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Motivation



Standard Model of particle physics

Successful theory, but it cannot explain...

Dominant matter component in the universe Baryon asymmetry of the universe

Matter

Gravitational interactions at quantum level




5 Why
i dark
TewE matter?

Galaxy rotation curves
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(or something that
alters what we
know)

Large scale structure formation

-



Going even beyond...

Experimental
anomalies also
call for "dark”
extensions of

the SM.




We are searching for new
particles that account for those
problems

Mediator

This is not the only kind of solution!



DM How to detect DM?
experiments

Colliders

Indirect detection
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DM How to detect DM?
experiments

Colliders
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DM How to detect DM?
experiments

Colliders

Indirect detection
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ATLAS (LHC)
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STARS can be
used as huge
detectors for
DM direct
detection!

Especially very compact
stars
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White dwarfs



End of life of stars

Brown dwarf White dwarf

13-80 M, 0.17-133 M,

Neutron star * Black hole

1.1-2.3 M,




End of life of stars Compact objects

Brown dwarf White dwarf

13-80 M, 0.17-133 M,

Neutronstar * =/ Black hole

1.1-2.3 M,



Main characteristics of White Dwarfs

Density
Forces
Mass

Eq. of state

Between 10°-10° kg/m°
Mainly composed by C or O.

Gravitational force /
Degenerate pressure of e R g
Coulomb forces white dwarf

| ess than ~1.4 M(Chandrasekhar limit)

Salpeter + TOV equations
(Tolman-Oppenheimer-Volkoff)

15
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Capture of DM by stars



EFFECT OF HYPOTHETICAL, WEAKLY INTERACTING, MASSIVE PARTICLES
ON ENERGY TRANSPORT IN THE SOLAR INTERIOR

DAvID N. SPERGEL AND WILLIAM H. PRESS
Harvard-Smithsonian Center for Astrophysics
Recelved 1984 December 28 accepted 1985 January 28

ABSTRACT

A possible solution to the solar neutrino problem is to posit a massive, stable, neutral particle as part of the
Sun’s primordial composition. If that particle has a mass between 5 and 60 GeV, then it will populate only
the inner “solar neutrino unit-producing” core and not the larger luminosity-producing region. If it has a
scattering cross section on protons of 4 x 10 *¢ cm?, then a fractional abundance of 10~ '2 will have order-
unity effect on the Sun's thermal transport, in the direction of decreasing the expected neutrino signature, For
smaller cross sections, the required abundance rises in inverse proportion, so that cross sections as small as
107*¢ cm? are effective if the concentration is as large as ~ 10~ The photino is a possible candidate particle;
mirror neutrinos may also be candidates.
Subject headings: clementary particles — neutrinos — nucleosynthesis — Sun: interior

1. INTRODUCTION
e discuss in this paper an unlikely, but possible, solution to the solar neutrino problem. (For recent reviews of this probler
Bahcall et al. 1982; Baheall 1985.) Our solution is unlikely only in requiring the existence in the Sun of a stable, neutral pai
amass in the range of 5-60 GeV, and with a scattering cross section on protonsin the range of 1026 to 10~ € cm?

e required range of cross sections is intermediate between strong and weak cross sections of ordinary, nonexotic pa
ics. There are, however, hints that significant aspects of particle physics in the required mass range are not now comp
rstood: On the experimental side, monojet events, and other events in the UAI collaboration at CERN (Arnison et al.
sia 1984), lack theoretical explanation (Ellis 1984; Hall, Jaffe, and Rosner 1984). On the theoretical side, stable particles i

ed mass range can arise as * mirror neutrinos” in left-right symmetric theories and vector-like theories (Bagger and T
e 1004 Can et Wit 1004 Vo : afrspiatradigns il e

Spergel and Press (1985)

and solar neutrino problem

WEAKLY INTERACTING, MASSIVE PARTICLES AND THE SOLAR NEUTRING FLUX'
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and DM

Limits on cold-dark-matter candidates from deep underground detectors

K. Gaisser and G. Steigman
Bartol Research Foundation, University of Delauare, Newark, Delaware 19716

Tilav
Department of Physis, Universiy of Delaware, Newark, Delaware 19716
(Received 2 July 1986)

Weakly interacting massive particles which are candidates for the dark mass in the halo of the

Galaxy would be captured by the Sun, accumulate in the solar core, and annihilate. We present a

systematic evaluation of the neutrino signal produced by such annihilations. Since most annihila-

tions oceur in the dense solar interior, only prompt neutrinos escape with sufficiently high cnergy to

be readily observable in decp underground detectors. We find that existing underground experi
ble of finding—or exc

L INTRODUCTION energy spectrum of the neutrinos at produc
this with the correct energy dependence of

 mass in the Universe is dark, the nonlumi-  interaction cross section in the detector 10

