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How to search for dark matter?

DEUQVELTN 26.8%

@ Search strategies: direct, indirect, collider

@ Assume DM particle is WIMP

Dark Energy  JLIER7S

@ Direct detection: search for WIMPs scattering Planck 2013
ancl

off nuclei in the large-scale detectors
@ Ingredients for interpretation: X X

@ DM halo: velocity distribution
@ Nucleon matrix elements: WIMP—-nucleon
couplings

indirect
IopI[09

@ Nuclear structure factors: embedding into
target nucleus
e
direct

M. Hoferichter (Institute for Nuclear Theory) Chiral EFT for dark matter direct detection Seattle, May 15, 2018 2



Direct detection of dark matter: schematics

-39
‘Em DAMA/Na XENONIT Sensitivity in 2 tly
y-40 —— Expected limit (90% CL)
2,10 DAMA I+ 10 expected
=107 +2 0 expected

XENON10 (2013)

2 s
3 z 1042
3 2 SuperCDMSS (2014)
] g 8 10 -
£ ¢ Sw*
g 5 c10%
5 3 g
g E Sw®
E E‘ 2 1077
z g o —
s | — e - oS
= E —— jllard &
102l . | \ 10 D10 e T el
10' 10° 10° 10" 100 6 10 2030 100 200 1000 2000 10000
2
Mypp (GEVIE) WIMP mass [GeV/c?]

@ Nuclear recoil in WIMP—nucleus scattering
9 Flux factor ¢: DM halo and velocity distribution
9 WIMP-nucleus cross section

@ Spin-independent: coherent o A2
@ Spin-dependent: « (S;) or (S,)
@ Information on BSM physics encoded in normalization at g = 0

. Sl
< for Sl case: o3y
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Direct detection of dark matter: scales

¢.G X
Apsum > o < @ BSM scale Agsu: Lesm
¢, G X

q,G X
© Effective Operators: Lgy + Z ik
ik

7, G X

Apw @ Integrate out EW physics
]\“‘v - .
N @ Hadronic scale: nucleons and pions
hadrons
— effective interaction Hamiltonian H,
> ? \D/ @ Nuclear scale: (V|H,|N)

Anete .-. — nuclear wave function

M. Hoferichter (Institute for Nuclear Theory) Chiral EFT for dark matter direct detection Seattle, May 15, 2018 4



Direct detection of dark matter: scales

Ah drons

@ Hadronic scale: nucleons and pions
¥ — effective interaction Hamiltonian H,
% \D/ @ Nuclear scale: (V|H,|N)

. - .

@ Typical WIMP-nucleon momentum transfer

nu(,lu

— nuclear wave function

|dmax| = 2n7x [Vrel| ~200MeV Vgl ~ 107%  jpr, ~ 100 GeV

@ QCD constraints: spontaneous breaking of chiral symmetry

= Chiral effective field theory for WIMP—nucleon scattering
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

@ In NREFT Fanetal. 2010, Fitzpatrick et al. 2012, Anand et al. 2013 Need to match to QCD to extract

information on BSM physics = “the” EFT approach not unique!
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Outline

o Chiral effective field theory

e Corrections beyond the standard nuclear responses
e Calculating nuclear responses

e Limits on Higgs Portal dark matter

e Conclusions
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Chiral Perturbation Theory

@ Effective theory of QCD based on chiral symmetry

_ . _ . _ _ 1 v
Laco = quilPq, + grilPqr — QLMQr — grMqL — ZGZV Gy A
X
@ Expansion in momenta p/A, and quark masses mg ~ p?
— scale separation
@ Two variants
m, K,
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 My /A, sometimes tricky
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Chiral EFT: a modern approach to nuclear forces

@ Traditionally: meson-exchange o X H - -
pot.entials o no W k1] _ _
o Chlre: eff:ctlve :elclj theory ‘Lo H H H+ *X >K B
° Pase onc |.ra symmetry of QCD >< H H H
o Power counting o o G g AL P b L
@ Low-energy constants H H H M m I H IX H [ * H’“

@ 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 @ ---

pion—nucleon scattering
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Nuclear Physics from first principles

120
100 Y
= W@
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5 60 Experiment:
° a0 M stable nuclei
= known nuclei

20 [0 S NO BINDING Theory:

-@- [ | drip lines long-range plan 2015
0

0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280
neutron number

QCD shell model, coupled cluster, in-medium SRG, ...

