The Golden Age of Cataclysmic Variables and Related Objects — VI
Palermo, 1 Sept. 2025

Search for a new 17 MeV resonance
via e ¢~ annihilation
with the PADME experiment




DM evidence vs. models
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Extending the WIMP mass range but still in thermal

equilibrium:
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MeV-GeV “hidden-sector” states, neutral under SM =~ T T T TR PRI R
interactions, interacting [very feebly] with SM \ S it
particles via new forces : | F s i el .

”Portal” particles, not necessarily DM IR EREIRED” ¢ 0 U3 TR

. DM - nucleon \
candidates

With Migdal effect LowMass  High-mass Multple scaner

- Multiple dark states possible, in principle an
entire hidden sector

This also allows to dark particles to be produced at a
[SM] particle accelerator
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K17 “anomalies”

Experiments at ATOMKI lab [Debrecen, Hungary: e OO h\ vastrs (e
- Nuclear levels are excited by a proton beam on a ((@ s ) g ' \ 2

target nucleus [e.g. p + "Li producing éBe*] ; 2N A SCANE
- Then the radiative deexcitation is detected, in which o @ x \

the photon is internally converted in an electron- Pt L A - \3

positron pair ['Li(p, e*e~]®Be] Op‘;n:gAné‘;ee[;’eg"‘]’
- Anomalies observed in the angular correlations of 1 .

e+e_ pairs a): E =120 MeV é \;L'?‘»m, Z <- -

2 b): E = 110 MeV $ Pl pesione g M*m"”*“”’**

Anomaly first observed in the decays of ¢Be*, Bsomyey | i L

+
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then also in the deexcitation of “He* and '2C*;
more recently, even in the GDR.
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Interpreted with a new particle of OWLE | o PRSI,
mass approximately 17 MeV '

Observed also at HUS (Vietnam) in the 8Be*
@?N with a different setup [Universe 2024, 10(4)]



K17 “anomalies”

Excesses approximately consistent with the decay of a particle of | mesr ey |
mass My ina N* —» N X, transition [PRD108, 015009 (2023)] at: ° e
. . MX . ﬁ 045 L.
Onn a5, 2
8Be: My = (16.70 % 0.354, * 0.55,) MeV [PRL 116 (2016) 042501] o 140 e 180

60

“He: My = (16.94 £ 0.124,. + 0.21,.;) MeV [PR C 104 (2021) 044003]
12C: My = (17.03 £ 0.11,4¢ * 0.20,,) MeV [PR C 106, L061601 (2022)]
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Recent result from MEG Il [arXiv:2411.07994]
le—6

- Measurement on “Li target to reproduce 8Be ATOMKI result, -
1751 —— Ri7.6 limit < 1.8e-06
no excess found — Rups limit < 12605

1.50 | @® ATOMKI (stat. + syst.)
- Upper limits on I'((Be*-> 8Be X(ee)) / I'(.Be* = 8Be y) for
17.6 and 18.1 MeV transitions

Projected limits at 90% C.L. iguis

MEG-II result still compatible at 1.5¢ with the 0.5 |
ATOMKI combination My = 16.85(4) MeV 0.50 |
[JHEP 04 (2025) 035]

8Be ATOMKI obs PRD 108, 015009 (2023)
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More experimental initiatives: ts [MeVIC?]
- AN2000 electrostatic accelerator at INFN LNL [Taking data]

- Atn_TOF EAR2 neutron line at CERN [2025 proposal]

- Tandem accelerator in Montreal [JPC Ser. 2391 (2022) 012008]

- Van de Graaf accelerator at IEAP Prague [NIM A 1047 (2023) 167858]




If X17 exists and decays to e*e™ pairs, it should also be el e'
produced in ete™ annihilations Xi7
Considered pseudoscalar (axion-like particle) and vector

possibilities [PRD 106 (2022) 115036] e €

ALP Vector
103

o ~ 0., = dominant process wrt other pair production
processes (0gm2, Olor?): o

KLOE, 2015
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Expected enhancement of cross section over the SM
background when +/s is close to the expected mass
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Thus:

- Fine scan the e* beam energy around the resonance [E..~283 MeV]
- Measure two-body final state yield for each energy point

- Cover the ATOMKI mass range [16.5 - 17.5 MeV]



Cross section, g,

Events/e*

X17 expected to be much narrower than the spread of the positron beam (width=beam energy spread)

Step of the scan chosen optimizing the coverage vs. width | ]
mx = 1.8 MeV Vector
T T T T T 103
T i - Not negligible broadening of the peak due to the ; —
1 electrons mafr?e;)eryll:um atom E electron binding energy i
N [Rep. Prog. Phys. 54 (1991) 1] .
H I'l beryllium atom bound in a solid Qi 104
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Experimental setup

PADME initially designed for searching invisible decays of a dark photon
in associated production: e*e™ - A’y [Run | and Run Il]:

- ~500 MeV e* beam on thin [0.1 mm] all-Carbon active target [PCD diamond
with graphite strips]

- Detect photon clusters in a finely segmented [616, 2,1x2,1x23 cm3] BGO
calorimeter and reconstruct missing 4-momentum [AMﬁliSSmg].

