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The dark sector paradigm
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non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Dark sector candidates can explain SM anomalies: (g-2)u., 8Be, proton radius

The mediator can have a small mass (MeV -100 MeV)

Due to its small mass the mediator can be produced at low energy accelerators
It can decay back to ordinary matter “visible” on not “invisible”
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Experimental approaches

Electron beam experiments production
= Just A’-strahlung
Positron based experiments
» A’-strahlung Brems.
= Associated production ete™ - A'(y) Al
» Resonant production ete™ - ete” e” f e”
Visible decays: A’ - ete™ A’ » utu~ (@) § .
» Thick target electron/protons beam is absorbed (NA64, old dump
experiments) Z Z
» Thin target searching for bumps in ee invariant mass
Invisible searches: A’ - yy

*= Missing energy/momentum: A’ produced in the interaction of an electron
beam with thick/thin target (NA64/LDMX) e” Y

. . . . . . VVVVVVVVY  e”
» Missing mass: ete™ - A'(y) search for invisible particle using kinematics 4
(Belle I, PADME)
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PADME Run | and Run Il setup

» Positron beam of ~0.5 GeV/c
= LINAC repetition rate 50 Hz
= Macro-bunches maximum length At <300 ns

Silicon pixel (TimePix3)

= Number of annihilations proportional to:
+ -_—
Nl?eamXNtearget
= Limited intensity, due to pile-up, ~3:104 pot/pulse

. ) e* Veto detector
»= Dipole magnet in order to

= Sweep away non-interacting positrons
= Tag positrons losing energy by Bremsstrahlung

[ | ;" — = n V {4
= Scintillating bar veto detectors placed inside | ni o )

vacuum vessel

= Positron and electron detectors inside the magnet
gap

= Additional veto for e* irradiating soft photons at
beam exit

Dipole magnet

Active diamond target |

100 um thick
# small angle calo
SAC PbF,
BGO calorimeter (ECAL)
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PADME data taking periods
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= Two physics runs Run | Oct. 2018 Feb. 19 and Run Il Set-Dec 2020
= Hard simulation work to understand BG in between Run | and Run .
= Run Il wrt Run |
= Slightly lower beam momentum in Run |, 430 MeV/c, wrt to Run |, 490 MeV/c
= Improved vacuum separation between experiment and beamline
= Less beam-induced background with primary wrt secondary beam
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First physics result:

ee—>yy) at Vs=20 MeV

i ; i ; E, [MeV] Eniies 32254
= Normalization for single photon analysis AMeVIE el
E Aigs 001178
* Independent determination of luminosity ol PADME preliminary -]
= SM Cross-section measurement '
200~ 3
:— 4
» Tag-and-probe method on two back-to-back clusters
L = mcj 2
= Exploit energy-angle correlation E, = f(9,) , B i
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PADME c(e*e—>yy) results

PADME 2020 (10% of 2020 data set) BT S Ch

I o
aglete™ - yy(y)) =1.930 + 0.029(stat) + 0.099(syst) mb oL Babavega o |
- y =
Full details, see talk by I. Oceano at Moriond 2022 o) - } ]
E I .| PADME i
Py Colgate and Gilbert (1953) ™}, preliminary
> - e, s
. . . - 4, Malamud and Weill (1963)
good agreement with NLO QED prediction: 1 - |
QED @NLO o(ete™ — yy(y)) = 1.9573 £ 0.0005 (stat) + 0.0020 (syst) mb ;q; - .. Fabiani etal, (1962)
® i
° ° \6 [~ . -
= First direct measurement of e*e- — yy below 1 GeV i ]
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room for improving. g 091%: P 4 + T Eee———————— P PO | :%
O os8E = S ——— R ———
. . ) 10™" 1 10
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https://moriond.in2p3.fr/2022/EW/slides/3/2/5_IOceano.pdf

A’ to invisible signature Run |l anlysis

Signal:
Diamond HEPVeto
Target PVeto “ECAL
.\ ! _ sac
e .|H-.-—; . .-.- ...............................
LN I -

Magnetic Field

Knowing fhe beam momentum p,+,
compute: my;os = (P, — Pt — Pe-)?

I A'mass= 22 MeV
I A'mass= 20 MeV
[ A'mass= 18 MeV

[ A'mass= 16 MeV
[ A'mass= 14 MeV
I A'mass= 12 MeV
I A'mass= 10 MeV
I A 'mass=8 MeV
I A’ mass= 6 MeV
) A'mass=4 MeV
Il A mass= 2 MeV

rete= - Ay) _
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Normalize to yy channel:

Background: Bremsstirahlung

HEPVeto
PVeto ECAL

Background: yy and yyy
ECAL

Y _ sac
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Background: beam crash
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Single photon events
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E - PADME preliminary ' DatarData No Target Juy 2019 ] Physics backgrouns dominated by Bremsstrahlung:
S | npOT=9.3x10° *L”C,“;C“.‘?T;g.e‘ I Measured with no-target runs and subtracted
§1° © E,__=490 MeV, 23 ke*/150 ns bunch " = Bremstrahlung photon distribution in agreement with Monte Carlo
S t A simulation and analytical calculation
= * Main systematic uncertainties: Z o000 © July 2019, Run
= Background normalization Zooool : PADME preliminary
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The 8Be and “He Atomki anomaly

