EFT Descriptions of Dark Matter
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Particle Dark Matter Bestiary

* sub-eV mass neutrinos (WIMPs exist!) (hot) ™
thermal relics

or decay of or
Si—

* lightest supersymmetric particle oscillation from
thermal relics

» sterile neutrinos, gravitini

* lightest Kaluza-Klein particle _

» Bose-Einstein condensates =

e axions, axion clusters | from ph_ase
. transitions = "
« solitons (Q-balls, B-balls, ...) _ relics

nonthermal

e supermassive wimpzillas from inflation_

Mass Interaction Strength
1022eV (10~°¢q) Bose-Einstein || only gravitational: wimpzillas
10* My (10*>g) axion clusters| | strongly interacting: B balls
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ABSTRACT

The present cosmic mass density of possible stable neutral
heavy leptons is calculated in a standard cosmological model.
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Heavy Neutrino?

Physical Review Letters — 25 July 1977

Volume 39, Issue 4 GeV mass neutrinos
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pp. 165-168 [View FPage Images or PDF (569 kB
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0.5GeV(NF=4.5, Na=i4)

1GeV(Np=4.5,Na=14)

2GeV(Np=4.5,Ny=14)

5GeV(NF=4.5, Np=17)

I0GeV(NF=30, Np=17)

_ 2 2
<gVv> = GF my NA/2H

an effective field theory
Model ruled out by

— direct detection
— LEP v counting
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a'E = R n <gv> n + <GV>1’10

Here n j#f the actual number density of heavy \geutrinos at

time tyf/ R is the cosmic scale factor; <ov> is the\average value

of e Loio annihilation cross-section times the reNgtive velocity

nd ny is the nu Ler density of heavy neutrinos in thelpal (and

chemical) equilibriumsz

w

=1
2 2 2.2
nO(T] = ;;;;?-S 4mp dp[?xp @mL +p }%/kq‘)+ l]
0

(We use units with }=c=1 throughout.)

3R

fm el ] e <O'V>I'l2
R 0

+ <ov>n

where p is the energy density
- g - 2 4,
p = NoaT = Nom“(kT) /15 (5)
with NF an effective number of degrees of freedom, counting %
and 7/16 respectively for each boson or fermion species and spin

state. For temperatures in the range of 10-100 MeV (which most

' i - - - +
concern us here) we must include just Y,ve,ve,uu,vu,e , and e ,

s0 NF = 4.5, a value we will adopt for most purposes. However,
if current ideas about the strong interactions are correct, then

Np rises steeply at a temperature of order 500 MeV to a \.r.alu.e.'Ir

NF ~ 30.

To estimate <ov>, we note that the heavy neutrinocsmust be

quite non-relativistic at the temperature Te where they freeze

NR annihilation
cross section

X Maller flux
(thermal avg.)

V) =

10736 cm?

(ov)

10736 cm2 = a’
(150 GeV) 2

weak scale! —I

Not quite so clean:

* velocity dependence
resonances
co-annihilation
log dependence on M
decay production
spin-dependence
asymmetries

Qh?~0.11 x




Dark Matter Has "Weak-Scale” Interactions
Weakly-Interacting Massive Particle: WIMP

L

"y B - 4 - -
L & - I\/Jichael Turner
| (actual size)

If | have seen
further, it is by
sitting on the
shoulders....




The WIMP “Miracle”

encyclopedia

_ . often used to give an
Merriam-Webster N R ! . pression of great and

L) - S . T
OnlLine ’ ~— - usual value in a trivial

ntext ...

1 : an extraordinary | think you should be more
divine interventiq explicit here in step two

BSM (but not far BSM)

WIMPs: Interact with Standard Model particles (weakly)




-.WIMPS Couple to SM Particles




WIMPs: Social or Maverick Species?

Social WIMPs are part of a social network
Pals around with new un-WIMPYy particles
Part of a larger theoretical framework

Top down

Generally UV complete

Find the WIMP by finding its friends
Example: SUSY

Maverick WIMP

Maverick WIMPs have no social network
Not friended by any new particles

Larger theoretical framework unspecified
Bottom up

Not UV complete

Find the WIMP through what is not seen
Example: Neutrinos before late 1960s




SUSY WIMPs

Trickle Down SUSYnomics

Complicated decay chain—very model dependent




SUSY WIMPs

SUSY WIMPs (choose 105 SUSY parameters):

Any limits very model dependent — pick a SUSY model
Collider & direct detection limits:

CMSSM surviving on life support

MSSM running a high fever

Low-energy SUSY just called in sick

As push SUSY scale high —
cross section too small for correct relic abundance,
unless ... resonant annihilation, co-annihilation, etc.




