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General motivation

The general and main motivation for research is to answer the question:
How did our 'Material Universe' survive the cooling after the Big Bang?

Big Bang:
an equal amount of matter and antimatter
was produced during the hot phase
During cooling and expansion

mm matter and antimatter annihilated ©®
szz'm;;.azs ir 4 =L
\ u_uonyeARs -z ‘/% Baryon - Antibaryon
¢. -—-——AJ- ASYMMETRY!
' TTAAN |1 \\\lﬂ ‘

Most of the cosmic energy budget
is of an unknown form

Where did the asymmetry come from, and how can it be experimentally investigated?
Searching for differences between particles and antiparticles
by studying symmetries with light mesons at scale of ~ 1 GeV > Physics Beyond SM
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General motivation

* In SM: violation from weak interaction is

Dark Sector Candidates, Anomalles and Search Techniques not sufficient to create observed
26V aeV feV pev nev pey mev ev kev | P Mev  Gev fTev eV 30Mg asymmetry
< 0 4+ 4 4 3+ 3 . .1 . . 4 . . 1 o .1 v 4 .
‘II|||fll"T'g'l"l'g'T"l“l'
QD Axion w;?IMPs
< : : UItEaIigh{ Dark Matker b Hidden Sectar Dark r\inﬂattér > Black'?oles DM mass ra nge from a keV to Seve ral GeV
Pre-Inflationary Axion < Hié:iden Thermal Relics / WIé.-'IPIess Dk »
Pcst—lnﬂamnxion 4 AsvmmetricDMé » o . . .
o » DM annihilates directly into SM particles
sl over most of the sub-GeV mass range
: gr‘vllium—s E
Nuon 22
b Rcre | e several anomaliesin experiments point to
anaIIExperiments: Coherent Field Searches, Direct Detection, NijclearandAtomicthsicsé;nccelerators Microming pOSSIble neW phySICS, Wea kly Coupled to
A——+—+—+—+—+—++++++f+ -+t familiar matterin the 1 - 100 MeV scale
eV aey fev peV neV pev mev ev ke @ MeV Gev | Tev Pey  30M, Ref: Marco Battaglieri, arXiv: 1707.04591 [hep ph]

.....................................

Strong CP problem — Peccei-Quinn-Weinberg-Wilczek (PQWW)
- =

Axions and Axion-Like-Particles (ALP’s)

Newest theoretical models prefer gauge bosons in MeV-GeV mass range as “...many of the more severe astrophysical and
cosmological constraints that apply to lighter states are weakened or eliminated, while those from high energy colliders
are often inapplicable” (B. Batell, M. Pospelov, A. Ritz — 2009)



https://arxiv.org/search/hep-ph?searchtype=author&query=Battaglieri,+M
https://arxiv.org/abs/1707.04591
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General motivation — ATOMKI results

The ATOMKI group observed an excess of e*e” pairs emitted at large relative angle

in the nuclear reactions:
3H(p, e*e” )*He,
11B(p, e*e” )12C.
Li(p, e*e )3Be.

Expected ®Be Transition

tBe

Fast-moving Electron

photon Particle paths are

close together
Positron

Atomki Experiment

ey /\\
/,/ \\ Ay
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!\‘\ \\ ( ,/
OV

TR 8Be*
-0

LD - T S
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Hypothetical

Electron
8Be .
Slow-moving
X boson
Particle paths are

at wide angle

Yy

'i)

ATCMKI PAIR
SPECTROMETER

H
Be
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General motivation — ATOMKI results

PHYSICAL REVIEW LETTERS

Open Access Access by Uniwersytet Jagiellonski Go Mobile »

Observation of Anomalous Internal Pair Creation in ®Be: A Possible
Indication of a Light, Neutral Boson “‘a

A. J. Krasznahorkay, M. Csatlés, L. Csige, Z. Gacsi, J. Gulyas, M. Hunyadi, . Kuti, B. M. Nyakd, L. Stuhl, J. Timar, T.
G. Tornyi, Zs. Vajta, T. J. Ketel, and A. Krasznahorkay

Phys. Rev. Lett. 116, 042501 — Published 26 January 2016 u m

ATOMKI Exp. 8Be : anomalies in the internal pair creation of isovector (17.64 MeV,
|1=1) and isoscalar (18.15 MeV, I=0) magnetic dipole M1 transitions in éBe

-1

10
800 F
JT=1" - 0° = olt 2 .
z 700 : z
< 1, I = il
SBe*(17.64) — ®Be(0) + et e, Y HJ( 3 £ IR
= | NE :gi E°
AE =17.64 MeV,  Al~1, 2™ Hﬂ ¥ -
% 300 [ TIPC, MI+E1 _H. JF + + _I_ =
8 8 _ £ 200 [ -
Be*(18.15) — *Be(0) + eTe™, X ++ - ol
AE = 18.15 MGV, Al = 0. M RETRET 121314151I6171J8 80 90 100 110 120 130 140 150 160 170
m, (MeV) © (deg.)

= (16.7 :|:0’358tat :l:O.SSySt) MeV
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General motivation — ATOMKI results

=) I"s(lv > nucl-ex > arXiv:1910.10459

Nuclear Experiment

[Submitted on 23 Oct 2019]

New evidence supporting the existence of the hypothetic X17 particle
A.J). Krasznahorkay, M. Csatlos, L. Csige, J. Gulyas, M. Koszta, B. Szihalmi, J. Timar, D.S. Firak, A. Nagy, N.J. Sas, A. Krasznahorkay

We observed electron-positron pairs from the electro-magnetically forbidden MO transition depopulating the 21.01 MeV 0~ state in “He. A peak was
observed in their e" ¢~ angular correlations at 115° with 7.2 significance, and could be described by assuming the creation and subsequent decay of a light
particle with mass of mxc® =16.84+0.16(star) + 0.20(syst) MeV and I'x = 3.9 X 107 eV. According to the mass, it is likely the same X17 particle, which we
recently suggested [Phys. Rev. Lett. 116, 052501 (2016)] for describing the anomaly observed in ®Be.

