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Evidence 1: Primordial nucleosynthesis
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Evidence 1: Primordial nucleosynthesis

@ Fractional number density in an ideal nonrelativistic gas

mixture: 3
n

Xi=—, pi= <Mu+AMi+T) nj, pi = Tn;
np 2

pP= pi+prad+pstpe,  P= D Pi+Prad+ Pyt Pe
i i
@ Expansion of the Friedmann-Lemaitre Universe:

n 81 G
B = -3H, p=-3H(p+p), H=="Np~T*
np 3

@ Nuclear reaction kinetics with laboratory rates:

. XM x xNix
Xi= Z N | T NN rij—>kl,\lli!7NJj!

o Chemical equilibrium: ng ) . Z;Xj = ne— — ne+
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Evidence 1: Primordial nucleosynthesis

@ Public codes involve reaction channels for isotopes from n, p
to 1°0.1° 0, run in the range 10MeV > T > 0.01MeV.

e D/H varies monotonically with pg e.g. (),
produced at z ~ 108 p(n,~)D,
cosmic evolution: D(p,~)*He, D(D, n)*He, D(D, p)*H
spectroscopically observed at z ~ 2 — 3 in Lyman-a clouds

@ Reaction rate sensitivity:
A(D/H) _ 3 (A(Uv)

D/H-— 7 >D(ph/)3He

-4 (%) D(D.p)*H

@ 1% accuracy for meaningful comparison with observations;
2020 November: "long awaited and major progress”
3% accurate measurement of (0v)p(,)3He (LUNA, 2020),
major contribution from Atomki and Konkoly Observatory?.

4 (w) D(D,n)3He

V. Mossa et al., Nature 587 (2020) 210-213
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Evidence 1: Primordial nucleosynthesis

@ Theory predictions with CMB inputs for deuteron abundance

Qgh? = 0.02237, N, eff = 3.04 + nuclear reaction rates

Latest outputs using LUNA2020 for (D/H)10°:
Pisanti et al. (arXiv:2011.11537): 2.54 £ 0.07
Yeh et al. (arXiv:2011.13874): 2.51+0.11
Pitrou et al. (arXiv:2011.11320): 2.439 + 0.037

@ Observed in 7 Ly« clouds (Cooke et al., 2018):
(D/H)ops10° = 2.527 £ 0.030
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Evidence 2: Cosmic Microwave Background (CMB)

@ CMB carries imprints of baryonic matter distribution at
~ 3.8 - 10%rs (z ~ 103) following BB, snapshot taken at the
moment of photon decoupling from thermal equilibrium

Physics scenario

@ Dark Matter forms gravitatonal potential, with fluctuations
originating from inflationary quantum fluctuations grown
macroscopic

@ Baryon-photon plasma before decoupling oscillates in the
gravitational potential, reflected by a rich peak-trough
structure in the angular decomposition of CMB

o Late evolution of CMB from z ~ 103 to z = 0 is influenced by
interaction with matter re-ionised in star formation
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Evidence 2: Cosmic Microwave Background (CMB)
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Evidence 2: Cosmic Microwave Background (CMB)

Dependence on
ol @ Curvature ' (b) Dark Eneray ‘ cosmological parameters

Directly determined:
Acurv: Qbh2a Qdmh2
Ns, T, Osound
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Evidence 2: Cosmic Microwave Background (CMB)
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Evidence 3: Cosmic observation of antimatter

Upper curve: distance ~ 20Mpc, lower curve ~ 1Gpc
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Diffuse gamma background indicates
matter-antimatter boundary farther than 1Gpc
Cohen, de Rujula, Glashow (1998)
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Evidence 3: Cosmic observation of antimatter

increased anti-He sensitivity of AMS-2 detector on ISS

| L Latest antithelium event: 2017-173:06:11:40
——

- ——————r
<
£ A
< —_—
2
< — B
3 o | v
] B ———

0 2
E ~102 X
- o) Butingeen sl 1561
R = [b) Golden etal 1997 = [Charge] = 2.05 % 005

