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Qrh? # Qph?

0.1423 £ 0.0029 0.02207 = 0.00033

)

theory dreamscape < > experimental searches

signals, backgrounds
model-dependent uncertainties

model-independent uncertainties



Scrutiny of underlying astrophysics is important, but
we’ll stick to Standard Model physics here.

M annihilation: sommerfeld enhancement, bound states,
thermal bath effects, Sudakov logs

production: complementarity

QCD and EW running
mep, Mc

IM N | scattering: nucleon matrix elements, DM-nucleon
EFT, multinucleon effects




Develop an effective theory framework to put a handle on
model-dependent and -independent uncertainties

calculability universality precision
QCD brown muck, factorization, O(1-10 %),
simple heavy quark symmetry  control uncertainties
DM unknown SM anatomy O(102- 104 %)
M- o M g LHC is carving out parameter space,

] pushing to regions requiring precision




Heavy electroweak charged WIMPs

v-p

M A

annihilation: thermal, theoretical control of Sudakov logs, ..
production: null results pushing to higher limits
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In the rest of the talk,

Loy + Lswm

<N><N> <?{m

and illustrate with phenomenological examples.



Zeroth order question: why bother with radiative corrections”

L= ci(p)Oi(p) Monys = Y ¢i()(Os(p)) d/\;lphys — 0
0 i M
H1 p1
. ~ alog —
- get the LO (LL) result {2

- some matrix elements acessible
only at a certain scale

- use complementarity

o - (avoid certain uncertainties)



Currents: relativistic scalar or fermion
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Currents: heavy particle field
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Through dimension seven, there are seven operator
classes closed under renormalization and
transforming irreducibly under continuous and
discrete Lorentz transtormations.

QCD operator basis

Vi = qr'q
Ay = gr'ysq
Ty = im,go"ysq
0y = myaq. 0y = GG
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Example: Weak-scale matching

Lowm + Lswu
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Weak-scale matching for electroweak
charged DM done completely in 1401.3339

extend on-shell scheme | q

reduces to five integrals EW pol. tensors
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Renormalization constants, anomalous dimensions,
and RGE solutions

O?are = Z; j (ﬂ)0§en (,U), Operator Solution to coefficient running
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Wilson coefficient renormalization
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Heavy quark thresholds
Ly ;=4QCD
my + |

»Cnf:5 QCD

ci(ug) = M;j(ug)c’(up)
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Sum rule constraints on scalar matrix elements

wlag, GGt h{ag, GG
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Sum rule constraints on scalar matrix elements
Reduces dominant theoretical uncertainty, which comes from s (f4c)

For heavy WIMP scattering this is an O(50-70%) reductions,
and the remaining uncertainty comes from s (ft¢) |
requiring higher order matching at the weak scale.

Equivalently, we have the best perturbative QCD
estimate of the charm scalar matrix element.

FO% = 0.083 = 0.1032 4+ O(a?, 1/m,)

= 0.073(3) + O(at, 1/m,), fen =
fan = fan +O(1/me)
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Hadronic matrix elements: vector, axial-vector,
antisymmetric tensor

(N(K) VSO N (k) 4 Fi"(0) F3(0) F{(0)
; u 2 1.62(2) 1.65(7)
= (k)| F" ’q>(q2)yﬂ 1 2l FY ’Q)(qz)aﬂyq”] u(k) d 1 —2.08(2) —2.05(7)
My s 0 —0.046(19) —0.017(74)
quark content magnetic moment
p (GeV)  plrw) (0) gpd) (0) (O) Reference
(N (k') AP |N (k) - -
1 SR T
_ (N (N.g) s 2 (N.g) ¢ 2 N : —0. -
=a ™ (K') [ Fy " (q*)1u7s o r (@*)rsq, [u™ (k) 0.79(5)  —0.46(5)  —0.13(10) [60]
semileptonic decay and vp scattering
polarized DIS
u (GeV) tp (1) ty (1) tsp (1) Reference
E;, 2 y 4/3 ~1/3 0
S ANRITLL IN () = —— sk ()1 x (1) | 0sKE)  _o2a(s)  -0053) .
N N 1.4 0.84(6)  —023(5)  —0.05(3) [63]
2 0.81(6)  —0.22(5)  —0.05(3)

(polarized DIS), NR quark model, lattice
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Hadronic matrix elements: scalar and pseudoscalar

Ey 0 0
e (N(RIOGIN(0) = mxf g
—9a,(u) E
U B (1100 (0N (W) = my
T mpy
0 Ry Z |
0) 1 2N B B l1+R,;, X2_
fd,N B 1 + Rud mpy (1 §>, 5_ 1l - Rud ZZIZ'N ’
5, = M ; " (N|(iiu + dd)|N) = 44(13) MeV.

