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Next Steps for DM Direct Detection
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Toward Sub-GeV mass
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Why Spin-Dependent DM-e Interaction?

P LO) _ ¢ (XT]lxX) - (eT]le) + ¢y (XTSY’XX) . (efgee)

e Sl term: a scalar DM with a scalar-scalar coupling, or a fermionic DM with a scalar-scalar or

vector-vector coupling to electrons
* SD term: a fermionic DM with an pseudovector-pseudovector or tensor-tensor coupling.

* DM-e v.s. DM-n:
e electron weakly bound in atoms; nucleon tightly bound in nuclei
» electron recoils (ER) are easier to detect

* coherent enhancement happens only for SI DM-n case



Atomic Response Functions
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Ab initio many-body atomic methods:

 Multi-Configuration Dirac-Fock
(MC) Relativistic Random-Phase Approx.
* Frozen Core Approx.

Benchmarked with photoabsorption data and some
approximation schemes:

Equivalent Photon Approx., Free Electron Approx.
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Relativistic Effects (Spin-Orbit Coupling

Non-relativistic limit: RL>Y (T, q) =3RE™(T, q)
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Exclusion Limits on DM-e Interactions
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Take Home Message

DM searches with lighter masses or new interactions become more
important for the design of next generation detectors.

(Direct Detection is valuable complement to collider bound!)

* For LDM-electron interactions, atomic transition plays an important role

because ionization channel dominates the scattering process

e Atomic treatment with relativistic effect is required, although in some cases

people still can reduce to NR limit and have simple relation between Sl and

SD interaction
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What We’ve Done in This Work

* SD DM-e interaction should be considered together with Sl interaction, to
provide a more comprehensive understanding about the nature of DM &
its interaction.

* We set a limit on the SD & S| DM-e cross sections at leading order with
state-of-the-arts atomic many-body calculations and current best
experiment data.

* One can differentiate the shape of SD and Sl recoil spectra at high energies
when spin obit interaction becomes more relevant; or new detector design
with spin polarizable target and known spin states of the ionized electrons.
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SD Scenario |

IR Parameters

G =10, ¢~ 104 ¢ = d = 0 * by the exchange of heavy axial-vector boson
1072

coupled to both electron and DM.
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e Our constraint: |c| < (100 GeV)~2
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107 n 0 strongly coupled dark sectors
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Y. Kahn, G. Krnjaic, S. Mishra-Sharma, and T. M. P. Tait, J. High Energ. Phys. 2017, 2; arXiv:1609.09072 [hep-ph]. P.11



SD Scenario |

e an exchange of a pseudoscalar particle, a by the interaction Lagrangian
L= cCw/fa XX+ Coa) fa €V,775€0"a
* If the m, is much smaller than the momentum transfer, then low energy y-€

scattering can be described by a contact interaction ~ ¢\, v5xe7" vse

with ¢ = cyucea/ [

 Qur constraint ¢, ~ (100 GeV)~2 and astrophysical bound ce./f. ~ 1/(10° GeV)

imply |cca/cva] ~ 107 and the y-y int. through exchanges of a is perturbative

P. 12



Long-Range SD Scenario

* The requirement of perturbative unitary on the axial-vector coupling to DM gives

a lower bound for the mediator mass ma > /2/mc am,
* In our exclusion plot, the m, range is fully covered if ¢4 ~ 10~

 If ¢4 > 107" such that unitarity is not satisfied perturbatively. However, it is
expected that unitarity can still be recovered non-perturbatively in this case.
For example, the large strong coupling constant at low energies does not break

the unitarity of QCD, although perturbative unitarity might be broken.

P. 13



Dark Matter Direct Detection

Discrimination of
| Nuclear Recoil (NR) & Electronic Recoil (ER)
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E. Aprile et al., Journal of Cosmology and Astroparticle Physics 2016, 027 (2016).
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Dark Matter Candidates

Portals to the Dark Sector: Portal | Particles Operator(s)
“Vector” | Dark photons ~ Toostyy B F™"
“Axion” | Pseudoscalars ”’ F F”" 2 GWGf”, %1})7‘“751&
“Higgs” Dark scalars (#S +ASYH)H'H
“Neutrino” |Sterile neutrinos ynLHN
Effective Field Theory:
01 =1 02 = (’UL)2, 03 = ZSN (q X ?YL),
Liv = ¥O. ¥ NTOyN-" =0 vy NTN~ P w
ST N % O01=58 -8y, Os=iS, - @x7), Os=(S DSy,
_ (N) iy +~— N+ N— . . L
= ). D a Ox'X N'N Or=8n -5, Og=8.-7,  Oy=ib, - (Syxq)
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For Example,

millicharged U(1) DM int. can be related to the-leading-order O, term with non-relativistic reduction
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Ab initio Theory for Atomic lonization

Dirac-Fock method: u,(.t) is a Slater determinant of one-electron orbitals U, (T, t)
. d
and invoke variational principle (5¥(t)| i = H = Vi(®) [p(®) =0

to obtain eigenequations for u,(7,t)

Random Phase Approx.: Expand

Ug(7, 1) = et uy () + wey  (Me @t + wy_(F)el@t+... |
Linear coupled differential equations for one-electron orbital wave functions:
[h + VHF]ua(F) — gaua(F) _ Zb Aabub (F)
1+ Vitr — 0 — 0] War ()= =[P+ Vi 1 1o () — T A5, up (F)

[h + Vi — g + 0] wae (F)= —[vT )+ VT ue ) — p 25 1, (7)
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Multipole Expansion for RRPA Matrix Elements

(1o 19 = 3 a0l i) + o D)) + 3 (Cal2 Co+ GG o o)
a,b

Transition matrix elements of atomic ionization by electroweak interactions:
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Central-Field Hartree-Fock Potential

The Hartree-Fock potential is given by the sum of the local “direct” and non-local
“exchange” parts of the interaction, V. = UdI" + [Jexch

Ir Vli l//n
Ud l//a Z/ ll —r’\ d‘;]",l//a(l’)
n#a J
oy (r) = ey /= L W) @y, r
n#a I‘ o I‘

The first-order corrections to the HF potential V.. in RRPA equations by replacing

direct: T ()P (r') > Pl Py + Wie () )

exchange: ) (), () > Pl (Fwye(r) + wie )y (1)
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Other Approximations for the Potential

Plane Wave Approx. (PWA): Z®@ (r) = 0, treat ionized electron as a free particle

_E(a')
Hydrogen-Like Approx. (HLA): ZI({QEA(T) = Ny, RB :
y

assumes the ionized electron behaves like a hydrogen-like electron. The effective
charge is simply from a unscreened point source at the atomic center with its

magnitude fixed by the orbital binding energy Eg

Frozen Core Approx. (FCA):
V£ = 0, no perturbation to HF potential for solving continuum states WF

P.19



Effective charge for Xe 5p orbital
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Folding with DM Velocity Spectrum
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has analytic form with Standard Halo Model velocity spectrum
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Standard Halo Model

Scattering rate depends on halo profile
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