Maverick WIMPSs

« Assume WIMP the only non-SM particle with weak-scale mass
« Other particles are heavy compared to weak scale

* Integrate out heavy particles and form an Effective Field Theory

Example: low-energy (E < m,) neutrino physics

(@, (9 —937)4

* Assume L= M,™ Joy - Ism Jov and Jgy, are SM singlets
* Jou contains scalars ¢ or fermions y

Examples: Jp, = ¢T0#¢+h.c. or oy =274y
» Joy contains SM fermions or electroweak gauge/Higgs bosons

Examples: Jsy =qy,q or Jgy=B,,Y, H'D*H +h.c.




Maverick WIMPS

Assumptions:

1.
2.
3.
4.
5.
6.
7.
8.
9

1

1

Dark matter is a cold thermal relic (WIMP)
Only one WIMP
Only one relevant operator dominates DM—SM couplings
WIMP is a SM singlet
DM sector does not participate in EWSB*
Relic density Qh?=0.11 or 0.12
No post-freeze-out entropy release
No Super-WIMPs
No co-annihilation, resonances, or other chicanery
2DM — 2SM annihilation only
WIMP is either a
complex scalar, or
self-conjugate or non-self-conjugate fermion

* For the opposite approach, see Cotta et al. 1210.0525




I\/I‘averick WIMPs Coupling to Quarks




Maverick WIMPs Coupling to Quarks

Dirac fermion Maverick WIMP, y

B 1 _ _ Expect Yukawa-like (S,P)
L = ZW[X [ X] ' lq 1ﬂj CI] couplings o« m;, (MFV)
-~ M,

5 5 v Some terms vanish for
Ly =139 | hat

Majorana y

Complex scalar Maverick WIMP, ¢

. ¢ ¢

L=3 —=0'9"+he |- [q0q]
Y i(e'9re — he)




Maverick WIMPs Coupling to Quarks

operator annih. direct detec. _
¢T¢ ke 1 » Possible WIMP—gluon

¢T¢ 59 1 couplings
(p'0#p+h.c.)Ty,q O  Some terms vanish for
(#'04¢ + h.c. 0v,s9 MA/M? Majorana fermions
(
(

) q
i(¢'0“p—h.c.)qy,q V2
: » Possible “light” mediator
; B 5 g ediators
I(¢'0¥¢—h.c. )q7ﬂ5q v (not a true Maverick)

Scalar WIMPs

vz 2
{Z Eqs v « Range where effective field
xx 4rq theory valid

Zrx a1 -
LA ]
iy arq 1 < — >< q

- T Gyt -k
770 T4 VA zgxgq . E
- x4 -k --- - SD -My V2
= o 2 m 2
ZWHSX ﬂ7/ﬂ5q Ve My M? SD « Could also include couplings
-y -F-- - SD to leptons

Fermion WIMPs




Maverick WIMPS

Values of G to give correct dark matter density

Roughly (o, v) ~G*m 2
(Really Just Lee- Welnberg)

o2
, (GeV)




Direct Detection
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DAMA, EURECA,
ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, LUX,
ARDM, ANAIS, CDEX
PandaX, DarkSide,
DAMA/LIBRA ...)




Direct Detection

Direct Detection Low-Velocity Limits:

1. Spin-independent (coherent) scattering: o o« A?
2. Spin-dependent (incoherent) scattering: oo J
3. Velocity-dependent scattering O oC V?




