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CHALLENGE #1

e experimental DM probes
at very different energies

e direct detection: j

~200 MeV

® indirect detection:
DM mass (~ 100 GeV ?)

e LHC production:
DM mass + LHC
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CHALLENGE #2

e we do not know how DM interacts with
visible matter

e could we be missing something?

e EFTs ideal to ask "model independent”
questions™

*in their domain of validity
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AlIM

e the aim is to be able to
J. Brod, A. Gootjes-Dreesbach, M. Tammaro, JZ, 1710.10218

® take any DM EFT up to dim 7 above EW scale

e consistently give the leading expression for
Cross Sectlon F. Bishara, J. Brod, B. Grinstein, JZ, 1809.03506

® including renormalization group running
E. Bishara, J. Brod, B. Grinstein, JZ, 1611.00368, 1707.06998

® consistent counting, including ChPT

e most of this already available in a Mathematica
& Python package DirectDIMM F Bishara, J. Brod, B. Grinstein, ]Z, 1708.02678
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AlIM

e in fact the aim is to help with two different problems

e DM-EFT ideal for:

® comparing different
DM direct detection
experiments

e DM-EFT interm. step:

® comparing direct
detection with

LHC and indirect
detection

J. Zupan EFTs for DM direct detection

Dark Matter Particle-Nucleon Cross Section (pb)
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OUTLINE

e renormalization group running
e chiral EFT for DM direct detection

e from quarks and gluons to nucleons
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TOWER OF EFTS
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EFT EXPANSION

e at which mass dimension to stop?

ﬁEW — Ad 4Qa

e at dimension 7 all chiral / Lorentz structures without derivatives
® probably captures leading behaviour in most theories of DM
e already a large set of operators
® above EW, if Dirac fermion DM in general EW multiplet
e 8 dim-5 ops., 18 dim-6 ops., 100 dim-7 ops.
® this not counting flavor multiplicities
e at ust~2 GeV smaller set
® 2 dim-5 ops., 4 dim-6 ops., 22 dim-7 ops.
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GOALS FOR TODAY

o 2 parts of the talk
® RG running from UV to us~2 GeV

e matching at ys~2 GeV from relativistic
theory to nuclear physics
;ﬁvUV theory | t

.
———
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4 ~ .
W

. EFT with nonrenorm.
DM interactions
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integr. out integr. out
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. DM-EFT w/out
b EWK bosons

. RG running

nonpert.
EFTs with nucleons
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RG RUNNING




TOWER OF EFT

0

j EFT with nonrenorm \
H DM interactions |

ﬂ DM-EFT w/out {
|

X HT,” o
A "g g ) K X K H
= ---< —
A o 5 v/ NH
20 /x H>. R
\E E i
*\\\ - X X
\ ~
m Z
mx N\
= ! f

EWK bosons |

hea‘;y q.
thresh

| nonpert.
ﬁ EFTs with nucleons |

| Heavy Baryon ChPT |
g~0.2GeV | ‘

functions

J-Zapa T DT




LOOP CORRECTIONS

see also D’Eramo, Procura, 1411.3342; Berlin, Robertson, Solon, Zurek, 1511.05964;
Hill, Solon, 1401.3339, 1309.4092, 1409.8290;Crivellin, Haisch, 1408.5046; + many more

e mixing of operators through RGE (Renormalization Group
Equations): J

e e v C (1)

e Do we need to re-sum the logs?
® ai(uew) = 0.01, ao(pew ) = 0.03, ar(pew ) = 0.04, a (uew ) = 0.08
® No - would need A ~ 104 TeV X X

e importance of RGE:

® mixing of velocity suppressed
and unsuppressed operators

® penguin insertions mix lepton L,W

and quark operators
QL Qr
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RG RUNNING ABOVE EW

e allow DM to carry electroweak charges
e for now: only fermion DM
F. Bishara, J. Brod, B. Grinstein, JZ, 1809.03506
® scalar DM in the works
e only dimb5 and dimé6 ops

e dim7 to be included in the future
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DIM-5 OPERATORS

e dim-5 operators:

5 gl — v 92 — V~a a
Qg ) = ?(XU“ X)Buu, Qg)) = @(XU“ T X)Wuw

8
CP even Y= ()HH), QY = (xFx)(HTH),

(5) 91 pv B (5) g_ — UV~ a
| > 287'('2 (XU 5 X) ,LW7Q 87'('2 (XU T )Wuw

5 (N - —~Q a
CP odd g) = i(xsx)(H'H), é5) —= (X7 s x) (HT°H).
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DIM-6 OPERATORS

* DM coupling to quark currents
b= (X1 @y m°QL), @5) = (X5 x) Qi r°QL).
5 = () Q" Qh), Q6 = () (@rQ)).

Y 7 i 6) _ (v i i
S = (ovx) (@ uly), QY] = (Xyuvsx) (@ uly),
) = (X0 (diydy), QYY) = (Xvw5X) (deydiy)-

DM coupling to lepton currents
Qs = (T )LL), Q5 = (X157 x) (i T Ly),
Qios = (0nx) (L L), s = (Vnwsx) (LELY),
QY = (X7uX) Loy i), Q1% = (vwysx) (Feye).
DM coupling to Higgs currents
QY = ("#X) (H'i D H),Q9 = (y*157*X) (H'i D, H),
© = (xy")(H'i Dy H),  QF = (x3*15x)(H'i Dy, H).

J. Zupan J:‘t‘ 1S tor DM direct detection 12 HC2NY, 'lenerite, Sept 23 2019



HIGHER DIM OPS?

: F. Bishara, J. Brod, B. Grinstein, JZ, 1809.03506
e (-th order question: ; ]

® since renormalizable EW interactions, do we care about
higher dim ops?

e if tree level Z exchange allowed, ruled out by direct detection

e this leaves 1-loop and 2-loop as leading

e higher dim ops can dominate

Hisano et al, 1104.0228, 1007.2601
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Dimension-five operators

Dimension-six operators
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FEEFECTS

OF MIXING

F. Bishara, J. Brod, B. Grinstein, JZ, 1809.03506

e the mixing important if from velocity
suppressed ops. to unsuppressed

Aequal [T(‘V]
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Dimension-six operators
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Xenon, xyy.X ® (@ ysu + J’y“’ysd), I, =1

4 107

no e/w running

— | MIXING

‘ = F. Bishara, J. Brod, B. Grinstein, JZ, 1809.03506

if from velocity
suppressed
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RUNNING BELOW EW

e.g., Hill, Solon, 1409.8290

e below EW: QCD / QED running is well-known
e penguin insertions mix lepton and quark ops

e matching at flavor thresholds

14 14

J. Zupan EFTs for DM direct detection 18 HC2NP, Tenerife, Sept 23 2019



DOUBLE WEAK INSERTIONS

D’Eramo, Procura, 1411.3342; Brod, Stamou, JZ, 1801.04240

e in order to have xsecs to O(1) need to
include double weak insertions

® and resum QCD logs

X q
(6) (6)
Qa,q’ . . Ob,qq’
X u,d, s
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MATCHING TO

NUCLEAR PHYSICS
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e L e L.
0P = (x0"X)Fyu ) — (30" ivsX) Fuw

872 872 relativistic
Ly = (0000 (@ q), Qhy = (X1u75X)(@7"q), theory with
Qg}; = (X7uX) (@Y 754) ; fo% = (X 5X) (@*159) , quarks and gluons
(7) — Qs _ apv ya (7) — & = apy Ya
(1) _ Qs ,_ apy a (1) Cs,_. apy a
Qg — S_W(XX)G : G/u/a Q4 — 8_7T(XZ,Y5X)G : G,uya
mq(Xi75Xx)(qq) ,
mq(XV5x)(7759) -
W

