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Dark photon - motivation
Photon Dark Photon

Standard model Dark matter

Standard  Additional U(1) symmetry describing ~ Kinetic mixing term
Model the new force carried by a massive with the standard
Lagrangian vector boson, the Dark photon A’ photon y

c~10%—10""7
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Dark photons - sighature at fixed target experiment A
« The electron collides with heavy nuclei
irradiating A’ (dark-bremstrahlung)
which can decay to:
Visible mode Invisible mode

Light Missing
shine Energy
through search

a wall
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he NA64 working principle to search for A’ - invisible A

100 GeV e
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“BREMSSTRAHLUNG” OF A’
X

ELECTROMAGNETIC X
ALORIMETER (ECAL)
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e”, 100 GeV

100 GeV e beam
Produced at the
CERN SPS

TRIGGER:
Three scintillator (S1-S2-S3)
and one Veto to define
he beam

BEAM:

> Up to 107 e/spilllmin, 4.8s spill duration

> Low energy tails (<1%)

> Low contamination: 11(<1%) K | p (<0.1%)
- Beam spot of 1.2 cm (FWHM)
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he NA64 setup — A’ - invisible search - the particle selection

- Energy of electron is selected using a tracking system. Impurities of the "
beam are rejected using a synchrotron radiation detector

Vacuum vessel

o e b e b Se e 1

e, 100 GeV

Momentum reconstructed
with 1% resolution

72-81

D. Banerjee et al., NIMA881 (2018)

MU3

= x dala

—x MC

Tracking Detectors:
- 8 XY multiplexed Micromegas

> 4 GEM stations

Frequency [a.u.]
3 8 5 88 3 8 8
g T P e
= "
; ;
m.
5
Frequency [a.u.]
3 2 2 ] 2

Characteristic: 1
s . > 1 GeV momentum reSO].ution b2 0 e w0 120 1"10 0510 15 20 25 30 3 40 45 50
7T mintegrated feld | Capable of coping with igh B mt
respognlzsib1 mntensity <107 achieved rejection
ETHZ- IPA o)
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he NA64 setup — A’ - invisible search - the ECAL

> ECAL: Lead scintillator sandwich calorimeter to measure MU3
incoming energy

Magnet2

Magnetl
T2

e, 100 GeV

T2
ECAL Characteristic w2 g T T

High hermeticity (40X))
Energy resolution ~9%)/ Vi (E[GeV]) v
Longitudinal and lateral segmentation — shower profile (hadron rejection) . J .

WLS fiber inserted in spiral — suppress energy leak 2202 me

>
>
>
>
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Ehe NA64 setup — A’ - invisible search — the HCAL

> HCAL: Iron scintillator sandwich calorimeter to measure
hadrons and complete detector hermeticity

> VETO: 5 em thick scintillator counter to measure efficiently MU1
MIP punchtrough v2

e, 100 GeV

HCAL Characteristic
- High hermeticity 4A/module

- Energy resolution ~50%;/V(E[GeV])

- Lateral segmentation: 3x3 matrix, cells 19.4 x19.2 x 150 cm?®
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s20¢ - B Event Selection:
100 Lfani 100 =" .'.- .............................................................................................................. > T]In_]ng mformat]_on
e e - I I R I ileup suppression
S . TR o oise suppression
2 60 5 B0 [ Sl L o VS N S S—
o op TR o - - Clean incoming track:
4o0f . 40 | R S S 10 5 GOOd mcommg angle
I S P L of A | TR o - No multiple hits
FRL | G > Momentum ~ 100 GeV
0 Oo“':“‘4o' ‘60 e 700 1
L GeV

Invisible search — event selection and results

> Electron selected:

> SRD detected

No events in si al region usin
%n gl 5 - Shower profile compatible

the full 2016-2018 statistics

(2.84 X 10" EOT)

Control area: - No Npunchtrou gh:
(@)

activity in VETO

- AREA I: dimuon pair dproduced in ECAL shower (more on next slide) | ~ No act1v1ty in HCAL

> AREA II: Electron-hadron production
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Invisible search - constraint on light thermal matter

102 ¢ 0" "

LSND

BaBar | |

1073 |

1074 |

o event in signhal box

107° Phys. Rev. Lett. 123, 121801 (2019) 1
| ! . OG%V. 103 102 10! 1
A

m,,GeV
> For the first time results better than previous beam dump experiments!
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Search for Axionlike and Scalar particles A
No event in sighal box
a e Phys. Rev. Lett. 125, 081801 (2020)

{ Noenergyin first HCAL

LEF

HCAL3

r;.g L

CHARM .

