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The Cosmic Puzzle of Qp

—Dark secret of the visible matter
- Baryon (atomic matter): Qg ~ 4%
- Dark Matter: Qpyv ~ 23%

The triple puzzle about cosmic matter:

Dark
Energy

Qg: the unknown of the known
72%
- Coincidence: Qpyv ~ Qg
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connection between 2, and Qg ?
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Baryogenesis

- What is origin of the matter-antimatter asymmetry? (Baryogenesis)

— the Universe starts with B = 0 (inflation) —?>B #+ ()

- Sakharov conditions for BG (1967): B violation, CP violation, out of equilibrium

Requires BSM new physics to explain Qp =~ 4 %!

B/L violation CP violation

Sphalerons

Explicit B violation
Explicit L violation
Other particle number violation

New CP violation in scalars,
quarks, leptons

CP violation in a dark sector
Sakharov
Conditions

Cosmological phase transitions
Out-of-equilibrium decays
Chemical potential

Out of equilibrium

Examples of BSM ingredients evoked to satisty Sakharov conditions and explain €25 (arxiv: 2203.05010)
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Traditional Baryogenesis
— Model and Pheno

A general summary of representative BG mechanisms developed in the past decades
(Not a complete list!)

- GUT baryogenesis: decay of GUT scale massive particles; challenged by constraints
on inflation scale and subsequent 7%, ; direct test challenging (high scale)

- Electroweak baryogenesis: EW sphaleron + bubble collisions during 1st order PT;
minimal models ruled out (SM+MSSM) with LHC data (extensions being investigated)

- Leptogenesis: decay of heavy RH neutrinos; intriguing connection to neutrino
physics (Seesaw); direct test challenging (high scale)

- Affleck-Dine baryogenesis: evolution/decay of the VEV of scalar condensates in
SUSY models; direct test challenging (high scale)

— Well-studied, well-motivated, attractive models; yet some challenged by recent data, others

are yet challenging to test (indirect signals better studied: e.g. EDM, n — 71 oscillation, proton decay)

@ Further pursuits are required!
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New Developments on Baryogenesis

Recent progress in solving the {25 puzzle, driven by:

- Big question persists: (2 no less important than €, !

- Some of the paradigms challenged/constrained by recent data: e.g. GUT BG, minimal
EWGB; new theoretical ideas beyond the known: worthy intellectual pursuit

- Traditional mechanisms typically assume high scale: BG at Ty (100 GeV) or much higher;
In reality,

@ The uncharted/under-explored low-scale BG landscape (theory and observables)!

- Traditional mechanisms generally involve very high energy physics ( > Agy): challenging/impossible to
directly test with terrestrial probes

% Imprints from the very early/high energy Universe? New opportunity with the era of precision
cosmology/astrophysics observatories (CMB, LSS...) + gravitational wave astronomy!

- Increasing attention on the coincidence problem: Qp ~ Qo (e.g. asymmetric DM),
connection/inspiration/synergy with recent developments in dark matter studies?
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- Traditional mechanisms typically assume high scale: BG at Ty (100 GeV) or much higher;
In reality,

@ The uncharted/under-explored low-scale BG landscape (theory and observables)!

- Traditional mechanisms generally involve very high energy physics ( > Agy): challenging/impossible to
directly test with terrestrial probes

% Imprints from the very early/high energy Universe? New opportunity with the era of precision
cosmology/astrophysics observatories (CMB, LSS...) + gravitational wave astronomy!

- Increasing attention on the coincidence problem: Qp ~ Qo (e.g. asymmetric DM),
connection/inspiration/synergy with recent developments in dark matter studies?

