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The dark matter problem
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The dark matter problem

1 UNDERGROUND LABS AROUND THE WORLD .
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Three motivations for studying QCD & DM

* important, sometimes dramatic, impact on
discovery potential

* post-discovery interpretation and/or anomaly
debunking

* new field theory tools



Some themes in the contemporary particle physics:

* ANew Physics = Mw (maybe >> mW)

* interplay of particle, astro, nuclear

* lattice QCD and baryon matrix elements

* interplay of radiative corrections and
hadronic structure

Compelling physics questions
demand analysis outside the
comfort zone of any one field.

Dark Matter applications a prime example
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Interplay of particle-, nuclear-, astro-physics/cosmology
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* Observability of lepton number violation depends on
presently unknown neutrino mass ordering



Interplay of particle-, nuclear-, astro-physics/cosmology
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Interplay of particle-, nuclear-, astro-physics/cosmology
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Interplay of particle-, nuclear-, astro-physics/cosmology
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Interplay of particle-, nuclear-, astro-physics/cosmology

v-Nucleon Cross Section [cm?]
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Axial-vector quark
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* Wide range of searches with overlapping constraints
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Not quibbling about percents X
(example |: heavy WIMP scattering)
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Not quibbling about percents X
(example |: heavy WIMP scattering)
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Not quibbling about percents X
(example |: heavy WIMP scattering)
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collider production

Not quibbling about percents i

(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology
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| on missing energy signatures



Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production
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Solution: by/bg=-0.9

However, must account for uncertainties (hadronic and renormalization scale)
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production
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cf. bu/bq=-1.08 from “isospin-violating” DM

Assumed one-to-one mapping between b./bq4 and f/f; invalid

Nontrivial mapping from colliders to direct detection
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Not quibbling about percents . -
(example 3: heavyWIMP annlhllatlon) |
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Not quibbling about percents . -
(example 3 heavyWIMP annlhllatlon) |
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Heavy WIMP effective
theory



Mechanisms versus models

Electroweak charged WIMP Mechanism versus VWIMP Model

N N

X

Focus on self-conjugate SU(2) triplet. Could be:

- SUSY wino

- Weakly Interacting Stable Pion

- Minimal Dark Matter



Present null results of direct detection and collider
searches may indicate large VWIMP/New Physics mass scale

A
mass spectrum of beyond-
standard model states
mass
myy—-
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Present null results of direct detection and collider M .

searches may indicate large WIMP/New Physics mass scale next-to-lightest BSM

multiplet

mass spectrum of beyond-
standard model states

mass M —

lightest BSM multiplet

mW—— mW__

00— 0+
lf WIMP mass M >> mw, isolation (M’-M >> mw) becomes generic. Expand in mw/M, mw/(M’-M)

Large WIMP mass regime is a focus of future experiments in direct, indirect and collider probes
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Five distinct regimes relevant for scattering on nuclear targets

energy/
renormalization new physics

scale (GeV)
80

) EW symmetric “Heavy WIMP effective theory”

Renormalization of composite operators

Nucleon matrix elements

O ) Heavy quark threshold matching quarks, gluons

Enuclear o
adrons

“SM anatomy” of interactions between weak and hadronic scales
14



Scale separation:  dark sector M # params.

d.of. dof (beyond mass)
M
mw
Mbp, Mc
Nocp
X N, 3
m
i ng)o) n,p 2
I Rnuceus
Rouc Xy N |




Many manifestations of heavy particle symmetry:

prediction: small parameter:

1

- hydrogen/deuterium spectroscopy E,.(H) = _§me(2a>2 + ... (MmeZa) < me



Many manifestations of heavy particle symmetry:

prediction: small parameter:

1
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Many manifestations of heavy particle symmetry:

prediction: small parameter:

1

- hydrogen/deuterium spectroscopy E,.(H) = _§me<2a)2 + ... (MmeZa) < me

- heavy meson transitions FEP7PW =v)y=1+...

Aqep < mp ¢
1%
o
- DM interactions O'(XN — xN) =? my < My

e



Scale separation:  dark sector M # params.

d.of. dof (beyond mass)
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WIMP—nucleon cross section [cm?]

