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Introduction

¥ DM direct detection has made oo\ g 107
tremendous progress, but no clea......... k o S W
signal so far \‘ @.3‘;5‘ o ;g‘

N poaess 2ol ®E—T107
¥ Manyanomaliehave stimulated Sﬁ};sa—:;m o :
model building activitypshot: DM ; 100 8
could be somethingery different X M”‘iiﬁlé
from a standard WIMP. | L - ot
- S S T/ S 71" R T\ R L
¥ We donOt want to hit the neutrino WIMP Mss [GeV/)
[3oor without a discovery or a plan
X X

¥ It is of vital importance to explore
as many different direct detection ime
scenarios as p055|ble| —

-The: dark sector could N N

§ be highly non-minimal! ~ §



Mediators with Dark Charg

Let mediator! between dark and visible sector be
charged under same parity which stabilizes DM
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| dark mediator
! Dark Matter ;
: (dmDM)

If the™! coupling Is small Only couples to SM via dg
andm <~10keV, # Interesting bounds
the 2 =3 process dominates from Astro/Cosmo!

direct detection!



Why 2" 3 Scattering?

¥ Direct Detection experiments are

analyzed assumin§j 2 contact
operator for DM-nucleus scattering.

¥ Inconsistent anomaligaaytell us
something about the nature of the da
sector.

¥ 1tOs interesting to deviate from stand:
contact-operator kinematics:
- Inelastic/exothermic DM (change Er cutoff)
- additional v, g suppression in V|
-light mediator gives 1fg1/cf
“composite DM (different form factors)
[see paper for refs, big literature!] )

¥ 3-body phase-space Is one of the few
unexplored modiPcations



Why 2" 3 Scattering?

¥ Direct Detection experiments are
analyzed assumlng Zcontact N N

something about the e oTrtTeEuaT :
sector.
¥ 1tOs interesting to deviate from stand:
contact-operator kinematics: X v
- inelastic/exothermic DM (change Er cutoff) v
- additional v, g suppression in fM] ,
-light mediator gives 1fg1/cf —> ¢¢
-composite DM (different form factors) Ul 1 s
[see paper for refs, big literature!] 1
A
q q

¥ 3-body phase-space Is one of the few
unexplored modiPcations



TeV-scale (?) UV-Completic
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2" 3 Scattering In Direct Detectio

It is instructive to understand the Oparton-levelO kinematics of DM-nucle
scattering (without nuclear form factors, velocity distributions)

my#28, m$#10 , E$#10keV , 2to2contac
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2" 3 Scattering In Direct Detectio

It is instructive to understand the Oparton-levelO kinematics of DM-nucle
scattering (without nuclear form factors, velocity distributions)

standard 2 to 2
contact operator
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Full DD Spectra
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dmDM vs WIMP paramete

30 GeV dmDM (with rh =10 ev)
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dmDM can OmimicO a lighter WIMP

There Is a detector (mN) dependent map
(Mdmpm, #dmpn) * (Mwive, # wivp)



dmDM Direct Detection Constraint
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deM Direct Detectlon Constralnt

Unfortunately doesnOt really help / Al 1y 12
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Other Constraints



DM self-interaction bounds

DM relic abundancébx LHC monojet bounds

Electroweak precisiot

X X
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Indirect Detection
©-

Q. Structure Formatiol

Solar Heat Transfer & Cooling

Supernova Cooling

White Dwarf Cooling

Neutron Star Cooling

Fixed Target Experiments & Beam Dumps
Meson Decays

Z!!  coupling



weaker than

2" 3 dominance $ >6.3TeV
« requirement of

yx < 103

X

\BBN
N eff
Q. Structure Formatiol
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Wq Stellar Supernova Cooling
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Neutron Star Cooling




White Dwarfs

Supernovae

Stellar
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Neutron Stars



Stellar Cooling: Generalities

¥ Ifm, ! T the scalar can be produced inside of stars.

¥ A production process<i Xz " | +..yieldsri = nxinx2 € #1 prod

| s per unit volume per unit time.
(Generally also integrate over initial particle phase space in thermal bath

¥ If we know the radial proPles of stellar density, temperature and

composition we can bnd thietal ! production rate for the star
(assuming does not signibcantly alter stellar evolution)

¥ In the absence of signibcamdestroying processes, this is equal to
equillibrium total! loss rate

¥ Unlike neutrinos or axiond, has a short enoughmean-free pati&
to be trapped inside the stellar core. This means they thermalize, ¢

leave when they diffuse within abofit = (Nwarget #targe)) ™t Of the
surface.

" So the energy of leavirig is about T(r), where&; (r) = Rstar- ¢

This allows us to compute the energy lost due to ¢ emission.



Stellar Cooling: Generalities

¥ Ifm, ! T the scalar can be produced inside of stars.
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Stellar Cooling: Generalities

¥ Ifm, ! T the scalar can be produced inside of stars.

¥ A production process<: X2 " | +..yieldsri = nxinxz2 ¢ #:1 proc

| s per unit volume per unit time.
(Generally also integrate over initial particle phase pace in thermal bath

¥ If we know the radial proPles of stellar denS|ty, temperature and
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rocesses, this Is equal to

Obtain radial proIDIes of s rate

sun, white dwarf etc
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Stellar Cooling: Generalities

¥ Ifm, ! T the scalar can be produced inside of stars.

