Non-relativistic effective theory of
dark matter direct detection

High Energy Physics Colloquia
Matteo Cadeddu



~7
bservational evidence for Dark Matter

-

The evidence for the existence of Dark Matter (DM) is overwhelming,

Observations

N
and comes from a wide variety of astrophysical measurements.

In the 1970s, Ford and Rubin discovered that rotation curves of galaxies
are flat. The simplest explanation is that galaxies contain far more mass
than can be explained by the bright stellar objects in the galactic disks.
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https://upload.wikimedia.org/wikipedia/commons/3/33/Galaxy_rotation_under_the_influence_of_dark_matter.ogv

bservational evidence for Dark Matter

Bullet cluster: A collision of galactic
clusters (the bullet cluster) shows
baryonic matter (pink) as separate
from dark matter (blue), whose
distribution is deduced from

Ordinary Matter- 9 . gravitational lensing.
(NASA’s Chandra X ‘ r s & :
()bsumtor\)

A plausible explanation of DM is that it is
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~ The mass and cross section span many orders of magnitude
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)AIMP Miracle

* In thermal equilibrium in the early Universe

1

* Freeze-out: when annihilation rate drops below
expansion rate and Mwme > T (‘cold’)
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« Their relic density can account for the dark

matter if the annihilation cross section is weak
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@
ow to detect Weakly Interacting Massive Particles

. !
Direct detection direct

Nuclear recoils from elastic scattering
Dependence on A, J; annual modulation, directionality
Local densitiy and v-distribution

Indirect detection

high-energy neutrinos, gammas,
look at over-dense regions in the sky
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astrophysics backgrounds difficult

Accelerator searches

missing ET, mono-‘objects’, etc
can it establish that the new particle is the DM?
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IMP detection in the laboratory

REVIEW D VOLUME 31, NUMBER 12

v/c ~0.75 x 103

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10* GeV; or strongly interacting particles of masses 1—10" GeV,

By searching for collisions of invisibles particles with atomic
nuclei => Evis (q ~tens of MeV)

Need very low energy thresholds

Need ultra-low backgrounds, good background

understanding and discrimination q
S 1OkeVSER=2—S100ké'f/
Need large detector masses my )

A5 MgV 5 S 150 MeV
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irect detection WIMP flux on Earth

'

&/ For a typical WIMP mass of 100 GeV/CZ, the expected WIMP flux on Earth is

b, = ML X (v)~10° cm™?%s™1

X

* The flux is sufficiently large that, even though WIMPs are weakly interacting, a small but potentially
measurable fraction will elasticaly scatter off nuclei in a Earth-bound detector
* Direct Dark Matter detection experiments aim to detect WIMPs via nuclear recoils which are caused by

WIMP-nucleus elastic scattering

 Assuming a scattering cross section of 10738¢m?, the expected rate (for a nucleus with atomic mass A=100)

would be
Ny

R - X ¢, x 0~0.13 events kg~ yr~! )

\./\/ O,
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he standard WIMP recoil spectrum

Standard recoil spectrum, i.e. differential event rate per unit detector mass:

vglR_ 1
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. M, M,

Recoiling nucleus

E,. = 70 keV w

w

el

o

— WIMP-nucleon

ﬁhysics

do

Tr
differential cross section

M,,— WIMP mass

1L — WIMP-nucleus
reduced mass

- 4

Vmax

dvv f(v)

Vn=\MTE¢n/(214%)

~

ﬁetector

A — atomic mass of target
material

M7 — Nucleus mass

F(E,) — The finite size of
the nucleus is implemented
with Helm form Factor

Qh — Energy threshold /

[ E, — Recoiling nucleus energy

. O
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do

dE,

4

properties)

p — WIMP mass density

f(v) - WIMP velocity distribution

U, — minimum WIMP speed

required to transfer an energy E, to

the nucleus of mass M,, in the

Qe’rec’ro r.

