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Coherent Elastic Neutrino-Nucleus Scattering

> Predicted in 1974 for |G|R <1 s::l:ttﬁfg
[Freedman, PRD 9 (1974) 1389] '71
do GZM MT ——
» —(E,.T)~ —F 1 N2F2(1512
dT( v 1) A7 ( 2E? w(ldl%) Z \ nuclear
[Drukier, Stodolski, PRD (1984) 2295] boson'\ recoi
» Observed in 2017 in the COHERENT experiment G @}ﬂ

recoils

at the Oak Ridge Spallation Neutron Source with
Csl (NCs = 78, N| = 74) /@ @

secondary
[Science 357 (2017) 1123, arXiv:1708.01294] scintillation
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» Several oncoming new experiments: CONUS, CONNIE, NU-CLEUS,
MINER, Ricochet, TEXONO, vGEN
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[E. Lisi, Neutrino 2018]
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» Taking into account interactions with both neutrons and protons

do GZM MT\ | ., .
Sr (e Ty = 1 (1 S0 ) [apru(laP) + b ZF(aP)]
n 1 p 1 .
gy = —5 gy = 5~ 2sin“d, = 0.0227 £+ 0.0002
L . do 212 (122
The neutron contribution is dominant! — e N<Fx(14]7)

» The form factors Fy(|G|?) and Fz(|G|?) describe the loss of coherence
fOI’ |a|R Z 1. [see: Bednyakov, Naumov, arXiv:1806.08768]

» Coherence requires very small values of the nuclear kinetic recoil energy
T ~ [G|*/2M:
1
~ 2MR?

M=~ 100GeV, R~5fm =— T < 10keV

ldR<S1 «<— TS
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The COHERENT Experiment

Oak Ridge Spallation Neutron Source
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[COHERENT, arXiv:1803.09183]
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COHERENT Neutrino Spectrum

Neutrinos at the Oak Ridge Spallation Neutron Source are produced by a
pulsed proton beam striking a mercury target.

» Prompt monochromatic v, from S e
stopped pion decays: = . —
> 2 — Ve
ot — ot + vy N§
-
2 2 S
dNV“:n(S Ey—mﬂ_m“ .
dE, 2m; =z °
o
» Delayed 7, and v, from the 2 °
subsequent muon decays: =
0 5 10 20 30 40 50
M+ N e+ + ﬁlﬁ + e E [MeV]
dN,, 64E2 (3 E, » From kinematics T < 2E2/M
dE, " m} (4_mu> >Eyg%:52.8l\/lev
dN,,  192E? <1 E,,) il
dEl/ 7 m?t 2 my, T S 50 keV
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[COHERENT, arXiv:1803.09183]
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> In the COHERENT experiment neutrino-nucleus scattering is not
completely coherent:

8 I e o e LA e T L T o o o e e e e B e LA e e o e o o e .-
] \ - =+ full coherence
; = — SF
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[Cadeddu, CG, Y.F. Li, Y.Y. Zhang, PRL 120 (2018) 072501, arXiv:1710.02730]
» Partial coherency gives information on the nuclear neutron form factor
Fn(|G|?), which is the Fourier transform of the neutron distribution in
the nucleus.

C. Giunti — Neutrino and Nuclear Properties from CEvNS — IPN — Orsay — 26 Sep 2018 — 8/35



_ 3JI(L5|R0) o laPs?/2
|G| Ro
Spherical Bessel function of order one: ji(x) = sin(x)/x* — cos(x)/x

Helm form factor:  FH®™(|g[?)

Obtained from the convolution of a sphere with constant density with
radius Ry and a gaussian density with standard deviation s

3
Rms radius: R? = (r?) = 5 RZ + 3s? Surface thickness: s~ 0.9fm
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_3 J'l(|fl|R0) o laPs?/2
|d|Ro

Spherical Bessel function of order one: ji(x) = sin(x)/x* — cos(x)/x

Helm form factor:  FH®™(|g[?)

