NMouck HoBon ®usukm
B YCKOpMTErNnbHbIX JKCNepuMeHTax

C.H. Nl'HnHeHKoO

nAn PAH

50-neTtunue AWM PAH, 04-11-2020



CopepxaHue

1. lNposepka SM n nonckn BSM B akcnepumeHtax NCTPA, UICTPA+, OKA

2. CotpypHnyecTtBo ¢ BNL, KEK, GSI (E865, E949, E246, E470, HADES)

3. CotpypHuyectso ¢ CERN (NOMAD, CMS, ALICE, LHCb, AEGIS, NASO,
NAG61, NA62, NA64e,u) n ETHZ (e+ beam)

50-neTtunue AWM PAH, 04-11-2020



(I) Rare decays: UCTPA

B.M. Jlo6awweB
First INR experiment on rare &, K decays at IHEP using  B.H. BonoTos

15-25 GeV beam from U-70 PS (HKC, 1976-1 990) B.B. VlcakoB
Aq A, s S&G HC

&, S1 £, S, &y s & s — ] I'

)
o} — |
o e I e 1 gy i :—H—{-—-——*}ﬁ}—— :
HPM HPM, HPMiy —_— v
oV PC,, PGy, S, SP

JT,, K P hyS I CS Volume 243, number 3 PHYSICS LETTERS B 28 June 1990
decays

n—>evy |Br~107, Str.Rad., TI?

Poblaguev, Voloshin PLB’90
V.N. Bolotov, S.N. Gninenko, R.M. Djilkibaev, V.V. Isakov, Yu.M. Klubakov, V.D. Laptev,
. . V.M. Lobashev, V.N. Marin, A.A. Poblaguev, V.E. Postoev and A.N. Toropin
n0 —> 4y first observation '

Institute for Nuclear Research of the Academy of Sciences of the USSR. SU-117 312 Moscow, USSR

The experimental study of the 1~ —e~vy decay in flight

Received 22 December 1989

K —> sy direct y radiation

An experiment studying the radiative pion decay, = -»¢ ~vy, has been performed with a secondary 17 GeV negative pion beam
K 3 D | H I on the IHEP machine with the ISTRA facility of the Institute for Nuclear Research. The high energy beam has enabled us to

-> TC(Y) a Itz p Ot investigate this decay in a wide range of kinematic variables: E,>21 MeV, E.>70-0.8E, MeV, which included events with
6.,>60°. The axial-to-vector form factor ratio has been determined unambiguously: y=0.41 +0.023. The vector form factor has
been determined in a model independent way: | F,| =0.014 £0.009. The probability of the x~ e~ vy decay was found to be

K - J-Eer\/y fo rm _fa Cto rS BR=(1.6110.23) x 10~ for the region under consideration. The contributions of the inner bremsstrahlung and of the structure

dependent radiation were investigated. A possible interpretation is discussed.

K —>nmev

50-neTtune UAMM PAH, 04-11-2020



(ll) Rare decay: UCTPA+

IHEP- INR experiment on rare K decays at IHEP
using ~ 20 GeV from U-70 PS (2000 - 2010)

BPC, BPC, BPC, SP, PC, PC, MH  Ss
¢, s, S, BPC, Decay volume PC, c, DCy IDCypdey DC . DT i SP,! HC MuH

| -
T TTo e 27T R ) e 3577777730 31m
K decays Physics
K —> nevy Tests of Chiral Perturbation Theory
high accuracy form-factors
K —> e(uw)vy F\-F, differs 20 ChPT, TI ~0
K —> uvy, (vp=> vy) MiniBooNE anomaly, SG PRL’09; PRD’11
K —> uvmy first observation, agrees SM
K —>mry direct y radiation
K —>mnP Light P-sgoldstino, Gorbunov, Rubakov PRD’01

50-neTtunue AWM PAH, 04-11-2020



(lll) Rare decays: OKA

IHEP- INR-JINR experiment on rare K+ decays at IHEP using
~20 GeV RF-separated secondary beam from U-70 PS (2010=>»)
RF uses two SC deflectors, IHEP cryogenic. ~ 100 K+/spill

: ; " 3 i 3 ) & g
55 A58 sk o & 3 3¢ o © & 6 6F 3 8
| IR | | IR
L [t weasal- R I s AN TN
K+ decays OKA Physics
K —> nevy Tests of Chiral Perturbation Theory
K —> uvy F,-FA 1.60 ChPT, high accuracy form-
factors
K —> uv, Limits on IUuhl?
K —> evy form-factors study, agrees SM, S, T~0
K+ —>momy ~450 ev, In agreement with ChPT

50-neTtunue AWM PAH, 04-11-2020



INR participation ~1995=>

(IV) Rare decays: BNL, KEK, CERN

K decays PDG’20 2 »
BNL E949: K —> uv, Best limits on [Uuhlz2 | *
BNL E949: K—>uvvv Br < 2.4 x10 i
BNL E865: K—>mue Br~10-1" LVF o T
K-> evuu , uvee Br ~108 observation | =g =™
KEK E246: K—>muv | Search for T violation | = = = ® = %
KEK E470: K->mmy direct y radiation E949: K —> uvy,

CERN NAG2: K->mvv
many interst. results

observation ~17 ev
In agreement with SM

50-neTtunue AWM PAH, 04-11-2020

(Yu. Kudenko et al.)



