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Lecture Il 2

Summary from lecture 2

« Established the basic properties of DM (stability, neutrality, cold, collision- and
dissipationless, “size”)

* The Boltzmann equation governs the time evolution of the distribution function. It is
put to great use for the calculation of the relic abundance of dark matter
(classification of dark matter particles follows by inquiring their by their abundance
in the early universe)

 WIMPS regulate their abundance through the equation

 WIMPs are the primary target for direct detection experiments, that are entering a
decisive phase until they touch the irreducible “neutrino floor”.
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Outline 3

Plan of the lectures

Lecture 1

 Fundamentals of standard cosmology
e Qravitational evidence for Dark Matter

Lecture 2

» Basic properties of Dark Matter
e The Boltzmann equation and its applications for the early Universe

e WIMP Dark Matter
e Direct Detection of WIMPs

[ ecture 3

» Effective operator approach
 Mediators - force carriers between the hidden and observable sector

e An alternative to the WIMP miracle
e The origin of chemistry - Big Bang Nucleosynthesis
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WIMPs 4

see, in particular,

—ffective Operators in direct detection Fan, Reece, Wang (2010)

Fitzpatrick et al. (2013)

» Effective operator approach between DM X and nucleons IN often holds as
|Grmax| ~ O(100 MeV)

X X
X X

= Lop = 13 (X0 (@'40)

N
N N N
's P V. A T AT
1

e For example, fermionic DM
° VoAt aty? ot oty

5)

Non-relativistic limit (on tree level):

S xS or VxV coherent, spin-independent scattering

Ax Aor T xT spin-dependent, coupling to the unpaired nucleon

other combinations are suppressed by 2, q?/m3, ~ 107°
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WIMPs

Dark Matter at the LHC

« Effective theory in which only the DM and SM
fields appear (=contact) provide the simplest
parameterization of new physics

=> mono-jet/photon/W/Z + missing momentum
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Name| Operator |Coefficient
D1 XXaq mg /M
D2 | x7°xdq | img/M;
D3 |  xx@v°q | img/M;
D4 | X¥°x@v°q | mg/M;
D5 | xv*xqwg | 1/M?
D6 | Xv*v°xqv.g | 1/M:
D7 | xv*x@v.Y’q | 1/M:
D8 | xY*v°xdv.v’q| 1/M?
D9 | xo*xqougq | 1/M?

D10 |X0uwY°Xqoasq| i/M?

D11 | xxGG* | az/4M3
D12 | xv°xG ., GH | ias/4M3
D13 | xxGuG* | iag/AM3
D14 )’(fysxGw,é“” Qg /4M3

e.g. Goodman et al 2010




WIMPs

DM at the LHC q

~ |

LHC does exquisitely well for -

* low WIMP masses m, < 10GeV

* operators that are velocity suppressed in direct detection ¢ X
<{l—-'1()'36 T T T T I.I.Ylllll C\E10-36§  —— T T T TTT7I | — ||||||E
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O pol - D ook i
o 107} \\‘ CMS, {5 =8 TeV, 19.5 b’ o 107 =
0 10°% \ w -40 :_ CMS, \E 7TeV51fb1 ........... ® _:
w \ n 10 S cCube =
8 @ & =8 TeV, 19.5 fb” © .
s 10 2 107 E
. [®) = 3
-q_> 10-43 E_ 9 10-43 = -
Q - o F E
= 1044 - > 10'44 = =
Z = Z = ECMS Preliminary
x10%} Zr 0(@"a) X10% (% ar'y_9)=
Spin Independent, Vector Operator ————— _a = Spin Dependent, Axial-vector operator X “Y5X)(2qY v5q) 3
‘46 | | lllllll J A lllllll lAl e '46—| | | | IIIII| | | | IIIII| | 1 | IIIIII_
10 s 10
1 10 10? 10 1 10 102 10°
M, [GeVic M, [GeV/c]

(same data-set as at EPS 2015)
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DM at the LHC

Effective field theory approach breaks down, once ¢* ~ m2 _jiitor

q g _X q 9 X
— Z
> Q
q X q X
999x ., _ 9a9x = 9a9x ., 9a9x
Q? — Mg Mied Q?-mpeq Q7

