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Direct detection of dark matter

@ Rate for WIMP—nucleus scattering: factorization

Sl
dR Ny 2 vesc f(v, t)
dE ~ 5 x |FY(e?)] Xpo/ —Lddv
r mX//‘N ——— Ymin v
nuclear physics = ———r’
particle + hadronic physics astrophysics

@ This talk:
& Nuclear responses: 7 (q?), ...
9 Hadronic matrix elements: relating ”>S<IN to BSM operators, ...
@ Uncertainties: known and unknown unknowns
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Direct detection of dark matter

@ Rate for WIMP—nucleus scattering: factorization

Sl
dR 0N 2 Vesc f(V, t)
dE ~ 5 x |FY(e?)] ><P0/ —Lddv
r mX:“‘N ——— Ymin v
nuclear physics = ———r’
particle + hadronic physics astrophysics

@ This talk:
& Nuclear responses: 7 (q?), ...
9 Hadronic matrix elements: relating ”>S<IN to BSM operators, ...
@ Uncertainties: known and unknown unknowns
@ Ultimate aim: controlled approximations at all stages
9 Effective field theories (EFTs) to connect scales
9 EFTs + many-body methods for nuclear structure
9 EFTs/lattice QCD/dispersion relations for hadronic matrix elements

— Trace all of this back to QCD as far as possible “ab initio”
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Direct detection of dark matter: scales

Apw

N X 7 X
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Anuclei %

M. Hoferichter (Institute for Nuclear Theory)

Nuclear physics of dark matter direct detection

BSM scale Agsm: Lssm

Effective Operators: Lgu + Z Oik
SMEFT Nosu

Integrate out EW physics

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

Nuclear scale: (N |H/|N)

— 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: (V|H,|N)
I\u(‘l(l % .

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

|dmax| = 20y Vrel| ~200MeV [V ~ 107%  fipry ~ 100 GeV

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

@ 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 EFT: a modern approach to nuclear forces

oy LO
@ Traditionally: meson-exchange

potentials NLO

&
° Chire: eff:ctive :elclj theory ‘Lo H H H+ *X >K _
9 Ea:e (lan c. |:; symmetry of QCD >< H H H
o Expansionin Mr /Ay, A ~B00MeV: = A TTEITA ] bl 13 100 [
@ Low-energy constants ft bd fef B PR LA TR M

@ Hierarchy of multi-nucleon forces

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

@ Long-range part related to @ ---

7
pion—nucleon scattering v ’ ’
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Chiral EFT: currents

@ Coupling to external sources £(Vv,, a,, s, p)

@ Same LECs appear in axial current
— (3 decay, neutrino interactions, dark matter

@ Vast literature for v, and a,,, up to one-loop level

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

2019
@ 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, 64,

M. Hoferichter (Institute for Nuclear Theory) Nuclear physics of dark matter direct detection
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Chiral EFT for dark matter: diagrams
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@ One-body (1b) and two-body (2b) diagrams:
@ Leading 1b responses (a): standard spin-independent (Sl) and spin-dependent (SD)
interactions
@ Subleading 1b responses (a): non-relativistic expansion of nucleon form factors
@ Radius corrections (b): g2 expansion of nucleon form factors
@ Two-body currents (c), (d): pion exchange, contact operators
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Chiral EFT for dark matter: diagrams
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@ One-body (1b) and two-body (2b) diagrams:
@ Leading 1b responses (a): standard spin-independent (Sl) and spin-dependent (SD)
interactions
@ Subleading 1b responses (a): non-relativistic expansion of nucleon form factors
@ Radius corrections (b): g2 expansion of nucleon form factors
@ Two-body currents (c), (d): pion exchange, contact operators
@ Nuclear responses:
@ Sl: coherent sum over all A nucleons (“M- response”)
@ SD: proportional to (S) (combination of X/, X"/)
@ Spin-orbit: coherent sum over partially filled shells (¢”)
@ Two-body currents: coherent over all A, but suppressed in chiral counting
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Chiral EFT vs. NREFT

@ NREFT
9 Integrate out the pion, expand in g and v
@ Large number of operators O; already at 1b level, > 2 x 10 at O(g?, vq, v3)
9 2b corrections would require many more operators in addition
— misses most important effects (in the way it is typically applied)
@ Chiral EFT
9 Hierarchy predicted from chiral symmetry

9 Including 2b corrections much more efficient

— fewer parameters
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Case 1: spin-independent scattering

WIMP-nucleon o/ [em?]

