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Science Rerorrs

Cite as: D. Akimov et al., Science
10.1126/science.a200990 (2017).

Observation of coherent elastic neutrino-nucleus scattering

D. Akimov,* J. B. Albert,” P. An,* C. Awe,** P. S. Barbeau,** B. Becker,* V. Belov,** A. Brown,*" A.
Bolozdynya,” B. Cabrera-Palmer," M. Cervantes,* J. I. Collar,” R. J. Cooper," R. L. Cooper,™" C.
Cuesta,”*} D. J. Dean, J. A. Detwiler,” A. Eberhardt,"” Y. Efremenko,** S. R. Elliott, E. M. Erkela,"
L. Fabris," M. Febbraro," N. E. Fields,” W. Fox,? Z. Fu," A. Galindo-Uribarri," M. P. Green,*'** M.
Hai,’§ M. R. Heath,’ S. Hedges,** D. Hornback,* T. W. Hossbach,* E. B. Iverson,* L. J. Kaufman,?|| .
Ki,**S. R. Klein,* A. Khromov,* A. Konovalov,**” M. Kremer,* A. Kumpan,? C. Leadbetter,* L. Li,*
W. Lu," K. Mann,** D. M. Markoff,*” K. Miller,* H. Moreno," P. E. Mueller," J. Newby," J. L.
Orrell,* C. T. Overman,* D. S. Parno,"{ S. Penttila,"* G. Perumpilly,” H. Ray," J. Raybern,’ D. Reyna,*
G.C.Rich,**** D. Rimal,” D. Rudik,"* K. Scholberg,’ B. J. Scholz,* G. Sinev,* W. M. Snow,’ V.
Sosnovisev,” A. Shakirov,’ S. Suchyta," B. Suh,*** R. Tayloe,’ R. T. Thornton,’ L. Tolstukhin,’ J.
Vanderwerp,® R. L. Varner," C. J. Virtue, Z. Wan,* J. Y0o,” C.-H. Yu," A. Zawada,* J. Zettlemoyer,’
A.M. Zderic,” COHERENT Collaboration#

134 + 22 events were measured at a 6.7-0 confidence level, using a
low-background, 14.6-kg Csl[Na] scintillator within 308.1 live days

A w 30f Beam OFF Beam ON
~
PRy +
: f b
- H byobgy]
i L
i 5 15 25 35 45 5 15 25 = 45
Number of photoelectrons (PE)
B , 60
2 Beam OFF w0, sy, Beam ON
§ 45 promptn
5 30
I PRV f
S
g n»ﬁ’f ”ﬁ+f}”’f HH
=15 1 3 5 7 9 Milk jug-sized detector captures neutrinos in a whole

Arrival time (us) new way

[COHERENT Collab. (Akimov et al.), Science 357 (2017) 1123]



CEvNS experiments worldwide
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CEvNS is a very active field

...as of December 2018

+ NSI

+ 1804.03660,1711.09773,1711.03521, 1708.04255 ,1708.02899, 1612.04150, 1805.01798,
1812.02778

e SPVAT(S: 1, P:y5S, ViyH, AryiyS T o)
« 1806.07424, 1711.09773, 1612.04150, 1812.02778

+ Sterile neutrinos
« 1703.00054, 1711.09773, 1511.02834

¢ Light mediators (scalar, Z', dark photon...)
+ 1803.05466, 1803.01224, 1803.00060, 1802.05171, 1711.09773, 1711.04531, 1710.10889,
1612.06350, 1805.01798, 1508.07981, 1810.03626

¢ Neutrino electromagnetic properties
+ 1510.01684, 1706.02555, 1711.09773, 1805.01798, 1810.05606

¢ Dark matter
+ 1810.03626

from Xun-Jie Xu, presented at the Quest for New Physics, Valencia 2018



Analysis of the COHERENT data: SM

@ SM diff. cross section @ search between 6 < npp < 30

40 T T
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D.K. Papoulias and T.S. Kosmas, Phys.Rev. D97 (2018) 033003

for future perspectives see Cafias et al., Phys.Lett. B784 (2018) 159-162



Analysis of the COHERENT data: EM properties

@ Neutrino magnetic moment

contrbution
do dosm
(F) =Gem(Ev, Tn) aT
N/ SM+EM N
1-Ty/Ev
g 14— (QEM ’ N
EM = .
GZM \ oV _ My
F w 1 2E2
. _ TAEMHv,
@ EM charge: O\ = —me -4
Vogel et al. Phys.Rev. D39 (1989) 3378
@ Neutrino charge radius
@ redefinition of the weak mixing angle
— \/§7ra
sin? Oy — sin? Ow + 7EM(r5a) .