* the heavy lifting is necessary
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Perturbative QCD



Scale separation:  dark sector M # params.
d.of. dof (beyond mass)

XY Q, An WL B, 0




Dark matter - Standard Model interactions

1

L = An ODM X OSM
d Fermion d Scalar d Heavy particle
3| L, i, s, {0, oMY 2| lof 31 X[l {o"}x
41 {1, ivs, Vst Y, otV ]i02e 3 | {¢"i0 ¢} 4| xo[{1}, o/7]i07 _xo
d QCD operator basis
3 Vi =t

A = a7 54

q complete

4 TH = imggo™ v5q .
QCD basis

Oéo) — mqqq7 O(O) — GA GA,LW
O = myginsg, O = e™rrGAGA for d<7/

puv = po
O((f)w _ %cj (’y{“iDi} B ﬂup > q. 0(2);w GA,MGAV pv (Géﬁ>2

O = Lay(niD" ysq

22



Renormalization and matching (sample):

1 y
L0 = m—gqbvqﬁv{ Y [cﬁ?d + ¢ v,0,01," ] + O + P, v, 08" }+ -
W

q

mqqq -G, GAW

focus on spin-0 (evaluate spin-2 at weak scale)

Renormalization group evolution from weak scale to hadronic scales, with
perturbative corrections at heavy quark mass thresholds

i) = Mij(1Q)c; (1Q)
( Mqyq ng\
M(ug) = o

MqQ ng
\ng e ng MgQ Mgg )

Can show that;



Mg and Mqq known through

3 loops: |
Chetyrkin et al. (1997)

New results for gluon-induced decoupling relations

11 11 1
M? == _ — log — rQ + — log® He

9736 6 “mg 9 ° mg

564731 2821 3 82043
M3 = — lgM—Q+—log2M—Q——log3 e

99 T 41472 288 16 ° mg 27 ° mg 9216

2633 67
+np| — 2+ —log'u—Q — —log2 He
10368 96 "~ mg 3 meo

2

& 549 Cmg 3 ° mg

Hill, Solon (2014)
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* the heavy lifting is necessary

O
—

90 100 110 120 130 140
mp (GGV)
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Hadronic matrix
elements

26



Scale separation:  dark sector M # params.
d.of. dof (beyond mass)

XY Q, An WL B, 0




d QCD operator basis

: Vi =ar"q
Al = qy"sq
q
— complete
! 13" = 1mqqo™vsq

0y =myaq, O = G, GAm QCD baSIS

O = myginsg, O = emerGa GA for d<7

uv =~ po

OéQ)/ﬂ/ — %g (W{MiDZ} _ %UD—) q. OéQ)W _ —GA“AGA’/A n %(Gﬁﬁ)z

2) uv _ Y
O = Lay(niD" ysq

* For canonical example (heavy electroweak multiplet),
scalar operators

* Selected other examples
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d QCD operator basis

3 Vi =ar"q
Al = gy
4 15 = 1meqot”v5q

Of =mqeaq, OF =Gil,GAw

* C-even spin-2: determined by PDF moments

(N|JO@H|N) = krk? / dz z(q(z) + 4(x)
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d QCD operator basis

3 Vi =ar"q
Al =gy sq
4 TH = imgqo'" 59

J _. J Voo
O5q = Mqql7ysq , 059 = eMvp GﬁyGfa

gt

O(g2)uv — %q (W{HiDZ} _ TUD—) q. 052)/14/ _ —GA“)‘GA’/A + %(Gﬁﬁ)Q

2) v _ Y
O = Lay(niD" ysq

* C-even spin-0: nucleon sigma terms (nucleon mass
sum rule for gluon operator)

i = (1= 7m) S (Nlmyaal V) + 5 B(NI(GL,)IN)

q

30



* up, down quarks & isospin-violating dark matter

My, + My
2

— 44(13) MeV

Durr etal. 1109.4265

(N|(uu + dd)|N)

ZTFN —

Y_ = (mg — my){N|(au — dd)|N)
= +2(2) MeV
Gasser, Leutwyler (1982)
= +2(1)MeV
Crivellin, Hoferichter, Procura (2014)

My,

— =0.49 £ 0.13
md
PDG

31
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1QCDSF 2011

‘QCDSF 2012

1Young & Thomas 2009
‘PACS-CS 2009
‘Martin—Camalich et al. 2010
‘Diirr et al. 2011
1QCDSF-UKQCD 2011
1Shanahan et al. 2012
‘Ren et al. 2012

20 40 60
o; (MeV)

30

100

from R. Young, 1301.1765



* up, down quarks & isospin-violating dark matter

- -
— - -

nucleon .
couplings ~bu/by
quark
couplings

05 10 15

hadronic uncertainties important for determining
viability of models for potential signals
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* up, down quarks & isospin-violating dark matter

- -
— - -

nucleon .
couplings ~bu/by
quark
couplings

05 10 15

hadronic uncertainties important for determining
viability of models for potential signals
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* up, down quarks & isospin-violating dark matter