I 17] S o
T ) O = S-S
Px ) 1y, o) = (S L) (v L),
mN mN mN
SN U_L) 3 Oé\f = (_’X —’_L) ]]-Ny
: 5 (9 & = id
theory with 0Og =S5, (m—N x S}, Off = 1, (S m—N) ,
nucleons N__(ai_c?) N_~.(~ q)
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see also Cirigliano, Graesser, Ovanesyan, 1205.2695
Hoferichter, Klos, Schwenk, 1503.04811

Hoferichter, Klos, Menéndez, Schwenk, 1812.05617

GENERAL LESSONS

F. Bishara, J. Brod, B. Grinstein, JZ, 1611.00368 X X

e chirally leading contributions due
to DM scattering on a single N
nucleon current

® DM coupling to four-nucleon - G

ops. always O(g3) suppressed v X X
® long distance contribs. only N;:‘ i(
. \&//

O(g) suppr. for scalar couplings

e not all NR ops. generated

e switching on just one NR oper. at
a time not justified N —e——

J. Zupan EFTs for DM direct detection 23 HC2NP, Teneu—.;...._—@.__._‘—



ALL OPERATORS?

e do we need all the operators? E Bishara, J. Brod, B. Grinstein, ]Z, 1611.00368; 1707.06998
e 15 operators with up to 2 derivatives

o general d1m 5, 6,7 EFT above EW scale requires at LO
| O} = (Sy-91) (S, -71)

F = ‘I_’ - SRS & AR Jﬁ
OiV:SX N ;
01 = (5 1) (5 .5,

my my b
(f)é\’: (_’x _’L) In,
oN = —1, (Sy —)

L DN e v mjiﬁ*“““ J
O{\;—gx' _’NX_’J_>7

. WG (2 L

(ot 0) (5 1)
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THE INVERSE PROBLEM

e which of the NR operators can consistently switch
on one by one?

: Hdi) . only one O;' generated assume d<7 above EW

" ON — (3y - 7,) (8, -
o =1 Of = () tay,  Om = N 7))
O =1, S - (71 T;—ij) | oY — 3. -G
r“@év =S, (zﬁ X T:l—(ir) ]l;,h\;' oY = (qu ) (§ :
OF =1, (S 1), Oy = (S, T)tn,
oY =3, (;—ing), j’ oN = —1, (8y )
o — (%%;—QJLN,} ) ‘o{g;sx (Sg i) o
-5 o) G o), (Lon=-( ) (5}
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SINGLE NR OPERATOR?

e what is often done in global analyses of DM direct

detection results

® take only one NR operator

® keep coefficient g independent

J. Zupan EFTs for DM di

oY =1,1y,

Ozj’,v =1, SN - (’l—)lx —q)a
my

Ogvzﬁx-(leni—i)nm
oY =1, (Sy-71),
oy =8, (AL 5y),

my

- z(j’
O = —(8- —-) 1w,
11 X my N

T ———



SINGLE NR OPERATOR?

X_enonlOO, 1705.02614

o1 10{_‘_
e what is often done in global analy <
detection results \
® take only one NR operator i h
® keep coefficient g independent S \

oY =1,1y,

OF =1, Sy - (71 =

0N=§X-(mxﬂ)1N,

my

oY =1, (Sy -7.), O = (8- 71) Ly,

N 1q - 1q
O —SX (m—NXSN>7 Ofé: ﬂ.x (SN'm—N),

L (5 5) 45 (S <o)

— 1)1 — G .
J. Zupan EFTs for DM di O (SX my N O1 Sx SN X UL,
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SINGLE NR OPERATOR?

