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Newton’s law
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The physics law works independent of whether you
can see the M matter or not

4




Using the Doppler shift, we can measure the galaxy
‘rotation curve’ y(R)

Assuming all the mass of galaxies
come from the region where
stars are visible

From Kepler’s law, we expect
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Galaxy Rotation Curve
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Missing matter exists beyond the visible star region




Here are rotation curves for more galaxies
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More Evidence

- Gravitational Lensing




More Evidence
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Quantitatively, we have the energy pie of our universe

from PLANCK



and the matter pie of our universe

Ordinary Matter
15.5%

e

Dark Matter 84.5%

from PLANCK




molecular, atom, electron, nucleus, proton, neutron, quarks

Standard Model FERMIONS 5 £5%05 55,
[ Leptons spin=122 \ [ Quarks spin=1/2

Approx.

force carriers

BOSONS spin =0, 1, 2, ...
'émed Electroweak spin = N / Strong (color) spin =1 \

- lightest -
Name Mass | Electric | V. Sies« (0-0.13)x10-° 0
charge charge

Electric
charge

Flavor Flavor

electron 0.000511 -1
e % 1(0.009-0.13)x 100
muon 0.106 @ strange 0.1

heatina | (0.04-0.14)x10-2 ) wr 173

84.5% tau 1.777 B botiom 4.2

Z boson

Dark Matter Sector ???




All evidence only requires the gravitational interaction
between dark matter and ordinary matter

Why we care about its additional interactions!?

* We don’t know its properties. For ordinary
matter, we understand their particle properties

* |t is non-trivial to have

Dark Matter (84.5%)

= 545
Ordinary Matter (15.5%)




Ordinary Matter

Atom Nucleus Proton
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Matter and anti-matter asymmetry

matter anti-matter

Image Credit:
Hitoshi Murayama




Dark Matter (84.5%)

= 545
Ordinary Matter (15.5%)

a deeper reason for relating the two kinds of matter?

simple and elegant: add other interactions

X quarks
leptons
X quarks
leptons

We can then calculate the relic density of dark matter
16




DM thermal relic abundance

Increasing <ov>-
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Quantitatively, solving the Boltzmann equation for the
WIMP density, we have

0 _ 50 (45)1/2 ry 1
X Pc \ TG« mpl <O'?}>

Putting in the numbers:

’7'('Ck2

(ov) =~ 1 pb =~ for m, = 100 GeV

2
8mX

This points to the length scale of weak interactions



Is this a coincidence!?

We know that in order to explain the electroweak
symmetry breaking, new interactions and new particles
generically exist in many models

We should then ask, do those models contain WIMPs ?

Most of those models contain new neutral particles,
which have weak-interaction cross sections

Our next question is whether there is a new stable
neutral particle ?




Almost in every model of EWSB, there exists an
unbroken discrete symmetry to protect one neutral
particle from decaying. Usually, such discrete symmetry is
required for other reasons, e.g., to prevent rapid proton
decay

One example is the supersymmetry - the idea that all
bosons and fermions in Nature have partners with
opposite statistics. The fermionic photon, photino, is a
plausible candidate of dark matter

In the past few years, many new models based on extra
dimension have been constructed. All of them also have

WIMP candidates

20




As an elementary particle physicist, this is a fantastic
news.We can then use the methods of particle physics to

search for dark matter particles

However, without a specific
mechanism to generate
superparticle masses, there
are hundreds of thousands of

different spectra

We need a better search strategy especially when the
experimental probing energy is below or not too far
above the dark matter mass

pA




One lesson we can learn from the
Fermi’s theory of beta-decay

n%p++e_+ﬂe

Sudarshan and Marshak, Feynman
and Gell-Mann further deduced its V-
A structure

PHYSICAL REVIEW VOLUME 109, NUMBER | JANUARY 1, 1958

Theory of the Fermi Interaction

R. P. FEYyNMAN AND M. GELL-MANN
California Institute of Technology, Pasadena, California

(Received September 16, 1957)

