The quest for the mechanism behind
the matter-antimatter asymmetry

Julia Harz

5th April 2022
Particle and Astroparticle Physics Colloquium DESY Hamburg

Emmy v
Noether- -
Programm *

DFG Deutsche
Forschungsgemeinschaft

Technische Universitat Minchen



- . - '
. & ‘ -
o L]
.~ \
-, ‘
4 -
— .‘ e .
" . .
. .
- ’ ;
. -
E T
. w :
- v a
™ e -
. .

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry


http://www.nasa.gov/
http://www.spacetelescope.org/
http://www.stsci.edu/
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What is our.Universe made of?

' b L . .
‘ . ; ‘ _ . NASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer, and the HFF Team (STScl)
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Why do we exist?

Why is there more matter than antimatter?
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Traveling back in time...

Today 14 hillion years
Life on earth - .

Acceleration \—— 11 hillion years
Dark energy dominate! 0 St

sl st o ®5is vm;mz ' mi_s Our Universe consists mainly out of baryonic matter,
peak 8 B quantified by the baryon-to-photon ratio:

Galaxy formation era\ y
Earliest visible galaxies' - 700 mill'ion years

Recombination Atoms form \——¢=400,000'years =
Relic radiation decouples (CMB) ( g)" D @) 2

Matter domination — 5,000 years
Onset of gravitational collapse : {

Nucleosynthesis 3 minutes ng ny — 77/5

Light elements created - D, He, Li | _
Nuclear fusion begins 0.01 seconds nB = -

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

e i TN 0 Credits: University of Cambridge / The Stephen

Hawking Centre for Theoretical Cosmology
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Big Bang Nucleosynthesis

* 3 min after Big Bang

 BBN creates first light elements (D, He) ]
3Hen — 4He y @ ':r
m
. 3He D — 4He p Pt
Deuterium Bottleneck 2
Nucleosynthesis starts with formation of Deuterium (D) g
ptn—D+~y é’
()
G
Only if photo-dissociation ceases to be effective,
chain of light elements can be formed
Bp
TP ~ =2
" Tognp !
NS = (6.143 £ 0.190) x 10~1°
6
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Cosmic Microwave Background (CMB)

* 400.000 years after Big Bang

* measures temperature Fluctuations from recombination

6000 | P U Oy, 50% higher

—— best ACDM fit
......... O, 50% lower

L
-
-
o

0@), 00 =3 210, Py(coso)

7 4

4000 }
3000 ¢

2000 |
Photon
» Pressure

l’({’+l)C,TT in,uK2

1000 }

1

Credits: hep-ph/0608347
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Combination of BBN & CMB

baryon density parameter 2ph?
102
i

o o o
[ [ [
(53 [=2] =X
T TT

4He mass fraction
SO
bo
N

Excellent agreement even though
measurements originate from two
different epochs!

10—10 L
10—10

1070
baryon-to-photon ratio n = ny/n.,

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry



Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

D baryon number violation

—,
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SL

SL tr,
M SM sphaleron interactions “ \ 1 / by
p \\/, Gl \‘//
D baryon number violation AL = AB = 3 4, ———iSphaleron—— b;

highly active above T_, ’ / ] \ 7

Ve

Ou(JPH — JH) =0 B-L conserved

O (JBH 4+ JE#Y £ 0 B+L violated

Fé)M 47 v,
I e (_gw T)
15y

v~ o’ T
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? e [
o charge
name

Charge conservation:
\Z baryon number violation

I'X - AB)=TI(X — A B)

D C and CP violation
Requirement of charge violation:
dYp

7zF(X—>AB)—F(7—>Z§)
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? , , ot
Charge and parity conservation:

\Z baryon number violation o
I'(X = qrqr) = I'(X = g qr)

D C and CP violation

Requirement of charge and parity violation:

dYp

—=~ (X =2 qrqr)+ (X =7, 7))

—(I'(X — qrqr) + I'(X — qrq1))]
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? Quark sector exhibits CP violation (CPV)

1-5_TII1IIIII|IIII%IIYII
\Z baryon number violation ; R

0 g % Amy & Amg
E sin2f

1
\/ |
C and CP violation 1
K |K}) = \/:|

B fi%ter : sol. w/cos2p<0

Spring 21 h (excl. atCL > 0.95) —
_15 _1 | S [ | I | i L1 1 1 [ Lk 1 i l 1111 | | . T T |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Jer 1072 a4 OO0 i
T2 ( ) not enough CP violation within SM!
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM?

