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General Framework including non-standard interactions

Standard Approach

Interference Effects 1n general
Approaches and identifications with more realistic models

The Neutrino floor(s)

A few 1ssues for connecting collider scales to direct detection scales



Direct Detection:
Standard Approach



Model WIMP-nuclear interactions as WIMP-quark/gluon interactions
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Typical momentum exchanged is () (5 100M €V)

1
With an average recoil energy of (Egr) = =M, (v)* O( few x 10keV
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for comparable target and dark matter masses, while more generally this 1s
multiplied by an additional factor
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As 1s familiar, there are myriad interaction types
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Hadronic matrix elements encode nucleon interactions
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Interaction types include coupling to nuclear charge
(spin-independent) or spin (spin-dependent), which
give rise to two nuclear response types
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Coherent scattering occurs for ¢ < 1 / RNucleus = MeV (160 / A;/ 3)

The non-zero nuclear size and momentum dependence 1s encoded 1n form factors,
which can account for the loss of coherence at higher momentum transfers
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The differential recoil rate 1s the primary quantity of interest

astrophysics iput

The minimum velocity which can contribute to a recoil 1s

(Ey) = %MXW O(few x 10keV)
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There 1s also a cut-off energy




The differential recoil rate 1s the primary quantity of interest

astrophysics mput

For actual detectors one must also account for the detector’s efficiency and
energy resolution.



With a form factor that incorporates
momentum transfer

Spin-independent Spin-dependent

B 12
OOWN,SI = O0SI—5
M

Heavy target enhancement Nucleon spin expectation values
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Odd 4(Sp)2(J +1)  4(Sp)%(J +1)
Nucleus Z  Nuc. J (Sp) (Sn) 3J 3J
19 9 p 1/2  0.477 -0.004 9.1x10~1 6.4x107°
23Na, 11 p 3/2  0.248  0.020 1.3x10~1 8.9x10~4
27 Al 13 p 5/2 -0.343  0.030 2.2x10~1 1.7x1073
Values .fOI‘ nucleon 29Si 14 n 1/2  -0.002  0.130 1.6x107° 6.8x10~2
pI‘OpGI‘tl@S for a ®Cl 1T p  3/2 -0.083  0.004 1.5x1072 3.6x107°
. 39K 19 p 3/2 -0.180  0.050 7.2x1072 5.6x1073
various target Ge 32 n 9/2 0.030 0.378 1.5x10~3 2.3x10~1
. 9Nb 41 p 9/2  0.460  0.080 3.4x1071 1.0x10—2
materials 126Te 52  n 1/2  0.001  0.287 4.0x10~6 3.3x101
1271 53 p 5/2 0.309  0.075 1.8x10~1 1.0x1072
129Xe 54 n 1/2  0.028  0.359 3.1x1073 5.2x1071
131Xe 54 n 3/2 -0.009 -0.227 1.8x10~4 1.2x1071
R.W. Schnee, arXiv:1101.5205
[(Sp )l (Sp e [{Lp)uml (Lp it ~ ~ ~ -
NA(%) / 1AM (S (L (Lo Z i Hexp Lit Ref.
0.475 0.4751 0.224 0.4751
R 100 1/2 o0 o0s7 0o 087 2911 2.91 2.6289 [42]
248 0.2477 0.912 0.2477
»Na 100 3/2 o O oTos 03] 0 oTos 2.219 2.22 2.2175 [42]
0.008 0.03 0.184 0.361
3Ge 7.7 9/2 e 0378 2835 2% 1.591 —0.92 —0.8795 [43]
2 0.264 0.309 1.515 1.338
1271 100 512 0.264 0-309 1S13 1338 2.74 2.775 2.8133 [40]
129Xe 26.4 1/2 0 0350 o O3S 0.636 -0.72 -0.778 [39], [40]
B1Xe 21.2 3/2 000 0 0 010 1.016 0.86 0.6919 (391, [40]

M.I. Gresham and K.M. Zurek, PRD 89 123521 (2014) arXiv:1401.3739



A More General Framework



It has been shown that the standard approach neglects a large set of possible non-relativistic operators
beyond the SI/SD ones
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Spin-independent