3Gr

see also Cadeddu et al., arXiv:1810.05606

10 | COHERENT:
14.57 kg Csl

0 "
10710 107 1078 1077
Mo /BB

‘'OHERENT:
14.57 kg CsI

90% C.L.

N VA
—80 —60 —40 —20 0 20 40
(r2,) [10=2cm?)

D.K. Papoulias and T.S. Kosmas, Phys.Rev. D97 (2018) 033003

1
60 80



Analysis of the COHERENT data: combined constraints
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Electromagnetic neutrino vertex (spin compone

Dirac neutrinos: HED,\,I = %DR)\Jo‘ﬁu/_Fag + h.c.
@ A= p —ieis a complex matrix

o u=upuland e= €.

Majorana neutrinos: HX, = —3v] C"'A\o*Pv F,p + h.c.
® )\ = — ie: antisymmetric complex matrix (Aog = —Agq)
o 1" = —p and €' = —e are two imaginary matrices.

@ three complex or six real parameters are required

v(k:) v(kr)

In contrast to the Dirac case, vanishing diagonal moments EM

are implied for Majorana neutrinos, /11.“,.] E (}l =0.

[Schechrer‘ Valle: PRD 24 (1981), PRD 25 (1982)}
v(q)



The neutrino transition magnetic moment (TMM) matrix

The magnetic moment matrix A () in the flavor (mass) basis reads

[Tértola: PoS AHEP 2003 (2003)]

0 AT ; 0 N3 =N\
A= -A 0 A |, A=| A3 0 N
Ay —Ne 0 A=A 0

@ the definition A\,3 = £,4,/\y has been introduced,

@ the neutrino TMMs are represented by the complex parameters
N = [Nglee, A= |Aj|e

three complex or six real parameters (3 moduli + 3 phases)



Effective neutrino magnetic moment @ experiments

Is expressed in terms of the neutrino magnetic moment matrix and the
amplitudes of positive and negative helicity states 3—vectors a; and a_,

(] In the ﬂaVOr baSIS one flndS [Grimus, Schwetz: Nucl. Phys. B587 (2000)]

2
(,u,f) —a' Aa_ + al)\)\TaJr ,
Introducing the transformations (U is the lepton mixing matrix)
. =Ula_, d=UTa,, A=UTAU,
@ In the mass basis reads

2 -~ L~
(My) —af XiXa_ +af Aifa,



TMMs in flavor & ' actor facilities

Reactor antineutrinos: 7, (where a} = 1)

e flavor basis

2
F 2 2
</~Ll7e7 reactor) = ‘/\M‘ + |AT|

where |A,| and |A;| are the elements of the neutrino TMM matrix A describing the

corresponding conversions from the electron antineutrino to the muon and tau neutrino states

@ mass basis [Cafias et al.: PLB 753 (2016)]

(1 encor) =IAP — Eochslal? — sochslaf? — sIASf?
— cZ35in 2012| A1 ]| A2| cos &3
— c125in 2013|A1||A3| cos(dcp — &2)
— s12sin 2613|A2||A3| cos(dcp — &1)
with [A2 = [A1]? +[A2[? + [As]* and
phase redefinition: &1 = (3 — (2, &= -G and & =0 -



TMMs in flavor & mass basis @ SNS facilities (prompt)

Prompt beam: v, (with a® = 1)

o flavor basis
2
F 2 2
(Myu,prompt> - ’/\e‘ + V\T‘

@ mass basis

(,uf\,/}’“ prompt)Q = |A1]? [~2c12c23512513523 cos dcp
+ 533 (cf3 + sasi3) + ciach3)
+ |/\2|2 [2c12c23513523512 cosdcp + c2235122 + 5223 (C%2S%3 + c123)}
+ A3 [35 + st533]
+ 2|A1A2| [c23cirs13523 cos (Scp + €3) — 23572513523 Cos (Scp — £3)
+ cios12 (¢33 — si3s33) cos &3]
+ 2 |A1A3] [c13523 (12513523 cos (dcp — &2) + c3512 COS £2)]
+ 2 |A2A3] [e13523 (512513523 Cc0s (Ocp — €1) — c12c3 cos&1)] -