< Echos the recent developments in DM studies, driven by: increasing constraints on WIMP paradigm
+ new signals with new experimental designs/technology
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A Snowmass White Paper (arxiv: 2205.05010)
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A Snowmass White Paper (arxiv: 2205.05010)
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Outline: A Glimpse of New Developments on Baryogenesis

Disclaimer: this is a small, representative sampler set! See our Snowmass WP for many other examples

-New ideas in baryogenesis models:

» WIMP triggered BG and variations, e.g. WIMP cogenesis, Dark freezeout cogenesis
» AXiogenesis

-New ideas in testing traditional baryogenesis models:

» Cosmological probes for high scale leptogenesis: cosmological collider physics (LSS, 21 cm)

» Gravitational waves as a probe for BG models: leptogenesis, EWBG, Affleck-Dine



New ideas in baryogenesis models




WIMP Triggered Baryogenesis-1

- Motivation: New mechanisms for addressing Qg ~ Qpy\ (alternative to asymmetric DM), while
preserving the merit of WIMP miracle (the absolute €2 from thermal freezeout)

- First attempt: WIMP DM freeze-out (i.e. out-of-equilibrium annihilation) as a new way realizing
Sakharov conditions for BG (vs. out-of equil decay)?

= WIMPY Baryogenesis (YC w/L. Randall, B. Shuve 2011) .
10 ®
X L . . . \ Y xs (Weak washout)
. B, CP encoded in the annihilation of DM X 1 AP

““““ (tree-level+interference w/loop processes) 1 e \
X ¥ = AB generated during the X freezeout 1o Y song washout

10 ¢

i Y,

» Novel mechanism with close connection to DM physics + rich pheno: collider, DM detection, EDM...
» AB sensitive to details of washout process = restricted parameter region
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WIMP Triggered Baryogenesis-2

- Baryogenesis from metastable WIMP decay (YC w/R. Sundrum 2012): A robust WIMP miracle for
baryons, post-f.o. decay of long-lived WIMP (not WIMP DM)) triggers BG, insensitive to washout details

WIMP
g / /SM thermal freeze out

out-of-equilibrium
WIMP 4 / \X SM

?
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- Baryogenesis from metastable WIMP decay (YC w/R. Sundrum 2012): A robust WIMP miracle for
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- Novel baryogenesis
(2B

* Generalized WIMP miracle
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Baryogenesis from Metastable WIMP Decay

- Realization in SUSY models: in RPV MSSM+singlet (YC, Sundrum 2011), in mini-split MSSM with RPV

- Distinct collider phenomenology (LLP) with cosmological motivation (YC, Shuve 2014)

For y of weak scale mass, x lives beyond its LHC tracking

Iy < H(T = M,) cTy 2, m

thermal freeze out time = resolution!

— A generic connection between cosmological slow rates at T ~100 GeV and displaced vertices at colliders!

12
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Baryogenesis from Metastable WIMP Decay

- Realization in SUSY models: in RPV MSSM+singlet (YC, Sundrum 2011), in mini-split MSSM with RPV

- Distinct collider phenomenology (LLP) with cosmological motivation (YC, Shuve 2014)

For y of weak scale mass, x lives beyond its LHC tracking

Iy < H(T = M,) cTy 2, m

thermal freeze out time = resolution!

— A generic connection between cosmological slow rates at T ~100 GeV and displaced vertices at colliders!

Our universe around EW

Reproduce early Universe BG at the LHC!

phase transition was just

slightly bigger than LHC (WIMP BG adopted by ATLAS LLP WG as a benchmark
tracking resolution! —first official ATLAS report 2019)
Metastable WIMP baryon parent@LHC: displaced vertex | _______Stable WIMP DM@LHC: missing energy (analogy)
//Y j/t/MET N ' 7z, 2% T

P
.
-

;@‘ xoc(er > 1 mm) BACK/TO. THE BIG BANG: & o Ob@b»
INSIDE THE LARGE HADRON COLLIDER '
GAOMET
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WIMP Cogenesis
Further development beyond WIMP BG-2: incorporate specifics of dark matter

EWIMP Cogenesis (YC and Michael Shamma arxiv:2002.05170 JHEP):
> Simultaneous production of asymmetric DM and baryon asymmetry in the same decay chain of a long-lived

Y (WIMP-like, first freezes out): grandparent for both €2, oy and Qp

» DM and baryons are connected by a generalized baryon number that is conserved Dark matter