Spin-dependent

There also exist four more nuclear responses that arise in the most general nucleus-WIMP elastic
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
A.L. Fitzpatrick, W.C. Haxton, E. Katz, N. Lubbers, and Y. Xu, arXiv:1211.2818

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



From the general interaction

Lint(T) = ¢ \Ij;k((f)gx\ljx(f) Uy (Z)ON VN (T)

The scattering probability can be written as a factorized product of particle and nuclear physics responses
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Effective Field Theory



Incorporating Galilean invariance, energy conservation, and Hermiticity, all non-
relativistic operators will be built out of four quantities
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There are fifteen combinations of these operators

Spin-independent
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Standard practice has been to start with effective interaction terms, and then
reduce 1n the non-relativistic limit
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From the relativistic EFT there are 20 combinations of fermionic bilinears

e . -

20

After performing a non-relativistic reduction, these 20 operators can be written in terms of the 15 O;
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and four vector terms




Effective Action

Non-rel Iimit

Operator Matching

j Ll Nonrelativistic reduction Y a0 P/T
1 XxNN L1y O E/E
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14 xyﬂySXNi%nz—MN 4iS, (ﬁ X Sy) —47 O, O/E
15 iy Y x Ny*y>N —4S5, - Sy —40y E/E
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N. Anand, A.L. Fitzpatrick, and W.C.

Haxton, Phys.Rev. C89, 065501 (2014)



In general one can write down the non-relativistic Lagrangian

»CNR— Y S:cO‘OO‘

o= nap’l, 1

General 1sospin (1soscalar/isovector) couplings to protons and neutrons 1s incorporated

15
T T 1 1
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7=0,1 i=1

The total interaction can be considered as a sum over single nucleon interactions

S Y05 Y Y zo

7=0,11=1 7=0,1 =1 1=1

The DM-nucleon interactions can then be written

S AGS+ T 15 - P+ 10y -Q+ 1 - Rpt7(i)

7=0,1
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Given a non-relativistic reduction, one can 1dentify the dark matter operator coefficients
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These coefficients apply to the dark matter in and out states



The dark matter-nucleus amplitude can be written as

M= 3" (. My jn, M| {GS + 18T + 1 - P+ Ty - Q + 1y - RY£7(0) |y, Mys jiv, M)

7=0,1

which can further be reduced to the standard nuclear electroweak responses
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Assuming P and CP are good symmetries of the nuclear ground state leaves one with 6 responses
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In the long wavelength limit these correspond to various physical interpretations
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Charge Vector charge M ym E-E 0-0
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To calculate cross-sections, one needs to square the amplitude, average over initial spins and sum
over final states.
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Within this framework

® Include general dark matter particle types
® Include general mediator particle types

® Explore possible operator degeneracies

® Determine the dominant operators

® Determine distinguishability at detectors

e C(Connect to models for astrophysical and collider searches

Simplified models for tree-level, renormalizable interactions have been examined

single dark matter particle, single mediator

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



non-relativistic
reduction

match onto dark matter
and nuclear responses
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Typically one integrates out the mediator, which amounts to assuming the
mediator mass 1s much larger than the recoill momentum of the interaction
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Typically one integrates out the mediator, which amounts to assuming the
mediator mass 1s much larger than the recoil momentum of the interaction
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spin-( spin-1/2 spin-1
Uncharged mediators

spin-0 spin-1 spin-0 spin-1 spin-0 spin-1
Charged mediators

spin-1/2 spin-0 spin-1 spin-1/2
JBD, L.M. Krauss, J.L. Newstead, and S. Sabharwal, PRD, arXiv: 1505.03117




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

1

my Sii = % (eTej + ej-e,,;)

J. Fan, M. Reece, and L-T. Wang, JCAP 1011 (2010) 042, arXiv:1008.1591
J. Hisano, K. Ishiwata, N. Nagata, M. Yamanaka, Prog.Theor.Phys. 126 (2011), arXiv:1012.5455
JBD, L.M. Krauss, J.L. Newstead, and S. Sabharwal, PRD accepted, arXiv:1505.03117

® Some EFT O; terms do not appear at leading order

As expected/known degeneracies arise and non-standard interactions are found to dominate for
certain interaction types
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JBD, L.M. Krauss, J.L. Newstead, and S. Sabharwal, PRD, arXiv:1505.03117
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e Aside from scalar WIMPs each particular spin produces some non-relativistic operators that are
unique to that spin

e Two non-relativistic operators, O; and Oqo, are ubiquitous, arising for all WIMP spins 0, 1/2, and 1

—

1X1N imi-SN

N

In five scenarios for spin 0, 1/2, or 1 dark matter, relativistic operators generate unique non-
relativistic operators at leading order.