- Sweep beam with a dipole and veto charged particles with plastic scintillators

- ete™ - yy cross section measurement <20 MeV [PRD 107 (2023) 1, 012008]

h 4 2020, Run It
PADME experiment 5 | W atS-RADME‘. == | Vulcano 2022

Positron Annihilation into Dark Matter Experiment

Run | & Il completed

» »
‘\ / *+ Small scale fixed target experiment Ready fOI' Run “I

Measuring both charged and
neutral particles:

el J- l' » ~ Charged particles detector
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+ BGO crystals available from L3 experiment BB et o gt ) 2 v LONLO
* Crystal geometry is close to 2 x 2 cm front face V I 201 6 § uéi ==t
— Cutthe crystalsin 1 x 1 cm and place them at2 m u ca no - R g o
. Re\:!uires cutting of the existing crystals, but the quantity is identified and . epow
available St|| | on pa per Final result, 5.5% total uncertainty:
— Place the calorimeter at 3 m distance and keep the dimensions 2x2 cm o(ee - yy) =(1.977 £ 0.018,,, + 0.118, ;) mb
« Agreement on the usage of extra crystals
Uncertainty of 3.7% if used as normalization
28.05.2016 Venelin Kazhuharov, VULCANO Workshop 2016 2 ty




BGO calorimeter
(616 L3 endcap crystals:

Dipole Roma, Cornell U., LNF, LE)

Active target ) (CERN TENSC-MNC) C-ﬁbler‘wmdow_
r {04 5

Lecce & University Salento

([l T e

PbF, calorimeter
(MTA Atomki, Comell U.,
TimePIX3 array LNF)
(ADVACAM, LNF)

In-vacuum veto scintillators
(University of Sofia, Roma)

Detector: [JINST 17 (2022) 08, P08032]
Beam: [JHEP 08 (2024) 121]




Experimental setup

PADME initially designed for searching invisible decays of a dark photon
in associated production: e*e™ - A’y [Run | and Run Il]:

~500 MeV e* beam on thin [0.1 mm] all-Carbon active target [PCD diamond
with graphite strips]

Detect photon clusters in a finely segmented [616, 2,1x2,1x23 cm3] BGO
calorimeter and reconstruct missing 4-momentum [AManissing]-

Sweep beam with a dipole and veto charged particles with plastic scintillators
eTe™ - yy cross section measurement <20 MeV [PRD 107 (2023) 1, 012008]

In 2022 setup specifically adapted for the resonant
search ete™ — X [Run-lll], in particular:

:
|

+

No magnetic field [dipole off]
New in front of calorimeter for ey separation
Timepix silicon detector array for beam spot monitoring

Lead-glass beam catcher/luminometer (OPAL/NAG2 LAV) ﬁ; 5

Vacuum tank 106 mbar

PADME
dipole




Actually, two interleaved scans,
Nearby energy points acquired 1.5 months apart
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N, number of two-cluster events selected

Npot(s) number of positrons on target from beam catcher calorimeter
B(s) expected background yield per POT

S(s; My, g) expected signal per POT for given {mass, coupling} = {My, g}
gs(s) signal acceptance and selection efficiency

Compare: Ns(s) = Npor(s) x {B(s) + S(s; My,g) X es(s)}  in presence of X17 signal

N,(s) = Npot(s) x B(s) if only SM
MC: My = 16.8 MeV, g, = 8x104
Rewriting in terms of s !
gr(s) = __Ny(s) b '
Npot(s) B(s) O +
should be =1 if only SM ”background” ;E, b I |
TR TRE R IN
Different effects can lead to a deviation in data wrt Monte Carlo, thus introduce a = f ﬁ ik '+++ f 1
, , with a possible dependance from s: o S +l
. s (MeV)
gr(s) = {1 + S& Mé((’sg)’) £s(8) } X

and compare with ggr(s) = only, i.e. absence of a X17 signal on top of the SM



Two-cluster events selection N,

Selection algorithm as independent as possible on the beam variations: mamsosan

1

: Z2aaEs N
Retune beam center run by run with an error < mm Z RN

Overall, make marginal use of the cluster reconstructed energy { =" Hiis
- Cut in azimuthal angle due to passive material induced background I\ EHHH V Eiasa

| [center |

- Neglecting m/E terms, center of mass angles independent on the lab energies: /
select back-to-back cluster pairs ‘

