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Toward lighter DM in direct detection
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» Conventional WIMP searches.

» Nuclear recoils.

» Lose sensitivity below DM mass ~GeV.
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Toward lighter DM in direct detection

» Electron excitations.

» Atoms (binding energy ~ 10eV).

Essig, Mardon, Volansky, 1108.5383.
Graham, Kaplan, Rajendran, Walters, 1203.2531.
Lee, Lisanti, Mishra-Sharma, Safdi, 1508.07361.

Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu, 1509.01598.
Essig, Volansky, Yu, 1703.00910.
Catena, Emken, Spaldin, Tarantino, 1912.08204.
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Toward lighter DM in direct detection

» Electron excitations.

» Atoms (binding energy ~ 10eV).

» Semiconductors (gap ~ eV).
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Toward lighter DM in direct detection
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» Electron excitations.
» Atoms (binding energy ~ 10eV).
» Semiconductors (gap ~ eV).

» Reach down to DM mass~MeV.

» Recall E~mv2 ~ 106 m.
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Toward lighter DM in direct detection

» Electron excitations.
» Atoms (binding energy ~ 10eV).
» Semiconductors (gap ~ eV).

» Reach down to DM mass~MeV.

» Recall E~mv2 ~ 106 m.

Proposed meV-gap targets (somewhat futuristic)
[Superconductors]

Hochberg, Zhao, Zurek, 1504.07237.

Hochberg, Pyle, Zhao, Zurek, 1512.04533.
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Toward lighter DM in direct detection

» Collective excitations (sub-eV energies).

» Phonons in crystals (collective oscillations of ions).
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Toward lighter DM in direct detection
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» Collective excitations (sub-eV energies).

» Phonons in crystals (collective oscillations of ions).

» Theoretical sensitivity demonstrated for a variety of targets.
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Toward lighter DM in direct detection

» Collective excitations (sub-eV energies).

» Phonons in crystals (collective oscillations of ions).

» Theoretical sensitivity demonstrated for a variety of targets.

» Experiment in active R&D. N 107
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Toward lighter DM in direct detection

» Collective excitations (sub-eV energies).

» Phonons in crystals (collective oscillations of ions).

» Magnons (collective spin excitations in
magnetically ordered materials).

Trickle, ZZ, Zurek, 1905.13744.

Also discussed for axion detection.
Chigusa, Moroi, Nakayama, 2001.10666.
Mitridate, Trickle, ZZ, Zurek, 2005.10256.

Ongoing experiment: QUAX (1511.09461, 1606.02201,
1806.00310, 1903.06547, 2001.08940) — cannot yet
achieve single magnon sensitivity.
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A 3rd axis of DM's parameter space
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A 3rd axis of DM's parameter space

L0 T AN R He
1073 g\ N R .
A0 "\ \\\\‘\ | & ':'. X heaVy scalar mediator
10~ CHEAY N v .
41 2 \\\\\\ ’ X e COUp'.'ng to nucleon number
B ® \ s K
10 = \:\t\ ~..__\: _____________ ’
— 10~ N\ Theee Lo¥
NE 10 42 \ \\i§
©, 1074 -
SR
10 —_ ]
—45} — =
W07 o5 = CRESST-TI el
107460 = AL,O DarkSide—50 ey [
_ C;W?@ B XENONIT |
10_4 l".
o | Mass
=3 1072 101 1 10 10?2 10° 104
m, [MeV]

Interaction type
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A common description at low energy

Nonrelativistic (NR) EFT of DM-SM interactions

05" = 8y - (4L x v)

o = o =8, vt O = Sy - 8y
O =8y 72 Ofy) = Sy - (84 x v*) 05" = (Sx - ;L) (8s - 3L)
O =8, - (4 x vt) O = (Sy - vt)(Sy - L) 05" = Sy - (Sy x )
O = 5, vt O = (8- v) (Sx- 22) 01 = Sy 7L
Ols’ = (Sx- (3L xv*))(Sy - 2L)
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EFT of DM direct detection: preview

Crystal responses

DM couplings to lattice d.o.f.

N S

(particle number) (spin)

L L®S

(orbital angular momentum)  (spin-orbit coupling)

Nonrelativistic (NR) EFT of DM-SM interactions
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EFT of DM direct detection: preview
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EFT of DM direct detection: preview

Nonrelativistic (NR) EFT of DM-SM interactions
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EFT of DM direct detection: preview SO —
..................................................................................................................................... S

= [ Similar situation in nuclear recoil calculations. The effective field theory of dark

> At ﬁl’St, jUSt spin—independent (SI) and Spin- matter direct detection
dependent (SD) benchmarks.

A. Liam Fitzpatrick,” Wick Haxton,” Emanuel Katz,"“¢

» Later on, extended to EFT. Nicholas Lubbers,® Yiming Xu®
“Stanford Institute for Theoretical Physics, Stanford University,
» UV model = EFT = nuclear responses = rates. Stanfod, CA 94305, US.A.
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Berkeley, 94720, 1J.SA.
C “Physics Department, Boston University,
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2575 Sand Hill, Menlo Park, CA 94025, U.S.A.
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nlubbers@bu.edu, ymxu@bu.edu
Reecived August 16, 2012
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Nonrelativistic (NR) EFT of DM-SM interactions Phonon & magnon excitation rates
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See also:

Cirelli, Del Nobile, Panci, 1307.5955.

Anand, Fitzpatrick, Haxton, 1308.6288 + 1405.6690.
Gresham, Zurek, 1401.3739.

Del Nobile, 1806.01291.

Similar calculation for electron excitations in atoms:
Catena, Emken, Spaldin, Tarantino, 1912.08204.
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otep 1: building the NR EFT

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Bottom-up point of view. )
» Building blocks: spins + momenta. D)l(v[
) 9 k
S)( S‘// p p k k S e
g v (=p,n e
) SM particle
R (proton/neutron/electron)
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Step 1: building the NR EFT

» Bottom-up point of view. "y
1 : A
» Building blocks: spins + momenta.
DM
S S ’ k R’ e —<—k
X v P P " &)
v (=p,n,e)
» 2 constraints on 4 momenta. " SM particle
» Momentum conservation = p+p’=k+Rk’. (proton/neutron/electron)
» Galilean invariance = relative velocities only.
» 2 independent kinematic variables chosen to be: / P=p+p K=FkK+k
P K k q
— 1./ o m 1L = _
g=k —k=p-p v 2m,  2my, Y My 2lyap
(momentum transfer to the SM target) (component of relative velocity perpendicular to q)
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Step 1: building the NR EFT

» Bottom-up point of view. Interaction Type NR Operators

» Building blocks: spins + momenta. 0@ 1
Coupling to charge, v--independent '

(W) _ i
Oll - SX ' ,":i)
Oéﬁ)) — SX ) (% % ,vJ_)
Coupling to charge, v--dependent | ¢

Oé&"/‘) _ SX ) ,UJ.
0 =8 -8,
O = (8- -L)(Sy - ;L)

: ',rlulp ',,L'Q‘.:_v

» Enumerate operators.

