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Direct detection of dark matter: scales

Rate for WIMP—nucleus scattering

SI
dR o Vese f(v, t
= N X @R xp [ Dy
dE My N—— Vmin
nuclear physics
particle + hadronic physics astrophysics
@ Decomposition follows from EFT
, X X
@ o) subsumes physics from QCD to BSM scale +© .
<5}
— use EFT to keep track R=! %
g 5.
@ Can also use EFT for comparison with indirect ‘“ <
detection or collider constraints (as long as EFT
_—
applies) direct

@ Chiral EFT for hadronic/nuclear part

M. Hoferichter (Institute for Theoretical Physics) Chiral EFT for dark matter detection experiments August 2, 2022



Direct detection of dark matter: scales

Apsm > _Y_ - < @ BSM scale Agsy: Lasm
q,G X
q.G X
Q Effective Operators: Lsu + > —Oix
SMEFT ik BSM
¢.G X

© Integrate out EW physics

AE\N

N X om X @ Hadronic scale: nucleons and pions
A)a(mns Y . . . . .
fad { — effective interaction Hamiltonian H,
N X e X Chiral EFT

E §;§ E \\/ © Nuclear scale: (V|H|N)
AY
Anuete .-. — nuclear wave function chiral EFT, NREFT
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Direct detection of dark matter: scales

Ah adrons

© Hadronic scale: nucleons and pions
— effective interaction Hamiltonian H,
Chiral EFT

@ Nuclear scale: (NV|H||N)
nu(,lel % .

— nuclear wave function chiral EFT, NREFT
@ Typical WIMP—-nucleon momentum transfer

[amax| = 27y [Vrel] ~ 200MeV  |Vie| ~ 1072 ppry ~ 100 GeV

@ Chiral EFT: pions, nucleons, and WIMPs as degrees of freedom
Prézeau et al. 2003, Cirigliano et al. 2012, 2013, Menéndez et al. 2012, Klos et al. 2013, MH et al. 2015, Bishara et al. 2017

o NREFT: all degrees of freedom integrated out but nucleons and WIMPs
Fan et al. 2010, Fitzpatrick et al. 2012, Anand et al. 2013
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Chiral Perturbation Theory

o Effective theory of QCD based on chiral symmetry
_ . _ _ 1 .
Laco = quiPqL + GrilDgr — qLMqr — GrMaqL — ZGfLu Gi

@ Expansion in momenta p/A, and quark masses mg ~ p?

< scale separation

@ Breakdown scale: Ay = M, ... 4nF; ~1GeV

@ Two variants
e SU(2): u- and d-quark dynamical, ms fixed at physical value
— expansion in M. /A, usually nice convergence
e SU(3): u-, d-, and s-quark dynamical
— expansion in My /A, sometimes tricky

m, K, n

M. Hoferichter (Institute for Theoretical Physics) Chiral EFT for dark matter detection experiments

August 2, 2022 5



Chiral EFT: a modern approach to nuclear forces

2N force 3N force 4N force

: - 1 -

e LO
@ Traditionally: meson-exchange

pot.entials . NLO H H H — _
e ™ WK -
o Power counting i ><+:I:H:iil +:iII A R Y R
o Low-energy constants H H H H LH IH IX H H H’H

e Hierarchy of multi-nucleon forces

. Figure taken from 1011.1343
o Consistency of NN and 3N
— modern theory of nuclear forces

@ Long-range part related to ) - @---

pion—-nucleon scattering 7 ’
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Chiral EFT: currents

@ Coupling to external sources £(v,, a., s, p) ——
N /
\ /7

@ Same LECs appear in axial current N

— [ decay, neutrino interactions, dark matter
@ Vast literature for v,, and a,,, up to one-loop level

o With unitary transformations: Kaliing et al. 2009, 2011, Krebs et al. 2016, |

2019 _._

o Without unitary transformations: Park et al. 2003, Pastore et al. 2008, !

