QCD Baryogenesis

Seyda lpek
Carleton University

SI, T.Tait, PRL (2019), 122, 112001, arXiv: 1811.00559

D. Croon, |. Howard, SI, T. Tait, PRD 101 (2020) 5, 055042 arXiv:1911.01432
S.A.R. Ellis, SI, G.White, JHEP 08 (2019) 002, arXiv:1905.11994

D. Berger, S|, T. Tait, M.Waterbury, JHEP 07 (2020) 192



SM QCD cannot explain the matter asymmetry

Seyda Ipek

There can be large CP violation 0
in the strong sector (axion)

BUT
NO NO

baryon number ® Ist order

violation! phase transition™

*will come back to this soon




We don’t know anything about what happened
before Big Bang Nucleosynthesis (T ~ MeV, t ~ sec)

What if QCD was different
in the early Universe?

S, T.Tait, PRL (2019), 122, 112001, arXiv: 181 1.00559
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We can change QCD! - in the early universe

Confinement scale changes with new particles
if they interact via strong interactions!
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currently billions of years ago

Things that depend on the QCD scale will be
different in the early Universe

pions ~ O(100 MeV) pions ~ O(100 GeV)
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If QCD confines before EW symmetry breaking:

Above confinement: 6 massless quarks

Below confinement: quarks are no more! we have mesons

chiral symmetry breaking: SU(6), X SU(6), — SU(6)diag

2
Loy 2 - Trl0,U0" U] + KTH{ U M]

\

the pion matrix U(x) = e

K
mp 7, D \/Elcyth = f—%tr[{T“, T°YM | 77®

2iT T/,

h
M — _dlag yuay 3ysvyc’y ’y
7 (Yo Y Vi)

quark mass matrix
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SM QCD

confinement ~ 400 MeV

mass of

SM
up/down quarks <A

QCD

5 2K0(m, + m)

New physics QCD| ey

pion masses: m’, =

% 2

70

QCD quantities:
Ky ~ (225 MeV)?
fz0 = 94 MeV
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confinement ~ 400 GeV

all quarks are

lighter than Agy,

pions are heavier:

— Qiggs vev
.
2 o2 h
my = moll —— E
Vi
N\ "
K~ Ky &2 | Iée(‘j"’D
with & =
N ASM
S QCD



b =0 finite temperature corrections
" the usual: gauge bosons, quarks,...
f R T T P P T ,
TS%V/I 1! QCD confined no quarks, : Transition pattern
v, %0 but hadrons! : S
d e e e I B
Vv, = Vh T v,
QCD deconfines? % Td
return to the SM v,Y
A%l\é[D a G€V TC
QCD confined
IgpN]|
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Thermal potential in the confined phase

* Higgs gets a tadpole term from the meson mass-term

3
A
Y QCD
Vi) ~ k—=v, ~ — 0.0158 GeV? (ASM ) v,

V2 QCD

® Thermal corrections to the Higgs potential from mesons

T4 m?
Vmeson(vh’ T) — 2_71_2]8 E

i=1...35

JB(mz) = J dxx*log <1 — e‘”2+mz>

0

® The gluon condensate contributes to the singlet potential

4
AM. AQCD
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10 -+

< =500
€ = 1000 | ‘

Higgs vev is larger than
its SM value!

Pion Spectrum (7" = 100 GeV)

102

(GeV)
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New scalar can interact with the Higgs boson

Vieatar = —#> 1 H|* + 2, | H|*

scalar —

+a, 5% + a; S° + a, S*
—b,S|H|* + b, S*|H|*

New QCD cosmology

Baryogenesis!

D. Croon, J. Howard, SI, T. Tait, Phys.Rev.D 101 (2020) 5, 055042 arXiv:1911.01432
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QCD has CP violation!
Z > 0G6"G,

Axions!

n
A
Wl,%f,% g( (;?D> I"'>T. has small mass at high T

T-dependence given by number
2 2 P glven Dy numbe
m(1)fq = of light flavors, etc

mj%fj% Tr<T

C

How about B violation?

