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An mtroductory example

contact interactions take the form heavy mediator and couplings
1 — M
— (v I A =
A2 (L) (1) 9192

The validity may break down even before hitting the scale of new physics

for example: unitarity violation from W scattering

Various contact operators have been studied that do not respect SU(2)r
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N.F. Bell, Y. Cai, JBD, R.K. Leane, and T.J. Weiler,1503.07874
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at high energy the polarization vector 1s which contributes to the polarization sum
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Ward identity M =M “€3(q) = (M + M$)es(q)
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At LHC energies the cross sections are dominated by the unphysical terms arising from the
longitudinal polarization

2 2
unitarity violation arises S > m%v o C_IB/ My, ~ S/ My,



A simplified model

Eint — f@nXR + h.c
= fud (nuﬂL + 77ddL) XRr + h.c.
M. Garny, A. Ibarra, S. Vogl, 1105.5367

with scalar potential

1 1
+ A3(®T0) (n"n) + Xa(®Tn) (0 @).

m? < 0 and m3 > 0  Higgs obtains a vev

m%d =m35 + (A3 + A1) Vi,

2 _ 2 2
m, =m;+ A3VEW

Mass splitting controlled by VEW
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Now mono-W proceeds through the gauge invariant diagrams
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(c) same dim-8 order as the gauge violating effects and W1 only arises for the case of mass
splitting

other completions can produce different values of

For example, charging DM and the SM Higgs under a new U(1), and integrating out the gauge
boson provides a negative &



Aspects of Simplified Models

Resolve the mediator, with mediator searches becoming a priority at colliders
Respect gauge invariance and unitarity, providing further model constraints
Flavor Violation constraints (MFV)

Provide a bridge between contact operators and complete models

Allow a focus on a smaller set of parameters

Lend themselves to a systematic study

D. Abercrombie, et al., 1507.00966 J. Abdallah, et al., 1506.03116



‘Dark matter types '

Scalar Fermion Vector

Mediator types |

Vector/Axial

Scalar/

Vector

Pseudoscalar

Fermionic

Channels and interaction types |

s-channel t/u-channel
s-wave/p-wave nuclear response and suppression interference
Collider Signals '

X+MET jets leptons
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DM-SM Connections
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ST Fermion/anti-fermion  C: (-1)X*> P (1)t
DM Annihilation (=1) (=1)

Boson/anti-boson C: (-t p. (=D
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J. Kumar and D. Marfatia, 1305.1611



Interaction Structure s-wave?

X Xqq No 2
X+° Xqq Yes ol = ( _I_ b/U
XXaqv°q No
X 75X cjfy5q Yes
X" X qv,uq Yes
(vanishes for Majorana X)
X" ° X qyuq No 0
Xy Xqv.7°q Yes S-wave: Vv

(vanishes for Majorana X)

X" X Gy o m? /m’
X" Xqouuq Yes \

(vanishes for Majorana X)

chirality suppression

)_(0“”75cha,wq Yes
vanishes for Majorana X . . . . .
: —— ) (chirality suppression can be lifted in
¢'$qq or ¢7qq Yes 0 3 +h IVB
S oiq or BPaa Voo some 2 to 3 processes wit )
' 0udin"q No
¢'9.007"7°q No
B} B"gq or B,,B"qq Yes
B} B*@v°q or B,,B"q°q Yes ) W/7 g
Bl0uB"qv"q No T
BJ8.B"37"+°q No
(BB, — B} B,)go"" q Yes
(BB, — BLB,)30" g Ves Y L. Bergstrom, PLB 225 (1989)
B} 0¥ B.gy"q or B,0"B.gy"q No g R. Flores, K.A. Olive, and S. Rudaz, PLB 232 (1989)
Bl8” B.qy"v°q or B,8" B.agy"v°q o< m3/m% .
P BT, Bogyng or €7 BudyBoGng No W//Z N.F. Bell, JBD, T.D.Jacques,,and T.J. Weiler, 0805.3423

EMVpUBiapBaCTYprSq or e,uupa B,,@,Ba (TY;/YSQ No

this type of analysis has been applied in the simplified model framework for IDD

A. Berlin, D. Hooper, and S.D. McDermott 1404.0022



Higgs portal

Scalar singlet

¢

Direct interaction

A\p? | H |7

invisible decay or My > mp/2

I'(h = ¢¢)

SIDD 0

100TeV study, see: N. Craig, H. K. Lou, M. McCullough, and A. Thlapillil, 1412.0258



Higgs portal

I'(Hy = xx)

Scalar singlet Fermion singlet [(Hy — XX) = sin?al'(Hy - XX)

¢ + 1

Scalar singlet

myg, —MH,

mediator Universal suppression of SM couplings
. . . = . myze ﬁ —n_ ﬁ %
Direct interaction Ling = —(Hycosa+ Hysina) {Xf: o 1y VAW = A ]
A¢2 | H ‘ 2 Scalar mix ng + A(Hysina — Hy cos a) X x
SI

S H cosa Sin « h
invisible decay ( H; ) = ( _dina COSQ) ( s ) / b

interference effects
['(h — @) vevs (5) (H)

SIDD o)



Higgs portal

Fermion singlet/doublet
Scalar singlet Fermion singlet
O +

Scalar singlet

mediator Majorana Dirac

Direct interaction

APTLHIT i Fermion doubletiplet

hi\ [ cosa sina h
invisible decay ho | \ —sina cosa S
/
L(h— ¢¢) vevs (S) (H) .
ST Majorana Dirac

SI DD Op 100 TeV: A. Freitas, S. Westhoff, and J. Zupan,
1506.04149.



Vector mediator
s-channel interactions

Introduce a new gauge group U (1)’ with general interactions

L== 2 Z"Flogvu+a5wy’] f= 2" [gbnrn + gonnnr’] ¥
f=q,l,v

L==) Z,[y"gf +977)f —igsZ,(S*O*S — SO S5*)
q,l,v
q g X(mx)

SM V-V DM
SM A-V DM
SM V-A DM
SM A-A DM
SM mixture DM




LHC
The vector-vector couplings are highly
. . 103 5
constrained already through SI direct - my = 500 GeV
detection bounds from LUX, LHC, and
thermal abundance constraints. 3
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K. Schmidt-Hoberg, 1503.05916
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For a non-zero axial coupling of the new vector to fermions
unitarity violation in Z; Z; scattering will occur unless

< \/§7Tm22/
~ (g7)%my

V'S

J. Shu, 0711.2516

which will then be the bound on the mass of a dark Higgs which gives the vector
its mass. Vector portal becomes vector + Higgs portal.

