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Latest results and future prospects of NA64
LDW2025 - Madrid, 17.9.2025

Paolo Crivelli, ETH Zurich, Institute for Particle Physics and Astrophysics on behalf of NA64 collaboration




The NA64 experiment

Fixed target experiment at the intensity frontier, searching for Dark Sector physics below the electroweak
scale with the missing energy/momentum technique

MS1 on
* NA64e, NA64e+ ele* 0 « 0 L______
* Search for vector-mediated (A’) Light Dark Tl N
Matter using electrons and positrons at H4 ‘
° NA64IJ: MS1 ECAL MS2
* Phase1:L-L. Z’as a solution to the (g-2) p H
anomaly and LDM
* Phase 2: Complementary LDM searches
Final p
. MS1
* Search for leptophobic DS coupled to light - S
SM quarks St
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NAG4 research program - input to EPP

Run 4

2025 2026 2027 2028 2029 2030

LS3

2031

L

2032 2033 2034 2035

SU 2026

C t 2026 Run 4
Beamline |Particle |Motivation Latest results| = o 2025 (preliminary  |[particles on
statistics
plans) target]
Leptophilic Dark Sectors coupled to e:
NA64e |LDM, inelastic DM, ALPs, scalar, Z’, |9.37x10™ 2x1012 5.9x10" 8x10™ 1013
X17 ...
H4 45 11
LDM (higher masses <0.25 GeV, 100 GeV: 10"° (100 GeV: 10" GeV:3.24x10° > 10" for
NA64e*|several mediators axial, vector, 70 GeV: 70 GeV: 40 G.e\.l- 40, 45, 60 GeV |different
pseudoscalar, scalar), ... 1.3x10° 1.3x10 6.39x10° energies
Leptophilic DS coupled to u: LDM
M2 NAG64y |(higher masses > 0.1 GeV, ALPs, Z),  |1.98x10° 3.5x10"" 2x1013

muon g-2, millicharge, u—rz...

NA64h

Hadrophilic DS
Invisible n, n’, Ko decays

Addenda to be prepared next year
Proof-of-principle published! Phys. Rev. Lett. 133, 121803 (2024).

NAG64 post LS3 program submitted as an input to ESPPU (arXiv:2505.14291)
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NA64 LDM latest results (2016-2022)

T10 target
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MS1
. Vacuum window
e/e* beam H C D) D

Trackers

NAG4, Phys. Rev. Lett. 131, 161801 (2023)

World leading NA64 constraints on the LDM parameter space

! LSND 7
- 9.37 x 1011 EO /A
BaBar I -
A
MBN_._.—-
NAG4 collaboration, Phys. Rev. Lett. 131 (2023) no.16,,161801 . .,
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Non-deflected line
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Status of NA64e

MS1

At
e/e* beam Vacuum window

Non-deflected line

' MS2
, D
Trackers _ :r - —u -
G -

Trigger: [1S; -V, - (Eps> 0.2 GeV) - (Egca, < 90 GeV)

Momentum reconstruction and PID:
 Magnetic spectrometer (MS1) + Synchrotron Radiation Detector
(SRD)

~1.6 102 eOT collected in the same setup between
2023 and 2024

Blinded data analysis ongoing

Hermeticity

Goal: LDM exploration and prove feasibility of post-
LS3 program

Plan: publish together 2023-2026 data /
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+ Veto

Signature of the signal event: well-reconstructed 100-GeV electron
track, E_...> 50 GeV, NO activity in the Veto, HCALs and VHCALs

miss



Studying the main background: upstream hadron electro-production

* 2023 preliminary analysis and Monte Carlo developments
demonstrated our understanding of electro-nuclear and photo-
Vacuum VETO  HCAL nuclear ( .

oshel VHCAE * Prototype VHCAL introduced in 2023 effectiveg/ suppresses this
Outercgll§| - background by more than an order of magnitude.
MM
_+,,, e * Further setup optimization in 2025 with 2"dVHCAL introduction
e S<Zo=
\\\eu.te\rcells\

* Results driving the design of finalized VHCAL to be implemented

during LS3
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First look at the 2025 data

e ~59x10" eOT collected

during 2025 with improved

setup (additional VHCAL
module)

* Encouraging results from
“quick look” at data (the
run ended in July):

— Asking for no energy
deposition in two-VHCALSs
reduces background as
expected!