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 order to
reliably distinguish between different particle physics model possibilities for WIMP dark matter.
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Scalar Mediator

Charged Scalar Mediator
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50 GeV spin-1/2 WIMP off of 7*Ge (dashed) and 'Xe (solid) for a 1TeV mediator
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50 GeV spin-1 WIMP off of 73Ge (dashed) and '3'Xe (solid)
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Interference Effects



In the full amplitude, two types of interference effects arise
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The SuperCDMS collaboration examined the sensitivity of current and upcoming experiments to non-

standard operators with an eye on interference effects.

They also studied the effects of a non-SHM velocity distribution

SuperCDMS Collaboration (K. Schneck et al.), PRD 91 (2015), arXiv:1503.03379

WIMP mass [GeV/c?]
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A global analysis of current data shows isoscalar/isovector interference generally makes exclusion

limits weaker

R. Catena and P. Gondolo, JCAP 1508 (2015), arXiv:1504.06554
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The usual spin-dependent operator suffers from less
interference effects than does the spin-independent
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Current experiments constrain some non-standard interactions at the same level or more than the

standard spin-dependent interaction
R. Catena and P. Gondolo, JCAP 1409 (2014), arXiv:1405.2637
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Future prospects for distinguishing models
V. Glusevic, M. Gresham, S.D. McDermott, A.H.G. Peter, and K. Zurek, arXiv:1506.04454

Model name Lagrangian ¢, v Dependence Response In/ fp
SI YXINN 1 M +1
SD XV X Nv.vs N 1 ¥+ 3 -1.1
v+2 M
Anapole XY s x0" Flu photon-like
q°/m3 A+ 3
Millicharge XY x AL ma; mi /q* M photon—like
12, 2
. - 1+ —= M |
MD (light med.) XM xF photon-like
1 A+
ED (light med.) X0 s X Fu ma;/q° M photon—like
2 N v Pm2 g2 Iy
MD (heavy med.) XM 0, x 0 Fo Af Af photon-like
q—)4/A4 A+ Y
ED (heavy med.) X0 v50, X0 Fou g*m3; /A? M photon—like
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Simulated over 8000 recoil energy spectra for various models



Future prospects for distinguishing models

Label A (7) Energy window |[keVnr] Exposure [kg-yr]|
Xe 131 (54) 5-40 2000
Ge 73 (32) 0.3-100 100

I 127 (53) 22.2-600 212

F 19 (9) 3-100 606

Na 23 (11) 6.7-200 38
Ar 40 (18) 25-200 3000

He 4 (2) 3-100 300
Xe(lo) 131 (54) 1-40 2000
Xe(hi) 131 (54) 5-100 2000
Xe(wide) | 131 (54) 1-100 2000

I(lo) 127 (53) 1-600 212

XeG3 131 (54) 5-40 40 000
I+ 127 (53) 1-600 424
F+ 19 (9) 3-100 1200

Covers the targets for the next generation of ton-scale detectors

V. Glusevic, M. Gresham, S.D. McDermott, A.H.G. Peter, and K. Zurek, arXiv:1506.04454
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As the Earth moves around the Sun, the nuclear recoil rate due to dark matter
interactions acquires a time dependence (annual modulation)

dRr

27
1 (B t) = So(Er) + Sm(Er) cos(1 (t - to))

Other mechanisms such as gravitational focusing can have a significant
impact on the phase of the modulation, which can vary depending on vyuix

This can 1n turn create interesting effects for DM Wind

some velocity dependent interactions. March |

June |

S.K. Lee, M. Lisanti, A.H.G. Peter, and B.R. Safdi, PRL 112

M.S. Alenazi and P. Gondolo, PRD 74 (2006) astro-ph/0608390 (2014) arXiv:1308.1953

