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Abstract We report the results of a search for a new vectombly, it also predicts the observed yield of thermal dark mat-
boson @) decaying into two dark matter particlegx of  ter relic abundance. A detailed Monte-Carlo simulation was
different mass. The heavigp particle subsequently decays used to determine the signal yield and detection efficiency for
to x1 and an off-shell Dark PhotoA™* — ete™. Forasuffi-  this channelin the NA64 setup. The results were obtained re-
ciently large mass splitting, this model can explain in terms ofinalyzing the previous NA64 searches for an invisible decay
new physics the recently confirmed discrepancy observed iA’ — x7 and axion-like or pseudo-scalar particies> yy.

the muon anomalous magnetic moment at Fermilab. Remark¥ith this method, we exclude a significant portion of the
_ parameter space justifying the muon g-2 anomaly and being
C. Cazzaniga, P. Odagiu, E. Depero and L. Molina Bueno contributeccompatible with the observed dark matter relic density for
equally to this article. A’ masses from 2 up to 390 MeV and mixing parameter

S —— 5 2
D. A. Tlisov and A. Yu. Trifonov: Deceased. ¢ between 3x 107> and 2x 10~~.

2e-mail: Paolo.Crivelli@cern.ch

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09705-5&domain=pdf
http://orcid.org/0000-0001-5430-9394
mailto:Paolo.Crivelli@cern.ch

959 Page 2 of 6 Eur. Phys. J. C (2021) 81:959

Despite its great success, the Standard Model (SM) doesmassive Dark Photon after spontaneous symmetry break-

not provide a complete description of nature. For examing.
ple it cannot explain the origin of dark matter, the neutrino  The diagonalisation of the mixed gauge interactidf] [
masses and the baryon asymmetry problem. Furthermorallows the removal of from the pure mixed-gauge Lagrangian.
interesting discrepancies between some SM predictions artdowever, a new coupling appears betwe®nand the SM
measurements have been observed. These include the LHElectromagnetic current, with interaction strength The
results challenging lepton universaliti] pnd the long stand- novel interaction term is the main phenomenological feature
ing discrepancy of the muon anomalous magnetic momentf the model: the possibility to have SM final states produced
a, = (9, — 2)/2 [2] which was recently confirmed3].  viakinetic mixing ofA’ with A. Nevertheless, the unique fea-
The combination of the Brookhaven and Fermilab muon g-2ure of the semi-visible model, that distinguishes it from the
results compared to the latest theoretical calculations usinigvisible and visible channels, is found in the Yukawa dark
dispersion relationsd] leads to a discrepancy of 4.20: sector. In the unbroken theory, we start from a pseudo-Dirac
field ¥ charged unded (1)p. The chiral projections o
can then be coupled withp to produce Dirac and Majorana
It should be noted that when compared to the latest QCD latnass terms, after spontaneous symmetry brealifg [
tice calculations this is reduced to aboutdl [%]. In order to In this pseudo-Dirac scenario, the right and left Majorana
help elucidate the origin of this difference, a new experimenmasses are the same and are strongly suppressed relative to
aiming to measure the contribution of hadronic correctionghe Dirac masMp. The diagonalisation of the mass matrix
is being prepared at CERN][ results in two eigenstates: a lighter stajpleand a heavier
In terms of new physics, among many interesting proposalg;> DM particle, with mass differenca = m,, —m,, [17].
away to explain this discrepancy is to introduce a 1-loop cor- The effective Lagrangian for the semi-visible model is:
rection involving &J (1) p dark sector massive gauge fiedd
to the QED 3-point vertexq]. The Dark PhotorA’ cancou- ¢ — o — }Fuv[A/] FulAl+ }mi, A? 4 ceyel Yo
ple to both charged Dark Matter (DM) fielgis with coupling 4 2
strengthgp, and to SM leptons via kinetic mixingwith the + Z Xi (@ —my)xi + (9o x2A x1 + h.c). (1)
SM photon fieldA. Considering models with a diagonAl [
coupling to DI\_A ar.]d. SM fields, two decay mo_dgs grg POSSli, Eqg. 1, the coupling to muons is neglected since the di-
ble, A’ — ete™ (visible mode) 8] and A’ — x (invisible . .

