GSSI Seminar
L'Aquila, 6 March 2019

Searching for sub-GeV dark matter
in current underground laboratories

(Mostly) based on: TB & Pospelov, 1810.10543
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_Candidates?

—> strong evidence for... @ modified gravity

@ BSM physics
~~ many good(!) options
¢ WIMP “ ¥

SM

e
>:< = (Rema .. (20 = QX relic density
X SM

i chemical decoupling
(annihilation) (“freeze-out”)

|€TFreeze-out F decoupling

X X 5 ~size of

=> EEERSREl020) = Mcut smallest

SM SM kinetic decoupling 4 subhalos
(scattering) e onaly review:

e odal- TB, NJP’09
dependent!
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Strategies for WIMP DM searches
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DarkSUSY e

OWN LOAD el )

" \ TB, Edsjo, Gondolo,
D ark . - | Ullio & Bergstrom,
| 1802.03399 (JCAP) 4 A .
FQALLGS Significantly revised
version 6 last year!

Fortran package to calculate

— | inking to main library/user

“all” DM related quantities: | .,

e L e
~ relic density + kinetic decoupling - l reT——————
@atso for T, i 7 Thhoton) o S e — |
- generic SUSY models + Iaboratory.wfu.?“.e:‘fff?...f\E@;'Qr?s fimsen e
constraints implemented memene L1 et |
~ cosmic ray propagation Efrea”t:‘ilyr:thccf i e i e E
- indirect detection rates: gammas, lmemaosines” |
positrons, antiprotons, neutrinos Hodule S ||
- direct detection rates N 5
Q since 6.1: DM self-interactions

since 6.2: CRDM (this talk)
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http://darksusy.hepforge.org

Direct detection

@ Look for dark matter collisions with atomic

P

Electron

Backgrounds:
Experiments

ve=r ve typically aim at
N-> N ‘

N= N+ a,¢e

v N= v N’

> setting !
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Elastic scattering cross section

Q interactions couple to nuclear mass

(from scalar, vector and tensor couplings)

2 fp b fn 9
N ~ Ty (MXN) [Zfp+ (A= 2)fa]” ~ " | oS! = o3I A? (mN(mx T mp))
Hxp \ mp<mx 2l mN)
E{> coherent enhancement of A% to A*! per nucleon

Q interactions couple to nuclear spin
(from axial-vector couplings) = "
_I_
o ~ Hn G =g [ap(Sp) + an(Sn)]"
N
@ Form-factor (or spin-structure funciion) SUppression for large
momentum transfer o = 0570 x G (g?)
R
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The dark matter halo
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Recoil rate

dR - do xIN " i
dER My MN Joy, i dER
@ Input
® ~ 0.4GeVem 2 — average DM density at Sun’s distance to
Galactic center relatively well measured
V2
e 9 (mg)—%e‘a — (SHM) in galactic

vy ~ 220 km /s frame rests on isothermal density profile

[from ,Oé]

~~> exact form only roughly corresponds
to what is seen in simulations

e ~ 544 km /s — galactic well measured

to be discussed !
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Recoil rate

dR dO‘XN
dbr

v dv

dER - MM N

VUmin

¢ Input

¢ Recoil energy
Q? NR!4m, mnT, 1— cosbom

2my - (my +my)? 2 km (ER)%( MmN )%

AR
“\kev /) \100Gev
mNER
|:> Umin — 9
2/LXN

i —

o4
Y%

W =
< Vg independent of DM mass!

\

10¢ il 1 f
77 k E 2 3
% 2120—m><(m><)( R) ( A )

S GeV/ \ keV 100 GeV

=>> Vo
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Strongly interacting DM!?

Dark matter scattering too efficiently with nucleons

would not reach the detector!

Starkman, Gould, Esmailzadeh
& Dimopoulos, PRD ‘90

~ Possibility of unconstrained window of

strongly interacting dark matter

Zaharijas & Farrar, PRD ‘05
Mack, Beacpm & Bertone, PRD ‘07

log m, [GeV]

¢ Simplest approach: model continuous loss of
average energy down to detector location

max

dTDM . Z dO'XN
= ZnN / - i

—il
:{> , with mean free path /¢~ (Z nNUXN>

‘ 2 N
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mken & Kouvaris, PRD ‘18

DaMaSCUS
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mken & Kouvaris, JCAP ‘17 Mahdawi & Farrar, 1712.01170

...

