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Dark Matter hypotheses L)

Dark Sector Candidates, Anomalies, and Search Techniques
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Theories postulate DM could be lighter than previously thought. It could be made of other not yet discovered particles:
Axions, ALPs, Dark Higgs, X17.



New Forces Ll

-
There are many attempts to look for new physics phenomena to explain Universe dark matter

and dark energy.
One class of simple models just adds an additional Up(1) symmetry to SM, with its Dark fermions

corresponding vector boson (A’) .
? 7 ?
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U(1)Y+SU(2)Weak+SU(3)Strong[+UD(1)]

Dark Sector

The A’ could itself be the mediator between the visible and the dark sector mixing with the

ordinary photon. The effective interaction between the fermions and the dark photon is Standard Model
parametrized in term of a factor € representing the mixing strength. -
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LEPTONS

The search for this new mediator A’ is the main goal of the PADME experiment at LNF.

Holstom, PLB 166 (1986) 196




Experimental approaches Ll

A’ can be produced using e* via: 4 ) A ot
e
et
» Bremsstrahlung: et N — et NA’
= Annihilation associate production: eTe™ — yA’ = A
= Annihilation direct production: ete™ —» A’
For the A’ decay two options are possible: & 5 €
Bremsstrahlung Annihilation
= Visible decays: A’ > ete- A’ > utu- | heavy mediator o
* Thick target electron/protons beam is absorbed g v ﬂ
(NA64, old dump experiments) é i
* Thin target search for bumps in e*e~ invariant mass % ;
= Invisible decays: A’ > yx 8 7 heavydarkmatter
* Missing energy/momentum: A’ produced in the interaction of an electron : 2Me v :
beam with thick/thin target (NA64/LDMX) | ik

* Missing mass: e*e” - A’y search for invisible particle using kinematics (Belle 1I, PADME) BarT oS o



A’ production at PADME L

* PADME aims to produce A’ via the reaction: SM3 PSRN < e

+ - / -
ete” > Ay o} y
* This technique allows to identify the A” even if it sl ] a
is stable or if predominantly decay into dark "
sector particles.
MMiss? for different M,,

* Know e* beam momentum and position

- I A'mass= 20 MeV
F | B A'mass= 18 Mev

O Tunable intensity (in order to optimize annihilation vs. pile-up)

* Measure the recoil photon position and energy

* Calculate M2 ;55 = (Po+ + Po- — P)?

* Only minimal assumption: A’ couples to leptons

500 600
MMiss? (MeV)




Expected results
I

The possibilities of the PADME experiment are tightly linked with the
characteristics of the positron beam.

The picture is showing the PADME expected sensitivity as a function of

the beam characteristics. PADME started taking data in Oct. 2018 with
a bunch length of ~ 250 ns.

2.5x1010 fully GEANT4 simulated 550 MeV e* on target events.
Number of BG events is extrapolated to 1x1013 positrons on target.

2 years of data taking at 60% efficiency with bunch length of 200 ns
4x1013 POT = 20000 e*/bunch x2 x3.1x107s x 0.6x49 Hz

[(€e >AYy) _NAY) Acyy) _ .. s
r€e —>y) N() Ac(AYy)

E,.= 550MeV
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Signal and Background L

PADME signal events consist of single photons measured with high precision and efficiency by a forward BGO calorimeter.

Since the active target is extremely thin (~100 um), the majority of the positrons do not interact.
A magnetic field is mandatory to precisely measure their momentum before deflecting them on a beam dump.

The main source of background for the A’ search is OOMMMN e* high energy
Bremsstrahlung events. This is why the BGO calorimeter has
been designed with a central hole.

" Vacuum vessel
e* veto

A fast calorimeter vetos photons at small angle (8<1°) " mu

to cut background = — '
o cut backgrounds: beam -7 (EEEEEEEEEEEEEE————— 0

Ac;\v_;—L FEEEREEEEEERNEEREREEREE ) :77777—

etN - etNy;ete™ - yy;ete” > yyy - BGO

calorimeter
In order to furtherly reduce background, the inner sides of
the magnetic field are instrumented with veto detectors for
positrons/electrons.

For higher energy positron another veto is placed at the end of the vacuum chamber.



The PADME detector

C-fiber window

Active target
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Dark Sector Studies at PADME
9]

The PADME approach can explore the existence of any new
particle produced in e*e™ annihilations:

* Axion Like Partiles ete™ = ya

: D SAC
1
visible decays:a =» yy,ee oo | Electron Spectrometer'
1
1
1

: ! ECAL
invisible decay: a = yx

* Dark Higgsete™ - h'A"; h' - A'A’

1
1
1
:
1
! 1
1
final state: A’/A’A"' - eTe ete ete™ - L Je” | o ‘
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* X,,Bosonete” = X5 X;» o ete”
17 17 17
tuning beam energy and slightly modifying the detector




The 3Be anomaly L

Studying de-excitation of light nuclei via IPC, an anomaly appeared in the decay of ®Be, “He and *2C.
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Is this a signal of a FIP?