- Background: Bremsstrahlung tail [on vacuum separation window] evaluated in R —H
sideband in 6; + 0;; flatin ¢, — ¢,

"Cleaning” cuts on AR and At
30k events /energy point

0,
r 1,60

oo\

T o
© F Meanx 3.14 1= 2 = 3 o
"N 4.0 Meany 3.13 1 “é' 0.09§ Enm::ATgssn o E Statistics ~0.6
D Std Devx  0.0927 150 w 0.08f 3
+ I StdDevy 0.1044 = E  Mean 3.101 E .
5 0.07F suvev 1638 E Background subtraction 0.3
0.06-  yc E [sidebands]
005; Entries 62573 €
OO e iisy E Total 0.65
2 ] 0.03f =
2.0- = LY s ] E
- ] 0.01f =
P A I S T e e e Yo T L P 0 R
2224 26 2.8 3.0 3234 3.6 3.84.0 _q50 100 —50 0 50 100 150

-0, [rad] EpeamE-E; [MeV]



Lumingsity Npy;

- PoTs measured with the beam catcher calorimeter [lead glass] @ 2% scale error [calibration]
- 2 main effects: radiation induced loss + energy loss in passive material [variations of crossed passive
material due to beam movements]

Statistics, ped subtraction negligible
Energy scale from BES 0.3
Error from rad. induced loss, Variable, ~0.35
slope
Total 0.45
Sowe | Commonerorontgr [
pC/ MeV 2.0 [JHEP 08 (2024) 121]
Energy loss, data/MC 0.5
Rad. induced loss, 0.3
constant term
Total 2.1

1.06f
1.04f

1.02f

0.98

0.96

BES from Timepix beam spot o,

Relative rad-induced correction
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Expected background B

- Expected background B(s) determined by MC + data-driven checks: tag and probe
- Linear dependence from s
- Fitused only as a check
- B(s) expectation is compared to below resonance points
- Common systematic errors enter in the scale K(s): radiative corrections [~3%], target thickness [~4%]

Efficiency MC true
RARAS RE s n s o s B i g geE T T A O A =
095 o E o y/nds 15.46/20 : Error on B [o/o]
] =, 38 o 0.7494 = +///7:
09 —_ E 0 ; +3. - ¢ 2 B | . -
n W BTE & arsegravenis R MC statistics 0.4
-.‘. o8 0.85 m 3 ; 6 if 'Vf,{}, 23 75
08 F e Data/MC (tag&probe 0.2
3.5k ‘ "/.’(( : = |
\ 075 E ) )“/’f 5 & ]
- e r o ¥ 1 x2 / ndf 19.34/17 | 1
B Deadcelis - 3.4 / s seve Cut stability 0.2
335 p0  3.567e-06 +3.505e-09 |
] 065 3'2:, Pl 3.957e-07 +1.364e-08 j Beam spot 0.1
| N N x 0.6 . | PR W ST S S S I P L ‘
300 —200 —100 0 100 200 300 16.4 16.6 16.8 17 17.2 17.4
Xgca (Mm) \[g (MeV) Total 0.5



signal acceptance and efficiency <

Compare gg(s) to
Efficiency € determined from MC

X [1 + S(s; M,g,) €/B]: large cancellation of systematic errors

Fit =/B(s''?) with a straight line, include fit parameters as nuisances [2 parameters]

-  Separate fits for scan 1 and scan 2, mutually compatible
- Reproduced with Monte Carlo

Uncertainty on signal shape: 3 nuisance parameters
[fit of Voigt function]

vioe S(Encami My =17 MeV, g, = 1)
o . N E
F L no e- motion 3
5 e- motion included-:
af . :
at . - Peak yield: uncertainty 1.3%
of * 2 Lorentzian width: 1.72(4) MeV
N 3 Relative BES: 0.025(5)%

