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Overview

The Dark Matter problem



The problem

26.8% Dark
Matter

68.3% Dark .
Energy 4.9% Ordinary

Matter

www.esa.int/Our Activities/Space Science/Planck/
Planck reveals an almost perfect Universe

https://esahubble.org/images/potw1402a/

» 1933: Fritz Zwicky estimates the mass of the Coma cluster using the virial theorem and finds a mismatch
between movement and brightness —> there is matter that we cannot ,see”. He calls it dark matter (DM).

* Nearly 100 years later, the existence of dark matter has been confirmed countless times, but we still do not
know what it is. All we know is that ordinary matter makes up only ~5% of the known Universe


http://www.esa.int/Our_Activities/Space_Science/Planck/Planck_reveals_an_almost_perfect_Universe
http://www.esa.int/Our_Activities/Space_Science/Planck/Planck_reveals_an_almost_perfect_Universe
https://esahubble.org/images/potw1402a/

Interaction strength

Physics case: Dark matter (DM) — where we are

A. Boveia et al., arXiv:2211.07027(2022) CF Cosmic frontier EF Energy frontier = RF Rare and precision frontier = NF Neutrino frontier
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Physics case: Dark matter (DM) — where we are

A. Boveia et al., arXiv:2211.07027(2022) CF Cosmic frontier ~ EF Energy frontier NF Neutrino frontier
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Interaction strength

Physics case: Dark matter (DM) — where we are

A. Boveia et al., arXiv:2211.07027(2022) CF Cosmic frontier EF Energy frontier = RF Rare and precision frontier = NF Neutrino frontier
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Interaction strength

>

Physics target: Light dark matter (LDM) - what and why

CF Cosmic frontier

)

EF Energy frontier

PandaX collaboration, Phys. Rev. Lett. 131 (2023) no.19, 191002
S. N. Gninenko, et al. arXiv:2307.14865 [hep-ph]
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NA64 2023, Scalar DM, ap = 0.1, mpa/my=3 —— -
BaBar, Scalar DM, ap = 0.1, ma/my=3 ]
PandaX-4T, Scalar DM, nucleon CS ———
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NAG4: a fixed-target experiment probing LDM models

Fixed-target experiment devoted to exploit unequivocally Dark Sector physics combining complementary
and different beams from the CERN SPS (e, e*, y and hadron)
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The NA64 programme

2015 2016 2017 2018

Experiment

- - - LS2
approved by SPSC € € €

Well-defined Fully hermetic
- -
beam detector

* NA64e-, NA64e+
* Search for vector-mediated (A’) LDM, inelastic
DM, ALPs, scalar, millicharge...

* NA64y:.
* Leptophilic DS coupled to p
~ Phase 1: L -L; Z’ as a solution to the (g-2) p

anomaly and LDM
> Phase 2: Complementary A’ LDM searches,
ALPs, scalar, inelasticDM, millicharge, ...

* Use lower energy hadron charge-exchange
scattering on heavy target as a source of neutral
mesons (n,N’,...) followed by their invisible
decays, or transitions to DS state.

2021 2022 2023

e-

e-/e+ e-/e+
Ik

”+

2024 2025 2026

e-/e+ e’/e+ e-
H+

LS3

Thermal Dark Matter, ap = 0.1, mg = 3m,,

BaBar
NA64u

\Q%e Prospects for LDM searches using

complementary beams

100
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The active dump technique

—_—

Initial particle beam
e_’ e+, IJ!
m, K, p

Key parameters
e |ntensity (particles on target)
* Energy

Target

Active dump

Target

Production and
detection

Beam-dump

Detector

L et Parameters: technology,
fiducial volume, detector
distance (Lget) ,...

Example: Dark Photon A’ (applicable for other mediators)

Experimental signature

Missing energy/momentum

2
Ny x €

Examples: NA64, DarkSHINE, LDMX, MS3...

Scattering or decay of the new patrticle in
the detector

4
N,y x € ay,

Examples: MicroBoone, SBND, T2K,
ICARUS, DUNE, HyperK, NA62, FASER,
SHIP, FPF,...
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Overview

NA64u: muon mode
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Focus: NA64y

n/ — uzZX X — invisible
MS1 ECAL MS2

—> X
—p |

=1

Final p

1) M2: unique high energy (up to 250 GeV)
and high intensity (up to 107 py/s) muon beam

2) Measure pin (~160 GeV)

3) Full target length contributes to the signal yield, compensating
for the suppressed muon bremsstrahlung cross section

4) Measure pout (<80 GeV)

5) Tag muons and catch
secondaries

We search for: missing energy +

o~ g%7%a*Im?

gx

X 9gp, gx

@ X=AZ,...

Generic boson X

15



What can NA64yu probe?

