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Abstract: <span>We propose a robust, unified framework, in which the similar baryon and dark matter cosmic abundances both arise from the
physics of weakly interacting massive particles (WIMPs), with the rough quantitative success of the so-called &EaNIMP miracle&€.. In particular
the baryon asymmetry arises from the decay of a meta-stable WIMP after its thermal freezeout at or below the weak scale. A minimal model and its
embedding in R-parity violating (RPV) natural SUSY are studied as examples. The new mechanism saves RPV SUSY from the potential crisis of
washing out primordial baryon asymmetry. We also consider the embedding of thisideain RPV split SUSY, where the mechanism works within the
minimal model, and independently motivates the mini-split scale. Phenomenological implications for the LHC and precision tests are
discussed.</span>
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Baryon, Dark Matter

Dark
Energy
72%

Accurate measurements of Yy
cosmic microwave background

Matter
23%

® Focus of this talk:
Baryon (atomic matter) g~ 4%

& Dark matter 1M
Q;).\] ~ 23%

& Coincidence/Similarity: Qpy ~ Qp

2
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R

¢ Dark matter

¢ Dark matter: Stable, neutral,

§é Standard Model particles *New physics!?

-

e Origin of masses: Higgs mechanism, Plantk-electroweak
Hierarchy problem

$ New physics at weak.scale (~ TeV )
* Paradigm: WIMP dark matter

(Weakly Interacting Massive Particle)

Well motivated candidates, experimentally detectable

Ex.: Neutralino LSP in SUSY

Pirsa: 13110046 Page 4/45



Relic abundance of WIMP DM

® Thermal freezeout of WIMP DM:

Pirsa: 13110046 Page 5/45



WIMP Miracle

-- Crude quantitative success of WIMP DM in general

1
e A thermal WIMP X freezes out around ¢ ~ 50 My ,

v o /(TeV)?

<(T‘,\ V>
Oweak ¢ mﬁ] d
~ 0.1 5 ec .
g, mg - TeV<

4 Can readily fit {2om ~ 237% , WIMP miracle!

Q, ~ 0.1°

Remarkable quantitative success, but NOT
PRECISE: natural range up to gy. Mmed etc.

5
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-- Crude quantitative success of WIMP DM in general

1
e A thermal WIMP X freezes out around ¢ ~ 50 My,

v /(TeV)?
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# Can readily fit {2pm ~ 23% , WIMP miracle!

Q, ~ 0.1°

Remarkable quantitative success, but NOT
PRECISE: natural range up to gy. Mmed etc.
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'@ Baryons Qs ~ 5%

Asymmetric abundance: B excess over B

Baryogenesis:

® (Necessary) Sakharov conditions: G, B, out of equilibrium

e Suppress “washout effect”: persistent B interactions (B — B)
during/after baryogenesis, threat to Baryogenesis efficiency!

¢ When? How? various mechanisms:
GUT baryogenesis, leptogenesis, EW sphalerons... (typically T = Tew )

-» RECAP: Q3 » Qipm  apparently from separate mechanisms,
at separate scales...
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neeracrtions (=5

(Nreac to paryogenesis efficie!
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_oincidence” or Connection?
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Summary: scorecard of existing paradigms

(N

CQpwm (g Qg ~ Qppy
WIMP Miracle DM| o f ) 4 ) 4
Baryogenesis x ¥ 4 22

Asymmetric DM 22 % : :

L lunified - - -
- r paradigm? v v v
Vv = :readily at right ballpark of observation, yet NOT PRECISE
¥ 4 " can FIT observed value, put no typical ballpark of prediction
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The goal and chaIIenge for gettlng

Qpmey Qpv” Qs ~ Qou
*WIMP miracle + {om ~ {28 in a natural way

A few attempts made, only very recently,
but all have sensitivity to model detail
(washout, long lifetime...), tUNiNg

® McDonald, Phys. Rev. D 83,083509 (201 1)

* Cui, Randall and Shuve, JHEP1204, 075 (2012): novel baryogenesis
triggered by WIMP DM annihilation around freeze-out time

* Davidson and Elmer, JHEP1210, 148 (2012)

