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The existence of dark matter in our universe is at this point
very well established. Let's quickly review why....
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The existence of dark matter in our universe is at this point
very well established. Let's quickly review why....

Local stellar velocities (Oort, 1932)

Galactic rotation curves (Rubin, 1960's)

Big bang neucleosynthesis
» Position/ratio of acoustic peaks in the CMB

» Large scale structure — N-body simulations

» Lensing in the Bullet Cluster
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The existence of dark matter in our universe is at this point
very well established. Let's quickly review why....

Local stellar velocities (Oort, 1932)

Galactic rotation curves (Rubin, 1960's)

Big bang neucleosynthesis

» Position/ratio of acoustic peaks in the CMB

» Large scale structure — N-body simulations

» Lensing in the Bullet Cluster

All separate phenomena point to
™M pm / mspr ~ 5

We're pretty damn sure dark matter is
really out there!! (orin here!)

Velocities of galaxies in clusters (Zwicky, 1933)
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Dark Matter: What we do, and do not, know

jo: What we know...
® |t is at least one new non-relatavistic particle
® Uncharged

® QDM ~ 0.25

0 What we think we know...
® Dioe ~ 0.3 GeV/cm3
® | ocal velocity distribution

® (Certain DM-SM cross sections/ masses are
excluded

. What we don't know...

...well, there's more than one reason
why it's called “dark” matter.

Common Assumptions: Thermally produced,
non-zero interactions with SM, stable, single
particle...




Why Consider Multi-Component Dark Matter?

Given that one accepts the hypothesis of dark matter, there are

two scenarios...
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Why Consider Multi-Component Dark Matter?

Given that one accepts the hypothesis of dark matter, there are

two scenarios...
SCENARIOIII

Three generations
of matter (fermions)
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Everything we currently. know A dark sector, consisting of
of... ~20% of the matter in the many different particles which
universe. make up the remaining 80%.

Given how complicated the standard model is, it is worth considering
the possibility that the dark sector is complicated as well!



Ok, but what are some more concrete reasons to motivate
models of multi-component DM?

: DAMA/CoGeNT/CRESST/etc. VS XENON100/COUPP/etc.

Reconciling these sets of experiments difficult in vanilla DM models
-Inelastic Dark Matter (Smith & Weiner, 2001)
-Mirror Matter (Foot, 2004)
-Exothermic Dark Matter (Graham, Harnik, et. al., 2010)

3 Positron excess — Pamela, FERMI, AMS-II
Similar excess not observed in antiprotons
Excess too big for thermal freezeout production
-Multiple DM particles (Zurek et. al., 2008; Feldman, et. al., 2010)

{é} Gamma ray line at 130 GeV (FERMI) (...or just “earth limb” photons?)
DM typically annihilates to other particles at much larger rate (DM is dark!)
Again, hard to reconcile with freeze-out production

-Multiple DM particles
Annihilation to other DM particles first (Buckley, Hooper, 2012)
Annihilation to one gamma plus another DM (Eramo, Thaler, 2012)
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Ou:;\windows into dark matter...

« DM-SM scattering — (direct detection)

X SM DM annihilation to SM — (indirect det. + relic density)
l X « Collider Production
X o _

If there are two or more species of
dark matter, we also have...




g

Ou:;\windows into dark matter...

<——
X

——>
X
X

SM
SM
SM

SM

« DM-SM scattering — (direct detection)
« DM annihilation to SM — (indirect det. + relic density)

e Collider Production

If there are two or more species of
dark matter, we also have...

« DM decay to DM+SM — (indirect detection!)




We now have a new relationship at our disposal...

THE Fildi FROMIER.. Bante's Inner ireles...