Standard
Gl Dark Sector

Model

. \Pseudo-scalar/ ,
N /

N /
N\ y;
s a4 =7rd= [ 7 Key Aspects:
Sl Scalar 7 * Beam intensity
T -  Reconstruction of initial/final muon momenta
S = xx »  Hadron contamination
| -  Hermeticity (energy conservation)
.. Vector
/ / /
A" = 06 A = X0 Ly = XK MS1 ECAL MS2
And many more... H I I —> X
i U —> X
_’

S.Gninenko et al. PLB796, 117 (2019)
D. Banerjee et al. [NA64 Collaboration]. CERN-SPSC-2019-002 / SPSC-P-359, January 14, 2019.

Final p

16



NA64u results so far and what we learned

2020 2021 2022

Proposal Pilot

10
submitted run 2t 2< I

Z'(AY) = xx

2023 2024 Run 4

11 11 13 Muons on
12x 10" 22x10 2.0x 101 o

Strategy: two analyses of the 2023 and 2024 datasets

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

No signal observed in

1.98x1010 MOT
— 10—14 98
Aa,, favoured
H +Z - ,l/lZZ,, 7' - )()? (+20)
10—16 S S
1073 102 101
m, |GeV]

Featured in Physics

First Results in the Search for Dark Sectors at NA64 with the CERN
SPS High Energy Muon Beam

Yu. M. Andreev et al.
Phys. Rev. Lett. 132, 211803 — Published 21 May 2024

- _—
Ph)/SlCS See synopsis: Careful Accounting Could Reveal the Dark Sector

Background source Background, nypy,
(1) Single-hadron punch-through < 0.01

(11) Dimuon production < 0.01

(111) Detector nonhermeticity < 0.01

(iv) Hadron in-flight decays 0.010 £ 0.001
(v) Momentum misreconstruction 0.045 £+ 0.039
Total (conservatively) ny, 0.07 £0.04

NAG4 collaboration, Phys. Rev. Lett. 132 (2024) 211803
NA64 collaboration, Phys. Rev. D 110 (2024) 112015

—> Goal in 2023/2024: optimise the setup to further suppress background and increase intensity
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Overview

Technigue + reconstruction

18



Key aspects: High-

Generation of secondary beams

Principle inspired by cosmic-rays interactions: Protons
from the SPS accelerator hit a beryllium (Be) target,
producing a shower of secondary particles

Intensity muon beam

Top of the atmosphere P

Proton collides with an
atmosphere molecule.

o O
400 GeV protons Efe’ 2 5 GeVlC v
(Slow extraction 4.8s) (172 : 17) GeV/c 8§ 5 (160 = ©
| ™K u Ilm|") %
S L]
1 700 m ik 400 m o
Be Hadron Decay Section | Muon Cleaning Section
target

Adapted from D. Banerjee “The future of muon beams at CERN”,

Hadron contamination in the muon beam 10-5-10-6

Muon4Future2025




Key aspects: Incoming momentum reconstruction

Trackers
ECAL MS2 I
- N A T Hout
W=
-H- - = X .
j < A _4

Scintillator-based trigger
coincidence to select the

. . ~1
core of the incoming beam 10° 197 mc
P
102 O
10° + o/p
data
10°| p
10 .
o/p
107
1 -
10_5§
0 1065- T T T 3 3 1065 T T T 3 10—6§
o E = : . :
5 10°F e % 10°F \ = E
S - - ° - ] 107 ET—T— —
5 10°F 4 = 10
2 - 1 8 E Beam trigger 3 0 50 100 150 200 [GeVI<2:]
E 100k 4 B 403k S,+S, i
prd = = =. 10 E_ !;
: Beam trigger i < : -
107 None 102 4
10 10 k .
1 . . | ] 1F 1 : . 3 Realistic Beam simulation developed in collaboration with CERN BE-EA department
0 50 100 150 200 0 50 100 150 200

Beam energy [GeV] Beam energy [GeV]



Key aspects: Target — production of LDM mediators

Hin

MS1

Trackers
X
H— — — = — — P>
-
i —-»
4

—
)

109

p—t
<
w
e
Ol_'
[\
p—
(@)
L

Ny per MOT
— p—t p—t —
© o o o
L L L L L
3 W~ o %) —
sl Ll Ll AR
T Y < {
/

—

e —— —

Mediator between SM and DM produced via a process.

The particle yield, Ny o

initial electron is ~Xo )

N,
PNay L, a)’“(‘ , (L, ~40Xo (whole calorimeter) while in the case of an

D.V. Kirpichnikov et al. Phys. Rev. D 104 (2021) no.7, 076012.

