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A complex dark sector and the dark photon TPROME

* Dark matter could belong to a complex dark sector

* Simple extension of the standard model (SM) is the dark photon (4'):
= A’ is the gauge boson of a new symmetry, U(1)p, similar to photon in SM
" Only dark matter (not SM) is charged under this gauge symmetry

= A “bridge” to the dark sector is permitted via special y-4" mixing: —EF;WBW
* This additional term in the Lagrangian creates an EM-A’ coupling:
= Finally, mass is allowed via symmetry breaking: \ ' TEM
1 +ee A" J,
2
Holstom, PLB 166 (1986) 196 + 5 m 4 A" A:i I+
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€
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https://www.sciencedirect.com/science/article/pii/0370269386913778

Searches for dark photons BROME

- Several existing searches for dark photons CMS Preliminary __Ueristo2l00 96.8 b2 (13 TeV)
and other bosons Y ol

* Sensitive parameter space from a few MeV |
to dozens of GeV on my, ;

10-6|

* Many dark photon production modes BuBar
. . « o 10—7_
probed, + visible & invisible decays cms
* Lots of interest in the community 3 4 5 s 7
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- A’ production and decay in accelerators

Production:

e “A-sstrahlung” € €
)4
€2 a3 A
g X myr < Ebeam
my, Nucleus

(Associat.ed et > A\
production
o < €?a? e” “« Y

myr < \/2meEbeam

e Resonant e

annihilation
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o=
\TnA’ ~ \/2meEbeam /

Only possible with positron beam!
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A’ production and decay in accelerators

Production:

e “A-sstrahlung”

e2a3

o X
my,

myr < Epeam

/ Associated

production

o X €2’

myr < \/zmeEbeam

e Resonant
annihilation

aocea

KA’ ~ \/zmeEbeam

e

Only possible with positron beam!

Decays:

2m,

2Me

AI

=, x

¢ 2m, <my < 2mpy =2 SM particles only

* 2mpy < my=P Invisible decays allowed

PADME’s
main target

' Heavy DM x>GeV light mediator

A'—>fr-
e*e- utu- decay allowed

A'—>EH-
e*e” only region
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- Missing-mass technique in fixed-target expts.

et > A
Target
e” < 14 (active)

Debris

| Main detector
Beam | 4 oL (calorimeter)
Pet Beam monitor & [ = h for bump in m2;.:
a Search for bump in my,;.:
Pe” I MMiss? for different M,
C | A mass= 22 MeV
calorimeter Aux. detectors | . e 20

600 |—| () A’mass= 18 MeV

(Vetoes) B A’mass= 16 MeV
" | 0 A’mass= 14 MeV

500 | [ A'mass= 12 MeV
I | B A’mass= 10 MeV
C | B A’'mass= 8 MeV
400(—| [ A’'mass= 6 MeV
- | @ A'mass= 4 MeV
C | R A mass= 2 MeV

Distance

m?niss = P+ + 0 + Py )2

Energy + position + distance
= momentum

300 400 500 600
MMiss® (MeV)
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— A * Near Rome, Italy
* ~30-people
collaboration

ATTENZIONE
CORRENTE

4 » ~ 500 MeV positrons
A" mass range: 2—20 MeV

§ © ™25k POT / bunch

* Bunch length ~ 200 ns
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PADME detectors

active

T e positron veto spectrometer
e+
| m

eeeeeeeeeee

Magnet

m12niss = (Pe+ + 0o + Py )2
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https://www.hindawi.com/journals/ahep/2014/959802/
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https://www.hindawi.com/journals/ahep/2014/959802/