107 107 0
WIMP mass [GeV/c"] XENON1T 2018

@ Sl scattering: only keep isoscalar, fully coherent response

mymy
my + my

don
dg? 4;L v2

A =

@ Traditionally, “Helm form factor” Heim 1956, Lewin, Smith 1996

_ a3 -

M 2
"r+ (q ‘Helm qrn

— purely phenomenological

@ Modern many-body methods: significant step forward, but not fully “ab initio” yet
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Spectra and shell-model calculation

900

—— 3 2500
3] 3] F
sk ——— ;P‘ Xe 3 r _—
—_ T + 4 F — o
700F " — 4 200 —/]%
— ] 2 [ i
s 600 _ anw < L . 1
] R
Tk SR — —
= N ] b 2"
25 4005 _ _ | g r
2 [ 7.} ] = r 1
g — 1 .g 1o ]
@ 300F o E ] [ 1
ook 13 -
—_— " ] = s00F ]
100 - e " E! [ 132
JR— - “Z, 1 b Xe
S — o 3 [
0 E oL .y ¢ ]
Th Ex| Theor Ex|
P y P

@ Shell-model diagonalization for Xe isotopes with '®Sn core

@ Currently phenomenological shell-model interaction
— chiral-EFT-based interactions in the future

@ Progress in ab-initio methods: In-Medium Similarity Renormalization Group ...

@ Already possible for “light” nuclei
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Further cross checks: charge radii and neutron skin

19 28g; 40, 74Ge 132y

(r2) o, [fm] (th) 2.83 3.19 3.43 4.08 4.77
(exp)  2.898(2)  3.122(2)  3.427(3)  4.0742(12)  4.7808(49)

V(rgy — J(rS) [fm] 0.02 0 0.11 0.17 0.28

shell-model interaction usDB usDB SDPF.SM RG GCN

@ Excellent agreement for charge radii

(r&) = (r8) + (rE p) + S (rB.p) + (Fa) + (rpin-orbit)
@ Point-neutron radii more uncertain, can be tested by measuring weak radii
@ Related to structure factors by

» 3 d

2 3 d
<r>—_77

(FUP) + FP)] ey () = =5 55 (FY(E) = FX(0P)) | oo
N dg

@ Further cross checks: electric quadrupole and magnetic dipole moments,

transition matrix elements
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Case 2: spin-dependent scattering

[em

"

D

WIMP-neutron o)

1041 L 10-4 L L
10! 10° 10°

10° 10°
WIMP mass [GeV/c?] XENON1T 2019 WIMP mass [GeV/c?]

10"

@ SD scattering: typically proton- or neutron-only

SD
dUXN — UXN ™ S (q2)
dg? 322041 " "\ °

@ Xe sensitive to proton spin due to two-body currents |
Klos, Menéndez, Gazit, Schwenk 2013

@ Power of EFT: parameters (low-energy constants) fixed

from related processes
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A note on spin-dependent scattering
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@ Convention for SD scattering goes back at least to engel, Pittel, Vogel 1992

— axial-vector-axial-vector current xv*~sx gv,.vsq (motivated by SUSY)
@ InQCD
. 3 , 2\ 3 q" 2, 3
(N(P)GvuysT alN(P)) = (N(P") 7" v Galq") T +vsmGp(q )77 IN(p))
q

Ga(0) =ga  Gald") — 5 5 Gr(d") = O(M;)
N
@ Induced pseudoscalar Gr(g?) neglected in v1, “improving” the LUX limits

— need to use consistent conventions for meaningful comparison!
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Case 3: WIMP—pion scattering

