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Present null results of direct detection and colliders may M
Indicate large WIMP mass scale

M M
' or
Mw—- Myw—- Mmw—
0—= 0—— 0—

IfWIMP mass M >> m, isolation (MO-M >>un) becomes generic. Expand inivl, my/(MO-M)

This regime is a focus of future experiments in direct, indirect and collider probes
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nucleon\, ,/nucleon

- WZ,..

X X
basic problem in SM physics: scattering of nucleon from
SU(2)xU(1) source

- discovery of SM-like higgs boson + necessary hadronic matrix
elements: complete answer to this problem in principle, but a loop-
mediated, multi-scale problem

- Mwive >> mw :WIMP phenomenology highly constrained and
universal (analog of heavy quark spin-3avor symmetries). Interesting
features, e.g., heavy WIMP OtransparencyO to nucleon scattering

- complications in addition to QED/QCD analogs: EWSB, and
SU(3)xSU(2)xU(1) vs. U(1) or SU(3)
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DM-nucleus scattering: multi-scale problem
A

My !

E my,

E nuclear

Standard model anatomy well studied in quark [3avor and EDN
problems. [cf. morning talks of Buras, Lee€]

Dark matter still in a relatively nascent stage. Naively
subleading corrections can have large effects, e.g. determining
observability of motivated candidates.



SM SM "><5|\/| 5|\/|><"
HQET HQET, NRQCD, SCET

Very active Peld. Focus here on physics of direct detection
above nuclear scale. Other applications of effective theories:

- Derivative suppressed single nucleon operators and
nuclear response&orentz invariance constraints

- Collider production via contact interactions and
extensions.Relate constraints in high scale theebyon

6) to low scale theory=®1or 4) where direct detection and
other observables are evaluated

- Annihilation, indirect detectiorarge logs from SCET and

consistent merging with nonperturbative enhancments
[work with M. Bauer, T. Cohen and M. Solon (not tf
[cf. Thurs. talk of Hellmann]




SM + X

- consider one or two SU(2)xU(1) | . |

multlplets b C e eeeeeccanteenanannenns
! QCD ceceeeceeccesseencssnnncans

- expand |n rm//(mxémx) T

- convergence may be good #fmy) or less good (cf#/
mc), but a powerful handle on unknown dynamics

- hydrogen spectroscopy

1
En(H) =1 Sm.(Z! )2+ ... (MeZa) < Me
- heavy meson transitions
FB! D(y'= v)=1+ Agep ! M
- DM interactions o
|
!("N—>"N):? mW . mX
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Setup
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- consider 1 or 2 multiplets, lightest neutral component
stabilized by Zsymmetry (e.g., R parity, G parity)

L = B|iva + eQuaA + 2vaz(T3" 3 Q)

Cw
+ &%(v AW T + vVAWFT#)" IM(vp) " f(#) |h+ O@QM )
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Low energy theory

Operator basis
L :L!O+LSM+L!O,SM—|—... ,

Heavy neutral scalar: .
2

o &
Lio= %o IV A&&! + O(1/my,) % .0-=0
M (@=0)

SM interactions: co=0 (reality constraint)

1 0 0 2 2)u" 0 0 2 2)u"
Ly = m_g!;!v{zlcggogqucggvuv..ong + 000 + @y v 0@ Ly
W
q

Convenient to choose basis of dePnite spin

Oﬁ%) = myeq d” = (Gi)?,
& I
" . n 1 n o, n n 1 n
ngq)“ =g "D} ag“ iD q, O =1 GAFGM, + ag*l (Ghy)*
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Universal mass shift induced by EWSB

!
!i!(p):p »g\\I\VX/L% 4 §\’\%\/I¢; + /J\’\? + ...

diL 1 g2 1
(2!t va(L + p) L2! mg,

. . S e
+ 35 S, + WL oM )

. Z — 2
e(vap) =t g (21 m2  L21 mg, L2

heavy particle Feynman rules

1 .
IM = X(véap=0)= "omy | §J2+sm2#w7\]§

M) ! M=o = #2Q°myy sin’ -+ O(M )" (170 MeV)Q?