N————— N——————
exact many-body: lattice EFT,  density functional, mean-field theory, ...
NCSM, coupled-cluster, . . .

@ Piecewise overlap of ab-initio and various many-body methods = match to QCD
@ Consistent NN interactions key at various stages

@ Ab-initio not yet up to xenon, but impressive progress
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Chiral EFT: currents

———
@ Coupling to external sources £(V,, a,, s, p)
@ Same LECs appear in axial current —
< A decay, neutrino interactions, dark matter \\ //
@ Vast literature for v, and a,,, up to one-loop level —
9 With unitary transformations: Kéliing et al. 2009, 2011, Krebs et al. 2016
9@ Without unitary transformations: Pastore et al. 2008, Park et al. 2003, T
Baroni et al. 2015 :
——

@ For dark matter further currents: s, p, tensor, spin-2, 64, !
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Vector current in chiral EFT: deuteron form factors, ma
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EFT for dark matter dir

Pastore et al. 2013
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Axial-vector current in chiral EFT: v-less double 5 decay

L1 ‘

GT(1b+2bY/g,

P P P .
0 100 200 300 400
p [MeV]

0.5
Menéndez, Gazit, Schwenk 2011

@ Normal ordering over Fermi sea = effective one-body currents
@ Two-body currents contribute to quenching of g4 in Gamov—Teller operator

gaoT

Seattle, May 15, 2018
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Direct detection and chiral EFT
B -
MO - g 2

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

@ Expansion around chiral limit of QCD
— simultaneous expansion in momenta and quark masses
@ Three classes of corrections:

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

@ NREFT covers (a), but misses (b)—(d)

@ (b): modifies coefficient of ©; by momentum-dependent factor
@ (c), (d): do not match directly onto NREFT, need normal ordering

(NTANYNTN — o

@ (a)+(b) just ChPT for nucleon form factors, but (¢)+(d) genuinely new effects
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Chiral counting

@ Starting point: effective WIMP Lagrangian Goodman et al. 2010
1 _ _. _ _ _. _. _
Ly=52 [C3°%x mq@ia + C°Rinsx mqdq + C3 %x ma@insg + Cf Kivsx madinsq|
q
1 _ Cw - _ _ _ _
+ 73 > {Cc‘,/vfw“x GG + C) v ysx @vua + Co v x Gruvsg + Cf ™ vsx CIMWSQ]
q
1 S - v
+ e [Cg XX asGiqu; ]
@ Chiral power counting

a=0(p), mg=0(p")=0Mz),  auvu=0(p), v 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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Chiral counting: summary

Nucleon Nucleon S P
WIMP t X t X WIMP
1b 0 142 2 0+2 1b 2 1
% 2b 4 2+2 2 4+2 S 2b 3 5
2b NLO — — 5 3+2 2bNLO — 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: alltermsuptor =3

@ Two-body currents: AA Menéndez et al. 2012, Kios et al. 2013, SS Prézeau et al. 2003, Cirigliano et al. 2012,

but new currents in AV and VA channel 1503.04811

@ Worked out the matching to NREFT and BSM Wilson coefficients for spin-1/2

— hierarchy predicted from chiral expansion
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Matching to nonrelativistic EFT

@ Operator basis in NREFT Fan et al. 2010, Fitzpatrick et al. 2012, Anand et al. 2013

0, =1 0, = (v1)2 Oy = i8Sy - (q x V&) 04 =Sy - Sy
Os5 = Sy - (q x v©) Og =Sy -qSy - q 07 =8y -v* Og =Sy v+

Og = iSy - (Sy x Q) O =iSy-q O11 =i8x - q
@ Matching to chiral EFT (fy, . . .: Wilson coefficients + nucleon form factors)
1
MSm = Oiv() M = Onog()  M{Tp = —0sn(D)
X

t 1 1
w V,N V,N V,N
M =01 (1N + 2 )+ g 0270+
N

(tO4 4 OG)fZV‘N(t)
2
AV V,N V,N V,N,
MY = 205, (t)+m—Nog(f1 ty+1 (t))

