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FEEBLY INTERACTING PARTICLES

[Agrawal et al., Eur. Phys. J.C. 81 (2021)]

Feebly Interacting Particles (FIPs): light particles with suppressed interaction with SM particles,
proposed to solve some SM open questions.
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[Beacham et al., https://cerncourier.com/a/strong-interest-in-feeble-interactions/]
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FIPs FROM THE SUN

The sun is an efficient laboratory to study FIPs. Two strategies:

[Gondolo & Raffelt (2009), Vinyoles

* Indirect signatures: impact on the standard stellar evolution.
8 P et al. (2015), Li & Xu (2023)]
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: . . Anastassopoulos et al. (2017), Fu et al. (2017),
* Direct signature: observable signal on Earth. ,[Aralis ot a|_p(2020)] ( ) ( )
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THE PROTON-PROTON CHAIN

FIPs can be produced in nuclear reactions in the Sun, just like neutrinos.

About 99% of the energy in the Sun is produced via the proton-proton chain.
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THE DEUTERIUM FUSION
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FIP EMISSION VIA DEUTERIUM FUSION

The produced photon can be replaced by a FIP with energy 5.5 MeV.
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JUNO EXPERIMENTAL SETUP

[JUNO coll., J.Phys. G 43 (2016)]
The 5.5 MeV solar FIP flux can be detected by neutrino detectors, e.g. JUNO.

First analysis performed by Borexino for axions. [Borexino coll., PRD 85 (2012)]
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Large fiducial volume and excellent energy resolution: JUNO is the best neutrino detector for
5.5 MeV solar FIPs.
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BACKGROUND SPECTRUM

JUNO will be able to detect °B solar neutrinos.
No available data: expected spectrum taken from JUNO coll., Chin.Phys. C 45 (2021).
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FIP SIGNAL

Detection channels:
1. Interaction with the detector material
2. Visible decays in the detector.

FIP-induced signal modelled with a

Gaussian
S  _(E-E)? = 3
NX — e 2 02 g
S FIP peak intensity .

E = 5.5 MeV {

o = 0.07 MeV

Giuseppe Lucente XX International Workshop on Neutrino Telescopes October 25th, 2023



PREDICTED EVENTS
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¥ ANALYSIS
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JUNO SENSITIVITY

The JUNO sensitivity at 90 % Confidence Level is found requiring

S events < Slim
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JUNO SENSITIVITY

The JUNO sensitivity at 90 % Confidence Level is found requiring

Sevents < Slim

INTERACTION WITH MATTER

Sscatt = Pxox Np T €

Oy interaction cross section ﬁz
Nt number of targets |
T =10 yrs 3 <
e=1
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JUNO SENSITIVITY

The JUNO sensitivity at 90 % Confidence Level is found requiring

Sevents < Slim

INTERACTION WITH MATTER VISIBLE DECAYS
_ V
Sscatt = Px ox Np T € - ' Sdec = CIDXl— T ¢
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oy interaction cross section 5 g V sphere of radius 16.5 m
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AXIONS

Axion-like particles, or simply axions, are pseudoscalar particles introduced in UV
completions of the Standard Model (SM). [Di Luzio et al., Phys. Rept. 870 (2020)]

We consider axions simultaneously interacting with nucleons and photons or electrons

1 _ _ ] o
" (a a) _ ma T Zgay a F* Fuv — 1 Jqed€)s€ — iaN VS(gOaN + TBQSaN)N

0 Jap = Joan T J3an
- _
Q------ > P > Yan = YoaN — Y3anN
e/N e/N

Giuseppe Lucente XX International Workshop on Neutrino Telescopes October 25th, 2023



AXION FLUX FROM DEUTERIUM FUSION

The 5.5 MeV axion flux on Earth is

g = Pyt € k

D,y = 6.0x101° cm™2 s™1  [Borexino coll., PRD 100 (2019)]

3
Ya _ycy2 (Ka)  (Donnelyetal, PRD 18 (1978)
= U2%dzan | Schmid et al., PRC 56 (1997)]
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DETECTION PROCESSES
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SENSITIVITY ON g3,8v X9 ae

[G.L. et al., PRD 106 (2022) 12, 123007, arXiv:2209.11780]
JUNO can set the strongest experimental limits on |g 3y Xgge| for m, < 5.5 MeV.