LUX (arXiv:1310.8214)
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Direct Detection
spin-independent

fermion WIMP —- spin independent

~
LD
0,
~—’
=
E:
o
=
=
s
©

Form>10 GeV orso o< 10~ pb
Around a few GeV o< 10°pb




Direct Detection

fermion WIMP —- spin independent

» Coupling o« m, is very
important effect

* Including couplinsg
to leptons is
subdominant effect

A
L0
o,
S
=
E:
)
3
=
<
o

» Usual Super-WIMP
trick not in Maverick
spirit




SIMPLE (PRL 2012 arXiv:1106.3014)

SIMPLE-I -
S-2 N
PICASSO (2011) S-1

SIMPLE-II

(merged)

M_ (GeV/c’)




Direct Detection
spin-dependent
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Direct Detection

Maverick WIMPs (for given M, choose A — relic abundance):

Vector couplings excluded in range 10 GeV to 2000 GeV
Scalar couplings excluded in range 10 GeV to 200 GeV
Axial & Tensor couplings spin-dependent weak or no limits
Pseudoscalar couplings velocity suppressed — no limits




Maverick WIMPs Coupling to
EWK Gauge and Higgs Bosons

X 4

Well-studied
Direct detection limits




Maverick WIMPs Coupling to
EWK Gauge and Higgs Bosons

Joy Is @ SM neutral combinationof B, W?  , and H
UV-complete models on the market: e.g., Jackson et al. 2010
Use indirect detection, esp. for y lines

EDM operators must be suppressed (CP violation limits)

Direct detection relevant only for electric or magnetic dipole
operators, Banks et al, 1007.5515

(Collider limits to come)




Indirect Detection

PAMELA

== = ‘ [ = '.-‘_




Fermi/GLAST Line

Reg3 (SOURCE), E, =129. 4 GeV

& Slgnal cnunts 68.7 (4. 595) 80 5 208 5 GeV =
p-value=0.51, x2,=20.1/21 (3.30w/ look elsewhere)

Counts - Model




Fermi/GLAST Line(s)

« WIMP-charged particle coupling — annihilatesto yy + yZ+2ZZ + ...).

y & | y 7 : . 0

. Bergstrom
. & Ullio 97

But also annihilates at tree-level to W’s and Z's, e*e, quarks, ..., producing
“continuum” y-ray background. Loop smaller than tree by O(«a %/4 7).

Inner bremsstrahlung also produces y’s, only suppressed O(«).

Continuum constrained by observations, BR(y ) must be O(1).

Models with no tree-level annihilation: e.g., Jackson et al. 0912.0004




DM Couples to EWK Gauge & Higgs

Chen, Kolb, Wang
Most analyses assume WIMPs couple to fermions, untenable if see y lines

Effective Field Theory analysis of gauge/Higgs di-boson couplings

Assume L g1 =Jpy - v and each J is an SU,; x SU, x U, singlet

50 possible dimension-6, 7, & 8 operators. 34 operators survive v — 0 limit.

Different final states (energy spectrum of y-ray lines) and continuum




DM Couples to EWK Gauge & Higgs

Al
XX

X4Y°X

Chen, Kolb, Wang

(H'H with final state hh

B,, B¥  with final states vy, vZ, 22

By, B*  with final states Yy, ¥4, L4

We Werr with final states vy, vZ, 22, WTW~

(v

| We WeH with final states vy, vZ, Z2Z, WTW—

v

(B with final states Zh, WTW—, ff

e

By with final states Zh, WTW—, ff )
By X1 H'TH with final states vh, Zh, WTW—, ff
By X H TH with final states vk, Zh, WTW—, ff_
We HTt*H with final states vh, Zh, WTW~—, ff

137

\WG,LWH t®H with final states yh, Zh, WTW—, ff




DM Couples to EWK Gauge & Higgs

Chen, Kolb, Wang
vith final state Zh

) 3

) with final state Zh
B)W} H'DH — h.c. j with final states v2, 27
B\.Yy H'D H — h.c ) with final states vZ, ZZ

( (Bx.Yu HID H + h.c.
(w H'D H 1 hee.

