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Dark matter directional detection in
non-relativistic effective theories
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Abstract. We extend the formalism of dark matter directional detection to arbitrary one-
body dark matter-nucleon interactions. The new theoretical framework generalizes the one
currently used, which is based on 2 types of dark matter-nucleon interaction only. It includes
14 dark matter-nucleon interaction operators, 8 isotope-dependent nuclear response functions,

and the Radon transform of the first 2 moments of the dark matter velocity distribution. We [a rX I V ' 1 505 O 7406]
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The framework of non-relativistic effective field theory (NREFT) aims to generalise the standard
analysis of direct detection experiments in terms of spin-dependent (SD) and spin-independent (SI)
interactions. We show that a number of NREFT operators lead to distinctive new directional
signatures, such as prominent ring-like features in the directional recoil rate, even for relatively low
mass WIMPs. We discuss these signatures and how they could affect the interpretation of future
results from directional detectors. We demonstrate that considering a range of possible operators
introduces a factor of 2 uncertainty in the number of events required to confirm the median recoil
direction of the signal. Furthermore, using directional detection, it is possible to distinguish the more
gonaral NREFT interactions from the standard SI/SD interactions at the 2o level with Q{100 - 500)
events. In particular, we demonstrate that for certain NREFT operators, directional sensitivity
provides the only method of distinguishing them from these standard operators, highlighting the
importance of directional detectors in probing the particle physics of dark matter.

I. INTRODUCTION for DM-nucleus interactions. The non-relativistic effec-
tive field theory (NREFT; introduced by Fan et al. [22]
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Direct det o
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Look for interactions of DM particles from the halo with nuclei in a
detector - measure energy of the recoiling nucleus.

Expect lots of low energy backgrounds —> background
discrimination can be...problematic...
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The WIMP Wind
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WIMP: Weakly Interacting
In the halo: Massive Particle

Vsun ~ 220 kms™! -
sun Cygnus constellation

~1
In the lab: Detector vpMm ~ 220 km s
@ 0 @ O o
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For standard SI/SD, for dit x
fixed DM speed: dERrdS2,

0 (6 Cj — Umin)

So integrating over all DM speeds:

AR
dERdQ,  Jrs

‘Radon Transform’ (RT) «

For the SHM:
N 1 (v — 771ag)2
fo) = (2w02)3/2 =P { 202
A A 1 (Umin — 771ag ) qA)2
f(vmma Q) T \/W eXp |: 20_3
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Aim to measure the energy and direction of the recolling
nucleus.

Away from

Cygnus WIMP signal Backgrounds

Only need around 10 events to distinguish signal from
background, and around 30 events to confirm the median
direction of the flux [astro-ph/0408047,1002.2717].

Can also exploit time-dependence of the signal due to the
motion of the Earth around the Sun [1205.2333].
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 NewDark Matter Signatures__
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Need to assume a particular interaction between DM and
nucleons.

DM speed highly non-relativistic (v ~ 220 kms™ ~ 107 ¢) so
consider (contact) operators which are zeroth order in v and g.

Spin-independent (Sl) coupling of DM and nucleon densities:

Ogr =1

Spin-dependent (SD) coupling of DM and nucleon spins:

Osp =S, - Sn

& |nteraction cross-sections roughly independent of v and g.
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1 g Non-relativistic effective é (F B

But, not all relativistic theories give rise to Ogrand Ogqp as
dominant operators. Consider operators higher order in
vand ¢ —> NREFT. [Fan et al - 1008.1591,

Fitzpatrick et al. - 1203.3542]
See Paolo’s talk this morning...

The building blocks of these operators are:

s, 5. — &

2My,

The WIMP velocity operator is not Hermitian, so it can appear
only through the Hermitian transverse velocity:

—

! =G q=0
2m,

—

=0
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Write down all operators which are Hermitian, Galilean
iInvariant and time-translation invariant:

My

Y N

014:@(Sx'm—n)(5n )
- Y- AR
O15 = —(Sy 77%)((371>< ) mn)

NB: two sets of operators, one for
protons and one for neutrons...

