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Ilouck TeMHOM MaTepuu B dKcnnepuMenTe NA64

Ha nporskeHnn Bceil HCTOPUM COBPEMEHHOM LIMBH-
au3anuy GUI0Co(bl Pa3MbIIUIUIA O TPUPOJE MATEPUU U
ee ¢opmax. B V B. 10 H.5. JleMokpuT Obl1 yOEXK/IEH, 4TO
MHP COCTOMT M3 (DyH/IaMEHTAIBHBIX W HEJJETMMBIX CTPOU-
TENBHBIX OJIOKOB, OECKOHEYHBIX MO YHUCIY, — aTOMOB.
Kocmonornueckas Mozenb ApucToTesst JOMUHUPOBaja Ha
npotskeHnu CpeiHeBEKOBBS, yTBEpIKIast, 4To 3eMis SB-
JsieTcs HeHTpoM BeerneHHoi 1 He cyniecTByeT HeBHIMMBIX
W HEM3BECTHBIX (opMm Marepuu. HaOmromenust ['ammies,
MIPOBE/IEHHBIE C MOMOIIBIO TENECKONa, MOKa3alH, 9YT0 BO
Bcenennoii ecTb 00bEKTHI, KOTOPBIE MOTYT OBITH OTKPHI-
Tl IPY BHEAPEHUH HOBBIX TeXHOJOIrWi. OnyOnnKoBaB B
1687 r. TpakTar «MaremMaTHyecKle Havyaja HaTypajbHOU
¢dunocodun», V. HproTOH fnan ucciienoBaressM HHCTPY-
MEHT, MO3BOJISIONIUI ONpeNeNaTh rPaBUTALIIOHHYIO Mac-
CY aCTPOHOMHMYECKHX TeJl MyTeM M3MEPEHHsSI UX JANHAMH-
yeckux cBoicTB. ®.beccens B 1844 1. ObUT EPBBIM, KTO
TIPEIIONOKII, 9YTO HaOIItomaeMoe COOCTBEHHOE IBIYKCHIE
Cupuyca u [IpormoHa MoxeT ObITh OOBICHCHO HAJTUYH-
€M HeHaOJIoJaeMBbIX 3BE3/1-KOMIIAHBOHOB, BIIMSIOIINX Ha

Hux rpaButaunonHo. B 1911 . A.Ilyankape nucan: «Ectb
3BE3/1bI, KOTOPBIE MBI BUAUM, IOTOMY YTO OHH CBETST; HO
HE MOT'YT JIM ObITh TEMHBIE 3BE3/Ibl, KOTOPBIE BPALIAIOTCS
B MEX3BE3HOM IPOCTPAHCTBE U CYIIECTBOBAHHE KOTO-
PBIX MOXKET JI0JITO OCTaBaThCsl HEM3BECTHBIM?». B 1933 1.
@. [IBUKKH, U3yyasi KpaCHbIE CMELEHMSI CKOIUIEHUH rajlak-
THK, omyOnukoBaHHbIe D.Xadb6mom u M. XbOMacoHOM,
cJienai BBIBOJ O TOM, YTO TEMHAsl MaTepHsl MPUCYTCTBYET
BO BcenenHoit B ropa3mno OosbIieM KOJIMYECTBE, YEM BH-
numasi. Ha cerogns cuuraercs, uro meHee 20 % marepuu
BO BcenenHoit sBmsieTcs 6apruoHHOM.

CrnoBocoueTaHne «TeMHas Marepus» B HacTosIiee
BpEMSI HCTIONB3YETCSl B KAUECTBE Ha3BaHUS JUIsI 0COOOTO
BHJA YACTHIl, B OTIMYUE OT PAaHHETO, B KOTOPOM CJIOBO
«TEMHBII» 03HAYaj0 CIUIIKOM CIa0bli, 4TOOLI OBITH 00-
Hapy>KEHHBIM C TIOMOIIbIO TOCTYITHBIX aCTPOHOMHUYECKUX
npubdopos. CeronmHst OosbIIasi 4yacTh HAyYHOTo COOOIIe-
CTBa NMPHUHUMAET TUIOTE3Yy, YTO TEMHAasl Marepusi He SB-
JsieTcss OapuoOHHOW. ENMHCTBEHHBIM JKHU3HECIIOCOOHBIM
KaH//IaTOM Ha poiib TeMHOH Marepuu B CTaHIapTHOH

