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Dark matter direct detection
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Key words when pursuing new ideas

What kind of excitations can match
DM scattering kinematics?
(Energy, momentum conservation)

What kind of excitations couple strongly to
the DM given a particle physics model?

KinematicS |eassssssssssssusey [Dynamics

Is there an experimental scheme to
efficiently read out the excitations?

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) . IPMU, Jan. 2020
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Kinematic matching
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Kinematic matching

1 q°
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Other ideas at the interface with
AMO/ condensed matter:

keVt
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Outline of the talk
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Theoretical framework

Assume spin-independent (SI) interactions.

For given DM mass and incoming velocity,

r= [ S0 IMP S(a.w 2

(2 ) w:q-v—2fnx

- M : particle-level x¥ — x% matrix element (y is SM particle).

» S(q,w): dynamic structure factor (target response to an energy-momentum transfer).
__Z| f‘-FT ’ 27T5(Ef—EZ'—w)
fp(q) ﬁp(_q> + fn(q> ﬁn(_Q) + fe(Q) ﬁe(_q)

Fr(q) = \ f fV

DM couplings to proton, neutron, electron

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 11 [PMU, Jan. 2020



Theoretical framework

q2
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f

fp(Q) ﬁp<_Q) + fn(Q) ﬁn(_q) + fe(Q) ﬁe(_Q)
i

For any target system, the rate can be calculated from first principles by
Identifying accessible final states (low energy d.o.f.).

Quantizing number density operators in the appropriate Hilbert space.
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Dynamic structure factor
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Dynamic structure factor
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I»: unoccupied state (conduction band).

Also applies to meV-gap systems
(superconductors, Dirac materials).
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Dynamic structure factor
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be onto known CM problems).
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Phonons in crystals

¢+ Consider a 1D lattice:

TS TOORTTOU0U DU DO DOROU ¥ DU G000 ¥ G000 ¥ G0U00¥ HO000 ¥ 00000 ¥ 00

Uharm — %KZ [u(na) — u([n + l]a)]Z,

.....

+ Diagonalize the Hamiltonian =>
canonical oscillation modes.

_____
' b I o' \." 4

#  Quantize => (acoustic) phonons.
Quanta of sound waves.

Gapless (Goldstone mode of
broken translation symmetry).

Ashcroft, Mermin, Solid State Physics.
Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 17 IPMU, Jan. 2020



Phonons in crystals

+ Now suppose there are two inequivalent atoms in the primitive cell:

ST WV D00 W VA TO00 WVAAS D000V D000 VA 0000 VA D00) A8 (0000 @V
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7/
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Two phonon branches:

1/_\0%2K

Acoustic phonons (as before).
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In-phase oscillations, gapless.

Optical phonons.

Out-of-phase oscillations, gapped.
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Ashcroft, Mermin, Solid State Physics.
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Phonons in crystals

» Analogous in 3D.

GaAs: 1 Ga + 1 As per primitive cell => 3 acoustic + 3 optical.

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 19 [PMU, Jan. 2020



Phonons in crystals

* Analogous in 3D.
GaAs: 1 Ga + 1 As per primitive cell => 3 acoustic + 3 optical.

CaWO4: 2 Ca +2 W + 8 O per primitive cell => 3 acoustic + 33 optical.

CaWO4
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Phonons from DM scattering
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Acoustic vs. optical phonons

« 1f DM couples to all atoms/ions with the same sign => dominantly
excites acoustic phonons (in-phase oscillations).

+ Example: coupling to nucleon number via a heavy scalar mediator.
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Acoustic vs. optical phonons

DS

» If DM couples to different atoms/ions with the opposite signs =>
dominantly excites optical phonons (out-of-phase oscillations).

D

»  Example: coupling to electric charge via a dark photon mediator.

i i E I— ‘0\0
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2
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5 N4 bW —_ (e
Solid curves: comparable reach from electron transitions. } = CslI
Small band-gap targets (e.g. InSb) are advantageous. = ALOs

CaWO4

\ 50,

K

Si0» is promising due to large Born effective

charges, light elements and small permittivity.

Iy TIVIEV ]
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Spin independent (Sl) vs. spin dependent (SD)

%®

L X4

%®

L X4

In the Standard Model, the neutron is electrically neutral. Its leading
interaction with the photon is via a magnetic dipole moment.

Something similar can happen in the dark sector. The DM may be
neutral under the dark photon, but interacts via a multipole moment.

. . — 9% oMV - Aa __ 4g9x9ge (saf *gP\ ap
Magnetic dipole DM L= XM X Vi + ge€Y"e V), OF = 3 2%0s (627 — %) SZ
Anapole DM L= ,g\—’z‘X’)’“’YSX 0"V + geeyeV, (’A);‘ = ig"ge aB"quSV

X X Mme

In these scenarios, DM couples to the electron spin at low energy:
3
L=-) 03(a)se
a=1

SD interactions can also arise from scalar mediator models.

