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Probing 5.5 MeV Solar Axions at Xenon Experiments

Part 1

Motivation

Why 5.5 MeV solar axions ?

Why Xenon experiments ?
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MOTIVATION

" What is the 5.5 MeV solar axion ?

The Sun is an intense axion source via nuclear reactions HD) DH HD DH
— One possibility in the proton—proton chain : \u/ \qv/
D +p->d + et + Ve "':/i\jf--- ‘/l\v
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p+d
: 55MeV \Why 5.5 MeV Solar Axions ? N
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¥ Oraxion Clean signal v
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5 0 Low background ) Proton sHe i"
He | _ @ Neutron Gamma ray Y
monochromatic axion flux Xenon -- high Z material Positron Neutrino V
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MOTIVATION

" What is the 5.5 MeV solar axion ?
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MOTIVATION

L8
o1 Detectors %k

SOUTHEAST UNIVERSITY

Xenon-based Carbon-based Oxygen-based

Hyper-Kamiokande

The Borexino | sl Ml JtlE [ Aiming to start observation in 2028
detector (@ LNGS | ‘ - ih

" PANDA H ________ ) I
PCLE AND ASTROPHTSCAL AENO i ‘ Nylon Vessels
< = = Ar, 5 | .
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z = '_—3. . - / ) 5_, " ]
“EZE scintillator. . Banav STT |
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é % % e'_e - WT |
ZEE Detection principle . |
Dark matter particle ﬁF’;—: \% V_x +e— Vx +e ; |
ZEL s 5 i
? = s g g 2 !
1 - - = 8 X3
zZ = astic scattering off the _' NN
ZE Elastic scattering off th R |
» = = s w 1
1 electrons of the scintillator. © |
g REET S TS" Threshold at ~ 60 keV i
(electron energy) ;
CEEEEEEEE -'64!800
0 0 A
| o
S *4 1000 268000 & _I
. 269000
N\

3.7 tons, Xenon 280 tons, liquid scintillator (CqH5) 260000 tons, water(H,0)
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MOTIVATION

o1 Detectors

Xenon-based

NN
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3.7 tons, Xenon ?

Carbon-based

-

Nylon Vessels

The Borexino
detector (@ LNGS

i" )
Active volume:

280 tons of liquid
scintillator.

: SO\
84,4 s A ' ‘
Xy f‘a','! -\

Wy
(L,

S
—

Detection principle
v.+te—o v, +e

Elastic scattering off the
electrons of the scintillator.
Threshold at ~ 60 keV

(electron energy) ‘I\ 2‘ e‘;‘a:\ a.;%‘;‘ Non-scintillating Buffer

rr ; - \-‘I

Muon PMTs

280 tons, liquid scintillator (CgH1,)

Can a smaller detector compete?
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Oxygen-based

Hyper-Kamiokande

Aiming to start observation in 2028
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Probing 5.5 MeV Solar Axions at Xenon Experiments

Part 2

Direct Detection with Axion-Electron Coupling

Pair production
Massless & massive

Sensitivity
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AXION-ELECTRON COUPLING

92 Detection Channels

Ling D —10qeQ€Y5€ — ialN V5 (Qoa,N + T 393a,N) N

— axion-induced pair production in the Coulomb field of a nucleus a -+ ng — ‘%X +et +e”

— inverse Compton scattering a +€¢ — € -+ 7y
— axio-electric effect a+e~ +/Ze — e~ +Le

a------- < €+ e’
-’V\/Y\/\/\/— / Bethe—Heitler
b \e OUTGOING pair production
_ INCOMING
> e - e
y g Oree (Eq)~ NIST XCOM
éX > > éX Z Arias—Aragon, M Giannotti, G Cortona, F Mescia, 2411.19327
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AXION-ELECTRON COUPLING

