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Dark Matter direct detection

Goodman Witten, 1985
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“Signals” versus exclusions
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Outline

® Halo-independent comparison of direct
detection experiments

® Upper bound on the annual modulation signal

® Halo-independent comparison of DM direct
detection experiments and neutrinos from DM
annihilation in the Sun




Direct detection - signature

—&
events / keV :

dN do
LM [y (5,1
dEr ~ mbdM Josv, — AER

felt,t) = f(U+ Up + Ug(t))

exponential spectrum annual modulation
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Direct detection - signature

events / keV :

dN PDM do =
N R
dER  mDM Jusumin dER

folt,t) = f(T+ Up + Ug (1))

ex.: S| contact interaction, equal couplings to neutron and proton:

do T 4JPA2
- —F4(ER)

dE R 2, 0%




Event rates in DD experiments

One can define the halo integral as

”l:'ﬂ,-"-t:i - / df] l'ﬁjﬂi {.vr f.} 1 [3'5]

t-l

where fiq(v, 1) is the DM velocity distribntion in the detector rest frame. Then the event

rate can be written as

| A,
R(Ep, 1) = — 2P

= FA (B ) 0 tms ).
Eg?ltﬁﬂ;i:“ I: H"}I.',{* 4 }

(3.6)

The halo integral n(e,,.t) parametrizes the astrophysics dependence of the event rate.

minimal velocity required to give nuclear recoil energy En-

Din = 5
2/ !'-:h. A



What is the DM velocity distribution
in the galaxy?
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What is the DM velocity distribution
in the galaxy? my daughters answer (age of 6)




What is the DM velocity distribution
in the g(dax_}’? Aquarius N-body simulation




What is the DM velocity distribution

in the galwc;y9 spherical cow approximation:

Truncated Maxwellian distribution:
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What is the DM velocity distribution
in the galCW‘?? spherical cow approximation:

Truncated Maxwellian distribution:

oy d Nexp(—vP/0%) v <
; H-Ell ] {] 1 :} .L‘t:‘:-_h'_'
v~ 220km/s Vege =~ HH0 km /s

Most likely too simplistic:

expect smooth (virialized) and un-virialized (streams, debris
flows) components

the smooth component will most-likely not be Maxwellian
expect different dispersions in radial and tangential directions
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Velocity distribution from N-body simulations
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Halo-independent
comparison of experiments
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Event rates in DD experiments

One can define the halo integral as

”l:'ﬂ,-"-t:i - / df] l'ﬁjﬂi {.vr f.} 1 [3'5]

t-l

where fiq(v, 1) is the DM velocity distribntion in the detector rest frame. Then the event

rate can be written as

| A,
R(Ep, 1) = — 2P

= FA (B ) 0 tms ).
Eg?ltﬁﬂ;i:“ I: H"}I.',{* 4 }

(3.6)

The halo integral n(e,,.t) parametrizes the astrophysics dependence of the event rate.

minimal velocity required to give nuclear recoil energy En-

Din = 5
2/ !'-:h. A
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DM-halo independent comparison of experiments
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independent of experiment
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Upper bound on halo integral

r\;?l’f‘ij ] = ﬁ‘fTAE /{; dEru F (E'wr) | Ey B (ET“')ﬁ(L”*J

N(vm) is a decreasing function, step-function gives smallest number of events

I|-E['i:'ru J

id EE:_TE}] > FL[UHJ — ﬂfTAEﬁh'mj/} dﬁnrfﬁ(Er:.r'.)GlEl.Eg]{.Eur)' (111
2 :

observed # svonts

Let pep be the solution of the following quw/m & zeno.evenssin LU
J1'|,|r'.l::rI3-E|

II"I
S o
yb!
ri=J
Then an upper bound on 7w, ) at the confidence leved CL is obtained from Fe. (4.1)
JteL
" a rLE (it : r | .

