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Outline

Theoretical steps for WIMP/v scattering off nuclei 

Outlook: Spin-independent WIMP scattering;
                Inelastic

VS-IMSRG calculations for elastic spin-dependent WIMP scattering 
and CEvNS (Chiral EFT: 1b + 2b currents)



Baishan Hu - ORNL (2023/4/17)

Part I



Baishan Hu - ORNL (2023/4/17) 4

How to search for DM?

DM-SM 
mediators

DM

SMSM

DMDirect detection

Indirect detection

C
ol

lid
er

𝒩(p) + χ(k) → 𝒩(p′￼) + χ(k′￼)

q = k′￼− k = p − p′￼, q2 = t

WIMP𝜒 scattering elastically off nucleus 𝒩 

dR
dEr

= MTρ0 ∫
vesc

vmin

f(v)
v

d3v ×
σSD/SI

χN

mχμ2
N

× ℱSD/SI(q2)
2

particle+hadronic 
physics

nuclear physics
⟨𝒩| H𝜒A |𝒩⟩

astrophysics
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Calculation for direct detection of dark matter
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Φ(t, r) = Ψ(r)e−iẽt/ℏ

dσχ𝒩

dq2
=

mN

2v2μ2
×q,G

𝝌q,G

𝝌
N

𝝌N

𝝌

𝝅

𝝌𝝅

𝝌
𝝌

𝝌𝒩

𝒩

𝝌

𝝌𝒩

𝒩

𝝌

𝝌𝒩

𝒩

Effective Lagrangian ℒ𝜒

DoF: quarks and gluons

Hadronic scale
 Chiral EFT

    DoF: nucleons and pions
    meson-exchange currents

 NREFT
   DoF: nucleons

Nuclear scale
DoF: nucleons (p and n)
nuclear wavefunction ⟨𝒩| H𝜒A |𝒩⟩


 Shell model
 commonly used
 not all nucleons active
 no consistent effective operator
 no consistent LECs with nuclear force

 Ab initio method
HχA =

A

∑
i=1

∑
τ=0,1

∑
j

cτ
j 𝒪̂(i)

j tτ
(i)

[σSIℱ2
SI (q2)+

σSDℱ2
SD (q2)]
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This talk will focus on spin-dependent case

two-body currents

ℒSD
χ = −

GF

2 ∫ d3rχ̄γγ5χ ⋅ ∑
q

CAA
q q̄γγ5q ∑

q

CAA
q q̄γγ5q → Ji,1b = J+

i,1b + J−
i,1b

one-nucleon level isoscalar isovector

A

∑
i=1

Ji,1b =
A

∑
i=1

1
2 [a+σi + a−τ3

i (
gA (p2)

gA
σi −

gP (p2)
2mgA

(p ⋅ σi) p)]
loop corrections pion propagators

J−
2b = −

gA

2F2
π

[τ1 × τ2]3 [c4 (1 −
q

q2 + M2
π

q ⋅ ) (σ1 × k2) +
c6

4 (σ1 × q) + i
p1 + p′￼1

4mN ] σ2 ⋅ k2

M2
π + k2

2

−
gA

F2
π

τ3
2 [c3 (1 −

q
q2 + M2

π
q ⋅ ) k2 + 2c1M2

π
q

q2 + M2
π ] σ2 ⋅ k2

M2
π + k2

2

−d1τ3
1 (1 −

q
q2 + M2

π
q ⋅ ) σ1 + (1 ↔ 2) − d2 (τ1 × τ2)3 (σ1 × σ2) (1 − q

q
q2 + M2

π )

Details: 

P. Klos, et al., PRD 88 (2013) 083516; 

                                89 (2014) 029901(E)

M. Hoferichter et al., PRD 102 (2020) 074018

include as density-dependent 
one-body currents (normal 
ordering)

one-body currents

P Gysbers, et al., Nat. Phys. 15 (2019) 428
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Structure factors required from nuclear many-body theory

commonly use the structure factors Sp and Sn

SA(q2) = ∑
L⩾0

⟨Jf ℒ5
L Ji⟩

2

+ ∑
L⩾1 ( ⟨Jf 𝒯el5

L Ji⟩
2

+ ⟨Jf 𝒯mag 5
L Ji⟩

2

)
decompose into longitudinal, transverse electric and transverse magnetic

dσχ𝒩

dq2
=

ζ2

(2Ji + 1) πv2 ∑
sf ,si

∑
Mf ,Mi

⟨𝒩f ℒSD
χ 𝒩i⟩

2

=
8G2

Fζ2

v2 (2Ji + 1)
SA(q2)

SA(q) = a2
+S00(q) + a+a−S01(q) + a2

−S11(q)

Sp(q) = S00(q) + S01(q) + S11(q)
Sn(q) = S00(q) − S01(q) + S11(q)

proton-only Sp:    a+ = a-
neutron-only Sn:  a+ = -a-

q ➔ 0, with proton/neutron spin expectation values ⟨Ŝp/n⟩

SA(0) =
(2J + 1)(J + 1)

