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Where Are We Now?
The LHC has found the Higgs

(Juestions remain: one, two, many? ... natural or not ? etc.

Top question 1n particle physics “what triggers EWSB?” 1s answered
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Where Are We Now?
The LHC hc¢

(Questions remain: one, two,

& nd the Higgs

AA e -

Top question 1n particle phys1 & 2cers EWSB?” is answered

New priority: what is 85% of matter?
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Nightmare Scenario

Logical possibility: we may be very unlucky

Dark/wisible coupling too weak for thermal equilibrium
in the early universe

Mass range remains a mystery forever

107°° eV <mpy < 10'Y GeV

But this is not generic

You have to work hard to avoid equilibrium!
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Equilibrium Sharpens Focus

Number densities in equilibrium set by temp.

d*p gi

~ T3

[

27)3 eE/T -

-1

For visible matter, annihilation is rapid
Antiparticles annihilate away, only the asymmetric part survives.

1077 x (Original Abundance)

For DM, if annihilation is too weak, too much
survives at late times.
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Equilibrium Sharpens Focus

1. Overclosure: Minimum Annihilation Rate
ov >3 x107%°% ¢m?® ¢!

Symmetric DM (=)  Asymmetric DM (>)

2. Perturbativity: Maximum DM Mass
ov ~ g*/M?* = M < fewTeV

3. Structure Formation: Minimum DM Mass
M > 100 keV

Existing experimental program covers the GeV-TeV half
What about the MeV-GeV half?
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Current Search Strategy

. Direct Detection: LUX XENON, CDMS...

X X
N N

Sensitive to dominant, (meta)stable species

Large BG, tiny recoils for M < few GeV

Astrophysical uncertainties




Current Search Strategy

2. Indirect Detection: FGST, AMS, PAMELA...

X SM

e

X SM

Sensitive to dominant, (meta)stable species

Large BG for DM < few GeV

(Astrophysical uncertainties)*2




Current Search Strategy

3. Colliders: LHC, Tevatron, LEP...

Y, J

X

MET

Weak sensitivity below ~ 10 GeV it not EF' 1




Why the focus on “heavy”?

X SM
Qpy — ov~3x10%%cm?’s™*
" Y ms, (20 TeV)?

-DM 15 heavy ~ 1eV
-DM 15 a thermal relic
-DM carries SM quantum numbers

-DM 15 particle/antiparticle symmetric 71 = 71+

Motivated by Supersymmetry
Many DM experiments require this whole list!
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LHC Assault

