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Historical Analogy
Understanding the Weak Force

Discovery of radioactivity (1890s)
Fermi Scale identified ¢»~ 10 éeVP (1930s)
Non-Abelian Gauge Theory (1950s)
Higgs Mechanism Introduced (1960s)
W /Z bosons discovered (1970s)
Higgs discovered (2010s)

Each step required revolutionary theoretical/experimental leaps

t ~ 100 years



How long will we wait for DM?

Discovery of missing mass (1930s)
Rotation curves (1970s)
CMB power spectrum (1990s)
Relevant scale? > 2016

Non-gravitational interactions not guaranteed
No clear target of opportunity

Discovery time frame? ¢ > 80 yrs



DM Prognosis?

o —

Bad news: DM-SM interactions are not required

[f nature is unkind, we may never know the right scale

~ 107 eV <mpy < 10 GeV+

Good news: most discoverable DM candidates are in
thermal equilibrium with us in the early universe

Why is this good news?



Thermal Equilibrium
Advantage #1: Minimum Annihilation Rate

Equilibrium, achieved easily with a tiny DM/SM coupling

°p g
— ¢ ~ T3
"'bM / (27)3 e£/T £ 1

Generically overproduces DM
Requires much larger annihilation cross section to deplete

0—26 3.,—1

OV > OUpelic ~ 3 X 1 cm’s

e —

Potential target for discovery/falsification



Thermal Equilibrium
Advantage #2: Narrow(er) Mass Range

< 10 keV DM too hot > 100 TeV DM

spoils structure formation overproduced

Heavier mass range is conceptually different



How are we testing this range?

T
7> J
€,p X

X SM

Direct Detection, Indirect Detection, Colliders

O (s i)




What should we expect
from thermal LDM?




Heavy vs. Light # 1

Light needs new forces

Heavy DM can yield right abundance w/ SM gauge bosons

X /

2
2, 2 —26 ., 3.—1( Mx
ov ~ Grmy ~ 3 %X 107" cm”s (ﬁ)

For LDM, annihilation via SM forces is too weak

my ~ GeV = ov < 3 X 107°° cm? /s

LDM overproduced unless there are light, new “mediators”



Heavy vs. Light # 2
CMB is a big deal for LDM
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Heavy vs. Light # 2
CMB is a big deal for LDM

DM annihilation @ T ~ eV affects CMB power spectrum

Multipole moment, ¢
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Rules out thermal LDM < 10 GeV unless:

Cross section is smaller @ CMB

OR
DM population is different @ CMB (less annihilation)



How to be safe from
CMB?




Option 1: Smaller CMB Cross Section

Velocity / Temperature Dependence

O'UOCU2

Rate large at freeze-out w/ v~ 0.1c

<O_U>|T:mX: 3 X 10_26 CmS/S — QX = OQpMm

Velocity redshifted at late times

<av>|T:eV<< 3% 107°° cm®/s = CMB safe

Choose DM + mediator combination to get v-dependence



Option 2: Different Population
Example (a): Asymmetric DM

Annihilation @ T ~ m reduces antiparticle fraction

Ny 7 Ng X exp(—(ov))

Counterintuitive: larger cross section is safer!

ferr. (oV) e~ (ov)

UG

< 2x107%® cm3 57! GeV !

Easily satisfies CMB bound with {(ov) > 3 X 10~*°cm? s~

as required for asymmetric DM



Option 2: Different Population
Example (b): Inelastic DM (iDM)

Two-level co-annihilating system

X1 SM
X2 SM

As universe cools, heavier state is Boltzmann suppressed

AT

Ny, X €

Generated if dark Higgs induces Majorana mass

LDOmpxx+ Hpxx = mpxx + (Hp)Xx



How to realize these strategies?
3 Easy Steps




How to realize these strategies?
Step 1: choose light mediator

Must be SM singlet, options limited by SM gauge invariance

Higgs Portal
Scalar mediator

(mixes w/ Higgs)

Vector Portal
spin-1 mediator
(mixes w/ photon)

(H'H)|¢"¢| qur

couplings scale with mass

EFWF;W \

couplings scale with charge



How to realize these strategies?
Step 1: choose light mediator

Must be SM singlet, options limited by SM gauge invariance

Higgs Portal ( HT

Scalar mediator

(mixes w/ Higgs)