Pseudo-mediated DM L = g XXP + ge€iv’e d Of = — &2 4q1,

qme
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Magnons: what they are and how they couple to DM

Crystal lattice sites occupied by effective spins (from electrons of magnetic ions.)

Exchange couplings between neighboring spins => ordered ground state.
Heisenberg exchange by = —Z JijSi - S;
ioj

J, >0 ferromagnetic

SAREREEEEEE,

J; < 0 antiferromagnetic

EEEEEELEEE;

Excitations about such a ground state are magnons.

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 26 [PMU, Jan. 2020



Magnons: what they are and how they couple to DM

Technically, we need to expand the spins in terms of bosonic creation /annihilation
operators via the Holstein-Primakoff transformation...

L \1/2 _ At A 2
Sl/ = (25; algalj) / alj s = alg (255 — a;rgaly) K ) Si; = Sj — a;rgaly

where S = ZRO‘BSZJ, {(Sh), (S, (S5} = {0, 0, S;}

global coordinates local coordinates (ground state spin points in +z direction)

.. and then diagonalize the Hamiltonian via a Bogoliubov transformation...

i b, 1, O, 1, On
A.'.J,k = Tk 81. L Where Tk TL —_ H Y Y Wy kby k k

.............................. canonical magnon modes

agﬁ\ X T f f T T x '\ X (quanta of collective precession patterns)
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Magnons: what they are and how they couple to DM

Technically, we need to expand the spins in terms of bosonic creation /annihilation
operators via the Holstein-Primakoff transformation..

At oA \1/2 4 _ At 2 At A
Sl/j = (255 - a;rjalj) / aij = a’lj (255 — a;rjalj) K ) Si; = Sj — a;rgaly
where S = ZR“‘*SZ’?, (S5), (Si3), (Si} = {0, 0, 53}
global coordinates local coordinates (ground state spin points in +z direction)

.. and then diagonalize the Hamiltonian via a Bogoliubov transformation...

3 =T | ~+ where Ty T, = H = Y Y By kb,,k
(a;',—’) (b;—’) (‘D” _]l") " (‘Dn —In v=1kec1BZ /

canonical magnon modes
(quanta of collective precession patterns)

DM-spin coupling => DM-magnon coupling.
3
Y 0@S = MUY (@) = g {105 @) v kLS S5 e o)
— NS ’ T J
spin operators create magnons (cf. position operators create phonons)
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Projected reach

“  We consider a yttrium iron garnet (YIG, YsFes01,) target.

# 20 magnetic ions Fe3* (spin 5/2) in the unit cell => 20 magnon branches.

#  Anti-ferromagnetic exchange couplings. Ground state: 12 up, 8 down.

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech)
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Magnon dispersion calculated by including up to 3rd nearest

neighbor exchange couplings taken from: Cherepanov,
Kolokolov, L'vov, Physics Reports 229, 81 (1993).
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Projected reach

“  We consider a yttrium iron garnet (YIG, YsFes01,) target.

# Dark photon mediator (unconstrained by astro/cosmo):

Magnetic dipole DM

10—33
10—34 I
10—35 L
10—36 b
10—37 L
10—38 b
10—39 L
10—40 L
10—41 L
10—42 L
10—43 L
10—44 L
10—45

o [sz]

m, [MeV]
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Anapole DM

1072 o 107! 1 10
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Projection assumes 3 signal events/kg/ yr.
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Projected reach

“  We consider a yttrium iron garnet (YIG, YsFes01,) target.

# Scalar mediator (impose white dwarf cooling constraint,
consider SIDM subcomponent):

Pseudo—mediated DM ({2, /Qpn=0.05)
10—39 :
10740+ \

10—41 L

10_42 - g

g
Q
1

AaLuIZU”(’”

10—43 L

10—44 L

02 10 1 10
m, [MeV]
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Gapless vs. gapped magnons

YIG has 1 gapless and 19 gapped magnon branches.
They have different responses to DM scattering.

YIG

100¢

w [meV]

_. Gapless magnon branch:
Goldstone mode of broken

H N r J2 H rotation symmetry.
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Gapless vs. gapped magnons

Consider the limit g -> 0.
The DM coupling acts like a uniform magnetic field.
All the spins precess in phase => no change in energy:.

This corresponds to Goldstone mode excitation, i.e. only gapless
magnons can be produced.

Gapped magnon contributions become significant only for g beyond the
first Brillouin zone.

Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 33 [PMU, Jan. 2020



Effective theory of gapless magnons

Integrate out short-distance degrees of freedom within the unit cell.
The only low-energy d.o.f. is the spin density: (12-8)x5/2=10 per unit cell.

Effective theory is a Heisenberg ferromagnet on a bcc lattice, which has
only 1 gapless magnon branch.

-5
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Effective theory of gapless magnons

Integrate out short-distance degrees of freedom within the unit cell.
The only low-energy d.o.f. is the spin density: (12-8)x5/2=10 per unit cell.

Effective theory is a Heisenberg ferromagnet on a bcc lattice, which has
only 1 gapless magnon branch.

3

MY Q) = g prc ———= > (s710%(q)ls:) b r.

e =+/5/2(1,i,0)
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Effective theory of gapless magnons

Integrate out short-distance degrees of freedom within the unit cell.
The only low-energy d.o.f. is the spin density: (12-8)x5/2=10 per unit cell.

Effective theory is a Heisenberg ferromagnet on a bcc lattice, which has
only 1 gapless magnon branch.

st () () (C8) o () ()

2 2 2
(2039 j(xlgr(c D2 —q2. ) (magnetic dipole),
R = gi93(1+<02>)( 4 —qr. ) (anapole)
max min ’

4
1AT

\9;2(93 (%) 10g(gmax/qmin) (pseudo-mediated) .

Jmax = 2MyVy, dmin determined by detector threshold.

Dependence on g follows from effective field theory expectations.
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Effective theory vs. full theory

Magnetic dipole DM Anapole DM
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Effective theory calculation (dashed) reproduced full results in the intermediate mass region.
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Effective theory vs. full theory

Momentum transfer too small. Only gapped magnons are kinematically accessible.

Magnetic dipole DM Anapole DM
10734 \ 10-32 S
] 1073}
10-35}
10—34 L
10_36 = 10—35 L
10_37 - 10—36 _
10—38 I 10—37 B
N o, 10-38]
5 10| g 10
E E 10—39 -
10_40 - 1040
10—41 | 10—41 L
10—42 L
1 42 |
0 10—43 L
10_43 B 10_44 ?

10—44 1 1 —45 |
102 10-1 1 10 10 1072 1071 1 10
m, [MeV] m, [MeV]

Momentum transfer beyond the first Brillouin zone. Gapped magnons dominate.
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Summary

+ New ideas beyond conventional nuclear recoils are needed to detect sub-GeV DM.

#  Starting point is to find materials with excitations that match DM kinematics.

keVrt
Electron transitions
(typical semiconductors)
3  eVp--t--tmmmmmmmm oo
"""" Single phonon excitations  /
(typical crystals)
3 3 3
v [ [ 3 | [IE
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q
Zhengkang “Kevin” Zhang (UC Berkeley & Caltech) 39 IPMU, Jan. 2020



Summary
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Summary

+ Collective excitations in CM systems offer a promising path forward.

+ Acoustic and opt

probe different types of SI couplings.
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+ Magnons can probe SD couplings.
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The End

Thank you for your attention!
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Aside: daily modulation

* The dynamic structure factor S(g,w) can be highly anisotropic.

+ DM wind comes in from different directions at different times of the day
=> daily modulation.

crystal

Z—axis Earth’s
rotation
axis

t =1/2 day

crystal
Z—axis

<
t=0 <
<
> <
X <
<

DM wind

Figure from Coskuner, Mitridate, Olivares, Zurek, 1909.09170.
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Aside: daily modulation

* The dynamic structure factor S(g,w) can be highly anisotropic.
+ O(1) daily modulations in:

#  Electron transitions in hexagonal BN. [Griffin, Inzani, Trickle, ZZ, Zurek, 1910.08092]
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Aside: daily modulation

* The dynamic structure factor S(g,w) can be highly anisotropic.
+ O(1) daily modulations in:
#  Electron transitions in hexagonal BN. [Griffin, Inzani, Trickle, ZZ, Zurek, 1910.08092]

+ Electron transitions in Dirac material ZrTes. [Coskuner, Mitridate, Olivares, Zurek, 1909.09170]

Dark photon mediated scattering rate modulation for A= 7.5 meV
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Aside: daily modulation

* The dynamic structure factor S(g,w) can be highly anisotropic.

# O(1) daily modulations in:
#  Electron transitions in hexagonal BN. [Griffin, Inzani, Trickle, ZZ, Zurek, 1910.08092]
+ Electron transitions in Dirac material ZrTes. [Coskuner, Mitridate, Olivares, Zurek, 1909.09170]

# Single phonon excitations in sapphire (Al2O3). [Griffin, Knapen, Lin, Zurek, 1807.10291]
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