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Scrutiny of underlying astrophysics Is important, but
weOll stick to Standard Model physics here.

M annihilation: sommerfeld enhancement, bound states,
thermal bath effects, Sudakov logs

production: complementarity

QCD and EW running

Mp, Mg

ITIN | scattering: nucleon matrix elements, DM-nucleon
EFT, multinucleon effects




Develop an effective theory framework to put a handle on
model-dependent and -independent uncertainties

calculabllity universality precision
QCD brown muck, factorization, O(1 - 10 %),
simple heavy quark symmetry  control uncertainties
DM unknown SM anatomy O(102 - 104 %)
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Heavy electroweak charged WIMPs

annihilation: thermal, theoretical control of Sudakov logs, .
production: null results pushing to higher limits
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In the rest of the talk,

Loy + Lswm

<N><N> <?{m

and illustrate with phenomenological examples.



Zeroth order question: why bother with radiative corrections?

L= QWO Mo =D a(m)(Oi() o
i i H
lfl 1 log K1
- get the LO (LL) result M2

- some matrix elements acessible
only at a certain scale

- use complementarity

145 - (avoid certain uncertainties)



Currents: relativistic scalar or fermion
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Currents: heavy particle peld
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Through dimension seven, there are seven operator
classes closed under renormalization and
transforming irreducibly under continuous and
discrete Lorentz transformations.

QCD operator basis
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Example: Weak-scale matching
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Weak-scale matching for electroweak
charged DM done completely in 1401.3339
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reduces to bve integrals EW pol. tensors




Renormalization constants, anomalous dimensions,
and RGE solutions
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Wilson coefbcient renormalization

Cao#"/l#! ZZ"(/)#",U O#bare$ qu. #Co#aarel O#bare$ O" 2#

aqg q
q/
"Othy "Othy O#bare , "Otbare O#bare n_92
Cg //t#l qu/g //l q $ Zgg :)L_r'b | $ O"a #
q/
C('qz#..##! 7Y Zqoq #_/:ICZ#bare$ qu J#’Cg tare C;2#bare$ o #

X [ 1]
|2 | 2 2 2 "2 "2 ni
Cg #.## l Zqog 4 #bare$ Zgg#' 44 #bare! __qu #bare$ Cg #bare$ O gq,__‘

14



Heavy quark thresholds
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Sum rule constraints on scalar matrix elements
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Sum rule constraints on scalar matrix elements
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Sum rule constraints on scalar matrix elements
Reduces dominant theoretical uncertainty, which comes from ! s(c)

For heavy WIMP scattering this is an O(50-70%) reductions,
and the remaining uncertainty comes from ! s(lt)
requiring higher order matching at the weak scale.

Equivalently, we have the best perturbative QCD
estimate of the charm scalar matrix element.
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Hadronic matrix elements: vector, axial-vector,
antisymmetric tensor

I‘N”k%v;{;ﬁq?&]N"k# ) g F!lp;q"!on F!Zp;q"!on F!ZD;Q"!O..
o L u 2 1.62(2) 1.65(7)
| @K% FN 2, 6 L N2 08 unke d 1 | 2.082" | 2.057"
2my s 0 1 0.04619" 1 0.017174"
guark content magnetic moment
W (KOj AN (k)i ' (GeV)  FPtior FPTior FPior Reference
O . 1£2 0.75(8) ! 0518 !0.158" [59]
_ V) (N.q)/ 2\m n (N.g) / 2\m ) 1 0.80(3) ! 046l4" 10128" [60]
=V (K) Fy " (q?)" 5+2mNF p (q7)"'sq w(k) 0.79(5) ! 046/5" 10.1310" [60]
semileptonic decay and !p scattering
polarized DIS
n (GeV) tu;p(ﬂ) La:p (1) ts;p(ﬂ) Referenci
= i g s 2 » " . E 4=3 | 1=3 0 E
m—NH\”k T NI ! m—NS$k ! "t ! 1 0.88(6) !0.24(5) ! 0.05(3) E
1.4 0.84(6) !0.23(5) ! 0.05(3) [63]
2 0.81(6) ! 0.22(5) ! 0.05(3) E

(polarized DIS), NR quark model, lattice
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Hadronic matrix elements: scalar and pseudoscalar
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00" 2. O u 0.42(8)(1) 0.43 10418"1" 1042
ANIKOJOg INIK'T T mif o1 7, Bk iUtk d 1084813 1084  0.85(8)(3) 0.85
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X o X 92 f#/&
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Hadronic matrix elements: CP-even and CP-odd tensors