D. V. Peshekhonov

Search for Dark Matter at NA64

Throughout the history of modern civilization,
philosophers have been speculating on the nature of
matter and its forms. In the 5th century BC, Democritus
was convinced that our world is made up of fundamental
and indivisible building blocks, called atoms, and that
these atoms were infinite in number. The cosmological
model of Aristotle was dominant discourse throughout the
Middle Ages. It stated that the Earth was the centre of the
immutable Universe and denied the existence of invisible
or unknown forms of matter. Galileo’s observations made
with the help of a telescope showed that there are objects in
the Universe that can be discovered with the introduction
of new technologies. I. Newton provided scientists with
a tool when he published his treatise “Mathematical
Principles of Natural Philosophy” in 1687. It allowed
them to determine the gravitational mass of astronomical
bodies by measuring their dynamical properties. In 1844,
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F.Bessel was the first to assume that the observed proper
motion of stars Sirius and Procyon could be explained by
the presence of nonobservable companion stars affecting
them gravitationally. In 1911, H.Poincaré wrote: “There
are the stars which we see because they shine, but might
there not be obscure stars which circulate in the interstellar
space and whose existence might long remain unknown?”’
In 1933, while studying the redshifts of galaxy clusters
published by E.Hubble and M.Humason, F.Zwicky
concluded that the amount of dark matter in the Universe
is much greater than the amount of visible matter. To date,
less than 20% of matter in the Universe is believed to be
baryonic matter.

Nowadays, the phrase “dark matter” is more
frequently used as the name, a proper noun, of particles
species accounting for the bulk of our Universe’s matter
density, unlike the early one, in which the word “dark”




B JIABOPATOPUAX MHCTUTYTA

momenn (CM) sBISAIOTCS TaK Ha3bIBaeMble CTEPHIIBHBIC
HEHTPHUHO, KOTOPBIE B 3aBUCUMOCTH OT MacChl MOTYT OBIThH
xonmogHbIME (M > k3B) mwn Tereivu (M ~x3B), B TO Bpe-
Msl Kak HeWTpuHO CM, SIBISISICH TOPSIYMMU, HE MOTYT 00b-
SICHUTBH HAaOJIOAAEMYIO CTPYKTypy BceenenHoit.

[TonynsipHO# sIBNIsIETCSl TUIIOTE3a O HAJIWYUU HOBOM
¢usuku B mekTpociaaboM MacmTade, B KOTOPOH KaHIU-
JIaTOM Ha pOJb TEMHON MaTepuH SIBISIFOTCS MAaCCHBHBIC
HEPEIITUBUCTCKUE dIeMeHTapHble yacTulbl — WIMPs.
ITouck WIMP Benercs B 3KcnepuMeHTax MO MX MPSMO-
My OOHApy>XKEHHIO DPSIOM HCCIIETOBATENBCKUX TPYII C
HCIONB30BaHUEM CBEPXUYBCTBUTENILHON ammaparypsl,
KPHOTEHHBIX TBEPIOTEIBHBIX M JKUIKAX MACCHBHBIX, KaK
MIPABUIIO0 KCEHOHOBBIX, MUIIICHEH.

Jlpyroe HampaBlieHHE CBSI3aHO C MOJEINBIO Cynep-
cummempuu, B KOTOPOH Mpenarnoyaraercs, 4ro KaKaoMy
(epMHOHY OTBeHaeT 0O030H C TAKUMH K€ KBAHTOBBIMH
YHUCIaMH, 4YTO HPEJCKAa3bIBAET IOABICHHE HECKOIBKHUX
HOBBIX EKTPUYECKH HEHTPAIbHBIX YAaCTHL, BKIIOYAs CY-
TeprapTHepOB HEHTpUHO, Z-6030Ha, POTOHA, TPABUTOHA.
B ciyuae cymiectBoBaHMsI CTaOMIIBHBIX CyINEpIIapTHEPOB
OHH MOTJIM OBbI HTPaTh CYIIECTBEHHYIO POJIb B Pa3pelICHUH
npobneMbl TeMHOW MaTepuu. B pamkax 3Toi mapaanrMel
Ha BBIBEIICHHBIX BTOPUYHBIX IIydkax yckopurens SPS
HEPH (OKenera) Obla mpuHATA K peaTu3aIiiidl Iporpam-
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Ma HCCIIEeI0OBAaHUM 110 OUCKY JIETKOM TEMHON Marepuu —
sKkcriepuMeHT NA64.