1 2
AA N N VA N
M NR = —40494 (1) + ?Osgp(f) MiNR = { —207 + m—Og}hA(t)

N X
@ Conclusions

@ s, Os, and O14 do not appear at v = 3, not all ©; independent
@ 2b operators of similar or even greater importance than some of the 1b operators

M. Hoferichter (Institute for Nuclear Theory) Chiral EFT for dark matter direct detection Seattle, May 15, 2018



Direct detection of dark matter: scales

N T < X
Aot N @ Hadronic scale: nucleons and pions
— effective interaction Hamiltonian H,
N m o X
Y @ Nuclear scale: (V|H,|N)
Am lei .. .
- — nuclear wave function
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Coherence effects

@ Six distinct nuclear responses
Fitzpatrick et al. 2012, Anand et al. 2013

o ):/, PILEPES Oy, O < SD
@ ¢ +» O3 «+» quasi-coherent, spin-orbit operator

D=

@ A, d’: not coherent

126
@ Quasi-coherence of ¢”
@ Spin-orbit splitting -
@ Coherence until mid-shell
@ About 20 coherent nucleons in Xe 50
9 Interference M-®" < 01—03 0
@ Further coherent M-responses from Os, Og, O11, but no 8
interference with O due to sum over S S 2
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Spectra and shell-model calculation
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@ Shell-model diagonalization for Xe isotopes with '®Sn core

@ Uncertainty estimates: currently phenomenological shell-model interaction
— chiral-EFT-based interactions in the future?

< ab-initio calculations for light nuclei?
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Consequences for the structure factors
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@ £o, kinematic factors for O}, e.9. o, =1, {0, = 52
N
@ 044 assumes m, = 2GeV
— much stronger suppressed for heavy WIMPs

@ Structure factors imply hierarchy as long as coefficients do not differ strongly
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Two-body currents
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@ Finiteat|q| =0
@ Most important next to IS and IV O,
@ Sensitive to new combination of Wilson coefficients, e.g. for scalar channel

my 55N N /S Mz ss | 87 s\« Mz 87 s

fN:F( > e fq7127rfocg) =g 2 (cq + 5 Co )fq fﬁ:—ﬁgcg
q=u,d,s =u,d

@ Typically (5—-10)% effect, enhanced whenever cancellations occur: blind spots,

heavy WIMP limit
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Radius corrections

T T
. 0,
£ 10000 132X e 01-04
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©

Set scale as q2/m3,

@ Strong suppression at small |q|, but potentially relevant later

©

Yet another new combination

;o My SSiN N ~S
fy = F( > Cgly —12xigCy )
q=u,d,s
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Full set of coherent contributions
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@ Parameterize cross section as

doS! 1 2 2
XN _ v AT w\ M2 v 4
(C+ e, C+)]:+ (q )+(Cf e

M M (2
dg® ~ 4mv2 = ) FEa)

T e Fa(@) + L FL@) + 5 mz [

= pi|c)?/m

2
" 7 (q?) + ¢ F® (qE)H
@ Single-nucleon cross section: a

@ c related to Wilson coefficients and nucleon form factors

Chiral EFT for dark matter direct detection
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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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Two-body currents: SD case

— Sp(u) 1b currents E
Xe -~ S, (u) 1b currents ]
- Sp(u) 1b + 2b currents

0.01 - Sn(u) 1b + 2b currents
- E|
=
=,
%]
0.001
0.0001
0 1 2 3 4 5 6 7 8 9 10
u
T T T T
0.1 . — Sp(u) 1b currents 3
Xe - S,(u) 1b currents ]
- Sp(u) 1b + 2b currents
0.01 - Sn(u) 1b + 2b currents
- E|
=
=
I .
0.001
0.0001

@ Nuclear structure factors for

spin-dependent interactions
Klos et al. 2013

@ Based on chiral EFT currents (1b+2b)

@ Shell model

o u = g?b?/2 related to momentum
transfer

@ 2b currents absorbed into redefinition
of 1b current
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Two-body currents: SD case

_10%
| 10%
10%
10%
10
10
10

1041
104 E= Lux 90% C.L.
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10-43 M| Lol Lol ol Lo
1 10 102 10° 10* 10°
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Xenon becomes competitive for o thanks to two-body currents!
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Higgs Portal dark matter