Faulkner and Gilliland (1985

topl

It started with the SOLAR COSMION (WIMP)to solve
the solar neutrino problem and the missing mass
problem (DM), due to their efficiency in energy

transport.

and solar neutrino problem

Brief history of the

RESONANT ENHANCEMENTS IN WEAKLY INTERACTING MASSIVE PARTICLE
CAPTURE BY THE EARTH
ANDREW GOULD
Stanford Linear Accelerator Center, Stanford University
Receised 1987 March 2; accepted 1987 March 17

ABSTRACT
The exact formulae for the capture of weakly interacting massive particles (WIMPs) by a massive body are
derived. Capture by the Earth is found to be significantly cnhanced whenever the WIMP mass is roughly
cqual to the nuclear mass of an clement present in the Earth in large quantities. For Dirac neutrino WIMPs
of mass 10-90 GeV, the capture rate is 10-300 times that previously believed. Capture rates for the Sun are
also recalculated and found to be from 1.5 times higher to 3 times lower than previously believed, depending
on the mass and type of WIMP. The Earth alone or the Earth in combination with the Sun is found to give a
much stronger annihilation signal from Dirac neutrino WIMPs than the Sun alone over a very large mass
range. This is particularly important in the neighborhood of the mass of iron where previous analyses could
not set any significant fimits.
Subject headings: lementary particles — neutrinos

1. INTRODUCTION
i - blem
art of their argument that weakly interacting massive particles (WIMPs) could explain both the * dark matter prot
Folar neutrino problem,” Press and Spergel (1985) gave an estimate of the capture rate by a massive body of WIMP
well-Boltzmann distribution in the Galactic halo or Galactic disk. Their argument made admittedly crude assumptions
1P phase space which they hoped would introduce errors of no more than a factor of 2. They were satisfied with this le
racy because of the * order of magnitude™ character of their argument, The Press and Spergel calculation was equally
\ the probability of a given WIMP interacting with the body was of order 1, and when it was much less than L. This
Jrtant feature for Press and Spergel because, to solve the solar neutrino problem, it is best to have WIMPs with much
‘weak interaction cross sections.
bscquently a number of workers have realized that if WIMPs and anti-WIMPs were both present in the Galactic halc
Id tend to collect i the Sun (Silk, Olive, and Srednicki 1985; Gaisser, Steigman, and Tilay 1986; Srednicki, Olive, and Silk

Gould (1987)

and capture by the Earth (+Sun)




What to measure?

Mass accumulation
Ola ‘
Gravitational Emission of SM L\v 9
stfects particles




CAPTURE MECHANISM
What happens?

Interaction rate

0 (w) = J’OVe dv R (w—v)

:: probability / time ::




CAPTURE MECHANISM
What happens?

R~ oc do/dv
) oc 0(v<ve)




CAPTURE MECHANISM
(in the Optically Thin Limit)

Rx o' ;
y, A')
= / d‘r-’lm*“/
my Jo 0 L

Rx*
2
drdmr”

What happens?

21




CAPTURE MECHANISM 7

What happens as you reach a cross section threshold (oth)? What happens?
(out of the Optically Thin Limit)
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Interactions

Modelling the cross sections



BSM MODELS

VECTOR, Dark photon

Lz

_ ozl

+ goXY* (9% — 957°)xZ,,
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WHAT INTERACTIONS COULD TAKE PLACE?

NUCLEAR NUCLEON
() x(p1) x(p3) r

|

C | ) D Z'/2(q)

DIS
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Ingredients

Regime

e Non-relativistic, so that we can use Galilean invariance.
e We will use the relative velocity: v= px/mx - P/ My
e \We also need the transverse 3-momentum: q.

Quantum operators

e NRoperators: Id,, ig/m,, v, S, Sy-
e Theyactonthetensor product space of x and N: Ipx,jx>, IpN,jN>

Matrix elements

(P, jx; K\ N1 ia|p, jy: kyin) = iqe T (27)*0(k' + p' —k — p)
q v) e—iqi‘ (27_‘_)35(1{1 + pl _ k _ p)

<p,ajx;klajf\"|‘7J_|pa jxgkajf\"> = <V+

Operators

21N
@1=1X\ @‘L)ZISX-(QA X;?;)
O3 = iSn (*": X vL) O =i8y- ;o
O4=8, -Sy (911=ix';ff;
05 = YSX (n_g\,_r X \AIJ‘) 012 = SX <S]\, X {/J‘>
O = (872 ) (5w :2) Oz =i Sy ¥4) (Sw-52)
O7 = é’\/ - @14 =7 (SX nﬂw) (éN -{'J‘)
Og = SX g VJ‘ 015 = — SX ng\r) (SN X VJ‘)
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General Hamiltonian

We need to build thisin
position space

(flHrli) = 27)°0(k7 +p' —kr — p



Results using the nuclear shell model

b = (41.467/(45A7V° — 25723 )2

d cos 9
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From HE theory to a NR one: expansion of bispinors

1

> N V2(p° +m)




From HE theory to a NR one: dark photon !