> Production of Axionlike via the
Primakoff effect
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m\/x
Isible search - Light trough a wall experiment A

8Be anomaly: a new 17 MeV X boson?

800

700 } > NA64 visible mode setup Visible mode
Y has sensitivity over the

600 | + E anomaly

500 — ++J( &
A S !“1

2

400 | +Jr+ o
i . + g
300 [ IPC,MI+E1 H + _}r JF Jr L

N.... (Weighted Counts/0.5 MeV)

200 F ++
100 | “|‘
S ' e
[l T il AP IPEPEP TP I PP PP
9 10 11 12 13 14 15 16 17 18
m, (MeV)

A. J. Krasznahorkay et al. Phys. Rev. Lett. 116, 042501 (2015)

A. J. Krasznahorkay et al. arXiv:1910.10459 (2019)
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m\/x
Isible search - Light trough a wall experiment A

» WCAL: Tungsten-scintillator sandwich calorimeter as
target for X production

Larger energy (150 GeV) and
optimized WCAL used in 2018 to
optimize search for short lived X

Vacuum vessel

Magnet2
Magnetl

e, 100 GeV

- Very compact (30X,in17 cm) to
allow detection of short lived
X-boson

> V2 installed downstream to veto
punchthrough

> 4 GEM station used for vertex
reconstruction

> Vacuum pipe installed in 2018 to
reduce background
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Isible search — Results for 2016-2

102 -

103

104

160

018 st

R ST T T

E _________________________________________________________________________________________________ o e e o1 =
140 W ...heutralevents (2017) =~
S = al events  (2018) -
- 1201 ignal region (2017) |
é o e signal region (o1g)
@ — -
LE 100 R e e —
| IR I T — -
B0 i O ... ]
40 OO OO TTTEOTE ST oo SO .. — _E
- 20 Y A e S g ............................................................................................ _ E
O 20 40 60 80 100 120
Energy in WCAL [GeV]
Event Selection:

- Neutral exiting WCAL — No activity in V2

- Leaking in decay volume — single e-m shower in ECAL

- Charged particle in decay volume — signal in 54

No event in si'gnlal'b'o'x'llol—z 101 . No had Herine — fity in HCAL/VET
Phys.Rev.D 101 (2020) 7  m,.,GeV o hadron/large scattering — no activity in HCAL/VETO
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Isible search - Improve limits Ay

102 V-

Limit improves only logarithmically
By adding statistics

Loy
Cup ™ alll X In NEOT

Ldump

103

Remaining region of parameter space

6.8x107*<e<14x107°

104

102 10—t
mA, , GBV
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Isible search — New setup 2021 A

MAIN WCAL
Decreasing the length of the WCAL to increase signal yield

PRE-SHOWER » Reshuffling WCAL converter tiles

""I ”m“|IIM|I|I|"”“"“‘ SmmW - WCALis ~4 cm shorter, large improvement in signal yield
~ Worse energy resolution, but less relevant for X17
3cm |
llllllllll -
Lp

> Invariant mass reconstruction of X17 decay

9mmW . Long vacuum tube of 18 m with two trackers at the end

> Angle reconstructed from distance between decay products

- — ;
> Second magnetic spectrometer to reconstruct momentum
WCAL w2 gneticsp
> M t tructed at ~1%
ZX” e e I+ ___) omentum reconstructed a
L@‘F@‘ : ---------------------------------------------------------- E
— Anomaly can be completely covered with
Octe- ¢ J > 8x10% EOT
18 m : Depero et al. arXiv:2009.02756 (2020
- > T ; Depero et al. arXiv:2009.02756 (2020)  :
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Future prospects

Tk

Dark sector physics interesting framework to explain dark matter
NAG64 ideal experiment to probe or rule out many candidates

Process

New Phvsics

A" — eTe, and

A" — invisible
A" — XX

X —wete
milliQ) particles
a — vy, invisible

Ly — VY
Zy — XX
milliQ)

u — invisible

a

1 — T conversion

T — inwvisible
n — invisible
1’ — invisible
I\.'g- — invisible
K — invisible

Dark photon
sub-GeV Dark Matter (x)

new gauge X- boson
Dark Sector, charge gquantisation

Axion-like particles

gauge Z,-boson of L, — L., <2m,
L, — L; charged Dark Matter (x)
Dark Sector, charge quantisation
non-universal ALP coupling

Lepton Flavour Violation

Current limits, PDG'2018
Br(m —r tnvisible) < 2.7 x a
Br(n — invisible) < 1.0 x 10~4
Br(n' — invisible) < 5 x 1014

no limits
no limits

After long shutdown 2 in 2021:

> Continue electron program, reach 5x10'2 EOT for
A'- invisible to cover completely LDM Majorana
and Pseudo-Dirac

