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Search for light dark matter,
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Sub-GeV DM

Structure limits
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All is not well with 1-particle language

Hochberg et al. [2018]

DM does not interact with just one particle.
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All is not well with 1-particle language

Hochberg et al. [2018]

DM does not interact with just one particle.

e Complicated to compute (collective modes)

* DM model dependence (sometimes wrong)
DO W detector — X )P )detector
¥ and ¥’ from material physics (opportunity)
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DM scattering in dielectrics

Electrons are not free: condensed matter matters

X)) detector — |X/>|‘P/>detector

Predict scattering rate from response function

(2m)?

o[ 4 1
Via)| [2?1““ (‘e<q, wq>)

———
“Loss function” W

@ Predictable: e admits analytical approximations
@® Empirical: € is directly measurable
® Flexible: works for many targets, DM models

@ |nclusive: e contains all collective modes
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Anisotropic sensitivity — daily modulation in rate
Cut through background: scale with exposure

An experimental challenge?
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See e.g. Mahan [2013]
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Random phase approximation (RPA)

XRPA(Q, ) = Z P (q, w)

(geom.)
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Material parameters:
plasma frequency w, ~ O(1) x Ef,
plasmon width I" ~ 0(0.01-0.1) X w,,
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Understanding y — screening

Heuristically identical to E&M

Aluminum Superconductor, Light Mediator

1075
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10735 - === Unscreened
10738 \/
Z101]
10741 -7
10717 e
1072 St - . ;
1070 1002 107 100 10! 102 10°

Dark Matter Mass [MeV]

Screening is a property of material response
Scalar and vector interactions are screened identically
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Understanding y — Lindhard’s lessons

10-%2 Aluminum Superconductor, Light Mediator RPA, several plasmon widths (g = 10eV)
JR— Al
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@ Screening is generic, not model-dependent
® Resonances (plasmons) enhance the scattering rate

® Plasmon width is important

We can use analytical forms of € for heuristics
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Visualizing the loss function
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Small g: Can DM hit the plasmon peak? (w ~ wyp)
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Maximizing the rate

Small g: Can DM hit the plasmon peak? (w ~ wyp)

» EG plasmon trails off
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Maximizing the rate

Small g: Can DM hit the plasmon peak? (w ~ wyp)
plasmon trails off

keV A FEG
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AL Si — |
3 gy f.Sibamden  SEUREE onl ible if <
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|
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Large ¢: Can DM reach the maximum value of W?
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Small g: Can DM hit the plasmon peak? (w ~ wyp)

» EG plasmon trails off
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o ! K Only possible if vp < v,
|
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w<gvy
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|
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Large ¢: Can DM reach the maximum value of W?

FEG: wmax = gvy
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Maximizing the rate

Small g: Can DM hit the plasmon peak? (w ~ wyp)
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FEG: wmax = gvr Also requires v < v,
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Maximizing the rate

Small g: Can DM hit the plasmon peak? (w ~ wyp)

» EG plasmon trails off

L qc = wp/VF
ALSi —— |
i band gap - .
: \ X
|
|

I~

w<gvy

URu,Si,

|
My =100 keV | my = 19 MeV | my =1GeV

eV keV MeV klnemat|cs

a

Large ¢: Can DM reach the maximum value of W?

FEG: wmax = gvr Also requires v < v,

Find a target with a low Fermi velocity

Dirac materials Heavy-fermion materials
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Heavy fermion materials

3 FEG
o keV -
c
o i
U .
! | Al Si Kinematically
3 : accessible regions
o 3 Si band gap
Q CV > .
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URu,Si, |
/ | i
meV %= 100 keV | m, = 1i0 MeV | my =1 GeV
T T T T T T
eV keV MeV

¢ Momentum transfer
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Heavy fermion materials
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Projected reach

Light Mediator (scalar or vector)

10,42 ] — Al —_— URllgSif_}
— Si(2e7) —— Dirac
1074 T T T T T
1073 1072 1071 10° 10! 102 103

Dark Matter Mass [MeV]
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Back to anisotropy



An anisotropic plasmon?
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o keV -
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o 3 Si band gap
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eV keV MeV
g Momentum transfer
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An anisotropic plasmon?