> = (my—m,)(N|(iiu — dd)|N) = £2(2) MeV,
{z_ — iZ(I)MeV}

L I ywpoa (a
Z@MAZ - ZzlmqquQ o 327[2 et? G/U/GPG’
q q

> (N(K)|girsaIN (k) = k(q®, w)a (K )iysu(k)

q=u,d,s

q fqo,g? f(q()%
y 0.016(5)3)(1) 0.014(5)( ) ()
' 3
d 0.029(9)(3)(2) 0.034(9) <+3> (2)
' =)
; 0.04321) 0.04321)
attice

Lattice determination of charm is
interesting, and would assess
impact of power corrections

0 0
q fgq),,, Reference [79] fgq),n Reference [79]
w 0.42(8)(1) 043  —0.41(8)(1) ~0.42
d —0.84(8)(3) ~0.84 0.85(8)(3) 0.85

s —0.48(8)(1)(3)  —0.50  —0.06(8)(1)(3)  —0.08

recent confusion in the literature
studying simplified models for the
galactic excess:
1406.5542, 1404.0022, ...
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Hadronic matrix elements: CP-even and CP-odd tensors

v _ 9"
(1= ) 72000

v _ 9"
(1 =2, ) 1200

u (GeV) Fiob(w) £ () £ () £ () £ () £ (w)
1 0.404(9) 0.217(8) 0.024(4) 0.356(29)
1.2 0.383(8) 0.208(8) 0.027(4) 0.381(25)
1.4 0.370(8) 0.202(7) 0.030(4) 0.398(23)
2 0.346(7) 0.192(6) 0.034(3) ... ... 0.419(19)
80.4/\/§ 0.260(4) 0.158(4) 0.053(2) 0.036(1) 0.0219(4) 0.470(8)
100 0.253(4) 0.156(4) 0.055(2) 0.038(1) 0.0246(5) 0.472(8)
172\/§ 0.244(4) 0.152(3) 0.057(2) 0.042(1) 0.028(1) 0.476(7)
PDFs from unpolarized DIS
E v
m—; (N0 (W) IN(k)) = stk £ ()
p (GeV) s (u) oo, (1) 5 (w)
1 0.186(7) —0.069(8) —0.007(6)
1.2 0.175(6) —0.065(7) —0.006(6)
1.4 0.167(6) ~0.062(7) —0.006(5)
2 0.154(5) —0.056(6) —0.005(5)

PDFs from polarized DIS
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Nucleon level etfective theory and relativistic invariance

L, pr = — {d N'6'Ny'e'y + dyN'Ny'y} +— {d3N?‘al Ny 0" y + diNTO-Ny 0"y
My N

+ dsNT(82 + 8" )Ny'y + dgNTNy (8% + 8 )y + idge*NTo'8 Ny 0k 5

+ idyc""NT6'& Nyt 0%y + idy 1 7*NTOK Ny'6'0l y + id e *NTOF Ny T6'd_y
+ d3NT6'd Ny'6'd, y + diaNT6' 0/ NyT6'0l y + d\sN6 - 8, Nyfe - 0.y
+digN'6-O_Ny'c-0_y +d;7N'6'0.Ny'c/0" y

+dgNT6' (0% + 52)N)(Tai)( +dgNT6' (00 + éjéi)N)(Taj)(

+ dyyN'6'NyTo' (6 + 52))( +dy NT6'Ny'c/ (00 + 5]51))(} + O(1/mY),

1 ! . d’s can be matched from NR limit of form factors
V5 = FPOIFN, + o [P0 = mF10) - 1 0)| 8 )

