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PART II!
DARK MATTER NUCLEON SCATTERING
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Dark matter interactions with the standard model	
!
Direct detection by nucleon scattering	
!
Interpretation of experimental null results



PORTALS TO A DARK SECTOR
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How can dark matter possibly interact	
with standard-model particles? 

fundamental interactions:

effective interactions through mediator M:
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LAB PROBES OF DARK MATTER
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P

production at colliders	
(missing energy and mediator searches)

annihilation in DM-rich regions	
(indirect detection)

DM-nucleon scattering	
(direct detection)

Caution: very different kinematic regimes!



DARK MATTER-NUCLEON SCATTERING
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The WIMP miracle

Testing the WIMP hypothesis

indirect detection

PAMELA, FERMI, AMS-II, IceCube,
HESS, ...

talks by C. de los Heros, M. Cirelli

colliders

LHC at CERN

talk by T. Plehn

direct detection

XENON, LUX, CDMS, CRESST, DEAP,
COUPP, EURECA,...
talk by J. Jochum

T. Schwetz 30
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Figure 7: Schematic illustration of the integration region for a lighter DM candidate (left) versus
a heavier candidate (right), scattering o↵ the same nucleus.

From (3.4), we solve for v cos ✓ and find that9
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Our discussion will focus primarily on the elastic-scattering regime where

v
min

=

s

m
N

E
R

2 µ2

and µ is the reduced mass of the DM-nucleus system. Notice that the minimum velocity to scatter

increases(decreases) as m
N

(m
�

) increases, as our intuition would suggest. Additionally, v
min

is

larger for inelastic scattering events.

Taking the Standard Halo Model and assuming that d�/dE
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/ 1/v2 (as we will motivate

shortly), then the unmodulated rate is approximately
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.10 For a 100 GeV DM scattering o↵ a Xenon target, E
0

⇠ 50 keV.

This means that the expected recoil spectrum for the nucleus is exponentially falling, for typical

assumptions about the cross section and velocity distribution. Figure 7 shows a sketch of the

integration region for a given target. The left(right) panels are examples for lower(higher) DM

mass. Clearly, as the DM mass increases, the rate is larger as the integration region is larger.

Notice that in the case of light DM, when v
min

is large, the rate becomes very sensitive to the tail

of the velocity distribution, which, as we already discussed, can be quite uncertain.

9Note that � can be negative in the case of an exothermic interaction [77,78].
10Those interested in techniques for finding exact solutions to these integrals should refer to the classic review

article [79].
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SPIN-INDEPENDENT SCATTERING
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For fermion DM with isospin-conserving interactions:

Differential cross section for DM-nucleus scattering:

�n = 
µ2
nf

2
n
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d�

dER
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2mN

µ2
nv
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�nA

2F 2(ER)

d�

dER
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2mN

⇡v2
|Zfp + (A� Z)fn|2F 2(ER)

 = 1(4)
Majorana (Dirac)

Cross section for nucleon scattering:

fp = fn

In spin-independent interactions, dark matter scatters	
coherently off the nucleus.



EXPERIMENTAL SENSITIVITY
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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[Cooley, 1410.4960]

Xenon 1T: �n(m� = 35GeV) < 7.7⇥ 10�47 cm2 (90%CL)



FUNDAMENTAL INTERACTIONS
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d�

dER
=

2mN

⇡v2
h|MNR|2iIn the non-relativistic limit:

�i = {1, �5, �µ, . . . }

Effective DM-quark interaction: q

q
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For a scalar interaction, the nucleon form factor is:
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Le↵ = ge↵(����)(q �qq)

mnf
n
Tq

= hn|mqqq|ni

The matrix element for coherent nucleus scattering is then:

M = [Zfp + (A� Z)fn](��)(NN)F (k)



RELEVANCE OF NUCLEAR SPIN
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LSI ⇠ (��)(qq) + (��µ�)(q�µq)

LSD ⇠ (��µ�5�)(q�µ�5q) + (��µ⌫�)(q�µ⌫q)

Spin-independent interactions:

Spin-dependent interactions:

Pseudo-scalar interactions vanish in NR limit.

