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International collaboration: 50 researchers from ETH (Zurich), INFN (Genova), Univ. of Bonn (Bonn), JINR (Dubna),
LPI, INR, SINP MSU (Moscow), IHEP (Protvino), TPU (Tomsk), SAPHIR(Chile), IFIC(Valencia), U. York (Toronto)

Key years to demonstrate the
1) Light dark matter: robustness of the technique

o % ; - 2021 Total
= |nvisible decays using 100 GeV Allacl 2 s B 2

Invisible mode Invisible mode Invisible mode Invisible mode

electrons: 2016-2022 combined ana'ysis NA64e 3.22%1;:%;::1' 6x 10™ EOT 63 x 10" EOT 5.1x 10" EOT 1.5 x 102 EOT
world-leading sensitivity!

Future prospects:
= 2023: First LDM results using a e+ beam
= 2023: First DS exploration using a yg- beam

0.5x10'0 MOT 4x10'° MOT 1.5x10" MOT

1010 e+*OT 1.5x10'0 e+*OT

2) Constraints on several New Physics
processes setting also world-reference limits:

+ Inelastic Dark Matter ; .
+ ALPs New analysis ongoing

+ Bl 7 with 5 x (.20.16-2018
* L, L2 statistics)
) https://na64.web.cern.ch/




Av Vector portal to Dark Sector

‘new massive boson A" (dark photon) which has kinetic mixing
Msgng'(asr:n | Vector boson Dark with ordinary photon: AL = €/2 F WA,

SEBENIE Production: A’ - bremsstrahlung e-Z> e-Z A", s~72€2/ma-2
Decays:
Lroiar = Lspy + Lps + Lpgyar - Visible: A" e+e-, u*u-, hadrons,..
- Invisible: A" > £ A4 if ma- > 2 m, assuming apm ~ a >> €.
Vector (Dark Photon, A') : :
3 ’ Can explain (g-2),, astrophys. observations
u)y [ SELE
P
X : DM candidate
f- X
Y A’ _ et
Va 8D Cross section for c-DM annihilation:

fr 102-105 X

Pl

1 m,

y X =

: <oy > 8,
_ My u u

Zpp = 5 AL A + Ay (gD s — €€ Fim) m 1y
oviyy = A" = ff) x €2aD— = —
mg,  my

J.Feng, J. Kumar
Phys. Rev. Lett.101231301

Parameter space defined by: ma, my, €, ap = go?/4n

my, gx—governed by this new force in a
broad parameter space below the EW scale



The NA64 experiment

Fixed target experiment at the CERN Super Proton Synchrotron accelerator designed to probe Dark Sector physics.

T10 target 4‘

ECN3; '/ ‘AL‘EHN2

EHN1 Neutrino Platform K12 //"2

EHN1 ‘,-‘ (s/ ‘

A
H2, Ha, Hs{ﬁs / X/
P
T2,T4,T6 targets\: ‘¢ :

TT20 transfer Ime

LHC

LHCb

ALICE TT20

Vi

TI2

TT60

AD ELENA
Glm) ISOLDE
= bb OS1 _u»

| East Area |

PS

\//4?’\' LINAC 4 ¥ i ; CLEAR
H- ’ I 2017
2020 er
PN LEIR NA64e @ H4
S

4

By CERN - https://cds.cern.ch/record/2693837/files/Poster-2019-858.pdf. CC-BY-4.0 license reflected in MARC field 540, see full record:
https://cds.cern.ch/record/2693837/export/hm?Iin=en, CC BY 4.0, https://commons.wikimedia.org/w/index.php?curid=111244993



e~, 100 GeV fhg

NAG64 experiment setup (invisible mode)

MU4

- e

Vacuum vessel




Assembling NA64 subdetectors (2015)
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Summary of the NA64 runs at H4

