,, =0.97my,
my = 1.001 GeV, and ap = 0.5. The gray band corresponds to
the experimental world average Eq. (3) with the direct NP
contribution to a, from NP loops subtracted out. For reference
we also depict in dark gray the excluded region from LEP for the
case of a kinetically mixed dark photon.

literature on this topic [75] in that it relies on a local change
within the /s €[0.60,0.9] region, and not just on an
uniform shift in the low-energy zz region. This possibility
has been also confirmed by the recent dedicated analysis
presented in Ref. [76], where it is shown that the results of
the dispersive method can be reconciled with those of the
lattice approach by modifying the hadronic experimental
spectrum in the p region. On the other hand, our model does
not succeed in reconciling all the discrepancies between the
various oy, datasets and, as we have seen, the improve-
ment with respect to the SM-only hypothesis remains
marginal for all values of e. This issue has two facets.
The first one is that the NP shift is larger for BABAR (and
KLOEI10) than for KLOEO8/12. However, without NP
corrections BABAR results are already above KLOE. This
situation can be improved by adding another dark photon
sitting at a somehow larger mass, corresponding to the
KLOEO08/12 c.m. energy. We have estimated that with this
setup the overall tension in the o}, dataset can be reduced
to around 2.60, see Appendix B. The fact that the overall
agreement cannot be further improved is because of the
additional large discrepancies that are present between the
results of experiments that rely on the energy-scanning
method, and in particular CMD-3 vs CMD-2/SND. Indeed
these experiments would be affected in similar ways in any
NP scenario, we thus believe that this second facet points
towards the possibility of experimental problems.

V. CONCLUSIONS

In this work we have studied the possibility of exploiting
NP processes to solve the discrepancy between the

dispersive and lattice estimates of a in the so-called
intermediate window, that has persisted throughout differ-
ent lattice determinations, and has by now reached a
worrisome level of significance. The key NP ingredient
is a GeV-scale new boson which is produced in ete~
collisions, and that decays promptly into e®e™, u™u +
missing energy. The amount of missing energy in the decay
final state must be sufficient to avoid current constraints,
and is provided by light dark sector fermions produced in
the decay chain. This NP scenario can affect the prediction
for a, directly via new loop contributions, but most
interestingly it can indirectly affect the determination from
experimental data of oy,4, which is used to derive the
theoretical prediction for a, by means of the dispersive
approach. We have argued that our simple phenomeno-
logical model can sizeably reduce the ‘window’ tension, to
a significance at the 1o level. We believe that this result can
pave the way to build UV complete models able to explain
the (g—2), anomalies. Additionally, with respect to
Ref. [38], the present work improves the technical aspects
of the estimation of the indirect effects of GeV-scale NP on
the data-driven a};"" in several important directions. In
particular, (i) we made a quantitative estimate of the NP
effects on alf"* for the BABAR dataset, (ii) we included
NLO effects which modified strongly the NP shifts on the
KLOE dataset, and (iii) we performed a global fit of the
data-driven data including all main existing analysis. We
also made a quantitative estimate of the intermediate
window contribution to af¥* inferred from the recently
published CMD-3 data [45] which, in agreement with what
could have been expected in our scenario, does not show
any particular tension with the lattice result.

From this study a certain number of conclusions can be
drawn. First, indirect effects of new GeV-scale particles on
the measurements used to estimate a}'" via the dispersive
method can have important consequences, and can be
significantly more ubiquitous than what was anticipated
in Ref. [38]. In particular, NP effects can bias the
determination of oy,4 via the efficiency calibration and
background removal processes used by the experimental
collaborations. Second, in our scenario data points col-
lected at c.m. energies below 1 GeV are not affected by NP
effects. This nicely explains the qualitative agreement of
the recent CMD-3 result [45] with the lattice, as well as the
significant discordance with the results of other experi-
ments operating at /s > My, that have measured o},4 in
the same energy range by exploiting the radiative method.
On the other hand, for the same reason also the CMD-2
[55-57] and SND [54,58] results are not modified by this
NP, and thus the discrepancy with the CMD-3 result
endures. Third, for experiments running at c.m. energies
at or above 1 GeV, NP effects in the determination of a}V*
are negligible for the short-distance window, while they
are sizeable in the intermediate (and likely also in the

