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l. Basic properties

matter inventory

underlying particle is long-lived or stable

cold or warm (slow enough to seed structure formation)

gravitationally active

lacks strong couplings to itself or to baryons

Apart from the minor neutrino-mass component, outside the SM



Detection: their non-gravitational detection channels include

0 collider production SM particles — VWIMPs
0 indirect detection: astrophysical signals WIMPS — SM particles

0 direct detection ~ SM particle + WIMP — SM particle + WIMP

WIMPS

nucleus

recoil
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A large variety of nuclei with
PICO; DRIFT; DM-TPC different spins, isospin, masses
COUP

unpaired valence nucleons
DRIFT carrying a variety of values

of the orbital angular momentum
CUORE

CRESST J=L+35
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Are such comparisons of experiments reliable as a sensitivity measure!
Basic parameters of direct detection

. . —3
« WIMP velocity relative to our rest frame ~ 10

e if mass is on the weak scale, WIMP momentum transfers in elastic
scattering can range to qmax ~ 2UwiMPp i1 ~ 200 MeV/c

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

* Rnuc~ 1.2A3f = grax R ~ 3.2 & 6.0 for F <> Xe: the WIMP
can “‘see” the structure of the nucleus



An expression can be written for the rate as a function of nuclear
recoil energy Er

Astrophysics

= Ny— d
dER NmW Vf(V)UdER

Umin

Particle+nuclear physics

number of target nuclei in detector

Milky Way dark matter density - mpy Ein

e * Umin = 2
WIMP velocity distribution, Earth frame 2 v

WIMP mass

WIMP — nucleus elastic scattering cross section



Our motion through
the WIMP “wind”
can be modeled,
reasonably

Plocal ™~ 0.3 Grev/CIIl3 -
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In contrast, the particle/nuclear physics involves major uncertainties
The cross section — the WIMP-nucleus interaction — what is its form!?

How do we compare results from different experiments, as spins,
charges, magnetic moments, and isospins vary?

How many experiments should we do!?
More generally, what can and cannot be learned about the WIMP-matter

interaction from these low-energy elastic scattering experiments!?

Hard to address these questions in the SI/SD framework — but answers
can be found through the effective theory approach



Consider for example the SD interaction: can arise from many DM
mediators or “portals.” Mimicking the SM, one possibility is an
effective coupling of a mediator Z” to SM matter of the form

q - 5
> 93 Zl v yq
q
which generates a nucleon level operator of the form

_ , q ,
(N () AD N (k) = ™ (k) [FAN”(q?)mw i V)5 | N 1y

o-q
equivalent Galilean formulation : i g4
N

Standard SD treatments then generally replace these couplings with their
SM values. But even in this simple example, we have made implicit
assumptions that cannot be justified experimentally

|) equivalent transverse and longitudinal DM couplings to spin

2) flavor couplings of DM like those of the SM
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o The standard “point nucleus” approach motivating the SI/SD starting
point underestimates the power of current experiments. It not only

limits responses to the macroscopic nuclear quantum nos
A

sl = (g5 Z(a5+affs(i)) g.5.)

A
sD. = (g.s. Z&(z) (aST + a$T15(0)) |g.s.)

. ~3
but allows only one velocity, vwimp ~ 107 Rates for any
theory of DM involving derivatives are then tiny, unmeasurable: but
this conclusion is not correct.

0 The effective theory approach to DM elastic scattering returns us to
to early days of weak interactions, in which without prejudice the
most general short-range interaction was constructed (S, T,V A)
and the requisite number of experiments was done to determine V-A



Galilean invariant effective theory (nucleon level)

0 The most general Hermitian VWIMP-nucleon interaction can be
constructed from the four variables

Here o1 =4+ 94— (Uy.in — UNin) + _94_is dimensionless
2pN 2pN
(units of c)

- o . i q
But what about 7§ ? Carries dimensions: need Kq
Confusing ... nucleon level, so maybe my”
But our SI/SD point nucleus picture would argue A = mr

There is some important physics here, again relevant to derivative
coupled theories...