For fermion scattering one finds the unitarity bounds

/

M. S. Chanowitz, M. A. Furman, and I. Hinchlffe, Nucl. Phys. B153 (1979) 402

M. Chala, F. Kahlhoefer, M. McCullough, G. Nardini, and K. Schmidt-Hoberg, 1503.05916
F. Kahlhoefer, K. Schmidt-Hoberg, T. Schwetz, and S. Vogl, 1510.02110



For dark matter with axial charge, g, a scalar Higgs S with charge -2¢g can
generate mass for the dark matter and vector

(- 1 — 1 - N
LM :izﬁ@w — §QSMZ/M¢W5W%¢ — inMw(PLS + PrS W,

_ (At o ; Iy Q11 ' / 2gtg _ iq)’
Ls=[(0"+igs 2)S]" [0 +igs 2})S] + u2 S15 = A (')

F. Kahlhoefer, K. Schmidt-Hoberg, T. Schwetz, and S. Vogl, 1510.02110



On the SM side, gauge invariance of the Yukawa terms implies the charge
assignments

: Qa1 — Qurn = Qdn — Qo |= Gern — G2,

leading to the V and A couplings

1 1
V A
95 = 5904ss + a5} 59’(61fR —qy,)

12 2
[(DMH)T(—ig’qH2;H)+h.C.] - 7 2qH 7"z HYH

o Z g/ Z/'u [QfL fLﬂY,qu _I_ QfR fR’Y,LLfR] y
f=q,t,v

g¢ cannot be consistently set to zero for both up and down types

mass mixing / — /] ' leads to EWPT constraints

dilepton resonances become constraining
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Anomalies

A

U(1)
RN
C U(1) v
U(1)

X
P

U(1)y U(1) U(1l)y U(1)y

/{”
U(‘ﬂf'/ \?m)'
/i“’
SN

Anomalies should vanish, or be cancelled, for example by new fermions with
which are vector-like under the SM and obey the unitarity bound on their masses

M. Carena, A. Daleo, B.A. Dobrescu, and T.P. Tait, hep-ph/0408098
B.A. Dobrescu and C. Frugiuele 1404.3947 D. Hooper, 1411.4079



Kinematics
Orientation

Recoil energy O(10keV)
1 — cos6
ER — EiT( )
2
4,LL124 o 4MXMA

r —
MXMA (MX +MA)2

Incident energy

2
Ty U

E; =
2

Max energy O(100keV)

Momentum Exchanged O(<100MeV)

¢ =+\/2mrFEg

Coherent scattering

1

q <

Rnucleus

Vs =
min \/2 ER mN

1
Eorar = §rmxv2

€escC

Min energy

1 E
G +2)
lu’XN




WIMP-Nucleus scattering cross-section

32Gau%4 J + 1
s J

(ap(Sp) + an<Sn>)2

Spin-dependent

2
OOWN = ZL'LLTA (Zfo+ (A~ Z)fu]” +

Spin-independent

formulated in terms of the definition for the scattering cross-section off of a single nucleon

2 £9
B '“n,pfn,p
On,p =

T

In order to account for any momentum dependence, a form factor is introduced

oown F4(q)
44 v2

down (q) 1

dg? T2

M| =



The differential recoil rate 1s the primary quantity of interest

astrophysics mput

One must also account for the detector’s efficiency and energy resolution.



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

—

Iyl S, - Sy

Spin-dependent

Spin-independent

There also exist four more nuclear responses that arise in the most general nucleus-WIMP elastic
scattering as compared to the standard approach

M’ ¢/l7 2/7 A) Z”7 é/

— — — —

Sy -Sn = (Sy - ) (Sn - 4) + (Sy x §) - (Sy x §)

A.L. Fitzpatrick, W.C. Haxton, E. Katz, N. Lubbers, and Y. Xu, 1203.3542
A.L. Fitzpatrick, W.C. Haxton, E. Katz, N. Lubbers, and Y. Xu, 1211.2818

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



There are fifteen combinations of these operators

Spin-independent

Two additional non-relativistic Oy =—-8 -7, 1 (.t t

operators arise in the vector N Sij 2 (Ei €+ € Ei)
1 —

dark matter case O = 1 . s. Sy



Effective Action Non-rel limit

Operator Matching

j Ll Nonrelativistic reduction Y a0 P/T
1 XxNN L1y O E/E
2 ixxNySN i Sy O 0/0
3 ixySx NN —i% .S, ~mL 0, 0/0
4 AV ANy N —L 5L Sy — E/E
5 Xv"xNy,N 1,1y O, E/E
6 Ty A NGy L 1 1y +2(L xS 4+ivt) (- x § sy 012 O3

Xy"xNioy. =N = Ly Ly + (@ X S, +iv ) : (W X SN) o (ﬁo4—o6) E/E

my[My m%\l
7 Xy*xNy,y>N —28y - vt + %iSX - (Sy X q) —207 + 2520y O/E
8 iXy" A Nioua Ly’ N 2i L.y, 228 0y 0/0
72 2m

— . v Qv . . 672 . i pes e q pes _2mquOI+mM Os

9 Xlo"“ mMXN)/MN 2m y mm IX Iy Z(mN X Sy +iv ) . (mM X SX) g _2%(%04_06) E/E
S wv Qv o N q“ q q q I g? my '

10 Xio" A x Nioye =N 405 % Sy) - (5 x Sw) 4(%04 — @06) E/E

= v 4y \/ 5 . q I < m
11 Xio" -y Ny*y>N 41(qu x S,) - Sy 47 Oy O/E

o uy Gy « =2 . = 2N = e 2 -2 m?
12 [xioh nZ_MXNanZ_MVSN —[ mme — 49+ . (qu X Sx)]ﬁ - Sn —ﬁz—%ﬂolo — 4,3—%4012 — 4%015 O/0
13 5y ySx Ny, N 251 5, +2i8, - (Sy x L) 205 + 20, O/E
14 xyﬂySXNi%nz—MN 4iS, (ﬁ X Sy) —47 O, O/E
15 iy Y x Ny*y>N —4S5, - Sy —40y E/E
16 i)Zy“y5X}ViaWn‘i—My5N 4ivt L?X o S 45201y E/O
17 iXia“”ni’—;dystyﬂN 2i qu .S, 22—;"4(’)11 0/0
o = « - =2 . 22 m2
18 iRi0" Ly Y Nioy LN LS [t — 4t (L x Sy)] 01 + 47505 0/0
19 ixia””%y5xﬁyuy5N —4i L. S, 01 - Sy —47L 0 E/O
= . a 0 pd 0 pd m2

20 i)ZiG“”nf—;dystzaWn‘i—MySN 4qu - Sy qu - Sy 4%(96 E/E

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



In the long wavelength limit these correspond to various physical interpretations