N [_%F@(O) _%F@( )] iNuafiéiawNu} +0O(1/m}). T = my Kmqt ) e®Prinyly NalN + O(l/mzv)]
e e ) o
u, Al :mLN{ l_iFﬁ,q)(o)] i€ u,N D 1,01 ,,N }+O(1/mN) rom q_ N _ e
1 i 0y :mN[< Sﬂ)f(O)NuNu+O(1/m2 )]’
+mi?v { E F9(0) 4 ng)/(o)]eﬂ 00U, N D20, 461 o N 0?259 _ % fg?,sgeﬂ”p‘fuﬂa (N ajgN )+ O(1/m%),

A y 3 o) -
i i, O =y |2 FORN, + 01 /m]z@],
+ _%F;q)<0)] apysU Nu(alj_a(j__‘_élié )Oﬁ _4
: L 2w 1 ) s 1 =
+ _—%Fﬁ?(o)—éF;@(Oﬂeaﬁﬁmzvu(aia +dLon)oN, 05" = my §f§q>€ it uNog N + O(1/my) |

+ |[--F (0)] ieﬂyaﬁuyNuaJ_aéj_/}Nu} +O(1/my),
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Nucleon level effective theory and relativistic invariance

1 . . 1 . . . .
'CN)(,PT — m—z{leleN)(Tﬁl)( -+ dzNTN)(T)(} -+ m—4{d3NT(‘9’+N)(T(92L)( + d4NT(9’_N)(T8’_)(
N N

+ dsNT(82 + 8" )Ny'y + dgNTNy (8% + 8 )y + idge*NTo'8 Ny 0k 5

+ idyc""NT6'& Nyt 0%y + idy 1 7*NTOK Ny'6'0l y + id e *NTOF Ny T6'd_y
+ d3NT6'd Ny'6'd, y + diaNT6' 0/ NyT6'0l y + d\sN6 - 8, Nyfe - 0.y
+digN'6-O_Ny'c-0_y +d;7N'6'0.Ny'c/0" y

+dgNT6' (0% + 52)N)(Tai)( +dgNT6' (00 + éjéi)N)(Taj)(

+ dyyN'6'NyTo' (6 + 52))( +dy NT6'Ny'c/ (00 + 5]51))(} + O(1/mY),

d’s can be matched from NR limit of form factors
Impose Lorentz symmetry

. -0 xXn-0 . - 0 xXn-0
N — e'"™im* 1_"1 —I—O- 1 + ...|N, y — e 1—"1 —I—G T + .y
2my dmy 2m, dm,
at—i’at—ﬂ‘a, aéa_nat.
d, )
l"d4—|—d5:z, d5:rd6, 8r(d8—|—rd9):—rd2—|—d1, 8r(rd11—|—d12):—d2—|—rd1,
d d
rdyy +dg = Zl dig = r*dy, 2rdig + dyg = Zl r(dig +dy7) +dig =0, dyg = r*dy;
or Galilean?
imya-x im,-x _llp+p k+FK _ / —
N_>e N’ )(_>e “ )(’ VrelzzlmN — " ], q:p—p:k_k, P:p_|_k:p,_|_k/.

d,— 0, —n-0, 0 0, g 23
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Example: Isospin violating dark matter

1 — _ — - bg a \2
L)(,SM — P)()( b,uu + bydd + A (Guv)
b,=0 b, =—b, =0.01 and A = 400 GeV
R R — _
|
.
~ O_
S
- 2
—1tF
- mu/md
200 o5 10 15 20850795 S0 005 00 05 10
—bu/bd bg

Meaningful predictions require both a precise knowledge of
hadronic inputs and a careful treatment of renormalization effects.



