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Joakim Cederkäll, Yaşar Hiçyılmaz, Else Lytken, Stefano Moretti

Partikeldagarna 2025, Göteborg, 25-11-24
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Searching for BSM physics using neutrinos at ESS

ESS will not only be the most powerful manmade
source of neutrons – but also of neutrinos

coherent elastic scattering off the whole nucleus –
gives up to A2 enhancement in cross-section

tabletop detector possible – O(10) kg

neutrinos at low energies has very weak interactions
– O(1) deviations still allowed

plenty of room to search for BSM physics

requires extremely low threshold to be sensitive –
nuclear recoil energies down to ∼1 keV

arXiv:nucl-ex/0701012

Inner plastic scintillator
veto is highly effective
against beam-related
neutron backgrounds

P-type Point Contact (PPC) germanium detectors

60x60 cm footprint
Ideal for ESS corridor locationEntirely mature:

if ESS was producing n’s today
we would be measuring them already
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Evidence for the X17 – a fifth force

finding a fifth force would be a major
breakthrough in our understanding of
the universe

p 7Li→8Be∗→8Be e+e− and
p 3H→4He∗→4He e+e− data from
the Atomki experiment could be
explained by a light Z ′ with a mass of
17 MeV - the X17

supporting evidence from PADME
experiment in e+e−→Z ′→e+e−

such a state could be found (or ruled
out) in Coherent Elastic neutrino
Nucleus Scattering at ESS

Eur. Phys. J. C (2023) 83 :230 Page 9 of 66 230

0

25

50

75

100

60 70 80 90 100 110 120 130

C
ou

nt
s/

(5
 d

eg
re

es
)

Ep= 510 keV

C
ou

nt
s/

(5
 d

eg
re

es
)

Ep= 610 keV

Θ (degrees)

C
ou

nt
s/

(5
 d

eg
re

es
)

Ep= 900 keV

0

25

50

75

100

60 70 80 90 100 110 120 130

0

25

50

75

100

60 70 80 90 100 110 120 130

Fig. 5 Comparison of the experimental and the simulated angular cor-
relations of the e+e− pairs obtained for 4He at different proton bom-
barding energies as indicated in the figures. The best fit (dashed line)
as the sum of the simulated background (dotted line) and the simu-
lated contribution of the hypothetical X17 boson is compared with the
experimental signal values (dots with error bars)

Ep = 450 keV, 650 keV, 800 keV and 1100 keV. As a typical
example, Fig. 6 shows the angular correlation measured at
Ep = 800 keV.

The resonance at 18.15 MeV is much wider (Γ =
138 keV) than the resonance at 17.6 MeV (Γ = 10.7 keV) in
7Li(p, γ )8Be and due to the distributed strength, the peak-to-
background ratio at E = 18.15 MeV is two orders of magni-
tude smaller than at 17.6 MeV. In both cases, the background
stems from the direct capture of protons, and its multipolarity
is essentially E1.

The present data suggests that the X17 boson does not only
form in the 18.15-MeV M1 transition, it appears to be gener-
ated also in the direct proton capture. Stable LiF targets could
only be applied for the excitation of the 17.6-MeV resonance,
but at higher proton energies (above Ep = 441 keV), the
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Fig. 6 Comparison of the experimental and the simulated angular cor-
relations of the e+e− pairs obtained from the 7Li(p, e+e−)8Be reaction
at a proton bombarding energy of 800 keV. The best fitted sum (solid
line) as sum of the simulated background for E1 (dotted line) and M1
(dashed line) transitions and the simulated contribution of the hypothet-
ical X17 boson is compared with the experimental signal values (snow
flakes with error bars)

6.05-MeV 0+ → 0+ transition is also excited by the nuclear
reaction of 19F(p,α)16O. The very intense e+e− yield cre-
ated in the 0+ → 0+ transition would hinder the measure-
ment of the much weaker transitions in focus. Therefore, in
our previous experiments, metallic Li targets (on Al back-
ings) were applied with LiF only appearing as a contami-
nant. Even though treated in Ar atmosphere, the targets were
found to be very unstable: the Li was heated by the beam
and diffused into the Al backing. The targets were quickly
degraded and the diffusion increased the effective target (Li
layer) thickness significantly. As a result, our target inte-
grated undetermined regions of the background varying also
with time. Thus, the previously measured excitation function
of the anomaly cannot prove that the anomaly was created
only in the 18.15 MeV M1 transition. In contrast, we used
much more stable Li2O targets in the present experiment to
avoid the above uncertainty in the effective proton energy.