92 Detection Channels

e S
— inverse Compton scattering a +e¢ — €  —+ 7y
— axio-electriceffect a+e~ +/Le — e + Le
a------- - €+ _
for massless axion m, < My, :
4
9'2 ¢- T T T T T -/ 7/ sEs == I
. s ~

° opp(Ea) = 2.6 10vee(Fa) ~ NISTXCOM,
A A Arias—Aragon, M Giannotti, G Cortona, F Mescia, 2411.19327
7X —> —— X
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AXION-ELECTRON COUPLING

o . 0% y SR
92° Massive Axion ) i KB

SOUTHEAST UNIVERSITY

Carbon Oxygen Xenon
Total Total Total
= air production = Pair production Pair production
10 * fnvell')se c(llompton 1 0—22 ) fnverie céompton Invefse Compton
—_— — Axio-electric
= =
g g
8107 NE 2
L > 10
I
z|t|3 o ————
102 B “ B | | | 10724 | | | . 102 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
m, [MeV] m, [MeV] mg [MeV]
. <1MeV — — To quantify the effect of a finite axion mass: _ opp(Mmg, Fq; X)
the mass enhancement factor Rx (ma) 0.F - X
a — ete” UPP( s L ; )

— Our numerical calculations give: ] ' Rp(1MeV) ~ 120, Rc(1MeV) ~ 115, :
Il Ro(1MeV) ~ 113, Rx.(1MeV) ~ 99. :
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AXION-ELECTRON COUPLING

o . ‘v’if@"% - Rk
92° Massive Axion ) i KB

SOUTHEAST UNIVERSITY

Carbon Oxygen Xenon
Total Total Total
29 Pair production Pair production Pair production
10 ™ 1 Inverse Compton Inverse Compton Klv'ersel C(t)r'npton

— X10-€leciric

g

S

+—

s
~
[}

=
LR
10

S

~—

b

|

i (Mg ) =
the mass enhancement factor opp (0, E,; X)
a — ete” y Loa;

— Our numerical calculations give: ! RH(lMeV) ~ 120 Rc(lMeV) ~ 115, !
l . Ro(1MeV) ~ 113, Rxo(1MeV) ~ 99. :
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AXION-ELECTRON COUPLING

%2 High-Z Enhancement

— axion-induced pair production in the Coulomb field of a nucleus

A ------- - e’ an important advantage of xenon (Z = 54) over relatively light nuclei:
Y carbon (Z = 6) and oxygen (Z = 8)
e opp X Z°g*,
______________ . Ratio of Axion Cross Section: Xe vs C
AX —» — 4X 1 a+ 45X o> gX +et e 55Mev ey
o/ TFFEEEEEEEEEEEEEEEEEEEEEEEEEEEEEm \\ 9x 10" E
Oopp (07 ECL? Xe) Q1 OpPP (07 ECL? Xe) ~ 45 : 1 ______________i”__ ;__8_(_)_____________________________Z__:_(_i/(_)__:_\_l ______
OPP (Oa Eaa C) 7 OpPP (07 Ea; O) ’ : o |
Jpp(l MeV,Ea;Xe) ~ 69 Upp(l MeV,Ea;Xe) ~ 40 : 710- 69 .69
O'pp(l MeV,Ea;C) o ’ O'pp(l MeV,Ea;O) o : 6x10" E
N /I
Izlfl[MeV]
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AXION-ELECTRON COUPLING

%2 High-Z Enhancement

— axion-induced pair production in the Coulomb field of a nucleus

a------- < et an important advantage of xenon (Z = 54) over relatively light nuclei:
Y carbon (Z = 6) and oxygen (Z = 8)
> e DD (X 72 02
Lo ~ 81 ’ TLL T W)y ~ 45 VR N N b ‘3_9}_’_____________________________Z:_:liiffﬂ_:;“)l ______
opp (0, Eaac) opp (0, Eq; O)

opp(1MeV, Eq; Xe) opp(1MeV, E,; Xe)

~ 40).