P 70
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E 1% g
—CINIKOg " NLK T KPKE SemR f
My My, 4
# (GeV) FI2g AT fopl#" fopl#! fL FiZg
1 0.404(9) 0.217(8) 0.024(4) E E 0.356(29
1.2 0.383(8) 0.208(8) 0.027(4) E E 0.381(25
1.4 0.370(8) 0.202(7) 0.030(4) E E 0.398(23
2 0.346(7) 0.192(6) 0.034(3) E E 0.419(19
804= 2 0.260(4) 0.158(4) 0.053(2) 0.036(1) 0.0219(4) 0.47(
100, |, 0.253(4) 0.156(4) 0.055(2) 0.038(1) 0.0246(5) 0.47
172 2 0.244(4) 0.152(3) 0.057(2) 0.042(1) 0.028(1) 0.47¢
PDFs from unpolarized DIS
r'ik NTK"jOg, “HH#INIK"T 1 ST#KEf o 14"
N
' !2" 1] |2 1 !2" 1]
(GeV) ! feqp! ! foap!!
1 0.186(7) 1 0.0698" 1 0.00716"
1.2 0.175(6) 1 0.069 7" 1 0.00d 6"
1.4 0.167(6) 1 0.0627" | 0.0065"
2 0.154(5) | 0.056 6" 1 0.0055"

PDFs from polarized DIS



Nucleon level effective theory and relativistic invariance
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Nucleon level effective theory and relativistic invariance
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Example: Isospin violating dark matter
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Meaningful predictions require both a precise knowledge of
hadronic inputs and a careful treatment of renormalization effects.



Example: Heavy WIMP scattering
- M
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Universal heavy WIMP |imit
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T Hc

T Ho

Eiay (Ho) = Rig) (Mo, MM 3 (M) Ry (e, Ho)M iy % (Ho)R ) (o He) ) ()
u d S C b g J=1, Y=0
cO (, 5) -0.407 | -0.407 | -0.407 | -0.407 | -0.424 | 0.004<=
c© (up, 5) -0.418| -0.418| -0.418| -0.418| -0.436| 0.009
cO (up, 4) -0.418| -0.418| -0.418| -0.418| - 0.012
c® (ue, 4) -0.443| -0.443| -0.443| -0.443| - 0.022
c© (e, 3) -0.443| -0.443| -0.443| - - 0.028
¢ (uo, 3) -0.458| -0.458 | -0.458| - - 0.033
IN [c© (no, 3)OPDIN" (MeV) | -8 13 | 18 | - | - | 1284
MO =11677% 19 2 3 5 MeV
S C b g
¢ (1, 5) 0.667 | 0.667 | 0.667 | 0.667 | 0.091 | -0.050¢=
c® (Up, 5) 0.498| 0.498| 0.498| 0.498| 0.073| 0.080
¢ (Up, 4) 0.498| 0.498| 0.498| 0.498| - 0.080
¢ (Ue, 4) 0.418| 0.418| 0.418| 0.418| - 0.140
¢ (Ue, 3) 0.418| 0.418| 0.418| - - 0.140
¢ (Ho, 3) 0.405| 0.405| 0.405| - - 0.147
IN |c®(70,5)0@ |N" (MeV) | 116 | 71 24 17 1 9
IN |c®) (o, 3)OPN" (MeV) | 109 | 59 8 © ] A0,
M@ =216(r 12 21 2 MeV



Transparency of WIMPs to nucleons

| "1 "1 i | i | 1 "

0) = 41 40 T45 T
| | “\/|(0)_|_|\/|(2)‘2 Mp?=116777 1 14 2 3 5 MeV
|

ey e -
M) =216 % 2 2 1 2 MeV

J=1,Y=0: M@ +MO® =49 2" 7 MeV

J=1/2,Y=1/2: M@ +M O =15/, 3 MeV



Model-independent uncertainties
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Model-independent uncertainties
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Sensitivity to model-independent inputs

: |, Jat | lat
1046 "N s+ s
(Eé 10747
o i
& 10
| ben, Vo triplet
10#49. : . pic
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WIMP—nucleon cross section [cm*]
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Tlp , Mg

AN

Galiles

WIMP observables are interesting, multiple-scale
peld theory problems

production: complementarity

weak scale matching

QCD and EW running

AN VS Lorentz invariance

power corrections, other UV completions

lattice: charm scalar matrix element el
scattering: nucleon matrix elements,

DM-nucleon EFT, multinucleon effects 10+

iInclude other currents in analysis s
of multi-nucleon effects

annihilation: sommerfeld enhancement, bound states,
thermal bath effects, Sudakov logs
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