ﬂsirophysics (DM halo \




tandard” scattering cross section

* scalar interactions (spin-independent neutralino-nucleus elastic cross section) with a pointlike
xnucleus of Z protons and N neutrons can be written as

2 P_, n
Hi 2 Gg=0Gs .u
o' =—=|ZGf + (4 - 2)G}|" — L (GP)* A2
T T
GP,G: scalar four-fermion couplings to proton and neutron IF (q)*

1
with point-like protons and neutrons

0.01
1 2 ST 2 - 107
ST _ o A2 (&) dR; _ poy” |F(q) f(v,1) P
) I L — .
Hp dE zmﬂf v>q/2p v 10"
X 10" .
X T o ' h 05 10 15 20 25 30 35 fm’!
N : N N " N -> Nuclei with larger A favourable
(but see nuclear form factor corrections)

— h B PV 4



e Helm Form factor

* The nuclear form factor, F(q), is taken to be the Fourier transform of a spherically symmetric

'ground state mass distribution normalized so that F(O) = 1:

1 , 1 [~ sin qr
o —iq-r 3. 2
F(q) = i Pinass(T)e T AT 3P = 7 U Pmass(T) p” Arcr<dr.
Since the mass distribution in the nucleus is difficult to probe, it is generally assumed that mass and charge
densities are proportional M
pmaﬁa(r) — %ﬁcharge (T)

so that charge densities, determined through elastic electron scattering, can be utilized instead.

It is convenient to have an analytic expression. This expression has been provided by the Helm form factor, given
by

. 2
Pt (q)? = (2B ) " o I




in dependent scattering cross section

*~In general, interactions leading to WIMP-nucleus scattering are parameterized as: ~/
O,
* spin-spin interactions (coupling to the nuclear spin Jy, from axial-vector part of £)
SPIN DEPENDENT
0} ~ 2]N+1(a <S>+a (S))z S B B L I A B
SD l/l p p n n f — Klos et al., 1b currents
]N \ 131 .-+ Klosetal., 1b currents, g,=0
1K Xe — - Fitzpatrick et al. E
l’l.(}]; ------------
I _ _ I _ :
a,, an: effective couplings to proton and if-ﬂ-nm;
neutron; )
10 E
(S,) and (S,) expectation values of the Sl
proton and neutrons spins within the :
nucleus ol L L L L Ly



Exp/e/c’réa/imerdcﬁon rates for Sl interactions

\
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@
urrent picture of WIMP detection
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All the experiments must face the neutrino floor
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e
IMP-nucleus differential cross section
e Jhe WIMP-nucleus cross section encodes the particle physics inputs including the WIMP interaction prope?ﬂés

et
* It depends fundamentally on the WIMP-quark interaction strenght, which is calculated from the microscopic description of

the model, in terms of an effective Lagragian describing the interaction of the WIMP candidate with quarks and gluons

* In a next step, the WIMP-nucleon cross section, using hadronic matrix elements that describe the nucleon contents in the
quarks, is calculated

* In a third step, usign nuclear wave functions, the spin and the nuclear components of nucleons ore added to obtain the
matrix element of WIMP-nucleus cross section as a function of momentum transfer. This step introduces a form factor
supression which reduces the cross section for heavy WIMPs and/or nuclei (analogous to low-energy electromagnetic
scattering of electrons from nuclei)

* More recently: efforts to treat WIMP interactions more generally, using the tools of EFT
* One writes down all WIMP-nucleon operators consistent with general symmetry arguments

* Then the interactions are imbedded in the nucleus -> nuclear operators -> response function that describe the WIMP- J
nucleus elastic scattering

\J\J O,
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qu\cﬁ/blR-EFT approach

= |gnore UV model prejudice
Nt

« Parameterize theory in terms of IR quantities, with direct connection to
experimental observables

» Constrain these low-energy parameters directly

1) What are all possible WIMP-nucleon X X

Interactions?

2) What are all the ways different
elements can respond?



Basics of the WIMP-nucleon Effective Theory

The kinetic action is just the usual, non-relativistic form
Y

Liin = 2mgo () iz =5 — | oY) N

E

/ /
By momentum-conservation, the momentum transfer qisboth ¢ = P — P = k—k

There are several important symmetries that restrict the possible form of interactions.

-Galilean invariance: it is just a constant shift in all velocities.
Between p, k and q, there are only two independent momenta that can arise in any interaction.

- = —
-momentum transfer ¢ is Galilean invariant q — p - p ®
-the relative incoming velocity UV = ;U'X-_.l.. n ’Uj\?ﬁj_]-_-]_ , Which is just the velocity of the incoming \/

dark matter particle in the nucleon rest trame.