~l
[S—
e
L 4

O'pp(l MeV,Ea;C) - O'pp(l MeV,Ea;O)

~___________—_—_—_—_—_—_—_—_—_—_—_—

E, [MeV]
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AXION-ELECTRON COUPLING

%2 Dominant Channels

X Carbon
107 5 5 , _19 Xenon PandaX, XENON, LZ, XLZD
; ; Borexino, JUNO 10 - -
22 | --——*““--___ T 11171 -
—= 10 " 1 : ] :
E | : —20 -
e} I - e @ — == == = —— e S S N WSS S S S
"5 A : 10 3 ———— %
T o F— '
5 = % = :
= - S z
W P .
S0 EES E 5
b " =
I - = S i
ST/ (A x
10 i | Total m, =0) == Total (m,=1MeV) S pjam
(B Pair(m,=0) == Pair(m,=1MeV) —
. : — [C (m, =0) - = IC (m, =1 MeV) W :
> z ;
- S : : S
© 4 2
I 10 - =
PO
e} ; z = Total (m, =0) === Total (m, =1 MeV)
10—25 g i | = Pair(m,=0) == Pair(m,=1MeV)
§ Ry = IC(m,=0 == IC(m,=1MeV)
% i : AE (m, = 0) AE (m, =1 MeV)
10 —

10 10" 10°

E, [MeV]

Be=h. ]

I = Total (m, =0) === Total (m,=1MeV)
L e s Pair production is the dominant channel
10—260 . | 1 ; ———— - = I
10 10 10 Axio-Electric effect contributes

E, [MeV]

Ruofei FENG (SEU) 20262 IBEMFEIITE BEAKK 14



AXION-ELECTRON COUPLING

02

Dominant Channels

02! Carbon
] ' Borexino, JUNO
22 | _.-.--—-'-.: T T 111
T f
1 :
9 il :
\‘-'i i
1 17 e
- E :
3] n
—24 i
S 10
© 3=
I i
0 3
i | Total m, =0) == Total (m,=1MeV)
(R e Pair(m,=0) == Pair(m, =1MeV)
. — [C (m, =0) - = IC (m, =1 MeV)

=== Total (m,=0) === Total (m,=1MeV)

| Pair (m,=0) == Pair(m, =1 MeV)
i — IC (m, =0) = = IC (m, =1 MeV)
10_26 T ' ' "
0 1 2
10 10 10
E, [MeV]
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Xenon PandaX, XENON, LZ, XLZD

—19
10 -
_20 ____‘:._-—- —————— o e S T T S S
10~ 3 s ;
Q
S .
S :
L _ :
S5
& 24 g
| 10 : LS
> O
e} . % = Total (m,=0) == Total (m,=1MeV)
10_25 3 : || . |== Pair(m,=0) == Pair(m,=1MeV)
e IC(m=0) == IC(m,=1McV)
: AE (m, = 0) AE (m, =1 MeV)
-26 :
10 0 N T T T Pr——— |1 - 5
10 10 10

E, [MeV]

Combine all detection channels
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AXION-ELECTRON COUPLING

92 Sensitivity

Refs [73] BOREXINO, 2504.19135, [74] Arias—Aragén, M Giannotti, G Cortona, F Mescia, 2411.19327

Exposure Efficiency |9aeg3an] |9aeg3an|

Experiment  Target o (%) Channels at 1. — 2t . ~ 1 MeV
Borexino ~ CgHjs 1587 22.5-25.1  IC(+PP) 1.90x 10713 (73] 291 x 1074
" JUNO  CiHzy 1.62x10° ~100  PP+IC 559 x 10 [74]  1.00 x 10~
. Hyper-K_ HoO 187 x10°  ~100 PP+IC 914 x 107" [74] 149 x 107"

7.4 Pandax-4T 6.90 x 10~13 8.98 x 10~14
EHOH Xe 200 [T, 100 PP+ICHAE  (1.33 x 1013 1.73 x 10~ 14
experiments 1000 x.20.. (5.93 x 101 772 x 10~ 1)