¥ A productior™ ==t oo
' s per unif “More exact solution involves {
(Generally af numerically solving diffusion equatiegmal bath
Y If we know for | population in the star | ture and
compositiol fe star
(assuming d |
Current work In progress... |
¥ In the abse! lis equal to

equillibriu ',1
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to be trapp, getpreliminary $ bounds from jermalize, e

eave whery stellar cooling. [ the
surface. .. |

" Sothe eergy of Ieavnig IS aboutT(r) Where& (r) = Rc,tar

This allows us to compute the energy lost due to ¢ emission.
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The Sun

¥ Core temperature is about T ~ 1 keV

12k = m = e

¥ number density of nuclei >> number density!ofor * , : |
so the most important production process Is E— J
"N" NI

and!! <= s negligible. =
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e
—————
Pt el
=
-
e

ot ,..—""
%410} o~ v8-s
o1l e
T ;"
Y2l el e A
L el Q.
For$ = 10TeV! decouplesatr~ 0.7 X PGl A
— -~ el K
b L] YA~ 4
T N
%L}
%6 7
—~ o7 | |
. 0.001 0.01 0.1

solar! luminosity < 1% photon luminosity requir&s> 1 TeV.

¥ Slightly stronger bound from radiative heat transfer

mean free path
radiative F1 n, !, —

heat BUX = :
F n- 1 - A >few TeV gd! -
should be safe A




White Dwarfs

¥ Core temperature T ~ 1 - 10 keV

¥ The WD population is dominated by stars in the
0.5 - 0.7 solar mass range in our stellar neighborhood.

¥ The White Dwarf Luminosity Fundeds us
how fast they cool.

L/L:
1 107! 10™° 10° 107* 10°S

Observational data
INn good agreement
with standard
cooling theory!

log N (pc™® M,,,™")

Figure from 1303.7232 (Dreiner, Fortin, Isern, Ubaldi



"#5 05, WHItE Dwarts

¥ Max Katz(graduate student dflichael Zingale @ B
helped us by simulating the evolution of a sun-like sta
to a typical 0.5 - 0.6 solar mass white darf using the
MESA stellar evolution code (stellar astrophysics Ogold standa

L/Ly
1 107! 102 10 10* 10°%

¥ When our test dwarf has 0.1 x solar luminosit = ===

(very young and hot) a 5
I power output is < few % total WD lumi if | ’ oy

A>30Tevy  gd!

‘W mostWDs
A ; live here

log N (pc™® M,,"")

(I emission even less important at lower core temperatu o e T



Neutron Stars

Lots of! production in neutron star core viar# nn!! | but there is a
competing annihilation process " thatis very difPcult to estimat
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Supernovae

Production of light particles can lead to rapid

energy loss during supernova explosions. This can
be constrained by measuring the duration of the
SN1987 neutrino burst. o T
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more strongly than neutrinos at
low energies# completely fremTmemmemmmm————%  (for such largeb

trapped in SN core! we may not even
produce the! s)
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% and BBN

¥ If I IS relativistic In the early universe, it€s: denS|ty|s o

Q h2_ 1—2 g¢ ~
& 7.83 x 10 g*SeV

¥ If we take our largest estimate f@ (%% )then! will freeze
out just before BBN (T ~ 10 MeV) & = 10 TeV.

10 TeV) ey

Tfreezeout 9.8 MeV
3 2 eV X ( A

If & = 10 TeV the! -He scattering cross section is potentially largt
and we mightvorry about He nuclei being dissociated

¥ The fraction of!l -He scatterings with &oi > 7.1 MeV (He binding
energy per nucleon) during BBN Is

11TeV\?2  On i EERON
016 (M%) = okt (M5 ) =P [eeda 1i7eY

T He




Netf and Structure Formation

¥ During Big Bang Nucleosynthesis (BBN), the leftdveract like a
light neutrino 3avor. Compute their contribution to M

y 4/3 3
x( JBBN ) SO INg | -

ON, bV —
g:{; decouple 7

~J| OO

compare to N.;; = 3.3670¢, (95% CL) rlankvmapigne

~ 2 # “conRictO, but can ameliorate by makingal, with Z dark charge)

¥ During structure formation acts like a collisionless free-streami
particle.

# apply light sterile neutrino bounds to

# No problem form ~eV.



Conclusion



dmDM Bounds Summary

$ > 100 Tev
and
yx correct valu
for DM relic
density

$ >20Tev
and
yx small enoug
to ensure

subdominant
2" 2

Simplest dmDM
. model lives ~ here

Irreducible neutrino B(




Conclusion

¥ dmDM is the brst DM model featuring#23 direct detectionand
hence adds new kinematics to the model builderOs tool box.

¥ Heavy DM candidatesike different light wimpat different
detectors.

¥ Cosmo + Astro sets signiPcant constraiii@&> 30 Tevm ~ eV)
but large regions of detectable parameter space remain.

¥ UV completion suggests possibilityldfiC discovery

¥ Stellar cooling bounds can be avoideith a non-minimal dmDM
model featurind 1 and! 2 at ~ 10 MeV and < eV respectively.

¥ We performed thebrst systematic study of bounds Wq! |
on a light scalar with dark charge coupled to the.SM A

¥ Open issues to explore: detailed stellar cooling calculation, stabll
the scalar, Ravor model building.



