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Direct detection:    highly exclusive low-energy experiment, testing 
                             HE theory, involving a complex nuclear target

     □ what in principle can be measured?

     □ how can one formula the problem so that three communities (HE
        theory, HE experiment, NP) can communicate in an efficient way?

     □ how can one minimize uncertainties?

             nucleus
                                       recoil

WIMPS
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0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.

FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].

LUX (Xe):     arXiv:1310.8214

DAMA/LIBRA

CRESST

CDMSII-Si

CoGENT

LUX Exclusion

XENON100
225-day  Exclusion

Edelweiss II
 Exclusion

isoscalar charge interaction: but what if nature made other choices?



How are these comparisons among experiments done?

We know some basic parameters

•  WIMP velocity relative to our rest frame 

•  if mass is on the weak scale, WIMP momentum transfers in elastic
   scattering can range to qmax ∼                    ∼ 200 MeV/c

•  WIMP kinetic energy ~ 30 keV:   nuclear excitation (in most cases)
   not posible

•  RNUC ∼ 1.2 A1/3 f  ⟹  qmax R ∼ 3.2 ⬄ 6.0  for F ⬄ Xe:  the WIMP
   can “see” the structure of the nucleus

⇠ 10�3

2vWIMPµT



Astrophysics factors from particle/nuclear physics reasonably well.
Particle/nuclear factorization?

  

dR

dER
= NN

⇢0
mW

Z

vmin

dvf(v)v
d�

dER

vmin =

s
mNEth

2µ2

Direct WIMP detection: principle
• Elastic collision with atomic nuclei in ultra-low background detectors

• Energy of recoiling nucleus: few keV to tens of keV

Goodman and Witten, PRD31, 1985

NN = number of target nuclei in a detector

ρ0 = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

mW = WIMP-mass

σ =cross section for WIMP-nucleus elastic scattering

Particle+nuclear physics

Astrophysics

NN = number of target nuclei in detector

⇢0 = Milky Way dark matter density

f(v) = WIMP velocity distribution, Earth frame

mW = WIMP mass

� = WIMP� nucleus elastic scattering cross section
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ultraviolet theories

DM ES experiments

Really not practical in any comprehensive way,
tedious to repeat for multiple candidate ultraviolet theories

too much
information!



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic interaction

DM ES experiments

information is lost at each 
stage

what experiment
can teach us 

Better to represent the physics - the filtering process - in effective theory
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ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic interaction

DM ES experiments

information is lost at each 
stage

what experiment
can teach us 

this is the particle-
nuclear handoff



□ Experiments are frequently analyzed and compared in a formalism 
   in which the nucleus is treated as a point particle
        
                 S.I.  

                 S.D.

This treatment is simpler than that we must use to describe standard-
model electroweak nuclear reactions

         

) hg.s.|
AX

i=1

(aF0 + aF1 ⌧3(i)) |g.s.i

) hg.s.|
AX

i=1

~�(i) (aGT
0 + aGT

1 ⌧3(i)) |g.s.i



As in standard electroweak nuclear interactions:
what responses can be generated from an  linear couplings to charge, spin, 
velocity (covariance)?

charges:

currents:

(where we list only the leading multipoles in J above) 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



Answer: those allowed by symmetry

Response constrained by good parity and time reversal of nuclear g.s.

 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



Response constrained by good parity and time reversal of nuclear g.s.

 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



The resulting table of allowed responses has six entries (not two)

The union rules state:
Interactions allow by symmetries must be included in a proper effective 
theory

□  This suggests more can be learned about ultraviolet theories from ES  
    than is generally assumed -  that’s good

□  But what quantum mechanics are we missing?  What are these additional
    responses?



They are the responses connected with velocity-dependent interactions -
theories that have derivative couplings - previously assumed to be small

Let’s take an example:   consider

the velocity is defined by Galilean invariance

▫︎  In the point-nucleus limit

where                           .  