4 (p.p)
X 571 Wx (0)
~ (q:zj ) | 16 M  spin-independent Z?
ST q ’ > spin-dependent (longitudinal) 425 (S )
|1 6 M Mo o > spin-dependent (transverse) 8ZLEL(S,)?
—! 5 i X My;(q;) o - 0(4) A angular-momentum-dependent 1L ,)?
1 ®  angular-momentum-and-spin-dependent ~(S, - L p>2a
) gszJM (QZEZ) } O-(Z) M.I. Gresham and K.M. Zurek, 1401.3739
\
I ]. — = M — —/ . ]‘ — ]‘ by M - 2
Ve x M75(qx;)| - |6(2) X &VZ- + iij(q:Ei) - 0(1)
11 . . 1 -
() —VZMJM(QQ?Z) y O'(’L) X —VZ-
q q
Projection Charge/current Operator | Even J | Odd J
Charge Vector charge M ym E-E 0-0
Charge Axial-vector charge Qrm O-E E-O
Longitudinal Spin current Iy O-0 E-E
Transverse magnetic 7 YiM E-O O-E
Transverse electric 7 XM 0-0 E-E
Longitudinal Convection current A E-O O-E
Transverse magnetic 7 Ay 0-0 E-E
Transverse electric 7 AN, E-O O-E
Longitudinal Spin-velocity current O/ E-E 0-0
Transverse magnetic ? CP IM O-E E-O
Transverse electric 7 ' E-E 0-0



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 (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, 1003.1912
N. Anand, A.L. Fitzpatrick, and W.C. Haxton, Phys.Rev. C89, (2014)
JBD, L.M. Krauss, J.L. Newstead, and S. Sabharwal, 1505.03117



non-relativistic reduction
match onto dark matter
and nuclear responses

dR

dE




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
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Relative strength of operators, in order to compare which operators dominate when more than one
are present
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spin-(
EFT form Operator Response | Suppression
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X

EFT form Operator Response | Suppression
XXq9  XVXquq O M
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XY XGVY g Oy 2
q2
Xa” > 3
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spin-1/2

EFT form Operator Response | Suppression
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Background neutrino rate

Both coherent nuclear elastic scattering — at worst practically indistinguishable
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Non-relativistic EFT for DD

WIMP spin
Nucleon spin
Momentum transfer
velocity

gng

| |

<}y =
=t

O4 1, 1x <¢—— Spin independent
02 (”{7J‘)2

03 (; _'N . (% X _’J‘)

Oy S-Sy -<4¢—— Spin dependent
(95 2§X . (mi_;\r X ’l_)i)

Os (L -Sn)(GL-Sy)

O? _’N ’l_)d‘

Os S, -7t

(99 ng . ( _’N X m;!;r)

O10 izl Sy

01 i-L . S,

012 gX . (gN X "UJ‘)

013 i(Sy - T)(5L - Sw)

O14 i(Sn - T7) (5L - Sy)



EFT fits to neutrino rate

Find best fit with a binned Poisson likelihood: Operator  Mass (GeV) Exp. (t.y)
O, 6 2.9
b yltiets 0, 6 3.5
ﬁ — H —' O- 6.2 4.3
i1 Ny
Ox 6.3 3.6
q* and ¢*v?%
O 4.8 0.43
. o Oqg 4.6 0.34
_____ .j_j.l M_“JI 16 (‘_’)1“ 4{) 0.36
_ 103:& _ 11 )
3 ‘ 015 4.6 0.44
=
£ O14 4.8 0.43
= 5 . .
= 02 ¢*v3., ¢* and ¢*v?
o i
O3 4.2 0.27
O¢ 4.2 0.29
o | O13 4.2 0.27
O,- 1.1 0.21

Eg [keV]



Xe

Ge
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Fits to neutrino rate
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Two regions of interest

Neutrino rates in xenon:

low
---------- \ Low region — solar neutrino background
----------------- : High region — atmospheric neutrino
background
0-° ' ' —
0.001  0.010 0.100 1 10 100 low region (keV)|high region (keV)
Er[keV]
Xenon 0.003 - 3 4.0 - 100
germanium 0.0053 - 7 7.9 - 120
silicon 0.014 - 18 20 - 300

flourine 0.033 - 25 28 - 500




Include flux uncertainty in likelihood:

qo

Discovery evolution

Xenon-low O1 (Sl):

num. neutrino events

109 102 104 106
P 107
n |
1072}
g 11040 E
N‘.’,_T 4 tb
10_3_‘
110~41
1075 1073 10~ 10 103

Exp.[tonne.year]

For a given exposure, find the cross section which produces a 30
deviation from the null hypothesis 90% of the time




Discovery evolution

Group 2 and 3 operators only experience a weak saturation — no strong nu-floor

Ol

num. neutrino events

06

num. neutrino events

010
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Discovery evolution

Group 2 and 3 operators only experience a weak saturation — no strong nu-floor

Ol 06 010

num. neutrino events num. neutrino events num. neutrino events
100 102 10* 10° 10° 102 10* 10° 10° 102 10*

108

> O

110733
No v floors: Effective field theory treatment of the neutrino | |
4 background in direct dark matter detection experiments 0
10—.5&!
James Dent?, Bhaskar DuttaP, Jayden Newstead®, and Louis E. Strigari® 0
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Discovery limits

. b O1 (Sl):
Target exposure'®” (t.y)|exposure™9" (kt.y)
xenon 1.76 58 '
1107
germanium 3.26 87 :
silicon 10.4 206
flourine 16.3 278 :
_10—46
Test statistic for discovery:
( L(0=0,0 10
—logE=0 5> 5 s
— E(JQ) L A e
9 = 10! 102 10°
0 o<0o I’Il,[m]
\ XLz

For saturated exposure, find the cross section which produces a 30
deviation from the null hypothesis 90% of the time

gy [cm?]



Discovery limits

Group 2 and 3 operators only experience a weak saturation — no strong nu-floor
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Operator Uniqueness

An 1ssue that arises 1s whether tree level interactions with one type of operator as dominant become
sub-dominant when loop/running effects are included. Does SD dominate?

S =4

A v A

Tree level b) Loo rocesses
P D
2 4 N2 q\2
95 s @ 1 1 g0 (T9) 1 -
2 cos2 Oy 3 5 Xfy ’Y XC]’Y,LLV q 47t cost Ow my | 2m%, * 4ms3 M XX 44

SD SI

Once Higgs and/or Z-mixing arise, Sl elastic scattering can be generated, dependent on the DM-
mediator coupling strength.