IPCC(O) (relative unit)

E, = 2.50 MeV
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Phys. Rev. Lett. 116, 042501 (2016) JPC 1056 no. 1, 012028 (2018) Phys. Rev. C 104, 044003 (2021) Phys. Rev. C 106, L061601 (2022)




Theoretical interpretation

my-—nmy [MCV]

All the three anomalies = 70, hard to claim statistical fluctuations
The introduction of a new particle improves the fits to the data
SM explanations strongly disfavoured éBe [pi8 773 (2017) 159-175] “He [pPRD (2021) 2104.04808]
8Be - “He - 12C anomalies are kinematically & dynamically consistent for V (and AV) [rrp 102 (2020) 036016]

For 12C the effect was predicted, and then confirmed by experimental data [prRp 2006.01151 [hep-phi]

X17 couples differently to up and down quarks. Coupling to electron neutrino is also allowed in the framework of NSI
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TABLE IIIL

INFN

LNF

Nuclear excited states N,, their spin-parity J%*, 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

. . . . . . D) .
the operator’s dimension and the partial wave of the decay, and the superscript labels the X spin. For example, (’)f:,.' is
a dimension-four operator that mediates a P-wave decay to a spin-0 X boson.

N, Jr [ Scalar X |  [Pscudoscalar X| Vector X Axial Vector X
“Be(18.15 T | [0 27 ] o) a7) o 29). o) 4
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Phys. Rev. D 108, 015009 (2023)

Phys.Rev.D 102 (2020) 036016




X17 study @ PADME L

. . € €
X17 can be resonantly produced with positron beams [phys.Rev. D97 (2018) no.9, 095004]
Using constraints from Atomki measurements two spin-parity assumptions have X7
been considered: vector and axial-vector o~ -

Br (e*e” — X;;) =5 x 107%;

r,=0.5(g,/0.001)? eV <102 eV forthe vector case bl o b L s 210 o, (0% =1/ NAY, [ S 7we
” —— 4.10"'poT, 8E=0.7 MeV, 13runs
[Darmé et al. Phys. Rev. D 106 (2022) 115036] =
1041
The data taking strategy consists in counting e* e~ events varying »
beam energy in small steps in the range E € [265; 297] MeV. %?
1031
The sensitivity of the scan depends on the energy step AE used in
the scan. Background, 1.3y N5,
2
perPoT _ 9v. ApZ 2 |
X177 2m, tear A f (Eres: Epeam) 10 165 168 17.0 17.2 175

My [MEV]
Darmé et al. Phys. Rev. D 106 (2022) 115036



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036

X17 Background LN

= Same ATOMKI observables: 2 leptons in the final state, but different
production reaction 10"
= Expected cross section enhancement from resonant production in ete™ g
annihilations at E ,+~283 MeV
= Main backgrounds:
= Bhabha scattering, both from the s —channel and ¢ —channel
= Two clusters in the calorimeter produced in yy events

e’ e*

Signal e 5
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e\ r, ., €

Bhabha t-channel ]
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. 3P[Gev]
_ e eve‘
R 3 Jve = 2%10* and 6E = 1.4 MeV
e e e Process # of Ev. | # of Ev. in Acc. | Acc.
te~ —ete (t-ch.) | 5.4-107 4.3-10" 0.08%
B i ete” s ete ( ‘

ackground Y ete” = ete (s-ch.) | 3.2-10? 4.3-10% 13.6%
' ete™ = ete™ (full) 5.4-107 3.9-10* 0.07%

ete™ = 2.9-10° 8.7-10% 3%
L S ete =Xy »ete 2600 350 13.6%




RUN Ill Expected results

Background from Bhabha scattering under control down to ¢ = few 104

Challenge: achieve a precise luminosity and systematic errors control (<1%) ¢

Collected 1010 POT per each point of the scan

PADME maximum sensitivity in the vector case

The PADME precision on My,;; measurement:

AMy, =(17.47-16.36)/47 ~ 20 KeV

KLOE, 2015
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Analysis Strategy

Several observables can be used for the analysis:

* N(2cl)/Np,r = existence of X;7
. High statistical significance
« No eTag systematic errors

. N(2e)/N(2y) = existence of X, Observables :
. eTag efficiency and systematics
. lower statistical significance due to 2y cross section
« Independ from N, , error dominated by tagging efficiency

e N..e/Np,r = vector nature of X5
« Systematic errors due to eTag, tagging efficiency stability

« N, /Npor = pseudo-scalar nature of X;7
« Systematic errors due to ETag tagging efficiency stability

N(ete™)
NPoT

N(e+e_ +yy)

NPoT

vs /s

VS

)]




Blind Analysis Strategy Ll
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Updated sensitivity estimates Ll iy

Considering the actual number of POT/energy point from Run Il (real data)
Using measured beam energy spread o¢/E=0.3% (real data)

Estimating of the total background and acceptance (MC)

Considering the electron motion in the diamond target (theory work)

Signal efficiency 10°° Expected SM background
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The plot shows a certain loss in sensitivity due to the effect of electron motion in the target. This occurs because the
signal is distributed over a broader number of energy bins.



Dark photon prospects INEN

3x1073

A'— e*e-
The PADME exclusion limit will provide also the best constraint on general
Dark Photon visible decays scenario in the 17 MeV region.
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There are also prospects achievable with a positron beam with E = 288 MeV = ,, _
impinging on a 5 cm-thick tungsten target, assuming a total of 10! PoT, in the o I;‘?A, MeV] s @

background-free limit.

Arias-Aragon et al. arXiv:2403.15387v1




. INFN
Conclusions

The PADME experiment searches for signals of dark matter in positron annihilations:

= PADME is the first experiment to study the reaction e*fe™> y A’ with a model
independent approach;

= Three data takings: analysis is ongoing;

= Many physics items can be explored:
= visible/invisible dark photons, ALPs search, Fifth force, dark Higgs, X17 boson
Data taking will continue next year 2024.