ATOMKI PAIR
SPECTROMETER

Y °®Be

"Li(p,e*e™)®Bd

b): E:: 1.10 MeV
c): Ep: 1.04 MeV

d): E =0.80 MeV

407760 80 100 120 140 160
O (deg.)
myc? = 17.01 + 0.16(tot) MeV

PRL 116, 042501 (2016)

Counts/(5 degrees)

3He(p,ete™)*He

E =510 keV

104 -+
g A
-+

Ep: 610 keV

1 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120 130
O (degrees)

myc? = 16.98 + 0.16(stat) + 0.20(syst) MeV
Phys. Rev. C 104, 044003 (2021)

ATOMKI has confirmed the anomalous peak in the angular distribution of internal pair
creation in 8Be with a similar one in the *He transitions, with different kinematics but at the

same invariant mass value.
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The 2C anomaly and the vector portal

New anomaly observed in ?C supports the existence and the vector character of the
hypothetical X17 boson ArXiv:2209.10795v1

Sept 2022 QD 11B(p, e+e~)12C

@ A
= 1l
— B \J«"

Ep=1.5MeV

Events / (3 degrees)

]]B 12 %g Ep=1.7 MeV

TABLE 1. X17 branching ratios (B.), masses, and confi- Ll
dences derived from the fits. yod 3

E, B, Mass  Confidence 4 different bombarding ]

(MeV) %10~ ¢ (MeV/c?%) . . ey

TE 37(2) 16.62(10) 85 energies with strong S

1.7 3.3(3) 16.75(10) 100 significance Eeo b

.88 4.1(4) 16.94(10) 1lo = £

2.1 4.7(9) 17.12(10) 60 .

Averages 3.4(3) 16.86(17) §o E-ziMey  —— FULPOF

Previous [1] 5.8 16.70(30) 2

Previous 21] 5.1 16.94(12) £

Predicted [16] 3.0

100 |
E o .-..._ .l
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e
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https://arxiv.org/abs/2209.10795v1

Current constraints on X17 from leptons

Phys. Rev. D 101, 071101 (R) (2020)

Phys Rev. D 104, L111102 (2021)

1072 N K TTTTTTTTTTT TTTTTTTTT] TTTTTTTTTT TTTTTTTTT] TTTTTT T T
HADES
PHENIX /|
-3 kb T/ } |
107§ P NA4S  Bai
C Be ] ¥
E774
N |
/ V
R ATOMKI
NA6G4
1074 F ]
| L L S T T L A A | Lov v b | N Ly e
1072 1071 5 10 15 20 25 30
my., GeV m, [MeV]
X17 as a vector particle: X17 as pseudo scalar particle:
= LKB (g-2). bound weaker for vector and model = (g-2). bound stronger for pseudo scalars
dependent =  Still model dependent and with big data uncertainties
= NA48/2 bound not valid for “protophobic” X17 = Almost unconstrained parameter space for X17
=  Still a lot of free parameter space for vector X17
&3 SAPIENZA
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On the nature of X17

PHYSICAL REVIEW D 102, 036016 (2020)

Dynamical evidence for a fifth force explanation
of the ATOMKI nuclear anomalies

Jonathan L. Feng . Tim M. P. Tait®," and Christopher B. Verhaaren '
Department of Physics and Astronomy, University of California, Irvine, California 92697-4575, USA

Feng and collaborators suggested that the X17 should be observed in 12C transitions
X17 observations in 2C will point to a vector or axial vector nature for X17

TABLE III. Nuclear excited states N,, their spin-parity JP*, and the possibilities for X (scalar, pseudoscalar,
vector, axial vector) allowed by angular momentum and parity conservation, along with the operators that mediate
the decay and references to the equation numbers where these operators are defined. The operator subscripts label

s 1 : : . , : . 0) .
the operator’s dimension and the partial wave of the decay, and the superscript labels the X spin. For example, Oil P) 1S
a dimension-four operator that mediates a P-wave decay to a spin-0 X boson.