[1308.6288]
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The matrix element tor operator /i can now be written as:

2
= ciF; ;(vi, q°)

[Assuming for now: c” = c"]

(M%) = [(c:05)

nucleus

The nuclear response functions Fq;,z-(vi,qQ) are the expectation

values of the operators summed over all nucleons in the nucleus.

They are proportional to (v, )%or (v )?

dERqu 647T2m?\[m§< C'L n3 3 (UJ_ q )f(/v) (U q (9 ) V

Framework previously applied to non-directional direct detection
and solar capture [1211.2818, 1406.0524, 1503.03379, 1503.04109 and
others].
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irectional Spectra
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Operators which give

O (JM*) ~ (v1)’

dR/dcosf
o
o
N
o

lead to a ring’ in the
directional rate.
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A ring In the standard rate has been previously studied [Bozorgnia
etal. - 1111.6361], but this ring occurs for lower WIMP masses
(down to 10 GeV) and higher threshold energies (up to 10 keV).
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Can we distinguish these different operators?
Need to perform a full likelihood analysis...
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Generate mock data assuming an NREFT operator
( O7or Os5).

Assume data is a combination of standard SD interaction and
non-standard NREFT interaction. Fit to data with two free
parameters m, and A .

A : fraction of events which are due to non-standard NREFT
iInteraction.

Perform likelihood ratio test to determine the significance with
which we can reject SD-only interactions (i.e. reject A = 0) in
95% of pseudo-experiments.

Plot as a function of the number of signal events Nwinmp.
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How many events are required to reject
'standard’ SI/SD interactions?
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0 10 20 30 40 50
Ep | keV

Energy spectra for O, and Or are indistinguishable:
Forward recolls are suppressed, but transverse recolls are enhanced.
For slowly varying distributions, these two effects roughly cancel.
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How many events are required to reject
'standard’ SI/SD interactions?
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Many ‘dictionaries’ are available which allow us to translate from
relativistic interactions to NREFT interactions

Le = X' xiyun = (Le) = 8my(mnOs + O)

= (M) ~viFu(q”)

These two relativistic operators cannot be distinguished in a
single non-directional experiment.
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Need to be careful to include detector uncertainties, as well
as astrophysical uncertainties, but we can say:

* NR operators lead to new directional signatures:
» Operators coupling to ¢? lead to more directional rates
 Operators coupling to »7 lead to more isotropic rates
* Possible enhanced ring-like signature

* With O(100 — 500) events it should be possible to
distinguish NREFT operators from standard operators at
the 24 level (may not be possible in energy-only
experiments).
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Need to be careful to include detector uncertainties, as well
as astrophysical uncertainties, but we can say:

* NR operators lead to new directional signatures:
» Operators coupling to ¢? lead to more directional rates
 Operators coupling to »7 lead to more isotropic rates
* Possible enhanced ring-like signature
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o Back-up slide
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Most advanced technology is the gaseous Time Projection

Chamber (TPC) : [e.g. DRIFT, MIMAC, DMTPC, NEWAGE, D3]
7F4 gas
= E-field +
o

J
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Most advanced technology is the gaseous Time Projection

Chamber (TPC): le.g. DRIFT, MIMAC, DMTPC, NEWAGE, D3]

CF4 gas

/ &

E-field

vy
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Most advanced technology is the gaseous Time Projection

Chamber (TPC): [e.g. DRIFT, MIMAC, DMTPC, NEWAGE, D3]
7F4 gas
= E-field +

o
o

- o

PY o

*e
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Most advanced technology is the gaseous Time Projection

Chamber (TPC). [e.g. DRIFT, MIMAC, DMTPC, NEWAGE, D3]
7F4 gas
= E-field +
o
O
.0
X
e

Get x,y of track from distribution of electrons hitting anode

Get z of track from timing of electrons hitting anode
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" A ‘Real’ B

Deaconu et al. (DMTPC, 2015)
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N
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e Finite angular resolution - Af ~ 20° — 80°
* May not get full 3-D track information
* May not get head-tail discrimination
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A Real

