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Standard Approach
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Model WIMP-nuclear interactions as WIMP-quark/gluon interactions
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Interaction types include coupling to nuclear charge (spin-independent) or sp
(spin-dependent), giving two nuclear response types

The non-zero nuclear size and momentum dependence is encoded Iin form fe
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Target specific nuclear physics is also taken into account
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Target specific nuclear physics is also taken into account

R. Schnee, arXiv:1101.520%
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It has been shown that the standard approach neglects a large set of possible non-relativistic of
beyond the SI/SD ones
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There also exist four more nuclear responses that arise in the most general nucleus-WIMP elas
scattering
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A.L. Fitzpatrick, W.C. Haxton, E. Katz, N. Lubbers, and Y. Xu, JCAP 1302 (2013) 004, arXiv:1203.3542
N. Anand, A.L. Fitzpatrick, and W.C. Haxton, Phys.Rev. C89, 065501 (2014)
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Gresham & Zurek (2014) showed that wildly incorrect interpretations are possible if only the
standard SI/SD responses are used
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Effective Field Theory
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Incorporating Galilean invariance, energy conservation, and Hermiticity, all
relativistic operators will be built out of four guantities
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Sunday, May 17, 2015



N. Anand, A.L. Fitzpatrick, and W.C. Haxton, Phys.Rev. C89, 065501 (2014)

Sunday, May 17, 2015



There are fifteen combinations of these operators
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From the relativistic EFT there are 20 combinations of fermionic bilinears
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In general one can write down the non-relativistic Lagrangian

# O
#
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General isospin couplings can be incorporated
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The DM-nucleon interactions can then be written
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Given a non-relativistic reduction, one can identify the dark matter operator coefficients
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The dark matter-nucleus amplitude can be written as
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Assuming P and CP are good symmetries of the nuclear ground state leaves one with 6 respc
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The dark matter-nucleus amplitude can be written as
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To calculate cross-sections, one needs to square the amplitude, average over initial spins an
over final states.
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P. Agrawal, Z. Chacko, C. Kilic, and R.K. Mishra, arXiv:1003.1912

N. Anand, A.L. Fitzpatrick, and W.C. Haxton, Phys.Rev. C89, 065501 (2014)
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e After the non-relativistic reduction, we matched onto@heperators

® Two additional non-relativistic operators must be included in the vector dark matter case

Oq7 | —— aS &, .
r_nN 'Sij = 3 I +!j!|
015! 9 458,
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® Two additional non-relativistic operators must be included in the vector dark matter case

— 1
TTN S =g Nt
O; ! — &S &y
My

J. Fan, M. Reece, and L-T. Wang, JCAP 1011 (2010) 042, arXiv:1008.1591
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O;! —4S &
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e After the non-relativistic reduction, we matched onto@heperators

® Two additional non-relativistic operators must be included in the vector dark matter case

Oq7 | m—aSﬁn .

in Sip =5 hl
O;! —4S &
18 — N

J. Fan, M. Reece, and L-T. Wang, JCAP 1011 (2010) 042, arXiv:1008.1591

® Some EFTO; terms do not appear

e Ve calculated the leading order operator for each distinct interaction in a minimal fashion: onl
single set of two couplings is non-zero

® Non-standard interactions were found to dominate for certain interaction types
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e Aside from scalar WIMPs each particular spin produces some non-relativistic operators that
unique to that spin

e WO non-relativistic operator§): andOao, are ubiquitous and arise for all WIMP spins we have

explored
1 Iy PREPTN

® |n five scenarios relativistic operators generate unigue non-relativistic operators at leading o

The operators can produce radically different energy dependence for scattering off different
nuclear targets. Thus, a complementary use of different target materials will be helpful in ord
reliably distinguish between different particle physics model possibilities for WIMP dark matte
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50 GeV spin-1/2 WIMP off of3Ge (dashed) antf2Xe (solid) for a 1TeV mediator
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50 GeV spin-1 WIMP off of3Ge (dashed) ant#Xe (solid)
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As direct detection experiments becoming increasingly more sensitive, a
discovery requires accurate modeling to discern paticle properties

Nuclear-WIMP interactions which include responses beyond the standard c
could avoid misinterpretations of the particle nature of dark matter

We have examined a general array of single WIMP, single mediators intera
and found non-standard responses arise at leading order for some interact

types

The use of a variety of detector materials can be significant

Precise model constraints need to be carried out

Complementarity from colliders and astrophysical probes is also vital

An ongoing program with much to do!
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Direct Detection of Dark Matter

From Microphysics to Observational Signatures

James Dent

JBD, L.M. Krauss, J.L. Newstead, and S. Sabharwal, arXiv: 1505.03117

UNIV lf'l RSITY
; ,LO,UISIANA | Texas A&M May 18, 201§
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One can also decompose the velocity difference into a center-of-mass piece and intrinsic par
vioro{vt Ww(i),i=1,..., A}
# U (W (),i=1,.. A" 1}

where the nuclear center-of-mass (Target) is described by

114
1 | — u ] | - | .
Vi = Ve " —  [Vnin (1) + Vnsout (1)]
=1
The nucleon velocities are decomposed into internal and OinO and OoutO segments