Example: Heavy WIMP scattering

- M
PV =RT(1+...) L=hy{iv-D+...}h,
iD, = i0,+ 1Y By, + g2 Wt
. mW
_ S S
2 2 ﬁZX”XUZCE )Og |
0“x 1 0% i 5
2 .2 2
833 Cs (915 O((JO) = mydq O(O) (GA )
- 1T 0(2) = U, Uy %q( lnip"t — “”tr)q
(’)52):1)“1) ( GA”)‘GA” ‘“’tr)
CS:CS,O—i_CS,].Vp_l_--- C_CZO_l_C'leWW_'_

universal gas law universal heavy WIMP limit



Universal heavy WIMP limit
EE NG O C1

%éij § ig Q | m, (known models)
*AG @) '
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Lt

T Hb

T M0

S)

S)

~5)

€(3) (po) = Rg))(,uoa Hc)M((gbji)Wc)R&) (He; Mb)M((jg)(/ib)RE@ (Lo Ht)c(5) (14t)
U d S c b g J=1.Y=0
¢ (114, 5) -0.407 | -0.407 | -0.407 | -0.407 | -0.424 | 0.004 <=
9 (1, 5) -0.418 | -0.418 | -0.418 | -0.418 | -0.436 | 0.009
0 (1, 4) -0.418 | -0.418 | -0.418 | -0.418 | - | 0.012
O (pic, 4) 10.443 | -0.443 | -0.443 | -0.443 | - | 0.022
(e, 3) -0.443 | -0.443 | -0.443 | - -] 0.028
(1o, 3) -0.458 | -0.458 | -0.458 | - = 1 0.033
(N1 (1o, 3) 0O |N) (MeV) | -8 13 | -18 - - 128 <=
My = —167(*1) (F1)[(F12)(2) (3) (5) MeV
U d S c b g
(1, 5) 0.667 | 0.667 | 0.667 | 0.667 | 0.091 | -0.050
c? (1, 5) 0.498 | 0.498 | 0.498 | 0.498 | 0.073 | 0.080
) (py, 4) 0.498 | 0.498 | 0.498 | 0.498 | - | 0.080
) (pie, 4) 0.418 | 0.418 | 0.418 | 0.418 | - | 0.140
(e, 3) 0.418 | 0.418 | 0.418 | - | 0.140
(o, 3) 0.405 | 0.405 | 0.405 | - -] 0.147
(N|c?)(70,5) 0P |N) (MeV) | 116 | 71 24 17 1 9 <=
(N @ (119,3)0OPD|N) (MeV) | 109 | 59 8 i i 40 <

M@ = 216{710)(2) 2) (1) (2) MeV



Transparency of WIMPs to nucleons

o~ MO 4 p@ M= TTEE)CL R E E) MY

M = 216(711) (2) (2) (1) (2) MeV

]=1,Y=0: MP + ML) =49(17) (7) MeV

1=1/2,Y=1/2: M@ + MY =1.5(1])(3) MeV



Model-independent uncertainties

10—51

110 115 120 125 130 135 105
cnzh((}e\/)

as (), mw /M, my /my, A§op/m

USI::1£5—05—03

+1.240.4 ¢ 1()—447(:n32

os1 < 107" em?®  (95% C.L.)

2 2 7 2

4, 4 2
1 1
oo ~ QoM ( ) ~ 1045 o2

myy XMy, My,

9 2
o~ 3x10747[1 ~ (104GeV /my)’]

J(J+1) -

110 115 120 125

1nzh((}e\/)

1+ (104 GeV/mh)Q_

130 135

1 — (104 GeV/my)*




10—47 I

10—48 n

10—49 n

10—50

Model-independent uncertainties

triplet
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Sensitivity to model-independent inputs

| 2227008 ) | ettt ]
| | 100, ey P s :
| y at vy lat L eC. -
10—46? N S E s 507 : | - ]
: / 4 > :
| — j Q 0
<107 O"; g % 5
& z "¢ : 2 0
O ' ] 2 f
= | L, -0
10748, =|
5 S E ~150
1049 27N, 20 triplet | —200:
100 120 140 160 180 200 0 a0 300 200 500
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WIMP—nucleon cross section [cm*]
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WIMP observables are interesting, multiple-scale
field theory problems

annihilation: sommerfeld

enhancement, bound states,

thermal bath effects, Sudakov logs

production: complementarity

weak scale matching
power corrections, other UV completions

QCD and EW running

lattice: charm scalar matrix element
scattering: nucleon matrix elements,

DM-nucleon EFT, multinucleon effects
include other currents in analysis®*s

AN VS Lorentz invariance
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