€l Badhwar etal, 1978 -
) [ , Reconstructed Momentum = 32.6:£2.5 GeVic
i [d) Sasaki eal. 2001 i Cherenkor wone Charge-sign = ~ (negative)
L L L L Velocity = 0.9930:0.0007¢
2 3 X Mass = 3.81 0.29 GeV/c?
‘ e 1 ic “He Mass = 3.73 GeVic?
Rigidity 1GV) 1TV

8 events compatible with 3He (6) or 4He (2) of E ~ 2 — 50GeV
too many(!) compared to ~ 108 detected *He,
? primary cosmic ray, DM annihilation, anti-clouds, anti-stars 7
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Conclusion on empirical evidence

Status of matter-antimatter asymmetry is solid
At percent level somewhat fluctuating

KRN

Tos T s

The most ambitious science story of mankind uniting observations
from z=0to z = 108
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Prelude to Electroweak Baryogenesis:

Dimensional reduction

Short reminder: The case of real scalar field

B(r.x) = Sy T Tp €799 56,(p).

Gaussian integration in the background of the static ®g(x) mode:
—BF = =5 [ [(Vb)? + m*®3 + 2df]

~Z Zn,p In {52 (w2 + p? + m? + 3)03)] .
High—temperature expansion m? + 3)@% << T?

A
=3/ [ V®3p)? + (m3p + 6m§D)¢§D + %q)[slo}

¢3D = \/>¢07 m%D - mren + Arsn 7 )‘3D = TAren
Location of T, (Landau): m2,, + ’\’e" =0
1-loop solution of 3D theory:
F = 3mip®g + 25208 — 11 (m3p + 3\ en®)
Transition might turn into lst order due to ~ <D3 contribution from
massless d.o.f.
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Perturbative Electroweak Baryogenesis

Strategy 1985-1998 :
Thermally induced cubic potential — 1st order transition®

SU(2) invariant Higgs+Gauge theory Vj, = (’722 2) + V7
Vr=>ni (m?l—4 — = (m? )3/2) (ni: muItipIicity of i-th field)

242
Three massive gauge fields with 3 polarisations, mass m? = £ h :

V, = (3;52 T2 _ )\7\/2) R _ 327r Th3 /\h4 V()
V(T = Tc) = 30 (h— vc)?

Ve 3g3 3g2 3g 2_ 2 ¥(T) b
— = 1-— TS
( 327T2A> MH:

T. 167\’ 16
A=0.13,g =0.65 — ? ~ 0.13 << 1.1 (sphaleron washout!)
(o)
Resummed 1-loop approximation fails: for my > 80GeV transition
becomes crossover! (see Zsolt Szép's lecture!)
2Kuzmin, Rubakov, Shaposhnikov, PLB155 (1985) 36
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Electroweak Baryogenesis: PT with additional scalar

New strategy 20113:
Two-step transition with classical barrier

2
Voisss = 3 (W = 2 + 58%) + 552+ 3(T2~ T2)(nh* +.5?)
Potentials of extrema at T = T, (step 2 transition):

Vclass(oa 0) = %Vﬁ > Vclass(oa Wc) = Vclass(VaOS) =0,

) rA\pw2v? /
Barrier: Vijass(vs, ws) = m IS
4 2
Vs = % Ws = VQ& step 2
AApv2 + kw2’ s y2
h¥c c  step 1 (EWSB)
Continuationto T =0
ensuring Vjass(0, wo) > Vijass(vo, 0): o a h
Condition: Vetass OVeloss or cpv? > cow?
0T (ve0) OT  (0,we) cT e

*J.R. Espinosa et al. NPB854, 592 (2012)
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Electroweak Baryogenesis: PT with additional scalar

Parametrisation and renormalisation 4at T=0

we 1
v =v? +)\—T2 Wgzwf—i-csv—g)\—hTf vo = 246GeV
w2
Quadratic stability of SM vacuum: ¢, > —;cs
v,
Spectra: ‘
5 1 2 Cs\ Cs o
m5_</\ + C/\h>v +<2—>TC >0
w¢ w. Ch Ch
m%_, = 2/\hv§, my = 125GeV, my << mg
A 2 2
Quartic stability at large (h, s): h WC2 Am =K+ 2/\;,—C2
|)\m| Ve We
M7 (h, S
Vicioop = 75 > Mf(h,S) [ /(Q2 ) C,]+Vd,v+5v,