(B)r = Tr[e”"# B] = Tv[(CPT)(CPT) ‘e PH B

\Z baryon number violation = Tr[e~""(CPT) " B(CPT)] = —(B)r

Departure from thermal equilibrium:

M C and CP violation * First order phase transition (FOPT)

* QOut-of-equilibrium decays

D departure from thermal equilibrium X :L > L X
B :

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).
SM?

\Z baryon number violation

T

M Cand CP violation Strong FOPT during EWSB:

ve _ 3g°v?

T. 32m2m3 —

R departure from thermal equilibrium i < 32GeV

-~ Higgs too heavy for First order phase transition

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 15



Where do we stand?

. DESCRIPTIO TERRAE PHYSICA NOVA _
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Basic principle of baryogenesis

baryon baryon
asymmetry asymmetry

washout generation
(BNV) (CPV, BNV, O0E)

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Basic principle of standard leptogenesis

lepton lepton
asymmetry asymmetry
washout generation

(LNV) (CPV, LNV, Oo0E)

lepton
asymmetry

SM processes

Julia Harz

The quest for the mechanism behind the matter-antimatter asymmetry

18



Basic principle of standard leptogenesis

Neutrino mass generation
mechanism?

lepton lepton
asymmetry asymmetry
washout generation

(LNV) (CPV, LNV, OoE)

lepton
asymmetry

SM processes

baryon
asymmetry

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Neutrino mass mechanism

1
LDy, LeHUR + ivaRVJC% + h.c.

H_/
MpVLVR

,02

~ —1_ T
m, =~ —?yymM yy

M, = 0.3 ($) (e ) eV

Low-scale leptogenesis

(H)

&, +
‘_’L,—/O’\>

* Majorana neutrino mass
* Higher dimensional operator
* Lepton number violation (LNV)

M, = 0.3 (LG8 (2 ev

High-scale leptogenesis

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 20



Overview of leptogenesis models

Flood et al. (2021)
Domcke et al. (2021)

gravitational freeze-in

waves leptogenesis
McDonald et al. (2014, 2015, 2017, 2020) . high-scal
Samanta et al. (2020) wash-in gh-scale

out-of- o del specific new d.o.f.

equilibrium ,,.iply at lower scale
decay

L leptogenesis
gravitational

leptogenesis

Fukugita, Yanagida (1986)

Pilaftsis et al. (2005)
Nardi et al. (2006)

Abada et al. (2006)
Petcov et al. (2018, 2020)

Moffat et 2 (%203 291)) Flavoured
ranett ec al. . .
Mukaida et al. (2021) leptogenesis leptogenesis

via oscillations

resonant Akhmedov et al. (1998)

leptogenesis
Pilaftsis, Underwood (2003)

low-energy rare decays (LFV),
neutrino oscillations,

. light RHNs
neutrino mass spectrum etc.

. — ShiP, meson decays, LHC
medium range RHNs - LHC
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Leptogenesis via oscillations

With low masses of right-handed neutrinos (RHNs) and small couplings, successful leptogenesis can proceed via

the ARS mechanism.

production

oscillation, CPV

sphaleron shut-off

L, +L,+L.=0

Y, ~108-10%
not in equilibrium

L, +L,+L. =0

Y.s>Ye
N¢. s reach equilibrium
before T,

L +L, - BSM

N s,

lepton number gets
transferred into baryon
number

Akhmedov et al. (1998)

Julia Harz
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Leptogenesis via oscillations

For N=3 RHNs, parameter space allows for successful leptogenesis via the ARS mechanism:

1 ‘ ‘
; /
_: C lyml/Pt
1 | %
107° §
10-°

mec J|
\LHC, (\\ihplm-ml

10 2F cEpc | |
FCCoHih)|
; ~_7 FCCee
10711 L ///
10-13 Miightest = 0.1 €V
--- Thermal initial conditions
' —Vanishing initial conditions
L -1 ' 0 ‘ 1 N2 3 "
10 10 10 10° 10 10

M [GeV]

Drewes et al. 2021
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High-scale leptogenesis

N;

Generation of lepton asymmetry via heavy neutrino
decays with sources of CP violation

Competition with lepton number violating (LNV)
washout processes

Conversion to a baryon asymmetry via sphaleron
processes

N}, 2, 3

N}, 2, 3

H

Guidice et al. (2004)

Fukugita, Yanagida (1986)
and many more afterwards...