3 FEG
o keV -
c
o i
U .
3 | Al, Si Kinematically
3 4 accessible regions
o 3 Si band gap

Q CV ......................................
(@)

|y URu,Si, |

heavy | _

fermion / !
ey = 100 keV | m, = 1i0 MeV | my =1 GeV

eV keV MeV
g Momentum transfer

Heavy fermion in only one direction?

19 Boyd+ & BVL 2212.04505



New approach: anisotropic mass

T [001]

i [010]

v

[100]

q2 q2 q2
Toy model: anisotropic m; Eq= 5 X 4 5 Y 4 5 z
My my my

What happens to W = Im (-1)?
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Real materials
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Real materials
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Real materials
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Anisotropic response function

Isotropic case.
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(Epe) — nep(Ex°)

(2m)3 EES - El°-w-is

X (q,w) =2
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)
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d3p nep(Epe) — nep(Ex°)

iso ,W =2/ ! :
X0 (q ) (27{')3 Ell)sfq_EII)SO_w_ié

. . . 2 . 2 2 2
Anisotropic case. E*° = g—m — EM = Loy Doy 4z

~ 2my 2my, 2m,
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Anisotropic response function
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Transform back to isotropic in k-space
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(Epe) — nep(Ex°)

iso ,W =2/ ! :
X0 (q ) (271')3 Ell)sfq_EII)SO_w_ié

. . . 2 . 2 2 2
Anisotropic case. E*° = g—m — EM = Loy Doy 4z

~ 2my 2my, 2m,

Transform back to isotropic in k-space

1/3
0i(Q) = ginJ5rs M = (mymym,) !
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(Epe) — nep(Ex°)

iso ,W =2/ ! :
X0 (q ) (271')3 Ell)sfq_EII)SO_w_ié

. . . 2 . 2 2 2
Anisotropic case. E*° = g—m — EM = Loy Doy 4z

~ 2my 2my, 2m,

Transform back to isotropic in k-space

1/3 . 2 .
0i(a) = giyJ L, M= (memym,)'® = E3 = & = E5°
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(EgSy) — nep(ER°)

iso , W =2/ : :
R (27)3  E - E5° —w—id

. . . 2 . 2 2 2
Anisotropic case. E° = L — Eani= Iy oy, 4

T 2my 2my, 2m,

Transform back to isotropic in k-space
[ 1/3 ; 2 .
Qi(q) =dqi %, M = (mxmymz) / Ed E;m = 2Q—M = ESO

43P nrp(EgY) — nep(ER°)
(27)° Efg, —Ep°~w—ib

X3 (g, w) =2
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(EgSy) — nep(ER°)

iso , W =2/ : :
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. . . 2 . 2 2 2
Anisotropic case. E° = L — Eani= Iy oy, 4

T 2my 2my, 2m,

Transform back to isotropic in k-space
[ 1/3 ; 2 .
Qi(q) =dqi %, M = (mxmymz) / Ed E;m = 2Q—M = ESO

43P nrp(EgY) — nep(ER°)
(27)° Efg, —Ep°~w—ib

X6 (q, w) =2 ., dP=d%
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Anisotropic response function

i i X5 (g, w)
Isotropic case. i3, = P = ,
LY 1-(e*/q*)x5°(q, w)

(geom.)

d3p nep(EgSy) — nep(ER°)

iso , W =2/ : :
R (27)3  E - E5° —w—id

. . . 2 . 2 2 2
Anisotropic case. E° = L — Eani= Iy oy, 4

T 2my 2my, 2m,

Transform back to isotropic in k-space
[ 1/3 ; 2 .
Qi(q) =dqi %, M = (mxmymz) / Ed E;m = 2Q—M = ESO

43P nrp(EgY) — nep(ER°)
(27)° Efg, —Ep°~w—ib

X6 (q, w) =2 ., dP=d%
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22 Boyd+ & BVL 2212.04505




Anisotropic loss function

myz /mxy =20,
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Anisotropic loss function
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Anisotropic loss function

myz /mxy =20,
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Light mediator, q L 2
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Anisotropic loss function
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Anisotropic plasmon threshold

10%
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Daily modulation in the rate

Light mediator

1.8
my /M = 1072
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— m/M =1
14 4 my /M =10

— m,/M =10?

0 6 12 18 24
time of day [hr]
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Modulation features

_ R(midnight) — R(noon)
B (R)

AR
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Modulation features

_ R(midnight) — R(noon)
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Fermi velocity
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Modulation features
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