Miranda, DKP, Tértola, Valle, arXiv:1905.03750



TMMs in flavor & mass basis @ SNS facilities (delayed )

Delayed beam: (i) v (with al = 1) and (i) 7, (with o° = 1)

Focus on the v, component

o flavor basis
2
F 2 2
(:uye.,delayed) - V\,lt| + |/\T|

@ mass basis
2
i 212 2 2 272 2 2 2 2
(:u‘z/e,delayed> = |A1|* [efsstn + s3] + M2l [clacts + si3] + |As]® i3

— |/\1/\2‘ [6123 sin(2912) cos {3] — ‘/\1/\3‘ [C12 sin(2913) COS(5cp — 62)]
— |/\2/\3‘ [512 sin(2913) COS((SCP — 51)] ,

Miranda, DKP, Tértola, Valle, arXiv:1905.03750



TMMs in flavor & mass basis @ SNS facilities (delayed 77,)

Delayed beam: (i) v, (with a! = 1) and (i) 7, (with a° = 1)

Focus on the 7, component
o flavor basis

2

2
F o 2
</”17,,.de|ayed> - ‘/\€| + ‘/\T
@ mass basis

2

2 . ‘ . o . o

<l',/*\,ﬂ/l ) ddaym) = |A1]° [—2c12¢23512513523 cOS Ocp + S33 (cf3 + 5f25f3) + c12c223_

+ [A2f? [2c12ca3512513523 COS Ocp + S35 (€T3 + Ciast3) + Siachs]

1
+ |As [Z (2¢2; cos(2623) — cos(2613) + 3)

+2 ‘/\1/\2‘ :623513523 ('sz cos ((kp + {3) — 5122 cos ((icp — {3))
2 2 2

f €12C53512 COS £3 — C125125713553 COS 53}

+ 2 |A1A3| [c13523 (c12513523 cos (Scp — £2) + Co3512 COS £2)]

+ 2[A2A3| [c13523 (s12513523 cos (Scp — €1) — crac3 cos€y)]

Miranda, DKP, Tértola, Valle, arXiv:1905.03750



Standard Model CEvNS cross section

CEvNS cross section expressed through the nuclear recoil energy T4
do szA 2 maTa 2 maTa 2( 2
— 1— 1 F
(7)y, =5 o (1- 55 o (14 557 ) | P

A o scattered

[Papoulias, Kosmas: PRD 97 (2018)] neutrino
e E,: is the incident neutrino energy e
@ my: the nuclear mass of the detector material bogo,, "rlég';?f
@ Z protons and N = A — Z neutrons &
@ vector Qy and axial vector Q4 contributions —
o F(Q?): is the nuclear form factor ﬁ@segﬂ;gv

scintillation
Qv = [2gk+&f) + (g5 + )| 2+ [(ek +&f) +2(e5 + &N IV,
Qa = [2(8t — 8F) + (85 — 85)| (52) + [(8 — &) + (s — &5)] (51),

@ (0Z)=2Zy—Z_ and (6N) = Ny — N_, where Z (Ny) and Z_ (N_) refers to total
number of protons (neutrons) with spin up or down [Barranco et al.: JHEP 0512 (2005)]



Adopting a conventional Fermi (Woods-Saxon) charge density distribution, the SF form factor is
written in terms of two parameters (c, a)

N 3 mQa mQasin(Qc)
For (@) = Qc[(Q2) + (7 Qa)?] Linh(wQa)} [tanh(wQa) QCC°S(QC)} :
The first three moments
(R?) = g 2 7ra)2
(R = 2ct 4 Brape 4 T irae
oy _ Lo 1l o ﬂ a2 127, ¢
<R>73 3(7ra)c+15(7ra)c+5(7ra).

@ c: half-density radius
@ a fm: diffuseness

@ surface thickness: t = 4aln3

J.D. Lewin and P.F. Smith, Astropart.Phys. 6 (1996) 87-112



Electromagnetic contribution to CEvNS cross section

The Electromagnetic CEvNS cross section reads [kosmes et a1 PRD 92 (2015)]
do _ magqu2 Z? (1 — Ta/E, F2(Q?).
dTA EM mg TA

@ can be dominant for sub-keV threshold experiments
@ may lead to detectable distortions of the recoil spectrum

The helicity preserving SM cross section adds incoherently with the
helicity-violating EM cross section [<osmas et a1 PLE 750 (2015)]

(G’U) (d0> +(d0>
dTa tot dTa SM dTa EM

My is the effective neutrino magnetic moment in the mass basis relevant
to a given neutrino beam (reactor, SNS, etc.)