Metastable Unstable ¢ d
- : SM Baryon/

Metastable WIMP Metastable Exotic Baryon Exotic L X 2M- S 0

Abundance Asymmetr epton Asymmetry — X Y A

WIMP WIMP bt Baryon 2y (e0) e €11Y1,to. Y; . /
Freeze—out Decay Decay Asymmetric DM CsMn SO w QS
Qp(c0) = 1Yy, fo. _ 5
Pc \
Departure from Equilibrium C/CP Violation Baryon Number Violation o X
Neat prediction for sub-GeV-GeV ADM

Three Sakharov conditions realized in sequential steps (mechanism different from most ADM models)

Baryon
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WIMP Cogenesis
Further development beyond WIMP BG-2: incorporate specifics of dark matter

EWIMP Cogenesis (YC and Michael Shamma arxiv:2002.05170 JHEP):

> Simultaneous production of asymmetric DM and baryon asymmetry in the same decay chain of a long-lived

Y (WIMP-like, first freezes out): grandparent for both €2, oy and Qp
» DM and baryons are connected by a generalized baryon number that is conserved

Metastable Unstable
WIMP Metastable Exotic Baryon

2

SM Baryon/ 2
M~ So
Lepton Asymmetry _ X
QX(OO) — 61YY1,f.o. Y,

Exotic

Metastable

Dark matter

Abundance Asymmetry
WIMP

\Dcc—ay

Departure from Equilibrium C/CP Violation Baryon Number Violation

Baryon
Decay

WIMP
Freeze—out

Pc
Asymmetric DM CsMp SO
QB (OO) = €1 YY1 f.o.

Pc

Neat prediction for sub-GeV-GeV ADM
Three Sakharov conditions realized in sequential steps (mechanism different from most ADM models)

> Rich signals for LHC, induced nucleon decay, DM direct detection (sub-GeV to GeV range))...
g % u , u

K7 R 4 a4 L d
> . bmiry e
g +< X7x v > : X X

13

/¢/ d
L @
AN

Baryon



(Also see M. Shamma’s

Dark F'reeze-out C()geneSlS parallel talk yesterday)

Further inspiration from WIMP BG: common origin of DM, baryons from a decoupled dark sector

" Dark Freeze-out Cogenesis (X. Chu, YC, J. Pradler and Shamma 2112.10784 JHEP) l

> Freeze-out of DM via annihilating into a metastable dark partner => Qpy, (New f.0. dynamics! Conserved number

in dark sector) + Out-of-equilibrium condition for g, via late decay of the dark partner
> Accommodate wide range of DM mass: GeV-TeV

Stable DM Metastable
B
Dark

Partner

Decay

Yields

Standard Model
Baryons

Metastable
Dark
Partner

Stable DM Decay
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(Also see M. Shamma’s

Dark F'reeze-out C()geneSlS parallel talk yesterday)

Further inspiration from WIMP BG: common origin of DM, baryons from a decoupled dark sector

" Dark Freeze-out Cogenesis (X. Chu, YC, J. Pradler and Shamma 2112.10784 JHEP) l

> Freeze-out of DM via annihilating into a metastable dark partner => Qpy, (New f.0. dynamics! Conserved number

in dark sector) + Out-of-equilibrium condition for g, via late decay of the dark partner
> Accommodate wide range of DM mass: GeV-TeV

Stable DM Metastable
B
Dark

Partner

Decay

Standard Model
Baryons

Yields

Metastable
Dark
Partner

Stable DM

> Rich cosmology+pheno: driven by the metastable dark partner before its decay
(observable effect on structure formation), collider signals most promising with future high-E, high-Lum colliders

X2,3

A, A

9
0 A
\\ ¢* \\ ¢*

\‘\ \‘\
9 h d 9 h

\Td ?ij 14




Axiogenesis

- Kinetic misalignment (Co, Hall and Harigaya 2019; Chia-Feng Chang and YC 2019): Axion field with a
non-zero initial velocity &; # 0 (vs. conventional misalignment: §; = 0), can originate from an explicit

PQ breaking (OK/expected for an approximate, global symmetry) = Alters the prediction for € ()

- Axiogenesis (Co and Harigaya 2019): generate {25 in kinetic misalignment scenario

V(6)

