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Direct detection money plot: sensitivity to spin-independent cross section™ + standard halo model™
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However this plot changes for: i) a different WIMP-nucleus cross section ii) a different WIMP velocity distribution in the Galaxy

What is the most general result? (does it exist???)
Can we combine it with capture in celestial bodies in a modedependent way?



N.B.: theoretical predictions for the WIMP direct detection and capture
rate depend on two main ingredients:

1) ascaling law for the cross section, in order to compare experiments using
different targets

Traditionallyspinindependentrosssection(proportionalto (atomicmass
numbe}? ) or spindependentcrosssection(proportionalto the product

S\NIMP'ZSnucIeus) Is assumed

2) a model for the velocity distribution of WIMPs

Traditionally a Maxwelliandistributionisassumed

The full WIMP parameter space includes a wider range of possible interactions and velocity distributions

I The complementarity between Direct Detection in terrestrial laboratories and WIMP
capture in celestial bodies can play an important role in its exploration



WIMP direct detection WIMP capture in celestial bodies

e  WIMP scatters off nucleus at distance r
inside celestial body. If its outgoing speed

20 Bork Maitor Vout IS below the escape velocity v, (r)
° (mass ~ GeV —TeV) gets locked into gravitationally bound orbit
e Keeps scattering again and again until it
Germanium settles down in the stellar core
/evcon energy
E~3V (tens of keV)

O escC
With the exception of a neutron star the incoming
Incoming WIMP non-relativistic (v ~ 13 ¢) > WIMP is non-relativistic (v < 1-1 c) - higher nuclear
nuclear recoil energy in the keV range recoil energy in the MeV range thanks to gravitational
acceleration

Same WIMP-nucleus interaction probed by both processes, but in different recoil energy ranges



Complementarity between
Direct Detection and Capture
in the Sun:
Interaction-Independent
bounds
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Most general interaction between the WIMP and the nucleus: effective
theory for WIMP-nucleus scattering

Effective Hamiltonian for WIMP-nucleon (proton,neutron) interaction

Isospin projection
T T
H = E E C O t \ (WIMP-proton and WIMP
- neutron coupling in principle
7=0,1 5=1 different)

Symmetry of the problem: Galilean boost. All the operators out of the 4 vectors of the problem

ii, v, S'X, Sy (momentum transfer+WIMP velocity+nucleon and WIMP spins)
my

» at zero order in the velocityonly two operators, the usual Spin-Independent (SI) and Spin-Dependent (SD) couplings
e atfirst order in v:additional velocity-suppressed and momentum-suppressed operators (12 for spin %)

THE KEY MESSA({dthe relative velocity between the WIMP and the nucleon V-Vy.

If v; is the velocity of the nucleus center of mass:

V=V-V= V-V; - (Vp-V1)
N ‘ T, ‘ N T, milder suppression thanks
to nucleon motion in the
suppression in our Galaxy: 10-3 10-1~102 _ nucleus

Generalized to a WIMP of arbitrary spin in: Bondolg SunghyurKang, S. S. and ®mat Phys.RevD104, 063017(2021)



Generalization to a WIMP of arbitrary spin (P. Gondolg SunghyurKang, S. S. and G. TomAhys.RevD104, 063017(2021)

operators classified in terms of

e« X=M,q,E mi (five fundamental currents)

* s=# of powers of WIMP spin operators
e |=number of powers of g (transferred momentum)

For a WIMP of spin J all operators with s<2 J can contribute to the scattering process. For each value of s there are 10 new
irreducible operators. However 6 of them are not defined for S<1.

‘ * Spin 0: 4 operators (only Oy o and Oy ,) ] .
e Spin %: 4+10 = 14 operators 4 20=7X operators for a WIMP with spin 7y
 Spin 1:4+10+10=24 operators
* etc
Opss =18, "'Sr’IQi -g; , (520), OcD,s,s—l=’:S_1ISil“‘Sf,lzhl“‘@i,_l(ﬁwxgﬁf)fs/z (s>1),
OQ,s,s:iSSr'l'”S q QI ( IN O'N)/z (Y>0) OCI)vv vSrl Sr’sq’rl QI l(qx( NXGN))‘S/Q' (SZI)*
Osgsm1 =118 -8 3,7, (6n);. /2. (s21), Opssr1 =118+ 8: G, “‘@f,,(ZI‘UXNX(;N)/Q- (5>0).

