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OUTLINE

) Theoretical Foundations - ingredients for B-mesogenesis

) Calculational Toolkit - inclusive lifetime calculations

) Models of B-Mesogenesis - minimal set up

) Phenomenology - exclusion plots for Br(BJr — p+l//)
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BARYOGENESIS

) Why is there more matter than anti-matter?

) From BBN particle abundance and CMB anisotropies we know:

= 2B — (6.1+03)x 1071

n,

) In inflation models, initial condition solutions require extreme fine tuning:

ng — nz ~ 1,000,000,001 — 1,000,000,000
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SAKHAROV CONDITIONS

) Condition 1: Baryon number violation
) Condition2: C & CP Violation

) Condition 3: Departure from Thermal Equilibrium
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DARK MATTER

) Wide range of possible masses (eV to TeV)

) Our model: 1 5 m S S5 GeV Dark Energy

69%

'4

Dark Matter
26%

Y Should be Cold Dark Matter (CDM)

) Very weakly interacting

https://chandra.harvard.edu/darkuniverse/
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B-MESONS

>52< my < 5.4 GeV

) Mean lifetime:
~ 1071

) Room for significant
CP violation

Run 2 LHCb data e
http://Incb-public.web.cern.ch
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Phenomenology

TIMELINE OF THE UNIVERSE

Quark hadron Pions
Inflation phase transition annihilate
<107%s ~ 107 s ~107%s

> 101° K ~ 3 x 101?K ~ 10?2 K
> 1000 MeV ~ 200 — 300 MeV \ ~ 100 MeV
B-mesons!
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ete” Big Bang
annihilation nucleosynthesis
~4s ~ minutes

~5%10°K ~ 10°K
~ 0.5 MeV ~ 0.01 MeV
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OPTICAL THEOREM

Sti = (f|S]1) = o5 + 1T
Ty = (2m)*'6W (ps — pi) My,

2Im M;; = Z /(277)45(4) (ij - pz’) |Mm‘2
n YN J=1
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HEAVY QUARK EXPANSION

) Method to calculate the total decay rate: 1(5)

) Consequence of the optical theorem:

[(B) = 5 (BIT|B

T = Imi/d4az T{Hesr(x)Hesr(0)}

) Separate the short and long distance dynamics with an OPE:

(9 (9 _ §] B 7
I‘(B):I‘3<(’)3>+I‘5< ‘Z> :I‘6< §> L+ 1672 I‘6< 3> II‘7< 4> |
my my my my
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LIFETIME RATIOS

Exp. HQE
Bt +
(T( )) = 1.076 £ 0.004. (T(B )) = 108175914,
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B-MESOGENESIS

) Baryogenesis and dark matter from B-mesons

Out of equilibrium L o B-mesons decay into
late time decay CP violating oscillations Dark Matter and hadrons

0 0 -4
@; Dark Matter B G. Elor, M. Escudero and A. Nelson,

| ]

(anti-Baryon) B Phys. Rev. D 99, 035031

" G. Alonso-Alvarez, G. Elor and M. Escudero
Phys. Rev. D 104, 035028

@ A.E. Nelson and H. Xiao

Phys. Rev. D 100 (2019) 075002

d
ASL
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THE EFFECTIVE HAMILTONIAN

— *7 —]
st i compimahcry 113 = = X ik ¥ o 5 = 3 Yo 5+ e
o,
» C,k TGy
Lio/3 == Yduds€ijk Y™ dop dgp — Z Ypu, Yi Y ulp + hec.
o, ~
P
Y’L
YlIntegrate out heavy scalar B : -
P [
d-,

)Perform matching to determine the H 1/3 — _G(d) O(d) ’(p G(d) ¢C O(d) —+ {b <> d},

effective Hamiltonian
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EFFECTIVE OPERATORS

) Many new physics operators

2 Both for <L snand L5

) Red - poorly constrained

) Yellow - unconstrained
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Operator Affects Affects
B*7? By?
(bu®)(¥d°) Yes Yes
(bee) (1pde) No Yes
(du®)(¥b°) Yes Yes
(dc®) (1b°) No Yes
(vd®) (¥b°) No Yes
(bu®)(ud®) Yes Yes
(be®)(ed®) No Yes
(bee) (ud®) Yes Yes
Operator gf';:cts g;ects ) (a) . -
(bd®) (Puc) Ves Ves (bu®)(1s°) Yes No
(bde) (e No Yes (¥b°)(us®) Yes No
(bd®)(ds°) No Yes (bu®)(us®) Yes No
(bs®)(ds®) No Yes (bu®)(cs®) Yes No
(bs¢)(Ypu®) Yes No (bee) (us® Yes No
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LIFETIME RATIOS

) Can lifetime ratios constrain these models?

