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Recent observations of CEvNS by COHERENT
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@ CEvNS = coherent elastic neutrino—nucleus scattering Freedman 1974
@ In SM: sensitive probe of the neutron distribution in nucleus

@ Beyond SM: non-standard neutrino interactions?
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Direct detection of dark matter
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@ Search for dark matter via nuclear recoils in large-scale liquid-noble-gas detectors

@ Limits interpreted in terms of WIMP—nucleon cross sections
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Weak Elastic Scattering with Nuclei

X X v v

N N N N

WIMP-nucleus scattering neutrino—nucleus scattering

kinematics elastic, x non-relativistic elastic, v relativistic
mediator BSM Z,BSM?
quantum numbers unknown V — A, others?
momentum transfer q < 200MeV < 50MeV

< need very similar nuclear responses (“structure factors”)

M. Hoferichter (Institute for Theoretical Physics) Nuclear structure factors for dark matter and CEvNS Heidelberg, June 29, 2020 4



Weak Elastic Scattering with Nuclei: EFT approach

EFT approach to dark matter

Rate = BSM couplings ® hadronic matrix elements ® nuclear structure ® astrophysics

— most efficiently addressed in effective field theory

@ Same approach to CEvNS (with or without SM prediction for the Wilson
coefficients)

@ 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’

— requires same hadronic/nuclear input
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Scales

Apsu e @ BSM scale Agsm: Lasu
¢, G v
q,G v
>< Q Effective Operators: Loy + Y —Oi«
ik 'BSM
¢, G v
Apw @ Integrate out EW physics
(start here if only SM)
N [ N v
A @ Hadronic scale: nucleons and pions
hadrons
0 — effective interaction Hamiltonian H,
N v om v

\,Q/ © Nuclear scale: (N|H/|N)
\
Anuctei .-. — nuclear wave function
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First step: effective operators

@ Vector and axial-vector operators

G _ - _ _
LM = —7’; > (Cc‘,/w”ﬁ —75)v Gyuq + CHoyH (1 —vs)v qusq)
g=u,d
— can add more operators in BSM case
@ In SM:
1 4 1 2 . 1 1
CL\,/:E—gsmz@W C(‘;:—E—I—gsmzﬂw Cﬁ:—é 0925
@ Related to typical CEvNS notation by
v L R A R L
Cc‘l/ - CL‘7/|SM = e = cle+ e Cé‘ - C§|SM = —cde = €do — e
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Second step: hadronic matrix elements

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

— charge radii, magnetic moments, ...

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

— can all be addressed systematically in chiral effective field theory
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Chiral EFT: a modern approach to nuclear forces

@ Traditionally: meson-exchange o X H - -
pot.entials o no W k1] _ _
o Chlre: eff:ctlve :elclj theory ‘Lo H H H+ *X >K B
° Pase onc |.ra symmetry of QCD >< H H H
o Power counting o o G g AL P b L
@ Low-energy constants H H H M m I H IX H [ * H’“

@ Hierarchy of multi-nucleon forces

Figure taken from 1011.1343
@ Consistency of NN and 3N
— modern theory of nuclear forces

@ Long-range part related to @ ---

pion—nucleon scattering
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Chiral EFT: currents

@ Coupling to external sources £(v,, a,, s, p)
@ Same LECs appear in axial-vector current

@ Two-body effects well established in 3 decay, magnetic

moments, ...

@ Formalism can be applied to other than vector and
axial-vector currents

— sizable two-body effect for a scalar current
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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

< “ab-initio” calculation Coupled-cluster calculation for 4CAr, Payne et al. 2019
@ Not yet available for heavier nuclei, challenge to get charge radii right
@ Therefore: here us nuclear shell model with phenomenological interactions

@ We can do better than simple parameterizations in terms of proton/neutron radii!
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CEvNS cross section

0 0 1 1
do,n  GEmgy ( mAT>‘<0 .0 gy +29y » 2) M, 2 (1 1 9y +29y » 2) M, 2
N Ao 2 _ _ Y Ve F 4 _ _ Y Ve F
r= - e )| a1 a2, P+ (gy — 9y 1 e M)
0 0
gy +2¢g
+ v v,2

1 1
” gv+2gV2 ” 2
a2 q2-7'_$ (q2)+ T’qz}'f (qz)‘
N

N
maT 27
(2 220) 22 (PSP + sl () + 61T )|
@ Notation:

@ Momentum transfer g% = 2m, T with target mass ma, T € [0,2E2/(mg4 + 2E,)]

° gov, gov, gg etc.: combination of Wilson coefficients and hadronic matrix elements
— “matching relations”

o FM(g?): isoscalarfisovector charge distribution

? SU.T(q2): only transverse part 7 contributes in spin-dependent response

@ Interference term neglected: T/E, < 2E, /mg tiny

~
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CEvNS cross section

0 0
do, v  GEmg maT . gy +20y » .
souse _Gim (o MYy o B0 s e (g

a7 2n E2 8mz,

0 0 1 1
gy + 2gV 2 " gy + 2gV 2 ” 2
¢ LTI et g2y T V2 20 (qz)\
am?, m,

maT 27
(2 220) 22 (PSP + sl () + 61T )|

@ Subleading contributions
@ Radius and relativistic corrections included

. 2 . .
@ Quasi-coherent ]-',q> (g?) spin-orbit response serot 1978

9y +29y 5 ,
2
8mN

&) #(e)

@ Two-body corrections kinematically suppressed for vector response, but relevant for

axial vector
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Charge radii and neutron skin

235, 405 74Ge 132y, 127 133
(r2) g [fm] (th) 3.00 3.43 4.08 4.77 4.73 4.79

(exp)  2.9936(21)  3.427(3)  4.0742(12)  4.7808(49)  4.7500(81)  4.8041(46)
Vg — (rS) [fm] 0.04 0.11 0.17 0.28 0.26 0.27
shell-model interaction SDPF.SM RG GCN usbB GCN GCN

@ Excellent agreement for charge radii
<rch> = (Iﬁ) + (rE,p> + _<rE,n> + <rr%I> + <r32pin-orbit>

@ But: charge radii used to constrain parameters

@ Point-neutron radii more uncertain, e.g. from coupled-cluster payne et al. 2019

V(rZ) = \/(8)]a0p, = 0.035...0.09 fm

@ Related to structure factors by

(B) = =330z FH@) + PPy ()= -

a4

= = (FH) = PH(6)] g
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Structure factors
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The weak form factor

do,y  GEma maT\ 2|2 .2
o G (1_ 2E2)QW|,:W(q)| Qu=N—(1—4sin?0y)Z

v

@ In the SM define so-called weak form factor £, (g°)
@ Q, does not actually factorize

@ F.(q?) depends on 7, 7" (g?), with coefficients determined by the Wilson

coefficients and hadronic matrix elements

@ Once Wilson coefficients are changed away from the SM, the form factor will
change!

@ EFT decomposition allows one to keep track of these changes
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The weak form factor

o
™

Weak form factor F,,
o o
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A question to experiment

@ Current list of isotopes MH, Menéndez, Schwenk to appear.

Cesium: 133Cs
lodine: 127
Argon: 40Ar
Sodium: 23Na

Germanium: 70,72,73,74,76Gg
Xenon: 128,129,130,131,132,134,136yo

¢ ¢ ¢ ¢ ¢ ¢

@ Should we consider anything else?

M. Hoferichter (Institute for Theoretical Physics) Nuclear structure factors for dark matter and CEvNS Heidelberg, June 29,



Cross section and nuclear structure factors

(a) (b) (c) (d)

do A 1 M q2 M\ M, 2 o 0” ‘
7 = o= —5 ¢ )7 +cn F, + 6 F( ZC
dqg? 4mv2 /—i(l e, I) M@P) + cn Fr () + 0 Fo(q 2m2
o Mi M2y
T e > €ila, vin ) F(d)
i 1:5811 =+
! 2 2 * 2 2 2
+ R +Re(ara”)S +la_|?s
g (124 PS0e) + Re (a1 )501 (¢) + a— S ()

@ Decomposition into nuclear structure factors 7, S; and coefficients ¢, a

@ Three classes of contributions:
9 (Sub-) Leading 1b responses (a): ¢/ 7M(q?), ¢® 7" (¢?), |2+ 12 Sj(¢?)
o Radius corrections (b): ¢MFM(q?)
@ Two-body currents (¢), (d): ¢x Fx (%), oo Fb(G?)
@ (a)+(b) essentially nucleon form factors, but (¢)+(d) genuinely new effects