Npes ceBeTocbopa U3 CIIOUCTOro
KanopumMmeTpa criomoubto WLS BOMOKOH,
H. Fessler et al., NIM (1985)

MNepBbin rogockonmnyeckmn ECAL Tuna
Shashlik co3pan B U9 1991-1992
Pr.INR-736/91, Atojan et al NIM (1992)

ECAL B E865 (BNL)

OcHosHoW BapuaHT ECAL gns H->yy B
CMS, n Takoke LHCb, COMPASS, NA64

HanbHenwee pa3sutme -
B. MonsgkoB(M®B3), E. Nywmn (NAN)

] Shashlik ECAL-yHukanbHas paspaboTtka VAN-UDB3I

Nuclear Instruments and Methods in Physics Research A320 (1992) 144-154
North-Holland

i

Lead-scintillator electromagnetic calorimeter with wavelength shifting
fiber readout

G.S. Atoyan, V.A. Gladyshev, S.N. Gninenko, V.V. Isakov, A.V. Kovzelev, E.A. Monich,
A.A. Poblaguev, A.L. Proskuryakov and I.N. Semenyuk
Institute for Nuclear Research of the Russian Academy of Sciences, 117312 Moscow, Russia

V.G. Lapshin, Yu.V. Protopopov, V.I. Rykalin and V.K. Semenov
Institute for High Energy Physics, Protvino, Russia

Received 11 September 1991 and in revised form 21 February 1992

A study has been made of the characteristics of el agnetic dules with the (1.4 mm Pb+4 mm
Sc)x60 layers using 72 wavelength shifting fibers for readout. Mmodulnnremademd:uloamﬂydevebped
technology and were tested with a beam of electrons, pions and muons with energies between 0.5 and 5 GeV. It was found that
Mre:emmumuu-:/s-amuo.oﬂ/ E[GeV], response nonuniformity < 2%, and = /e rejection at the level 1072
to 107

50-neTtune UAMM PAH, 04-11-2020

/.



R.M. Dzhilkibaev, V.M. Lobashev & Fundamental Idea !
On the Search for uw —> e Conversion on Nuclei (in Russian)(1989)

Published in: Sov.J.Nucl.Phys. 49 (1989) 384-385, Yad.Fiz. 49 (1989) 622-624

production solenoid transport solenoid detector solenoid
SES: N — e N~ 2.5x10-17
50: #u'N—eN>2x1016

u-N —>qu

proton beam

production stopping
target target

“.--Using a concept first proposed some 25 years ago (Dzhilkibaev and
Lobashev 1989), Mu2e at FNAL will place the primary production target
in a solenoidal magnetic field. “ MuZ2e Proposal FNAL (2015)

S.N. Gninenko “The Experimental Setup for searching for the process
n’ —> nothing ~ 10710 at MMF”Matepwnansbl V Bbinycka “lMporpamma ¢pyHaamMeHTaNbHbIX

nccneposaHni Ha MM® VAN PAH CCCP” (1987).
Motivated by M.I. Dobroliubov, A.Yu. Ignatiev, V.A. Matveev “A Search for Light
Photino in Neutral Pion Decay” Phys.Lett.B 192 (1987)

- Concept for How to measure “Nothing In => Nothing Out?” Null isn’t “nothing” !

- Collaboration with TH is important!
50-neTtmne UAUWN PAH, 04-11-2020



Hauyano corpygHuyectBa U4 B LUEPH

1993 = Buant B.A. MaTtBeeBa B LUEPH - “lMpopbiB B 060poOHE”
JlIoroBOPEHHOCTb O COTPYAHUYECTBE.

1993 = lNognucaHne nepsoro MoU ¢ LUEPH no aknepnmeHty NOMAD.
OTBETCTBEHHOCTb 3a pa3paboTky un co3daanme ~1000 KaHanbHOro
Lead-Glass ECAL B coTpyaHuyecTtse ¢ CERN un INFN.

1993 = CornaweHne CERN-CNRS-INR no yyactuio B paspaboTke
3J1IeKTPOMarHMTHOro Kanopumetpa tuna Shashlik gna novcka H->yy B
akcnepumenTa CMS Ha LHC, CERN-R&D-36. Bonbwown uykn pabor.

1995 =» [lognucanme MoU no co3panunto getektopa CMS, orpaHnsaums
konnabopaumum RDMS CMS (OUSAN - Poccuinckme nuctmutytbl, ~ 300
YYaCTHUKOB). YuacTtume VAN B pykoBoasiumx CTpykTypax RDMS.

1996 = Bknapg B popmMmpoBaHNE NporpamMmbl nccnegosaHmm Ha CMS
N.V. Krasnikov, V.A. Matveev “Physics at LHC”, hep-ph/9703204;
YyacTtume B paspaboTtke n cospgaHum komnaktHoro PWO ECAL CMS -
paanaunoHHble namepenns B ONAN n UIB®3, TecToBble N3MEPEHUS Ha
nyykax CERN SPS. bonbwon unkn pabor.

~2000 = LUnpokoe yyacTtue UGN B ALICE, LHCb, CAST, AEGIS, ICARUS,
NASO, NA61, NA62, NA64 n yckoputenbHom nporpamme LIEPH.

50-neTtunue AWM PAH, 04-11-2020



10.