2-| ' ' : .
1i=ﬁﬁ-/—f _______
| P
~— O I/ |
£ /
— Z_ ’ _
_1'_
: mu/md
nucleon i
' 0.0 05 1.0 -
couplings o

quark

couplings

hadronic uncertainties important for determining
viability of models for potential signals
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* strange quarks & heavy wino dark matter
s = (N|58s|N)

= 40 & 20 MeV ' | f
H—— 0.063(11) [29] ny=2+1

3 — = 0.032(25) [22] ny =2
S| 1+=— 0.012(*1%) [24] nj = 2
X .- 0.014(06) [25]ny =2+ 1+1

—. 0.048(15) [26] ny =241

= 0.035(33) [36] np =2+ 1
I3 0.009(22) 27 n;=2+1
= —— 0.046(11) [28] np =2+ 1

B s 0.058(09) "~ "[@B0lny=2+1" "~~~

c|[———pb 0.023(40)  [R7lnp=2+1
S —— 0.033(17) [21] ny =2+ 1, SU(3)
= . 0.036(*35)  [B1]ny=2+1
T 0.076(73) [32]np =2+1
@ 0.024(22) [33] ny = 2+ 1, SU(3)
E 0.022(H4)  [84]ny=2+1, SU(3)
& #-0134(63}— [35]n; =2+ 1, SU(3)

— 0.053(19) present work

A 0.043(11) lattice average (see text)

0.00 O.IO5 O.IlO
Js

from Junnarkar and Walker-Loud,
1301.1114
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* strange quarks & heavy wino dark matter

lattice QCD inputs Zﬂ'N — 47(9) MeV

O'(Cm;)
“ 4

baryon spectroscopy Pavan et al. hep-ph/01 11066
inputs Borasoy and Meissner, hep-ph/9607432

determines if cross section is above or below neutrino
background for direct detection

34




* charm quarks & heavy higgsino dark matter

e = me(N|cc|N)

0.073(3) pQCD RIH, Solon 2014
=mn { 0.10(3)  Freeman et al [MILC] 1204.3866
0.07(3)  Gongetal 1304.1194
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* charm quarks & heavy higgsino dark matter

present lattice QCD range

57—
-

\
\ \
doublet’  /
\

20 40 60 80 100 120
(N|mcec|N) (MeV)

| /m¢ could potentially shift cancellation region
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summary results for heavy electroweak charged WIMP

cross section per

nucleon

cm?)

(

[ ek (G-
o -Ik ~
O oo ~]

I

S

ok

(W

<
W)
-

e
I
)
[

scattering

Solon, RJH, PRL 2014

Higgs boson mass
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other illustrative
examples
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d QCD operator basis

4 15 = 1meqot”v5q
Of =mqeaq, OF =Gil,GAw

0 — 0 vpo
Oéq) = Mqql7ysq , Oég) — ehvP GﬁyGfa

o — g (W{HiDZ} — 2

2) v _ Y
05" = 3qyiD y5q

* strange component of nucleon spin & spin-dependent
neutralino direct detection
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* strange component of nucleon spin & spin-dependent
neutralino direct detection

(N 57755 N )

—
L}

Fi(¢° =0) = As

- Cross Section (x107 pb)

O -

-
—— As=-0.12
----- As= 0
llllllllllllllllllllllllllllllllllllllll llllllll
050 100 150 200 250 300 350 400 450 500
m, (GeV)

Miceli et al., 1406.5204

Relevant, especially post-discovery for spin-dependent
Cross sections
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QCD operator basis

Vit =aqy"q

* flavor singlet pseudoscalar & low-mass VWIMPs

4]



* flavor singlet pseudoscalar & low-mass VWWIMPs

> (N(K)|aivsa| N(k)) = k(q®, p)u(k)ivsu(k)

q=u,d,s

— DamA Flavor-Universal |
R~ O? - - XENON100
LUX
1000 — coupp | ]
£ — axi —+ aqi j Picasso
IxAXVT5X ng 54 | -~ SIMPLE
q = ' - KIMS
9]
<c3
LS guxrsxNysN
A2 INXV5 XAV Y5 o |
N=p,n '
e

Arina et al. 1406.5542
Impacts tension between experiments

42



Field theory tools



Extend Heavy WIMP Effective Theory to describe annihilation.
Worked example: SU(2) triplet annihilation to photons

M —-

D D VAl )

=D =D D D
Jeolpe,

44

hard annihilation
(makes it happen)

Sudakov suppression
(makes it slower)

Sommerfeld enhancement
(makes it faster)