DRIFT-lle prototype detector @ Occidental College, LA

Two back-to-back TPCs
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DRIFT-lle prototype detector @ Occidental College, LA

o

Anode

Two back-to-back TPCs
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| % The Directional pcz

Recoll distribution for WIMP-nucleus recoils in direction ¢ with
fixed WIMP speed v
meN
./ Hx N —

My + My
““““ myER
Umin — >
2005 N

P N |

2 . 2.2| *
fpRrmimie?| 2w
WIMP flux Cross section Kinematics

For standard Sl and SD interactions: (| M |2> ~ v'g
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q 9 q
F393=——+ Fyr +2—Fgn ' 2
3,3 m% (UJ_ > m,,% (1> ) F12712 = C](jéx) (’Ui (FE” —|— %FE/) —+ % (F&)/ -+ F@//))
C(Jjx) "
F = F5 —|—F 7 Y 2 2
4,4 16 (Fs ) Fisas = C§J6X) q2 (UiFE“ 1 quCf’)
Fro=CU) T (2p O p o "
R VLAM m2 " 2 Clix) ¢
n n F = v Fs
Clis) q4 14,14 32 m2 T3>
F66 = X FE// : 4 2
: 16 m? _ Cliy) a > q
- Fi515 = 32 mi ( LFE’+2m%F<b”
Fr7 7= gUJ_FE’ ,
C(j 2
Fys = (ZZX) (viFM+ %FA) Eyrsism & an A (q%) are standard
Cli) a2 form factors encoding the distribution
F9 — (]X) q FE/ .
16 m32 of nucleons in the nucleus -
Foso =+ F, suppression at high g.

mn

Coupling to q¢* does not affect the intrinsic directional rate.

But, each term in the response function is proportional to either
(M)O or (M)Q.

Bradley J Kavanagh (IPhT - CEA/Saclay) ® Directional signatures in NREFT ® APS Meeting - 21st Sept. 2015



For response functions coupling to (v, )*we need to
calculate the Transverse Radon Transform (TRT):

’T N (vi)? oo 3~
f (Umina Q) — s -2 f(?}) 0 (U "q — Umin) d v
In the case of a Maxwell-Boltzmann distribution (e.g. SHM):

(202 + 02, — (Biag - )?)
A R (0 ag ag
fT (Umina Q) —

exp (vmin — 771ag ) qA)Z
V2o, 2 202

It we measure recoil angles 6 from the mean recoll
direction ¥iag :

AN

fT(vmina Cj) —

2 2 2
(2004—vmg&ﬁ_9> (%mn-—vmgCOSaP
ex
V2o, 2 P 202
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A (new) ring-like feature

Operators with (|M|*) ~ (v1)? lead to a ‘ring’ in the directional rate.

40 1.40
1.35
20} C '
L 30 ontours:
> 10; 1.25 % ring Opening angle
> 10 = IN degrees
A\z | 1.20 8 g
i o ;
| 11.15 ] :
£ Shading:
11.10 ring amplitude (ratio of
{1.05 ring to centre)
al; e Toe —1.00
m, /| GeV

A ring in the standard rate has been previously studied
[Bozorgnia et al. - 1111.6361], but this ring occurs for lower
WIMP masses and higher threshold energies.
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Calculate the number of signal events

required to...
...reject isotropy... ...confirm the median recoil dir...
—o (’)4
ol T 9 .
=—a O
15
:
Z&
10¢
5K
05 2 3 T 05 PPV BT DT
10 10 10 10 10 10 10 10
m, [ GeV m, [ GeV
[astro-ph/0408047] [1002.2717]

...atthe 20 level in 95% of experiment.
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Generate data assuming an NREFT operator ( O~ or Oq5).

Assume data is a combination of standard SI/SD interaction
and non-standard NREFT operator. Fit to data with two free
parameters m, and A .

A : fraction of events which are due to non-standard NREFT
INnteraction.

Perform likelihood ratio test (in 10000 pseudo-experiments) to
determine the significance with which we can reject SD-only
iInteractions:

Null hypothesis, Ho: all events are due to SD interactions, A = 0

Alt. hypothesis, H1: there is some contribution from NREFT ops, A# 0
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