The Framework

To see how this works, we study an illustrative and general model:

» Two fermionic DM particles, ; and X

* Mass difference of order Am,;; = m; —
(Thus these operators are relevant for direct detection)

« Effective contact couplings between DM particles and quarks:

m; < O(100 keV)

Y

{fu nd)

1I1t

ZZ ”fff ’z?ff"

a ijff’

)( f@‘f’)

X' x?)(qf”:f‘ qs)
w“x,:)(qf’wff)

“ ftiXJ ) (qqu_uqf: Q,f")

D taid

X" x) (@0 qy)

f“\/’“‘\;‘“\f‘“\f‘“\

* X;S uncharged

» Generation independent

« Am < O(100 kev) = Only
light quarks contribute to decay.

(O‘) 0 0
ju
(a) _ (a)
Cijrp = 0 Cijd (O)
0 0 Cijd

In what follows we choose to express results
in terms of the coefficients

c(f) = CQ(LOO + cgla)




Decaying Dark Matter

X

SM

SM



X
Decay Channels

0» Since Am;; < O(100 keV), only possible SM decay
products are low energy photons and neutrinos

& X i only couples to quarks, which at these low energies
are bound as mesons

:> Decay of y,; proceeds through off-shell (loops of) mesons

—> Decay widths highly suppressed (this is good, as we shall see)

We have thia, coofficient...

Xi i Xj Xi X Xi X

Y
Microscopic Theory Low Energy EFT Effective x-7y couplings

Y

(p)
un C — —
Lo s _[:\tg (X;7°xi)(@7°q) bt heaws do we get hero?



Xi
Decay Channels

0» Since Am;; < O(100 keV), only possible SM decay
products are low energy photons and neutrinos

& X i only couples to quarks, which at these low energies
are bound as mesons

:> Decay of y,; proceeds through off-shell (loops of) mesons

—> Decay widths highly suppressed (this is good, as we shall see)

We have thia, coofficient...

Xi i X Xi X Xi X

i Y
Microscopic Theory Low Energy EFT Effective x-7y couplings
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Chiral Perturbation Theory



A Brief Outline of Chiral Perturbation Theory (ChPT)

Low Energy
Effective Theory

High £nergy
Funaamental I heory

According to a seminal paper by Weinberg (1979), the effective theory
should respect all of the symmetries of the fundamental theory. If the

fundamental symmetry is broken, the symmetry in the effective theory
needs to be broken in the same way.

SU(3)r x SU3)r SU@B) . x SU3)r
spontaneously broken spontaneously broken
by quark condensate to.. by quark condensate to..
= SU(3)y > SU@3)v
Theoretically motivated Phenomenologically motivated
(but not proven) 8 light pseudoscalar mesons: 7, wi, K°, FO, Ki, n

pseudo-Goldstone bosons?



How to build the low energy theory using Weinberg's theorem

X |dentify the (approximate) symmetries of the fundamental theory

v

0 Using the fields present in the low energy theory (pions, etc),
write all possible terms that

» Respect Lorentz invariance
* Respect the chiral symmetry of the original theory
(Massless QCD, before explicit symmetry breaking)

0 Chiral symmetry is only approximate (quarks have nonzero mass). Break
the symmetry in the same way it is broken in the original theory.

0 Couple dark matter to the low energy theory — now straightforward in this
framework
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Approximate symmetry of QCD
In absence of quark masses, 3-flavor QCD

1 ./ - — L . — L
Locp = =7 GG + 107" Duqr + iqry" Dudr g = column(u, d, s)

is invariant under global G = SU(3), x SU(3)r transformations of the left and
right-nanded quarks:

dr — 9r4r and qr — gr.qr,

Generators of SU(3)

L/R



Approximate symmetry of QCD
In absence of quark masses, 3-flavor QCD

1 y = u I
‘C’E?CD — _i GiuGSI + ?'(_ILH“;’“EL D;LQL + IQRAH D,{LQR q = column(u, d, s)

is invariant under global G = SU(3), x SU(3)r transformations of the left and
right-nanded quarks:

dr — 9r4r and qr, — g4I,

Add terms which will allow symmetry breaking and DM coupling

We are interested in coupling dark matter to the low energy EFT. In order to do so, we
add to massless QCD a general set of external fields...