In conclusion, the major features of the spectra can be
described convincingly by considering both the internal pair
creations (IPC) in the M1 decay of the 1+ states and the
E1 following the direct proton capture of 7Li. However, a
peak-like, anomalous excess of the e+e− pairs in the angu-
lar correlation spectra around 140◦ was observed weakly at
Ep = 650 and 800 keV as well.
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The Z ′ model

Gauge sector:

additional U(1)′ field which has kinetic mixing with the SM U(1)Y

there is also mass mixing between the Z and the Z ′

Higgs sector:

additional complex scalar χ which mixes with the SM Higgs field H

Fermion sector:

SM fermions + three right handed neutrinos

first two generations get masses from higher dim. operators with χ and H

U(1)′ charges respect anomaly equations

LZ′
NC = −

∑
f

ψ̄f (γµC f
V + γµγ5C f

A)ψf Z
′
µ

axial vector couplings C f
A constrained to explain X17 data
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Neutrino flux from π+ → µ+νµ → e+νe ν̄µνµ decay at rest

dΦνe

dx
=

rNPOT

4πL2
12x2(1− x)

dΦν̄µ

dx
=

rNPOT

4πL2
2x2(3− 2x)

dΦνµ

dx
=

rNPOT

4πL2
δ (x − x0)

x =
2Eν
mµ

, 0 < x < 1

r nr of π+ per proton
(r =0.08@0.8/0.3@5 MW)

NPOT nr of protons on target

L distance

νe
νμ

νμ
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dn/dx

x0 =
m2
π+ −m2

µ

mµmπ+
≈ 0.564
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Nuclear recoil spectrum with Z ′, y = ER/E
max
R

Dominated by vector coupling of nucleus (axial vector coupling ∝ nucleus spin)

dNr

dy
=

rNPOT

4πL2

1

2πm2
µ

[N − (1− 4 sin2 θW )Z ]2
mtarget

MA
NA [FV (y)]2

(
GFm

2
µ√

2
−

C νeeff

y + m2
Z ′/m2

µ

)2
dnνe
dy

+

(
GFm

2
µ√

2
−

C
νµ
eff

y + m2
Z ′/m2

µ

)2
dnνµ
dy

 ,

where GFm
2
µ/
√

2 = 9.3× 10−8, m2
Z ′/m2

µ = 0.026 and

C
νe/µ
eff = C

νe/µ
V

N(Cu
V + 2Cd

V ) + Z (2Cu
V + Cd

V )

N − (1− 4 sin2 θW )Z
,

dnνe
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=
1

2
− 3y + 4y3/2 − 3

2
y2 ,
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=
1

2
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2
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(
1

2
− y

2x2
0

)
Θ

(
1− y

x2
0

)
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Klein Nystrand nuclear form factor
FV ,Z (y) and FV ,N(y) nuclear form factors for protons and neutrons

FV ,Z (Q2) = FV ,N(Q2) =
3

(QRA)3
[sin(QRA)− QRA cos(QRA)]

1

1 + Q2

Q2 = 2MEnr = ym2
µ, RA = 1.2A1/3 fm, and a = 0.7 fm.

Ge

Cs
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Recoil spectra for 20 kg Ge target, L=15 m, 5 years @ 5 MW
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Benchmark points allowed by current data
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Quenching factor and detector resolution

Quenching factor:
ionisation energy smaller than recoil energy

yion = Q(y)y

Lindhard k=0.157

Lindhard + Mod

0.005 0.010 0.050 0.100 0.500 1
y0.10
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Finite detector resolution gives smearing, σ ∼ 0.001

dNr

dyrec
=

∫ 1

ymin

2

1 + Erf
(
Q(y)y√

2σ

) 1√
2πσ

exp

[
−(yrec − Q(y)y)2

2σ2

]
dNr

dy
dy

minimal ionisation energy ymin = 0.00034, detector threshold ⇔ y > 0.01
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Current and projected (at ESS) 95% exclusion contours for X17

CEνNS limits

blue: current
(CsI+Ar)

red: 1 year at
0.8 MW

black: 5 year at
5 MW

(current limits
based on
Atzori Corona
et al
(2202.11002))
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Conclusions and outlook
CEνNS at spallation sources:

can search for light Z ′ such as the X17

also sensitive to scalar exchanges

can be used to probe dark matter models

Experimental challenges

need better understanding of quenching factor at low nuclear recoil energies

need to better understand neutron background

need to measure absolute neutrino flux (uncertainty on r)

Other ways to study CEνNS:

Reactor neutrinos: only ν̄e – very high fluxes but lower neutrino energies
⇒ (lower)2 recoil energies – interpretation of data obscured by quenching
factor uncertainties

Solar 8B neutrinos: First evidence seen in dark matter experiments
XENONnT and PandaX-4T – νe , νµ, and ντ all contribute
– “neutrino floor” can be turned from DM background to BSM signal
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