Coupling to spin, v -independent

0y = Sy (S x L)
Fitzpatrick, Haxton, Katz, Lubbers, Xu, 1203.3542. | () ) v
Del Nobile, 1806.01291. Oig” = Sy -
O:gz;}) _ Sq‘ . (7:1—3, > ’UJ')
» Conveniently organize into 4 categories, O = 8, - vt
; () __ |
according to whether the operator Coupling to spin. v~ dependent (0)12 = Sy (Su xv*)
| DR v) _ o) (S, -
depends on S, and v-. 023) = (Sx-v7)(Su - w,)
Oy = (Sy-v")(Sx- %)
» More on this classification later. 0% = (S - (£ x vh))(Sy - 121 )
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Step 1: building the NR EFT

» Top-down point of view.

» Start from a UV theory and
take the NR limit.

» For a spin-1/2 fermion field:

position space operators NR fields
kR=-1V-A, e=10,-O
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Step 1: building the NR EFT

Couplings to scalar & vector mediators

» Top-down point of view.

Lagrangian Term  Coupling Type (Effective) Current — NR Limit
» Start from a UV theory and e Scalar Js =9 — 1
take the NR limit. opdBinY Pscudoscalar  Jp = Pir’h - —iL - 8,
> For a spin-1/2 fermion field: gv V"9 Voctor o=y
- (1, £ - x 5,)
gAVpyi e Axial vector JH = ey

o %szﬁauuiyfw Electric dipole Jogr = ﬁau(iﬁa“”ifysw)
position space operators NR fields = (—mi Syy Syt L X (g X 5¢))
k=-1V-A , € =1 at - O gj;flfv“uzﬁa“”z/) Magnetic dipole ~ J ., = ﬁ@u (zﬁa‘“’w)
— (%%(27}71, Xsw)—ﬂ%, —%xSw)
$223. (8" Vi) (97 7°9) Anapole Jha = — gz (9" 0% — 040") (V1 7°Y)
- —rJh+ (7L - Sv) ok
23(0Vu) (Pr'w)  Vector (O(¢?) by = -5 (r'e) > — L Tl
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Step 1: building the NR EFT

» Top-down point of view.

» Start from a UV theory and
take the NR limit.

» For a spin-1/2 fermion field:

k
e +s) W (z, t)

| -k
L+ gk ) vt (@, )

- 1
Y(@,t) = e ™" —

V2

NN
ek

EFT building blocks emerge.

Couplings to scalar & vector mediators

Lagrangian Term

Coupling Type

(Effective) Current - NR Limit

gs ¢,¢—)¢ Scalar )4( JS —
_ ] _ .

9P¢¢i’rs¢ Pseudoscalar " Jp = 1,02'751/) - _% . S " l

gv VM/;’Y“ (0 Vector
gaV oyh 1 Axial vector

%VMV‘ZU“”’W% Electric dipole — 27}% b, (2,50“"2'751/))
%Vuu'&a“”w Magnetic dipole - ﬁau (@ww@
3 K 2 .
- (12 (& x Sy) - iZr, —2L x Sy)

fo08-(0" Vi) (P 59h)

Anapole

imz (0"Vw) (YyH )

Vector (O(q?))




Step 1: building the NR EFT

Couplings to scalar & vector mediators

» Top-down point of view.

Lagrangian Term

Coupling Type

(Effective) Current - NR Limit

» Start from a UV theory and

gspPy Scalar « =

) ° - l“l B
take the NR hmlt‘ gpdYiy°Y Pseudoscalar r‘ Jp =i’y » —4. 8, l
» For a spin-1/2 fermion field: gv V"9 Vector | Jy =¥y
—)(1,%—%X5¢)
. 1 (1 . c) 1/) (:B, t) gaVhyH s Axial vector Jh = hyrySy
gl 1) = eimot L (A1 2o ” (K 50028,) *
V2 (1 "3 +a) P (x, 1) ,, my "V Y J
{%V LY iy Electric dipole | J&, = 2m 8y (Yo z'y"d)) |
‘ — ( —n Sw, ~wn S¢+—q—><(27§w XS,'[,))
""" Vo Magnetic dipole | J ., = m&, (Yorvap)
EFT building blocks emerge. > (2 (ames % Su) = s s~k ¥ S) i.

O(U)

5 Y

T YPY=pmn.e




Step 1: building the NR EFT

» Top-down point of view.

Interaction Type NR Operators
» Example: dark photon mediator. 0¥ _ g
" Coupling to charge, v--independent () ' .
LD —9eVudpm + - - O11" = Sx
S 05" = Sy - (2 x v*)
Several possibilities on how the DM couples. Coupling to charge, v---dependent ‘ e

Oé@"/‘) _ SX i ’UJ‘
OF = (8 ) (84 ;1)

My Yoy,
() ;

mu«,
I") ;
O =8y 12

O = 8- (4 x v°)
O;Q'b) _ S%‘v" ot
O =8, - (8, x vb)

Ogg)) = (Sx ' ”'L)(Svl' ' i)

Coupling to spin, v--independent

Coupling to spin, v—-dependent

My,
Ofy) = (Sy-v*)(Sx- i)
O = (Sx - (2L xv")) (Sy - o)
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Step 1: building the NR EFT

» Top-down point of view.

Interaction Type NR Operators
» Example: dark photon mediator. 0¥ _ g
1 Coupling to charge, v--independent () : .
L:D_gev JEM_I_-°- Oll ZSX.-'N:L
e O =8, - (AL x vl)
Several possibilities on how the DM couples. Coupling to charge, vi-dependent g me
Qi =8, -v
O(‘P — S 'S».’
05" = (Sx - 7L) (8- L)
Coupling to spin, v--independent () X my ¥
Oy’ :Sx'( W 77},1;,)
Millicharged DM Ofy) = Sy - 22
O(‘v =5y (T;_‘i % ’U'L)
O =8, vt

dard SI Coupling to spin, v--dependent Oy’ = S (Su x )
oupilin QO Spin, v -adepenaent .
> (standard SI) pling to sp p O — (8, - vt) (S, - ia )
( d lings) Ofy) = (Sy - vt)(Sy - 14
screened couplings y ?: _
IS O = (Sy - (32 xv*))(Sy- 12)
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e O LG
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Step 1: building the NR EFT

» Top-down point of view.