Obtained from the convolution of a sphere with constant density with
radius Ry and a gaussian density with standard deviation s

3
Rms radius: R? = (r?) = 5 RZ + 3s? Surface thickness: s~ 0.9fm
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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
R, with neutral-current weak interactions
through parity-violating electron scattering:

Rn(**®Pb) = 5.7870 13 fm

[PREX, PRL 108 (2012) 112502]
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The rms radii of the proton distributions of 133Cs and '%7| have been

determined

with muonic atom spectroscopy:

R,(,“)(133Cs) = 4.804 fm R,f,“)(127|) — 4.749 fm

Fit of the COHERENT data to get R,(*33Cs) ~ R,(*?71):

[Fricke et al, ADNDT 60 (1995) 177]
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[Cadeddu, CG, Li, Zhang, PRL 120 (2018) 072501, arXiv:1710.02730]
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Ra(}33Cs) ~ R,(*?"1) = 55799 fm

[Cadeddu, CG, Li, Zhang, PRL 120 (2018) 072501, arXiv:1710.02730]

» This is the first determination of R, with neutrino-nucleus scattering.

» The uncertainty is large, but it can be improved in future experiments.
» Predictions of nonrelativistic Skyrme-Hartree-Fock (SHF) and relativistic
mean field (RMF) nuclear models:

133 127,

R, Ry | Ry R,
SHF SkM* 476 490 | 471 484
SHF SkP 479 491 | 472 484
SHF Skl4 473 488 | 467 4381
SHF Sly4 478 490 | 471 484
SHF UNEDF1 476 490 | 468 4.83
RMF NL-SH 474 493 | 468 4.86
RMF NL3 475 495 | 469 4.89
RMF NL-Z2 479 501 | 473 4.94
Exp. (p-atom spect.) | 4.804 4.749
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Electromagnetic Interactions

> Effective Hamiltonian:  H$)(x) = & ()A(x) = > T(x)ATv;(x)A*(x)
k,j=1

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

(WP (O)wi(pi)) = Tr(pe) N () ui(pi)
q=Ppi — pf

v(q)
» Vertex function:

N(@) = (vu — 9.4/7°) [Fo(a®) + Fa(a®)a®vs) — iopnq” [Fu(a?) + iFe(a?)vs]

Lorentz-invariant

form factors: charge anapole magnetic electric
=0 = q a I €

» Hermitian form factor matrices — q=qf a=af pu=p" e=¢f
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Electromagnetic Interactions

> Effective Hamiltonian:  H$)(x) = & ()A(x) = > T(x)ATv;(x)A*(x)
k,j=1

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

(WP (O)wi(pi)) = Tr(pe) N () ui(pi)
q=Ppi — pf

v(q)
» Vertex function:

N(@) = (vu — 9.4/7°) [Fo(a®) + Fa(a®)a®vs) — iopnq” [Fu(a?) + iFe(a?)vs]

Lorentz-invariant

form factors: charge anapole magnetic electric
=0 = q a e €
» Majorana neutrinos =— q=—q' a=a' jpu=-pu' e=-¢’

no diagonal charges and electric and magnetic moments
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Electromagnetic Interactions

> Effective Hamiltonian:  H$)(x) = & ()A(x) = > T(x)ATv;(x)A*(x)
k,j=1

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

(wr(pr)i () |wi(pi)) = Tr(pe)Af (q)ui(pi)
q=Ppi —pr

v(q)
» Vertex function:

N(@) = (vu — 9.4/7°) [Fo(a®) + Fa(a®)a®vs) — iopnq” [Fu(a?) + iFe(a?)vs]

Lorentz-invariant

form factors: charge anapole magnetic electric
=0 = q a I €

> For ultrarelativistic neutrinos 75— — 1 = The phenomenology of the charge
and anapole moments are similar and the phenomenology of the magnetic and
electric moments are similar.
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Electromagnetic Interactions

> Effective Hamiltonian:  H$)(x) = & ()A(x) = > T(x)ATv;(x)A*(x)
k,j=1

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

(wr(pr)i () |wi(pi)) = Tr(pe)Af (q)ui(pi)
q=Ppi —pr

v(q)
» Vertex function:

N(@) = (vu — 9.4/7°) [Fo(a®) + Fa(a®)a®vs) — iopnq” [Fu(a?) + iFe(a?)vs]

Lorentz-invariant

form factors: charge anapole magnetic electric
=0 = q a I €

> For ultrarelativistic neutrinos the charge and anapole terms conserve helicity,
whereas the magnetic and electric terms invert helicity.
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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

v(ps) v(py)
Nu(@) = (vu — qud/a®) F(a%)
, , v(q)
dF(q r
s ) =ra+ e T et
CI q2:0 6
» In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

G m?
2 F 4
<ru5>SM 2\/§ 5 |: Og( %/V>:|

C. Giunti — Neutrino and Nuclear Properties from CEvNS — IPN — Orsay — 26 Sep 2018 — 18/35



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
o s
N(@) = (v — qud/ %) F(a?) VAN WERW
w l
14 v v 14
dF(q® r?
>F(q2):E(<0ZI+q2 d(2) + .. :q2< >+“
CI q2:O 6
» In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

G m?
2 F 4
<ru5>SM 2\/§ 5 |: Og( %/V>:|
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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
o s

w 4

2
r
> F(q%) = F@) +gq d? —|—...—q2<6>+...