AT A< Jr,:] Wn) I'iE;urFi{ Eloy }G{E]_.E_!!{E”r]

Misned [t )} =
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Compare bound to positive signal

obs. # events\ expected background
rabs a2
((vg,)) = — J;UL ’j_ .
MT A= fu o dE‘ﬂT‘Fi 4{En'i')G'£..{E1':.':')
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Joint probability of pos (A) and neg (B) signals

derive bound on N(vm) fromexp Bat CL = | - ps
gives an upper bound on the expected signal in exp A

f i e . iy . ; . - . .
‘WT|T;?:TE_3.| — ﬂfoli / fEEHng[En r']{""l_l'_‘.]..ffﬂl(En.r]?fﬁu'i (Um ).
2 Ja
A arbnd. A A
E'El-i::lﬂ[i o N| E]_ !EE] _[_ "'::-,,IEI fEEJ :

prob. to obtain N°s events "'y i (1 )"
in exp A given the bound: -

joint probability:  Pjoint = max palps) pel
'R
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Joint probability of pos (A) and neg (B) signals
CDMS-Si vs LUX or SuperCDMS

1000 et
0.500¢ Super CDMS
| Dashed total event numbers
%‘o. 100} - Solid. signal fength
= 0.050 e
= R ]
-_-g.
E 0.010F
0.005F LUX SuperCDMS

m, (GeV)

dashed curves: using only total event
number gives only weak constraint
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Taking into account energy information
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Maximum gap method to set upper limit

dNHIE = Expected Everd Numbier per Unit B

M Cap
v = Mmdmum x ;
“je
x=\ dN

') aE

em o m z3s w4 | 1

E B

Yellin, physics/0203002
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Signal length method oz scve 16106160

define “signal length™:

A = expected number of events in the energy interval between
the two events with the lowest and highest energy.

for given Poisson mean | consider probability to obtain
equal or more events than obs. &

a signal length A equal or smaller than observed:

o %
PoL (N, Alp) =e™# )

n— Nobs

[H,t.tA”_ (n.— 1)A™"]

n!
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Expectation for Psr

1{_]"3 EEEET
5 <A/

Tk 2

=

L i I-J, l i | i O T T
(.3 | 10

If for given data Ps. comes out much smaller than

~0.2 this experimental outcome is quite unlikely
under the assumed hypothesis.
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Comparison of SL and ML for CDMS-Si

]_D--JE .

1077}

m, 1GeV)

Figure 5.  Hegions in the plane of DM mass and sesttering cross section from CDNS-51 diata
pssining (he so-calliad standard Lhalo model, The black curves show egual prolbmbilily  eontours -
g the signal leneth wethod corresponding to Py, = 0010005, (L1, 0.2,0.25, [row outer Lo inner
cottonrs. The black dot mdieates the point of lighest probability., The shaded regions (black trisn-
el cotrempond to 68% awd 90% CL vegions (best G poiot) usibe au extedded ipasinnng likelibood
analysis,
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The SL method

® brovides a goodness-of-fit test for a specified
hybothesis in the case of very few events
(but at least 2)

® does not require binning
® pdf has to be specified

® energy information is condensed into two
numbers: 4 and A

® not very useful for “many’” events

16



Can use SL also if only a bound is available for
the hypothesis to be tested

maximize Ps_ over allowed range for A and

b < A < .&hﬂd, —e_ tuipper bound provided by

/ mill-result experiment
H[u(fﬁ) < U< Mbnd

maximum joint probability:

Pjoint = II;QB}L [PSL(NGIJE: &bnd‘ﬂmm{) PB
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Joint probability of pos (A) and neg (B) signals
CDMS-Si vs LUX or SuperCDMS

.000
0.500¢ Super CD MS
| Dashed total event numbers
%‘o. 100} -3 Solid signal fength
= 0.050 g
e R ]
—g.
la-: 0.010¢
0.005F LUX SuperCDMS

m, (GeV)

solid curves: using energy information via
SL method leads to much stronger tension
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Method of Feldstein & Kahlhofer

| 409 5446

discretize the halo integral in step-functions in
Vm Space

consider the joint LH of all data and maximize
wrt to DM parameters and halo

consider test statistic and determine
distribution by Monte Carlo

find p-value of 0.44% for CDMS-Si + LUX +
SuperCDMS (best fit at DM mass = 5.7 GeV)
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Halo-independent bound
on annual modulation
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Annual modulation

DAMAJ/LIBRA: [.17 t yr exposure (13 yr)
~90 evidence for modulation
maximum consistent with June 2nd
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The size of the modulation amplitude
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Non-Maxwellian | -
modulation |

for several halo components

r|-||.|| = ”'ll-l Ermon

the phase and the cos-shape :

of the modulation signal may -

be strongly modified =
Fg Green 03 =T N i = S0 Kimn/
Fornengo, Scopel, 03 B
Freese, Lisanti, Savage, |2 ST |_ o --I--_||

Tnin AT itk i




Halo-independent bound on the modulation

Assume time-indep. f-(V): halo const. on sun-earth distance and
on timescales of 1 yr = only time dependence due to v (t).