= Neutrino Experiment at the CERN SPS, 450 GeV proton beam.
v,~v, oscillations at ~600 m. Massive v, as main component of DM.

y Muon
chambers
w

m . i
| Drift chambers

o Close collaboration with TH INR.
INR group NOMAD Physics, PDG’20

70mm —> y+X a new gauge boson X
v, —V;, Mixing first limits on |Uzhl?
v;, magnetic moment BSM searches
KARMEN anomaly excluded
Sub-eV scale axions Light shining through the wall
p9(770),f(980)f,(1270) First f,(980) observation




Some NOMAD results

HHCTHTYT SAEPHBIK
POCCHACKOR AKAE

. 0 7
~sub-eV scale axions ' nm > y+X

y > Fa -8
P. Astier et al./ Physics Letters B 479 (2000) 371-380 10 F
2
_ . ? -of
BCTI SEMs Al Collimator Reflector Muon Pits CHORUS < 10 F
‘ I Decay =
BCT2 ¥ Hom Tunnel Earth o -10
D [En — S 10 F
.\ &> === ' ' < g
= JI> . a 7 s 100 MeV
Be Target — QL 10 ] wen 120 MeV
450 GeV/c protons TDX collimator Iron Shield NOMAD = 10 R
asf
10 E
Horn Shiclding NOMAD 14 [
10 E
P, 450 GeV/ie E
¥ v -15
—— [~ 10 F
¥ %
v-target » B 10 -16 ol ool aosmd osoned anveed snced oonnd 2oaved oased o seed
-1 =10 -9 -8 -7 6 -5 -4 -3 -2 -1
10 "o ™10 1010710 %10 %10 10710 %107 1
-
2 @ 10°
— 10 ? _
'> L
8 3 3 10-6!'
= 10 NOMAD i 3
s < 107
> [ = 10 F
10 : I &
= 10
= E
s - of
10 @ 40 9!.
10 107%
-11 -
10 ’1 10 {
of 1072
10 S A S S 3 . 1 M2\ -3/2
. . . R o oy -13___ + (_Mx
1w 1w 1w 1w 10?10’ 1 10 10° 10-“! ax < 34x10 A\l_\v[A\hw(l A\lf) ’
m, (eV) 3
-14[ ad sad sl ol wad 3 cood W RRPTTIN SEPTEe SENTTe |
Fig. 5. Upper limit on the coupliflg £ayy as a function of the 10 10 -9 8 7 6 5 a 3 2 1
(pseudo)scalar mass m_, derived from the present analysis and i0 10 10 10 10 10 10 10 10 10 1 10
from the direct searches of light (pseudo)scalars performed by X lifetime, s
using the polarisation rotation of a laser beam in a magnetic field
[10] (dotted line) and using the laser photon regeneration method Fig. 5. The 90% CL. upper limits on the branching ratio Br(n(n") — yX)Br(X —
[9.10] (dashed line). ete~) versus Tx obtained from the CHARM experiment for # (solid curves) and 5’

(dashed curves) decays. The numbers near the curves indicate the corresponding
values of Mx.



/' MHCTHTYT RAEPHD
OCCHHCKOH AKKAEMHH HAYK

CMS results (> 1000 papers!)

S/(S+B) Weighted Events / GeV

Data-Bkg.

®
=

MNe

137 fb' (13 TeV)

30f
25F
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10F
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BSM WG

- Dark Sector physics (DM, DE, BAU)
- New particles and new interactions
- Symmetry Violation: CLFV, n,pEDM

- Experimental Anomalies: (g-2)e,u, Be,

MiniB, KOTO, XENON1T,

Preparation for Update of the
European Strategy for Particle
Physics 2020

50-neTue MAWM PAH, 04-11-2020

13.

Physics Beyond Colliders at CERN 2016=>

OPEN ACCESS

10P Publishing Journal of Physics G: Nuclear and Particle Physics

J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501 (114pp) hitps://doi.org/10.1088 /13616471 /abdcd2
Major Report

Physics beyond colliders at CERN:
beyond the Standard Model working group
report

J Beacham' ", C Burrage D Curtin'©, A De Roeck’,

J Evans’, J L Feng C Gatto , S Gmnenko A Hamn“',
| Irastorza' "J Jaeckel , K Jungmann' ", K Klrch” 0
F Kling®, S Knapen M Lamont4 G Lanfranchl 163031 )
C Lazzeroni'/, A Llndner“, F Martmez Vidal'”,

M Moulson“, N Neri” s M Papucm I Pedraza s

K Petridis—, M Pospelov™ " , A Rozanov LG Ruoso

P Schuster 5 Y Semertzidis™ , T Spadaro , C Vallée™ and
G Wilkinenn~

PREPARED FOR SUBMISSION AS INPUT TO THE EUROPEAN PARTICLE PHYSICS STRATEGY

Prospects for exploring the Dark Sector physics and
rare processes with NA64 at the CERN SPS

The NA64 Collaboration'

ABSTRACT:
The CERN SPS offers a unique opportunity for exploring new physics due to the availability of
high-quality and high condary beams. In the 2016-18 runs :

tll;l nd othe



14.
Dark Sector

Dark
energy

Massive WIMPs are still not seen at LHC and in direct searches
Why Dark Matter should be a single particle extension of SM?