ATOMKI Exp. “He : anomalies in the internal pair creation “He (21.01, I=0) magnetic
monopole transition MO.

| | 1 1
10 11 12 13 14 15 16 17 18 19 o (d
Invariant mass (MeV/c?) (degree)

Forbidden: [ (M0) “He'(21.01) = *He(0) + ( — ¢*e). my, — (16.84 + 0.16,y + 0.20,,) MeV
a = (10. - 1 Ogtat +=Vsyst

2 100 -
T - + 3 *H(p.e’e) He £ .
J O — O % Ep: 900 keV % H(p,e'e) He
g Ep= 900 keV
(E0) “He*(20.49) - ‘He(0) + (y* = ete™), & 0B
60 [
AE=2049MeV, AI=0,
JU = 00 = 0" 10
30
(MO)  “*He*(21.01) = *He(0) + (a — eTe™), 107}
BETEETEET ki 8 e e T T a0

AE=21.01MeV, AI=0, ]
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General motivation — ATOMKI results

The ATOMKI group observed an excess of e*e” pairs emitted at large relative angle
in the nuclear reactions: — —

*H(p, e*e” )*He, 2| B Ee((meas-)) :mxjjze:
11B(p, e*e” )12C. - .
‘Li(p, e*e” )®Be.

T

— ( (meas.) —_ my=18 MeV

Numerically analysis of the data and
then put into context constraints from
other experiments, notably neutrino
scattering experiments.

my-—my [MeV]

FIG. 1. Measured opening angles of the eTe™ pairs using
the mass differences between different excited states and the L
ground state of He (blue), Be (orange), C (green). We show 100 120 140 160 180
contours of different my using the relation 92‘2’;_ ~ 2 arcsin(m, / nin_ [deg]

(my = my)) 117, o

PHYSICAL REVIEW D 108, 015009 (2023)
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General motivation — ATOMKI interpretation

800 T

101

The Standard Model interpretation:

600 [

400

1. The anomaly is described by using the
Multipole interferences or Form &

200} Y

d o/dM,_dcos 6
do/dcos 8;_dcos 8

factor. Zhang and Miller (2017) N
investigated the nuclear transition I e
form factor as a possible origin of the My (MeV) 0.
anomaly. Physics Letters B 773 (2017) 159-165

20

AN=4

2. Anomaly is a consequence of modified
Bethe-Heitler process (Koch 2021).

Kin| 17.6 MeV

100 120 140 160 180
8

Nuclear Physics A 1008 (2021) 122143
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General motivation — ATOMKI interpretation

&
The Beyond Standard Model interpretation:

55
* The first theoretical interpretation of 19

the experimental results was performed
by Feng et. al. (2016). They explained
the anomaly with a vector gauge boson
X17, which may mediate a fifth

-4
fundamental force with some coupling 10 : :
to Standard Model (SM) particles. [ k-

e From searches for M = 2’ + g, by the L J.Feng et al.: PRL " ___,.’ ]
NA48/2 experiment, Feng postulated . (112197]@371803
that the X, particle couples much more 107 10 | 100 mx [MeV

strongly to neutrons than to protons, ErETEEETEES

{lprotoph obi c force)’. Access by Uniwersytet Jagiellonski  Go Mobile »

Protophobic Fifth-Force Interpretation of the Observed Anomaly in

Jon

8Be Nuclear Transitions

1169
athan L. Feng, Bartosz Fornal, Iftah Galon, Susan Gardner, Jordan Smolinsky, Tim M. P. Tait, and Philip C
edo

Taned
D a rk p h Oto n Phys. Rev. Lett. 117, 071803 — Published 11 August 2016

o< -
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General motivation — MEG-II result (from 12.11.2024)

 MEG-II (PSI) experiment searches for charged ‘
lepton flavour violatingdecays u#t — ety scfpaeffidu“m moone SN
* Experiment was adopted to search for X17 in : ’
the same reaction as ATOMKI: “Li(p, e*e” )®Be

Liquid xenon photon detector

(17.6 MeV and 18.1 MeV states). 3

* No significant evidence of the X, particle was s S —
fO und. Muon stopping tg:;z

* Upper limits were set BR with respect to y-ray Teah I i

(RDC)

emission: R;g; <1.2x10° and Ry, < 1.8x107°

Projected limits at 90% C.L.

le—6 le-5
B - ; ' e 175 —— Ry limit < 1.8e-06 | 12
RS T o o T PR S R —— —— Rug1 limit < 1.2e-05
T E = e e = H =
2 = . - ! 3 1.50 @® ATOMKI (stat. + syst.)
= S — : .
~ [ — : i ]
0 L - e T : _
] —.— mbm H H
S - —- Do 1.25
= 10 2 T GRS o -9**\. —
Q E e : E
Q - : ] ©1.00
C e 7 =

E) (= i0s0keVdaia 4 : i . = 5
- 3| ...| = 500 keV data :'_—:E— b 75
h@ 10 = —F— 500 keV MC sum ++ 'l' =
S E | —=— rcizsme T 0.50
g . | —=— ErcMmC _{.. i HE=