Ad gDgz'N !
Hi NV — == guu(ps)yuu(pr)u(pa)y u(p2) — ghu(ps) .y’ “u(p1)u(pa)n Hu(p2)
Z/

(f‘
u(p3)yuu(pr)u(pa)yu(p2) ~ 4mympy + 2mymny ( SN - L’% X D
my

My 5 2. . o f .
— —=q —4G°5y - SN +4my| Sy
mpy | |

u(p3) vy 11(1)1) ((pa)yHu(p2) ~ 8m, 771\( Sx -




From HE theory to a NR one: scalar 2

7”x My

O
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1+x%

Mp =1.18 +0.83 x A1/3

FP®(Q)

From Born do/dQ= (do/dQ)point | F |2
= f o(1)eit*dor.

Inelastic and Elastic Scattering of 187-Mev Electrons from Selected Even-Even Nuclei*

Ricuarp H. HELut
High-Energy Physics Laboratory, Stanford University, Stanford, California
(Received August 27, 1956)

A survey has been made of the differential scattering cross sections for 187-Mev electrons on the even-even
nuclei 1sMg?, 1:Si%, 165%, 1A%, and »Sr®. It has been possible to separate the elastic scattering from the
inelastic in all cases and to resolve the inelastic groups from specific nuclear levels for at least one level in
all cases. A simple Born-approximation analysis of the elastic data yields values of the effective radii and
surface. thicknesses of the nuclear charge densities which (if suitably corrected for failure of the Born
i i with the results of Hahn, Ravenhall, and Hofstadter; i.e.,
a radius parameter of ¢=21.08 A'X107 cm (radius to half-maximum of the charge distribution) and a
surface thickness of #222.5X107% cm (thickness from 10% to 90% of the maximum of the charge
distribution). Phenomenological analysis of the inelastic scattering along the lines laid down by Schiff
yields some tentative multipolarity assignments, and application of some results of Ravenhall yields
estimates of (radiative) partial level widths; for the E2 transitions these correspond to lifetimes of
~19X 1078 sec (Mg 1.37 Mev) to ~1.4X 107 sec (Sr 1.85 Mev). The observed strengths of the transitions
are to those i by Weisskopf theory.

L INTRODUCTION

HE elastic scattering of high-energy electrons by
atomic nuclei has been the subject of considerable
experimental study.’~® Recently it has been possible
in this laboratory to observe certain examples of

Richard Helm, 1956
Inelastic and Elastic Scattering of 18'7-Mev Electrons from
Selected Even-Even Nuclei

3|7 ((JR)I(,—(Jz.szl.""Z
QR ‘

The present experiments were initiated as a survey of
the inelastic and elastic scattering from even-even
nuclei in the region of intermediate atomic numbers.
These target materials were chosen for a number of
reasons: First, most of them are known from gamma-ray

FHclm ((2)

with a = 0.523 fm, s = 0.9 fim, and R = 3.9 fm.

Nucleus: hard sphere with a diffuse surface layer
(thickness: s)

FFS-WS(() _ 3ma  amcotanh(mQa)sin(Qro) — ro cos(Qrop)
ré2 + m2a2 Qro sinh (1Qa)

Fermi Symmetrized Woods-Saxon

V(ir)= ——

l*elr R)/a
fse(r) =

Woods-Saxon nuclear potential (1954). V:
potential depth, R: nuclear radius, a: surface
diffuseness parameter, r: radial distance

sinh(c/a)
cosh(r/a)+cosh(c/a)

Fermi symmetrized function, to account for nuclear
surface. c: parameter related to the half-density
radius.

2 Po
p(r) Y 1 +e(rAR)'_.v'a

Nucleus: smooth density distribution...

sin(QR) (—1)"a, Fourier-Bessel
FFB(Q) =N X OR Z T - C22 parametrization

Nucleus: modeled as a series expansion in
spherical Bessel functions

— Z a'njn (k?’)