XENONIT 1 t x yr E
— limit on WIMP-pion coupling ]
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3 s
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= 1074 s T
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XENONI1T + MH, Klos, Menéndez, Schwenk 2019

@ One way to illustrate 2b effects: WIMP—pion scattering

scalar
deN _ Oxm

dg?  p2v?

|2 my MTr

2 —
!Fﬂ(q) Mﬂ_mx-f—Mw

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

scalar xxqq
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Full set of coherent contributions
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Role of the coefficients

@ Coefficients ¢, a: combinations of Wilson coefficients (BSM operators) and
hadronic matrix elements

@ In above examples expressed in terms of single-particle cross sections

oSl — ﬂlz\l |CI‘+A|2 &S0 3#?\/ |a+|2 scalar _ é |C7r|2
s s

xN - XN = Oxm

< can analyze experiment in terms of these coefficients

@ But: to constrain a particular BSM operator/model: need to disentangle
— matching relations

@ Example: Dirac spin-1/2 WIMP, scalar operator £5™ = CJ°yymqgq

M

M=—(loki)+-+  fu=my > CF+--  (N|mggq|N) = myf}

q=u,d,s

N =

— scalar couplings of the nucleon qu
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ChiralEFT4DM: a PYTHON package for dark matter

@ ChiralEFT4DM: all results available as PYTHON package at
https://theorie.ikp.physik.tu-darmstadt.de/strongint/ChiralEFT4DM.html
@ Includes:

(Quasi-) Coherent structure factors for F, Si, Ar, Ge, Xe

Nucleon matrix elements and matching relations for spin-1/2 and spin-0 WIMP

?

)

@ 1b and 2b responses up to third chiral order

e S, P, V,A T,0., and spin-2 effective operators that can lead to a coherent response
]

Convolution with Standard Halo Model
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Uncertainties

@ EFT truncations:
9 Order-by-order convergence
9 Bayesian interpretation Furnstanl, Phillips, Wesolowski 2015 ...
@ Low-energy constants:
9 Single-nucleon couplings mostly well determined from simpler processes
9 Two-nucleon parameters more uncertain
@ Many-body methods:

@ Not fully systematic yet, but progress towards ab-initio calculations
@ Compare to observables: spectra, radii, EM transitions

@ Hadronic matrix elements:

@ Vector and axial-vector couplings well known
@ Tension between lattice QCD and phenomenology for scalar couplings
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Conclusions

(a) (b) (c) (d)

@ Chiral EFT for WIMP—nucleus scattering

@ Connects nuclear and hadronic scales
@ Systematic approach to nuclear responses thanks to EFT

@ Uncertainties
@ EFT truncation errors: currents, few-nucleon interaction
@ Low-energy constants: input from few-nucleon observables
@ Many-body method: towards ab-initio for “heavy” nuclei
@ Hadronic matrix elements: for BSM matching
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Discriminating different response functions

— R

—— |FMp

— NP

—— /mi | FM?
| Fl?

— gy EYE

—— ¢/my|FMP?

— P

—— g mi|FY?

structure factors

@ White region accessible to XENON-type experiment
@ Can one tell these curves apart in a realistic experimental setting?

@ Consider XENON1T-like, XENONNT-like, DARWIN-like settings
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Discriminating different response functions
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@ DARWIN-like setting, m, = 100 GeV
@ g-dependent responses more easily distinguishable

@ If interaction not much weaker than current limits, DARWIN could discriminate

most responses from standard Sl structure factor
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Higgs Portal dark matter

10¥% T
’og‘ 40 N — PandaX-II
i - i ; 5 10 N LUX E
@ Higgs Portal: WIMP interacts with SM o S — XENONIT
via the nggS It --. SuperCDMS

—_

o,
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S}

o Scalar: H'H S A,
@ Vector: HIH V, v» 5 oML
o Fermion: HtH ff ; . 0.4{, Fermion
o R
@ If my > 2m,, should happen at the LHC £ 10%°z== oo ]
,477 L \\'\\\\ N N \\\\\\7
1074 10 100 1000

— limits on invisible Higgs decays
WIMP mass [GeV]
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Higgs Portal dark matter