7 Vinin £) = / 3, fo(V + V(1))

v
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Halo-independent bound on the modulation

Assume time-indep. f-(V): halo const. on sun-earth distance and
on timescales of 1 yr = only time dependence due to v (t).

”[ Vinin - E}

surface term volumn term

34



Halo-independent bound on the modulation

Assume time-indep. f-(V): halo const. on sun-earth distance and
on timescales of 1 yr = only time dependence due to v (t).

-',n'( Vinin - t}

f( V)

4V
'/i":"_ Va (£)] > Viuin |v Vif (£}|

expand in the small number v/ Vinin:

fo (v d nins L |
DLV i‘} A / d3v ( V) - v 1) Vi } |
o V= Vi

l“_"v"_"r I"'-—..,w..—-"'
"_?{""'.[uill] .:"I.I;r{:v“”“_t]




Halo-independent bound on the modulation
Herrero-Garcia Schwetz. Zupan 11, |2

=

/ dvAy(v) < vg (M(v1) + / - dw nv)
Ly _ *

-

v
vy gl

| ' ]
upper bound on modulation 3, | Maxwellian example ]
i ; B
amplitude in terms of 8. )
unmodulated event rate under 2 L —
- . . o= it -
very modest assumptions about ~'
. : B | ]
halﬂ Prﬂpertles 10" E 7 funmodulatedy 3
A g
10" E 2
1" E_ A, Amodul, ampl.) —é
|{-:"’§“ -3
L T
v | km/s]
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DAMA signal highly disfavoured

halo indep endentl_y Herrero-Garaa, Schwetz Zupan, PRL| 2
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M }
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DAMA signal highly disfavoured

halo independentl_y Herrero-Garda, Schwetz Zupan, PRL]2
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DAMA signal highly disfavoured

halo independentl_y Herrero-Garcia, Schwetz Zupan, PRL|2
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Halo-independent relation between direct
detection and neutrinos from the Sun

Blennow, Herrero-Garcia Schwetz [502 03347
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Neutrinos from DM annihilations in the Sun

® When a DM particle scatters on a nucleus
inside the Sun it may loose enough energy to
be gravitationally bound to the Sun.

® |t will re-scatter and DM will accumulate in
the centre of the Sun and start to annihilate.

® Annihilation products generically produce high-

energy neutrinos — potential signal in
SuperK, IceCube
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DM capture in the Sun vs DD

DM capture rate in the Sun:

| Lzt l: .“]

R "
Clayn = A7t Z 1‘/ drr* pa ?]/ dv f(1) v f Fi(ERr)lEg
Jh'ﬂf.w " win (¥)

W)

DM direct detection:

Rop = 5% 22F3(En) [ dvof(o
ZT”'*Y}LRF “ U
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DM capture in the Sun vs DD

DM capture rate in the Sun:

I W ()
*-,un*—-L‘ / fh? 74 ?]/ ff”f(:‘jﬂ‘ / F%{Eﬂjf‘fﬁﬁ
win )

same pre-factor; including cross

DM direct detei:ysectmn and local DM density

Rpp EEE(EH)/ d-‘UiJf(ﬂ)
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DM capture in the Sun vs DD

DM capture rate in the Sun:

ﬂl”‘ n L} ()
{':.'Hu“ — 4T X Z 1- / l’“? 74 'il' ] / f Eﬂjdﬁﬁ
—"'”Jn“;[ji A Erpinlv)

same velocity distribution
DM direct detection: (per assumption)

Bpp = X7 42p2(p) / du.
2y }Ll 3 L

43



DM capture in the Sun vs DD

DM capture rate in the Sun:

py ot . Eax(v) i
Clsug = 477 Z 1‘/ dr1 pa [ f() :1f Fi(Ep)IER
_.H.'Ajn‘.t__u A ' \ E,'”|H1-||ri"}

Sun probes low-velocity part,
DM direct detection: DD sensitive to high-velocity tail

ool g
Rpp = W — A°F3(ER T’f(‘“)