Let’s do an example by taking a velocity-dependent DM interaction

> S () ot (i) = B — v (i)

1=1
A
= In the point-nucleus limit S, - Ywivp Z 1(2)
i=1 ®
- —3
where Uwimp ~ 1077,
o But in reality ®

{?7‘1_(2),7/ = 1, A} — {ﬁWIMP; ?7(7,),2 = 1, ,A — 1}



Kinematics and the connection between velocities and A

1 These velocities hide: the ¥(¢) carry odd parity and cannot contribute
by themselves to elastic nuclear matrix elements.

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

o We can combine the two vector nuclear operators 7(¢), U to form a
scalar, vector, and tensor. To first order in ¢ for this new “SD” case

—

(i) is a new dimensionless operator. And we deduce an instruction

for the ET that is not obvious. Internal nucleon velocities are encoded

910~ L

mn



Galilean invariant effective theory is now defined

0 The most general Hermitian VWIMP-nucleon interaction can be

constructed from the four variables
§X §N ?7J_ i HET:ZC% Oi(gxag’N;gJ_ai)
MmN p mn

o This interaction constructed to 2nd order in velocities

—

HET: [a1_|_a2 qj’J—.qj’J—+a5 Z’S’;{. (L xﬁj‘>] +§N' [CL3 ZL XTTJ_+CL4 §X+CL6 Lgxi
my mn my mn
= 11 .a | a0 . q Al :
+ [ag Sy U | + SN |ay U +ag i— X SX] (parity odd)
J | my
+ [all igx - + §N - layo ii + ajo U X §X] (time and parity odd)
muy | i my
+ gN . [alg ’Ligx : UJ_ + a4 ’iUJ‘ gX . i] (time Odd)
my my

The coefficients (low energy constants) represent the information that
survives at GeV energies from a semi-infinite set of UV theories



0 If 14 independent NN experiments were done - controlling the
WIMP and nucleon spin, the relative velocity, the momentum
transfer - 14 constraints on the underlying UV theory would be
obtained

o Were we so able!

0 In fact, our experiments are done on nuclei, and limited to elastic
scattering: more information is integrated out, lost to us

o0 How much information is then available at the very-low-energy scale
of WIMP-nucleus scattering?

We can (and did) answer this by direct computation, but as is usual
in a proper ET, the answer is dictated just by symmetries



0 A familiar electroweak interactions problem: What is the form
of the elastic response for a nonrelativistic theory with vector and
axial-vector interactions!?

even odd

vector | Cy (4

charges:
axial | C3  Cf
currents: even odd even odd even  odd
: : . .
axial spin Lg L? T25e1 T15€1 Tomag  pomag
vector velocity Lo L1 T261 Tfl Tmag  pmas
vector spin — veloci L L el el mag  pmag
pin — velocity 0 1 S ‘ ’ !

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



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

even odd

vector | Cy
axial C?

even odd even odd even odd

axial spin L3 T15§1 T25mag
vector velocity Lg TS Tmae
vector spin — velocity | Lg Ty Tmas




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

even odd

vector | Cy
axial

even odd even odd even odd

axial spin L? | T159f1
vector velocity T
vector spin — velocity | Lo Te! .




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

... the direct computation verifies this, identifying the response functions,
their connections to quantities we can measure in the SM

Six constraints (8 if interferences are included) can in principle be
derived from the right set of DM elastic scattering experiments

This is the information that survives at low energy, starting from an
infinity of UV possibilities

This defines ultimately the job that experimentalists should finish...



o When we embed our nucleon-level operator into the nucleus more
detailed information is obtained...

—»J_2 212
— ~ 2 (gD
dER GF ZR mN>W<q )



o When we embed our nucleon-level operator into the nucleus more
detailed information is obtained...

—*2

—NG ZR (@2, L) Wi(¢%?)

dER ¢ mN

WIMP tensor:
contains all of the DM particle physics

depends on two “velocities”

—2
—1 2 —6 q 2 —2
v ~ 10 — <Uinternucleon> ~ 10

5
M



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

—*2

—NG ZR (2, L) Wi(g%?)

dER mN ¢

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

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



o What does the effective theory say about these responses!?

—*2

—NG ZR (042, =) Wi(¢?b?)

dER mN ¢
A

: 2
takeq — 0 Wi~ ] Zl 1(@) |7
suppress isospin -

the S.I. response

contributes for |=0 nuclear targets



o What does the effective theory say about these responses!?

do N G2 ZR'(_)J_2 LQ) W(q2b2)
dER d y ' 7777,%\[ Z¢
A
takeq = 0 W~ (J] ZQA"?(@) .7)?