» In the Standard Model: [Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

(rsm=—82x10"Pcm® (r} )su=—48x10" 2 cm® (r) )su =—3.0x 10" *cm?
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Experimental Bounds

Method Experiment Limit [cm?] CL  Year
o Krasnoyarsk |(r2)| < 7.3 x 10732 90% 1992
Reactor 7, e Y ) 3

TEXONO —42x107% < (r2) < 6.6 x 10 90% 2009
_ LAMPF ~7.12x 10732 < (r2) < 10.88 x 10732 90% 1992

Accelerator v e e
LSND —5.94 x 10732 < (r2) <828 x 10732  90% 2001
_ BNL-E734  —422x10732 < (r2)<0.48x 10732 90% 1990

Accelerator v, e -
CHARM-II \(rfﬂ)\ <1.2x 1073 90% 1994

[see the review CG, Studenikin, RMP 87 (2015) 531, arXiv:1403.6344]
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» Neutrino charge radii contributions to CEvNS vy + N — vy + N

doy,-n

dT

2(E,T) =

guNF(|dl%)

GEM () _ MT
T 2E2

2 o
+ (g\’; 3 miy sin*dw ( W>> ZFZ(|q|2)]

4
+9 miy sin*9w Z2F2(|4[%) ;75['

I/[/[

2

» In the Standard Model there are only diagonal charge radii (r, W> =(r; )
because lepton numbers are conserved.

> Since g,

Vee

= % — 2sin?Yyy, diagonal charge radii generate the coherent
(helicity conserving) shifts

1
sin®dyy — sin?dyy (1 + gm‘z,v<r3£)

» In general, the neutrino charge radius matrix (r?) can be non-diagonal
and the transition charge radii generate the incoherent contribution

9

4 . ~
fmf/vsmzlﬂwZng(\qF)Z\(rz >‘2 <~ Vg—l—./\[—) Zl/g/#g + N

Votyp
i V£l

[Kouzakov, Studenikin, PRD 95 (2017) 055013, arXiv:1703.00401]
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Fit of the COHERENT Energy Spectrum

N ‘
N Neutrino Spectra
E — v
— 3
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3 @ .
> o 3
2 ]
N 3 .
(52}
T < B 3
o © E|
—
< bbbl bbb
=]
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» The spectrum is especially sensitive to the difference of the properties of
v,, and those of 7, and ve.
> Note that (r7 ) = —(r] ).

Vop!
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Fit without transition charge radii
[Cadeddu, CG, Kouzakov, Y.F. Li, Studenikin, Y.Y. Zhang, in preparation]

Time-integrated COHERENT data

> Fixed neutron distribution radii (RMF
NL-Z2):

R,(**3Cs) =5.01fm  R,(**"1) = 4.94fm 2
Xain = 2.7 NDF =10 GoF =99% ol ]
Marginal 90% CL bounds [10732 cm?]: C\g K;\
—69 < (r2) <19 —15<(r2) <2l ge o + }
> Free neutron distribution radii: 7 790/leceLd N
XZin =25 NDF =8 GoF = 96% g "~ Fieehs

Marginal 90% CL bounds [10~32 cm?]: T Sy [18732cm2]50 100
~69 < (r2) <40 —33<(r2)<38 Ve

C. Giunti — Neutrino and Nuclear Properties from CEvNS — IPN — Orsay — 26 Sep 2018 — 24/35



Fit with transition charge radii
[Cadeddu, CG, Kouzakov, Y.F. Li, Studenikin, Y.Y. Zhang, in preparation]

Time-integrated COHERENT data

> Fixed neutron distribution radii (RMF
NL-Z2):