H. Sieber et al., Phys. Rev. D 105 (2022) no.5, 052006

H. Sieber et al., Phys. Rev. D 108 (2023) no.5, 056018.

DMG4 [B.Banto Oberhauser et al. Comput. Phys. Commun. 300 (2024), 109199].
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Key aspects: Tagging and measuring scattered muons

MS1 Trackers

bin | e :
ﬁﬂH‘N M[ ]H'_D

Beam trigger (BT): Sy X VX §; X S, X S3 XV,
Physics: BT X S, X BK X S5,

Signal: Final state muon with

Trigger efficiency
- MIP compatible deposit in all calorimeters and pout < 80 GeV/c Low-mass range High-mass range
—> compromise between high cross section at low masses A gmg—w -
and better trigger efficiency at higher masses. 3 +++++ E S it : mz 1GeV :
300%— - 1203— i -
- . = AR B WH : -
optimised for deflection. ool LA E ok ¥ ; E
. " . . - ) =
—> Simple design for the demonstration of the detection of the = it v e +++++ﬁl-++ E
scattered muon. P . o |y E
- Kons R - - ‘O‘“‘. .
oowlzlo' ' 4|o' | |6|OI | 'slol | '1<|)o' | Héo' | '1:|40' | I1t|30| 180200 00!1 | IZIOI | 1410' | IGIOI T80 '1([)01 | '1210q “ﬁn 1161301 | 1121301 200

H. Sieber et. al. Phys. Rev. D 108 (2023) no.5 056018
H. Sieber et al. Phys. Rev. D 105 (2022) no.5 052006
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Key aspects: Tagging and measuring scattered muons

MS1 ECAL

bin | { ) :
ﬁHH Iﬂl[ ]H'_D

Trackers

107'E

1076

_
Signal: Final state muon with
shown for this type)
- MIP compatible deposit in all calorimeters and pout < 80 GeV/c ="l braliminary | -+ Trisger20es
—> compromise between high cross section at low masses g o Triggerstracking
and better trigger efficiency at higher masses. E Signal efficiency s*«
03] (MC) /
optimised for deflection. "
—> Simple design for the demonstration of the detection of the K
scattered muon. //‘
0.05E ﬁg’%@

1
M, [GeV]

Two trigger types
1: S4,, shifted further from 0-line

2: S, closer to 0-line (signal efficiency

— beam muons
— trigger type1

trigger type2 ||

10—2 = -
10_3 =
1072

107°E

reliminary

50 100

200
[GeV/c]

pMSZ

H. Sieber et. al. Phys. Rev. D 108 (2023) no.5 056018
H. Sieber et al. Phys. Rev. D 105 (2022) no.5 052006

250
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Definition of the final state muon

MS1

bin | e :
NH M[ ]M'_D

J

Selection criteria
*Time selection
*Single muon traversing the setup
*Well reconstructed single track in MS1
*Single track after MS2
*No energy in VHCALSs and Veto outer cells

*MIP compatible energy in calorimeters
with particle impinging on ECAL central
cells

ECAL+HCAL+VHCALO+VHCALT1 [GeV/c]

200
180
160
140
120
100

80 -

60
40

. o
.....
............
00000

Y S e

Single track in MS1+MS2

I

20F

[Illllllllllllllllllll

el e

I!lllll

200

et
P [GeV/c]

| IIIIIIII

10°

102

10

1

ECAL+HCAL+VHCALO+VHCAL1 [GeV/c]

Trackers
X
______ P
- X _
- — - —»
A /

at most one hit in MS2down

2001
- A: non-interacting muons
180 B interactions in ECAL/HCAL
160 C: uN interactinos in HCAL
140 - D: secondaries emitted target
- E: pile-up with e-m shower in ECAL
120
1001~
80
60
401~
20 m
I:.l l ‘{‘ !‘ { i‘.j | | I.III. I-
% 50 100 150

. [GeV/c]

200
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2023 data taking campaign — hardware upgrades

Trackers

] e | e ™ H|i|;>“OUt

>

el o

New Magnetic Spectrometer (MS1) with
significantly reduced lever arm (from
~80 m to ~6m) —> in flight kaon decay
background suppressed by factor 10

New veto scintillator to
suppress pile-up triggers

* Further upgrades:
* Include a pre-scaler: Allows to simultaneously collect data passing different trigger conditions
» Double intensity: from 2.5x106 p/spill* to 5x1086 p/spill
- 8 additional trackers (23 in total)

* How did we cope with these upgrades in reconstruction and analysis? See next slides

*a spill has a duration of 4.8 seconds, followed by a dead time of ~10-20 seconds (2-3 spills per ,,supercycle”, which is 48 seconds long)
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2023 data taking campaign - raw data

* Two types of detectors: calorimeters (segmented in cells) and trackers (3 technologies: GEMs, Micromegas and Straws)

Calorimeters Trackers
* Measure energy deposit and time via scintillation light ¢ Measure position from electron shower in gas hitting a grid of wires

 Readout device per cell: PMT  Readout device for wires: APV chips (GEMs, MMs), TDC (Straws)
e Signal: Digitised waveform 32 samples each 12.5 ns e Signal: Digitised waveform 3 samples each 25 ns (APV), time (TDC)

t = PHY ON
event-10174-20-515/HCALO-3-1/Wavef@tii, e - pv seam VYN
total samples = 32
O pedestal zone = [0, 8)
O E signal zone =[10, 24)
<L 70 .--.. master time tM =94.0 ns
— Calibration data:
e name = HCALO-3-1
B K = 0.043791
60 . ... tmean =85.6 +tM ns
— texpected tE = 179.6 ns
B i . . tsigma=1.6 ns
- : ; i Wave reco data:
oY TS ... time t0 =180.7 ns y7
— : 5 amplitude A =69.0
— : ) : amplitude sample = 16
E : : : : : energy = 3.02 GeV
W = - . B L X1 XN
E ' ' ' ' ' = 50 — in time
20 =7 = s (:U’- X time samples
B : )
= 'g
10 __..................i........... E 10 -
— f s 5 o
B =
O.;:—J_\LL Nl L ©
0 25 30 0

time sample —50 0 50 100 150 200 250 20



2023 data taking campaign - reconstruction

Load database: calibrations, channel IDs,
geometry info (positions, dimensions, ...)

