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Baryon, Dark Matter

Accurate measurements of
cosmic microwave backgrounc

Cosmic Pie Chartafter Planck

¥ Focus of this talk:
Baryon (atomic matter) !
& Dark matter e
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Dark matter

¥ Dark matter:  Stable, neutral,
Y Standard Model particI»New physics!?

¥ Origin of masses: Higgs mechanism,/Planck-electrowe
Hierarchy problem

» New physics at Weaﬁscal" Tev/ )

* Paradigm: WIMP dark matter

(Weakly Interacting Massive Particle)

Well motivated candidates, experimentally detectable

Ex.:Neutralino LSP in SUSY




Relic abundance of WIMP DM
--Essential, general feature

¥ Thermal freezeout of WIMP DM:




WIMP Miracle

-- Crude quantitative successf WIMP DM In general

¥ Relic abundance of WIN!
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» Can readily b! pv ' 27% , WIMP miracle!

Remarkable quantitative success, N@T
PRECISE: naturalrange up to 9:.Mmed etc.
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Q, Baryons! 5 5%

Asymmetricabundancep excess overg
l 5 :(n|3$ ng)/n! 0% 10" 10

» Baryogenesis: Intricate, puzzling

¥ (NecessaryBakharov conditiccp, 8, out of equilibrium

¥ Suppres©washout effeqérsistents interactior(B ! B)
during/after baryogenesisyeat to Baryogenesis efpbcienc

¥ When? How?

GUT baryogenesis, leptogenesis, EW sphalerons... (ty|T | Tew




¥ " pm B
OCoincidenceO or Connection?

drawn more attention recently

*Paradigm: Asymmetric Dark Matter

(Nussinov 1985; Kaplan 1992; Kaplan, Luty, Zurek 2009...)

¥ Dark matter is also asymmetrico (DM vOM  excess)




Summary'scorecard of existing paradigms
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?unibed « - « - «
paradigm?

«"' . readily at right ballpark of observation, yet NOT PRECISI

- B+ - DM,

X
X
v

«--: can FIT observed valye, but no typical ballpark of predicti



The goal and challenge for gettini

QDMV- !BV-!B! !DMZV-

->WII\/IP miracle+ “"om " "8 in a natural way

A few attempts made, only very recently,
but all havesensitivity to model detaif
(washout, long lifetime.,. JUNING

¥ McDonald, Phys. Rev. D 83, 083509 (2011)

¥ YC,Randall and Shun\adHEP1204, 075 (2012): novel baryogenesis
triggered by WIMP DM annihilation around freeze-out time

¥ Davidson and Elmer, JHEP1210, 148 (2012)
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A New Paradigm:
Baryogenesis for WIMPs

(Phys.Rev.D, 87,116(3ui and Sundrum)

Qpm ™ !B\/- s! lom e/

¥ An alternative mechanism, morebust connection
to WIMP miraclgless sensitiveo model detall

¥ Novel Baryogenesis &w scaleT " Tgy
| Related new physics signalscessible at LHC etc.

| Can be a remedyCertain BSM physics maxill for
low scale baryogenesis (later: e.g. RPV natural SU




General Philosophy/Principle

¥ WIMP type new particlestbiquitousin scenarios addressir
Planck-electroweak Hierarchy Problem

¥ Most familiar, yet special case L
stablaVIMP as DM candidate &=

¥ More generic possibility  : An array of WIMPs, with
diverse lifetimes depending on symmetry protection, mas

coupling hierarchy
s decay
promptly

-

@7 Does Nature OmindO such diversity/complexity®o!

