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Multiple astrophysical indications
of cold dark matter

Indication of thermal relic, weakly
interacting, particles beyond the
standard model ?
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on-ramps to the talk

® a motivation for electroweak-SU(2) charged
dark matter

® QCD anatomy of dark matter direct detection

® ( formalism in heavy particle effective theories )
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Will find a general mechanism that can lead to stable particles,

e M ~TeV for particle to be significant component of thermal relic
dark matter

® predictive scattering cross section on nucleon in limit M >> mw

Parameter Value
. | Vid| ~0
technical part of talk: |
Vi ~1
compute this universal cross e 04503
section in terms of Standard S| 0047(9) Gev
ylat 0.050(8) GeV
Model parameters Sew | 0.064(7) GeV
N 0.036(7) GeV
myy 80.4 GeV
My 172 GeV
A nontrivial problem S I
involving multiple scales B B
as(my) 0.0338
myp 7

A prototype for systematic computation of QCD effects in
DM - nucleus scattering
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Recall axion: UV completions realizing Peccei Quinn
mechanism generically involve fermions coupled to color SU(3)

old gluon

/
L = \(%0\2 +q(i@ +gA)q— V(o) — Aoqrqr + h.c.

/ N\

new scalar new quark

Low energy: a(x) = a(x) +c

L UT) pvpo pa a
L= 5 (0u0) + =2 P FLEf

Are there (beyond SM) Dirac fermions coupled to SM
gauge fields (e.g. axion models: SU(3)) ?
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Weakly interacting stable pions

Consider confined Dirac fermions, coupled to weak SU(2)

/old SU(2) gauge bosons

(i@ + gaW “t* + GA )y

\ new “‘quarks” and
“gluons”

SU(2) is a special group: all representations are self-conjugate:

_tCL* — STtCLS e.g. _O-;* — (20.2)T%a(20_2)7 q — 1’273
Implies an invariance of the action: — L [
P — Sy° = Sin?y*
WCL s WCL

Call this discrete symmetry “G parity” after (ungauged) QCD operation.
Consider lightest G-odd particle: Lorentz scalar, weak SU(2) triplet
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Mass spectrum jxj—Ozl—l—Q—l—---—I—Qj

Masses induced by radiative corrections, N \
proportional to total isospin fermion isospin pion Isospin

mie ~ J(J + 1azhj

Isospin
QCD-like confinement scale (~ TeV)
1400 - _
— H9
~— —— 1_18+
> — H7_
8 1000 -
= ol _—
— H3_
— H2+
200 — Hl_
0
G-odd G-—even
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Mass spectrum jxj—Ozl—l—Q—l—---—I—Qj

Masses induced by radiative corrections, N \
proportional to total isospin fermion isospin pion Isospin

mie ~ J(J + 1azhj

Isospin
QCD-like confinement scale (~ TeV)
— 10
— ) — " — 8
5 o — R charged-neutral “hyperfine”
¥ o —_ " mass splitting
20|
0 16
HO

5 Oy

A = Mpa,+1) — Mpp0) & oMy Sin > ~ 170 MeV
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Decay of excited states

charged decay rate

P(H(l,il) — 11010) ) = ﬁAQ\/A2 —m2f2~1/(5cm) QCD -
n Hcm .
—> 2
78
= interesting collider signature inv.i'S'ible
W
. (2)
excited G-even states decay to SM
W
| W
excited G-odd states decay to LGP + SM 17(2) %
II(S) II(Q)

7H
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Enter heavy particle effective theory

Found a mechanism that generates an isotriplet of real scalars

If the neutral component is a significant component of thermal relic
dark matter, can estimate it’s mass in the ~TeV range

Consider any such SU(2) electroweak multiplet

Universal properties emerge in the limit M >> mw, described by the
relevant heavy particle effective theory

> 4Eb Sl

Scattering on nucleon is completely é;

determined, up to controlled corrections

mw/M, AéCD/mg, mb/mW
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Multiple scales: Renormalization analysis required to sum
large logarithms

