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No direct detection? X
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Interactions with light quarks can be generated via loops at low scale



Energy Scales

WIMP searches probe widely different energies

direct indirect LHC
e el N I
1 GeV myz s A 10 TeV Energy
Mediators Scale

GOAL

Develop a general framework to account for the
scale separation automatically and systematically



Energy Scales

WIMP searches probe widely different energies
direct LHC
B corches B,

1 GeV mz Ty A 10 TeV  Energy

Mediators Scale

GOAL

Develop a general framework to account for the
scale separation automatically and systematically

Not optional: SM between A and the Nuclear Scale
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Complementarity

Indirect
DM interacting with quarks
Best probe for /
DM mass above TeV 10°
<
b-l->
e
0
Direct E
challenging for low DM mass 0,
good for intermediate mass <
107° | . y -
. Olllder/S current
I S
Collider ot il Prplections
: e 100 101 107 103 104
no astrophysical uncertainties m, (GeV)

gOOd for IOW DM Mass Snowmass 2013 CF4 Working Group Report (arXiv:1310.8621)



Direct Searches

Germanium

Detect DM elastic scattering with nuclei
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 Low cross sections
* Tiny recoil energies

Source: http://kipac.stanford.edu
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Effective Operators

DM is the only particle experimentally accessible

q
Other new particles q
assumed heavy and
: 2
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Mmed Mmed Mmed
P R O . Name Operator Coefﬁment
. D1 XX44 mq /M med
D2 X7°Xqq iy Myoq
D3 X%(qug)g qu/ med
Model Independent D5 A XTV g 1/ e
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Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, PRD 82 (2010) D10 XOuvY X99a59 / med



Effective Operators

DM is the only particle experimentally accessible

q
Other new particles <
X q
assumed heavy and *
. 2
integrated out b 1 i @ MPQ )]
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ATLAS Collaboration, arXiv:1502.01518 WIMP mass m, [GeV]



Effective Operators

DM is the only particle experimentally accessible

Other new particles
assumed heavy and
integrated out

120 GeV < pr <1 TeV |

Inl <2 .

— mpy=10GeV -

— mpy=200 GeV

— mpy=500 GeV
— mpp=1000 GeV

CON: 1o*

Not justified
at the LHC

/5 =8TeV

103 | | | | | | 1(\)4
Busoni, De Simone, Morgante, Riotto, PLB 728 (2014) A=M [GeV]
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UV Complete Models with Dark Matter and Mediators in the Spectrum

Abdallah et al. arXiv:1409.2893,

spin 1

1
Ls—channel = _mX>—<X i iMI%ledV'uV,u — gDM VILL X,y,u

Malik et al. arXiv:1409.4075

X — Yq Vu QVMCI

105 _ Vector: 90% CL
q X - projected limits
V [ 99=9DM =1
- T T L
X 104 3
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mpm [GeV]

Mediator effects
fully accounted for

—— LHC8 19.5fb™"
— = LHC1330fb~"
— == LHC14 300 fo™"

----- LHC14 3000 fb~' |
— LUX 2013

— =— LZ10tonyr
v background

Buchmueller, Dolan, Malik, McCabe, |HEP 1501 (2015)

M med [GeV]



DD in Simplified Models
Ee T D= %MiedV“Vu — oM Vi X X N e
X\%C

: gDpM Ygq gpM Yq
% X S
. p2 T Mr%led Mr%led
Q/\q

Contact interactions valid for WIMP elastic scattering




DD in Simplified Models
Ee T D= %MiedV“Vu — oM Vi X X N e
X\%(

0 JgDM Yq gDpM Yq
% X LEie
2 2
: p2 e med med

Contact interactions valid for WIMP elastic scattering

Automatic Connection between two frameworks?

Collider and Indirect

Searches within
Simplified Models

Crivellin, FD, Procura PRL 112 (2014)
FD and Procura arXiv:1411.3342

Direct Searches

within Effective
Field Theory

: 4 | 1 |
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Singlet Fermion WIMP

No renormalizable

interactions with SM Ferrmon Standard
SM Singlet = oty
A famous realization: % F?erlfjas Model

MSSM bino

Integrating out mediators at mass scale A\ (step 0)
Left with an EFT for DM+SM

Low, = Lon + X (i —my) x + 3 o O

a,d>4
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d
Direct Detection: ( ) A
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WIMP bilinears Ad 4
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Dimension 5: Higgs Portal and Dipole Moments
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EFT for Direct Detection