Misalignment Mechanism
;=0

PQ charge Quark chiral Baryon | g

. > . > 6i
(Hl # O) asymmetrles asymmetry V(e) Kinetic Misalignment Mechanism
ng 45¢cp 0
Yg = 2 = : - ‘
S 2QsT ik Credit: Harigaya’s website
T'=Tgw
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New ideas in testing traditional
baryogenesis models




Probing Leptogenesis with the Cosmological Collider
(arxiv: 2112.10793, submitted to PRL, YC w/Zhong-Zhi Xianyu)

e A Short intro to CC physics
» Man-made, terrestrial collider physics:

2D map of energy deposition in calorimeters— physics
of high energy collision (short distance): interactions,
Large Hadron Collider IMassScEs Of necw pal‘tiCleS

ATLAS detector

» Cosmological collider physics:
2D map of CMB or galaxy distribution (sourced by
primordial fluctuation)— physics of ultra high energy
inflationary Universe: particle masses/interactions...

M W g o _ 2
Backg(r):tr:::g S't;srts Galt:;?es A)c(:gz::;?t:s WS i oo T E = mc
Afterglow Develop oy _ S Py gt v N .
O o . ki S AT Hubble expansion
Inflation i ﬁxr}dﬂ"&“ S FE -._. ;
U PREEERS s 8 energy (H) during
N TR [ . . . .
ﬂ ‘-'~~'f $ -. i i B 2 Cosmological Collider mﬂa‘[]()n;
? 7 o b The universe

—production of heavy

particles well beyond
the reach of LHC!
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https://arxiv.org/abs/2112.10793

A Short intro to CC physics (cont'd):

Primordial quantum fluctuation of a scalar field(s) ¢ (e.g. inflaton), 6¢: seeds CMB anisotropies, structure

formation (inhomogeneities)

photon decoupling
CMB

P ‘/ i
. it o, : dark ages
Ll 21cm tomography
: ’ 'ﬁ LY B galaxies formed
—-# ' "l. > o _\;"A‘-'j.‘.'.," v LSS survey
5,0m(X) 5T(X) g i
- LSS CMB

end of inflation

V(o)

A

“slow-roll”
phase:
potential is
nearly flat

Gravitational waves

18



A Short intro to CC physics (cont'd):

Primordial quantum fluctuation of a scalar field(s) ¢ (e.g. inflaton), 6¢: seeds CMB anisotropies, structure

formation (inhomogeneities)

V(¢) ‘ . / ‘ :l.- gp/l%ton decoupling
‘ ‘, y Wl 25 dark ages
lom fomooragty
“SII?}ZZ_SI@(TH” , " '.“_\.‘" gL;SaISa;j(revse ;ormed
o 0P, (X) o1(x) L L
Gravitational waves
end of inﬂatiorr ¢ LSS CM B
Example: How we extract information about primordial fluctuation from the CMB e Emmd
T e Fourier transform :
o ‘s <5T(~CB1) "o 5T($n)> — <C('x1) . . C(Xn)> ___________________ > <5T(k1) . o 5T(kn)> § - /\
"i e {(x): curvature perturbation due to o¢ (k) k) N Ll \’\“\\
AR b T L ip SR U;f : Angular scale | |
h T e S e Planck 2018
V. : Propagation
. n=2: 2-point correlator = power spectrum
\ 4

- n>2: Higher order correlations, bispectrum (3-pt), trispectrum (4-pt)== Non-Gaussianity!

\ % Reveal info about interactions of the field(s) / L/\‘ ) @ >< >‘<

contributing to primordial fluctuation (inflaton+...)
18

Collision (interactions!)