Known physicdong lifetime of b-quark, muoimy *  mp, m,

hierarchical fermion Yukawa couplinye & 10° °) yt & 1



(| + ametastableWIM! B as baryon pare
' B :B,£P decay after thermal freezeo» Baryogenesis

¥ Cosmic evolution of the two WIMPSs:

#DM Equilibriurg- SM ' B Equilibrium = gMm
I
#DMBE|§SM 'BE ; iSM

o * Universe expands, @3S
“\#pwm SM v N'!B s

Thermal Freezeout

/#Dl\/l SN\ lann< H /! . SM\
" pu <G= (Generalized)WIMP miracle = |! ||

universe expands S
< o<

mp QT—>oo
mXB

Baryogenesis from !decay
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Baryogenesis from late decay of WIMP
" Generalized WIMP Miracle )

Central result + *
1 I I ] — m n " "#
(@ DM B — 175"LCPWIOB | 5

\_ J

¥ Robustness :insensitive to precise long-lifetin’ 2

1 MeV" Tggn < Tp < T
. B ]
e 0(0.1)

compensation factor neede”..10°* 10°  easy to
accommodate bylifferent masses/couplinassociated
with #pw and #g  (#8 : a OweakerO WIMP)

Recall: WIMP miracle is a rough guideline!

; : 4
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Minimal Model: setup

We add to the Standard Model (SM) Lagrangs abmpex
couplings) \ | - — it didy + #$@" + M2$° + v %@ + M9
+ &$2S+ ' [H[|’S + M3S? + h.c.

¥ " : di-quark scalar with same SM gauge charge as u-qua

¥$,% SM singlet Majorana fermions.

¥ b Couplings#i " 1! small breaking of {$-parity symmetry
m)> long-lived» $ ! $g, the WIMP parent for baryogenesis
out of equilibrium decay: ! "'u ("' ! dd)
¥ Singlet scals :mediates WIMP annihile $% ( SM
7’ Incorporate DM?  +* DM singlet, interactions
ahélogous t& |, except fcexact ! py-parityms>"pm = O




Minimal Model:  Baryogenesis

CP asymimety e F1- S22

fromv- mediated interferencbetween tree-

level and loop diagrams:

Compute#-p (close analogy to Ieptogenesle)g f0r|\/|, > M-

2\
&Y: ) M 10% fory; " O(1)
M |




Minimal Model: Constraints

¥ Weak washout requirement: ! w < H

OWashout(g interactions 8 ( 2 ), can erase part or all
baryon asymmetry during or after baryogenesis

\

Consider washout processes in timeline

¥ Before QCD phase transition: quarps, inverse deca

scatterings:

\ /




¥ After QCD PT, before BBN: free neutron, proton;

n" @ oscillatior! n » A

¥ After BBN— today: n, p bound in nucleus;

n" @ oscillation in mediun'

s




Current-day precision tests

¥ n$ @ oscillation reactor experiments

C

¥ Flavor changing neutral currents: l
|

| a

|

¥ Neutron electric dipole moment (NEDM) |
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Summary/Implications
of the constraints

¥ Assume all new belds haweak scale masses

Precision constraint!-} New couplings involving Prst tw

generation quark¢e.g.#; for $did; (i,j=1,2))need to be
suppressed

¥ Simple, natural Solution: Third-generation dominate
pattern new Pelds couple mostly to b(jtst like Higgsiwith
OCKM-like mixingOsuppressions to light quark




Meeting Particle Physics Frontier:
Embedding in SUSY

¥ Our framework: genericmechanism of baryogenesis,

Intriguing to embed Iexistingtheories well motivated by
electroweak hierarchy problene.g. SUSY!

¥ Status of Supersymmetry:
I Conventionaleak scale SUS¥nsionwith LHC data

I Continue to be attractive new spacetime symmetry, improve
gauge coupling unibcation, LSP WIMP DM (Fmy, # 125 GeV still
to SUSY prediction...