PADME calorimeters

Frankenthal et al, NIM A 919 (2019) 89

Albicocco et al, JINST 15 (2020) T10003

Electromagnetic calorimeter Small-angle calorimeter
* 616 scintillating BGO crystals from old L3 expt. at LEP e 25 Cherenkov PbF, crystals
* 3 m downstream of target * Immediately downstream of ECAL
* Single-crystal dimensions: 2.1 x 2.1 x 23 cm?3 * Single-crystal dimensions: 3.0 x 3.0 x 14 cm3
 BGO scintillation time: ~ 300 ns * PbF, dead time: ~ 3 ns
* Central square hole (5x5 SC) to evade Bremsstrahlung * Fits behind the ECAL central square hole
* Angular reach: 20-65 mrad * Angular reach < 20 mrad
* Energy resolution: ~ 2%/Sqrt[E] * Energy resolution: ~ 6%/Sqrt[E]
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https://www.sciencedirect.com/science/article/pii/S0168900218318321
https://iopscience.iop.org/article/10.1088/1748-0221/15/10/T10003

PADME detectors BrRoME

-
-—
-—
-
-—
-—
-

magnetic field Active target

Magnet

electron veto ro -
. ‘
~ acuum
e / ?
- M — =
calorimeter B | — positron veto spectrometer target

2

Mipiss = Do+ + Do + Py )2
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https://www.hindawi.com/journals/ahep/2014/959802/

PADME vetoes PROME

* Plastic scintillator to detect charged particles striking inside of magnet wall
e Plastic scintillating bars produced by UNIPLAST

* 1 meterin length along magnet (96 + 96 bars)

* Bardimensions: 1x1x18cm3

* WLS fibers (BCF-92) with optical epoxy and Hamamatsu PMTs

e Time resolution<1ns
* Noise below 1%

Fully assembled inside
the vacuum chamber
(beam view)

Prototype in test beam

CAD model
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PADME detectors

active

—

T e positron veto spect;ometer
e+
- m i

Magnet

m12niss = (Pe+ + 0o + Py )2
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* Active diamond target to measure beam spot and bunch multiplicity

* Choice of material given by interplay between annihilation cross
section (o< Z) and Bremsstrahlung emission (< Z?)

e Thin depth (100 um) to reduce pile-up events

* Polycrystalline diamond (2 x 2 cm?) with 100 um thickness

* 19+ 19 graphite strips 1.9 cm long 0.85 mm wide along X and Y

* Spatial resolution measured to be about 0.06 mm

designed by R.Assiro
b7 W el AL |

.

Active target + frontend

Assembled for vacuum test
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Main physics backgrounds

e Signal: one photon in ECAL . Bremsstrahlung:
PVeto

Target g(etN - e*Ny) = 4000 mb
One photon in ECAL +
e’ % One positron in veto
T T~~~ - _ Sum of energies = beam energy
= -

e 2y-annihilation:

o(ete” - yy) =1.55mb et % [
Two photons in ECAL L

Correlated energy and angle

e

Events/5 MeV?

* 3y-annihilation:

g(ete” - yyy) = 0.08 mb ot ™
Two photons in ECAL + >
one photon in SAC

400 500 600 No kinematic constraints
MZnmiss [Mevz]

v

* g at 550 MeV beam energy
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PADME data taking and beam background

XIIOQ"’I"'I"'
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PADME data taking and beam background

XIIOQ' L T |
EPADMEPreliminary ] > :'"I"'l.".'I"'I"‘I"‘I"'l‘j
;_ Integrated luminosity trend = § 2500~ PADMEPrehr;nnary | Secondary, Runi :
- 20k POT/bunch 3 - nPOT=9.0x 10 | prmery Background index:
— shs . 1250 ns -] - {secondary runl sample scale factor 4.8) rimary, Run
- E‘g::::lzbgjghmf\r ) 3 g 2000 H:- (primary runll sample scale factor 0.6) | Primarv. Funl ~ 0.36 MeV/ €+
- = 3 i " ~0.03 MeV/e*
- E 15001
Run I, 545 MeV 3, ] . Oceano
- Pri & =8 1000~ 25000 kPOT/bunch 25000 kPOT/bunch
- rimary & s eCOI’E ary . 545 MeV beam energy | [ 400 MeV beam energy
. .p.O|Si.tr.o.n|S e 500: 250 ns_ bunch length 250 ns bunch length
0 20 40 60 80 100 0 - f N, ] 28000 kPOT/bunch
t [day] 2000 4000 6000 8000 10000 12000 14000 430 MeV beam energy
XIP?...|....|....|.... I EECAL [MeV] 280 ns bunch length
- PADME Preliminary :
I Integrated luminosity trend . H H Y o
7k POT/bunch . Beam background in Run | caused significant more energy
nominal bunch A t 280 ns