10—4 L L L L I \ L s 4‘I i s L L L i Fg 0.25

0 50 100 150
0, (de
e ( g) 16.5 16.6 16.7 16.8 16.9 17.0 171

The MEG Il collaboration: K. Afanaciev et al., arXiv:2411.07994 (2024) my17 [MeV/c?]
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Current experimental studies:

e Direct searches }-[ Cosmic rays ]

 Proton beam dump

* Electron beam dump Higher Luminosity]

Accelerators

* Fixed target electron scattering

* Fixed target proton experiments
. Lower Luminosity
° COlllderS }[ Accelerators ]
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Connection between Standard and Dark Matter

New Physics connects to Standard Model particles through four portals:

Portal Particles Operator(s)
“Vector” | Dark photons - mﬂjwf”””
“Axion” | Pseudoscalars % FFm, ;‘]_;Gi H,,Gf”, ﬁﬁa’fﬂ“fﬁ'@‘
“Higgs” Dark scalars (uS + ASHH'H
“Neutrino” |Sterile neutrinos yvLHN

- - FF -
Invisible, Visible, Mixed
non-SM SM visible-invisibl

Light mesons

Dark Matter production Production of portal- Production of “rich” .
Producing stable particles mediators tha-t decay to dark sectors Stu d|e S:
that could be (all or part SM particles Testing the structure
of) Dark Matter Systematically exploring of the dark sector ‘
the portal coupling to
SM SM particles SM X X sm

= mgdiator/ 4

mediator :
> < >me'aor e n / n
SM X NN . w

SM / SM

visible
\ 4 JL 2
Stefania Gori, Mike Williams




oy

g

’4"\/ JAGIELLONIAN UNIVERSITY
PAYRINE CINY,

Connection between Standard and Dark Matter

“Light dark matter must be neutral under SM charges, otherwise it
would have been discovered at previous colliders”
[G. Krnjaic RF6 Meeting, 8/2020]

The only known particles with all-zero quantum numbers: Q=1=J=S=B=L=0
are the n/n’ mesons and the Higgs boson (also the vacuum!) -> very rare

The n meson is a Goldstone boson (the n” meson is not!)

The n/n’ decays are flavor-conserving reactions

Experimental advantages:

Hadronic production cross section is quite large (~ 0.1 barn) - much easier to produce than
heavier mesons

All its possible strong decays are forbidden in lowest order by P and CP invariance, G-parity
conservation and isospin and charge symmetry invariance.

EM decays are forbidden in lowest order by C invariance and angular momentum conservation
Branching Ratio of processes from New Physics are enhanced compared to SM.
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Connection between Standard and Dark Matter

“Light dark matter must be neutral under SM charges, otherwise it
would have been discovered at previous colliders”
[G. Krnjaic RF6 Meeting, 8/2020]

The only known particles with all-zero quantum numbers: Q=1=J=S=B=L=0
are the n/n’ mesons and the Higgs boson (also the vacuum!) -> very rare

The n meson is a Goldstone boson (the n” meson is not!)
The n/n’ decays are flavor-conserving reactions

g dd 259 Mass 547.862 + 0.018 MeV
NN n— Yy (39.36%)
3 | - n — 10 10 1m0 (32.57%)
Eo o= Main decay mods n— 1 1 1°(23.02%)
L;U \ 521 n—-mmy(4.28%)

n— 1 m e* e (0.03%)




oy

""\?‘ JAGIELLONIAN UNIVERSITY
4

% ) IN KRAKOW

QCD Axion

How to explain observed anomalies
in view of existing experimental constrains for QCD Axion ?

.

Piophobic QCD axion

Then in SM Lagrangian axionic phases
are directly ascribed to quark masses

Must be short lived (~10-12 s) and decay
predominantly to e* e

m, — m,e'" 9l ta
QCD Axion couples predominantly to gt oalf
0 . 0 - —> P a
the first generation of SM fermions M e ’
(PQ charges vanish for second and m, — m,e" e,
third SM fermions)
. My QEQ 1
The a - M mixing at the level of O(104) — > “fg T 5
_ md U
isovector
m, g << n 'gﬁgan_’gﬂ' Suppressed mixing-angle results in
> i505Calar the isoscalar couplings of the axion
Qm < 9‘1’7’ 9‘1’7" Ref: D. Alves et al., PHYS. REV. D 103, 055018 (2021)


https://arxiv.org/search/hep-ph?searchtype=author&query=Battaglieri,+M
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QCD Axion

Physical Axion current

/ Axionic field and the neutral meson \
degrees of freedom mix among themselves
to yield the physical degrees of freedom:

/
(phys» 7, 11, and 7
AP

(0)

- 1
Lony = aN l}’S(QaNN o

+ JunnT )N

gaj\)lN = HafrgerN - gan(AM - Ad)

fn

v = (O (Au+ Ad) + V26, As)ZX

9an
-

[ sign(fan,..
I Au+ Ad =0.52, As=-0.022
not ©

7 s]. — —— 1
= K+ _}.,T+(a—)e+€ ) 5_
ctet-enhanced — -

a5
KT 7F+(a — pite—
(octet—enhanced

A
1072

L
10~
|Oa |

»

Contours can be interpreted as the
sensitivity in scenario an O(1) deviation
from the BR predicted in the SM

fﬂ/

-
Hadronic decay channels of n and n’ could be

coupled to ALP’s:
n—-onmna(— ete)

“axio-hadronic decay”

Ref: D. Alves et al., PHYS. REV. D 103, 055018 (2021)



https://arxiv.org/search/hep-ph?searchtype=author&query=Battaglieri,+M
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QCD Axion

Hadronic decay channels of n and n’
could be coupled to ALP’s:

n—nmna(— ete)

“axio-hadronic decay”

.