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



o What does the effective theory say about these responses!?

2 ~] 2 27,2
ET ol i , —5) Wi(q°b
B GFEZ:R( m?v)wi )
A
takeq — 0 Wy~ (J]| Z (@) |7)*
suppress isospin i=1

A second type of vector (requires J>0) response, with selection rules
very different from the spin response



o What does the effective theory say about these responses!?

Y 2 (=mLl2 4 272
TEn GFEZ:RZ( ) Wzi b?)
A
take q = 0 Ws ~ (J] 25(2) (@) [7)?

suppress isospin

A second type of scalar response, with coherence properties very
different from the simple charge operator



o What does the effective theory say about these responses!?

take q —= 0 We ~ (J] ZA: [’F(i) ® (5@) X

suppress isospin

A exotic tensor response: in principle interactions can be constructed
where no elastic scattering occurs unless | is at least |



We can now allow isospin to appear explicitly

HET—ZCLZO —>Z +c7' (9

One then measures the cross section and calculate the nuclear
matrix element. Then...



The coefficients are what one then derives. They define the particle
physics that can be determined, the direct detection constraints on models
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Observations:

O

O

O

O

The set of operators found here map on to the ones necessary in
describing known SM electroweak interactions

ES can in principle give us 6+2 constraints on DM interactions

This argues for a variety of detectors - or at least, continued
development of a variety of detector technologies

None of the dimensionless couplings in front of operators are
known

1 : v? : v* hierarchy extends the range of cross sections that
one might consider weak-scale



For illustration purposes only!

DAMA/LIBRA: Nal
Majorana/ GERDA/CoGENT: Ge
Xenon | T/PandaX/LZ/LUX: Xe

PICASSO/COUPP/PICO: F



scalar charge responses: p vs.n S.I. (normalized to natural abundance)
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Scalar operators coupled to protons:
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Scalar operators coupled to protons:  1(i) vs &(¢) - £(2)

M @H
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(new EFT velocity-dependent operator)



Scalar operators coupled to neutrons:  1(7) vs &' (i) - £(4)

M

] 6.11x10°
6x10°%" 5.69 x 10°
5% 10°F

: 2
4 x 100+
3% 10°F

L 6
2)(1067 1.83x 10
1 x 10°}

©151%x10° 2.11x10°

[ ﬁ!—\

F Na Ge 1 Xe
Xe ~ Nal =

q)H
237x10°
200000 -
i 2
150000 -
100000 -
I 5.20x 10*
50000/
I 2.37x10*
417. 397x10°
F Na Ge 1 Xe
Nal < Xe

(new EFT velocity-dependent operator)



vector (transverse) spin response (normalized to natural abundance)
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Vector, proton coupled: (i) vs.
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Vector, neutron coupled: (i) vs.
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Mathematica SCI"ipt v2: N.Anand, A. Liam Fitzpatrick, WCH v1; +Johnson, McElvain

dO’(U, ER)
dERr

) do(v, ER) dRp
O‘ —_—
dER dER

)

= Np(n, v

1) Targets (all isotopes, separately or summed) '°F %3Na, Ge, '?’I, Xe —
C, O, Ne, Si, S, Ar, Ca, Cs, Te
State-of-the-art full-shell response functions: ~ 10'" basis states

2) Dropbox library of structure functions

3) v2 “beta” version used by PandaX-Il (generalized SD interactions)

o q .
cg  Lh=xior LNy
Lit = iiia“”nz—';vv5x Nv,N
8%
LV = )‘(ia“”q—'/’y5x NiUMaq—N

my mn



Summary

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

0 Pairwise exclusion of experiments in general difficult

o More can be learned from elastic scattering experiments than is
apparent in simplified analyses:  nuclei have personalities!

o This suggests we should do more experiments, not fewer

o When the first signals are seen, things will get very interesting:
those nuclei that do not show a signal may be as important as
those that do

Thanks to my collaborators: Liam Fitzpatrick, Nikhil Anand, Ami Katz
Calvin Johnson, Ken McElvain