10— — ey
40 \\_ i — PandaX-IT
i . ; ; 10 N LUX 3
@ Higgs Portal: WIMP interacts with SM » . — XENONIT

-
O‘

via the nggS It --. SuperCDMS

@ Scalar: HTH &2
@ Vector: HTH vV, V¥
o Fermion: HtH ff

_
. O, O
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> [5) [S)
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Fermion
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@ If my > 2m,, should happen at the LHC

WIMP-nucleon cross section [cmz]
S

\7(1(‘t()1" ]
10 100 1000
WIMP mass [GeV]

IS
k4

-
O\

— limits on invisible Higgs decays

@ Translation requires input for Higgs—nucleon coupling

2 7 _
= > =gty X A+0@s) myf} = (N|mqGq|N)
q=u,d,s,c,b,t q=u.,d,s

@ |ssues: input for fy = 0.260...0.629 outdated, 2b currents missing
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Higgs—nucleon coupling

@ One-body contribution
P = 0.307(9)ud(15)s(5)pert = 0.307(18)

@ Limits on WIMP-nucleon cross section subsume 2b effects
— have to be included for meaningful comparison
@ Two-body contribution

o Need s and 64, currents
& Treatment of 6%, tricky: several ill-defined terms combine to (V|T + Vyn|W) = Ey
@ A cancellation makes the final result anomalously small

f2P = [ —3.2(0.2)a(2.1)cherr + 5.0(0.4)4] x 1073 = 1.8(2.1) x 1073
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Improved limits for Higgs Portal dark matter
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Improved limits for Higgs Portal dark matter
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Improved limits for Higgs Portal dark matter

E ATLAS

o Borsered < .24 s=7TeV, 471"
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Cross section and nuclear structure factors

(a) (b) (c) (d)
dow 1 v_ 2 o' 2\ [2
i = | 5 (- )7 e 7@ r i >+—Zi ")
1 . 2
— > ‘ 3 eita vt )el 7 ()|
i=5,8,11 ' I=+
1 2 ° . ° 2 2
+ v2(2J+1)(“"'“ Soo(a°) + Re (a:a% )So1 (4°) + la_ °S11(d))

@ Decomposition into nuclear structure factors 7, S; and coefficients ¢, a
@ Three classes of contributions:
o (Sub-) Leading 1b responses (a): ¢}/ 7}(¢?), ¢ 7" (¢?), |ax 1 Sj(¢?)
o Radius corrections (b): ¢/ FM(g?)
@ Two-body currents (¢), (d): ¢ Fr(G%), o Fo(q?)
@ (a)+(b) essentially nucleon form factors, but (¢)+(d) genuinely new effects

Stockholm, August 2, 2019

M. Hoferichter (Institute for Nuclear Theory) Nuclear physics of dark matter direct detection



Cross section and nuclear structure factors

do Ar 1 &P . g "ot 2
xXE = (e = =5 ") FUP) + 0n Fr (@) + @ Fo(@) + 55 S ¢ F (g )\
dq? 4mv2 | = m, 2m =
1 i M, 2|2
+ o) ‘ > €ita, V%)C, F g )‘
TV 58,11 | I=%
2 2 * 2 2 2
+ ————(las°S + Re (ara”)S +la_|"S
sy (a7 Soo(@) + Re (@ a2 )01 (6°) + [ *S11(¢"))

@ Nuclear structure interpretation:
o FM(g?): 1 = charge distribution (coherent), 7/(0) = Z + N
o 7" (g?): iSn - (@ x v) = spin-orbit interaction (quasi-coherent)
9 S,-j(q2): S, - Sn, Sy - 4 Sy - q = spin average (not coherent),
So0(0) £ So1(0) + S11(0) = (2J+417?'JJ+1) [(Sp/n)
@ Coefficients: convolution of Wilson coefflments and nucleon matrix elements

cﬂ:g(fpifn)Jr... fy=—2 > CEMH+- (NImgaqIN) = myfy
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Chiral Perturbation Theory