MS1

Vacuum window

[ (D G

e beam
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Trackers
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HCAL energy (GeV)

Preliminary test on limited 2025 data sample - No information from trackers used
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First look at the 2025 data

e beam

=(

Event number/2.2 GeV

Event distributions in the side-band control region
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Non-deflected line

Eggsible further steps to mitigate the background level after

* Remove as much material as possible upstream of VHCALO; optimize
the positions of all detectors

* Improve detection efficiency of VHCAL (new PMT readout)

. Up%rade the setup with larger-acceptance HCAL modules from the
M2 line (need of a new support structure)

Preliminary plan: collect further statistic during 2026 run to

finalize background studies before LS3 (>10'?2 eOT combined
with 2025)
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R&D towards higher intensities: fast readout

In view of post-LS3 high intensity running, new fast readout electronics, based on INFN «waveboard» digitizer was
installed for 2025 run (PMT-based detectors)

* Average intensity during 2025 run: 8 x 10° e”/spill (20% higher than in previous year)
* Five days at 107 e”/spill (highest possible intensities in the line with high quality beam).

* Factor 3 faster
sampling rate (250
MHz) w.r.t. previous
MSADC

* Dynamicrange2V
(14b)

* NA64 DAQ
integration: fully
synchronous system,
fixed-latency, fixed-
phase clock recovery
from optical link (UCF
protocol)
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* New waveform fitting routine implemented for better pileup disentanglement

* Preliminary results are encouraging
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NAG64 potential for additional new physics scenarios

A’ -> visible and X17

.7/

e 7Z - e ZX; X = invisible

g-2 Berkeley (2018)

B-L Z"vs neutrino scattering

3
10

CHARMII

lAa,l

L T
» P
-14 A
10

98.L
—h
°

1
o
T

=2 -15,
104 PRL 120, 231802 /(2018), - . :  PRL 126, 211802 (2021) | o /
1 (R) 2020 10° 1072 10" 1 10° 10° 107 10° 107 10" 1
102 10! m,, GeV m,., GeV
my,GeV PRL 129, 161801 (2022)
QCD aXion and ALPS Thermal 1]:)II;IhAe:r(!Tl}naImlD:M1 ap =0.1
107! - 106 ’ X1 YA X1 XD
\ 1077
1072
\ x o S
L0 NA64 ]‘,‘[“,ml/‘;{ £ 10-0 AR
S £ 107
§ 104 NuCal NdQ 107 £ 137 scatter g
1801 (2020) I e S
10°? o Lo b SRS Eur. Phys. J. C (2021) 81: 959 |
CHARM - 1014 [ Eur. Phys. J. C (2‘023) 83: 391 ]
» 107?0*2 10‘*1 1 103 102 101 1
my, GeV my, GeV

Lmu-Ltau Z’

L, — L, “dark sector” model, mz = 3m,

107 1072 107! 10° 10" 10*
10- 107!
Belle — IT
1072 1072
1031 CCFR 11073
’ NA64
=0, =7
10" -107*
Borexin !
107 . L3107
10 1072 10

myz [MeV]

Y. M. Andreev et al. JHEP 07, 212 (2024)

Results obtained with
3x1011 EOT
(2016-2018 statistics)
Analysis in progress
10x more data on “tape”
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NAG64e+ - Latest result with 70 GeV positron beam