Dark Matter (DM) from a Dark Sector (DS)
<> DM is a part of DS,

<> DS consists of particles and fields which are singlet with respect to the SM
gauge group ( but could be charged e.g. under a new U(1)" gauge symmetry)

<> interacts with the SM via gravity

<> a new interactions transmitted via vector, Higgs, neutrino portals are possible

50-neTtunue AWM PAH, 04-11-2020



15.
Mirror Dark Sector: search for oPs -oPs oscillations

P o Vs Mirror Univers” P F, ETHZ-INR-LAPP experiment at CERN

Glashow PLB 167, 35 (1986). R “Improved limits on oPs->invisible”

o Badertscher et al, PRD (2006).
A search for photonless annihilation of

orthopositronium,” Atoyan, Gninenko, Razin,
Ryabov , PLB 220, 31:7 (1989).

au

I'(0O - Ps— nothiny 4
58x10°
r0-Ps—=3)

3 4 5

Fig. 1. Schematic view of the set-up: (1): Nal calorimeter; (2):
Nal counter (3): target; (4): proportional counter; (5): the pos-

itron source 2*Na., Vacuum oPs experiment required!

Vacuum is required to avoid wave function quenching
Branchnig ratio in vacuum:

2027ef)* fos L
FZSM + 4(2ﬂ8ﬂ2, FSM
Branchnig ratio in vacuum + collisions:

2
Br(oPs — invisible) = %(231@]() D >> Fl
SM COLL COLL

Br(oPs — invisible) =

” SG’95, Foot and SG ’00

50-neTtune UAMM PAH, 04-11-2020
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ETHZ-INR pulse e+ beam for Ps experiments and applications

Available online at www.sciencedirect.com NUCLEAR
INSTRUMENTS

& METHODS

IN PHYSICS

OCIINCI@DIRICT'
RESEARCH
&".‘»(YA

Nuclear Instruments and Methods in Physics Research A 560 (2006) 224-232
www.elsevier.com/locate/nima

Development of a high-efficiency pulsed slow positron beam for
measurements with orthopositronium in vacuum

N. Alberola®, T. Anthonioz®. A. Badertscher®, C. Bas®, A.S. Belov®, P. Crivelli€,
S.N. Gninenko®*, N.A. Golubev’, M.M. Kirsanov’, A. Rubbia®, D. Sillou”

*LMOPS, Le Bourget du Lac, CNRS, France
YLAPP, Annecy le Vieux, CNRS-IN2P3, France

“Institut fiir Teilchenphysik, ETHZ, CH-8093 Ziirich, Switzerland
Institute for Nuclear Research of the Russian Academy of Sciences, Moscow 117312, Russia

Received 9 November 2005; received in revised form 6 January 2006; accepted 13 January 2006
Available online 9 February 2006

| -
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Further applications of ETHZ-INR e+ Beam

“New bound on oPs->invisible”
P. Crivelli et al, PRL (2020).

“New light on nano-Si structures
with PAS”

Advanced Functional Materials

(2019)

The older low energy positron beamline of the lab operating in the 0-20 keV energy
range. It is a continuous beam with a secondary electron tagging system and time
buncher and is equipped with a positron annihilation lifetime spectrometer, high
purity Ge detector for Doppler broadening spectroscopy, and fast sample
changeover capabilities for material science studies . In addition, this beamline is

also used to supply tagged positrons for the EPIC experiment <, searching for invis-
ible decays of positronium, and was used in recent positronium laser spectroscopy

—

LPPP

\‘_’,

Contact
ETH Zurich
Inst. f. Teilchen- und Astrophysik

Prof. Dr. Paolo Crivelli
HPK F 23
Otto-Stern-Weg 5
8093 Ziirich
Switzerland

+41 44 6333511 >
+41 44 6331104 >
E-mail 2

V-Card (vcf, 1kb) ¥

e B O~

ositron source

AEGIS at CERN: Gravity fall of Hbar

IT trap

Chamber for Ps experiments
Surko-trap
\ ST trap region

Positron accumulator

o

\ “. T

¢"/Ps converter
and H production

— |
S

Dusnka

aHHUrMNALY
Has cneKkTpocKonua

TeXHONOrM4YeCKMiM KOMMNIEKC
NO3UTPOHHOU aHHUTMNAUMOHHOM CNEKTPOCKOMNMH
ANIA UCCNe/I0BaHNA HAHOCTPYKTYPHbIX MaTe@pUasioB M HePa3pyLIAIoLLEro KOHPOIA, AMarHOCTUKM,
1 aHasiM3a NPUCYTCTBYIOLIMX B HUX AedeKToB
A.C. Benos, C.H. MuHekko, H.A. lony6es, M.M. Kupcaros, B.A. Mateees, [J.A. Tnucos
VIHCTUTYT sipepHbIx ncenenosatmii PAH, Mocksa, Mpocnekt 60-neTusi okTs6ps, 7a.

Tpu sTana npoekta

INR

KoMnneKca

Mpototun
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Light Thermal Dark Matter (my << 100 GeV)

0.01 —TT v

me|—n<OV> o

0001

DN
N

time ﬂow

- o e e
© ¢ g ©
e &

OO.OOI
T % = B

omoving Number Density
% 8%% 37
5 =

c
S

For T>>m. , xx-SM ann. is in equilibrium,nX~T3f§Eg )
Hubble expansion, T & n, decrease x=m/T (time )

B} hilati ~T3/26-
For T < m, xx-SM annihilation gets suppressed, n ~T>/ce™/T
Finally xx-SM annihilation stops, n, ~ frozen in time I, = N <oV >~H
<oV >=3x1026cm3/s =(1/20 TeV)2

If DM is in sub-GeV range it must be SM neutral

Thermal freeze-out motivate new interaction to mediate DM-SM

annihilation. New force in addition to gravity is required! (Boehm,Fayet)

new interaction can be transmitted via vector, Higgs, neutrino portals
50-neTtmne UAUWN PAH, 04-11-2020




19.

