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gravitino non-thermal

discuss various possibilities
highly biased list
most references are mine



QCD axion

An old puzzle:Why doesn’t strong

interaction violate CP?
0

6472

periodic in 0—=0+21T Ly = e GG g

leads to H.y = d. 5, - E
em,, sin 6

e<|0—|0 de I~ 5

mconstituent

<29% 10 %% cm

blow up neutron to Earth size:
allowed separation of electric charge <3p



QCD axion

® Promote O-parameter to a dynamical field

1 a VpoO a Qa
el = G (90 I fa> NG

® cffect on pion Lagrangian in low energy:

L, = f2roUuTou pdtrMetfotalla)y 4 cc.

® potential for axion (U=C)

)

® it settles a=—0o fa, canceling B¢
® no CP violation at the minimum!

My fr

fa

_ 2 2
V = —m: f- cos

Mg —
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® in early universe, axion doesn’t know
where the minimum is
® starts to oscillate around minimum

(100MeV)*

1.184
~(vimcw) m10nGeY



ADMX

Use the effective coupling

Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz)
10

Non RF-cavity Techniques
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" Cosmic Axion Spin Precession

sin(mqt) X 8, - E

Heﬁ(w:_ﬁ'B_

2
const

resonance @ pB=mq
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quarks

we came from ancient stars
born from dark matter
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Universe is filled with Higgs

Particles slow down

l (/ 2 ) . .
= — + —(—im)— Without Higgs,
pom pop Y we evaporate in
;( im)%(—im); a billionth of a second



What is_Higgs!?
Is i

naturalness An

Any relatives? "
Why frozen!

standard model
® it is faceless
® one of its kind, no context

® |ooks very artificial
® we still don’t know dynamics behind the

Higgs condensate '
® Higgsless theories: no
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! Electron mass is natural
by doubling #particles

® Electron creates a force
to repel itself

Anoc® ~ 6—2 ~ GeVlO_”CIn

Fe Fe

e |0 fine-tuning?

® quantum mechanics and
anti-matter

= only 10% of mass even

for Planck-size re~10733cm

HM hep-ph/0002232 129



Higgs mass is natural
by doubling #particles?

® Higgs also repels itself

® Double #particles again
=> superpartners

® only log sensitivity to UV

® Standard Model made
consistent up to higher
energies

HM hep-ph/0002232 l

o
Ay ~ Emg’USY log(mpry)

| still take it seriously

130




Supersymmetry

® Theorem:
® the only space-time symmetry beyond

Lorentz and translation invariance
possible in S-matrices
® interchanges bosonic & fermionic states,

spins different by |/2
® possibly unifies matter (fermions) and

forces (bosons)
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supersymmetrize SM

® All quarks and leptons are Weyl fermions
0 o

® add their scalar partners |1 |1 0' 1| - s
L2 p)
® Naming convention: add “’s” as a prefix,
which stands for supersymmetry or scalar

terrible convention!

® e.g,selectron, smuon, stop, sup, sstrange



® Gauge fields are vector bosons
® namely add massless Majorana fermions

“gauginos” oo oo

—t— 111>
~1-10 1
® Naming convention: add “ino” as a suffix,
which doesn’t mean “small” in any sense
terrible convention!
® e.g.:gluino, wino, photino, zino, bino

gluissimo



Squark-gluino-neutralino model
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SCIENTIFIC
AMERICAN"

Permanent Address: http://www.scientificamerican.com/article/supersymmetry-and-the-crisis-in-physics/

Scientific American Volume 310, Issue 5

Supersymmetry and the Crisis in Physics

For decades physicists have been working on a beautiful theory that has promised to lead to a deeper ur

stand at a crossroads: prove it right in the next year or confront an epochal paradigm shift

By Joseph Lykken and Maria Spiropulu

THIS IS A PREVIEW. Buy this digital issue or subscribe to access the full article.