. muon production threshold = 2m,, is not relevant for the
mode) B]. These were excluded as explanations ofdhe

. sub-GeV mass range éf probed in this study. The absence
anomaly by the combined results of NA64 and BaEE_ﬂ_ . of elastic diagonal i?]terac[:)tion terms, xi A xi )éjerives from
(for A — xx)and NA48[L2] (for A’ — eTe™). In addition, :

the prospected sensitivity for NA64 running in muon modethe choice of a pseudo-Dirac field, where only off-diagonal

. terms are permitted. This allows us to neglect the invisible
to probe theg,, — 2)/2 anomaly was estimated recenth] - , )
. ) and visibleA’ decay modes, where conversely only diagonal
in the anomaly fre¢.,, — L, gauge extension of the SM.

. . . terms are present. A sketch of the dominating decay chain is
In this work we consider an alternative model f8rdecay. . , )
. S : shown in Figl. The Dark PhotorA’ decays promptly in a
This was initially proposed to recover an explanation of th

: .~ light d a heavi ia th tioned inelastic inter-
0, — 2 discrepancy still within the Dark Photon paradigm 'ghter x1 anc'a neavieya via the mentioned INSfastc nter

[14,15]. This model is characterised by ti#¢ decaying into action, fqllowed by the subsequent degay— x1€ €
. : . The width of the process was calculated at leading order.
a heavieryz and a lightery; Dark Matter states. Whilg1

. / . . . A numerical approach was used to compute the 3-body decay
is a non-interacting stable state which determines the DM . . .
) ‘ ) ... phase-space, implemented in the module MadWidth of Mad-
relic abundancey; is unstable and de-excites by emitting
a x1 and an off-shell&A™*, that subsequently decays into an
electron-positron pair. Thus, a new semi-visible decay mode
combining characteristics of both the visible and invisible
decay signatures emerges. It is very remarkable that such a
model can potentially explain botly,, — 2)/2 and the Dark
Matter thermal relic abundance for 300 MeViny <1 GeV,
thus making it of great phenomenological interdst 15].

In this study, we focus on a Dark Matter model that
extends the SM symmetry group with a dark setid@l)p,
which is spontaneously broken by a dark Higgs fiblsl
[15. The gauge mixing with the SM photon via the term Fig. 1 Production ofA’ and subsequent semi-visible decay chain of a
—eFM[A'TF,,[Al, governed by the parametergenerates Dark Photong™Z — e ZA'T A’ — x1x2(x2 — xae"e”)

Aa, = a,(exp) —a,(th) = (251+59) - 10711,
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Fig. 2 A schematic view of the NA64 invisible mode setup used in 2018
Graph5aMC@NLO]8]. Thus, acorrection is obtained to the HCALL-3

previous analytical approximations (valid fory >> m,; > Sl
me) of the I'(x2 — x1€te™) formula from Refs.15,19].
The newly attained formula reads

42 AB ; i X5 ryeTeT i
Iz — nete) ~ K EMOD2 @ A= yixe || :
157m4, i i

whereK ~ 0.6404 0.004 is the correction factor estimated 1.1m 5m

using both Madgraph and CalcHe&2(), found to be in good Fig. 3 A schematic view of an evert — yixa(xa — yi€*e™)
agreement. The quoted uncertainty onkhactor takes into  from a A’ produced after a 100 Ge&" scatters off in the active dump,
account the difference between Madgraph and CalcHep ared Z — e~ ZA'. The x2 particle decaying within HCAL2 corresponds
the slight dependence &fonm,. The K-factor was found to 0 the S1 signature (see text for more details)

be basically insensitive to the other parameters of the model.

