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One More Open Question:

Matter-Anti-Matter Asy
6.7 X 10~ 11 np—Nn- 92 x 1011 BBN BBN: J. Phys. G 33 (2006) 1. (PDG)
<VY.= b < 95% C.L. cviB-WMAP: 0803,
836x 10711~ P 7 s T 932 x 1071 CMB T T (g planckrs02 01569

CMB-Planck:1502.01589

Among many different scenarios to
explain the BAU in the universe we
study Electroweak Baryogenesis,
but why we choose EWBG?



Today’s Goals

’ ) Compare three methods for calculating CP-violating sources for Electroweak
= Baryogenesis.

, Identify whether the sources induced by fermions mixing can be computed
& \ith different methods (spinor decomposition vs VEV-insertion approximation).

Provide a ready to plug equation of the CP-violating source to be used by
~ Phenomenologistsin their favourite model.
To do that we:

» Review Methods of CP-violating sources for EWBG.

» Present Modified dispersion relation are necessary for self-consistent calculations.

» Apply these onto a the case of mixing of 2 fermionic flavours.



Baryon Number violation: Sphaleron process.

. Cand CP violation: CP-odd phase in the mass matrix.

Departure from Thermodynamic equilibrium: first-order

electroweak phase transition.
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Part 1 Methods



WKB Method [Joyce, Prokopec, Turok]

[Cline, Joyce, Kainulainen, Prokopec]

* Solve Dirac eq. with space-time mass with the WKB approximation

(id — MM (2) =iy’ MA(2)) U =0 T, =e v (;) REs, o3& =5E, L s=.
dispersion relations Ly = w exp [i /ks(zf)dzl].
» Dirac equation fixes kg in terms of w 0’ :
Ws = wo F 34w0
« Using Canonical EOM:
(9(.&)5 ];; 8&.}3
VA — = —
I Ok, i ox
* We get
’ ' - mim | (m70')
Fs= ks = wsvg = + s

W 2wi



Fluid equations in the WKB approximation

1 Boltzmann equations assumed to be of the form
(O, +vy - Ox +F-0,)f: = Clfs, [, ...

J Particles and antiparticles are treated separately, resulting in
different forces that depend on spin: CP violation.

1 Taking moments of Boltzmann equations one derives fluid /
diffusion equations for the particle asymmetries of different species

Getting the modified dispersion relations is Simple, but writing the
Boltzmann is not from 1st principles.



The closed time path formalism

- Time-dependent observables in QF T can be related to a path integration over a
closed time path

(SO (1)) = / Do(1)(S(to) e~ O()|9): ¢ (Pl ™ E8)|S(to)).

Path integral fromt to to Path integral from to tot

— / D(peigm
C

< g



CTP Propagators

- Propagators carry indices ab=+ from the time branches of the field insertions

_ d*k
’[:Sa.b(wv y) — <TCK¢)r1($)1/)b(y)> = W

r—+y

e_ik(I_y)iSab (k, )
2 Wigner transf.

- Contain info about the shell and number densities of propagating d.o.f.s

iS (k) = iS5

free free

(k) = —276(k= = m=) (K +m) [0(k") ] (k) — 0(—=k") (1 = F(-K)]

- They satisfy quantum equations of motion: Schwinger-Dyson eqgs. in contour C

[i(ﬂ — M - i’f’MA] 19 (z,y) =ad.pid* (x — y) + Z c/d422ac(:v, 2)iS(z, y)

This leads to Boltzmann / fluid equations fromfirst principles! Self-energy (1PI)

and for in the collision-less limit:
After
Wigner transf.