For vector exchange, the loop induced SI can be competitive, while SD remains dominant for
pseudoscalar exchange

M. Freytsis and Z. Ligeti, 1012.5317



Operator Uniqueness

For example, beginning with a pure axial-vector exchange (SD and kinematically unsuppressed)

1

A (Xm0 (@7759) X X X X X
The loop process induces a contribution /\/\ /\/\
q q q q

q q

M2

Cq ~
S 212 M, X

giving the spin-independent cross-section
to the spin-independent operator

]S\} _ fN redm%\/' C%
Os = —= Cs (XX) (49) T MY

U. Haisch and F. Kahlhoefer, 1302.4454



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
o ek " Energy
gc@\e gc@\e gc@\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, 1411.3342
R.J. Hill and M.P. Solon, 1409.8290



Operator Uniqueness

Another example of mixing was obtained for the Higgs portal interaction

L = Lgm +)2(7j{3—M0) X—I—A_1<COS(9 XX + sin 6 XWE»X) H'H

2 2
After EWSB: H'H — <U2> - (vYh + %

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

AL —2%4 Yy + \ 1 — (2%\4) Xivsx | ((v)h + h2/2)

M.A. Fedderke, J.-Y. Chen, E.W. Kolb, and L.-T. Wang, JHEP 1408 (2014), arXiv:1404.2283 X ]\ /
Other work which discusses this effect includes: O-
S. Matsumoto, S. Mukhopadhyay, Y.-L. Sming Tsai, JHEP 1410 (2014), arXiv:1407.1859 SI

R.J. Hill and M.P. Solon, PRD 91 (2015) arXiv:1409.8290



Wilson coefficients are evolved

Symbol Operator Symbol Operator Symbol Operator
Of) | X'xdpmdy | OF | XUxiwdi | Of | XTAxHT D, 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
Oty | XD'xuiya' | Oppy | XD'xdyd | Ofp, | XDxeiud
1({)4u X IHx ui7u75 u’ (91({)4(1 X I'Hx di7u75 d’ (91({)46 X IHx 6i7ﬂ’75 e’
d CEMSM,,
= YEMSM,, CEMSM,,
dln p



Operator Mixing

Limaits can be
altered when loop
effects are
included...
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Operator Mixing

Vector and axial-vector current coupling to heavy quarks

A[TeV]

loops as 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

100

10748

Input ' |
LOrc—-=-3 |
NLO

o - o o e e e e mee e e e e e e e e e e e - o

103

M=200 [GeV]

10—46 L

1074

10—48 L

— w/ RGE
--- w/o RGE

10749

Scalar mass [GeV]

Scattering cross section oy,

103

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



Summary




Simplified Models

but not too simple...consistency

capture some broad features of DM searches

combinatorics

non-standard feature exploration

Neutrino Floor?

Complimentarity
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Figure 5. Parameter space for the s-channel K

9q = gy = 0.5 and (c) g, = 1/6 and g, = 3/2.

/

model, for choices of (a) g, = g, = 1 and (b)

xclusions are shown as shaded regions for LUX and

for mono-jet and di-jets at 8 TeV, and the reaches are shown for the mono lepton ((a) only) and mono
fat jet searches at 14 TeV 3000 fb—!. Note differing axes.
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Scalar mediator



Interaction Tables

DM bilinear

SM fermion bilinear

fermion DM ff A2 f fykf Fyhind f
XX UUNUZ, osy ~ 1 O"UN’U2, OSDNq2 — —
XX ov~1,og1 ~¢qg?lov~1, osp ~ q* _ _
x7*x (Dirac only) — — ov~1,051~1 |ov~1, 08p ~ v]
)Z’y“’y5x — — ov ~ V2, ogp ~ v_ZL ocvr~1 osp~1




Interaction Tables

DM bilinear

SM fermion bilinear

scalar DM ff 5 f fykf Fyhnd f
T ov~1 og5~1llov~1, osp ~ g° — —
qﬁTé_,:g/) (complex only) — — ov~ v ogr~1  |ov~1v2, ogp ~ vi
vector DM ff o f Flf Frytind f
XX} ov~1, os51~1lov~ 1, osp ~ q° — —
X0, X} — - ov ~ v?, og1 ~ q* - vi | ov ~ v%, osp ~ ¢*




DM Mediator | Interaction Assessment
Dirac Fermion Spin-0 ocv ~ 1, LHC OK
Dirac Fermion Spin-1 | v#(1 &£ +°) ov ~ 1, LHC OK
Majorana Fermion| Spin-0 ov ~ v?
Majorana Fermion| Spin-1 | ~*(1 4 ov ~ v
Real Scalar Spin-1/2 ov ~ 1, LHC Excluded
Complex Scalar | Spin-1/2 ov ~ v
Real Vector Spin-1/2 ov ~ 1, LHC OK

Complex Vector

Spin-1/2

ov ~ 1, LHC OK




Interaction Tables

Model DM Mediator Interactions Elastic Near Future Reach?

Number Scattering Direct LHC
1 Dirac Fermion Spin-0 XV, ff ost ~ (q/2m,)? (scalar)| No Maybe
1 Majorana Fermion Spin-0 XV, ff ost ~ (q/2m,)? (scalar)| No Maybe
2 Dirac Fermion Spin-0 v°x, fY°f osp ~ (¢?/4m,m,)? | Never Maybe
2 Majorana Fermion Spin-0 Xv°x, fY°f osp ~ (¢°/4m,m,)? | Never Maybe
3 Dirac Fermion Spin-1 XYEX, byub os1 ~ loop (vector) Yes Maybe
4 Dirac Fermion Spin-1 XYH X, f%ﬁ‘r’ f osp ~ (¢/2m)” or Never Maybe

osp ™~ (Q/me)2

5 Dirac Fermion Spin-1 YYHY° X, j_’vufy5 f osp ~ 1 Yes Maybe
5 Majorana Fermion Spin-1 Y40 X, ffy,fyf’ f osp ~ 1 Yes Maybe
6 Complex Scalar Spin-0 oo, fYOf osp ~ (q/2my,)? No Maybe
6 Real Scalar Spin-0 &%, Y f osp ~ (q/2my,)? No Maybe
6 Complex Vector Spin-0 BZLB“, A2 f osp ~ (q/2my)? No Maybe
6 Real Vector Spin-0 B, B*, fy°f osp ~ (q/2my,)? No Maybe
7 Dirac Fermion | Spin-0 (¢-ch.) (1 £~°)b os1 ~ loop (vector) Yes Yes
7 Dirac Fermion | Spin-1 (¢-ch.) XYM (1 £ ~4°)b os1 ~ loop (vector) Yes Yes
8 Complex Vector |Spin-1/2 (¢-ch.)|| Xf+*(1+~°)b | og1 ~ loop (vector) Yes Yes
8 Real Vector Spin-1/2 (t-ch.)|| X, v*(1£~°)b | og1 ~ loop (vector) Yes Yes




Interaction Tables

(S)ou| Type || Interaction Elasti.c Kinemat.ic
Scattering Suppression
1/2 Dirac X7’ Xqq ST (scalar) (q/2m,,)?
1/2 |Majorana X7°X4q SI (scalar) (q/2m,,)?
1/2 Dirac XV XTV°q SD (¢%/4mpm, )?
1/2 |Majoranal|| xv°xq7°q SD (¢%/4mpm, )?
1/2 Dirac XV*xqvuq | SI (vector) 1
1/2 Dirac XY XTVu Y q SD (q/2my)? or (q/2m,,)?
1/2 Dirac || Xv*v°xqv.7°q SD 1
1/2 |Majorana || xv*v°Xq@vu7°¢q SD 1
0 Complex o' paq SI (scalar) 1
0 Real »2qq SI (scalar) 1
0 | Complex ¢Tpgy°q | SD (scalar) (q/2m,,)?
0 Real d%qv°q SD (scalar) (q/2my,)?
1 Complex BLB“QQ SI (scalar) 1
1 Real B, B*qq SI (scalar) 1
1 Complex || B, B"§y°q SD (q/2my,)?
1 Real B, B"qv°q SD (q/2my,)?