A ¢ q W



asics of the WIMP-nucleon Effective Theory

-
Y ) Lab frame
The final kinematic constraint is energy conservation. -
Nt ] My Uy,
This is easiest to i b ing to th Px = MUy / o
is is easiest to impose by passing to the L "
center-of-mass system, where the total kinetic energy is pr =0 ql‘*\z 0
1 2
E — E uqurel pre-collision post-collision

Uy = is the dark-matter-nucleon reduced mass and V;¢; = V), — Uy

Energy conservation

>\ 2
T e
Ein, = E.UNU ; Eour = E.UN <U +E>

2

P q
Ein=FEout j‘> v-q = _QM—N o




-/ N/
asics of the WIMP-nucleon Effective Theory X

'

The next major constraint is Hermiticity of the interaction.

This is essentially equivalent to crossing symmetry, because
Hermitian conjugation exchanges incoming for outgoing particles N

e, (¢p7)T = ¢

=
k

Consequently, the momentum transfer c_i is effectively anti-Hermitian, and it will be more convenient to work

with the Hermitian operator iE[> . Under exchange of incoming and outgoing particles, U does not have definined
parity + 2

- - - o q
UV = Vyout — UNout = Vitpes

UN
However, we can easily construct a similar quantity that is Hermitian
- —_ C_i
vt = v+—
2UN

0 =

A ¢ d Y,

The reason for this notation is that, by the energy-conservation condition vl Ej



-/ N/
asics of 'the WIMP-nucleon Effective Theory

“Finally, we must include the particle spins. In the non-relativistic limit, we can write down the dark matter and
nuclear spins §x and §‘N as operators directly.

If dark matter is a spin-1/2 particle, then these spins operators are simply%& where ¢! are Pauli sigma matrices,

acting on the y and N spinors; for vector dark matter, they are spin-1 representations of the angular momentum
generators J' acting on the y vector; and for scalars, they simply do not appear.

These are invariant under Hermitian conjugation.

So we have for our complete set of Galilean, Hermitian invariants the following:

N —)J_ - -
g, v, S, Sy -

X




\/Bésics of 'the WIMP-nucleon Effective Theory

4
In ‘addition to the above symmetries, there are strong constraints on violations of CP symmetry.
“Since ultimately our non-relativistic theory must be embedded in a Lorentz invariant quantum field

theory, this is equivalent to T symmetry.

Spins behave like angular momentum, and thus change sign

under T.
Velocities all change direction under T, so ¥+ and g change ~ - - -
sign as well. S - 1 — 1 —|~ 1
Finally, although we will not impose P as a symmetry, it will be 7/(7 1 + | ]
helpful to classify all operators according to whether they are - N N
even or odd under P. — | g g .

U +1 —1 —1
In this case, spins do not change sign, whereas v+ and g do.

- S '



\/Bésics of'the WIMP-nucleon Effective Theory

N’
Since we are interested in elastic scattering direct detection, all effective operators will be

four-field operators, of the form
Line . 80 ¥ NSON-= =10y y - NN

Furthermore, the momentum-transfer-squared q2 is a completely invariant scalar quantity that depends
only on dark matter kinematic quantities, and thus if O is an operator allowed by all symmetries of the

theory, then anO is as well.

It is therefore natural to classify all such operators as a single one with a g?-dependent coeffiecient, or

DM-form factor

q2

0O + c4*°O + 4" O+ ... = Fo e @, -/
A °% ¥




Beafsics of-the WIMP-nucleon Effective Theory

are now ready to present the possible non-relativistic interactions. The general Lagrangian is

T [/int — Sj sj CEN)OiX_I_X_N_'—N_

N=n,p 1
With these, the above operators provide the most general effective theory at the dark matter nucleon

level that can arise from exchange of a spin-0 or spin-1.
T-violating operators

T-even operators
5. P-odd, S, -independent

1. P-even, §,-independent

O,=1, Oy= ()2  Oy=iSy-(7x v+ g -

1 : 2= (v7)7, 3 =19y - (¢ X U7) OmZZSN-%

2. P-even, S, -dependent

B B B 6. P-odd, 5, -dependent

Oy=8,-Sy, O5=1iS, - (x5, Os=(Sy (SN -q)