QDInvisible mode configuration, first run 12.10-09.11 2016

‘Run
‘Run
‘Run
‘Run
‘Run
‘Run et
‘Run

2016 EOT ~ 4.5x1019, Sy rate 2+4x106¢;
2017 EOT ~ 5.4x1019, Sy rate 4+-6x106¢
2018 EOT ~ 1.9x1011, Sp rate 6=-8x106
2021 EOT ~ 5.2x1019, S, rate 4+5x106
2022 EOT ~ 6.4x1011, Sp rate 5=7x106¢
2022 EOT ~ 1.0x1019, Sp rate 5+=7x106¢
2023 EOT ~ 6.0x1011, Sp rate 5+7x106

Total analysed electrons (2016 - 2022) ~ 9.37x1011 eot
Total accumulated (2016 - 2023) ~1.5x1012 eot

@Visible mode configuration first run 22.09-01.10 2017
Subrun 1 WCAL 40X0 EOT ~ 2.4x1019, Sp rate ~3x106
Subrun 2 WCAL 30X0 EOT ~ 3x1019, Sp rate 4-5x106
‘Run 2018 S4 in WCAL EOT ~ 3x1019, beam 150 GeV
Total EOT ~ 8.4x1010




Search for A" ->invisible decays at CERN SPS

e- e- A o | Dark
-------------------------- "=lII0 T | Sector
k¢
-’_'_ﬂ_'_‘_,_.-!-’"-ﬂf x““—-____

z SES < TO-"/EOT
Signature:

= in: 100 GeV e- track

" out: Egca < Ep shower in ECAL

S.Andreas et al., arXiv: 1312.3309 = no energy in Veto and HCAL
S.G., PRD(2014)

Main components : Background:

* clean 100 GeV e- beam ¢ W, 7 Kdecays in flight

| ¢ upstream interactions
* ©-lagging system: MS5+SRD ¢ Tail <50 GeV in the e- beam

* hermetic ECAL+HCAL ¢ Energy leak from ECAL+HCAL



The NA64 technique

S. Andreas et al., arXiv:1312.3309 (2013)
S. N. Gninenko, Phys. Rev. D 89, 075008 (2014)
L. Marsicano et al. Phys. Rev. Lett. 121, 041802

—4 + Active Dump + Fully hermetic detector

Synchrotron Radiation

1) Incoming particle ID and

E. Depero et al., NIMA 866 (2017) 196-201

- Tracking system: 4 XY multiplexed resistive
Micromegas, 2 GEM and 4 straw detectors

- 10° -=== & 50 GeV
momentum reconstruction - i e 0 Gl
D. Banerjee et al., NIMA881 (2018) 72-81 95% e identification — i_;gch:Vv
— 10* — 100 GeV
3
5,
2 10°
C
MBPL 1, 2 g
Straw 1,2 S
-
Vacuum pipe
SRD } IR AN
V2 80
' I [ Energy deposited [MeV]
AT > —
I I I Momentum
6= 20mrad
I momentum
C Entries 49316
- - _— Mean 9995
= RMS 1.213
MM 1,2 = %2 / ndf 939.2 /40
S2 s3 B Constant 1.312e+04 + 7.428e+01
~ Mean 100.1+£ 0.0
St 34 - Sigma 0.7357 +0.0025
raw 3, =3
GEM 1,2 -
,
80




Aw  The NA64 technique

2) Electromagnetic calorimeter (ECAL)

= Pb-Scintillator sandwich
= High hermeticity (~40 Xo)
= Energy resolution ~ 10%/,/(E[GeV])

Active target
. MM 3-4 ECAL
Vacuum pipe SRD

A’-Bremsstrahlung

6= 20mrad

Resonant A'
production

S2

Straw 3,4

L PS: pre-shower
First 4Xo

GEM 1,2

TRIGGER:
HSZ * ‘71 * EPS > 03 GeV * EECAL < 90 GeV




The NA64 technique

3) Fully hermetic detector
VETO+Hadronic calorimeter (HCAL)

MBPL 1, 2

- - Vacuum pipe
zm v;

6= 20mrad

B I )

S2

Mm 3-4 ECAL

53

VETO

Straw 3,4
GEM 1,2

Dedicated Dark Matter simulation package in fixed target
experiments DMG4 (M.Bondi et al Comput. Phys. Commun.
269, 108129 (2021)) developed using GEANT4 (G4) toolkit