I=H,S
sV =06Vo+ - (5ﬂhh2 +6p25%) + (5/\hh4 + 5Ansh*S? + 6AsS).
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Electroweak Baryogenesis: PT with additional scalar

Renormalisation conditions at 7 = 0 for V = V(a5 + Vi_jo0p

Principle of minimal sensitivity applied

6Vl—loop 0 Vl—loop
Oh (w0) 95 (own) no change of vy, wy
62 Vl—/oop _ 82 Vl—/oop

0 (o) O (oo | Unchanged spectrs

Vl—loop|(v0,0) = Vl—/oop|(0,w0) =0« Vclass(T = O) maintained

Parameters A\, vo, Am, wo, T¢ 2 fixed in the Higgs sector

? ‘
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Electroweak Baryogenesis: PT with additional scalar

The potential V'T=0 ren[Ans Vo, Am, wo, Te] + V7

=) Z N// dxx? log [1 + e (Hm}/T?)
2
I=B,F

127TZNB m + cg T2

Scenario of thermal evolution during the cooling of Universe*

e Cooling system starts in the symmetric phase and Z(2)

1/2
A
violating transition at Ts = (T2 + hv> . (Step 1)
Cs W2
@ Further cooling: 1st order transition to the SM Higgs vacuum

at modified transition temperature T¢". (Step 2, EWBG)

@ Bubble nucleation starts at T, below T, (super-cooling)

*J.R. Espinosa et al. NPB854, 592 (2012)
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EWBG: Bubble-wall with additional scalar

Nucleation temperature T,,¢

3/2
Nucleation speed per unit volume : Tyn(T) = T* 53 e=5/T
Competing with expansion rate: one bubble in 1 Hubble volume:

Am 1

The surface energy 53 in thin wall approximation®
S3 = / dz [ ((0; h)? + (025)2) + V(h,s, T)} ,
h(—¢) = 0, h(oc) = W(T), S(—oc)=w(T), S(c0)=0

0.01

0.005

0.005
©0.01
©0.015
£0.02
= || -0.025

Nl 008

£0.035

I H
. 0 uz 04 06 08 1 12
®J.M. Cline PRD95, 115006 (2017) W,
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EWBG: Bubble-wall with additional scalar

Bubble profile (using tree-level potential)®:?
Nearby path close to Vpaprier:
h(z) = vesing(2),  S(z) = we coso(2),

o(2) =7 (1+tanh =), p(-00) =0, (o) =7
LW 2
Kl K
class[(p] c2 Sm QDCOS ‘2 Vbarrier ~ ]?) C2W2
o 2
53 = (V +w, ) BLW Vbarrier: LW =?

Ly
a~f0/2dg0<p( 2@), ﬁm2f5/2d4psin2gpcos2gp@.
Minimisation with respect to L, :

2 2 2
Ve +w KW,
12 ~27-< < (1 < ).
w KvZw? < + 4/\th2>

®J.R. Espinosa et al. JCAP 01(2012) 012,
"J.M. Cline et al. PRD95 115006 (2017)
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Matter-antimatter separation: model building |.

S coupled with massive fermion

AL = x[iv, 0" — my — (mPgr 4+ m*P)S]x

Let m = i|m|, then in the bubble wall:

AL = g[ir " — M(z)eMsO @)y,

M2(z) = m? + |mPPS%(z),  ©(z) = arctan ("’7}”&)

© = ©(x) cannot be removed by 1) — e~1159/2¢),
since it reappears in the kinetic term

CP-violation basics CP-transformation, fermions:

e e A I R L R

Consequence: 1e©51) — 1he=7©54)

©(z): space-dependent CP-violating feature of the construction
CP[B(2)] = —©(2)
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Matter-antimatter separation near bubble-wall