Comparison of form factors for 1*C

10-1 -
sogs | s Dipale
_ 10 Mp = (1.18 + 0.8341/3) GeV s
& B .y
E: o FS Woods-Saxon
— 1077 1 ro = 1.034Y/3 fm, a = 0.523 fm
—w. Helm '
1077 4 a = 0.523 fm, ro = 3.9(A4/40)'/3, s = 0.9 fm
——— Fourier-Bessel w/ Nuclear Data Tables
1()—9. . . ——————— . . e —r——
102 10! 10°
Q/GeV

Source: 2206.07100v3



-or the scalar, the expressionis simpler:

do™N

dQL

)2

) (22 + mq,

Tm = mnyE, —my (m“)\ By mi (Ey +2mpy))/2mNE, + 77'1.,:“)\, - mi)

For the dark photon, the differential cross section has a similar expression, with a
different o,
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Elastic scatter




We can follow a similar approach as with the SM: &

./\/l\ —_— .+ 1

2V . q—_v q—_V,_D
JziQ = E 9vay q — § 9497 7" q

q q

SM currents

We need an expression for the Z'0
current in terms of the SM currents
we have already measured...

(N (pa)]jz:0(0) IN(p2))

[uy’u — dy”d]

s gl ,
a5~ q5] - 52[(1(’31’(1(’,’J

o

M

1
2
2
3

~
-

M

v
qy q
g=s.c,b,t

—[@y’y°u — dy’y°d]

tvlb—* tvlk—-—*

—[@7"7°u + dy~°d]

§ Y = VD
aqy v (.

q=s,c,b,t



In terms of SM form factors... i

5 ; dy v 1 d
—2(g\ + 2g¢ )u+3(f/\ +9v)iag + (9v + gv + gv)vs

— [g8-b7y"b + (3g%

V) (@ e+ ty"t)]

(9% — g%)as + (g% + yh)ﬂﬁ + 930, = Z (g4 — 94T °q

\(1)1)“ ,Q(O) (P’)) =un(pa)

(N(pa)| a!

410(0) IN (1)) =T (pa)

g=c,b,t

ZENT 7 O .y
",.*'“1"14 :\(QZ)*"- "

2my

o FZN(Q? )] uy (p2),

= ~7'N ~ € (
A};z,})(;dl N ((2.2)+ {p

\/
/

TN

In ‘ ll ’."\r \\‘.
— FM) +3(g% + g5)F + (g8 + g% + g% F,

15\
g% — 94)Gr + (94 + dD)GY + gAGRY,




Form factors

Sachs electric
and magnetic
form factors

Dipole function

FW: Dirac ff
F,: Pauli ff
G,: axial ff
Gp: pseudoscalar ff

The cross sectionis
straightforwardly
found (if you're a
particle physicist)

./'I\A "\" — i =

40

o,

((2 ) = (5;\"11(;’1)((22)'
& III‘N—

G Q)= F"(Q%) -

2

Gy (@) = FY (@) + Fy' (Q%) =

Gp(Q?%) =

IN N
BN ap(Q?).
1A

(1.4 Q%/m& )= ’
HN = 55

My ~ 0.84GeV. nuclear magneton

gpece = \ ( 5 1
—[w(p3)y (.(/\\- — .(/,\;".r Ju(pr)) (.{//w -

5 ;
q° —my,

(1“(1,,
2
'INZ,

o Fy ((?2)] un(p2).

x TN (pa) |7V F¥ (Q?) + i—2

2mpy
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Here the process is more complicated...

Ip9IN (Ef +m3 —piz) (p1(1 +2) +2m} ) 2F " m} —piF3~(1 - 2))°

: I N o ' o\ 2
8mmyy (E1 + Ez) * (2p{(1— 2) + m3)

Jdbu n gbd 1‘,;'\7 T Jbu b3 2.(1(1)([
2\ my Z XN My
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Production of 1 + N through A- and N-resonances




A SCHEMATIC MODEL OF BARYONS AND

MESONS *

M. GELL- MANN

California Institute of Tech

dena, Calif

logy, F

Received 4 January 1964

e that the strong interactions of bary-

3 are correctly described in terms of
htfold way' *~%/, we are tempted to
undamental explanation of the situa-
yromised approach is the purely dy-
trap' model for all the strongly in-
:les within which one may try to de-
»in and strangeness conservation and
d symmetry from self-consistency
urse. with onlv strong interactions.

ber n¢ - ng would be zero for all kn
mesons. The most interesting exa:
model is one in which the triplet h:
z = -1, so that the four particles d
exhibit a parallel with the leptons.

A simpler and more elegant sch
constructed if we allow non-integr:
charges. We can dispense entirely
baryon b if we assign to the triplet
properties: spin 3. z = -4, and bar

Gell-Mann (1964)

Non-relativistic model for baryons
and mesons

Neutrino-Excitation of Baryon Resonances
and Single Pion Production

DIETER REIN AND LALIT M. SEHGAL

I Physikalisches Institut, Technische Hochschule, Aachen, West Germany
Received October 31, 1980