Using Resonance Chiral Theory (RxT),
the low-lying resonances should be
included as degrees of freedom in the

RxT Lagrangian

.

r

XPT predictions for decay rates
significantly modified by inclusion
Lof resonance exchange.

... 0(107?), is probably excluded or in tension
with observations but O(10™% - 1073) likely
remains experimentally allowed, and within

the sensitivity.”

Mg, my, = (960-1000) MeV

Br [V » 7°2°4a]

Ref: D. Alves et al.. PHYS. REV. D 103. 055018 (2021)

005|||
- - —
My, =mys = 980 MeV ="
%ﬁ% / =
001 — = —
—~— 7 //’ +l<
0.005 X% ~ 7 ’
/X, P L / =
P U eV 7 1%
L~ \ N / / =
0001 ,,/ d] S 7 %
-4 Z \\ :" E o
5x 107 —F— \ y - -
e = /J -
T m, =167 MeV
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
184l (= [Cml)
(couplings of the low-lying scalar octet to the pseudoscalar mesons)
- -4 2
BR(M - mma)~ 10“- 10
~a
_a La -
7 7 -~
e - ~ T
N =+ = -~ G 080) + o _('a.:(QSO)
~ Vs 0 - T ~
/‘ \\ﬂ- EE - EE‘\ \\ﬂ-
from yPT at LO 9 ™ T~ap 9 “d

r,, = (40-100) MeV Ty, = (10-200) MeV


https://arxiv.org/search/hep-ph?searchtype=author&query=Battaglieri,+M
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QCD Axion

Hadronic decay channels of n and n’
could be coupled to ALP’s:

n—nmna(— ete)

“axio-hadronic decay”

.

Using Resonance Chiral Theory (RxT),
the low-lying resonances should be
included as degrees of freedom in the
RxT Lagrangian

.

r

XPT predictions for decay rates
significantly modified by inclusion
Lof resonance exchange.

... 0(107?), is probably excluded or in tension
with observations but O(10™% - 1073) likely
remains experimentally allowed, and within
the sensitivity.”

D. Alves, S.{ qqnzélquSPIiS, JHE%P 971 (12(?214)[ 264

llll[\ IW |I ‘

L L IIHHH‘ \IHHJI| L L LI

T HIII\W I HIHII‘ [

10~ == Quark-dominance (Q = Q,)
——= Gluon-dominance (Q = Qg) % VK.V_
g \\
10710 IR BRI I [ I\
o — \ T 1T | T | T T ‘ T T ‘ |
g of :
m _\
~ ]
7 25 .
aet
= 2 I T l L1 1 | I | | I I ‘ I T I
0 50 100 150 200 250
mg, [MeV]

BR(N - 7ma)- 3-10%-4-10°

Effects of pion-pion final-state interactions (FSI)

disc | ) |= )
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QCD Axion

Why previous measurements n(n’) — n* n e* e did not see Axion signatures ?

Previous exp. of the n(n’) > w* m e* e studied CP invariance

Not much experimental indications for the violation of CP symmetry
in flavour-conserving reactions (KLOE 2009, WASA-at-COSY 2016).

polarization can be studied via asymmetry: T -
n n s oay,
A N(singpcos¢p > 0) — N(singpcos¢p < 0) e
o=

N(sin ¢ Ccos ¢ > O) + N(Sin ¢ COS ¢ < 0) M1 transition allowed 4 n — T violates CP directlny
E1 transition violates CP

source of the CP violation in the decay could be an interference between electric and
magnetic amplitudes responsible for significant linear polarization of the photon in the Tl rest frame
n—e"e g

Experimental results up to now:

Events
Year EXp. BR — T ete
P i Asymmetry (n )
Rejected events
2009 KLOE-2 1555 + 52 (-0.6 + 2.5, + 1.8, () x102 (2.68 £ 0.09;,, + 0.07,,) x 10« m(e*e”) < 15 MeV
2016 WASA-at-COSY 251 + 17 (-1.1% 6.6, + 0.2,,) x 10?2 (2.7 £ 0.2, + 0.2,) x10™*
2007 WASA-CELSIUS 16.3 + 4.9+ 2.0 . (4.3 £ 1.3, + 0.4,,)x10™
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BES Il — Result for the n’— nt* it e* e decay

BES Ill — Result for the n’— nt* m" e* e~ decay (also CP invariance studies):

The experimental sample: J/¢ — 777’ — (10087 £ 44) x 106

n — ttr ete” — 2.3x107

g 500 a=15MeV | g::su" (a,) 1072 3 R as a mas of axion
% 400 - Signal MC - (b)
E Jhy—=yn'n'—x'xe'e MC o "
< 300} St S
N 200 [ 02k
£ O
:ij 100 [ =
cC
= 24 H { * A l 104 |
0 *4}} ,i{L+ui+m*m+**#,,mufuu *fm -
001 0015 002 0025 0 0.1 02 03 04 05
M(a) (GeV/c?) M(a) (GeV/c?)