3. P-odd, §,-independent 011 = ZSX . (j

OT — gN | Ed_? |
In addition, there are four operators that are producisﬂ

4, P-Odd, Sx-dependen’r the ones above

Os=35 -7, 0y=iS, - (Sy x ) 01905, 01505, 01103 and 01,0~



° =
elocity Operators
N’
Finally, we need to evaluate matrix elements of the nucleon-level operators from the effective

‘theory inside of a target nucleus.
An atomic nucleus is a many-body bound state of nucleons.

Separate out U1 into a term that acts on the coherent center-of-mass velocity of the atomic nucleus
as a whole, and a term U3 that acts only on the relative distances of the nucleons within the nucleus.

We can write 1
ot — (7 I e — — gt
U = (@X in T Uy out UN in ?/N,out) — Up + Un
where
1 q
—»J_ — — — — —
Uy = =(Uyin + Uyout — Urin — Urout) = Ur + 5—
2 Q/LT
acts only on the center of mass motion of the nucleus (here, U7 = Uy.in — UT.in Is the incoming dark matter
velocity in the lab frame). Also, vy is just ()
—)J_ — —
Uy = __(UN,in + UN,out)
o



o et
elocity operators

=

14 - . . N/
"v% acts on the coherent center-of-mass vﬁ that acts only on the relative distancés of

~ velocity of the atomic nucleus as a whole. the nucleons within the nucleus.

This will lead to a
relative kinematic
enhancement of

— = for ﬁfv‘

compared to V7.

P is determined by the kinematics of the DM- > 1 depends on the internal distribution of nucleons
T’ nucleus scattering process -> not require any N in the nucleons and thus is determined by

knowledge of the internal structure of the nucleus.
Its magnitude is given by

mrvor ~ ( _MyNUNy ~ @q



\/Form factors

o At low momentum-transfer, the internal structure of atomic nuclei can be summarized in
just a finite number of macroscopic guantities.

~

 In the case of the standard Interaction or spin-dependent
interaction 04, these are the atomic number A and charge Z or nucleon spin

expectation values (S,,), (S, ), respectively.

 However, there are many more possible macroscopic quantities that appear associated
with our different type of interactions than just these usual ones.

 Furthermore, at finite momentum-transfer, there are multiple possible form factors
associated with the nuclear responses that are required for calculating event rates.

In order to obtain these nuclear responses, one needs detailed input from
nuclear physics on the wave functions of nucleons inside the nucleus.




uclea¥ responses

- This Is a concrete problem for nuclear physics -
~ what are the form factors for all interactions?




\/Kddi’riondl form factors

- Input internal structure of the nucleus to calculate cross-
~ sections for all operators in the effective theory

nnnnnnnnnnnnn




| \_/ N4
\y/di’riondl form factors
All possible cross-sections can be worked out in terms of a few response functior

Much of this variation can be captured
by two “generalized SI” and two
“generalized SD” interactions

’ ' , —

M~ 1 / ~ (SY |trans

= ~ = - (M~ 1

Yo~ < > A A~ <S>hong. — }generalized

Y . —_— , () —
i <S L> @ ™ <S L> 2“"( Htrans )
— . \ — — generalized
D e o Al~ (D)o
A ~ <L>trans. Q" |~ @S- L) — (L(S- D) | “— (L) trans oD

L3t N’ - /,



FT Nuclear responses comparison
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elativistic reduction

j cl, Nonrelativistic reduction 3. a0 P/T
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Models:

---- DarkSide V*q~* ... DarkSideVZq?>

- DarkSide V2q~*
DarkSide V*
DarkSide q*

- DarkSide V2q~2
DarkSide q 2

- DarkSide V*

— DarkSide 1

- DarkSide g2
- DarkSide q*
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Xenon:

— Xenon V*q™* — Xenon V3q°
10-42 . —— Xenon V2q~* — Xenon q?
Xenon q~* — Xenon q*
Xenon V2q~2

10_43— ‘. ., | —— Xenon V*

; Xenon q~2

a —— Xenon V?
=

)