Xenonl00, 1705.02614
3 01

e what is often done in global analy
detection results

C
s

s'l—'| y| T

Sxm 2
T yl T |?|
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AT LOIN HEAVY BARYON
C H PT F. Bishara, J. Brod, B. Grinstein, JZ, 1611.00368

e quark and gluon currents hadronize as
- _ - _
JV ~ NN 4o JA ~SNN+---

| nucleon currents - _ 5 _
T N JqSquNN—I—--- , mequNﬂ+... 7

jGNNN—i—, jewq“SuNN+...,

v A
Sy~ mOm+ Sy~ Oum +77

JG~m? I ~mgr e, I~ mgm L= ‘]i meson currents ﬂ

* two types of leading order diagrams

===

— TV ~
q,Y,U/q — Jq”u,)
qq — Jg, . ~p
- 1qY59 = Jg )
GG — J,|
GG — J? e ~

: MM qf}//./yg)q — Jq,'u,) ki, : / :
J. Zupan EFTs for DM direct %ete tio HC2NP, Tenerife, Sept 23 2019
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PION POLES

e the pion poles important for

Qa = ¥

(X7 75x) (@Y*759) Qs 4 = Mq(XV5X)(7759) ;

7
ng-,g = mg(XX
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SPIN-DEPENDENT

INTERACTIONS
e the classic spin-dependent interaction

® in relativic. EFT: AXA operator

foz = (X7.Y5X) (@Y*759)

J. Zupan EFTs for DM direct detection 29 HC2NP, Tenerife, Sept 23 2019



AXIAL-AXIAL

e the classic spin-dep. oper. 0 = (mu%x)(m“%q)}

® axial-axial interaction: Cgy,=-Cuy

3t = Ag  L6) (g
Sy-Sn) + C, 6(Syvq)(Sn-q
(Sufn) + ot Ol (5 ) (S
N 1F (6) — ’
°3 Sy S
) 14 (S5n) my = 100 GeV
03l 2.0
T 15t
1.3 T o
________ 5
o _-
E 1.2F o 1 § 10t
/
1.1f /// i Xenon; sz =1
____ Xenon 0.5 ’
ppbee—— °L0 —05 00 05 1.0

6
Civa

dbe




Ratio

W Ot g
| L L

CP-ODD GLUONIC
OPERATOR

e S5xCP-odd gluonic operator

o compare with g—0 limit

— Full q? dep.

—— No ¢2 dep. in poles\/ﬁ\t Aq
- ~ —

-
—‘“’

. —— — —— —
-—
-

31

87T
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PHOTON POLES
e due to photon poles also need O(g2) ops

= —== RIS e

J-ZGpan EFTS for DM ditect detection HC2NP, Tenerife, Sept 23 2019



Ratio

e for magnetic dipole interaction ¢l =

® two coherently enhanced operators

PHOTON POLES - XENON

€ — v
@(xa“ X)Fw
(’)N = 1,1y
q > q
o) (B )
> 3
ory =5 .Sy

HC2NP, Tenerife, Sept 23 2019



Ratio

PHOTON POLES - FLUORINE

i . : e
* magnetic dipole interaction QY = =5 (X" X) Fyu

® both SD operators important

—— ‘ e
T TTT T T T LI o =

o )

27TmX

200 UNTMN 5(5) q g 4
7 008 = (S o) (Sve o)
200 LN 5(5) — ~
——7C N _ .
mw TN 1 O SX SN
20000, MmN 4 1q
Q£2 N 6{5) ON — SX . (77J_ X _q> 1y
q my
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CONCLUSIONS

e EW corrections can mix velocity supp.
ops. (in NR limit) into unsupp. ones

* in general not consistent to take only a
single NR operator nonzero

® should use EFT with gluons and
quarks

J. Zupan EFTs for DM direct detection 35 HC2NP, Tenerife, Sept 23 2019
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TOY EXAMPLE

e an example: scalar mediator ¢, fermionic DM

e interacts with both the Higgs and DM
Ly D MNOXX + prgpH'H

* integrating out ¢ gives dimb operator

Q(5) HTH

e

J. Zupan EFTs for DM direct detection HC2NP, Tenerife, Sept 23 2019




TOY EXAMPLE: LOOP ONLY

* mediators:
e Z,-odd electroweak singlet scalar ¢

® Zr-even fermion ¢ (the same EWK quantum
numbers as DM)

e DM interacts with the SM only through loops

® generate dim-5 operators

O = (xx)(H'H),

J. Zupan EFTs for DM direct detection 38 HC2NP, Tenerife, Sept 23 2019



RUNNING ABOVE EW SCALE

e running above EW scale can mix velocity suppressed and
unsuppressed ops.