4πJ (a+ + a′￼−) ⟨ ̂Sp⟩ + (a+ − a′￼−) ⟨ ̂Sn⟩
2

a- + a- × (2b currents effects)
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P. Klos, et al., PRD 88 (2013) 083516

C3 = (-3.2, -2.2, -3.4, -2.4, -4.78, -3.78) GeV-1

C4 = (5.4,   4.4,   3.4,  2.4,  3.96,  2.96) GeV-1

Spin-dependent WIMP-nucleus response

Standard SM: phenomenological wavefunctions + bare operator 

(with two-body currents of pion exchange)
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Ab initio calculations ???
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Workflow of ab-initio nuclear calculation

10

Currents, 0νββ, 
dark matter, …

SM/BSM

QCD+

Electroweak

Describe

/predict

experimental

data

•Reproduce the 

!! scattering 

data

•Reproduce few-

body properties 

•Deal with the 

strong short-

range 

correlations

•Speed up the 

convergence

Ab-initio 
many-body 

theory

Update

Realistic 

nuclear force

(NN+NNN )

SRG, "#$%&', 

OLS, UCOM, 

G-matrix

Renormalization 

scheme

•From the 

beginning

•Without any 

additional 

parameters or 

uncontrolled 

approximations

NCSM, GFMC,

SCGF, CC,

IM-SRG, MBPT,

...

Chiral EFT, 

CD-Bonn, 

Nijmegen,

AV18, ...
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Ab initio results for 208Pb region

11
BSHu W.G. Jiang, T. Miyagi, Z.H. Sun, et al., Nat. Phys. 18, 1196 (2022) 

Chiral  NN + 3N

New 3N storage scheme

IMSRG, CC, MBPT

History matching

Emulator technology


Statistical tools
208Pb

2022

PREX-2

MAMI
RCNP

GW170817

p̄
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Valence-Space In-Medium Similarity Renormalization Group

12

η(s) =
dU(s)

s
U†(s) = − η†(s)

dH(s)
ds

= [η(s), H(s)]

H(s) = U(s)HU−1(s) 𝒪(s) = U(s)𝒪U−1(s)

U(s) = eΩ(s)

Step1: Decouple core


Step2: Decouple valence space


Step3: Decouple additional 

operators
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Heavy nuclei is challenging current ab initio approaches

 Tensor operators are very heavy tasks for IMSRG
 Many q points (operators) need to calculate

structure factor for spin-dependent dark matter direct detection
 ℱΣ′￼

τ , ℱΣ′￼′￼

τ
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Heavy nuclei is challenging current ab-initio approaches

NAT allows VS-IMSRG for heavy nuclei

Natural orbitals (NAT) ρpq = ⟨Ψ c†
pcq Ψ⟩

|Ψ⟩ ≈ Ψ(0)⟩ + Ψ(1)⟩ + Ψ(2)⟩A. Tichai, et al., Phys. Rew. C 99, 034321 (2019) MBPT ➩

BSH, et al, Phys. Rev. Lett.128, 072502 (2022)
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Spin expectation values from VS-IMSRG 

Shell model results from P. Klos, PRD 88 (2013) 083516

SA(0) =
(2J + 1)(J + 1)

4πJ (a+ + a′￼−) ⟨ ̂Sp⟩ + (a+ − a′￼−) ⟨ ̂Sn⟩
2
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VS-IMSRG results for structure factors

B.S. Hu, et al, Phys. Rev. Lett. 128 (2022) 072502;  arXiv: 2109.00193.
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Discrepancy between LSSM and VS-IMSRG

Dominant  structure factor Non-dominant  structure factor
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Part II
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Coherent Elastic Neutrino-Nucleus Scattering 
(CEvNS)

A neutrino interacts a nucleus via exchange of a Z, and the nucleus recoils as a whole

ν ν

Z

(A, Z) (A, Z)
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COHERENT experiment

SNS as a neutrino source

D. Akimov et al. (COHERENT). Science 357, 1123 (2017)

CsI 2017

P Hg

Hg

π−

π+

νμ
ν̄μ

νe

e+

μ+

Capture ~ 99%

PROMPT

DELAYED
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COHERENT experiment

D. Akimov et al. (COHERENT). Phys. Rev. Lett. 129, 081801 (2022)

D. Akimov et al. (COHERENT). Phys. Rev. Lett. 126, 012002 (2021)

LAr 2021
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Nuclear structureNeutrino floor

BSMAstrophysics

…

Weak mixing angle

CEvNS from
natural, accelerator, 


reactor neutrinos

EW precision tests
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dσA

dT
(Eν, T) =

G2
FMA

4π (1 −
MAT
2E2

ν
−

T
Eν ) Q2

w Fw (q2)
2

+
G2

FMA

4π (1 +
MAT
2E2

ν
−

T
Eν ) FA (q2)

q = 2MAEνT/(Eν − T) ≈ 2MAT

CEvNS differential cross section

Axial-vector form factor FA

Weak charge

Qp
w = 0.0714, Qn

w = − 0.9900 ?