Operators are decomposed as In

I ,u IA 1 . . ,u .
v aSN — é [\'/X,in + \'/X,out — \'/N,in (') _ \'/N,out (')] aSN (l)
i=1 i}
C R A1 . NN
=Vra Sy(l)— 5 [Vi,in (1) + Vnjout (1)] @SN (1)
=1 =1 int
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The nucleon positions and momenta are replace by operators which account for the non-zerc
nuclear size

fain | Buin M | s M

!
tuow | BuowM 1# 1S M
o it

The DM-nucleon interactions can then be written

SIS+ 1T+ &P + I, 4Q + I 4R}t (i)
"=0,1
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Effective Action Non-rel [imit Operator Matching
. |
j Ll Nonrelativistic reduction GO, P/IT
1 "3 NN 1. 1y o E/E
2 i"g NI SN FUESY O10 0/0
3 i 5" NN —i 4 &S ~™ 0y, 0/0
4 ‘s 5" NP 5N k- S — ™ O, E/E
5 L 1. 1y o E/E
R n # n B . # mq'2m o —er:.]]—NO
6 b 4 Nt N P11y +2 & xS +ivt a L xS T T #  EE
N M +2 mM’Fln" mﬂZN_ 04—0¢
7 "o 0N BN 25 &t + 2iS &Sy x §) —20; + 2M Oy O/E
8 "B 1 Niths 31 SN 2i -0 a3, 2.0y 0/0
"G #HY e NI q° 9 S i d i _2m9$nM O1+ Zr?,\';'. O5 "
9 A NN — g b IN—2 g X S+ iV A x S s 20, 0, E/E
o L#T . L # ] )
10 gD N, ON 4 4 %8574 8 « 4 920, - ™, E/E
Mu . r%%" . M M
11 "G#HRe" NI K| SN 4 L xS aS 410 O/E
s 04 0ok 1 $ $ 52 N , - #0/0-> L2 . =9 2
12 i"d#eEe N 1 ON —i-4 _4vta LxS %#aSN —m 27010 - 4101, — 43055 O/O
13 "B M1 5" NN 2vt aS + 2|s a4 Sy >< 3 20g + 20, O/E
14 " RS Nithys 3N <& ~4™.0 O/E
15 "5 115" NI KT SN —4§ aSN —40, E/E
16 iy M1 5 I\@i#w%! 5N 4i vt aS aSN 4™ 0y E/O
17 i #7025 5 NI 2i - 2™, 0/0
%06 | 5n q 43 % _§ A - i S
18 N Eda /°' W#u$mMN —- aS |mNm — 4v a—xSN _E/.O”+ 4%015 O/O
19 i #u%rg—:A/O! 5 NI 1 5N —4i L 45V, &S, —4MOy, E/O
2
20 i'G#HeEE) 5 i O SN 4% aS- KRERY 4™ Oy E/E

N. Anand, A.L. Fitzpatrick, and W.C. Haxton, Phys.Rev. C89, 065501 (2014)
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Various profiles and their uncertainties

NFW: standard
Einsasto: cored
Burkert: dwarf
Hernquist: analytic
Via Lactea: simulation
MB: isothermal sphere
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Various profiles and their uncertainties

MB Hernquist Via Lactea

NFW: standard
Einsasto: cored —
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Hernquist: analytic | Vmin[KM/s] Vmin[Kn/s]
Via Lactea: simulation
MB: isothermal sphere

J.L. Newstead, T.D. Jacques, L.M. Krauss, JBD, and F. Ferrer, Phys.Rev.D 88 (2013) 7, 076011,arXiv:1306.3244
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Various profiles and their uncertainties

MB Hernquist Via Lactea
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Vector dark matter
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Quark bilinears: hadronic matrix elements

for the heavy quarks

IN|mgqqN" =

Summing over all the quarks one bPnc

i

N
N
N

INo| g M1 °qN;"
'No| g"* q[N;"
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q' °q
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|Ni"
Nill
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217
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The psuedo-scalar bilinea

# N # h3
hY = hg! ¢ # 1 G =

g=u,d,s g=c,b,t

The vector bilinear essentially gives the number operator:

&
hN_(2h3+hg N =p
3
) hi+2hd N =u

The psuedo-vector bilinear counts the contributions of spin to the nucleon (note that

sometimes this coupling has &g factored out to make it dimensionless)
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We use the values

T,= 0014 f2 =0.02
Ta= 0.036  fP,=0.026
1= 0118  fP =0.118

AN = —0.427 AP =(.842

Al = 0.842 AP = _0.427

(oRye®)

