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Direct Detection Basics
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Direct Detection Basics
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Calculating the cross section

@ Nonrelativistic, Galilean-invariant interactions
[Fitzpatrick et al., 1203.3542]

@ Constructed from
@ momentum transfer /g
o relative transverse incoming DM velocity vi = AV — G/(2uyn)

o nucleon spin Sy (DM spin S,)

@ Lead to six nuclear responses, e.g.
e Spin-independent (“M"): eg. O/ =1,1n
@ Spin-dependent ("Y', ¥"): eg. OP =S5, .Sy
iq

» Nuclear angular momentum (“A”): eg. OF =S5, - (5;, X m—;)
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https://arxiv.org/abs/1203.3542

Extension needed

@ Automatic calculation of pheno observables, given the coefficients of OV
[Mathematica package DMFormFactor, Anand et al. 1308.6288]

@ Questions / Problems:
@ Are all of the operators needed?
o cir coefficients specified at low scale, can have momentum dependence
@ Explicit connection to UV models?

o Combination with collider / indirect bounds?

@ = Need full tower of EFTs
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Relevant Scales

™ A\ — heavy mediators

Simplified models, or “SM-EFT" 4+ DM

= vpy — electroweak symmetry breaking

five-flavor QCD + DM

= my — b-quark threshold

four-flavor QCD + DM

= m. — c-quark threshold

three-flavor QCD + DM

+=Aqcp — chiral symmetry breaking

(Heavy Baryon) Chiral Effective Theory

= v, g — DM-nucleus scattering kinematics

NR theory of nuclear response
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Partonic Effective Lagrangian

£ = L0, + LM, + 3P0 QP + 3 C1, Q% + > M, Q)

@ Dim.b: QS) e (XUMVX)F/,U/»"'
e Dim.6: QI°) = (imx)(fv”f), 0} = (1.5 X)(Frrsf) , ...

o Dim.7: Q') = me(xX)(FF), Q) = & (Xirsx) G G3, , ...

@ Comprises all physics above ~ 1 GeV

X O X
*}‘Y><\\
o A 7T XX
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Low-energy limit — hadronic current

@ Matrix elements of hadronic currents parameterized by nuclear form factors:
[E.g. Hill et al., 1409.8290; Hoferichter et al. 1503.04811; Bishara et al. 1707.06998]

o (N'ar*qlN) = G [ Fi(@*)r" + gy Fa(a7)0" 0w | um

o (N'|gy"ysq|N) = diy [FA(qz)w“% + ﬁFPI(qZ)%q“} un

e ...
@ Full momentum dependence not known for general

@ Calculate form factor using chiral expansion in g/my < 0.2

o Systematic NR limit using HBChPT & “Heavy DM Effective Theory”
[Jenkins et al. Phys.Lett. B255 (1991) 558; Hill, Solon 1111.0016; 1409.8290; Bishara et al. 1611.00368;
1707.06998]
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Effects of meson exchange

@ Axial-vector — axial-vector interaction Qf’g = (X7 vsx) (37" 759)
o E.g. neutralino in the MSSM
o Contact term: O} = §X - Sy

@ Meson exchange contribution:

ot - (54) (5 )

@ Pion pole compensates for G2 suppression
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Effects of meson exchange

Xenon, (x7,75X) ® (v vysu)
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Effect of NLO operators — meson exchange

° O = ()G GL. A = (X506 E,
@ Previously neglected meson exchange is leading contribution!

@ Order-of-magnitude improvement in bound

Xivsx ® GG

— full LO
5 || = no meson exchange

10 2

e (Y
= full LO
= no meson exchange

1073

1/R [kg day]

104

L
102 10*
my [GeV] my [GeV]
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Connecting to the UV
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Effective Lagrangian above vgyy,

@ Assume DM is an electroweak multiplet x, with m, ~ ve,

(
Lo — oM EDM+Z 5)+Z - = j

@ Expansion in inverse mediator mass A

o Generalizes “SM-EFT"
[Buchmiiller et al. Nucl.Phys. B268 (1986) 621, Grzadkowski et al. 1008.4884]

@ Dim.5: Q§ = & (X" x)Buv Q§5) = (XX)(H'H)