114}
1.12}

O/—\
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E 110"
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"
=

1.08
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EXCLUSIVE DECAY RATES

) Light Cone Sum Rules (LCSR) calculations done by Boushmelev and Wald
Phys. Rev. D 109 (2024) 055049

nd)(Bupw:m(d)P{ (FS,,.(m3)) + % (S, (m3))

mp

d ~(d
x (mp —my —my) + 2myFy’, (m3)FR), (m3

) Inclusive rate has the same prefactor dependence

2 5
(d) _ ‘G(d)| my, _ 3 4 2

(b — duy) = T (b — duy) |
G(a)— Gb)
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EXCLUSIVE/INCLUSIVE RATIO

) Enforcing a lower bound

2 Inclusive rate from I 3

Br(BtT — yBM)
Br(BT — pT1)

s M
o - - e % o - s 3
sTpNe N R R P 10 T b o S v~
! g ot . b " > 18y y i -

T T Ll Al

> 1074,

_4 T(BT = p™)
> 10 r B S uBM)

Py e = ) ~S A,
.".\f) R - ’ T e T — }_,-‘lf; .

= 10_4F

(BT — pt)

T'(b— duy)
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OUTLOOK

) Need better precision in the SM lifetime ratios (theory)
) Need more calculations of the exclusive decay rate in various models (theory)

) Need a larger source of CP violation (theory)

) Need to push the exclusion plots for Br(B™ — py) as a function of m,, down an order of
magnitude (experiment)

) This could fully exclude multiple models within B-Mesogenesis

Zachary Wuthrich - Belle Il Germany Meeting 2025 21 9. September



Backup Slides




Backup Slides

CONDITION 1: BARYON NUMBER VIOLATION

* In the SM, baryon number is conserved at tree level, but violated at
loop level due to triangular anomalies

 The currents 6“] f = Huj g so in the SM B — L 1s conserved but B + L can be
violated.

* B + L processes are governed by “Sphalerons™
* Sphaleron: Unstable solution to the EOM of EW theory at finite temperature

* Sphaleron processes are suppressed unless T > Tgy,
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CONDITION 2: C & CP VIOLATION

* A short “proof” as to why we need C & CP violation through a toy model:

* Suppose there 1s a super heavy boson X with the following decays:

ey | becayRae | o

X - qq a 2/3
X-gl 1—a -1/3
X->qq a -2/3
X - ql 1—a 1/3

* Then the asymmetry1s ¢ = ABy + ABy = a — «
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CONDITION 3: DEPARTURE FROM THERMAL
EQUILIBRIUM

* A proof that baryon number is conserved in thermal equilibrium:
 Recall B 1s odd under C & CP, and CPT commutes with the Hamiltonian H

(B)r = Tr|e PHB| = Tr|CPT(CPT) le FHB]
= Tr|e PH(CPT)~1B CPT]
= —Tr|e PHB]

* The mechanism for departure from thermal equilibrium 1s model dependent
* Out of equilibrium decays (GUT baryogenesis and standard leptogenesis)
* EW phase transition
* Dynamics of topological defects
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B-Meson Mixing and Lifetimes

Standard Formalism

 Hamiltonian describing meson/anti-meson system:

o (H H) _ (<BQ|H\BQ> <BqH|Bq>) o fp
Moo Ha)  \(B,|H|B,) (B,H|B,) :
d (1B
ZE(Q@»

. . B
(Mq - I‘q> (
2 ((%))
e Calculate observables:

AM, = M} — M}, AT, =T%, —T']

e Schrodinger equation:

K
™~
iy
N—
~—
|
K
™~
8
N—
~——
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(a) Effective vertices for £_1/3.
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EFFECTIVE VERTICES

) 'l/(’;,,(l_j‘!/'l“. ds . . N (YD o , .
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(b) Effective vertices for £.2/3.
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NEW DECAY CHANNELS

)

Internal particles could
be light quarks or
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LIFETIME RATIO CONSTRAINT

e
- T7(B")/T(By) constraint

10-10 |
- = ATLAS/CMS constraint

10711 |

Gy'Y [GeV]™

1.0 1.5 2.0 2.5 3.0 3.5 4.0
m,[GeV]
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EXCLUSIVE PARAMETERS

Parameter interval Ref.

b-quark MS mass my(3 GeV) = 4.4770-05 GeV 146

Dominant uncertainty Fi3’,p(0) = 002275013 GeV?
Form Factors ﬁ’[gdl)m (0) = 0.0050-00% GeV? 7]
Along with m,, on the PP (0) = —0.04170919 GeV?

)
Fy). (0) = —0.0070:00 GeV?

Inclusive side

B = 4.461997 GeV?

B—)pn_
Slope parameters bgl)_)pL = —2.271000 GeV? 7]
b([?)_wn = —2.001325 GeV?
by, = —2.851017 GeV?
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Slide from
FPCP2023 CP VIOLATION
Alex Lenz
1. CP violation in Mixing: Consider a flavour specific (4;=0=A4;) decay B — f
_ — 9. B = XI
A? _ I (?Q(t) — f) — 1 (Bq(t) — f) a;] " ‘F(fz‘ &in Qb({z zl’gB :D+I;__
© T (By(t) = ) +T(Bg(t) = f)  woarer 5 [M o B:z - DS+K‘
2. CP violation in interference of mixing and decay
o _ D(Ba®) 2 f)-T(By(t) »f)  eq. B~ J/¥ 1511 00466,
-4 [ (Bg(t) = f) + T (By(t) = f) or B, - J/¥YK, hep-ph/0201071
3. CP violation in decay
. DB N-TBM = A A eg Ay
T TBO - NATB) =) A+ 4P D't KKY
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