Decode event: store PMT and APV
raw waveforms and TDC times

l

Reconstruct data

T

Calorimeters: peak finding algorithm (e.qg.
constant fraction discrimination or fit). Energy:
peak of pulse x calib, time: time at half height
of pulse closest to expected time

|

Total energy: in-time energy without noise for
each cell. Combine the cell infos

Trackers: clusterisation, i.e. identify wires
belonging to same particle, perform weighted
average using wire charges for position, transform
into spatial units

Track reconstruction: Separate algorithm to combine
tracker (and magnet) info into a track (next slides)
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Hit reconstruction — multiple hit processing in GEMs

MS1 Trackers

A 11™ Hout
>

all o

 Pile-up and secondaries from interactions in target require robust identification of the muon track
* |[n the past the best hit was used and the motivation to include additional hits was to deal with
multiple tracks coming from higher intensities or secondaries emitted from the target
- Key: Simple noise threshold on cluster charge and correlation of charge between x and y cluster

all hits

7} : R 0.52 -
[ Entries 141641 'c 1400[ | Entries 22145 n sk ebltielel ok Sl sl Bb Bbo ol b
100, single hit o | . SR
J ?PU-I"LL'I.-I' _ B M | ? |
A gy, | Entries 22145 O 1200 . L 10 0.50 - ? :
i ‘p,l—]H_‘rﬂ—f[r”frrﬂ%lJ,}ILL o ' J'ULJ‘NP;I?%[L s i Tk Al a 1 ]
el P, X 1000 ; + |
i J-“ Vel a0 (e nj !
i e o g, . <Et - . £ 0.48 i
1] ’”4”71 > 800 N A o :
10 8 i A 1 _CE) :
T = I 0.46
! = 600 . .. s |
[ Q) R k. ~ |
L . E [
i 400(- . S 0.44 4 :
I N ; I |
- e L |
‘ 2001 A fit: y=-7.617+1.107*x 10 | t amp corr
107" i y 6 0.42 ¢ | ¢ ampsum
il B R B R R ' R R 0_ s ' 1 | L L L L | L | | T T T T T T
0 200 400 600 800 1000 1200 140(_) 0 500 1000 1500 2 4 6 8 10 12
GM02X Amax [ADC UnltS] GMOZX Amax [ADC units] hit threshold
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Real-event example - after upgrade

300

EVENT 10150-64-82
fitted track
—— - extrapol. track
————————— tracklet
——<— reconstructed hits

X [mm]

250

200

150

100

50

—

~100f—F----- ro--o-coco=cooceo-oo- IR

~150 | — g AT

VHCAL1 X MBP2

_200 | | | | | | | | | | | | | | | | | | | | | | | | | | |

VHCALO

48000 50000 52000 540080 56000 58000 60000

300

y [mm]

250

200

150

100

50

0

-50

-100

-150

. MBP1 X VHCALO X . VETOHCALA1 X MBP2

_200 | | | | | | | | | | | | | | | | | | | | | | | | | | |
48000 50000 52000 54000 56000 58000 60000

NA64, EVENT 10150-64-82 @ 03 Aug 2023 17:23:47 CEST z [mm]
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Alignment - precision in geometry