Baroni et al. 2015 _

@ For dark matter further currents: s, p, tensor, spin-2, 04, j
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Chiral counting

o Effective WIMP Lagrangian for spin-1/2 SM singlet x Goodman et al. 2010

1 _ _ _ R _. .
X =75 20 [Cfsfcx maGq + Cf°xinsx medq + C5° xx maGivsq + CfF Rivsx qu”YSQ]
q

1 _ _ _ o _ _

+ [CE‘,/VX'Y“X Gvuq + C) XY ¥5x @1 q + CF Y X Gruvsq + Co v s x Q'm%q]
q

1 v = ATT - pv = 1 - v

+ e Z [C;T)Za“ Xqou,q+ C;TXUH ~5X qowq} + 5 [CQSXX asGl,GLY + ]
q

@ Chiral power counting
0
0=0(p), mg=0(p?)=0Mz),  auv.=O0(p), o o(p?)
— construction of effective Lagrangian for nucleon and pion fields
< organize in terms of chiral order v, M = O(p")
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Classes of contributions

@ Three classes of corrections:

o Subleading one-body responses (a)
o Radius corrections (b)
e Two-body currents (c), (d)

@ (a)+(b) just ChPT for nucleon matrix elements, but (¢)+(d) genuinely new

effects

@ Hierarchy predicted from chiral EFT
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Example: scalar currents

@ For a Majorana WIMP x: scalar quark current
£L=>" C3%%x mqaq
q

leading contribution to responses with coherent enhancement
< spin-independent scattering

@ Need nucleon matrix elements
(NImqgqIN) = fimy  mn(£) + 1)) = oy

to extract BSM information from cross section

2

4,2 mym
7o = |y S 055+ = s
q

mN+mX

@ o,y critical for interpretation of direct-detection searches, especially in SUSY

models Bottino et al. 2000, Ellis et al. 2008

@ 0.y = O(p?) suppressed due to absence of scalar current at leading order
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Two-body currents: scalar operators

o Diagram (a) scales like O(p?) in the chiral counting
@ In contrast to the nucleon, the pion has a leading-order scalar coupling

1 1 1
M(b):pxExpx?xpzx?x\p“/:(’)(p?’)

— — loop
nucleon line pion line

1 1
M(c)szﬁxpzxgxpx £i = 0(p%)

4-function for spectator nucleon

pion line
— two-body effects as important as loop corrections

@ Chiral corrections only suppressed by a single chiral order
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Two-body currents: axial-vector operators

|
|
|
1

@ Axial-vector current can couple via pion pole

— two-body effects proportional to c;, including A(1232) enhancement
@ One-body current

1 G2(a%)
Fw=73 T?'(Gf\(qz)a' -5 (@ a‘)q)
Moo "oamg, ’

@ Two-body current

3 0a 3 q Co P1+P] o2 ke
Jiz0 = — 55 [11 X 7] [04(1 - m‘l')(m x k) + o (oy x @)+ Y

2F2 4my

q ] oz -k

9A [ q 2
- = 1|1 — —5aq )k +2c1 M -+ contact terms
r ol - e ) KER AN AY;
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Integrating out the pions: NREFT

@ Non-relativistic EFT for dark matter ran et al. 2010, Fitzpatrick et al. 2012, Anand et al. 2013

— integrate out the pions

@ Similar to pionless EFT for nuclear physics

— only remaining degrees of freedom nucleons and WIMPs

@ Calculation organized in terms of

q vl:v+2qm S, Sw

< expand in q, v* (using v - q = 0)
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Matching to NREFT

@ Operator basis for WIMP and nucleon fields ran et al. 2010, Fitzpatrick et al. 2012

0y =1 0, = (v1)? O3 = i8Sy - (4 x V1) 04 =Sy - Sy
05 = ISy - (@ x vh) O =Sy -qSy - q 0; =8y vt Og =8, -v*
Og = iSy - (Sy % q) O =iSy-q O =iSy - q

@ Matching to relativistic amplitudes

’

ss sp N PP N

MP\R = O1in(t) MY \g = O1095 (1) My g = . Oghs (1)
X

w VN t vnN 1 VN 1 V.N
M = 01 (B0 + 56 M0) + -0+ (104 + 08) 5"
X

am? 2
2
AV V,N VN V,N
M3 = 20650 + 00 (6710 + £ (1)
1

2

N VA N
O t M =< =207+ —Og phy(t

> GQP() 1,NR { 7 N 9} A()

AA N
MTNR = —4049ga (1) +

@ Observations
e Sl: O4, SD: combination of O4 and Og
o Not all the O; equally important, QCD implies relations among them
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Coherence effects