70| g

far more constrained

(see backup slides)

Vector Portal
spin-1 mediator
(mixes w/ photon)

A’ couples to DM with

_ 9D
D =
A’ couples to SM with €€ 4

/
€Lypt',




How to realize these strategies?
Step 1: choose light mediator

There are also viable mediators that don’t “mix” with SM
but gauge a combination of global quantum numbers

U(l)B_L
U(1)e—p

U (1),
U (1)6—7‘ Harder to test

lect li
Similar to dark photon 1o Slection cOupting

but equal coupling to neutrinos

Wont mention these again, easy to translate into A’ param space



How to realize these strategies?
Step 2: choose LDM candidate

Spin  Fermion vs. Scalar
Abundance Symmetric vs. Asymmetric

A’ Coupling Elastic vs. Inelastic (iDM)




How to realize these strategies?
Step 2: choose LDM candidate

Spin  Scalar
Abundance Symmetric vs. Asymmetric

A’ Coupling FElastic vs. Inelastic (iDM)

Scalar DM : every permutation is CMB safe
(ov o< v°)




How to realize these strategies?
Step 2: choose LDM candidate

Spin Fermion
Abundance Symmetric vs. Asymmetric

A’ Coupling Elastic vs. Inelastic (iDM)

Fermions are more complicated

[ Symmetric + Elastic ] = Dead (CMB)
[ Symmetric +iDM ] = Safe
[ Asymmetric + Elastic ] = Safe

[ Asymmetric + iDM ] = Inconsistent for simple models




How to realize these strategies?
Step 2: choose LDM candidate

Spin Fermion
Abundance Symmetric vs. Asymmetric

A’ Coupling Elastic vs. Inelastic (iDM)

Fermions are more complicated

(] ®
U LIdSUIC | — ol VIL

"Symmetric + iDM ] = Safe

Asymmetric + Elastic] = Safe

RLY, ]




How to realize these strategies?
Step 3: choose mass hierarchy
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How to realize these strategies?
Step 3: choose mass hierarchy

Annihilation independent of SM coupling
No Thermal Target



How to realize these strategies?
Step 3: choose mass hierarchy

Compressed regime : annihilation dep on DM x SM coupling
Thermal Target: motivates dark photon searches (HPS, Belle II, LHCb...)



How to realize these strategies?
Step 3: choose mass hierarchy

Clear thermal target when mediator decays to DM



Comparing to Thermal Target




Comparing to Thermal Target

4
O(EOéD ) Y

__/‘ N

Many experiments bound ... independently of this combination

e.g. Collider bounds depend on A= F

Y
€’ 1 <mA/>4 ZL%Z ;3?

v p Try

conservative = multiply by smallest value e



Comparing to Thermal Target

Thermal Targets

m, [MeV]




Dirac Fermion Thermal Relic DM

NpM — nDM

1073 \

LHC

1077+ LSND

XENON 10

Ruled out by CMB!

10

DM Mass m, (MeV)

10°

Fermion Symmetric Elastic
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Fermion Symmetric Inelastic
nDM = Npaf «Aw~<$::§;

Pseudo—Dirac Thermal Relic DM
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Fermion Asymmetric Elastic |
nDM 7 NDar o =l

A’ _
X
Asymmetric Dirac Fermion DM
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.+ Scalar Symmetric Elastic
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/ nopM = Npar
Scalar Thermal Relic DM
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Scalar Thermal Relic DM, my/m, = 3 vs. my/m, = 10
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Increase mediator /DM mass ratio
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Decrease DM coupling to mediator ap

Pseudo—Dirac Thermal Relic DM, ap =1/2 vs. ap = «
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Scalar Thermal Relic DM, my/m, =3 vs. my/my, =2.3

my, (MeV)

Caveat : avoid DM resonant annihilation



How to decisively test thermal target?

