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Why ‘post sphaleron’
baryogenesis Is compelling

 Consistent with wide range of cosmology/inflation models.

 No high temperature required (avoids many cosmological issues, e.g. gravitino
over production, axion isocurvature perturbations)

 Electroweak baryogenesis requires 1st order weak transition, CPV in Higgs
sector—very constrained by electric dipole moment of electron, mass of Higgs.

 High scale Leptogenesis requires very high postinflation reheat temperature

e Many high scale models with scalars have isocurvature perturbation constraints
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Inflation’s end and reheating

e reheat temp T, set by time at which inflaton dumps its energy into
radiation (simple model: set by inflaton lifetime)

o t1~[~H~T2/M,

e T,typically assumed to be very high, ~ 1012 GeV, but could be as low as
4 MeV

e lower bound set by nucleosynthesis, v abundance (Nef)

e upper bound set by energy density during inflation



Cosmology with low reheat
scale: Either

e “Early matter domination” — postinflation energy density dominated by late (.01 s) decaying particle
or

e “slow reheating” inflaton decays late (.01 s)

e thermalized radiation dominated universe never hotter than ~10 MeV

* economical picture: inflation—something— B hadrons+...

e something could be oscillating Inflaton or modulus or ...

* could decay to top or Higgs or weak bosons—always gives B hadrons decaying out of equilibrium

e could CPV in B oscillations/decays yield BAU and dark matter?



sufficient CPV at low energy

Baryogenesis at low scales requires departure from thermal equilibrium
at low scales, very weak couplings

CPV requires new phase, guantum mechanics, effects usually very small
(loop effects)

CPV effects can be large in particle oscillations

oscillations require near degeneracy (e.g. particle-antiparticle)



CPV from particle/anti particle Oscillations

e CPV requires common final state between particle and antiparticle
e Charge asymmetry requires m;220, I'1220, arg(m21'12")20

o maximum effect: AI' ~ Am ~ I, arg(mi21 '12*)~O(1)

m — 1= m I
o theory: AT < Am, I H = ( X 2 12— 3. 12 )
My — 3112 m —13

e Kaons: AI'~ Am ~I', arg(mi21 12" )<<,
o BO;: AI'<< Am ~I', arg(m 2l 12" )<<l (theory)
o BO:Al'<< I'<s<QAm, arg(m2l12%)<<1 (theory)

e DO:AI'~Am <I', arg(m2l 12" )<<1



Effects of charge asymmetry

T i
m — 15 12 — =1 12
_ 2 2
H = ( 2

1 Tk

X
Miz2 — 3112 m—135

e rate(particle—antiparticle)zrate(antiparticle— particle)

e start with equal amounts of particles and antiparticles
(e.9.KO KDO)

e semileptonic charge asymmetry: flavor asymmetry in
decays

® kaon semileptonic asymmetry asK: more et than e-= more S than s
decays.




meson CPV

e B mesons oscillate and decay in CPV violating way
e Dark matter and baryon production from charge asymmetry in decay

e Currently embedding mechanism in U(1)r SUSY with UDD in superpotential

Dark matter—carries Z> and anti baryon humber.

‘light Dirac Bino’ ~ o ( chiral superfield added to SUSY) Currently exploring whether could be
v 7 right handed neutrino (sterile sneutrino carries baryon number)

P
‘squark’ 6
\Y ; Decay kinematics: Mg + Mg < My

A
DM stability:  |mg —mg| < myp + me

R
0
Bd
>

A Neutron star stability:  m,, > m, > 1.2GeV

adequate decay rate: My < MB — MA
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Summary of Baryon/DM
production mechanism

Out of equilibrium CP violati - B-mesons decay into
late time decay VIOTating OSCITAtions Dark Matter and hadrons Baryogenesis

@ @ e Dark Matter Y =8.7x 101
I I @/ @ anti-Baryon

&

600 @ o
Dark Matter

reheat to d
~30 MeV Ajy Al BR(B — ¢§ + Baryon + ...) Opnvh? = 0.12




Essential new particles

Field || Spin | Qen | Baryon no. | Zs Mass _
VERY weakly coupled “reheaton” decays out of equilibrium to bb
P 0 0 0 +1 |11 — 100 GeV
“squark”
Yol oo =131 =2/3 1 +11 0 O(TeV) “Light Dirac Bino”
1/2 0 —1 +1 O(GeV
Y / (GeV) Dark matter Majorana fermion
¢ 1/2 0 0 1 O(GeV) } Can be superpartners
Dark matter charged scalar
¢ 0 0 —1 —1 O(GeV)

L D yghd€é + yup Y *ub + y¢SY@E§ + h.c.



