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Overview

. B mesons:

* Why are they interesting?

* Theory vs. Experiment: Hadronic decays

- Baryon asymmetry through B mesons: Mesogenesis

* Driving mechanisms ‘\
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*Overall viabpility



D Mesons: Why are they
Interesting?
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B Mesons

- Heavy bound states — hundreds of decay channels
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B Mesons

- Heavy bound states — hundreds of decay channels

*Sensitive to potential New Physics: B K ey
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B Mesons

- Heavy bound states — hundreds of decay channels
*Sensitive to potential New Physics

*Help to improve understanding of QCD and Weak Interaction
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B Mesons

- Heavy bound states — hundreds of decay channels
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*Help to improve understanding of QCD and Weak Interaction

*Sensitive to potential New Physics

*Laboratories for the study of CP violation

Matter - Antimatter

. == Barvon asymmetr
difference Y Y Y
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D Mesons: Theoretically

Rt

St «e®Semi-Leptonic YHadronic
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D Mesons: Theoretically
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Theoretical Complexity
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D Mesons: Theoretically

Leptonic
% WD
T ;

x (0| O|B)

No model independent approcach

Theoretical Complexity
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Hadronic Decays: Theoretically

- We cannot calculate hadronic decays from first principles

- Theoretical predictions rely on QCD Factorization

M [0]B) X (M|0]0)
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-+ Corrections



Hadronic Decays: Theoretically

- We cannot calculate hadronic decays from first principles

- Theoretical predictions rely on QCD Factorization

- Work hand in hand with experiments to test models
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D Mesons: Experimentally

Belle II LHCb

B factories: ete™ — Y (4S) — bb Forward spectrometer: pp — bb
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Hadronic decays: Experimentally

What can we measure to better
understand QCD qEEREIE Sl citiomn ¢
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Hadronic decays: Experimentally

- Theoretically challenging but plenty of available experimental data:
specially CP asymmetries!

LHCb
preliminary preliminary

Vs=T7TeVdata | S 1500 Vs = 7 TeV data
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Hadronic decays: Experimentally

- Theoretically challenging but plenty of available experimental data:
. data

specially CP asymmetries!
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Hadronic decays: Experimentally
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Hadronic decays: Experimentally

- Theoretically challenging but plenty of available experimental data:

specially CP asymmetries!
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Baryon asymmetry
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Matter - Antimatter Asymmetry

- What do we need? Shakarov conditions ‘\

. Out of equilibrium: otherwise the asymmetry is washed out

. CP Violation: changes particles tor antiparticles

- Baryon number violation: we want more baryons than anti
pbaryons



Matter - Antimatter Asymmetry

- What do we need? Shakarov conditions
Not enough...?

R £ e ‘\
. CP Violation: changes particles for antiparticles f ;

. Out of equilibrium: otherwise the asymmetry is washed out
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- Baryon number violation: we want more baryons than anti
pbaryons



Not enough CP asymmetry

Why is CP violation in SM is not enough?

Early cosmological time (7'~ 150 GeV):
asymmetry is washed out

Missing mechanism to translate it into
baryon asymmetry
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Not enough CP asymmetry?

Why is CP violation in SM is not enough? B mesogenesis solves these two issues:
Early cosmological time (T~ 150 GeV): Very low temperatures (T ~ 0.1 GeV)
asymmetry is washed out (late times)
Missing mechanism to translate it into B mesons decay into baryons by
baryon asymmetry introducing Dark Matter fields
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Fundamentals of b Mesogenesis



Fundamentals of B Mesogenesis

- We start from a scalar field (inflaton) @ that permeates the whole plasma




Fundamentals of B Mesogenesis

. We start from a scalar field (inflaton) (@ that permeates the whole plasma
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Fundamentals of B Mesogenesis

. We start from a scalar field (inflaton) (@ that permeates the whole plasma

Hadronization

Op D b=— B
CI>(D<I>(D

D gy P B

@@2@9 b =
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Fundamentals of B Mesogenesis