' Simple analytical approach - - estimates stopping power

(upper limit on 0, v too conservative by factor of ~few)
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>rimeter
kcek, Steinhardt,
Cammon & McGauire,
e PRD ‘07

DaMaSCUS

+ CRESST / Xenon
Emken & Kouvaris, PRD ‘18
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The dark matter halo

park-matter by

Dwart spheroidal
galaxies

Distance from
Galactic Centre

& Image: GALEX, JPL-Caltech, NASA; Drawing: APS/Alan Stonebraker
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— dark matter

inevitable

‘reverse
direct
detection’
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'CRDM flux

¢ Differential CRDM flux wrt CR energy T;:

dT

Px d®;
dl o —
/ /l Oxi mX dT

plocal d(I)LIS

4 “
1 AR
e ==y
s .
s .
s
RN
S
s T4
Dy s Y
~\\

Ty

PR TR SINR .
dT;

same as for

direct detection!

Astrophysical
- local DM density relatively well measured, small anisotropy
~ local CR flux relatively well measured, tiny anisotropy
- but how far out is this valid ?

:{> Parameterize by effective distance D g

highly conservative choice: D g ~

more realistic choice: D.g ~

,, UiO ¢ University of Oslo (Torsten Bringmann)

1 k C [e.g.from integrating NFWV out to | kpc,
constant CR density]

8 kpC [e.g. from integrating NFW out to 10 kpc,
constant CR density]
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'CRDM flux (2)

Recoil energy of DM particle initially at ‘rest’:

o l—cos gcm — Ti2 + 2m,; T} Additional terms compared
Ih="1, 1, = > to corresponding (non-rel.)
2 15+ (m,,, +mx) /(me) DD expression

N T,L-min(TX) = Umin<ER> in standard DD

For isotropic scattering (in CMS):

dq) local 0 . o0 dq)LIS/dT
(2 T, —* -
dT Z Oxi Gi (2mx Ty ) /min 4 T;naX(Ti)
{p 4He} suppression
9

[Choose simple dipole form,

Gi(Q) =1/1+Q%*/A>? ]
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Attenuation in overburden

ma

: dT 4
Follow simple approach “2 _ —ZnN/ SN,

But extend to

2 7N
|:‘| S - (dTX> LT Gl / 1278 (for m, < mpy)
dT; dT; dTX (2mX + T;: . T;ez/€)2 dTX

Mean free path

- QmNm 2
= ZnNO'xN( 2 o =4 (mN(mX +mp)>

my —|—mX)2 myp(Mmy + my)

Datk-
| SUsy

~ Sum over | | most abundant elements, |_( )
; ’ . pn () based on
averaging Earth’s mass density profile -
down to detector location Geochemistry ‘03
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‘Rate in detector

¢ CRDM scattering in (underground or near-surface)

detector
~ But need to use fully relativistic kinematics,
as for CR — DM
¢ Final result: recoil per target nucleus
Ei = dly, do,

0 2
— =2 = g0 G% (2mNT
T e v (2mnT) LX(Ti,min) R T

:{> - Integrate over experimentally accessible window of nuclear
recoil energies TN

< NB: form factor only depends on Q?, and hence not on Ty !
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Re-interpreting Xenon limits

FARUOP-2 P N ‘ . tts — = =
i
1 0743 ]
1 g
- 10 D"_f::zd Photo-multiplier tubes

Q) 8

E =

& 1 0*44 A E 100 - 10m Gaseous xenon

= =

b : im Liquid

o L 10! 5ono o o o

o .

L 10745 — collision between a WIMP
3 E and a xenon nucleus

= C

o C
2 46 Photo-multiplier tubes = Cathode
= 1077 = .
B F 3 winp ®

: | @ Limits derived from window
10_47_[ L1 I 1 1 1 1 1 L1 1 I 1 1 1 1 1 L1 1 I Its erlve r In O
10! 102 103

Aprile+,PRC 18 WIMP mass [GeV/c?] T < [4.9, 40.9] keV

@ Expected rate for very high masses:

dl’ d UDJM

O_XN . X e local
= e d ' & 4
F / dee dTXe mympy /vmin dTxe ) ¥ ) PR b mpwMm ( IODM)

NB: . x ~ 0.23 ~ fraction of DM particles to give recoils inside window

8 O'XN At v (high-mass limit!)
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gas cloud
cooling

®
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‘Neutrino detectors |

Borexino Detector
‘ Stainless Steel Sphere

@ d ete CtO rs External water tank —, I: J

Ropes— Nylon Inner Vessel

fiducial volume

IOOI(ing for V e p Scattering Interna!A-
- E.g. Borexino: no events for T,, > MeV
- Similar: Kamland, SNO+ f;l'df';