Julia Harz
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High-scale leptogenesis

®*  Extension of seesaw type-l by new scalars
- e.g. long-lived scalars, R-hadrons, heavy sterile neutrinos e.g. Fongetal. (2013)

®*  Z'models - same-sign di-lepton final states e.q. Chun (2005)

°  Left-right symmetric models - falsification by low mass W, e.g. Dev. et al. (2015)

®*  Soft leptogenesis — type-l: charged LFV e.g. Adhikari et al. (2015)
- type-Il: same-sign di-lepton resonance, same-sign tetra-leptons e.g. Chun et al. (2006)

-~ See review “Probing Leptogenesis” (arxiv:hep-ph/1711.02865 )

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Basic principle of standard high-scale leptogenesis

L L lepton lepton possibly at L
N high scales
asymmetry asymmetry
. - washout generation N
2 H (LNV) (CPV, LNV, OOE) “ 4
AE
lepton
asymmetry asymmetry _
generation
SM processes
washout _|
processes
Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 26



Basic principle of standard high-scale leptogenesis

lepton
asymmetry
generation

(CPV, LNV, OOE)

lepton
asymmetry

asymmetry _|

generation

washout
processes

AE

Julia Harz
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Lepton number violation

LNV occurs only at odd mass dimension beyond dim-4:

_ L ) L 1 9
£—£5M+A—101 +;A_§Oi +;A_?Oi NI
d u
H H

L 07 u €

+

Vv —< > v ><e
H d o) e

O, ,
d

See surveys of all LNV operators up to dim-11 e.q. in Babu, Leung (2001), Gouvea, Jenkins (2008), Graf, JH, Deppisch, Huang (2018)

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Probing lepton-number violating processes

Meson decays

Neutrinoless double beta decay

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Probing Leptogenesis at the LHC

Washout processes could be observable at the LHC
AE
asymmetry |
generation
washout
processes E E
F Cy/H=1 b
F M 10_8....|....|....|....|....|_
%% X OLHC 0 1 2 3 4 5
IOglo F > 6.9 4 0.6 (ﬁ — 1) + 10g10 T My [TeV]
|_ Asymmetry stored in another Flavour sector?
Observation of any washout process at LHC would 0 ~ measurement in all flavours
put high-scale baryogenesis under tension! ~ low-scale LFV leading to equilibration

Deppisch, JH, Hirsch (2014)

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 30



Probing Leptogenesis at the LHC

Washout processes could be observable at the LHC
AE

asymmetry L
generation i
st f
washout n 10~ Sy
processes i 0—6 _ My=T. M i

1072 107! 10°

My/Mx
nB Mx 4 My orao\ 1 (4 My \? L. . . )
logy @ <24 ToV (1 - gM—X> + logyg [|€ ( b ) 30y For similar hierarchies, LNV observation

implies lower limit on CP asymmetry!

Deppisch, JH, Hirsch (2014)

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 31



Probing leptogenesis with Ov3 decay

Tl—/; — ‘ 6’2 ‘2GOI/ | MOI/ |2

D N

particle physics nuclear physics
phase-space factors

Experimental constraints: Tr}y > 1.07 x 10%yr 90%C.L. KamLAND-Zen (2016)

standard mass mechanism long range contribution short range contribution

d u Or u u
W= d
Possible e~ e~ d e
contributions: Os v v .
W= W
d u d U Oo u

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry
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Probing leptogenesis with Ov3 decay

(@) Operator
185 | LLIH*HYH' Hyeyes
2 L'LILFecHleyjep
3 LILIQFd H'ejjens
3 LILIQFd Heejpe
4q L'LIQuHYejy
42 LiLjakuichflj
8 Liecucd®Hie;j
Tl_/é = | 2 2G% | M | Grer _ g
V2 2A78
Observation would fix the effective effective coupling can be related to the
coupling for one operator scale of the operator

