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The Dark Matter Landscape
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The Dark Matter Landscape

hermal freeze-out
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The Dark Matter Landscape

Bosonic DM Thermal freeze-out

107** eV peV  meV eV keV. MeV  GeV  TeV PeV ~ EeV 30 Mg
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The Dark Matter Landscape

Freeze-in

Bosonic DM Thermal freeze-out
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The Dark Matter Landscape

THIS TALK Freeze-in

Thermal freeze-out

GeV TeV PeV EeV 30 Mg

Bosonic

107** eV peV  meV eV keV ~ MeV

Focus of this talk
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The experimental landscape

THIS TALK Freeze-in

Bosonic Thermal freeze-out
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=Xperimental techniques > keV: particle effects
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=Xperimental techniques > keV: particle effects

THIS TALK
Bosonic
107 eV peV ~ meV eV keV ~ MeV
- Electron Scattering:
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=Xperimental techniques > keV: particle effects
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—Xperimental techniques « keV: collective effects

THIS TALK Freeze-in

Bosonic Thermal freeze-out
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—Xperimental techniques « keV: collective effects

THIS TALK Freeze-in
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Bridging the gap
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A General Approach

Sub-keV particle DM — low recoil
Assume interacts via long-range mediator

® O
@@Q—v’
Da®
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A General Approach

Interaction-dependent

Deflector
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A General Approach

Coherent effect induced

Deflector
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A General Approach

Coherent effect induced

Deflector

Effect magnitude set by deflector, not DM
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A General Approach

Coherent flow into detector

Deflector Detector
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A General Approach

Measure coherent effect

Deflector Detector
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A General Approach

® O ®0 ’r"’?ﬁlj//)ﬂ
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Deflector Detector
Makes use of large number density at low DM mass
Advantage: -='- ala ... . = .-. ala¥a =v .. )

requires low-mass mediator
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A Concrete Example: (Effectively) Millicharged DM

Deflector Receiver

EM tield region Magnetometer/Voltmeter
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-
Millicharges & pseudo-millicharges

Violin & Candlestick,
Georges Braque (1910),
SFMOMA
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Dark Matter coupled to a Dark Photon

Kinetically mixed Dark Photon

1 1% 1 / A S /
E’:_Z 2 —ZFMVF’LL +§F:LLVF,UV
2
ImA/ / /
- AL A

e A, Tt €DA;JS

Dark Current:
Jh = x7"x, (pTo*p — (0"p) )

Fermion Scalar
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McDonald (2001)
Hall, Jedamzik, March-Russell, West (2009)

Freeze-In Sub-MeV

DM never in thermal equilibrium

Slow leakage into dark sector

At low masses, frozen in by electron annihilation

(and plasmon decay — see 1902.08623 — Dvorkin, Lin & Schutz)

Chu, Hambye, Tytgat (2012)
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Self-Interactions via a Light Mediator
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Self-Interactions via a Light Mediator
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Allowed range for Dark Photon Mediator

-3~ Coulomb\ \

Log;,€
|

—12

~15

29 Arcetri, September 3, 2019

Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter



Allowed range for
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Allowed range for Dark Photon Mediator
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Allowed range for
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Allowed range for Dark Photon Mediator

Only viable region
ma <1077 eV

—-18 -15 -12 -9 -6 -3 0 3 6
Log,ym4[eV]
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Quo pseudo-millicharge:

L . , Self-interaction Requirements for
Kinetically mixed A .
constraints Freeze-In
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Quo pseudo-millicharge:

Kinetically mixed A

Self-interaction
constraints

Requirements for
Freeze-In
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Quo pseudo-millicharge:

Kinetically mixed A’ Seli-interaction
constraints

Requirements for
Freeze-In

1/ma >1m

DM effectively MQ on experimental scales!
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Key Implication

A/
/ / \ H " .
Ay = Ay+eAd, & A, — Vi rotation:
[ = _1 FHY EF/ F/,ul/ | m?él’ A/ A/’u
4= 4- C2(1—e2)
'y e, _ €D —
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Key Implication

A,
V1 — €2

1 1 m2,
L — _ VF,LLV I Nl F/,ul/ I A
4= " 4= M 2(1 — €2)