2

P
\f_‘\

(¢T0#¢ + h.c.) x <

2

ﬂ/a\ Ht*D*H — h.c.) with final states vZ, ZZ, WTW~—

T
[/ % HTt"D\H — h.c.) with final states vZ, ZZ, WTW~—

J]’H HID H + h.c ) with final states vh, Zh

B\NYH HID H + h. c) with final states vh, Zh

A YH HID*H — h.c ) with final states v2, 27

: A;JH HID H — h. cj with final states vZ, 27

. H'eD H + h.c.j with final states vh, Zh, WTW~—

W O'M Ht*D H + h.c.) with final states vh, Zh, WTW~—

L H1DMH — k. c) with final states vZ, ZZ, WHW-

we - H't*D H — h.c. ) with final states vZ, ZZ, WTW~—
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DM Couples to EWK Gauge & Higgs

Chen, Kolb, Wang

For a given operator

1. Possible final states determined by gauge structure

2. Branching ratios determined by gauge structure

3. Unknown parameters for given operator are M and A

4. For a given M, A determined to give correct relic density




DM Couples to EWK Gauge & Higgs

_ Chen, Kolb, Wang
« Assume operator leads to 130 GeV line

* A from dark matter density constraint
e oVinunits of 1027 cm3 s!

Operators It 130GeV line from If 130GeV line from
~v final state ~Z final state

A3 iy x B, BH

—3 oimi5 Dy 13
N7 xiv"x By B

A XX W, WP
0.7-0.8 34

A=2 xiy®x W, W

M = 130GeV M = 144GeV

comments extra line at 114GeV | extra line at 144GeV
due to vZ final state | due to v final state

yZ:yy 04 B, B~ 4.5 Wavwa




DM Couples to EWK Gauge & Higgs

Fedderke, Kolb, Lin, Wang

Photon d® <UV> XJ<9)Xd_N
Flux dEJQ  167M 2 T dE

t

I per annihilation

J ((9) — LOS p2 lr (S, | b)] ds photon spectrum

(Pythia 8.176)

dark matter profile




DM Couples to EWK Gauge & Higgs

Fedderke, Kolb, Lin, Wang

Isothermal
| = NFW
[| === Einasto

E

F| == NFWoc (1.3)

ST
/T

Uncertainty in DM profile — large systematic error




DM Couples to EWK Gauge & Higgs

Fedderke, Kolb, Lin, Wang

« Gamma-ray observations for this case play the role of direct detection for
coupling to quarks

« Fifty operators/34 without velocity suppression Thirteen
DM+DM - yy, ¥Z, ), WW~-, ZZ, Zh, hh, ff different
For each operator calculate photon spectrum (lines+continuum) | ¢|asses
Compare to various constraints

i ra b1 TIA ;
A xyix (W, HW D H + h.c.)
10-2 Annihilation cross-sections for all allowed channels . b h line I'Imi’FS - Fermi-LAT [1305.5597]
'_||‘_| L T eee——— VY 1()."\ I
o 1077} Zh '
on
- - 1026} : '
O 10”7 : !WM;—.\_/
10— '
—_— T —  R41: NFW
R3 : NFWec (- 1.3) RS0 : Isothermal
; 1028} — R16: Emasto
102 . ! & & :
10° 10° 10* 50 100 150 200 250 300
M [GeV] M [GeV]




DM—SM Through the Higgs Portal

\2

.»fi

Pre-EWSB: DM couples to SM through Higgs Portal

Fedderke, Chen, Kolb, Wang

L=Leoy+7(10=My) y+ A1 (cos@y y+sin@xiy y) HH

* Pre-EWSB parameters: M, A, 6
* Post-EWSB: H™ — % (v?) + (v)h + % h?

« EWSB contributes a mass term; if sind # 0 have to
perform chiral rotation to obtain real mass term

« Scalar/pseudoscalar couplings scrambled
 Important because velocity dependence of (o V)




DM—SM Through the Higgs Portal

\2

.»fﬂ
)

Fedderke, Chen, Kolb, Wang

g \e
Post-EWSB: DM couples to SM through Higgs Portal

L =Lsy+y (iI0-M)y

+ A1 (cosé Fy+sing Zix x) ( (Wh+%h?)

Post-EWSB parameters ( M, &) are complicated
functions of pre-EWSB parameters ( M,, €, A )

Mapping from (M, &) to (M,, 6) is A-dependent and
not single-valued




DM—SM Through the Higgs Portal

Fedderke, Chen, Kolb, Wang




DM—SM Through the Higgs Portal

Fedderke, Chen, Kolb, Wang
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DM—SM Through the Higgs Portal

} Fedderke, Chen, Kolb, Wang

)
3
I'

h—Xx
Collider limits on “invisible” T 4T <0.19

(non-SM) width of the Higgs: h—Xx
FSM — 4 |\/|eV

cos’ &

om, <v2>\/ _4|\/|2 1_4M2

T 8 A m? m?