* dim.-5 ops: only non-diag. mixing if Y,=0 B,W

e for dipole operators

X
® higgs current ops. diagonal =~ |
anomal. dim. N .
(5) g1 w 92
. JL = _uv L~ a
L 8r2 (XU )BMV’ (s Q2 (XUM T >Wuw
0 Y a
QY = (xx)(H 'H), (x X)(H' 7 H),
X {\’ ) X X ® O
B, W / \\\ /’é’\;{}\ /// \\\ H’\\’*ﬁ'\i{

]. Zupan LI 15 1O DIVI UIICCU ACICCLOIL 7 I'TCZINT, ICTICTIIC, D-EPI L0 £LU17



RUNNING ABOVE EW SCALE

e for dimension 6 operators

® mixing that is present only for DM with EW charges

X B.W X X X X X

QL QL Q,L QL QL Q,L

X X X X

Q, L Q, L Q,L Q. L
J. Zupan EFTs for DM nerife, Sept 23 2019




® PS-PS operator Cgy=-Cgi=-Css

PSEUDOSCALAR-
PSEUDOSCALAR

7 _ _
Qé,; = mq(XV5X)(7759)

e compare full pion pole with g—0 limit

J. Zu

1/R
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0.1F
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104 ———++
251
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1.0 s
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20F
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CP-ODD GLUONIC
OPERATOR

e PSxCP-odd gluonic operator

7 -
Q //
+ 5 =
- /

3 //

__.,// Xenon
1 ol L 1 a3 a3l 1 f PR S T N B
10 102 103
my [GeV]
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ENERGY DEPENDENCE

e The differential event rate as a function of the
momentum transfer as an example: Q47

(7) _ s . Ga,uuéa
4 87 (XZ’Y5X) 3%

©10-54¢ My = 200 GeV

1.00 f — Full ¢? dep. .

—=— No ¢? dep. in poles

>

QO

% 0.75

A

& 0.50

S 0.25

% .

0.00 p=———=— > =——"=
0.01 0.02 0.0 0.1 0.2 0.5
| 7| [GeV]
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VECTOR-AXIAL

e vector-axial interaction: C3,=C3;=C3.=1

6 _ _ N =
Q%) = (X7uX) (@7 ¥54) O7 =1, (S - V1)

— ON +0OF / /
1 4 9 / i 1k / -
—— OF only //
O only / o )
’co\ 3 // L S
300 0.1 / t?*
e
N\ //
10_2 u N Zq_) -
/// O — SX * - >< SN
102 B /// _ 102 B mN
®) 7/ O Pad
e PR = PR
2 10} 7 1 2 1ot P ]
1b=r—77 << Xenon | | ===zl - Fluorine
i . ol . P 1_...1 A T T R —
10 102 103 10 102 103
my [GeV] my [GeV]
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DIRECT DM DETECTION
KINEMATICS

e WIMPS form DM halo
® typical velocity v ~ il

e scatters on target nuclei XN — xV

® typical energy deposit

\§

v 120GeV L4 27 v \?2
B =212 e (209N (e )2
RSV © M4 10GeV/ \10-3

® typical momentum exchange

Gmax ~ 200 MeV.
® this allows for treatment with ChPT

e use Heavy Baryon ChPT to NLO
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P DM DETECTION
NEMATICS

halo

Gl

nuclei XN — xN

deposit
g
2
1y 120GeV L4 27 v \?2
Ba = 237" ~ 2V (=) (556e7) (195)
SR VN Y\, \ocev) 1o