The representatlon of Ferm1 partlcles by two- -component Pauli spinors satisfying a second order differential
equation and ecay these spinors act without gradient couplings leads to an essen-
tially uniqu ' t is equivalent to equal amounts of vector and axial vector coup-
ling with two-component neutrinos and conservation of leptons. (The relative sign is not determined
theoretically.) It is taken to be “universal”; the lifetime of the u agrees to within the experimental errors of
29%. The vector part of the coupling is, by analogy with electric charge, assumed to be not renormalized by
virtual mesons. This requires, for example, that pions are also ‘‘charged” in the sense that there is a direct in-
teraction in which, say, a #° goes to 7~ and an electron goes to a neutrino. The weak decays of strange par-




Now, we know that the beta decay is mediated by the
weak interaction through exchanging of a W gauge boson
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The coefficients have been measured from the angular
correlations of decay products of various beta decays




Similarly, for dark matter interactions

xO——.u xo\ ® u

We can write down a few operators to describe the
effective interactions

1 1 1 .
BdaXX 3 dImd XX A5 D154 X7 Y5 X



Having described the interactions of dark matter
particles, we can test them from different experiments

X Type | ®
Type |l
X .\ O
X ./K’
X
O

Type I
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Type | -- Indirect Detection

Dark matter in the Universe can annihilate into ordinary
matter and change the generic features of cosmic ray
energy spectra

Y O Positrons
Anti-protons
CEININEREVS

X Neutrinos
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HEAT
CAPRICE98
CAPRICE9%4
TS93

102
positron, electron energy [GeV]
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IceCube: 1405.5303

Equatorial

TS=2log(L/LO)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (n/K)

] Background Uncertainties
Atmospheric Neutrinos (90% CL Prompt Limit)
Signal+Bkg. Best-Fit Astrophysical E~2> Spectrum
Data

Events per 988 Days

Z

Deposited EM-Equivalent Energy in Detector (TeV)




Type Il -- Direct Detection

We can also wait for dark matter particles hitting the
earth

X O
A
.\ X

The deposited energy is typically tens of keV

We need a quiet place to measure such small energy
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Deep Underground Science
DUSEL and Engineering Laboratory @t HomEStake, SD

6 2 Empire State
Buildings
for scale

Shallow
Lab

Mid-level

Deep
Campus







A Liquid Xenon TPC

® 365 kg/300 kg active Over 200 sensors

temperatures
® Dual-phase TPC heater powers

liquid levels

flow rates

o |22 PMTs pmt currents

grid currents

(

Drift time
indicates depth

L S1

Particle

— ionization electrons

VN UV scintillation photons (~175 nm)
Patrick Phelps




current limits: < 0.1 events/kg/year

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

vv 4 COMS-Il Ge Low Threshold (2011)

CoGeNT
(2012)

CDMS Si
(2013)
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(Blue oval) Extra dimensions
(Red circle) SUSY MSSM
MSSM: Pure Higgsino
MSSM: A funnel
MSSM: Bino-stop coannihilation
l\/ISSM: Bino-squark coannihilatign

1 10 100
WIMP Mass [GeV/c?]

WIMP-nucleon cross section [pb]

£
2,
o=
o
=
Q
]
7
7
75}
o
b
Q
o)
Q
=
Q
=
T
a %
§

[E—
<
I
o0
[
<
—
[\

[Em—
<
AN
O
L
[
<
—
(O8]

[E—

<
[
)

—_—
@)
R
<
=




1
Mensity. m“ y

@ m= N 160

.&TLEET@—quﬁEtbK

Soudan 1000 Boulby
EE Péamloka #E 1400m LNGS

700m
| Y2L goom
] FE Canfranc
10°4 @I'JIE:
1600m 1100m
1400m

INO  &=XF

@

Deep Underground
iR T S050 2

CDEX#{KREF#LEia

25—

R#L 50cm

---------

WEXAM™ 10cm
RN TERIURZ RRWIN

BRENNE
IfF2m




Type lll -- Collider Searches

Direct detection probes the dark matter coupling to
nucleons

In high energy physics, we build colliders and use proton
or anti-proton collision to produce heavy particles

xO\ ® 0
X p (P)

33



they discovered
the Higgs boson

LHC at CERN Proton-proton
7,8,13,14TeV 27 km
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—" electrons

N b’-.." "
- - . ( ) ™
: A lel.r)ntall.'