Already a subscriber or purchased this issue? Sign In

At dawn on a summer morning in 2012, we were on our third round of espresso

when the video link connected our office at the California Institute of Technology

to the CERN laboratory near Geneva. On the monitor we saw our colleagues on the

Razor team, one of many groups of physicists analyzing data from the CMS .
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JOB, STEVE. APPLE FOUNDER, TECH VISIONARY. UPDATED AUGUST 2008

September 9, 2008

The reports of my death are greatly exaggerated.
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® Before COBE, upper limit
on CMB anisotropy kept
getting better and better

® cosmologists got antsy

® ‘“‘crisis in standard Angular scale
° ° 0.5°
cosmology”

® it turned out a little “fine-
tuned”

® |ow quadrupole

27% tuning

100 500
Multipole moment [




Rationale for
Scalar quons’

‘@"W
‘k

Supersymmetry: _
® Higgs just one of mar Iar bosons
e SUSY Ioops\rna © mh? neg;

composite
® spins cancel ame nts
® condensate by a strong attractiv

holography -

Extra dimension
® Higgs spinning in extra dimensions
® new forces from particles running in extra D

I“

not the usual “naturalness” argument



What is Higgs really!?

Only one? (SM)
has siblings? (2DHM)
not elementary?

ILC

Lumi 1920 fb-1, sqrt(s) = 250 GeV
Lumi 2670 fb-1, sqrt(s) = 500 GeV

MSSM (tan8 =5, M, =700 GeV)

M
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o
>
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X
1 1

Deviation from S
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Standard Model
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only one

MCHMS (f = 1.5 TeV)
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not elementary




Key:

g quark
g gluon

@ electron

ILmuon Ttau

V neutrino

W, Z bosons \/\, photon

%) meson 7‘ galaxy

) @ ® baryon .
i * star

##% ion

@; atom ,

black
hole

(:
> sec'yrs )
.3*70‘73 (/fe/wn)

Particle Data Group, LBNL, © 2008. Supported by DOE and NSF (3 V)



quarks

WVe still need quarks to get started
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Early Universe

1,000,000,000

anti-matter

matter
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Current Universe

matter anti-matter
We wouldn’t exist!
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Early Universe

1,000,000,002

anti-matter

matter




K AV I
®;

(G |
Current Universe

us

matter anti-matter
We won! But why!?
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(0 |
Beginning of Universe

-

1,000,000,001

matter anti-matter



S KAVL |

i
fractlon of second later

|
| 000,000,002 «

martter anti-matter
turned a billionth of anti-matter to matter
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Universe Now

us

matter anti-matter
This must be how we survived the Big Bang!
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Sakharov’s conditions

® Need to reshuffle matter and anti-matter
® baryon-number violation

® need to prefer matter over anti-matter
® CP violation

® need process but not inverse process

® departure from equilibrium



Electroweak
Baryogenesis



Standard Model

® Standard Model has all three ingredients
® Baryon number violation

® Electroweak anomaly (sphaleron effect)
® CP violation

® Kobayashi—Maskawa phase
® Non-equilibrium

® First-order phase transition of Higgs
Bose—Einstein condensate

153




® Known CP-violating
phenomena can all be
explained by Kobayashi-
Maskawa theory

® There is only a single CP-
violating phase (Jarlskog inv.)

J = Qm det[Y,Y,, YJYd]
= (e — vu) Wi — v) (Wi — ye)
(s —va) Wy — va) (Wi — ¥s) | 5
S (Vis Ve Vo, VE) ~ 10720 m1reoral
® Not enough! Can’t create ' - - - -
excess quarks over anti-quarks

Need new source of CP violation!