I['pynma OWAN, ydwacTByromass B 3KCIIEPUMEHTE
NAG64, orBeyaeT 3a pa3pabOTKy, CO3IaHUE M IKCIUTyara-
LU0 KOOPAMHATHBIX TPEKOBBIX JETEKTOPOB Ha OCHOBE
TOHKOCTEHHBIX IpeH(OBBIX TPYOOK, CO3MaHME MaTeMa-
THYECKOTO oOecriedyeHus Uil WX OHJIAH-MOHHMTOPHHTA,
MOJICTTMPOBAHUS U PEKOHCTPYKIUH, YIaCTBYET B aHAIIN3C
9KCIIEPUMEHTAIIBHBIX JIJAHHBIX IO MOMCKY TEMHOro (hoTo-
Ha, a TaKKe OTBEYAeT 33 cHCTeMy cOopa JaHHBIX ¢ ycTa-
HoBKH (DAQ).

B ceancax 2016-2018 rr. Ha >1IeKTpPOHHOM IIyd-
ke yckopurenst SPS LIEPH mpoBoamicst monck curHania
POXIeHUs U pacmajia TeMHOTO (hoToHa A' U JIETKOM TEMHOM
marepuu [1]. CymmapHas cratucTuka coctasuia ~4 - 101
coObITuii. B 2017-2018 rT. ceaHchl Tak)Ke 4YaCTUYHO ObLIH
TTOCBSIICHBI MTOUCKY T'MITIOTETHYECKOro 0030Ha C Maccoi
16,7 M»aB [2], cymiecTBoBaHHE KOTOPOTO MOTIIO OBI 00B-
SICHUThH PE3YJIBTaT 110 aHOMAIBHOMY POXKICHUIO ee -map
B pacnajie Bo30ykIeHHOro cocTosHus SBe™ B crabuibHoe,
nonyuyeHnsli B skcriepumenre ATOMKI. Beuto HaGpano
8,4 - 1010 coObITHIL. DTN TaHHBIE TIO3BOJIMIIH CYILLIECTBEHHO
YBEJIMYUTh OTPAaHUYCHUS] HA BEPOSITHOCTh €r0 POXKJICHUS,
JIOTIOJIHUB PE3YJIbTaThl APYTUX UCCIIEI0BATENBCKUX IPYIIT
(cM. pHUCYHOK).

meant too faint to be detected using available astronomical
instruments. Today, most of the scientific community
accepts the hypothesis that dark matter is not baryonic.
The only viable candidates for the role of dark matter in the
Standard Model (SM) are the so-called sterile neutrinos.
Depending on their mass, such sterile neutrinos could
be either cold (m > keV) or warm (m~keV), while SM
neutrinos, being hot, cannot explain the observed structure
of the Universe.

There is a popular hypothesis about the existence
of new physics at the electroweak scale, in which the
candidates for the role of dark matter are massive
nonrelativistic elementary particles, i.e., weakly interacting
massive particles (WIMPs). The search for WIMPs is
performed in direct detection experiments by a number of
research groups using ultra-sensitive equipment, cryogenic
solid-state and liquid massive (usually xenon) targets.

Another field is associated with the supersymmetry
model. It assumes that each fermion has a corresponding
boson with the same quantum numbers, which predicts
the existence of several new electrically neutral and
nonstrongly interacting particles, including superpartners
of neutrinos, Z bosons, photons, gravitons. If any of
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superpartners are stable, they could play a significant
role in solving the problem of dark matter. Within the
framework of this paradigm, a programme on searching
for light dark matter (LDM), i.e., the NA64 experiment,
was approved for implementation at extracted secondary
beams of the CERN SPS accelerator (Geneva).

The JINR group taking part in the NA64 experiment
is responsible for the development, construction and
commissioning of coordinate detectors based on thin-
walled straw tubes. It participates in the development of
the software system for their online monitoring, simulation
and reconstruction, and takes part in the reconstruction and
analysis of data aimed at searching for the dark photon.
The group is also responsible for the DAQ setup.

In the 2016-2018 runs, a search for a signal of the
production and decay of the dark photon A' and light
dark matter was carried out at the CERN SPS electron
beam [1]. In total, ~4-10!! events were collected. In
2017-2018, the runs were also partially aimed at searching
for a hypothetical 16.7-MeV boson [2]. Its existence could
explain the result of the anomalous production of "€~ pairs
observed in the excited 8Be” nucleus decays obtained in
the ATOMKI experiment. 8.4 - 1010 events were collected.
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[To pesymsratam 2019 1. sxcmepumenT NA64 Obln
oTMedeH reHepanbHbiM aupektopoM LHEPH kak omun u3
Haubollee WHTEPECHBIX M MHOTOOOCHIAIOIINX C HAydHOU
TOYKHU 3PEHUS MPOEKTOB, PEajM3yeMbIX B JIAOOPaTOPHU.
B 2020 r. pyxoBoncrBom LIEPH 6buto mpumsiTOo pere-
HUE O BBIACICHUM D3KCICPUMEHTY MOCTOSHHOTO MecTa
Ha BTOPUYHOM OHIIEKTPOHHOM KaHaie yckoputens SPS,
PPE114 (H4B), u o pacmmpeHHH TpOTPaMMBI HCCIE-
JIOBaHUIl — CO3/laHUKM YCTAHOBKHM M HAOOpEe MaHHBIX Ha

