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Coherent Elastic Neutrino-Nucleus Scattering

CEvNS: pronounced “sevens”
Neutral-Current (NC) interaction: ’u +N(AZ) v+ N(A 2) ‘

Vo Vg scattered
neutrino
Standard 7 bogon r}:gloellar ,
Model
/
N(A,2) N(A,2) &“fe"c"o‘f”
The nucleus N (A, Z) recoils without any internal change of state!
CEvNS was predicted in 1974! [Freedman, PRD 9 (1974) 1389]

Experimental difficulty: low nuclear recoil kinetic energy T < 10keV
CEvNS was observed for the first time 43 years later, in 2017 by the
COHERENT experiment at the Oak Ridge Spallation Neutron Source

Wlth CSI (133(:578’ 1§§|74) [COHERENT, arXiv:1708.01294]
Second observation in 2020 by the COHERENT experiment with a LAr
detector (lllgArzz) [COHERENT, arXiv:2003.10630]
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https://inspirehep.net/literature/85292
https://arxiv.org/abs/1708.01294
https://arxiv.org/abs/2003.10630

CEvNS Cross Section

) dUCEVNS - GEM MT SM 2 2
Standard Model: = C22(6,, T) = =, = (1~ 55 [QW (Q )}
» Weak charge of the nucleus N gl =v2MT

QN(Q?) = gl N Fn(1§]) + &b Z Fz(d])

1 1
& =5 g = 5 25sin®d (@2 ~ 0) = 0.0227 + 0.0002
d
The neutron contribution is dominant! == - CEVNS x N2

dT

[Freedman, PRD 9 (1974) 1389; Drukier, Stodolsky, PRD 30 (1984) 2295; Barranco, Miranda, Rashba, hep-ph/0508299]

» The coherent nuclear recoil gives a big cross section enhancement for

heavy nuclei: O_;\r;éoherent x N O_CEVNS/O_mcoherent % N

» The nuclear form factors Fy/(|qG|) and Fz(|q|) describe the loss of
COherence for |a| R Z 1 [Patton et al, arXiv:1207.0693; Bednyakov, Naumov, arXiv:1806.08768; Papoulias

et al, arXiv:1903.03722; Ciuffoli et al, arXiv:1801.02166; Canas et al, arXiv:1911.09831; Van Dessel et al, arXiv:2007.03658]
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Neutrino-Nucleus Scattering

Inelastic Incoherent Elastic Incoherent Elastic Coherent
Az <R Az<SR Az 2 2R

h
Az =2r— = CEvNSfor|g|R<h

4]

|Ig/R < 1| < Natural Units
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> Heavy target nucleus NV (A, 2):
A~ 100 M ~ 100 GeV
R ~ 1.2 AY3fm ~ 5 fm

> CEUNS for |G| < 40 MeV M
» Non-Relativistic nuclear recoil:
g ~v2MT q° =T <« Kinetic Energy
Incoming neutrino Recoiling nucleus g
' ]
Outgoing neutrino

» Observable nuclear recoil kinetic energy:

=2
T ~ ‘2ql|W < 10keV < Very Small!
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Incoming neutrino Recoiling nucleus

Outgoing neutrino

Maximum momentum transfer for p,, = —p,,

Zi:ﬁl/,'_l_il/f:> |a| §2|5I/,|:2Ey
—~—
V2MT

2 E?
< —Z

T
- M

Low-energy neutrinos are needed!

T <10keV and M ~100GeV — E, < 30MeV

» Main natural sources: Sun, Supernova, Geoneutrinos.

» Main artificial sources: Reactor, Stopped pions, Radioactive nuclei.
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The COHERENT Experiment

Oak Ridge Spallation Neutron Source

Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL
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' 0
14.6 kg Csl

scintillating crystal
[COHERENT, arXiv:1803.09183]
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https://arxiv.org/abs/1803.09183

COHERENT Stopped-Pion Neutrino Source

Fragmms ~99% Camure

1 Gev @
Dacavs at Rest (v = 26 ns)
. Decays at Rest (t = 2.2 ps)

mgmms

» Prompt monochromatic v,, from
stopped pion decays:

at = ;ﬁ + vy,
» Delayed 7, and v, from the
subsequent muon decays:

;fr — e+ Uy + Ve
» Allows to probe SM and BSM neutral
current v, and v, interactions, that

are distinguished by different energy
and time distributions
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COHERENT 2017: Cesium lodide (Csl)