A? = —0.085 AP

—0.085
Ad" = —108.03 AaP = 110.55
108.60 AdP = —107.17

>
=
|

A" = — 057 A = _-337
AG" =35.7MeV  AGP = 395.2MeV

P. Agrawal, Z. Chacko, C. Kilic, and R. K. Mishra, arXiv:1003.1912 [hep-ph].
K. R. Dienes, J. Kumar, B. Thomas and D. Yaylali, Phys. Rev. D 90, no. 1, 015012 (2014
[arXiv:1312.7772 [hep-ph]].
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Assuming a universal coupling of the mediators to all quarks, the nucleon le
couplings can be written as

hT = f%' h,
hg - !+Nh2
hg =N Nh3
hzl = | Nh4
where we have debPned,
f7=11.93 f$ =12.31
F"=1 0.07 P=10.28

N"= 3 NP=3
1 "=0.33 !P=0.33
I"=0.564 !P=0.564
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Scalar DM
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Spinor DM
L"#q: IW$I m"%

1 1 My M2
+§!H%!“%! émﬁ%! 2 il Z%‘
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"o i, 0®HS ! hYgq! ih,YEHq,

L. Gqg — iBDS! m- S

1 A |
! ZG“I GJ + éméGqu
+iglg ! mqgq

| " a@HMSG, | LB SG,
| hagtt,qG' ! hgt, #°qG".

Sunday, May 17, 2015



Vector DM 1 |y
L X gq = éxwx“” ME XXM (X XH)?
1 M1 I~12
f e w2 Tmzazy Mobis, M
2( i#) 2 ¢ 3 4"
+igdq! mqeq
b .
| bymy #X X H E#quxul h,#@q! ih,#g$°q.
Lxgq = ! ;xu XH + mg X XM !—X(x X H)?

| —Gp G+ —mGGZI '—(G GH)?

+ighq! mgaq

| 23 Gi(X. X )! —(G“G )(x X)) | lib5X..'l'l“X"G“
+heX | "HX G+ b%us (X M XH)G® + hec.

| hsGed"q! h,G,g8"$°q
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Scalar DM, charged mediator

Lsog = ',SH*S! msSIS! "g(S'S)?
+i@DQ ! mo@Q
+ighq! mqaq
| (y1S@g+ y,S@#°q+ h.c)),
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Spinor DM, charged mediator

I—!!q: |@|D$I m!%
(O H) ! mPr oL "2!(! )?
+ighq! mqgq
L (I,! &g+ 1! $#°g+ h.c),

Livg= DS ! m, 86

1 ! 2
SV Vo m v, W

+igDq! myqq
| (di 8" qV, + d®#'#°qV, + h.c),
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Vector DM, charged mediator
Lxog = | SXEXH £ m2XIXHT 2X (X X H)2
XQq_'éu! X M 7(;1 )
+igdq! mygq
| (yaX @' Mg+ yaX @ 1P+ h.c),
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TABLE II. Non-zero ¢ coe! cients for a spin! 0 WIMP

C1

Cq

C6

C7

C8

C9

€10

C11

C12

Uncharged Mediator|Charged Mediator
ct hY g1 YY1t Yoy2 e N
m? moms T
LihY g1 2ig4hY my - Yo¥1! VY2 N
C10 5 T 2 |
m; mg  Ms MgMs
TABLE Ill. ¢ cod cients for a spin-% WIMP
Uncharged Mediator| Charged Mediator )
hY1y, hitsg St 10y, dyda! dydy e )y Lla*lgln | dydo+dydy N N
m!2 ' mé 4m!2 ame, | T ' 4m!2 « 8Mg
4hN 1 4 Lla! hlay N Llitlle | dyde! dydi N
m2 mZ m¢ 2mg
hY 1omy 1020 1l dyda! dydiymy weN
m{m- 4m¢ amg, )m--
2hy I 3 (|1|2 | |1 d1d2+ d2d1 n N
mg 2m¢ ame
2hN 1,4 112! 1,1y dd2+d diypny N
ik !
ez (2 2m2 ! )N
| 2hy lsmy | 2h'§|! (|1|2| | |1 l d d2+d dl)N N ! (|1|2' | |1 | d1d2+d2d1)mN n N
hgl 1 | |2 | |1 d d1| d dz).,_N l i|1|2! |2|1||\|
m? 4m? 4m? mg
' hlil Fompy (|2|1 | |2 d2d1! dldz)mN f | |2 | |1 mpy IN
 TmZme 4m? amg ! mgoom
|2|1! |1|2||\|
O T.
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TABLE IV. ¢ cod cients for a spin-1 WIMP

Uncharged Mediator

Charged Mediator

blhlil y3y3! Ya¥Y4¢ N
C1 m? Mg Mx fT
4im(b;)h! YaY3! Yu¥a N
Ca mé 2 Momyx
Re(bG)hgl mp
C5 mg My 0
2lm(by)hN
Cg m?; 3 O
N N
Cg | 2Re(bg)h4 mp + 2Im( b27)h3 O
mG m x mG
c bih} | 3bsh} my i YaYs! YaYaueN
c Re(b7)hY my i Yays! YsYa N
- y3y4! y4y3| N
C12 0 2 Mmomy °
2Re(b7)h}) m
| 4 My
C14 ' mg mx 0
4im(bg)hY m
| 3 M
C17 mZ  my 0
4Im( b6)h2 mpy I : y4y3! y3y4| N
C18 mé My . 2| QOX .
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