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Thereis a
flying cow!!




Are there any
flying cows?

Yes!! Look!
There is one!




OK! Look!
There is
another one!!




Some of Flying Cows We Were Excited About

When you gee a flying unicorn, you claim that ig a flying cow....
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PH, A. Ismail, I. Low, C. Wagner, 2015

ATLAS : p = 28133
CMS : p = 5.37%1



The Fun Doubles with Marcela
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Incompetent
people!!




So, are there
flying cows? /

Of course!
There must be
lying cows!!




There Must Be Flying Cows!!!

-- Baryon Number Violation
-- CP violation

-- Departure from thermal
equilibrium — strong 1st
order phase transitions

Sakharov, 1964 Baryon Asymmetry of the Universe (BAU)



There Must Be Flying Cows!!

SM 15T order EWPT
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Flying cows to generate a barrier




Generating the Barrier

Add non-renormalizable operators to the effective

potential
—m2 + anT?2
V(gnT) = "2 (ghon) + 2 (dhn)
Vi#) Vo)
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/ (¢70) (9'¢) F o3
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>M 15T order EWPT



Generating the Barrier

Scalar Singlet,
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Generates the Barrier

V()
/

Lyrr = L(iy, D% — mp)L + E (i, D" — mg)E' + N (i, DY — my)N' M\ Z

— [ZH(yELHDL —|—yER[PR) El +Zﬁ[<yNL|PL —|—yNR|PR) N/ —|—hC:| ] (0]

1 1
LL,R: (g) N(]-az?Y)? N},RN(]-?LY"}__)’ E},RN(]-?]-?Y__)a
2 L.R ’ 2 ’ 2

4 1
5+ 2108 1) (il + o) 1D,

_ 1+310g:l—22 (|yN\2+]yE]2) 77”L2|H|2 .
E ) (Generateg the barrier!!

16 p?
+2log — ) (lyn|* + lyel*) |HI",
m

6
) O
— 6 A. Angelescu, and PH, 2020
S. Ellis, J. Quevillon, P. Vuong, T. You, and Z. Zhang, 2020



How to Look For the Flying Cows?

iti 2 _ 3% o9 o 2 "U_g
Critical temperature e = Na, (v —v2) (v Wk
vev at T, (65¢e) = 02 )‘A2.

c Ce
Requiring first order phase transition 5



Significance [o]

Collider Probes — Double Higgs Production
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The LHC has a very limited sensitivity
in the region where the EWPT can
be strongly-first-order.

PH, A. Joglekar, B. Li, and C. Wagner. 2015 16



Limited sensitivity with large A,
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Mhh (GCV)

The destructive interference occurs between the
real part of the triangle and the box diagrams
Above the tt threshold, the amplitudes develop
imaginary parts, the cancellation does not occur
When A; increases, the amplitudes increases

more below the tt threshold than above the
threshold

m,, shifts to smaller value for Large A,



Limited sensitivity with large A,

250 GeV <my, < 350 GeV

0 P PO x3=x§M 10}

go.o: _7\43=2.457\4§M . 8l ]
— e t, 14 TeV and 3000 fb !
— Ag=-2A; E

o, 4+ ¢ my,>350 GeV
A

A3SM

'T.-:I 1 1 1 ‘ 1 1 1
300 400

e, Big Improvement for New Physics!

500 600 700 800
my, (GeV)

SM: peaked at large invariant mass. A cut of m,;, > 2m,,, or
something equivalent was used in both experimental and
phenomenology studies during that time.

A; > 3A\°M m,, distribution is much softer than the SM case 71 A Jogiekar 5.1 and € Wagner. 201¢

ok4”




But it is still
difficult...

Yes, but phase
transitions are
fun!!




Leptogenesis, Two Birds with One Stone

* Type-l seesaw introduce right-handed neutrinos (mass M)

. 1 L
LOY vhiv"duh— 5 > (MIDvh + he. )

%J

— Z()\%Ziﬁl/{z + h.c. )
0,J

|22
m,,:' D| VEw
2M

~ 0.08 eV (

)\D )2( 1014 GeV)
0.5 M

Minkowski, 1977
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Leptogenesis

LD Z Diy 0, vk — % Z (Mijﬂjffl/f2 + h.c. ) %
i ij
— Z()\g[;ﬂl/é + h.c. ) ,QFf
]

Thermal Equilibrivm-  RHN decays

All three Sakharov conditions are satisfied

M. Fukugita, T. Yanagida, 1986
Luty 1992



Leptogenesis

Generate the Baryon asymmetry through the lepton asymmetry

,/H e,? /’H ”’H
// N ,/ N 3 B
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1. The Right Handed Neutrinos, decay (CP violating) asymmetrically

| ST (v 4 H) - T (v Z?H*) N Iml(mf )2] M. Fukugita, T. Yanagida, 1986
55T (vi = G.H) +T(viy - 2LH?) o Luty 1992

€;

2. Part of the generated asymmetry will be converted to a baryon
asymmetry (about order one, detailed calculation gives 28/79)

22



Difficulties in Leptogenesis

3. Inverse decays and scattering wash out the generated asymmetry

Only 1% of the generated asymmetry will survive

How to fix thie?

23



Difficulties in Leptogenesis

» Naively, the gtrong waghout effect ig unavoidable

e ™
B g I

» The RHN decouples from the thermal bath at T~M \

» Only it the cosmic temperature changes discontinuously, the RHN decays,
generates the lepton aglqmmefrg. Then the temperature falle T<<M, the
waghout effecte are Boltzmann guppregsed

24



Avoiding the Washout Effects With a Mass

Jump

» The cosmic temperature can not change digcontinuously, but the magg of
the RHNg can -~ firet-order OT! . 1 (e i
D, —%:5 ( Vp VRﬁ—i— .C.) ;
’L\ /7L  The RHNs are massless
| in the old vacuum

Suppressed * During the PT, the RHN
gains mass M,

* If M; >>Tp, the washout
effects are Boltzmann
suppressed

PH, K. P. Xie 2022
25




Wait — M, >> T, How Can That Happen?