U(1)r SUSY and dark sector

With extended Higgs sector and Dirac gauginos, can extend R parity
toa U(l)r

Uiddx in superpotential: Baryon number + U(1)r breaks to U(1)rs

all superpartners carry baryon number! none of usual ones are stable.

can add dark matter supermultiplet—single chiral superfield, coupled
to “right handed Bino”

no constraints from neutron oscillations

small breaking of U(1)r from anomaly mediation = weak constraints

from neutron oscillations
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B mesons in early universe

® b quarks quickly hadronize, mostly into mesons
® mesons decay, annihilate, scatter off e*,e-,Y (charge radius)
® (annihilation numerically unimportant)

® neutral mesons oscillate and decohere due to scattering off e+, e-,
model via decoherence function

o At |10-30 MeV +0
0.8+

Decoherence mostly affects Bq 06
% 0.4

q _ —TI(e*BY?—=e™BY)/Am 0.2-
fdeco — e ( q Q) Bq o

T, (MeV)



Early Universe Boltzmann equations

Hubble parameter:

- - dncp .
Reheating of universe to ~ 10 MeV from Lot g T oHne =—lens
2 = —_—— p—
reheaton decay: = (a dt) Simp; Pred T ene) W |\ Hprag = +Tamana
M5 | 3Hnp = TeB r (ov)n?
Production and decay of B mesons dt "p = Leble—phe — 1 BNp — (VN
Production of B-mesons B meson decays B meson annihilations

Jfrom reheaton decay (numerically negligible)

Production and annihilation of dark matter —= +3Hne = —(ov)¢ (ng —ngqe) +2Tg no
d _
% +3Hny = —(0v)g(ngne — Neqpeqpr) + I'g ne x |1+ > A, Br(b— BY) fﬁeco]
q

W —|— 3HTL¢* — —<O-/U>¢(n¢n¢* - neq7¢neq7¢*) —|_ Fg n(I) X |:]- - Z AZE Br(g — B(q)) fgeco:|
q

d(n¢ — Tl,(b*) _
Dark matter asymmetry=Baryon asymmetry G T3Hmg —ng) = 205} Br(b = By) Al foo e

q
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s Standard model <\

CPV sufficient! 4

b <
B )
S >

® SM charge asymmetry in B4 is negative (wrong sign)

® SM charge asymmetry in Bs is positive (but small)

® Decoherence effects much larger for B4 (because they oscillate
more slowly) so asymmetry from Bs dominates

® Detailed computations—not quite. Still need some small new
contribution to Bs mixing (can make consistent with B CPV
observations)
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Br (B — ¢& + Baryon + X) = 5.6 X 1077
AS, =107°
Al = —42x107* —

Qpuvh? = 0.12
(0v)eexx = 46 (0v)wimp Y = 8.7 x 10711

I, | MeV
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¢ < I 4

me < My
Br(B — ¢ &+ Baryon + X) =5.6 x 1077
AS, =101
Age — 10_4

0.12
<O'U>€£_>XX — 34 (O YB — 817 % 10—11

T, [ MeV
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Table 4. Summary of the latest results for the B’ mixing (afl) and Bg mixing (a;;) CP asymmetries, as well as the inclusive dimuon
asymmetry Afl measured at DO. In all cases the statistical uncertainty is quoted first and the systematic second. All values are percentages.

