DIRAC ATTACKTY

Searching for Light Dark Matter
with Dirac Materials

Yoni Kahn, Princeton University
10/31/2017

*With apologies to the MIT physics department intramural hockey team...
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Dark matter exists!
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Parameter [1] Planck TT+lowP
b2 0-:02222= 023
Qh* .. ... .. 0.1197 £ 0.0022 >
UoOMC 1-04085=+0. 47
Tt 0.078 + 0.019
In(10'°4,) ... ... 3.089 + 0.036
Mg o oeie e 0.9655 + 0.0062
Hy ........... 67.31 +£0.96
Qn oo 0.315+0.013
(o NN 0.829 + 0.014
10°Age™ ... ... 1.880 +0.014

[Planck collab., 2015]



WHAT IS DARK MATTER DAY?

On October 31, 2017, the world will celebrate the historic hunt for the
unseen—something that scientists refer to as dark matter. Global,
regional, and local events are being planned on and around that date by
institutions and individuals looking to engage the public in discussions
about what we already know about dark matter and the many present as
well as planned experiments seeking to solve its mysteries.

PLAN A DARK MATTER DAY EVENT

- Dark Matter Day”

October

Want to plan a Dark Matter Day event in your community? We can help! Check out the links
below to resources that can help you find and connect with local dark matter experts, plan a
program for a particular audience, and promote and share your event with the world.

< Newsweek A

What IsDark Matter Day? >

Scientists Launch First-Ever Event
Celebrating Universe’s Biggest
Mystery

Dark matter makes up most of the universe,

< butscientists have no idea what itis.”>

By Hannah Osborne
October 30, 2017

The Milky Way galaxy.
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what’s over here?



Sub-GeV DM

Theory motivation: Astrophysical constraints:

All Experiments (Kinetic Mixing + Elastically Coupled DM)

HDM : 0.1 keV ‘WDM : 0.5 keV
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[ g i S 1 D s W A VB . .

1 10 10° : Lyman « forest: CMB power injection:
my (MeV) :
[SLAC Dark Sectors Workshop 2016 report MpM Z 3 keV thermal relic

can’'t annihilate

(if thermally produced) through s-wave

MeV DM + MeV mediator +
smallish couplings gives

right relic abundance too!

d to look here!
Not just WIMPs EEE IO TODIRNETE



Dark photon moaels
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keV fermion ma < keV
freeze-in:  ape? ~107°°



“Standard” direct detection:
nuclear recoll

X X
‘ D =M, — ‘ 1 2 ~Y mX
\X N u Qva bev (MeV)
N Only available for m, ~ my,

q\‘

"Ping pong ball on bowling ball” kinematics:

2 2
o q 4 ( My ) 10 GeV
47 S, ENR 2m Y\ MeV ( My

Need MeV targets (electron) and eV thresholds for MeV DM;
even smaller (meV) thresholds for keV DM

way below keV thresholds




Dirac materials: intro

slope of cone = VF

3 x 10~ 3¢ for graphene

[Castro Neto et al., Rev. Mod. Phys. 2009]

Dirac dispersion:
El:; — ::\/U%k2 + AQ

Electrons behave “relativistically”™ with ¢ = vp, o —

8%

RUE

Pointlike Fermi surface but high conductivity (A < O(meV))



Dirac materials for DM

2D Graphene 3D Dirac semimetal (ZrTes)
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e ¢V ionization energies * meV-scale excitation energies
* Large conductivity change * No in-medium screening

when one electron removed

New class of materials for

DM detection!



MeV-GeV DM
w/graphene

[Hochberg, YK, Lisanti, Tully, Zurek, Phys. Lett. B 2017, 1606.08849]



DM-1nduced 1onization

Two key features:

X 1. Initial state not a
‘ momentum eigenstate:
kfand q independent

y P—¢q
,.)