HCAL 1-3

HCAL 4
= Fe-Scintillator sandwich

= High hermeticity (~28A\)
= Energy resolution ~ 60%/,/(E[GeV))

Active Dump + Fully hermetic detector

A’-Bremsstrahlung Decay Signature
€4 e Invisible % Missing energy
my, > 2m, A
ap
Initial well-defined &
beam i i e : ;
e, et Y, e Visible A SM pair particles
’ ’ ’ mA/ < 2m){
_> Resonant A! ¢
production et
X1
e Semi-Visible ¢~ Missing energy
my > m, > >m, +
4, {_SM pair particles
X1




Simulation of eZ->eZA"; A"-> invisible @ BG

A~ emission in the process of e-m shower development.

SM events:
Eccac+Encar ~ Eo

Events

| LU

S G e G
- O O O O O

o(eZ->eZA") (Bjorken et al. 2009)

A’ events:
Eecal<Eo; Encar=0

13




DM processes simulation: DMG4

* Fully Geant4 compatible package DMG4 is developed (arXiv:i2101.12192 [hep-ph]). Can be used in any full simulation

program based on the Geant4 toolkit

* Bremsstra
processes (

nlung processes off electrons and muons (like eZ>eZA”), gamma conversion to ALP, annihilation

ike ete> A" > xYX) can be simulated

« DM messengers: vector (A" ), axial vector, scalar, pseudoscalar, spin 2 (graviton), masses up to 3 GeV

« Invisible and visible (to SM particles) decays

* For the total cross section we use the full matrix element calculations (ETL) (arXiV:1712.05706 [hep-ph]) through the
K-factors applied to the IWW cross sections. These K-factors can be as small as 1/15 for electrons at Ma ~ 1 GeV

» Simplified

IWW approximation in e-+ beams for differential cross sections (messenger masses > 1 MeV), sufficient

accuracy. Messenger energy and angle are sampled
 Tabulated e+ beams differential cross section for masses <1 MeV
* Recently implemented WW approximation in muon beams Complicated analytical integration. Messenger energy and

recoll muon

angle are sampled by default (backup )

« WW formulas are now extended to scalar mediators
* Recently implemented: spin 2 messengers
* Recently implemented: semivisible decays of DM

 Presented

at ACAT-2021 and ACAT-2022

* We continue to develop the package (convenience, new processes)

14



NA64 invisible mode: main physics goal LDM

Event Selection Criteria:

. *Timing information — Pile up and noise 20z~
suppression o

: . 100 |
55 TEUENTE- . e . +Clean incoming track: angle + single hit 3
i, - Py in all trackers, momentum~100 GeV g -
60 SR A 1 ------ | *Electron identification: Synchrotron 3
. =T radiation + Shower profile compatible 3%

409 with e-in ECAL — Hadron suppression “Fm

: ‘ +No multiple hits in the straw detector ; £ .
20 - 1 (larger acceptance trackers) to reduce 20 [ B

: - . B the background from e- interactions :
N — i upstream 0

Eeca [GeV] L .
+No punchthrough: No activity in Veto
and in HCALs

_ _ . How is this shape formed?
* QED di-muon production in the ECAL: e" £ — e Zyy — p " i =Electron — nuclear and gamma — nuclear interactions

» Used as a benchmark process to study the accuracy of our MC *The main peak is cut off by trigger requirement EecaL < 85GeV
simulation, detector performance, systematic errors,...

15



Events/5 GeV

Background: example of extrapolation

Background sources runs 2021 - 2022

Eccan GeV

16

] "/ nd 1071 / 3. |
Background source Background, ny
: P1 '23084 (1) dimuons losses or decays in the target 0.04 £ 0.01
' (ii) i, m, K <> € + .... decays in the beam line 0.3 £ 0.05
: P2 Q.3959 I (iii) lost v,n, K” from upstream interactions 0.16 +0.12
. » (iv) Punch-through leading n, K7 < 0.0]
| Fun 2366-2436, single exp Fit Total n, (conservatively) 0.51 = 0.13
, 4
o
E .
A=0.08+0.045 BG from the beam
elements (iii) is suppressed
by multiplicity cuts
| in MM and Straw tubes
; and by HCAL Topo cuts.
- Estimated from extrapolation
A Al L 4 BTN RN W Ll
10 20 30 40 50 60 70 80