Interaction Type NR Operators
» Example: dark photon mediator. )
Coupling to charge, v--independent o =1
oup 0 charge, v—-independent .
LD _gev,u‘]gl\/[ .. O&f) =5y - -n:qw
Coupli h L_dependent 05" = Sy (it x vt)
Millicharged DM oupling to charge, v—-dependent

Oéw) _ S'X. i ’U'L

0 =8, -8,
05" = (Sx- 75 ) (S 7L

Ny Yo ey,
(¢) _ | iqg
() _ iq
010 — St.") T

0 = 5y (22 % v
O?‘b) _ Sv ot
OY’Q&) — SX_ - (S-,;’, X ’UJ‘)

015’ = (Sx-v*)(Sy - 7L)

Coupling to spin, v -independent

Coupling to spin, v—-dependent

My
Ofy = (Sy-v')(Sy - 1)
015 = (Sx - (L xv1))(Sy - 21 )
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Step 1: building the NR EFT

» Top-down point of view.

Interaction Type NR Operators
» Example: dark photon mediator. )
C : I 0" =1
" oupling to charge, v—-independent () i
LD —geV’uJEM + ... O1p" =S5y o
| | O{(W) _ SX ) (%q_ 5 ’UJ‘)
Millicharged DM Coupling to charge, v—--dependent O(I’ _ 5. v
O(‘P — S 'S«.’
. o 05" = (Sx - 7L) (8w 3L)
Coupling to spin, v—-independent () M v
Oy’ :S'x'( Y n},u,)
o O =8y 2
Electric dipole DM 0¥ _ s, . (4 x o)
OW) =8, vt

012 —_ SX . (Sw X 'UJ_)
0% = (8y - vt)(Sy - 29)

Coupling to spin, v—-dependent

My
OEZ‘:) — (Sq;') | UJ_) SX ' rﬁi)
015" = (Sx* (5L x 1)) (Sy - 7L)
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Step 1: building the NR EFT

» Top-down point of view.

Interaction Type NR Operators
» Example: dark photon mediator. )
C : I 0" =1
" oupling to charge, v—-independent 5 =
LD =geVudgy + - - Ou’ =S¢ m,
. L 05" = 8- (72 x ')
Millicharged DM Coupling to charge, v—-dependent Oéw) P
OA(LM = Sx ] Su
. L 05" = (Sx- 75 ) (S 7L)
Coupling to spin, v—-independent () ¥ ¥
Oy :S'x'( W n},u,)
Electric dipole DM 0L = Su-
ectric aipote O("’:Sw-(;—‘ixv-'-)
OW) =8, vt

(’)12 =8, (8y xvh)
0% = (8y - vt)(Sy - 29)
017 = (Sy - v*)(Sx- )
O = (S, (32 xv

) ,c".

Coupling to spin, v—-dependent

—
S—
S—’
—~
3 |
s R
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Step 1: building the NR EFT

» Top-down point of view. Interaction Type NI Oiperators

» Example: dark photon mediator. ) _q
() _

Coupling to charge, v--independent

LD —geVidfyg + - o) = 5, 4
Coupli h L_dependent 05" = 8y - (72 x v')
. . . 10l to chie > ~-dependent ' v
Millicharged DM Electric dipole DM OUPTIIE 10 CRATYE, T -achenden oM — g, .ot

0=5.8,
05" = (Sx- 75 ) (S 7L

Oéw) — S'X . (SQ, X 'q )

M.y,
() _ iq
(910 T Sw . s

Coupling to spin, v -independent

Og(,',) _ S’@"«' ] (r:z—q, % ’U'L)

O =8, vt
Ogg) — SX_ . (S-¢ X 'UJ‘)
Ogg) = (Sx ' 'U'L) (Swﬁ' ' i—q)

Coupling to spin, v—-dependent

Mg
Ofy = (Sy-v')(Sy - 1)
015 = (Sx - (L xv1))(Sy - 21 )
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Step 1: building the NR EFT

» Top-down point of view. Interaction Type NI Oiperators

» Example: dark photon mediator. 0 —

Coupling to charge, v--independent

M (2) i
LD _gev,uJEM + ... O1; i = Sx- ""3;.'

Coupli } L_depend 05" = 8, - (4 x vt)

iy C ing to charge, v1-dependent &
Millicharged DM Electric dipole DM OUPTIE 10 CRATYE, B -aepenten oW = 8, vt
0 =8, -8,
| L 05" = (Sy - 72)(Su - ;)
Coupling to spin, v—-independent ( M ¥
05" = 8- (S x L)

Off) = Sy - 22
(¥) _ ig 1
O, —Sw-(mwxv)
OW) =8, vt
2 eff 012 — S . S-f’ X 'UJ_
_ ﬁeff q 92 x 9 Coupling to spin, v—-dependent () * ( iy )
Y mymy g2+m3, Oi3” = (Sx ' 'U_L) (S%’J ' %)
£f £f () _ 1 iq
227 gngp L _ﬁeff L2y gngb O R (S"."" e ) SX ' ;m..‘,,.')
m 2 v m 2 (1,')) ; 0 7
x q*>+ms3, x @2+m3, O 5 (Sx : (% X v ))(Sn’) : %)

where 9" ~141.8(G €xo-§G), o ~1

22



Step 1: building the NR EFT
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» Example: dark photon mediator. 00 —

Coupling to charge, v--independent
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Step 1: building the NR EFT

» Top-down point of view. Interaction Type NI Oiperators

» Example: dark photon mediator. 0 — 1

Coupling to charge, v--independent

LD =g Vidgny + - Oy =8y 2
L 05" = 8y - (18 x v
. ) »
Millicharged DM Electric dipole DM voupling to charge, v7-dependent oW = 5, vt
O(‘P — S ) S’,
O((;w) (S _‘L) (Sw , _q_)
L . Iy X gy 7
Coupling to spin, v—-independent (
05 = 8y - (Sy x 3L)
Off) = Sy - 22
off O(q{ = Sy - (7:?, x v7)
qa°  9x9y " w
Am3 q*+m5, 0;" =8y - v+
5 off o) =8, - (8, x vt
— pjfbff 9 92ng Coupling to spin, v—-dependent (U)l 3 * S y f’.)q
o e O = (S, -v4)(Sy - 1)
eff ] ;
M gxgw O(Q ) = - (Sq,-') : vJ_) SX ) Lm.(.],,')
m 24m? 2 ; ’ ;
T O = (Sx- (52 xv*)) (S 22)

_ ~eff My ngTP
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Step 1: building the NR EFT

> TOp'dOWn p()lnt Of V1EW. Interaction Type

» Example: dark photon mediator.

LD =gV, Jgy+ -+

Millicharged DM Electric dipole DM

Anapole DM

ff
a’  Ix9y

4m2 q?+m%,
eff
—off  q° Ix Y+
— Hy MMy gq2+m3,

ff
Mo gngp

mX q2 _l_mv

Coupling to spin, v—-dependent

OW) =8, vt
012 — SX * (Sw X 'UJ_)

O(W) — (SQ;,) . ’UJ‘) SX . iq

(L

NR Operators
O(’l'.'.)) — 1
ng . 1 .
Coupling to charge, v—-independent %) g
O SX o
05" = 8- (el x vt
Coupling to charge, v--dependent : 4
Oq Qe v vt
o =g -8,
. . o) = (Sy L) (Sy - 1)
Coupling to spin, v—-independent %) ¥ W
Oq —wg..( " 7nw)
Off) = Sy - 22
05" = Sy - (e X 7))

)

OF) = (S v*) (S~ 22

)

O = (Sx (& xv"))(Ss

My

™ W

)

eff

_ ~eff My ngTP

23



Step 1: building the NR EFT

> TOp'dOWn p()lnt Of V1EW. Interaction Type

» Example: dark photon mediator.

