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‘Standard’ direct detection

Spin-dependent (SD)

T T -"/ Al
\ _

p 0.0
Is1/sp ~ V4

Spin-independent (Sl)

[w—
o
e

-

WIMP-proton cross section [cm2]

— .§ -40 - = U
N g 10 N
E‘ 10°% z§ - e~
g = - PICO-60 (;3|:8 ..... .....
P 10t Leeal T ...“l)2 T : 0 -41 - o Ny |
.L; 1074 WIMP mass [GeV/c?] w 10 101 102 103
g WIMP mass [GeV/c?]
>,
S 107 [1702.07666]
10747, ., . T . L 1 2 2 313
10! 102 103
WIMP mass [GeV/c?]
[1805.12562] But these interactions are not always there...
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Non-standard interactions? Why"

e Out of curiosity

Don’t you just want to know...”7 What could DM look like”? What could
we be missing?

* Input for experimental analysis

Experimental searches are not simple cut-and-counts - need to know
what the signal looks like to get the best sensitivity

 Optimisation of future experiments

Which experiments should we use to get the best sensitivity, or the
most information out of a future detection” (more on this later)

=
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-Xperimental analysis

Limits depend on a signal hypothesis
and we need to know where to look!
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So where should we look?
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More general interactions

Can write non-relativistic (NR) DM-nucleon Lagrangian as an expansion in:
[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]

Recoil momentum - ¢ << mpy

DM velocity - 7 ¢

‘Standard’ interactions ) E ‘Non-standard’ interactions

(zeroth order) (higher order)
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More general interactions

Can write non-relativistic (NR) DM-nucleon Lagrangian as an expansion in:
[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]

Recoil momentum - ¢ << mpy

Transverse DM velocity - 71 < ¢

Q ‘Non-standard’ interactions

(higher order)

‘Standard’ interactions
(zeroth order)

The DM velocity operator is not Hermitian, so it can appear only through

the Hermitian fransverse velocity:.
Invariant under exchange of

incoming and outgoing particles 17||~~.,...., q
V| = U = v, -q=20 > .
Q,UXN \A
v s
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Non-relativistic eftective field theory (NREFT)

Write down all operators which are Hermitian, Galilean invariant and
time-translation invariant from building blocks: &+, ¢, S, Sy -

[1008.1591,1203.3542,1308.6288,1505.03117]
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Non-relativistic eftective field theory (NREFT)

Write down all operators which are Hermitian, Galilean invariant and

— —

time-translation invariant from building blocks: 7, ¢, §X, Sy .

Whole list of new operators,
Oy =iS, - (Sy x §)/mn higher order in v, and Egr ~ ¢’

O19 = iSy - §/mn
011 — iSX . cf/mN

[1008.1591,1203.3542,1308.6288,1505.03117]
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Nuclear Responses [1203.3542,1501.03729,1612.09165]

The differential cross section can then be written as a sum over couplings
(inside Ry) multiplied by nuclear response functions:

2

d 1 / /
e 2 Y (o @)
F N,N'=pn k N

k=MY X & "M A AY

M - Nucleon density inside the nucleus (SI)
>’ ¥ - Nucleon spin inside the nucleus (SD)

A - Nucleon orbital angular momentum

®”'- Nucleon spin-orbit coupling ...and more

Once you've mapped onto the NREFT couplings, the direct detection
rate can be calculated immediately, accounting for nuclear structure
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Seyond NREFT

The formalism can incorporate more complicated interactions too.

Light mediators and long range interactions can be incorporated with an
appropriate propagator:
do mé do

\
4

dg?  (¢* +m3)* dg?

For example, DM with a magnetic dipole

C MM 1
Myip = 26—1\/4\1) QnmyOT T +4QN qu ~ON™ 4 2gnm, (O4NR - ?O()NR)]

We don’t need to do the full calculation - we just need to look up the
appropriate structure functions!

[1108.4661,1007.5515,1203.6652,1707.08571 and many others]
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—xamples [1211.0503,1401.4508,1506.04454]

Pseudo-scalar coupling Anapole DM
X X X *
5 Y
¢
N N
OPS — Y’)ﬁwa OA — 27“759( aVF,uV
S | N _ =
<‘ Opst = —4mpyiS,, - q (* 0L = eQnxv"v*x N7, N
_ _Am2 MNR |
- hmen QO3 = Qa2 + O}
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Spectral Signatures

Spin-independent
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Limits

[1705.02614]

XENON10O0 high recoil energy analysis:
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Signhatures.

or “Fantastic interactions and how to distinguish them”
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Spectral Signatures

Spin-independent

Operator O,

Operator Oy
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Distinguishing operators 'BJK, 1505.07406]

How many events are required to detect the
effect of a ‘non-standard’ interaction?
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Directional Signatures

[BJK, 1505.07406]
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Distinguishing operators 'BJK, 1505.07406]

How many events are required to detect the
effect of a ‘non-standard’ interaction?
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Modulation Signatures

[1504.06772,1512.03961,1612.07808]
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But you would need O(1000) events to detect and
distinguish the modulation phase...
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Materials Signatures

Ditterent operators couple to different nuclear charges
Compare normalisation across different detectors...