. We start from a scalar field (inflaton) (@ that permeates the whole plasma

Hadronization
OFG) (D(b b=— B D
(I) ') (T (I) CP Violation
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Fundamentals of B Mesogenesis

. We start from a scalar field (inflaton) (@ that permeates the whole plasma

Hadronization

Op D b=— B D B
(I)q)cp(b (999)

b = D g ), CP Violation
DB O° b e 2, 8
Decay into baryons

Decay into b quarks at
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Fundamentals of B Mesogenesis

. We start from a scalar field (inflaton) (@ that permeates the whole plasma

Hadronization

D D b = B B
(I)q)cp(b (999)

b = D g D . CP Violation
@, cchb » 09 e 0 8
Decay into baryons

Decay into b quarks at Purely SM!!
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Fundamentals of B Mesogenesis

. How much CP violation do we need in the B system to generate the observe
pbaryon asymmetry?

Hgg — Iy .
Observed: Yo =, @ B = 8710
S

B D .

h
Under mesogenesis: Yy = (Treh) A;e Ap
@

CP Violation

0

0

12



Fundamentals of B Mesogenesis

. How much CP violation do we need in the B system to generate the observe
pbaryon asymmetry?

Hgg — Iy .
Observed: Yo =, @ B = 8710
S

B D .

Under mesogenesis: Yy = (Treh) = Ap
Mg
CP Violation
I . . .
0 o i
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Fundamentals of B Mesogenesis

. How much CP violation do we need in the B system to generate the observe
pbaryon asymmetry?
Hg — N -
Observed: Yo=¢ =« = =8.1x10 s
)

B D -

h
Under mesogenesis: Yy = (Treh) A;e Ap
@

CP Violation

|
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|
— e ———— e a2 — g _— e — =7 : —_— e

Calculable in Flavor Physics



Contributions to Mesogenesis

o &66 QQ\'
e > <\ @
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CP Violation CP Violation CP Violation CP Violation
BY B0
q q

Charged
Neutral 5 Mesogenesis B .Mesogenesis
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Neutral b Mesogenesis

- Baryon asymmetry genemted by mixing of neutral B mesons
.c

o T TR

uct

- MIXIng appedrs as a mismatch between flavour and mass eigenstates

|B,,) = ¥,1By) +q,1B,)

B, ) = p,1By) — a,41B,)
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Neutral b Mesogenesis

.+ Baryon asymmetry generated by mixing of neutral B mesons

=) t decay

1 Ath
F(Bg(t) — B) = 95’(36(])(0) — 23)111644E [COSh( . ) + COS (AMqt)]

16



Neutral b Mesogenesis

Baryon asymmetry generated by mixing of neutral B mesons

<

——— 1 AT
%(BS(O) — D) e‘rnt cosh . + cos (AMqt>

-

e

Branching ratio at t=0 (no mixing)
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Neutral b Mesogenesis

.+ Baryon asymmetry generated by mixing of neutral B mesons

=) t decay

' 0 ['(B)(1) = B) = B(B)(0) — %)rqeﬂ%
b, D q 1
CP Violation Modulates the standard
. | exponential decay
G
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Neutral b Mesogenesis

.+ Baryon asymmetry generated by mixing of neutral B mesons

1 Ath
F(Bg(t) — B) = 95’(36(])(0) — 23)111644E [COSh( . ) + cos (AMqt)]
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Neutral b Mesogenesis

.+ Baryon asymmetry generated by mixing of neutral B mesons

=) t decay

1 Ath
F(Bg(t) — B) = 93(36(])(0) — %)qu_rcﬂa [COSh( . ) + COS (AMqt)]

B BY B

q dq (999)
0 Y 0 It 1 Arqt
CP Violation ['(B;(t) = B) = B(B,(0) = B)[' e (1 — aq)a cosh 5 — COS <AMqt>
2
Uq e
a, = 1 — p— . CP Violation in mixing
q
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Neutral b Mesogenesis