This is an attempt to describe all existing data on neutrino production of single |
in the resonance region up to W = 2GeV in terms of the relativistic quark mod:
Feynman, Kislinger and Ravndal (FKR). We considered single pion production t
mediated by all interfering resonances below 2 GeV. A simple noninterfering, n¢
sonant background of isospin } was added. It improved agreement with experin
particularly in the ratio of isospin amplitudes in charged current reactions, at the exg
of one additional constant. All total cross sections, cross section ratios and W-dist:
tions are well reproduced at low and high energies, with charged and neutral cur
(supposing the Salam-Weinberg theory with sin? 8, ~ } to be correct), and for neut:
and antineutrinos, giving predictions where data are lacking. New predictions have

mada far camnlay anmlar dicteihutinne in

A= rhannale avhihiting ctrana intarfas

Rein, Sehgal (1981)

Massless lepton excitation of
baryon resonances

SPIN AND UNITARY-SPIN INDEPENDENCE IN A PARAQUARK MODEL OF BARYONS AND MESONS
0. W. Greenberg*

Institute for Advanced Study, Princeton, New Jersey
(Received 27 October 1964)

Wigner’s theory,!
independently by Giirsey, Pais, and Radicati,’
and by Sakita,? from nuclear-structure phys-
ics to particle-structure physics, has aroused
a good deal of interest recently. In the nuclear
supermultiplet theory, the approximate inde-
pendence of both spin and isospin of those forces

ticle theory, the possible inde-
pendence of both spin and unitary spin of those
forces relevant to the masses of certain low-
lying bound states (particles) makes it interest-
ing to classify the states according to irreduc-
ible representations of SU(). Three results
associated with this SU(6) classification indi-

Greenberg (1964)

Paraquark model of baryons and
mesons

Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatory of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

A ivistic equation to the ic quark model of hadrons with harmonic
interaction is used to define and calculate matrix elements of vector and axial-vector cur-
rents. Elements between states with large mass differences are too big compared to experi-
ment, so a factor whose functional form involves one arbitrary constant is introduced to
compensate this. The vector elements are compared with experiments on ic me-
son production, Ky decay, and w--7y. Pseudoscalar-meson decay widths of hadrons are

ing the amplitude is (with one new scale constant) to the diver-
gence of the axial current matrix el ts. Starting only from these two constants,
the slope of the Regge trajectories, and the masses of the particles, 75 matrix elements are
calculated, of which more than § agrec with the experimental values within 40%. The prob-
lems of extending this calculational scheme to a viable physical theory are discussed.

INTRODUCTION ficing theoretical adequacy for simplicity. We

shall choose a relativistic theory which is naive

Lepton mass effects in single pion production by neutrinos

Ch. Berger™
L. Physikalisches Institut der RWTH, Aachen, Germany

L.M. Sehgal’
che Physik (E) der RWTH, Aachen, Germany
2007; published 27 Dx ber 2007)

We reconsider the Feynman-Kislinger-Ravndal model applied to neutrino-excitation of baryon reso
nces. The effects of lepton mass are included, using the formalism of Kuzmin, Lyubushl
umov. In addition we take account of the pion-pole contribution to the hadronic axial vector current
iplication of this new formalism to the reaction v, +p— u~ + A" at E, ~ 1 GeV gives ¢
opressed cross section at small angles, in agreement with the screening correction in Adler’
‘ward-scattering theorem. Application to the process v, + p— 7~ + A" at E, ~7 GeV leads tc
: prediction of right-handed 7~ polarization for forward-going leptons, in line with a calculation basec
an isobar model. Our formalism represents an improved version of the Rein-Sehgal model, incorpo
ing lepton mass effects in a manner consistent with partially conserved axial-vector current.

Institut fiir Theoretis
(Received 28 Sep

M: 10.1103/PhysRevD.76.113004 PACS numbers: 13.15.+g, 11.40.Ha, 12.39K

1. INTRODUCTION duction in the resonance region up to W =
attractive feature of the model is its econo,
input the vector and axial vector form factor
sielastic channel v,n— p™ p, it provides
scription of resonance production, embraci

Berger, Sehgal (2007)

Massive lepton excitation of baryon
resonances

ation of neutrino experiments is under way
1g low energy neutrino reactions such as
dv,p— p pm" with unprecedented sta-

FKR(1971)

Relativistic quark model

Dark Matter Interactions in White Dwarfs: A
Multi-Energy Approach to Capture Mechanisms

Jaime Hoefken Zink,*" Shihwen Hor,® and Maura E. Ramirez-Quezada®*

a Dipartimento di Fisica e Astronomia, Universit di Bologna, via Imerio 46, 40126, Bol
Ttaly,

SINFN, Sezione di Bologna, viale Berti Pichat 6/2, 40127, Bologna, Italy,

< Deyiortrent of Physics; Universityof Tokyo, Bunkyo-ks, Tokyo 119-0093, Jopan;