Semiclassical solution of Dirac equation with complex mass®?:
m = |m|e® _
(iv"0y — mPgr — m*P)yp = (iv"0, — me"s®)yp =0
One-dimensional variation accross the bubble-wall:

(L
Vs = e Wt (R Xss 03Xs = SXs

S

(w—isd;)Ls — mRs = 0, (w+is0;)Rs — m*Ls =0
or
(w+is0;)— )(w —is0;)Ls =0, (w—isO,) *(Z) (w+is0;)Rs =0

m(z

WKB trial wave function:

L= WL(Z)eifz P(z’)dz” R = WR(Z)eifz p(z')dz’

8M. Joyce et al., Phys. Rev. Lett. 75, 1695 (1995)
9). M. Cline et al. JHEP 0007, 018 (2000)
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Matter-antimatter separation near bubble-wall

Solution for Lg

Real part: w? — |m|? — p(z)*+(sw + p)©'— If:nl + 2 =0
Imaginary part: 2pw’ + p’ — %(5 +p)w —O'w = O

Perturbative solution assuming slow variation of w, p, ©

p® = sign(p)\/w? —[m|2 = po,

1/2
P = (P8 + (sw + po)®) % = po + 25t

CP-transformed Dirac equation © — —©

(1) — swtpo o/
P = po+scp=5,0

Influence of the phase transformation of 1) — e/®(@)q:

pfl)—Po+scp2“®’+ + o/ = po+ scpsyy,© + ace

Result of the anaIyS|s of the equation of R;:

()—po+SC 2“@/—f+a—po+5(;ps @+04CPR
. . . o
Dispersion relation: w = ((p — acp)? + |m| ) — scps -
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Matter-antimatter separation near bubble-wall

Canonical equations:
Ow 2 ' . Ow
Vg* i(})(l_i_sps‘ | @/>: @7 p=———

op 2pw w 0z
Pkin = ng = w(z'azvg —l— pa Vg)
miim
F = lmilml 'w | +scps o (ImPeY)

Second term distingwshes (anti-)fermion with spin projection
s(—s) and (anti)-fermion with spin projection —s(s)
Boltzmann-equation for the distribution of particles/antiparticles in
the neighbourhood of the bubble-wall

Pin Of; + b ofi
|m| 0z " Opkin
In the frame of the bubble-wall, assuming local thermal equilibrium:
f. =0, f= (eﬁ(’v(w;*vwaupkm)*#f)>_1 +0f

fi + = scattering terms
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Matter-antimatter separation near bubble-wall

Wi, 0f; from the first two moments of the Boltzmann equation
Elimination of 0f; leads to diffusion equations for & = u;/T:
—Di! =&+ >, (Tl +m— i+ ) =T (i+j—+m)) =S5
Vwa//Di<V (|m|25c135@’)’>
(V)T ® 22

Solution with Green's method leads to helicity state separation

CP-dependent source term: S; =

S(z)

E=w/T=CP asymmetry
/\I J\ Iy T 0y
\j \/ ‘
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Matter-antimatter separation: model building II.

Transformation into 7-lepton asymmetry by
massive Majorana fermion x coupled with inert scalar dublet ¢ to
7-leptons!0:11:

AL = yl.¢Pgry + h.c.
@ Helicity state separation in the bubble-wall

@ x7L <> ¢: Helicity asymmetry of x transfered to 7 — 7

@ Lepton-asymmetry transfered to quarks through sphaleron
mediated processes

19).M. Cline et al. PRD95 115006 (2017)
115 M. Cline,”Is electroweak baryogenesis dead?”, arXiv:1704.08911
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Conclusions

@ Real scalar field represents a simplest extension of SM
possessing sufficient number of new couplings for strong 1st
order phase transition

@ CP-violating coupling of the scalar to new fermions provides
additional strength to matter-antimatter separation in the
electroweak bubble wall

@ Question for public poll: Is EWBG dead?

@ There are other attractive constructions, but experimental
guidance for model building is missing!.
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