280 282 284

6P0/P0O ~ 0.1%,
6P1/P1 = 3%, comelation = -2.5%

@u‘SOOOO T T —
2 i e Scan . PO= 24805 £37, P1= (2680 £ 120) MeV" ]
w i * y%/ndf = 16.8/ 20, Prob = 0.67 ]
28000 PO = 24854 + 40, P1 = (2740 + 160) MeV" ||
L | ®  SeanZ . idi=16.9/17, Prob=0.46 ]
26000 —
i 53 ]
24000 —
22000 | | | | | | B

16.2 16.4 166 16.8 17 17.2 174 17.6

s (MeV)



scale effects, K(s)

Radiative corrections evaluated using Babayaga, ee(y) and yy(y)

=

E ; - —— Bhabha E 1-045 —— Bhabha + vy %2/ ndf 35/39 —:
¢t - ¢ F Prob 0.65 -
o 105 n E & 10l pO 0.97 +0.00065 ]
e » | | | . ) C p1 0.0058 = 0.0024 ]
R ARLTAIITEE I 25 :
@ t T H B @ r ]
=] = T +—+ i H I T B © 98— , { \ 1
0.95— l | ' t -] 093: ! i EHI”H!}}‘****EHHH%**H*H“'“l I E
E x2/ndf 47/39  y?/ndf 40/39 9o E
*%oE :5“ 098 - 0.0030 s{,"b 097 +0.00008 E 0.04 Nucl. Phys. B 758 (2006) 227
E ot 0.0059 +0.0096  p1 0.0061 +0.0017 - . Phys. Lett B 663 (2008) 209 -

0.85— 16|.4 — 15|‘5 — '|bl.8 — 17|.0 — 171.2 — 171.4 I 0.92 15|.4 I 15|.5 — 1bl.8 — 17‘.0 — 171.2 — '|7|.4
/s [MeV] /s [MeV]

Fit to linear function: in the analysis

The scaling with the below resonance points is affected by a -1.5(1.5)% shift because
of radiative corrections, but the expected total error accounts for it:
1.8%(B) + 2.1%(Nps7) = 2.8%

Insertion of Babayaga-generated events in the MC (up to 10 y’s) < no effect on ¢



Evaluate expected 90% CL upper limit in absence of signal

Likelihood fits on separate assumption of Background only and Signal+Background

Define Q statistic based on likelihood ratio: Q =

LS+B(gv1 MX)
Ls

The likelihood includes terms for each nuisance parameter pdf

1 -

)

For a given My compute CLs = % used to define the UL on g,

10
mg 90% CL UL: past exps
0.9 [ kLoE 2015
08 [ naca 2019

90% CL UL: B-only
= CLs Median
[CJcLs 220
[ cLs 1o
---- RL median
~e Bkg stat only

\

LI LARRRRARES RRLLY|

o ©
- N
i,
, i o ‘
s

17.5 18

18
My (MeV)

L iy

Probabilities Pg and Pg obtained using simulations, where the observables are always
sampled, and with the nuisance parameters fixed to the B and S+B fits

Uncorrelated errors

Source

Uncertainty (% per energy point)

Na(s) 0.60
B(s) 0.54
Npor(s) 0.35
Total on gg(s) 0.88

K(s), constant term
Source Uncertainty (%)
Lead-glass calibration 2.0
Absolute B yield 1.8
Energy-loss correction to Npo 0.5
Radiation-induced correction to Npgr 0.3
Total 2.8

K(s), /s-slope

Source Expected value (%,/MeéV)
Radiative corrections —0.6£02+0.6
Total —0.6+0.6

In presence of a signal, the expected limit is weaker,

Expected limit [MC]
Background-
Median of the limits using the

Rolke-Lopez likelihood-ranking method with the
5 energy points with largest signal yield

1,28 VN,

.5

x10°

TTT[TTTT[TITT[TTI7T]

16.5

For details: [arXiv:2505.24797]

90% CL UL: past exps.
[ kLoe 2015
[ nass 2019

s =169 MoV
ncLies

Qo o

90% CL UL: B-only
===+ CLs Median
[ Jeis 20
[ews +1o

o Bkg stat only

Expected limit [MC]
Signal+Background
(16.9 MeV, 52X 104)



The “biind unblinding” procedure

To validate the error estimate applied procedure described in [JHEP 06 (2025) 040]

Define a side-band in gg(s), excluding 10 energy points of the scan in a blind way

Masked periods defined by optimizing the probability of a linear fit in /s

1. Threshold on the %2 fit in side-band is P(x2) = 20%, corresponding to reject 10% of the times

2.  If passed, check if the fit pulls are Gaussian

3.  If passed, check if a straight-line fit of the pulls has no slope in s'2 (within 2 sigma)

4. If passed, check if constant term and slope of the linear fit for K(s) are within two sigma of the expectations,
i.e.: +/- 4.8% for the constant, (-0.6 +/- 1.2) % MeV-! for the slope