. —7-1
@ NREFT especially useful to analyze coherence effects J 2
@ Six distinct nuclear responses
Fitzpatrick et al. 2012, Anand et al. 2013
=]+ 1
o M+ 01 <+~ Sl J * 2
° ):/, PILEPES Oy, O SD
e & < O3 «+ quasi-coherent, spin-orbit operator
e A, ®’: not coherent 126
@ Quasi-coherence of ¢” sho
@ Spin-orbit splitting 82
@ Coherence until mid-shell b -
@ About 20 coherent nucleons in Xe 3ho
20
o Interference M—®" ++ O1-03 L
8
@ Further coherent M-responses from Os, Og, Oy, butno ™ e

Oho  os

interference with O due to sum over S,
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EFT decomposition of direct detection rate

Rate for WIMP—nucleus scattering

dR N 2 vese f(v, 1)
& XN x |FM(q?)] x,;o/ .0 gy
T mX:u'N N———— Vmin v
nuclear physics S~ ———"
particle + hadronic physics astrophysics

@ EFT constraints on particle + hadronic part
@ Convolution with nuclear wave function replaces traditional Helm form factor

— nuclear shell model, ab-initio techniques
@ Different options for EFT parameterizations, in terms of

@ Wilson coefficients at high scale
— need to specify quantum numbers of WIMP

Q@ effective couplings at QCD scale, e.g., J)S(lN ai'ﬁ,
— combination of Wilson coefficients and hadronic matrix elements

© NREFT coefficients
— BSM constraints obtained after matching to QCD
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EFT decomposition of direct detection rate

o Different EFT approaches basically differ by choice of scale at which EFT

coefficients are determined

@ All can be used to generalize the standard SI/SD picture
@ Example for approach 2 (most natural from chiral-EFT perspective):

W LIS (= T MG 00 P () ) 4 L 3
—xr = o — ¢ )+ exFr(@) + 0 Fp(@) + =% D ¢ q
2 2 ! 2 -l / > 1 i
dg’ Anve | = my, 2my, =
1 L MM, 2 ]2
+ Anv2 > ‘ ST eita, vin)e M F ()
TV 58,11 =%

1 .
* e (I1a+PSo0(a°) + Re (a:a” )S01(a°) + la— [°S11(d%))

green: Wilson coefficients + hadronic matrix elements, red: nuclear structure factors
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Case 1: spin-independent scattering

Normalized

Ll IR

102 10°

WIMP mass [GeV/c?] V)
(‘Q(.\\\

pand

O_“\’H

X

WIMP-nucleon og; [cm?]

10! 10 103

WIMP mass [GeV/c?]
XENON1T 2018

@ Allc =0, a = 0 except for cV': spin-independent scattering

S| 2
doyn OXN [ =M, 212 sl _ My v mym
= F oy = —|C = X
dg? 4#?\/V2| ()] XN ¥ | HN N+ my

August 2, 2022
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Case 2: spin-dependent scattering

1073
él_, &_‘ 10 37
- H
Qs 5= 107
xR
© S
§ 5 10
g
2 o 1074
= =
= z 10-41
—420 0 4o | I n P | n n T —42L 0 4o | n n P | n n R
10 10! 10° 10° 10 10! 10° 10°
WIMP mass [GeV/c?] WIMP mass [GeV/c?]
XENON1T 2019

@ Allc =0, a; = +a_: spin-dependent scattering

doyn UiR/ T
dg2  3uiv22J+1

3u2
Sua@) 0% = Fja, P |

@ Xe sensitive to proton spin due to two-body currents
Klos, Menéndez, Gazit, Schwenk 2013
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Case 3: WIMP—pion scattering

T T T T T T T T T T TTT

XENONIT I txyr
limit on WIMP-pion coupling

& X X
£ gn

5 E

Bl ;

© 1 N N
£ 10*445- ,

a E s

a i 7 N N
E 1074

=z

10790, , ) ] v
10! 10% 10°
WIMP mass [GeV/c?]

XENONI1T + MH, Klos, Menéndez, Schwenk 2019

@ Only ¢, nonzero: WIMP-pion scattering

deN' _ Uscalar| q )| a_scalar — é‘cﬂ|2 = mefr

dq? p2 V2 xm 4r my + My

@ Expression in terms of cross section depends on underlying operator, here for a

scalar xxqq

M. Hoferichter (Institute for Theoretical Physics) Chiral EFT for dark matter detection experiments August 2, 2022



Calculation of spin-dependent responses

-1 _ -1 4
10 1 ZUXP 10 1 2&))(e
Sy Sn
— 10’2 |- S” - —_ 10’2 |- S” 4
T T
o o
10°F E 10%F E
10—4 L L L L 104 L L L L
0 004 008 012 016 020 0 004 008 012 016 020
a] [GeV] q] [GeV]