Loop = Loop + 7" (v +75a,)9 — q/A(S — 5p)q
> 4
/A %f/

Massless QCD External fields

Lagrangian These will eventually be used to
« explicitly break the chiral symmetry
» represent our dark matter bilinears

We demand this entire construct to be invariant under G, so this determines
how the external fields s, p, v,, a, transform

e.g. q(s— i75p)q =qp(s+ip)gr +q (s —ip)qp = (s+1ip) = gr(s+ z'p)gTL



How to build the low energy theory using Weinberg's theorem

0 Using the fields present in the low energy theory (pions, etc),
write all possible terms that

» Respect Lorentz invariance
* Respect the chiral symmetry of the original theory
(Massless QCD, before explicit symmetry breaking)



Low energy fields
A convenient construct to represent the mesons is given by...

1 0, 1 + +
: ok /| 1 ™ 1 K
U — e%\/ﬁ@/f o = T —ﬁ'ﬂ'ﬂ + %T] KU
K— EJ _%T]

...since U transforms simply under G: U — gRng

Construct the Lagrangian

Since we know how U and the external fields s, p, v,, a, transform,

we simply write all possible terms that respect G and Lorentz invariance
(up to a certain order in, say, a momentum expansion).

-2
££Ep,v,a) _ ITY [D#UTD‘”‘U + UTC + CTU]

where,
DU = d,U —ir,U +iUl,
C — QB(_)(S —+ Zp)



How to build the low energy theory using Weinberg's theorem

3 Chiral symmetry is only approximate (quarks have nonzero mass). Break

v

the symmetry in the same way it is broken in the original theory.



“Freezing the Spurions” — Explicit Chiral Symmetry Breaking

By picking specific directions in the external field space (S, P, Uy, Qu),
we explicitly break the chiral symmetry. For instance, we can include the
quark mass matrix into the scalar external field:

s =M M = diag(my, mq, ms)
This breaks the chiral symmetry of QCD, SU(3)z x SU(3)r
Locp = Locp + 0 (v + 7 aw)q + G(s +17°p)g

& Loep = Loop +TMg
= Locp + (@rMar + G, Mqr)



“Freezing the Spurions” — Explicit Chiral Symmetry Breaking

By picking specific directions in the external field space (S, P, Upu, Qu),
we explicitly break the chiral symmetry. For instance, we can include the
quark mass matrix into the scalar external field:

s =M M = diag(m,, mgq, m,)
This breaks the chiral symmetry of QCD, SU(3)z x SU(3)r

Locp = Locp + T (v + 7 au)q + (s +iv°p)g

gj> Locp = LY +TMyg
= Locp + (GrMar + G Mqr)

Importantly, it breaks the chiral symmetry of our effective theory in

exactly the same way.
2

Egjc,?,v,a) — ZTI‘[DMUTD'M ‘|‘ UTC ‘|‘ CTU] C = QBO(S T Zp)

2
= ZTr[DMUTD“ +2Bo(UT M + MU)]

J

Not invariant under G



How to build the low energy theory using Weinberg's theorem

X Couple dark matter to the low energy theory — now straightforward in this

v

framework



Just treat dark matter bilinear as an external field

We can now include dark matter fields (and other things... photons, W's, etc) into
the external fields in order to find couplings between the DM and the mesons!

Let's set, for instance, p = Y’YE)X

@ Microscopic theory:

Laocp = Locp + @ (vu +750,)q — 4(s — ivsp)g S (ng’ X) @759) What we started with!

A

<®: Macroscopic EFT:

2
LG = ‘%Tf [DUTD'U +UT¢ + (U] > iUTYVSX ...which contains,
Bof _ 5 Bo 0~ 4+— 5
Bofr"%y’x, —F=mxv’x, —=K’K 77%y°x, ---
Recall... N ofTXY >i’ V3 V2
U = V22/f Xi Xj . .
a / Direct couplings to low
a Kt \\O/ energy theory! Coefficients
b = T — L1041y KO v e
. RN X are measurable quantities
K K — =2 0 ﬁdw (e.g. from z-rr scattering).