Os s =S, 81,8, -+, (3% Gn);, /2. (s21),
OEvH—l _IH_IS Sr’,‘?rl QI (q O-N)/z' (?20)'
OA,s,s—] = is_] Sr'l T Si,@rl qr s—1 (U;(N)r (S > 1)‘

OA 5.5 i S qh Qfs_l (é X Zj;_N)fs ’ (S 2 1)‘




Generalized exclusion plots

e Since we are not driven by a specific high-energy scenario it
becomes crucial to express experimental constraints in a way
as modelindependent as possible

* However the parameter space of non —relativistic effective
theory is large, how to present the experimental
constraints???

e Considering one effective operator at a time does not appear
satisfactory, in most situations the effective Hamiltonian is
driven by several operators that can interfere.

* A possible strategy: bracket the full variation of the exclusion
plot on each operator determined by interferences

e Of course, this can be useful only if the variation is not too
large...



* In non-relativistic effective theory at fixed miand U all signals are quadratic forms in the couplings:

c'Mc

c=(c4,C,,...,C,)

e For instance, for a particle of spin % with contact interaction 28-dim parameter space

e Bound on the signal = ellipsoid

\

Allowed parameter space
from experiment 2: : C'TM €< R x>

Alllowed parameter space from
experiment 1: C'M €< R 41

Combined limit on ¢ from experiment
1 and 2 if the interference with gis
considered

max{Ca}| Exp.1,

max{Ca}| Exp. 1 + Exp. 2

y
\ Full scope of ¢, if the interference
with ¢, is considered
Bound on ¢, from experiment 1
assuming c, isthe only non-vanishing

coupling (“one operator at a time
limit”)

A. Brenner, A. Ibarra and A. Rappelt, JCAP07(2021)012
A. Brenner, G. Herrera, A. Ibarra, S. Kang, S. Scopel and G. Tomar, JCAP 06 (2022) 06, 026



Consider the following effective Hamiltonian for a particle of spin 1/2:

15
Z Zc{@it” Z Za —tT

U199 | e ul 1
contact interaction A L long range

Very general parameterization of the DM scattering process that
captures almost all conceivable particle physics scenarios for the

interaction of DM with nucleons. Depends on 56 independent
Wilson coefficients.

S. Kang, I. Jeong, S.S., Astropart.Phys. 151 (2023), 102854



exclusion band instead of exclusion plots

(allow to assess your preferred model without re-analizing the experimental data)

This point is excluded irrespective of the
other couplings and no matter what the
p specific ultraviolet completion

/ Y4 n n Y4 n n pog nog pog nog
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= g OF + cg OF

1074

0%
most stringent bound the coupling you
want to constrain is the only non-vanishing
102 10 one

most conservative boundthe coupling you
B only n — proton-neutron interf want to constrain has the maximal possible
W proton-neutron interf— only contact interf destructive interference with the other
Em only contact interf - all couplings (contact+long range) interf couplings (worst-case scenario)

S. Kang, I. Jeong, S.S., Astropart.Phys. 151 (2023), 102854
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bound range

Exclusion “bands” for each of the 14 contact effective couplings for a WIMP of spin 1/2 H = Z Z IO

Spin-independent Spin-dependent Not-interfering
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bound range

Exclusion “bands” for each of the 14 long-range effective couplings for a WIMP of spin % Y — Z Z o O;

Spin-independent Spin-dependent Not-interfering
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Large for some operators due to flat directions
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One complication: close to singular matrices

The squared amplitude for WIMP scattering off a single target at fixed momentum transfer is given by the sum of squares
of polinomials linear in the couplings © always singular quadratic form! Same for the differential rate.

1 1 o Am 0) (1) 7
T T L Bl e [A + AW (2 — mm)]_c A c

Jx(x +1) 0)
AD = AR g+ Al + T (A[4 o+ Afas + Afeg + A 1215 + (Ay)” + (A7) )

1) _ 2, Jx(x+1) 2 (1) (1)
AD = ARy + ARy + DERT (AR + ARy + (AR + Ay 15+ (A + ATy

with A ;linear polynomials in the couplings.