before alignment after alignment
global coord. _ global coord. . local coord. | global coord.
- local cqdord.
>
"""""""""""""" > R B 8 & 5 & 5 5 5B &8 & &8 B 8 5 RS 8 B 5 & 8 8 8 B 8 &
BEAMSPOT BEAMSPOT
rotation 1° : translation 2" BEAMSPOT
- D
BEAMSPOT
MMO6x_ures MMO7x_ures
' beam trig beam trig ' J- beam trig
10— = Entries 2978004 Entries 2893016 10— = - —! \ I—- | Entries 2606545
I Constant 0.1647 Constant 0.2258 I N \ [ Constant  0.1548
| Mean  9.886e-05 Mean  -0.003522 | | \ Mean 0.004888
Sigma 0.04807 Sigma 0.03468 ' Sigma 0.05096
102~ - phys trig 1 phys trig 1 102~ - = -l - \ phys trig 1
M 82 l Entries 137039 Entries 138994 ! '+ N\ [Enties 130845
| Constant 0.1705 Constant  0.2057 [ ‘TN | | i\ Constant  0.1542
| Mean 0.04959 Mean -0.01479 | ' | . \‘ Mean -0.02133
100k - Sigma  0.04639 Sigma  0.03865 10°F— - = = = Wlsigma___ o.05161
. . ! phys trig 2 phys trig 2 ! ! ! ! \ phys trig 2
.............. . ‘ | Entries 3466866 Entries 3491664 I | | I Q|| Entries 3551598
| Constant 0.1615 Constant 0.2136 | | | | Constant  0.1517
| — — — _— 10_4 — — 10—4 - - o= o fles = = = ==
Mean 0.03659 Mean -0.008325 Mean -0.02028
— e — I I | I I .
— - Sigma 0.04917 Sigma 0.03721 Sigma 0.05249
| 1 1 alL 1 1 | 1 | | 1 1
1 I I I I | I | I I 7] ! |
10°F— = - - = A 10°F - -H- - - - - - = A
| I | I I + =1 - - - | | I I 1 |
| | ‘ I | I | I I \\ | |
-05-04 -03 02 -01 0 01 02 03 04 05 -0.5 -04 -03-02 -01 0 0.1 02 03 04 05 -05 -04 -03 -02 01 0 01 02 03 04 05
res MMO5X [mm)] res MM06X [mm] res MMO7X [mm]

L~<Angular alignment® especially important for low momentum muons (pms2<80 GeV/c) —> bulk of physics trigger events



Magnetic field - fringe effects matter

=
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» Two ways to model magnetic field

 Deflection based: only angle of deflection matters, precise trajectory does not factor in —> all |
need is to know the effective length of the magnetic field

* Propagation based: Use e.g. Runge Kutta method to solve equation of motion of charged
particle in magnetic field —> the trajectory is incorrectly reproduced without fringes

* Thus, fringing was introduced as a necessary component of the field model
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Track finding — how to find the best hit combinations

e Before using the tracking for analysis: prepare the alignment, magnetic field maps
e Goal of track selection: find good and physical track candidates and fit using Kalman-filter.

1) find good track candidates
e hits in at least 2 trackers before+after magnet

e if hits in 3 or more trackers, perform
pre-patterning: find at least one tracklet before
and one after magnet (principle shown below)

o  “Breaking angle” based on resolution and
relative distances among trackers

T Tr2 Tr3

/</\‘ bad ( < breaking angle )

— good ( > breaking angle )

2) is track candidate physical?

perform weighted linear fit on tracklets and
check if they meet in the magnet centre

O

if yes — track candidate

Compute p,,., analytically as seed for GenFit

GEM1-4

ST11
MBP2 (~1.5T) MM5-7
tracklets +
nearest point in 30 -> accept //‘”

nearest pt. outside 3o -> reje?t
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Track finding — Breaking angle

MS

&
M[

Wi
9 = €182
min = 7 — aICCOS —— -
EIRES
5155
8 = 7 — arccos
51| |3
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Punfrnoi, = Pust naz.). @

Trackers
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( .................... AE-A 1™ Hout
| — — — — — — H»
N e e e el ol —-»

J

-

WEIGHTED LINEAR
REGRESSION

MM region Straw 11

- -
P i;,reco — P i, fit

Q
|

- -
P i;,reco 4 L fit
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High precision track extrapolation

For global
alignment

For analysis

MS1

6x (fit-extrp) [mm]

6y (fit-extrp) [mm]

.
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Overview

Analysis and results
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2023 campaign: impact of upgrades on analysis

At early stages of the selection After the full selection criteria
> L — I —T ] 94 > U L L UL L L L e
“’ . - 1 ] 8 i NAG4 collaboration Phys. Rev. |
©. 200 :. 1 1 T 2000 D 110 (2024) no.11, 112015 |
6 — LUZ() B 7] E
L i - 1
150 — 1501~ B
100 _ o 100- -
) - No|signhal observed in
- - 1.98x1010 MOT .
50 — 501~ B
| 1 - A .
0 k" golgnatbox 7 |, o, ,  AME e | | |
0 200 0 50 100 150 200
pout’ GeVic 2023 pout’ GeVic
200 ) 200
R 3" S
% 180:— % 180:—
O, 160F O, 160
3 ank - T
Z’:) 140: 5 140:—
T 120§ I 120F
2 2
S 10074 S 100
< . < 80k No signal observed in
I I 1.2x1011 MOT
5 Ao 5 O
= i ; : e = o
SRR - st S
j 2 0 . .;:I: . - Vit T ) ..li':-..' e j 20 :_ u
< —“l‘l‘ < : 1 i !. { i“: | I I.Ill II I' I.
o % SEE 50 100 150 200

P [GeV/c]

10?2

10

— 10

w

102

10

 As a result of improvements, the preliminary data
selection efficiency was improved by a factor ~4 while
running at ~2x higher intensity: 8x higher data extraction
efficiency per time period

« Main bottleneck: Tracking efficiency (~20%) especially in
MS1 due to low tracker efficiency and ,,multiplexing*
technology used in some of the trackers
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2024 campaign: upgrades