Hectromagn e tic
L4 worime tor

A dark matter particle produced at the LHC will
penetrate the detectors and escape, leaving no trace
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If the collision final state only contains dark matter
particles, we don’t know when we should record the

events

From QCD, the quarks inside the proton can radiate
additional gluons

BN

® ¢

)

At least, we have one (visible) jet in the final state

40




¥
By
T

Pt(jet)=175 GeV
MET=170 GeV

Monojet event
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Monojet plus MET events also appear from other ways

v

Before we can make a claim for the discovery of extra
dimension or dark matter particles at colliders,

we need to check whether the observables can be
explained by the standard model first
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Here is what CDF observed

—e— Data
SM Prediction

CDF Il Preliminary (1.0 fb™)
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100 150 200 250 300 350 400
Missing E; (GeV)

Consistent with the standard model prediction so far
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. L _ _
Come back to our effective operator: A2 V754 XY 5 X

The monojet+MET production cross section is

p7(17)
A4

015 — C0g

The “null result’” sets a lower bound on the cutoff

Recall the formula for the direct detection scattering
Cross section

3 15 2
SD __ XP
Ip = T A4 (AZ)

So, we can set an upper bound on the scattering cross
section from monojet searches

44
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Bai, Fox, Harnik, JHEP, 1012, 048 (2010)

— W'Y u Xy X
— dy"yd XYy x

World’s best spin-dependent limit up to 100 GeV
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Bai, Fox, Harnik, JHEP, 1012, 048 (2010)

\
1 O DAMA

CoGeNT

Xenonl00

World’s best spin-independent limit for light dark matter
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Bai and Tait, 1208.436 |
Mono-lepton

CMS Experiment at LHC, CERN

Data recorded: Tue May 8 08:19:45 2012 CEST
Run/Event: 193621 / 1180868279

Lumi section: 1557

Orbit/Crossing: 408140266 / 1737

Electron,
pt = 1106.14
eta = 0.066
phi = 1.948
pfMET,
pt = 1209.24
eta = 0.000
i 1 phi =-1.139

MT = 2312.24 GeV

Mono-X: mono-photon, mono-higgs, mono-top ......
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LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(vj) stopped stop (cloud) .
LQ2(uj) x2 Leptoquarks HSCP gluino (cloud) Long-Lived
LQ2(uj)+LQ2(vj) HSCP stop (cloud) 2
Lagwb) 2 q=2/3e HSCP Particles

LQS(Tb

g=3e HSCP

LQ3(tt neutralino, ctau=25cm, ECAL time

RS1(yy), k=0. j+MET, SI DM=100 GeV, A
RS1(ee,uu), k=0. j+MET, SD DM=100 GeV, A
RS1(jj), k= y+MET, SI DM=100 GeV, A
RS1(WW—4j), k=0. y+MET, SD DM=100 GeV, A
RS1(ZZ—4j), k=0. I+MET, €&=+1, S| DM=100 GeV, A
bulk RS(ZZ~lljj), k=0. [+MET, §=+1, SD DM=100 GeV, A