Spin-dependent scattering off nucleus:
d�

dER
=

16mN

⇡v2
G2

FJ(J + 1)
(aphSpi+ anhSni)2

J2
F 2
SD(ER)



SPIN-DEPENDENT SCATTERING
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[Xenon 100 coll., 1301.6620]
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TABLE I: Parameters of the xenon isotopes used in this analysis: nuclear total angular momentum and parity of the ground
state, JP , predicted expectation values of the total proton and neutron spin operators in the nucleus hSn,pi by the Ressell and
Dean (Bonn A potential) [14], Toivanen et al. (Bonn CD potential) [16] and Menendez et al. (state-of-the art valence shell
interactions) [17] calculations.

Ressell and Dean [14] Toivanen et al. [16] Menendez et al. [17]

Nucleus JP hSni hSpi hSni hSpi hSni hSpi
129Xe

�
1
2

�+
g.s.

0.359 0.028 0.273 �0.0019 0.329 0.010
131Xe

�
3
2

�+
g.s.

�0.227 �0.009 �0.125 �0.00069 �0.272 �0.009
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FIG. 1: Structure functions for 129Xe (top) and 131Xe (bot-
tom) for the case of neutron (plain) and proton (dashed) cou-
plings, as a function of recoil energy using the calculations of
Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The di↵erence is most significant in the case of the
proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the
total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon
cross sections are calculated using the Profile Likelihood
approach described in [31]. Systematic uncertainties in
the energy scale and in the background expectation are
taken into account when constructing the Profile Like-
lihood model and are reflected in the actual limit. It
is given at 90% C.L. after taking into account statisti-
cal downward fluctuations in the background. We as-
sume that the dark matter is distributed in an isothermal
halo with a truncated Maxwellian velocity distribution
with a local circular speed of vc = 220 km/s, galactic
escape velocity vesc = 544 km/s and a local density of
⇢ = 0.3GeV cm�3 [8].

The resulting upper limits from XENON100, along
with results from other experiments, are shown in Fig-
ure 2 for neutron couplings (top panel) and proton cou-
plings (lower panel). The 1� (2�) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP
SD cross section on neutrons (top) and protons (bottom) us-
ing Menendez et al. [17]. The 1� (2�) uncertainty on the
expected sensitivity of this run is show as a green (yellow)
band. Also shown are results from XENON10 [22] (using
Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-
ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-
PLE [28], KIMS [29], IceCube [30] in the hard (W+W�, ⌧+⌧�

for WIMP masses <80.4GeV/c2) and soft (bb̄) annihilation
channels.
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP
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for WIMP masses <80.4GeV/c2) and soft (bb̄) annihilation
channels.

�n(m� = 45GeV) < 3.5⇥ 10�40 cm2 (90%CL)

Xenon 100:  bound on pure neutron interactions



MODEL BUILDING
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Standard-model mediators:  spin-independent scattering

q

q
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Z
q

q
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h

Null results in direct detection:

g2

M2
Z

(��µ�)(q�
µq)

y�yq
M2

h

(��)(qq)

y� . 10�2

Direct-detection proof candidates:
Majorana dark matter (no vector coupling)
Pseudo-scalar mediator (no scattering at tree level)



INTERPLAY WITH RELIC ABUNDANCE
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SI scattering active suppress coupling

overabundance

scalar/vector interaction:

pseudo-scalar/axial-vector interaction:

q

q

�

�

S, V

q

q

�

�

P,A

Co-annihilation or other channels can prevent overabundance.

SI scattering absent coupling set by	
observed abundance



SUMMARY PART II
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Spin-dependent scattering leads to lower rates and	
probes axial-vector interactions. 

�
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Spin-independent scattering happens coherently	
and probes scalar and vector couplings.

Dark matter-nucleon scattering can be tested in	
well shielded direct detection experiments.
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