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DARK MAT TER

Gravitational Lens in Abell 2218 HST - WEPC2

PF95-14 - ST Scl OPO - April 5, 1995 «- W. Couch (UNSW), NASA




JARK MAT TERS

e N

’
’
’
v & L




e WiIME MIRALE

Atoms

Dark

4.9% Energy
Dark 68.3%
Matter
26.8%

[NASA /WMAP Science Team, after Planck 201 3]

Relic dark matter abundance after thermal freeze-out:

—27 3.—1
QDMhZ oy i 1O< C>m - — (0.1199 + 0.0022  [Planck coll. 2015, arXiv:1502.01589]
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Thermally averaged annihilation cross section: ¥ <SM
SM
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Weakly Interacting Massive Particle around Agw =~ 100 GeV?
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DARK MAT TE

Weak Interactions with standard model suggest heavy mediator:

s-channel t-channel
X~ g SM X . SM X - - —— SM
}T’< - ja< — n,
X SM X - SM X - --+1——5SM
Example: fermion dark matter

M2 ¢ £ = Cc(xIx)(@Ty)+. ..




FIGGS-PORTAL DARK MAT TER

X H (H"H) is a standard-model singlet. #- é( jf:Go)
\ X s palt of a gark seeiel
X ~H Zo symmetry — DM candidate stable.
Renormalizable portal interactions: [Patt, Wilczek, hep-phi0605 188}

Scalar DM = S = (STS) (HTH) le.g, O'Connell et al, hep-ph/061 1014]
\/GCJEOI" DM X — VM : [: T (VMV’UJ)(HTH) [e.g. Hambye, arXiv:081 1.0172]

Effective portal interaction through mediator(s):

Fermion DM: Lo = gKS(XX)(HTH) | z’gf (s x) (HH)

6



s FORIALAL L

[T
B
()

0 Majorana fermion DM
| | | | I | | | I | | | | I | >I< | | | | | | |
|$< _
~—~ '1 - Llﬁ /00_1‘
M
% Ny /0, =() 2 QX'/?? -----------
O 2% X/QDM:I \\M\ -1 S - =
\ o
< .3
n -3
—
N BRIy ) >N~ —
\./_4
S
a0
= -5

45 50 55 60 65 70
[Beniwal et al, 1512.06458] 170y (GeV)

invisible Higgs decay < » off-shell Higgs processes

very strong bounds very weak bounds
[e.g. Djouadi et al, arXiv:1310.8214] [Endo, Takaesu, arXiv:1407.6882] [Craig et al., arXiv:1412.0258]
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[Freitas, SW, Zupan, arXiv: 1 506.04 1 49]

Ys h
— \ mp > mg
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singlet-doublet
Vs

doublet-triplet
h

Vs

[Mahbubani, Senatore, 2005, ...] [Dedes, Karamitros, 2014]

[triplet-quadruplet: Tait, Yu, 201 6]

Higes portal at the LHC is "open’ for mediator searches.




SINGLE I-DOUBLET MOLIEE

Dark fermions mix through Yukawa interaction: ( +>
s e il VD =
L=-mp¥ptp — msPsths — (y¥pHYs + h.c.)

(EY — w2 X = cos 0y}, — sin g
e
X}, = sin 0y + cos g

Mixing controls coupling to Higgs and gauge bosons:

X7 X/
> h >~&
X \ - sin(26) \? \ .

\/§ 26W

cos® 6

Three parameters: m,o0, m,o, y 9
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DARK MAT i

relic abundance (annihilation)

>

direct detection \
(scattering)

X 7 SM

{mxg)a mxgvy}

hish-energy colliders (production)

Bounds from indirect detection are weak. Beniwaletali51206458]
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Spin-independent

VE2 ~ 10 — 50 MeV < M,

2
o0 =EA|Zf, + (A= Z)fal’

[picture taken at the Homestake Mine in Lead, SD]

X~ <SM I D‘R
X~ Ssm ! Measure recoll of atomic nuclel in shielded place.

DM-nucleus scattering:



BOUNDS ON DM-NUCLEON INTERACTIONS
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WIMP Mass [GeV/c”] [Cooley, ariv: 1410.4960]

Currently strongest bound on weak-scale DM scattering:

LUX expel"imeﬂt 00 (mX ~ 100 GGV) 5 10_45CH12 [LUX coll, arXiv:1512.03506]
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"« | DARK FERMION-NUCLEON SCATTERING

X q
'k N\g

Ov = (X7x)(@7"q) Os = (xx)(qq)

Effective interactions:

§lifect detection bounds — DM must be singlet-like, 6 =~ @ &2




e RELIC ABUNDANC

>

Dirac dark matter annihilation: xx — Z — qq,£" ¢~

Observed abundance: Q,h* = 0.1199 4 0.0022  panccol. arxiviso20156

Direct detection strongly constrains DM annihilation rate.