9

Dienes, Kumar, Thomas, D.Y., [arXiv:1311.xxxx]



Xi

We now have a direct relationship between the first and
second diagrams! It is a simple matter to now calculate

the third diagram (z° is simply an off-shell mediator)

ci ct Bof

Xi ¢ Xj X\é/

X Xi Xj

v Y
Microscopic Theory Low Energy EFT Effective x-7y couplings
ergy P Using ChPT... ey _ Cp _ & ~
pfund) 74 » L > 5GP F

- 5 )
. 5 —— . . - in
int 12 (G77X)(@r°q) piece of cakel T 0 2 A2

T not really



Decay Widths

We now have the entire effective Lagrangian for the interactions x; — xxvyand x; — xzv7,
in terms of our original high energy coefficients:

P
fA?

cs y
£eff = W(XX)FMVFM +

cy

i(yvf’x) FWﬁ“V + Az

(X" x)0" F + %(Yv“x)apﬁpﬁ”lfw SE

...from whence we compute the decay widths. Things are NRT FRETTY, but simplify
considerably with the approximation Am < {m;, my}:

10 . ' ' -
NG 2¢z Am” W=
s 1[]57]_‘%}@ A4 105 l,ﬂf’ysl,lf
) 2¢5,Am?
T 315w fAAAm? 107 = =1
1,2 9 o
PO 4c5 Am = A =10 TeV
A 31578 fAAY =
™ ~ 2epcaAm’ i = 100 GeV
pA ™ 315?1’3.}031!\4?7’?,‘?'
) ~ 4ez Am? f?
T A4
1072 ' ' | |
10-8 107 10-6 1075 1074 0.001

Am [GeV]

Dienes, Kumar, Thomas, D.Y., [arXiv:1311.xxxx]



Decay Widths

We now have the entire effective Lagrangian for the interactions x; — xxvyand x; — xzv7,
in terms of our original high energy coefficients:

cs y
£eff = W(XX)FMVFM +

cp .
1

P v
fA?

(X7°X) Fw 1 + A2

(X" x)0" F + %(Yv“x)apﬁpﬁ”lfw SE

...from whence we compute the decay widths. Things are NRT FRETTY, but simplify
considerably with the approximation Am < {m;, my}:

1070 : : : -
) 2¢z Am” -
S 10578 274 105} Iy
) 2¢5, Am? )
! 3157r3f2f\4m§ 107 c(e) = Cgla) _ 1
A 2 9 =
() n _dCalm ~ A =10 TeV
A 31578 fAAY S
) 2epcaAm? m; = 100 GeV
PAT 31573 f3A%m,
NCIN 4ez Am? f?
T mA4
10_20 ! I ! | |
1078 1077 1076 1073 107 0.001

Am [GeV]

We can clearly achieve models where the heavier
DM component remains undecayed to this day



We also require, however, our dark matter particle to be hyperstable..

Dark matter decaying to x-rays can affect
the reionization history of our universe.
This history is precisely imprinted in the
CMB anisotropies. This constrains Am
and lifetime. [arXiv:1206.4114]
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We also require, however, our dark matter particle to be hyperstable..

Dark matter decaying to x-rays can affect XMM-Newton observations of X-ray diffuse
the reionization history of our universe. background of Andromeda constrain

This history is precisely imprinted in the lifetime of DM. [Boyarski et. al. 2006]
CMB anisotropies. This constrains Am - o
and lifetime. [arXiv:1206.4114]

...S0 this provides us with a constraint on the DM parameter space.

Dark matter decaying to x-ray
photons must be hyperstable:

S

This constrains A, c, /4, m;, Am




Inelastic Dark Matter Direct Detection

SM

X

SM



Direct detection experiments all function on the same basic principle....

There is some probability that a dark matter particle will scatter off a
nucleus within a detector.

Detection Mechanisms

As the nucleus recoils, it will either

» Excite phonons
* |onize other nuclei

 Emit photons @

Each mechanism has it's advantages and
disadvantages (backgrounds).

~_» PHONONS

IONIZATION

Observables g PHOTONS

» Event rate (and modulation)
» Recoil Energy Spectra
e Directionality

That's it!