10°°

1077

1071

107"
S 1222
X

Z 1074

§1o—15
10—16
10—17
10—18

~19
10 100

\
SN 1987A

llllll ] lllllllI ] lllllllI ] lllllllI ] llllllll ] llllllll ]
10" 102 10® 10* 10° 10° 10’
Mg (eV)
For m, > 2m, it is assumed no reduction in the flux due to in-flight decay (g4, < 10712).
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SENSITIVITY ON (934N, G ge)

[G.L. et al.,, PRD 106 (2022) 12, 123007, arXiv:2209.11780]

mys = 1.2 MeV
10_65 10_67 I T TTTHI | I\I\Illlll 1 IIII| | IIIIIII| I T 1111
: b w\% j
= ~N 9,
10_7=_ 10—10 \@if\g Z(/‘G,\,
— \S’ﬁ .
E SN 1978A o1 o
10-8 (cooling)
S F 5107
10_0]%_ < —~ < 10—13 %a %’(7)\
~ EDELWEISS-III 0 S @ & = & €
1O_m_+ Red Giants > 3 S % i § IS
= z§ z§ v 10~14 %V %v
[ )] )
10 i 10—15 ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| L L L
10” 10719 1077 10 1077 10°® 10> 107* 1073 1078 1077 107° 107° 1074 1073
g3aN 9g3aN
S¢ = ®q0c Ne T ~ gy g2 242 X 1078 Sere- =Pg T

Clle

Giuseppe Lucente XX International Workshop on Neutrino Telescopes October 25th, 2023



SENSITIVITY ON g3,nv X g ay

[G.L. et al., PRD 106 (2022) 12, 123007, arXiv:2209.11780]
JUNO can set the strongest experimental limits on |g,3y X gy | for mg < 5.5 MeV.
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Here, we assume e %0/l = 1,i.e. m2(eV)Xgqy (GeV™1) < 1.2x10%* eV? GeV 1.

Giuseppe Lucente XX International Workshop on Neutrino Telescopes October 25th, 2023



SENSITIVITY ON (g3an, 9ay)

[G.L. et al., PRD 106 (2022) 12, 123007, arXiv:2209.11780]
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HIDDEN VECTORS

[Okun (1982), Holdom (1986), Davidson (1979), Fayet (1980), Fayet (1981), Fayet (1990)]

Massive spin-one particles introduced as gauge bosons of an additional Abelian symmetry.
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e Kinetic mixing (&): Dark photons.

* Plasma mixing (ge): Dark gauge bosons.
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HIDDEN VECTORS

[Okun (1982), Holdom (1986), Davidson (1979), Fayet (1980), Fayet (1981), Fayet (1990)]

Massive spin-one particles introduced as gauge bosons of an additional Abelian symmetry.

Ly, =

1 mzr <
/ / )4 Y, /
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e Kinetic mixing (&): Dark photons.
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DARK PHOTONS

e Massive vector particles: 2 transverse (T) and 1 longitudinal (L) polarization states.

* Interactions affected by in-medium effects. [Okun, Sov.Phys. JETP 56 (1982), Holdom, PLB 166 (1986)]
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Medium effects accounted for in 7 : [An et al., PLB 725 (2013), Redondo JCAP 07 (2008)]
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DARK PHOTON FLUX FROM DEUTERIUM FUSION

The 5.5 MeV dark photon flux on Earth is
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TERRESTRIAL DETECTION

The 5.5 MeV Dark Photons will give an observable signal in JUNO viay' +e - y + e.
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JUNO SENSITIVITY ON DARK PHOTONS

[F. D’Eramo, G.L., N.Nath and S. Yun, arXiv:2305.14420]
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JUNO will set the strongest terrestrial limits for m,» = 50 keV.
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CONCLUSIONS

* Nuclear reactions in the Sun can produce feebly interacting particles (FIPs).

* The forthcoming neutrino detector JUNO can detect 5.5 MeV FIPs emitted in the
deuterium fusion p(d, *He)X.

* JUNO is ideal to probe 5.5 MeV FIPs due to its large fiducial volume and excellent
energy resolution.

* Projected limits on different combinations of axion couplings and hidden vectors
(e.g., dark photons).
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SUMMARY SLIDE

Abstract: Solar nuclear reactions can occasionally produce feebly interacting particles (FIPs) X that escape the solar interior
without further interactions. In this talk, we focus on the second stage of the solar proton-proton chain and evaluate the fluxes
of monochromatic 5.49 MeV FIPs produced by the p(d, He3)X reaction, analyzing the potential to detect them with the
forthcoming large underground neutrino oscillation experiment Jiangmen Underground Neutrino Observatory (JUNO). In
particular, we forecast the JUNO sensitivity on different combinations of the axion couplings and on hidden vectors, identifying
the regions of the parameter space where current terrestrial bounds will be improved.
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