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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

technical part of talk:

compute this universal cross
section in terms of Standard

Model parameters

A nontrivial problem

involving multiple scales

Parameter

Value

[Vial

Vil

Vs
m,/m 4

~0
~ 0
~1
0.49(13)
19.5(2.5)
0.047(9) GeV
0.050(8) GeV
0.064(7) GeV
0.036(7) GeV
804 GeV
172 GeV
4.75 GeV
1.4 GeV
0.94 GeV
0.118
0.0338

~
f

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, P+ gy + gA)g! V(') # @ar+ he

/ N\

new scalar new quark

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

]. a\x [ a a
5:5((%@)2 | ff)e“'# Fo gy + ..

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

AL = #id + g/ 2t + § B8) v

new “‘quarks” and
“gluons”

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

| 2 _ g 4ag eg. 7 - =(i1?) _(uZ) a=1,23
Implies an invariance of the action: —J L | L
! Sy = Siy?y*
Wa s Wa

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 J1]"0=1+2+ aa#&?2]

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

mbue ! J(J+ 1) !

QCD-like confinement scale (~ TeV)

Isospin

n 107
1400

n 8#

1000

n 6#

M. s 1GeV"

n 4#
600+

n 2#

H N S S S S
i o al ~ O
H S S S S

200

G! odd A even
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Mass spectrum J1]"0=1+2+ aa#&?2]

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

mboe ! JI+ D!

Isospin
QCD-like confinement scale (~ TeV)

1400+ I e I 0
- n 8
= I " 7 ‘ 1)
2 1000 | | . charged-neutral “hyperfine
- Vs L
s | | .. mass splitting

200 .

.o Ow
— my (1,+1) — My (100 = QMW SII’]2 7 ~ 170 MeV
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Decay of excited states

charged decay rate

p(rtt=D i + 7*) = 4i%A2\/A2 " m2f2 # 1 (5cm) 5¢cm Qc,:,D T
( ) //
78
<zinteresting collider signature inviéible
W
: (2)
excited G-even states decay to SM
W
W
excited G-odd states decay to LGP + SM | (2) o
1 3) 1 (2)
| (1)
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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

T O F OTE O
Scattering on nucleon is completely § + g + § + Q
o

determined, up to controlled corrections

mw/M, 1&p/ms, mp/my ... g; gg

| 2
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Multiple scales: Renormalization analysis required to sum
large logarithms

170 GeV
1GeV

| (1) log % ~ 1 .(1GeV)log

Consider effective theory at each scale:

mass scale 554  effective theory
)
" S ? SM

| Universal to any

v, SM } su@)-multiplet
[Ty ' IR Y DTt scenario

1 (@=0) 'u,d,s,c,b,g
mp, Mg Universal to theories
(Q=0) without low-mass

| 2 u,d,s, g non-SM fields
- QCD
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Electroweak symmetric theory

Operator basis

Building blocks:
ov(x), v¢, Dy,=Dy! vtvaD

Everything not forbidden is allowed:

D2 D V¥ [Df Wis] . {D{,[Df, Wis]}

L. =¢, ivaD" ¢ — |
Oy D Y VR S T VR TR VE

W#$ W#$ 9 Vg V$W Wi WH$

Tr(W# Wig ) Tr (Vi VP W W ig)

+ 05Cas

+ G5Cas

2
Cart——————— C
LTIV ER R TAVE

eH'%EN W%&+ 2 78y v Wiy Wogg
TYE 0>Cas 16M
M P& F v Tr (W Wy,
H ( I# /&) i . ¢V ,
16M 3

16M 3 16M 3

Eu!%&TI' (WH! W%g)

_|_ ggc#A3 16M 3

+ O5Ch,

+ 05Chy
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Electroweak symmetric theory

Operator basis

Building blocks:
ov(x), v¢, Dy,=Dy! vtvaD

Everything not forbidden is allowed:

D2 D V¥ [Df Wis] . {D{,[Df, Wis]}

L. =¢, ivaD" ¢ — |
Oy D Y VR S T VR TR VE

W Wes gy, W Was
16M3 TP 16M 3
eH'%EN W%&+ 2 78y v Wiy Wogg
TYE %Ca2 16M
EH!%&V#V Tr(W, WOO
H ( # /&) + ... va,
16M 3