L

]li 713 qu%g
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10 (o, .~ foaw. .

ot = 55— (GG L WW
Iz my 37T 37 |
anomalous

. . baryon current
generates a chemical potential

ﬁ(GG) = m>(T)f?sin 0 po= 0 d imZ2(T)f7 sin O(T)|
37 e A /7 2’””2 dt M
m, 1_‘sph
6
| : 7 Spontaneous baryogenesis
1y 1, TN A. Cohen, D. Kaplan, Nucl. Phys. B308 (1988) 913-928
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Baryon asymmetry of the universe

" T
Number of baryons: ngz = J dt7//t

~ i

3
Baryon-to-entropy 7 5625 . | -!A m; (T)fg]_) Lopn
: n=— a;, sin 6 —
ratio \) 2ﬂ%g*(Treh)i f nm;?' Treh

.~ 45 ,

0 1% A%\é[[)
Qw'gﬁ 4.4 %10 %sind | -~
FH P pY A
R E§> h QCD
° ( = B . V " £ P "‘:‘
A
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fix (6 benchmark scenarios)

vary

W HIP + 4 | H | 4 a, 8% + a3 83 + a, S

b, S|H|*+ b, S*| H|*

X 107>, M, =3 TeV

a, = 108 GeV?, a; = 0.15 GeV, a, = 5
““Washout after
| - ‘confinement®
1.5 o,
: 4
80,0,
S el
c?: & \\/("F 190.@
— ] S R e
\>_</ 1 ?/O ., "(//\ I/
~ R
= . 8 ,&4\
) Yo \150 <
N, % ;
0.5¢ G 62(? 4 : :

Q oL : '
Sphalerons Cannot go to
never turn on g ~& the SMvacuum

O. ................ L PR L
60 02 04 06 08 10 12 14
b1 (GeV) .
* too conservative
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fix (6 benchmark scenarios) vary

Vo=t |HI> + 4, | H|" +a, S + a3 S° + a, S*| b, S|H|* + b, S*| H|*

a, = 380 GeV?, a; = 0.99 GeV, a, = 6.3 x 1074, M, = 1.5 TeV

7
..... :: / v os
i Washout after L ‘, ej\\@; <
6 = com"nemenﬁ*< T 4
S5, :
i Cannot go to
R/ s, %
T & " uy,  the SMvacuum
90 U’
é} - 'er o -
K 4 N ) 2 pr P < N
> A4} <IN Ly
= > S P / UL
X N T |84 Y 1
N’ = Q "& /\ ‘e &
o %.q -8 w
2 P % <
) < %P .
Sph ' : light
1t Sphalerons >
singlet!
never turn on | |
0 1 2 : 3 2 1 LT : 2 1 — . 2 .
0.0 05 1.0 1.5 2.0 2.5

b1 (GeV) .
* too conservative
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[' (GeV)

Branching fraction

Seyda Ipek

=
<)
-
S =

o O

0.0]()§
0.005}

.100;
050}

| Interested in m¢ ~ O(10 GeV)

Singlet decays

1) gluons via (S/M.)GG

ms

SaM?2

IS — gg) =

2) quarks and leptons via
Higgs mixing

_ Ncyf2 sin® 0 my 4mf2 2
IS — ff) =

87T

17



ATLAS dijet
resonant searches

20 U. Danielsson, etal, Phys.Rev. D100 _

(2019) no.5, 055028
15 -

mg (TeV)

Only for very heavy S!

Seyda Ipek
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CMS dijet
angular distribution

0.10
——~ ALP Signal (c; =1, f; =3 TeV) + SM Background
------ SM Background (NLO QCD+EW)
SM Background Theoretical Uncertainty
0.09 1 * Data
_0.08; .
zle |l Gavela, No, etal,arXiv:1905.12953
-2 - ==
0.07 ; _____ JEECECEET TR EReey
’ } e Jgs ; {
I b
AT Wiag 0
0.06 o
0.05 CMS-EXO-16-046 mj € [2.4TeV, 3.0TeV]

2 4 6 8 10 12 14 16

M. > 3 TeV

This is for ALPs!
Not clear for a scalar
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OPAL
| LED
~_0.001f Higgs factory
= [ § P
1 ; S 2
g fa 3 ’
) 10-7 ' /L§ ;‘-:_E{:’:}? | 6 benchmark scenarios,
= | A | there should be more!
X | ‘ ﬁ} PR ¢ y A
< | 1OTeV5TeV 3Tv M, = 1.5 TeV
- —11 e T
= 10 -
< a; gets smaller

megs (GGV)
Mixing angle is too small for current searches

Singlet lighter than ~10GeV
is hard to constrain since it decays primarily to gluons
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QCD Phase Diagram . Phys. Conf Ser. 432 012027 (2013)

o0 » o 1
| nd 2" order 1
O 2" order
2 o) Z(2) order
)
P
5 -
N Qual’k-ngn physical point
[ <
§ 25 plasma
GeV T (%\é’
20 crossover
hadrons
neutron
stars 2" order
N\ ) 22
Baryon density My = Mg o0

If 3 or more massless quarks == First order phase transition???
R.D. Pisarski, FE Wilzcek, Phys. Rev. D29 (1984) 338-341|

