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Motivation

1. Recent Gaia-based analysis show debris flowl'l and streaml(2l. Dark matter
(DM) in solar neighborhood may deviate from the Standard Halo Model
(SHM).

2. Different DM-nucleus interactions vary differently with DM velocity. How
robust direct detection result is against astrophysics uncertainty? How can
we improve them?

[1] L. Necib, M. Lisanti and V. Belokurov, 1807.02519
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Non-Relativistic Effective Field
Theory (NREFT)

J. Fan, M. Reece and L. T. Wang, JCAP 1011, 042 (2010). 1008.1591
A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers and Y. Xu, JCAP 1302, 004 (2013). 1203.3542v3
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In non-relativistic limit, scattering process depends on four 3-vector quantities:
» The DM and nuclear spin §,, Sy,

¢« The momentum transfer g,

. The transverse velocity vt = v + ZL that satisfies
HN

vt.g=0, where uy is the reduced mass of the system.



Operators Form Spin-Dependence| o 4 1 possible linear-independent non-
O + X relativistic operators.
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O10 iSn - q v astrophysics?
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Common DM theories can be expressed in EFT operators:

Model Relativistic Operator EFT Operator Mediator

scalar XXqq O1 heavy

pseudoscalar XY’ xq7°q Oy heavy

vector X7 Xxqv.q Os heavy

axial-vector XYY X @Y.y’ q Os heavy
millicharge XY xAu eMymn ;12' O1 light
DM magnetic dipole moment X" X Fuy emn (01 + 4%%105) + 2gnmy (04 — EIQOG) light
DM electric dipole moment ixo" VX Fou e mymn ;1;011 light




Relation to astrophysics uncertainty?

The scattering rate (events per recoil energy bin) depends on the squared matrix
elements of the EFT operators.

The EFT operators reside within the nuclear matrix element ( - ), .
DM velocity distribution from astrophysics
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Label the the nuclear matrix element as the nuclear form factor, (0,0,)y = F_, .
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Probing the different part of the DM velocity distribution!




Decompose the nuclear form factor in powers of v, i.e. F (v, q) = Z vz”‘f;”b)(q) :

n=0
8219
3 —1£(0) (1) a,
TN ER SPZH:,S azl:, [vmmd Vf(V)<v Jopl@ +v1,,(@)+ ) Frm
(3)
2
ga,b
« Y (irmin>f;?g<q>+h(vmmv;},j(q) + o) ol
spins a,b \
g i)t (-1 )-rﬁoment of f(v) h(Visip) : 1-moment of f(v)
v dependence samples the (partial) moment of f(v).
Factors of momentum transfer ¢ — factors of v, multiplying the moments!
q — 4:“T min (4)
€.g. f( g( mln) = {q g( m1n) — 4:“Tvm1ng( mln) (5)

Study of astrophysics effect on direct detection is study of DM velocity moments.



EFT operators
in
DM velocity distribution




DM velocity (Gaia vs SHM)

[See Jatan Buch's Talk!]
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* The velocity distribution of Gaia model is a narrower velocity distribution
peaking at a slower speed.

* The low velocity is phase space is more prominent for the Gaia distribution,
and the higher velocity is more prominent for SHM.

L. Necib, M. Lisanti and V. Belokurov, APJ 874, 3 (2019). 1807.02519
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g(Vmin) dependent recoil
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g(Vmin) dependent recoil
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01 Recoil spectru
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Heavy DM in Gaia astrophysics reports higher overall rate.

Light DM in Gaia reports a lot smaller rate. (for >1 keV Ej cut-off...)

Note the spectra shape differences!



O11

Let’s look at another v-independent operator, O;; = (g - S,) .

 Similar to O,, Gaia higher overall rate than SHM's for heavy DM. The
opposite is true for light DM.

e Factor of g enhances the differences. (Note: g* = 4u;v, . )

* Spectrum shape difference for light DM...
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Higer moment recoil: h(vyin)

h(v,. )
00012 o Operators can depend on velocity v=.
i.e.rate « h(v, )= [ v f(v)d3v.
Vmin

« Gaia's h(v,,;,) always smaller than SHM!
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lesson learnt:

Astrophysics affects different NREFT DM-Nucleus operator differently.
1. Look at the overall q and v-dependence of the scattering rate...

2. Observe the correct velocity moments of DM’s {(v)!

Operators/Models with powers of q and v are more affected by astrophysics!
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Astrophysical uncertainty
in
DM constraints




mass-coupling constraint

O, constraint in XENON1T

1077

1()—1()
Inspected from Ej spectra:

* The light DM region: most highly affected region. The constraint with Gaia
velocity distribution is significantly weakened!

* The high mass region is weakly affected.



v,q- dependent operators

Og and Oy, exclusion contour in Xenon1T roughly the same...

Except at high DM mass Oq, constraint also slightly worsen.

Oq constraint O, constraint

T e T L i 2 1)
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Astrophysical uncertainty
in
Future DM Signals




Method: Euclideanized signal

[See Jatan Buch's Talk!]

* Future experiment forecasting often requires Monte-Carlo simulations

» Computationally expensive for high dimensional parameter space! (many data sets...)

N

Space of m,, m,, astrophysics parameters, couplings g; for ith DM model

» Edwards and Weniger provides the Swordfish, a signal geometry method, an efficient
tools for signal forecasting! (1704.05458 and 1712.05401).
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Astrophysical modeling effect goes very different directions...

 Heavy DM signal: Gaia slightly less parameter degeneracy.

« Light DM, signal: Gaia a lot more parameter degeneracy
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Model constraints

Constraining the possible models given the signal... (coupling-coupling space)

Scalar heavy mediator vs. Vector heavy mediator
m, =10.0 GeV

10—4 -

SHM
Vector-vector:

ey 0(qr,9)
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1010 | | | | - '10'_9
log(g1[GeV™?))

Scalar-scalar: (¥y)(gq)



Model constraints
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Take Away

1. Recent knowledge of stellar stream and debris flow changes our understanding on the

dark matter velocity distributions.

2. Different DM EFT models are affected by astrophysics very differently. NREFT and

recoil spectra are the systematic way to understand it.
3. The Swordfish method provides an easy to way for detector forecasting.

4. Knowledge of (which) DM model comes together with knowledge of local
astrophysics*. To interpret correctly direct detection, we must pin down the

underlying astrophysical uncertainty.

5. Information about direct detection recoil spectra helps theorists interpret DM result.

(Much more than just the o, cross-section)

*Jatan Buch, S.C.L. (John) and Jiji Fan, JCAP 1904, 026 (2019). 1808.05603
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