▫︎  But in reality

and                       :       SI/SD retains the least important term                           

AX

i=1

~S� · ~v?(i)

~v?(i) = ~v� � ~vN (i)

~S� · ~vWIMP

AX

i=1

1(i)

~vWIMP ⇠ 10�3

{~v?(i), i = 1, ...A} ! {~vWIMP; ~̇v(i), i = 1, ..., A� 1}

~̇v(i) ⇠ 10�1



□  These velocities hide:  the        carry odd parity and cannot contribute   
    by themselves to elastic nuclear matrix elements.

□  But in elastic scattering, momentum transfers are significant.   The full
    velocity operator is

□  We can combine the two vector nuclear operators              to form a
    scalar, vector, and tensor.   To first order in      for the new “SD” case

       is a new dimensionless operator.   And we deduce an instruction
for the ET that is not obvious.   Internal nucleon velocities are encoded

~̇v(i)

ei~q·~r(i)~̇v(i) where ~q · ~r(i) ⇠ 1

~r(i), ~̇v
~q

�1

i
q~r ⇥ ~̇v = �1

i

q

mN
~r ⇥ ~̇p = � q

mN

~̀(i)

~̀(i)

v̇ ⇠ 10�1 ⇠ q

mN

Parameter counting in the effective theory



□  The most general Hermitian WIMP-nucleon interaction can be
    constructed from the four variables

                                                                         

□  This interaction (filter #1) constructed to 2nd order in velocities

The coefficients represent the information that survives at low energy
from a semi-infinite set of high-energy theories

Galilean invariant effective theory
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□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to elastic experiments.  

d�

dER
⇠ G2

F

X

i

Ri(~v
? 2,

~q 2

m2
N

) Wi(q
2b2)

hard-working
experimentalists
try to measure



□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to experiment.  

                                        WIMP tensor:
                        contains all of the DM particle physics

                             depends on two “velocities”

d�

dER
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X
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Ri(~v
? 2,

~q 2

m2
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) Wi(q
2b2)

~v? 2 ⇠ 10�6
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2
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internucleon
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d�

dER
⇠ G2

F

X

i

Ri(~v
? 2,

~q 2

m2
N

) Wi(q
2b2)

Wi Ri

□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to experiment.  

                                                                Nuclear tensor:
                                                 “nuclear knob” that can be turned
                                               by the experimentalists to deconstruct
                                                                   dark matter

                                              Game - vary the      to determine the     : 
                                             change the nuclear charge, spin, isospin,
                                                  and any other relevant nuclear 
                                                         properties that can help
                                                 



□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin 

                                                           the S.I. response 

                                                     contributes for J=0 nuclear targets                                                           
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□  What does the effective theory say about these responses?

  

 take q ⇾ 0  
 suppress isospin

 

                                                         the S.D. response (J>0) ....
 but split into two components, as the longitudinal and  transverse  
 responses are independent, coupled to different particle physics                                                                                                                       
                                                

W2 ⇠ hJ |
AX
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W3 ⇠ hJ |
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□  What does the effective theory say about these responses?

 take q ⇾ 0  
 suppress isospin

A second type of vector (requires J>0) response, with selection rules
very different from the spin response 
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□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin

A second type of scalar response, with coherence properties very
different from the simple charge operator  
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□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin

A exotic tensor response: in principle interactions can be constructed
where no elastic scattering occurs unless J is at least 1 
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Note that five of the eight terms above are accompanied by a factor of ~q 2/m2
N

. This is the parameter identified
in Sec. 2.3 that governs the enhancement of the composite operators with respect to the point operators
for those O

i

where composite operators contribute. Thus one can read o↵ those response functions that are
generated by composite operators from this factor. The DM particle response functions are determined by
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The six nuclear operators appearing in Eq. (37), familiar from standard-model electroweak interaction
theory, are constructed from the Bessel spherical harmonics and vector spherical harmonics, M
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The point-nucleus world is a very simple one
Generally any derivative coupling is seen most easily in the new responses



Observations:

□  Six of the possible operators generate SI or SD interactions
    Six of the possible operates are seen only through new responses
    Two of the operators cannot be seen in elastic scattering