Trackers

MS1 .
— [ [ | [ Byt -|i|;->pout

Min 11

2023 :H_I_H M : . ] e ,

| ( | _ liee s >

- Y,
Trackers
. ‘ [ (i eaemmneaeas \H B> Hout
| X

4 Micromegas + 3 Straws —> 8 MMs (new design) + 2 small straws
+1 trigger counter before MS1 magnet

 Further upgrades (trigger): Beam trigger rate increased by factor 100
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2024 campaign: same analysis as in 2023, but improved

MS1 ) Trackers
| ) " s o — T
Hin BRI B0 - A.B——p _UmrE e [ g o HBE- L1} | EUTRUSRRRPRRRREEE
ﬂ D DTEEY | SRR 5] | | £ L - —
I'I'” ”H E——jH —————— H-- __________ X______H_ .
- N ' ),
—— EC OUT 2023
— EC OUT 2023
10—15_ ............ -|0—1E EC OUT 2024 ——
- | —— EC OUT 2024 - i
1072k 107%E
= o/p~4.0% = 0/p~3.4%
ool /P~3.1% eff. 2023 eff. 2024 . op-31% .
: MS2 52% 67% ;
MS1 42%  67%
Ll MS1+MS2 2909/ 45% .. MS2] -
PR (| paan
0:I — I50I — I10 150 20 250 0—I - 150”[“I 100I 150 200 250
P, [GeV/c] P, [GeVic]

: Tracking efficiency doubled. Compared to 2022, that is 76x more data in the same amouht of time!
- Main bottleneck: still tracking efficiency. This can be improved by a factor 2-3 by using unmultiplexed MMs, improving the straw

reconstruction and adapting the selection criteria to fully exploit the performance upgrade
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2024 campaign: cut-flow analysis (still blinded)

ECAL IN + phys trig. p2.3 (2023, 2.4e10 MOT)
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Backgrounds

10° | | | —
10°F g
- —— data —]
2022 ey B
C o fit2 -
Background source Background, ny, 107" Lljpper limit box E
(1) Single-hadron punch-through < 0.01 @ B _]
(ii) Dimuon production < 0.01 § 104 B _
(iii) Detector nonhermeticity < 0.01 O B _
(iv) Hadron in-flight decays 0.010 + 0.001 B 2022 N
(v) Momentum misreconstruction 0.045 4+ 0.039 107 B N
Total (conservatively) ny, 0.07 £ 0.04 B ]
NAG4 collaboration Phys. Rev. D 110 (2024) no.11, 112015 10-10 i E
i L | | |
0 o0 100 150 200
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4 = e E ol .
o — —+— Data _ g
& Exponential . =
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Results: Sensitivity — what does it mean? ( £’ example )

. The sensitivity is extracted from the total number of expected signal events ./, (M . EZ,) at a trigger configuration f:

2
Ezr

./VZ’ M /s 82’ ZNII - ZN]QOT pile=up KZ/ <M ,) | NG <MZ,) | €7’ bench

'NZ{40T: Number of muons hitting the target

A

pile—up-

A

pile—up

. A correction factor accounting for tracking inefficiency arising from pile-up

= (0.4 —> extracted from data for 5x106 y/spill (all our good quality data collected with this intensity)
-Ké, (MZ,): trigger X cut-flow X signal efficiency from MC signal events relative to beam trigger

N, (MZ,): cross-section normalisation factor

*€7( pench) - coupling parameter. IV, (MZ,) X &, s0 normalisation factor is given for €, ..., = 10~4

. Assuming no systematics and no background*, we can reject S, .;.,1.0 = { (MZ,, eZ,) | N, (MZ,, ez,) > 2.3 } at the 90% confidence level.

« Solving for &, : 7 3
Ez (MZ’) > EZ’,bench

pile—up Ké’ (MZ’) ) Na (MZ’>

2 4
. The coupling can be scaled to other observables such as e.g. the annihilation rate: y = (g)( - 0.303 - EZ/> (m)(/mz,> —> see next slide

* for the final sensitivity calculation, we use the combine tool of the CMS collaboration: https://doi.org/10.1007/s41781-024-00121-4 42



https://doi.org/10.1007/s41781-024-00121-4

Prospects for LDM: NA64u

NA64 collaboration Phys. Rev. D 110 (2024) no.11, 112015

LDM projections with the
2023-2024 (pre-LS3) statistics

uZ — uZA'3 A’ — invisible

10-7 Thermal Dark Matter, ap = 0.1, ma = 3m,

1078

Tor

HZ — pZAS A" =y

Inelastic Dark Matter, A = 0.4m,,, my = 3m,,, ap =0.1

”’ N /
~ =% NAGde R
10-2 =t -
e —" '~ BaBar
. R o
N R '
NAG4 \ N, . -
' S uZ — uZS;S — invisible
/l .\'
s
10~ e /‘
! =T 8 e Thermal Dark Matter, muon — philic scalar
————— A ' — '
£ o> o
NP
- ) ".\)%5‘
7 "o
P NuCal
104 — R -
1071 10°
m 4 [GGV]

PZ — pZ7; 7 invisible

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

Aa,, favoured
(+20)

100
mg [GGV]

We are currently designing the upgrade of
the setup for the next phase after CERN
shutdown.
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Overview

Outlook and summary
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Outlook and Summary

* The existence of Dark Sectors is an excellent framework to explain the composition of Dark Matter.