€D
+e (AM + eA’M) JeaiH Vi A;LJS

When SM charges set up a visible EM field,
also set up a macroscopic hidden field
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Key Implication

A,
V1 — €2

1 1 m2,
L — _ VF,LLV I Nl F/,ul/ I A
4= " 4= M 2(1 — €2)

€D
+e (AM + eA’M) JeaiH Vi A;Jg

When SM charges set up a visible EM field,
also set up a macroscopic hidden field
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Key Implication

A,
V1 — €2

1 1 m2,

L=—-F,F"" — _F F'" 4
4= " 4= M 2(1 — €2)

I TR €D TR

+He (A, +edl) Jhy - T A4

When SM charges set up a visible EM field,
also set up a macroscopic hidden field

c.f. true milliQ: L D eA, (Joy + GetJy) et = —

€

Ay — Ay +eA, & A, — rotation:

A A
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New Observables

mX UX . mx UX €

B ¢ 6 B — p o
q D S s =

\ ~ b ® o .,_ e @p \ AN~

\ > S | 7 >N

r meter X (&)3/2 ﬂ
J keV B

Accelerate/Stop Dark Matter

Bend/Trap Dark Matter r, =

2
MUy ~ Qeff € AV

o N 3/2
AV ~ MV (—X)
” keV
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An Experimental Concept
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Deflecting and Detecting I\/IiIIiCharged* Dark Matter

shielded deflector shielded detector
Jx
+ e — —
_|_
+ . .
N+ G p o
_|_
_|_
_|_ - ey -
Ix
“ana effectively millicharged 2muy fw
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Inducing Dark Matter \Waves

shielded deflector

® +
G@G@QTX, / I \ IJ' X

R
w S muy /R ~ MHz X (R/meter)_1

quasi-static limit
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Charge Density Calculation

Debye Screening of a potential in a thermal plasma: 7 = (m,/3) (v?) =~ (m, /2)v2

(quﬂ‘) 210D1\/I gbdef(x)
My T

®
2® o O

px (X) =

DM charges
attempt to screen
deflector charge

Pdef(X) ~ eqder/|X|

Wp K< W

No backreaction

But, potential is shielded — need exact computation of this effect
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Charge Density Calculation w/ Shield

Charge density as sum of charges:
1
(X, 1) = eqesr Z(—l)j /dSV fi(x,v,1)
=0

1
1 .
= 5 CQeff My E (=1) /dSXz' dv; f(vi) 5 (X — Xqet(t; Xi, Vi)

2 ;
7=0

Treat effect of deflector as small perturbation:

Xdef = Xfree T AXdef s Vdef = Vifree + AVdef Xfree (t) = X; + V(t — tO) y Vfree (t) =V;

AXdef(t) ' 6Q6ff // dt dt” Edef Xfree( )) wwt’

to<<t/ <t'<t
EM force, neglecting vy-suppressed B-field effect
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Charge Density Calculation w/ Shield

Resultant charge density:

2 /
IOX(X7 t) ~ _ (€Qeff) IODM zwt /d'U d3X/ f( ) pdef( ) e_zw|x_x |/’U o % — %/

mi x — x/| =

Expand in multipole moments — first non-zero is charge radius

2
py(x,1) _(GQGH)2pDM plwt ( (1) —I—p(2) (3) —I—)

L

pX(X) ~ — (6qeff) Ppm 7zdef /d?} VZ f(’U 5\()
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Comparison w/ Debye estimate

2
pgebye(x) o~ (quﬂ?) Ppm 6qdef(x)

m3 g x|

Suppression due to charge radius:
further x2 suppressed:

px(x) o PP (R) (5)

x|

Effect vanishes in limit where Vwing — 0

px () ~ P (R) (v“’ind>2 (ﬂ)g
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Current density

Calculation proceeds in same manner as for charge density

Current Density (j, / j)?ebye)

Ix (x) ~ Px (X) Vwind

Compare with Debye estimate:

-Debye

Debye
Ix

= Vi
pX Wlnd o
— 0

Current density velocity-suppressed

B-field signal therefore suppressed
w.r.t. E-field signal
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—ffect of the Dark Matter Wind

Recall that charge and current density zero without wind €= (U“’i“d>

Vo
) R\ Far-field limit
Py (X, 1) = 9 et pgebye (m) 56_52 [27T_1/2CW(1 — 526%) + ecgv’gf (2¢5,(1 — 55,8%) — s3,) erfc(—cwﬁ)}
1 = 220 km/s 4;
| EO = 0.5 x 220 km/J f

S |

S
Q x| wind
~ ~— 0r é
S 05 |

So i
Q

- s =
e
.