□  ES can in principle give us 8 constraints on DM interactions

□  This argues for a variety of detectors - or at least, continued 
    development of a variety of detector technologies 
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Table 1: The Lagrangian densities Lj

int, the operators obtained after nonrelativistic reduction that would be
used between Pauli spinors to generate the invariant amplitude, the corresponding e↵ective interactions in
terms of the EFT operators, and the transformation properties of the interactions (even E or odd O) under
parity and time reversal. Bjorken and Drell spinor and gamma matrix conventions are used. The scale mM,
which usually would be known from the context of the theory, can be put into the Mathematica script, or
set to its default value, m

v

of Sec. 2.2. See Sec. 6.2 for further discussion.
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Interactions that (effectively) cannot be seen in elastic scattering

Interactions that effectively only contribute to the new responses
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Table 1: The Lagrangian densities Lj

int, the operators obtained after nonrelativistic reduction that would be
used between Pauli spinors to generate the invariant amplitude, the corresponding e↵ective interactions in
terms of the EFT operators, and the transformation properties of the interactions (even E or odd O) under
parity and time reversal. Bjorken and Drell spinor and gamma matrix conventions are used. The scale mM,
which usually would be known from the context of the theory, can be put into the Mathematica script, or
set to its default value, m

v

of Sec. 2.2. See Sec. 6.2 for further discussion.
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New and standard interactions coming together, but with the latter
suppressed (the reverse also happens)

                                                                                

axial charge

orbital angular momentum
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Table 1: The Lagrangian densities Lj

int, the operators obtained after nonrelativistic reduction that would be
used between Pauli spinors to generate the invariant amplitude, the corresponding e↵ective interactions in
terms of the EFT operators, and the transformation properties of the interactions (even E or odd O) under
parity and time reversal. Bjorken and Drell spinor and gamma matrix conventions are used. The scale mM,
which usually would be known from the context of the theory, can be put into the Mathematica script, or
set to its default value, m

v

of Sec. 2.2. See Sec. 6.2 for further discussion.

22

orbital angular momentum

vector charge

but

vector charge

orbital angular momentum

⇠ q2

m2
N

mN

m�
Z2 ⇠ 10

�4Z2



The expanded set of responses means that comparisons between 
experiments in a simplified analysis may be misleading

For illustration purposes only!
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Figure 1: Size of integrated form factors
R
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qdqF (q2) for di↵erent nuclear responses,

weighted by the natural abundances of isotopes.
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transverse electric axial (spin) response
transverse nuclear spin

31

scalar charge responses: p vs. n S.I.              (normalized to natural abundance)

Standard SI sensitivities:   LUX (Xe ∼ DAMA (NaI) > CDMS-Ge

Little sensitivity to isospin (unless tuned)

2
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Scalar operators, p:  1(i) vs ~�(i) · ~̀(i)
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LUX (Xe) ∼ DAMA (NaI) ⇒ DAMA > LUX
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Scalar operators, n:  1(i) vs ~�(i) · ~̀(i)
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LUX (Xe) ∼ DAMA (NaI) ⇒ DAMA < LUX

22
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34

vector (transverse) spin response               (normalized to natural abundance)

proton coupled:      Picasso (F) > DAMA (NaI) ≫ CDMS-Ge & LUX
neutron coupled:     LUX & CDMS-Ge ≫ DAMA ≫ Picasso

isospin 

2
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22

orbital vs. spin ambiguity

Vector, proton coupled: ~�(i) vs. ~̀(i)

spin coupled:             Picasso (F) > DAMA (NaI) 
l-coupled coupled:     DAMA (NaI) ≫ Picasso (F)          F:   2s1/2 



orbital vs. spin ambiguity

Vector, neutron coupled: ~�(i) vs. ~̀(i)
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2 2

spin coupled:             LUX > CDMS-Ge ≫ DAMA 
l-coupled coupled:     CDMS-Ge > LUX ∼ DAMA 
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Summary

□  There is a lot of variability that can be introduced between detector
    responses by altering operators (and their isospins)

□  Pairwise exclusion of experiments in general difficult

□  But the bottom line is a favorable one:  there is a lot more that
    can be learned from elastic scattering experiments than is
    apparent in conventional analysis

□  This suggests we should do more experiments, not fewer
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