(k‘{_ %a—MH(Z)e_iO —Z"}/5MA(Z)6_7:O) S<(l€,2’) =0,

1 8. 'l ]'--L'] b 1 ] Fats oS 1 i 1 ;
0= 0RO — S ONOY + 5 O (B +07) — 5 R — ).
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CTP: VEV insertion approximation

- Consider Schwinger-Dyson equation without a IPlself-energy and m = mo+6 m(x)

(wrﬁ — mgy — ém(r)) fiS”‘b(:J;', y) = ad,,id® (z —y)
- Start with solutions iS{!” to the homogeneous case m=my
(Za — rrn(')) 7:88})(:[:3 “U) — a'(j(;,?)i(s(4) (33' — U)

- Thefirst equation is solved then by a geometric series [Postma]

S"a.y) =S (o) + [ d'zeSi(r.2) SM(2) Sz

—I—fd% d*wed S (v, 2) SM(2) SE (2, w) SM (w) SP (w, y) + - - -
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CTP: VEV insertion approximation

Om(x) effects can be absorbed into a “self-energy-like” contribution in eq. for S

(2(29 —myg + ém(.r)) féS“b(:I:, 1Y) = ad,pio® (z—y)

(i) — m) S (x.y) = ad™"6* (& — 1) + / d*z ¢ 688 (x, 2) 9 (2, v),
6L (z,y) = ad™ SMo(x — y) + SM (2)SE" (z, y) O M (y)
+ / d* 2 d SM (2)S3" () 2) 6 M (2) S (2, y) M (y) + . ..
Schwinger Dyson equations can be solved in terms of powers of So,6 M

So < 8(kY —m32) so the full mass shell cannotbe directly recovered
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CTP: Spin decomposition

" For a planar wall in x,y directions, S, is conserved [Kainulainen, Prokopec, Schmidt,
Weinstock, Konstandin]

- Can expand propagatorsin structures that commute with S,

. 1 z 15 3 . 5 s

iS7 = =5 (L+557) [s7%97°95% — 57705~ + 197~ — 7793~ ]

+ Schwinger-Dyson equations solved in terms of functions g;

- Combining egs. algebraic constraints that determine modified mass shells

(k2 _ mgﬁ"(x))gf(x:k) =0= gi< (;1?, k) X 5(k2 - mgff(w))

(%_+ %a_MH(Z)e—io _Z-,Y5MA(Z)6—7§<>) S<(’€,Z) — 0’

2105 — 2ish7gs — 2iMHe=30 Frge _ 2ipfAe=50 Drgs g,
2ik0g% — 2sk7gs — 2iMHe~3 9 _’) kgs +2M%e -39 ﬁ‘fg-s =0,
203 + 25h7gt — 2MH =30 Brgs _ 9ipAe=50 Frgs g
2ik0gs — 2isk?gy + 2M e~ 50- 3* _o)MAe=3 9 s gi =0

13



After expandingto second order in mass gradients, finally can write the master kinetic equation:

k* 87 +[2 [M M T,gL]] [Kainulainen, Prokopec, Schmidt, Weinstock]
m1xu;; term
-é {(mﬁ) , Ogs qL} % (M'giMT + Mg M) + 4}“ (M'M'g; + gf MM'T)J
cla.mmEI force gradicnt-nn}ung terms
A M”M*dka —oe Tt = L (o IR Mt — My 38 QR MM
8 k? 8 k*
-'-;muicl'l.*-i:;wl] force

1

_16 [(MM?)’ sz] 4+ — [M-"M 8&:sz]}

_ N | . - i% (&,
8..jZ (k, 2) :(A-[HJ\-IH +MAMA ) = Oked5 (R, 2) + (M7 (02M7) — M7 (92 M) ‘2k Op= ( Ec z)) -

m3(z) = m?(z )-—(u”( )M (2) = MA(2)a. M7 (2)), k' = sign(k")/(k")2 — (k7)? — (k2)?

Our input: Modified shell precisely leads to cancellation of ' terms!!

el == ng’fﬂ(wﬂ)(l S [(SF - i—iﬁw + Fo B(1 — fo)ow + — Fﬂ w10{25 ]

Il 14



Part 2 Different Sources in Literature



Motivation: CP-violationin the fluid equations

Considering fermions
e The vector Current: [Musolf, Chung, Tulin,....,

. B fod Konstandin, Prokopec, ...etc]
azjz — Uy, az,n — D 83?’2, _ SCOHISIOII

* The axial current:

8z3§ = Vw 82,7}, — D agn — _|_ Scollision

[Carena, Seco..., Kainulainen, Konstandin,
Prokopec, Schmidt, Weinstock]

Our focus today

Liouville/Schwinger Ol e Fluid equations for number
Dyson equations densities/ bulk flows containing The

equation for distribution _ - VS
functions Particle densities Generated y y

(microscopic kinetic
equations) through the CP violating source.