9
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lew Paradigm:
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A New Paradigm:
Baryogenesis from WIMPs

(Phys.Rev.D, 87,1 1603 [arXiv:1212.2973], Cui and Sundrum)

{pm g4y 2 ~ Slpum

® An alternative mechanism, more robust connection to
WIMP miracle, less sensitive to model detail

® Other related constraints checked ¢ viability v

Novel Baryogenesis at low scale 7 < Tew

4 Independent of its relation to DM (even if DM is not WIMP..)
4 Related new physics signals

4 Can be a remedy: Some beyond-the-Standard Model physics
calls for low scale baryogenesis (later: e.g. RPV natural SUSY...)

10
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General | %\H};j}jﬁ/ﬂ?“ﬁj"ﬂ cipl

- .I. cles: ubiquitous in scenarios l'-|r' 3Sing

ck-electroweak L*r"ﬁn‘-?‘f/-n?abl em

fost familiar, yet f‘ al case:

e WIMP as DM |candidate

h - Y ey
,,-;,-J':'_' ,J.l : ‘1.\ }

couplinegs(y
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Assume a stable WIMP XDM as DM;
In addition,a metastable WIMP X B8 as baryon parent:

\B :B, GP decay after thermal freezeout @ Baryogenesis

e Cosmic evolution of the two WIMPs:

SM
SM
Pl |
7 ™ XB M
Thermal Freezeout
/\I)M SM\ r;mn < H / B SM\

QpM qm (Generalized) WIMP miracle “”b QT >

{2pm \B<>d = \B<>

:'n} 2
Baryogenesis from s decay = {l5 = ccry; {20,

12
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Assume a stable WIMP XDM as DM;
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Central Result:
Generalized WIMP Miracle

N g

Qpm AV Qg = ccpp - Q7
® Robustness:insensitive to precise long-lifetime 7

e Caveat: washout processes (B — B) needs to be suppressed
to avoid extra reduction on Qs,ﬂ Easy to realize (iater.)

My

® Extra factor ““Pm,~107* 107" (large CPV at |-loop:ccr ~ 1 -10%)
: Qg

compensation factor from o]~ 102 - 103to get " ~ O(0.1),

e FEasy to accommodate by
associated with \pv and yg (\8 :a“weaker” WIMP)

* Recall: WIMP miracle is a rough guideline!
5 D 4 4
~ '1;\'.|L / (‘I"‘\" )L ~ weak ”1"““1
0y ~ 0120V ~ 0.1 (&ma) " ( )

(aaV) m"; TeV?

I3
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Central Result:
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Outline

® General formulation

® A minimal model, constraints/viability
® Embedding in B “natural SUSY”

® Embedding in RPV Mini-Split SUSY

® Qutlook
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General Formulation

® A thermal WIMP X freezes out when I, ~ H

e 1 1_

D> 7~ m, |In(0.038(g/g!*)m,My(oav))| ~ 25
, L Ny (Ty) g.’“m, 1

Co-moving density: Y\ ( /) S(T) 3.8 oo T m, Mpi{oaVv))

If x is stable, Y, (T¢) ~ Y\ (Tp), relic dehsity today:

® Consider two species of WIMPs :
% Stable WIMP DM ypum Q, = Qpm ~ 27% (WIMP miracle)

% Metastable WIMP (baryon parent) yg: .GP, B decay at
Tp <Tr Y(Tr) = YV} * initial condition for baryogenesis

I5
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Baryogenesis from
late decay of WIMP X5

* Assume well separated scales: 1 MeV ~ Tgpn < Tp < Ty

@ Freeze-out and baryogensis as
, retain conventional success of BBN

e Solving Boltzmann equations, co-moving baryon
density today:

B ™ dY,, T rw(T') dT’
Ys(0) “"}./o L exp( | e T,)dr

ecp. CP asymmetry in yg decay, Ny: the rate of B washout processes
* Weak washout: [ < H

Mp
*[ YB(O) = '('[’Y\z:(TI)- QB(O) (”’m Q\H it Q[)M ]

