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Introduction
Direct Detection

@ In Direct Detection one tries to detect DM scattering off some
detector on Earth

@ Scatterings may deposit O( KeV) energy in the detector
@ Scattering is well described by EFTs

@ Dimension 6: 10 operators. However, we usually consider just 2
cases: Sl, and SD

@ Sl: scattering does not depend on spin, so at low energy the
amplitude for each nucleon sums up coherently, leading to large
enhancements for heavy nuclei

@ SD: scattering depends on spin, so the contributions of all
nucleons except the unpaired one (odd A) cancel out

@ What about the other operators?
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Introduction

Energy suppressed operators

@ Other Operators are gy,
or v.¢; SUppressed
do

XX
dcos6
Q Gty ~ Upelfh — Vpel K

L, g <p

@ Thisresults in a
suppression of a factor
v2" < 1 comparing to

the Sl and SD, where

n=>0

2n  2n
Upels iy 5 T >0
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[ Name || Operator | Interaction |

D1 XX qq SI

D2 XX 4q SI, ¢°

D3 X g SD, ¢’

D4 XX g SD, ¢*

D5 XX 0''a Sl

D6 X a | SL ¢ + 07
D7 XX ©"1°q | SD, ¢ 4 v”
D8 || X7 "x 1v"°q SD

D9 XOuwX qo"q SD

D10 XUW75X go"q | SI, ¢ +?
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Introduction
Energy suppressed operators: Inelastic Dark Matter

@ Those are not the only energy-suppressed interactions

@ Inelastic Dark matter: 2 states of similar masses, separated by
small mass splitting

@ Lighter state x; builds up the observed DM abundance

@ For some reason, elastic scattering x1N — x1 N not possible
@ Instead, it can upscatter to x2: x\1N — x2N

@ This is however possible only if allowed kinematically

1
@ om < i,uvfel

@ Note that v,; is limited by the galaxy escape speed, so there is a
maximum om/u testable on Earth

om

5 UV
2 HU;el
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Q Introduction

@ How to search for energy-suppressed interactions?
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The Strategy

How to search for energy-suppressed interactions?

Option 1: Increase the Energy!

vret ~ 1073 on Earth

Vet ~ few x 1073 in the Sun

vrel ~ 1 0N Neutron Stars!

In [1704.01577] is suggested how to
use convert lower limits on observed

NS to upper limits on DM-matter
interactions

In [1707.09442] follows up in the idea
for ¢*> and ¢* operators

In [1807.02840] we study elastic and
inelastic EFT operators limits arising
from neutron star temperatures

G. Busoni (M.P.l. Heidelberg)

Neutron star
M ,S,Lm

Solid crust

Thick : ~ 1 mile

Heavy liquid interior
Mostly neutrons,with other particl.
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The Strategy

How to search for energy-suppressed interactions?

@ Option 2: Check if corrections, expected to be sub-leading, are
instead dominant

@ To compare with LHC results, LHC operators usually associated
to Simplified Models, where additional particlea appear

@ ¢* suppressed operator is usually associated with the model
where a PS mediators mediates interactions between the Dark
and Visible sectors

@ However such simple model is not suitable to be used for such
comparison

@ The Minimal UV completion embeds the PS mediators in a
2HDM+P model, as described in [1701.07427] [1404.3716]

@ Such model is Gauge Invariant, and once calculating the loop
corrections, it generated not only the ¢* operator at tree level, but
also the standard Sl operator
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9 Neutron Star heating
@ Inelastic Scattering
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Neutron Star heating

Inelastic Scattering

@ DM loses energy during capture

@ Remaining energy lost during 109 g ey e
thermalization ol

@ ~ the whole kinetic energy is o
transferred to the NS e

kaiax

107

sl ¢ vond Aol vl vound 2ol sl vound ol ool 1l

@ Inelastic DM: maximum mass splitting 0F ooy :
10°F — Earth (Na)
depends on target 10 Eorth o)
o1 —
@ NS allows much larger §m than on 101 ot )
10 10 10 10 10 10 10 10
earth m, (GeV)

@ At high DM mass, dm < 330MeV
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@ Results
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Neutron Star heating

Results
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e Direct Detection
@ (Pseudo)Scalar Gauge-Invariant Extensions
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The Models

Scalar and PseudoScalar Gauge-Invariant Extensions

For the Scalar, the Lagrangian is
Voupu = ME{D]®) + MBLO[®y + (MEPI® + hc.)
A A
+ = (<I>*<I> )2 + 2(@5@2)2 + A3 (D] @) (@I D)

1
+ )\4(@;@1)(@1@2) T3 ()\5(‘1);@1)2 + h-C-) ;

