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Introduction



WIMP direct detection (I)

® Typical scales involved in direct ark
. Matter?
detection process:

nucleus

Detector

4 N\
|Tlmax = 2 [t Vrel < 24 Vg ~ 200MeV

2
Erp < ‘Cﬂmax ~ 200KeV
S ZmA y
ma ~ 100 GeV vo ~ 1073

“Right” kinematics for (chiral) expansion in p ~ g/mn ~ ma/mn



WIMP direct detection (ll)

4 )

AN do
e Event rate X D ®

\dEﬁ dER)
7N

[ O ~nuvf (z) J [( lo~ 0o p & Ryyel J

Flux factor: WIMP-nucleus cross section:
DM local density and velocity distribution particle physics X hadronic x nuclear physics

® Here focus on hadronic / nuclear physics effects, using chiral EFT
power counting as organizing principle



EFT framework for direct detection
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EFT framework for direct detection
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EFT framework for direct detection
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Strategy

® For a given quark-level operator:

-

|. Chiral symmetry = WIMP couplings to 1T, N at small g

2. Chiral power counting for XN...Na = XN/...Na amplitudes =

VxN, VXNN;, ... to a given order in p ~ g/mNn ~ mu/mn

3. Nuclear matrix elements

. Y,W,ZH, ...
Same strategy as in electron-nucleus or S
. . 7 \.\
neutrino-nucleus scattering — 3 \—
(difference is in the operator structure, j ) E

kinematic regime, target nuclei) %



Chiral EFT for scalar
Interactions

For a discussion of other operators, see Hoferichter-Klos-Schwenk 1503.0481 |
and references therein



Scalar interactions

® GeV-scale effective Lagrangian™ involves 4 short-distance couplings

Lsu A o AIXX]—1 Z Ag Mg qq + A0, | +

qg=u,d,s

. = gas a apyv
and trading GG operator for trace of energy-mom. tensor: 6 = m,qq — 3 CwC"
q



|. WIMP couplings to 1T, N

® Hadronic realization of

.

Lqep + Z $q¢qq9 + se0),

qg=u,d,s

~N




|. WIMP couplings to 1T, N

® Hadronic realization of

® Usual chiral Lagrangian,

organized as expansion in

derivatives 0~O(p) and chiral
symmetry breaking mq~O(p?)

~
§ - S¢qq + st
qg=u,d,s )
~ N
(2) (4)
1T TT
el ~ pr]
T T | y
4 N
1 2
n b
ga
- ~ = FPrn° Si"
<< F D N
N
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|. WIMP couplings to 1T, N

N
. , L OH
® Hadronic realization of LQCD T 56 9#
- q J
mg XX
Sq = g

v AXX]-1

® Scalar source appears in chiral ‘::<< <> ByF? = —(0|gq|0)

effective Lagrangian in the same
way as quark mass matrix

N)

><H



|. WIMP couplings to 1T, N

.
e Hadronic realization of Lqcp + Z Sq 49

L qg=u,d,s
_ 1 XX
20 = )‘(’l_u\[XX]—1
® FEnergy-momentum tensor ﬂ\ %
operator identified by ::<< «—> O(p*)+0(p") +...
coupling chiral EFT to n" »:

external metric

Donoghue-Leutwyler 1991

N X
><><(_) mN+O(p)+
N X



2. Power counting and Vxn,VXNN, ...

® Non-perturbative amplitude T: sum of ladder diagrams

WIMP

S~ TS~ STRONG
. INTERACTIONS
— "'!,/?_f\_\n. " \
—1 2 +— _,' - " , ‘Z
NUCLEONS ] 4{ * }— T ’ *—* T
\/\ "'\_/"'
WEAK INSERTION
Max
- One insertion of A-nucleon irreducible - Arbitrary many insertions
amplitude with external probe attached of A-nucleon irreducible
amplitude with only strong
- Has well defined power counting (no IR vertices

enhancements ~ M,/q)