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 \/' =7,8TeV
Model &ty Jets ET [Lanm) Mass limit Reference
MSUGRACMSSM 0 260ts  Yes 203 miglem(z) 1406, 7875
MSUGRA/CMSSM Tep JGjets  Yes 203 any mii) ATLAS-CONF-2013-062
MSUGRA'CMSSM 0 7-10j@ts  Yes 202 any mG) 1308.1841
39, ot 0 26jets  Yes 203 miF]}=0 GaV, m(1* pea. {jmmi2™ gen ) 1405.7675
a8, g-.q.;i".' 0 26jots  Yos 203 miF} =0 GV 1408, 7075
B, B—gul| —sggW* 5} fep Jbjets  Yes 203 mi¥})<200 GeV, m(E " 0. 5(miE} }emii)) ATLAS-CONF-2013-062
20,2 L livivwity 2e.p 0-3 jots - 20.3 mit})=0GeV ATLAS-CONF-2013-089
OMS;qr NLSP) 2ep 2-4jets  Yes 47 tani<1% 12084688
GMsa(I NLSP) 127+401(¢ O2jets  Yes 202 tany? »20 1407.0603
GGM (bino NLSP) 2y . Yos 203 mitY )50 GeV ATLAS-CONF-2014.001
GGM (wino NLSP) Tepsy . Yes 48 miE])>50 GeV ATLAS-CONF- 2012144
GGM (higgsino-bind NLSP) Y 1b Yos 48 mi))>220 GeV 12111167
GGM (higgsino NLSP) 2e,p(Z) Odjets  Yes 58 mNLSP)>200GeV ATLAS-CONF-2012-152
Grawitino LSP 0 monoel  Yos 105 miG)>10" eV ATLAS.CONF. 2012147
Febbi| 0 3b Yos 201 |B 1.25 TeV miE} <400 GeV 1407.0600
g_."'i-z 0 710fets  Yes 203 |&# 1.1 TeV miE}) <350 GeV 1200.1841
Benaily 0-1ep 3b Yos 201 1 134 TeV mik| <400 GeV 1407.0600
Besbil | 01 e b Yes 201 |R 1.3TeV miE} ) <300 GeV 1407.0600
NN -om. 0 2b Yes 201 5 100620 GeV m|i]) <90 GeV 1300.2631
byby, by =it} 2e.4(S8) 030 Yes 203 | &, 275-440 GeV mit] =2 m(iY) 1404.2500
Tydy (ight), 7y —sbi | 12e,u 126 Yos a7 | i 1osrGey mit) =55GeV 1208.4305, 1209.2102
Tydy(hight), 7y~ W’ m',' 2ep 0-2jets  Yos 203 |7 130-210 GeV miE}) =mii - m(W)-50 GeV, mif, y<<m(t]) 1403.4853
iyiy (medium), 7, —~u, 2ep 2 jets Yes 203 |4 215.530 GeV m{E} )1 GV 14004853
f1fi (medium), # b} o 2b Yes 200 |7 150-580 GeV mi¥!)<200 GeV, it pm(i})=s GeV 1308.2631
fiii(heavy), 7y i} by Tep 1b Yes 20 |4 210-640 GeV miE} )0 GeV 14070553
fiii (heavy), 7\ —ri; o 2b Yes 201 |@ 260-640 GeV miF| =0 GeV 1406.1122
iy iy - 0 monojetctag Yes 203 |4 90-240 GeV mii,}-m{i} )<B5GeV 1407.0608
i1 (natural GMSB) 2e.p(2) 1h Yes 203 |@ 150580 GeV mit|)>150 GV 1408.5222
fyiy, i 4 2 3eul2) 1b Yes 203 |7 200-600 GeV mi§})<200 GeV 14005222
finlix, Ptd] 2e.p 0 Yes 203 |7 00-325 GeV i} )0 GV 14005294
I3 ii R ) 2ep o Yos 203 i} 140-465 GeV M} =0 GaV, mi(Z. 7)=0 Smii: Jomi})) 1403.5294
E;EL i. —abrr?) 2r Yes 203 |& 100-350 GeV miE} )0 GeV, m(2, #w0.5jmi ] Jem(i})) 1407.0350
E KKy =dy .(, ((pw), 658 L) 3ep 0 Yos 203 t‘.l" 700 GeV E] emiE3). miE) )0, mi7, #he0.SimiE ] ) ern(El)) 1402.7029
¥ ;f:{-.wi Azn 23ep 0 Yes 203 f‘J‘ 420 GeV miE] Jeem(i), m(ED)o0, slopions docoupied | 1403.5254, 1402.7029
i;_is—:‘t,o'i.ni. Tep 2h Yes 203 t‘.t! 285 GeV miE] Jeen(T3), m(T})e0. shopicns docoupied | ATLAS.CONF.2013.083
Koby, 054 =l dep 0 Yos 203 tL 620 GeV o) eem(E5), (E5) 00, miZ, #)e0.5(m(E?}em(T})) 1405.5085
Direct £ 1| prod., long-lved {]  Disapp.trk 1 jet Yes 203 |& 270 GeV miE])-miE])= 160 MeV, £(E])=0.2 ns ATLAS-CONF-2013-069
Stable, stopped § R-hadron 0 1-5ets  Yes 279 '3 832 GeV miF) =100 GaV, 10 m<rif)<1000 & 1310.6584
GMS8, stable 7, -, Arsrie ) -2 - : 159 10<tany<50 ATLAS-CONF-2013-058
c,usa,x,_.,(, long-lived i 2y - Yes 47 04<nif <2 ns 1304,6310
33, 1) —gur (RPV) 1 dsplovix - " 203 |4 10TeV 1.5 <or<156 mm,_ BR)e1, m{i])=108GaV | ATLAS-CONF.2013-002
LFV pp—s¥y + X.Pr—ve + p 2e.p . . 46 A5, #0.10, 2,,+0.05 12120272
LFV ppsi, 4 X, P vefp) 4 ¢ lepu+r - - 46 A,,,#0.10, 4;3,y=0.05 12121272
Béinear RPV CMSSM 2¢.u4(S8) 03¢0 Yes 203 mig)emiz), «Tisp<? mm 1404,2500
K .i,’—ow.t‘u.(o—«n",.qri} dep . Yos 203 mik] 1>0.2am(E] ). A2, 20 1405.5085
B —=Wh K=t erp,  Jeper . Yes 203 miE)>0.2m(E] ). 4,4y 90 1405.5085
Bvaq 0 6-7 jots - 20.3 BRY)«BR(ABR jw0% ATLAS-CONF-2013-091
Reeiyt, [y =sbs 2e.4(S8) 030 Yes 203 1404.250
Scalar gluon pair, sgluon—gy 0 4 jots . 46 incl limi from 11102693 12104626
Scalar gluon pair, sghon—sri 2¢. ;: (SS) 2 b Yes 143 ATLAS CONF.2013.051
WIMP interaction (DS, Dirac y) Yos 105 miy <80 GeV, it of <687 GeV for DO ATLAS-CONF-2012-147
r = . TeV 107! 1
Mass scale [TeV]