\)’_ 07 u
e+
H d

o=

A7
A7 (C;Apl> A < T < Ay

I'y
—>1
H

Limit above which the washout is highly
effective can be calculated in dependence
of the operator scale

Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)
JH, Huang, Pas (2015)
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Probing leptogenesis with Ov3 decay

1014
1012; ] Observation of Ov3f3 decay
3 3 with new physics from non-
: current standard mechanism would
101 1 d g put high-scale baryogenesis
—_ r ] . under tension!
2 0vBB LFV
= E § o, e
~ T a ’
106;_ 1 Asymmetry stored in
: E — another Flavour sector?
limit above E 'H!’
which the K - measurement in all
washout is F LTC reach I flavours
highly effective r I - - low-scale LFV leading to
T0% et = I! 3 ] equilibration
FW scale ﬁ;
—>1 __ 1 1 1
H OS 07 09 Oll O,uey Or(’y O,ueqq

Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)
JH, Huang, Pas (2015)
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Probing leptogenesis with TeV-scale LNV

A E
Right-handed neutrino interactions (“standard thermal LG"): .
high-scale source of A
lepton asymmetry
Additional TeV-scale interactions

TeV-scale LNV

“washout”

interactions -T

Can TeV-scale LNV destroy the generated asymmetry from standard thermal LG?

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 35



Implications on leptogenesis

Abundance

10—11 : e’

K=102,€=10°

10* 4
10+
102
105
107

1079

102

107!

10° 10* 10? 10° o

Julia Harz
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Implications on leptogenesis O(ms) = O(mr) = O(TeV)

myo = 1010 GeV, e=1

10-2

10—3 _é : YB < YBgObS)

&
& . :
107 5 :

Abundance

1075 4

1076 4

10_7 T T T T T T T T T T Ty TTTTTY
/« /% /(Q /b& /‘-b /Q) /\’ '\S
SN NN

0
gL . <

Low-scale LNV destroys lepton asymmetry previously generated by standard LG scenario. N g

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Probing leptogenesis at LHC

£ 0,Q8dg + g, L(i7%)S*F — m2StS — %ﬁp + Ams(STH)? + hec.

q 9Q 7
| gt

.gL ll 6i
F

gL &
| gt

q : q

9o

Signal generation: Madgraph + Pythia 8 + Delphes

Background:

* SM processes with same-sign leptons (e.g. jjWW)
* Charge misidentification
» Jet-Fake leptons from heavy flavour decays

q 9Q g
gL €/< _
o - q
90 gL o
b —= _S_i_
ezt
q
Case Mass hierarchy Process
C1 mg < mg pp — etF, F = erSF, SF 5 jj
C2 ms =mp pp — et F, F = etjj
C3 mg > mp pp— ST, St s etF, F ety

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Probing leptogenesis with Ov3 decay

£ 0,Q8dg + g, L(i7%)S*F — m2StS — %ﬁzf + Ams(STH)? + hee.

ur, €L er’ ur

g _____ u _____ g@
S gL F9gr s

dR dR

TV, > 1.07 x 10°°yr 90%C.L.  KamLAND-Zen (2016)

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Impact & interplay of LHC & Ov33 decay on leptogenesis

" mp =1TeV, mg/mp = 0.5 100 mp =1TeV, mg/mp = 0.99 100 mp = 1TeV, mg/mp = 1.5

107! 1071 4 1t
g g g

1072 4 1072 4 1072 4
B Leptogenesis nonviable region ] B Leptogenesis nonviable region ‘~ B Leptogenesis nonviable region
B 035 —decay B 0vp35—decay B 0vB8B—decay .
W Collider LNV E B Collider LNV W Collider LNV
B LHC di-jet B LHC di-jet W LHC di-jet

107° . . 107° . . 1077 . . J

107 1077 107 10° 107° 1072 107t 10° 107° 1072 107" 10"
gr 9L gL

- Comprehensive analysis demonstrates interesting interplay between collider and OvBf reach

— TeV-scale LNV renders standard high-scale leptogenesis invalid
JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Probing leptogenesis with gravitational waves

NanoGrav - pulsar timing array:

- evidence for a stochastic common-spectrum process in the 12.5 y data

Hints for a cosmic string network in the
early Universe emitting a stochastic
gravitational wave background?