. e (d)
Direct Detection:
WIMP bilinears Ad 4

XFAX O(SM>

D4 = (1 R e ek
Dimension 5: Higgs Portal and Dipole Moments

11m. C ] 14 14 o
o i XXHH + ° xv “xH'H + X0 X By + - e,wpaxa“ xB*

VAR

Barger et al. PLB 696 (201 1)
Shifman et al. PLB 78 (1978) Banks et al. arXiv:1007.5515
Fortin and Tait PRD 85 (2012)



EFT for Direct Detection

. e (d)
Direct Detection:
WIMP bilinears Ad 4

XFAX O(SM)

T4 = (1,779 Dk

Dimension 5: Higgs Portal and Dipole Moments

11m. C ] & — 14 14 (o
o EXXHTHJr Kpm xHH + XXUM XBuy + = T e

Dimension 6: Current-Current Interactions
1

E(dlm 0 = =9 P x [eq@ryugr + cutiryuur + dryudr + aloyule + ce€ryuer] +
CH _ .
H gruy HYiD,H 5
e - I = (e



EFT for Direct Detection

Generated in many UV completions
(e.g. s-channel vector mediators, t-channel scalar mediator)

Focus on this 2 x (15 + 1) = 32 operators
and perform a complete RGE Analysis

FD and Procura arXiv:1411.3342

Dimension 6: Current-Current Interactions

dim. 1 5 X . 7 o —
L(SMX 6 = e XTHX | eqdYudr + cutrVutr + drYudr + aliyule + cc€rVuer| +

CH

CH i
a2 XA iD.H T = (78, o0
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RGE for Fermion Singlet

d CSM,, R 3 7 - -
— JSM, CSM 1. M

din E X X . -

Solve from E = A to E = myeak | STEP T | =~

Gauge Interactions

N D

Higgs Self-Interactions

P (\\ ,/ ,,—-\\ ,/ - (\\ /{
4 K ¢ —
SR o X NOOT -
% N, N N,




RGE for Fermion Singlet

d CSM,, R 3 7 - -
— "JSM., CSM 1. SM + X
d ].n E X & et NCs
Solve from E = A to E = mweak S/ STEP | 5/

Yukawa Interactions

° Diagonal renormalization
different for each operator
» Operator Mixing

Inducing a Redundant Operator

2 g/2
> NW\' X = XF“x@ B, = —Fxr“xJp(Ly)



RGE for Fermion Singlet

d CSM / /
- = YSM,, CSM TSl
d ln E > . —":N@"’“ -;,;am i
Solve from E = A\ to E = mweak _ STEP | -
e )
EMSM,, EFT SM, EFT ;
EW broken SM+x [ : SM + x CEMSMX e CSMX _I_ 5N E
STEP 2 P ' !

Matching the two EFTs at weak scale



RGE for Fermion Singlet

d CSM / /
L = YSM. CSM SM&PT
din F/ % K 173 -
Solve from E = A\ to E = mweak _ STEP | _
EMSM, EFT ~ SM, EFT
EW broken SM + x "'60“ SM + x CEMSMX e CSMX _I_éN
STEP 2 P

Matching the two EFTs at weak scale

d CEMSM, — —

EMSM, EFT
e C EW brokeri< SM + x

T YEMSM,, CEMSM,,
Solve from E = myeakto E = | GeV _~~ STEP3

|
[ |
w .
(e}
2. '
= e



RGE for Fermion Singlet

direct indirect N LHC
B o ches searches I energy

1 GeV myz Ty A 10 TeV  Energy

Mediators Scale

/ Mediator and Nuclear

l " . Scales Connected
»llln_

- applicable to UV complete models of fermion singlet
* bound effective couplings in a model independent fashion
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Spin-Independent DD

Coherent WIMP-Nucleus Scattering

Goodman and Witten, PRD 31 (1985)
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Spin-Independent DD

Coherent WIMP-Nucleus Scattering 1o

Goodman and Witten, PRD 31 (1985) Adapted from Snowmass CF|
10-40| Final Summary Report (2013)
2 mj2\/’ . (arXiv:1310.8327)
G X —1Z fo+ (Al Z)fal 10742} IXENON100
(my + M) — N LUX
5 104{L
s A
e N T T U XENONI T
Dim. 6 Fermion Singlet T
10—48, ———————————————— . LZ
U d ;
e Cy _ Sy = Neutrino Background
Lioim = T (AQU’MU + AQd’md) 10-5 . R -
nuclear 10 50 100 500 1000 5000 10
m, [GeV]
f_2c§;+c$ / &+ 2 :
25T A2 e A2