‘Onlyas n of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Null LHC SUSY results, strong bounds weak-charged DM

No evidence for connection to the weak scale
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Direct Detection: The End Is Near
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Direct Detection: The End Is Near
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Direct Detection: The End Is Near
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Half of viable range remains to be explored
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Q: Does sub-GeV DM Make Sense?

Naive concern: You ““overclose” the universe

X SM

2 2 2
gvgpm
(ov) ~ ?\45 = = Q> (Qnm)obs. :I:

med X SM

Actually: Just need a lighter “mediator”

aop (2 e ? m 2
My ~ Mpeda , (OV) ~ — —2— ~ 10~ (—) ( X )

mi QDM D 100 MeV

Any relic abundance can be generated

Motivates richer dark sector
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Q: Does sub-GeV DM Make Sense?

A: Yes! (too) many possibilities

Visible Sector Dark Sector

SU(3). x SU(2). x U(1)y

u,c, t,d,s,b

€,y Ty Ve, Vyyy Vr

/77 W7 Z? G7H

~ 15%
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CMB Constraints on MeV-GeV DM

Ionization

Late time annihilation of dark matter into charged
particles increases ionization of IGM near recombination
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CMB Constraints on MeV-GeV DM

(ov)cMB _ 2.42 x 10727 cm? /s

f ™mx GeV

But be careful, this assumes:

0. Pure annihilation (not co-annihilation)

1. Dark particle-antiparticle symmetry
2. Dirac fermion DM, s-wave annihilation (scalar, p-wave ok!)

3. Annihilating species 1s all of the DM

Model Dependent, easy to evade...
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CMB Constraints on MeV-GeV DM

Case Study: Light, Inelastic DM

X SM
:I): A =my —m, >eV
VY SM

1. Off-diagonal coupling to mediator in mass eigenbasis

2. Scattering and decays depopulate excited state as universe cools

ny ~ e /T

3. Annihilation requires both; shuts oft before CMB forms
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Collider Constraints on MeV-GeV DM