@ . = ®) |\ ‘ {
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Probing leptogenesis with gravitational waves

NanoGrav: Sign of cosmic strings?
AL =— [ygN_ﬁﬁTLa - %yiM ®NE (NF) + H.c.]

1z .
— o (197 = 5050) +aan 018 |

Stochastic gravitational wave spectrum depends on

nghz 0.8 G,u2

/

cosmic string tension

po~ v

T~

U, -breaking scale

Hindmarsh (2011)
Buchmueller et al. (2013)

Qn?

10—6 E T : T w T l; T T T T S ¥ ') LI O ’I'l II’, G
1 1 1" o
O] </ <! /o)
107 | S S 2 e ]
i § =/ :ll A 1\7\
-8 [ ] n ]
0 i / & 7
-9 1 ] ! 1,
107 ¢ . 4 \\ l/ I', ,/| éi:’ [\/;'IQ E
1 4 Iry
10_10 T :" = ,’I_ \\\\ 'll _I"ll i_ i 7_’/’1015 GCV
T = = T YT T T T n ’ -
(e S b ; AL 104 Gevd
P ! ; il — = = = = Al - 1‘-lllr o =0 =
0% S _--"---_ 9 ¥y JL N 7 108 Gevs
1 Y -~ 5 - - - - = T A 7
Uil S A TG Y 102 Geyd
4 SNu? 7
w7 ¢ N 10" GeV
10750 ‘¥ e S \-: ------ s 10 ]
’ . N oo 1017 GeV
10_16 E { ," .""' K 4 E
el Dror e;/él. (2020)', - 10° GeV
[ il v L | d | { L | | d |
1072107 107 1077 107% 107 107* 107 102 107" 1 10 10> 10° 10*

f1Hz]

Vibrant Field, many recent exciting works:

Gouttenoire et al. (2019+)
Dror et al. (2020)

Ellis et al. (2020)

Blasi et al. (2020+)
Buchmdiller et al. (2021+)

Julia Harz
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Overview of leptogenesis models

Flood et al. (2021)
Domcke et al. (2021)

gravitational freeze-in

waves leptogenesis
McDonald et al. (2014, 2015, 2017, 2020) . high-scal
Samanta et al. (2020) wash-in gh-scale

out-of- o del specific new d.o.f.

equilibrium ,,.iply at lower scale
decay

L leptogenesis
gravitational

leptogenesis

Fukugita, Yanagida (1986)

Pilaftsis et al. (2005)
Nardi et al. (2006)

Abada et al. (2006)
Petcov et al. (2018, 2020)

Moffat et 2 (%203 291)) Flavoured
ranett ec al. . .
Mukaida et al. (2021) leptogenesis leptogenesis

via oscillations

resonant Akhmedov et al. (1998)

leptogenesis
Pilaftsis, Underwood (2003)

low-energy rare decays (LFV),
neutrino oscillations,

. light RHNs
neutrino mass spectrum etc.

. — ShiP, meson decays, LHC
medium range RHNs - LHC

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry



Overview of baryogenesis models

gravitational

waves, neutrinos Mohapatra et al. (1980)
Babu et al. (2006)
Baldes et al. (2011)
Babu et al. (2012)
Herrmann (2014)
Grojean et al. (2019)

Shelton et al. (2010)

Modak et al. (2020) Hall et al. (2020)

Yang et al. (2019)
Bell et al (2019)

darkogenesis .
modified High-scale
Higgs out-of- neutron-
potential equilibrium antineutron
EDMs decay oscillations

Gravitational waves

Alonso-Alvarez et al. (2019)

two-step Elor et al. (2019)

electroweak

Baryogenesis
baryogenesis

via oscillations

Patel et al. (2012)
Inoue et al. (2015)
Blinov et al. (2015)

QCD
baryogenesis B-meson decay signature

Ipek et al. (2019) - Belle, Barbar

Light particles Croon et al. (2020)

— colliders

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry



Electroweak baryogenesis ,

/ \ Mor ~ T

Unfortunately, Higgs boson is too heavy for EWBG!

