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Introduction
WIMP-nucleus interaction

Transition amplitude of WIMP-nucleus scattering

σ ∝ | 〈final|Hχ−nucleus |inital〉 |2

Two tasks:

Description of initial and final nuclear states
→ Large-scale shell model calculations (Javier’s talk last week)

Description of WIMP-nucleus interaction
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WIMP-nucleus interaction

Cross section of WIMP-nucleus interaction depends on structure factor SA(q).

dσ
dq2 =

2
πv2

1
2

∑
si ,sf

1
2Ji + 1

∑
Mi ,Mf

| 〈f |
∑

A

HSD
χ |i〉 |2 =

8G2
F

(2Ji + 1)v2 SA(q),

Spin-dependent (SD) WIMP-nucleus interaction:

HSD
χ =

√
2GF

∫
d3r ANµ(r)︸ ︷︷ ︸

nucleon
current

Aµ
χ(r)︸ ︷︷ ︸

WIMP
current

Axial-vector–axial-vector couping
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Chiral effective field theory

I Chiral EFT describes consistently both
nuclear forces and currents
Epelbaum, Hammer, and Meißner, RMP 81, 1773 (2009)

I Same low-energy constants appear in
nuclear forces and currents

I Leading axial-vector two-body currents
completely determined
Park et al., PRC 67, 055206 (2003)

Gårdestig and Phillips, PRL 96, 232301 (2006)

Gazit, Quaglioni, and Navrátil, PRL 103, 102502 (2009)

2
N LO

N LO
3

NLO

LO

3N force 4N force2N force
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Nuclear currents from chiral EFT
One-body current

A∑
i=1

Ai ,1b =
A∑

i=1

(
A0

i ,1b + A3
i ,1b

)
=

A∑
i=1

1
2

 a0σi︸︷︷︸
isoscalar

+ a1τ
3
i

(
gA(q2)

gA
σi −

gP (q2)
2mgA

(q · σi ) q
)

︸ ︷︷ ︸
isovector


a0 and a1 are isoscalar and isovector coupling constants
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Nuclear currents from chiral EFT
Two-body currents

At order Q3, 2b currents enter:

kµ

pµ
1

p′µ1

pµ
2

p′µ2

Pion exchange currents

pµ
1

p′µ1

pµ
2

p′µ2

Contact currents

I Finite q contributions to 2b currents derived recently
Hoferichter, PK, Schwenk, arXiv 1503.04811

March 24, 2015 | Philipp Klos | 7



Normal ordered one-body current

Summing over Fermi distribution assuming nuclear density ρ yields
the normal ordered one-body current:

Aeff
i ,2b =

∑
j

(
1− Pij

)
A3

ij

with exchange operator Pij

Combining 1b and normal-ordered 1b part of 2b currents yields

Aa
i ,1b + 2b =

1
2

a1τ
a
i

[(
gA(q2)

gA
+ δa1(q)

)
σi +

(
−gP (q2)q2

2MgA
+ δaP

1 (q)
)

(q · σi )q
q2

]
with contributions from 2b currents δa1 and δaP

1
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Structure factors:
Elastic scattering

Recall the structure factor:

SA(q) ∝ | 〈initial|HχN |initial〉 |2

For q = 0 the structure factor is a function of the spin expectation values of protons
〈Sp〉 and neutrons 〈Sn〉:

SA(0) ∝ |(a0 + a1)〈Sp〉 + (a0 − a1)〈Sn〉|2

Define

a0 = a1 = 1 proton-only structure factor Sp(q)

a0 = −a1 = 1 neutron-only structure factor Sn(q)
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Structure factors:
Elastic scattering
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Structure factors:
Elastic scattering
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I 2b currents→ at low momentum transfer neutrons contribute
to proton structure factor Sp(u)

I Sn(u) reduced by 20% for low momentum transfers
PK, Menéndez, Gazit, Schwenk, PRD 88, 083516 (2013)
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Spin-expectation values for different isotopes

PK, Menéndez, Gazit, Schwenk, PRD 88, 083516 (2013)
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Structure factors for different isotopes:
Elastic scattering
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XENON100 spin-dependent limit

Structure factors and uncertainties in currents used in XENON100
spin-dependent analysis: XENON100, PRL 111, 021301 (2013)
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Inelastic scattering
Xenon spectra
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I Excitation to low-lying first excited state (40 keV / 80 keV) possible
I Nuclear recoil + prompt deexcitation gamma can be observed
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Types of WIMP-nucleon interactions
Spin-independent (SI)

Elastic scattering:
I All nucleons contribute (coherent)