Successfully applied:
1. P(?)=74% At 90%CL additional errors <1%

2. Pulls Gaussian fit probability 60% .
3. Slope of pulls consistent with zero Proceed to box opening

4. Constant term = 1.0116(16), Slope = (-0.010 +- 0.005 ) MeV-"




Excess is observed beyond the 2¢ coverage B —
(2.5 o local) = S i

08__ [ waes 20t |
At My = 16.90(2) MeV, g, = 5.6 x 10*, the o B
global probability dip reaches 3.9, ,*° % B = .

04— TN N aeetfs [ Bkg stat only o
Corresponding to (1.77 +0.15) ¢ one-sided - — e ]
(look-elsewhere calculated exactly from the toy e =
pseudo-events) o

e .
A second excess is present at ~ 17.1 MeV, but the :101 ety
absolute probability there is ~40% 107 , J , .
16 16.5 17 17.5 18 18.5
M, (MeV)

If a 3o interval is assumed for observation following
the estimate My = 16.85(4) of PRD 108, 015009 (2023),
the p-value dip deepens to 2.2, 4*'-2% corresponding to
(2.0+0.2) ¢ one-sided




Check the data distribution
vs. likelihood fit to evaluate

Qobs(S+B)

Fit probability is 60%

In red: region masked
by the automatic blinding

procedure

i

Vs (MeV)

1 —
mg : |' :: 90% CL UL: past experiments ot
= I:I KLOE 2015 :
0.8 — [ waes 20t |
: 90% CL UL: B-only :
0.6— ==== CLs Median i
B [ CLs +2¢ &
o [ CLs £1o N
04— TN N aeetfs [ Bkg stat only -
B —— Observed limit ]
0.2 —
Q
= 1
g 107" e Global probability
e Local probability
Q02
16 18 18.5
g [T T W (MeV)
or 1.06[- T Mescen datmsemnt N
- LI reorlritany
F | assmas Sideband fit in masked region
1 -04 __ * o S4B it —]
1.025 r | ’ } l 5
S AL &
B 1 PR R | | PR TR T N1
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For comparison: 16
Check the expected UL bands in the
Background- hypothesis

VS.

Signal+Background(16.9 MeV, 5 X 104)
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90% CL UL: past experiments

D KLOE 2015
- NAB4 2019

90% CL UL: B-only
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New data set being acquired [Run V]

- Set the target , increase acceptance
- Residual dipole magnetic field reduced [<1G]

- Improved readout of target position

- New detectors

N

| |
!4'51 l




New detectors for Run |V

ATLAS micromegas-based tracker to separately measure the absolute cross sections of eelyy,
replacing the scintillating bar hodoscope

Improvement in angle resolution, also provides beam spot

Smaller micromegas chamber for monitoring the beam spot behind the calorimeter, replacing the
Timepix array

Additional leadglass + LED pulser for monitoring radiation induced losses in beam catcher

Tracker
i ‘ Cathode  Anode

[ v

Monitor chamber

Drift

uonedyrdwy

Mesh
Two 5 cm gaps, can
operate in TPC mode

Resistive circuit
(common, 3 HV zones)




Improvements Run |V wrt Run llI:

- Increase acceptance: allow even safer treatment for edge effects

- Increase monitoring power and redundancy: better stability

- Alternative flux determinations: yy, new end of line monitor, target, chamber
- Increase statistics: 1.5x10'° POT per energy point

Expectations for Run IV:

- X2 acceptance increase

- X2 statistics increase

- 2.5 days for data collection, 3000 e*/spill as in Run Il
- Points divided into 2 scans as in Run |l

Run IV-part 1 data already on tape: 18 energy scan points collected (~2x10'° PoTs each)
equally separated by 1.5 MeV in the range E, ., = (269.5, 295) MeV; s = (16.60, 17.36) MeV

Run IV-part 2 already scheduled for autumn 2025: add 18-20 scan points, offset by 0.75 MeV

+ out-of-resonance below 16 MeV and above 18 MeV

s 2
S 2



Run lll observed Run Ill - expected background only Run IV - expected background only
x10° 2 x107°
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Run Il Run IV

N, 0.6 0.3 Increased acceptance

Npor 0.35 0.3 Redundant measurement +online calibration

B 0.55 0.3 Better ee/yy separation, improved angular resolution
Totalong; 0.89 0.5