 Accelerator-based experiments offer unigue opportunities to probe complementary to direct detection experiments the Light
Dark Matter parameter space.

* Present and future fixed-target experiments offer unique sensitivity in probing the origin of DM and many other well-motivated
New Physics scenarios below the electroweak scale such as ALPs, scalar, HNLs, ...

1073 ¢
- lap = 0.1, m, /my = 1/3, quasi-elastic //
- /
9 VA
10 /
< B
N [
§' 10710 & Y\
~ -
§< ] j
—11 |
5 107 E
W = FASERv2 /—/
Q [ QO@
< 10-12 FLATE 4 Belle-II
] - / ZSHiP
>“ '://
—13 |- AL
10 - \)O\\e(‘% { )
— European Strategy
10—14 ] L | L L ] | L ] ] ] L
1073 102 1071 10°



AN

AN \wv;w H

o
‘\
\\\ \“\\
AT \'

. > ‘
'\

\

\
4!
\

\\\ "R
T

\
\
W

'\ All"'l:?{

'

";“;i — - 1 | 7]
- 30,2, _ y_ B/ ’ﬁ
N ; & 4 3 4z & I
- \ \ = — . = “.. i
- . . - — ".7774' i o 3

A

d
| W
ul-.JJnl-..n I WUl | |
i
1 i Ol.- [
y i ‘ '
4 8!

4.

LR
——

I AAAARRR i
VLY

VT

= - e
z
= —

o

v‘*‘\(‘\\\\“};\,&‘&‘;‘m \

AN
\ nat |
w




Hit reconstruction — UV straw chambers

MS1 ECAL . Trackers
[ [ j e j _[ ] ............ IJI ..................... e H' Mout
:H_H_I lﬂl[ ]H_DL .JH_E——jH—_—— ‘e - -5 ---Hit -~
- A
U PLANE V PLANE T o0l Entios 1955363
N
“ ‘ V SN ‘ ’ ’ ' “‘A“‘ “‘ 400 StdDevy 7097
m} vmm H NN (OO0 m
e ‘Mo Y o
o ‘vv“"‘v‘:"‘v‘:‘?etexexex:?“’"t-:'eleeiete‘?e"‘v mm‘ee T =
foﬁ’ e Y o TR
mv» vﬂl"" D) “’ “‘0 “‘ “‘“ """‘VVB 6“‘\ - S HASas e
M" ekl 0, mom m" m . ool
. (be d"-) o T6100l l l—4100l l l—2100l — (l) — 2(130 — 460 18-11-12;( ?ré?n )

 Big (120x60cm?2) trackers to determine particle position at end of setup with more precision
» Unique property: wires are not orthogonal (,,UV“) —> transform coordinates!
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Hit reconstruction — UV straw chambers

MS1 ECAI Trackers
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G YT HICOS 20 p o VOO0 20 —u 5.1 € (=300300) > These conditions are essential to impose the limits of
SIn 2¢ SIn 2¢ ’ ’ physical solutions which also gives rise to the octagonal shape
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Backgrounds: dimuons

ECAL+HCAL+VHCALO+VHCALT1 (tc+nc) [GeV/c]
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Axion and Axion-like particles

ul — ula,a — u

ul — ula,a = yy

A. Eberhart et al., [arXiv:2504.05873 [hep-ph]].
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H. Li, Z. Liu and N. Song, [arX1v:2501.06294 [hep-ph]].
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Outlook — Roadmap to Run 4

Aspect Plan Improvement

» Further suppress the beam hadron contamination

- Is the initial energy optimal?

« New semi-permanent area in M2 with ~25m available (under discussion with

CERN BE-EA group, more details in D. Banerjee presentation)

- Vacuum in the line (ongoing for other users)
Tracking - Optimisations ongoing (final design after 2023/2024 analysis) Efficienc
detectors P 9019 J y Y

Target  Optimizations under study (length, material,..) Increase the signal yield

Spectrometer |°

Do we need two magnets in the downstream spectrometer?