~ vo = 0.5 x 220 km/s

2 4

50 Arcetri, September 3, 2019




—ffect of the Dark Matter Wind

Recall that charge and current density zero without wind €= (U“’i“d>

Vo
9 P 3 Far-field limit
Py (X, 1) = 9 et pgebye (m) 56_52 [27T_1/26W(1 — 526%) + ecgv’?ﬁ (2¢5,(1 — 55,8%) — s3,) erfc(—cwﬁ)}
v = 1.5 X 220 km/s 0.0001
v = 220 km/s 4 0.0003
. EO O.5><220km/J f

S |
><
Q - i o I
~ '.‘ ~_ Of 0006 | 0002
S 05 : - > |
>< - — L
< ,
_2—
0 | I
: l Bl vo = 1.5 x 220 km /s \
L L L L l L L L L .. \ s
0 0.5 1 —4 -2 0 2 4
t [day] /R
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—ffect of the Dark Matter Wind

Recall that charge and current density zero without wind £ = (U“’md>

Yo
) R Far-field limit
Py (X, 1) = 5 et pgebye (E) 56_52 [27T_1/2(3W(1 — 526%) + ecgv§2§ (2¢5,(1 — 55,8%) — s3,) erfc(—cwﬁ)}
Sensitive to both wind and dispersion
1 = 220 km/s
| 1 = 0.5 X 2é0 km/s
S
< Daily modulation of signal:
~ 05
& (,;S\Z/(;d T W
- deflector sidereal
OF — = \— ==
0 03 1
t [day] 52 Arcetri, September 3, 2019




Detecting Dark Matter Waves

Oscillation of deflector induces oscillation of
charge and current densities in detector:

2l - px(t) 2 py €, G (t) 2 G ™!

Recall requirement
> - - w S Tuy /R~ MHz X (R/meter) "

Solution: Lumped LC Resonator

- 1 |

Ring up signal over Q cycles
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Detecting Dark Matter Waves

Since E-field signal dominant, capacitative pickup optimal

Effective volume of

— 7 :/ L 2 capacitor/antenna —
—— S 2 bounded by shielded
— volume

DM Radio being built for B-tield signal — large eftective inductor volume

DD D - [ e v
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Signal to Noise

w @t Gort \
N int 3 2 2 ¢
SNR ~ ITi. /deth(EX or BY) o ( >

Unpack this expression

Thermal (Johnson-Nyquist) noise limited power spectral
AR o Th.c density( yquist) e P

(Vie)? >~ =— | d’x E Signal voltage power spectral density (E-field)

2 1
SNR — _Vio) SNR is ratio of PSDs Qrc =
4 R1,c'I1,c wCLcRyLc
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Signal to Noise

wt Geft :
N int 3 2 2 e
SNR ~ ITi. /deth(EX or BY) o ( >

Unpack this expression

X () resonant detector allows ring-up of signal over Q cycles

e.g. AURIGA searching for Grav. Waves — achieved Q~106
DM Radio planning on Q=106

X tint requires coherence time > integration time
achieved by phase-locking deflector to e.g. NIST atomic clock

phase can drift small amounts: Py o (1 — O(6¢?))