The world averages [12] are from a fit to all af,, ag and Af, results, except for the latest LHCD a;, result [104]; an earlier result [105] is
included instead. The latest SM predictions [9, 101] are given for comparison.

|OW6F bOund On ag (%) ay (%) Ag (%)

BaBar K-tag [84, 106] 0.06+0.17 f(())gg — —

new B physics BB (07 0BL0SLON -

LLHCbD [83, 104] —0.02+0.19+0.30 0.39 +0.26 +0.20 —

DO [86, 108, 109] 0.68+0.45+0.14 —1.12+0.74 £ 0.17 —0.496 +0.153 £ 0.072
World average [12] —0.15+0.17 —0.75 £ 0.41

SM —0.00047 4+ 0.00006 0.000 0222 + 0.000 0027 —0.023 4 0.004

e |nteresting observables:

e semileptonic charge asymmetry asd (@asymmetry between b and b quarks at time of decay)

e (b—diquark + dark matter) =B meson — Baryon+ dark matter+ mesons

e BAU « (fg asi? + fs asi)Br (B meson — Baryon+ dark matter+...)

e fqs=fraction of b quarks which hadronize as B4 s mesons times decoherence function
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Experimental Prospects:
B Meson Decays

Br(B — ¢¢ + Baryon 4+ X) =5x10"* - 0.1

1 1
s [(Mmp — My 1 TeV \/YubYeyps
Br(B B ~ 107"
*(B = £ + Baryon) ( 2 GeV ) ( my  0.53 )

e Direct searches for charged and neutral B meson decay

.9

(0
,<9
.

Belle-I1, possibly old constraints from A

BaBar and Belle data O
By

> A

>




Experimental Prospects:
Exotic b-flavored baryon decays

Operator || Initial State Final state AM (MeV)
By Y+ A (usd) 4163.95
B Y + 29 (uss) 4025.03
Yvbus
BT Y+ 3T (uus) 4089.95
Ay P+ K° 5121.9
By Y + n (udd) 4340.07
Bs Y+ A (uds) 4251.21
Ybud
BT Y + p (duu) 4341.05
Ay Y + 70 5484.5
By Y + E2 (csd) 2807.76
Bs Y 4+ Qe (css) 2671.69
WYbces
BT Y+ E7 (csu) 2810.36
Ay v+D + KT 3256.2
By Y+ Ae+ 7 (cdd)| 2853.60
B, + =0 (eds 2895.02
bhed 02 (cds)
BT Y+ Ac (deu) 2992.86
Ab v+ D" 3754.7

Br(A} — Mesons + DM)



Summary .

Out of equilibrium
late time decay

S

reheat to
~10 MeV

Baryogenesis is strong motivation for (hew) CPV in heavy flavors
Search for dark matter in B meson decays to Baryon+ X+ missing
Baryogenesis with dark matter and no baryon # violation (similar to ‘hylogenesis’)

Other model (with no dark matter): search for baryon violating heavy flavor baryon
oscillations, baryon violating heavy flavor hadron decays, long lived fermion decaying to
3 quarks

B-mesons decay into

CP violating oscillations Dark Matter and hadrons Baryogenesis

000

|
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e Dark Matter Y =8.7x 101!
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Constraints on semileptonic

asymmetry

0
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New contribution to
CPV in B mixing




Flavor constraints on SUSY
with light Dirac Bino

Squark mass mixing 6

102 4 ' .
101 1009 101

Squark mass mg [TeV]




CPV iIn oscillations of
unstable states

Only requires 2 oscillating states

Observed in neutral kaon anti-kaon and neutral B meson-
anti-B meson oscillations

Large effect possiblexw and degay rates
comparable - . B> JyK?
O() =
5 of :
A oaf -
03F =
R S .
t [ps]

T

Figure 2: Time-dependent asymmetry (Ngo — Npo)/(Ngo + Npgo). Here, Ngo (Npo) is
the number of B — J/i K? decays with a B° (B") flavour tag. The data points are
obtained with the sPlot technique, assigning signal weights to the events based on a fit to
the reconstructed mass distributions. The solid curve is the signal projection of the PDF.
The green shaded band COQZsponds to the one standard deviation statistical error.



Search for baryon-number-violating
Eg oscillations

LHCbH collaboration’

Abstract

A search for baryon-number-violating = g’ oscillations 18 performed with a sample of
pp collision data recorded by the LHCb experiment, corresponding to an integrated
luminesity of 3fb~!. The baryon number at the moment of production is identified

by requiring that the 53 come from the decay of a resonance =~ — ng‘ or
5{,_ — = E‘;T_, and the baryon number at the moment of decay is identified from

the final state using the decays E'? — SE%x7, ¥ — pK~ 7. No evidence of

C -=cC
baryon number violation i1s found, and an upper limit is set on the oscillation rate
of w < 0.08 ps—!, where w is the associated angular frequency.