TI'(W#$ W#$)
16M 3
eS8 (Wiy Wogg)
16M 3

Tr (Ve VWM W g )
16M 3

+ 05Cas

+ G5Cas

+ G5Ca1

+ O5Ca4 + 05Ch s

+ 05Chy

Generalized polarizability operators
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Standard model interactions

Q1" ¥ Qr Q" #Qr{t%, D} QryivaDQy
+ cx + CpQ

| HH
I—!,SM :'U Cy +aad cg

M M? 2M3 M3
ury v aDu dryiv &Dd ) Hdp + h.c. Do Hup + h.c.
1 Cpy R?A E R 1 epy R?é E R g QL ];3 + iy QL ]\;3
L 200G TG L UGN Gl g a8 GG | (08T 0uGs e
ST VERE S N TH VE SN T VR E 16013

bt

Reparameterization invariance:
CQ = G

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=Li,+Lsmt+Ligsmt ...,
Heavy neutral scalar: .
2
L1y = % VA& = b+ O(UME,) %m0

2M (q=0)
\

cp=0 (reality constraint)

SM interactions:
. | . # $ %
Copsn= 111, 4200+ 0,00 + 0P + Py, 0P + .

3
m
w q

Convenient to choose basis of definite spin

Olg = Mqaq, &’ = (6},
& 1
n . n 1 no, n n 1 n
o" =4 "MD" 1 —g"iD q, G =1 GMIGN, + g (GG)°
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Matching (! =M)

Heavy particle Feynman rules simplify matching calculations

quark operators

w e w
1U(Ht> X2 ! ClD(lJ't) Xh | tDl (1 +Xt)
# $ # D
Dy —c 2 (2) c 2y pXe(3 46X + 2x7)
1U<“'t> 3 ! C1D<ut> 3 | tDl 3(1 +Xt>3
# 2
(0)( )= C Ps(e) 1 | 3+4x+2X
He 4" 3x? 6(1 + x;)2
#
(2) _o~ls() 32 e A2+ 3x) Mt
G (M) = C— b glog ot 4t 5% Y my (L + x0)
AR 36k +36x7 ! IXE+3x ! 2) l0g Xe | 8%(! 3+7x7)
' O(x; ! 1)3 1+x,  9(x2! 1)3
| ABKY +24x2 1 104! 35P + 20XF + 13x, + 18$
' 9(x2! 1)2(1 + xy)
Richard Hill University of Chicago 15

(

£ 3§ K0
o S

high scale matching for
quark + spin-0 gluon agree with
[Hisano, Ishiwata, Nagata, Takesako (201 1)]

(

spin-2 gluon new
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o
Full theory side: § + é§ + § + Q

$ &

iM =1 g (dL) L L L

+
lvaL+i0 vaL +i0 (L2! mW+|O)2

v #1 (L)

quark propagator in background gluon field

Electroweak gauge invariance is immediate:

Lu Ly

v“-guLl I (1! 5) = vy + O(v- L)

fmw /

crossed and uncrossed diagrams cancel

Fock-Schwinger gauge (x A= O)

IS(p) =

p#mJrg (dQ)p# A Qg ¢|#m
4

, i
. (dql)(doe)p#—lA g g rm e md,am
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Effective theory side:

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

d
/)= 0= g

luv IR

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

& I
OPF =g (D"} %g“"im a, g =1 GMEY, dg (G&)?
d o ' d -’ (949
diogi®” = | 1§70 diogpt i
(0 0 )
A L[t s(y0)] 50 = - 5
in0: 0= Lef i 0 | o
glt s \~2h + —290 (910)')
O = ). , e (o)
()= ¢ ()P 2lm (W) T ym (He)] 5[& ()]
S\ Mt

Spin 2:

Diagonalize anomalous dimension matrix 70

64 | 4

(familiar from PDF analysis) u 9 T3
2 = s =

As check, can evaluate spin-2 matrix elements at high 4$§ & 1 4

scale (spin-0 and spin-2 decoupled) | 84 444 S4[T0
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Matching (! =my)

Integrate out heavy quarks

n X+ Clzj
/ \nf=4

I \ 7

O = 0 1+ BFiogM' | 80y 148 11+ 210g™ 4 o)
3 Uy 3 3 Mo

4

nf&=5

& (k) = € (W) + O(82),

() (2) Mb (2 2 [Ovrut, Schnitzer, 1982]
(Mb) = € (Hb) ! |09 € (M) + O(&),
2 A o [Inami, Kubota, Okada, 1983]