An upper bound for the dark sector coupling constat
can be found by requiring the absence of a Landau pole fdfig.2. The experiment uses a set of scintillator and veto coun-
the effective coupling constaat (1) up to an energy scale ters, a magnet spectrometer consisting of two dipole mag-
A~ 1TeV:ap < 0.2 [21,22]. In this study, a benchmark nets, and a set of tracking detectors (six micromegas cham-
value ofap = 0.1 is used, compatible with other literature bers R3], three straw detector24]] and two GEMs R5]) to
[14,15]. Nevertheless, a discussion on the implications ofdefine the incoming™ beam. A synchrotron radiation detec-
differentap choices in our results will be provided. Further- tor (SRD) is used to suppress the hadron contamination in the
more, the resonance of the thermal averaged non-relativistileam. The electrons are absorbed in a lead-scintillator sand-
co-annihilation DM cross sectiof@anvre ) (x1x2 — €7€7) wich Shashlick-type ECAL target of 40 radiation lengths.
present aina ~ 2m,, [17,19] can be avoided by setting as Downstream from the ECAL, a large high-efficiency VETO
benchmarkny = 3-m,, such asin15,17,19]. Finally, the  counter and three iron hadronic calorimeters (HCALs) com-
parameterA has kinematic limitsA < may —2-m,, and  plete the setup. An additional HCAL module is placed along
A > 2me. A relatively large mass splittingd/m,, = 0.4is  the unbent beam path to further suppress background from
chosen in this study, as strong bounds for lowealready upstreane™ interactions. Further details about the setup can
exist as explanation ofg, — 2)/2 by BABAR and E137 be found in Refs.g,26,27.

[10,14,15). A complete discussion of the achievalieange, The A’ is produced in the target via Dark-Bremsstrahlung
up to the limitA/m,, >~ 1, is provided below. [28] and decays promptly int@1 x2. The long-livedy, trav-