N, g Scalar X Pseudoscalar X Vector X Axial Vector X
5Be(18.15) I 09 27 olt) 37) oL (29), O (34
= -
2C(17.23 ! 09 27) O (29), O (34) O (37)
"He(21.01 0- 07 (39) Oyp (40)
‘He(20.21 0’ 0 (39) OLp (40)
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PADME X17 searches on Run |l data

Silicon

+
/ pixel Beam e y
__—5 dump
= ——(VVVVVVV\
_ ” ' e_
T L

o . [] X17

Y2 ~ SAC

Target < —_—G - - - - - -
Vacuum vessel C-fiber ECal e"‘
window

Dipole magnet

Final state e*te™ —> X;; Yy —>ete vy

= Use radiative return Ey,,, =430 MeV

= small contribution from yy

= lLarge beam y background reducing the sensitivity

Try to identify pairs of leptons using PADME veto
= Large BG from BhaBha scattering

= Large beam background increasing combinatorics BG
= Lepton invariant mass not accessible

(O C
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The mass scan X1/ search sfrategy

PADME, can use resonant X17 production process

Vect.
NX1 7

Extremely effective in producing X17 but in a very
small mass range
Scan Epeqm=260-300 MeV in ~1.5 MeV steps

Need only ~10'0 POT per point

Signal should emerge on top of Bhabha BG in one
point of the scan.

Critical parameter for signal to background
optimization: beam energy spread

ect. — Gue 2 1 MeV
N)\(/17t ~1.8-10 7 X (m) (

OF
C target 100um —— 2-10""poT, 8E=1.4 MeV, 13runs
—92.10-4

£re=2-10 —— 4.10""poT, 8E=0.7 MeV, 13runs
104 J
103 J

Background, 1.3y N7
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Background contributions
Bhabha t channel

Bhabha s channel

[ Jefe >yy

45 0.5
Positron Energy

Bhabha scattering

+
e P2, Pag, e

t channel s channel
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PADME expected sensitivity

L. Darmé, M. Mancini, E. Nardi, M.R.
hitps://arxiv.org/pdf/2209.09261.pdf

Vector X17 Pseudo scalar X17
1073
KLOE, 2015
- KLOE, 2015
10°; 2
T> .....ﬁﬁ?f...??ﬁ; _______ i
S b
l_é 10—1 .......................................
FA?@,EOlQ %0 g141 _:
B ORSAY, KEK . DASAY
10— 5 | Lepton cou'plings only | | | 1 0 —2 | Lepton cou'plings only ‘ | |
15 16 17 18 19 20 15 16 17 18 19 20
Mx [MeV] Myx [MeV]

=  BG from SM Bhabha scattering under control down to ¢ = few 10
= Challenge is to achieve an extremely precise luminosity measurement and systematic

errors control
=  PADME maximum sensitivity in the vector case

(O C
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https://arxiv.org/pdf/2209.09261.pdf

Courtesy of

P. Valente
TimePiX mmm
7 Hg‘mfl
LR
T_V_E
second P
dipole
\ Po
Ya
- Collimators

First dipole

Large spread beam
from Linac

(O C
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Obtaining energy steps and resolution

)

Use the first dipole magnet
and collimators to select
energy

* dp « collimator aperture.

Change the first dipole magnet
current to change the energy

Correct the trajectory using
second dipole to put the beam
back on axis at PADME



PADME Run lll modified sefup

PADME veto spectrometer is hard to reconstruct et e- mass having no vertex detector
ldea: identify ete"—e*e™ using the BGO calorimeter, as for yy events in Run |l

Switch the magnet off

Both positron and electron will reach the ECal
= Can measure precisely (3%) electron-positron pair momentum and angles
= Can reconstruct invariant mass of the pairs precisely (small pile-up)

Identify clusters in ECal from photons or electrons
= New detector, plastic scintillators, similar to PADME vetos (Electron tagger,
ETag) with vertical segmentation and covering the fiducial region of ECal

o eteToyy | E ete” s ete | R mEENEEEITE
N - /ﬂ g
— ﬁ o | i i | / N
T e — , ! i’ = g ¥
: T | : i | IR
,,,,,,,,,,,,, ) e e e e e e ) g | o0
= Thanks to the enhanced production cross section can reduce
Npor/bunch by factor 10. .
=  Much lower pile-up and better energy resolution i

' SAPIENZA 00 02 04 06 08 1 12 14Lef‘1£ghtéégba,2
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Conclusions

PADME performed two physics runs, collecting ~5:10'2 POT each

= Run Il data-set, collected during the pandemics, with primary
positron beam showed much better background conditions
than Run |

= The detectors are performing very well, a reliable Monte Carlo
simulation, including the beamline, is also available

= PADME delivered its first physics result
= og(ete” - yy)=1.930 £ 0.029(stat) * 0.099(syst) mb
» 5% precision, best measurement below 1 GeV
= Can constrain pseudo-scalar dark sector candidates
= A step towards the invisible dark photon analysis

= Single photon analysis under way, Bremsstrahlung and beam
crash background rejection being the key issues

= PADME Run lll is ongoing and will address the X17 anomaly,
trying to significantly impact the vector portal scenari.
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dark sectors in the future of LNF¢

» Background dominated: the limit scales as /bkg so great improvement can
come from a significant background reduction

= |dedlly, from a “single-particle” experiment with a continuous or quasi-
continuous beam

= Project for using DAFNE ring as pulse stretcher of the LINAC positron beam, in

principle 10 POT achievable in few years arxiv:1711.06877, Phys. Rev. Accel.
Beams 25 (2022) 3, 033501
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