〈initial|
A∑
i

HSI
χN |initial〉 ∝ A

Inelastic scattering:
I For experimentally relevant isotopes transitions between ground state and first

excited state are of single-particle nature

〈final|
A∑
i

HSI
χN |initial〉 ∝ 1

I For SI interaction, inelastic scattering strongly suppressed
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Structure factors:
SI inelastic scattering
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Vietze, PK, Menéndez, Haxton, Schwenk, PRD 91, 043520 (2015)

I Suppressed by A−2 ∼ 10−4 compared to elastic
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Types of WIMP-nucleus interactions
Spin-dependent (SD)

Elastic scattering
I Spin carried mostly by unpaired nucleons

〈initial|
A∑
i

HSD
χN |initial〉 ∝ 1

Inelastic scattering
I Transition also of single-particle nature

〈final|
A∑
i

HSD
χN |initial〉 ∝ 1

I SD channel sensitive to both elastic and inelastic scattering
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Structure factors:
SD inelastic scattering
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I Inelastic comparable to elastic scattering at u ≈ 1 (q ≈ 125 MeV)
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Inelastic scattering
Integrated recoil spectra
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I One plateau per excited state
I Combined information from elastic and inelastic channel will allow to

determine dominant interaction channel in one experiment
I Inelastic excitation sensitive to WIMP mass
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Other WIMP responses

Spin-dependent interaction:

Axial-vector–axial-vector coupling: HχN = (Aχ)µ(AN )µ

WIMP current: Aµ
χ = χ̄γµγ5χ

nucleon current: Aµ
N = Aµ

1b + Aµ
2b

Spin-independent interaction:

Scalar-scalar coupling: HχN = SχSN

General WIMP-nucleon interaction Hamiltonian:

HχN = (Vχ + Aχ)µ(VN + AN )µ + (Sχ + Pχ)(SN + PN ) + ...

V vector S scalar

A axial-vector P pseudoscalar

... tensor, spin-2, ...
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Other WIMP responses
Chiral power counting

Combined counting of WIMP-Nucleon scattering amplitude

Nucleon V A
WIMP t x t x

1b 0 1 + 2 2 0 + 2
V 2b 4 2 + 2 2 4 + 2

2b NLO — — 5 3 + 2
1b 0 + 2 1 2 + 2 0

A 2b 4 + 2 2 2 + 2 4
2b NLO — — 5 + 2 3

Nucleon S P
WIMP

1b 2 1
S 2b 3 5

2b NLO — 4
1b 2 + 2 1 + 2

P 2b 3 + 2 5 + 2
2b NLO — 4 + 2

Hoferichter, PK, Schwenk, arXiv 1503.04811

I WIMP mass counted like nucleon mass
→ "+2" due to non-rel. expansion of WIMP fields

I More than only scalar-scalar and axial-vector–axial-vector up to Q3

I Coherence effects not included

March 24, 2015 | Philipp Klos | 22



Matching to NREFT
Fitzpatrick, et al., JCAP (2013), Fan, Reece and Wang, JCAP (2010)

Matching of NREFT operators Oi to chiral currents:
MSS

1,NR = χ†
r′χ

†
s′O1fN (t)χrχs ,

MSP
1,NR = χ†

r′χ
†
s′O10gN

5 (t)χrχs ,

MPP
1,NR =

1
mχ

χ†
r′χ

†
s′O6hN

5 (t)χrχs ,

MVV
1,NR = χ†

r′χ
†
s′

[
O1

(
f V ,N
1 (t) +

t
4m2

N

f V ,N
2 (t)

)
+

1
mN
O3f V ,N

2 (t) +
1

mN mχ

(
tO4 +O6

)
f V ,N
2 (t)

]
χrχs ,

MAV
1,NR = χ†

r′χ
†
s′

[
2O8f V ,N

1 (t) +
2

mN
O9

(
f V ,N
1 (t) + f V ,N

2 (t)
)]

χrχs ,

MAA
1,NR = χ†

r′χ
†
s′

[
− 4O4gN

A (t) +
1

m2
N

O6gN
P (t)

]
χrχs ,

MVA
1,NR = χ†

r′χ
†
s′

[
− 2O7 +

2
mχ
O9

]
hN

A (t)χrχs .

I Only 8 Oi appear at Q3, Oi not independent
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Conclusion

I State-of-the-art large-scale shell-model calculations used to predict
spin-independent / spin-dependent WIMP responses

I Chiral EFT two-body currents especially relevant at low-momentum transfer

I Results used by XENON100 collaboration for spin-dependent limits

I Inelastic scattering allows to distinguish between SI and SD interactions and
provides new sensitivity to WIMP mass

I Other WIMP responses beyond standard SI/SD relevant at Q3

I Chiral counting predicts hierarchy amongst different channels
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