So we better make the most of this
limited data!




There is no “best” detector type or material!

Each has it's own “sweet spot.” Some or more sensitive to specific couplings than others, etc.

CoGeNT

; ) . A A
- VTR Y » k

N B

\ e ; |

EDELWEISS XENON100 ZEPLIN Il LUX
Spin Independent: Spin Dependent:
» Larger the nucleus the better « Want an odd number of neutrons or protons.
(A? enhancement) (even nucleons tend to anti-align spin)
« Would like m_,, = m_for maximum « Also would like m_j, =m,.
energy transfer. » Possibly more sensitive to light DM if low enough

threshold. (use light nuclei, such as Fluorine)




Typical operators studied in the context of direct detection...

We are again working in the low energy limit — DM is moving non-relativistically

around our galaxy. There is no need for ChPT, however... we have other ways of dealing with nuclear
physics (backup slides).

i the 4"
S — (= >
O( ) — (XX) (QQ) Leading order: spin igdependent
OY) = (X" x) (@) 7 o4
Heavier the nucleus
~ the better!
O(A) — (Y/Y5/YMX) (5757)&(]) Leading order: spin dependent
(T) _ (b )\ (7 " o o (S,,)?
O = (xo""'x)(@ouwq) | n

+

Average spin of the
nucleons within the nucleus

OF) — (2’75 X) (@YS q) } ZERO LEADING ORDER CONTRIBUTIONS

Second order: spin dependent 5
interaction suppressed byvpas/c ~ 10~

For an excellent exposition on the possible types of operators and
their general properties, see Kumar and Marfatia arXiv:1305.1611



Direct Detection Calculations in a Nutshell

A typical direct detection calculation involves three basic steps

e Calculation of the fundamental interaction between DM and
quarks/gluons.

Fundamental
y-quark coupling




Direct Detection Calculations in a Nutshell

A typical direct detection calculation involves three basic steps

e Calculation of the fundamental interaction between DM and
quarks/gluons.

» Translating the above interaction into an interaction between the DM and

a nucleon.
q
X
Fundamental Effective y-nucleon
y-quark coupling coupling




Direct Detection Calculations in a Nutshell

A typical direct detection calculation involves three basic steps

e Calculation of the fundamental interaction between DM and
quarks/gluons.

» Translating the above interaction into an interaction between the DM and
a nucleon.

« Summing the above interaction over all nucleons in the nucleus, taking
into account any effects associated with coherence loss.

/ 4 \\\
\ / 1\
\\\\ / /y,, N \\ \
[ \ |

|/ \ |
\ | | /)
)
AN S/
N

N

Fundamental Effective y-nucleon Effective y-nucleus
x-quark coupling coupling coupling
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Example: Spin Dependent Scattering — quark level

The operator typically studied in the context of spin dependent scattering is

0 o b e e

Galactic dark matter is definitely moving nonrelativistically. Lets see
what this operator gives in that limit....

\/mg po=E =m+ tmv*+ O(v?)

u’ (p) — puot+m g

— n — T4 e
\/mf pi=p=mv+ O(v’).



Example: Spin Dependent Scattering — quark level
@// The operator typically studied in the context of spin dependent scattering is

v _ _
XY VXAV Vg

Galactic dark matter is definitely moving nonrelativistically. Lets see
what this operator gives in that limit....

1;’2(1’1}4—?&}5 Po = E = m

u’ (p) — puot+m g

\/2(po+m)

v~ 1077



Example: Spin Dependent Scattering — quark level
@// The operator typically studied in the context of spin dependent scattering is

v _ _
XY VXAV Vg

Galactic dark matter is definitely moving nonrelativistically. Lets see
what this operator gives in that limit....

v/ 2(po+m) Po — E = m

u’ (p ) — puot+m g

\/2(po+m)

v~ 1077
A half a page of matrix algebra gives....

@ (p)y° et (p) = —2mg1 o'e?