4 Johannes Gutenbery-Universitit Mainz, 55099 Mainz, Germany, and

“Dual CP Institute of High Energy Physics, C.P. 98045, Colima, Mézico.
E-mail: jaime.hoefkenzink2@unibo.it,

shihwenChep-th. phys.s.u-tokyo.ac. jp, nramirezQuni-mainz.de

ABSTRACT: White dwarfs offer a compelling avenue for probing interactions of dark m

particles, particularly in the challenging sub-GeV mass regime. The constraints de

from these celestial objects strongly depend on the existence of high dark matter den:

HHR (2024)

Double massive DM excitation of
baryon resonances
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HOW TO COMPUTE THE CROSS SECTIONS

Short-version recipe

1. VECTOR 2. FORM FACTORS
We compute the vector We compute the amplitudes
V as the one involved in using the FKR model (4D

the transition N— N* for harmonic oscillator

each combination of / N(k1) Hamiltonian)) with a suitable
DM-spins in RES frame. interaction for every possible

hadronic spin transition.

3. SUM RESONANCES b 4. COMPUTE CROSS SECTION
: Compute the cross section: x N — x N*. Turn the (W -

Sum the M)into a Breit-Wigner factor to account for the decay of
contributions for the the N*: l r
18 resonances (L, ). MW — My~ WMy T T4
Equall and J /g Then, we are also considerin '

: , g the attached process:
interfere. 2 DE‘TA

RESONANCE REVIVAL N* — N 11, so that N* is nearly on-shell.




The process has to be done inthe channels:

. X+p = X+p+n°

2. x+p—=x+n+nT,
3. x+n—=>x+n+aY,

S G s P 25 by iy 1 k(R

04 08 12 16 20 24 28 32
-q?GeVz

Prediction of Rein-Sehgal model for neutrinos: vp — y~ A*™
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Just to see how it looks like... For the dark photon: 47

M(x(p1; M1)N(p2) = x(p3, A2)N™(p4))

gpe€Ee€ . 5 ‘ r ; _
- g2 — - [“1’3/\2 Tu (g‘ gA”Y ) Up, \1] (.(j/” " V/mZ’) (N *| szL(U) N)
) T

gpee
2

= 2M

) ‘ /l /\ < \T* >

qc —my,




Just to see how it looks like... For the scalar: 48

q DYdN

M(x(p1;, A1) N (p2) = x(p3; A2) N7 (ps)) = p— [Upsra Upiai] (N7 '];(0) N)
_ b

( (( S T
= 2:\[ ]D ]I) 7 S <i' T

do 9DIBN N -
: . . 4 h ‘ <A/ * F_LT* i" ] >
dWdq? 64 (q- - m&,)" T ”" ) Z |
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DIS and partons

Partonic approach

Due to asymptotic freedom,
interaction among quarksina
nucleon can be neglected and
they can be considered to carry
a "‘part” of the momentum of the
nucleon: gp,.

Feynman, "Very High-Energy Collisions of
Hadrons”, 1969.




Main variables and ingredients:

N/ 2N\ 2
e Momentum transfer: Q° = —q~

e LEnerqgy transfer: v = P21 guch that my is the mass of the nucleon.

m N

¢ — x (high energies)

0.8

0.6

0.2

1

b1

T LI l T T T l T

l

B Valence (u)
Valence (s)

B Sea (TGor d)

B Sea (5)

B 0.05 x Gluon

Q? = 20 GeV?

O:-3



Cross sections S

Vector

d?o B .(/%) Ei) myzx \/Ef)(l = -mi
dedy drm%, (1 + Q?2/m%,)? (1-— I/)(E{)‘ - m“{)

A, m

z ZQ%’({ ((‘40‘4\ T ch.x);UQ — 2(AgAx — CoCy)y — “—Byy + 244 4\) fq()

E,myz

= (95’)2 - (.(/ﬁ)za and Cy = 2g) (JA

Scalar

d*o g% yE2(Q? + 4mZ Z
— - p ‘ ‘ >< )
dedy  167my (14 Q%/m3)? (B2 — mg 9344




Benchmark
points to
study

ol

mZ.
100 MeV

m

100 MeV
€=10"°
g,=0.1

Vector
Light mediator

02

m,,
10 GeV

m

100 MeV
€=10"°
g,=0.1

Vector
Heavy mediator
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03

1GeV

m

100 MeV
Iyo = 107
g,=0.1

Scalar
Heavy mediator



BP 1

Light
vector

Nuclei FS-WS - Nuclei NR — Nucleons — Resonances — DIS
10-36 3 L= ALY | oy I bl | LI UL BB LR LR LEL | LR ""';
: myz =100 MeV ]
m, = 100 MeV |
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BP 2

— Nuclei FS-WS - = Nuclei NR — Nucleons — Resonances — DIS
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BP 3
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— Nuclei — Nucleons — Resonances - DIS - - Geometric limit
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BP 2 — Nuclei — Nucleons — Resonances - DIS - - Geometric limit
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Conclusions



CONCLUSIONS

What was shown

What we found

Pheno tasks

Future prospects

62

Mechanism of capture rate of dark particles in WDs.
DM - N (SM) cross sections (vector/scalar).
Capture rate density (sensitivity) for different energies.