Co-annihilation prevents over-abundance:

small DM-mediator mass splitting

|4
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SM> B O LIDER SEARCHIES

~ X Look for missing energy or production of mediators.

>

c o al the Large Hadron Colhder

Dark-matter production In
proton-proton collisions:

alpp = 2 M /ds Li;j(8)0:5(s)

[ATLAS experlment CERN]

Mono-jet searches Mediator searches

14
J //]/X QWU/’%
5 e



>+ DARK FERMION SEARCHES AT COLLIDERS

Soft leptons: my, —mj, m* —mj < 30GeV

m

Similar to SUSY electroweakino searches:  (Gidice Han wang Wang arxiv:10044902)

[Gori, Jung, Wang, arXiv:| 307.5952]
[Schwaller, Zurita, arXiv:1312.7350]

PEIC Riimil
ET > 300 GeV

pr(j1) > 300 GeV
pT(f) < 20 GeV

[Dutta et al., arXiv: 141 1.6043]

Vector boson fusion might be complementary.  sein et axvis005044)

Mono-jet signal is too small for LHC energies.
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Di-leptons + ISR jet + missing energy:

19.7 fb" (8 TeV)

o
c - 95% CL cross section upper limits for ppeszo
O N Observed and expected = 10 (experiment)
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[CMS, arXiv:1512.0800]

200 250 300

i~

350

mE@=m(x %) [GeV]

R INO SEARCH WITH SOF I LEF T

Bl 90016 N
v 150 E

pl 5 1515 Us5c i
p2 < 15GeV

Interpret these signatures in fermion Higgs portal context.

[SWV, arXiv:1605.05 193]




SUNMMARY DARK DIRAC FERMICIHNS
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m, [GeV] [Freitas, SW, Zupan, arXiv:1506.04149]



SUMMARY DARK MAJORANA FERMIONS

40 - \ i

200 400 600 800 1000

m; [GeV]
[Freitas, SW, Zupan, arXiv: | 506.04 [49]

ELIe dilect detection eXperinerits
and/or a high-energy collider can test this model.
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FERMION

ARK MATTER AT FUTURE C .

electron-positron (ILC): v/s = 500 — 1000 GeV
clean environment, less background

- fermion mediators: soft leptons (+ISR)

sensitivity to mediator masses m, S v/s/2

proton-proton (FCC): v/s = 100 TeV

enhanced cross section allows for sharper cuts

- fermion mediators: soft leptons and jet(s) .
- boson mediators: jet(s)+missing energy

FCC LHC

extended mass reach m, 7> ~ 5 X m >

20
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[Berggren et al, arXiv:1309.7342]

[Low, Wang, arXiv:1404.0682]
Bramante et al., arXiv:1412.4789]

[Harris et al, arXiv:1509.02904]
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< Higgs-portal fermion dark matter

- Opportunity at LHC Run II:

Search for resonant production of mediators with soft
leptons and missing transverse energy.

- Direct detection experiments provide
complementary information.

- Future lepton and high-energy hadron colliders
are helpful to test such models conclusively.

2|
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0 JOR BOSON FUSIC S
Sensitivity to fermion Higgs portal at | 3-TeV LHC:

1 02 =
VU E
s
10 e
: oL
e |
- — 3000 b - i
107 a0 Selection criteria from
» -1 )
P 20 fb CMS Run-| search:
'3 : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ET (trigger) >. 4(.) Gev
10°7507 40 60 80 100 120 140 160 180 200 Jet selection  pitY? > 50 (45) GeV
[Brooke et al., arXiv:1603.07739] m, [GeV] nj1,2] < 4.7
nj1 - Mz <0
An;; > 3.6
Dijet mass M;; > 1200 GeV
Er > 90 GeV
. sig sig 1/2
CMS: B(h — inv) < 0.57 [95% CL T T >4 GeV
( ) [ ] Ap(Er, j) > 2.3

[CMS-PAS-HIG-14-038]
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REC T DETEC TTON BOUNTS

fermion dark matter with scalar Higgs-portal coupling:

0 Majorana fermion DM

Ph —XX
- LUX (2013)
XENONIT

45 50 55 60 65 70
[Beniwal et al, 1512.06458] m, (GeV)
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MAJORANA SINGLE -

DOUBE

Higgs resonance region
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[Freitas, SW, Zupan, arXiv: 1 506.04 149] m; [GeV]
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