EBeam = 430 MeV
RunllI

Run 11, 4307

VeV
itrons

Primary pos

5/31/23

deposition in ECAL than predicted

Culprit was radiation of secondary beam positrons on the
Beryllium window separating accelerator vacuum from
experimental vacuum

Developed comprehensive MC simulation to study and
mitigate this background in Runs Il and Il
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https://link.springer.com/article/10.1007/JHEP09%282022%29233

‘New eTe™ — yy cross-section measurement

Signature:

ot
14
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Signature:
2y-selection:
N * |At| < 10 ns between photons
g Y * E, > 90 MeV for both photons
« 1159 < R, <285mm
« |AE(6)]| < 100 MeV for both

'E' AR AR R R RN RN ARARE RARRE AR . I B L BLELE S LI BLELEL A DL BLALELE BLELELE B
£ 600~ PADME Preliminary €0 % 600~ PADME Simulation ]
o | nPOT=4x10" R, = E nEv=10° _ :
4001 27k POT/bunch Ao Y s500F 25k POT/bunch — Toh E
L nominal bunch A t 280 ns - C E}?’e“m 430 MeV - — Simulation ]
F  EBeam =430 MeV B P - ee TR e .
r Runll e = EalE it Rk T
200—_ . 400 - z ]
O_ - = - . -—.
i 1120 Y
I 200 1
—2001 Nt 10 5 e
i | 100EEEEES =
400l b b b b b o oy 100 120 140 160 180 200 220 240 260 280 300 ) _
400 36-406-306-206-100 0 100 200 300 400 500 ° R, [mm} Correlation f (Ry(ey)) derived w/ MC
X, [mm v )
v [mm] = define AE = E, — f(6,) ~ 0 MeV
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New ete™ — yy cross-section measurement
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* E, > 90 MeV for both photons
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Signal extraction:

* Use the kinematic observable
Ap = ¢, — P, + mtofit
signal and background

 Extract signal yield (3x10°)
and derive cross-section

Correlation f (RV(Q),)) derived w/ MC
= define AE = E, — f(0,) ~ 0 MeV

5/31/23
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Precise O'(ee — yy) at low \/E — 21 MeV B

o(ete” - yy(y)) = 1.977 £+ 0.018 (stat) + 0.045 (syst) + 0.110 (n. collisions) mb

glete” » yy(y)) = 1.9478 + 0.0005 (stat) + 0.0020 (syst) mb (QED@NLO)

R . LZRNEL T S LD | ' LENNL I B LA |
_ o 10 L RaRaaga Ko e
Good agreement with prediction . e Colgate and Gibert1953)
B Malamud and Weill (1963) |
o) + ¢ Fabiani et al. (1962)
E “.._ ~—® PADME
= i o,
. >
First measurement at low R 3 =
energies since the 1960s O ]
. -1 — —
One of the most precise too I
2 11E { TR LONLO =
& 09k ' , -5
0.8 : 1 PR P —
107 1 10
E,- [GeV]
Beam energy
QED@NLO: Balossini et al, PLB 663 (2008) 209 (Babayaga) PADMIE Collaboration, PRD 107 (2023) 12008
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https://arxiv.org/abs/0801.3360
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012008