@ Effective theory of QCD based on chiral symmetry

- . _ . _ - 1
Laco = quilPqL + GrilPgr — qLMQqr — GrMaL — ZGiu Gy

@ Expansion in momenta p/A, and quark masses mg ~ p? M
— scale separation
@ Breakdown scale: Ay =M, ... 47F; ~ 1GeV
@ Two variants m, K,n

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

— expansion in Mk /A, sometimes tricky
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Structure factors

structure factors

structure factors

structure factors
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Chiral counting

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

1 _ _ _. _ _ _. . _.
Ly= e > [Cfsxx mqaq + CLxinsx maGq + CFF xx Ma@insq + CL Xivsx mqqlvst]
q
1 ) _ _ - _ _
+ > [Cl‘{‘/fw“x e + Co Xy ysx @vuq + Cy v x Grusq + Cf v vsx wasq]
q

+ %[ Coxx asGl, G ]

@ Chiral power counting

=0(p), mg = O(p?) = O(M2), ay, v = O(p), ™ =0(p%)

— construction of effective Lagrangian for nucleon and pion fields

— organize in terms of chiral order v, M = O(p”)
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Chiral counting: summary

Nucleon v A Nucleon S P
WIMP t X t X WIMP
1b 0 142 2 0+2 1b 2 1
v 2b 4 2+2 2 442 S 2b 3 5
2b NLO — — 5 3+2 2b NLO — 4
1b 0+2 1 2+2 0 1b 2+2 142
A 2b 4+2 2 2+2 4 P 2b 3+2 5+2
2b NLO — — 5+2 3 2b NLO — 442

@ +2 from NR expansion of WIMP spinors, terms can be dropped if m, > my
@ Red: alltermsuptorv =3

@ 1b: one-body (single-nucleon), 2b: two-body, 2b NLO: two-body at (nominally)

next-to-leading order

M. Hoferichter (Institute for Nuclear Theory) Nuclear physics of dark matter direct detection Stockholm, August 2, 2019 31



Example: chiral counting in scalar channel

@ Leading pion—nucleon Lagrangian

1 Tr | ; Pl ga 7 ot
) = W[IW(B“—W’ )—mN+Evu75(Za‘ —F—ﬂ)+-~~}w

< no scalar source!

Nucleon S
WIMP

1b 2
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Example: chiral counting in scalar channe

@ Leading pion—nucleon Lagrangian

1 vl vl g, 7 ot
) = W[IW(B“—W’ )—mN+?Aw75<Za‘ —F—W)er}w

< no scalar source!

@ Scalar coupling

Nucleon S

my —
fv="73 > CPE 4 (NImgaq|N) = 1) my WIMP
q=u,d,s
1b 2
— for g = u, d related to pion—nucleon o-term o,y s 2b 3

@ Chiral expansion

9gaM3
64 F72r

592 My
o=
2567 F2

L +O(My) +O(MZ)

— slow convergence due to strong 7 rescattering

— use phenomenology for the full scalar form factor!
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Extracting oy from =N scattering: low-energy theorem

@ No scalar probe, but still relation to experiment! How?
— low-energy theorem

@ Topic for another talk MH, Ruiz de Elvira, Kubis, MeiBner PRL 115 (2015) 092301, PLB 760 (2016) 74, JPG 45
(2018) 024001

@ Goes back to cheng, Dashen; Brown, Pardee, Peccei 1971

9 Relates o,y to ©N scattering amplitude, but at unphysical kinematics
— analytic continuation to the Cheng—Dashen point

9 No chiral logs at one-loop order! Bernard, Kaiser, MeiBner 1996

9 Protected by SU(2)
< expected correction: o yM2 /m2 ~ 1 MeV
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mN o-term: a lingering tension with lattice QCD

—a~ [1073M1] A2

@ Independent experimental constraints from pionic atoms and low-energy cross
sections agree at the level of 0.y = 58(5) MeV

@ Tension can be illustrated in scattering-length plane
— independent constraint from lattice calculation of a)/* and &)/

@ This needs to be resolved: rare opportunity to benchmark lattice BSM matrix

elements from experiment
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Scalar two-body currents: oscillator model

