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Baryon Asymmetry of the Universe (BAU)

"B ~ 1011

S

npg : baryon number density

s : entropy density

We need a baryon asymmetry!



Sakharov’s conditions

e Baryon number violation

e CP violation

e Out-of-thermal equilibrium process



Baryogenesis in the SM

[ Kuzmin, V. A., Rubakov, V. A. and Shaposhnikov, M.E.(1993)]

e Baryon number violation

Sphaleron process (B+L violation process)

e CP violation
Cabbibo-Kobayashi-Maskawa (CKM) phase

e Out-of-thermal equilibrium process

“strong” first-order electroweak phase transition



Electroweak Baryogenesis in the SM
e CP violation only from CKM phase is insufficient:

[ M. B. Gavela, P. Hernandez, J. Orloff and O. Pene (1993)]

[ P. Huet and E. Sather (1994)]
[ M. B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay (1994)]

dcp ~ J X (m —m.)(m; — mi)(m; — m)
X (mg — mg)(mg — my)(my — my)

ng _ dcp —27 —10
: < T ~ 10 < 10

J :Jarlskog invariant T~ ~ 100GeV
o m;, ~ 125GeV: EWPT is not of strong first order. (Lattice simulation)

[ A. I. Bochkarev and M.E. Shaposhnikov (1987)]
[ K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhikov(1996)]



Electric dipole moment (EDM) measurement

experimentally excluded unconstrained

Imperial 2010 ACME

E W B G d * Berkeley 2002 20 standard model
n e e S ° Berkeley 1994 Multi- SUSY variants

Higgs generic models

Left-Right Extended
Symmetric Technicolor

Lepton Flavor Standard
Changing Model

* An additional CP violation
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[W. Bernreuther, M. Suzuki (1991)]

However, an additional CP violation is stringently
constrained by EDM measurement!

How do we generate the observed BAU by EWBG consistent
with the EDM measurement? :



Electroweak-like Baryogenesis

e We consider the extension of the SM with SU(3)cxSU(2):xSU(2).xU(1)x,
which is spontaneously broken to SU(3)xSU(2).xU(1)v

® First-order SU(2):xU(1)x = U(1)y phase transition generates B-L
asymmetry by a SU(2)R sphaleron process.

(Generated B-L asymmetry is transferred by a SU(2)L sphaleron
process.)

e The breaking scale of SU(2):xU(1)x = U(1)vis around 10TeV scale!
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Model (1)

e Higgs sector:
GLR — SU(B)C X SU(Q)L X SU(Q)R X U(l)X
GSM — SU(S)C X SU(Q)L X U(l)y

(SU(3)c, SU(2)L, SU(2)r, U(1)x)

1
HR(l, 1,2, 5) . GLr — GsM

1
HL(I,Z, 1, 5) or @(1,2,2,0) : GSM — SU(S)C X U(l)EM,



Model (2)

e SM quarks and leptons:

U, 1 _ fL_LZ' — 1
q4; = (dz) : (3727 ]-7 6)321/37 qi = (dz) : (37 1727 _6)32—1/37

V; 1 — D’L . 1
1 (ez) . (1727 ]-7 _§)L:17 87, — (€Z> . (]-7 1727 §)L:—17

eIn this minimal extension, B-L is not broken by SU(2)R
chiral anomalies.

# B-L is not generated by the SU(2)R sphaleron process!

# We need additional chiral fermions to violate B-L !



Model (3)

* New leptons: [).E. Kim (2017) arXiv:1703.10925]

(£ 1 - (e 3
Li — (NZ) 2(1,1,2,§)L:_1, L = (X) 2(1,1,2,—5)1;:1,

B (11,1 —1)L 1, Nis (1 1.1 ())L 1 g . (1 1.1 1)L__1, X : (1 1,1 z)L__l,

L= v JHRL E, +y JH]L, N, +yrHLLX +he.

New fermlons (three generatlons)' To cancel the gauge anomaly
CKM phase in the new lepton sector.

e A portal coupling between new leptons and SM leptons:
Ling = g=-HLL; 5+g HRZE + 9N HWN +h.c.,

Eand N asymmetrles are transferred into SM Iepton asymmetry.
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Generation of B-L asymmetry

Y\
I\
e A first-order phase transition proceeds —
through a bubble nucleation. -

* A bubble wall reflects new leptons and (Hg) = 0 (Hg) # 0
anti-new leptons.

ErL(Np) ———| E;(N;)

—_—
Er(Nr) +—

Er(NL) —— 3| EL(Np)
Er(Np) —m——— '
e B-L can be generated if the SU(2)R sphaleron
process is decoupled in the symmetric phase. Bubble wall
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Generation of the baryon asymmetry

o (1) Ly asymmetry is generated by the
moving bubble wall.

(1)

o (I) The SU(2), sphaleron process converts
a part of L, asymmetry into SM B+L and

L. asymmetries.

EXL (II)
e (I1) These asymmetries are transferred to
the SM lepton and baryon asymmetries by

the ordinary SU(2),, sphaleron process. (II1)

e (I1l) Finally, new leptons decay into
the SM leptons!
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Baryon asymmetry in our model

dep = J'(m2 —m3 )(m% —m% )(m3 —mi)

X(my, —my,)(my, —my,)(my, —my,)

J' ~ 107 YE1,2,3 ™ 0.1 YN, o 7 0.1 YNy ™ 1

Ny dcp ~ 1010
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Dimensionless quantity

Large Yukawa couplings can generate the observed BAU !



Result

gr = 1.55, A\p = 0.014, g = 1.17 v,, = 0.48 yg, = 0.1yg., Ag = 0.014, J’' = 0.08,
J" = 0.08, yn, = 0.03, yn, = 0.89, yn, = 1.35 yn, = 0.03, yn, = 0.89, yn; = 1.35 vy = 0.48
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Phenomenology (1): Collider constraints

e New gauge bosons Z’, W are

. 1.6 \
produced by colliders and decay - \ N
e S A gr=0.014 unstable
o o . 3 \ \ & \\ R 4
into pair of SM fermions. L4 \ \\%2 %\ ady-minimal mogel
\ N $ \7%\\\
vr > 15 TeV is required! SEN NN \Z ..
. . . S 5% Ap=0. tabte _
e Below green solid line, the Higgs | N R\ REDOTTRERIE S
« g s 1.0 LHCZ oo S minimal medel
potential is unstable at ¢, < 10v,. | TN
080 """"" 1'0' ' 'TI'\' — ;'(\)*u : -2 .....
L. : : 5 5 5
e Radiative corrections to the SM Higgs
vrlleV]

mass from Z’, W= require a fine-tuning.
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Phenomenology (2): The GW spectrum
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Phenomenology (3): Dark Matter candidate?

e [V, lepton is singlet under the SM gauge group, and hence, it
can be dark matter candidate if it is stable.
Z,symmetry: (L;,E;, N;) — —(L;, E;, N;)
e With this Z, symmetry, BAU may be generated.
Lr=y?HRL,E; + yﬁHT L;N; + ngRZ €+ yxHLLX +h.c.

Ling = 95 Hpt; & T G Z] R s Limiet—t7 N TN T L

E and N asymmetrles are transferred into & asymmetry.
Then, & asymmetry is transferred into the SM lepton asymmetry!

Ongoing work! .



Conclusion

e EWBG needs an additional CP violation, which is
stringently constrained by the EDM measurement.

e We consider a first-order phase transition associated with

new chiral gauge symmetry breaking occurring at around
10TeV scale.

e Our model can produce the observed baryon asymmetry.
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