I Currently favored models:
¥ ONatural SUS(lightt,B8) and/or R-parity violating (RPV) SUS

¥ (mini-) Split SUSMscaar# Mgaugine” TeV anthropic selection
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Embedding in Natural SUSY: Model

Our minimal model: direct OblueprintO

¥ Promotesinglets! ;S to chirakuperbeldzsadd to the
MSSMB superpotential:

W | "y TDiD; + #! HyHg + yiQH T ++ i, ! 2
+  MHyHg + psS?% + $! °S + ¥%SH Hy.

¥ Mapping: (minimal model—»  SUSY model)
¥ Diquark& — lightt; in superbelr
¥ Baryon parent singley— fermion sing'yt
¥ Majorana® — MSSM gaugino
¥ Singlet scales —> singlst ,mixesvA, ,ena! 2s annihilat
¥ Small parametes — # , enables late dex — it x—FH m|




Embedding in Natural SUSY:
Also a remedy!

Potential cosmological crisis of napiral SUSY:
¥ An intriguing, less studied/less constrained regime of nat

SUSY for collider search: ligtt wi1 prompt decay
TD;D; coupling(" ;" 10%7)

¥ Cosmological problem:

Assume conventional baryogenesi7 2 meyw s> pre-existingy "
can be efbciently erasby B scattering.g.F,t! 48 With[ij " 107 7!

Estimate of washou&xponential rezdzuction!
e ' Tini tw(T) dT R - pl
Yg(0)= Yg'e” o HM T oY Me o \EY

¥ Our model in Natural SUSY: Baryogenesis below we
scale when all washout effects decouple
A robust cure to this problem!
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Embedding in Natural SUSY:
LHC Phenomenology

¥ Higgs-like single resonance productior8afmostly-singlet
admixure oH and S (w1 pH,Hy + 8SHHy —> S — Hy mixing )

At 14 TeV LHC, a Higgs-like particle can be producegiouslye.g. 800
GeVS8 ,10% mixing with Higio ~ 10 fb
¥ Subsequentdeca § - yy, y — i,  — did
' must live beyond its cosmological freezeout time

2
* ™ =t~ (1sec) (MTer) 2> lcm

» may leavelisplaced vertex inside collider!

-- Intriguing, not yet well-covered search
(Graham,Kaplan,Rajendran,Saraswat... )

¥ Exciting further stepmeasureCP  responsible for
baryogenesifrom charge asymmetry intt¢f  system
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Embedding in RPV (mini-)Split SUSY:
(work In preparation,YC)
¥ All Sakharov conditions for baryogenesis can be provid
by ingredients withiMMinimal model(only MSSM ,enough!)

¥ B (or L)-violation, CPV: RPV couplings, Majorana gauginos

¥ Out-of-equilibrium: gauginos RPV decaturallyong-lived due to
split spectrum Mgaugino) Mscalar

Would-be WIMP OoverabundanceO needed to comperer

==)> Bino as baryon pareng ! B! (1> Mscaiar# Mgaugind

B > - > — — H B

vy H

B > — < — — H

» FaVOred param SpaCEV" mgaugmo) msca|ar" 100* 1000 TeV

OMini-splitOO spectrum from cosmological conditions!
24




Conclusions

¥ Our simple, robusmechanism realizes the
challenging goaSome” '8¢/ '&B! oM/

¥ Uniquebaryogensis mechanism independent
DM story: WIMP miraclepredictsright ball
park of ! g

¥ Natural embedding ig Natural SUS¥0 a
remedyto a potential cosmological problem
there

¥ Embedding ig  mini-Split SUS%turallyworks
within minimalmodel (MSSM)
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Outlook

New particle physics at weak sc“ New cosmology

(SUSY etc.) @
(Appeals: motivated theories, LHC searcl™s

¥ Conventional focu:! py  fromWIMP DM

¥ New Perspective! g fromWIMP-triggered baryogenesis

EXxciting possibility:

Test thecosmological
origin of matter
(cosmology frontier)
at energy frontier

current-day colliders (LHC)intensityfrontier - iproved Io
energy experimentg§n" @ oscillation, Ravor physics...)!
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