Dim.6: QYY) = (¥7x)(QI“QL), QF = (\v*x)(H'i D, H
e Dim.6: Q7 = (X))@ Q). Qe = (XY X)(H'i D H)
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http://www.sciencedirect.com/science/article/pii/0550321386902622
http://arxiv.org/abs/1008.4884

Importance of electroweak loops

@ Start with

06 +Q7 +Qs3 (X775 X) (EyH st + by"sb)

@ Vanishing (tiny) nuclear matrix element

@ Y, = 0 to exclude Z-exchange contribution

@ [, =1 leads to a one- and two-loop e/w contributions [Hisano et al. 1104.0228]

@ RG generates third gen. VV and Z exchange

M « M
(M) = 127| L G (Mw) = ~12 % log —*
X X X h,”‘
% Qr Z
Qr Qr X )7 3
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http://arxiv.org/abs/1104.0228v2

Scattering Rate on Xenon and Fluorine

Xenon, 77X ® (v st + byysb), I = 1 _ Fluorine, x7,75x ® (It + byysh), I =1
10
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DirectDM

@ Computer code to calculate the matching and running automatically

@ Electroweak running for Dirac DM

¢ QCD / QED running for Dirac, Majorana, Scalar DM

@ Seamless interface to Mathematica package DMFormFactor
[Anand et al. 1308.6288]

@ Available at https://directdm.github.io/
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Beyond EFT
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Three roads to discovery

DM DM DM DM
DM DM
Direct detection Collider searches Indirect detection
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Three roads to discovery

DM DM DM SM

SM SM DM SM

Direct detection Collider searches Indirect detection
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Simplified Models

% 1200[-ATLAS 7 e
S/ . b ]
24:1000_ \‘;1:7Tev / 4
) L. . © [ Jot=47m" E
@ EFT is of limited use at colliders 5 ]
£ 800 / .
S e ]
. op 8 F ; ]
@ Use simplified models £ 600 7 .
g %% J ]
[E.g. Abdallah et al., 1506.03116] a /" Onerstor DS;Shs, o001 ]
4001— £=: Expected limit (+10,,,) -
[ — Observed limit (10;,,,,,) ]
@ General enough? Renormalizability? 200~ [ et ‘
1 10 10? 10°
& Connection to flavor / precision WIMP mass m, [GeV]

observables?

@ Redundant couplings?

1 _ _
D5 ~ Wz (X x)(@7.9)

[ATLAS 1210.4491]
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https://arxiv.org/abs/1506.03116
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“Generic Lagrangian”

Ls= > ylrphaaPotis+ Y 807 Vo ulnrPotbs

fifsio hhwvo

+ Y gle2v3<Vvl Ny VI 4 Vi Vi, OV 4 vvz,uvvs,ualuvvql)

VivaVvs
E _ E VH _
+2 gv1v251 VV1 H vz 51 gV151sz Vi (hsl auh52 (auhﬂ) h52> .
ViV25s1 V15152

@ Perturbative unitarity — massive vectors from SSB

@ Low-energy theory is SU(3) x U(1) symmetric
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“Generic Renormalization”

@ Can we develop a general framework that is consistent beyond tree level?

@ Renormalizability fixed by high-energy behaviour:
o Gauge structure of Greens functions determined by Slavnov - Taylor identities

@ Traditionally used in high-energy scattering
(“Goldstone-boson Equivalence Theorem")

@ At the same time, UV behaviour controls renormalization properties

@ Generic finite results for rare meson decays [Brod, Gorbahn, to appear]
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Applications to DM?

@ Provide a consistent framework for collider constraints

@ renormalizable
@ minimal amount of couplings

@ natural connection to flavor

@ Match to EFT tower for direct detection

@ including loop level (e.g. dark matter interacting via dipoles)

[Bishara, Brod, Gorbahn, work in progress]

@ Naturally also applicable for indirect detection
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Summary

@ Established explicit connection between UV and nuclear physics
o Consistent treatment at leading order
@ Meson contributions can have significant impact on interpretation of data

o Full electroweak corrections (Dirac DM)
[Bishara, Brod, Grinstein, Zupan; arxiv:1809.03506]

@ Provided public code DirectDM for automatic running from UV to nuclear
scale [Bishara, Brod, Grinstein, Zupan, arxiv:1708.02678]

@ Future Extension: A “unified framework” for DM searches
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