Heidelberg, June 29, 2020
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Cross section and nuclear structure factors

doy v 1 M 7 . o 0// ‘2
- iy FM +cn F. + G Fp( c
dg? 4mv2 /:i< (=) ) M(GP) + cx Fr(dP) + 0 Fo(q Z
+ L E E &i( VL)CMJ}_M( 2) 2
anv? sl MR
2 > . ) ) )
+ oy a7 S +Re(a;a’)S, +la_|?s
Vz(2J+1)(‘ +12S00(c%) + Re (a1.a™ )So1 (°) + la— °S11(a7))

@ Nuclear structure interpretation:
o FM(g?): 1 = charge distribution (coherent), 7/(0) = Z + N
o 7" (%) iSn - (a4 x v) = spin-orbit interaction (quasi-coherent)
? S,-j-(q2): S, - Sn, Sy - 4 Sy - q = spin average (not coherent),
So0(0) % Sp1(0) + S11(0) = EHLI (s, )2
@ Coefficients: convolution of Wilson coefflclents and nucleon matrix elements

¢ m, _
M= shxf)+- = /T;V ST CESM 4 (N|mgagIN) = myf
q=u,d,s
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Case 1: spin-independent scattering
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@ All ¢ =0, a = 0 except for c': spin-independent scattering

si 2
doyn OXN | =M 22 sl _ PNy w2 mym
= F oy =—|C = X
dg? 4N?VV2| Y(q)| XN Y| HN My + My
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Case 2: spin-dependent scattering

1073 10736,
S 107%] - 1037
8 g
2= 107 o= 107
“xR SR
© (N
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XENON1T 2019

@ Allc =0, a; = +a_: spin-dependent scattering

SD 2

doyn IxN_ T 2 so _ BEN . 2 i
= S = —1a

dqg? 3u’2\IV2 2J+1 @) TxN T |+

@ Xe sensitive to proton spin due to two-body currents
Klos, Menéndez, Gazit, Schwenk 2013
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Case 2: spin-dependent scattering

3 19Ney /2 19 Fyjo
¢ this work 3t 3T A

0 shell model NG

ALy, % Mgy

STy /2 57 Atz

@ Recent EFT developments:

g 21 P
E = q=0.96(6) < Nag =% Mg,
H 5 —— ¢=08 30 30
9 Improved understanding of two-body 2 1=08002) ¢ Mgy =" Aly
Pi) 2871y 528 Siy
currents in light and medium-size nuclei 2Neg -2 Nay
sip, i,
from ab-initio methods AT Sy S,
. 1 2iNay -2 Mg,
@ Improved determination of low-energy . . . 3P, 3 S,
3 12g, o 12 (g o
constants MH, Ruiz de Elvira, Kubis, MeiBner 2015 ® this work oo

1205442 Qe
L) shell model Tig —* Sey

. . 45V, 19 —95 Tip /g
@ Permits improved SD responses bothfor . | '
£ — g =092(4)
dark matter and CEvNS H 70569 i
// /,/ 0 . 08¢y 10 Ti,
’ 0 1 2 3
e | M| Theory (unquenched)

Gysbers et al. 2019
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Case 3: WIMP—pion scattering

XENONIT 1 tx yr 3

= limit on WIMP—pion coupling 1 X X
E. 1074 E
| 5
o r 1 N N
= 1074k ,
.2 E T
[=" E 7’
g I : N N
2 104 e

10740, | ) \ PR | , S

10! 10 103
WIMP mass [GeV/c?] )
XENON1T + MH, Klos, Menéndez, Schwenk 2019
@ Only ¢, nonzero: WIMP—pion scattering

scalar

da—xN Oxm 2412 ﬂz 2 my M
=X _|F gScalar _ P c _ XM
dq2 'ugrv2 | ”(q )| X7 4ﬂ_| 7T| 7" my + M,

@ Expression in terms of cross section depends on underlying operator, here for a

scalar xxqq
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Higgs Portal dark matter
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Higgs Portal dark matter

10— — ey
40 \\_ i — PandaX-IT
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@ Higgs Portal: WIMP interacts with SM » . — XENONIT
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o Fermion: HtH ff

_
. O, O

IS B &
> [5) [S)

B IALA B LA L i AL By 1 L B

Fermion

A
o

-
o.