A'— x x decay constrained by BaBar search

‘. £ i bt b b 43
\N ! el i m*#* P % é
A :
S w— BaBAR[hep-ex/0808.0017]
y%X % :_ Preliminary
& “F :
~X o ‘ % -
» - oa D + signal fit (not
10:— - A rraE ' + _f Slgnlflcant)

" A’ mass? 2(u(}e\“}z) T myeevd
2y background W —

(signal-faking)

Babar provided best LDM sensitivity from colliders
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Beam Dump Constraints

Dirt !
X

0906.5614, e r ,
1107.4580,1205.3499 E— —

Batell DeNiverville, L vsa'
McKeen, Pospelov, Ritz S v+ X

Izaguirre, Krnjaic, PS
& Toro
PRD.88.114015 and
1403.6826

Detector
7 ¢ X
/
A

nuclear dissociation;
nucleon, nucleus, or
electron recoil

Good sensitivity (from theorists) for LEND
(proton beam + electron scattering) 3
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What kind of mediator interaction?

Higgs Portal (HTH) ¢T¢‘

Scalar mediator ¢ , SM couplings mass proportional

5
““Axion’’ Portal K le ) f

Pseudoscalar mediator a, SM couplings mass proportional

/
Vector Portal e Y F m,

Spin-1 mediator A’, SM couplings charge proportional
(Holdom, Okun)
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What kind of mediator interaction?

We will always assume the harder case

MMED > 2MDM

Otherwise, visible decay constraints are generally more powertful

But this also gives a clear target

It mediatory decays visibly, DM annihilation is t-channel

on shell

doesn’t depend on visible mediator coupling!
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CMB & Direct Detection

Late-time annihilation (CMB) and DM scattering with
matter (Direct Detection):

4
2 2 mpwm 1
OU ~ dpdsm TMED 2
) DM

Same scaling as thermal cross-section!
Again motivates:

y = g2u0% [ 2
— ISMID m

4
> VS. mMpwM

29
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Colliders

Collider Processes Scale as:

9smr o A X
o~ / *
CM ~ X
4
1 [(mymED 4
~Y X 5 2 2 [ MDM
9p mMpm Y=9GsmIp
MMED

Scaling is not as intuitive:

[t's easy to overstate existing bounds by choosing small

DM /mediator coupling! Conservative to choose large!

30
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Thermal Targets

Thermal Relic DM ), = QOy = QOpy /2

107 Invariant & important
targets!

computed precisely for
ma/m-=3 (but largely
10-15 insensitive to this ratio)

1 10 102 10°
DM Mass m, (MeV)

Computed using vector mediator, but qualitatively similar for others
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Higgs Portal

Invisibly Decaying Scalar Mediator (Symm. DM)

1073
1074
BaBar
-5
10 Xenon 10 S

10-17 BaBar Bt K¢

10—18,
10-19 E787 K*—» n" ¢ ( E949

T T 1) T
Dirac Fermion DM Mass m, (MeV)

T'hermal target already ruled out < GeV!
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Axion Portal

Invisibly Decaying Pseudoscalar (Asymm DM)

BaBar

(g2

< 10777 B

10715 BaBar B*—» K*a
~16.
10_17 E787 K*— xt¢ /
1074+ E949
10718 | | |
1 10 102 10°

Dirac Fermion DM Mass m, (MeV)
Already ruled out < GeV! Even worse for Symm. DM
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Vector Portal

Scalar/pseudoscalar mediators robustly ruled out < GeV

Dont have to split hairs about the details of the dark sector

For vector mediators, we have to be careful

DM can be scalar / fermion
DM can be particle-antiparticle symmetric / asymmetric

DM can couple to mediator elastically / inelastically
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Vector Portal

Simple starting point: “dark massive QED”

My, Ma ~ MeV — GeV
e ~107° — 102

ap ~107% —1

SM millicharged
under dark QED
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Vector Portal