X17 search and resonant production  PrOME

g Krasznahorkay et al, PRC 104 (2021) 44003 Krasznahorkay et al, PRL 116 (2016) 042501
EXPECTED °Be TRANSITION
m 1
Fast-moving Particle paths are E [ Ty er -
8Be photon close together = [ Lipe'e) "Be
‘ Electron ~ N\ ___.---=-"""" s E 3[-[(p,e"e')“[-[e I a): Ep: 1.20 MeV
: = b): E = 1.10 MeV
Q a
AV . : ¢): E'= 104 MeV
Positron . Tl
HYPOTHETICAL .
Electron “: \\\
8 |
- Slow-moving . |
X boson \ Particle paths !
T NS W | are ata //
/ wide angle ‘
/
Quanta Magazine Positron T L, I
...................................... P T T T TP TP I
40 50 60 70 80 90 100 110 120 130 40 60 80 100 120 140 160
O (degree) © (deg.)

* Recent results indicate anomalous excesses in “He and 8Be atomic measurements of internal pair creation
* A possible explanation is the existence of a new proto-phobic boson with 16.7 MeV mass (X17)
* Viable parameter space remains, which PADME has the capability to investigate with reasonable statistics

Feng etal, PRL 117 (2016) 078103
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https://www.quantamagazine.org/new-boson-claim-faces-scrutiny-20160607/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803

Unexplored X17 parameter space PROME

* Sizable parameter space still available to explain the anomalies, especially
for a pseudoscalar X17

* Latest limits placed by the NA64 Collaboration (2020 & 2021)

Pseudoscalar Vector
4 102

TN NN AT A H RS AN SA

| (g—Z)e (Be\’k\?j//‘/— fa)
| e o

i =]

=

w (g-Z)e (\’KB), < w

! [

E

>

10% 2

ATOMKI UI:?

NA64 Collaboration, PRD 104 (2021) 111102 m, [MeV] NA64 Collaboration, PRD 101 (2020) 071101
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
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Nature of a X17 particle PROME

Denton, Gerhlein, arXiv (2023) 2304.09877

* A lot of model-building effort to make it work with T
current constraints (including from neutrino 2% — He(meas) — my=16 MeV
interactions) 2> o mens) T my=lTHEY

— C (meas.) — my=18MeV

* But data so far at least seems compatible with a
(axial) vector nature of X17 with mass = 16.85 GeV

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

the operator’s dimension and the partial wave of the decay, and the superscript labels the X spin. For example, Ofg,) is 16 T

a dimension-four operator that mediates a P-wave decay to a spin-0 X boson.

N, Jb Scalar X Pseudoscalar X Vector X Axial Vector X 100 120 140 160 180
in

SBC(IS. 15) 1" 555 04(3)) (27) Ogo) (37) Og? (29), Ogg (34) et - [deg]

12C(17.23) - o5 127) B O (29), O) (34) oLy 37)

4He(20.21) 0 Og(;) (39) s 04(1112 (40) e

Feng, Tait, Verhaaren, PRD 102 (2020) 036016
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PADME search for X17 in Run 3 BROME

* Tuning the beam energy, can produce X17 Resonant production:
article on resonance . Ebeam = 282 MeV
e
* Resonant enhancement of production cross A'/X17
section leads to a very strong signal
* But to see X17 — e*e™ decays, vetoes are ©
not sufficient (no vertex information)
SEy/Ep=0.25%MeV, 16 runs with 1.25-10'° poT
* Strategy: 23‘5’3
= Turn off magnet to let e" and e through to the =
ECAL i.4500
= Lower beam intensity by 10x g 4229
= Add new detector to distinguish e*/e” from y g 4000 |
showers g 3750 Bhabha scattering
= Scan beam energy around X17 mass to seek rate 5 3500
enhancement Z 3550 e Sig + Bkd , e=2. 10

I Sig.+Bkd, £=0.5-1073

: 3000700 2760 2820 2880 2940
Cartoon view of the strategy E,[MeV]
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PADME search for X17 in Run 3 BROME

Main backgrounds:

X17 Background components

TChannel process
SChannel process
| GG process

0 0.05 0.1 0.15 0.2 0.25
Positron Energy

ee — ee Resonant production:
(Bhabha t-channel): Epoam = 282 MeV
kinematically et

d
suppresse A /X17

ee - ee
(Bhabha s-channel):
signal-like

New tagger detector to

ee — yy: Need distinguish e/y ECAL clusters

particle ID to suppress

~_7
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ETagger with similar plastic scintillator

used in vetoes
Vertical segmentation and covering
fiducial region of the ECAL

2

Channel number
b

40

Enable discrimination between e /et
initiated showers and y-initiated showers

- wn e - - - - -y

- -

T ——

P P R e ——

Setup

g A A U S S ——

_______________ | %<]

ETag gcal

1
2 500
1000
10
500
00 02 04 06 08 1 12 14 16 18 2

LeftRight ETag bar
Preliminary data

|

Partial installation in + %
front of ECAL ¢

e e e e s s R R R AR AL
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{ver | Nov ([
TES | TAM
I ex | ovm|

Strategy: scan beam energy in 260-300
MeV range with steps of 0.7 MeV

About 101° POT per point in the scan
47 points near X17, 5 below, 1 above

C target 100 um
gre=2-10"*

w— 2:10""poT ., 8E=1.4 MeV, 13runs
——  4.10"'poT, 8E=0.7 MeV, 13runs

104

Vect.
7

N 1

103_

Background, 1.3y N5

102 .
16.5

Darme et al, PRD 106 (2022) 115036

168 17.00 172 175

Mx [MeV]

5/31/23

NPoT Collected
T

Beam energy scan around resonance

NPoT Collected
- a N

POT vs. beam energy
g O STy
R ..
- = e =
8 . @ ..

POT vs. \/s
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036

Possible observables in X17 search PROME

N(2-cluster events) / Npor : ey zomia
Probe existence of X17 \ = 4-2§1°£ PO 3908006+ 176708
High statistical significance £ 45
No ETagger-related systematics §3:: | i { !

N(e*e events) / N(yy events) : e !

Probe existence of X17 37
Lower statistical significance (yy cross section) 6E N
3.51 Stability ~ 0.8% over
Independent from Npqor a the five runs
N(e*e events) / Npor : 33 o

o
[X)

Ll | L1 1 Ll 1 1 L1 L1 1 | L1 L 1 1 1 11 1 | L1l
236 236.5 237 237.5 238 238.5 239 239.5 240
Run Number

Probe vector nature of X17
Potential systematic errors due to ETagger stability

N(yy events) / Npor :
Probe pseudoscalar nature of X17

Potential systematic errors due to ETagger stability

Preliminary yields in “over-resonance” region



Expected PADME X17 limits PROME

* PADME can fully probe available parameter space in
the vector X17 scenario N ~ 18107 (9’ (Ler)

2x10-4 o
* Significant sensitivity also to the pseudoscalar case

Darme et al, PRD 106 (2022) 115036

Pseudoscalar Vector
103 : .
KLOE, 2015
KLOE, 2015 S .
2 ¢ Viable space
- * _
- X 5 (2-6x107%)
5 ) 4
9‘ h% 10~
............ E141 5
B ORSAY ' g L ORSAY, KEK
10-2 Lepton couplings onl | | 10-5 onl | | | |
15 16 17 18 19 20 15 16 17 18 19 20
My [MeV] Mx [MeV]
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Conclusions and next steps PROME

PADME is a fixed-target experiment using a beam of positrons striking a
thin target

Original purpose is to search for dark photons in 1-20 MeV range

But also featuring sensitivity to X17 particle

First two data-taking runs enabled the calibration and commissioning of
the experiment, as well as a precise measurement of (e*e™ — yy) at
Vs = 21 MeV = first improvement in several decades

Dark photon analysis on this dataset currently underway
Other models (e.g., ALPs, scalar Higgs) also under consideration

Modified setup to search for X17

Analysis of Run Ill data to search for X17 underway
Hope to have a complete study by year’s end

Investigating additional final states that can be probed with PADME (e.g.,
visible and long-lived decays of dark sector particles)