B — ntr ete™) = (2.45 £ 0.02(stat.) & 0.08(syst.)) x 103

RUP _ B(n'=rtr"a)Bla—ete Ref: BESIII Col. JHEP 07, 135 (2024)

) _ -3
Bl S Fn—cFeo) = (0.1 -7.8) x 10
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RED Top — future (?) n factory __

PseudoscalarPortal: 7 — 7*zma (a— e*e) 421 MC simulation conditions

3.87T

» 16l n sample consists of 5 x 10% events
ar \lV > hep-ex > arXiv:2203.07651 5 a4l
High Energy Physics - Experiment '

ubmitted o 15 Mar 2022 vl st revisect 7 Sep 2022 (ths version, v3) 3.2¢ > + - )y > + -
rI:'he REDTOP experiment: Rare 'r]/'n"Decays To Probe New Physics 3.0+ n mTmToa thh a € €

Sove O Related Papers  §3 Chatwith paper

ppron calaborsior 2.6T BR(n — P a)= 1.4 x 10~
The 1) and rf mesans are nearly unigue in the particle universe since they are almost Coldstone bosons and the dynamics of their decays are strongly constrained. The integrated 1j-meson samples. ’r]
collected in earlier experiments amount to ~ 10° events. A new experiment, REDTOP (Rare Eta Decays Ta Probe New Physics), is heing proposed, with the intent of collecting a data sample of order 10'*
11(10'2 1) for studying very rare decays. Such statistics are sufficient for investigating several symmetry wiolations, and for searching for particles and fields beyond the Standard Model. In this work we

the Heavy Lepton portal. The sensitivity of the experiment is also adequate for probing several conservation laws, in particular CP, T and Lepton Universality, and for the determination of the 1) form
factors, which is crucial for the interpretation of the recent measurement of muon g — 2.

Comments: Contrbution to Snownass 2021
Sabjects:  High Energy P
Chess  aniv2203.07651 thep-ex)
for arXiv:2203.07651v3 [hep-ax] for this version)
s k01911048550 arke 2203.07651 @)

5 - Experiment (hep-ex); High Energy Physics - Phenomenology (hep-ph)

BR Sensitivity

1.4+
1.2+
Process Benchmark | Trigger | Trigger | Trigger | Reconstruction | Analysis Total BR Lot
set Lo L1 L2 sensitivity 0.8+
n=atr=a; a—ete B1 55.28% | 21.81% | 76.41% 75.12% 42.94% 2.97% 2.07 x 10-8 0.6T B3
noatn a; a—ete B2 56.15% |22.32% |76.76% 75.12% 42.83% 3.10% 1.98 x 108
o atr a; a—ete” B3 59.67% |23.06% |79.81% 76.14% 44.03% 3.68% 1.67 x 1078 } } } . ; : } - - . -
20 40 60 80 100 120 140 160 180 200 220 240
Urgmd 21.7 1.7 22.2 0.26 1.04% |2.31x 1076 .
ram % % % % % % e+e- Invariant mass [Me\V/]
0012
By
. '

0.010 y

17 MeV piophobic QCD axion
Differential rate for mCn*m a for three benchmark params.

The differential rate for n — 7t 7~ a as a function of |_p)e+e_| = |?e+ + He_| = Ea, for three

=
=]
=

benchmark choices of RyT parameters specified in Table I. For comparison, we also show the
differential rate of the SM process n — z*z~e*e™, labeled “QED.”

2

dr' [p = a'ne*e™] fd| P | (normalized)
.= (=]
2 2
(3] =

$ e, Models by:
7 % i % 6 D. Alves et al., PHYS. REV. D 103, 055018 (2021)

[Pus | [MeV]

0.000
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Il. Analysis status of pp@4.5 GeV data

(analysis by K. Proscinski)
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HADES - High Acceptance Di-Electron Spectrometer

GSI Helmholtzzentrum fiir I A I I !
Schwerionenforschung

> hades.gsi.de

U3+ 1.0 GeV/u 10%ions/s
Protons 4.5 GeV 2.8x10%3/s
Pions 0.5-2 GeV/c
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Forward Detector

sTs1 | l
sTS2

Straw Tracker

FRPC

1 meter

e

= START - TO reaction for ToF = ToF & RPC — Time-of-Flight META detectors

=  RICH - Cherenkov detector (di-electron ete’) = ECAL - electromagnetic calorimeter (photons)
= MDC and STS — track reconstruction = Trigger logic based on InnerToF and Meta

= Magnet Coil — generates magnetic field (very efficient and selective)
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Forward Detector

sTs1 | l
sTS2

Straw Tracker

FRPC
InnerTOF

=

1 meter

ey

February 2022 measurement:
= proton — proton (pp) collisions at energy of T = 4.5 GeV using liquid hydrogen target LH,

= 28 days of measurement

= estimated total integrated luminosity 6.1 [pb]
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Other studies with light mesons using HADES

e Exclusive production of n and w in proton-proton

collisions (production mechanism at intermediate Szymon Trelinski,
. . . |za Ciepat
energies, cross section extraction, angular
distributions).
* Inclusive production of n and w in proton-proton [ Adam Strach ]
(inclusive cross section extraction). Iza Ciepat

* Form Factor extraction for then — y e* e and
w— mlete.

* Studies of the f; meson production in proton-

proton (exclusive cross section extraction). Future analysis

* Studies of symmetries C and CP using n decays:

n—omntmete,n— nlete, N>t nd.
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Lepton identification using HADES RICH Detector

. v K \\\\“".\\ ~ - . N .
Maghetic shicld : Radiator gas @ & = |Lepton identification base on

(soft iron) Eaet > b g NEE A . .
| .:‘ =Be. signals in RICH.
Inner photon p i I -
detection plane " pEEE : B = Threshold momentum for
| electrons 9 MeV and for
DiRICH -l S .
electronics ‘ — B pions 2500 MeV.
Beam 2 UL el * Acceptance as a function of

transverse momentum and
e*e invariant mass.