Orpannyenns: Ha Maccy Jerkoi TemHoit matepuu (LDM) NA64 u npyrux sxc-
nepumenTtoB. Crartuctuka NA64 B 3 - 101! nossosuia npes3oiftn orpanndenus,
nonyueHHsle B akcrnepumentax LSND, MiniBooNE u SLAC ¢ ~1022, 1020 pot u

1019 eot cooTBETCTBEHHO

MIOOHHOM ITyYKE YCKOPHTES, KOTOPbIE MOIVIA Obl BHECTH
CYILIECTBEHHBIN BKJIaJ B pa3pelIeHUe (g—2)H po0IIeMbI
aHOMaJIbHOTO MAarHUTHOTO MOMEHTa MIOOHa [3].

B nepuon ocranoBku yckopurened IIEPH B
2020-2021 rr. ObUTH U3TOTOBJICHBI HOBBIC JCTEKTOPHI IS
PaboTHI KaKk Ha IEKTPOHHOM, TaK M Ha MIOOHHOM ITy4Kax
YCKOPUTEIIS, B TOM YHCIE AETEKTOP CUHXPOTPOHHOIO U3-
nyderns (SRD), Bomb(ppaMOBBIl KalIOpHUMETpP-MHIICHD,
JJIEKTPOMATrHUTHBIN U aIPOHHBIN KaJOPUMETPBI, BETO-Ka-
JOPUMETPHI U KaJIOPUMETP HYJIEBOTO YT,
HOBBIE TPEKOBBIC JIETEKTOPHI U3 CTPOY-TPY-
6ok Oonbiol IWIOMAAM. MopepHu3aus
YCTQHOBKM ObUIA TIpPOBEJAECHA MpU II0[-
JIep)KKe LeneBoro rpanta Poccuiickoit
@Denepanu ¥ Tpu GUHAHCOBOM YUIaCTHH
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Current limits set by NA64 and other experiments on the LDM mass. With
3-10", NA64 suppressed bounds from the LSND, MiniBooNE and SLAC
experiments, obtained with ~1022, 1020 pot and 10 eot, respectively

These data allowed significant increase of the limits on the
probability of its production, complementing the results of
other research groups (see the figure).

According to the results of 2019, CERN Director-
General noted the NA64 experiment as one of the most
interesting and scientifically promising projects being
implemented at the Laboratory. In 2020, according to the
CERN Directorate’s decision, the experiment obtained a
permanent allocated place at the SPS secondary electron
channel, PPE114 (H4B). Also, the research programme
was expanded by constructing a setup and taking data
with muon beams. This could contribute to resolving the
(g—2)H anomaly [3].

During CERN’s accelerators shutdown in 20202021,
new detectors were constructed for operating at both
electron and muon beams of the SPS: the SRD detector,
a target tungsten calorimeter, electromagnetic and hadron

EI

calorimeters, veto calorimeters and a zero-
degree calorimeter, and new tracking
detectors made of large-area straw tubes.
This upgrade was supported by the RF
earmarked grant and financial participation
of JINR.