Simple starting point: “dark massive QED”

m2, .
F;W | 2A A’“AL‘F)_((ZE"‘WX)X o

My, Ma ~ MeV — GeV
e ~107° — 102

aD~10_2—1

€ pur
2

Dark “Higgs” Sector

Generic O(1) DM mass splitting
Hpxx = vDX X
SM millicharged

under dark QED A= Mexcited — MMground # 0

Identical model, Rich pheno, CMB 100% OK
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Elastic vs. Inelastic Coupling

Either can arise with identical field content

X

Elastic Models(no mass splitting) ~~~~%_
Al _
X

May be constrained by GCMB or Direct Detection

X

Inelastic Models (mass splitting) AN
A’ b

Generically no GMB or Direct Detection constraints
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Symmetric vs. Asymmetric DM

0—26C 3.,—1

Symmetric thermal relics: ov ~ 1 m-s

CMB imposes upper bound

Asymmetric models: ov > 107 *°cm?®s™!

CMB 1imposes lower bound

larger cross section = tewer antiparticles, less annihilation

If DM *ever* achieved equilibrium in the early universe

There is a clear target for both scenarios
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Fermion Symmetric Elastic ,
npM — Npar W<

Dirac Fermion Thermal Relic DM

1072 \ LHC /

7!
10 LSND XENON 10

Ruled out by CMB!

1 10 102 10°
DM Mass m, (MeV)

4
BaBar, LSND, LHC: ap x ( X ) _ 1
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Fermion Asymmetric Elastic
nDM 7 Npar AT

A X

X

Asymmetric Dirac Fermion DM

107 \ LHC /

XENON 10

. 4
BaBar, LSND, LHC: ap x ( Mhx ) _ 1

m A/
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Scalar Symmetric Elastic .-
NpM = NpH77 A~

A .
X
Scalar Thermal Relic DM
1073} \ LHC /
10—4 L
1 0_5 | BaBar
-6 N
10 > XENON 10

4
BaBar, LSND, LHC: ap x ( Mhx ) _ 1

m A/
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New Approach: Missing Momentum

o
X

/ /
A A X

~
?

Target

e~ [T 6:/ " XX
i I T T —_—_”_C
Ebeam L — 1 Invisible

Tagger

Tracker

ECAL/HCAL

e.g. (@ Jetterson Lab
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Basic Concept

Eéf < Ebeam

Target
e~ [T ] 6/, XX
i I T — - ”-_C
Ebeam L 1 €_ Invisible
Tagger R
Tracker
ECAL/HCAL
I. Prepare *low current® electrons < 100 pA
2. Measure incident ¢ momentum ~ 10 GeV

3. Pass through thin target T ~0.1- 0.01 Rad. Length
4. Measure outgoing € FE & PT <1GeV
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e

Basic Concept

Target

Ebeam

[— ] jis
L |

Tagger

Tracker

Invisible

ECAL/HCAL

Signal: a low energy electron

& no other activity
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Production Scaling

mar > 2my, == on-shell A’-strahlung

62

m2,

O v

ma < 2m, — off-shell radiative
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Kinematics of DM Production

(simple generalization to off-shell mediator)

DM Pair Mass » me,
radiated from electron

3/2
%) (narrow)

= recoiling electron is soft and wide-angle
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Signal (my = 150 MeV) Signal (m4 = 50 MeV)

% 80 %

g S S
Signal Events: 2 o .
S 40 S

1) Characteristic g 2 g

IOW Ee, l_)road 00.0 01 02 03 04 05 00 0. 02 03 04 05
} spread in pr E.[Es /s

2) No additional
\ deposited energy
or tracks
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Kinematically, these
are quite different
from typical
backgrounds

Tuesday, March 24, 15
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Irreducible Backgrounds

Other sources can carry away missing momentum

Real Missing Energy Magnitude (10'® EOT. ;)
Brem+CCQE <1 (T <0.1)
0 <

CCQE+7 <1(I's0.1) EOT.;; = EOT x (T/X,)
Moller+CCQE <1 (T <£0.1)

eN — eNvp ~ 1077

e (&
beam
Moller ’ ¢ -

/ CCOQE

Brem.

