CEVNS: EFT analysis and nuclear responses

Martin Hoferichter

Albert Einstein Center for Fundamental Physics,

b Institute for Theoretical Physics
u University of Bern

Magnificent CEVNS 2020

b
UNIVERSITAT
BERN

AfSenr st cenren virtual conference

FOR FUNDAMENTAL PHYSICS

November 17, 2020

MH, Menéndez, Schwenk PRD 102 (2020) 074018

M. Hoferichter (Institute for Theoretical Physics) CEVNS: EFT analysis and nuclear responses

November 17, 2020



Coherent neutrino—nucleus scattering

neutrino—nucleus scattering

kinematics elastic, v relativistic v v
mediator Z,BSM?
guantum numbers V — A, others?
momentum transfer q MeV N N

@ Sensitive probe of the neutron distribution
@ Search for non-standard neutrino interactions

@ Background process for dark matter experiments

5 need short-distance couplings, hadronic matrix elements, and nuclear responses
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Coherent neutrino—nucleus scattering: EFT approach

EFT approach to CEVNS

Rate = BSM couplings [Chddronic matrix elements [ndclear structure [ndutrino flux

5 most efficiently addressed in effective field theory

@ Will assume a heavy mediator, e.g., Z in SM

@ Light BSM physics can be added to set of BSM operators, e.g. light Z™

3 requires same hadronic/nuclear input
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AVSY - @ BSM scale NAgsu: Lasw

q,G \Y
>< @ Effective Operators: Lgy + A.—;Oi,k
ik "'BSM
q,G \Y

Aew @ Integrate out EW physics
(start here if only SM)

N vVoT v ) )
AN @ Hadronic scale: nucleons and pions
Ahadrons N
e 3 effective interaction Hamiltonian H,
N v o/’ v

\,Q/ @ Nuclear scale: [N|H,|N
\
Aucte .-. & nuclear wave function
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First step: effective operators

@ Vector and axial-vector operators

(- ) _ -
LSM — Cy UYHPLV Gyud + CHUYHPLY Gyuysq
q
@ In SM:
—I — — —I
G G 4
cﬁ,’:—*% 1—§sinzew cg’:c;’:aﬁé 1—§sin26W

Ch=-Ci=—-Ct= S%
@ Related to typical CEVNS notation by

v_ v =

cV—CJ@M v 2GFE§X=V— 26r T +
_ — [

q@M 36 % = 26, T —
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First step: effective operators

@ BSM operators
LESM = CLu0HPLVFy — S CSuPLv Bl
= CgpVOo LVFuv ? g VPV n
- | 1 gy 1
+ Cqvo™ PV Gouwg + CF + ?CQES UPLVMqGq + CJ VPV mqdiysq
q
@ Need right-handed neutrinos due to chirality flip
= SUppI'ESSEd in SMEFT beyond dim-6 level aitmannshofer et al. 2018
@ No interference with SM due to lepton traces

@ Neutrino dipole operator considered in XENONL1T paper
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Second step: hadronic matrix elements

() (b) (© (d)

@ Single-nucleon level: vector and axial-vector form factors

3 charge radii, magnetic moments, ...

@ Beyond single-nucleon level: pion-exchange diagrams  two-body currents

5 can all be addressed systematically in chiral EFT
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Third step: nuclear structure factors

@ Nuclear matrix element of the single-nucleon and few-nucleon amplitudes

@ Ideally: based on nuclear interactions from chiral EFT

3 “ab-initio” calculation coupled-cluster calculation for 4°Ar, Payne et al. 2019
@ Not yet available for heavier nuclei
@ Therefore: here us nuclear shell model with phenomenological interactions

@ Main uncertainty from neutron skin

5 no direct experimental validation of neutron distribution
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CEVNS cross section in the SM

CEVNS cross section in the SM

dO'A GEmA - mAT T E
e 1o g Q@)
dT 4n 2E2  Ey
1
G2Zmy maT _ 2T '%g oLy [ ] -
E A SNQT (~2 T (42
T35 1 A E2 Ev ga" “Soo(d?) —9agx" Sor(d?) + da “S{1(a?)
@ Notation:

Incoming neutrino energy Ey

Momentum transfer t = —q? = 2maT with target mass ma, T [0, 2E3/(mp + 2Ey)]
Fw(g?): weak form factor

Weak charge Qu = ZQ¥, + NQJ},

SE (g?): only transverse part T contributes in spin-dependent response

Nuclear spin J

¢ © € ¢ ¢ ¢ ¢

Axial-vector couplings go = Au — Ad, gi‘N = As
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Vector part: weak form factor

Weak form factor

|:|:|:||:| (.
2 _i p @IE @ @s
Fw(q)—QW Qv 1+ ——t+os 2t +QW7t Fa'(a%)
™ 1 I1r||:|
= O 1+@ @ t+8—2t +QL—g—t Fr'(a%)
]
QW(1+2KP)+ZQW(K”+KSN) o 2y _ Qu(l+2kP +2kY) +2Q0K" o
amZ tFy (a%) — = tFy" (0?)