In 2021, after CERN started up its accelerators, the
NAG64 experiment was continued. 7-1010 events were
registered at the electron beam. From 28 October to
18 November, a test run was performed at the SPS muon
beam. During the run, the JINR group commissioned
new large straw detector stations operating together
with hadron calorimeters. The analysis of the obtained
results has shown that for effective operation of the setup,
its tracking system, based on micromegas and GEM
detectors, should be supplied with several detector stations
of a larger effective size. They should be placed on a
base about 100 m from the input into the setup channel
to its target. For implementing this, straw detectors with
an operating area of 20 x 20 cm made for operation at the
electron beam were offered. In April 2022, the JINR group
prepared the gas and fiber-optic infrastructure required for
the implementation of this proposal, as well as a power
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COBMECTHO C a/[pOHHBIMH KaJIOpIMETpaMH. AHAIIH3 MOITy-
YEHHBIX PE3YJBTaTOB TECTOBOTO CEaHCa MOKa3all, 4To IS
3¢ GeKTHUBHOI pabOThl YCTAHOBKH €€ TPEKOBYIO CHCTEMY,
TTOCTPOCHHYIO Ha 0a3e meTekropoB micromegas u GEM,
HEOOXOAMMO JIOMOJIHUTH HECKOJIBKMMHU CTAHIMSIMH Jie-
TEKTOPOB OoubIIero d(pQGEeKTUBHOTO pa3Mepa, pa3MecTHB
ux Ha 6a3ze okoio 100 M oT BXOoza B KaHaNl yCTaHOBKH 0
€e MHIICHHU. BbUIO MPEeIIoKeHO UCIIOIb30BaTh ISl STOTO
4acTh CTPOYy-AeTeKTOpoB pasmepoM 20x20 cM, co3maH-
HBIX JJ1s1 pabOTHI Ha AIIEKTPOHHOM Tryuke. B amperne 2022 1.
rpynmnoii corpynaukos OSSN Ha kanane M2 Obiia co3na-
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Ha Tpebyemasi JUIsd peau3alni JAaHHOTO TPEII0KEHUS Ta-
30Bast ¥ ONITHKO-BOJIOKOHHASI HHPPACTPYKTYPHI, TIOITOTOB-
JICHa CUCTeMa MHUTAHUs, MPOBEICH MOHTAX U BKJIIOYCHUE
B cHcTeMy cOopa JaHHBIX YCTAHOBKH JIOTIOJHUTEIBHBIX
YeTBIPEX CTPOY-CTAHIHUH.

TpexHenenbHpld ceaHc 3kcriepuMeHTa NA64 Ha
MIOOHHOM Try4ke B kKaHane M2 SPS 3aBeprmcs 16 mas.
Hecmotpst Ha mpoOnemMbl ¢ MarHUTHOM CHCTEMOH yCKO-
putenst SPS, ycTpaneHne KOTOPBIX MPHUBEJIO K moTepe 60-
Jiee TIOJIOBUHBI BPEMEHHM HaOOpa JaHHBIX, ObLIO HAOpaHO
~4-1010 cobbITHil, uTO cocTaBUIO 0KOJIO 80 % OT IIaHU-

IEPH (OKeneBa). YcranoBka NA64 Ha MEOOHHOM (CJIeBa) U 3JICKTPOHHOM (CITpaBa) KaHalax yckoputesst SPS

CERN (Geneva). The NA64 setup at the muon (left) and electron (right) lines of the SPS accelerator

supply system, and installed and implemented additional
four straw stations to the DAQ setup.

On 16 May, a three-week NA64 run at the muon beam
(SPS M2 line) was completed. There were some difficulties
with the SPS magnet system. While dealing with them,
the collaboration lost more than half of data taking time.
Nevertheless, ~4- 1010 events were collected, which is
about 80% of the planned statistics. The setup operated
stably, the upgraded tracking system based on Dubna straw
detectors allowed solving previously identified problems,
controlling the beam structure and optimizing the trigger.
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In the second half of July, a ten-week NA64 run was
started at the electron beam. Data taking on the search for
light dark matter in the invisible mode of the dark photon
A' decay will be continued. The international team of the
collaboration, representing the Americas, EU countries,
JINR leading institutes and universities of Russia and
Belarus, is actively engaged in processing the data taken
and preparing for the upcoming run.
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pyeMoii CTaTUCTUKA. YCTaHOBKA OTpadoTa-
J1a cTaOMIIBHO, MOJIEPHU3UPOBAHHAS TPEKO-
Bas CUCTEMa Ha OCHOBE CTPOY-IETEKTOPOB
n3 JlyOHBI TIO3BONMIA YCTPAaHUTH BBISB-
JICHHBIC paHee IPOOJIEMbI, KOHTPOJIUPO-
BaTh CTPYKTYpY ITyYKa M ONTHMHU3HUPOBAThH
TpUTTED.

Bo BTOpOIi TOTOBUHE UIOIS OBLT HAYaT
JecaTuHenenbHbIn ceanc NA64 Ha mydke
ANIEKTPOHOB. byneT nmpomomkeH Habop cTa-
TUCTUKHU 110 IOUCKY JIETKOH TEMHOH mare-
pUU B HEBUIMMOW MOJIE pacraja TeMHOTO
¢dorona. HTepHAIMOHATHHBIN KOJUICKTHB
KoJTabopanuu, MPeACTaBISIONUNA aMepH-
KaHCKHUI KoHTHUHEHT, ctpansl EC, OUSU,
BEAyIINE WHCTHTYTHI W YHHBEPCHTETHI
Poccun, benopyccun, akTuBHO 3aHST 00pa-
OOTKO MMOTyYeHHBIX IaHHBIX U MTOITOTOB-
KOM K MPEICTOSIIIIEMY CEaHCy.
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