Interaction Tables

— o= = = O O
w N = O = o

_ O

0,1,2
1,2,3
2.3,4

SIL|  J P
olo|] 0 +
ol1| 1 ;
10| 1 +
1/1] 0,1,2 _
112 1,2.3 +
210 2 +
211 1,2,3 ;
21210,1,2,3.4|+ |+
21311,2,3,4,5|- | -
21412,3,4,5.6+|+




Interaction Tables

bilinear ClP|J state
n +|+10 S=1,L=1
w)py°Y +1-10 S=0,L=0
Py - |40 none
Py - -1 S=1,L=0,2
VY0P |40 S=0,L=0
Py Y +|4+11 S=1,L=1
oy - -1 S=1,L=0,2
Yo'l - [+ S=0,L=1
o' + (410 S=0,L=0
1Im(¢pT0%p) |- |40 none
Im(opT0'e) |- |- |1 S=0,L=1
B}, B* +|+]|0| S=0,L=0;S=2,L=2
1Im(BJO°B”) |- |+]0 none
Im(BJO'BY) |-]-]1|S=0,L=1;8=2,L=1,3
W(BIB; — BIB;)| - |+|1 S=1,L=0,2
W(BIBy—B!B)|-|-[1|S=0,L=1; =2 L=1,3
"% B,0;B,  |+]|- |0 S=1,L=1
—e"*By0; By |+|+|1 S=2L=2
B0, By +|+]0] S=0,L=0;8=2, L =2
B¥ 9, B; +| -1 S=1,L=1




Interaction Tables

S|\L|J|J, =S, |fermion helicities
olojol O fr, fr; [r, fL
1101 1 fr, r
1{0]1 0 fr, fr; fr, fr
1loj1| -1 fr, fr
ol1|1] 0 fr, fr; fr, fo
1{1]0] © fr, fr; [r, fL
111 1 fr, fr
1|{1(1] o0 -
(1)1 -1 fr, fr
1201 1 fr, [r
121 0 fr, fr; fr, fL
(21| -1 fr, fr




Interaction Tables

Name Interaction Structure osI suppression osp suppression s-wave?
F1 X Xqq 1 ¢vt? (SM) No
F2 Xv°Xqq > (DM) v “ (SM); ¢* (DM) Yes
F3 XXqv°q 0 2 (SM) No
F4 X~ Xqv°q 0 2 (SM); ¢° (DM) Yes
F5 X" X qv,.q 1 ¢*v? (SM) Yes

(vanishes for Majorana X) 2 (SM), ¢ or v? (DM)

F6 Xv*v° X qv,q v-? (SM or DM) > (SM) No
F7 X" X a7’ q ¢*v™? (SM); ¢* (DM) vt? (SM) Yes
(vanishes for Majorana X) v? or ¢ (DM)

F8 Xv*v° X qvuv°q q2vL2 (SM) 1 x m?c/m?x
F9 Xo" XGouwq 2 (SM); ¢* or v*? (DM) 1 Yes
(vanishes for Majorana X) ¢*v-? (SM)
F10 Xo"y° X qounq q° (SM) 2 (SM) Yes
(vanishes for Majorana X) q> or v-? (DM)
S1 o' dqq or ¢2qq 1 ¢*v? (SM) Yes
52 o' oqy°q or $*7°q 0 q> (SM) Yes
S3 o1 0. 0a7"q 1 2 v? (SM) No
2 (SM), v? (DM)
S4 10, 0qv" 7 q 0 v>2 (SM or DM) No
V1 B} B"gq or B,B"qq 1 ¢*v? (SM) Yes
V2 BlB“ch5q or B,B"qy"q 0 q> (SM) Yes
V3 B} 0,.B” gv"q 1 q%ﬂ (SM) No
2 (SM); v*+* (DM)
V4 B}0,B"qy"~°q 0 v? (SM or DM) No
V5 (BB, — B} B,)go"" q q%ﬂ (SM) 1 Yes
V6 (B}, B, — Bl B,)qo""+°q q° (SM) v? (SM) Yes
V7 B0"Buqy"q or B,0" B.ay"q ? (SM); ¢* (DM) ? (SM); ¢* (DM) No
V3 B0"Buqy"7°q or B,d” B,qy"1°q qz’v“ (SM); ¢* (DM) ¢° (DM) o mi/mi
V9 €"'P? B0, BoqY.q or €*?° B0, By qyuq > (DM or SM) 2 (SM) No
V10 [e"P° B0, Byqv,7°q or €"?° B,0,B,qv.7"q ¢*v-? (SM) 1 No




Interaction Tables

J | Sinit | Linit |S tinal | L final Interaction structure

0| 0 XXy q, XA X7 °v°q
X~v°Xqq
XXq7v°q
X Xqq
Xainq_aijq
)_(Uincjaij’fq
)_(Jij’y5chJij q
Xy'Xqy'q, Xoy° Xqo~"q
X'y Xqv'y°q
X' Xqv' g
Xv'v°Xqv'q

-
-

Bl B"qv°q, B*0, Bogv°~’q
B} B*qq
""" B;0; B g7 7°q
B! Bo — Bl Bo)3o""~°q
z(B;rBo — BJBO)(jao'iq, zIm(BZ@iB”)nyiq
Im(BJ0:B”)qv' v q
(B} B; — B B;)qo"q
(Bl B; — B[ B;)q0"~°q
ByavBiq_'Yiq
B"8,Biqy'v’q
"% B;00 Brqviq
""" B0 Br@vin°q

—_ = = e e e e = = OO O =R === O O O
NN = = =R, O O RO QO R RO O = = O
NN == O O O OO RO O =IO
_ = = = = O = = OO O = QO === = O = O
- o )R O 0o BHF kF O, O, OOk, O OFKFE O -




Interaction Structure |SI (Sx-dep.)|SD (Sx-dep.)|SD (Ssar-dep.)|SI Class|SD Class

F1 X Xqq 1 1 S 1 C
F2 X’YSqu S; Sy Sﬁ 2 F
F3 XXqv%q - 1 Sy - A
F4 X5 Xqv°q - Sg S - D
F5 Xy X Gyuq 1 1 Si 1 C
(vanishes for Majorana X) Sy Syt H

Sh Sh L

F6 Xy S X qy,.q SoL Si Syl 3 K
Sol Si 1

F7 X" X qvuy°q SpL 1 SpL 3 B
(vanishes for Majorana X) St Sh I

Sh Syt K

F8 X"’ Xqvun°q Si Sq S 4 D
F9 XU“VX(jO';wq 1,955 Sy Sg 1,4 D
(vanishes for Majorana X) Syt Syt H