S.K. Lee, M. Lisanti, and B.R. Safdi, JCAP 1311 (2013) arXiv:1307.5323
E. Del Nobile, G.B. Gelmini, and S.J. Witte, JCAP 1508 (2015) arXiv:1505.07538



An example 2 = (\/2) xXouxF*"

dor mr 1 1 ,u2 5\2 mr (ST + 1
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T p
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E. Del Nobile, G.B. Gelmini, and S.J. Witte, PRD 91 (2015) arXiv:1504.06772
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The Neutrino Floor



Solar neutrinos

B — "Be* + et + 1,
He + p —* He + et + ¢
electron capture on ' Be

neutrinos from the CNO cycle

R. Svoboda and K. Gordan

\ cosmic ray

\ air nucleus

Solar
neutrinos

Image Credit: NASA/ESA/HEIC and The Hubble Heritage Team (STScI/AURA)
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Fit for Xenon

We have fit the various (% to the neutrino rate

Operator Mass (GeV) Exp. (t.y)

for the 8B neutrino flux, with exposures chosen

to give 200 expected neutrino events 1 ° 5
Oy § 2.8
O; 6.2 1.7
threshold (low/high) Os 6.3 3.4

2 n 2,2

3.0 6V / 4.0 keV i e
O; 1.8 0.47
germanium| 5.3 eV / 7.9 keV O, LG 042
silicon 14 eV / 20 keV O19 4.6 0.42
flourine 33 eV / 28keV “n 0 0o
O1 4.6 0.35
O14 4.8 0.47

2,2 4 4,2
q“vy, ¢¢ and ¢ vy

Os 4.2 0.28
O 4.2 0.37
O13 4.2 0.34

JBD, B. Dutta, L. Strigari, and J. Newstead, to appear O15 4.1 0.27
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Discovery Potential

We’ve calculated the smallest cross-section which will produce a 3¢ fluctuation above the

background 90% of the time
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Sample max likelihood rates fit to the boron-8 neutrino rate
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Connecting the Scales
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Operator Uniqueness

An 1ssue that arises 1s whether one could begin at a high scale with one type of operator as dominant
and end at a low scale with a different leading order operator.

Run

4 N i

(a) Tree level (b) Loop processes

2
g Q 1 _ _
P o = — XV X Y4

5 m? A7 cost Oy my

SD SI

M. Freytsis and Z. Ligeti, PRD 83 (2011), arXiv:1012.5317

2m?, * 4ms3

1 4 2 TQQ 1
929 [( 3) ]quxqq

M.A. Fedderke, J.-Y. Chen, E.W. Kolb, and L.-T. Wang, JHEP 1408 (2014), arXiv:1404.2283
S. Matsumoto, S. Mukhopadhyay, Y.-L. Sming Tsai, JHEP 1410 (2014), arXiv:1407.1859
R.J. Hill and M.P. Solon, PRD 91 (2015) arXiv:1409.8290



Operator Uniqueness

An example was obtained for the Higgs portal interaction

L = Lgm +)Z(i(?—MO) X—I—A_1<COS(9 XX + sin 6 XWE»X) H'H

> (v) | <v>h—|—%2

After EWSB: H'H

A chiral rotation and field redefinition 1s needed for a real mass

X —exp (i a/2)x = X — xexp (5 a/2)

It 1s found that even for an initially pure pseudoscalar interaction cosf = 0, sinf = +1

a scalar term will be generated

AT —;2\4 XX T \ 1 — (;2\4) Xivsx | ((v)h + h?/2)

M.A. Fedderke, J.-Y. Chen, E.W. Kolb, and L.-T. Wang, JHEP 1408 (2014), arXiv:1404.2283
S. Matsumoto, S. Mukhopadhyay, Y.-L. Sming Tsai, JHEP 1410 (2014), arXiv:1407.1859

R.J. Hill and M.P. Solon, PRD 91 (2015) arXiv:1409.8290
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In order to fully exploit complementarity between direct detection and collider searches, one
needs to properly connect the scale of the mediator mass to the nuclear scale

EMSM, EFT SM, EFT UV COMPLETE MODEL
EW broken SM + x SM + x SM + x + Mediators
e ek t” Energy
ﬂgc@\e Scou\e ;C@\e
Integrate out Integrate out
Evolve Evolve
Match