56 Arcetri, September 3, 2019

Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter



—Xperimental

Reach

Got /Ty, < Vi 2 (Baer) ™ V2 T (w ting Q)2

10_7 T T TTT T T T T T T T T T T T AT, T T T T T TTTTE
P . XENONI1g
108E SN1987A _ : ting = 1 yrT
Z .
10—9 |§ 7 3 7 . _
- stellar cooling _ (\ o : w = 100 kHz
10_10 E /0(51 o
= “0 S (Eaef) = 10 kV/cm
L 10— 11 B - Q\O@ A0 i
~ 3 -~ 0 A E
RW) 1012 L _ - Q¥R *, SENSEI (100 g) é_
W - s‘&\@\fé ........ % E, ~107'?kV/cm
10713 7 §
= 14 . 8 (10_10)
bq)‘ 10 E my \ 2
: ()
1071 ¢ Gofg (reach) oc V. 712 T1/4Q 1/4 E
10—16 _;
10717 1 ny,~10" m™3
10—18 Lol v vpwernl ol vl vl vl vl |||||§N
1073 Mo—l 1 10 102 10° 10* 10°
n>1</3 ~ Ty Uy mX [keV]
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=xperimental Reach  ges/my o Vi ™ (Baer) ™2 TLE (w ting Q)1

10_7 T T T T TT0 T T T T T T T T T |)4||||||: T T T T TTTTE
IOSE SN1987A _ tint = 1 yr
107° £ ==
% stellar cooling < w = 100 kHz
10710 P =
© - /\O@\Q = (Fger) = 10 kV /cm
—11
RS 1012 C S - SEl\SEI (100 g) é_
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Qeff/mx X V_7/12 <Edef>_1/2 TL
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Reach

—Xperimental

C

1/4

(W ting Q)4

10_7 T T RN T T T T T T IR RN

| I)/IIIII| .
- .

IOSE SN1987A tint = 1 yr
_9 P
107k - w = 100 kHz
10—10 L
= (E4er) = 10 kV/cm
L ~11 L
—~ 10 E
w02 T O A 7 Csmwmang =
TIJ 10-13 - ; E, ~ 107" kV/cm
= ><( Qeff )2
& - 10—10
bqﬂ 10_14 = My \ ~2
15 7/12 111/4 E i (ﬁ>
107§ Gofg (reach) oc V. / TLé Q14 E
1016 I V,, =5m?, T = 4K, Q=10 -
I: Vo, =10?, Ty« =4 K, Q = 10° 3 7 _a
-17 sh » LL.C ) -~
107 LV, =10 uf, T} o = 100 mK, Q = 107 1”&/10 m
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1073 Mo—l 1 10 102 100 10* 10°
n>1</3 ~ Ty Uy mX [keV]
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Reach

—Xperimental

Got /Ty, < Vi 2 (Baer) ™ V2 T (w ting Q)2

1077

0 ) 11 O I O 11 N O 9 = 1L I }I(I]Iélll\IQINI ||||
7~ . J
108E SN1987A
107° £
= stellar cooling - (\
10-10 /K\Qq _
_ P /@\) 3
L ~11 [ \O B
— 10 3 - T 5
RS 1012 C - SEl\SEI (100 g) é_
v E - 8T VT et %
1071 E
;54 10—14 _;
10- 1 & Qogr (Teach) oc Vs_h7/12 Tﬁél Q_1/4 _é'
10—16 p _;
i, II: Vh—lOm Tio =4K, Q=10 .
107" g IV, =10 m3, T; ¢ = 100 mK, Q = 107 3
10—18 NN 111X T W71 T 8111 N 81 N N 81 111 N A O MW N 111 I R WA AAT
1073 1072 107! 1 10 102 10° 10*
Any cosmological targets? m, [keV]
X
60
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(Eqet) = 10 kV /cm
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Outlook

For DM masses < MeV — Non-Thermal History

+ Such models may be accompanied by an ultralight
mediator

* Active Direct Detection through two-step process:

..........

Deflector Detector
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Outlook

- An example model: (effectively) millicharged DM

Detectable freeze-in for KeV — MeV requires ultralight A’

ma <1077 eV

Range of force: 1/ma > 10° m

Borrow intuition from lower mass DM searches instead of
extending WIMP-style searches

Possible new signals at LSW experiments, Direct
Detection
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Poisson Fluctuations

1.0 — ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ T

Poisson variation of local
DM number density .
| eads to time-variation of
amplitude of driving term:

pX (t) ~ pxeim ~0.5

A(t) 0.0 7

]X(t) =~ jxe BN R 00 400 60 80 1000
Form, S 1 GeV, on, S 10~°n,
High-trequency fluctuations — eftect averages to zero

Low-frequency fluctuations — negligible modulation of amplitude
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Thermal Noise