.+ Baryon asymmetry generated by mixing of neutral B mesons

=) t decay

F(Bg(t) — B) = %(BS(O) — oo qt— [COSh( ) + COS AMqt)]
B BY B

q q (999)

CP Vidlation r (Bg(t) — B) = %’(BO(O) - B)I, e ld(1 —a )— [COSh( ) — COS <AMqt>]

—_—
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Neutral b Mesogenesis

. Asymmetry from initial ("tagged”) Bg - Asymmetry from initial (tagged’) 32
ATLBL > B) = : [F(Bg(z) - 8B) - [(BX1) — is)] dt Ap(B) — B) = J [F(Bg(t) — B) -T(B)®) - 2'3)] dt
y 0

Combined

QQYH)((BC(]) — B)) = Q[E{,(Bg ) &273,(32 — B)

q b
r, 2T, 20



Neutral b Mesogenesis

2 . Asymmetry from initial (‘tagged”) B

. Asymmetry from initial ("tagged”) B p

nm OO

ATLBL > B) = : [F(Bg(z) - 8B) - [(BX1) — is)] dt Ap(B) — B) = J [F(Bg(t) — B) -T(B)®) - 2'3)] dt
5 0

Combined

xg +y§
(1 il — 32

ATL(BY - B)) = a, B(BY — B)| _,+ O(a2)

q q 2



Neutral b Mesogenesis

. Asymmetry from initial ("tagged”) Bg - Asymmetry from initial (tagged’) 32
ATLBL > B) = : [F(Bg(z) - 8B) - [(BX1) — is)] dt Ap(B) — B) = J [F(Bg(t) — B) -T(B)®) - 2'3)] dt
y 0

Combined

La %(Bg = D @(aqz)

q b
r, 2T, 21



Neutral b Mesogenesis

. Asymmetry from initial ("tagged”) Bg - Asymmetry from initial (tagged’) Bg
ATLBL > B) = : [F(Bg(z) - 8B) - [(BX1) — is)] dt Ap(B) — B) = J [F(Bg(t) — B) -T(B)®) - 2'3)] dt
~ 0
Combined
CP Violation in Mixing
AM, AT,

q b
r, 2T, 21



Neutral b Mesogenesis

. CP Violation in mixing: a,

Theory: a, = S1n ¢
q ]\412 \
2P = (=5.1 £ 0.5) G ET " = (2.2 £ 0.2 5 10
/ a?f = (—2.1 £ 1.7) x 107, Q@@ (U621

Not only small, also
potentially negative!

Experiment (semileptonic asymmetry):
1B —1) 148 »7)
g

" TB-/f)+I(B - f)
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Neutral b Mesogenesis

- Contribution to the total asymmetry:

Ap D fqApy +f; Bpo

Ap~1078-107°

BB - B) ~ 1073

ABg — ﬂé{)((Bc(]) — B))

23



Neutral b Mesogenesis

- Contribution to the total asymmetry:

Fragmentation fractions:
how many mesons are produced?

Ap~1078-107°

BB — B) ~ 107

ABQ — QQYCT:{,((BC(]) — B))

23



Neutral b Mesogenesis

- Contribution to the total asymmetry:

Theoretical a

q

Ap D fqApy +f; Bpo

ALY = (=78 £63]gy) X 10~

—> Al = (—19£ 195 x 107

Ap~1078-107°

BB — B) ~ 107

ABg — &275{)((36(]) — B))

AT 6+ 28]5,) x 1077,

N 02 )X 107
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Neutral B Mesogenesis N
BB — B) ~ 107

- Contribution to the total asymmetry:

Ap D JaApo+fsApo Apo = A p((B] — B))

ASP = (=7.8£6.3|g) X 107 AT SO

Theoretical ¢, —> AR°=(19£19]5)x 107 AR =(22%02]5)x 107,

q

Needs (huge) enhancement from Bg

24



Contrlbutlons to Mesogenesis

CP Violation

——— i

/ \
6 \ \
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CP Violation CP Violation CP Violation