LD =gV, Jgy+ -+

Millicharged DM Electric dipole DM
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eff
—off  q° Ix Y+
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ff
Mo gngp

mX q2 _l_mv

Coupling to spin, v—-dependent

OW) =8, vt
012 — SX * (Sw X 'UJ_)

O(W) — (SQ;,) . ’UJ‘) SX . iq

(L

NR Operators
O(’l'.'.)) — ﬂ_
. | L
Coupling to charge, v—-independent %) g
O SX My,
O«(w = Oy - (E‘l X v)
Coupling to charge, v--dependent ( 4
Oq V)= 8§ v vt
o =g -8,
. L o) = (Sy L) (Sy - 1)
Coupling to spin, v—-independent = ¥ "
Oy =8y - (Sy mw)
Oy = Sy - 2%
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)
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Step 1: building the NR EFT

> TOP "dOWﬂ p omt Of VIEW. Interaction Type NR Operators
» Example: dark photon mediator. o® _1
" Coupling to charge, v--independent () iq
LD =geVudpm + - - Oir” = Sx*im,
Coupli j L_dependent O*(w:SX'(w{Z”L)
Millicharged DM Electric dipole DM RIRSON £0 ERane, & eapeniens oW = 8, vt
X
0 =8,-8
05" = (S 35) (S - 7%)
Coupling to spin, v-independent ( Xy ¥
05" = 8+ (S x L)

(¢ '
01?1 =Sy ,::i
(¥) _ : 1
5 off 037" =8y - (;,Z X v™)
d IxIy (2) 1
— 0" =8y -v

4m2 q?+m%,

012 — SX * (Sw X 'UJ_)

2 eff 2
— pjfbff mqm g2>f|_g¢ — Coupling to spin, v—-dependent e (5, -t (S - 1)
x4y q mv 13 — \Px"? R ——
oit () _ 1 iq
My _Ixu O o (S"."') v ) SX . Qm.c.l,,)
mx q2—|—mv (q,o) iq 1 ) iq
O15" = (S (o xv7)) (Sy - L)

eff
_peft My gxgw More on these models later.
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EFT of DM direct detection: preview

Crystal responses
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

w (=p, n,e)

SM particle
(proton/neutron/electron)
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Step 2: matching onto lattice d.o.f.
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[ 1) = | f)

crystal lattice
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» By Fermi’s golden rule,

3 —_ ,
I'v) = %/ (3733 Z|(f| V(—gq,v) |?§)|227r(5(Ef — E; — wg)
f

[ 1) = | f)

crystal lattice
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» By Fermi’s golden rule,

1 d3q
') = [ o

Fourier transform of lattice potential

V(—g,0)1i)|* 27 8(Ey — B — )

[can be velocity dependent (non-static) |

[ 1) = | f)

crystal lattice
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Step 2: matching onto lattice d.o.f.
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» By Fermi’s golden rule,

1 d3q
') = [ o

Fourier transform of lattice potential

energy deposition

[can be velocity dependent (non-static) |

[ 1) = | f)

crystal lattice
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» By Fermi’s golden rule,

1 d3q
Fv) = V/ (27)

Fourier transform of lattice potential

energy deposition

[can be velocity dependent (non-static) |

[ 1) = | f)

crystal lattice

=
8
E
|
A
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=
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>
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<
|
K
=
|
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&
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&
=
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=
|
=[]
mﬂ
B
At
.
|
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» By Fermi’s golden rule,

1 d3q
') = [ o

Fourier transform of lattice potential

energy deposition

[can be velocity dependent (non-static) |
[i)—=|f)

crystal lattice

sum over 10ns

[ labels primitive cells.

j labels ions in each cell.
27



Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» By Fermi’s golden rule,

1 d3q
HMZV/@ﬂ

Fourier transform of lattice potential

energy deposition

[can be velocity dependent (non-static) |
[i)—=|f)

crystal lattice

sum over 10ns

key quantity to compute:

[ labels primitive cells. DM-ion scattering potential.

j labels ions in each cell.
27



Step 2: matching onto lattice d.o.f.

> Goal: compute |V, 'in the NR EFT.

—q,v ) Interaction Type NR Operators
Coupling to charge, v—-independent oW _ g . g
11 X Ty
05" = 8y - (& x v*)

U

Coupling to charge, v--dependent N
- ng) — SX ) v_]_

o =8, 8,
05" = (Sx- ;L) (8w L)

O‘gw) _ SX , (S’tp v '::_z(f;)
oW =g, 9

I ﬁh"l

Coupling to spin, v-independent

05" = 8y (7L x v*)
oW =8, vt
O%") =8, (Sw X 'v-'-)
Oy = (Sx-v*)(Sy - 22)
O = (Sy - v*)(Sx - 72)

OfF) = (S (8 x v)) (Sy 28

o

Coupling to spin, v-dependent

P
g




Step 2: matching onto lattice d.o.f.

» Goal: compute ﬂﬁj—q,v‘ in the NR EFT.

\ ’) Interaction Type

NR Operators

» Pick

from each category. 0 _ 1
Coupling to charge, v—-independent () -
OLT =8y 'r:?'
> Other operators are completely analogous. @ gyl
A:"" =8 1 x v
Coupling to charge, v--dependent @) X (m " )
V ( 'L)) ’an: (v) q iq.w“S’ O SX ’U'L
1i(—q,v) D Z >z T €4 " Ox (e 'w=a>lj @)
Oy =8,-8y
+céw) Sx . <eiq‘wavalf>lj 4 ng) q (e‘q Lo 'U(J; 5 SL.Q>1_ | | . O((_)_w) (Sx %) (Sl,, mi)
: My J Coupling to spin, v—-independent ) ¢
Oy =8y - (Sy x n_zq_)
Ofy) =8y - 2
05" = 8y - (24 x vl)

,v_;

Og'z/')) — S-z;i: .

o OF = 5, (Sux v*)
Coupling to spin, v—-dependent (1)
O13 :(Sx v )(S E,%)
O = (Sy-v*) (Sx- 7)
O1f = (Sx- (22 xv1))(Sy - 22

28



Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Interaction Type NR Operators

in the NR EFT.

== — -

» Pick one operator from each category.

Coupling to charge, v—-independent

» QOther operators are completely analogous.

Coupling to charge, v—-dependent
Vf](_qa ’U) 2

Coupling to spin, v'-independent

sum over the ion’s constituent v (= p, n, e) particles

Coupling to spin, v-dependent




Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Interaction Type NR Operators

in the NR EFT.