Ciq (o) = E1q (M) + O(8),
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

MK 1 1 1
= — KME # M mg + mn SgM

I N(E)|TY |IN(k)" =
(BT |N(k) — — 2 2

Spin-0 operators determine contributions to nucleon mass

#
My = (1 %#,)  "N|mqe@dN#+ %"N|(Gﬁ!)2|N#

q

'N|Ofo [N#$ myf iy,
I

%’9@5(“) "
8

N[O ()IN# $ my 4 ()

significant uncertainty in this quantity

\

m,
m f(0)+f(°) & ¥ ., m f“”— Y v %) =
~( ~) N —~ +md( N %X) =

foN (W) & 1% yqofor

™~

but NLO, NNLO corrections significant and are included
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Hadronic matrix elements: Spin - 2

| kuk'l 1 - | 1 | 1 |
| N(F)|TH [N (k)" = = — E# Mmoo gM
mn N 4 4

Spin-2 operators determine momentum fraction carried by
partons

I 1 ; g
" (2)p! ! (2)
N[OD* (WIN# $ oo KK 967 m2 £ (W

| 1 . I H
NIOPH (WIN#S = KiK' %2 -m? 18, ()

N
uGev) | f1@w 12w 8w &M
1.0 | 0.404(6) 0.217(4) 0.024(3) 0.36(1)

1.2 | 0.383(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)

1

AW = dxx[a(x, b) + ax, W)

0

Approximate isospin symmetry:

2) — £ (2 — (2 2) — £ (2
fl,(l,r)l_fd,p’ fd,n_ft(l,g’ fs(,rz_f()

21
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Cross section

Parameter Value
Via ~ 0
Vi, ~ 0
Vi ~ 1
m,/m 0.49(13)
m.,/m 19.5(2.5)
>lat, 0.047(9) GeV
> lat 0.050(8) GeV
YirN 0.064(7) GeV
220 0.036(7) GeV
My 80.4 GeV
m;, 172 GeV
my 4.75 GeV
m.. 1.4 GeV
My 0.94 GeV
as(My) 0.118
ap(Myz)
My

Richard Hill

Cross section is completely
determined, given standard
model inputs

2 m72n 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 |)]

0.0338/ Consider result as a function of higgs boson mass
“

University of Chicago
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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

(an CI C orrel ate CI gIUO N 10C :::::?::é::uiz:::::::::::?:::::::::::::::::::::::::::::é
. 7 ::::::;:::.f':::::d :::::::::::::::;::::::::::::::::::::::::::::::::::::::::ﬁ 7
matrix element) d ; o0 g0 mmmmmmmmmanae
. . @ i s i B
promlnent uncertalnty >
2,
m%—"N N —10C
S E —15C
~20C
OG0
0 100 200 300 400 50C

Richard Hill

-2 Mo

e "

sample lattice inputs baryon spectroscopy inputs

24
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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° oddunder “G”, remaining TT, K, n 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

W Z |
!|!(p):p »S\\M@% + M + m + ...

Yo (v - p) = 2/ AL ! g2 + J3 iy ! +ﬁ + O(1/M)
122V -P) = —(gog (QW)LU'(L—FP) L2—m%/v 3 L2_m2Z L2_m12/V L2

el

heavy particle Feynman rules

M =" (v-p=0)=asmpy |—=J* +sin® == J?

0
Mgy — Mig—o) = a2Q*mw Sin’ % + O(1/M) ~ (170 MeV)Q?
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/

p,t P,]

Sample matching calculation A v
\%/ = iga(p+ ) F(2)(15);:
A9
full theory: M, @
% ! $ ! $&
20 g % @ 2 M b s M
F(q°) = 1—|—(47T)2 Ve Co(r) 3o 1+3 log . +C5(G) 24€IR+4+12 log . +.o.. .

full theory = effective theory:

q2

F(0) =F(0)g° + -+ =1 —Cogris + -+
: 2 12
(p+p) [—F(O) (1—1’4;;'1; >+F!(O)q2—|—...]
. Z 12 2 2 2
= (p+p) [—1+p4l\+ﬂf +cM8K’AZ]+q'p8M2p (Co —Cu)+....
_ _ #a(p) 32J(J+1) 4 M
<z | eM=an= N [!m(a+1)+1z+ ( ) +§)|ogﬂ

29
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