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X Ysm . .
- WIMPs theoretically motivated
by the gauge hierarchy problem
X wsm - WIMP paradigm testable
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(O Vrel) xx—wsmypsn = 1 Pb

Indirect Searches

Ysm Dil’ECt
Milky Way WIMPs annihilations Searches
gesniceRacosicays IR \ilky Way WIMPs may scatter
Ysm % _al off target nuclei on the Earth

FERMI GRT, Source: http://fermi.gsfcmnasa.gov

Psm

5 Collider Searches

WIMPs may be pair-produced at  [5&g
colliders, accompanied by SM particles S

X

Ysm

LUX detector, Source: http://lux.brown.edu

LHC @ CERN, Source: http://homeweb.cern.ch



http://fermi.gsfc.nasa.gov
http://home.web.cern.ch
http://lux.brown.edu

Energy Scales and EFT

Energy probed by collider

. % E; d = E 1 =M =M k
and indirect searches o = . e

Direct Searches are sensitive to energies
much smaller than the weak scale

4,uiNv2

XN L XN I ZMNX ~ 200 keV

(for Xe detector and m, = 1 TeV)

Large scale A = 1TeV and
we are inferested in physics
at energies E = Er « A

Treatable within
EFT framework




EFT for Direct Detection

i i el el Yx G, GH
XV x .9 i XX ¢ T

Wilsonian Operator Product Expansion

(v
=Y e 3o

Factorization of short-distance (coefficients) and long-distance (operators)

dT o [C; (1) [N Os () N2

v \

Encodes unresolved dynamics
at scales between A and pn

Low-energy contribution
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e 10 TeV
At pe) ~1
@( w2 ( 1 GeV )

Should we worry about order of a few
corrections in a pre-discovery era?

Yes! And This is Why

| D51 X7v*xavug Sl
- Only light quarks and gluons as targets D6 | X7*7v°xqv.q | SIv? and SD ¢?
- Different sensitivity for different operators| D7 | Xv*x@w7y’q¢ | SDv”org®
Goodman and Wiktken, PRD31 (19%8) D8 ny:u/fy5x Gf}/’ufy5q SD

Goodman et al,, PRD¥F2 (2010) (arXiv:100%.17%3)

Effective Operators Mix Under RGE
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Scales Connection via EFT

Conceptual starting point:
UV complete model for SM gauge singlet fermion WIMP

EMSM, EFT
EW broken SM + y

SM, EFT
SM + x

—

UV COMPLETE MODEL
SM + x + Mediators >

Tl
e
NXQ \e

-

E

Mediators are integrated-ouf, model matched onto the SMy EFT

All we are assuming is the existence of the
Standard Model between A and the Nuclear Scale
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The SMi EFT

D) ~ SMy EFT ~
LSMX = £SM —|— Y (Z@ = mx) X _|_ Z A;)é—ll Ogd) i SM + x T
oAl we N
- -
Direct Detection: O(d) L e O(d—S)
SM interactions with WIMP bilinears a = X1 X XUasm
Dimension 5 Dimension 6
ODg XX H'H 0% WA f_z_’YufZ
Op Y x HTH (9% Rl a5 il
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U | e sl Oan YW“%XHTgZH

PR R B S
f _QLauRadRalLaeR



The SMix EFT

SM threshold corrections to Higgs operators known

Shifmaun, Vainshtein and Zakharov, PLB7% (197%)

Dipole Dark Matter constrained by direct searches

Barger, Keung and Marfatia, PLBE96 (2011)
Banks, Fortin and Thomas arXiv:1007.8518
Fortin and Taik, PRD¥S (2012)

Dimension 5

Os Xx H'H
Op Xy’ x H'H
Om aa s
Or | Xo""x el




The SMix EFT

Interesting mixing can happen among dim. 6 operators
ALCrivellin, FD, M. Procura, PRL 112(2014)
Our goal:
complete one-loop analysis of dim. 6 operators in SMy EFT

FD and M. Procura, arXiv:14-1xxxxx

Dimension 6
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The SMix EFT

Interesting mixing can happen among dim. 6 operators

Our goal:

ALCrivellin, FD, M. Procura, PRL 112(2014)

complete one-loop analysis of dim. 6 operators in SMy EFT

- (5 x 3 +1) x 2 =32 operators
- DM bilinear invariant under RGE

- Two independent 16 x 16 blocks

FD and M. Procura, arXiv:141xxxxx

Dimension 6

Ovr | XX fiyuf!
O%t | X7*1x Fryuf
Ove | XX HTEiH
Gz | R ¢ HTEH

f = dqr,Urp,ARp,t1,€R



Loops in the SMx EFT

Gauge Vertex Correction Higgs Self-Interactions

/4/?/,\/,\:\,' 4'7 é'r
+ + —0 (K 4 &k 4+ ER =
N "’\/\N\/

Yukawa Interactions

> N . .
X - external leg corrections induce
diagonal renormalization

: e e o o

: R - vertex corrections induce

' 2 off-diagonal renormalization
| .