== — -

» Pick one operator from each category.

Coupling to charge, v—-independent

» QOther operators are completely analogous.

Coupling to charge, v—-dependent
Vf](_qa ’U) 2

Coupling to spin, v'-independent

sum over the ion’s constituent v (= p, n, e) particles

expand in the long wavelength limit = 1 +ig°x, +...

» For DM lighter than ~10MeV, momentum
transfer is small compared to 1/7ion. The
expansion is justified.

Coupling to spin, v-dependent




Step 2: matching onto lattice d.o.f.

V!_y( g,v) D Z[ 1T >ZJ n c(tv) Sx (ezqw wa)zg Interaction Type NR Operators

(¥) QT L ]
+ci ' S, - (e v -
5 Sx “ >‘ Coupling to charge, v=-independent

» yl-independent operators.
Coupling to charge, v--dependent

0% = (sx mi)(s )

) mat

05" = Sy - (S x 2%)
oW —g,. 9

e ’Q‘ll

Coupling to spin, v'-independent

O =8y - (L x vl)

O("") Sq ,v_
0% =8, (8Sy x vt)

Coupling to spin, v-dependent "
O%J} S (SX v )(Sw _q_)

Oii}) — (S*!j) | 'UJ_) (SX | 7:1,_3,)
015 = (Sx - (i xv)) (Su - )
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Step 2: matching onto lattice d.o.f.

Interaction Type NR Operators

] Coupling to charge, v—-independent

» yl-independent operators.
Coupling to charge, v--dependent

Coupling to spin, v'-independent

Coupling to spin, v-dependent




Step 2: matching onto lattice d.o.f.

Interaction Type NR Operators

Vm( Qav)DZ[\\l 8 W

! . fy Z. .
+eiV 8y <ewv¢>l + i) L (g x 8y, ]
. 5 Coupling to charge, v—-independent

Coupling to charge, v--dependent

i Z@iq'wa)zy =
(@) S Z(ezq T 1,, Q

Coupling to spin, v'-independent

| - ——
1)
11§ ’Q‘ll

» Couplings to particle number and total spin ,
: O =8y - (L x vl)
of the protons/neutrons/electrons associated v mg

. . o O = 8- v*
with the ion at site [,]. O — 8, - (S x vt)

Og)}: (Sx v )(Sw _(L)

My

Coupling to spin, v-dependent

Oii}) — (S*!j) | 'UJ_) (SX | 7:1,_3,)
015 = (Sx - (i xv)) (Su - )
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

]753'(— g,v) O Z [Cg't.b) < 8iq.:cr,>lj 4 Cflw) S, - <eiq-w¢x Sw,a>gj Interaction Type NR Operators

0 =1

+.\(Cé(;w) S, - <eiq'azav(ix.>lj

" - y ] Coupling to charge, v—-independent

» yl-dependent operators.

Coupling to charge, v—-dependent

k+ k' )
Ly @ (k+ K)o _ S BN
2mx 2m¢ me

Coupling to spin, v'-independent

Coupling to spin, v-dependent




Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Interaction Type NR Operators
] 0(0'} —

7l Coupling to charge, v--independent ; .

| Oﬁ) =8y %

» yl-dependent operators O = 5, (21 xv')
Coupling to charge, v—-dependent @ b
, k@ =8, v
'UJ':'U q (k+k)0<: O(#) S S
85
2mx 2m¢ O(”’) (S _q;) (S 7_nq;)

Coupling to spin, v'-independent

same treatment as before

= total particle number & spin

Coupling to spin, v'-dependent




Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Interaction Type

NR Operators

| (@)

g Sy <6iq’ i J] . 1. o('¢) =1
\_ 7 Coupling to charge, v—-independent Oﬁ) _ s, i_q
» yl-dependent operators. 0P _ 8, (3% xv)
» J__ My,
Coupling to charge, v—-dependent k@ & S
k+ k') __Jx
v = v d ( e O(") S, - Sy
2mx me O(w) (S _q_) (S ;;1—)
Coupling to spin, v--independent () g "“
O.f" =8, (Sy x —q—)
same treatment as before . . v
: . probability current Oft) = 5. i
= total particle number & spin e :
kO v Sw (—q— X vi)
O(’“»’) Sq -+
0% =8, - (8Sy x vt)
Coupling to spin, v'-dependent ()
O13° = (Sx ad )(Sw E%)
Oii’l) = (Sy'; y 'UJ') (SX . ?’:L_(i.,)
01y = (Sx- (2 xv")) (Sy - 22)
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

]'}zj(_ g,v) D Z[ ) < i T >l 4 C(u) S, - <ez‘q-ww Sw,a>zj ‘ Interaction Type NR Operators
+ef”) 8y (6?:"’ vy ] 0" =1
" N * 7l Coupling to charge, v--independent Oﬁ) _ s, i_q
» vl-dependent operators. 0P — 8 (4L x p1)
Coupling to charge, v—-dependent kO?T Sm%vl
k+ k') __—Jx
vy = 7 ( g o =88,
2y, 21y, O = (8, - _Q_) (S g_)
Coupling to spin, v'-independent ( ) i .
same treatment as before . . o
, , probability current Oiy' = Sy ,;"
= total particle number & spin =
kOT‘" Sw-(fzxvl)
iq-To iq O = 8, vt
2 ATy = 5 , wallj = Oy = 8y - (Sy x vt)
o v o Coupling to spin, v'-dependent (o)
O13° = (Sx ad )(Sw E%)
» Orbital angular momentum emerges (after O = (Sy - v1) (Sy - 2%)
some algebra). O = (Sx - (s x ")) (Sy - o)
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Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

]753'(— g,v) O Z [Cg't.b) < 8iq.:cr,>lj 4 Cflw) S, - <eiq-w¢x Sw,a>gj Interaction Type NR Operators
o
() Ty L (©) _
a 5 Sy (e* '”a>zj J] ' L_; 0,7 =1
\_ . Coupling to charge, v—-independent .
| O = 8y - 5
» vl-dependent operators. O Z 8, - (AL x y)
Coupling to charge, v—-dependent O(O(d) y Sm"é N
et : M
W) @ | igma, 1N _ @ o (. D \/n 'q | ()
cg ' Sy Z:(e 'va>£j cy Sy {('v 2mx)<\9)3 -+ 2mey X (Lw)zj] , . O =8,-8y
i 7 . O v — S . ?f— S ;_qu
c:(f) a . Z(e"‘q & vi‘ X Sw,a>z ; Coupling to spin, v-independent ° () ( * "“’) ( "*:)
Ty, ~ ng SX : (S X ﬂ—)
tq 1 2¢ik ik ik
= ¥ [(@ X 'v) (S + s (@°6" — ¢'d") ((Ly @ Sy)) ] -

Coupling to spin, v-dependent




Step 2: matching onto lattice d.o.f.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

1";'{],(_ g,v) D Z[ ) < i T >l 4 C(u) S, - <eiq-ww Sw,a>zj Interaction Type NR Operators
W) @ igme,dy (¥
+ic S.-{e q a/va ] o _

d@ X < . >z 7l Coupling to charyge, vJ'-indcpendcnt () .