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 45



Electroweak baryogenesis including new physics

Are there new degrees of freedom that modify the scalar potential and lead to a SFOPT for successful
baryogenesis?

0.40 ‘ . .
 Prime example: MSSM with a light stop o WSO

— plgg—=h—VV)
| =— p(VBF, h—= VV) ]

* Lattice calculations set limit of <155 GeV 0.30
. o .25/
* Is the necessary light stop excluded? 2
T 0.204-
R~ :
= 0.15F 2 A
Delphine et al. (1996), Carena et al. (1996, 1998, 2003, 2009), Espinosa et al. (1996), M
Huber et al. (1999), Profumo (2007), Curtin (2012), Liebler (2015) and more.... 0.10E
0.05f/ —
0.00 ? — .
» General extended scalar sectors, e.g. 50 300 350 100
mgl [GeV]
* 2HDM with extra bottom Yukawa coupling Modak et al. (2020)
«  B-LSSM (B-L symmetric MSSM) Yang et al. (2019) General difficulties:
* New gauge singlets and vector-like leptons Bell et al. (2019) * Constraints from EDMs

* Higgs physics sets stringent constraints

Julia Harz The quest for the mechanism behind the matter-antimatter asymmetry 46



QCD baryogenesis

If # of massless fermions > 3, QCD confinement proceeds via SFOFT pisarski (1984)

Aqep N
. é OPAL
confined  deconfined confined i1 ) . 0.100 ,__/f———ﬁ—-’—”/’
| I
| | h S 0.001 Higgs factory
| | T
| I ) — !
| S Te>T,~ T, ER
Tgpn  Tsm T L “: 10 i
10 . § - 2
10 TeV 5 TeV |3 TeV M, = 1.5 TeV
If QCD confines when the Higgs vev is zero g ] TN TEY. TSI SIUTE. Y
(Fermions massless), phase transition is first order. B A0 A5 20 25 86 8§ 0
mg (GeV)

Introduce new scalar field S that perturbs the

potential. Testable light states predicted.

Ipek et al. (2019)
Croon et al. (2020)
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Low-scale baryogenesis: mesogenesis

Out of equilibrium
late time decay

@ ~ 20 MeV

Globally, AB=0.
CP violating oscillations

I |
6RO

d s
AEE AEE

B-mesons decay into
Dark Matter and hadrons

e Dark Matter
/o anti-Baryon
— 0O

o Baryon

= &

BR(B — ¢¢ + Baryon -I-)

Alonso-Alvarez et al. (2019)
Elor et al. (2019+)

Testable scenario at Belle-l1l and BarBar!

CaryogeneD

¥ =871

Dark Matter

e
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Probing high-scale baryogenesis with nn oscillations

’\1010 i
w Addazi et al. (2020) NNBAR
AB =2 L -
107 DUNE
T g’ Superkamiokande A
f ol & < Kamiokande A &
210% S'AA A souam 2 SNO -
_______ L . > A A ILL-2 2 HIBEAM
e & A KGF
A% Z 107,
Ca 3 0
c Triga
31067 BBl Ffreen-n
uCddCucdede "é IEI ‘Boundn - 7
= 3 (model dependent)

5
1g3980 1990 2000 2010 2020 2030

Year
HIBEAM/NNBAR program is a proposed two-stage experiment at the European Spallation Source
(ESS) to search For baryon number violation.

Future sensitivity at ESS: Tom > 1095
A5 Anp > 10°GeV
[ i : NP
Naive estimate: Tr—n & )
QCD
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What can we learn from nn oscillations?

* Baryon number violating
* Possible washout process (BNV)

* Possible asymmetry generation mechanism (BNV, CPV, OoE)

Observation of neutron-antineutron oscillations atANP

asymmetry
eneration
I'w (T, Anp) o1 I
H(T) ‘
\ was_hout
Identify scale T above which the washout rate is large enough processes

to wipe out a previously generated asymmetry.

baryogenesis mechanism?
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Probing high-scale baryogenesis with nn oscillations

106 : lw(T Anp) _ 4
[ n-n ' N
Super-K i H<T>
------ DUNE i
105 NNBAR |
; 4 /i E
g 10% |
= |
. asymmetry
ol e i generation
102k~ T T T T % -:-1771 E}e-V- - T -------- washout
. | processes
10° 10° 10° 10° 10
A [GeV]

baryogenesis mechanism?