10— — ey
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via the nggS e --. SuperCDMS

—_

o,
IS
S}

@ Scalar: HTH $? z 10,43;
o Vector: HTH V, V¥ 5 oML
@ Fermion: HtHFf = 0%k
a S, 5
o If m, > 2m,, should happen at the LHG £ 10™°e== Vector ]
47 L \\'\\\\ N o]
1074 10 100 1000

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

10% g
? wof N — PandaX-II
H . . =1 E \ E
o Higgs Portal: WIMP interacts with SM = 074157 S ~xvontt
via the nggS é 10 g LT --. SuperCDMS
% 10%°F
o Scalar: H'H 82 § o3
@ Vector: HtH Vv, v* g 10,44;
o Fermion: HTH ff ; s
o S\
@ If my > 2m,, should happen at the LHC £ 107022 — ]
47 L 7 N “"‘H N N \\\\\\7
1074 10 100 1000

— limits on invisible Higgs decays
WIMP mass [GeV]

@ 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, two-body 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 two-body 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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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 mH, Kios, Menéndez, Schwenk, in preparation
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Conclusions

@ Chiral EFT for WIMP—nucleon scattering

@ Predicts hierarchy for corrections to leading coupling

@ Connects nuclear and hadronic scales

@ Ingredients: nuclear matrix elements and structure factors

@ Applications:

9 discriminating nuclear responses
@ o5 limits from xenon via two-body currents

@ improved limits on Higgs Portal dark matter from LHC searches
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Rate and structure factors

@ Rate

Ves
dr _ oM / dBv|vf(
dq2 mamy Jv,

min

@ Halo-independent methods brees, Shan 2008, Fox, Liu, Weiner 2010, . ..
@ Nuclear structure factors Engel, Pittel, Vogel 1992
2
doy v _ 8Gz
dg2 ~ (2J + 1)v2

[Sa(@) + Ss(9)]

@ Normalization at |gq| = O:

55(0) = 22 ooa+ ez M
530 = BT 1 a)isp) + (a0 — an)isol||

@ Assume ¢y = 0 and Sl scattering

doS! oS!
N N
X _ X 2 (q2)

dg? _4V2p,2V Sl

< phenomenological Helm form factor 73,(q%)
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Gell-Mann—Oakes—Renner relation

@ Leading order in SU(2) meson ChPT
2
Lenpr = %Tf<d“UpoU+ 2BM (U + UT)) + -

2

1
= (mu +md)BF,% — E(mu—f— md)B(WO) — (mu+ md)B7r+7r_ R

@ Comparison with QCD Lagrangian

(Lacp) = —mu(Tu) — mg(dd) +--- = BF2=-(gq) (§q) = (tu) = (dd)

Gell-Mann—Oakes—Renner relation

M2 = (my+mg)B+O(m;) B=— (;ﬂ__g)
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Gell-Mann—Oakes—Renner relation

@ Leading order in SU(2) meson ChPT
2
Lenpr = %Tf<d“UpoU+ 2BM (U + UT)) + -

2

1
= (mu +md)BF,% — E(mu—f— md)B(WO) — (mu+ md)B7r+7r_ R

@ Comparison with QCD Lagrangian
(Laco) = —mu(Qu) — ma(dd) +--- = BF;=-(gq)  (3q) = (Gu) = (dd)

@ Mass difference entirely due to electromagnetism

M2y = M2 + 262F2Z + O(my — my)°

Gell-Mann—Oakes—Renner relation

M2, — 2B+ O(nE) = TetMa  p_ (99
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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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o-term from Roy—Steiner analysis of pion—nucleon scattering

Error analysis

o.n=591£ 07 £+ 03 + 05 =+ 1.7 + 3.0 MeV
~— ~—~ ~—~ ~—~— N~~~
flat directions  matching  systematics  scattering lengths  low-energy theorem

=59.1 £ 3.5MeV

@ Crucial result: relation between o,y
and N scattering lengths

ooy =59.1MeV + ) c,sAa(/)s+
Is

@ Pionic atoms: 7~ p/d bound states

—_—s ———3p —3d

[ I S

width of mH

—a~ [10’3;\[;1}

= 1s
€1
'
I"‘*
I
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A new o-term puzzle