Experimental configuration

Miranda, DKP, Tértola, Valle, arXiv:1905.03750

Experiment detector mass threshold efficiency exposure baseline (m)
SNS
COHERENT  Csl[Na]  14.57 kg [100 kg] 5 keV [1 keV]  Eq. (??) [100%] 308.1 days [10 yr] 19.3
COHERENT  HPGe 15 kg [100 kg] 5 keV [1 keV] 50% [100%)] 308.1 days [10 yr] 22
COHERENT LAr 1ton [10 ton] 20 keV [10 keV] 50% [100%)] 308.1 days [10 yr] 29
COHERENT  Nal[TI] 2 ton [10 ton] 13 keV [5 keV] 50% [100%)] 308.1 days [10 yr] 28
Reactor

CONUS Ge 3.85 kg [100 kg] 100 eV 50% [100%)] 1yr [10 yr] 17
CONNIE Si 1 kg [100 kg] 28 eV 50% [100%)] 1yr [10 yr] 30
MINER 2Ge:1Si 1 kg [100 kg] 100 eV 50% [100%)] 1yr [10 yr] 2
TEXONO Ge 1 kg [100 kg] 100 eV 50% [100%)] 1yr [10 yr] 28
RED100 Xe 100 kg [100 kg] 500 eV 50% [100%)] 1yr [10 yr] 19

Calculation of the number of events above threshold

Niheor = Z Z fx/

Vo x=isotope Ttn

Tmax fmax
A

[ e EIAT) (6 Ta))  dEdTa

dTa tot

@ luminosity for a detector with target material x: F, = gargd%,

e EMin =\ /maTa/2: the minimum incident neutrino energy to
produce a nuclear recoil



Statistical analysis

First phase of COHERENT (with a Csl detector)

X%(S8) = min

al,az

(Ustat )2 Ta; Tq

(Nimeas — Nineor (S)[1 + 1] = Bon[1 + 22])? (gf + ( 22 ﬂ .

@ measured number of events is Nipeas = 142,

aj and ap are the systematic uncertainties (signal and background rates), with Oap = 0.28 and Oay = 0.25.

@ Statistical uncertainty ogtat = \/Nmeas + Bon + 2Bss, where the quantities By, = 6 and Bss = 405 denote the
beam-on prompt neutron and the steady-state background events respectively.

Reactor experiments and next generation of COHERENT

X2 (8) = min

. (Nmeas - Ntheor(s)[l + a])2 + (i)z
a (1 + O’stat)Nmeas 7

Osys

@ with ogtar = 0sys = 0.2 (0.1) for the current (future) setups.

Probe TMMs through minimization over the nuisance parameter a and
calculate Ax2(S) = x3(S) — x2,,(S), with S = {|Aj], &, 6cp}



Analysis of CE

data: sensitivity to |A;|
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Miranda, DKP, Tértola, Valle, arXiv:1905.03750



Analysis of CEv

S data: luminosity factor variation

all results in units 107195

Miranda, DKP, Tértola
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Current COHERENT setup: combined constraints
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Future COHERENT setup: combined constraints
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Miranda, DKP, Tértola, Valle, arXiv:1905.03750



Current & Future Reactor experiments: combined

constraints
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Miranda, DKP, Tértola, Valle, arXiv:1905.03750



Solar neutrinos from Borexino

Miranda, DKP, Tértola, Valle, arXiv:1905.03750

10710 T \\\HH' T T TTTTT T \\\HH' T T TTTTT T \\\HH' T \\HHI
Borexino Borexino Borexino E
u 5 o i
= = =
10711 -
5l 5 s 3
= = = i
10 0 12 10711 1071010712 10711 1071010712 10711 10710
|A1] [18] |A1] (8] |A2| [1B]
@ dependence on neutrino mixing and oscillation factor between the source and detection is

considered
@ the oscillation probabilities from v. to mass eigenstates v; are approximated

P =sin?613, P3 =cos®013P%, P¥ = cos®013P%,

and the unitarity condition, PQ” + P2" =1
@ effective neutrino magnetic moment for solar neutrinos in mass basis
[Cafas et al.: PLB 753 (2016)]

(1! so)® = IN? = cslA2f? + (cfs — DIAs]® + 5P (1Al — [A1]?)