V(w)]2 = 4RkpT

Noise Power Spectral Density
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Phase knowledge

Measured:
B(t) = Bgsin (wemt + ©(t)) + B,(t)

int

~

B(w

~ ~

B(t) sin(wt)dt = Bg(w) + By (w)

i),

~

bint < T ‘BO (w)|2 — Bgtint

~

bint > T ‘B()(CU)|2 — \/NmeangT Nmeas = tint/T
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—lectric Field with Massive Dark Photon

EoM for scalar potential: (5’2 + mi,) ¢ =p +ep

, €e e—mA/ r
Potential sourced by SM charges: O =
AdTm 7
6/ e—mA/ r
Potential sourced by dark charges: ¢ = 0
I &

massless A’ limit equivalent to r << 1/m
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Dark Current With Massive Dark Photon

Region I:

— Inside conducting shield
— Inside dark current
Region II:

— Qutside conducting shield 111 I1 1 11 117
— Inside dark current
Region llI:

— Qutside conducting shield
— Qutside dark current

whLLL
T suns
T suns
-

Equations of motion:
(V2 = 907) E = Vpsum + Orjsm
(V2 =07 —mZ ) E' =V (pp + epsm) + 0; (jp + €jsm)
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Dark Current With Massive Dark Photon

Region I:

— Inside conducting shield
— Inside dark current
Region II:

— Qutside conducting shield 111 I1 1 11 117
— Inside dark current
Region lll:

— Qutside conducting shield
— Qutside dark current

Equations of motion:
(V2 = 907) E = Vpsum + Orjsm
(V2 =07 —mZ ) E' =V (pp + epsm) + 0; (jp + €jsm)

Solutions: Er — arJo(rwen) + br Yo (rwen)
D Wem B =y Jwl, —m3
E/r — k'2 H(D - ’I“) —|_ CrJO(’r]f) _I_ drYO(Tk)
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Receiving the Signal

SOIUtiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
iijem
E. = 3 (D —r) + crJo(rk) + dp Yo (rk) b= Jw, —m3

Basis: Evis =L + GE/ Einv — E, — €E

Boundary Conditions:
- Well-behaved at r=0: br =d; =0
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Receiving the Signal

SOIUtiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
iijem
E. = 3 (D —r) + crJo(rk) + dp Yo (rk) b= Jw, —m3

. / /
Basis: Evis = + el Einv = F — ek
Boundary Conditions:

- Well-behaved at r=0: by =d;r =0

- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg
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Receiving the Signal

SOIUtiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
D Wem
E. = JDk2 0(D —r) + crdo(rk) + dr Yo (rk) b= Jw, —m3

. / /
Basis: Eiic = FE + €l E..=F —¢cF
Boundary Conditions:

- Well-behaved at r=0: by =d;r =0

- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg

- Conducting wall at r=R
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Receiving the Signal

SOIUtiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
D Wem
E. = JDk2 0(D —r) + crdo(rk) + dr Yo (rk) b= Jw, —m3

. / /
Basis: Eiic = FE + €l E..=F —¢cF
Boundary Conditions:

- Well-behaved at r=0: by =d;r =0

- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg

- Conducting wall at r=R

- Continuity at r=D
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Receiving the Signal

SOIUtiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
D Wem
E. = JDk2 0(D —r) + crdo(rk) + dr Yo (rk) b= Jw, —m3

. / /
Basis: Eiic = FE + €l E..=F —¢cF
Boundary Conditions:

- Well-behaved at r=0: by =d;r =0

- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg

- Conducting wall at r=R
- Continuity at r=D

- Continuity of derivative at r=D
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Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter

Receiving the Signal

SOlutiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
iijem
E = 3 (D — 1)+ crdo(rk) + dp Yo (rk) b= Jw, —m3
: / /
Basis: Eiic = FE + €l E..=F —¢cF
Boundary Conditions:
- Well-behaved at r=0: br =d; =0
- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg
- Conducting wall at r=R
- Continuity at r=D
- Continuity of derivative at r=D
- Continuity of Einv at r=R
75 Arcetri, September 3, 2019