Vector portal to Dark Sector

« massive dark photon (A") Thermal and Asymmetric Targets at Accelerators
-y-A” kinetic mixing: AL=e/2 FWVA™ 07
- coupling strength ~ e

-£~10°-102%, my- ~e 172 M,

« A’decay modes:
my-<2m , A" > ete’, Uy, mt
ma->2m., A" Dyyx

._.
=
oo

« popular DM candidates ¥ :
S, Majorana, p-Dirac fermions

« TDM (e, ap, m,, m,) parameters
can be probed at accelerators

« Useful variable to compare sensitivity
+v-SM annihilation: My [MeV]
n<ov> =[ap&?(m,/my-)*la/mz2=y oa/m/2



20.
Two approaches to probe LDM in fixed-target exp.

LDM(x) Production
« Bremsstrahlung e Z > e Z A”; cross section o~Z2g2/m,-2

e wmmn ... >YA", AT->xx

LDM Detection  5ctive beam-dump+E,,./P,.: NAG4,LDMX

Beam-dump: BDX, SHIP, NA62D, SeaQuest,... e- b1 _X
Dump Detector ) : —=—=Z_ I
(R %

=P Tagging ECAL HCAL

Tagging Tracker ECAL  HCAL X
€

.

\

Sensitivity of beam-dump exp. g

Ng ~ ape? Noo .
Sensitivity of NA64
Ne ~ €2N
Great advantage of NA64! S pot

50-neTtune UAMM PAH, 04-11-2020
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NA64 at the CERN SPS

MHCTHTYT AREPHbIX HCCEROBAHI
POCCHACKON AKAEM KAYK

Univ. Bonn, JINR, CERN, INR RAS, IHEP, LPI, SINP MSU, TPU Tomsk, UTFSM Chile, ETH Zurich

NAG4 is designed to search for BSM, in particular Dark Sector physics in
missing energy events. Broad research program with e-, m, p, K, and p

beams at the CERN SPS (PBC’16-19).
History:

e December 2013: proposal P348 to SPSC
April 2014: recommended for feasibility test
April 2014 - March 2015: design, production, delivery at CERN.

October 2015: feasibility test run+upgrade, recommended by SPSC
March 2016: approved as NA64 experiment by the CERN RB

(the first since NA62 approval in 2007) B.WU. CaBpuH
] B.A. MaTBeeB
2016 - 2018 runs aimed at: 11.B. Kpasuyk
« Invisible A" as an explanation of (9—2)M MuHOGpHayKu
- LDM production in A" invisible decay mode CERN

« New X(17) boson from the 8Be anomaly, A"->e+e- decays

50-neTtune UAMM PAH, 04-11-2020



NAG64: Search for LDM in missing energy events -

LDM produced in invisible decays of A's

’’’’’ .-~ | Dark

LT -

Main components : Signature:
« clean 100 GeV e- beam « in: 100 GeV e-
« e-tagging: tracker+SRD « out: Egcp < Ep shower in ECAL

« fully hermetic ECAL+HCAL * no energy in Veto and HCAL



NAG64: Search for LDM in missing energy events

e- Taggmg System:

i L T S — ' . Downstream part:
-S@?W%Edﬁmpf Tracker . ECAL, Veto,-HCAL, Mugn
-' “ b ‘ - . .- .. .' '. m “f; |

50-neTtTune NAN 1PAH, 04-11-2020



2016-18 limits and projections for mixing and LDM

N

1074 F

1075 ¢

NA64

BuLyEbJ

2.84x10"1 EOT
PRL(2019)

1073

1077

1079 F
10710

1011 |

e2ap( mX/mA,)4

10712

y:

1071 g

10714 |

ap =01

PFC BCM WG J Phys G: Nucl. Part. Phys 47 (2020) 010501

24.
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2016-18 Limits and projections for o

: "'_547( 10 F vy T - -------_547(
1 TeV Landau Pole r 1 TeV Landau Pole
12
1 E E 1 Emmmmmmmmmmee 5.)(;I~O EOT .
F " =" “~~; 1
| 10 i Majorana ThermaTBM ] 0.5
Pseudo-Dirac Thermal DM : NAG4u | 2.84x10'" EQT b
107" F5x1012E0T 1071
Q - ] A
3 3
102 A 10—2
1072 ¢ 1073
10—4 . N | A i P N N 10_4 .
1073 1072 10~1 1 1073 1
m,y,GeV m.,GeV

* NAG64 bounds are more stringent than present experimental limits
from LSND, MiniBooNE, E137 obtained with~1022, 1020 POT, 10 EOT
Advantage of NA64 approach: the rate ~¢2, while for beam-dump exp. ~e%ap

* Region m,- < m, can probe with ~ (5-10)x10'2EOT, ~3-6 m run after LS2

at a new H4 location with improved e- beam quality.+ Thanks to

* The region m,- 2 m can be probed by NAG4u with ~ 2x1013 MOT/ EN-EA-LE
~ 6 m run at M2 line. Pilot run in 20271 with a new u-beam design.