1
as(p)log % ~ as(1 GeV)log I%(isfv

Consider effective theory at each scale:

mass scale 554  effective theory
)
" S ? SM
Universal to any

Py , DM } su@)-multiplet
mw ~ My ~ My scenario

=0

¢’§)Q )7u7d787c7b7g
my, Mg Universal to theories
(Q=0) without low-mass

AQCD P Uy dy S, g non-SM fields

Richard Hill University of Chicago Universal behavior in heavy, weakly interacting DM



Electroweak symmetric theory

Operator basis

Building blocks:
¢v(37)7 U'u, DJ_M:DM—U'U“U°D

Everything not forbidden is allowed:

Ly = ¢;{iv D — 61% + ¢ 81])\;3 + g2¢p va[l;%}?/aﬁ] — ingM{Djx" [116)]%;4/@6]}
+ gacan % + gicas vavﬂllg/j\’;WM ® + gleas Tr(vl‘/@az\ivsvaﬁ) + g3cas Tr(vaﬁvj\vgaw“ﬁ )
s euwﬂ; g/]\,}ygwm s, EWPUU?Z?\?;WWM i 3 EMVPJT;AG(Z,;VWPU)
gL, ewpav%fg;;?/mwpg) L }% |
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Electroweak symmetric theory

Operator basis

Building blocks:
Ou(T)

v,

Everything not forbidden is allowed:

D,,=D,—v"v-

D

Ly = ¢:§{i?f D — 61% + ¢o 81])\;3 + ga2¢p v [l;%’;;vaﬁ] + igaCur D1 [116)%?/&6]}
+ gacan —MZZ\ZZ“B + goca vavﬂlzv]\zw” ® + g3cas Tr(vllgi\ivgvaﬂ )+ gieas Tr(vaﬁngjw“ﬁ )
s euwﬂ; ?/AZVSWM s, EWP%?;%WWW 2, 3 EWPJT;AG(Z,;VWPU)
P TRTERA

Richard Hill

University of Chicago

Generalized polarizability operators
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Standard model interactions

. H'H t2Q T QL ZQLT YQrAtS, Dy} Qryiv- DQr,
£¢7SM — ¢’U{CH M T+t cQ M2 2M[3 + DQ M3
upy v - Du driiv - Dd ) Hdp + h.c. ) Hup + h.c.
+epy Ry = R Chs RY - R CHdQL ]\};3 + e Qr ]\23
Aap BYApua YA vpo (YA A UV PO, Q A NA
L 2 (&) G Gis B, 2000 Ve GG 2o GCoo G20 e UG a G
AL 16 M3 AT 16 M AL 16M3 A 16M3

b o

Reparameterization invariance:

Co — CXx

All of these are suppressed by |/M

(Ignore for now, but give universal subleading corrections)
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Low energy theory

Operator basis

L =Ly, + L+ Lpysm+ ...,

Heavy neutral scalar:
82
Loy =Dy 0oy V-0 — = +(91m3}v_
@ ¢ ,QO{ 2M(Q:O) ( / W) qb Q=0

~—

cp=0 (reality constraint)

SM interactions:

1 sk 1% 1%
Loy = m—gcbvcbv{ > [65?05 + e v,0,08" ] + 0P + ¢ v,0,08" } +..
W

q

Convenient to choose basis of definite spin

O%g) — qu_Qa 050) — (Gﬁy)Q Y
v v 1
Og)ﬂ _ q (”}/{MZDV} “”zl)) 052),“ _ _GA,LL)\GAI/)\ 4+ agw/(GﬁB)Q |
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Matching (U=M)
Heavy particle Feynman rules simplify matching calculations

quark operators

0 1 0 1 Lt Zifﬁ?
wlk) =€~z R A IR
. : :

(2) (2) 2 2 T4(3 + 634 + 217)
cip(pe) =C g] ; cip(ue) =C g — Vi 3(1+ )3 ;

gluon operators

() T 1 3+ 4day + 222 ! ! e
(0) A0\t Lt Ty
& () =C 47t [3:1:% i 6(1+ )2 |’

ooy ps() [ 320 e 4(2 4 3ay) Pt
¢ () = C— [ 9 8w T T oA T ) 8 (1t 1) QX L ) L
41227 — 36x; + 3637 — 1227 + 3w, — 2) Ty 8z4(—3 + Tx?)
Oz, — 1) log T 0(z7 —1)° log 2
4829 + 242 — 104w} — 357 + 2027 + 137, + 18 :
Oai =11 +2) high scale matching for
quark + spin-0 gluon agree with
[Hisano, Ishiwata, Nagata, Takesako (201 1)]
spin-2 gluon new
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Y
Full theory side: § ; §§ ; § : Q