(d)
Lon, = L+ (i —my) x + 303 o 0

d>4 «

F. D’Eramo and M. Procura, JHEP (2015), arXiv:1411.3342



Wilson coefficients are evolved

Symbol Operator Symbol Operator Symbol Operator
of) | xixapny | OF | Xty | of | xrexHYD ,H
Ofe | XD Xufuty | OF | XIx ek
Ogc)l X 1Hx @%d’ﬁ%

1oy _ Ysu,, Csm
dln u XoTTX

Wilson coefficients are matched at the EWSB scale including effects from integrating out weak

scale particles

EMSM,

Symbol

Wilson coefficients are evolved

Arrive at Wilson coefficients at the nuclear scale

CN

Operator Symbol Operator Symbol Operator
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Limits can be
altered when loop
effects are
included...

Operator Mixing
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Operator Mixing

Vector and axial-vector current coupling to heavy quarks

...especially when
they are the leading
order contribution
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Leading order QCD loop effects on the Wilson coefficients for colored mediator exchanges have been
calculated for Majorana, scalar, and real vector boson dark matter

J. Hisano, R. Nagai, and N. Nagata, JHEP 1505 (2015), arXiv:1502.02244 1045

O ( 1 O) % effects on the cross-section were found

An NLO calculation for WINO dark matter (and a
generic SU(2). dark matter) was carried out
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The theoretical uncertainty 1s much smaller and the central
cross-section value 1s about 70% larger than for LO

corrections alone.

Wino mass [GeV] J. Hisano, K. Ishiwata, and N. Nagata, JHEP 1506 (2015), arXiv:1504.00915



One must also account for hadronic matrix element evaluation

(P|Oulp) = (n|Oqgln), (p|O4lp) = (n|Oyln), (p|Os|p) = (n|Os|n)

which can include important uncertainties, for example 1n quark mass ratios or nucleon
form factors due to quark currents, renormalization scale choice
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Analysis including Ge, Xe, and F with fn/fp a free parameter

These type of uncertainties obviously can greatly effect data interpretations,
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V. Glusevic, M. Gresham, S.D. McDermott, A.H.G. Peter, and K.
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Simulations preferring true model (with >0.9 probability):
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True model: Anapole (mass: 50 GeV)
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Simulations preferring true model (with >0.9 probability):
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Zurek, arXiv:1506.04454



The Future and Summary



SuperCDMS * Nal Scintillators

112.5kg
2016

~400 kg cryogenic

SIbLAB Ge and Si

MINING FOR KNOWLEDGE 2019

CREUSER POUR TROUVER... L"EXCELLENCE

KamLAND-PICO
proposed Nal

Nal Scintillators

17kg prototype (current)
250kg future

cryogenic ton scale
Ge and CaWO04

XENON
Matter Project

DA RVV N CsI 103.4kg
t liquid xeron future 200kg Nal,

~ 1 t liquid xenon 20t liquid xenon ~ CaMoO
2015 B and

10t liquid argon

4 . ~ .5t (current) & -
C PANDAR | ; (future)liquid xe r X
(-

835kg liquid xenon

~ 1t (2015)
50t!! future ~5t
(future)liquid ~ 50kg (current) eventually ~24t

argon 3.3t (future)liquid argon



PICASSO and COUPP formed 37kg of CFsl and 3kg of C3Fs
future 500kg

DRIFT

The Directional Search For Dark Matter

CS;, Oz and CF4 gas
future 8 m? experiment CF4 gas
future O(m?)

© Drift plane

\\/;/ NEWAGE

CF4 gas




As direct detection experiments becoming increasingly sensitive, a discovery
requires accurate modeling to discern particle properties

Nuclear-WIMP 1nteractions which include responses beyond the standard ones
could avoid misinterpretations of the particle nature of dark matter

A general array of single WIMP, single mediators interactions has been studied
and non-standard responses arise at leading order for some 1nteraction types

The use of a variety of detector materials can be significant for discovery and
model discrimination

The neutrino background may have less of an effect on some non-standard
operators

Precise model constraints will need to be carried out

Complementarity from colliders and astrophysical probes is also vital, and these
should include proper handling of the scale differences and uncertainties

Thanks