@ Recall Borexino phase-Il limit p,, < 2.8 x 10~ ug [Borexino Collab., Agostini et al :PRD 96 (2017)]
@ no phase dependence, since solar electron neutrinos undergo flavor oscillations arriving to
the detector as an incoherent admixture of mass eigenstates



Impact of CP phases
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explore the robustness of TMMs limits

Miranda, DKP, Tértola, Valle, arXiv:1905.03750



Experiment [A1] [A2] [A3]

SNS prompt
Csl[Na] 69.2 [5.0] 702[5.1]  89.6 [6.4]
HPGe 259 [5.1] 262[5.2] 335 [6.6]
LAr 147[29]  149[29] 19.1[3.7]
Nal[T1] 16.6 [2.8] 16.8[2.8] 215 [3.6]

SNS delayed
Csl[Na] 54.5 [4.2] 48.7 [3.7] 49.8 [3.7] @ CEvNS experiments are sensitive to
HPGe 21.3 [4.2] 18.9 [3.8] 19.1 [3.8] EM neutrino properties
LAr 11.3[23]  101[21] 10421 o can probe TMMs at 1015 at
Nal[TI] 100 23]  91[20] 9.4 [2.0] least

Reactor . .
CONUS 1.9 [0.37] 1.3 [0.26] 1.1 [0.22] ] competitive W|_th large-scale solar
CONNIE 0.90 [0.13] 0.63[0.09] 0.53 [0.08] neutrino experiments
MINER 17[0.58]  12][0.41]  1.0[034] . 4. DKP, Tertola, Valle, arXiv:1905.03750
TEXONO 32[046] 23[0.32] 1.9[0.27]
RED100 1.0[0.14] 0.72[0.10] 0.61 [0.08]
Solar

Borexino 0.44 0.36 0.28

90% C.L. limits on TMM elements |A;|, in units of
10~ upg, from current and future CEvNS experi-
ments. The numbers in square brackets indicate the
attainable sensitivities in the future setups.



Outlook

SM CEvNS reaction (conventional)

va + (A Z) = va + (A 2), o=(ep,T) Vo Va
@ Conventional, well-studied v-process theoretically Z
@ Finally observed by COHERENT in August 2017, CONUS (hints)
(other: MINER, TEXONO, CONNIE, Ricochet, vGEN, v-cleus etc.) \
Very high experimental sensitivity (low detector threshold) is required .2) w2
irreducible background for direct dark matter experiments:
neutrino-floor
A scattered
@ can probe nuclear form factors p neutrino
2
7
7
@ any deviation from the SM would indicate a glimpse on ""z
new physics (NSls, EM properties, novel mediators) v boson "'r‘é‘(’:'oeif"
@ competitive determination of sin? f} at low-energy g &
q /
@ valuable tool for sterile oscillation searches . p
@secondaw
. . . . . recoils
@ important in supernova dynamics (investigate deep sky) scintillation

@ study g4 quenching of electroweak interactions



Thank you for your attention !




Extras



Evaluation of the form factors (Helm)

Convolution of two nucleonic densities, one being a uniform density with cut-off radius Rp,
(namely box or diffraction radius) characterizing the interior density and a second one that is
associated with a Gaussian falloff in terms of the surface thickness s.

FHeIm(Q2) = FgFc = 3'@ e*(QS)2/2
qRo

The first three moments
2 3. 2

(R2) = ERO +3s

(RE =2

?R{,‘ + 6R3s? 4 15s*
1
(RR) = 3RO + 9Rgs® + 63Rgs" +1055° .

@ ji(x) is the known first-order Spherical-Bessel function

@ box or diffraction radius Ry (interior density)

@ s =0.9 fm: surface thickness of the nucleus from spectroscopy data (Gaussian fallof).

J. Engel, Phys.Lett. B 264 (1991) 114



Evaluation of the form fact

10 IIIIII‘IIIIII'.JIIIIII‘EII

\

Follows from the convolution of a Yukawa

potential with range ax = 0.7 fm over a
Woods-Saxon distribution, approximated as 6
a hard sphere with radius Ra. ~
3
<
4

A(QR -
Fin = 3 l(qRAA) [1+(Qa)?] ™

The rms radius is: (R?)kn = 3/5R3 + 6a2
S. Klein and J. Nystrand, Phys.Rev. C60 (1999) 014903

(R)Y2 (fm)
Papoulias et al. arXiv:1903.03722



Probing nuclear form factors: COHERENT exp.

scenario I - scenario 1T
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Papoulias et al. arXiv:1903.03722
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