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Motivation

o There is overwhelming observational evidence for
the existence of DM due to its gravitational
interactions

« But, we know that there is (particle) physics

beyond the SM - can this also include particle
DM?

« It DM is also a particle, a variety of searches
currently exist to look for it - complementarity
between these searches would be key to success



Searches for Dark Matter

Direct Detection Indirect Detection Collider Searches
X X X SM SM X
SM SM X SM SM X
q(max) My ~ VUpw \/g

~ 200 [MeV] ~ 100 [GeV] ~ [TeV]



Dark Matter direct detection

Goal is to calculate the scattering rate of DM on atomic nuclei

The interaction rate per unit mass is given by [Lewin & Smith Astropart.
Phys. 6 (1996)]
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However, we are interested in dR/dEgr (we must convolve with
exp. eff. which is a function of Epg, e.g.)
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The tower of EFT's

The focus
of this talk

_|_
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See also: Crivellin, D'Eramo, Procura [arXiv:1402.1173]; D'Eramo, Procura [arXiv:1411.3342]; Hoferichter,

Klos, Schwenk [1503.04811]; Hoferichter, Klos, Menendez, Schwenk [1605.08043]; D Eramo, Kavanagh,

Panci [1605.04917];




The goal is to start here...
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And end up here...

« NR basis built out of Galilean-invariant operators up to

quadratic order in momentum transfer
Fitzpatrick, Haxton, Katz, Lubbers, Xu [1203.3542]

e Leads to six nuclear responses calculated in shell model
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Low energy limit — hadronic currents

e Typically use form factors for expectation value of quark currents

between nucleon states

Hill, Solon [1409.8290]; Hoferichter, Klos, Schwenk [1503.04811]

(N'|gv*q|N) = uly

(N'|gv*y5q|N) = @y
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e But, tull momentum dependence is not known for all form factors

e And, how important are two-nucleon interactions?

e Compute form factors systematically using chiral expansion
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Nuclear response

e The direct detection cross-section is proportional to

7o o QJAHTYWS;{[R” 7 () + REWEL () + RE W ()]

v I RX WX (y) + RRn WER ()| |

mN

e Where, R; contain the Wilson coefficients and W, are the nuclear
response functions.

e For example,
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Nuclear response

e In general, there are 6 nuclear responses [1308.6288]

e Only 3 are generated in our setup

Response Property Long wavelength behavior
W spin-independent  counts nucleons (coherent scattering)
Wy s spin-dependent nucleon spin content of nucleus
WA nuclear ang. mom. nucleon ang. mom. content of nucleus

e Rough scaling
Wi ~ O(A%), | Wy, W, Wa, Wasy ~ O(1)
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Matching at a glance
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Matching at a glance
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Example: A® A
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Example: P ® GG
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Example: T'® F
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The DirectDM package

DirectDM: a tool for dark matter direct detection

DirectDM is a program that matches Wilson coefficients of a relativistic EFT onto a Galilean-invariant
non-relativistic EFT valid at the nuclear scale. The program is available as a Mathematica package
and will soon be available as a python package as well.

The Mathematica package is available from: github.com/DirectDM/directdm-mma

The python3 package is available from: github.com/DirectDM/directdm-py

o https://directdm.github.io/

« Compute the matching and running automatically

o Seamlessly interfaces to DMFormFactor package by
Anand, Fitzpatrick, & Haxton |[1308.6288| to calculate
the scattering rates using their nuclear response ins

« Features: complex/real scalar, Dirac/Majorana fermion
DM, input from Tait et al. Basis [1008.1783]

See also runDM by D’Eramo, Kavanagh & Panci [1605.04917] 18


https://directdm.github.io/

The DirectDM package

LLoad DirectDM

SDirectDMDirectory="</path/to/directdm/directory>";
<<DirectDM"

Set the Wilson Coefficients (easy to loop)

SetCoeff["basis",QD[1,f],value]

The available bases are: “5Flavor”’, “4Flavor”, and
“3Flavor”

QD is Q5, Q6, or Q7; i is the operator number and

fiS the ﬂavor — __n lld" i _n lle" llmu" “tau"
) ) ) ) )
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The DirectDM package

e Once the coefficients are set, do the running and
matching

ComputeCoeffs["basis i", "basis f", Running->True]

« To get one coefficient at a time (same as SetCoeff)

GetCoeff["basis",QD[1,£f],value]

e To get the whole list, e.g., to feed to DMFormFactor

CoeffsList["basis"]

20



Example notebook

$DirectDMDirectory="<path/to /directdm/directory-";
AppendTo [$Path ,$DirectDMDirectory ] ;

<<DirectDM’

?SetCoeff

?GetCoeff

? ComputeCoeffs

Set the EFT scale

lam=18@ [+ GeV =+

Do [ SetCoeff ["SFlavor",Q7 [1,f],1/1am*3],{1,5,8},(f,("u","d","s","c","b")
ComputeCoeffs ["SFlavor","NR"];

CoeffsList ["NR p"]//Simplify

To compute the event rate using the DMFormFactor package by Anand, Fitzpatrick, & Haxton
[1308.6288], download the package and load it here.