1 1 |
M = —g> | (dL A (L
M 92/< oo "o bxn) 2= my, wop et

\

quark propagator in background gluon field

Electroweak gauge invariance is immediate:

vt lguu’ - (1-9) S ] = v +O(v- L)

L? — ¢m3y, /

crossed and uncrossed diagrams cancel

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

Z'5(19)=]b _Zm+9/(dQ)

L / (dgr) (das)

p—m

]b o m/[’A (Q1)

+ ...

i4(q2)

p—g1—m p—f1—g2—m
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Effective theory side:

lgnoring quark masses, effective theory onshell loop diagrams vanish in dim.reg.

1 1

UV €IR

d
[ Gt = 05

After equating full theory = effective theory, all remaining divergences are UV

(can also work with finite quark masses)
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Solution to RG equations

Oy = mydq. 0y = (G4,)’,
v 1 v 1
R e P e AN
d_ ) _ N d__ (s) _ (5) .(5)
dlog MO@ ;%J O dlog,uci j ji €
[0 0
2o (1) o ;
Spin 00 () = " (1) T 0 | o
5 [ (j10)] , B
0 0 ¢y (t)
(1) = & (1) = 2lym (1) = Y (112)) 52
E[O‘S (2e)]
Spin 2:
Diagonalize anomalous dimension matrix o )
(familiar from PDF analysis) ( 9 _5\
22) _ Qs 5
As check, can evaluate spin-2 matrix elements at high 4m 64 | _4
scale (spin-0 and spin-2 decoupled) _ 64 _ 64 4%)

9

Richard Hill University of Chicago
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Matching (L=mp)

Integrate out heavy quarks

ey, W+ 51?? = a %

H—J
da a 4
e (1) = &0 (1) (1 iy, ﬁ) 0, [1 ra (11 + 10 ﬁ)] L O@)
3 i 3 3 o

A (1) = &9 (1) + O(@?),

4a my ~(2)

D () = &2 (1) — = log g (1) + O@@2), [Ovrut, Schnitzer, 1982]

[Inami, Kubota, Okada, |1983]
iy () = &3 (1) + O(@),

Contribution to gluon operators familiar from h—gg

Heavy quark mass scheme enters at higher order

Charm quark treated similarly (after running to mc)
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Hadronic matrix elements: Spin - 0

kHEY 1 1 1

(NRIT™IN(k) = T = — : :

Spin-0 operators determine contributions to nucleon mass

= (1= 2m) O (VlmagalV) + 5 (NI(G V)

q

—9a,
VIOWINY =m0 )N = S )

significant uncertainty in this quantity

~N

(ZWN — ZO) — ZS

Mg

0 0 0
U+ )% S ma =

0
1— Zq:u,d,s fq(,lzf

™~

but NLO, NNLO corrections significant and are included

My, + My

a5

=

=
2
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Hadronic matrix elements: Spin - 2

BhkY 1 1 1
% wivy v, 2 = v
NN = S5 = (ke = g ) 4y o

Spin-2 operators determine momentum fraction carried by

partons

14 1 1 g:UJV
(N0 (1) Ny = (kk _ mN)

My

1% ]‘ v gMV
(NJOP™ (1) Ny = (kk _ mN) 72 ()

w(GeV) | fom)  f2w) f3 )
1.0 | 0.404(6) 0.217(4) 0.024(3) 0.36(1

)
( ( ( )
1.2 10.383(6) 0.208(4) 0.027(2) 0.38(1) [MSTW 0901.0002]
1.4 ]0.370(5) 0.202(4) 0.030(2) 0.40(1)

20) = [ dwalale. 0 + (o)

Approximate isospin symmetry:

fin=fip fo =13, f0 =13
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Cross section

Parameter Value
Vi ~ (0
Vis ~ 0
Vie ~ 1
My /Mg 0.49(13)
Mg /My 19.5(2.5)
>lat, 0.047(9) GeV
> lat 0.050(8) GeV
YN 0.064(7) GeV
220 0.036(7) GeV
mw 80.4 GeV
My 172 GeV
mp 4.75 GeV
Me 1.4 GeV
muy 0.94 GeV
as(my) 0.118
ao(my)
mp

0.0338 /
?