", Bauer, Cohen, Hill, Solon (2014) tree level
1072 /

= /

c

80

wn

-

O

‘o see also:
S %’ nesyan, Slatyer, Stewart 2014
1= mgart, Rothstein, Vaidya 20 4
L C ]
O ,

M [TeV
TV WIMP mass
one loop

resummed

General framework in which to reliably compute annihilation
signals for heavy WIMPs.
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Novel field theory tools for DM have broad application

2
2 'Y,
e 1Q2=GeV?

radiative corrections to e-p
p/\p

scattering (proton radius puzzle)

M3 .
aw log? BM ~ 1
mW MDM =TeV

heavy WIMP annihilation X
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Summary
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* QCD corrections are important to dark matter
searches

* determine discovery potential (heavy wino)

* determine compatibility of potential signals
between experiments

* interplay with perturbative and nonperturbative QCD
* lattice matrix elements
* high-order decoupling relations
* novel nuclear responses

* has motivated new field theory tools for particle and
nuclear physics
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back up
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Additional states in the dark sector

ol o/ w0 ) C
10746 : 1074 0.1
SO 001
\‘%10 0 02
. - ° _ ° ° 0 10—48_ had S -
singlet-doublet (e.g., bino-higgsino) ¢~ had N
1077 pure singlet
=50 .f .....................
=70 2 4 6 8 10
10—45 - 01 /I\‘\\ B 16_43 I //I/\\\I}\ IIIIII
. I d bI . h . . 10_46_pure triplet // \\\\ 107 :;”////77 riigréti\'\""‘"" -
triplet-doublet (e.g., wino-higgsino) T L AN —
Z 10 SV, S
1074 m pert
10—50 ...................

0 2 4 6 8 10
A/[(4mk)*mw]

A: mass splitting of multiplets, in units where tree/
loop crossover occurs at ~|

interplay of mass-suppressed (tree level) and loop
suppressed contributions
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Single-nucleon operators

1 . . 1 . . . .
Ly, pT = m—z{leTO_ZN X'o'x +daNTN XTx} + m—4{d3NT31N XT0'x + dyaNTOLN xT9" x

N N
+ dsNT(8? + 2)N x'x + dgNTN xT(8? + 8?)x + idse?*NTg'd’. N 7% v
_|_
+ z’dgeijkNTJiﬁiN Yo% x + idneijkNT@iN XTUZQZX + id1ae 9 NTOF N XTaiﬁix
+disNTo'®? N XTaiﬁj X + diuNTa'd’ N XTJiﬁiX +disNTo-0.N xTo -8, x
+ +
+ digNlo - O_N x'o - 0_x + di7NTa'd’ N Yo7 x

+ digNTo (8% + 82)N x'o'x + digNT6*(8°07 + 07 0)N xToy

dpNio'N y1o#(@2 + B2)x + du N'o'N xiod (009 + 5757 b+ 0 /ms) . (

L orentz invariance:
do

rds + ds = Z ., ds = T2d6 : 8T(d8 -+ ng) = —rdy + dy , 8T(Td11 + d12) = —dy + 1rdy
rdis + dig = 1 dig = r°dao, 2rdig+ dig = 1 r(dig + di7) + dig =0, dig =7rda1,
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Light WIMP+ SM

_ Gy1 o C3,q 7 _ Cipd,q 7 _
Lysm = WWH T Eu + —WW“ LIEEDY { —5 UMY a5 P s s

q=u,d,s,c,b w w

Cy5.,9 7 _ Cy6,q T _ CyT.q 7 _ Cy8,q 7. _
+ 2Ly pgy,g + 7;2 LyPpgyuysg + n‘ingmqur ﬂ‘ing@%wmgqq

myy W 117 117
c 97 . — 9 ]., 7. _
wngwmqq175q+ S0 q¢W5¢quIWSCI+ L0t Yy
mW mW mW

+ = 2 s Yy + - A5G ) D@YuY5q + s G54
mW mW mw

15, v 1, N v — 17
+ U5 o hmg G g + “2S e P Go P g b+ —a e G GAY
mW mW W

c ~ .
OGR4 GGG + S iy GG .
mW W My

Majorana:
Cyn With n = 1,2,5,6,11,12,13,14, 15,16 vanish,
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Heavy WIMP + SM

Cx1l _ v 3,
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Lorentz:

mw mw
— 3+ 2012 = —

mw
i i Cya + 20414 = —Cy5

N 6 — 2Cx20 = Cx11 = Cy13 = 0,

—2c 17 = ——C
X M X

Majorana: . .. for et 2. 5.6, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24.
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