A Short intro to CC physics (cont'd):

» Original CC: an inflaton collider
— inflaton fully responsible for the source of inhomogeneity

» Beyond the minimal (yet motivated!): primordial fluctuation (partially) sourced by another field (“Modulated
reheating’, Dvali, Gruzinov, Zaldarriaga 2003),

Application in CC: Cosmological Higgs Collider (CHC) (Lu, Wang and Xianyu 2019); Curvaton collider (Kumar,

Sundrum 2019)

19



A Short intro to CC physics (cont’d):

» Original CC: an inflaton collider
— inflaton fully responsible for the source of inhomogeneity

» Beyond the minimal (yet motivated!): primordial fluctuation (partially) sourced by another field (“Modulated
reheating’, Dvali, Gruzinov, Zaldarriaga 2003),

Application in CC: Cosmological Higgs Collider (CHC) (Lu, Wang and Xianyu 2019); Curvaton collider (Kumar,
Sundrum 2019)

* Attempts of probing BSM particle physics with CC physics:
SM particles (Chen, Wang, Xianyu 2016), GUT physics (Kumar, Sundrum 2018), Higgs potential at high energy (Hook,
Huang, Racco 2019)...

—Cosmological collider: probe the impossibles for terrestrial colliders!
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A Short intro to CC physics (cont'd):

» Original CC: an inflaton collider
— inflaton fully responsible for the source of inhomogeneity

» Beyond the minimal (yet motivated!): primordial fluctuation (partially) sourced by another field (“Modulated
reheating’, Dvali, Gruzinov, Zaldarriaga 2003),

Application in CC: Cosmological Higgs Collider (CHC) (Lu, Wang and Xianyu 2019); Curvaton collider (Kumar,
Sundrum 2019)

* Attempts of probing BSM particle physics with CC physics:
SM particles (Chen, Wang, Xianyu 2016), GUT physics (Kumar, Sundrum 2018), Higgs potential at high energy (Hook,
Huang, Racco 2019)...

—Cosmological collider: probe the impossibles for terrestrial colliders!
,? Opportunities for high scale baryogenesis?
oA
&

Ne A benchmark: Leptogenesis
(arxiv: 2112.10793, submitted to PRL, YC w/Zhong-Zhi Xianyu)

(Naturally suitable for CHC: heavy RH neutrino, SM v coupling to SM Higgs)
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https://arxiv.org/abs/2112.10793

Probing Leptogenesis with the Cosmological Collider

- Essence of leptogenesis (Type-I Seesaw): , SM lepton doublet L = (v, ™),
couple to the SM Higgs H; N decay (post-inflation, before EWPT)=Q , ;=2 , 5 (EW sphaleron)

- Distinct story when applying to CHC:
During inflation Higgs gets a large VEV v ~ H! H: Hubble, quantum fluctuation (e.g. Bunch, Davies 1978)

=» Distinct pattern of neutrino mass matrix/couplings, different from both leptogenesis era (v = 0) and today (v = vgy)

20



Probing Leptogenesis with the Cosmological Collider

- Essence of leptogenesis (Type-I Seesaw): , SM lepton doublet L = (v, ™),
couple to the SM Higgs H; N decay (post-inflation, before EWPT)=Q , ;=2 , 5 (EW sphaleron)

- Distinct story when applying to CHC:
During inflation Higgs gets a large VEV v ~ H! H: Hubble, quantum fluctuation (e.g. Bunch, Davies 1978)

=» Distinct pattern of neutrino mass matrix/couplings, different from both leptogenesis era (v = 0) and today (v = vgy)

Take 1 generation of N as a toy example: parametrize the Higgs as H = (0, (v+h)/v2)"
h 1 —
— AYZ=v'5"9,v+ N'ig"9,N + [mD(l + ;)VN — 5 my NN + c.c.} mp = yv/V2
mDh

Rotate to mass eigenstatesy,. : ¥ DO

{mD(wz — w—2|—) _|_me—¢—|—} my — %(mN -+ \/m%v_l_ 4m%)

v\/m?\, + 4m?,

20
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- Essence of leptogenesis (Type-I Seesaw): , SM lepton doublet L = (v, ™),
couple to the SM Higgs H; N decay (post-inflation, before EWPT)=Q , ;=2 , 5 (EW sphaleron)

- Distinct story when applying to CHC:
During inflation Higgs gets a large VEV v ~ H! H: Hubble, quantum fluctuation (e.g. Bunch, Davies 1978)

=» Distinct pattern of neutrino mass matrix/couplings, different from both leptogenesis era (v = 0) and today (v = vgy)