A = Tmed  contact
v9¢9x  interaction

(QHY? > 500 GeV @ 8TeV LHC
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WIMPs 8

Beyond effective operators

3000 L L 1 T Ty 1 1 L | |
o ;‘ i | | o | i
=> results can be cast as a limit 2 [ OMS Preliminary o0 ekt ;:mo :
on the contact interaction scale A = 2500] fs=8TeV — m,=500 GeV/c?, I'=MBx -
- 1 ---m,=50 GeV/c?, '=M/3 -
8 i f Ldt=19.51b ---=m,=50 GeV/c?, '=M10
:‘g’ 2000-_ —m, =50 GeV/c?, '=M/8n N
- | a [ ;
LHC limits are stringent for contact O - -
operators, but can go away 8\‘; e B
completely for light mediators! o : -
1000 =
. 500 -
=> accessible UV content can be - A2 -
caught in “simplified models” with - i
L 1 L1 11 lll 1 1 Ll L1l ll 1 Ll

content SM + DM + mediator 0

1 10
Mediator Mass M [TeV/c?]
e.g. arXiv:1507.0096
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Mediators

What are the force carriers/mediators?

@ Photon:

milli-charged DM; neutral DM
interacting via EM form factors

... Kouvaris (2013); /y
Ho, Scherrer (2013);
Weiner, Yavin (2013)...

= Higgs boson:
= Inert Higgs, Higgs portal models,
SUSY

Deshpande, Ma (1978);

Silveira, Zee (1985);

McDonald (1993);

Burgess, Pospeloy, ter Veldhuis (2000)
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EW-bosons:

~ DM in electroweak multiplets

Cirelli, Fornengo, Strumia (2007)

q

New physics mediators
squarks, SUSY gauginos, dark photons...
(whatever you can think of)



Mediators

The role of the Higgs - |

« Neutralinos of SUSY stabilized by R-parity as DM

Bino, Wino

Expectation we had: M 2, u ~ O(100 GeV) => substantial mixing

Non-observation of SUSY at LHC pushes mass scales => diagonal dominance of

T

X Majorana => , => spin-spin or scalar exchange at LO

=> Higgs exchange contributes to Sl

Josef Pradler — DKPI Indian Summer School, Sept. 2015



Mediators

Original expectations

The “weakly” interacting 100 GeV WIMPs are long

excluded

/-mediated cross section —

o, ~ 1072 pb

Higgs-mediated interactions
are being probed right now!

on ~ 1070719 ph

WIMP-nucleon cross section [pb]

|

10°

—
o

\ ——— CoGeNT

smmm CRESST 1o
[ — CRESST 20

- = CRESST 2009
M2 j e CDMS-II
' — = XENON100
; DAMA chan.
\ i DAMA

10 100 1000
WIMP mass [GeV]

NB: direct detection may never completely exclude neutralino:

pure neutralino (wino, bino, higgsino) has suppressed higgs couplings hh hThb

pure wino/bino does not couple to Z
cancelations in couplings to Z and Higgs
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Mediators

The role of the Higgs - |l

 "Higgs Portal®

Lint = —AS?(HTH)

=> relic abundance via
annihilation through H

=> direct detection via {n|m,qq|n)
H-nucleon coupling

log,o(os1/ cm2)

e | HC results slain DM models with
™MpwM S 60 GeV

Higgs decays invisibly into DM

=> light-DM models run out of SM mediators
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55 60 65 70
mg (GeV)

e.g. Cline et al. (2013)



Mediators

Light Dark Matter

Relic Abundance issues
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Lee-Weinberg bound:

Annihilation of a heavy neutrino
through SM mediators excludes

R T B TR B I N T A AT Y B

masses below ~ few GeV B
G
2 1
2 2 = -
<O-U> ~ GFmV/Qﬂ- - x
0 =
A way out are new, light mediators 5 :
-1F - -2 ------------------- -
’lglevll | . 1 1 . | 1 17
_ 7 6 —5 —4 -3 -2 -1 0 1
Gr — g /m¢ logio(m,[GeV])

DM SM
DM SM
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Mediators

Light Dark Matter - light mediators

The search for light mediators has become a field of its own “intensity frontier”

1074
1077}
1075/

107"}

Light mediators, “force carriers of the hidden sector”, make a frequent occurrence.
They are a minimal extension, make models “work”, and they open up new
phenomenological signatures.
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Mediators

Do light mediators DM DM
imply an enhanced
direct detection rate”

here a minimum coupling
to SM required for SM SM
efficient annihilation

DM ) l SM DM &
DM SM DM @

mx<m¢ mx>m¢

The right situation can completely elude direct detection, because
couplings to SM can be small, “cascade annihilation”. So, it depends...
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Application of light mediators

An alternative to the WIMP miracle

Qam >~ 582

Why?