The event rate is not singular because of energy integration and contribution of several targets/isotopes. However
a large hierarchy among the eigenvalues _; persists, with _,—>0 for some of them

* Almost flat directions in parameter space. the ellipticity can be very large when the matrix is close to singular for the
bound on a single target - bound from single experiment strongly weakened when interferences are included
e SOLUTION: combine different targets. WIMP _capture in the Sun involves the combination of ~ 20 different targets

S. Kang, I. Jeong, S.S., Astropart.Phys. 151 (2023), 102854



Complementarity between direct detection and capture in the Sun

e “Flat directions” in the DD
exclusion plot for some effective
operators

* No flat directions for capture in

the Sun > combination of E oF

different targets, including some
not used in DD
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Complementarity between
Direct Detection and Capture
in the Sun:
Halo-Independent bounds
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The standard lore for the WIMP velocity distribution

G OA2t Sy pNIBignl, Lndeii-Be® WMdan. Not. Roy.
Astron. Soc. 136 (1967 (101): WIMPs are frozen in the largest
entropy configuration by collapse of collisional (baryon)
component

-> Compatible to a Maxwellian in the galactic halo rest frame

However:

 numerical simulations of Galaxy formation can only shed light on statistical average properties of
galactic halos

e our lack of information about the specific merger history of the Milky Way prevents us to rule out the
possibility that the f(u) has sizeable non-thermal components

For instance, the study of nearby stars in the Sloan Digital Sky Survey—Gaia DR2 suggest that a

nontrivial fraction of the dark matter halo is in substructure and thus may not be in thermal ; :
equilibrium Bl

- Halo-Independent approacl?

LENLE LRI B AL N
SDSS-Gaia DR2
Heliocentric |v|
|z] >2.5 kpe

de <4.0 kpe

400 600 800
|v] [km/s]

L. Necib, M. Lisanti, V. Belokurov, AP874:3(2



Halo-independent bounds

Direct detection and capture in the Sun are sensitive to different speed ranges

Capture
in the
Sun

Direct Detection

—

# of molecules




Halo-independent bounds

The WIMP direct detection signal can be written in the form:

Umax
Rpp = /0 du f(u) Hpp (U) N.B. uis in the Sun’s rest frame

velocity distribution response function

HDD(’LL) = czﬁDD(u)

is it possible to get a bound on the coupling for any velocity distribution f(u) with the only condition:

T fwdu=1 » | NO

u=0

Due to the energy threshold WIMP direct detection alone does not probe the full velocity range of the velocity
distribution - combine with capture in the Sun (F. Ferrer, A. Ibarra, S. Wild, JCAP 09 (2015), 052, [1506.03386])

Also in this case:

Co = /0 " du fu)He (u) He(uw) = He(v)

The velocity range probed by capture is complementary to direct detection




writing:

2 2 —
H(ci,u) = c;H(c; = 1,u)
an experimental upper bound implies:

2

Rmax S Rmax

Umax 62 Umax
R = [ duf) g S H ) = [ duf(w) 5

G max( ) ¢ max (u)

with:

H(cgmax(u)au) — zmax(u)H(C?, =1 ’LL) — ma,x
one gets the upper bound on ¢

Umax —1
cf < / du 2f () ¢M*(u)~1/H(c.=1,u)
0

u)

Zmax(

F. Ferrer, A. Ibarra, S. Wild, JCAP 09 (2015), 052, [1506.03386]



Ci max(U) is @ function of u that can be bounded combining DD and Capture in the sun:
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now c” can be pulled out from the rate formula:

<

* b

b

| /0 ﬁduf(%)] o 3

-/;mxduf(u)]_l _ 16_36.

with  § = /“ f(u) du
0

N.B.:

u<0 : only bound by capture | the Sun
u>0 : only bound by direct detection
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N
H = Z ZC}-OjtT

7=0,1 7=1

The method works only when the rate is proportional to a single coupling - assume a coupling of the NREFT for
WIMP-nucleus scattering at a time



The method works only when the rate is proportional to a single coupling
— assume one non-vanishing coupling of the NREFT at a time
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Relaxing factor (ratio between halo-independent bound and Maxwellian)
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e within one order of magnitude at small and large WIMP masses