Mass Enhancement
Three KEY advantages of

| -~ High-Z Enhancement
Xenon-based experiments

Ultra-low background at MeV energy range
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AXION-ELECTRON COUPLING

°egeo o TU: ‘2" i ,\@;
92 Sensitivity ) LH K3

SOUTHEAST UNIVERSITY

10—12

— Current strongest lab limit: Borexino

— PandaX-4T ( 7.4 t-yr): still below the >

recast Borexino limit -
™ 10

)

— PandaX-xT ( 200 t-yr ): surpasses g

)

recast Borexino across 0-1 MeV

— XLZD ( 1000 t-yr ): comparable to

J U N O bea‘ts Hyper- K by X 1 ] 5_1 . 9 |[==- Xenon, 7.4 (pair) me= X enon, 1000 (combined) Hyper-K (pair)
, we=_Xenon, 7.4 (combined) JUNO (IC) Hyper-K (combined)
=== Xenon, 200 (pair) JUNO (parr)  ===er Borexino (IC, excl.)
10_14 { == Xenon, 200 (combined) JUNO (combined) Borexino (pair, recast)
| === Xenon, 1000 (pair) ' Hyper-K (IC) Borexino (combined, recast)
0.0 0.2 0.4 0.6 0.8 1.0
me [MeV]
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Probing 5.5 MeV Solar Axions at Xenon Experiments

Part 3

Direct Detection with Axion—Photon Coupling

Inverse Primakoff

Sensitivity
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AXION-PHOTON COUPLING

% Inverse Primakoff

g ~ v . _ . =
Eint D ZFY CLF;U/FM — 1Jqed€Y5€ — ”LCLN’)/5 (QOa,N + TSQSCLN)N

Inverse Primakoff cross sectiona+Z-y+Z2

- Xenon (Z =54)
Carbon (Z=6)

40 -
Xenon
20 1
Inverse Primakoff conversion
mg, < 1 MeV
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AXION-PHOTON COUPLING

% Inverse Primakoff

ST Uy,

» LD
57 k5 40)
I~
5 2
O@'ﬂ
2 &)

ga'}/ — 78% . — . T
Eint D CLF/.LI/F — 1Jqed€Y5€ — ”LCLN’)/5 (QOa,N + TSQSCLN)N
10_28 Xenon
_ Carbon
L E Oxygen
> | M =0 S
<) =
CED L | L Q 26
= 107 e %
15) _ie=="TT my=1MeV &
5 P il B
RS -7 g
% - 3 c
e P > S
= 10_30?1 - E 27
© 1 10 — 10
I I Al ©
S 2 N
IS : =
10 ———— —————
100 101 102 0.0 012 0I4 Ol6 OI8
E, [MeV] my [MeV]

Ruofei FENG (SEU) 2026 =2 LU RIS BE/KST

& F %

SOUTHEAST UNIVERSITY




AXION-PHOTON COUPLING

°egeo o Lo %% ‘Z" i ,\@;
93 Sensitivity ) % %4

SOUTHEAST UNIVERSITY

- . |9arg3an| [GeVT]  |gargzan| [GeV ]
- E t
_ i e at mg, ~ 0 at m, = 1 MeV
- / Borexino  2.30 x 10~ [73] 4.34 x 10~
— - JUNO 4.64 x 10712 8.76 x 1012
T K Hyper-K 6.82 x 10712 1.29 x 10~
% ' 3.81 x 1071 7.19 x 1071
] REHOE 7.33 x 10712 1.38 x 10~11
—_ experiments 398 x 10~12 6.19 % 10~12
Z 107
3 _ |
m?‘ /
S = the next generation xenon detectors can
- f provide a complementary and competitive
/ R T [Tk probe of the MeV-scale solar axions with a far
Xenon, 1000 —— Borexino (excl.)
| | . , smaller target mass
0.0 0.2 0.4 0.6 0.8 1.0
m, [MeV]
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04 Summary W £ kY