Take 1 generation of N as a toy example: parametrize the Higgs as H = (0, (v+h)/v2)"
h 1 —
— AYZ=v'5"9,v+ N'ig"9,N + [mD(l + ;)VN — 5 my NN + c.c.} mp = yv/V2

Rotate to mass eigenstates y, : & 3 p (Y2 — 7)) +} my = = (myx/m% + 4m%))
D

% myp, ~ my ~ H during inflation— no Seesaw! = m, Nm_\. \

: : . . : :
* Mass matrix and Higgs Yukawa couplings cannot be Sizable Yukawa coupling mixing mass eigenstates!

simultaneously diagonalized = Novel pattern of CHC signal
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- Essence of leptogenesis (Type-I Seesaw): , SM lepton doublet L = (v, ™),
couple to the SM Higgs H; N decay (post-inflation, before EWPT)=Q , ;=2 , 5 (EW sphaleron)

- Distinct story when applying to CHC:
During inflation Higgs gets a large VEV v ~ H! H: Hubble, quantum fluctuation (e.g. Bunch, Davies 1978)

=» Distinct pattern of neutrino mass matrix/couplings, different from both leptogenesis era (v = 0) and today (v = vgy)

Take 1 generation of N as a toy example: parametrize the Higgs as H = (0, (v+h)/v2)"
h 1 —
— AYZ=v'5"9,v+ N'ig"9,N + [mD(l + ;)VN — 5 my NN + c.c.} mp = yv/V2

Rotate to mass eigenstates y, : & 3 p (Y2 — 7)) +} my = = (myx/m% + 4m%))
D

% myp, ~ my ~ H during inflation— no Seesaw! = m, Nm_\. \

: : . . : :
* Mass matrix and Higgs Yukawa couplings cannot be Sizable Yukawa coupling mixing mass eigenstates!

simultaneously diagonalized = Novel pattern of CHC signal

Generalize to realistic 3 generation N’s: persist, plus CP phases
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Cosmological (Higgs) Collider Signals of Leptogenesis

. Central task for finding CHC signal: calculate the 3-pt correlator of o/

? T
5hk3 E 5hk3 : .
' O1 = y12(e"P*2112)9 + c.c.) ®17, Ps: CP phases
W
Squeezed limit ! / O, = l(ei%wﬂh +c.c ) 1/A N y12(y11/m1 4+ y22/m2)
R = .C.
Integrate out a T N A
Shi, Shi, | “local” neutrino e NN

é ﬁ Er/ \\D

s~ How the CHC signal depends on m, m,, CP phases

+ COS(9012 — 905)fm1 (:l?, y)me (ZC7 y)

(2 —im)T(L + im 3/2—im T(2 —im)D(E +1im) / 71 \ 3/2—im
ifm(a:,y)zzRe{ (2 —im)I'(5 +1m)(7172) gm(x,y)zzRe{ ( T )( <9

A75/2 X2 475/2 X2
|y (B —4m2i+m)) (7} +75) — 6T y [1 . (3 4m(2i+m))(rf +75) + 67 ] } m = m/H
>< « (]
2(1 — 2im) X2 ’ 2(1 — 2im) X2
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Cosmological (Higgs) Collider Signals of Leptogenesis

Result-1: Shape function of the prlmordlal blspectrum (S(ky, ks, k7))

,:r_
a =
r’
"

Squeezed limit of bispectrum: k; ~ k, > k; ;
@ Key for revealing new heavy particles (mass, coupling!) \ ‘

S(kl, k3) X e—]tm/He imAt
— Mass measurement via oscillation pattern!
(C.f. bump hunting at the LHC)

Intermediate heavy particle

3-pt function in Fourier space

015} Dirac Majorana Majorana + CP phases Three cases:
0.105_ ' - Pure Dirac mass: known case, signal dies fast
g, 0.055_ - Majorana mass w/o CP phases (new): single mode oscillation
(?; 0 005 B - Majorana mass w/ CP phases (new, leptogenesis):
o two distinct modes of lasting oscillation
< ~0.05 @ Information about heavy RH neutrino mass!
~0-101 _ With 3 generations, more oscillation modes possible,
=0.05p [ : but generally expect one pair of mass eigenstates dominate
0 1 2 3 4 5 6 the signal
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Cosmological (Higgs) Collider Signals of Leptogenesis