® typical momentum exchange

Gmax ~ 200 MeV.
e this allows for treatment with ChPT

e use Heavy Baryon ChPT to NLO
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N e

«10-4¢ Fluorine, (Xv.vsx)(@y*ysu) I 4 x10~46 Xenon (X’YMYSX)(U’Y“ Vsu)
I PICO region — 10 I LUX region — 10
1 — 30 1 1.2+ | — 30 u
: — 0 . 1.0} | — 50 ||
! — 100 T — 100 ~
: 200 [] > 0.8} = 200 H
! O
| | s 0.6
! 3
11 0.4
| 0.2
L ' ' 1 0.0
20 40 60 80 100 20 40 60 80 100 120
q [MeV] ; q [MeV]
~—typrearcricrgy ucpoSlt L T
2 | A
Py 120GeV Uy N2/ U \?
Ed = 2—?) ~ 2keV 3
M A M A 10GeV 10—

® typical momentum exchange

Gmax ~ 200 MeV.
e this allows for treatment with ChPT

e use Heavy Baryon ChPT to NLO
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Anand, Fitzpatrick, Haxton, 1308.6288

NUCLEAR RESPONSE

e for nuclear response we use the formalism of Anand,

Fitzpatrick, Haxton ON = 1,1y, Oy = (v.)* 1,1y,
N _ = q N_4d a&
e match onto ops. O3 =1y Sy (W m—N) Oy = 5x- SN,
i N_G (5 x4 v_ (5.9 (5. T
with NR nucleons 0y = 8, (71 x mN) iy, oy = (5 mN) (Sv mN),
e only this subset of 07 =1, (Sn - 71) O = (8- 1) 1w,
I , N_g . (M g N _ _ 5 g
NR operatorsis _= o) =5, (=L x5), 0% =1, (Sw- ).
generated o = (5 1)1y, N O (Sre).
MmN | Wilson coeffs. in R;

® Xsec prop. to

W; are nuclear

1 1 M2 '
o 2J +12J4+ 1 Z;S|M|““C‘e“5 N / (4myma)? / ;E;Izzzz
UT =V — Q/(Z,foA), N TTL‘ L’
| 2JA+1Z Z{ T Wir (y) + R Wes (y) + RY Wi ()]

\/‘ 7=0,1 7/
o . 1/ @ .5, \_/ 2
Ry = (4mme)2[cNR,1cNR,1 t3 (m U7 CRR 5CNR,5 : 77(%\/ [RTT " (y) + Rie Wik (y )] },

2
N
12 ‘jQ !
+ U7 Cng, SCNR g T m?\[ CNR,llCNR,ll)] |46 HC2NP, Tenerife, Sept 23 2019




NUCLEAR RESPONSE
FUNCTIONS

 Wn(g) : from vector operator

e in g—0 limit counts nucleons = spin-indep. (coherent) scattering

0011——Z|§ + S,)|

spins

e Wyrand Wy : longit. and transverse axial ops.

® related to conventional spin form factors

, ya . .
Wg, + Wi =S, < 7,7 =0,1. - 501:%Z|<5p>|2_|<5n>|2,

e measure the nucleon spin content of the nucleus
* W, : vector transverse magnetic operators

e nucleon angular momentum content of the nucleus

A h scaling; |
(very) rough scaling Wiy ~ O(A?), Wy, Wi, Wa, Wasy ~ O(1)

e in general three more response functions

e these not generated to the order we work
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Heavy Baryon ChPT

e assumption in the formalism for

| X X
nuclear response functions
, N__, .
® DM scatters on single nucleon N
>

e how justified is this assumption?