Verdict: Negligible
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Reducible Backgrounds(Fakes)

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
e.gH?S;OiSWjLn) ~ 10_2 — 10_3

for low BG experiment
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Reducible Backgrounds(Fakes)

Fail to detect SM particles

Reducible Backgrounds Fake Rate/10'* EOT,;;

7
~v non-interaction ~ 3 x 10879 (T/X0=15)
Yp — mtn ~ 10% X €€,
v*p — 7 n (backscatter ) ~ 3 x 10" X ¢,
YN = (p,w, )N — mtn~ N ~ 2 x 10%*€2 \ €EX
~v'n — nnn ~ 3 x10° x € \ .
eN — eN(uTp=,777) ~ 10* x €2 probability of
. 7 missing X
YN — Nutp~ ~ 6 X 10”7 X €,

Reducible with sufficiently hermitic setup

Still work in progress, need to optimize

EOTeff = EOT x (T/XO)
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Reducible Backgrounds(Fakes)

"Majorana" (Inelastic) Thermal Relic DM

-3 .
1077+ LHC / / / /

103

DM Mass m, (MeV)
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Scalar Symmetric Elastic .-
NpM = NpH77 A~

A X
Scalar Thermal Relic DM
10_37 \ LHC /
1074
107 \L BaBar
107° o& XENON 10
<
<
S
~—
9.
g
Q
S
N
W
m 4 1 16
BaBar, LSND, LHC: ap x (m;) =37 3 x 10" e
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Scalar Symmetric Elastic

X
npM — Ny W-<
A’ -
X
Scalar Thermal Relic DM
1073 \ LHC / /
10—4 i \L I//
10_5 i BaBar /

XENON 10

10_13 ///e o> . Super CDMS
o4 o™ \  SNOLAB _.
10~15 ,/"/s\"sé‘“% N
10160 -
1 10 102 10°
My, (MeV)
4 W
m 1
BaBar, LSND, LHC, Belle II : ap X (m ;‘ ) =3
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Fermion Symmetric Inelastic

X

DM = Npar A #0 Al A

0

Pseudo—Dirac Thermal Relic DM
1077 LHC

10—4 L
1075+ ‘l’

1 0—6 | BaBar

10-8 1«\7 I T

E949

10—11 L

2 4
€“ap (m,/my)
o
L

O N =y
e e T
B~ W

—
olol
_—
SN W

4
BaBar, LSND, LHC, E137: ap x (mx ) _ L
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Fermion Symmetric Inelastic

X
npM — Nppg A #0 A A<
(0
Pseudo—Dirac Thermal Relic DM

107+ LHC i /

10_4 N \L i Super //

10_5 i :“ S(lj\llz)l\ﬁiB I/II

10—6 i R BaBar ‘\\ (1-loop) ,,'

gy t II P
1077 A Sl e

2 4
€“ap (m,/my)
=S5
—_ Ne)

[
S
— —
W [\
\

e S
S <SS
&

[,

S
[,
(@)

BaBar, LSND, LHC, E137: o, (™ )4_ ! 3 x 101%™

Tuesday, March 24, 15



Fermion Asymmetric Elastic
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Summary

Light DM remains viable over thermal window

Bulk of existing program 1s insensitive, lots of territory left!
Billion $ program misses lower Zalf of thermal range (MeV-1eV)

Missing Momentum Offers Powerful Handle
- Exploits distinctive production kinematics

- Irreducible BG negligible
- BG from “fakes™ challenging but reducible

- Alongside Belle 11 can cover “worst case” thermal DM targets
- Dedicated experiment covers almost all territory for thermal

(scalar/termion) x (symm/asymm) x (elastic/inelastic)
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Thank You!