Richard Hill University of Chicago

Cross section is completely
determined, given standard
model inputs

2 mf AZ

m
Oaz = | ZMy+ (A= Z)M[ ~ TE— | M,

7

Previous estimates range over
several orders of magnitude,
errors not specified

[Cirelli, Strumia (2006-2009)]

[Essig (2008)]
'Hisano, Ishiwata, Nagata, Takesako (201 |)]

Consider result as a function of higgs boson mass

22
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Numerical benchmark: low velocity, spin
independent cross section on nucleon

sample lattice inputs

OpY inputs

10—46; N
| ‘/ |
1074, S a
S 10—48;
10—49-
100 120 140 160 180 200

Dark band: perturbative uncertainty
Light band: hadronic input uncertainty

Richard Hill

University of Chicago
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Numerical benchmark: low velocity, spin
independent cross section on nucleon

sample lattice inputs

N

ZﬂNlat ] Zslat

e

o(cm?)

baryon spectroscopy inputs

ZT[N, Z()

100 120 | 140 160 180 200
N
D 2
N
N
. . ~~
Dark band: perturbative uncertainty > ATLAS,CMS July 2012

Light band: hadronic input uncertainty
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Strange quark scalar matrix element dependence

strange matrix element
(and correlated gluon
matrix element) a
prominent uncertainty

0 \'y'/ 100 200 | 300 400 500

2,(MeV)

e "

sample lattice inputs baryon spectroscopy inputs
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Richard Hill

Summary and Outliook

universal cross section: (small) target for future
experiments

heavy particle formalism applies to DM candidates
heavy compared to mw (recall mp/m¢ << | often
useful)

RG analysis universal to DM computations (not
just M>>mw): error analysis!

Simplified computations, e.g. 2-loop matching for
gluon operators

25
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Recall in QCD:

~
2 flavors: TT* TT- T1° odd under G parity
0
-
Neutral pion is not stable
~
These decay modes would be absent if:
- no coupling to U(Il)y
- both L and R are 2 of SU(2) 0
T —

3 flavors

Similarly, for SU(3) multiplet of QCD,
consider (u,d,s) to transform as spin-1 of SU(2)

™ - 11, K* - K-, K%-K° odd under “G”, remaining TT, K, ] even

In contrast to “NGB parity” (all pions odd), this parity not broken by
“anomalous” five-pion Wess Zumino Witten interactions
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Universal mass splitting induced by EVWSB

—i%(p M g\\M’h; + m TR

Yo (v - p) = 2/ AL ! g2 + J3 iy ! +ﬁ + O(1/M)
122V -P) = —(gog (27‘(‘)[”0'([44—]?) L2—m%/v 3 L2_m2Z L2_m12/V L2

el

heavy particle Feynman rules

0
M =X(v-p=0)=oagmpy |—=J° +sin” 7WJ§

0
Mgy — Mg=o) = s Q*myy sin’ 7W + O(1/M) =~ (170 MeV)Q2
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Sample matching calculation 7'.& 7
\%/ = ig2(p + ') F(¢°)(£5)
A>q
full theory: pya

> ¢ 2 4 M 1 3 1 M
F(¢?) =1+ 92 4 Co(r)| —=——14+=log— | +C5(G) | — +—+—log—| p+....
3€IR 3 p H

full theory = effective theory:

q2

2 _
F(0) = F'(0)g ++ = 1—ep it
2 12
N p-+D /
(p+p) [—F(O) (1— Ve >+F(O)q2+...]
2 /12 2 12 2
i p°+D q P~ —D
:<p+p,) [_1+ AM?2 +CM8M2] T YWE (CD_CM)+
o () 32J(J+1) 4 M
= = — 1 12 — —

29
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