-

O\
S
5

@ If my > 2m,, should happen at the LHC

WIMP-nucleon cross section [cmz]
S

\7(1(‘t()1" ]
10 100 1000
WIMP mass [GeV]

IS
k4

-
O\

— limits on invisible Higgs decays

@ Translation requires input for Higgs—nucleon coupling

2 7 _
= > =gty X A+0@s) myf} = (N|mqGq|N)
q=u,d,s,c,b,t q=u.,d,s

@ |ssues: input for fy = 0.260...0.629 outdated, 2b currents missing
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Higgs—nucleon coupling

@ One-body contribution
P = 0.307(9)ud(15)s(5)pert = 0.307(18)

@ Limits on WIMP-nucleon cross section subsume 2b effects
— have to be included for meaningful comparison
@ Two-body contribution

o Need s and 64, currents
& Treatment of 6%, tricky: several ill-defined terms combine to (V|T + Vyn|W) = Ey
@ A cancellation makes the final result anomalously small

f2P = [ —3.2(0.2)a(2.1)cherr + 5.0(0.4)4] x 1073 = 1.8(2.1) x 1073
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Improved limits for Higgs Portal dark matter
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Improved limits for Higgs Portal dark matter
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Improved limits for Higgs Portal dark matter

ATLAS
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ChiralEFT4DM: a PYTHON package for dark matter

@ ChiralEFT4DM: PYTHON package for dark matter structure factors
https://theorie.ikp.physik.tu-darmstadt.de/strongint/ChiralEFT4DM.html
@ Includes:

(Quasi-) Coherent structure factors for F, Si, Ar, Ge, Xe

Nucleon matrix elements and matching relations for spin-1/2 and spin-0 WIMP

)

)

@ 1b and 2b responses up to third chiral order

e S, P, V,A T,0., and spin-2 effective operators that can lead to a coherent response
)

Convolution with Standard Halo Model
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Conclusions

@ EFT approach to dark matter and CEvNS
@ Separation into

@ Wilson coefficients
@ Hadronic matrix elements
9 Nuclear structure factors

@ Two-body corrections kinematically suppressed for leading, coherent response
@ Axial-vector part similar, but not identical to spin-dependent dark matter

@ Cannot just use the weak form factor for when constraining BSM (weak charge

does not factorize)

@ Can systematically include non-standard interactions in chiral EFT
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Chiral counting for neutrino—nucleus scattering

Nucleon v A Nucleon S P
WIMP t X t X WIMP
1b 0 142 2 0+2 1b 2 1
% 2b 4 2+2 2 4+2 S 2b 3 5
2b NLO — — 5 3+2 2b NLO — 4
1b 0+2 1 2+2 0 1b 2+2 142
A 2b 4+2 2 2+2 4 P 2b 3+2 5+2
2b NLO — — 5+2 3 2b NLO — 442
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Chiral counting for neutrino—nucleus scattering

Nucleon v A Nucleon S P

v t X t X v
1b 0 1 2 0 1b 2 1
v 2b 4 2 2 4 S 2b 3 5
2b NLO — — 5 3 2b NLO — 4
1b 0 1 2 0 1b 2 1
A 2b 4 2 2 4 P 2b 3 5
2b NLO — — 5 3 2b NLO — 4

M. Hoferichter (Institute for Theoretical Physics)

Nuclear structure factors for dark matter and CEv’NS

Heidelberg, June 29, 20:



Chiral counting for neutrino—nucleus scattering

Nucleon v A Nucleon S P

v t X t X v
1b 0 1 2 0 1b 2 1
v 2b 4 2 2 4 S 2b 3 5
2b NLO — — 5 3 2b NLO — 4
1b 0 1 2 0 1b 2 1
A 2b 4 2 2 4 P 2b 3 5
2b NLO — — 5 3 2b NLO — 4

@ Standard interactions: AA as for dark matter, vector 2b

@ Non-standard interactions: potentially large corrections for scalar 2b currents
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Coherence effects

@ Six distinct nuclear responses J=1l-3
Fitzpatrick et al. 2012, Anand et al. 2013

M < O4 + Sl
Z’, PRLERES Oy, 0 +> SD
®” +» O3 «+ quasi-coherent, spin-orbit operator

¢ € ¢ ¢

A, ®': not coherent

@ Quasi-coherence of ¢”

126

@ Spin-orbit splitting

@ Coherence until mid-shell ©

@ About 20 coherent nucleons in Xe -

@ Interference M—o"" <+ O1—03 50
@ Coherent 2b currents: " 20

@ Scalarc N+ Z - - 8

@ Vectorcc N—Z Lz

Ohe  os

< concentrate on scalar case
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