XB

16
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Minimal Model: setup
We add to the Standard Model (SM) Lagrangian( g )(complex
W) AL = Njodid + eixiio + ME\2 + yiplic + M2y
+ ax®S+ B|H|?S + M3S? +h.c.
* ¢ di-quark scalar with same SM gauge charge as u-quark
* \. 1. SM singlet Majorana fermions.

y = 8, the WIMP parent for baryogenesis

*c; < 1:formal small parameter(small breaking of a )
= long-lived X (x — u¢’)
e Singlet scalar S : mediates WIMP annihilation XX — SM

- J“
_ & Incorporate DM? + \Duv singlet, interactions
analogous to X, except for exact \py-paritympcpm = 0
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Minimal Model: Baryogenesis

® Qut-of-equilibrium decay x — ¢*u (¢* — dd) with
AB=1.ecp #0
F(\ > ("J.U) F(\ > (,')D)

® CP asymmetry: €cp= M(x — o°t) + M(x — o) from

nterference between tree-level and ©'-mediated loop

C
diagrams: ’ |
e B —D yP—D
/ _ J y’ .
y -
-

Compute €Cp (close analogy to leptogenesis), €.g. for M, > M, :

2
1 1 _ M
€cp = 873 o2 Im (Z =iy ) M,\.

Lai 1=l :
f

To maximize CP asymmetry: i < Vi~ |
I8
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Summary/Implications
of the constraints

e Assume all new fields have weak scale masses,

Precision constraints@ New couplings involving first two
generation quarks (e.g. \; for ¢did; (i,j=1,2)) need to be
suppressed

e Simple, natural Solution: Third-generation dominated
pattern, new fields couple mostly to b, t (just like Higgs!), with

22
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4 Currently favored SUSY models:

e Preserve Naturalness: “Natural SUSY” (light ¢, b) and/or R-

parity violating (RPV) SUSY (Barbieri, Giudice; Cohen, Kaplan, Nelson;
Brust, Katz, Lawrence, Sundrum; Graham,Kaplan,Rajendran, Saraswat...)

* Give up Full Naturalness, anthropic selection:

(mini-) Split SUSY ( Mscatar > Mgaugino(Higgsino) ™~ TeV')

(Arkani-Hamed, Dimopoulos; VWells; Yanagida; Arvanitaki, Craig, Dimopoulos,
Villadoro; Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski; Hall, Nomura, Shirai...)

Attractions: Generically realized in gravity-mediated SUSY

models, easily fit 125 GeV Higgs mass, satisfy flavor constraints

_generically...
Fl J“
_ & Natural “incarnation” of our paradigm in these
viable SUSY models?

4 SUSY<«— Cosmology: RPC SUSY > LSP DM (well known);
CPV + RPV SUSY + late-decayed particle !»Bar'yogenesis???
2

4
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in Natural |

s o i Y4
a remeay:
ical crisis of B n.

ss constrained regime of natur

. 1o by LSS
‘chilight [ with
Ll £

3 mramnt Asecey
5 prompt decay
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R I

L A [ O TV TN BN IV S T Y,
1bedding|in Mini=-Split SUSY
—

i, arxiv:1309.2952)

* mini-split SUSY (as
!..'*‘...)..-' Nt ! |4 ——

- Yy oo U y gy - -t 1T {1a
archy problem, improve GUT, flavor
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Embedding in Mini-Split SUSY
(Cui, arxiv:1309.2952)

e Conventional motivation for mini-split SUSY (as

discussed): solve Planck/weak hierarchy problem, improve GUT, flavor
physics, LHC data, anthropic...

® Motivation from Baryogenesis:
nal model (MSSM)+RPV works! I:{) Mini-split scale

Sakharov#l: out-of equilibrium

Recall natural SUSY model: ¢ tH -} Y — £1*
Late decay # 10713 < ¢ < 108 technically natural, X -parity

~

In split SUSY+RPV: Natural long life-time of TeV gauginos

Split spectrum O(100 — 1000)TeV ~ My = Myaugino ~ TeV + RPV

» Late decay automatic! e.g. udd (heavy mediator, 3-body...)