Sh Sh L

F10 Xo"~y5 X Gouwq Sy 1 Sy 2 A
(vanishes for Majorana X) Sg Sh F




Interaction Structure SI (Sx-dep.)|SD (Sx-dep.)|SD (Ssa-dep.)|SI Class|SD Class
B} B"gq or B,B"qq 1 1 Sy 1 C
Bl B"qy°q or B,B"37°q - ! Sq - A
B} 8,B"iv"q 1 1 S 1 C
B9 B 7"+’ q - 1 Sy. 1 B
(BiB, — BiB,)gqo""q S S; S; 4 D
Syi Syi H
S S, L
(BiB, — Bl B,)qo""v°q S; S; Sy 2 F
Si Sg J
B} oY B,gy"q or B,d"B.dv"q M0 M0 Si
Bl0” Bugy*~°q or B,0" B.qv"y°q Sg 4o S 2
Mg g S4
gy Sh
e“””"BlapBaq’qu or €'’ B,0, Boqyuq SpL SpL Si 3 I
S; Syi K
€”VPUB$8PB0(7’YM'\/5‘I or GquUBvapBUQ'YM'Y5q Si Sg S4 4 D
Syt 5L H
S, S, L




Powers of ¢ and v+

Interaction structures

SI

0

(X Xqq, X" Xqy.q)
(Xv°Xqq, Xo""v* X Gouwq), Xv"v° X Gyuq
(X" X1, X0t Xq0o,q)
X" Xqvu7°q

SD

DN OO N

(X" Xqyur’q , X" Xqouwq)
(XX q, X" Xqouwq), (Xv"v° Xqvuq, X" Xq7.7°q)
(XXqq, X+"Xqyuq), X7° X7 q
X" Xqq




Operator Structure Dim D

V1 (1/A) B} B*qq 5
V2 (1/A)9Bf B*qv°q 5
V3 (1/2A*)(B} 8, B* — B*0,B})gv"q 6
V4 (1/2A*)(B}0,,B* — B¥0,B})qvy"~°q 6
V5 (1/A)B) B,go"" q 5
V6 (1/A) B} B,go""v°q 5
V7, (1/2A%)(B}0" B, + B,0" B})gy"q 6
V7_ (1/2A*)2(B}0" B,, — B,0" B})ay"q 6
V8y (1/2A%)(BL9” B, + B,d" Bl)av"v°q 6
V8_ (1/2A%)(B}o¥ B, — B, 0" B},)gv"+°q 6
V9, (1/2A2)e* P (B} 0, By + B,0,Bl)qv.q 6
V9_ (1/2A2)2e"?° (B} 0,Bs — B, 0,Bl)qv.q 6
V104 (1/2A%)e"*(B9,Bs + B.0,B)qv.7"q 6
V10_ (1/2A2)2e*7?° (B}0,Bs — B,0,B)qv.v°q 6




Operator Term Cg Pg J State

V1 (1/A)B}B*gq + + 0 L=0,8S=0L=25=2

V2 (1/A)1B)B*qv°q + + 0 L=0,8=0L=25=2

V3 (1/2A%)e(B}8; B — BY9;B})qv'q - - 1 L=1,8§=0,L=1,3,5=2

V4 (1/2A%)4(B}8; BY — B¥8:B})§y'v°q - - 1 L=1,8§=0,L=1,3,8=2

V5 (1/A)B] B;go'q - 4+ 01 L=0,268=1
(1/2A)(B{ B; — B! Boq)Goq - - 1 L=1,8=0;L=1,385=2

V6 (1/A) B! B;go"+°q -+ 01 L=025=1
(1/2A)(BiB; — B] Bo)go"v°q - - 1 L=1,8=0;L=1,38=2

V74 (1/2A2)(B}&” B; + B,8" B gv'q + - 1 L=1,8=1

VT_ (1/2A*)(Bf&” B; — B,d" B])gv'q - - 1 L=1,8S=0L=13,8=2

V8, (1/2A2)(B}&” B; + B,8" B gv'7°q + - 1 L=18=1

V8_ (1/2A%)(Bf&” B; — B,d" B))gviv°q - - 1 L=1,8S=0L=1,3,8=2

V9, (1/20%)% (B9, Bk + Bod; Bl)avig + + 1 L=28=2

V9_ (1/20%)2 % (B}8; By — Bod; Bl )gvig - + 1 L=0,28=1
(1/20°)2€7°% (B0 By — B;00B)qvia - + 1 L=0,28=1

V104 (1/2A%)e%(Bl0; By + Bod; B)qvine + + 1 L=28=2

V10— (1/2A%)"*(Bl9; By, — Bod; B))qvinqe - + 1 L=0,2S=1
(1/20%)e"°% (Blao By, — B;doB))ayin’e - + 1 L=0,2S=1




Operators Dimension enhancement Polarization enhancement

V1, V2, V5, V6 E/A (E/mp)?
V3, V4, V7_, V8_ (E/A)? (E/mp)*
V7+, \/84_7 Vgi, VlOi (E/A)2 E/mB




Operator Constraint Benchmark Amin (TeV)

V1, V2 %J\Qm% <3 + fg (E® - m23)) <1 1.59 x 10°
V3, V4 % (3 + %(ﬁ - m%)) <1 274
V5, V6 %ﬁ <% iﬁ: (E® —m3%) — 1) <1 5.31 x 10*
V7., V84 %ﬂﬁfﬁ <1 8.66
Vo4, V10, % <1 8.66
V7, V8_ %W <1+ 5—5) <1 274

B B

EB(E2 7m23)1/2 E2
V9_, V10_ BTy v (1 + 2m7> <1 8.66




N
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FIG. 2. The ratio R=vo(xx — e vW ™) /vo(xx — ete”)
as a function of u = (m,/my)?, for m, = 300 GeV. We have
used v = 10~ 3¢, appropriate for the Galactic halo.
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FIG. 3. The ratio R=vo(xx — etvW ™) /vo(xx — ete)
as a function of the DM mass m,, for p = 1.2 GeV. We have
used v = 10~ °¢, appropriate for the Galactic halo.
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FIG. 4. The cross sections for xxy — e vW ™ (red) and xx —
eTe” v (blue), for u = 1.2 and coupling f = 1. For large DM
mass, the cross sections differ by a factor of 1/(2sin® ) =
2.17 while for m, comparable to mw the W bremsstrahlung
cross section is suppressed by phase space effects.
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Figure 2. External legs corrections for SM fermions.
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Operator Uniqueness