R,(**3Cs) =5.01fm  R,(**"1) = 4.94fm 2
Xin =2.6 NDF =7 GoF =92% ol ]
Marginal 90% CL bounds [10732 cm?]: C\g E\
69 < (r2)<19 —15<(2)<2 L o % w
(<25 (2 )<t |2)1<3 = -
> Free neutron distribution radii: 7 790/leceLd N
X2 =25 NDF=5 GoF=77% g " Freon,

Marginal 90% CL bounds [10~32 cm?]: e oy

(2) [10
—69 < (r7) <40 —33<(r)<38
(2,01 <29 {2 )| <49 [(r} )| <36
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» Our results are different from those of
Papoulias, Kosmas, PRD 97 (2018) 033003, arXiv:1711.09773
» Fitting only the total number of events:

Our Fit Papoulias & Kosmas
T ——
B COHERENT: 1
14.57 kg CsI ]
o ! - E
— _ 20 -
« 8 + g
E oo :
N (5]
3 £ of :
|
2 e R
—~ = _20f ]
o >1 o 3 B
\L/ (\lJ 1 ‘\\Lj :
—40 | ]
o -
¥ 7 — 90%CL L
I I ‘\ _60-II|I|||I|||I|||I|||
-100 _250 32o ) 50 —-60  —40  —-20 0 20 40
(ryy [107em’] (r2 ) [10~32cm?]

» A factor of 2 difference is due to different definitions of the charge radii.
» The shape difference may be due to the fact that they considered
(r3,) = (r},) < approximate (17 ) — (r] ) symmetry.
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COHERENT Time Distribution

» Prompt monochromatic v, from

stopped pion decays:
at — ,u+ + vy

2.0

Neutrino Spectra
— Vu
— W

Ve

1.2

0.8

0.4

107"% dNy/dE [em™ MeV ]

0.0

0 5 10 20 30 40 50
E [MeV]

> Delayed 77, and v, from the
subsequent muon decays:

pu(t)

0.4 0.8 1.2 1.6 2.0

0.0

pt = et + 7, + ve

01 2 3 456 7 8 910 12
t [us]

The time distribution of the data increases the information on the
difference between the properties of v/, and those of 7, and ve..
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Fit of Time-dependent COHERENT data

[Cadeddu, CG, Kouzakov, Y.F. Li, Studenikin, Y.Y. Zhang, in preparation]
o

1=}

> Fixed neutron distribution radii (RMF Fixed Ay
NL-Z2): _ 8
133 _ 1271y _ g
R,(**°Cs) =5.01fm  R,(**'l) = 4.94fm £ . ﬁ%
X2, = 154.2 NDF =139 GoF = 18% =
Marginal 90% CL bounds [10732 cm?]: T8 —
—63 < (r? V<12 -7 <( r3“’> <9 < | Tmedapensenoaa
(o, ) <22 [{rf )] <37 [(r, )| <26 e heeent”
. Fr‘ee R,
» Free neutron distribution radii: T 81
X2 = 153.7 NDF =137 GoF = 16% 5o 6\
Marginal 90% CL bounds [10_32 cm?]: o> /
—61<(r2) <16 —11<(r] ) <22 7
‘< Vw>| < 26 |<rVET>‘ < 40 ‘< l/,”>‘ < 30 g_ — Time—dependent data
'_100  -50 100

%) [10 32cmz]
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The time-dependent spectral data of the COHERENT experiment
constrain (at 90% CL with a free average neutron distribution radius)

—61<(r;) <16  —11<(r;)<22  (90% CL)

: : iy ; [107%% cm?]
First constraints on transition charge radii:

(2l <26 (2 ) <40 [(r2 )] <30  (90% CL)

Ver
An improvement of about 1 order of magnitude is necessary to be
competitive with the current limits of the order of few x 10732 cm?.

An improvement of about 2 orders of magnitude is necessary to reach
the Standard Model values

<f36>SM = —82x10"3cm? (r2

2 Jsm = —4.8 x 107> cm?

The new CEvNS experiments may allow to approach these values.
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Magnetic and Electric Moments

> Extended Standard Model with right-handed neutrinos and AL = 0:

_ my
Pk = 3.2 x 10 lgus(v) ek =0
D +
1‘5‘?} ~ 3.9 x 10 B <m" mf> A (m‘>
J l=e,u,T My

off-diagonal moments are GIM-suppressed

[Fujikawa, Shrock, PRL 45 (1980) 963; Pal, Wolfenstein, PRD 25 (1982) 766; Shrock, NPB 206 (1982) 359;
Dvornikov, Studenikin, PRD 69 (2004) 073001, JETP 99 (2004) 254]