- O}’ = 8y m

» vl-dependent operators. O = 5, (21 xv')
Coupling to charge, v—-dependent @ b
k@ =8, v
O(") S, - S,
0“") (Sx - j;) (Sy ;?;)

Coupling to spin, v'-independent

» Couplings to particle number, total spin,
orbital angular momentum and spin-orbit Coupling to spin, vL-dependent
coupling of the protons/neutrons/electrons
associated with the ion at site [,].




Step 2: matching onto lattice d.o.f.

crystal responses

: : : , Point-like Composite
DM-ion scattering potential Interaction Type

NR Operators

Response Response
. ) , 1 ng) =1
: -;:-q, v (G x (Suhy) 2.‘1 5 (0%~ §¢) (Lo S, }tJ’:'ik‘ Coupling to charge, v=-independent (%) tq N —
by (L Oll — SX "y
2) S}_ . {:S-\-}ij )

- - y 2
| g ! A R ‘7___ 1
v xS, ) NG+ Sy (2 ) -
| [mw ‘ x) iyl 2my, > ~ - e

’ 9
Coupling to charge, v—-dependent

0¥ _ | N L

-8, (q- (S )1)

0
|

77?‘
Y

(¢¥) _ |
‘U' ) (’b )' b e ik 7q ‘0 @ v."':'.."fk 04 _ SX S'¢’

‘)m\

(0 + S (Nyhtj + 5

05" = (Sx ;%) (Sv - L) o _
oY) = S (S x 24)

M)

o 5#,.7?_4

Coupling to spin, v'-independent

'In.u.
03" = 8y - (i x vt)
Iy,
) | (%) _ 1
& —G~8 ) (L, ’.?;,‘:S(;:‘ij)ww O Sq’ v

‘

u' + .) ,. (l} X S\) . <\L 2 8. ;- ’ . . N O(‘r’ . SX . (S(w X UJ_)

: e Coupling to spin, v—-dependent () S L®S
20 3 Y A k! - vy N[ S SR ik ?’ — .

1 [ 77y, ‘q bh (v - fiv_,' — ¢k W (4'} g - bx,] ((Lop & Saplig) } 013 - (SX v ) (S’u’ 7711,) )

q° . Nfa fev v
{:z (§-(©' % 8))(d-(Suh;)

o] G s s 0l = (Sy-v4)(5, - 2)

m 1}"
'iq"

. . , (0 ' L 3
e o (L= Gd) - (Lo 50015 - 6 Ois) — (Sx : (ﬂ X v ))(Su,). ﬂ)

2m:, Ty Trf
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Step 2: matching onto lattice d.o.f.

crystal responses

DM-ion scattering potential

VS, (S

2q q' { = N
2m?2 Sy (1-
irf

(v % 8y ) (N, +

/\l W,

afy’ ' \
::' (U X S\" * :

[ vq

(z" -8, ]lq (8.
| 711y,

N'+

[ g \
(G-8y)(v" - (50i) —¢
[ 77y, ‘
o3
o '-
2\

me,
- y

-~ s ! WS oA e Y
G (v x8,))(d- (S

o Sy (11— Gd) - (L,

aq ¢ \ el k % ¢

& N, a . W= v ‘\ ! e

b““l MM X 9 Sx)hlh'“
-~ &

01 = (Sy - vt) (Sy - 22)
01 = (Sy - (& x v4))(Sy - 2)

. " Point-like Composite
Interaction Type NR Operators | - =
esponse esponse
o =1
Coupling to charge, v—-independent () q N _
Oll - SX My
(4) i L
Counling 4 N 0" =8y (L xv") T
oupling to charge, v—-dependent () N N L
(Z:,E; —_ Ifir)( - v
0" =8, - 8, W
O = (8y - -2)(Sy - -2) |
. . 1o X L
Coupling to spin, v—-independent () iq S -
O, S (.S' X m)
oW =g, e
05" = 8y (7L x v*) |
S O =8y vt
. . N O(" — S'X y (Sw X ’UJ‘)
Coupling to spin, v—-dependent () L®S
Old — (SX g ) (S"" 'mu)
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EFT of DM direct detection: preview

Crystal responses

O-0-0-0
M -0-0-0-0
O-0-0-0
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EFT of DM direct detection: preview

Crystal responses

O-0-0-0
M -0-0-0-0
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EFT of DM direct detection: preview

Nonrelativistic (NR) EFT of DM-SM interactions

Crystal responses

Phonon & magnon excitation rates

M- 0-0-@ ‘M -O0-0-0-0
- 000 O-0-0-90
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Step J: quantizing lattice potential for phonons & magnons

> Big picture. Crystal responses

DM couplings to lattice d.o.f.

» All 4 responses can excite phonons.
N S

» Any coupling can shake the lattice. (particle number) (spin)

» But it needs to be “coherent” to excite phonons. L L®S
(orbital angular momentum) (spin-orbit coupling)

34
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(particle number)

» But it needs to be “coherent” to excite phonons. L
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» Scalar couplings (N, L-S) are trivially coherent.
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(particle number) (spin)

» All 4 responses can excite phonons.
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(orbital angular momentum) (spin-orbit coupling)

» Scalar couplings (N, L-S) are trivially coherent.

» Vector/tensor couplings are not coherent unless (spontaneously or by external fields).
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Step J: quantizing lattice potential for phonons & magnons

> Big picture. Crystal responses

DM couplings to lattice d.o.f.

» All 4 responses can excite phonons.
N S

» Any coupling can shake the lattice. (particle number) (spin)

» But it needs to be “coherent” to excite phonons. L L&®S

, . (orbital angular momentum) (spin-orbit coupling)
» Scalar couplings (N, L:S) are trivially coherent.

» Vector/tensor couplings are not coherent unless (spontaneously or by external fields).

» Need to couple to magnetic ions’ spins to excite magnons.
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Step J: quantizing lattice potential for phonons & magnons

> Big picture. Crystal responses
. DM couplings to lattice d.o.{f.
» All 4 responses can excite phonons. —
| . N
» Any coupling can shake the lattice. (particle number) (spin)
» But it needs to be “coherent” to excite phonons. L L®S

(orbital angular momentum) (spin-orbit coupling)

» Scalar couplings (N, L-S) are trivially coherent.
» Vector/tensor couplings are not coherent unless (spontaneously or by external fields).
» Need to couple to magnetic ions’ spins to excite magnons.

» Jonic spins come from electrons. In many cases, they are S..
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Step J: quantizing lattice potential for phonons & magnons

> Big picture. Crystal responses

DM couplings to lattice d.o.f.