* much larger at intermediate masses
S. Kang, A. Kar and S.S, JCAP 03 (2023), 011, [2212.05774]

o extension of the method to inelastic scattering: S. Kang, A. Arpan, S.S., JCAP 11 (2023), 077 (2308.13203) [2308.13203]
e extension to massless mediator: K. Choi, |. Jeong, S.Kang, A. Kar and S.S., JCAP 01 (2025) 007, 2408.09658



Extension to celestial bodies other than the Sun

Interaction-Independent bounds

e targets with a vanishing spin only sensitive to a subset of EFT operators:

4 + 8]X operators for a WIMP with spin J

* hydrogen abundant in stars, but only sensitive to WIMP-proton coupling, small WIMP mass and misses the
®,s,s operator (sensitive to 4+18j operators instead of 4+20j )

* in neutron stars NREFT does not apply

e exoplanets?

Halo-Independent bounds

* need celestial bodies close to the solar system to probe the same local velocity distribution



WImPyDD an object—oriented and customizable Python code to calculate accurate
predictions expected rates for WIMP-nucleus scattering in WIMP directdetection
experiments within the framework of Galilean—invariant non—relativistic effective theory.

WIMP\g’ DD

coming soon:

WimPyC: extension of WimPyDD to calculate WIMP_capture in celestial bodies




* Home

WIMP'\g'DD

e The code

o Getting Started

o Examples WimPyDD

o Nuclear Targets

o Effective Hamiltonian

o Experiment

o Nuclear Response Functions
o Halo Function

WimPyDD is a object-oriented and customizable Python code that calculates accurate predictions for the

expected rates in WIMP direct-detection experiments within the framework of Galilean-invariant non-

o Formulas and definitions

o Coming Soon

» Contact

= Coming Soon

relativistic effective theory. WimPyDD handles different scenarios including inelastic scattering, WIMP of
arbitrary spin and a generic velocity distribution of WIMP in the Galactic halo.

WimPyDD is written by Stefano Scopel, Gaurav Tomar, Sunghyun Kang, and Injun Jeong.
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WIMP'}{ DD

Main features ofWimPyDD
object-oriented
customizable
portable (Python)

What WimPyDDcan da

calculates accurate predictions for the expected rates in WIMP direct—detection experiments in virtually any scenario
Galilean-invariant non-relativistic effective theory
an arbitrary WIMP spin
inelastic scattering
generic WIMP velocity distribution in the Galactic halo
including the detector’s response

HowWimPyDDdoes it

calculates the three main components that enter the calculation of direct detection signals:
the Wilson coefficients of the effective theory
the detector response functions (containing acceptance, energy resolution, response to nuclear recoils, binning, etc)
the halo function

and stores them for later interpolation, using a parameterization that does not depend on the WIMP mass

Transparent and fast, suitable for WIMP parameter space of large dimensionality
l. Jeong S. Kang, Scope] G.Tomat Comput.Phys.Commur76 (2022) 108342arXiv:2106.06207]3°
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WIMP )lC Coming soon: WimPyC, extension module of WimPyDD to calculate
}'—”’ WIMP capture in celestial bodies

Three main new routines

S A S
1) wimp_capture calculates the capture rate in s1 o
2) wimp_capture-matrix calculates the matrix for the capture rate
3) load_response_functions_capture (isotope,Hamiltonian) loads the response functions

without including the response of the detector.

two new classes

1) isotope
2) celestial_body

+ routine to check the validity of the optically-thin approximation
+ routine to calculate the geometrical capture rate

N.B. WimPyC cannot be used when the speed of the WIMP is relativistic (neutron stars) and in the case of multiple scattering

N.B.2. Additional effects: thermalization, equilibration, evaporation (model- and celestial-body dependent, they all
require the capture rate)

S. Kang, S.S., G. Tomar, in preparation



set-up a new celestial body

sun=wWD.celestial body('Sun')

The input string is the name of the directory
WimPyDD/WIMP_Capture/Celestial_bodies/Sun
containing the celestial body information