* a Charged




Charged 5. Mesogenesis

» Baryon asymmetry generated by direct CP asymmetry in 5. — B decays

I'(BY - BTM°) —TI'(B- - B~M")

ﬂdcif)(B;r — B*MY) = e
[(B+ — B*MO + (B~ — B-MY)

®

B+ BT

C

CP Violation As DL Z AE(BY — B*M") B(BY — B*M") B(B* — B)

® o

M = Light pseudoscalar or vector meson = r, K, p, K*, . ..
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Charged B . Mesogenesis

» Baryon asymmetry generated by direct CP asymmetry in 5. — BT decays

I'(BY - BTM°) —TI'(B- - B~M")

ﬂdcif)(B;r — B*MY) = i
[(B+ — B*MO + (B~ — B-MY)

®

& - N ”

—

CP Violation Ap D[ Z{ d“'(BJr — B+MO) 9§(B+ - B+MO) B(BT — B)

6 % Missing values for B” — BM observables in SM

M = Light pseudoscalar or vector meson = r, K, p, K*, . ..
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At
“Hybrid B. Mesogenesis

. Baryon asymmetry generated by both direct CP asymmetryin 5. — B !
decays and mixing in the daughter neutral mesons

0
B q i fcz {F(BC — B)M*) oA (B — B)
M

CP Violation CP Violation 15 BgM A E{D(Bg — %)}

R0

G

R0
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At
““Hybrid B. Mesogenesis

» Baryon asymmetry generated by both direct CP asymmetryin 8. — B !
decays and mixing in the daughter neutral mesons

0
B 7 AaD fcz {F(BC — B M)l ((B) — B)
M

CP Violation CP Violation 15 BgM ) E{)(Bg — B) }
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At
““Hybrid B. Mesogenesis

. Baryon asymmetry generated by both direct CP asymmetryin 5. — B !
decays and mixing in the daughter neutral mesons

0 0
Bj B q B q R fcz {F(BC — B)M*) ol ((B) - B)
M

CP Violation (%ion +I(B; - BoM ) (B, 23)}
B, B
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At
“Hybrid B. Mesogenesis

. Baryon asymmetry generated by both direct CP asymmetryin 5. — B !

decays and mixing in the daughter neutral mesons

'
A 0
B: B =

0
BC]

CP Violation CP Violation

R0

G

R0

ApCL Y BBF - BIMY)| dIL(BS - B))
MY :

AIBT — BIM)(ATH(BY — B) - ATH(B) > B))
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At
“Hybrid B. Mesogenesis

. Baryon asymmetry generated by both direct CP asymmetryin 5. — B !
decays and mixing in the daughter neutral mesons

CP Violation CP Violation

R0

G

Missing values for B” — BM observables in SM




Predictions for BT — BM
decays



Structure of B — BM decays

. b quark acts as spectator, ¢ decays W

. Same structure as D(cq) — hh o O g d

« Charm CKMI Clcis 1icciiion

S

. Cabibbo Favoured (CF) VXV , ~ 1

CS

. Singly Cabibbo Suppressed (SCS) V*V

CS U

cd US

. Doubly Cabibbo Suppressed (DCS) V¥V~ A2

cd US

27



Structure of B — BM decays

. b quark acts as spectator, ¢ decays W :
. Same structure as D(cq) — hh o O 7 d
<
» Charm CKM classification &
y/

5

. Cabibbo Favoured (CF) VXV , ~ 1

CS

. Singly Cabibbo Suppressed (SCS) V*V

CS U

> VC*quS e /1 =A()22

Ny

. Doubly Cabibbo Suppressed (DCS) V¥V, ~ A% * /

cd US
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BT — BM Branching Ratios

 To estimate Branching Ratios we use:

« Factorization:

W s :i._ i
d
« Connection to D decays - \d\

30



Results for BT Mesogenesis



Results B . Mesogenesis

fac
ABCJF—>B+

Bf—B)

fac,theo __
ABC+—>Bg o

10—12 10—11
ABQ‘—)B

AI(BF - BM) ~ 107

= @ 10 ) X A(BT > BTMY)