2. Power counting and Vxn,VXNN, ...

® Non-perturbative amplitude T: sum of ladder diagrams

WIMP
~—~——— T — STRONG
< : INTERACTIONS
— —2\ /2N M\
_]l' , 'I'— —‘l' : |‘—1.' \
[~ |
A ] e + {1 +
NUCLEONS * | y g I '
H.I l'I‘ ‘I'| l' ‘u'. ",'
\ / \ \ I
A NS \ N

weak INserTion ™M A X

® Match T to non-rel. Lippmann-Schwinger description

e . A
Fourier Transform

Max(qis--qa,qGx) <— Hi(Z1,....T4,Tx)=Vyy + Vinn +
S 4

Leading terms in H; (potentials) determined by power counting of Ma x




2. Power counting and Vxn,VXNN, ...

® Scalar density:

e N
Pw \/ Py
V v ~—— o
DM (__.-' DM '
~ ' > P’ P
/O ~ P O\ - N . 1
4 \ 4 \ N
N N ! | T/ , m O
\ | « 1T
M “ ~ / \ I N
— = ' 2 = P
LO: contact WIMP- .
. . NLO: Single nucleon form factor NLO: Two-nucleon
nucleon interaction oo
contribution
- Y,

® Energy-momentum tensor: first corrections arise in principle to NNLO



e NLO amplitude: |-nucleon O kA O
M x = fN(qQ) XX NN N =npn

1 iy
2 n | A 2
fp/n(q ) — » A2 Z /\q Uép/ ) + /\6 Mp/m — GAT F,? (A((] ) =

np | g=u.d,s /
\§

/

Usual g=0 term,
controlled by sigma terms:

[{2\ mqqq |1) = o, J

Giedt-Thomas-Young 0907.4177 Kronfeld 1203.1204

Crivellin-Hoferichter-Procura 1312.4951



® NLO amplitude: I-nucleon |6, n,K,n/xd\
M x = fn(¢P) XX NN N =p,n
( -
f ( 2) _ 1 Z \ (p/n) + Aan o 9124 A 2 + B 2)
p/n\4d ) = o A2 q9g e My /n . FT? (¢°) = B(q

np | g=u.d,s
. / /

/ /

Usual q=0 term, Slope term: no new couplings

controlled by sigma terms:

L(z\ mgqq |1) = chi)’l.z’z"’f’i’a J

Giedt-Thomas-Young 0907.4177 Kronfeld 1203.1204

Crivellin-Hoferichter-Procura 1312.4951



® NLO amplitude: 2-nucleons

D

P2

f
1

g
1 g3
Mpr = ———— =
vAZ F? (qf
M 1 g4 ( >2 DAl SN Ne- SM 3
— . : : qi qz - XX
T wAZL3F2\ B (g1 —m3)(gz —m3)
g
>\i = (1M A\ ::md)\d My, T Mg 94
( u\u )/( u ) a=F/(D+F)=~04

TITT contribution first considered in
Kamionkoski-Kurylov-Prezeau-Vogel, 2003




3. Nuclear matrix elements

(fIT]i) = (2ﬁ)35(?:) (gx +qa) T(qx) T(gx) =T, + T
- N
o= Y [ @) e Vi
1=1.A

T = Z /dq dz; p2(%;, ;) ®%(ix;fi,fj)

1<]




3. Nuclear matrix elements

(FIT1i) = (2m)*6"*) (ax + 4a) T(dx)

T(gx) =T\ + T

-

\
T = Z /dfi p1(T;) ®
1=1,A
o= Y [ m@) e
. 1<] J

g-dependent “potentials”, related to momentum-space amplitudes

G _ix =
) = _/ : e (2”)35(3)(%4-(1)() M x (g, qx)

(2m)*

) _ _/ dql qu e—i(ﬁ-fie—i(fj-fj

27)3 (2m)3

(2m)*6°(Gi + G + dx) Mo x(G% G5» Gx)



3. Nuclear matrix elements

(fIT)i) = (27f)35(“i’) (gx + qa) T(qx) T(qx) =T +T5
4 )
17 = Z /dfi @’:‘ ﬂ(q’x;fi)
1=1,A
T, = ) /dfidfj ® Va(qx; T, 7))
<]
N y

Nuclear structure input: one- and two-body densities in the ground state

Pl(f) j— / dfl ---de—l |/lrb0(fla"'7l—i4—laf)|2

pQ(Il—?’j 37) = / da?'l . a de_Q |¢O(fla . e 7544—233—:’7 37)|2



® One-body:factorization of nucleon and nuclear effects

-

1= P&l (203 + (4= 2) fullix)

\ ! /

Nuclear form factor
(Fourier transform of one-body density) Nucleon form factors



® One-body:factorization of nucleon and nuclear effects

-
, = |12 4 — 12 A — 12
I = —F(ix?) (Z f(1ax?) + (A= 2) fallax]?)
. / i
Nuclear form factor
(Fourier transform of one-body density) Nucleon form factors
® [wo-body: use shell model to get first rough estimate
4 )
A gam> |2 R2(A
rgm e 9 @ <o (B
v, 96T F- 6
\ T Y,