Different pole masses for each charge eigenstate in low-ener
theory (residual mass terms)



Matching ( 1" mw)
L1 Low" B(va ! #M + gt?vaW2+ g;YVvaB ! f(H))h+ O(1LM )

! " # $ %

Lone 1 sm = Buhy ?09 + @Dy 02"+ 0P + Py 0P+ .
g=u,d,s,c,b

guark operators

T 1 v ™ 1 X b
Oy ~ L Onve ~ L 2 X
ClU(H't) - C X% ) ClD(lJ't) C Xﬁ |VtD | 4(1 + Xt)3 !
#2$ #2 (3 + 6X +2x2)$
@iy 2 @y ~ 22X L+ 2X
C]_U(ut) =C 3 ClD(“t) C 3 |VtD | 3(1 + Xt)3
# $
) oA () 1 3HAX +2XF
CZ (Ut) - C 4" 3X|,21 + 6(1 + Xt)z !
#
@) _ A s(h) , 32 e, 42 +3x) Mt
G () = C 4" 9 log My 4 (1 + x¢)3 og My (1 + Xt)
| A2E! 3¢ +36x¢! 12¢+3x ! D) x| Bl 3+7xD),
| 90, | 1) YT+ % 902! 13

485 +24x> 1 104! 35«3+ 20x2 + 13x, + 18
O(x2 ! 1)2(1 + xy) '
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T3 T I T T T
E.qg. full theory: § + é§ § + Q

$ &

iM =1 g (dL) L L L

+
lvaL +i0 vaL+i0 (L?2! mg +i0)?

VAVE: L (B
electroweak polarizabil# tensor
In background gluon Peld

Electroweak gauge invariance is immediate:

| Ly Ly
M g ! (A &) E = vy + O(v &L)

L2 &mg,
/

crossed and uncrossed diagrams cancel

Background gluon and Fock-Schwinger gauge (x.A=0):

Ag) =t [%—QG (0)(2#) 8 (q) + ...

| i g (d)——iA ()

SP= P m pam \Vowa#m
4 |

I | . i
1A (h) |A(q2)p#ql#q2#m+...

+ g (dql)(dqz)p#m T
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QCD evolution and threshold matching ™ -,

- large effects of QCD renormalization and w8 TR T eeeeeeeeeeeeees

threshold matching . . Q
b C ®o0ceecccocccccccccssed

10! 470
I
— " QCD  ceccececcsercoecncesannnnnn
&E)/ 10! 48
49
10! E nuclear ooooooooooooooooooooooooooo
1d 50 .2 . . .
90 100 110 12C 130 140
my, (GeV)

- nontrivial mapping from high-scale coefbcients to hadronic amplitudes

0

Hill and Solon 2014 C((q ) 1oc
N  ws

R U,C,d,S g 0

_________ :\‘\ STTTTTTTTTTTTTTTTTTTN 2 o I 50
N N \ C(b ) | - o, 100

N D N
2 " f‘ %? | 15C
IIIIIIIIIIIIIII \ C( ) I 20CH
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Solution to RG equations

Olq = Mqaq, 3’ = (G},
& I
: NPT R : : 1
Og" =4 "MD7! 5¢"iD g, O =1 GMIGN, + S (6§
d s_,' (S~ d -’ (949
dloguoi = | i O dlogpC | G
J Y%
, 0 0
# :
o L[t (o) . 4
Spin 0 P = (lJl)._[| s § 0 | 0
121 aaa 20l (" /g)!
(0) (0) (O) (L) " O/n
(IJ-) = C (Ht) ! 2[' m(u) I m(ut)] | o
_[ S( t)]

Spin 2: v
P 64 a7
Diagonalize anomalous dimension matrix 4 i ’ :3
(familiar from PDF analysis) b 4$§ 64 || 4
As check, can evaluated spin-2 matrix elements at high | & aad ¢

scale (spin-0 and spin-2 decoupled) 44




Integrate out heavy quarks

e X 4+ Gl?j = ¢ =

w
A& ) 4 my

& () = 5 () 1+ log- ° ™) S 1+a 11+ 2lg™  + O()
Ho 3 3 7 Hp

& (k) = € (W) + O(82),
@ (1) = €2 (up) ! Iog “—eﬁfmw 0(8?),
¢ (k) = €2 (1) + O(a),

Contribution to gluon operators familiar from!h gg

Heavy quark mass scheme enters at higher order

Charm quark treated similarly (after running tam
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Nucleon matrix elements y