@ Notation:
9 Normalization: Fy(0) =1
@ Nuclear responses: FM (charge), F®" (spin orbit)
@ Coherence: F)!(0) =z, F}'(0) =N, F*" partial coherence
@ Multipole expansion: only L = 0 kept here
@ Expressed hadronic matrix elements in terms of radii and magnetic moments
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Vector part: weak form factor

Weak form factor

EEI:lD [
1 L e M+ [ (M
Fw(qz)=fQ Qv 1+7IIEZ t+ gz 2t +QW75 t R (q)
W
[} P1+ @ ™ 1 M -
+ Q\?v 1+ +8—2t +Q\Pth F (q)
N
QW(1+2KP)+2QVHV(K”+KQI) o, v QL4 2kP 4 2kN) +2Q0K" 41 2':'
- tFy (a%) — tFy (a9)
4mZ, P 4mZ,

@ Observations:

@ No relevant magnetic form factors (follows from multipole expansion serot 1978)
53 two-body currents small (first at loop order)

9 No factorization into BSM [Chddronic [nuclear
3 Fw(g?) in this form only applies to the SM
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Results for the weak form factor

< 1o (EM)-(PWA) i
NS - NNLOuy
— ANNLOGo(450)
-- RMF
— This work
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= — "YGe
2 10 T g, E E
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Axial-vector part

Spin-dependent structure factors

| I — | ’ L1 £ /" L1
Su=SL+Sh= R+MPDIF@®) + [L+3%a)F ()

@ Notation:

@ Normalization: related to spin-expectation values [S, LIS, [
Nuclear responses: Fr (transverse), Fx (longitudinal)
Multipole expansion: all L need to be kept

Hadronic matrix elements already factored out (ga, gZ‘N

¢ © ¢ ¢

3Hg?), 8™qg?): corrections from axial radius, pion pole, and two-body currents
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Axial-vector part

Spin-dependent structure factors

| I — | ’ L1 £ /" L1
Su=SL+Sh= R+MPAIF@®) + [L+3%a)F™ ()

@ Observations:
@ For CEVNS only SJ contributes
5 different from dark matter due to lepton trace
o Not coherent, but finite for g2 — 0
3 may become relevant for precision measurements of odd-mass isotopes
@ No relation to weak form factor

5 genuinely new response

M. Hoferichter (Institute for Theoretical Physics) CEVNS: EFT analysis and nuclear responses November 17, 2020



Calculation of spin-dependent responses

c1l - -1 -
10 129%(g 10 129%g
Sn Sn
Sp Sp
& 107F 3 & 10°F E
= =3
K =
z z
1% 1%
10°F E 10°F E
104 L L L L 10'4 L L L L
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.20
lal [GeV] lal [GeV]

Klos et al., 2013

@ Main challenge: two-body currents

= dominant contribution for even-numbered species 2:

@ Developments since 2013: \

@ New information on low-energy constants c;

@ Nuclear axial-vector current at 1-loop _
Baroni et al. 2016, Krebs et al. 2016

@ Improved understanding of g4 quenching in B decays
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Low-energy constants

@ ¢ first contribute to TN scattering
@ At given scheme and order, uncertainties negligible when matching ————
in the subthreshold region wH et al. 2015, Siemens et al. 2016 \\\ ///
_._
@ Large shifts when including loop effects gernard et al. 2008
3 can be partially captured by -
2\ 4M 2\ I
3¢y = — 9alMn dcg = —dCy = 9V 5ce = —9aM%n P
64mF2 16mF2 4mF2 :
@ Absorbing relativistic corrections, we use X
ci1[GeV™L] c3[GeVTl] ¢y [GeVTl] s [GeVTY j:
—1.20(17)  —4.45(86) 2.96(70)  5.01(1.06) ,
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ga quenching in B decays

3
¢ this work -
O shell model s
2 —— g =096(6) E
5 g =080(2) *
o s
it VY
T /
€
RS
$
[
0 T T
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§24 ! /
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g = 075(3) //
S 7
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= 1 y
Ky
0 T T

|Mgr| Theory {unquenched)

19Ne sy 10 Fypo
57155 7 Arga
25

»% Mgy
TRy 7 vy
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2 Aly -2 Siy
2Ney  »2 Nay
sip, s,
331"’1,'2 -8 Sz
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ATV 47 Tigjy
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85 Tizs 51 Sersy

4680, 54 Ti,

Gysbers et al. 2019

@ Ab initio calculation of 3 decays
explains origin of quenching:
@ Two-body currents
@ Limitations of shell model
@ We adjust the normalization
accordingly, use chiral prediction for
g? dependence
@ In practice done in terms of density of
normal-ordering p and value of cp:
{cp, p} = {—6.08,0.09fm™3}
...{0.30,0.11fm™%}
- —30%...—20%
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Improved spin-dependent responses for dark matter