\

y {fi € 2 Wavefunction
.y .
b @ suppression at large q:
1
ko ~ — ~ 4 keV
AE, = E - %fzezq.v zgnx dtyp ac

v~ 107% = rate maximized for AE, <4 eV



Graphene 101

1-atom thick lattice of carbon
4 valence electrons per atom:

)~
qR

T electrons

0.142 nm ~ . |
8 . 7 keV s orbital \ | ) — 0‘
_ S a \) b 120

o electrons




Electron energies

Binding energy depends on lattice momentum / :

0
\ Dirac point: massless charge carriers,
/ | large electron mobility

5 . ’~_ X

2 o | | |

g | oy | can dominate DM scattering

£ ﬁ Brillouin Zone | cross section, need to treat these 00!
K r M K

To eject electron to vacuum, need to overcome work function
~ 4 eV
Eion = Ep + O

(tunable)



Cross sections and rates

Single point in BZ:

5. [ ks d3q ) |~ 2 [ k? ¢
(0 = 2o F (qu _k ‘5 LB + @ _q.
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Directionally-averaged rate
g(v) = g(v), Standard Halo Model

Energy spectrum
(Fom = 1, 100 MeV DM)

_ 107 107
T = __ [ 10731}
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work function

Binding energy sets threshold

dominates Momentum talil
dominates

Comparable reach to conventional semiconductors!



Directional detection

Key observation: ionized e- kinematics
highly correlated with initial DM direction

~ 1
¢(q o kf) ™~ ) [+1
(a3 |a — ks * + (Zea/2)*)
Dominated by min. allowed q, Minimized when k¢ || q || v

kinematics forces q || v

Diffraction effects when k¢ ~ 27 /a

Two-dimensional target: directional information preserved!

(not just graphene: e.g. monolayer gold [Drukier et al., 1206.6809])



Perpendicular DM stream
e - g(v)=0(v —v.2)

\g‘ 2 ‘
— 10GeV,Ee = 1 eV

-- 10 MeV,E,;, =1¢eV
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521),2 (a—k) = J\N[Q(S)/Q

Numerator suppresses forward scattering for heavy DM



PTOLEMY-G3

(under development at LNGS)

0.4 kg graphene =
10 billion cm? area =
1000 m3 active volume
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3D array of graphene
on SiO2 substrate:

* Inner volume (FET to FET)
- Quter volume (FET to cal.)
- Fiducialized
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Graphene FE
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can act as target and detector!



Graphene FET details
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Graphene FET

top view

side view

vacuum
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yvacuum

Substrate

(b}

[Kiarii et al., Chem Phys. Lett 2017]

insulator

R (k)

Scalability to Single
Pixel

Pixelated Sheet
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[Foxe et al., IEEE Nano 2012]



Directional detection w/PTOLEMY-G?

Zeroth-order: head-tail discrimination

Dark Matter Wind

[D. Spergel, PRD 1988]

R(t=0) ~2R(t = 12 h)
— /0 events to exclude unmodulated rate at 95% c.I.

Use FET time-of-flight and pixellation for full 3D directionality



Backgrounds

Two categories:

Secondary eV spectrum

Primary eV from keV primary scattering
spectrum ¢ / — _
® €
\\, \ l) __— ‘
E!:ERGY IN Mocg UNITS ; . ) 6_
Carbon-14 B ®
(also radon decay chain) b

Borexino:14C fraction of 10-18, can get 10-23 w/mass spectroscopy
Would reduce background to 1-2 events/yr



keVV-MeV DM
w/semimetals

[Hochberg, YK, Lisanti, Zurek, Grushin, llan, Liu, Weber, Griffin, Neaton, 1708.08929]



Graphene for keV DM

Recall: keV DM has ~meV kinetic energy

Monolayer Bilayer

Pristine Gated

NN
AN e

N

[Castro Neto et al., Rev. Mod. Phys. 2009] [Zhang et al, Nature Lett. 2009]

A

Gap A is continuously tunable 0-250 meV



Newton vs. Fermi

VDM ~ 10 ¢ Vg = 3 X 10 3¢

i 4
AA

H/_/

kinematically forbidden for vpm < VF

Unfortunate coincidence for DM direct detection!