HVP
u
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long-distance) window. Fourth, the key ingredient to evade
existing limits from searches of light, weakly coupled new
particles, is the presence of a significant amount of missing
energy associated with their visible decay products. At the
same time, as long as ee™ (uu~) pairs are present in the
(multibody) final state, due to the not-too-tight cuts
typically set by the experimental collaborations in meas-
uring oy,, the missing energy requirement does not
preclude significant NP effects on the determination
of a;VP.

Note added. After the first submission of this paper to the
arXivin December 2022 several new results related to the
(9 —2), anomalies, and in particular to the photon HVP
appeared. In January 2023 the results of the Fermilab
Lattice, HPQCD, and MILC [33] and RBC/UKQCD RBC/
UKQCD [34] appeared, giving further support to the
reliability of the lattice estimates of the HVP. Most
importantly, in February 2023 the CMD-3 Collaboration
announced their new result on the ete™ — ztz~ cross
section [45], which is in dramatic tension with the previous
KLOE (and, to a lesser extent, also BABAR) result, while it
is in broad agreement with the lattice. This nicely fits within
our scenario and supports its plausibility. The original
article has thus been expanded to account for these
important results. Additionally, towards the completion
of this revised version other new results appeared which
also strengthen the conclusions of this work, and that have
been integrated in the text as well. First, a new experimental
measurement of the muon anomalous magnetic moment by
the FNAL Muon (g — 2) experiment [24] confirmed the
first measurement by the same collaboration, yielding the
present world average in Eq. (3). Second, as was pointed
out in footnote 3, a study of NNLO effects by the BABAR
Collaboration [46] remarked that it may have a significant
effect for some of the KLOE analyses, and this might
reduce the tensions between the o,y datasets that our
model cannot explain satisfactorily. Finally, as was men-
tioned in Sec. IV B, the new study addressing the discrep-
ancies between the lattice QCD and data-driven results
presented in Ref. [76] has shown that the two approaches
can be brought into agreement by modifying the p peak in
the experimental spectrum. This is precisely what the
indirect effects generated by our model do.
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APPENDIX A: EXPERIMENTAL
CUTS AND SMEARING

We present the main ingredients of the recasting of the
ete” = ete (ySR)and ete — ptyu (y'R) experimental
analysis for our NP events.

We have simulated all NP events in the
MadGraph5_aMC@NLO  framework, then smeared the
momenta of the final states particles to reflect
the experimental precision. For KLOE, we use [50]

O-pT = 0.4% X Pr,

or =5.7% x \/E(GeV),

with 6, corresponding to the typical precision on charged
momenta tracks and oy to the precision on the photon
energy reconstruction (the polar angular precision is around
1° and is further included to obtain the energy of charged
tracks).® For BABAR, we use only the energy smearing [77],

(A1)

or = (2.3% x E3*) @ (1.35% x E)(EinGeV).  (A2)

The smearing effects typically broaden the Vs range
where NP effects are relevant, and increase the selection
rates for NP events, since they tend to “hide” the associated
missing energy. For all the experimental processes listed
below, we have applied the selection cuts in two steps: first
a “broad” selection with weaker cuts is applied at the MC
truth level, then an exact selection with the experimental
cuts is applied after momenta smearing for the charged and
photon tracks. We have applied the same procedure on both
NP and SM events, and then we have used the ratio of
efficiencies to derive the final shifts on afV* and af}"*.