CPVsourcesin the literature

Source type. Methods = Resonant Gradient order
enhancement

Slngle flavour [Cline, Joyce, Kainulainen, Prokopec]

[Kainulainen, Prokopec, Schmidt, Weinstock]

No - 2 [Cline, Joyce, Kainulainen]

Diag. sources are resonant but
effect Compensated - 1+2 [Konstandin, Prokopec,

'\ by flavour oscillations Schmidt, Seco]

Yes {J:-‘ 3 | . ::

Multi-flavour, .

[Riotto][Carena, Moreno, Quiros,
Seco, Wagner] [Lee,Cirigliano,
Ramsey-Musolf]

—

No modified
shell is needed

17



Part 3 What we found!



We do the same thing but now for two fermion flavours:

- Weconsider a 2 fermion system with CP-odd phases present in mixing terms

M = i i ei(pvb(’z) ]
v, (2)e"Y Mo

LD — (MY (x) +ivy" M*(2))y) {

- Have computed CPV source 0,j.' with two different methods:

« spin decomposition
Agreement up to O (v3,03)

+ VIA expansion

19



2 fermion mixing: CPV source

Mixing effect. Add up to zero

Involve CP odd phases. Contribute to total source.

('Uav ’Ub’Ub) _Z 'z Resonance compensated in sum by

0.jz = —
(0:55)11 = 1 —Jao = O(m1 —my)

//

(vafu fubvb) i

O
(az.75)2,2
o
oQ
£ 816 32 2
s
2
= o ll
S &

Include o' contributions

Ju= (27)3

- 2(9’[}

Tr [y#4°iS<(k,z)] VIA

g[]_)a

CTP spin decomp

20



Ready to plug equations for model builders
and phenomenologists



The source

M; €%
For a simple Bino-Higgsino system v 1 eu(2)
1)

Thesourceis: eMvg(z)  |pl

_, M |p| (20l 0] + vpvll + vavy)) sin(¢)
SRM(K 2) — — B £ (1 — £0 a Ya b
11 ( ; I) > Umfll ( fll (ﬂ'ff - \,HF) {:':)l],l w{},l
M| p| (2vi v 4+ vyl + vav}) sin(¢)
Sk, T) = +Bvy o (1 — f5: Lo —£ b
(o m) =+l (L= f22) =37 ) i an

400 -

200

-200

SMSSM
]
i
|
|
log[|S:eson| - 107]

0.5 1.0 1.5 2.0

-10 -5 0 5 10 15
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Conclusions

We have obtained a new consistency conditionfor the derivation of Boltzmannequations: all terms
proportional to &' must cancel

For quantum fermions, this requires modified dispersion relations
Mass shell can be inferred from constrain equations nontrivial check

Computing the modified dispersion relation essential in CTP as in WKB, and
cannot be done with the VIA approach

We have derived CPV sources in a system of 2 mixing fermions in the CTP formalism
VIA and spin decomposition calculations agree, consistency condition satisfied

Resonance not present when summing over flavours

Sources contributing to flavour sum have the structure of WKB semiclassical force

24



Thank you



A consistency check

- In the quantum case, the mass of on-shell excitations can be computed
with constrain eqs.

* Cancellation of &' in the kinetic equationsis then a nontrivial
consistency check

Unambiguous Boltzmann equations including CPV sources in the CTP
formalism require to compute the modified dispersion relation, similar to

the WIKB case

26



Trivial shell: classical particle

» Consider a classical point particle with space-time dependent mass. E.o.m.sare

dr? N dk” om(x)
dr dr Oz,

kY = m(x)

« With g(z, k) = 3(k* —m?*(x))f(x,k) the classical phase-space density, Liouville’s
theorem gives
d o ‘ Etof(kx)  dk* Of(k,x)
—g(x, k) =0(k* —m?* (@) | — == o
gl k) =0 me ) (’m Ozl * dr  Ok"

dr

: ‘ 1k om
+2k,, f(k, 2)0' (k* —m?(z)) (( i )

dr Ox,,

Cancels! Consistent
Boltzmann eq.