Electric Dipole Dark Matter
True model: ED (light med.) (mass: 50 GeV)
1 1 1 1 1 1 1

Simulations preferring true model (with >0.9 probability):
62% 100%

1.0F —X—=
R TS s M
2
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&
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_)(_
0.0, 1 1 1 1 1 L
Ge Xe Ge+Xe I Ge+Xetl F Ge+Xe+F [1506.04454]
[ i
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—arth Scattering Signatures

[BJK, Catena, Kouvaris, 1611.05453]

If DM-nucleon interactions are strong enough,
could observe a daily modulation in the rate...
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Simplified Models and EFT.

or “Lorentz symmetry is better than Galilean symmetry”

bS]
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-FT and Simplified Models

[\ Leading NREFT operators
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11505.03117, see also 1806.01291]
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Connecting High Scales and Low Scales

— 7 7

EMSM, EFT SM, EFT UV COMPLETE MODEL
EW broken SM + x SM + x SM + x + Mediators

0 yet " Energy

!

Direct Detection . . New Physics
Velocity un-suppressed. — 4 - Velocity suppressed
XY X GV , X" quﬂ q
1
X X
Important for connecting [1402.1173,1411.3342,1707.06998,1710.10218]
to other probes... |[D’Eramo, BJK, Panci - 1605.04917,1702.00016]
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-FT and Simplified Models

[\ Leading NREFT operators
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~ Optimal search strategy

or “If you build it, they will come”
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A huge parameter space

Projected signal reconstruction with Xe+Ge+Si

© 2D Projected Likelihood
—95% Contour

x Simualted Data 10.8
+ Best Fit Point

(]
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[1407.0127,1405.2637,1504.06554,1612.09038, 1805.06113]
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Prospects for the future

|
True model S1 (mass 50 GcV) Truc model: Mllllchaxgc (mass 50 GcV)
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Some preliminary thoughts

e Operators with an additional g2 dependence are typically easily
discriminated from standard interactions (except DM is light)

 |f we could build a directional detector or observe a modulation
signature, we could discriminate operators with an additional vA2
dependence from standard interactions

 Otherwise, we probably need multiple detectors (‘materials’ signature)
to make a discrimination

« Xenon + Argon is generally good (to discriminate Sl vs SD-type
Interactions). But what is the ‘optimal’ combination of detectors?

e |sthere a comprehensive basis of operators which capture all the
relevant signatures”

Bradley J. Kavanagh (GRAPPA, Amsterdam) [ Effective Field Theory in Direct Detection O



Tools - Exploring signal diversity

RUNDM
[1605.04917]

Connecting high-scale physics
with low-scale observables in
direct detection

[See also DIRECTDM,1708.02678]

WIMPY
[tinyurl.com/WIMpy-NREFT]

Direct detection spectrum
generator, including a range of
interactions

[See also DDCalc v2.0.0]

RAPIDD
[1802.03174]

Surrogate model for direct
detection - accelerates rate
calculations & parameter scans

[See Andrew Cheek’s talk on Thursday]

SWORDFISH
[1712.05401,1805.04117]

A tool for benchmark-free
forecasting - allows efficient
exploration of parameter spaces

[See Tom Edwards’ talk this afternoon]
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Senchmark Free Forecasting  [Edwards, BJK, Weniger, 1805.04117]

Fast forecasting without doing lots of pairwise comparisons of points.

—44.0
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log;o(0os1) [Cm2]
a
(1]
ot
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—46.5 -
o
—47.0 1 — 90% CL UL XENONI1T
' = 90% CL UL XENONnT
1.0 1.5 2.0 2.5 3.0 3.5

logyo(my) [GeV]

Useful for complicated, high-dimensional parameter spaces...
allowing use to understand which future experiments we need
to get the most information out of a discovery

|See Tom Edwards’ talk this afternoon]
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Non-standard interactions? Why"

e Out of curiosity

Don’t you just want to know...”7 What could DM look like”? What could
we be missing?

* Input for experimental analysis

Experimental searches are not simple cut-and-counts - need to know
what the signal looks like to get the best sensitivity

 Optimisation of future experiments

Which experiments should we use to get the best sensitivity, or the
most information out of a future detection?

= _
Bradley J. Kavanagh (GRAPPA, Amsterdam) = Effective Field Theory in Direct Detection ] 34




Non-standard interactions? Why"

e Out of curiosity

Don’t you just want to know...”7 What could DM look like”? What could
we be missing?

* Input for experimental analysis

Experimental searches are not simple cut-and-counts - need to know
what the signal looks like to get the best sensitivity

 Optimisation of future experiments

Which experiments should we use to get the best sensitivity, or the
most information out of a future detection?

L Thank you! |

= _
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Simplified Models: Spin-0

DM

O14

O15 017

(hl,gl) e
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Spin-0 WIMP

(v1) |/

(y2) |V

(y1,y2)
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Simplified Models: Spin-1/2

DM

(h1, A1) i

(h2’ A1)

(hl’ A2)
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(hs,2) [/

(ha, A3) v
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Simplified Models: Spin-1 DM

(h1,b1) |/
(hs,b1) I
o | (ha,bs)
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Directional Detection

WIMP Wind
R

December

Cygnus
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Directional Signatures 'BJK 1505.07406]
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—arth Scattering

Operator (’51 -my = 0.5 GeV
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Neutrino Floor in EFT
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Interference and degeneracy 1407 0157 14059657
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Connecting High Scales and Low Scales
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Connecting High Scales and Low Scales
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Connecting High Scales and Low Scales
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