More deflection (increase efficiency but trade off with
hermeticity)

Hermeticity
and
acceptance

- New detectors under design and optimisation of the setup during CERN LS3
- New VHCAL and HCAL

No BKG up to 2x10-13

Intensity

« New faster electronics for the calorimeters (developed by INFN Genova for
electron and positron and to be included in the muon)

* New electronics for the tracking detectors (VMM solution under study)

- New trigger under development using the tracking as trigger via FPGA

Higher intensities up to a factor 20

Expand the physics case
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Cut-flow efficiencies

2023 2024

Cut ID | cut name Events | ¢,,, (%) | €,,; (%) Cut ID | cut name Events | g, (%) | €, (%)
: 1| Ingeerlime = = ¢ | 15748076} 0993 9993 .| inggerlme | 223474236 | 100.00 | 100.00

2 | MS2 3 hits before MBPL 15139790 96.10 96.17 2 | MS2 3 hits before MBPL 220718461 98.76 98.77

3 | MS2 2 hits after MBPL (large MMs) 14531019 92.24 905.98 3 | MS2 2 hits after MBPL (large MMs) 220335093 98.59 99.83

o 4 | MS2 upstream tracklet candidates 13918843 88.35 95.79 4 | MS2 upstream tracklet candidates 215184202 96.29 97.66

‘é’ 5 | MS2 downstream tracklet candidates | 9587310 60.86 68.88 5 | MS2 downstream tracklet candidates | 195305100 87.39 90.76

6 | MS2 physical track candidate 8403046 53.34 87.65 6 | MS2 physical track candidate 163592175 73.20 83.76

7 | MS2 momentum candidate 8399662 53.32 99.96 7 | MS2 momentum candidate 163524332 73.17 99.96
. Sl MoZeoodfraek - . . L 7647952 | 4855 9105 . 8|MS2goodtrack | 149972952 | 67.11 |  91.71

9 | MS1 2 hits before MBPL 7507634 47.66 98.17 9 | MS1 2 hits before MBPL 148994160 66.67 99.35

10 | MS1 2 hits after MBPL 7031749 44.64 93.66 10 | MS1 2 hits after MBPL 148987390 66.67 | 100.00

w~ 11 | MS1 upstream tracklet candidates 5684249 36.08 80.84 11 | MS1 upstream tracklet candidates 133522007 59.75 89.62

‘é’ 12 | MS1 downstream tracklet candidates | 4822011 30.61 84.83 12 | MS1 downstream tracklet candidates | 120676611 54.00 90.38

13 | MS1 physical track candidate 3492283 22.17 72.42 13 | MS1 physical track candidate 111347547 49.82 92.27

14 | MS1 momentum candidate 3491166 22.16 99.97 14 | MS1 momentum candidate 111345890 49.82 | 100.00
2 D (Moleooamack . o 3235267 | 20.54 | . 92.67 ... 15 | MS1 good track ] 98571531 | 44.11 |  88.53

16 | Single track in MS1+MS2 3173236 20.14 98.08 16 | Single track in MS1+MS2 94332446 42.21 95.70
. - s 3150194 | 20.00| 9927 17 |MSlpuity | 93751646 | 41.95 | 99.38

18 | MIP in VETO 2801295 17.78 88.92 18 | MIP in VETO 83520542 37.37 89.09

a 19 | no energy in VHCALQO 2790540 17 71 99.62 19 | no energy in VHCALOQO 82838555 37.07 99.18

s 20 | no energy in VHCAL1 2778509 17.64 99.57 20 | no energy in VHCALI 82403477 36.87 99.47

o 21 | no HCAL out of time energy 2754591 17.49 99.14 21 | no HCAL energy mis-reconstruction 81883658 36.64 | 99.37

g 22 | MIP in HCALO && HCAL1 2151128 13.65 78.09 22 | MIP in HCALO && HCAL1 64231980 28.74 78.44

23 | no ECAL out of time energy 2058995 13.07 95.72 23 | no ECAL energy mis-reconstruction 57111599 25.56 88.91
> oiMmimEcs 1864342 | 11.83| 9055 24 |MIPinECAL | 55667228 | 24.91 | 97.47

25 | ECALcc track-ene match 1856254 11.78 99.57 25 | ECALcc track-ene match 55476144 24.82 99.66

Q 26 | HCAL track-ene match 1856248 11.78 | 100.00 26 | HCAL track-ene match 55466328 24.82 99.98

E 27 | MS1 track within S2 trigger 1833582 11.64 98.78 27 | MS1 track within V1 hole 55097701 24.65 99.34

€ 28 | at most one hit in GEMs 1466932 0351 80.00 28 | at most one hit in GEMs 40452930 18.10 | 73.42

29 | at most one hit in MS2down 1330051 8.44 90.67 29 | at most one hit in MS2down 35515527 15.89 87.79
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2025 2026 2027 2028 2029 2030 2031

LS3

Run 4 | S4

2032 2033 2034 2035

Beamline Particle Energy Motivation Published Current statistics . Run 4
[GeV] [particles on target]
) Leptophilic Dark Sectors coupled to e-: LDM, 1 . 13

NAGde 100 inelastic DM, ALPs, scalar. Z’, X17 ... 0.937x10 2.x10 10
H4
M2

. Adenda to be prepared next year
NAG64h 20-50 Hadrophilic DS Proof-of-principle published! Phys. Rev. Lett. 133, 121803

Invisible n, n’, Kodecays

(2024)
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