+ [f the phage trangition ig
very strong, the bubble wall
can be relafiviatic

Alfhougg in the plagma
frame, RHNg are in
thermal ecwhbmum they
have very high energy in
the wall Trame

Theg can penefrafe into
the Frue vacuum, and
decay immediately

Suppressed

PH, K. P. Xie 2022
26



Leptogenesis with a first-order PT

PH, K. P. Xie 2022 To suppress the wash-out

N w " 1. M;>>T, easy

S d 1 .. .
uppresse £ D — Z 5 (Xgﬂ%cyé% == h.C.) :

0]

2. RHN can penetrate
into the new vacuum ->
relativistic walls

Model building task: write down the scalar potential for ¢, that
undergoes a strong first-order PT, and the bubble walls are relativistic.



Relativistic Walls

The wall velocity is determined by

AV(T)—-P
At LO,
Bodeker and Moore, 2009
AmQT2 '
P1— >1 = Z C;
PioN ~ Yw
All order resummatlon, )

Gouttenoire, Jinno and Sala, 2021 Hoeche et al, 2021

Terminal wall velocity, - AV, Py : AV - P
= 7 = Pl—)N/’Yw

Pion / 7120



Relativistic Walls

e Relativistic walls can be achieved if

AV(T)>Pis1 =) ¢;i—"

* This can be easily done in a classical conformal theory,

, 1 o : .
Lpp=) VRV Duvk— 5 > (Nipievi + he. ) = Y (ALY + he. )
i 0] ]
1

i D“(I)TDM@ ~V(®) - ZZ/IWZ,W Iso, Okada, and Orikasa, 2009
B 1
Viree(®) = Ag|®|* W potential,  V(#) = Vo + —-¢* (m i _ z)
¢

v
My =2gp vy, M :AR,Z-%;, M, = v/Bu,



Relativistic Walls, CC B-L

102

Figure 1:
a function of g and my.

10%.

103

Ty = TeV\

T, = 100 MeV

0.1 | 0.2 - 0.3

TGH = 7-[/27r

AV(T)

g

Contour plot of the percolation temperature T}, (black lines) as
The horizontal color bands show the temperature

Iso, Serpico, and Shimada, 2017

) > Proy = ZczAmQTz Relativistic walls can be achieved



Towards an Actual Model

* RHN in thermal
: ] equilibrium
L I
I \ / v'¢ undergoes a 15t order

PT, with relativistic bubble
walls.

Suppressed

After penetration...

() =0 ? Completing processes?
My =0 ? Additional washouts from

the decay products?

PH, K. P. Xie 2022 p) : p)
Similar ideas in Baldes et al, 2021 ? Strong reheatlng ;

Dasgupta, Dev, Ghoshal, Mazumdar 2022 =




After penetration

Competing processes i

VR

No additional washouts

Vi
H< I'p >Tlamm, D't > D
i3 t

E1 = ’YlMl M12/T

Fih >Lon, I'in > H,

Ensures thermalization is fast enough



Considerations

Strong reheating?

The latent heat released from the PT will reheat the universe to
T = (14 )Y/,
For the PT to provide ultra-relativistic bubble walls, typically a>>1

With a high reheating temperature,

lL 7 ZL . .
N St will become active

Ir

The generated asymmetry will be diluted by ~ (7/Tin)’



Difficulties in the Minimal Model

* The minimal gauged U(1);, model

—1 - 7 ]. ’i'_i,c g ii - - .
Lp 1 = zi:sz»y”DMyR -3 ZZJ:()\I%VR v}, + h.c. ) — %:(AI%ELHVIJ% + h.c. )
1
+D,®'D'e -V (®) - = Z,,2"™

4
: B .,/ ¢ 1
* The scalar potential v(¢)=1; + T (= -
Vg
.. A% 2M*
* In the minimal gauged U(1)x. _ 6. Ri )\ _ _3 4 i
gatls ( )B - & 2 2B 2: 96 87r2'vfb Mz zz: 3
B’Ui/lﬁ 1/4 . >0, for stability
T = |1+ ~ gp_1Vs ~ My > M
h wzg*Tp4/3O 9B—-LYV¢ Z 1

Wash-out unavoidable!!



Extend the Minimal Model

* Wash-out unavoidable Bui/16 \ !
Ty = |1 )
s

 Add a new scalar

, _ 1 o
Lo-p= Y Thilvk—5 > (Nigevh+he) = > (A\jALAvS +he.)
) 1,9 1,9
1
+D,®'D*® + D,STDIS — V(®,8) — -7, 7",

4
Viree(®,5) = Ag|®|* + A |S|* + Ags| @[ S| Y .
tree( Y ) T Qb‘ | —|_ $| | —|_ ¢3| | | | Y B = F 96 = _zz: 96 )

T, no longer correlated with M., wash-out avoidable



Parameter Space
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Conventional Leptogenesis needs CPV 30 times stronger



Gravitational Wave signal
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So, what is the most SRS E R |
important thing when s AR K T ‘ ;
look for flying cows? "

, Well, you need a good
o) 3 - R -5 R
k QL T SR team, and you need good
: 4 mentoring skills.
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You think it i 100
difficult?
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You think it ia oo
difficult?
Not it you learned
from the begt!!




With only one
chort lecture. ..
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e N\ [f you gee 3 flying cow, make eure to WOW! = \»
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Before that, just work hard now!
On thig gpecial day,

Carlog, here are your flying cows !