= |n standard HADES analysis
e*e opening angle > 9° to
subtract conversion.

Beampipe

M. > M < e*e creates
T © B" Be Cherenkov radiation
B1T < BCher < Be

Ref.: M. Becker et al. Nucl. Inst. and Meth. A 1056:168697 (2023)
Ref.: G. Agakishiev et al. Eur. Phys. J. A (2009) 41:243-277

Acceptance

IIlllililiilllIIHIHIHHIH
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Particle selection and identification

+ -
no RICH RICH selected et e
g 12 T e o @ 12p T i
o L . - - - . .
i = __”TR_ |
1 . — Sin 11; 104
_____ 3
08 10? o.sf— 10°
0.6 0.8
= 10°
4 0.7— e
0.4 10 E g
. 06 .
. - 10
0.2 1 E
05—
| Exp. - Exp.
0 7“\"?'"?“"’%’?""\“%*1“}73:5\"“’%?'1"T‘"?"-’1"‘-\*:’%’-;‘:{“'ﬁ-‘j'1:':\."'f:'-‘; ¥ j.-"- ST A 1 0__&7\ oo ey oy T 9
0 0 1500 2000 2500 3000 3500 4000 4500 000 ~2000 -1000 0 1000 2000 3000
p*q [MeV] a'p (MeV)

Following particles have to be selected: n* m e* e

= |eptons selected by correlation windows (8¢ - Oypc ) in RICH and MDC
= pions selected by cuts on beta vs momentum distribution

= additional cuts for leptons: B > 0.85
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Event selection for the n — t* it e* e decay

= vertexReco z € (-200 mm, 0) 10°| LO0BN erimental signa T~
n->m+ - X17 (e+ e-) simulations ‘-"' .
. . . ->1+ M- e+ e- simulations
= TP e’ e misSsing mass vs Inv. mass o E_;n;nrg—;;g(g{e;)e;i;)uf;;?;::ions
n-> n+ n- ¥ simulations
(graphical cut) -
10° =
= (e*e’)(mr*1) opening angle < 50° - .
. ) 102 ? “‘, ..:,Avh
= T invariant mass < 480 MeV i |
i

10 =2 ——

= (e*e’)(mr*1r) opening angle in CM > 140°  -sw 00 800
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Event selection for the n — t* it e* e decay

T+T-e+€- Missing mass vs invariant mass

w 2000 heta_ MM_minv

@ r Entries 17967
= vertexReco z € (-200 mm, 0) < oo Sim. | =
g 1600; ) gg 32:; :igg P
= T ete missing mass vs inv. mass § 1a00) -
* 1200; 100

(graphical cut) ool "
BDDi— 60

= (e*e’)(1r*1r) Oopening angle < 50° 600 P7L e "
400 — 20

= 11T Invariant mass < 480 MeV R e e

L] (e+e-)(-n-+-n--) Opening ang|e in CM > 140° o n+n--e-+e- Imissing mass vs invariant masshetaiMMimmv

EEL ity o 2473 ¢

NG Exp. | o, 7
_g EL Std Dev y 190.5 pc
% 250C

200C

150C

100C

500

T S S A T S S R AT S T R R B TR L
20&00 1000 1500 2000 2500 3000 0

T+T-e+€- Missing mass
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Event selection for the n — t* it e* e decay

Legend
" vertexReco z € (-200 mm, 0) Y s
40000 N->n+ n- e+ e- simulations
. . . 1 -> n+ n- 10 (e+ e- y) simulations
= TITTTeTe MISSINg mass vs Inv. mass -, > e %70t 1) simultons
30000} : 1> m Ty
(graphical cut) 25000 .
20000~ .
= (e*e’)(mr™m) opening angle < 50° 15000 ..
10000 .
= 71T invariant mass < 480 MeV 5000
BT BT s v R T A T

opening angle

= (e*e’)(mr*mr) opening angle in CM > 140
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Event selection for the n — t* it e* e decay

30000:— e o experimental signal
= vertexReco z € (-200 mm, 0) 25000 o o
E :-> 7+ w- 10 (v 7) si;ulalions
. . . . -> T+ - Y Simulations
= 1T et e  missing mass vs inv. mass ¢ B
. 15000 —
(graphical cut) -
10000{—
= (e*e’)(1r*1r) Oopening angle < 50° s M
5000 — “
- . . S,
= ' invariant mass < 480 MeV s 00RO T 1000 TEee 7400

n+7- invariant mass

= (e*e’)(mr*1r) opening angle in CM > 140°
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Event selection for the n — t* 1t e* e decay

vertexReco z € (-200 mm, 0)

T 1 e* @ missing mass vs inv. mass
(graphical cut)

(e*e’)(trt1T) Oopening angle < 50°
T invariant mass < 480 MeV

(e*e’)(mr*m) opening angle in CM > 140°

In CM frame OA found assuming

e*et*it invariant mass is equal n mass

(e+e-) (m+n-) opening angle in C.o.M.