- having evolved to 3-3avor QCD, appeal to lattice

. . Il ' TR ' Illf ecceeccccccccccscs
QCD or SU(3) chiral perturbation theory for W " t
maitrix elements
Iy, L
# $ 2 |
mN — (1 %#m) "N |mqqu H+ 2_g"N |(GSI) |N# - QCD  ceceeeccccttttcccccnnnns
q
Enudear ...........................
my + My _ - _
+ l o= "p|(Qu + dd % 2Ss)|p#
oy = > T pl(mu + )| p# 2
© _  Ms _
My (Fd + Fan) & ! on Mnfon = i mgl v %t o) = ts
| : | ! 1
.-N|O%)H- (WIN#$ % kHk® %ngﬁ féz,zl(p) fC({ZF)J(p‘) — O dXX[O](X, “) + !ﬂI(X, “)]
! ! "
NIOPH (IN# 8 — ek o Tmd 18, (w)

uGev) | 13w oW fEBw 18w
1.0 | 0.404(6) 0.217(4) 0.024(3) 0.36(1) F2 = @
1.2 | 0.383(6) 0.208(4) 0.027(2) 0.38(1) un dp
1.4 | 0.370(5) 0.202(4) 0.030(2) 0.40(1)

MSTW 0901.0002

fé’zrz - § (2 fF@ =@

u,p? sS,n S,p
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- strange quark scalar matrix element overestimated (centraj, ...
value) by SU(3) ch.p.t.

'IIW! ['lh! l'lt 00 0000000000000 0

107
|"Nlat |slat i
16#46’ [ l'lb, IIIC @ 0000000000000 000000000
1085*
= [
10#47L -é |
2‘109 .QCD ®© 0 0 06000 000000000000 00000
**

$lem?

48 |
10%48L 10 0} ——#p  ModelC -—--#n

—#-p Model L ———#'niEnuclear ® © 0000000000000 000000000000
16 W0 s 60 70 80 90
100 120 140 16C 180 200 l'in (MeV)
M GeV! Ellis, Olive, Savage, PRD 77 065026 (2008)

- Important impact on cross sections

] == 12 e ‘ _fs
10C oo ] l . 0.063(11) [21]n; =2+ 1
- g2 i 1 B —. 0.032(25) [14] ny =2
50r g2 3| = 0.012(*4%) [16] 0y = 2
: = .- 0.014(06) A7) n;=2+1+1
——— 0.048(15) [18]ny=2+1
g 0.009(22) M9l n;=2+1
a —.— 0.046(11) [20] ny=2+1
B s 0.058(09)  [R2ln;=2+1"
[ A 0.023(40) ~ T [@9Iny=2+1"
% —— 0.033(17) [13]ny =241, SU(3)
E —_—— 0.036(*%%) [23] ny =2+1
2 0.075(73) 241 n;=2+1
= 0.023(22) [25] ny =241, SU(3)
£ 0.022(*%¢) [26] ny =241, SU(3)
1 25¢L L ‘ . : ‘ : 3 e 03463 —  [271ny=2+1, SU(3)
0 100 20C 300 400 500 e - 0.053(19) present work
n S! MeVII
A 0.043(11) lattice average (see text)
0.00 0.65 0,‘10
Is

- lattice still Converglng’ but indicate small value summary plot: Junnarkar and Walker-Loud, 1301.1114
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- nhew frontier: charm scalar matrix element

MW ! ITIR Y ITlf eeeeeeececcceeans
— ! |
1047 had' ------------- v el My, L
— 104 | = pert i .
e | e
f’_f 10!49-“\\' - ! QCD  ccccecccrcnccccnnns
10 50k : / ]
doublet’,
| 100 12C Enuclear sovveeeeeeiiiiiinnnnnnnnnn,

10756~ 40 60 &0
IN |mcedN " (MeV)
Freeman et al [MILC] 1204.3866

Gong et al. 1304.1194

- upper-bound<—prediction for some cross sections
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Some results

(benchmark zero-velocity, heavy particle limit
of single-nucleon cross section)

100 110 12C 130 14C

my, (GeV)
Trlplet (eg, Wan) Parameter Value
Vi 10
_ +1 .2+0 .4 l [Ms| 10
&gl =1.3 0.5!00.3( 10 *" cm? V| 1
my/m 4 0.49(13)
ms/m 4 19.5(2.5)
mht 0.047(9) GeV
Z'S"ﬂ 0.050(8) GeV
. . , _ SN 0.064(7) GeV
perturbative uncertainty hadronic uncertainty 5, 0.036(7) GeV
My 804 GeV
4 4" 1 1 o m; 172 GeV
cf. dimensional estimate: o " 2N _——_ = " 10%cny? Mo 4.75 Gev
mW mW mh M 1.4 GeV
My 0.94 GeV
's(mz) 0.118
l o(mz) 0.0338

By heavy WIMP spin symmetry, same result for self-conjugate
fermion (wino) as real scalar (e.g. weakly interacting stable pic
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Doublet (e.qg. higgsino)

15! 10 ®cm? (95%C.L.)