In what follows

Constrain parameter space
via direct detection bounds

Consider specific choice
Wilson coefficients at A




D5 and D7 Operators

CD5 _ T ot g L !
Los = =5 XV'X | )_ vy’ + ) d wd] Large S| cross section for D5

CD7 _

Lor = 55 XX [ D wmrsv +Zdi’yw5di] SD and q? suppressed for D7

Operators defined at the mediator scale A



D5 and D7 Operators

CD5 _ T ot g L !
Los = =5 XV'X | )_ vy’ + ) d ’md] Large S| cross section for D5

CD7 _

Lor = 55 XX [ D wmrsv -l-Zdi%%di] SD and q? suppressed for D7

Operators defined at the mediator scale A

D5 and D7 mix onto each other



A[TeV]

D5 and D7 Operators

CD5 _ T ot g L !
Lps =S5 X7*X Zu%u +Zd ’Yud] Large Sl cross section for D5

CD7 _
Cpi = ) XX

Operators defined at the mediator scale A

D us’ +Zdi7w5di] SD and q? suppressed for D7
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D5 and D7 Operators

“bE B T
£D5:FX’Y“X ZUZ’YMU +Zd’md]

CD7 _

Large Sl cross section for D5

Lor = 55 XX [ D wmrsv -l-Zdi%%di] SD and q? suppressed for D7

Operators defined at the mediator scale A

Generic UV complete

model can generate
both D5 and D7/

Cp7

107" Luxiimits 2 sy
m, =100 GeV
0.5}
Thermal Relic
0.0}
A=1TeV
_o5l A=2TeV
Thermal Relic
-10c. . ~——-. -
-0.10 -0.05 0.05 0.10

Cps

Crivellin, FD, Procura PRL 112 (2014)
FD and Procura arXiv:1411.3342



DM and Heavy Quarks

e iz i
LHQ S F XV X (CQ Q%/YMQ% CUu U%VMU% CD d%%d%)

Operators defined at the mediator scale A



DM and Heavy Quarks

o i T
LHG = 2 XV X (CQ 37,45 + cuy uSy,u% + cp d%wd%)

Operators defined at the mediator scale A

Operators with HQ mix onto D5 with light quarks



Lng = EY’Y“X
Operators defined at the mediator scale A\
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Leptophilic DM
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Leptophilic DM

D T s
£lepto T F X’Y“X Z (Cl lqi,/y,ul + Ce 6RWM€R>

Operators defined at the mediator scale A

Operators with HQ mix onto
D5 with light quarks

XENONIO0 LUX FD and Procura arXiv:1411.3342
XENONIT LZ



Plan for Today’s Talk

Conclusions and Outlook



Conclusions

direct indirect LHC
L searches searches I energy
m o] !
1 GeV Z  Mediaere SLOAlER Eg:aréy

FD and Procura arXiv:1411.3342



Conclusions

Match your favorite
DM Model onto the

SMy EFT
direct indirect LHC
Bl o ches searches I I energy
1 GeV Mz [Tl | 10 TeV Energy

Mediators

Scale
FD and Procura arXiv:1411.3342



Conclusions

Match your favorite

d Cemsm | d Csw,

= |l EMsMm . CEMSM |, = | sMm, Cswm, DM Model onto the
direct indirect LHC
B o ches searches I I energy
1 GeV Mz [T ! 10 TeVV  Energy
Mediators Scale
CemsM, = Csm, + !'m

FD and Procura arXiv:1411.3342



Conclusions

Match your favorite

d
d (;EIMSE/I = EMSM , CEMSM |, d(I:S—NE = 1 sMm, Cswm, DM Model onto the
N 4 SM, EFT
direct indirect I LHC
L searches searches- energy
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C = C + |
EMSM SM, m FD and Procura arXiv:1411.3342

Model-independent constraints to couplings at the scale A
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Outlook

Pushing EFT Analysis

Singlet fermion at dim. 7: SM gauge bosons and scalar currents
(nice examples in: Frandsen, Haisch, Kahlhoefer, Mertsch, Schmidt-Hoberg, JCAP1210 (2012)
Haisch, Kahlhoefer, JCAP1304 (2013) Crivellin, Haisch, PRD90 (2014))

Different DM spin and/or SM quantum numbers
(with only gauge interactions: see Hill, Solon, PLB707 (201 1) and PRL112 (2014))

Extend the study for lighter mediators (A < | TeV)

(in progress)

Explicit Models

Extended Complementarity in Simplified Models
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