Needs ["dmformfactor™","<path/to/dmformfactor-vz.m="]

mucleon=0.938 GeV;

NT=1/({131 mMNucleon);
Centimeter=(10"13 Femtometer);
rhoDM=8.3 GeV/Centimeter"3;
ve=232 KilometerPerSecond;
vB8=220 KilometerPerSecondj
vev=246;

Do |

SetCoeffsNonrel [i,vev2 [CoeffsList["NR p"])[[1]]/.{qsq->qGeV"2},"p"];
SetCoeffsNonrel [i,vevA2 (CoeffsList["NR n"])[[1]]/.{gsg-=qGeV"r2},"n"];,
(1,14}];

SetIsotope [54,131,"default","default™]

SetIchi[1/2];
SetMChi [MX GeV];

myrate [ gGel/ ,HMX ]=EventRate [NT,rhoDM, qGeV,ve,vd]
GeV myrate [Sqrt[1l31lmhNucleon+2+30+1+"-6/GeV],108. ]

tab=Table [ {18"mass,

NIntegrate [1+%-6 [+ GeV KeV », KilogramDay GeV [myrate[Sqrt[l32mhNucleon=2+ER+1+"-6/Ge
Piecewise[{{1,ER>3&&%ER<48],{0,ER>40 | |[ER<3]}],(ER,0,501]],

{mass,Logl® [2],3,(3-Logld[2],/50}]

21



Summary and outlook

e Presented our effort to consistently treat all the
relevant scales in DM direct detection

« Meson exchange contributions can have a big impact
on the interpretation of the experimental results

e Our setup covers many models and can be extended,

e.g., to cover dim. 7 in the UV [Brod, Gootjes-Dreesbach,
Tammaro, Zupan]|

e Code for automating the matching/running will be
publicly available soon!

22



Thank you!



Low energy limit — DM currents

e In our setup, m, > A,, and so should treat DM as a heavy field
— HDMET a la HQET with x(z) = e "™V (x, (z) + X, (x))
Hill, Solon [1111.0016; 1409.8290]

e Tree-level matching then gives

XX%XUXU—I_...?
. P
XtV5X — _a,u (X'USXX’U) T ...,
ey
oA H L _ 1 - _uv
XX = v XX + Yol Xo + Ay (Xvo!"xv) + -+,

2m,, 2m,,

_ _ v _

X7M75X — 2X”US/;X’U — m—v'uXvSX “Xov T
X
1

QmX
X ivs X — 2% S¥ v Iy +

o™X = X0t X0 + 5 (Xuit" 0 iy — 010 Rux ) +
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Chiral expansion

e Use Heavy Baryon Chiral Perturbation Theory (HBChPT)
My > (g S 200 MeV)
[Jenkins & Manohar, Phys.Lett. B255 (1991) 558]; see also Hoferichter, Klos,
Schwenk [1503.04811]

MAX MAX
q

4
Ay 47 fr

~ O(20%)

e Expansion parameter <

e Treat DM currents as SU(3); x SU(3)r spurions

e Can write hadronization of quark currents explicitly as

1
utysu — Bofmy, (7‘(’0 + —n) + -

V3

uyPu — vP (2pypy + NpNgy) + - - -

e Hadronic physics is encoded in a few Low Energy Constants: f,
gA, Ox Ny .- 25



Spurions and the chiral rotation

aS
127

84 ~ _ .
GG + 02 G, G + (7" (v + 50u) — 5+ i5p] g

e The spurions s¢, 0, v, a,, s, and p contain the DM currents

e The 0 spurion can be moved by a chiral transformation exp
Georgi, Kaplan, Randall [Phys. Lett. B169 (1986) 73]

o(z) M;!
B(x) = . 1
2 Tr(Mg7)
e The effect is that it now contributes to the axial and pseudo-scalar
spurions
, 0,0 M’ , M1
a, = ay,+ p=p+0

2 Tr(Mg') Tr(Mg ")
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Chiral power counting

e Interested in A-nucleon irreducible amplitudes with one insertion of
DM CUI‘l“eIlt, MA,X’ which scale as [Weinberg, NPB363, 3 (1991); Kaplan, Savage,
Wise, nucl-th/9605002; Cirigliano, Graesser, Ovanesyan, 1205.2695]

v

May ~q

where

effective chiral dim.

™~

AV
v=4-—A—-2C +2L +)> V;(di +ni/2-2) + ¢,

__r P 7
no. of connected diag’s chiral dim. no. of nuc.
no. of loops ~ no. of deriv’s legs

e Gives scaling for LO and NLO potentials

more nucleons legs in vertex — more suppressed .



Leading contributions

g — Jy, ~VENN + - - GG — J° ~NN +--.
05 J5 ~mgNN 4o GG > 70 ~ gy NN -
q,yufy5q_>jcf’uNS’uNN+

: Y =3 30, GG, GG | X ~ X
3 qv" V54 > !
- B -
459 >
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Two-nucleon currents

X X X\®/X X X
|
N i X
N N N PN
B - F\

T'wo nucleon currents enter at

o (”)(q’/LOH) for A-V, S-S5, and P-S

Cirigliano et al., [1205.2695]; Korber et al., [1704.01150]
o O(gnot?) for V-V
e O (g"°*3) for all other interactions

29
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