- The “X;;” excess remains not confirmed but not disproved
No SM explanation viable
- PADME is in a favorable condition to clarify

- Data from 4x1011 e* on target used for resonance search in the mass
region 16.4 —17.4 MeV with a blind analysis

- Overall uncertainties of 0.9% on 40+ points have been obtained
- No indication of X,; with global p-values well beyond 2c
- An excess at 16.90 MeV with a local p-value 2.5 o, global 1.77(15) o

- A new data taking with an upgraded detector is ongoing: Jun-Nov 2025,
possible extension beginning of 2026




What if the Run IV result will confirm the excess, but not
conclusively, e.g. getting a significance still be below 557

How to improve?

-  The dominant uncertainty in the Run IV result will be most likely the
systematics, even though the improved geometry and the new detectors
should improve wrt Run Ill, in particular if ee, yy final states can be used
separately

- From the statistics point of view the main limitation is the maximum length
of the Frascati BTF positron beam

- =400 ns is the maximum obtained beam pulse length, with an acceptable momentum
spread, due to the not-flat shape of the accelerating voltage of the LINAC [given by the
SLED compression of the RF power for doubling the energy gain of the S-band cavities].

- On the other side, the density of positrons in the beam x density of the electrons in
the target = the maximum number of annihilations that can be handled by the PADME
detectors with acceptable levels of pile-up is ~102 ns! for a 0.1 mm thick C target

20 ms [50 Hz rep. rate] ~150 ns [0.25% BES]
—> < >

p S W W W [TTTTTTTTY

2856 MHz microbunches

Input field




- However, 102 ns*! for a 0.1 mm thick C target, is a compromise between the requirement of controlling the
pile-up and the need for a significant statistics in a reasonable time

- A significant improvement of the background rejection can be obtained further diluting the positron
beam, down to the "single annihilation” regime

- Such a configuration requires much longer beam pulses or a much higher repetition rate to get a
competitive statistics [a continuous positron beam would be ideal]

- Forthe X17 search, the other main requirement for the positron beam is to exceed 17.5 MeV in mass, i.e.
reaching at least E, .,,,~300 MeV

- A number of possible solutions, using the Frascati infrastructure, has been proposed in arXiv:2001.10258
- Assuming to by-pass of the SLED RF compression and given the filling time of the cavities, ~2 us pulses should be obtained
- Assuming a reduction of the maximum energy of a factor 1.6, a 320 MeV positron maximum energy is achievable

- Slight reduction of the positron current due to lower energy of electrons in the first sections not an issue

220 MeV — 140 MeV e~ 520 MeV - 320 MeV e*

T SLED-out

Accelerating sections

RF distribution

¢/ % #
o5 R AT ), - 8 i , RF compression
v - 't i

RF amplification
Frascati
LINAC

Phase shifters

TSLED—in

RF source



- A more ambitious idea, but still feasible in the context of Frascati infrastructure, would be to use one ring
of the DAFNE collider complex [1 damping ring + 2 main rings] as pulse stretcher of the LINAC positron
beam, as proposed here: [arXiv:1711.06877] and here: [J. Phys. Conf. Ser. 1067 (2018) 6, 062006]

- 0(0.1 ms) long positron pulses can be
obtained, depending on the configuration

damping ring
5 By ' ] N\ . . . 1
4 5 ; A e - Original proposal using the conventional n+-
e " T .
s { resonant extraction
’\\7;- "x O o '\‘g - g.'-.
N T\ C 4 “POsitrons, ripg *. Y - Possible use of coherent effects in bent
K ... % crystals [channeling] for assisting the
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See Marco Garattini’s talk
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Select any two-body final state (ee, yy) with both daughters in ECal acceptance:

1. Fix Ry.x at Ecal, away from Ecal edges
2. Given s, derive Ryin, Emins Emax
3. Select cluster pairs:
« With Energy > E,;;, x 0.4
* In time within 5 ns
* Clus1:In (Ryin- D, Rhax), D = 1.5 L3 crystals
e Clus2:R>R,;,-D
4. Select pairs back-to-back in the c.m. frame

Rmax chosen to be away from Ecal edges
by more than the size of 1 BGO crystal cell
for any period in the data set

Yecal (E') ey

Rmin (512 = 16.4 MeV)
R (5172 = 16.9 MeV)
R, (512 = 17.5 MeV)

Xeca (Mm)

10 =1 BGO crystal
=21.5x21.5mm

Xeca (O)