NAG64 positron program: exploit resonant e+e- annihilation for enhanced LDM production yield for > 100 MeV A’

masses (CERN-SPSC-2024-003 ; SPSC-P-348-ADD-4)
* Firstsearch using 100 GeV e+ published in
* Analysis of 1.6x10'° e+OT with 70 GeV beam energy collected in 2023 has been recently published in :
* Due to the low expected backgrounds, we could adopt an expanded signal window in ECAL, reaching up to 60% of
the full beam energy
» Improve NA64e limits in a narrow region, with a 2-orders of magnitude lower statistics w.r.t. electron data
» Strengthening the case for the low-energy positron program at NA64 after LS3
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NAG64e* - 2025 run and future prospects

e 2025: collected data at 40 GeV and 45 GeV to demonstrate the
feasibility of running at different initial energies to “scan” the A’ space
(~10719e*OT collected)

* New high resolution PbWO, “POKER” calorimeter used as an active
target

* New LYSO-based synchrotron radiation detector for better incoming e
/e* identification at low energy (first tested in 2024)

POKER calorimeter @ 6000 M7_06c2e1\42 107
= B - -
* High-resolution detector 2 - c=0.975
o o Q o — —8 L
optimized to exploit the * 5000 olp = 1-47f°/° =
resonant annihilation missing B 40 GeV , 10°§
energy Signatu re 4000__ u=37.524 /;; 10-10 | NA64-e*
*  9x9 PbWO, crystal matrix + 2- N o =0.528 5 P
. B oln =1.407% £ .0 COHERENT CsL 4 S
layeI’S pre'Shower, S|PM 3000__ I — 10 e > FLI'?!KHT)IT e hmm
readout - 201<;e7\61 % 1012 | Neeg IS e e ]
. | = S 5 Fermion, e* beam, combined
*  Expected resolution: 20000 ] ' Fermion, ¢* beam, 150 GeV
” 2 50 C c=0.273 10-13
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— = T @ (05 - 1)% 1000‘_ GIH 1.384% >
¢ . i B 10714 ¢ my = 3771,X
* Encouraging results from - ap = 0.1
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Status and results of NA64mu at M2 beamline

NAG64, PRL132 (2024) 21, 211803, PRD 110, 112015 (2024)

10— Ly — Ly "vanilla” model Thermal Dark Matter, g, = 5- 1072, mz = 3m,,
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NA64dmu status

MS1
Min I]

H

Background source Background, n,,

(I) Momentum misreconstruction 0.05 +0.03
) K - p+v,... in-flight decays 0.010 = 0.001
(III) Calorimeter non-Hermiticity < 0.01
Total nb (conservatively) 0.07 £ 0.03

Data collected up to 2022 published:

Setup optimized in 2023-2024 to reduce background and
increase intensity

Improved MS1 in 2024 (more efficient tackers)

No data taking in 2025 > longer run in 2024 to accommodate
AMBER and MUoNE requirements

Two independent blinded analysis ongoing (2023 and 2024 data
samples)

Trackers

Trigger: So X Vo X S; X Sy X S3 X V; X Sy X BK X S,

Signal signature:

2022 2023 2024

1.98x1010

Well-defined incoming muon track with 160 GeV
No activity in the veto and VHCAL

MIP in ECAL and HCAL

Scattered muon E <80 GeV

TOTAL RUN 4

1.5x10M 2x101™
—>

3.5x1011 LSS ~2x1 01 3 ::‘ug;s on target

Improved setup
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NA64mu ongoing analysis