The least energetic DM is easier to capture (under same
fluxes)

For avector mediator, resonant and DIS scatterings could
also be visible for high fluxes.

Test sensitivity for different fluxes.
FInd limits on WD lifetimes to set bounds on the different
DM models.

Study these effects in neutron stars, red giants...
Compute the capture of kinetic energy and the heating of
old stars.
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WD accelerating DM I
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II

“x

w

— gt dt? + grr dr? 4+ 72(d6? + sin? 0dp?), at r = R,

R ) ST
UU upunp =— 1
Gl = —1 geturury + Grruqruyg

A(uly)? + Blufy)? = — 1

dZ =
—dt? + dr? +r%(d6? + sin? 6dy?), at r = 00
A = gy and B = g, 1
E = —gﬂl/pﬂgua where g - (]-a 03030)
Fy=——2X t
/1 —u2 where uj, = 1/(A /1 —u).
En = gttmxuha )

4 gff = -1 and grr = 1

ef%ﬂandei:\/ﬁ.

A F oo r ‘ ‘
dr e uy wZ — 'Ug i (1 - vg)ui.




B

References



References

White dwarfs

DM capture rate

Shapiro, S. L., & Teukolsky, S. A.(2008). Black holes, white dwarfs, and neutron
stars: The physics of compact objects. John Wiley & Sons.

Salpeter, E. E.(1961). Energy and pressure of a zero-temperature plasma.
Astrophysical Journal, vol. 134, p. 669, 134, 669.

Mathew, A., & Nandy, M. K. (2017). General relativistic calculations for white dwarfs.
Research in Astronomy and Astrophysics, 17(6), 061.

Spergel, D. N., & Press, W. H.(1985). Effect of hypothetical, weakly interacting,
massive particles on energy transport in the solar interior. Astrophysical Journal,
Part 1(ISSN 0004-637X), vol. 294, July 15, 1985, p. 663-673., 294, 663-673.

Silk, J., Olive, K., & Srednicki, M. (1985). The photino, the sun, and high-energy
neutrinos. Physical Review Letters, 55(2), 257.

Srednicki, M., Olive, K. A., & Silk, J.(1987). High-energy neutrinos from the sun and
cold dark matter. Nuclear Physics B, 279(3-4), 804-823.

Griest, K., & Seckel, D.(1987). Cosmic asymmetry, neutrinos and the sun. Nuclear
Physics B, 283, 681-705.

Gould, A.(1987). Resonant enhancements in weakly interacting massive particle
capture by the earth. Astrophysical Journal, Part 1(ISSN 0004-637X), vol. 321, Oct.
1,1987, p. 571-585., 321, 571-585.

Busoni, G., De Simone, A., Scott, P., & Vincent, A. C.(2017). Evaporation and
scattering of momentum-and velocity-dependent dark matter in the Sun. Journal
of Cosmology and Astroparticle Physics, 2017(10), 037.

67



DM capture rate

Bell, N. F., Busoni, G., & Robles, S.(2018). Heating up neutron stars with inelastic
dark matter. Journal of Cosmology and Astroparticle Physics, 2018(09), 018.

Bell, N. F., Busoni, G., Robles, S., & Virgato, M. (2020). Improved treatment of dark
matter capture in neutron stars. Journal of Cosmology and Astroparticle Physics,
2020(09), 028.

Bell, N. F., Busoni, G., Ramirez-Quezada, M. E., Robles, S., & Virgato, M.(2021).
Improved treatment of dark matter capture in white dwarfs. Journal of Cosmology
and Astroparticle Physics, 2021(10), 083.

Bell, N. F., Busoni, G., Robles, S., & Virgato, M. (2024). Thermalization and
annihilation of dark matter in neutron stars. Journal of Cosmology and
Astroparticle Physics, 2024(04), 006.

Baryakhtar, M., Bramante, J., Li, S. W., Linden, T., & Raj, N.(2017). Dark kinetic
heating of neutron stars and an infrared window on WIMPs, SIMPs, and pure
Higgsinos. Physical review letters, 119(13), 131801.

Garani Ramesh, R., Genolini, Y., & Hambye, T.(2019). New Analysis of Neutron Star
Constraints on Asymmetric Dark Matter. Journal of Cosmology and Astroparticle
Physics, 1905, 42.