Expected background B determined from MC, stat error per period: 6B ~ 4x10-3

Fit of B(s'2) with a straight line (only including statistical errors here)

B [ 10-¢ events per POT]

x107°
R R
3 8:— 2/ ndf 15.46 /20 .
i = Prob 0.7494 0,
C 00 3.5496-06 3208009 Onlyscanl  3.549(3) 3.71(10) 0.12 75%
3.7 E Pl 3.712e-07 +1.023e-08
360 Onlyscan2  3.567(4) 3.96(13) -0.19 31%
3.5F All periods  3.558(2)  3.85(8) -0.008 9%
3.45 22/ ndf 1934/17 ]
el 6 s Background curve slightly depend on the scan
) E p1 3.957e-07 + 1.364e-08 4
320 . e 1 . N - .
16.4 166 168 17 17.2 17.4 Considered in alternative analysis (see later)

Vs (MeV)



Checked other sensitivity methods

Perform the automatic procedure but fit with a constant:

Result: Original version:

1. P(x?)=37% 1. P(x?) =74%

2. Pulls gaussian fit prob > 30% 2. Pulls gaussian fit probability > 45%

3. Slope of pulls consistent with zero || 3. Slope of pulls consistent with zero

4. Constant =1.0112(14) 4. Constant =1.0116(16), Slope = (-0.010 +- 0.004 ) MeV-"!

The center of the masked region does not change: 16.888 MeV
The excess also remains basically of the same strength: 1.6c
Use scan1-scan2 separate parametrizations for B(s) instead of using B(s) / point:

Excess region only slightly affected and equivalentto ~1.6 ¢



After box opening, geing correction applied, slope was 0.097(7)
Fully consistent (observed excess alters only marginally)

N, PoT,__ .. /(NPoT*Bkg)

0.98
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PoT integrated

x10°

The slope has been used
to correct for the
radiation-induced effect,
acting as a separate
nuisance

Again no significant
change in the location of
the excess and in the
global p-value



Details on the event countN,

Background subtraction using side-bands (Bremsstrahlung, ~4%)
Correction relative variation +-1%, statistical uncertainty on 6N, ~ 0.3%
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:' T T T T T T 3 g 0.85_ +++ . data _E
40000 [ ] = ';' £ Normalization ++ ++.+‘+‘ Entries 28402 7
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= 1 w (i + —
= ) ° = = ¢ -
30000 — s ... ° ° . s o0 — 05— + o BremMC
E e e o __o g0 0 q 0 % = = * Entries 753 3
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8N2 / N2 g | Q.:.:.I::‘,mﬁ“:””‘T““’.“‘I”'."0.01‘%'.9-‘0»?';::%& EE
E T T T T IA T T T = 0 2.7‘ ‘ I2.8‘ ‘2‘9 - |3‘ ’ 3.1‘ 3.2‘ ‘3.3 3.4 35 3.6
0.007 i = 0, + 6, [rad]
s . . = Shape of ee signal due to residual magnetic
e o a0 B field (MNP CERN SPS type)
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e = 3 Fully modeled using MC + detailed map
0.005— " =
T %6 168 77 -




Check if MC and data yields stable vs R, Rmax (€dge effects, leakage)
Vary Ry, by +-2 E¢, cells around nominal cut of 270 mm: 230 mm - 300 mm

Yield variation: ~10%

Uncorrelated error 0.3%

Rmin -1.5 D (s2 = 16.4 MeV)
Ry, -1.5 D (s2 = 16.9 MeV)
Riin -1.5 D ("2 = 17.5 MeV)

Stability is observed within a coverage
band of +-0.2%, add 0.035%
uncorrelated systematic error on B

Yeca (MM) | Yeca (MM) |
n N
200 gaSERES 200 R =300
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100 riin 1001} \
0 i i) of ‘ !
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The selection makes use of the expected beam direction, from the spot measured
at the diamond target and the center of gravity (COG) of 2 body final states at ECal

Systematic shifts in the COG position translate into acceptance systematic errors

Largest effect in y due to acceptance limitations (rectangular magnet bore)
Fractional variations range from 0.08% to 0.1% mm- for s'2 from 16.4 to 17.4 MeV

. 8 101 paomerogme ]

An error of 1 mm in the COG s L PADMEToNE s = 728 MY~
. - . g_ 1.0051 —— sqrt(s) =17.05MeV ]
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Efficiency around 1 within few % except in
specific regions (Ecal edges, dead cells)