In this work, we present a direct search for thesemi-  els through the VETO and HCAL1, which acts as a veto
visible signature using the NA64 experiment located ato reject particles leaking from the target, before decaying
CERN SPS. The Dark Photons are produced in the procesisroughx, — x1e7e~. The result of this decay would be
e Z — e ZA as 100 GeV electrons coming from the H4 observed in the experiment through two characteristic signa-
beamline scatter inside the NA64 electromagnetic calorimetures. The first (S1), is identified by the presence a significant
ter (ECAL). The production mechanism is identical to theenergy deposition in HCAL2 or HCALS, as the result of the
one described in Refd[. The setupis schematically shownin decay toete™ (see Fig.3). In the second signature (S2),
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x2 decays outside the fiducial volume limited by the lastthe original prompt decay, and (ii) the three-body decayof
HCAL module, traveling a distance 6 m. All energy of  which increases the phase space of the final decay products
the produced is undetected and the signature is effectivelyx,ete™. To be conservative, the cut & < 0.06 was not
equivalent to the one used for the seaféh—~ x7( (invisible  changed, and the task of its optimization is left for a future
mode). These two signatures closely resemble the ones usadalysis on new data. Instead, its effect was calculated with
in the previous NA64 analysis searching for pseudo-scalasur detailed MC simulation. We found that on average this
and axion-like particles (see more details in R&F2f]).  cut has an efficiency of 52%, weakly dependent on the
Since the data has already been unblinded, we chose a cqguarameter of the model, with a minimum value-o#5%.
servative approach and re-cast this analysis using the pseudo-The signal yield was calculated using a full MC simulation
Dirac model instead of performing a new one. We checkedbased on the Geant 4 toolkB(]. The framework used for
that the optimization of the selection criteria will enhancethe previous NA64 analysis of the 2016-2018 d&26)
the sensitivity up to around 10%. This will be used in thewas extended to include the new model containing the semi-
future to perform a blinded analysis when new data will bevisible decay. Botly; and x» particles are assumed to have
available. In the following, we provide a brief description of no interaction with the detectors. For the S1 signatyee,
the method. is forced to decay inside the fiducial volume, i.e., the space
Impurities from the beam, consisting mostlyin (<1%)  between the beginning of HCAL2 and the end of HCAL3.
are suppressed using the SRD to a levefdf0—6[29). The  The event is then weighted by the probability of such decay
tracking system measures the incoming energy of the elede take place. In the case of S2, we assume that the full energy
trons which is required to be within 3GeV from the nom- of A’ is lost, and a weight corresponding to the probability
inal 100 GeV beam energy. The ECAL serves as an activéor the Dark Photon to decay beyond all NA64 subdetectors
dump measuring the energy deposition of the incoming paiis assigned to the event. This simulation is performed for a
ticles. We require no activity inthe VETO and the first HCAL grid on the (hy; ) plane to estimate the expected number
module to reject any initial beam particles that penetrate thef events for different masses and mixing strengths. We use
ECAL. For S2, no activity is required in all HCAL mod- «p = 0.1, my = 3-m,, and a mass splitting/m,, = 0.4
ules, sincey» is assumed to decay outside the fiducial vol-as benchmark for these simulations.
ume. Finally, for S1, a cuR < 0.06 is applied on the vari- The exclusion limitwas calculated using the multibin limit
ableR = (EncaL — EfjcaL)/EHcaL, defined as the ratio ~ setting technique with the modified frequentist approach (the
between the energy deposit in the periphery and the totalode based on the ROOSTATS packagH)] using the pro-
energy deposited in the HCAL2 and HCAL3 modules. filed likelihood as a test statisti82,33]. The corresponding
The leading background of S1 is caused lb& travel-  90% exclusion limit was obtained using Eq. 4 &ff] to
ing undetected through the first HCAL module and deposit
energy in either HCAL2 or HCAL3. The S2 signature can
instead be misidentified due to large missing energy producec' A=04m, my =3m, ap =01
by electron-hadron interactions along the beamline. The tota 10
expected background for the two signatures is detailed in the
previously published analyses, where it was determined tha ;- |
0.19+-0.07 events are expected in the signal box of 34 [
and 0.53+ 0.17 are expected for SB,[L1]. A full discus- y
sion of the uncertainties is also found in these references. Ir
particular, the two leading contributions gfe10% for the
parametrisation of the form factor in the cross-section and °" |
an additional 10% coming from the data-MC discrepancy in CHARM
the dimuon-yield (events where the interaction> u* ™ 10 io* - .
is detected) 11,26]. The difference in the estimate of the oy, GeV
x2 — x1€te” width, between MadGraph and CalcHEP,
leads to a negligible uncertainty 1%. All uncertainties, a coupling to electrons with decay MoBe > x1x2(xz > y16"€").
summed in quadrature, do not exceed 20%. The limits were derived in then{y, €) assumingep = 0.1, my =
The background for this new search is the same as th& m,, and a mass splitting = 0.4. The red band shows the region of
e et e e et o e Dot Shos s S e b e e P
the ?pplled cuts .are .already optlm!zed for the bgst covera ére published. Constraints from BA?BAR and E137 are also shown
of A'. An exception is the cut applied on the varialiteA following the recasting done in Refd.4,15], together with the bounds
larger tail for high values oR is expected in this model, for of NuCal and CHARM 87]. A thick black line shows the combination
two reasons: (i) smaller, energy due to thg; emission in  of parameters compatible with a DM thermal relic scenario