> Extended Standard Model with Majorana neutrinos (JAL| = 2):

2
_ . ; m
u,'\é'. ~ —7.8 x 10" pugi (my + mj) Z Im [U Upj] m—;
l=e,pu,T
M —23 - m;
€k = 7.8 x 10" = pgi (my — my) Z Re [Ug Ugj] Py
l=e,u,T

[Shrock, NPB 206 (1982) 359]

GIM-suppressed, but additional model-dependent contributions of the scalar
sector can enhance the Majorana transition dipole moments
[Pal, Wolfenstein, PRD 25 (1982) 766; Barr, Freire, Zee, PRL 65 (1990) 2626; Pal, PRD 44 (1991) 2261]
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Method Experiment Limit [ug] CL  Year

Krasnoyarsk f, < 2.4 x 10710 90% 1992

Rovno ty, < 1.9 x 10710 95% 1993

Reactor 7. e~ MUNU Hy, < 9 X 10711 90% 2005
TEXONO fh, < 7.4 x 1071 90% 2006

GEMMA [y, < 2.9 x 10711 90% 2012

Accelerator ve ™ LAMPF iy, < 1.1 x 1079 90% 1992
Accelerator (v,,7,) e~ BNL-E734 [y, < 8.5x 10710 90% 1990
LAMPF fi, < T.4x10710 90% 1992

LSND fi, < 6.8 x 10710 90% 2001

Accelerator (v, 7;) e~ DONUT o, < 3.9 x 1077 90% 2001
Sol _ Super-Kamiokande pis(E, 2 5MeV) < 1.1 x 10710 90% 2004

olar Ve €

c Borexino ps(E, S 1MeV) < 2.8 x 10711 90% 2017

[see the review CG, Studenikin, RMP 87 (2015) 531, arXiv:1403.6344]

> Gap of about 8 orders of magnitude between the experimental limits and
the < 1071° ug prediction of the minimal Standard Model extensions.
> 11, > 10719 g discovery = non-minimal new physics beyond the SM.

» Neutrino spin-flavor precession in a magnetic field
[Lim, Marciano, PRD 37 (1988) 1368; Akhmedov, PLB 213 (1988) 64]
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» Neutrino magnetic (and electric) moment contributions to CEvNS

Vg—i—./\/—)Zl/zf-i-N:
Z/
dUu N GZM MT n .
£ (6, ) = M (1= 35 ) [e0NAn(al) + e 22 1aP)
ma? (1 1 Wef
— Z2F3(
* m2 (T E) 204 >

040 MB

» The magnetic moment interaction adds incoherently to the weak
interaction because it flips helicity.

» The me is due to the definition of the Bohr magneton: ug = e/2me.
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Cross sections averaged over the COHERENT neutrino energy spectra
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> It is possible to constrain p,

only at the level of a
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> It is about 2 orders of
magnitude larger than the
best upper bound on p,,.

> It is only about 1 order of
magnitude larger than the

0 5 10 15 20 25 30 35 40 45  best upper bound on s, .
T [keV]

C. Giunti — Neutrino and Nuclear Properties from CEvNS — IPN — Orsay — 26 Sep 2018 — 33/35



-6 —rrrr—r—rrrrr

90% C.L.

log (kv /1B)

212 11 -10 -9 -8 -7 -6
log (kv./1B)

[Papoulias, Kosmas, PRD 97 (2018) 033003, arXiv:1711.09773]
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Conclusions

The observation of CEvNS in the COHERENT experiment opened the
way for new powerful measurements of the properties of nuclei and
neutrinos.

We obtained the first determination of R, with v-nucleus scattering.

We constrained the neutrino charge radii and obtained the
first constraints on the transition charge radii.

An improvement of about 1 order of magnitude is necessary to be

competitive with the current limits on (r; ) and (r; ).

An improvement of about 2 orders of magnitude is necessary to reach
the Standard Model values of (r7.) and <r3ﬂ>.

The COHERENT data constrain also the neutrino magnetic moments.

An improvement of about 2 orders of magnitude is necessary to be
competitive with the current limits on f,,.

An improvement of only 1 order of magnitude is necessary to be
competitive with the current limits on 1, .

The new CEvNS experiments may allow to approach these goals.

C. Giunti — Neutrino and Nuclear Properties from CEvNS — IPN — Orsay — 26 Sep 2018 — 35/35