A. Berlin, D. Hooper, and S.D. McDermott, 1508.05390
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Higgs portal: DM-SM via the Higgs
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FIG. 4: Left: Existing bounds on s2 in the singlet-singlet model from ha — 7y (solid lines from ATLAS [50] and
CMS [51]) and from hy — WW, ZZ (dashed black line, CMS [52]) as a function of the heavy scalar mass, my,. Right:
Bounds on s2 X Br(ha — hih1) from he — hihi — 2v2b (solid black from CMS [53], solid blue from ATLAS [54])
and from ha — hih; — 4b (dashed black from CMS [55]). The projected exclusions at the 14-TeV LHC with 300 fb~*
(3000 fb~') [56] are shown as dashed (solid) red lines. The colored points indicate the parameter region consistent
with the relic density constraint, 2, = Qpwm, with the different colors (shapes) denoting current and future 90% C.L.
exclusions from direct detection experiments.
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FIG. 3: Allowed parameter space for the singlet-singlet model consistent with the requirement that the thermal relic
density of y accounts for all dark matter in the universe, €2, = Qpn. The different colors (shapes) of the points indicate
current and future 90% C.L. exclusions from direct detection experiments. Also shown are current 95% C.L. limits from
Higgs coupling measurements at the LHC (dashed line), and future projections for LHC14 with 3000 fb~' (dotted) and
ILC with /s < 500 GeV (long dashed). The left panel corresponds to m, < mp,/2, which forbids the annihilation
channels xyx — hz2hi 2, while in the right panel m, > mp, /2.



ATLAS Bounds on invisible Higgs decays
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Higgs portal: DM-SM via the Higgs

95% Combined Exclusion
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Universal suppression to all SM particles
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Future projections
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Higgs portal: DM-SM via the Higgs

Fermion singlet/doublet
Scalar singlet Fermion singlet

-4

4 4
Scalar singlet
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Electroweak Precision Tests

aS = 4&c; sy tany
T £? (M%Q 1) 26 syt
Mz,

K.S. Babu, C. Kolda, 97






SUB)e SURw Uy | U)p—or | Ul)gtau | Ulioas | U(l)a—au
a 3 y 1/3 1/3 1/3 1/3 0
ur |3 1 4/3 1/3 /3 ~1/3 /3
dr | 3 1 —9/3 1/3 2-2)/3 | —a/3 1/3
I 1 2 —1 —T —1 x/3 (—1+2)/3
eR 1 1 —2 —x —(2+12)/3 —1/3 r/3
VR , . ) —1 (—44+2)/3 | (-2+2)/3 —x/3
Vp : : —1—2x/3
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L — : 2/3 (—=1+2/5)/3
7 —1
] 1 1 —2 .
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4 : : (1+2)/3 x/15

Anomalies

M. Carena, A. Daleo, B.A. Dobrescu, and T.P. Tait, PRD 70 hep-ph/0408098



SU3)c |SU2)w |U(1)y || Axial A |Axial B|Leptophobic A |Leptophobic B|Leptophobic C|Axial-Leptophobic
q| 3 2 1/3 1/3 1/3 1/3 1/3 2/3 1/3
ur| 3 1 4/3 || -1/3 | -1/3 1/3 1/3 2/3 -1/3
dr| 3 1 273 [ -1/3 | -1/3 1/3 1/3 2/3 -1/3
I 1 2 -1 1/3 | -1/3 0 0 0 0
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71 3 1 -2/3 || -2/3 2/3 —~ - -1/3
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=l 1 2 -1 2/3 1/3 R 3 1 ~
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D. Hooper, PRD 91 1411.4079




Simplified Model Comparison



A Minimal Simplified Dark Matter Model with a vector mediator has been used to compare collider and
direct detection constraints

Lyector O — Z qu,/LCﬁ“C] — gDMZ X’Y SI

Laxial O = ) 9aZp07"7 1 — oM Z,X7"7° X SD

This model depends on just two masses and two couplings

mpM, Mmed, gpm and g,

O. Buchmueller, M.J. Dolan, S.A. Malik, and C. McCabe, JHEP 1501 (2015), arXiv:1407.8257
S. Malik et al., arXiv:1409.4075



Constraints
from various
combinations
of these four
parameters

LUX has
stronger
bounds on
Vectors (SI)
while LHC ha
stronger
bounds on
Axial vectors

(SD)

104__""'| T T T T T T "II""| T T T T _' T '||lI L e L |_
- Vector: 90% CL limits ) 1000 | Axial vector: 90% GL limits |
LHC8 19.5 fb™" \ !‘ LHC8 19.5 fb™"
—— LUX 2013 A - | —— LUX 2013
9q=9om=1 \¥ 800__ 1| — Jg=9pm=1
103 P —— 94=0.3, gpm="1 \\ |\ — — 94=0.3, gpm=1
~y [ —-—09,=gpm=0.5 . =~ ' —-— 9¢=9om=0.5
3 ? A \ 3 eoof | )
(2, é'\ '\ g I
s - - \ N
Q A2 e . '\ )
g 10°% - — —- — : ) € 400
| I
| ! 200}
10’ 3 | / -
-|||||I Lol L .|..I..| Lol L .|....|- O
10° 102 103 104 10° 0 200 400 600 800 1000 1200
Mneq [GeV] Meq [GeV]
Vector gq_gDM 90% CL I|m|t’s_ /:C—' AX|aI vector gq_gDM 90% CL Ilmlts
— = 1400f LHC8 19.5 fb™ )
— LUX 2013
10%¢ ~ —— LHC819.5b ] 1200p —— mDMngGgVV
' . —— LUX 2013 ] Mom= ©
~ —— mpu=10GeV | 1000 = Mo =200 GeY
) — — mpy=100 GeV | )
S% —— mpy=200Gev | 2 8001
£ 10°¢ g [
S S 600}
400}
102l \ : 200[ ]
1 1 1 1 II 1 1 1 1 1 1 : O- 'n 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
OO 02 04 06 08 10 1.2 14 0.0 02 04 06 08 10 1.2 14