[arXiv:1708.01294]
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t
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Beam OFF v, BNV, EEv, Beam ON
prompt n

Arrival time (us)

133Cs;g and 121, <« Heavy nuclei well suited for CEvNS
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https://arxiv.org/abs/1708.01294

COHERENT 2020: Argon (Ar)

[arXiv:2003.10630]
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» In the COHERENT experiment the scattering is not completely coherent

= o ~ o -1
ca;{'"' 30 — 80MeV ~ 0.1 — 0.4 fm

G|R ~ 0.5 2
R ~ 1.2 A3 fm ~ 5fm }:>’q| 0>
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[Cadeddu, CG, Li, Zhang, arXiv:1710.02730]
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https://arxiv.org/abs/1710.02730

[y
o
w

& f—
T =
[3)

§ 102
o '

H =
~ e 1)
é y//r’" [COHERENT, arXiv:2003.10630]
9 /%, ¥ COHERENT Measurements
n
o 10 e SM Prediction
0 .
8 ’NR FF = unity
Klein-Nystrand FF

sl e Peven T Lo
]O 10 20 30 40 50 60 70 80 90

Neutron Number

» Partial coherency is described by the nuclear neutron form factor Fy(|d|)

» Fourier transform of the neutron distribution in the nucleus pp(r):

iy

Fu(ld)) = / e 7 pu(r) dr

» Measurable parameter: the radius R, of the nuclear neutron distribution

C. Giunti — CEvNS: Theory and Phenomenology — 32nd Rencontres de Blois — 18 October 2021 — 12/21


https://arxiv.org/abs/2003.10630

The Nuclear Proton and Neutron Distributions

The nuclear proton distribution (charge density)
is probed with electromagnetic interactions.

Most sensitive are electron-nucleus elastic
scattering and muonic atom spectroscopy.

Hadron scattering experiments give information
on the nuclear neutron distribution, but their
interpretation depends on the model used to
describe non-perturbative strong interactions.

More reliable are neutral current weak
interaction measurements.
But they are more difficult.

Before 2017 there was only one measurement of AR — R — R
. : : np = Rn— Rp
R, with neutral-current weak interactions
through parity-violating electron scattering:
Rn(208pb) = 578t8%g fm  [PREX, arXiv:1201.2568]
Larger than R,(*®®Pb) = 5.5028 + 0.0013 fm = Neutron Skin
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» Fit of the 2017 COHERENT Csl

data:
| Rn(Csl) = 5.55 + 0.44 fm

é [Cadeddu et al, arXiv:2102.06153, arXiv:1710.02730]

1> Ry(Csl) = Ry(133Cs) =~ R, (1271)

» Neutron skin:

3 ARpp(Csl) = 0.76 + 0.44 fm

» Predictions of nuclear models:

4.8

5.2

6.0 6.4 6.8
Ry [fm]

AR,p(Csl) ~ 0.1 — 0.3fm

» A large neutron skin has important implications for:

» Nuclear physics: a larger pressure of neutrons

» Astrophysics: a larger size of neutron stars

[see also: Papoulias, Kosmas, Sahu, Kota, Hota, arXiv:1903.03722; Papoulias, arXiv:1907.11644;
Khan, Rodejohann, arXiv:1907.12444; Coloma, Esteban,Gonzalez-Garcia, Menendez, arXiv:2006.08624]
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SM and BSM CErNS Neutrino Interactions

Standard Model NC

Vo Vo

N(A, Z)

N(A, 2)

BSM Vector Mediator

Va ve

7!

N(A,Z) N(A, Z)

Electromagnetic Interactions
Vo Vg

N(A, Z) N(A, Z)

BSM Scalar Mediator

N(A,Z)
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Neutrino Electromagnetic Interactions

> Effective Hamiltonian: ~ H{)(x) = ) () A" (x) = > Te(x)AFv;(x) A" (x)
k,j=1

> Effective electromagnetic vertex: vi(pi) ve(pr)

we(pe)li(0)i(pr)) = Te(pr)Ni(q)ui(pr)
q=pi— pf

7(q)
» Vertex function:

N(@) = (v — 6u4/%) [Fa(a®) + Fa(a®)a*ys] — iowa” [Fu(a®) + iFe(q°)s)

Lorentz-invariant

form factors: charge anapole magnetic electric
q2 =0 — q a 1Y 9
helicity-conserving helicity-flipping
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Neutrino Charge Radius

» In the Standard Model neutrinos are neutral and there are no
electromagnetic interactions at the tree-level.