Nﬂ"]" —_ _119/4




Phenomenology:
scalar interactions



Differential rate

-

.

dR RXPX

dEr mmy

2

~

|21 Er)+(A=2) ful En) | F(ER)—T3(Er, A, Z)| n (Er)

J

The stuff in red is absent in the LO analysis



Differential rate

- )
dR K | N
= BXPX N 7 £, (En)+(A=2) fal Er) | F(ER)~To(En, A, Z)| 1 (Er)
dEpr 1m™my
L J

® Anatomy of recoil spectrum: “astrophysics” factor

10F
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Differential rate

- )
dR K | N
= BXPX N 7 £, (En)+(A=2) fal Er) | F(ER)~To(En, A, Z)| 1 (Er)
dEpr 1m™my
L J

® Anatomy of recoil spectrum: hadronic / nuclear effects at LO

fon (ER) = fon [Aqe]

/

sigma-terms ® short distance A’s




Differential rate

- )
dR K | N
= BXPX N 7 £, (En)+(A=2) fal Er) | F(ER)~To(En, A, Z)| 1 (Er)
dEpr 1m™my
L J

- fon (ER) = fon [Aqe]* knp [Aq] A Er

® Anatomy of recoil spectrum: hadronic / nuclear effects at NLO

v\

Different linear combinations of N’s

1.00
0.95 f—
0.90 f—
0.85 :—
0.80 ;
0.75 :—

o70l— . . ...

A=133, slope is proportional to A

L | L L 1 | 1 L L | ]
20 40 60 80 100

Er (keV)



Differential rate

4 )

IR Y | | 9
d(ER — :r)jfji ‘[pr(El?)+(A_Z)f7z(ER)] F(ERr)—T>(Er,A,Z)| n(ER)

- J

® Anatomy of recoil spectrum: hadronic / nuclear effects at NLO

- fon (ER) = fon [Aqe]* knp [Aq] A Er

v\

Different linear combinations of N’s

. TA0AZ)(AF, (0) ~ 5% AN SR —
Similar to LQCD* estimate 1306.6939



NLO vs LO: integrated rates

4 R . Xe Xe
2 Rxto/RLo

dR
= <E>ER

- J

® Huge effects along “singular” o
lines where LO is S
suppressed: f, =0 (at finite =
r)and Z + (A-Z) r =0

® Similar features for different
targets and As/Ag, mx



dR/dEg(events/kg/year/keV)

my = 10 GeV

NLO vs LO: spectra

Model B Model A
10! | ===m: Ge (LO)
S 10° = Ge (NLO) _
o mma=: Xe (LO)
107! - S
b
%
107 - =
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2
105} ' : g
: Z
L) s
10—7_111llllllll:llllll:lllll-
0 5 10 15 20 0 5 10 15 20

E R (kCV) ER (kCV)




dR/dEg(events/kg/year/keV)

my = 100 GeV

NLO vs LO: spectra

Model A
: 400 L S S S S S S S S S S S S S S S S S S »
141 e L L DD Ge (LO)
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I e
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@ 200 -
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. ./
04 e ( ) _ % 100 )
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0.2F T ==mei .. ; = I
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® |arge distortion:
fn,p(ER) VS n(ER)



Impact of NLO corrections

® While consistent with power counting, NLO effects can have
significant impact

® Description of scalar-mediated VWIMP-nucleus scattering
involves 4 parameters (Auds6//\?) rather than 2
(Op and r = f,, /fp)

® L[ O and NLO contributions depend differently on N’s —
corrections to amplitude can be larger than what

expected by power counting, for certain choices of N’s,
especially along LO “blind spot” directions




“Isospin-violating dark matter’

n and p do not have
to couple to DM in
the same way

Kurylov-Kamionkowski 2003
Giuliani 2005

Chang-Liu-Pierce-Weiner-Yavin 2010
Feng-Kumar-Marfatia-Sanford 201 |

|dea revived by
conflicts in searches
using different nuclei,

when interpreted at
LO with r = f,/f, = |

—r — —
o () o

WIMP-nucleon cross section [cm?]

—
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-44
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W
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FN
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S~
n
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w
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® Can one reconcile experiments by having f, # f,! (i.e. destructive
interference in Xe, Ge but not-so-destructive for other nuclei, eg. Si?)