Mikko Laine (B
Phase diagram for the Standard Model: ko Laine {Berm)

1.5 | | , I
symmetric confinement phase R B-8 multicanon cal
120 !
\ LA canonical
B\
: _ 2nd order endpoint < I ‘R 5
b ]- 1 () ) == “-on N\
D A L
4. v
=100 - 2
8 0.5 - —
=
90 =
broken Higgs phase _
8() | | 1 | | 0 -
S0 60 70 80 90 | , : 1
o 140 150 160 170
M GeV Temperature (GeV)

<H>=0 from gauge invariance (Elitzur)
<HTH> is not an order parameter

for mpy=126GeY, it is crossover
No phase transition in the Minimal Standard Model
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Standard Model actually violates the baryon
number from the triangle anomalies

conserves B—L
can in principle lead to S He—e*u*Vr
my back-on-envelope estimate T~10'°9 yrs

but can have impact in early universe



(el

L_le

‘._,.QJ>
r-*1<

EIectroweak Anomaly

® |n Early Universe (T>200GeV),
W-boson is massless and
fluctuate in W plasma

® Energy levels for left-handed
quarks/leptons fluctuate
correspondingly

AL=AQ=A0=A0=|
A(B-1)=0




“MVhat anomaly can do
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Scenario in MSSM

Im(M2")#0 violates CP

First order phase transition
Different reflection
probabilities for chargino
species

Chargino interaction with
thermal bath produces an
asymmetry in top quark
Left-handed top quark
asymmetry partially
converted to lepton
asymmetry via anomaly
Remaining top quark
asymmetry becomes baryon
asymmetry

160




V I

“"'Order of phase transition
V= (T—Tc) X2+X 010
L

0.08 -
0.06 -
0.04 |-

< TC 0.02

\ \ ! ! \ ! ! ! \
1.0 - . : 0.6 . 1.0

\ !
-1.0

2nd order | st order

need some modification to Higgs potential
measure Higgs self-coupling = |LC, FCC

In MSSM, need m(stop)<160GeY, pratically dead



Jing Shu  NMSSM = MSSM + singlet Higgs

Final Results
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Leptogenesis
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Neutrinos?

J 1>

® Now we know they have
mass

® The only matter
particles that are
electrically neutral

® may reshuffle matter and
anti-matter?

1 0_3 Daya Bay 95%.

Cl 95%

= All limits are at 90%CL
unless otherwise noted

102
tan20

http://hitoshi.berkeley.edu/neutrino




What is this right-handed particle!?
New particle: right-handed neutrino (Dirac)
Old anti-particle: right-handed anti-neutrino (Majorana)
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Seesaw Mechanism

® Why is neutrino mass so small?

® Need right-handed neutrinos to generate
neutrino mass, but vz SM neutral

np VL 2
(VL VR) m =@<<m
np M VR Vv D

e

To obtain m3~(Am2atm).”2, mpy~m, M;~10'*GeV

M



~  Leptogenesis

® Presumably three Vr
® One of them lives long and decays late
® Majorana: VR = VR

® (@tree-level, decays 50:50 to vith, vith?

['(vg — v +h) x1—c¢
['(vp = v +h") x1+e€

® (@one-loop,
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successful
region

L 1 eI
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di Bari, Plumacher,
Buchmuller




build 2 10" GeV collider
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LV

indirect evidences

® Are all mixing angles
large-ish?

® |s CP violated in
neutrino sector?

® |s neutrino Majorana!’

® collect archaeological
evidences




Excitement 2002

o | KamLAND
® CP violation in neutrino sector may be SNO

observable with conventional technique

Pv, —-v.)— Py, - v.)=—1

Al

sin 0 Sin sin

1K

Hyper-Kamiokande

» Leptonic CP Violation
» Nucleon Decays

» Astroparticle physics

o
. |

s me e 4‘;‘
2 Stage |:>10kton Liq.Ar TPC, aiming §
2,8  to go to underground (1,600m)

- Sl ~ | Stage 2: Additional 20-30kt
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- J-PARC

Review driven schedule. SRS 34
Start operation in ~2022. :

& Proton Decay Source = higher intensity V by -H
. s <5 upgraded ]-PARC - B L S

Stage |: 700kW Main Injector beam
i Upgradable to >2.3MW w/ Project X



Turn anti-matter
INtO matter

Can anti-matter turn into
matter?

Maybe anti-neutrino can
turn into neutrino
because they don’t carry
electricity!

OvBB: nn—ppe e with
NO neutrinos

can happen only once
1024 years

batience!




Inflation
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neutrinos, dark matter & dark energy physics
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