— 10~
b5

— Xenon 1
Argon:
---- DarkSide V*q™* ---- DarkSideV?q?
- DarkSide V2q~* ---- DarkSide q°
DarkSide V* ---- DarkSide q*
DarkSide q~*
- DarkSide VZq~2
DarkSide q~2
- DarkSide V*
=== DarkSide 1

M, [GeV]
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elativistic reduction

j cl, Nonrelativistic reduction 3. a0 P/T
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“response functions

=
lativistic operators Vs NR operators and corresponding

o
Model Relativistic operators Nonrelativistic operators Response
Pseudo-mediated OF' = igyNy’N Q0 = ISy # )
OF! = igy’ yNN Oy = iS, % M
OF' = 7 xNy°’N Os = (8, :L)(Sw - 51) ¥
Magnetic dipole Ol = yio ,3;3::: NN O; =1,1y,0s _ I:S"r (% X 7 M, A
O = Fio" 2-yNic,q LN Oy =38, - Sy. O D,
Anapole O = }"‘}-’ ;(m“ NN Oy =S, 7t M, A
Ol —x}"“}f ¥N :ﬂf N Oy = EEX (Sy X %} X
Electric dipole Od = Lo j;(}"”}* ;gm: NN Oy, =S, ﬁ M
O = 5,':;):’?’“?’ xN jﬂf N O, 015 = — Ex % ((EN X 07) %) M, 2%
L - S-generating OF' =71 mf; NN O; M /
OF' = 27/ A “j;f N 01,03 = iSy - (L x 7*) M, &3
and O“" (see above)




9,
atter Power Spectrum
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A
ble"gases dark matter detectors

L Xe: XENON100 [ Xe: LUX LAr: DarkSide

\"\‘\\“\‘\\‘\\\\: o\

—“‘\\\\‘a’;u\.\\
: 1%
TR ||
| - '

XENON100 (LXe) and DarkSide (LAr) at LNGS

PMT array LUX (LXe) at SURF, PandaX (LXe) at CJPL

S2 ArDM (LAr) at Canfranc

ST

- Target masses between ~ 50 kg - 1 ton

— o X V4
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strophysics

Dark matter density profile in cosmological MW-like galaxy Velocity distribution of WIMPs in the galaxy\-/
simulations with baryons (Eris) and DM only (ErisDark ,
o y (i) y( ) : Local DM velocity PDF
i | | 1<
— Eris: disk ROI - Maxwellian Aq-A-1 :(]‘%
1 —— Eris: spherical shell 8 L 1@
10° ¢ ~ — Eris: stars Fa 41— \ g
he SNG W B Eris: gas B = :U%
o —— Eris: stars+gas L 1&
c:|:_| & ErisDark: spherical shell || C.'T 3 - 1@
g 10° o 42710’ é 2 B :?_J'
% ® ,é B i g
<) = = ol 13
z 2 - Median |
@ 168 % i 68%: 95% |
_eo 101! 427- '_g 1 ]
0 L | | | N
B . - 0 150 300 450 600
10 i ion fhe v[kms']
R [kpc] From cosmological simulations of (DM C)
P(Ro) —0.2—-0.56GeVc2cm3 only) gala_xy formation: departures
_3 from the simplest case of a Maxwell
= 0.005 — 0.015 M pc A
Boltzmann distribution.

WIMP flux on Earth: ~10°> cm™? s~ (Mw=100 GeV, for 0.3 GeV/cm?) /
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omentum scales VS energy scalse

N/

b [ ] L] o o [ ]
So far, we have mainly discussed momentum scales. In addition, there is an energy scale

“associated with the scattering process, of size Wy = g% /2ms < 200 keV.

This is usually negligible, as the binding energy w

of nucleons is about 10 MeV per nucleon for most

elements, and inelastic transitions are

kinematically suppressed.

-

\
However, for nuclei with small splittings ~ w,

between the ground state and an excited state, it
could a affect direct detection rates.