Maybe because dark matter carries a chemical potential
(i.e. a matter-antimatter asymmetry)

matter antimatter matter antimatter

Baryons Dark Matter
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Application of light mediators

An alternative to the WIMP miracle

matter antimatter

because of
SM forces |
matter antimatter
> ]
Baryons Baryons
T>>1GeV T < 100 MeV

Without a chemical potential of baryons, we would be living in a Universe with
ny/n~, = 107"° and not ny/n, = 10~
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Application of light mediators

An alternative to the WIMP miracle

Baryons Dark Matter
1. asymmetry

matter antimatter IS shared matter antimatter

<>

2. sectors decouple

matter antimatter

=> abundance is set by the chemical potential
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3. DM annihilates




Application of light mediators

An alternative to the WIMP miracle - asymmetric DM

Dark Matter
Ny =Ny ~Np — N 1. asymmetry
IS shared matter antimatter

Use sphalerons, or < >

higher dimensional operators

Op_r = udd®, qld®, tle, tH,

Op = X"

OpOp-1.

W = Mm+n—3
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Application of light mediators

An alternative to the WIMP miracle - asymmetric DM

Dark Matter

Ny =Ny ~Np — N 1. asymmetry
IS shared matter  antimatter

<

2. sectors decouple

p

pPDM/PB = 5

my ~ dmp = 5 GeV
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3. DM annihilates

matter antimatter




Application of light mediators

An alternative to the WIMP miracle - asymmetric DM

Relic density determined by chemical potential.

Annihilation must be efficient enough to remove the symmetric abundance:

EW scale mediators don’t work, required couplings are excluded by LHC.

2,.2...2 ‘ r\ 2 -\ 4
9a9g5my 6 Je 2 (10GeV 200 GeV
OannU — a7y 1 X ~ 10—2() ('Ill"/S (ll(lf) ( ) ( )

T, (.25 mx may

Again, relic abundance typically relies on new, light mediators that enhance annihilation
Cross section.

Note: Indirect detection prospects / astro-constraints depend on the residual
abundance of anti-DM after freeze out! The symmetric component does not annihilate.

Detection prospects are built on the interaction that annihilates the symmetric
component (model dependent.)
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Primordial Nucleosynthesis

The origin of chemistry

Primordial
Nucleosynthesis

Time Since
Big Bang

present
Era of
Galaxies
1 billion
years
500,000
years

3 minutes

Era of
Nucleosynthesis

10" seconds
Electroweak Era

108 seconds

10-*3 seconds
neulron electron -
proton — 81 neutrino —

Copynaght ©@ Addison Wasley.
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galaxies
and clusters
(made of
atoms and
plasma)

atoms and

lasma of
ydrogen and

. holium nuclei

plus electrons

protons, neutrons,
electrons, neutrinos
(antimatter rare)

A elementary particles
7% (antimatter
common)

elementary
particles

Particle Era

-‘f’Q

Planck Era

antiproton

antineutron antielectrons <22

Major Events
Since Big Bang

Humans
observe
the cosmos.

First galaxies
form.

Atoms form;
photons fly free
and become
microwave
background.

Fusion ceases;
norm;; matter is
75% hydrogen,
25% helium, by
mass.

Matter annihilates
antimatter.

Electromagnetic and weak
forces become distincl.

rong force becomes

dlstlnct aps
causlng flation of
universe.