Light Dark Matter eXperiment (LDMX):
Letter of Intent
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2 California Institute of Technology, Pasadena, California 91125, USA
SSLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

4University of Minnesota, Minneapolis, MN 55455, USA
>Santa Cruz Institute for Particle Physics,
University of California at Santa Cruz, Santa Cruz, CA 95064, USA
6 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
’ Perimeter Institute for Theoretical Physics, Waterloo ON N2L 2Y5, Canada
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Eéf < Ebeam

Invisible

ECAL/HCAL

Signal: a low energy electron

& no other activity - .
, — T T
Payoff: Rate scales as ~ ¢ ;

R — ————————



FE! < Epeam

e~ _X_?:( -
Ebeam - I?IV—ISI_I-)I_G
ECAL/HCAL
l. Prepare *low current* e < 100 pA
9. Measure incident e~ momentum ~ 10 GeV
3. dend through thin target ~0.1-0.01 X

4. Measure outgoing ¢ L & PT <1 GeV



Signal (my = 150 MeV) Signal (m4 = 50 MeV)
S 80 S
Signal Events: g @ 5
s 40 >
1) Characteristic [ER Z
IOW Ee! broad O0.0 0.1 02 03 04 05 00 01 02 03 04 05

spread in pr E./Es E.JE:

2) No additional
deposited energy
or tracks




Kinematics of DM Production

Signal (m4 = 50 MeV)

Recoil e™ p7r (MeV)
Recoil e= pr (MeV)
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Kinematically, these
are quite different
from typical
backgrounds
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Other sources can carry away missing momentum

Real Missing Energy Magnitude (10'® EOT. ;)
Brem+CCQE <1 (T <0.1)
0 <
CCQE+n <1L(T50.1) EOT.;; = EOT x (T/X,)
Moller+CCQE <1 (T <£0.1)
eN — eNvv ~ 1072
e (&
beam
Moller ! ‘ i
target w
CCQE
P n

Brem.

Verdict: Negligible



Fail to detect SM particles

Bremsstrahlung

’Y(E ~ Ebeam)

Fail to detect hard photon in ECAL
Sets thickness requirement

Hadron photo-production

Fail to detect pion (or it backscatters)

Need fail probability below
o (ep ) ~ 1077 — 107"

for low BG experiment



Fail to detect SM particles

Reducible Backgrounds

Fake Rate/10'* EOT.

v non-interaction

vp — 7T+TL

v*p — wtn (backscatter )
YN = (p,w, )N — mtn~ N
v'n — nnn

eN%eN(,u po,mrT)
YN — Np*p~

7
~ 3 x 108e~ 5 (T/X0=45) 1

~ 10% x €Er€n
\ €X

~ 3 x 10" x ¢p,

~ 2 x 10%2
3 3

5 X 107 x e probability of

~ 10 X 6/,L/7T . . X

~ 6 X 103 % 62 mlSSIHg

Reducible with sufficiently hermitic setup

Still work 1n progress, need to optimize

EOTeff = EOT x (T/XO)



"Majorana" (Inelastic) Thermal Relic DM
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scalar Symmetric Elastic

o nDM = Mpar

Scalar Thermal Relic DM
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4 calar SYymmetric Elastic

npM = nDM

Scalar Thermal Relic DM |
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Fermion Symmetric Inelastic

X1
nNDM = Nppr keV < A < m, A’ W<X2

Pseudo—Dirac Thermal Relic DM
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Fermion Symmetric Inelastic

npM = Nppr keV < A K My A’ W.<i<<;

Pseudo—Dirac Thermal Relic DM

Super CDMS
SNOLAB (1-loop)

. LHC
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Fermion Asymmetric Elastic |
nDM 7 NDar o =l
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Asymmetric Dirac Fermion DM
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Fermion Asymmetric Elastic
nDM 7 NDar A~

A/

Asymmetric Dirac Fermion DM
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Concrete Realization in Progress @ SLAC

HCAL
D
ECAL
Target
Beamline b
LDMX ECAL based on CMS

forward calorimeter design L ot oo



Concluding Remarks

Light thermal DM 1s viable w/ rich dynamics

-Broad class of testable, predictive models

-lesting these sutfices to cover more elaborate cases
-Sharply defined question, not a fishing expedition

-Existing search program wont cover 1t



Concluding Remarks

New missing momentum strategy

Observe DM production 1n real time

BG from ‘“fakes” 1s measurable & reducible

Irreducible BG 1s neghigible

Super-CDMS
LDMX SNOLARB,
Missing Belle II

Momentum