Folder content

Name

__init__.py
& densities.tab
& mass.tab
& radius.tab

list of targets

r_vec rho_tot v_esc

0.0015 150.5 74.636 0. 5 g 3 5 0. 0.00706209911106761 (

0.002 150.5 67. 1904665%38389 117. 57028777936975 0.0015483371644967273 0. 0014731234301690963 0. 93697199363  0.757231« 14 0 0%05940335665295522 1 1905085275814744 0.0810824714006352 0.003605986807137108 0. 2798213836408719 0.006355372751098426 @

0.0025 150.5 64.52553403039796 112.84681831369802 0. 0.00141 0.00032145279593987083  0.7271 3 000! 7 1.1 483 0.077 78704 ©.0034597190993191935 0 369 O.

0.003 150.4 63.50307378922524 110.99518951225801 0.0014657444714226383 0.0013906037702674727 0.000316244070079734 0.7151408247680807 0.00056131 1.1248047557397 B 0 0. 3578 0.2647556834925713 0.006002074779303533 0.14541°
3 0 0717 75  0.003255 0.2527905942444279  0.00573832953657691!

0.00525 150.25 60.90084494196752 105.90620122032831 0.0014162572661062902 0.0013274703964233994 0.0003017279427270817 0.6837446692817823 0.0005362763921841927 1
0.0029613747555445767 0.22997906579777527 0.005222249178999'

0.01325 148.6 56.574393470015075 95.25220280127195 0.001379546564346338 0.001196011' 75 0.00027 0.6223797558778326 0.00048798562200277505 0. 44
0 021 MS.S 55 7904 90 12962342532337 0.001492511 1 0.0011. 7 0 7 0.601322616577177 0.00047127315690709086 0. 961214501301532 0 64619772068847309 0.0028612400228405725 0.22215985586411946 0.005043:
141. 84.71994121486166 0.0016719775: 0.0010' 77 0.000243: 47 0.5817617664042637 0.00045572175127310777 ©.9397 4736 0.0027651621865156266 0.2146925770532356 ©.00487"
0 0365 137.0 58. 06988749621242l 78 66699479286336 0. 3019191053089907528 0.0009982753141811575 0. 3240494  0.560: 7657671 ©.0004385411147387579 0.9141731090477088 0.021 79 0.00; 18793  0.20665926682197203 0.004693936137701033
0.044 131.6 58. 98064774213467 72. . 8019 0.0009193215105258635 0.00020904784646898013 0.53712. 2 6.00041’-‘“ 1 0.8837753380037622 0. 011581352394175965 0. 2550561222403319 ©.19801797311826033 0.004498560318865119 0
o 59.7542 65.42282543117136 [ 0.0008367785402188715 0. 556496 0.511 17 0. 2168213 707 0.0024 7434  ©.18845531422834(
0. 11° 60.31177762198074 58. 113  0.00311481 0.0007525245670774535 @. 0001712585571125286 0.486: 9. 84  0.8084 0. 000311172899705523 0. W2305201484595118 0. 17925370599952A
] 113 1 60. 555957717453595 52.257. 2 0. 29423806 0 6005705248275337054 0. 0. 0. 144073656 0. 7658579243518283 0.0 0.0021 14364323

>>> print(sun)
Sun, radius 1.0 (solar units), mass 1.0 (solar units), densities of following

targets:
[ETH T4 He T V3He 12C L3 3G LN T NG T 6 O 702 8 01
Y23Naty T 24aMgt, '27A1Y, 8Si', '32S', '40Ar', '40Ca', 'b6Fe', '58Ni'l]
contained in
WimPyDD/WIMP_Capture/Celestial_bodies/Sun/densities.tab.
No help provided for densities.tab content

>>> print(sun.targets[18])

symbol 56Fe, atomic number 26, mass 52.136

Nuclear form factor:Definition from Phys.Rev.C 89 (2014) 6, 065501 (e-Prin
1308.6288[hep—-ph]) used

for nuclear W functions as default

S. Kang, S.S., G. Tomar, in preparation



As in the case of WimPyDD for DD WimPyCapture exploits the factorization of the three main components that enter in
the calculation of the capture rate:
i) the Wilson coefficientsthat encode the dependence of the signals on the ultraviolet completion of the effective

theory;

ii) aresponse functiorthat depends on the nuclear physics and on the main features of the celestial body;

iii) the halo functionthat depends on the WIMP velocity distribution.