Tag & probe: method-induced bias 2.3(2)%, stable

along the data set

Data/MC method efficiency stable along the data

set and at the few per mil

Efficiency <Method /MC true>
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Check of reconstruction efficiency:

Efficiency for data and MC evaluated using tag-and-probe technique

Statistical error dominated by background subtraction at tag level
Data/MC energy-flat, compatible with 1, error O(1%) per period

<Data/MC> vs period, Pg;(const) ~ 20%

No correction applied per period, statistical-systematic error of 0.35%

Tag and probe correction
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1.5 x 1.5 mm? spot at active, 100 um diamond target: position, multiplicity
1 x 1 mm? pitch X,Y graphite strips [NIM A 162354 (2019)]

Target profile X

e* high ener
L Dipole magnet »“‘ gveto o
—— ,.»"—‘J ‘
‘3 et
BT Vacuum vessel am monitor
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| e/ ' SAC
et Ju - L ! Y
beam i ______________________ t— = _g
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target e~ veto ECAL
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CERN MBP-S type dipole: 112x23 mm? gap, 70 cm long
Beam monitor (Si pixels, Timepix3) after bending: cp/Ppe,r < 0.25%




PADME: TDAQ concept

Three trigger lines: Beam based, Cosmic ray, Random

Trigger and timing based on custom board
[10.1109/NSS/MIC42677.2020.9507995]

Most detectors acquired with Flash ADC’s (CAEN V1742), O(103) ch’s:
1 us digitization time window
1 V dynamic range, 12 bits
sampling rates at 1, 2.5, 5 GS/s

Level 0 acquisition with zero suppression, x10 reduction > 200 KB / ev.
Level 1 for event merging and processing, output format ROOT based



Data/MC
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Relative leakage correction

Loss from detailed MC vs vertical position checked against data in test beam
Very good data-MC agreement, correction 1.2%, systematic error 0.5%
Significant period-by-period variation of the correction: -4% to +2%
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Literature indicates possible changes in SF57 transparency for O(krad)
Estimate of Run-Ill dose: 2.5 krad

Estimated from 3 flux proxy observables: Qx target, <Eg.,>, period multiplets
Leadglass yield decreases with relative POT slope of 0.097(7)
Constant term uncertainty of 0.3% added as scale error
Slope error included in POT uncertainty
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Literature indicates possible changes in SF57 transparency for O(krad)
Estimate of Run-Ill dose: 2.5 krad

Estimated from 3 flux proxy observables: Qx target, <Eg.,>, period multiplets
Leadglass yield decreases with relative POT slope of 0.097(7)
Constant term uncertainty of 0.3% added as scale error
Slope error included in POT uncertainty
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The biind unblinding procedure: details

1;%7 i Constant term and slope of the optimized
7 + fit estimate the true values for K(s)
102 b Results of the procedure ran on toy
SR TRE R TR TR . .
o + M# H*HWW gt experiments with constant = 1, slope = 0
0.8 + |
TV B T TR T-F S A o '1\{7‘24@6\‘” E 1.01 mgzz; —0,00021
g Std Devx  0.006
e 8 (e oo
£ 1.005—
E\II.OG
1.02 + 1=
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Moreover the procedure correctly finds the Slope

central location of signals when present



The PCL method

Using CLsb but clipping to the median every downward fluctuation of the limit

o 14 0°
m>
0.9 KLOE, 2015 Global p-value
0.8 E o 3
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The global p-value is only slightly affected, consistent with the coverage modifications of this method



The main detector for the signal selection [JINST 15 (2020) T10003]:

* 616 BGO crystals, 2.1 x 2.1 x 23 cm3

Calibration at several stages:
e BGO + PMT equalization with 22Na source before construction
* Cosmic-ray calibration using the MPV of the spectrum
* Temperature monitoring + scale correction data driven



The main detector for the flux determination [JHEP 08 (2024) 121]:
* SF57 block, reused from OPAL, tested for the NA62 LAV detector [JINST 12 (2017) 05, P05025]

* Several testing campaigns
o A few positrons
O 0O(2000) PoT - cross-calibration with the BTF FitPix
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The new micromega-hased tracker

Detector installed with the novel diamon-shaped readout
Outer dimensions 88 x 88 cm?
Readout by APV25
Time window up to 675 ns (drift time ~500 ns)
Gas mixture: Ar:CF,:Isobutane = 88:10:2
Provides beam spot with uncertainty o, , ~ 30 pm
Track points with 6, , ~ 350 um and o, ~ 2 mm per point

hgmaxstrip2

Charge

é g I§I! §IIII§III§

beam spot

_Diamond Layout
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