Result-2: CHC signal strength f\; VS. Y, predicted by leptogenesis

: ' ' 1013 o
fni: amplitude of the shape function - H=10"GeV {;\\/0:7\_ log,, £8iEm

S(ky, ky), increase with couplings

0.5}
| 2
C €1
Y = " K 1
Cs — 1 G«
c, : sphaleron conversion -0
+ €, : asymmetry from N, decay -1
)
-3

= A potential tension for observable f,,, 120 12.2 124 12.6 12.8 13.0 13.2 134

: log,qm1/GeV
vs. Sufficient Y5 g0 M1

Scan over perturbative Yukawa couplings, mass range

23



Cosmological (Higgs) Collider Signals of Leptogenesis

Result-2: CHC signal strength f\; VS. Y, predicted by leptogenesis

fni s amplitude of the shape function
S(ky, k5), increase with couplings

Cg €1
K
CS - ]. g*
¢, : sphaleron conversion

Yp =

+ €, : asymmetry from N, decay

= A potential tension for observable f,;

vs. Sufficient Y5

12.0 12.2 124 12.6 12.8 13.0 13.2 134

0.51

log,ym/GeV

Scan over perturbative Yukawa couplings, mass range
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| (signal)
log oL

g
2 -0.010

o
o
=

&=

Viable leptogenesis
models can lead to
signals detectable by
future CMB/LSS/21

cm experiments!
(fur 2 0(0.01))




Probing High-scale Baryogenesis with Gravitational Waves

*GW discovery (2016): a new era of observational astronomy +
unprecedented opportunities for probing new particle physics!

Snowmass WP on GW probes for BSM: arxiv: 2203.07972, LISA science book: arxiv: 2204.05434 Nobu's talk

*GW: Unique tool for probing the pre-BBN primordial dark age; the only omerow

2890000 paars

messenger that can travel freely throughout space since the Big Bang
(gravity: weakest force)

ﬁ? — Shed light on high scale BG models (challenging /impossible for terrestrial probes)?
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Probing High-scale Baryogenesis with Gravitational Waves

*GW discovery (2016): a new era of observational astronomy +
unprecedented opportunities for probing new particle physics!

Snowmass WP on GW probes for BSM: arxiv: 2203.07972, LISA science book: arxiv: 2204.05434 Nobu's talk
romorrow

*GW: Unique tool for probing the pre-BBN primordial dark age; the only e
messenger that can travel freely throughout space since the Big Bang
(gravity: weakest force)

O — Shed light on high scale BG models (challenging /impossible for terrestrial probes)? YS!

JJ. N
« Example-1: Leptogenesis (Dror, Hiramatsu, Kohri, Murayama, White 2019) a

- Cosmic strings generically predicted in LG with spontaneously broken
Ul)g_;

- Cosmic strings are well-studied, potentially strong source of GW signals
(e.g. NANOGeravy, recent review by LISA CosWB: arxiv: 1009.00819; cosmic
archaeology: YC et al. 2017, C. Chang+YC 2021...)

- A wide range of leptogenesis models of this type can be probed with
future GW experiments (LISA, ET, BBO, SKA...) (Dror et al. 2010 )
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Probing High-scale Baryogenesis with Gravitational Waves

« Example-2: BG from first-order phase transitions

- EWBG: an attractive BG mechanism, out-of-equilibrium condition met by first
order EWPT; minimal versions (SM, MSSM) not viable with LHC constraints,
can work in extended models

signal from EWPT can be within reach of LISA (recent review: arXiv:1009.00819,
2204.05434)

« Example-3: Affleck-Dine BG (Zhou 2015, White, Pearce, Vagie, Kusenko 2021)

- AD scalar condensate generally fragments into non-topological solitons, Q-
balls, which later decay
- Q-ball dynamics (formation, rapid decay) can lead to distinct GW signals
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Conclusion

- Baryogenesis persists as a profound puzzle in particle physics (just like dark matter!),
ample opportunities for further exploration (some of the prevailing models constrained or hard
to test with old methods, new experimental probes available)

-Recent developments:
» New model building: low-scale physics, dark matter inspired, coincidence Q5 ~ Qo inspired...