In WimPyCapture these three components are calculated and stored separately for later interpolation and combined
together only as the last step of the signal evaluation procedure.
Fast when the parameter space of the WIMP model has a large dimensionality.
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N.B. for a given nuclear
target the same response
function can be sampled in
different energy ranges for
different celestial bodies

S. Kang, S.S., G. Tomar, in preparation



Conclusions

The complementarity between WIMP direct detection and WIMP capture in the Sun allows to obtain bounds
that do not depend on the WIMP velocity distribution or the WIMP-nucleus interaction

WimPyC is the extension of WimPyDD that allows to calculate WIMP capture in celestial bodies (optically thin
limit) in virtually any scenario: Galilean-invariant non-relativistic effective theory, an arbitrary WIMP spin,
inelastic scattering, a generic WIMP velocity distribution in the Galactic halo

Dark Matter
(mass ~ GeV - TeV)
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Most general interaction between the WIMP and the nucleus: effective
theory for WIMP-nucleus scattering

Effective Hamiltonian for WIMP-nucleon (proton,neutron) interaction

N TOAT O, 1 O3 01008
H p— Z Z C- -1 Isospin projection e
ST T T e o O @ 9w OO
different) O —iSn - (q % ’17;N) O —-01:03
Symmetry of the problem: Galilean boost. All the o, 5.8y 0w —owo.
operators out of the 4 vectors of the problem — ------ oo - R
- . ) Os —iSy - (q x 'U;N) Oy —1qg-S8-v +N
iL 3L 5. 5, (momentum transfer+WIMP velocity+ - ----- e S, S
My ’ nucleon and WIMP spins) _(9_6_ ) _(f{ '_‘{@{ @_ ) O  —iq-§-5SN
Spin 0:4 operators ;Spin %14 operatorsA. L. Fitzpatrick, W. Or  Sy-ily '0‘1; B ‘5‘_ :s_-;'j “““““
Haxton, E. Katz, N. Lubbers and Y. Xu, JCAP 1302 (2013) 004, o Gzt T a7 P
[1203.3542]; N. Anand, A. L. Fitzpatrick and W. C. Haxton, o _X_ﬂ_X_N_q_ - Oa0 ( N X Q) +8-q

Phys. Rev. C89 (2014) 065501, [1308.6288]. 0y i8S (Svxq) Oy _*;Z; -
Some operators for spin 18 operators). B. Dent, L. M. Ow —iSy-5i oo STTIN T - -
Krauss, J. L. Newstead and S. Sabharwal, Phys. Rev. D92 (2015)  ------ e _O_Qil ) _(___Zq_f f@f_)_'_‘s_' :gf_\f_

063515, [1505.03117]; R. Catena, K. Fridell and M. B. Krauss, G L O —ig-S- (S x iy
JHEP 08 (2019) 030, [1907.02910]. O Sy-(Svxily) 7T it S TR

Generalized to a WIMP of arbitrary spin in: Bondolg SunghyurKang, S. S. and ®mat Phys.RevD104, 063017(2021)



Nuclear response functions
Assuming one-body dark matter-nucleon interactions, the Hamiltonian density for dark

matter-nucleus interactions is:
A A 1 1
A Y- A N v AT Y-S S(7 _ #ANA() . YT .

So the WIMP-nucleus Hamiltonian has the general form:

/ A7 e~ i7" [ZO(JZ;M?;V’}(L%‘)U?;M;) . (Jiﬂ»fi]f(f)uiﬂ»{i)}

With: e = N " Var [J] i js(qi) Yoo (Sa,)
J=0
] \T}
NV ] (g Yio (), A=0
o J=0 q
exe'l™ = 4

- L . —F V_"?' . *
> Vor )i [AJJ(%)Y&(QL) T JJ(%)HH(QL}] , A==l
. J=1

A.L.Fitzpatrick, W.Haxton, E.Katz, N.Lubbers and Y.Xu, JCAP1302, 004 (2013),1203.3542;
N.Anand, A.L.Fitzpatrick and W.C.Haxton, Phys.Rev.C89, 065501 (2014),1308.6288.