2my 1y,
I A EH
Uy = ]
3;.{1_4




DM capture in the Sun vs DD

——— ':].;'l]- N
5 M, = 16 Gel Er [ = 1381 i"'IIHE:I:-l_ ai My = TR Ge t B (lese = 1381 M 3 ILE
4]
il P o
= Jame 2 ®
M =3 i |
§ 0 e
1 e ] oy - e
' - Eings |they = B1BRMS™ | ‘ / Errmx |Ueen = B18luns"")
0 - _ , _ , P 0 . i : . N | N—
M 200 404 N ) TiEY i 3] LTI EX 00 250 3001
v (kmn/s) v (km/s)

Figure 1. Tor hydrogen (SD), we show in blue the lower hound on the energy for DN
capture in the Sun, Ein, and in red the energy upper limits, Eyaxlr), for the fwo extreme
escape velocities, versus the velocity v, for my, = 10(100) GeV. left (right). The points were
thev cross (indicated bv the vertical dotted lines) are the maximum velocities of the DM
particles, 1ress(r).
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DM capture in the Sun vs DD

overlap region in the probed velocity space

1

o,
Vo (e = BIBEM S| | O

.II]'U': ?ﬁ'.fw.:ﬂ;ﬁhﬂ\f

Ve iy =05, 1 KV
- [from bottam o top)

o | Ve (Uese= 818 kms™ ) ™ 0 (from bottom to top)
1 10 100 1000 s i s 0 s 10 s00 1000
my (GeV) - (GeV)

Figure 2. In blue we show the winimum velocity vy (Egy) probed in a divect detection
expoeriment versus ., assuming different threshold energies Eyy, and using a Ge (left) and a
Xe (right) target. In red we show the masimmen velocity relevant for DM captiure io the Sun
for scattering on hydrogen, tless: far the two extrome values of e = 1381 kms™! in the
centre of the Sun and tee = 618kms™" at the surface. The shaded area shows the ovetlap
region assuming scatiering in the centre of the Sun, The horizontal plack line indicates
approximately the galactic escape velocity in the detector rest rane,
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Lower bound on the DM capture rate

consider only the overlap region between capture and DD

F3(ER)dERg

Fi(ER)dE

threshold of DD exp in v-space
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DM capture in the Sun vs DD

2 O — 3
t X A*PY(ER) / dic v f(v)
JL"'il'h'

9. 2
2170 Py

Rpp =

For a high-statistics signal in DM direct detection we can

extract the v-distribution from data: Drees, Shan, 07
PO ‘(.E.) - 1 d (RL}L}(EH))
2m., ;..!.ip vA? du F_i(E i)
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DM capture in the Sun vs DD

). OF o =
Rpp = .)H = A'lFfl(ER)/ dirv f(v)
2y W, e

For a high-statistics signal in DM direct detection we can
extract the v-distribution from data:

pxr:l"f:_ +(“1”;] B 1 d (RpplER)
Z'H?.at_ﬁ.?ﬂ} | vA2 du Fi ('EH)
e it

lower bound on Csun in terms of
observable quantities in DD
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Mock data for direct detection

® Assume truncated Maxwellian halo (SHM)

® Xenon experiment threshold of 3 or 5 keV
SI (SD) cross sec of 107* (107%°) cm?
equal couplings to protons and neutrons
154 (267) events in the energy range 5 — 45 keV for

SI (SD) for my = 100 GeV and | ton yr

Germanium experiment: threshold of | keV

SI (SD) cross sec of 5x107% (2x107*°) cm?

equal couplings to protons and neutrons

|5 000 (3) events in the energy range | — 100 keV

for SI (SD) for my = 6 GeV and |00 kg yr
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Numerical results for mock data

W
-!”:r-; s U SHM vs bounds 4
il |
Th i ;' e Ae SO SHM
~ w09 f Xe SD bound (5 keV)
@ | [Xp8Dbound (3 kel)
L,.T i

e XE 3| SR b

xe =l bodnd

5o T00 =500
my (GeV)

o,

GaSISHM <=

Qe Sl bound

SHM ws bounds
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Comparison with limits from SK and IC
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Conclusions

halo-independent methods to use data from
DM direct detection experiments:

® Comparison of positive and negative results

® Bounds on annual modulation

® [ower bound on the DM capture rate in the Sun
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Conclusions

halo-independent methods to use data from
DM direct detection experiments:

® Comparison of positive and negative results

® Bounds on annual modulation

® [ower bound on the DM capture rate in the Sun

Outlook: extend to DD comparison with

@ |HC bounds

® thermal abundance
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Thank you!
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