1 1
VS - §M§SS2+1)\SS4

A A
Vies = 1213(<1>§<I>1)52 223(@%)52 (A123q>;q>152+h.c.)
EDM = —yXS)ZX
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The Models
Scalar and PseudoScalar Gauge-Invariant Extensions

The fields are

O, = cosfP +sinfPy=| v+h+iG° |,

by = —sinfPy +cosfPy = H+1iA |,

H = cosfS] —sinf5S,,
S = wvg+sinfhSy + coshSy,

and the resulting mixing is

2ALHsVVS

sin260 = —————-.
2 2
Mg — Mg,
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The Models

Scalar and PseudoScalar Gauge-Invariant Extensions
For the PseudoScalar, the Lagrangian is similar, the only difference
being
Visp = Ap (®101)P? + Ap,(®502)P? + ipup(®1dy + hoc.)P
Low = *nyXV5X~
and the definition of the fields, where A in the doublet gets relabeled
n, and
n = cosfA —sinfa,
P = sinfA + cosfa,

and the mixing angle is

20bp

sin 20 = m
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e Direct Detection

@ Inelastic Dark Matter with spin-1 interactions
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The Models
Inelastic Dark Matter with spin-1 interactions

An example where one obtains (only) inelastic interactions is
Pseudo-Dirac DM:
L = W(i)— Mp)¥ — =L (TePL¥ +hc.) — 2 (FP¥ +hoc)

+ QugUy' U Z,+Qu9 > 1'e 7,
q

. 1 . .
Taking mp, = mpg = 5csm, the Majorana mass eigenstates become

X1 (¥ — )

X2 (U + ).

E\m\@—
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The Models

Inelastic Dark Matter with spin-1 interactions

The DM Lagrangian effectively reads

1 1
L = B X1(id —m1)x1 + B Y2(id — ma)x2
+ 1Qugx2y"Z) x1 +iQugx iV Z), + Qug > 1" 1 Z), x2

q
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e Direct Detection

@ DD Results for the PseudoScalar
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Results and Prospects

DD for the PseudoScalar

Sl cross section is generated at 1-loop. lims,— a0 = 0, @s in the
scalar case. The main difference is the loop factor and the m,,
dependance coming from the loops functions.
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Results and Prospects

DD for the PseudoScalar
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Results and Prospects

DD for the PseudoScalar: Tree vs Loop Level

PseudoScalar LUX 2016 (neutron)

i
1073L M, =750 Gev 10741+ C0-60(proton) 1
F M,=100Gev H .
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=1 B
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B T
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e Direct Detection

@ DD Results for Inelastic DM
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Results and Prospects
DD for Inelstic DM

Sl elastic cross section is generated at 1-loop.

X1 X2 Y1 X1

X2

G. Busoni (M.P.l. Heidelberg) 15 Oct 2018 27/30



%)
L
O
)
o
n
(@)
S
o
©
c
@©
%)
=
>
0
)
o

=
@)
.
@
©
o
=
—
o
o
=)

F 2
/' 8/z § %
/ &/ 8 §
/) gEES
zZzz¢g
N8 38 8 Ellw
s/z z z 5o
/G &8 332
o/RRY 2
/aoon
)
=)
N =
s
N
RN IRIIRRIRRIIRERRL
SRR
. SRRt
=) =
(neo)
= T )
732

[CIXENONTT (2018)._
[CIxeNoN1T20ty
10°

DxENO?«Tm(

10°

RIS
SBSESSS
S==US

SRR,

SRIRIREZIIZIRS

S

===
SSESSE

S

(neo) .
: 5

/ g

/ e H

8281

= EE s

cEES

£:z%
o 9 o
1885362
“BaAE]

35

S

RRIRRRS

IR

RIS

R
SRR
RRRIR IR

3 X5

= %

e OO

(neo)

my (GeV)

my (GeV)

my (GeV)

o
(3]
=
Q
Y




e Conclusions
@ Summary
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Conclusions
Summary

Neutron Stars: an interesting possibility to place upper bounds on
DM cross sections

EFT good for DD, but validity issues at collider: move towards
Simplified Models for collider searches

Recasting collider results in the DD exclusion plane requires
renormalizable models and to check 1-loop effects

The low energy phenomenology of the 2HDM+P model is
dominated by 1-loop processes

Results hold for any Yukawa sector, even for inhert doublet (no
yukawa couplings for second doublet)

DD constraints comparable with collider ones

For om 2 100 KeV, the 1-loop elastic cross section can dominate
DD, and for 6m < GeV one can compare with monojet, and
constraints are complementary

DMWG whitepaper coming out soon
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