Receiving the Signal

SOlutiOnS: Er — a/rJO(Twem) —I_ brYO(’rwem) 3
D Wem
E. = JDk2 0(D —r) + crdo(rk) + dr Yo (rk) b= Jw, —m3

. / /
Basis: Eiic = FE + €l E..=F —¢cF
Boundary Conditions:

- Well-behaved at r=0: by =d;r =0

- Outgoing Evis in region 111: brir = —tayyg drrr = —terrg

- Conducting wall at r=R

- Continuity at r=D

- Continuity of derivative at r=D
- Continuity of Einy at r=R

- Continuity of derivative of Einy at r=R

76 Arcetri, September 3, 2019

Sebastian A. R. Ellis — Direct Deflection of Particle Dark Matter




Received Signal

E-Field observed in Cavity:

€ (z iJO(frwem)> Sivemt g

EViSI — ‘jD | -

€11l

J() (Rwem)
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Received Signal

E-Field observed in Cavity:

€ ; 1 Jo(TWem ) Siwemt &
J()(Rwem)

Eyis1 = |jp|—

€11l

B-Field observed in Cavity:

e Ji(rwem) uot 5

Wem JO(Rwem) ¢

BViSI — _‘jD‘
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Additional Signals: Light Shining through Walls

Usual light shining through walls — jiggle SM charges to
oroduce A + eA”:

\ -~ \ -~
\ \
‘< ' | -
. < | Graham, Mardon,
E - I ' Rajendran, Zhao (2014)

= = - -

T | ! T

J | e - J
EM EM
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Thinking collectively

— [ 7
l \
i‘ Vf lu S JILL Graham, Mardon,
| ' EM Rajendran, Zhao (2014)
{ - -

Boundary conditions on conducting wall important:
Eus7 = Er +€E  Attenuated

Fyis;, = €BT Unaffected

Finvr 1, = E&”,L —elir Unaffected

2 4
™ A/ 9 ™ A/
EvisT — € ( ) Eian — € ( ) EvisT

~

Wem

o J
é 9 )
T A7
EVIS L o ( " > i) em
- e y
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Thinking collectively

Usual light shining through walls — jiggle SM charges to
oroduce A + eA”:

\ \ -
\ \
— = - ! Graham, Mardon,
Eem ‘f : Rajendran, Zhao (2014)
p a - T H
U5 VAV — L JEM
2 . 2
m=4, L (sinkL /2 o
Brec = Q€ —* / B.., Longitudinal
w2, d \ kL/2
L
o TTL 1
Brec = 0.39Q€¢” —= — Bem Transverse
Wiy, d

Longitudinal dark photon emission wins
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Thinking collectively

In the presence of DM, the story changes

Now, dark charges can be oscillated to generate £’ waves

— 7 I |
(5 1 Jen ( - ( Jp Oleh,e*miyw,2) LT
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Thinking collectively

In the presence of DM, the story changes

Now, dark charges can be oscillated to generate £’ waves

7

(Y G [
ll: || - M _
(i T - ( b O(ehemiwen) LT
Y aa I3 \\ T [
3 _ T M _
(* { Jg (: - ( JEM O(e%e2m?4,wen2l) L, T
f‘<_’*v u’ o
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Thinking collectively

In the presence of DM, the story changes

Now, dark charges can be oscillated to generate £’ waves

— i ~\ 7
( / JEM L — ( b 02eEmdw?) LT
N — [ ) - 7
e oented Lt
— \, 4z
e - L o
‘“ ' Jp ] Jp Olep€™mawey) L
i e O(epe?) T
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Thinking collectively

In the presence of DM, the story changes

Now, dark charges can be oscillated to generate £’ waves

— ) | [
( / Jen L ( Jh O(e%e2m?4,w;£) LT
e —
({ { Jt ( - ( Ten O(ehemBuwg?) LT

- v ul -
g <l Lo o o

‘“ ' s SRR Oepemiyuw,s) L

4 9
bt e [0(€D€ )] T
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Thinking collectively

0.1
1072
1073
1074
1075
1076
1077
107%
1077
lo—lo
lo—ll
lo—lz
lo-ls

«=50eV, fom = 0.05,

€D—01

'
)

10—16 lo-ls lo-l‘ lo—lJ 10-12 lo-ll
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lo- 10

my[eV]
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