9qg:9DMm

9qg>9DM



104__ J ’I T ’__ rr-r.rrrrr1rrrr 1 rrr 1 rr [ T " T
F Vector: go=9pm ] i _ _ 1
I e0%CLimits - B00F  Axial vector: go=gow
/ LHCS 19.5 fb-! I 90% CL limits
: - -1
/ —— LUX2013 ' 500f —— LHC819.5f ]
108k / ——— Mnea=500 GeV [ — LUX2013
5 — — Mmeq=1000 GeV 1 [~ Mmeq=500 GeV ]
= | / | = 400f —— Mnea=1000 GeV ]
(O} ()} L
&, O, [
z = 300}
g 10 " g :
200r
100}
10’ 2 ] i
[ | | ‘ I I ]
0...|...|...|...|...|...|...|.
0.01 0.05 0.10 0.50 1 00 02 04 06 08 10 12 14
9q: 9om 9q: 9om
T T T T T T [ \'| r T T T T T T T T T \' T T T ]
1.00k ( \‘ p | \ Axial vector . \
: > N\, g 1.5¢ | I \ 90w cCLlmits . N\
L \. /‘ I ' 1
0.50F A T s \! _
Vector: 90% CL limits I‘
- - 1.0r 1
0.20 LHC8 19.5 fb™" Nt
2 —— LUX 2013 2 \ <
> 0.10 —— mpu=100 GeV, Mpeq=1000GeV{ > | | * _ = _
— — mpu=200 GeV, M,eq=500 GeV A\ — =" ~N ~
0.05L Mpm=200 GeV, Mmneg=800 GeV | ' — T T T T =T
N 0.5r  |Hce 195" )
\ | ——— LUX 2013 ]
0.021 | ——— mMpy=100 GeV, Myeq=1000 GeV
: — — Mpw=200 GeV, Myeq=500 GeV
F === Mpy=200 GeV, Myeq=800 GeV
0-01 1 1 | 1 1 1 0-0 N N N 1 N N N N 1 L L L L 1 N
0.01 0.02 0.05 0.10 0.2 0.50 1.00 0.0 0.5 1.0 1.5

9q 9q



10} | | 1 44l Vector: 90% CL limit \\ ]
I 3 I M 1eq=1000 GeV ]
1.2}
| :
i | 1.01
Low mass 3 -
G, 1l | Vector | =08y _
Dark Matter s r ! | 90% CL limits (@) LHCS8 19.5 fb_1l MmMpm =3.5 & 6 GeV =— |
5 | | By ] LUX 2013: mpy=6 GeV —— |
- ' LHC8 19.5 fb 0.6 )
| LUX 2013 SuperCDMS: mpy =6 GeV — :
. | 3 CDMS SuperCDMS: mpy=3.5 GeV == = |
| | uper 0.4r
: | 9q=9pm=1 ——
| 9¢=0.3, gom=1 — — ; i
i | 94=9pm=0.5 — - — 0.2
0.1_....|..'..|I....|....|_ 0.0-...|...|...|...|...|...|...|.
0 500 1000 1500 2000 00 02 04 06 08 10 12 14
Mineqa [GeV] 9dq

Vector ] | LHC8 19.5 fo~ ! —— |
Projected 90% CL limits ] ' Axial vector LHC1330fb™ ! — — 1

Projected 90% LHC14 300 fo! === |

CL limits LHC14 3000 fbo’ _
quQDM=1 ' LUX 2013 ——

LZ10ton yr — — 7

Future
projections

A A e L T Y g

102 103 10* 2000 4000
Mmed [GeV] Mmed [GeV]


































. my - Zm%,v Fr—p mQZ " . N
Lint = —(Hy cosa + Hasinq) Zaff—ﬁwuw _EZ”Z + A(Hysina — Ha cos a)xx
f





















Operator Uniqueness

Another example was obtained for the Higgs portal interaction

L = Lgm +)2(7j{3—M0) X—I—A_1<COS(9 XX + sin 6 XWE»X) H'H

2 2
After EWSB: H'H — <U2> - (vYh + %

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

AL —2%4 Yy + \ 1 — (2%\4) Xivsx | ((v)h + h2/2)

M.A. Fedderke, J.-Y. Chen, E.W. Kolb, and L.-T. Wang, JHEP 1408 (2014), arXiv:1404.2283

Other work which discusses this effect includes:

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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Beyond Simplified Models
(Higgs Portal Example)



Renormalizable Lagrangian for singlet fermion dark matter

_ A
»CSFDM — Qﬂ (Za — My — )\¢S) — /LHSSHTH — I;S SQHTH

1 1 ’
+ 50,50"S — Sm%S? — ukS — %553

The second scalar field can develop a vev, and one rotates to the physical states

S(z) = (S)+s(z) -

Ho

h cosa — ssin «,

hsin o + s cos o.

The direct detection cross-section 1s then altered
2

m p)>‘ 2 () ﬁ
o gz 2oy g s

T q=u,d,s q=c,b,t

Interference effect —— —

A, Asinomosoz( 1 1

mgq Vg
S. Baek, P. Ko and W.-I. Park, JHEP 1202 (2012), arXiv:1112.1847
S. Baek, P. Ko and W.-1. Park, Phys.Rev.D 90 (2014), arXiv:1405.3530
A. Freitas, S. Westhoff, and J. Zupan, JHEP 1509 (2015) 015, arXiv:1506.04149.
S. Baek, P. Ko, M. Park, W.-I. Park and C. Yu, arXiv:1506.06556



One needs to include the effects of both scalar particles in scattering amplitudes

m 1 1
= —u(p’ KNu(k) —L s —
M u(p)u(p)u(k)u(k) o sin v cos o [t—m%{ CimaTh L= m +immTn,
1 1
~ u(@)u(p)ulR)u(k) 5 Asin20 [m%{ . mH] = qot i ulp)ulFu(k),

Interference effects arise due to the inclusion of the second scalar. This 1s a consequence
of imposing the full SM gauge symmetry.

3 2771%,1 VH m%h
Aaa = : = —
A\ sin 2« miy
2

2

Asin 2o’



Mixing angle impact

a = 0.2 mx=.01,1,10, 50, 70 GeV
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Model independent comparisons are
rendered more difficult to come by



Operator Uniqueness and Mixing



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

e Aside from scalar WIMPs each particular spin produces some leading non-relativistic operators
that are unique to that spin

@ Two non-relativistic operators, O1 and Oqo, are ubiquitous, arising for all WIMP spins 0, 1/2, and 1
. q . g /!
o, LA M b 9N | O101 22

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 1n order to
reliably distinguish between different particle physics model possibilities for WIMP dark matter.



Standard practice has been to start with effective interaction terms, and then
reduce 1n the non-relativistic limait

L) = o T, ®W,ETyEUNE | | Lo = caxy" Y xNyuy N

nt

Cll)(lN —4C4§X '§N




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;

2%

and four vector terms




To calculate cross-sections, one needs to square the amplitude, average over initial spins and sum

over final states.
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Interference Effects



In the full amplitude, two types of interference effects arise

— 7! isoscalar/isovector
C’i C 17 operator/operator
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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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Interference between operators tends to have a smaller effect
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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



Simplified Models



In general one can write down the non-relativistic Lagrangian

»CNR— Y YCQOQ

a=n,p ;=1

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

LNR — Y YCTO t’

7=0,1 =1

ci +ci)

The scattering probability 1s a factorized product of particle and nuclear physics responses

1

23X+12]N+1

YoIMP=D N >
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ru (o8 L (e } ) Wi @)
Ry
particle nuclear

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) arXiv:1308.6288




The effective field theory approach 1s valid for mediators more massive than the
momentum exchanged

mg > q° = (0 —p)°

X (p) x(p')
{I\I x(p")
|o(q) = '
e '
a(k)~ = q(K') 1
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Ratio of rates for 50GeV spin-1/2 WIMP off Xe and Ge including astrophysical uncertainties
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