® how large are contributions from

DM coupling to four-nucleon operators
e will address using
e Heavy Baryon Chiral Perturbation Theory (HBChPT)
e ChEFT of nuclear forces

¢ proton and neutron treated as heavy, m, ,»g~200MeV
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HBChPT counting

Weinberg, NPB363, 3 (1991); Kaplan, Savage, Wise, nucl-th /9605002; Cirigliano, Graesser, Ovanesyan, 1205.2695

e HBChPT allows for consistent counting of “A-nucleon potentials”
® expansion in g/Achgrr~q/Mp~0.3

* A-nucleon irreducible amplitudes scale as ~ q’ s

v=14—A—20 + 2L + Z Viei + €y, | effective chiral

’/7\ /‘7 i/'?\ dimensions

# of ' B
odic;or;::;csted # of loops ¥ of vertices € — dz + n; / 2 — 2,
i of type i /}7 ‘f\
® more nucleon legs in a vertex chiral dimension ~ # of nucleon
more suppressed # of derivatives legs

e gives scaling for LO and NLO potentials
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3

N \/ hPT

, Savage, Wise, 1
C=A . C=A-1

onsistent countimng ot “A-nucleon potentials”

Weinb 1esser, Ovanesyan, 1205.2695

o |

® expansion in g/Achgrr~q/Mp~0.3

* A-nucleon irreducible amplitudes scale as ~ g sl

v=4— A — 20 + 2L + Z \/;;62. + €xs effective chiral

/.7\ /‘7 i/'j\ dimensions

t of |
odic;or;::;csted # of loops # of vertices € — dz + n; / 2 — 2,
: oftype 7 it
® more nucleon legs in a vertex chiral dimension ~ # of nucleon
more suppressed # of derivatives legs |

e gives scaling for LO and NLO potentials

J. Zupan EFTs for DM direct detection 49 HC2NP, Tenerife, Sept 23 2019



NLO CORRECTIONS

short distance corr. long distance corr.

ample higher
order corrections

X X

N X X \3/
N. %é > }\ / N :I . ‘:
. Y

N
N s

>
>

-
>~

loop correct.|

e SD always scales as ~ ¢"*° "’

§ culvfor o J) ,J0J0, T J° and AV parametrically larger,

g
e we work to LO, results have relative O(g/Acnerr) ~ 30% accuracy
® at this order: DM couples only to single nucleon currents
e at O(g) LD DM interaction with two nucleons, e.g., for gg
e expected size in chiral EFT~(g/Acherr) ~ 30%

e short distance DM-2nucleon interaction at O(g3) ( size: ~few%)
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DOUBLE WEAK INSERTIONS

Brod, Stamou, JZ, 1801.04240
* QED and double weak insertions important

only for dim 6 operators

0} = (xX) (FA"f), Q) = (X 1sX) (Fr™f)
O} = (1) (Frwsf) .| Q= ) () 0 |
® Cross sections Aa—1/ 1%
AIQ )l ~ A, AlQ)] =0, AQF),)] =0,
AIQ o) ~maxfora, b a0 o, AIQY,] =0,
’ my ’
A ) ~maxfur L AL ~ AsA(Q), AIQL, ]~ Ac)AIQL)
X
AQ ] ~ 1, A[QY)] ~ AsAIQY)] . A[QF) ] ~ Ac(b)A[QY)] .
J. Zupan EFTs for DM direct detection 51, Ac~ =5 - 10_47 Ab~ —5-107°

T ——E



including QED corrections
DOU x INSERTIONS
Brod, Stamou, JZ, 1801.04240
e QED a nsertions important
only fc .
Y’} = (x X X)(FYf) s
oY =(x ,, 1 , (s ) (P s f) ,
f f Cc(zd) @
® Cross secti§ns Al r=tabil
AQY ]~ A, > AR ~ LAl AR~ Al [ T
Q) ] ~ max { orA, mLN} CAQE) ~ AQSL AR ~ - AQS),
AQy ) ~ max { mi} o AQS) ~ AsA[QS‘iiJ - AQ ) ~ Ac(h)A[Q]
X
AIQP) J]~ 1. A[QY)] ~ AsAIQL)], A[QL) )] ~ Ac(b)A[QY)],