%

Spin operator



Example: Spin Dependent Scattering — nucleon level

The momentum transfers involved are such that the WIMP

never “sees” the quarks. Instead, the “in” and “out” states
are the nucleons.

X £, e Y Y XTY VX mi) = O IR Y2 x ) (g [y y° q|ns)

?




Example: Spin Dependent Scattering — nucleon level

The momentum transfers involved are such that the WIMP

(134 ”

never “sees” the quarks. Instead, the “in” and “out” states
are the nucleons.

X £, e Y Y XTY VX mi) = O IR Y2 x ) (g [y y° q|ns)

We simply parameterize our ignorance of the nuclear physics as the “spin fractions” Aqn

(n|gy°vy*qn) = Ag™(n|y’y*n|n)
= Aq" (4m.,, S5p,)

Lyq = XV Y XTY Vuq

I

Determined experimentally... i.e., from
lepton-proton scattering.

) L

=( > chq”)Yv5v”xﬁv5wn

q=u,d,s

Interesting note: Au™ + Ad™ + As™ ~ 0 “Proton spin crisis” — not well understood.

There is thus enhancement for “isospin violating” cases... i.e., Cu # Cd



Example: Spin Dependent Scattering — nucleus level

N We would think to just sum over the nucleons in the
nucleus. However, there are two issues....

0 Nucleons within the nucleus align such that, essentially, spin cancels when

| gt

possible. The WIMP doesn't really “see” the nucleons... it “see's” the nucleus.
So it actually interacts with the average spin of the nucleons...

(Sn) (Sp)

For example, in nuclei with an even number of protons, (Sp> ~ 0
For nuclei with an odd number of neutrons, (S,,) ~ 0.5

Thus, for spin-dependent interactions, we choose detector targets accordingly.



Example: Spin Dependent Scattering — nucleus level

N We would think to just sum over the nucleons in the
nucleus. However, there are two issues....

0 Nucleons within the nucleus align such that, essentially, spin cancels when
possible. The WIMP doesn't really “see” the nucleons... it “see's” the nucleus.
So it actually interacts with the average spin of the nucleons...

(Sn) (Sp)

For example, in nuclei with an even number of protons, <Sp> ~ 0
For nuclei with an odd number of neutrons, (S,,) ~ 0.5

Thus, for spin-dependent interactions, we choose detector targets accordingly.

o The above is almost correct, but not completely. At the momentum transfers
relevant for direct detection, the WIMPs can almost distinguish the individual
nucleons. Thus, we need to include a form factor, F(g?), to account for this.

Simple choice, for example — a thin shell.

(but there is extensive work done in this
area... much more accurate form factors exist!)



Example: Spin Dependent Scattering — nucleus level

=\ Putting all the pieces together, we find that the
differential cross section is given by

do  2myJ+1
dER_ 7'('?]2 J

(ap(Sp) + an(Sn)) F2(ER)

where,
a, = Z Cqu(n)

q=u,d,s

This is nothing new... but there are some subtleties when dealing with the other
operators. (Backup slides)

...but what's different in the multicomponent
dark matter scenerio?




Scattering Kinematics for X j [N — XN

In multi-component dark matter models, we
have three different regimes which lead to
unique recoil energy spectra.

Am = my — m;

Am = () == “Elastic Scattering”

Typical case studied — single component
dark matter.

Am > () == “Upscattering”

Typical case studied in inelastic DM
scenarios. DM scatters off nucleus into

higher mass “excited” state.
[Inelastic DM — Smith, Weiner, 2001]

Am < () == “Downscattering”
DM scatters off nucleus into lower mass

state. Am released as kinetic energy
[Exothermic DM — Graham, Harnick, et. al. 2010]

Eg [keV]

Range of /' at XENON100

m; = 10GeV
10* |
Am=1keV — Am=-1keV =--= :
Am=10 keV Am=-10 keV !
1000 Am=100 keV —— Am=-100keV==== E
AM=0( — i
100
l D hesssssssssecccssessansesBgRaill] :;: :_ .....
: ?
L8 L pr— T s L EEREEY 4 SR -E -------
0.01 — ' . :
I 10~ 10~ 0.001
v/c