R 1
4

1072

:

/ Fermion, a = 0.1
/ Fermion, ap = 0.5

e Scalar, a, = 0.1
Y 10* ¢ c
107° ¢ 5
; Enhancement due to resonant A’
\2mEy, < my <4/2m K,
10—6 . Ll | . b0l L
103 102 10~1 1 10
m 4, GeV

NA64 collaboration, arXiv:2307.02404 ( accepted on Phys. Rev. Lett on September 14th, 2023 )

90% C.L zero-background hypothesis

17

+ Resonant process:

shower positrons on

electrons of the target
ete> A" > XX
First addition

to the analysis:

Phys. Rev. D 104, L091701
(2021)




10

-3
10

Limits on generic boson and (g-2),

e Z— e ZX: X — invisible

types of X

Exact tree leve! (ETL)
calculations for different

18

Consider also Scalar,
Pseudoscalar, Axial vector
Andreev et al.

PRL 126, 211802 (2021)

Results (tension) on Aa, :
LKB +1.60,
Berkley -2.40

In process

+Annihilation
Extend to 1 KeV

Quarks-24 21/05/2024 Irina Tlisova INR RAS



Constraints on B-L Z’ (decaying to SM particles)

-3
10 ¢
-4
10 E CHARMII
NPCGe
S LSND L
£ 10" pe bR
Csl
F -
6 Borexino N64e
10 =
- Gemma
10 R SRR TTIT BTN RTTTIA (NIRRT NN A T 1T SN RN SR ST S S T TIr
6 -5 -4 -3 -2 -1
10 10 10 10 10 10
m,., GeV

19

Better sensitivity than
neutrino experiments!

Phys. Rev. Lett. (2022)

Quarks-24 21/05/2024 Irina Tlisova INR RAS



Continue searches in invisible mode

Veto hadron calorimeter (VHCAL) to further
suppress background from interactions upstream

Additional spectrometer:
Measure New Physics processes involving u
in the final state

= New subdetector VHCAL to suppress BG from beam elements and tracker
= Upgrade of DAQ
= Upgrade of electronics

" Upgrade of ECAL 2 Quarks-24 21/05/2024 Irina Tlisova INR RAS



Sensitivity to y and some popular sub-GeV
Thermal Dark Matter models

How can we enlarge the sensitivity
at higher masses?

- BaBai

NA64-¢

COHERENT (sl

10~1 1
m,,,GeV

Bremsstrahlung A’ emission ~1/m2a s signal yield suppressed at higher masses

21

New complementary ideas
- Positron beam and A’ resonant production

L. Marsicano et al. Phys. Rev. Lett. 121, 041802

Supported by the ERC Starting Grant 2020 project: POKER “POsitron
annihilation into darK mattER” A. Celentano (INFN-Genova)

« Use a muon beam: NA64u experiment

S.Gninenko et al. PLB796, 117 (2019)

D. Banerjee et al. [NA64 Collaboration]. CERN-SPSC-2019-002 / SPSC-P-359, January
14, 2019.




L -L. Charged Dark Matter and Z,, mediator

Z, mediator
Dark Sector )------------

fhy T Vs Vs » LDM coupled predomimantly to generations 2,3

- free parameters m,my,, g,, 0,
» Z,decays:
— - " 41 1- + -
Wy Ty Vyy, Uy Mz,<2m,-decays into SM, Z, > vv. i, '
- mz>2m,- invisible decays into DM: Z, >y, vv,
ap >> osmM, ap=0,%/4n, oagu=9,/4n

ix x4+ he.  Complex Scalar _ — .
Goaiocckon:  Puonde Divec Busia « Cross section for x—DM annihilation:
{;\ o 56" Majorana Fermion Finel = nX< oV >
") Dirac Fermion ov = [(9,9,)°(M,/ma-)*]/m 2 =y/m2;
- 2 )4 _
Gninenko, Krasnikov 1801.10448 use¥ul[f/%¢?;lgle(Tg/ Cn;/r*n ) a]re CTE
Kahn, Krnjaic, Tran, Whitbeck 1804.03144 P

sensitivities

22



Search for Z, in missing energy events on M2 beam

Motivated by (g-2), measurements Proposal NAG4p
L (2019)