Hoefken Zink, J., Hor, S., & Ramirez-Quezada, M. E. (2024). Dark Matter
Interactions in White Dwarfs: A Multi-Energy Approach to Capture Mechanisms.
arXiv e-prints, arxiv-2410.

68



Cross sections
Nuclei (NR)

Cross sections
Nuclei (Helm)

Fitzpatrick, A. L., Haxton, W., Katz, E., Lubbers, N., & Xu, Y.(2013). The effective
field theory of dark matter direct detection. Journal of Cosmology and
Astroparticle Physics, 2013(02), 004.

Cirelli, M., Del Nobile, E., & Panci, P.(2013). Tools for model-independent bounds in
direct dark matter searches. Journal of Cosmology and Astroparticle Physics,
2013(10), 019.

Catena, R., & Schwabe, B.(2015). Form factors for dark matter capture by the Sun
in effective theories. Journal of Cosmology and Astroparticle Physics, 2015(04),
042.

Del Nobile, E.(2022). The theory of direct dark matter detection. Lecture Notes in
Physics,(Springer Cham, 2022).

Helm, R. H.(19586). Inelastic and elastic scattering of 187-Mev electrons from
selected even-even nuclei. Physical Review, 104(5), 1466.

Lewin, J. D., & Smith, P. F.(1996). Review of mathematics, numerical factors, and
corrections for dark matter experiments based on elastic nuclear recoil.
Astroparticle Physics, 6(1), 87-112.

Vietze, L., Klos, P., Menéndez, J., Haxton, W. C., & Schwenk, A.(2015). Nuclear
structure aspects of spin-independent WIMP scattering off xenon. Physical Review
D, 91(4), 043520.

Kamp, N. W., Hostert, M., Schneider, A., Vergani, S., Arguelles, C. A., Conrad, J. M.,
... & Uchida, M. A.(2023). Dipole-coupled heavy-neutral-lepton explanations of the
MiniBooNE excess including constraints from MINERVA data. Physical Review D,
107(5), 0550089.

69



Cross sections
nucleons

Cross sections
resonances

Hand, L. N., Miller, D. G., & Wilson, R.(1963). Electric and magnetic form factors of

the nucleon. Reviews of Modern Physics, 35(2), 335. 70
Hohler, G., Pietarinen, E., Sabba-Stefanescu, ., Borkowski, F., Simon, G. G.,

Walther, V. H., & Wendling, R. D.(1976). Analysis of electromagnetic nucleon form

factors. Nuclear Physics B, 114(3), 505-534.

Kelly, J. J.(2004). Simple parametrization of nucleon form factors. Physical Review
C—Nuclear Physics, 70(6), 068202.

Gell-Mann, M. (1964). A schematic model of baryons and mesons. Physics Letters,
8(3), 214-215.

Greenberg, 0. W.(1964). Spin and unitary-spin independence in a paraquark model
of baryons and mesons. Physical Review Letters, 13(20), 598.

Adler, S. L.(1968). Photo-, electro-, and weak single-pion production in the (3, 3)
resonance region. Annals of Physics, 50(2), 189-311.

Feynman, R. P., Kislinger, M., & Ravndal, F.(1971). Current matrix elements from a
relativistic quark model. Physical Review D, 3(11), 2708.

Ravndal, F. (1971). Electroproduction of nucleon resonances in a relativistic quark
model. Physical Review D, 4(5), 1466.

Rein, D., & Sehgal, L. M. (1981). Neutrino-excitation of baryon resonances and single
pion production. Annals of Physics, 133(1), 79-153.

Berger, C., & Sehgal, L. M.(2007). Lepton mass effects in single pion production by
neutrinos. Physical Review D—Particles, Fields, Gravitation, and Cosmology, 76(11),
113004.

Graczyk, K. M., & Sobczyk, J. T.(2008). Lepton mass effects in weak charged
current single pion production. Physical Review D—Particles, Fields, Gravitation,
and Cosmology, 77(5), 053003.



Cross sections
DIS

Bjorken, J. D., & Paschos, E. A.(1969). Inelastic electron-proton and y-proton
scattering and the structure of the nucleon. Physical Review, 185(5), 1975.
Altarelli, G., & Parisi, G.(1977). Asymptotic freedom in parton language. Nuclear
Physics B, 126(2), 298-318.

Feynman, R. P.(1988). The behavior of hadron collisions at extreme energies.
Special Relativity and Quantum Theory: A Collection of Papers on the Poincaré
Group, 289-304.

Renton, P.(1990). Electroweak interactions: an introduction to the physics of
quarks and leptons. Cambridge University Press.

Roberts, R. G.(1993). The Structure of the proton: Deep inelastic scattering.
Cambridge University Press.

Giunti, C., & Kim, C. W.(2007). Fundamentals of neutrino physics and astrophysics.

Oxford university press.

71