ARG = (0.3 + 1.4]g,) x 10 SR )

(54 £1.3]4,,) x 10719+ 4.2 x 107°4LL(BS —» B)M™)

S



Results B . Mesogenesis Hybrid > Charged

Mixing relevant

: exp
only if a, — a,

ARS pe = @ X 1077) x SE(B —» B*M)

ARG = (0.3 + 1.4]g,) x 10 SR )

Bf—B)

102 10" ARG = (5.4 £1.3|g,,) X 1071 + 4.2 x 10 °A (B - B)M™)

Bf—B)

ABQ‘—)B

AI(BF - BM) ~ 107 "



Results for Unified Mesogenesis



U
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Mesoge
ne
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Unitied Mesogenesis

o
o
BY
B!
B! Bpé
O o BE
b
-

Fragmentation fractions
in the early universe (77?)
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Unitied Mesogenesis

- Fragmentation fractions: two scenarios

- “Vacuum’ scenario: cold temperature, similar to colliders

((Z:Oll. =fbct:oll. il 0407’ f;:oll. Ll 0101, fgoll. — 26X 10—3

« |
|
|

AT = (_38+3.8) x 1077 + 1.2 X 108485 (B — BM)
A2 = (—7.5+0.8) x 10~° + 1.2 X 10°A (B} — BM) z

!

L Xt . , 5 )

— e ——— et — — —— = — - — _— —
——— e e p—— e S
P ———— e p— = —_ = = — -



Unitied Mesogenesis

- Fragmentation fractions: two scenarios
- “Vacuum’ scenario: cold temperature, similar to colliders

- "High density” scenario: favours hadronization of heavier mesons

fomfynf, 3 =1

34
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Unitied Mesogenesis

0.20

fomfynf, fot+ 3, =1

. With exp. a, at 16: no need for B
processes

o U1 a, aligns with theory,

dir

contributions from &f cp needed
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Conclusions



Conclusions

- Under mesogenesis, the CP violation that generates baryon asymmetry
comes exclusively from SM

. Neutral mesogenesis depends strongly on a : improved experimental

q
precision needed

. In BCTL mesogenesis, generdally the new Hybrid scenario dominates over the
Charged

- Fragmentation fractions in the early universe determines relative dominance

of mechanisms. If a, = act]heo, B_.mesogenesis is needed.
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Backup



BT — BM Branching Ratios

. First, construct the amplitudes

Only in SCS decays
G
A(BF — BM) = i\/f (ViVr Ti+ VAV )
2

. Then we assume factorization

= A’ a(BM)



BT — BM Branching Ratios

- bXtract a;

Leading Order (Theory) Data driven (Experiment)
a, =C, + VCI . Assume factorizationin D — hh
Apply it to BT — BM
23
az — T
N

+
Tor 0, CD(mB/mBj, mM/mBC+> ( Agﬁ/l

2
D mBg_ () <mM1/mD, mMz/mD>

BB — BM) =



BT — BM Branching Ratios

B} — BP decay B™|B] in% BI — BV decay

Bt — BtTKVY : . BZ“—)B K*V

C

Bf — Bor . . Bf — BYp

C C

B} — BtqY 0 [4 BY — Btp°
B} — Bty . Bf —» Btw
B — BTy . —

Bl — Bir 18 [0. Bf — BYp
Bf — BYK . . B — BYK*
B} - BTK?

Bf — BOK™

C




Role of interterence in CP violation

Consider the amplitude of a certain process B — f. CP violation arises if for a certain observable

O we have OB — f) # O(B — f)
Observables depend only on the modulus of the amplitude

Only weak phases are shifted when they are CP conjugated

We can define de amplitude of the processasA = A, + 4,

CP violation only appears if A; and A, have a
relative weak phase, ¢,, and strong phase, 0,

A1=‘A1\