N

» All 4 responses can excite phonons.

» Any coupling can shake the lattice. (particle number) (spin)

» But it needs to be “coherent” to excite phonons. L®S
(orbital angular momentum) (spin-orbit coupling)

» Scalar couplings (N, L-S) are trivially coherent.
» Vector/tensor couplings are not coherent unless (spontaneously or by external fields).
» Need to couple to magnetic ions’ spins to excite magnons.

» Jonic spins come from electrons. In many cases, they are S..

» They may also have orbital components L..

34



Step J: quantizing lattice potential for phonons & magnons

» Upshot of the calculation. DM-ion scattering potential

gz
= E (v, k| e"TTi V),
bJ , y :
i I;\ .'v"" - ‘1' -‘k a3 Ak r «x v N "k
& T e ' . N 3 . bz v (L b X bil ']
[,9 o ) K m ' Qmﬁ,( 7L ) ]
’J y

single phonon/magnon states

i m @ Vg i@ ) iRk
[ TPy (q b""} (v \‘b""""’\’ ¢ 21713,

q2

'nl",:?. (@ (0" x S:)d- (Soluy)

P
at > 17 f R < W
+‘2mf,‘ bx . (1 N qq) (.L{'f! X bv,)!; ql.,
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Step J: quantizing lattice potential for phonons & magnons

» Upshot of the calculation. DM-ion scattering potential

Leading dependence on lattice displacements comes from

3In
u;~—a:g-—:z:?—2‘ 2‘ . (EL L € k~eik'w
- ) ’/’ V’ 3
d o 7 V2Nmjw, k J

v=1k€E1BZ
» Compute crystal Hamiltonian by density function theory (DFT).
» Done in previous works in collaboration with Griffin group at LBL.

Griffin, Inzani, Trickle, ZZ, Zurek, 1910.10716.

+ There are also online databases (e.g. phonondb@kyoto-u).

» Then solve eigensystem using the phonopy program.

ig* o
+2mff,‘ S¢-(L—4§q) - Ly Su;-d|,
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Step J: quantizing lattice potential for phonons & magnons

(217 P ' rayp ?q .. , .
[ (0" Sy ) (NG + 58+ (4 % (L),
5 l x )\ ity iy, x g X Ly )y )

A ik-x?. AT * '
(a'u,k € k,;€ b+ @1 €vk i€
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

~q.v) = L c] (N

Ir'q [ —v qubn

2
q- Gk miaRn i
! 2'”&2 (()”\ q Q"J (.(‘Lu'; % bi.v,’lj) l

single phonon/magnon states - 8, - 18,

an
. 0 . N N 1 n ik’w? *T % ‘
U = Ly — Ly = TN Ay k €y k. j € i -+ Ay 1 €vk,j €
v=1kc1BZ V2Nmjw,

sum over phonon branches
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

~q.v) = L c] (N

Ir'q [ —v qubn

2
q- Gk miaRn i
! 2'”&2 (()”\ q Q"J (.(‘Lu'; % bi.v,’lj) l

single phonon/magnon states - 8, - 18,

an
. 0 . N N 1 n ik’w? *T % ‘
U = Ly — Ly = TN Ay k €y k. j € i -+ Ay 1 €vk,j €
v=1kc1BZ V2Nmjw,

sum over individual ion amplitudes
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Upshot of the calculation. DM-ion scattering potential
—q.v) = L c, (N 1s

Ir',; [ —v qubn

"
Q- Ny o "
2 (bl.'. G~ ) ({Ly o b;‘,.,)lj)' l

single phonon/magnon states - 8, - 18,

+cg”'[%( x Sy ) Ny ,+2q25 (1 —44) - (Ly) l

b an 2
+6g ,f? (G- 8y)(q-{Su)y,

an
. 0 - - 1 ~ Zk:l:? *T * .
U = Ly — Ly = TN Ay k €y k. j € i -+ Ay 1 €vk,j €
T kem V2NM Wk

phonon eigenenergies & eigenvectors
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Upshot of the calculation. DM-ion scattering potential
—q.v) = L c, (N 1s

Ir',; [ —v qubn

"
Q- Ny o "
2 (bl.'. G~ ) ({Ly o b;‘,.,)lj)' l

single phonon/magnon states - 8, - 18,

+cg”'[%( x Sy ) Ny ,+2q25 (1 —44) - (Ly) l

b an 2
+6g ,f? (G- 8y)(q-{Su)y,

an
. 0 - - 1 ~ Zk:l:? *T * .
U = Ly — Ly = TN Ay k €y k. j € i -+ Ay 1 €vk,j €
T kem V2NM Wk

reminiscent of a harmonic oscillator
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Step J: quantizing lattice potential for phonons & magnons

» Upshot of the calculation. DM-ion scattering potential
Vij(—q.v) = > PN s

U—p,n,E

l J { f"; [ — (q X /b )l ' 2 [3 (dz" év‘ih)((llt & Si,»:’li)ik]
?

single phonon/magnon states

| C4 S’k I‘j

magnons

2
e [i (> S Nsly + g Sy (2= ) - ol
v

2

() 4~ s
+ mi., (q SX)( (S n)

Project onto ionic spins (material-specific):

‘""‘ I Y \ ‘ik
ol I (Suh; + P Q ( Ly 80)i5)
. ’ amy |

(Sehij — As.iS1i, (Le)tj — AL, S

) (‘U' . S \)(. /\',.J,'::l'v' + ozq A.q); ' (fj X (L‘;-}U)]
- X, ¢ m;;,- .
47 zq

my Sy (b 1x¢”

Then expand in Holstein-Primakoft bosons:

~t - V1/2 . ? ~T A~ 1/2
SZI;B = (253 ag.jalj) / aij S,J _ aly (2‘9.7 a’gja’l.?) / ’

» Lattice spin Hamiltonian taken from literature (usually derived from
experiment or DFT calculations).

» Then solve eigensystem using our own code (based on Toth&Lake).
Toth, Lake, 1402.6069
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Step J: quantizing lattice potential for phonons & magnons

» Upshot of the calculation. DM-ion scattering potential

Ly
single phonon/magnon states

magnons

Project onto ionic spins (material-specific):

(Sehij — As.iS1i, (Le)tj — AL, S

Then expand in Holstein-Primakoft bosons:

A oa \1/2. oo At . \1/2
Sgg = (253' — a;rjagj) ai; , Sz; = a;fj (2Sj — a;rjagj) : Ssz =S —
» Lattice spin Hamiltonian taken from literature (usually derived from

experiment or DFT calculations).