0.08 ps-1~5 x 10-14 GeV
I'~4.5 x 10-13 GeV
(Dinucleon decay bound~ 10-10 GeV)
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Possible Dark Sectors

(OV) 4urk =2 25 (OV)wivp MIN|Mg, me|/GeV

e Annihilation into sterile neutrinos (massive, SM singlets)

Add dark sector particles charged under Lepton number

me > My me > Mg
L C yn ¢\TJNR—|—hC L C yn&éP Ngr+ h.c.
L mE _ mg . . m3 i 2m§ 2_
TV)srgann = Un g |1 G TUeoNN = UN gyt [ g2

Note: s-wave suppressed cross sections so that CMB constraints are alleviated.

Make sterile neutrino very heavy and we can consider annihilation to SM neutrinos (through
mixing). But we do not expect a detectable signal given the required annihilation rate.



Possible Dark Sectors

(OV) 4urk =2 25 (OV)wivp MIN|Mg, me|/GeV

* Additional dark sector states carrying baryon number B =1/3

L C koA + K ¢¢p* AA* + he. ¢p+0* < A+ A

D

o/ =536 — ma~ Jm,~ L6Gey




Example Model

MSSM, R Symmetry, and Dirac Gauginos
GE with A. Nelson, G. Alvarez, and H. X1ao (in progress)

Superpartners and SM particles have different charge under an unbroken R-symmetry. We

can identify this with B&I’YOII number. wm% Superpartners as dark bary()ns.
Field || Spin | Qg | Baryon no. | Zs Mass
vy || o |=1/3] =-2/3 | +1| oO(Tev)
Y 1/2 1 0 —1 +1 O(GeV)
£ 1/2 1 0 0 —1 O(GeV)
¢ 0 0 —1 —1 O(GeV)




Example Model

MSSM, R Symmetry, and Dirac Gauginos
GE with A. Nelson, G. Alvarez, and H. X1ao (in progress)

Superpartners and SM particles have different charge under an unbroken R-symmetry. We

can 1dentify this with Baryon number. wsily  Superpartners as dark baryons.
Field || Spin | Qg | Baryon no. | Zs Mass
MSSM Squark | dp || 0 |—=1/3| —=2/3 | +1| O(TeV)
Y 1/2 0 —1 +1 O(GeV)
£ /2 0O 0 —1 O(GeV)
0 0 0 —1 —1 O(GeV)




Example Model

MSSM, R Symmetry, and Dirac Gauginos
GE with A. Nelson, G. Alvarez, and H. X1ao (in progress)

Superpartners and SM particles have different charge under an unbroken R-symmetry. We

can 1dentify this with Baryon number. wsily  Superpartners as dark baryons.
Field || Spin | Qg | Baryon no. | Zs Mass
MSSM Squark | dp || 0 |—=1/3| —=2/3 | +1| O(TeV)
pirac Bino | | 5| [l 1/2 | 0 1 | +1| oGev)
£ 1/2( 0 0 —1 O(GeV)
0 0 0 —1 —1 O(GeV)




Example Model

MSSM, R Symmetry, and Dirac Gauginos
GE with A. Nelson, G. Alvarez, and H. X1ao (in progress)

Superpartners and SM particles have different charge under an unbroken R-symmetry. We

can 1dentify this with Baryon number. Superpartners as dark baryons.
Field || Spin | Qg | Baryon no. | Zs Mass
MSSM Squark | dp || 0 |—=1/3| —=2/3 | +1| O(TeV)
. . B
Dirac Bino { \ } 1/2 0 —1 +1 O(GeV)
1/2 0 0 —1 O(GeV

New dark sector < : / ( )
chiral multiplet

0 0 0 —1 —1 O(GeV)




Details of SUSY Embedding

Want SUSY embedding of:

L C —yuaY b’ —ypsYs®+he. and £ C —ygpof

* Y/Squark-Quark Couplings:

W = yuQHuUC — deHch — yeLHdEC -+ ,uuHuRd -+ ,udRqu

\H, TR,
1 !/

2

AR, TH,

\;SR, H,

Lo N (Jgugbg+agdgbg+52ukd2)