Primordial Nucleosynthesis

The origin of chemistry

boron carton nitropen oxygen
5 6 7 8
10811 120114 14 007 15999
alumnium sdcon phos phons susur
13 14 15 16
Al | Si| P | S
26 %2 28 088 30974 32 065 35453 30948
seandum tanum vanadium chromium | manganéss iron cobait kel COPper ne Qalum gérmanum arsenic Selenium bromine Krypion
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Sc| Ti| V|Cr Mn|Fe|Co|[Ni|CulZn|Ga|Ge|As|Se | Br| Kr
44 956 47 867 50942 51.996 54 938 55845 58933 58603 62,546 65.39 69723 72.61 74.922 78.96 79.904 8380
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Y |Zr  Nb|Mo| Tc |RUu|Rh|Pd|Ag|(Cd| In |Sn|Sb|Te| | | Xe
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tetiam hafmnium tantalum lungsien menum osmum naum piatrum ookd mercury thallum o besmuth polonium astatna jon
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[262] [261] [262] [268 [264] (2694 |268) [271] 1272] [2r7) (2894
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Primordial Nucleosynthesis

310 Bang Nucleosynthesis (B
A pillar of modern cosmology

e recent progress primarily clarifies state of the

3N) -

Universe at z = few (Galaxy surveys,

SN,...) and exposes relevant physics at recombination z = 1000

* light element formation happens at z = 107 ;
at t=1sec

direct window into the early Universe

e qualitative agreement between z =0+ 10° and z = 10° tells us that early Universe
was governed by the same physical laws and contained similar particle content

=> invaluable piece that helps to establish the standard cosmological model

« BBN can react sensitively on departures from
Model of particle physics => a toolbox to test
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General Relativity and the Standard
new physics



Primordial Nucleosynthesis

The Universe at a redshift of a billion

Basic assumptions for “Standard BBN”

« Universe is flat, spatially homogeneous and isotropic and dominated by radiation
=> General Relativity:
' 1

H =

SHES

« Universe was “hot” enough T '|init > Amyy, = 1.293 MeV

1
(nn = np)|T>>Amnp — §nb

e Particle content & their interactions given by the SM

g Ty
:(tBBN) = :(thB)- => “parameter free theory”
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Primordial Nucleosynthesis

The Universe at a redshift of a billion

Excellent approximations

e tight kinetic coupling of nucleons/nuclei to the radiation field
=> nucleons/nuclei are approximately thermally distributed

I'(E,T)=nvXxo — [(T) =n (ov)

=> their abundances are found by solving the coupled
set of integrated Boltzmann equations

dng
s + 3Hnz = nino(o142-3+x0) — n30qes,3
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Primordial Nucleosynthesis

The Universe at a redshift of a billion

Nuclear reaction network

p.n

p,n)

| D
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DD2

He D

TD

SHe*He




Primordial Nucleosynthesis

The Universe at a redshift of a billion

t/ sec
0.1 1 10 100 1000 10° 100
R LR LR LR il ' T LR
H lD b.n.
L = T
............................................. Y,
1072 - -
10-4 + v dec. n/p dec. D/H —
e ann. SHe/H /1
1076 .
T/H /
1078 - =
’Be/H
2o -
10—10— ’Li/H N ]
T —
10~ 12| | i
10- 141 SLi/H |
! T R R o
1000 1
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Primordial Nucleosynthesis

_Ight element observations
Helium mass fraction Y, =~ 25%

Aver et al 2015

T

|zotov et al 2014

L T o % e N A A A S A S A T T T T T
a8 Final Dataset ) ]
027 - _ 0.27 [ .

N
026 I - 0.26
v T g T ] -
> 025 |- I i
, Tr,,,—/T ' el LT . 0.25
024 + v T - -
- - L -
! . : 0.24 - X°=1.43 ]
023 |- Y =0.2449 +/- 0.0040 - I _ ]
P . Y=(0.2551+/-0.0010)+(11.12+/-9.80)(0/H) .
d(Y)/d(O/H) = 79 +/- 43 1 [ | | | | 4
0.22 L . 1 N 1 N 1 A 1 . 1 R 1 N _ -
° ) . . . 0 > ” 0 50 100 150 200
O/ x 10° 108(0/H)

Schematic of an Idealized Hil Region

Neutral gas

Helium gets illuminated in HIl (ionized hydrogen) regions
=> emission lines

now claim few %-level accuracy (systematics limited)
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Primordial Nucleosynthesis

_Ight element observations
Helium @ z=1000

Planck 2015

T T T T 12 T 1 12 T T 12 T v 12 T v T T T L2 T

e frue primordial detection of Helium in | Excluded by . |
. Standard BBN
the CMB | Serenelli & Basu (20%{ aneat .