Times B E ER0EaE),

Main components : Signature:
» 100-160 GeV p- beam, |,~107u/spill. «in: 160 GeV p- track
* in u tagging: BMS+MS1(MBPL+tracker) * out: <80 GeV u- track (recoil)
* out u tagging: MS2 (2MBPL+tracker) « small energy in the ECAL, Veto, HCAL
e 411 fully hermetic ECAL+Veto+ HCAL » Sensitivity ~ g,,°

23 Quarks-24 21/05/2024 Irina Tlisova INR RAS
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: ’
’
’

Rl
4{

Searches for A’ with NAG64pu

Better sensitivity to heavy A’ (>100 MeV)

— R S.Gninenko et al. PLB796, 117 (2019)
-6 -15
10 — 10
10” 10 10" 10" 10" 10~ 10 10! !
mA°[GCVI 9 mx._GeV
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To obtain or improve results
In the positron beam: POKER!

Resonance annihilation channel using a 100 GeV e+beam.

ete” > A > yiy

L. Marsicano et al. Phys. Rev. Lett. 121, 041802

Supported by the ERC Starting Grant 2020 project: POKER “POsitron annihilation into darK

mattER” A. Celentano (INFN-Genova)

1072 2
a’u
1073 / "'%j‘f “““ < E
: g . /\ [Fermion,lap=05 \ | ]
! Sialar, u‘,if'().l,
(Bt / i
v 7 /// Fermion, a,=0.1
1= ' i e 3
i NA64 ;
5 / A factor 10 |mprovement ine my /My, =3 i
10 ; translates to a factor 100 iny (~ €2) |
[ A | — el
1073 102 10— 1 10
my, GeV

0

Differential track length / X _(GeV™)

107° =

Hadron contamination in H4 in e+ mode is significantly
higher mainly due to protons from the decay of A—prtr.

—
<

"y
K
o

-4
S
@

-
<
o

Distribution of track length of » -
_ secondary e+in the target [
L L L L L L o L

E (GeV)

|
10 20 30 40 50 60 70 80 90 100

'oz‘ I l“.kw'l t
g "#"%-
Positive-charge mode
102 . ’ 5
- NAG64 collaboration, E
arXiv:2305.19411
10

« NEXT step: demonstrate the incoming positron energy scan up to

40 GeV and cover the mass range between 140 and 250 MeV for 107

all DM candidates. In 2023: ~1.5x1010 e+ on target using 70 GeV

positrons to demonstrate the possibility to perform energy scan

« An addendum to the SPS committee for a dedicated e+ program
at NA64 is in preparation.

p wal\%
w _

25

1 = n"". w’ﬂl =
i / wNegatlve-charge mode |
L " #
- ¥ i =
il Coabl s b Ll B
0 50 100 150 200 250
E [GeV]

pORERE@

POsitron resonant
annihilation into
darK mattER

Effort led by the group of INFN Genova: A. Celentano

At 100 GeV hadron BG is higher in positron beams
At lower energies the SRD tagging performance drops
significantly (E4)

*New LYSO-based SR detector, homogenious, with
high light yield. Prototyping and simulations are in
progress

*New active target: PKR-CAL calorimeter. Baseline
design: 33.5 X0 PbWO4 calorimeter with S1PM readout, 9x9
matrix of 20x20x220 mm crystals, 4 layers

Progress in PKR-CAL development

»Goal: 6 /E ~2.5%/ E® 0.5%

=High radiation doses

*POKERINO prototype tested on H4 beam
line this year, analysis in progress, first
results promising



Av Axion-like particles (ALP) coupled to photons

New way of using the invisible mode geometry: visible decays! 1 -
: : : : L’int — _—ga’y”}/Fpﬂ/F a
Produced via Primakoff effect of gamma conversion on nuclei 4
Y
s, V - T ECAL Jaryy Gay~
\\ mm, MBPL1,2 ) & \ a
.\,( = \ \ \ 4
‘ /)
- Main goal
Exploration of the uncovered gap between the beam-dump and LEP
searches in the parameter space of benchmark axion models ( )

l 4 O ’
10 : NA64 collaboration,-Phys. Rev. Lett. 125.(2020), 081801

10 <

Signature:

No signal on Veto and HCAL1 _
HCAL3 + L 10§

A. Visible Decay into yy on HCAL?2 || HCAL3 S

B. Decays after HCAL3: no activity on HCAL2 & HCAL3 = |

o~ 10)

LEP

ALP search strategy

. C C : . 10 : B B s 4
In addition to invisible decays beyond the detector (missing energy signature) look for decays in : I \ . E13] > 84 x 10" EOT |
HCAL2, HCAL3 with HCAL1 as a veto CEMARY B
- Allows softer cuts on energy deposition in ECAL 10-° .

- Background: punch-through neutrons and KO 10~ 10~ : 1

* Final cut on R = (periphery cells)/(central cell), strong suppression of hadrons
26



ATOMKI anomaly

I ———— NA64 visible mode: 2017-2018 combined analysis
could explain the anomaly (large literature)

« NAB4 addresses the search for X17 in a model

independent way, just assuming its non-zero e~ 7 — e—ZX17(A/); X17(A/) — ete™ e 7 = e~ Za, a— ete™

coupling with electrons. 10~2
« Vector model used as benchmark.
e Z— e ZX,5 X7 = ete”
0
inge Vateg the
= 100 "an,m Neeqy
800 B .. o'a :
1} 8 %0 Hipa'e 1'He "’903% n & 10-3
; 00 '-,' 80 l:.-’.h\‘ t : .
60 + ‘%\ -0 — A4 | o
% T = W Y225 BaBat \| ATOMKI
3 20 -{- + A Be : *
B 4 |
2 300 | IPCMILED # H + . \\ |
0 T - lJr 1\ 10~ :
-+ N ./
PO PO DS~ vwOT VIOU TR VORT . FOCP 104 <2 _,.,_,_.,-..._--‘-.-'r-‘-"""”‘” 2017-2018 |
9 10 11 12 13 14 15 16 17 I8 0“ 112 13 14 15 16 17 18 }, _.-9-‘°"?—"-’— — 1
m,,,. (MeV) Invariant mass (MeVie) . E141/ g 4 x 1019EOT - |
A.J. Krasznahorkay et al, Phys. Rev. Lett. 116, 042501 (2015) A. J. Krasznahaorkay et. Al Arxiv:1910.10459 (2019) - . Y AT C.HARM
1072 10~1 102 101
my., GeV m,[GeV]
NAG64 collaboration, NAG64 collaboration,
PRL 120, 231802 (2018), PRD 107, 071101 (R) 2020 Phys. Rev. D 104 (2021) no.11, L111102
27
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NA64e-

New area at H4 and setup upgraded
Total 2016-2023 statistics: 1.5x1012 EOT

» Analysis of the 2016-2022 with (~1012 EOT) completed: LDM
suggested parameter space probed for the first time. World-

best sensitivity!

» Analysis ongoing to probe:

» The uncovered area for classical axion models and ALPs.

> New hidden interactions in the neutrino sector, e.g B-L Z'.

> iDM, Muon g-2 anomaly with A' semi-visible and L,-L: Z'.

Plans to collect 3x1012 EOT before LS3.

Summary and outlook

NA64u

e Total 2021-2023 statistics: 1.9x1011 MOT

» Analysis of the 2022 data (2x1010 MOT) under
collaboration review: results indicate that part of

the g-2 and LDM parameter space can be
probed.

e Goal to reach 1012 MOT before LSS3.

NAG64 is an ideal experiment to decisively discover or disprove very interesting
predictive LDM models and greatly explore DS in the coming years.

NA64e+

First LDM results using 100 GeV positrons (1x1010
e+ on target) demonstrating the feasibility of the
technique.

POKER project

Hadron contamination level in e+ beam 10 times
larger than in e- @H4 at 100 GeV.

The high-sensitivity NA64 hunt for New Physics has just begun!

28
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