* Y/Squark-Quark-Dirac Gaugino: from usual gauge interaction

Lomge O — V29T AT + h.c.
= —ﬁg(JRdEBT)

* Dark Matter: w > /d29 (y;SBD + mae®®) D = " + V20, + 0*Fp

S(y") = ¢y + V2120, + 6°6,F,



Model: MSSM + R Symmetry +
Dirac Gauginos

GE with A. Nelson, G. Alvarez, and H. Xiao (to appear)

e (Contribution to oscillation asymmetry:

Q. S
v A
el
pPorororcroageorororor
X X
PPN WP
Y L A
- Q|
Q. S
A Y
wef)
pPororrrm ooy
X X
W NN
A ml 4
o Q|

b df by dy
b < < d b > > d
d < < b d > > b
Al b1 d; b,




Collider Constraints

e Collider searches Br(B — £¢ + Baryon) = 1074 — 1072

LD —gusY*us® — yyp Y b + h.c.

my Am? (gudy¢b> 9 % 10-15 GV <mb — m¢>4 ( 1.2 TeV )4

T NN
b—pLud 60(27)3 m3 2GeV my / vV YybGud

Am \*/ 12Tev \*
Br(B — +Bar0ﬂ26><103( > < )
( 30 yon) 2 GeV My [ \/GusYib

Y — by  sbottom searches directly apply
1.2 TeV < my < 7TeV

Y — us Y searched for in dijet resonances



Parameters

Parameter Description Range Benchmark Value Constraint?
M Inflaton mass 11 — 100 GeV 15 GeV PD /[ Prad < 1073 at T = 3.5 MeV
s Inflaton width 1072 > Ty /GeV > 10721 10722 GeV Decay between 3.5 MeV < T < 50 MeV
My Dirac fermion mediator 1.5 GeV < my < 4.4 GeV 3.3 GeV Lower limit from m,, > me + me
Mg Majorana dark matter 0.3 GeV < mg < 3.1GeV 1.0 and 1.8 GeV me — mg| < myp —me
M Scalar dark matter 1.2GeV < my < 4GeV 1.5 and 1.3 GeV me — mg| < myp —me
Yd Yukawa for L = y40&¢ 0.3
Br(B — £¢p) Br of B — ME + Baryon 1072 — 107" 1x1074 Is there any?
AY, Lepton Asymmetry By Positive and < 1073 0 Ad, = —0.0021 + 0.0017 [8]
A3, Lepton Asymmetry B, Positive and < 5 x 1073 103 A3, = —0.0006 £+ 0.0028 (8]
(av)iM Annihilation Xsec for ¢ 4.4 x 107%° cm? /s
<av>§M Annihilation Xsec for & 2.1 x 107%? x v* cm?/s

' = (ov)ne ~ o(E

Will be higher then Hubble Rate:

3T)ne(T) ~ 3 x 1071 GeV (

Limit on inflation width comes from living 1n a regime where we can
neglect B oscillations compared to decays

We assume no decoherence between B mesons and the plasma.

For instance elastic scattering rate for .+ p, o+ B,

T 5
10 MeV)

H~4x107Y (54

(o)

0.187

ATLBFB . FZB 1
An% (ov)  T'g (ov)ne(t) Bro_p
2
2
vey) GeV



Dark Matter Cross Sections

Y (me +my)? (mé (mg — meg) (me + mcb)) 3/2

TVG+ g5 =
27rmg5 (—m? + mfp — m?b) 2

v2yg (mg —myg) (me + my)

ov * 4 —
o A8 /mE —m2m2 (m2 +m2 —m2 )4 [
£ 79 § (7 @

+ 8m§mf’p (mg — mi) + m?p (—Smgmi + 5mf§~l 4+ Sm;ﬁ)

6m5m15p + mfb (9m§ — Gmé)

+2memy, (mg —mg) 2 + 3 (m¢ — memg) * + 3my]

viyg (ngmw + 5m§m?p + SmEmfb + QmEmfp + 6m§m‘?p + Smg + Smg)

TVEE—p* ¢ lmy=0 =
487 (m? + mfb) 4