* Helium recombines before H, affecting

0.35

0.30

the free electron fraction z w|
%2 & T Averet al. (2013)
=> affects redshift of last scattering and s [ ;
' i i o [ Planck TT+lowP
Silk damplng tail - B Planck TT+lowP+BAO
_ . _ | W Planck TT,TE,EE+lowP
CMB only detection of Helium yields s I S S S
°0 1 2 3 4 5

10% level uncertainty (high-| polarization
data will yield improvement)
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Primordial Nucleosynthesis

Light element observations Deuterium D/H ~ 1072

» ' f
'
’

»

- P r
Distant | . ; :
galaxy .
. Background
" quasar

To Earth

In_tervening ‘
gas .

'+ Hydrogen emission
/ from quasar

T Hydrogen
~ < absorption

Ak

| U

-
w

uetal’ absorption lines
HAH

n | | i |, | 1 | |

4000 5000 6000
Observed Wavelength [Angstroems]




Primordial Nucleosynthesis

_ight element observations s ° " " we- ' '
Deuterium D/H ~ 107° sf

* no known astrophysical sources
(monotonic)

-400-200 O 200 400

e |SM measurements (FUSE)
show dispersion in the local gas
D-absorption on dust grains?

-400-200 O 200 400

* high-z QSO systems are the way to go

=> metal poor Ly-alpha systems
have > 98% of primordial D

I ' I ' I ' I ' I I ' I ' I ' I ' I
=> measured through the isotopic 1.5 ] Lye 4 @y Ly10 < 1.5
shift from H 10 1O
0.5 0.5
0.0 L | o T 7| L. g Lo L 0.0
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-400-200 O 200 400

Velocity Relative to z_,_ = 2.61843 (km s7!)



Primordial Nucleosynthesis

_Ight element observations
Deuterium D/H ~ 107°

Pettini et al 2008 Pettini et al 2013
B L —r 1 1T
—4.3 F n —450 [~
44l +Q1009+299 . 55 i —
3_46: _____ é - — _+_____: ’:E . i )
a -46F T o ;—%69‘15;055 S -4.60
;50 ~4.7 i -y - q
48 B Q2206—199+ i T _4865 F .
49l | I ]
- —4.70
_60 o v v v by by b 2 3 L , X |, L, 1 , L =
16 17 18 19 20 21 2= 19.6 20.0 204 20.8
log N(H 1 —2
og N(H I)/em log N(H I)/em~2
(D/H), = (2.81+0.21) x 1075 (D/H), = (2.53 + 0.04) x 10
p — . . p . _ .

=> drastic improvement of the error bar by factor 5 in a few years
Now D/H at %-precision!
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Primordial Nucleosynthesis

Lithium observations

e can be observed in atmospheres of stars

* metallicity traces age => stars (formed) at lowest metallicities are thought to
represent the chemical composition of the pre-galactic gas he formulas again!

Data count versus Wavelength

HD 124897
;.;, 1E+07 | [FG/H] — '05 ||ght

4800 4900 5000 5100 vs":‘c‘inmh Msnsqcf”m. 5400 5500 SE00 5700 S800 Spec’[ra Obtained Wlth app|et
- “SPLAT” [http://star-www.dur.ac.uk

Data count versus Wavelength

350
L

CD-38-245
[Fe/H] = -4

«16) erg/cmA2/s/Angstrom)
Q0 300

Dat unt (104(-~1
SO0 100 150 200 250 3

0

" | A | 1 1 1 Pa— |
4800 4300 S000 100 $200 5300 400 5500 S600 S700 SE00
Wavelangth (Angstrom)
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http://star-www.dur.ac.uk/%5D

Primordial Nucleosynthesis

Lithium observations

e can be observed in atmospheres of stars

« metallicity traces age => stars (formed) at lowest metallicities are thought to

represent the chemical composition of the pre-galactic gas

e Lishows plateau structure with small scatter at lowest metallicities: “Spite
plateau” (1982) => points towards primordial origin

10

=
[t
SBBN —
“‘cosmological lithium problem”
"Li/H|ops = (1 +2.5) x 10710 Y,

10
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-10

® Ryan et al. (2000)
A Ryan et al. (1999)

i - A
i . % b ++
ii# ¢¢¢:¢‘¢ ¢: “° *

[ Adopted (95% c.l.)