Klos et al., 2013

@ Main challenge: two-body currents

— dominant contribution for even-numbered species “_’\_,,

@ Developments since 2013: |

o New information on low-energy constants c;

o Nuclear axial-vector current at 1-loop _
Baroni et al. 2016, Krebs et al. 2016

@ Improved understanding of g4 quenching in 8 decays
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Low-energy constants

@ ¢; first contribute to 7N scattering

@ At given scheme and order, uncertainties negligible when matching ——— &+

in the subthreshold region wi etal. 2015, Siemens et al. 2016
_‘_
@ Large shifts when including loop effects Bemard et al. 2008
< can be partially captured by -
2 4 2 1
gAMTF QAMw gAM-rr 1
Scp = — 503 = —8cy = 5Cs = —
AT Thanrz (T TN T qerrz 0BT T anp2 ——
@ Absorbing relativistic corrections, we use X
¢ [GeV™"] 3 [GeV'] 4 [GeV™'] 5 [GeV] ‘_\:
—1.20(17)  —4.45(86) 2.96(70)  5.01(1.06) ,
1
[ E—
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ga quenching in g decays

¢ this work
[ shell model

24 7 a=t /
= 0.96(6)

= a=080@)y

Vi
VZ

| M| Experiment

o

Y/

¢ this work

o

4 g=1
= g =092(4) /
g =075(3) /

| M| Experiment

NN

O shell model y

|Mqr| Theory (unquenched)

1Nerjo =1 Fojo

Kz =T Argo
26Nag -2 Mg,
Mg, 30 Al
BAL 2 8,
#4Neg —* Nay
3p, 3 gy
5P, 5358,
2 Nag =2+ Mg,y
3P, 3,

280; % Cag

2Tiy 512 8oy

A38eq /5 —** Cagn

5%, 5 15 Ty,

'17\"‘/2 I
ATSeqjp 4T Tizsy
15T, 5 15 Seqpo

A8Gey >4 Tiy

Gysbers et al. 2019

@ Ab initio calculation of 3 decays
explains origin of quenching:
o Two-body currents
o Limitations of shell model
@ We adjust the normalization
accordingly, use chiral prediction for
g° dependence
@ In practice done in terms of density of
normal-ordering p and value of cp:
{cp, p} = {—6.08,0.09fm~3}
...{0.30,0.11fm~3}
— —30%...—20%
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Improved spin-dependent responses for dark matter

-4 I I I I 10 1 1 1 1
0 0.04 0.08 0.12 0.16 0.20 0 0.04 0.08 0.12 0.16 0.20

lal [GeV] lal [GeV]

@ New results consistent with 2013 bands

@ Uncertainties reduced especially of the suppressed (even-numbered) species
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Comparison to ab-initio methods

WS, MSRG (S, LSSM MMMS, IMSRG 1S, LSSM |

0 100 200 300 0 100 200 3000 100 200 3000 100 200 300

q (MeV) Hu et al. 2021

@ Results shown so far use nuclear shell model for nuclear wave functions

@ First results from ab-initio methods (in-medium SRG Hu et al. 2021)

— NN and 3N interactions fully consistent with currents (eventually)
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New experimental results and prospects

WIMP-neutron o

10 10° 10° 10 10 10° 10 10
WIMP Mass [GeV/c?] WIMP Mass [GeV/c?]

10’

103
8 g E 10
% % Ba 10-40)
= = S0
H H =
2 ] 38 "
8 ] ] 10
2 2 &
< & [
z H El
E H
E = -

WIMP-pion o354 [cm?]

Estimated neutrino fog|
L

10° 10% 107

10 0
WIMP mass [GeV/c?] WIMP mass [GeV/c?]

DARWIN Snowmass white paper 2022

107
WIMP mass [GeV/c?]

@ Impressive progress in experimental sensitivity

< should be analyzed with adequate theory

dark matter detection experiments
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Conclusions

@ EFT allows one to move systematically from BSM to nuclear scale

@ EFT-motivated decomposition of direct-detection rate depends on choice of scale
— in principle equivalent, but more or less efficient depending on application

@ Chiral EFT:

o Directly generalizes standard SD/SI picture

o Predicts hierarchy among NREFT coefficients
@ Allows one to include two-body corrections

e Constrains Hamiltonian in ab-initio approaches
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