which depends on the expectations of six distinct nuclear response functions, defined as:
ﬂ-lrj_.u (qf)

_ 1=
Asm(gZ) = MJj(qF) - QV
! — e — —
Salar) = ~i{ [V X M) )7 = U] (VT M am) VT T M am )7
" — l= —+ — !
Yiu(gr) = {—VJIJU(QI)} o= [J] ! { J+ ”EH(Q*IJ + Vi U}J 1(*&'“1')}
=y e l = M = I 1 -
O (q) = -V x M7;(qr) ) - (@ x =V + =Mj ( T) -0
q q T3
1 =
O, (qF) = ( Vuﬂf{qf)) : (5’ X ?\7

with M, =j,Y,u Bessel spherical harmonics and MM, =j,Y,, vector spherical harmonics.

M= vector-charge (scalar, usualspinrindependentpart, non-vanishing for all nuclei)

« 5 (=Cector-longitudinal, related to spin-orpit coupling A Adlsospinindependentnon
vanishingfor all nuclei)

£ @ndF06 B associatedo longitudinalandtransverseomponent®f nuclearspin their sumis
the usual spin-dependentinteraction, requirenuclearspinj>0

°N=associated to the orbital angular momentum operator |, also requires j>0

5 Brelated to a vector-longitudinal operator that transforms as a tensor under rotations,
requires j>1/2

A.L.Fitzpatrick, W.Haxton, E.Katz, N.Lubbers and Y.Xu, JCAP1302, 004 (2013),1203.3542;
N.Anand, A.L.Fitzpatrick and W.C.Haxton, Phys.Rev.C89, 065501 (2014),1308.6288.




Coupling — nuclear response function correspondence

coupling R R coupling | RIT" | RIT
1 M(q") - 3 "(q%) | ¥'(q°)
4 ¥"(q").2' (¢") - 5 Alqh) | M(q%)
6 ¥ (q*) - 7 - | ¥(d")
8 A(q°) M(q") 9 (@) | -
10 S (q?) - 11 M (q?) -
12| ®"(¢H).9'(¢%) | ("), T (¢") | 13 ®(q') | "(¢?)
14 - ¥(q%) 15 | 9"(¢°) | ¥'(¢*)

1\2 2 2
ARy L 1 il e




Nuclear response functions at zero momentum transfer: more scaling laws besides Sl and SD
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additional components of WimPyC

Differential Cross ) _
Section Differential Rate

dsigma_der diff_rate

|

Hamiltonian
eft_hamiltonian
oD —-— DD Count Rate ‘
EX nm nt response Functions a
penme i load_response_functions v_wmp_dd_rate_
S wimp_dd_matrix

A\ 4

Element
element

Capture Response Functions
load_response_functions_capture \ WIMP Capture Rate _|

wimp_capture

- wimp_capture_matrix
B S——

S. Kang, S.S., G. Tomar, in preparation
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As in the case of WimPyDD for DD WimPyCapture exploits the factorization of the three main components that enter in

the calculation of the capture rate:

i) the Wilson coefficientsthat encode the dependence of the signals on the ultraviolet completion of the effective
theory;

ii) aresponse functiorthat depends on the nuclear physics and on the main features of the celestial body;

iii) the halo functionthat depends on the WIMP velocity distribution.

In WimPyCapture these three components are calculated and stored separately for later interpolation and combined
together only as the last step of the signal evaluation procedure. This makes the phenomenological study of the capture
rate with WimPyCapture transparent and fast also when the parameter space of the WIMP model has a large

dimensiona |Ity Wilson coefficients that depend on the parameters of the model
Co = Z " gt 97 H= > > dot
© 0 dv =0,1 j=1 Target response functions that, for a given combination of effective
T operators O,, O,,depend only on the recoil energy - stored for later
dC’T interpolation
= E Ai(Di -
T ~T
o = Jlmcm
N.B. the same
target densities response function can

be sampled in
different energy
ranges for different
celestial bodies

Coefficients that depend on the
WIMP mass and velocity + mass
splitting for IDM

/
107t 10° 10! 10? 10 104 10° 10°

velocity distribution recoil energy

S. Kang, S.S., G. Tomar, in preparation




The implementation of a wide
class of celestial bodies is
straighforward in WimPyC
(several will be included in
the distribution)

From: R. K. Leane, J. Tong, JCAP 12 (2024), 031

Celestial Body Properties

Escape velocity [ Mass [Mp] Radius [Rg] Teore [K] ot [cm?]