(see next slide) arXiv:1903.07899
50-neTtunue AU PAH, 04-11-2020



260.
Constraints on DM-electon cross-sections

Complementarity of NA64 and direct DM searches (XENON1T)
107 X NN T

10736 | \
10-37 | AN

NA64, a = 0.1 N SNR
Essig et al. XENON10 .\ "\
DarkSide-50

1()—38

1073 |

o, cm?

—10 L d
107 XENONIT
1074 F ]
10742 |

1()—43 _ _

1044 L e e ‘
104 103 102 101 1 10
m,,GeV
XENON Coll. arXiv:1907.11485
SG,Krasnikov,Matveev arXiv:2003.07257

The 90% C.L. upper limits on DM-electron scattering cross-sections
NA64: no assumptions on DM number density and velocity distribution

50-neTtune UAMM PAH, 04-11-2020



« Dominant a-y coupling, L=- gaWaFWI:'W/4
« Primakoff production in the ECAL dump :

S, Vl S, s,

ST,
wm, MBPL1,2 ! PRS  ECAL HCALO
\ 6=20mrad \L \ \ —\“___
\ s /y / / / J .

ST,  mm, GEM, GEM,  VETO

HCAL 1-3

Signature: ETL full calculations,

* 100 GeV e- track e.g. the a emission angle
" Erca < Ep shower in ECAL S

= no activity in Veto and HCALT1

Then, either

a) no activity in HCAL2 and HCAL3:
a decays outside HCAL, or

b) e-m like energy in HCAL2+HCAL3

M
M
M

GeV, m,=10 MeV
M
M

do/de, [GeV?]
=

a decays InSIde HCAL 10(1)0"0 1.0'9 0% 107 10° .10’5 10*  10° 102 10!

50-neTtunue AWM PAH, 04-11-2020

Production cross-section:

27.
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Haloscopes
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T T

Cosmology -
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Logy, m;[eV]
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Bounds on the coupling g,

Phys. Rev. Lett. 124, 211803 (2020)

28.

10 ¢

1076

CHARM

E137

1072

107!

m,, GeV

The results on the a 2yy decay are also applicable to
the A" >et*e decay search. Plan to improve limits on
y-A"mixing and €. around ~10-* (8Be region).

50-neTtunue AWM PAH, 04-11-2020



29.

Probing Dark Sector with NA62 and NA62-dump

X [m) MUVO0
< NAGZ2 kaon mode 75 GeV 2 » STRAW o [CHOD
« A’, ALP, ..production in target H—M—T Huvl,2
- . 14 ‘Rfﬁ Iron
PASX+A", ALP or in m, K,..decays | . . . hmuw
- Searching for long-lived oo of T e cani—— LS4
A" >ee, uu; a>vyy decays 4 TAX HASC
[RC Dump
2 LKr

< NAG2++ beam dump mode
1078 pot dumped onto Cu colli- A 00 "1 R %

Z[m]
mator (TAX), ~21\ - Ve
CERN-SPSC-2019-039; SPSC-P-326-ADD-1 2 A on

. LAV ,
+ Flux of A",ALP,NHL produced in TAX, il Hiron
directly, or via decays of secondaries | ™ops o | 0 — | .Mé’éé
« Downstream part acts as a high- 400 gev el asc
resolution tracker, PID, hermetic veto TAX IRC  Dump
2 LKr
« Rich program actively studied . | | |
in the framework of PBC BSM WG : 0 2im

PBC BCM WG, J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501

50-netue AU PAH, 04-11-2020
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30.

NA64, NA62-dump: Projections for ALP - yy decay

PBC BCM WG, J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501

LEP

o ——

NAG4, 510" cot

visible (solid), invisible (dotted)

Belle 1137~ :",1," "

Belle 11-37-0 ab’

10"

10~

10"

* ALP Primakoff production JHEP 1602 (2016) 018
* ALPs decay in NAG62 FV (~60 m long), sensitivity ~ g,,.*

* 400 GeV, 10'8 POT, zero-background assumed

50-neTtune UAMM PAH, 04-11-2020



Searching for BSM physics:
Experimental anomalies

50-neTtunue AWM PAH, 04-11-2020
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1he gmission rates look similar:

9

"Be

Iy(8Be) = 1.2x 1075 eV
Iy(*He) = 3.9x 105 eV

Many models: X= S, PS, V, AV

X= A" (n0->Xy)

NA64 model-independent view:
no assumptions on g, just € .= O

O

ATOMKI PAR
SPECTACMETER

search for X->ee in the region

10>< € ,<103 defined by (g-2),

and the X lifetime.

100
9 L *H(p.e'e)*He 800
so br E = 900 keV 200
70 ::+ 600 |
e HTL +
50 | + v _l_
40 T+ IV
30 T ==y + | 4 300
_-:F—“‘” = | +
3 + T =l
o F arXiv:1910.10459 3
0 10 lll 1‘2 1‘3 ll4 115 1‘6 ll7 1‘8 19 0

Invariant mass (MeV/c’)

FIG. 5.

1072

1073

500 |

400

200

100 |

8Be-*He anomaly (ATOMKI): a new X17 boson ?

% “Li(p,e+e-)8Be

—t=
T

~_+_
16,6 MeV

2
C=

1+th— L
. IPC, M14E1 +++-|—++ +

PRL (2015) +++

A 1 1 ' 1 1 1 i 1 e P
9 10 11 12 13 14 15 16 17 18
m_ . (MeV)

32.