/

wg S 200 keV

Recoiling nucleus

W



\&jon fucting the non relativistic operators
u

se dark-matter—ordinary-matter interactions are more commonly described in relativistic notation, we b\e/gin
by considering the nonrelativistic reduction of two familiar relativistic interactions. The S| contact interaction

between a spin-1/2 WIMP and nucleon, S, - - o = . .
| e LX) = W, ()W, (X)W (x) Wy (x)
can be reduced by replacing the spinors within the

fields by their low-momentum forms

E+m § § To leading order in p/m, and p/my, _
Vi) =y, (Eif;xé) - (g};@) we obtain the nonrelativistic operator / C 1 1)( 1N = (] Ol

The nonrelativistic analog of the invariant amplitude is obtained by taking the
matrix element of this operator between Pauli spinors ¢y, ¢,

O ] : . SD __ Y B ¥ 5
In the nonrelativistic reduction of the SD interaction ﬁint = C4 XV VY X NVMV N

iP5 j e
the leading term comes from the spatial components, with XV VX %-;O' ‘é;-x With ¢' = 2§*
L, o @
we obtain the nonrelativistic operator — 4C4 SX y SN — —4C4 O4
S _, /
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tandard” Spin Independent scattering cross section

The S| interaction of WIMPs with nuclei, assuming spin 1/2 WIMP (neutralinos), is described by thelow-
J‘nomen’rum-’rransfer Lagrangian

scalar hadronic current

(1) £y = %f d3r j(r) S(r) - I

L scalar leptonic current

« The leptonic current is given by kinematics of the WIMP field, Where Sry Si g 1/2 are th_e
final and initial spin

_ projections of the WIMP and
jr) = xx = 65,5717 — ¢ is the momentum transfer
from nucleons to WIMPs.

—

If one takes the hadronic current of the nucleons to be purely isoscalar with coupling ¢y and takes into account only
the leading one-body currents, so that the scalar nuclear current is a sum over single nucleons

; .
S@) =¢o ) 89 (r—1) =

I=1 -




scattefing cross section
-

The differential cross section for SI WIMP scattering off a nucleus with initial state |i) and final state |f) is
obtained from the Lagrangian density

2

do
dg> ~ QJ; + 1)nv2 2 2 (L 1ol (211 + 1) 7 Fs(a)

SfSleMl

scalar structure factor.

As the target is unpolarized, one averages over initial projections and sums over the final ones.

The structure factor can be decomposed as a sum over multipoles (L) of the reduced matrix elements of the
Coulomb projection CL of the scalar current.

=



in Independent Form Factors

The structure factors Fg(q) are plotted as a function of the dimensionless variable u = g%b?/2, wher?/q is

/the momentum transfer and b is the harmonic-oscillator length, defined as b = /A/mw, with m the nucleon
mass and w the oscillator frequency, taken as
hw = (454712 — 25472/3),
At zero momentum transfer, F;(q) receives contributions only from the L=0 multipole and is model-
independent:

T 2] +1
Fs(O) = Cp A 4
JIA
L L L L L
+  This work ] S L
1000 — Helm form factor 3 1000 D s This work ]
— - Fitzpatrick et al. 7 d O— g — Helm form factor 3
100 & J S I B — - Fitzpatrick et al.
g 3 _— 100
ok ] Dt = 00,1 X F(CI) g
§ dq 10
N\ C ~ F
S 1F > L
E —/ E
= |
0.01;— 0.0l
0.001 & Scattering cross section in the ook
- limit of zero momentum transfer
10" — — Y S —
0 0

L
3
u
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\
I’ do(v, Er) do(v, 7?) 1 1 1 Nue12
’ =2m ’ = 2m Mrre
ot dEp dq"Q T47T’U2 2] —|-12]N—|—1SPZH; ‘
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\/éormion

. Attention has been focused on a very small piece of all possible WIMP scattering

Gy
= = S _)N 1S (SNXC_T)
1 S, -Sy vs Y™
iSN - (q X 7) SN T
%Hx (¢ x 7) Sx O

Write theory in terms of IR quantities- this makes it much clearer what all possible interactions are.