> Radiative corrections generate an effective electromagnetic interaction

vertex
8 Y
2 2
Nu(@) = (v — aud/a°) F(a°) AN W ERw
W l
14 vV v 14
dF r?
> F(q?) = Ffa] + @ 2 i R
q q2:0 6
» |n the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]
Ge m? (r2)sm =—8.2x 1073 cm?
(r2)sm = o {3 2log ( )] (r2 )sm = —4.8 x 107% cm?
2V2n M (2 Yom = —3.0 x 10733 cm?
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Experimental Bounds

Method Experiment Limit [cm?] CL  Year
_ Krasnoyarsk [(r2)] < 7.3 x 10732 90% 1992
Reactor 7. e "0 5 3

TEXONO —4.2x107% < (r; ) < 6.6 x 10 90% 2009
_ LAMPF —7.12x 10732 < (r2) < 10.88 x 10732 90% 1992

Accelerator v, e :
LSND —5.94 x 10732 < (r2) <828 x 10732 90% 2001
_ BNL-E734 57 x107% < (r2 ) <1.1x107% 90% 1990

Accelerator v, e "
CHARM-II |(r3u>| <1.2x10732 90% 1994

[see the review CG, Studenikin, arXiv:1403.6344
and the update in Cadeddu, CG, Kouzakov, Li, Studenikin, Zhang, arXiv:1810.05606]
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» Neutrino charge radii contributions to v,—N CEvNS:

doy, GEM MT 1 .
E, T 1— — 2 NF,
(e = 253){ > NFw((d)

gv

2
1 2 .
+ (2 — 2sin®Yyy ~3 m3y sin®0yy ( VM}) ZFZ(|q)]

gl ~0.023
4 .
+§ miy sin*9w Z°F3(|d Z |(r? Ty }
oA
> In the Standard Model there are only diagonal charge radii (r2) = (r7,,)

because lepton numbers are conserved.
» Diagonal charge radii generate the coherent shifts
in*0y — sin®0 14—1m2 (r?) = +N =+ N
Sl w Sl w 3 wily, Uy vy
» Transition charge radii generate the incoherent contribution

4 . .
§m‘¢vsm4q9W22F§(|q\)Z|<r3M>|2 = wAN =D v+ N

0 #L 0 #L
[Kouzakov, Studenikin, arXiv:1703.00401]
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COHERENT constraints on neutrino charge radii

)y [107%2cm?]

2
(r,

o
S e e
T Csl+Ar — Csl: 1o
[ == 10 --- Csl:20 _
[ == 20 <o Csl: 30 |<r3€u>] < 36 x 10 32 cm2
[ 3o — Ar: 1o _
3 [(r2 )| <50 x10732cm?®  (30)
eT
[(r? )| < 44 x 10732 cm?
uT
o [Cadeddu, Dordei, CG, Li, Picciau, Zhang, arXiv:2005.01645]
Effective charge radii
3 in the flavor basis:
2 _ § : * 2
o <ryll/> - UZJUEIk <rlljk>
el I I I j,k

-100 -50 0 50
(r2y [10"%cm?]

[see also: Papoulias, Kosmas, arXiv:1711.09773; Cadeddu, CG, Kouzakov, Li, Studenikin, Zhang, arXiv:1810.05606;
Papoulias, arXiv:1907.11644; Khan, Rodejohann, arXiv:1907.12444; Cadeddu, Dordei, CG, Li, Zhang, arXiv:1908.06045;
Miranda, Papoulias, Sanchez Garcia, Sanders, Tortola, Valle, arXiv:2003.12050]
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Conclusions

The observation of CErNS in the COHERENT experiment opened the
way for new powerful measurements of weak interactions, nuclear
structure, non-standard neutrino properties.

There are several new experiments which use reactor 7,'s: CONUS,
CONNIE, NU-CLEUS, MINER, Ricochet, TEXONO, vGEN, ..

It is important to continue and improve CEvNS observation not only
with 7, from reactors, but also with v, beams (as in COHERENT) in
order to explore the properties of v, that are typically less constrained
than the properties of v.

Future: new COHERENT CEvNS measurements with 1 ton LAr
detector, a large array of Nal detectors, and an array of Germanium
detectors.

Powerful project at the European Spallation Source (ESS) in Lund,
Sweden, with an order of magnitude increase in neutrino flux with
respect to the Oak Ridge SNS.
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