SOUTHEAST UNIVERSITY

p + d - 3He ——[a (5.5 MeV)J monochromatic, clean - Key advantages of xenon:

» We systematically study axion detection in xenon experiments via: Mass Enhancement (Pair production)

Juel3qN | pair production  inverse Compton  (axio-electric) High-Z Enhancement

Ultra-low background
Ja~93a N | inverse Primakoff

—
Xenon :|> |
0 Total D) |
10 1 — Pair production CD |
Inverse Compton S
'g‘ Axio-electric -_—
3 2
= 3
Q =21 ™M
~ 10 )
5 S
)
- =
W -
RS
— . . : —-11
? 22 _—— 10
o\ 1 o
. '\_."1 - -
-23 — == Xenon, 7.4 (pair} == Xenon, 1000 (combined) Hyper-K (pair) ilm_ 1
10 0.0 0'2 0.4 0|6 018 1.0 - Xenon, 7.4 (combined) -+ JUNO (IC) Hyper-K (combined) \ | Xenon. 74 TONG
) ) ' ; ' ’ === Xenon, 200 (pair) === JUNO (pair) ===+ Borexino (IC, excl.) | T
ma [MGV 10_14 J = Xenon, 200 (combined) me JUNO (combined) Borexino (pair, recast) | Xenon, 200 Hyper-K
=== Xenon, 1000 (pair) Hyper-K (IC) Borexino (combined, recast) Xenon, 1000 Borexino (excl.)

|
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
h k Y U m, [MeV] m, [MeV]
H @n @U O Xenon detectors provide a complementary and competitive probe!
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04 Backup-—Axion source

Primakoff,

ABC...

nuclear

reactions...

Ruofei FENG (SEU)

Axion Source Energy Production Experiment Detection Channel Constraint
{ Thermal solar ~keV JA~; Gae CAST, TAXO a — v in B field g A~
Thermal solar ~keV Gae XENON, LUX Axioelectric effect Oie
Mono. solar 14.4 keV JaN CUORE, COSME Resonant nuclear abs. JaN
. Mono. solar 478 keV JaN Borexino (early) Compton, axioelectric GaN * Oae
Compton, axioelectric 3aN * Gae
Mono. solar 5.5 MeV 93aN Borexino, BGO S ’ ‘ d
Primakoff, decay 93aN * A~
Supernova, 10-100 MeV JUNO, Hyper-K Compton, pair prod. GaN * Gae

thermal
axion

(~keV)
5.5 MeV
(elec.)

5.5 MeV
(elec.)

5.5 MeV
(photon)

Primakoff,

ABC...

p+d-
>3He+a

p+d-
>3He+a

p+d-
>3He+a

g_ae,g_aA

g_3aN

g_3aN

g_3aN

2026 BRI S BEKST

axio-
electric

a+Xe->Xe
e+ e- (pair
prod.)

a+e->Xe e-
A (inverse
Comp.)

a+Xe-
>Xe+A
(inverse
Prima.)

g_ae

g_ae

recoil
electron

e+ e- (5.5

MeV)

e- A((5.5
MeV)

gae<10/-12

better with
mass

same

A (5.5 MeV) future better

Prod. Det. Coupl. PandaX-4T | Borexino
Coupl.

thershold is
low

lg_ae
g_3aN|<1.9
*107-13

lg_ae
g_3aN|<1.9
*107-13

|g_aA
g_3aN|<2.3
*10A-11

A TD

SOUTHEAST UNIVERSITY
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04 Backup—-Axion flux

« Axions can be produced in the Sun through non-thermal mechanisms involving
nuclear reaction processes induced by the axion-nucleon couplings.