» Then solve eigensystem using our own code (based on Toth&Lake).
Toth, Lake, 1402.6069
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

L
single phonon/magnon states

magnons

Project onto ionic spins (material-specific):

i e vivsw e s Mg o)
‘&v l.n . S\) (‘{\..‘J..} 5 + ‘)'—S"); . lq X‘:(‘ L,'.,,)l.‘:
i 21Ty %.____J

<Se>lj — )\S,jslj ; <Le>lj — )\L,jslj

Then expand in Holstein-Primakoff bosopes
rate formula

L [ dg & | = e * T
D) = g [ (om0 270w —wa) 5 D€ FH/S; (Viugrs + Viuar$) £5(-4,)

-
=1

coefficients of (S.) and (L.> in the potential
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

_ E (v, k| "™ Vi V),

L,j
single phonon/magnon states

magnons

Project onto ionic spins (material-specific):

<Se>lj — )\S,jslj ; <Le>lj — )\L,jslj

Then expand in Holstein-Primakoff bosopes
rate formula

Zeéc'm?\/@ (U*
7

!\- Ml |
coefficients of (S, and (L,) in the potential

sum over magnon branches

38



Step J: quantizing lattice potential for phonons & magnons
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L
single phonon/magnon states

magnons

Project onto ionic spins (material-specific):

A7) ln' : S.\,‘)c‘ Ny + ‘)_QS); g x§(Lyngd
_ ’ 2y N S

<Se>lj — )\S,jslj ; <Le>lj — )\L,jslj

Then expand in Holstein-Primakoff bosopes
rate formula

1 [ d%¢ <
F(”)_ﬁf (zwq)3z_;2"’5(“’”"’ “a)

sum over individual ion amplitudes
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

L
single phonon/magnon states

4 X ': .",'."}4' i‘
magnons e

2 4 3 o
ia . N q (4
S My (v % 8y ) (Nyhy + o Sy (1 - 44) | |

o2
me

Project onto ionic spins (material-specific):

(alr) ” ¢ ' | 2q /A ' h !
.:"": ln . S\) (‘ (\r,“‘,.: 5 + ‘)—S)‘ . ‘sq x‘: ‘ ;,".:)
: ’ ..'”L;"; ’ 1""\,} g

(Sehij — As.iS1i, (Le)tj — AL,jSi

Then expand in Holstein-Primakoff bosopes
rate formula

1 [ & o LIS ica? /g (7
')~ | Gy 2, 28k —wa) g |2, €7 /S; Winars ‘.

coefficients of (S.) and (L.> in the potential
rotation matrices to magnon eigenmodes
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Step J: quantizing lattice potential for phonons & magnons

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

= (k[T V;(—q, v)

L,j
single phonon/magnon states

magnons

Project onto ionic spins (material-specific):

<Se>lj — )\S,jslj ; <Le>lj — )\L,jslj

Then expand in Holstein-Primakoff bosopes
rate formula

1 [ &g — 1 g
['(v) == /(2#322,”5 Wy Jo — wq)§ Ze

captures magnetic order
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Crystal responses

DM



EFT of DM direct detection: preview

Crystal responses

DM
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successively higher order in g

Parametrically, the rates are given by:

2,2 2 2

RSI ~ Px 1 9xYe ion d lN 2 2 Px ion

phonon 2 o q 9xYe 2 |
My Meell €50 MionW q My \ ExcMMcell TMionW

edm mdm ana

Rphonon N Rphonon - phonon " 2

RSI Redrn Rmdm
phonon phonon phonon
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mx [MGV] (Sub-eV Polar Interactions Cryogenic .Experifnent) in our theoretical Stlldy.
— part of the TESSERACT project, in R&D.

One of the targets used in SPICE Optimal phonon target found
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These targets do not have S or L order.
= Phonon excitations only via the N response

(DM couplings to particle numbers).

107 102 100 1 10

One of the targets used in SPICE Optimal phonon target found
mX [MGV] (Sub-eV Polar Interactions Cryogenic Experiment) in our theoretical Stlldy.

— part of the TESSERACT project, in R&D.

b4



These models also generate couplings to S and L.

= Best probed by magnons.




» Zoom in on these two models.

» Compare phonon reach (from previous plot) vs. magnon reach.

100 gy
10774
3 GaAs -
10—8_ ___________
m>< \SiOQ —________—":: ::::
0=y
1l T -
10 a — RuCl3 Magnetic Dipole
gn =0,9p = —Ge
103 102 101 1 10

m, [MeV]

1077

—TL i
10 a — RuCl; Anapole
9n = O, 9p = —9e
AT R 170 SR B
m, [MeV]

Yttrium iron garnet (Y3zFesO12).

Well-studied ferrimagnetic material.

Heisenberg model involving only S (not L).

Used in QUAX (QUaere AXion)
experiment for axion detection.
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» Zoom in on these two models.

» Compare phonon reach (from previous plot) vs. magnon reach.
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T g. gp , g e g, gp , g Antiferromagnetic order involves both S and L
107 107 10~ 1 10 107 107 10~ 1 10 (spin-orbit entangled moments).
mX [Me\/} mX [MGV]

Very low energy (<10meV) gapped magnons
= reach lighter DM.
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» Zoom in on these two models.

» Compare phonon reach (from previous plot) vs. magnon reach.
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Parametrically, the rates are given by:

2.2 2
Rmdm - Px Sion 9y YGe 1 daa ~ 2 92 Px Sion?
magnon .. m €2 m2m? 99 ™ 9xJe M E2 Myeall T2
X cell 00 X cC X Yoo cell e
ana
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N v L ]
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magnon

For both models,

ion

R honon 2 m2v? 10-3 (10 GeV - 100 meV)

Rmagnon Sion MijonW MijonW

» Magnon reach is parametrically better, but SiO, (optimal phonon target) is not too far behind.

» Encouraging for the technically more mature phonon experiments.
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Take-home messages

Collective excitations such as phonons and magnons offer a novel path to detect light DM.

New experiments such as SPICE have broad discovery potential over the vast DM theory space.

We have developed the tools for computing detection rates for general DM models.
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EFT of DM direct detection: summary

Crystal responses

DM couplings to lattice d.o.f.
N S

(particle number) (spin)

L L®S

(orbital angular momentum) (spin-orbit coupling)

Coupling to charge, v>-independent

Coupling to charge, v--dependent

Phonon & magnon excitation rates

Coupling to spin, v-independent

o) =8, . (Sy x v+)
01y = (Sx-v")(Su- 2L)
O = (Sy - v*) (Sy - k)
0 = (5, (32 xv)) (8, - 2

e

Coupling to spin, v--dependent



EFT of DM direct detection: summary

Crystal responses

DM couplings to lattice d.o.f.
N S

(particle number) (spin)

L L®S

(orbital angular momentum) (spin-orbit coupling)

Coupling to charge, v>-independent

Coupling to charge, v--dependent

Phonon & magnon excitation rates

Coupling to spin, v-independent

o) =8, . (Sy x v+)
01y = (Sx-v")(Su- 2L)
O = (Sy - v*) (Sy - k)
0 = (5, (32 xv)) (8, - 2

e

Coupling to spin, v--dependent
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