— (Ryan et al. 2000) [0 Bonifacio et al. (2002)

/A Thevenin et al. (2001)

-3.5 -3 -2.5 -2 -15 -1

[Fe/H]

Coc et al 2004




Primordial Nucleosynthesis

SBBN take-home message

* Light element predictions from helium to lithium span roughly 9 orders of magnitude in
number

e |mpressive agreement with observations of D and He

* One quantitative problem: Lithium abundance is high by a factor of 3-5, with high
statistical significance

* Nuclear physics lithium solution is ruled out; solution may be of astrophysical origin
but could also signal new physics operative during BBN
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BBN and New Physics

Beyond SBBN

‘He X — /V/QE
Dp / ‘HeD *He*He
H 4 oo
p.n
p.n ) ~— D Viten (
Dy
DD2 TD
T
Change in timing non-equilibrium BBN catalyzed BBN
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BBN and New Physics

Change in timing -

Hsppn — H = Hspny/1 + par/psu

0.8

m

0.6 0.24 < Yp < 0.26 Fa—

Neg = 3.15 £ 0.23

Planck 2015

AY/ YSBBN

-04 -0.2 0 0.2 0.4 0.6 0.8 1
Apsm /psm (T < 0.1 MeV)
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BBN and New Physics

Time evolution of fundamental constants
D g2 o &

——Myqq

A time evolution of, e.g. y
M " M

=> yields changes in mq, electric charge, Nacp, Higgs vacuum expectation value....
=> Induce changes in the reaction rates, nuclear binding, and the position of resonances

0.1 rrrrrrr S I . 4
D/);? — BBN: exponential sensitivity on
: o , Li/H ,
0.05 F 10~ "Li/Hlszax ; Amy, determines n/p freeze out
)
= .
£ Eq  determines end of the
0
é‘:‘ D-bottleneck
4
-0.05 |
-0.1 L
-0.1
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BBN and New Physics

Non-equilibrium BBN Energy injection

* energy release during SBBN (mass conversion into nuclear binding energy)

~ 2 MeV /nucleon => marginal effect at z = 1 billion

 most prominent class: decays of long-lived particles X

=> previous works focused on mx = 0(100 GeV) | e.9.G — SM + Y°

Dimopoulos 1988; ....; Kawasaki et al 2004; Jedamzik 2006; Cyburt et al 2009

=> yield electromagnetic and hadronic showers which dissociated
light elements

=> drastic departures from the equilibrium picture
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BBN and New Physics

non-equilibrium BBN

Energy;, + ‘He - T+ X

T + *He|p, — “He 4+ p
T1/2(6He) = 088

°He + “He|, — "Be + n

Pospelov, JP, 2010
Beryllium becomes the BBN “calorimeter”;

its abundance is constrained from observations in stars
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BBN and New Physics

Non-equilibrium

3 N Electromagnetic
energy injection
(t > 1076 sec)

Illllll 1 1 Illllll

IY,;,— e photons in EM-cascade

(*He+T)/H below e threshold
D/H — are not efficiently dissipated

Ll

=> gpallation of nuclei

e |Important secondary eftect:

"H +*Helpy, —=°Li+n

"He +*Hep, —°Li+ p

llllll
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BBN and New Physics

An application to
Dark Photons

Cosmology becomes the only test
for very feeble couplings to SM

E137
LSND

SN

o = (ke)?/(4m)

1 10! 102 103 10
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Lecture Il

Summary

Organizational principle of new physics in terms of effective operators in direct
detection and at the collider; approach has its limitation, when mediator goes on-
shell

With the Higgs discovery, many models fell on July 4, 2012. A minimal extension of
the dark sector by a new mediator opens up many new possibilities of
phenomenology (e.g. intensity frontier)

DM may carry a chemical potential (asymmetric DM) => alternative to the WIMP
miracle

Nucleosynthesis is one of the pillars the standard cosmological rests on; its
sensitivity to new physics makes BBN a valuable tool to test BSM physics
=> every model of new physics has to pass this cosmological consistency test.

Thank you — and keep up the good work!
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