@ Recent lattice calculations of o

o s tsocsors e U e
\\\\\\\ M NSRS
OxN = 38(3)(3) MeV of level shift of TH_ T \\i\\i:\i\“\\ SN SIS
— j N
@ xQCD 1511.09089: ;* S ] \QCD |
0N = 45.9(7.4)(2.8) MeV S B N NN =
@ ETMC 1601.01624: L D SN N N
oo = 37.2(2.6) ("5 1) Mev s il |||||||||||||||||||||||||| m I

@ RQCD 1603.00827:

oxn = 35(6) MeV ETMC
-92 -90 -88 -86 -84 -82
@ Similar puzzle in lattice calculation of a” [1073M1]

K — 7 RBC/UKQCD 1505.07863, also 3o level

@ Both puzzles with profound implications for BSM searches:

scalar nucleon couplings, CP violation in Ko—Kp mixing
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A new o-term puzzle: issues with the pionic-atom scattering lengths?

@ Something wrong with pionic-atom data?
@ Direct fit to pion—nucleon data base __
1706.01465, requires careful treatmentof =

@ Radiative corrections
@ Experimental normalization uncertainties =

@ Bottom line:

.y = 58(5) MeV T o

— independent confirmation of pionic-atom data
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A new o-term puzzle: what could lattice do?
MMy

0.2¢

2 SMeV]| {9 MeV Te
ENEL 4‘3 10MeV] =
o | Uil i
S s Mev || - =
<1 01 o .-
3

0.14

@ wN: lattice calculation of a'/2, 8/2

— test input for 7N scattering lengths
@ Possible issues of o-term calculations:

@ Finite-volume corrections
@ Discretization effects
@ Excited-state contamination
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s
— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng—Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991

— “canonical value” oy ~ 45MeV, based on KH80 input

@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

< much larger value o,y = (64 + 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000

(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s
— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng—Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991
— “canonical value” oy ~ 45MeV, based on KH80 input
@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

< much larger value o,y = (64 + 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000
(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
@ Our work: two new sources of information on low-energy =N scattering

@ Precision extraction of 7N scattering lengths from hadronic atoms
@ Roy-equation constraints: analyticity, unitarity, crossing symmetry
1506.04142,1510.06039
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QCD constraints for subleading nuclear corrections

(a) (0) (¢) (d)

@ One-body operators: known nuclear form factors
— determines radius corrections (b)

@ Axial Ward identity relates g) »(t) and
1
M:‘fl\\lR = —4049/’;1(0 + m—QOeg,’é’(t)
N

— fixed combination of Q4 in (a)

@ 49 only appears in SP channel = not coherent and vanishes at q = 0
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Comparison to NREFT

@ For the leading corrections all O, but O3 are small
< not necessary to keep 2 x 14 parameters in first step
@ But: some new parameters for two-body effects and radius corrections
— cover coherent responses (+ SD), same order in chiral counting
@ Nucleon operators: 1, Sy, V5, vt x q, vt -q=0
— only v — WV can produce new coherent (nuclear) effect
@ Similarly to SD searches: define subleading “cross sections”
— pion—WIMP scattering
@ NREFT only first step in chain of EFTs

— need matching to QCD to make connection to BSM, ChEFT one crucial step
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Analysis strategies

@ Parameters (¢ = 1(2) for Dirac (Majorana)):

M < v, v, 0 0 o Sy, v,
M=ot P er=che cp=crl 2 = (PG

ms 1
'cﬂ:g [fpif+f pif‘/"+—(v"if‘/”)]
4 my
@ Couplings
my SSN N S Mx ss_ 8™ us\;r 0 My 87 s
fN:F( z; Cq fq—127rfocg> fr =25 Zd<cq t5C% )d =73 5C%
q=u,d,s q=u,

@ Conclusions

o Different c probe different linear combinations of Wilson coefficients

@ Ideally: global analysis of different experiments

¢ One-operator-at-a-time strategy: producing limits e.g. on ¢ and c-. in addition to ¢/
would provide additional information on BSM parameter space

@ QCD constraints: when considering O3 should also keep radius corrections
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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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