—3 |

Fig. 4 The NA64 90% exclusion limit for a new vector bosghwith
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previous studies of this model$,37]. Our results exclude
the unexplored area fany 2 0.3 GeV in the(g, — 2)/2
band, leaving space for models in whiol, is larger than 0.4
GeV, or with large mass splitting that can still explain the
anomaly. The largest limitation to probe the missing region
comes from the increasingly short decay timeyef which
LEP makes the chance of detection vanishingly small. This is par-
ticularly relevant for the mass splitting (see Fig5 bottom),
since theA® scaling of the decay width adds a large suppres-
. ‘ sionto the signal yield. Fot /m,; 2 0.5, our limits become
102 107 1 rapidly weak.
M, GeV In order to increase the sensitivity for short-liveg, the
Mg =3my, ap =01e=¢g), HCAL1length should be shortened as much as possible while
R ' keeping the residual background under control. The use of
1 SENTE SR j‘w T 1 an absorber with very short nuclear interaction length (Tung-
-------------------------------------------------- sten or Uranium compared to the stainless steel used in the
~— ] current HCAL1 ) and an optimization of the ratio between
B137 Scatter e LEP active and passive material could bring to an HCAL1 shorter
0.3 NAGL N ] by a factor of three with respect to the current length (50 cm
versus 150 cm). A similar study is planned for optimizing
™ the design of the Tungsten target used for searchingifor
E137 Decay N into visible final states38]. With a shorter HCAL1 the inter-
0! 03 05 esting parameter space that can account foxghe- 2)/2
My, GeV discrepancy and saturate the thermal relic density would be
Fig. 5 The NA64 90% exclusion limit for a new vector bosghwith completely covered in all the dimensions C?f _the mOdel' A
a coupling to electrons with decay mo#é— x1x2(x2 — xiete™). ~ More compact HCAL1 would be also beneficial to improve
The limits were derived in the{y ;ap) (top) and tn,,;f = A/m,;)  the NA64 sensitivity of the search for axion-like particles

(bﬁttom) plane a_SSUhmi"@T = _0-1vhmA' = 3‘f|“m andafs =¢@g.,-2/2  (ALPS) into two photonsa — yy, for larger ALP-photon
wheree(g,—2),2 is the value in the central band of thig, — 2)/2 gouplings."

anomaly. Constraints from Babar and E137 are also shown following th .
recasting done in RefsL4, 15], together with the bounds of NuCaland  IN this work, we analysed the data collected by the NA64

CHARM [37]. A thick black line shows the combination of parameters experiment during three different runs in the “invisible-
compatizble with a DM thermal relic scenario. The p_rojected limit for mode” configuration considering a new pseudo-Dirac sce-
Z/Xmlx?l) pIIEaOn"I; using a compact HCAL1 are drawn in the,(; f = nario characterized by the decay — xix2(x2 —
x1€+te™) as signal candidate. In this model, the decay of
the mediatorA’ results in both SM and DM particles in the
compute the expected signal yield. The results are summéinal states, for an effective signature that combines features
rized in Fig.4 in the 2D planeifia;¢), where the relevant of both invisible and visible mode. This scenario can provide
estimated bound of E137 and Babar are also shd#/if]  anexplanation to they, —2)/2 anomaly, recently confirmed
together with the projection of Nucad4,35 and CHARM  at Fermilab B], and at the same time is compatible with a
[36,37]. Using the benchmark values discussed above, oureeze-out scenario capable to explain the observed DM relic-
data exclude thég,, — 2)/2 explanation of the semi-visible density. The previous limits on this model were improved by
model up to a mediator massy < 0.39 GeVincludingaso- this analysis, excludinmy < 0.39 GeV at 90% confidence
far uncovered area close to this boundary. Even though thigvel (C.L.), assuming a DM couplingp = 0.1 and a mass
might look only like as a slight improvement of the currentsplitting A/m,, = 0.4. A large region of parameter space
bounds, we would like to stress that these are the first experéharacterized by short living, remains unexplored as an
mental limits in this region of parameter space obtained wittexciting prospect for future searches.
a full analysis of the data including all efficiencies and uncer-
tainties. In Fig.5, the region of the parameter in the centralAcknowledgements We gratefully acknowledge the support of the

_ . . ERN management and staff and the technical staff of the participat-
band of the(g“ 2)/2 anomaly is also shown in the two ing institutions for their vital contributions. We are thankful to Andrea

planes fna;ap) and (ny,;A/m;, ). To project this space we  celentano for his carefully reading of the paper and very useful com-
use the same assumption as in Hidor the parameters not ments. We would like to thank Gunar Schnell for discussions on the pos-
considered, and we set= ¢(g, 2)/2 as the epsilon compati- sibility to search for semi-visible decays in NA64. This work was sup-
ble with the central band Qg: —2)/2, a convention used in ported by the Helmholtz-Institut fir Strahlen und Kern-physik (HISKP),

Afm,
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