28
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Embedding in Mini-Split SUSY

% Sakharov #2,#3 (CP-, B/L-violation) ¥
M ~ O(100 — 1000)TeV i Large GP phase (e.g
Majorana gaugino masses), large B () RPV couplings: safe to
exploit with generic flavor pattern

% WIMP parent \ for baryons with “‘would-be” over-

abundance ¥V : Bino B! (not desirable if it is DM in RPC
SUSY...)

% Nanopoulos-Weinberg Theorem for Baryogenesis: v/

additional B source in the interference loop
* Another Majorana fermion in MSSM? W, g!

Minimal model (MSSM+RPV) gives everything needed

for baryogenesis!
29
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Embedding in Mini-Split SUSY

% Sakharov #2,#3 (CP-, B/L-violation) ¥
M ~ O(100 — 1000)TeV i Large GP phase (e.g
Majorana gaugino masses), large B (K) RPV couplings: safe to
exploit with generic flavor pattern

% WIMP parent x for baryons with “‘would-be” over-

abundance Y : Bino B! (not desirable if it is DM in RPC
SUSY...)

% Nanopoulos-Weinberg Theorem for Baryogenesis: v/
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Model-IlI: Leptogenesis with light wino

* Tree level decays:
L-violating decay L-conserving decay (competing):
(leptogenesis):

Y

(h)

(Y7 g SER I (Yig ’n"l:”J.L-
Lihg: B 3 I HY192 i3

oy » 5
(V2NYgy)smy y y
", B 27 | B—LLW 307273 B—H=-HW 38473 (12
al)lidn 0 i

B.L 5127 mp

.
w k£ decay dominates/comparable, with i > mgand X =z 0(0.1).

[ supersymmetric mass parameter, in general can be different
from both moand m.ugine; : exempt from the ““/t -problem”,
innocuous for phenomenology (Arkani-hamed et.al 2012)

34
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Computation of (.s

® Recall general prediction for baryon asymmetry:

m Yo
Qap = ecp —& Q07 ™ (with negligible washout) ccpv Q7@
My . : ’
X B

® Thermal annihilation of B=Pwould-be Relic abundance ¢}~

Leading process with small/moderate /¢ :

- - I o _'I’II 8 J\‘f]—' I.‘f[ I“‘I
OHH-(S) = o~ . .
| - ! ‘JI Yy A v
i BMMKZ(M, /1 / , e () = AMT)Vaky (5
> ! - — — H
\ @ 0 10 ( M (;’/ I'\‘)J
AR - ) \ um
I Te\ ‘.llllnm)
\ Z
Other processes, dominate at y — > :
. _ 2 ‘*‘"u;""|',f\,:w. 1)
B VKL (M /T)

l“'fl‘ﬂ."l .

36
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Embedding in Mini-Split SUSY

¢ Phenomenology

® Constraints from low energy experiments:

n — n oscillation, neutron EDM, x, - x, mixing.../ (im0 2 100 - 1000 TeV)

® Search for long-lived 5,117, gwith RPV decay at LHC
(with strong cosmological motivation!)

Displaced vertex; better reach at higher energy upgrade (33TeV,
| 00TeV...) for multi-TeV baryon parent (gluino, wino can be light), CP
asymmetry measurement

38
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Conclusions

® Our simple, robust mechanism realizes the

challenging goal: Qpy+/” Qsv" Q5~Qpuv

® Unique low scale baryogensis mechanism
independent of DM story: WIMP miracle
predicts right ball park of {2

® Natural embedding in B Natural SUSY,
to a potential cosmological problem

® Embedding in RPV Split SUSY: naturally works
within minimal model (MSSM), independently

motivates mini-split scale
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Outlook

® New particle physics related to EVV hierarchy problem
New cosmology
* Conventional focus: WIMP DM (e.g. RPC SUSY)

* New Perspective: Baryogenesis from metastable WlMP
decay (e.g. RPV SUSY)

Exciting possibility:

Test the cosmological

origin of matter(cosmology

frontier) at energy frontier-

current-day colliders (LHC),

intensity frontier - improved low energy experiments
( n— n oscillation, flavor physics...)!
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