Fridell, JH, Hati (2021)
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Probing high-scale baryogenesis with nn oscillations

A

e : I'w (T, Anp)
strong ”_gu . : H(T)
washout | | . . DUpNE i
105 | NNBAR :
room for new |
asymmetry |— /: E
generation - 10%} i T
~ i
i asymmetry
103} LHC i generation
102} v =174 GeV i washout
. _ » processes
103 104 10° 10° 107
A [GeV]
baryogenesis mechanism?
Fridell, JH, Hati (2021)
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Possible UV topologies

AB =2

T T2 Ty

Topology — 11

uddudcd°

107 F
* Left-right symmetric model
. 3x10°} * SO(10) GUT
]
= NOw: * Post-sphaleron set-up
106: L] L] L] L] L]
» simplified model set-up considering
asymmetry generation (CPV
3x105} source !)
10°
* confronting with current and future 'I\B/\obha?\itrﬁ. MatrshaNk (1_9(3%)06)
H abu, iViohapaltra, Nasri
exPerlmental results Baldes, Bell, Volkas (2011)
Babu, Mohapatra (2012)
Grojean et al. (2019) E. Herrmann (2014)
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Simplified model of toplogy II

X1 x2 Tyq

Topology — I1
* Diquarks motivated by GUT embedding into SO(10)

« Non-SUSY SO(10) unification requires TeV-scale X ,and GUT-scale X, /v,

mx,, > mMx,, > Md

Fridell, JH, Hati (2021)
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Low-scale scenario

0.500f

0.100F

0.050

fud

0.010

0.005}

0.001Lst

log,o7an

Jud =gl
Y ¢
n(l;bb
10° 10°

T L2 L4

Topology — I

( ud)2 dd

o U1r) Ji

mx;,Mx, .,

Fridell, JH, Hati (2021)
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High-scale scenario

0.500 0.500f

I i) T4

Topology — I

0.100 0.100}
0.050 0.050}
] E
o3 “3
0.010 0.010
0.005 0.005}
ot = Jiota Jud = fad
mx,, = 10" GeV mx,, = 103 GeV
1 2 5 10 1 2 5 10 )
’an(l [Tev] mX"‘[ [Tev] ( }.le) ]C.ild
Ci ~ —
mx;,Mx, .,
I |
log,gnas 15 -13 -1 -9 =4
Fridell, JH, Hati (2021)
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Darkogenesis

First order phase transition in dark sector transmitts the asymmetry into visible sector

Connector: Neutrino portal Halletal. (2020)

o WL BELLLLLLL IR, IR ISR, RO E Lo Fo AL ""'! 1PN 1' Ll BILE. - Lo MR L
10—7 L Hall et al. (2020) n SO ET J
EY = — Yool 1 PalNo — Yol PalNa + c.c. ra ' ) iﬁ "
10°F" f oA :
_ - F L .
AEY = —yiaﬁiNaH + c.c. r *, 1
N J 1 1
field | SUR)p | 15 | @1 | @2 | Z» < 11§ * ] ]
2| 2 |0 ]0][0|+ = 10 ] S TeV’;
s 2 | -1|+1]0 |+ G@ . 1
Nyd 1 +1|+1| 0 | + 1 0—1 3 r 1
Lo 2 -1]| 0 | +1| -
1015
r 1
Connector 1 0—4 1 0—2 1 1 02 1 04

Higher Dimension Operator
or Electroweak Sphalerons

A N\ f (Hz)

Dark Sector Visible Sector
First Order Phase Transition with Feeds Off Dark Sector Asymmetry . .
Dark Sphalerons Not subject to strong constraints from EDMs!