» New phenomenology: for the new models and for traditional (high-scale) models; distinct
collider signals (LLP etc.), intensity frontier, astrophysical/cosmological probes (LSS, GW...)...

- Exciting time ahead for unraveling the cosmic

‘ + The Theory
| frontier,
neutrino frontier

+ GWs, 21 cm line...

26






Backup Slides



Baryogenesis from X — X Oscillation

- Baryogenesis from particle-antiparticle oscillation
- From mesino oscillation
- From pseudo Dirac fermion oscillation: e.g. SUSY Bino (Ipek and March-Russell 2016)
- From B-meson oscillation
- From dark matter oscillation (Shuve and Tucker-Smith 2020)

Inspiration from meson oscillations in the SM: oscillation is optimal when o6m ~ I'= Enhanced CP violation

Complex oscillation dynamics in the early Universe:
Hubble expansion, oscillation, scattering...

- Oscillation = out-of-equilibrium and B or Z decay =

- Rich pheno (depends on model): LLPs and other LHC signals,
CPV observable at B-factories, structure formation, X-rays...
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Cosmological Collider (CC) Physics 101

- How we discover new heavy particles with CC

L1 25 ey ks
3-pt correlation function: ks
L2 K2
/! __ 1 .
(Ciey Gien Cics)' = (2)* P2 G S(ki, ko, ks) S(ky, k,, k;): shape function
% Amplitude of non-G: fy; =~ |S(K, K, K) | |
O(1) in 10 yrs? O(o.01) ultimately

Observational prospect for fy; :  Planck 2018:

(local)
NL -

(equil)
NL  —

(ortho)
NL o
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Cosmological Collider (CC) Physics 101

- How we discover new heavy particles with CC

L \ ks
3-pt correlation function: Interactionsum o, .
(tree, loop, intermediate particles) 1
5 / ko
1
(Ciy CinCies ) = (27r)4PC2 55 (ki, ko, k3) S(ky, ky, k3): shape function
(k1koks)
% Amplitude of non-G: fy; =~ |S(K, K, K) | |
O(1) in 10 yrs? O(o.01) ultimately

Observational prospect for fy; :  Planck 2018:

(local)
NL -

% 0.000f ol '
(equil) 2
N1, — — 26 . 47 £ 0% Mult‘-field inflation
g
% -0.010¢ S
) -
< 68% confidence:
(Ort hO) « -0.015 === Planck allowed
_ — 38 1 2 - Euclid PoS
NL - £ .0.020} SPHEREX PoS
=
3
o

SPHEREX BiS
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Cosmological Collider (CC) Physics 101

- How we discover new heavy particles with CC

(couplings) “
Squeezed limit of bispectrum: k; ~ k, > k; ky - >

w key for revealing new heavy particles k2 A9

Small-momentum mode exits horizon =« 4% -
earlier during inflation % i/c
% k,/k;: measures time difference ———— ===

kl e H tlate

— = = e

k3 e H tearly

LPhys

~ const

Inflation ' Thermal big bang
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Cosmological Collider (CC) Physics 101

- How we discover new heavy particles with CC

(couplings)
Squeezed limit of bispectrum: k; ~ k, > k; ky .
. . 3
w key for revealing new heavy particles k2 9
Small-momentum mode exits horizon =+ ,~o S
earlier during inflation \ I’/ |
% k,/k;: measures time difference ———— ===
kl thlate l )
— = — olA! Propagating, real
k3 thearly

LPhys

intermediate particle!
—rxmlH imAt
Sty ky) o e~™H i
Boltmann factor (Tyg ~ H)

— e—ﬂm/H ( kl / k3)im/H

— Mass measurement!
(C.f. bump hunting at the LHC)
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~ const

Inflation ' Thermal big bang

Examples of S(kl’ k3)

“‘\’7=2‘ ettt N EEams o EmEan —t
\/A§

Lee, Baumann, Pimentel, 1607.03735