- explore remaining parameter space for X = e*e-

> Proposed searches of dark sector in NA64
leptonic and hadronic beams with unique
sensitivites:
> Search for Z' coupled to muon with M2

beamline at CERN (160 GeV/c muon)

Physics

‘Beyond
“Colhders

ETHZ- IPA
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Signature of dark photons at fixed target experiment A

BACKUP SLIDES

APA— ETHziirich
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Pseudo-Dirac and Majorana Thermal Dark Matter A
105— A S ' """'-54'“' 105— S S ' """'-54“
1 TeV Landau Pole 1 TeV Landau Pole :
| | y
g . L 1.
- 190 T Majorana Thermal DM /N 199

Pseudo-Dirac Thermal DM

101 3 10!
Q
-
_9 _ —2
10 S — e A —— 1 “EM 10 1 YEM
107° 3 107°
1074 — — E— 10~ —
1073 1072 1071 1 1073 1072
m, , GeV m, ,GeV

> For the first time results better than previous beam dump experiments!
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Invisible search — dimuon events Ay
. . |Pimuon events:

510 |, |> Rare QED interaction visible in our setup

;120:— el ely;y -ut

2 P —+ | > Used to check reliability of MC simulation
ﬂﬂi— . | s | > Similar to signal — used to correct the yield
sl S | and take into account systematic uncertainty
sl Excellent agreement with MC for ECAL spectrum
0 AN T . | ‘ i o data

DD_ B R R : I'a::n —— TR o 200~ normalized mc *
ECAL Energy, GeV — mcC

1000

800

600

400

i

200

t

T T T T T T T T T T T T T Y T T A
0 70 80

D_ 10 20 30 40 50 60
D. Banerjee et al. Phys.Rev.D 97 (2018) 7 Ererayin ECAL [GeV]
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T
Invisible search - exclusion plot \y
1072 ¢

» Signal yield calculated using Exact Tree
Level integration of the cross section!

BaBar
103 - N
¢ \\/\,‘ I,Il W 3
i N
Exact x20: M, =100 MeV| ¢
w o IWW x20: M, =100 MeV
y N S e
107% ¢ 18 o7
NAG4 g
3
- - @
No event in sighal box 5
10-5 Phys. Rev. Lett. 123, 121801 (2019)__
— — — %50 — %0 70 80 90 100
1073 102 1071 1 L Ep [GeV]
m ., GeV S. Gninenko et al. Phys.Lett. B782 (2018) 406-411
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m\@v

New invisible mode 2018 - background

Background source Background, n,
(1) Dimuons 0.024 + 0.007
(n) n, K — ev, K, decays 0.02 £+ 0.01
(111) e~ hadron 1nteractions in the beam line 0.43 4+ 0.16
(1v) e~ hadron interactions in the target <0.044

(v) Punch-through y’s, cracks, holes <0.01
Total n, (conservatively) 0.53 £0.17

ETHZ- IPA 27
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N

ew visible mode 2018 - background

T

Background source ny (2017) ny (2018) 1, (2018, new analysis)
71~ punch-through 0.001520.0008 0.0007=0.0004 0.0007=+0.0004
KQ — m'n! 0.06+0.034  0.0054-0.003 <0.001
e~ /hadron nuclear interaction 0.014+0.004 0.01+£0.004 0.014+0.004
i~ punch-through < 0.001 < 0.001 < 0.001
T, K™ — ev Ky <0.001 < 0.001 < 0.001
eZ — eZutu=; ut — etuv <0.001 < 0.001 < 0.001
punch-through 7y <0.001 <0.0005 <0.001
Total (conservatively) 0.07 £0.035  0.006 & 0.003 0.006 + 0.003

ETHZ- IPA
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New visible mode setup 2021

SRD WCAL

r ||I Vacuum pipe
120em 1800 cm

T

SRD WCAL

. "I|_<_—:_—:__?C_'-l_unﬂulp:
~(120cm | 1800 cm

341[Jl::m

[
L

ETHZ- IPA
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New visible mode setup 2021 - invariant mass reconstruction

Tk

3 200 Mean 16.58
g 180[ Std Dev 0.5169
S — 2
g 160— x2 / ndf 58.45 /29
- —
— i 1 +
140[— Normalization 140.7 £ 8.8
— + Reconstructed Mass 16.6 £ 0.0
120—
— Sigma 0.3321+0.0179
100 —
— Normalization2 30.14+7.85
80 —
— Sigmaz2 0.7898 + 0.0740
60—
40 —
20—
N = |
14 15 16 17 18 19
Reconstructed Invariant mass [MeV]
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ALPS search
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