Monochromatic fluxes magnetic dipole transitions during the de—excitation of nuclei

TFe* —%"Fe +a(14.4keV) SKr* —%Kr +a(9.4 keV)

axion line from the proton-proton (pp) chain reaction
p+d— "He+ a(5.5MeV) el

magnetic moment 43 = Up — Up = 477

Dy = (Fa/r’)f)q)Vpp

L o\ 3 5
e 1 [lka 1 (Q?)aN )
T, 2Ty ‘Eﬂ 14+062 \us—n b, = P,e do/bor
o\ 3 PN
~ 0.54¢2 (‘ﬁ“') ~ 3.23 x 101093%&N( 2 ) pdo/fror o 2g1
i \IE1/)
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04 Backup-g_ae coupling detection

» Inverse Compton scattering a +~€ — € —+ 7Y
= 4

_2mg(m€ + E,)y | 4me(m§ + Qm?ng — 4m2Ea2) <
| y(m2 +y)

Jaell
8m2|k,| | (mZ+y)?

gI1C¢ —

. 4m§|Ea|2 +m, Iy e + E, + |k, for m, < 2 MeV
Ealy Me + Eq — |ka| orc ~ 4.3 x 107%° g cm?
(i —~=—~ =1 —>— e
2 3E2 2/3 A
» Axio-electric effect o, = ope Jae < 1 : e —>—
Ba 16mam? 3 %
X ———— 42X
.
 Axion-induced external pair production A0qce = M”16+ |€__, |
dcosfydcosl_dE_dg¢ 512 w4 m3 |k

F Arias-Aragdén, M Giannotti, G Cortona, F Mescia, 2411.19327

25
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0« Backup-pair production \ R RS

SOUTHEAST UNIVERSITY

4
€ G,e2
IMP? = = (M + [ Mol +2 M)
) 32 2 w1, = 0.0 MeV
IMy|* = (m2 — 2(kg - £1))? 2m5c (ko - €-)(ka - €1 ) — 2(ka - £4)(Ka - p2)(P1 - £-) m, =0.2 MeV
a a m, = 0.4 MeV
— 2(ka - £4) (ko - p1)(p2 - £-) + M (—mﬁc(h )+ (p2-€-)(p1-Ly) 101 I, = L0 Ve
- m, =0.8 MeV

— 1, =1.0 MeV

F (2 £2) (1 - £2) + m2((p1 - po) — 2m§>)

2 32 2
Maf? = o [2fha ) (i Cha £4) = (k- pa)(Es )

~ (ke -p1)(ts -pz>) m? (—m_%((e_ 04) + (6 -po)(ts - p)

L o s e = 2m§>)]

dR/dT,- [events/(ton-yr-MeV)]

10
32 2
Mis =~ gy (Ve 6 (ke
+ (ka - p2) (4 - p1) + (Ko - p1) (44 'pz)) — 2(ka - p1)(ka -pz)((f— k) +m§) 10_2 I,/ |Gae G3an] = 1013
(o € (P2 1)+ o p2)(E- ) ) = 2 (- - pa)(Es ) ; ; 5 : 3

F )~ (- 0) (1)) + mmZm?) Te= [NV
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04 Backup

+ the expected number of signal events S

Stotal — § Si::
)

with

e Np-T'-®, -0

S; = K; g5.93.N

ST Uy,

» LD
SETERAD
] )
5 2
O@*]
) I~

& F %

SOUTHEAST UNIVERSITY

* the 90% C.L. upper limit on the number of signal events corresponds to the Poisson probability
ev =0.1, giving S, = 2.3

Ruofei FENG (SEU)

TTTTT T T T T T T TTTT T T T T 7T
10~ Borexino pair production _____ | -
[ Borexino-inverse Compton [ Fd J
| Bor 1l ‘ //; :
o3
3 /
=) /
S -13 /
= 0 / g
f "
!f’
[
/.
/
[
/
10714 | \IIIIHl_\ Lol Lo1ianiiil | |\|H|/|4\ Lol
10-6 107? 104 1073 il Tig =
mg, (MeV]
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