Below we list for convenience the selection cuts for each
analysis as reported by the experimental collaborations.
(a) KLOEOS and KLOEIO0. Both analysis [48,49] relied

on Bhabha scattering to calibrate the luminosity. The
experimental cuts are given by [78]; | cos 8, | < 0.57,
E,-€[0.3,0.8] GeV, |p,<| > 0.4 GeV and a cut is
applied on the polar angle acollinearity of the et and
e~ charged tracks: { =(0,+ + 0,- — 180°| < 9°.

(b) KLOEI2. The KLOEI12 [50] analysis used kinematic
cuts on the two muons polar angles |cos6,| < 0.64,
momenta x> 160 MeV or |p;| > 90 MeV, and a cut
on the polar angle of the missing photon (as recon-
structed from the observed muons momenta)
|cos@,| > cos(15°). Finally, the reconstructed track

mass of the y™u~ system, as defined in Eq. (11) (see

*We have checked that with this smearing parameter we
could reproduce with good accuracy the SM muon-track mass
distribution given in [50].
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e.g., [49]), must satisfy m, € [80, 115] MeV. This last
cut is by far the most stringent one because m;, is very
sensitive to the presence of missing energy. As an
example, varying the smearing of ¢, by a factor of
two leads to a variation of the NP cut efficiency by
around 40%-50%, depending on the parameter point.

Note that for all the three KLOE analyses, the final cross
section is obtained by including soft initial-state radiation
according to the analytic expressions given in Ref. [79].
(c) BABAR. In the last analysis of the BABAR Collabo-

ration [80] the following selection cuts were applied;
polar angles of charged tracks in the laboratory frame
are required to be in the range 6 - €[0.35,2.4] rad, and
0,€10.45,2.45] rad for photon tracks. The photon
energy in the c.m. frame must satisfy Ej > 3 Geyv,
and the charged track momenta |p | > 1 GeV. Addi-
tionally, a preselection cut requiring that the ISR photon
lies within 0.3 rad of the missing momentum of the
charged tracks in the laboratory frame was also applied.

APPENDIX B: NEW PHYSICS VERSUS
EXPERIMENTAL DATASETS TENSIONS

The main limitation of the NP model we used so far is the
fact that large changes in the luminosity determination
cannot be obtain for KLOEO8, KLOEI0 and KLOEI12
simultaneously.

Thus it is interesting to explore if this limitation can be
circumvented by extending our model with on additional
dark photon, V,. This attempt should be understood as a
practical way to assess the best results achievable with this
class of models. In Fig. 5 we plot the experimental shifts for
the nine experimental results used in this work, choosing
my; = 1.001 GeV, & =0.012 and my, = 1.0175 GeV,

Two dark photons model
av. R-ratio (2022)
CMD-3 (2023)
SND-2k

F—— SND

—— CMD-2

BABAR12

KLOE12

BESIII

KLOE10

KLOEO8

[
I
|

360 370 380 390 400 410
al’"? x 10719, [0.6,0.9] GeV?

FIG. 5. Shifts in the prediction for the data-driven results for all
the experimental datasets included in our analysis. The shifts are
given in terms of a;} " values in the /s € [0.60,0.9] region, both
for SM-only hypothesis (dashed lines) and for the best-fit model
with two dark photons, with m, =3 MeV, m, = 0.97my,
my; = 1.001 GeV and my, = 1.0175 GeV, ap =0.5 and
e =0.012, & =0.008 (solid lines). The gray band depicts
the average of the ete™ data.

& = 0.008 for the first and second dark photons, respec-
tively. The error bars reflect both the experimental error as
well as an educated guess of the theoretical errors asso-
ciated with additional NP effects not included in the
analysis, that could for example impact the experimental
calibration of the efficiencies and the background sub-
traction procedure. Even with this ad hoc setup, the tension
in the dataset remains at the 2.6¢ level. This suggests that it
is unlikely that all the discrepancies among the different
datasets (as, for example, between the CMD-3 and CMD-2
results) could be accounted for by some NP.
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