1
180

5000 — ||Legend
o
T | —— M-+ n-e+e- Slm'
4000—
| —— n-> 7+ w70 (e+ e-)
3000—
2000
1000—
0 L [ —J T [T R N R R R N L
0 20 40 60 80 100 120 140 160
(e+e-) (m+m-) opening angle in C.0.M.
- )
120001— )
- ¢
L xp A
- b .
10000}—
8000 — >
— .:
- &
6000 — g
C o
4000 :— . ;'.
- &
2000—
[ | | | “—z’/‘ L
0

o

ny
(=]

N
o
4

2]
o

80

100

120

140

L ‘ L L
160

180
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Event selection for the n — t* it e* e decay

all cuts were compared using
e*e TU'TU invariant mass

Counts

Most of the multipion
background was substracted

reduction of 86.78% events in
total range of ete ' invariant
mass distribution (data)

reduction of 10.16% events in n
signal range (simulations)

The experimental invariant mass after the application of consecutive cuts.

Legend
18000
no cuts Exp. . ff:"“'ﬁh" ,
16000 — wlartex reco z>-200, z<0 ‘ &mﬂ ",
——— pi+pi-e+e- MM vs IM graphical cut ” wﬁ.
14000 (ee){pipi) OA<50 o - g
pi+ pi- invariant mass<480 e ,_.'." “n
12000~ (ee) (pipi) OA in CM>140 W~ "i“-,..“
= L
B o
10000 — T A
-~ nmass (547 MeV): & o
— u L) ]
8000 — -y .’_.-"
- WORK IN PROGRESS N s S g
6000/ PP @4.5GeV ™ ius e -
saa we 2
. it T .y
4000 — '_,q.*"p-'l':"i"-'-""“"""“’m““
C ..u'__.w::' E v.,.‘_
w0 R
i f‘A‘M..‘..II\Ill\\\v‘\llll||\\‘||\|||\\I‘\\I

[
850 400 450 500 550 600 650 700 750 800

Mese-nin-
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Event selection for the n — t* it e* e decay

= Combinatorial background substraction:

n mass (547 MeV):

(N ) 2\/(1\/ N 2 i N Legend
= +— o+ +)< +r—po— —) S 5000 WORKINPROGRESS LR
CB m' ete n'm e e 8 i pp @4.5 GeV $ E“&‘ w#ﬂ; een*n signal
L L #,
fat H'++ + N
, LWE X ILU N 4§ Combinatotial background
_ L LT S I
N . f— (N + — + _) — (N ) 4000 — Ex ° é* I )
( szgnal) nTn"eve CB - P - i | —— signal

B . L)

3000/ o W
- “%
L ) ;e*
L X 4
- & K

material material 2000 L ‘:’* *«:::‘

N K ":‘-.%

1000 — .
: ) .‘W :ﬂt w
B s e . W_\ !\
L L1 1 | ‘ |- \v‘ L1 1 | ‘ | ‘ I 1 iy
850 400 450 500 550 600 650 700 750 800

Meye-nsn-

Ref.: Szymon Harabasz, HADES PhD Thesis (2018)
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Extraction of n — it* it e* e signal

2 4500 Joi i
8 4000 — Li Fi ~ ++++ WORK IN PROGRESS | O C ++

- Linear Fit—_| +++++++ . pp @4.5Gev | O 000 —— Signal+Background
- 4 + L

3500 — LE) ¢ ,

ok ' W Exp. - —— Background

3000 ) f
- ' A 4000 - -
= + -

2500 + *“% T4 HADLES
- ¢ ! 3000 WORK IN PROGRESS

2000/— ¢ *: C PP @4.5 GeV
C [} S o *ﬁ* - -

1500 — = S ", 2000 —
— =) *
= : o S = s, B i Exp .
- L 2 = 2 by [ +

1000 D =X S| & . - +
= < S 9| «g - 1000 — be

500— s = - -, i -,
C A <5} % -y : -t
Tl | ket 1 1 | [ C ||D-T-\\\\‘\|\\‘\\\\||||| O_IIIM
850 400 450 500 550 600 650 700 750 800 0 10 20 30 40 50 60 70 80 90 100
Mese-nin- me+e-

Estimated numer of signal events 2758

n peak mean (MeV) 548.40
n peak sigma (MeV) 32.59
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Simulations of sighal and background

Signal and main background reactions: 2 Legend
O
PP M — pp T et e © 1 -> w4 7- X17 (e+ ¢-) simulation
ppn — pp T[+ ™ X17 (e+ e_) 10 M -> 7+ 7- e+ e- simulation
pp -rl - pp T[+ n 1-[0 (e‘l' e Y) M -> T+ - y simulation
+ = 0
ppn —ppm T (YY) Sim.
+ —_ 10
Ppn 2 ppm T Yy uh
Legend Ratio between events in left and right peak: 3.25 yra— - T T TRy T T T
*2 n->n+ n- X17 (e+ e-), N->n+ - e+ e-, N -> T+ 7- Y simulations o 250 OAe'e
a o € B Legend
o n->7+ ©- 70 (e+ e- y), n->7n+ ©- w0 (y y) simulations 8 - N -> 1+ 7- X17 (e+ e-) simulations
n->n+ - X17 (e+ e-) simulations 200; M -> T+ T- €+ e- simulations
800 — B n -> + 7- ¥ simulations
- Sim. 150
600 — L .
400/ 100;
200/ 50—
L L +
0400 450 I 500 550 I I 600 07 R . —_—
0 10 20 30 40 50 60

Mee-min-
e+e-
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Estimation of X17 contribution to signal region