Qn
w = − 1, Qp

w = 1 − 4sin2θW, sin2θW = 0.23122 ± 0.00003?

Radiative corrections ?

Nuclear weak form factor FW 

Phenomenological Helm and Klein-Nystrand

FHelm(q2) =
3j1 (qR)

qR
e−q2s2/2

FKN(q2) =
3j1 (qRA)

qRA

1
1 + q2a2

knNegligible ?

Qw = ZQp
w + NQn

w
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Chiral EFT: Systematic expansion of nuclear forces and electroweak currents

Fw (q2) =

1
Qw

Qp
w (1 − ⟨r2

E⟩p

6
q2 −

1
8m2

𝒩
q2) −Qn

w
⟨r2

E⟩n + ⟨r2
E,s⟩N

6
q2 ℱM

p (q2)

+ Qn
w 1 − ⟨r2

E⟩p + ⟨r2
E,s⟩N

6
q2 −

1
8m2

𝒩
q2 −Qp

w
⟨r2

E⟩n

6
q2] ℱM

n (q2)

+
Qp

w (1 + 2κp) + 2Qn
w (κn + κN

s )
4m2

𝒩
q2ℱΦ′￼′￼

p (q2)

+
Qn

w (1 + 2κp + 2κN
s ) + 2Qp

wκn

4m2
𝒩

q2ℱΦ′￼′￼
n (q2)} .

FA (q2) =
8π

2J + 1 [(gs,N
A )

2
S𝒯

00 (q2) − gAgs,N
A S𝒯

01 (q2) +(gA)2 S𝒯
11 (q2)],

S𝒯
00 = ∑

L
[ℱΣ′￼L

+ (q2)]
2
,

S𝒯
11 = ∑

L
[[1 + δ′￼(q2)] ℱΣ′￼L− (q2)]

2

,

S𝒯
01 = ∑

L

2 [1 + δ′￼(q2)] ℱΣ′￼L
+ (q2) ℱΣ′￼L− (q2) .

Details:

M. Hoferichter et al., PRD 102 (2020) 074018

L.A. Ruso et al., arXiv:2203.09030 (2022)

Nuclear 

response 

functions

ℱΦ′￼′￼

τ :
ℱM

τ :

ℱΣ′￼

τ :

mainly from neutron distribution
spin-orbit correction
axial-vector contribution; two-body currents important
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Ab initio form factors ???
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Ab initio coupled-cluster calculations of CEvNS in 40Ar

26

C.G. Payne, S. Bacca, G. Hagen, W.G. Jiang and T. Papenbrock, 
Phys. Rev. C 100, 061304(R) (2019)
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Nuclear target

27

P.S. Barbeau, Yu. Efremenko, K. Scholberg, arXiv:2111.07033 (2021)

Green band from 3% uncertainty on the nuclear radius in the form factor
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Convergence of nuclear response functions within NAT basis

28BSH, et al., In preparation (2023)

preliminary

ℱM
τ , ℱΦ′￼′￼

τ , ℱΣ′￼

τ
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BSH, et al., In preparation (2023)

CsI
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D. Akimov et al. (COHERENT). Phys. Rev. Lett. 129, 081801 (2022)

dR
dT

= ∑
i [NtargetXi𝒩ν ∫

Emax
v

Emin
v

ϕ (Ev)
dσi

dT
dEv]
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Axial-vector form factor FA:

3%(19F), 0.1%(23Na), 0.03%(73Ge), 
less than 0.007%(127I and 133Cs)

less than 10^(-6)% 
Spin-orbit current         :ℱΦ′￼′￼

τ

Weak charges:
Qp

w = 0.0714, Qn
w = − 0.9900

Qn
w = − 1, Qp

w = 1 − 4sin2θW sin2θW = 0.23122 ± 0.00003

1.5% level

Helm form factor reproduces ab initio 
results within NNLOsat well: 
less than 0.3% in heavy nuclei, 
about 1% in light nuclei

FHelm(q2) =
3j1 (qR)

qR
e−q2s2/2

R2 = c2 +
7
3

π2a2 − 5s2

a = 0.52 fm, s = 0.9 fm
c = (1.23A1/3 − 0.60) fm

BSH, et al., In preparation (2023)
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VS-IMSRG

34

Summary
Ab initio structure factors/form factors
for 19F, 23Na, 27Al, Si, 40Ar, Ge, 127I, 133Cs, Xe 

Spin-independent WIMP scattering
Inelastic scattering 

IMSRG gives converged calculation in heavy nuclei

VS-IMSRG: from light to heavy nuclei
Chiral EFT 1b + 2b currents
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Thank you !
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Magnetic dipole moments

BS Hu, et al., In preparation (2022)

preliminary

73Ge
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Tensor operators are heavy task 
for IMSRG transformation

Many q points, need calculate 
many operators

Spectra from VS-IMSRG within NAT

Large E3max and Natural 
orbital let VS-IMSRG 
possible for heavy nuclei!

ħw=16 MeV, E3max=22