[+MET, §=-1, SI DM=100 GeV, A
[+MET, §=-1, SD DM=100 GeV, A

SSM Z'(r7) , Compositeness
SSM Z'(jj)
ssMz'bb) | dijets, A+ LL/RR
| —— we
SSM Z'(ee)+Z'(uy) | g rggitr?s A/(iﬁl\?
SSM W'(jj )
——— .
SSM W'(I({g dimuons, A- LLIM
S — .
sy | sndeo, Ay
SSMWWz=4) inclusive jets, A+
0 1 2 3 4 inclusive jets, A-
Excited
e* (M=/) Fermions ADD (yy), NED=4, MS
p* (M=N) ADD (ee,up), nED=4, MS
q* (qg) ADD (j+MET), nED=4, MD
q* (ay) ADD (y+MET), nED=4, MD
b* QBH, nED=4, MD=4 TeV Lorge Extra
2 3 4 NR BH, nED=4, MD=4 TeV Dimensions
| (i) x2 Jet Extinction Scale
coloron oo Stri Scale (jj
coloron(4j) x2 MUHIJGT fing Seale (j) 9 10 15
gluino(3j) x2
gluino(ib) x2 Resonances

CMS Preliminary

Summary — March, 2014
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What is next for LHC Run2 ?



we have concentrated on EFT

E " mx<<mil
X —
: E<< myg
X @——— @ X T
1 1 1 .
ECJQXX EQ'YMQX’Y X EQ’YM%QX’Y Y5 X

50



CMS Preliminary CMS Preliminary

Vs =8TeV Vs =8TeV
det: 19.5 " det: 19.5 6"

— CMS 2012 Axial Vector — CMS 2012 Vector
— CMS 2011 Axial Vector — CMS 2011 Vector

10° 10° 10° 10°
M, [GeV/c?] M, [GeV/c?]

1 1 1 .
BIAXX 3T XX A5 D154 X7 5 X

The above description does not work well if the collider
energy is far about the cutoff £ > A

A UV model is necessary for a robust description

51




Mediators

* Graviton
Dark Matter Sector * 7 boson

* Higgs boson
* /’ dilaton, radion ...

52



Simplified Dark Matter Models

* Boson portal: Higgs
portal

Dark Matter

a Sector

* Fermion portal

u, da S, C, b7 t Dark Matter
e, L, T Sector

53



: S/
DM-nucleon cross section )N [pb]
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Higgs Portal Dark Matter
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| L | | | | | | L | | | | | | 1 |§
Combination of VBF and =

ZH, H — invisible CMS
Vs=8.0TeV, L =18.9-19.7 b’ (VBF+ZH) -
\s=7.0TeV,L=4.9b" (ZH) B(H— inv) <0.51 @ 90% CL 5

my = 125 GeV _;I

=

|

e
e — —
PR —

[ CRESST 2o

—— - XENON100(2012)

--------- XENON10(2011)
. 1 DAMA/LIBRA

=== Min @ CoGeNT(2013)/90%CL

Lattice [ CoGeNT(2013)/99%CL

] CDMS(2013)/95%CL

=== Max 771 COUPP(2012)

—— - LUX(90%CL)

L1 1 | | | | | | |

\
IIIIII,IJ] IIIII|,|,|| IIIIII,IJ] IIIIIIII| IIIIIM
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Fermion Portal Dark Matter

Conserving the Lorentz symmetry, at least two
particles in the dark matter sector are required

o one boson and one fermion

= X

a Majorana or Dirac Fermion or a scalar dark matter




Quark Portal Dark Matter
Ltermion 2 AunguzyLUi&R + )\dqudzyljd% + h.c.

X
T QCD triplet
q
at the LHC
g Pu ,,< o ,<
< v ¢
g u\

56



[ &)
°NNY

Quark Portal Dark Matter

S I T L L 10
o 800" pp—g8,d-q7,; m@>>m(@)
% 70017 Expected Limit =10 exp.
& - oNLONLL 21 5 theory 1
600_ q +q U+d+5+¢
500~ " U, Onlv
| CMS, 1.7 fb" y
— ; 10
400 s =g Tev
300
200 102
100 N <~
—

300 400 500 600 700 800 900 1000

squark (GeV)

two jets + MET
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95% CL upper limit on o (pb)