Mr [ ga \2 d®pydpad®p]d®p}
Fr(e?) = 7“(;) > > /T‘Zﬂnm(\pﬂ)ﬂn2,2<|pé|)nn1,1(|p1|)Hn2,2(\p2\)
4 nylynoly T4 T2 4

(2h +1)(2h + 1) A A
x %F’H (B - B1)Py (5 - B2) (2m)°6®) (py + p2 — B} — p) — )
a7 - q3*
(a2 + M2) ((a5°)? + M2)

><(377'1»7'2)(

T T T
—- non-interacting, nlj basis

100

— non-interacting, nl basis ]

ey ]29Xe + interacting shell model ]
@ Two-body current defines genuinely new = o
=+
structure factor 5 L
@ Checked the oscillator model for 1b case
0.1

— reproduces perfectly the L = 0 multipole

0 0.05 0‘.1 O.‘15 0‘.2 0.25 6.3
laf [GeV]
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Scalar two-body currents: numerical estimates

L EarIy claims: could be as Iarge as 60% Prézeau, Kurylov, Kamionkowski, Vogel 2003

j— ~ (0.21 iO.OB)rA; r= uMu ¥ SoMa
N (Summu + SaMd) 5 + 2 g=sc,b.t Sqmqed

@ Theyfind 1 < % < 2 and consider r as large as 1.5. This brings you to 60%.
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Scalar two-body currents: numerical estimates

L EarIy claims: could be as Iarge as 60% Prézeau, Kurylov, Kamionkowski, Vogel 2003

Fo
NN (Sumu + Sdmd) + X gs.c.b,t SaMaes

-ATrTr ~ N7r7r Sumu -+ Sdmd

@ Theyfind 1 < % < 2 and consider r as large as 1.5. This brings you to 60%.
@ Decomposition is actually scale dependent, they quote

e = (N|ou + dd|N) ~ 16 + 8

@ Without such cancellations (C5° = C/° = 0) mHetal. 2016

5 2f,  F=(0)

=—-9%
htfn A °

@ Claimed enhancement not at all related to power counting, but to cancellations in
BSM parameter space
@ To actually check power counting: scalar current in light nuclei + lattice

o-terms workin progress, NPLQCD 2013, 2018, Kérber et al. 2017
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Contact terms

©

@ Scalar source suppressed for (NN)?

— long-range contribution dominant (in Weinberg counting)
@ Typical size (5-10)%

— reflected by results for structure factors

— more important in case of cancellations
@ Contact terms do appear for other sources, e.g. 6,

— related to nuclear binding energy E,

@ Same structure factor in spin-2 two-body currents
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Coherence effects

@ Six distinct nuclear responses

Fitzpatrick et al. 2012, Anand et al. 2013

M < O4 + Sl
ZI,Z" — O4,06 <> SD

¢ € ¢ ¢

A, ®': not coherent
@ Quasi-coherence of ¢”
@ Spin-orbit splitting
@ Coherence until mid-shell
]
@ Interference M—o"" < O
@ Coherent 2b currents:

@ Scalaroc N+ Z
@ Vectoroc N - Z

®” +» O3 «+ quasi-coherent, spin-orbit operator

About 20 coherent nucleons in Xe

04

< concentrate on scalar case
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Spin-2 and coupling to the energy-momentum tensor

@ Effective Lagrangian truncated at dim-7, but if WIMP heavy m, /A = O(1)
< heavy-WIMP EFT Hil, Solon 2012, 2014

1 o 1 ey Mg v o Guv - A AV
L= ﬁ{ > ng’xvulBUXEq(w{“:D) _ ?qg# )Q+ c;2>xwu18ux( Z G}, Gy — GQAG‘,A)}
q
— |leading order: nucleon pdfs

— similar two-body current as in scalar case, pion pdfs, EMC effect
@ Coupling of trace anomaly ¢/, to =m

L = IB v / /
0 =3 madq+ 522G G & (w(p)10,|7(R) = PPl + PP + G (M —p-P)
q s

— probes gluon Wilson coefficient CgS
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