Invariant mass distribution derived for the 18.15 MeV
transition in ®Be.

PRD® (2020)]

1072
uye GeV

107t



33.

Hunting the short-lived X17 with NA64 in 2021 run

NA64, EJPC(2020) MBPL HCAL

GEM1 GEM2

WCAL
150 GeV e X

n

Visible mode setup update

=]
=

SETTT I T T I I T I T T I T[TTT[TTT[TT T TTI T rITII[T
S R A R L R B B B

+ Invariant mass reconstruction

« WCAL dump length is optimized not for

Frequency [a.u.]
=
o

Mean 16.58

the beam energy, but for the energy of sof-MC: 16.7 MeV X17
usignaln ShOwer! LWC NZOO mm => ‘|42 mm o m..=16.640.5 MeV Std Dev 05169
. : o€ = 1.4 x 107 2! ndt 5845/29
» Reconstruction of inv. mass m,. F (23 m running) o

Challenge: 6., ~ 0.3 mrad!

Measure O, ~A.. /L..; A~ gap between
tracks in GEM1

L..—decay length is constant, ~18 m

0.33 £0.02

Mass Width

8 & 38 8

—_—

145 15 155 16 16.5 17 17.5 18 18.5 19
Reconstructed Invariant mass [MeV]
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34.
NMepcnekTuBbl A'>ee, uu, tr

PBC BCM WG, J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501

~ 5 years ~ 10-15 years
T , T UWE 10 - ] '] "I IL’}
K L{Ju - r REDTOPR, ' pt \ LNAJ‘”‘ v‘

Be - 107} "N ll,..‘ A -
, - \[\ y, AV N ' .é
107 E i 10} R “"’0- e " ]
: =N ) Y, 1
:\\h-{i\l(l“vnl =l N 4 | 1

-5 f—v —— ' | ) %
107k '? 107 e " ~— -!
10° __—_é 10°) N SHP, 10" pet !i
1077 = 10 ) -

NA62, 10" pot ; 1
3 < : !
IO_K l | Ll i I” . PR, 4 PR “".A: - PERFSNY
1 10 10% 10’ 0* | 10 10 10 10°
m,y(MCVl) m,.(MeV)

« short-lived A", ¢ > ~10~> - Complementarity and competition
between NA64, AWAKE, LHCb Upgrade, HPS(Jlab), LDMX(SLAC)

« long-lived A", ¢ < ~10> - Complementarity and competition
between NAG62-dump, SHIP, FASER, SeaQuest

INR participation in NA64(AWAKE), NA62-dump, SHIP is foreseen.

50-neTtunue AWM PAH, 04-11-2020



35.
) (9-2), anomaly: Z" with universal coupling is ruled out

CERN Courier April 2017

(9-2), : ~ 3.6 o discrepancy between TH and EXP, BNL E821 (2004) NeWS

£ 102 Regions of the dark-photon
n parameter space (mixing
strength versus mass)
excluded by BaBar (green)
compared with the previous
_3 BaBar 2017 constraints. The new
e 10 analysis rules out
I dark-photon coupling as
the explanation for the
muon (g-2) anomaly and
= places stringent constraints
107 T T o dark-sector models.
it 107 1072 107! 1 10
m,. (GeV)
of Caltech, who has worked on dark-photon  then can decay. They are more like ‘dark
models. “In contrast to massless dark Z bosons’ than dark photons.”
photons, which are analogous to ordinary
h  photons, this experiment constrains a o Furtherreading

slightly different idea of dark force-carrying  BaBar Collaboration 2017 arXiv:1702.03327.
particles that are associated with a broken NA64 Collaboration 2017 Phys. Rev. Lett. 118
symmetry, which therefore get a mass and 011802.

L A A 4 L L 0 L A4 /4




36.

g (9-2), anomaly, L,-L, Z"and LFV uN->TN’

E989 on (g-2)u at FNAL: will result in ~5 o if confirmed (20207?) , /~ ™ .
Explanation: new sub-GeV L -L, Z'coupled predominantly to muon %Y ”

SG, Krasnikov, Matveev PRD(2014)

New ideas for a’'la NA64u experiment
L,-L, Z, M3@FNAL,arXiv:1804.03144

Leptophilic TDM, arXiv:1807.03790
Light scalars of DS, arXiv:1701.07437

/D ] T "
B, 150 GeV, s v
BMS v

1
i e.g. LQ

uN-TtN"
103 ' ’ _— \c\ 107 = \ A
R \\\ i ’i,é\\.}—“
____________________________________________________________ , o A R=0(uN=>tN” )/o(uN->uN") < ~10-12
B YR T T e Iy
2 10° 2 10 NA64, 10" MOT / /1 H1, ZEUS e-t vs NA64 u-t bounds:
A /1 Soperators: A®=0.2TeV; A*"21.3 TeV
..................... s v 5 IR v * Voperators: A®=20.3 TeV; A2 2.4 TeV
5 A% ’ NA64, 10" MOT .~
0% ===y e e « Toperators: A®=0.3 TeV; A2 2.6 TeV
10" 10! 102 10° 10" 10! 102 10°

ms[MeV] 50-neTue MWAYP AH, 04-11-2020



Complementarity of e and u searches: y-Z, mixingS7'