J. Zupan EFTs for DM direct detection 51

Ac~ —5-107% Ab~ —5.1075
M



including QED corrections

DOU x | TN S s tlecoweak
corrections loi
e QED a nset |
only fc .
oF’) = (x XV
oY) = (x - / XV VsX) ([ s f) )
® Cross sectiQns 7= A§4‘(Ld)]>
AIQ®) ]~ A, > 400~ 2AQP),  AQ%y~ Zal)
A%, Nmax{vTA,miN} LAY~ [Q“”] AIQY) ] ~ - AIQF),

0 7 ‘ q (6) 2 m? y
AQJ‘)L(d) ~~ max {UT? 77’2_} ) A[Qli,.s] QA[Qi (1] [Qéﬁg(b)] 72 (b)A y

» 1672 m?,
- ~6) (6) (6) 2
A.Q4,u(d)- ~1, A[Qy] ~ AsA[Qy ], ‘A[sz(b)] N 12;2 n;éb)max {vTA, mi}|
) Z N

J. Zupan EFTs for DM direct detection 51 Ac~ —5-10 ) Ab ~ —5-10
T —— e e —



QCD RESUMMATION

Brod, Stamou, ]JZ, 1801.04240

¢ QCD resummation for double insertions

e required since (as/T)log(mw/Anaa)~O(1)

q

q q q q q q

q q q q
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QCD RESUMMATION

Brod, Stamou, JZ, 1801.04240

e OCD resummation for double insertions

DM scattering on protons
7

3 p p p P p 3
F C1 C4 Ce Cr Cg Co 3
O E ]
: 9
C \"n s . o 3
3): & > _with resummation ;
s +  + .
4F without resummation 3
E \/ é \9 e Q
3 3 \/Q / N S 3
E A + + Q Q/x Q/x ]
E .9 AEEN\ RN s ]
g ’:‘4 N A + + + + ]
2F :0: :0:4‘ ;\ » N N 3
- XX 58 (&2 xQ s \9 v q N .

% ¢S X 7N + + A 505
00 0% S 5K + + Q 5 :
8% 55 S KK A 2K S :
1F R XX R KX A 208, XX =
A% 5 S5 KK S O K O XK O K5 ]

B XS S KK S5 X5 o ole % % 5 SR K B K8

0 QKX & KK KK QR RS K&K QR XX X SR SR XK

(6)-(6) (6)-(6) (6),-(6) (6)-(6) (6)-(6) (6)~(6)~(6)-(6)

C3.c 3.,b C4.CC4.b C4.CC4.b CJL 3.,b C4.CC4.b C3.CC4.C 3.bC4.b

q a q a

J. Zupan EFTs for DM direct detection
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NLO - SINGLE CURRENTS

F. Bishara, J. Brod, B. Grinstein, JZ, 1611.00368; 1707.06998

e for many operators two-nucleon currents highly
suppressed

* are g2 corrections to single currents ever important?

® part of it captured by form factors for LO operators
® but also new operators generated

e example: tensor-tensor operator

’ = HY N Az g 7
é,g = mq(XO"u X)(qUWQ) (S .S ) mNmXﬂ IlN
/\/ |
LO spm dep. & NLO spin-indep.

coherently enhanced ~A2

® numerical factors make it small, though
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SCALAR DARK MATTER

* analysis for scalar DM easier
e no DM spin = no cancellations in products of [, x(leading chiral J,)

e for P, and A, currents the contribs. are enhanced by pion poles

OF) = (p*idup) @r"e), Q) = (#"10up) (@7 150),

0F) = mq(*¥)(70) , Q) = my(*p)(@iY5q) , .
o Qs ©) o non-relativistic
3 = 1o (9 0)GMG,, Q= 87("” )G Gy, theory with
e . , | nucleons
1 = g3 (Oup0up) . ) }
1p — (901)90'0) (pvpv)a
relativistic
(1) _ (% —
theory with « Ylp T (¢5e0) (Puiq-Snpo),
quarks and gluons Q2 ) = mn (0%00) (Bo v Sn o),
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