Range of Eat XENON100 . Expected velocily

m; = 10GeV

10 J —— cutoff Vage
Am=1 keV m— Am=—1keV ====
Am=10 keV = Am=—-10keV ====
1000 Am=100 keV Am=-100 keV ===~

* Min/max recoil
energies used by :
XENON100 analysis Am=0 ——

100

"""""""""""""""""""" et .~ * Energy threshold
/ for upscattering:

pensssssassssasssssnesss§ 8RN .
* ’ /// U > m//ll,Nj

v V

« “Stationary” particles: L T— cessnus
Energy Am given to
Xk and N
ER = M \\\\\\‘”ﬂi‘l sessssssensngoo—tt
my
0.01 — 3 1 .~ = Scattering assumed
10~ 107 10~ 0.001 isotropic in CM frame
v/c ;"
2 .2 12V
K ;U Am 2AmM
Er —— |l + (11— cos 0
my HN45U ;U



Recoil Energy Spectra

Remember, recoil energy spectra are one of our very few
observables... and so we better make the most of them! Upscattering (solid)
Downscattering (Dashed)

m

 Down/upscattering lead to unique and Se Target —  Am=0
distinguishable recoil energy spectra o, Au=lI0Cey — Am=+500 keV
(which is our only observable at current direct — Am=x250 keV

detection experiments)

Am=+100 keV
Am=+10 keV

 Downscattering generally more

accessible to direct detection
(due to energy released from Am)

» Upscattering becomes undetectable
for high Am

(though bounds from decays become better)

dR/dEg [kg™! day~! keV~!]

Here, we have chosen C such that
ST _ _ .
0'7(7,0 ) = 10 46 Ccin 2 10—10 . ; oy
20 40 60 80 100 120 140

E R [keV]

These spectra would be a smoking gun
signal for multi-component dark matter.




SM

SM

X

Finally, Tying it all Together...

X

SM

SM



Now combine constraints from scattering and decay

Excluded by XENON100

* Most recent limits from [arXiv:1207.5988].
» Total event rate for nuclear recoils with
6.6 keV < Er < 30.6 keV
* Most recent limits restrict DM to interact at a rate
R < 5.66x10 " kg ' day "' .

Excluded by astrophysical (CMB)
constraints on decays to photons

« Largely model independent... follow directly
from existence of operators allowing
downscattering.

* Region does not include current/future
Planck data, which may eat further into
parameter space

* Region does not include other operators
(e.g., tensor), which may have substantially
more stringent bounds.

Dienes, Kumar, Thomas, D.Y., [arXiv:1311.xxxx]

|Am| [GeV]

I“_F_renc_h_ll-'_l_ag Plot”

103 Fmey
1074 ¢
10-3

lﬂ'_ﬁ F

L1 my = 5GeV:
I Xe Target ]
10! 10° 10° 104 10° 10° 107
A |GeV]
c(5)
e Scalar operator: (0% = 12 (Yin)(@J)

« Dashed lines represent event direct
detection event rate of

R={10"% 1072, 107 107"} kg~ ' day™*




Conclusions

* It is almost a certainty that the majority of matter in our
universe is something unknown to the standard model.

* Multicomponent dark matter models are well motivated
theoretically and experimentally.

* This scenario naturally leads to the possibility of DM decay,
and decay rates can be reliably calculated using ChPT.

» Decay is characterized by the same operators as those

governing scattering rates. Multicomponent DM leads to
unique recoil energy spectra.

The interplay between direct detection experiments and DM decay
provide a novel constraint on dark matter parameter space.

Thanks for coming!



Backup Slides



A Short Digression: Dispensing with the Common Lore...

» To calculate direct detection rates, a necessary step is to take nucleonic matrix
elements of these operators:

(n|gy"y°qIn) — Aq\™ (n|ay*~Pn|n)

Aq(”) are spin fractions, determined both experimentally and on the lattice:

[ Au® =0.78 Ad®) =-0.48 As® =-0.15 ]




A Short Digression: Dispensing with the Common Lore...