4 I I I 1 10 I I I 1
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.20
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@ New results consistent with 2013 bands

@ Uncertainties reduced especially of the suppressed (even-numbered) species
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Axial-vector respon

es for CEVNS

: :
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Beyond the SM: vector and axial-vector operators

General CEVNS cross section

1 1
doa _ ma (o sy T QzE
dT = 2n 252 E, W
1
2mp maT _ 2T '%10 0 ey ,
23 +1 2+ EZ 9a Soo(q ) + 9304581 (a%) + 9 “Si;(a?)
v
@ Notation:

o New “weak charge”: Qu = Zg{) + Ng) - —Q%GF
9@ Couplings g\',, gL: combination of Wilson coefficients and hadronic matrix elements

° SJ (g?) same as before, but new “weak form factor” Fy,(q?)
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Beyond the SM: impact on the weak form factor

10" 1 10
8k 133
5
—~ Z sk
R E
=3
g | —-m W
LE 10 o [z] \;
- g 4r L M=10=025
— - — [=-[{1=-0.25
M==-025 oL — M=-rp=025 |
M=m=-025 |
102 I I I i 0 P S U R A
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.2
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@ By definition changes vanish at g = 0

@ Relative changes magnified in the vicinity of zeros

@ Otherwise few-percent effects for current sensitivity to [Z.’,']

M. Hoferichter (Institute for Theoretical Physics)

CEVNS: EFT analysis and nuclear responses

November 17, 2020



Beyond the SM: scalar and dipole operators

CEVNS cross section for scalar + dipole

do m2T E 2Ey — T E
JE = A MHs(a®) + =———ZeCeFen(?)
art dipole+scalar 4T[Ev maT

@ Notation:
@ Dipole contribution determined by charge form factor F¢,(g?)
@ Scalar form factor F5(g?) includes same nuclear responses as before as well as
two-body effects
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Beyond the SM: pseudoscalar and tensor operators

CEVNS cross section for tensor

1 (|

doa 8ma maT 2T L] LL

aT L =211 2— E = Soo(q +9T 19T 1S01(a%) + O1.1 Sh(a?)
ensor
32m T _ L (I
+ >3 +Al 1- = 971 Seo(a?) + 9?,19%,186_1((12) + %#,1 Sti(a®)
v
@ Notation:

@ Tensor receives contributions from both transverse and longitudinal structure factors
° §J '“(02) same as before, with 5-= 5= 0

@ Requires generalized multipole expansion lick-Magid, Gazit 2020

@ Pseudoscalar operator suppressed even further
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Conclusions

@ EFT approach to CEVNS

@ Wilson coefficients
@ Hadronic matrix elements
@ Nuclear structure factors

@ Two-body corrections kinematically suppressed for leading, coherent response,

but important for spin-dependent one
@ Can systematically include non-standard interactions in chiral EFT

@ Results for CEVNS cross sections within and beyond the SM, for a wide range

of isotopes from large-scale shell-model calculations

@ Main uncertainty from neutron responses

5 always measure a combination of BSM [Cndclear structure

@ Need multiple targets and energy dependence to disentangle
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Charge radii and neutron skin

2374 40 5 T4ge 132y 127, 133 ¢
T—1—
(r2) ¢y, [fm (th) 3.01 3.43 4.08 4.77 4.73 4.78
(exp)  2.9936(21)  3.4274(26)  4.0742(12)  4.7859(48)  4.7500(81)  4.8041(46)
12y — <rg) [fm] 0.04 0.11 0.17 0.28 0.26 0.27
shell-model interaction usDB SDPF.SM RG GCN GCN GCN

@ Excellent agreement for charge radii
N
h P - “E.n | pin-orbit
(fF, 3= [Ff (3 [ IZ-I—ZIIEZ O [rf, 3 [rF O

@ But: charge radii used to constrain parameters

® Point-neuiLQ_mladii more uncertain, e.g. from coupled-cluster payne et al. 2019
—1

s E&@,Ar =0.035...0.09 fm
@ Related to structure factors by

3 d 3 d O
-2 L P R B, et -2 e e B,
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Spectra
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Chiral EFT: a modern approach to nuclear forces

@ Traditionally: meson-exchange

potentials NLO

g
@ Chiral effective field theor o bl L 1L B
@ Based on chiral symm:try of QCD ) Q ih I + I *H + X >K
@ Power counting o S RSUl . NERSAITIR
@ Low-energy constants H H H H m IH IX H H H’H

@ Hierarchy of multi-nucleon forces
. Figure taken from 1011.1343
@ Consistency of NN and 3N

3 modern theory of nuclear forces

@ Long-range part related to : O ---

pion—nucleon scattering
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Chiral EFT: currents

@ Coupling to external sources L(vy, a, S, p) \\ /,’
@ Same LECs appear in axial-vector current —\‘—
@ Two-body effects well established in 3 decay, magnetic
moments, ... X
@ Formalism can be applied to other than vector and +
axial-vector currents E
-

3 sizable two-body effect for a scalar current
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