Hypercharge Interactions




RG Equations - SMX EFT
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dCswm,

dln p

Running Driven by Yukawa Interactions
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RG Equations - SMx EFT

3 ()

CFu

—

SM, EFT

eO’Y“

geo®

-




C

(2R 2) R (2] (2)

T _( W g @M W)@ o @ e
q U 1

SMy — \ ¢r¢ Cru ©rd , °ri Cre

dCswm,
dln p

= (YoM, ‘/\ + Ysm,, ‘Y) Csm,

(2)

CFe

3 ()

CFq Cru

—

RG Equations - SMx EFT
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Running Driven by Hypercharge Interactions
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The EMSMyx EFT

(@) EMSM, EFT

EEMSMX — LEMSM STV (za sk mX) X + Z Z ;3_4 O&d) EW broken SM + x
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\e \1
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The EMSMy EFT

-(2+ 3 +3)x 2x 2 =32 operators

- DM bilinear invariant under RGE

- Two independent 16 x 16 blocks

Dimension 6

O X%y [ Opyy | x7'x@nd || Opy. | X9 xEe

O%}m X YEX U Yy U 0?;4(1 XX dyuysd’ 0%;4 X VX € Yurse’
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O | XY s x w5t | Ohy | XY vsx divuysd? || O%h, | X1 15X euyse’
ut =, c: d'=d, s,b: e =e, u,T



Loops in the EMSMy EF T

Gauge Vertex Correction

G+ <+ g =0

SM Four-Fermion Interactions

ocGFm?c oc)\?c

Electromagnetic Interactions

e e?
@<I\/\/\/\, o =M &8 Iy, = xITHx Jfbe'm')

Y A? A2




RG Equations - EMSMy EFT
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RG Equations - EMSMy EFT
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RG Equations - EMSMy EFT
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Spin-Independent Scattering

Best Experimental Limits due to
Coherent WIMP-Nucleus Scattering

—42
' _____ XENON100 (2012)
__ LUX (2014)
_43'_ SCDMS (projected)
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E. Aprile et al. PRL109 (r012), D. Akerib et al., PRL 112 (2014), T. Saab (SuperCDMS), Talk at SSI 2012, E. Aprile (XENONLT) Proceedings DM2012 at UCLA
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Dark Matter couples mostly to SM quark axial currents
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A[TeV]

suppressed Couplings

Dark Matter couples mostly to SM quark axial currents

ACrivellin, FD, M. Procura, PRL 112(2014)

Above EWSB Belovc\g EWSB
i U,
A,U

Z, B,

RO u, d

06} LUX limits
XENON1T ’
------------------------------- m, =100 GeV, A = 10 TeV
100| P QTR P
, - , c.'=cq
- 0.4]
50| |
| LUX | 0.2
\
\ Q
XENON100 :;_
, S oo}
kS
1
10} -02
’ ~0.4
5,
/ VPRELMINARY{
- Cvg =-Cw/'=-Cyg' =1 | _oe6l
10 850 100 T 500 1000 ~0.03  -002  -001 000 001 __ 002 _ 003

m,[GeV] (qu +c,)/2



Third Generation, Leptophilic

Dark Matter couples to third generation SM fermions

Above EWSB Below EWSB

e < CUEN



Third Generation, Leptophilic

Dark Matter couples to third generation SM fermions

Above EWSB Belovc\g EWSB
i U,
‘zlli

7 B,
u, d

"~ 'XENON1T

_____________________________
__________________
""""
.
-~
.
e
.
R
’

XENON100

100+ XENON1T ]
: ------------------------------------------- 10 r ,/ < g
""""" — s LUX |
R L R ]
/" 3 K4 \
o ’, \
L / |

50+

A[TeV]

XENON100

A[TeV]

10},
0.5
| 1 1

Cu =Cye =1

500 1000

3 3
qu = Cv| =1 |
10 | 50 100
m,[GeV]

500 1000

50 100

10
m,[GeV]



Plan for Today’s Talk

Energy Scales Connection in 3 StepsIz

RGE from M Inteqratin -oum RGE from M
Mediators to E\?V Sta?es EWSB to
EWSB Scale Nuclear Scale

Applications to Direct Searches 0}

Outlook



\

EMSM, EFT
EW broken SM + y

NUC\G’M
g0

SM, EFT
SM + x

UV COMPLETE MODEL
SM + x + Mediators >

E

FD and M. Procura, arXiv:14-1xxxxx



\

EMSM, EFT
EW broken SM + y

Outlook

/

100"

g0

SM, EFT
SM + x

e@\[“

gt

e E

UV COMPLETE MODEL
SM + x + Mediators >

Match your favorite
DM Model onto the SM, EFT

FD and M. Procura, arXiv:14-1xxxxx



Outlook

UV COMPLETE MODEL
SM + x + Mediators >

E

Match your favorite
DM Model onto the SM, EFT

FD and M. Procura, arXiv:141xxxxx



Outlook

UV COMPLETE MODEL
SM + x + Mediators >

E

Match your favorite
DM Model onto the SM, EFT

FD and M. Procura, arXiv:141xxxxx