N
—> Neutrino detectors can be

used to search for CRDM !
[But recoil energy way too high for ordinary DM]

Q analysis

~ Constraints stated in terms of equivalent electron recoil energy
Bellini+, PRD ‘I 3

Borexino - lim SO Gese)
I (T, > 12.5MeV) = N < 19x 107

~ Use Birk’s law to convert to proton recoil energy in liquid scintillator
e.g. Dasgupta & Beacom, PRD ‘I |

e e 2 dTn
e(Tn) = .1+ kp D PSTAR tables for stopping of protons in
— pseudocumene from http://physics.nist.gov

Direct probes of light dark matter - 26
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Collar (2018)

‘only’ ~9 orders of
magnitude missing
to high-mass limits

0.10 1

e My [GeV] 15 ¢ pospelov, 1810.10543
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Neutrino detectors |

@ detectors looking for v — p scattering

- Large backgrounds
-~ Still useful for constraining very large cross sections

¢ Re-analyse dark matter search
Aguilar-Arevalo+, PRL ‘1 7
Target Decay Pipe Beam Dump MiniBooNE Detector
XT
/V,Z -
D — s = -~ No excess seen
= Air : Steel
: 50 m T 487 m
il Shi ~800 beam-unrelated BG events
e 35 MeV) = - [from Aguilar-Arevalo+, PRD ’| 5]
p p € Np At (POT/Np,bunch)

~900s effective running time

NB: quite conservative

MiniBooNE -32 —1
'::> Ly (Ip > 35MeV) < 1.5 x 107s because no BG subtraction!
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gas cloud
CMB cooling
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Conclusions

¢ If dark matter can elastically scatter with nuclei, there
is an in DM flux

Q@ Can use conventional DD and neutrino detectors to

probe dark matter much lighter than ~GeV D&rjlé"‘{'e

Q by 4-5 orders of magnitude!
-~ but still much weaker than at high masses (in particular for SI scattering)...

¢ Only outlined main principle — much to be refined :

- more detailed investigation of (effective) source volume

- multiple scatterings in overburden

- revisit instrumental responses (high recoil energies!)

- specific DM models, e.g. inelastic or non-trivial energy dependence

-

ol A
iy Thanks for your attention!
I 8 )
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“Analytical vs. numerical

How to solve the diffusion equation!?

Numerically e

S8 L iy
& 3D possible Wf‘;‘iﬂ"
& any magnetic field model fay DEDEE

. i : Strong, Moskalenko, ...
& realistic gas distribution, full energy losses :

computations time-consuming
“black box”

DRAGON

Evoli, Gaggero, Grasso & Maccione

@ (Semi-)analytically
& Physical insight from analytic solutions |-
& fast computations allow to sample ,.1 T ? ’_?
2h Ik - «F'...
full parameter space s g g 5
only 2D possible | fiC
simplified gas distribution, energy losses =~ R = 20kpc

€.8. Donato, Fornengo, Maurin, Salati, Taillet, ...
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Galactic cosmic ray composition

OV D T T

than in stellar environments
I - produced by interaction of
Atomic Number (Z) ; i

ermie Tumber L primary CRs with ISM

10° e S Aaaasasesc s -— 2 Primary species
10548 C ey 1; - present in sources
s T glle —e— GCR s /
0 01\ 1 - element distribution following
o -‘l'-:'_ .II ’ e O Fa -I
5 0] LAY, S Fe | stellar nucleosynthesis
e B ”,,.-',\ifﬂf*-' S Ar T it | i :
5 10 |Be\ W ¥ f R A o 1 ~ accelerated in SN shockwaves
I 40! - - v oA, | :
g 1o b2 1 species
@ 10 £11 1
o b : .
10 : . - much larger relative abundance
1

Fig. from D. Maurin

Propagation parameters (K, ¢, L, v, v.) of two-zone

diffusion model strongly by
Maurin, Donato, Taillet & Salati,Ap] 'Ol

:{> Test model by successfully predicting other CR fluxes!
E.g. TB & Salati, PRD ‘07
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Bringmann, Donato, Lineros (2011)

servations

L

-

2108 B=65 nG Galactic Anticenter MAX

MED —— |
MIN ——
408 MHz —+—

o
00
O

L
0.002 0.004 0.006 0.008
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onato, Taillet & Salati, Ap) "0l TB, F Donato & R. Lineros, JCAP ‘12
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