27



Nontrivial shell: single fermion

- Consider a quantum fermion with
Lo — (MM () + iy M ())y

« The spin decomposition method gives a CPV source in static bubble frame:

0,57 (k, 2) =(MP M7 4 MAMA) 2042 (k VH (2NN — A —— g [(InE2)
2-75( ,Z)— 44 + 4 ’ k= kz]f)( ,Z)—|—(x ( ol ) = ( z H)) k= k= k=

as well as a modifiedshell

m2(z) = m?*(z2) — % (MM (2)0. M (2) = M (2)0. M (2))., k" = sign(k")/(E")? — (k1)? — (k?)?

[Kainulainen, Prokopec, Schmidt, Weinstock]

- Our input; Modified shell precisely leads to cancellation of &' terms!

)

28



2 fermion mixing: Consistency check

The consistency check requires to compute the modified dispersion relation

k* = (m; + om;)?
sma sin(y + @) (vpv!, + v,07)

om; = — + (s-independent) 4+ O(v?, vv”, v'v").
2 (m? —m3) \/ k.” +m3
| smy sin(vy + @) (vpv!, + v, v, , .
omj = — (O + &) (o F vath) + (s-independent) 4+ O(v?, vo”, v'v").
2(m3 —m7) \/ k.2 + ms3
Thisresults lead to the cancellation of §' terms!! Consistent Boltzmann eq.

Termsthat give nonzero total source lead to force terms in Boltzmann egs.
o m; d-(6 m;) exactly as in the WKB formalism

29



Using off-diagonal components:

Exchanging L < R, M < Mt, we can write the sought-for divergence of the

chiral current 0.j8 = — Z $(0.9R + 0:91)-
s==*1
But the main objective is to write the divergence of the chiral current along the

diagonal 0.jJ 5.ii » in terms of the diagonal number currents.
So to do so, we need to solve for ( g5 L jQ,i # j ) up to the same order, so we make
the following expansion:

QR/L ij = 9358%3 +9R5L)zg —I—g;%,& + O(5m”?, sm” sm/, sm'"),

5.(0) (mg(?ma — 5mbm1) (QR n—9n 22)

12 = + O(6m?)
IR,12 m? —m3 (

- (0) (mlﬁml + §mam2) (gf1 11— G5 22) o6

R21 = : + m-),
r21 m% — m% ( )

(ml(sma + (5-mbm2) (92.11 — 9222)

18:’(32) = 3 — L 1 O(6m?),

5,(0) (mgéml + §-mam1) (gi,u - 9322) L
9r21 = 2 D) + O(0om=).

my — mg

45
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The resonant mixing source:

_ 25 (vavl — vyv7)
(8335)11 = Z [— aga 3 b (95,11 - 95,22)
s=+ iy = My

2ssin(y + @)mima

k#(mi —m3)

1

*m(gg,zz - 93,11)] + O(6m?, dmom” , 6m/ om’),
1 2

1
(20, + Vv, + Vavy) [m(g’g,n — k" Ok=9311)

_ 25 (vaV), — vpv))
(025 )22 = Z [ aza 5 L (9‘§,11 - 9’§,22)
s—t mp—my

2ssin(y + ¢)mime

1
(20,05 + vovg + vavy) [— (95,20 = K" 0= 5,20)

k#(mi —m3) 2(k7)2
1
To7 2 (93,20 — 95,11)] + O(m?, smém™ , m" sm’)
1 2
- (v, —wpvp) o s L
(0=75)11 = ( s ) (Tr[v*S5 11,1 — Tr[v* S5 ]2,2)
1 f2
isin @ mims L, : .
i (mZ — m2) (20 v} + vyv) + vauy) [%2 (Tr['}-"}S(‘f]m _ kzdszrh'BS[ch)

1 ! 3o< 3 o<
TZ =3 (Tr[y*S5 )22 — Te[y*S5 i) | »
g iz i(vavy — vovy) 3 g< 3 g<
(0:35)22 = — ——=———= (Tr[y"Sgli,n — Tr[yS5 ]2,2)
ﬂll — ?Tr',g