110 115 120 125 130 135
mp (GeV)

By heavy WIMP spin symmetry, same result for fermion
(higgsino) as scalar (e.g.Oinert higgsO)
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Mixed cases

With the scale separation M mw, Opure statesO are generic: effects of higher states
suppressed by w/(MO-M)

Intricate interplay of v/(MO-M) suppressed higgs exchange versus pure-state loop
corrections

Again, analyze in the M,M®w limit.

Inclusion of additional multiplets allows nontrivial residual me
and direct Higgs coupling

L =h,fivaD" 'm" f(H)h, +O(1/M )

| $ | $ | $
L0& & 04 & L OHTIHT ) H(
T“:#é%a _"%!1 é)—c.c., Y = #aO leé: f(H)= —2—_# H O, 0O, cé) . +h.c.
U ail2 0, 2 !1 12
IH 02 02
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Tree level mass diagonalization
al(O, 1) 3.2(0, 1)

#
"m(Vw) = "M+ Vwk§

R O - O

INCIRING has hyo hye

mass eigenstate basis: e

~W

= +fievH |sin gyv“

h(o) e Py hA<> hy( hyeo ho

h(+) § =1 Zg—|sm”B]V“ = 22—2‘}‘/|cosg|vpl § =1 Zg—|cosﬂ|vpl

h — h(o ) N hy

hay hiy
A) h+ ( % = i 1I ZSW % = $2EyH

h
h J— )\E)-H h/\i )\(+) h)\

Ax
§W! =192 aj:|s1nB|V” —4 1028 alj:]COS Y § —:I:igég"
o

. # 2 # #
I'm = diag ( avtan -,av——,0,avtan -, avtan -

o
-
N
o

sin 2 |vH
2

w

2" sin#’ 2 2 hy) hy
* w# —i'ga |cosﬂ|vpl
Mg! M . av . ! %
g 2P 4% a24a2  sinl ! , cos'! ! !
2 (av)2+ | 2 (av)2+ | 2
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Onshell renormalization

[ — Ebare iv- D — Iubare o fbare(H) hbare

=hliv-D—pu— f(H)h+h[§Zyiv-D —6u—6f(H)|h

l'lbare — dlag( l'lbare bare l'llz[))are l'llal:))aure lJ.ll%are ’

! $
bare 0 Hi+ HT i(HT! HT)
a-l Ir'e n

0
—# H+H* 0, 0, &
iH! H% 0, 0,

f bare —

Compute loop correctionsba(Vv.k)
[1]22 + Re[Sa(dm(v)g” N2z — m(v)g” [0Z1]22 =
041]33 + Re[¥2(0)]33 = 0
0p11 + Re[Sa(dm(v): i1 ! om(v)§” [6Zn]11 = 0
5M15 + Re[Z9(0)]15 = 0

OM]23 + Re[X2(0)]23 = 0

22

renormalized lagrangian
parameters = physical
masses

lightest state remains
eigenstate



Additional states In the dark sector

10' 45|

10' 46

~

"5 104}
O

singlet-doublet (e.g., bino-higgsino) <~

10 49

(S0 N T T T
102720 2 4 6 8 10

10' 451

10' 46

triplet-doublet (e.g., wino-higgsino} A —

10' 470

# 10

10 49} ]
puredouble
—>

|50III|ll: IIIIIIIIIIIIIIIIIIIIII
10°v2=712 0 2 4 6 8 10

L/ [(4" ) mw]

% mass splitting of multiplets, in units where tree/
loop crossover occurs at ~1

Interplay of mass-suppressed (tree level) and loop
suppressed contributions
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Additional states in the Higgs sector

can the amplitude cancellation be avoided ?

phenomenologically allowed
coupling of h toW,Z,u,c,t :1 + O(L/t ¥)

couplingofhtod,s,b:1! ! + O(1/t c)

"$ t; cos@& %% : departure from OalignmentO limit

cf. Carena et al. 1310.2248
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Summary

¥ Indications of Nkw physics>> mw Imply constrained but challenging
WIMP phenomenology

¥ Heavy WIMP effective theory used to give brst complete matching
onto full basis of operators at the weak scale at leading order In

perturbation theory: application to SM extensions consisting of 1
and 2 electroweak multiplets

¥ Systematic treatment of QCD perturbation theory and scale
uncertainties (signibPcant residual perturbative uncertainty)

¥ Important inputs from lattice (strange scalar matrix element), and
potential iImpact of charm scalar matrix element

¥ Much work to do: power corrections, detailed nuclear modeling,
Interface with indirect detection
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