Shelton et al. (2010)
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FIMPs and their implications on baryogenesis

Feebly interacting particles (FIMPS) can be DM candidate via another mechanism (freeze-in)

(1) DM notin thermal equilibrium with SM bath

DM is feebly interacting with the SM bath;
abundance negligible X~ 0(107")

(2) DM production

DM gets produced via decay of a heavier particle Y
that is in equilibrium with the SM bath v — sm x

log10Y

(3) Freeze-in

when T falls below mass of parent particle Y,
production gets Boltzmann suppressed

ny = exp(—my /T)

Mp [y
Qh2 ~ 4.48 x 108 T "x
X 9%./9x GeV  m2

cooling down

>

x=my/T
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FIMPs and their implications on

baryogenesis

Feebly interacting particles (FIMPS) can lead to interesting Long Lived Particle (LLP) signatures at the LHC

----- neutral displaced W BSM
m— charged HSCP | dilepton M lepton
~— any charge r W quark
photon
W anything
new parent i
-pl disappearing displaced
particle F track lepton
S LTI

o N\
-* // o . v“ol..
AT > el
/ : 1 .‘ ~ ..o
’ - - ',. "
displaced % i N displaced
dijet L=t % % photon
/ B 4

‘ v Not pictured:

out of time decays

displaced

displaced
vertex

conversion
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FIMPs and their implications on baryogenesis

The relic abundance can be related with the parent particle life time and its mass m_

mp [T
~ A5 m Egp [ D22 ( ms ) 200GeV\2 [ 102 \*¥2 | [10/p0 dv 23K (w)
S SIr 2:h? ) \100keV mp g« (mp/3) 3m/2

LN
LR
LN
i
"
"""""""""
lllll
llllll
"

102 |

exclusion of specific baryogenesis
--------------- models

] in case of an observation
indicating too small reheating
temperature

i,
-
.,
L
~.,
""""
----
......
......
-----

Decay length 10!
of 'g

g

g T, excluded
parent & "2«.:““ g
particle 10015

~
~
-
-
-
-
~
~ -
-
-
-
-
-~ -
-

—= — supercooled scenario?

10t

- -
-~
-

.| DLS, excluded by LHC *T,=50GeV T=T00GeV
10 260 360 460 560 660 7C
my [GeV]
mass of parent particle Belanger, Desai, Goudelis, JH, Lessa et al. (2019)
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Conclusions

* Discovery potential and complementarity of new physics connected to Sakharov’s conditions

« Strong complementary of different probes
LNV: LHC, OvBB decay, meson decays
BNV: LHC, nnbar oscillations, meson oscillations, dinucleon decay

« Exploration of the energy, intensity, long-life time and gravitational wave frontiers for baryogenesis

» Baryogenesis and its connection to QCD phase transition, dark matter and in particular
neutrino physics

For a great overview check out SNOWMASS white papers: arxiv:2203.05010 [hep-ph], arxiv:2203.07059 [hep-ph]

Great future ahead to (hopefully) nail down the mechanism behind BAU!
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MITP —
SCIENTIFIC
PROGRAM

What's the Matter?

A Cross-Frontier Pursuit of the Origin of Matter
22 August — 9 September 2022

@ https:/findico.mitp.uni-mainz.de/event/268

'\ Theoretical Physics

(g T

What's the Matter” ACross Frontier Pursuit of the Origin of Matter

August 22, 2022 to September 9, 2022 Q
Mainz Institute for Theoretical Physics, Johannes Gutenberg University

Europe/Berlin timezone

Overview

Despite tremendous progress in particle physics in the last decades, the origin of matter remains an
General Information open mystery. At the heart of this mystery is the baryon asymmetry, produced during an unknown but
consequential epoch of our cosmic history.

Important Covid-19
Information

“What's the matter?” brings together global experts from all subfields united by this problem to explore

Travel Information common and complementary opportunities for discovering the origin of matter. Topics include

Timetable ]

Application Form

4 MATTER2022@uni-mai

Theory frontier: improving computational techniques required to understand baryogenesis
High-energy frontier: how can we test models of baryogenesis at current and future colliders, for
instance by probing the physics leading to first-order phase transitions

High-intensity and long-lifetime frontier: connections between baryogenesis and long-lived
particles, and searches for the latter

Precision and low-energy frontier: how can low-energy precision tests, in particular probes of CP
violation, elucidate the physics of baryogenesis?

Cosmology frontier: what traces can baryogenesis have left in the CMB, in gravitational waves,
and in other cosmological observables?

Neutrino frontier: the deep connections between neutrinos and baryogenesis — for instance in
the context of leptogenesis — and experimental ways to probe it

Dark matter frontier: what can dark matter tell us about the origin of baryons?
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Thank you for your attention!
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