F. Cuteri, O. Philipsen, A. Sciarra, arXiv: 2107.12739

Maybe not ;( L. Dini, etal, arXiv: 21 11.12599
J. Bernhardt, C. Fischer, arXiv: 2309.06737
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Backup slides
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High temperature

bl — 07 GGV, b2 — 10_3

I > TEW > Tc a, = 108 GeV?, a; = 0.15 GeV, a, = 5x 107

= 200 GeV

Finite temperature potential: 500
250F

V(Vha , 1) = VO(Vlv 14 ) T gauge(vh’ 1y 0 v
+ ‘/top(vh’ T) —250}
Vo=—u?|H|*+ A |H|* _

+a,8° + a3 S+ a, S*
~b,S|H|* +b,S*|H|*

200 250 300 350
Up, (GeV)

vacuum is at v, v, = 0

@ global minimum
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Below EVV scale

Tow > T > T.

Global minimum is SM-like

There is an impenetrable
barrier between the two vacua!

Euclidean bounce action

Sg

— N

bl — 0.7 GeV, b2 — 10_3
a, = 108 GeV?, a; = 0.15 GeV, a, = 5x 107>

T AV(v,)

Universe is stuck at v, v, = 0

Seyda Ipek

T = 100 GeV
500 \
\
\
~250} |
g \/\/Z’ S
o —500F
2 x ; \/1'7’ <
0 » M -
- TP /) A
&Y
—1000} | / / / ~
~1250F
— (86 Ge\D
~1500p
0 50 100 150 200 250 300 350
Up, (GeV)
We require:m;, = 125 GeV
vy = 246 GeV
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Below QCD confinement

T,<T<T.

V(Vh, VS’ T) — VO(Vh’ VS) + Vgauge(vh9 T)

+ Viad(Vp) + Ve (vy)
L Vmeson(vh’ T)

QCD confimenent tips this

vacuum towards finite v,
(but not towards the SM value)

But there is still a barrier
between the two vacua!

bl — 0.7 GeV, bz — 10_3

a, = 108 GeV?, a; = 0.15 GeV, a, = 5x 107>

T = AQCD = 85 GeV

Universe is stuck at v, v, <

SM
Vi

Seyda Ipek

24



Back to the SM

bl — 0.7 GeV, bz — 10_3
Tc > Td > T a, = 108 GeV?, a; = 0.15 GeV, a; = 5x 107>

T = 2 MeV

e S
Universe has the 250-/
right Higgs vev and Agcp 0F @ A

The barrier disappears

The universe can roll over
instead of tunneling

100 150 200 250 300 350
v, (GeV)

SM-like vacuum!
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T=T,~100 GeV |g -

(qq) ~ T?

CP conserved

<h> =V Z Tc

B conserved
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E.Thrane, etal, Phys.Rev. D88 (2013) no.12, 124032
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Benchmark scenarios
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M, as /GeV? az/GeV ay

1.5 TeV 380 9.9 x 1071 6.3 x 1074
3 TeV 108 1.5 x 1071 5.1 x 107°
3 TeV 44.2 6.14 x 1072 2.1 x 107°
5 TeV 38.9 3.24 x 1072 6.6 x 1076
10 TeV 9.72 4.05 x 1073 4.1 x 1077
10 TeV 4.92 2.27 x 1073 2.6 x 1077
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Whatis k! We can find by matching to the SM QCD!

2K0(m, + m)

OLD| m;= >
70
NEW
3
Agcep
K~ K, Y
QCD
fo o [ 2
70
A
2 e Aqcp Y
T 0
T\ A Vi
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mﬁo 7%0 3
Ky = ~ (224 MeV)
V2900 + )
Pion Spectrum (7" = 100 GeV)
¢ = 500
107 mEm ¢ = 1000

0¢)

Number of pions

[\]

NONON NN NN

NN N\
N

SRR NN N N N NN

(e}

—
O

101

| £ = Aqcp
_ A
%
_ I /
//
. |
GeV
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How about other gauge couplings?

(1
A

Seyda Ipek

%

__l__
8Y Mp

Fraction of DM

S.AR. Ellis, SI, G.White, JHEP 08 (2019) 002, arXiv:|905.1 1994

1 ¢
B*B, +| —+— | W*W
HV 2 M. HV
82 Pl
0.10 7
' 4
0.08 /
0.06 g < 0 " CMB
0.04
fD.\v'I 'o'
l"
0.02 /
0(7004 0.02 0.01 das = 0.005
10~ 29 10~ 28 10~ 27 10~ 26 10—25
m,, (V)
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