- Experimental signal R i h t eak R
3 [ ——  Experimental signal - simulations / g p ( )
2:3) 5000:— HADIE S — nemmXIT (et ) MMt T ek e = simulations n RN T[+ T[_e+ e_
O —  WORK IN PROGRESS T - 70 e+ &5 T imulati
B pPp @4.5 GeV +W + -
4000— ++:++#*+ W’WH n—o>mT 1mYy
- 4, i ¥y + - + -
- s "o n- nn X17 (eTe™)
3000— o W *b“
B . #{.H\
L &t )
- ¢+++ 0"
=L # Ny T Left peak (L)
. § o (sim) =3 25 ™. 0
- d " + - +o, -
000 ; R -, n >n"n n’(eTe”y)
i e, —
. TR n >ntr”n’ (yy)
950 400 450 500 550 600 650 700 750 800
me+e-n+n—
. S Branching
HFEETE Contribution ratio (BR) Expected numer of X, in signal peak
T =T 5= . -4 _
n—-on mee 39.95% 2.68 - 10 Nx17 = Nair- fx17
n-o ntan X17 (et e) 26.28% 1-10% Nyxq7 = 2758 - 26.28% = 725
n-o ntnTy 33.77% 4.28 - 102
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Results

Final distribution of e*e invariant mass after background subtraction
Estimated total efficiency and acceptance factor: 1.1 - 103

s T T T e
g 600;— WORKRESS _;
€ 500? PP @45 GeV -
S 400" E
300% ' -
200~ ¢ \H * -
100 E
it 1 WH+*+*++++++++++++“*+++++++++*++“E
100, E

1 1 | 111 ] | L1 1 1 | I | L 11 1 | I | L1 1 1 | I 11 1 | 1L 11 1 I L 11 1
O 10 20 30 40 50 60 70 80 90 100
M...[MeV]
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Results

Final distribution of e*e invariant mass after background subtraction
Estimated total efficiency and acceptance factor: 1.1 - 103

s TOO e
Q - ¢  Exp.data .
--.E._ 600 ;_ wo|REss — Sim: nowtrX,(e*e) —;
€ s00 | e
8 400: — Sim: nontrete’ _:
300-1 || =
200 \ * =
1001, Hm =

-, L lh.v,l Il+ nﬁé,”’l + +11| 14, ¢7

O—>0E + T +T RAANY! T_T'T'TT“LH_E
e L0 0 | S  A I T B SN B I I B

O 10 20 30 40 50 60 70 80 90 100
M...[MeV]
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Results

Final distribution of e*e invariant mass after background subtraction
Estimated total efficiency and acceptance factor: 1.1 - 103

> 700 :l— | | T T 11 | L | T T | T T | T T | T 11 | L | L I | =
% - ¢  Exp.data .
~ 6001 EDES  —— simiownXgee)
B u WORKIN PO —— Sim: n—rny(e’e) |
— _ @4.5 GeV -
§ 500 = w Sim: nowrn’(e*ey) B
@ 400: — Sim: 1]—>1f7*1t'e+e'. _:
- L — Sum of simulations -
300- =
200~ fnzL =
100 i —
O==0r- +
_1 00 __I 11 1 | | | I I | | I | | I T | | L1 11 | [ | L 111 | L1 11 I 111 l__

O 10 20 30 40 50 60 70 80 90 100
M...[MeV]
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Results

Final distribution of e*e invariant mass after background subtraction
Estimated total efficiency and acceptance factor: 1.1 - 103

> 700:l—| T | 1T 11 | T T 1 | T T 1 | T T 1 | T T 1 | T 1T 1 | LI | L | T I—l: Upperlimit forthe number
% : t  Exp.data 4 of event estimated based on
o 600:— wolms — Sim:nomrXle'e) 3 W.A. Rolke method:
-.9 Z — Sim: nortryee) -
g 500— PP @45 GeV Sim: nsmT(e’e) —  Ref. Nuc. Instr. and Met. in
8 - Sim: N . Phys. A, 551, 2-3 (2012)
400 I i Sum of simulations _: UL _ _ o
- . . 105
200 fnzL 3 | BRyspenx17 <2.58 - 10
100 i _E BR theoryn_>n+n_a < 1-10%
|
O==p-0r +
_1 00 __I I 1 1 | [ | | I I | | I | I | | I | | L1 1 1 | L1 1 1 | L1 11 I 111 l__

O 10 20 30 40 50 60 70 80 90 100
M...[MeV]
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Conclusions

e n/n’ mesons are an interesting place to look for dark particles because probe
coupling to light quarks and gluons.

« First estimation of upper limit for the QCD Axion BR, ... x17<2.58 - 10°

o Alsoitis possible with 2758 n to extract the asymmetry parameter for CP
invariance studies.
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Conclusions

e n/n’ mesons are an interesting place to look for dark particles because probe
coupling to light quarks and gluons.

« First estimation of upper limit for the QCD Axion BR, ... x17<2.58 - 10°

o Alsoitis possible with 2758 n to extract the asymmetry parameter for CP
invariance studies.

Further steps:
o Studies of systematical effects

e More detailed simulations of n decays and
background using transport models
SMASH/GiBUU

o Application of Machine Learning techniques
(MVA, BDT) to reduce background
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Conclusions

e n/n’ mesons are an interesting place to look for dark particles because probe
coupling to light quarks and gluons.

« First estimation of upper limit for the QCD Axion BR, ... x17<2.58 - 10°

o Alsoitis possible with 2758 n to extract the asymmetry parameter for CP

invariance studies.
Further steps:
. i ANTIMATTER'S Gﬂen DID THIS
o Studies of systematical effects GONE MISSING... HAPPEN, SIR?

ABoUT (s
e More detailed simulations of n decays and - “é

background using transport models . -
SMASH/GIBUU H \

L

IHHIH\HJ_”’

| LoST-PROPERTY omcs!
|

o Application of Machine Learning techniques
(MVA, BDT) to reduce background —

Thank you for your attention!
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