Dirac semimetals = “3D Graphene’

E

1 e ——

| \%ﬂ% %\Q\J A
0.5F - = |D>+ei(pk|9>
7 E
s of - :,
L X ‘\_
i 05 l = ¥ Cd,As,
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%/ﬁ % / - 9
Ll ! 5 A 04

0 | 3IO IZ— 6IO | 90
[Dolui & Das 1412.2607]

Advantages over graphene:

 Many candidate materials, range of Fermi velocities
 Bulk material: more exposure
* Anisotropic crystal: directionality for excitations




Scattering rate

1

Px Oe 3 9 9 9
R_ — /= d°q — min ) ! me —k— /
kb k! = 87m>2<e/ q’q’U(U (lal, wkk)) | Fom (@) |7 | Fmed (@) f= x>+ k()]

| ots of form factors:

FDM(Q) . DM model. Const. for heavy mediator, ~1/g2for light med.

Fmed(q) : Effects of target medium. Can have strong o2 dependence!

J— k—+ K’ (q) : Wavefunction overlap btw. initial and final electron states



Transition form factor

Wavefunctions near Dirac point are simple!
Just borrow results from Peskin & Schroeder...

0 £-o—iA
Hy = SRR Ejf:i\/v%EQJrAQ.
vl - o + 1A 0

f-ko+x(a) = /dBX WY ()W (%) €'

Wavefunctions are just plane-wave eigenspinors:

9 :_ (27‘-)3 e ¢ El /
- : — - 1 S(q— (& — ¢
Compare to semiconductors: Must be

_ computed
numerically

2
fiimin (@] = ‘ Z vV
|[Essig et al., JHEP 2016]




INn-medium effects

~ T L
LD —SF, F™ = L£>ee T A ge
) 7 — 1z

[An, Pospelov, Pradler, 1302.3884 and 1304.3461; Hochberg, Pyle, Zhao, Zurek, 1512.04533]

Dark photon coupling to charged matter depends on
dielectric properties of medium

Dirac semimetal Metal
;‘ LR T T “””I T T T T T LY | ‘é 103; LR | LAY | LR | LR LR | LR | ToTrTTTg
— Re i w =1 meV ] - w =1 meV R
107°F — Im ! — a
— i '™ 10% i E
% 3 = :
4, i 22, ]
3 5[ ey il
E 10 : E
10-71 absorth scattering \
| ! T | ! RN | ! RN | ! Lol ! i Lol ol ol Lol Lol Lol Lo :
107*  107% 1072 1071 10Y 1072 10° 102 10*
ql [eV] q| [eV]
2. : P
scales as ¢~ complicated behavior:

charge renormalization keV-scale effective mass



INn-medium form factor

M(q,w) = ¢°(1 — €(q, w))

Dirac materials are carbon-copy of 3+1 QED!
Back to Peskin & Schroeder...

2 4A2
(E"“)semimetal = 14 = n < )

24m?kvp  \w? /v — g2
1 e(q)
Fmed q) = ="
D=0 = «

Ward identity to the rescue:
dark photon does not acquire
an in-medium mass in Dirac materials!



Scattering reach
(dark photon mediator)

covers
all of ] T
freeze-in
target below
a keV!

conventional
semiconductors

S
~
~
~.
~

2
______

m, [keV]

Semimetals beat superconductors:
iIn-medium form factor is ~1, light dark photon stays light



Bonus: apbsorption!

1 optical theorem 1

Rabs — pX <nTUabsvrel>DM —> _pxgeﬁ‘ IIIl Er,a
PT My PT

1078

Stellar constraints ?

10—10?
10—12?

—14 E
1 3 .
0 Dirac,

_ A = 2.5 meV (2—phonon) _
10—16 .;— ?_

E

Dark photon absorption

1018E . L, [ R R SR S
1073 102 107"

T Ay [GV]

Semimetals still beat superconductors!



lowards directional
detection with semimetals

1 e?q

(er)fm‘ =1-
q2 247—‘-2/1752' VF o VF yUF, 2

~

<
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\

— 3% In

AN2

WZ_QQ

q = (UF,:BQ:Ua UF 4y, UF,zQz)

—irq°O(w — |q])

Realistic materials can be highly anisotropic in both
pbackground dielectric tensor and Fermi velocities

E.Q. Zrles:

Parameter value (th.) Parameter value (th.)
VE 2.9 x 103¢ (vpy) Rz 1875
/UF’Q 5.0 X ].0_4C (’UF,y) F‘;yy 9.8
VF,3 2.1 x 107 3¢ (UF,Z) Kzz 90.9
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[U.S. Cosmic Visions community report, 2017]

Many experiments, lots of open parameter space:

exciting times!
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[U.S. Cosmic Visions community report, 2017]

Many experiments, lots of open parameter space:
exciting times!