Selection Criteria

. . o 10*c l [ > 10°F i I =
* Time selection S - - 3 4 Data o~ _
« Well-reconstructed single 8 102t — % — ---- Exponential ; ‘. —
muon track traversing the -4 ?f‘ﬁa = 5 10° ~ -~ Crystal Bal by ’, B
setup | | ol i 2 N t 4" L — Upperlimitbox ) .”f N
. Sl'ng'le track in MS1 with pyg; T Upper limit box N 10_5 2023 3 s =
W|th|n 160 GeV/C * 3 0MS1 - 2022 - :_ Prel|m|nary _:
* Single hitin the detectors 104~ Analysis - - ~
and clean track after MS2 - — — —
. -5 _ ]
e Noenergy in VHCALs and — - 107 -
VETO outer cells 107 = . -
 MIP-compatible energy in - B — , —
. . — — -9 —
calorimeter, particle ol § 107°F =
. . . 10 - 4.":' — — ' —
impinging on ECAL central L 1 ! [ | | P | |
0 50 100 150 200 0 50 100 150 200
cells p, GeV p, GeV
Run 2023 | 2024
Pin (MS1) | 0.288 | 0.550 Table 1. Preliminary track reconstruction efficiency in NA64
< > Pout (MS2) | 0.415 | 0.519
\%/ Overall | 0.263 | 0.451
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Post LS3 prospects for NA64|J NAG64, PRL132 (2024) 21, 211803, PRD 110, 112015 (2024)

Thermal Dark Matter, ap = 0.1, my = 3m, Thermal Dark Matter, muon — philic scalar

10~

104 SR e / ;
During LS3: = 107 =
setup upgrade to run up to 5x107 muons/spill £
(the maximum the beam line can deliver are  £v

4x108 muons/spill) Lo

= 1078 LAY

= -
\ e _ae=T
g = 2.1my

-
-
—
-
- m,

10715

13 15 N;\é4 ESPPU input (arXiv:2505.14291) Ay favoure
GOAL for LHC-RUN4 > 2x 10~ EOT 10584 = s L N

my [GeV] mg [GeV]

Thermal Dark Matter, g, = 5- 1072, my = 3m,

Planned upgrades include:

ECAL (readout)

HCAL (larger acceptance modules)

VHCAL (optimisation of prototype, 2 modules)
Second spectrometer with double magnet
Segmented trigger (hodoscope)

DAQ & readout

m, [GeV] my [GeV]
\%/ See next talk of Victor for additional BSM scenarios that can be tested with NA64mu
* A or Eberhart et al., arXiv:2504.05873 (leptophilic ALPs), new ideas more than welcome!
N

Paolo Crivelli | 17.09.2025


https://arxiv.org/abs/2504.05873

NAG64h - first results

NA64h: Search for Dark Sector predominantly coupled to quarks with pion, kaon, and proton beams at the CERN

SPS
* Sensitive to several models via missing-energy technique (invisible decays of n, n', w, p mesons, oscillations of

neutral kaon into its “dark” partner, production of leptophobic LDM states)
» First proof-of-concept results from the the analysis of 2.9 x 10° tOT (1 day in 2022) with a simple setup:

T~ - Yl . = 5 “}';'_‘;;L/ 7 \/ \
"I T > -
1 X T - . ‘;\’H ————— X_ S
O o -— : -
Fe(26,56) g PIN PN e
* Results published o ¥
« Set most stringent constraints on n, n'invisible decay Br(n — invisible) < 1.1 x 107,
* Additional data collected in 2025 with modified setup o »
Br(n' — invisible) < 2.1 x 1077,

* Possibility to run the experiment at the PS is under study
First tests at PS T9 are foreseen from the 24th of September until October 8" to understand the beam quality
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\%/ An addendum to the SPSC with our future plans after LS3 is in preparation



Summary and Outlook

e Tot. collected statistics ~2 x 1012 EOT -> probing LDM benchmark model and
NA64e- improve sensitivity ALPs, Lu-Lt, and B-L Z’, iDM,...
Plan: 1.5x statistics before and total of ~1. x 1013 EOT after LS3

NA64” e 2022: 2x1010 MOT, 2023/4: 3.5x1011 MOT(upgraded setup)->(g-2)sand L,-L+ Z°

* Plan post LS3: 2. x 1013 EOT after LS3

NA64e+ e Pilot run 2022 (2 days) ~1x1010 E+OT, 2023 run at 70 GeV (1 day)
* Plan: 40, 60 GeV ~2. x 1011 E+OT after LS3

The exploration of the NA64 physics potential has just begun. Proposed searches

with leptonic and hadronic beams: unique sensitivities highly complementary to
AV similar projects.

x
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