QCD and Yukawa Interference

100 T T T [ T T T T T T [

LHC@8 TeV m,=10 GeV

80
60

40

a(pp = ¢¢") (fb)

20

my = 500 GeV

0 I I I | I I I | I I I | I I I | I I I
0.0 0.2 04 0.6 0.8 1.0

Ay

interesting deconstructive interference region
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m, (GeV)

Current Allowed Parameter Space

500

500

400 400

300 300

m, (GeV)

200 200

100

Majorana fermion dark matter up-quark
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o (cmz)

Compare to Direct Detection

10735
10-36
0
10-38
05
1040
10-41

10-42|

o (cmz)

10743

107!

10! 102 103

m, (GeV)

10°

10—35 :
10—36
i
10—38
10—39
10—40
10—41

10—42 :

Jets + MET

10—437/’\ Lol
107! 10°

Majorana fermion dark matter

60

10! 102

m, (GeV)

up-quark



m, (GeV)

Dirac Fermion Dark Matter

500 0
] _39]

y 10 g

400 [
10—40 L

—41|

300 W
g 10—42 ;

Monojet 5 i

10—43 :

10—44 ;

10—45 ;

Xenon100 | - .
. ; : : : : e : : : - : : ; 10_46 L L Il L L N L L N L I S
200 400 600 800 1000 10-! 100 10! 102 103

my (GeV) m, (GeV)

up-quark
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my (GeV)

Complex Scalar Dark Matter

500 107 ¢ .
A=1 | 10739 L ;
400 1 : ]
10740 = = ,:
- Jets + MET § -
10741 ¢ = |
300 1 = Monojet ]
§ 10—4% *
b F .
200 ] i :
10—43 = 4
- XN ]
o oS
100 ] 107% ¢ e 2
10—45 ;, é
Xenon100 : ST
200 400 600 800 1000 10—46 Lol Lol Lo L
107! 10° 10! 10 10°
my (GeV)
my (GeV)

up-quark
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Lepton Portal Dark Matter
»Cferrnion &) )\Z¢ZYL€% = h.C.7

X

e' =e,u, T electric charged

* we will consider flavors one by one for Dirac
fermion, Majorana fermion and complex scalar
dark matter
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m, (GeV)

Thermal Relic Abundance

] ) e e R

(OO e s s S e e e e

Dirac Fermion o | Majorana Fermion

800 -

600

o
>
L (B}
I O 200
400 - Ek i
[ 100 -
200 - [
(U 0 .- } g : ) | . . . . | . . . .
0 200 400 600 800 1000 0 100 e s o
my (GeV) my (GeV)

* the degenerate region (the diagonal line) requires
more a careful co-annihilation calculation, which
has been ignored here
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Dark Matter Direct Detection

* scattering off electrons at the target is
suppressed by the electron wave function

* scattering off nucleons requires one-loop process

opirac — [X7 (1 —=~2)0"x + h. c} F.
- O = [lge (1 — 778 0 - o] g0
X - X
v ) charge+magnetic dipole
§ y O)lajorana. _ [—X*~v°0”x + h.c.] F
AN AN anapole moment

Ofomplex _ a,uXaI/XTF’LW
charge radius
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Production at the LHC

100
.
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a(pp— ¢ ¢ ory ) (tb)

..
~
~
~
N
~
~
N
~
~
N
~
~
~
~
Sy
~g

1000

mg or my, (GeV)

* Fermion DM: the complex scalar mediator
production (the same as the right-handed
selectron one in SUSY)

* Complex scalar DM: vector-like fermion

mediators with larger cross sections
66



M7o = min <

Lepton MT2
U

Pl +75 =B

max | Mr (7, 57), Mr (52, 53] {

10"
100 &

10°

Events / 10 GeV

10*
10°

102

Data / SM

\

miss,rel

uu nJets 0 Zveto E

40 GeV

ATLAS Prellmlnary

IIIHW IIIHW

[T

IIIHW TTTT

j L dt=20.3 fb' (s=8 TeV

BNLALEEL I BELNLEL EELENLANLE B AL B
@® Data 2012
 ww
B i
[ Z+jets
CJzv
[] Fake leptons
] Higgs
[777] Bkg. Uncert.
(ml,mx?) (251,10) GeV
S (mx1 my,) = (350,0) GeV