« To calculate direct detection rates, a necessary step is to take nucleonic matrix
elements of these operators:

(n|gy"y°qIn) — Aq\™ (n|ay*~Pn|n)

Aq(”) are spin fractions, determined both experimentally and on the lattice:

[ Au® =0.78 Ad®) =-0.48 As® =-0.15 ]

 What we are interested is the analog for the pseudoscalar bilinear:

(n|gy°qIn) — Ag'"™ (n|ayn|n)

We can find the Aq' coefficients from the Aq coefficients using a Goldberger-Treiman type
argument...

_ _ g
O (nlgy"y°qIn) = 2my(nlgy’qln) + —

47

‘ [ Au'® =170 Ad® = -165 As®) = -5.07 ]

(n|G . G* |n)




A Short Digression: Dispensing with the Common Lore...

« To calculate direct detection rates, a necessary step is to take nucleonic matrix
elements of these operators:

(n|gy"y°qIn) — Aq\™ (n|ay*~Pn|n)

Aq(”) are spin fractions, determined both experimentally and on the lattice:

[ Au® =0.78 Ad®) =-0.48 As® =-0.15 ]

 What we are interested is the analog for the pseudoscalar bilinear:

(n|gy°qIn) — Ag'"™ (n|ayn|n)

We can find the Aq' coefficients from the Aq coefficients using a Goldberger-Treiman type
argument...

_ _ g
O (nlgy"y°qIn) = 2my(nlgy’qln) + —

47

‘ [ Au'® =170 Ad® = -165 As®) = -5.07 ]

(n|G . G* |n)

So couplings are enhanced by Aq¢'™ /A¢'™ = O(10?)



A Short Digression: Dispensing with the Common Lore...

» Typical (axial-axial) spin dependent interaction:

TAA X (Aq(n) <5n>)2

* Previously neglected scalar-pseudoscalar spin dependent interaction:

”UDM 2
osp X X Aq/(n) 2

0(10~%) velocity O(10*) enhancement
suppressmn relative to relatlve to axial-axial
axial-axial coupling coupling

There is also a factor of 6 enhancement
to o, arising from a difference in the

spin structure of the bilinears.

Pseudoscalar event rates only suppressed by a factor of 10, NOT 10°!
O5F) NOT NEGLIGIBLE



A Short Digression: Dispensing with the Common Lore...

A [GeV]

10%7

102
10"

10°

\

-~

Spin—-dependent proton cross—section (cm2

.............

COUPP500 (Solid)
COUPP60 (Dashed)

COUPPC3F8 (Dotted)
0=0

G
M, [GeV]
Isospin violating  9xu #* 9xd

10° 10! 10°

P R T
100} 4
COUPP500 (Solid)
COUPP60 (Dashed)
| COUPPC3FS8 (Dotted)
10
O=m/4
1 00 1 01 1 02 103

. M, [C{eV]
Isospin conserving Gxu = Y9xd

(End of digression)



(8% QY 10
() — 1,6(_) =0 (solid)
— 1 (dashed)

[s]

(¥)

Ter

1078 1077 107° 1073 1074 0.001 1078 1077 107°° 1073 107* 0.001
Am [GeV] Am [GeV]

Lifetime of dark fermion which decays via X5 — X357 and Xj; — Xi7V7Y

A =10 TeV m,; = 100 GeV



Xenon target --- XENON100

1(1*“i

Am=1 keV =—— Am=—1keV ===~
| Am=10keV — Am=—10keV ----
1000? Am=100 keV  m— Am==100 keVeus=

Am=1 keV =—— Am=-1keV =-==
| Am=10keV — Am=—10 keV ----
IOUDg Am=100 keV  m— Am==100keV =eu=

Am=0 —

10%; , 10,
P Am=]1 keV  — Am=-1keV =--= ]
| Am=10keV — Am=—10keV ----

10005 Am=100 keV  m— Am==100 keV =eu=

Am=0 —

100

.
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