PR AR TR SRR A o o el WA VI S
White Dwarf 102 0.6 102 105 10—4
Average MS Star 103 0.3 0.3 102 10 0
Sun 103 1 1 107 1035
Brown Dwarf 10" 10 - 01 10100 1D
Jupiter 10—4 10-3 0.1 100 1034
Earth 10 14 - 1 = g

Extensive tests of WimPyC against published results

Sun, inelastic

10% Cl
—— WimPyC, 6 =50 keV
1024 ] —— WimPYC, 6 = 100 keV
--- arXiv:1512.03317
_ 1023 §
W
=
© 1022 i
1021 i
1020

101 102 103
m, [GeV]

Sun, elastic

G Cs
1014 ---- arXiv:1609.08967 108

--- arXiv:1609.08967

— WimPyC — WimPyC

1013

C[l/s]

1012

1011

1010

10! 10? 10° 10! 10? 10%
my [GeV] my [GeV]
« Cis
102 . 10 —
=== arXiv:1609.08967 arXiv:1609.08967
100 A" — WimPyC — WimPyC

10t 10% 10° 10t 10% 10°
my [GeV] my [GeV]



of WimPyC against published results

Jupiter, 6=1073° ¢cm? Light WD, o= 1074 cm?

---- arXiv:2309.10843

1025 J
---- Asteria Tl
—— WimPyC 0% | > —— WimPyC
1024 i -
= )
) 1023 @) 102?
Jupiter White Dwarf
1022 i 1025 ]
10~} 109 10? 102 10! 100 10! 102
m_. [Ra\fl my [GeV]
MStar, M = 1.0 Mg
1047 { === arXiv:2405.12267
— WimPyC (Geo)
10451 —— WIimPyC (1.0 Re)
geometric
g‘ 103 /o TTTTTTETTEEETTT
)
1041
103 Main-sequence star
10-38 10'—36 10'—34 10'—32 10-30
S. Kang, S.S., G. Tomar, in preparation

Opy [CcmM?]



WimPyC vs. other codes

NREFT

Arbitrary DM
Interactions spin

Inelastic
scattering

Velocity
Distribution
flexibility

Celestial
Bodies

Scattering
Regimes

X Earth/Sun Optically
(SI/SD) Thin

X X X v Earth/Sun Optically
(SI/SD) Thin

X X P X Earth/Sun/ | Optically

(SI/SD) (Maxwellian) Jupiter/ Thin/Thick
BDs/...

X X X X Earth Optically
(SI/SD) (Maxwellian) Thick

v X X X Stars Optically
(Maxwellian) Thin

v v v v v Optically
Thin

WimPyC calculates only the capture ratdoes not take into account additional effect, such as thermalization, evaporation,

equilibration (but a simple routine provided to estimate the equilibration time if the annihilation rate is provided)




WimPyC can be used only if the optical-thin assumption is true

Z / AdN1oot(u) < WR?D
T

WimPyC includes the routine

check_optically thin_condition 10¢ |

that returns a matrix M;°Ptthin to check the validity of the
optically thin approximation for a generic effective
Hamiltonian. The Wilson coefficients must fall in the

ellipsoid: 10° 1

e MPETHR R e s < 1
with: Y (w)e;

_thi 1 Ro pr  [Emas(W) /45 (w)
M thin () = E ] daridr = / ( )
¢ ( ) TFR% T 0 mr Emin(w) dER 17

for the full range of the asymptotic incoming WIMP u.

’ 7
I/ CP
— - /’ . .
. - —— Optical lim.
Sam—e - === halo-indep.
101 10? 10° 104

For the single coupling c;, |c;|<1/sqrt(M;)

WimPyC calculates only the capture rafegoes not take into account additional effect, such as thermalization, evaporation,
equilibration (but simple routine provided to estimate the equilibration time if the annihilation rate is provided)

S. Kang, S.S., G. Tomar, in preparation
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