1— cos” &

2 2 2
_ (300 MeV)x{l TeV] \/ _AMP) am
mh I’nh

Very restrictive above threshold for h — y v (63 GeV)




Chen, Kolb, Wang

Fedderke,

DM—SM Through the Higgs Portal
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DM—SM Through the Higgs Portal

Fedderke, Chen, Kolb, Wang

exclusion
plot

k% =0.1186

101 102 103
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Looking for an

invisible
needle in a haystack




Maybe, just maybe, SUSY won't be seen at the LHC,
and dark matter is not the LSP.




Neutrino Background for Mavericks

Once thought that v v background Renormalizible

q+q—>2Z—> v+v

AL oo 571 (parton level)
q / < .

Would swamp WIMP signal Nonrenormalizible

qg+q—>x+x

£ o o S (parton level)

Judicious cuts on MET can pull out signal




Collider Searches for Maverick WIMPs

Maverick Monojets « Monojets are Nature’s
L garbage can

* Monophotons, mono-Z's also

7 « SM background extremely well

coupling fromQ __ 5\ modeled and understood
or direct/indirect ¢

Backgrounds (neutrinos, QCD, ...)
Only signal (other than mono-y)
Largely model independent

Beltran, Hooper, Kolb, Krusberg, Tait 2009
Goodman, |Ibe, Rajaraman, Shepard, Tait, Yu 2010
Rajaraman, Shepherd, Tait, Wijangco

Bai, Fox, Harnik; Fox, Harnik, Kopp, Tsai

CDF, CMS, ATLAS




Collider Searches for Maverick WIMPs

Maverick Monojets « MadGraph/MadEvent:
Jet Feynman diagrams,

Cross sections,
parton-level events

* Pythia:
Missing Hadron-level events

Er via Monte Carlo showering

coupling from Q
or direct/indirect e PGS:

Reconstructed events

Back nds (neutrinos, QCD, ... )
acrgrod (neutr . ) at collider

Only signal (other than mono-y)
Largely model independent

Beltran, Hooper, Kolb, Krusberg, Tait 2009
Goodman, Ibe, Rajaraman, Shepard, Tait, Yu 2010
Rajaraman, Shepherd, Tait, Wijangco

Bai, Fox, Harnik; Fox, Harnik, Kopp, Tsai




ATLAS Analysis 1210.4491

—1072°H

Rl

10731

ATLAS

\@- 7 TeV, 4. 7fb . 90%CL

| — XENON’IOO 2012

! CoGeNT 2010
- e D5: CDF qg— j(x%)

CDMSII low-energy
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Dirac

5 = Vector
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CMS Analysis JHEP 2012
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Take Advantage of Largest Yukawas

(Lin, Kolb, Wang 13036638)

S & P couplings o m, (Minimal Flavor Violation) m_:my:m, ::1:3.3:135
So far, analysis includes only ¢ (b PDF smaller than ¢ PDF) but m, > m, > m,

) . b

Take advantage
of b tagging

Top PDF small (& very uncertain) but m, huge
Looks like stop signal—use stop search limits




Take Advantage of Largest Yukawas

(Lin, Kolb, Wang 13036638)

8 TeV, 13 fb~1, 1 lepton, mp > 120 GeV

— DM, M, =50 GeV |
- i




Take Advantage of Largest Yukawas

(Lin, Kolb, Wang 13036638)

Limits on ¢, from mono-b search

— 8 TeV, 20 fb~ !, inclusive
I 8 TeV, b-tag, b production only
-| —— 8 TeV, b-tag

== 14 TeV, 100 fb~!




LHC:DM Couples to EWK Gauge & Higgs
>

Cohen et al JHEP 2012

Carpenter PRD 2013




Effective Field Theory

Descriptions of Dark Matter

Ultimate goal: discover nature of dark matter, including how it fits
into a theoretical framework (Inner Space / Outer Space)

Most desirable is discovery of (say) SUSY
@ LHC and neutralino is the WIMP

Theoretical framework may be beyond
reach, in the interim use EFT!

Rocky Kolb—University of Chicago Edinburgh—June 2014
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