1sin ¢ myms
k.(m? —m3)

1 T 1
t+———s (Te[y*S5 ] - Tl'[ﬁ“gb{f]z,z)] +

mi — ms;

(Tr [,}.-3 365 ]212 — kzﬁszr[’}’SS[ﬂﬁaﬁ)

|
(2vgvp + vpvy + vavp) [2,&-2

31



Writing an appropriate ansatz from the constraint equations:

From the constraints equations to the second order in mass gradients, we can write

90,01 = Z ij(ka x) 6(k2 — m? — 2mj5m;’7).
J
o) ksko k*s 2

5 = 27T~—(S(k2 —m

93,ii _mgﬂ,i e 7= 2mjom3) c;;(k, x)
1

where, ¢§; = O(v?)csy, 1 = O(v?)cs,, and

smasin(y + ¢) (vpv), + vav})

omi = — + (s-independent),
2 (m% — m%) \/sz +m%
: / /

oms = — s sin(y + ¢) (00 + vaty) + (s-independent).

Q(m% —m%) \/k22+m%

The coefficients cisj (k, x) contain appropriate number distribution functions.

32



Back-up SM Sakharov

/

nrg NgR
(h) #0 — (h) =0

np, nr,

\ Sakharov conditions: Departure from equilibrium
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Back-up SM Sakharov

nap =0 Baryon number nag =0
jg <0 Chiral charge j& >0
nr "NR nrp Ng
nr ny ny, ni

Sakharov conditions:C and CP violation



Back-up SM Sakhgrov

ng Np

anti-

sphaleron sphaleron

X

sphaleron

% jphaleron Q

nr, nr,

Sakharov conditions:B violation
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Back up — Effective action

The 2PI effective action can be expressed as

T[A,S] = B+itr[AO Al —itr[S© S| +itrlog A~ —itrlog S + Tu[A, S] .

where B is the classical action, A7 the Klein-Gordon, S 07" the Dirac operator,

[3[A, S] = —i x the sum of 2PI vacuum graphs,

36



Backup :Toward kinetic theory: Wigner transformation

Wanted: Equations for classical distributions (eventually fluids)
that encompass relevant quantum effects. relative coordinate 7 = x — y
average coordinate X = 1/2(x + y)
Wigner transformation of the two-point functions:

_ 4, ik-r r. r
G(k,X)—/dfre G’(X—f—z,X 2)

Convolutions lead to the gradient expansion:

T

[d4r elFr /d4zG (X-I— g, z) F (z;X— 5) =e ° {G(kX)}{F(kX)}

Ao B= % (0408 — 080" (AB).

The collisionless Schwinger-Dyson equations in Wigner space adopt the
form:

(K4 30— MU = P 2rA @)™ ) 5%(ki2) =0,

52



Backup - Wigner Transform

* For an operator associated with a generalized “matrix” representation O (x,y), where x and y are
spacetime coordinates, the Wigner transform is defined as the Fourier transform with respect to the
relative coordinate r = x — y. Defining the average coordinate X = 1/2(x + y), the Wigner
transform O (k; X) of O(x, y) is obtained as

O(k; X) :/d47‘eik"“0 (X+g,X— %)

The corresponding inverse transform is
0 (X + X T) / Ak =ik O (k; X)
- X—=)=[] —e : X ).
2’ 2 (27)% ’
The Wigner transform of a product of operators
Clay) = [ d'> Alw.2)B(=.0)
1s known to be of the form arXiv:hep-ph/9802312.

C(k;X)=A(k; X) e " B(k; X),

Ao B— % (9408 — 90BN (AB).
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Back up spin diagonal

g + 90 =— %Ztr 57 PiS s >] . charge density,

g3 + 93 =— % Z tr [373iS§’>] ., axial charge density,
g +tg =—= Z tr [iS57],  scalar density,

95 +95 =— = Z tr [iv’iS57] ,  pseudoscalar density,
g — gy =— = Z tr [y°4°1S57] ,  axial current density,
93 — 05 = — = Z tr 1S > , current density,

g — g, =— 5 Z tr[siSS7],  spin density,

Gy — gy =— = Z tr [siy’1S57| ,  axial spin density.

S_
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