Backup slides



Electron wavefunctions

Tight-binding ) o N\
model: = )y © 3 >a7;
solve eigenvalue problem
E.g. 7T band:
\Ijﬂ' (éa I') — Z GM.K (¢é4pz (I‘ B K) + ei(g.Rl_H%) (I‘ o Rl o K))

K=maj;+nas \
_ /._b phase difference between

. /_>_R> > A and B sublattices
lattice momentum N5 F
¢ e B7Z \;



Quasi-localized electrons

Eo.+E{) +®
q

q

Umin (87 Eerp Q) —

ake v = Vesc: Umin — 2 keV

0.142 ~
nm 2

Scattering localized to a tfew unit cells:

j=1

3
U (l,r) ~ N (@pz (r) + €0 ) R gy, (1 — Rj))



Tignt-binding diagonalization
HY, = E,.(0)V,
\Ifw(f, I‘) — CA(Z) (I)A(g, I') -+ CB(K) (I)B(f, I‘)

on-site energy (0 by convention)

\

<tf<25>* . > @) =W>( o 1 ) (22)
AN AN

transfer integral: overlap integral:
/d3r G5, (r) H ¢op, (r —R;j) = —3.03 eV /d3 b, (1) dop, (r — Ry) = 0.129
cap £ [ (£)
— [,.(0) = =2
T = s[f(0)

Cp/Cy = +e'*, v, = — arctan (EE;E?;)



Explicit wavefunctions

For self-consistent calculation, assume hydrogenic orbitals,
tune Zett to match overlap integrals:

P2p. (r) = Na_3/2 ;0 e~ Zett /290 (og 0 Zeg = 4.03
P2p, () = Na_3/2 c; e~ ZetiT/2a0 sin @ cos @ , e
P2p, (r) = N&_3/2 c; e~ ZetiT/200 gin O gin ¢ ’> T

Pas(r) = Na—3/2 ( iﬁf) o—Zeitr/2a0 Loy = 4.84

Physically motivated: 2D sheet breaks rotational symmetry



Forward scattering dominates

Take DM stream In z direction:

Energy conservation: (5(/@?:/2me + Ey +® +¢*/2m,, — qucosf,)

Delta function fixes 6, :

E.+E,+® ¢
qU 21, v 0,(q—) =0

cos b, =

e = my v+ \/min — om (B, + Ey + @)



PTOLEMY for CvB

[C. Tully]

Look for cosmic neutrinos  Molecular excitations too large,
through capture on trittum  use tritiated graphene instead

Borrow pure (un-tritiated) graphene for a DM experiment?
Same target, same signal, very similar readout!

Goal: 100 g tritium = 0.4 kg graphene



Graphene: parallel DM stream
g(v) =940(v—v,y)

6

- — 10GeV,E.,, =74¢eV
; - 10 MCV, Eer = 1 eV

)

-h T T T

o/d¢., [arb. units]

\ d or |ar

Diffraction for special ky = 27/a ~ -5

Forward scattering peak

Large angular correlations,
regardless of DM mass or recoll energy




Semimetal scattering reach:
heavy dark photon

-3

10 Zr'Tes, th.
& 10~
i Dirac, A = V
N

1073

10~

1
( ) 17 -Fmed( ) m
10—4 o . . o | | ]
101 102 103
m, [keV]

(Severe constraints from BBN)



Semimetal scattering reach:
Ignt and heavy scalar med.

SC, 1 meV \

L ‘ ‘ i ‘ ‘ ‘ C ] 40 ‘ ‘ i ‘ ‘ .
10t 102 103 10! 102 103
my [keV] m,, [keV]

(Severe constraints from BBN, stellar emission)



Semimetal absorption reach:
axion-like particles

Xenonl100