3
] 1 1107 =
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’ i ~ ’ . _4:.:
3 O hgEE ¢ \ 410 ° 8
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.- \ e
el __CDMslite %
TS B 0 5e
: T 410°S
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i s, XENoN1p o, . 108
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- Ge Cpass N a -
E ( ) /bs\.‘.. e 7 ;\_\ 10 &
[ *?§n - =
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- & Pecteq : ~d 10
; en :
. (Xe) Sitivjy, j
| | | | | | | - 0-8
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Degradation factors: LO

Kopp-Schwetz-Zupan 1110.2721

0" T T+ T T+ 1_~Z
- N | \Q _
—1.0 ) \ - > —
LO/ .\ _ ("0-1’/ - -\C
D~"(r) = —5 \ o
R (1 Ip) 102 S =
\. J/ — Ge E
— 72 - (e T
D'O(r) = Chs (11142 Z)r) - ©
E y =
“Xe-phobic” region r=-0.7 —_T i
_ | RHIA
-4 1 | |
1012 1 08 06

r=fn/fp



LO fit to data

1311.5886

e LO fit withr=-0.7
shows compatibility
between CMDS-Si

and LUX

® But it relies on large
suppression of LO
Xe cross-section

® What about NLO
chiral corrections!?

CDMS-S1

my (GeV)

Fits use 2013 input from CDMS-Si and LUX.
Super CDMS (Ge) 2014 input not included



Degradation factors: NLO

- )
—NLO —_ —
DNLO(I‘, ;s’ 39) _ R (I', O-pa /ISs /16?)
\ - ELO (1 ’ (Tp)
S J

e DNLOstill quadratic in r

® | ocation of the minimum
shifts, depending on

N )‘s 0
Aeg = —
30 )\u

(couplings to heavy quarks)

10

(NLO

Q
0.01

0.001

107*

Xe.my=10 GeV: A,=0
L] l L] L L L l L] L] L] L] l L L] L] L]

0.1}

----- -w

NLO: 1=0

— NLO: 14=0.1

NLO: A¢=-01
NLO: 1=-0.025

1311.5886

1 L] L] L) I




® |ocation and depth of the “dip” vs heavy-quark coupling:

— 7. 2o . : vLO
Xe.my=10 GeV: posison of th minieaum of DY Xe.m=10 GeV': value at the minimum of D'
o] _' 1
13 Canonical | o1
; &I Xe-phobic point ; —~
. 5
/ L £
) C] Q
—i- 0.001¢ \/
] 1074}
e b e ey 10—5----12---1-...1-....
0.00 0.05 0.10 ~010 -005 000 0.05 0.10
g Ag
rmiN can take any value In most cases “degradation”

® This points to a manifold of “Xe-phobic” couplings (beyond r=-0.7)



NLO fit to data (l)

Benchmark A: f,/f,=-0.7, ;= 2,=0
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® r=-0.7/ leads to good compatibility —— R
or full exclusion,dependingonthe | \@ T
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|
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1 1

Benchmark C: f,/f,=-0.7, 1,=0, A4=0.1
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NLO fit to data (ll)

® New compatibility
regions at r #-0.7

® Characterized by quite
different values of Ay d;s6

e Different collider and
indirect-detection
sighatures:
richer structure!

a'p(cmz)

cw',,(cm2 )

Benchmark D: f/ f,=0.15,1,=0,5=-0.025 Benchmark E: f,/f,=-145,

—oI,: 0.1

1077 1077 =
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107 | 1077 = :
Y\ vopy =45 MeV|
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£
L
o,
10-F 5 10%}
lo—4l s 10—41 L
Oy = 60 MeV > N
—42 1 1 PR T 1 4 — 42 1 1 I T 1 T
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What about NZLO,...?

® At small recoil energy, IR (Z r(A— 7 — )
to all orders in XEFT \( —I_@ T @
oz ey
min T 7 Ay
1-Z




What about NZLO,...?

® At small recoil energy, IR (Z (A— 7 — )
to all orders in XEFT \( +@ T @
7 1+% / 2
'min — i o L
1-Z 1-13 | Ay, =0.15,0.17,.

Xe, Z~0.4

_ Z 01}
=3 .

001

® Aslongas Ay has well |
behaved expansion, rmin and
dR(r) are stable against 0001 -
higher order corrections |

—a
10"’2



Conclusions

® Chiral EFT: systematic tool to analyze WIMP-Nucleus
scattering and reconstruct or bound WIMP-quark couplings

® |mpact of chiral corrections
® Quantitative: precision DM phenomenology (post discovery)

® Qualitative: sizable effects possible through interplay of
short-distance parameters and hadronic effects.
Dramatic effects on “blind spots”, such as IVDM