Gives a concrete set of physical quantities that we need nuclear physics input to calculate



}ZIR\EF{/operq’rors list
= 1,1,

Oy = (v,
O%ZZ§N-(iX5J—)
mpy
Oy =S, - Sy

mpy
= g
O =1iSy - —,
mpy
= g
mpy

_)J_ — —
U ’ SX 9 SN ~/
Opn = §x - (Sy x o),
O3 =l(§X EL)(S:N i),
mpy
(914 = l(§x . i)(S:N ﬁj_)a
mpy
0. — _(gx | i)[(gN <. 4|
mpy my |
O — _[(gx < 7 i](gN 4
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G2 -/
O16 = O15 + —012
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ark Side result

Results from the first use of low radioactivity argon in a dark
matter search

P. Agnes et al. (DarkSide Collaboration)
Phys. Rev. D 93, 081101(R) — Published 8 April 2016

Liquid argon is a bright scintillator with potent particle identification properties, making it an
attractive target for direct-detection dark matter searches. The DarkSide-50 dark matter search
here reports the first WIMP search results obtained using a target of low-radioactivity argon.
DarkSide-50 is a dark matter detector, using a two-phase liquid argon time projection chamber,
located at the Laboratori Nazionali del Gran Sasso. The underground argon is shown to contain
% Ar at a level reduced by a factor (1.4 +0.2) x 10? relative to atmospheric argon. We report a
background-free null result from (2616 +-43) kg d of data, accumulated over 70.9 live days. When
combined with our previous search using an atmospheric argon, the 90% C.L. upper limit on the
WIMP-nucleon spin-independent cross section, based on zero events found in the WIMP search
regions, is 2.0 x 10~* cm? (8.6 x 107* cm?, 8.0 x 107** cm?) for a WIMP mass of

100 GeV /c* (1 TeV /c?, 10 TeV /c?).
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FIG. 5. Spin-independent WIMP-nucleon cross section
90 % C.L. exclusion plots for the DarkSide-50 AAr (dot-
ted red) and UAr campaigns (dashed red), and com-
bination of the UAr and AAr [38] campaigns (solid
red). Also shown are results from LUX [58](solid black),
XENON100 [59] (dashed black), PandaX-I [60] (dotted
black), CDMS [61] (solid green), PICO [62] (solid cyan),
ZEPLIN-III [63] (dash dotted black) and WARP [64]
(magenta).
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e standard spin-independent (Sl), WIMP-nucleus interaction can result from the effective Lagrangian,

N

SI __ f N SI

Emt Z XXNN — Z 01 with {,1 — F

N=n, p N=n.p
leading to the cross section,
21

si Mt p 2vxs(p.p) (p n 2 x37(n.1)

”T—HM(JCSIW +2fBfaWar™ + fatwi™)

which is often expressed as

of' = ﬁ S (Z + (A= Z) 4/ f5)*F
P

where the form factor F? is defined to be 1 at zero momentum transfer

Py =1 §2Wi " () + 2758 sV " 0)+ Wy )
)

P 2viAp.p) .n) 23 7(n.n)
EEWar” (0)+ 278 FaWar™ (0) + £ W™ (0
and where Ogl is the zero-momentum-transfer cross section off of protons

P 2 '
A = \J



ole Dark Matter —

ajorana fermion DM scattering off of nucleons via a spin-1 mediator that kinetically mixes with the photon proceeds
ia the following effective interaction

anapole f a - 5 EM
~ Lin = 334074 T,
where,
7EM v (o K, . loug N . magnetic moment
oo Nomy N om A = Huclear magneton
N=n.p N N g
is the electromagnetic current restricted to nucleons.
In the non relativistic limit, : 2f
anapole a -
Line = Ve § (OnOs + iy O,)
N=n,p

=2
. uc q 4 / q q ! U
Evaluating  (IM|?)ome = E [ E R (’U%Z,m%r cg ¢ J(:N)>W(NN)( )+_;2v g Ry (’v%z, 3 ,ci(-N), J(,N)) W(NN)( )]

N.N'=p.n k=M 35 k=3" AM® AT
and substituting the “WIMP form factors” Rk.

2 2
anapole __ HT fa = 127i/(P-P) 2 2
°r - =7 (Mz) CI{I’T Wy O_B.['IH[JDIE __Ht fa
T — 4
@ [ciom) = wlom =~ o) r \M?
+ 2 Wi = Was =, Wis
N

=2 ~72
+ (;up p p + 2#?1;“[) (p ”) + ﬁﬁ ﬁ/g:’?))] } X ( (JL 4}:’1?..) Z F(E ) + q 6J m%)

)