oophole: search for Z, with e- beams

2l VA g g zZ' y 7 A
- v L~ 2 2 2 ) ~
M o M ! o Na- ~ Ng e2mgs/mu-c my->~m,

y -Z, mixing e~3eg,/16x2In(m./m,) _ /\/ \//
= 10 -2__ - y 10-3 - E787, E949
o r . : 7
g’ - G ,;/ K
%. ’ . L ) '/' BaBar
8 [
8 - 104 o
-3 w S
10 | ok
7 107 |
AW . g
10 [ e N
10°© : : :
1073 1072 107! 10° 10!
7 aee® my-[GeV]
. RO, =y « An enhancement factor for u~102
: N N came from the ratio of the effective
10 10° 10° e- and muon target length t /t,

m,., MeV

w,Z, =e,A

arXiv:1903.07899, ETL

1801.10448
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38.

f] Combined NA64e - NA64u LDM search (Projections)

Full coverage with 103 EOT+2x1013 MOT

10 Y

2 / :
y=e€apim /my)

15 L i 1
1073 104 107! 1
Jrl\.(v'r"
10 I = i w
1 TeV Landau Pole
1 ¥ et T “se 7
e ] 0.5 0.5
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" E I i |
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NAG64 Physics in Collabioration with TH INR

39.

Process

New Physics

Comments, Projections for limits

¢ beam

Required number of EOT: 5 x 10"

A" = ete ., and
A" = invisible
A" = \Y

X = ete
milliQ) particles

a — yvy,invisible

Dark photon
sub-GeV Dark Matter (y)

new gauge X- boson
Dark Sector, charge gquantisation
Axion-like particles

107° <e< 10721 < my < 100 MeV
2x 1079 <e< 1073, 1073 S my <1 GeV
Scalar, Majorana, pseudo-Dirac DM
u‘;;)"'" <1, (l}[')—D < 0.1, for my < 100 MeV
SBe* anomaly, €“P < 1075 ¢low > 2 x 1073
107 <m@Q < 0.1e, 1073 < m,,o <1 GeV
g <2 x107°%, my <200 MeV

it~ beam

Required number of MOT: 10 — 5 x 10"

Zy = v
Zy = XX
milliQ
a, — invisible
jt — T conversion

gauge Z,-boson of L, — Ly, < 2m,,
L, — L, charged Dark Matter ()
Dark Sector, charge quantisation
non-universal ALP coupling
Lepton Flavour Violation

(g-2), anomaly; g < 107%, with £ 10" MOT
y < 107" for m, < 300 MeV with ~ 10" MOT
107" <m@Q < 0.1e, 1073 < My, < 2.5 GeV
gy S 1072, ma, <1 GeV
o(p—71)/o(p— all) <1071

T . K beams

Current limits, PDG'2018

Required number of POT(KOT):5 x 10*(5 x 10'")

7 — invisible
n — invisible
1 — invisible
K2 — invisible
K} — invisible

Br(n® — invisible) < 2.7 x 1077
Br(n — invisible) < 1.0 x 104
Br(y — invisible) < 5 x 1074

no limits
no limits

Br(n" — invisible) < 107

Br(n — invisible) < 1078

Br(n — invisible) < 1077
Br(K? — invisible) < 1077
Br(K} — invisible) < 1077
complementary to K~ — wvv

50-neTtunue AU PAH, 04-11-2020



40.
3aKknruyeHue

1. AkcnepumeHTbl UCTPA, UCTPA+, OKA, SM n BSM B pacnagax x, K:

* W3mMepeHue popmM-PpakTopoB « [louckun CP HapyweHus B K*
« [lpoBepka V-A n ChPT « [lonckun S, T B3anmoaencTeum
« O6Hapy>xeHune HoBbIx pacnaaoB n’, K « [lownckn HoBbIX YacTuy, (v, P, ..)

2. Pa3paboTtka n cozgaHue nynbcupyrowiero ny4dka nosamtpoHos ETHZ-INR
Ana nposeaeHue dhyHAaMeHTalrbHbIX (M NPUKNaAHbIX) uccrnenoBaHum ¢ Ps
e Jlyywme orpaHuyeHns Ha OCUMNNSUMN OPS, MOMCKN HOBbIX JIEFKUX YacTuL

3. CotpyaHuyectBo ¢ BNL, FNAL, KEK, GSI (E865, E949, E246 E470, HADES)

« PaspaboTan KOHUENUMIo nomncka u2e *  [louckn TsKenbix HEUTPUHO
. Towcku LFV B pacnagax K « [louckun S, T B3anmopencTemm
OGHapy>eHue HOBbIX pacnagoB K »  [Mouckn HoebIx HacTuy (vy, P, A™..)

5. Uukn pabot no nporpamme nonckos BSM Ha LHC. NMoucku LRSM W, N,CMS

6. Physics Beyond Colliders at CERN, NA62, NA64, SHIP

« Onpepenstowmn sBknapg B co3ganme NA64 -+ lamepenne K—>avv NAG2

« Llnpokas MNporpamMma nomckos Ha e-, u,h « LFV, HOBble YacT. B pacnagax K
nydkax: LDM, ALPs, S, Z7, milliQ, Be, g-2, + Yuactne B8 NA64-dump, SHIP
XENON1T, KOTO anomalies « Lupokas nporpamma noucka BSM

50-neTtunue AWM PAH, 04-11-2020