IIIHM IIIHﬂ IIIHﬂ IIIHﬂ IIIHﬂ IIIHM 1 Hlmm

k&L e Z!Z}i})}}}? P
7‘ o0 0eo0 1 o i
S AL &7 444444444//é?;;??;?;???é//

/yiyiy(//i//yjyi ..... —

0 20 40 60 80

100 120 140 160 180 200
m., [GeV]
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pt(j) > 20 GeV
jet veto



U\1U)/1U JCUV

Tail of the Leptonic MT2

100 T T T T T ‘ T T T T ‘ T T T T 100
'y ut@8TeV ==-= m=10GeV,my=300 GeV ; W pt@ld TeV ===m=- - my=10GeV, my=400 GeV
10 - —— diboson background E 10 - ' diboson background
- fitted Mr; tail S S e fitted Mr, tail
1 - (QD') 1 ttbar background
S
—
=
0.1 J a 01L
N
b
001 i 001
................. _:_I - Y a4 O """'"_":_l_—'l
0.001 T TR S S g FB L RS S B e | [ | -i_l._i JE— 0.001 + b ! ! ! ‘ ! ! ! ! ! — n I_' ! !
0 50 100 150 200 250 300 350 100 200 300 400
MT2 (GGV)
F (Mgy) = Mo
(Mr2) =

2
M7y — My ™ + n? My Ty /My,

* the tail can be fitted by a Breit-Wigner formula
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Status of Fermion DM

[ [ s s [ i T
600 - Dirac A= *
500 - ]
S 400 | &C?
3 S
§ Y
300 - b
< Y ., 10
S i % (]4 }G 01(6 =~/
00 Y TN NSy ;
i “P3 ‘\Oj T <
i ',»\v)f > DR
BOE2" N S g
b \ g
O & ] ! ———— )l W | i-l BRI T o (o e o L o [ A B b L n n n g |
100 200 300 400 500 600 700 800
mgy (GeV)

777~ + MET should also be searched for
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Status of Fermion DM

10‘38; , o7, , ST , R BT PR,
- "~ Dirac A=1
(@\|
8/ 10—40? 7
b
S
S
—42
T R
s L
i
A
> 1074+
E E
10—46 n e o b nnn ol n e oo b nnn ] n O N | S S
1 5 10 50 100 500 1000
m, (GeV)

Majorana fermion DM has suppressed direct detection
cross sections due to the anapole moment
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Status for Complex Scalar DM

“““““““““““
so0f Complex Scalar -~ _ .-,

L4 *
A = 1 o° o S~
= 2

300 thermal .

Complex Scalar A=1

=N
N
=
=
b
g
o
0
Q
=)
7
a®
E
1048 \ \ \ !
1 5 10 50 100 500 1000
myx (GeV)

* the indirect detection is also p-wave suppressed

* much wider range of parameter space to be
explored by the 14 TeV LHC
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Conclusion

* We know the existence of the dark matter
gravitational interaction

* We have not yet proved any additional
interactions at the current moment

* More searches for simplified dark matter models
should be performed at the LHC

* The LHC Run2 has a good coverage of fermion
portal dark matter models
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Discovery History of the Higgs Boson

just one month before the discovery

Tevatron Run Il Preliminary, L <10.0 fbo™
i Observed | } . ATLAS+CMS
‘ Expected w/o nggs Tevatron ? - Exclusion

5 'v+23d Expected ------
» : : Exclusm

=
N
~~
=
E
0
I
(&)
2
)
o

o § Exclu3|on June I

110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)
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