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Mixing Between Neutral BS and Bg Mesons

» SM process: Flavour Changing Neutral Current
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» Associated phase:
> By system: ¢5M = 2arg (V4 V,,) =28
> B, system: ¢3M = 2arg (V7 V,,) = —2X%p

» Important test of SM paradigm

» Sensitive to Beyond the Standard Model processes
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Mixing Between Neutral BS and BS Mesons

» SM process: Flavour Changing Neutral Current » High profile measurements for
b u, c, t q Tevatron, B-factories, LHC experiments
! W W B, 05
B :
q q 68% CL contours
0.11 CMS 116.2 fb~* ‘ (Alog £ = 1.15)
> > > =
q u, c,t b a
g 0.09
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» Associated phase: T‘<_l“ LHCb 9 fb~?
* . Combined”
> By system: d’ZM =2arg (th th) =24 0.07 “ATs errors scaled by 1.86
> B system: ¢M = 2arg (Vi V) = —2\%p ATLAS 99.7 fb-1
0-0%3 0.1 01
» Important test of SM paradigm ¢/¥K[rad]
» Sensitive to Beyond the Standard Model processes HFLAV
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The Golden Decay Channels for Measuring ¢4 and ¢s

»> Experimentally looking for: high yield & “simple” interpretation
> Measuring ¢q: Bg — J/yPKO
> Measuring ¢s: BY — J/¢

» At leading order

A(BS = )P =

» Time-dependent CP asymmetry
|A(Bg(t) = ) — |A(Bq(t) — f)[?

(0 = [AB8(e) > ) + ABHD) > NP

x sin ¢g sin(Amgt)
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Penguins Muddying the Waters

» Aiming for high precision measurements (Belle-Il, HL-LHC)

> Important to take into account next-to-leading order effects! (e =~ 0.052)

A(BF — f)|* =

» Time-dependent CP asymmetry

_ A(Bg(t) = I — |A(Ba(t) = F)I? _ AL cos(Amgt) + AZE sin(Amgt)
T A(BS(t) — £)]2 + |A(BI(t) — )2 cosh(AT4t/2) + Aar sinh(Algt/2)

acp(t)
» Measure an effective mixing phase
s = dq + A%g = 67" + dg + Ay,

> d)?P and Aqbf, could be of the same order
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How can we determine A(bg?

> Aqi)f, is dominated by non-perturbative, long-distance QCD contributions

> Preferred strategy: Data-driven techniques relying on SU(3) flavour symmetry arguments:

In the limit of massless quarks, QCD does not differentiate between u, d and s

J/¥  Example
b > BY — J/KY is related to BY — J/9K2
by exchanging all d <+ s quarks
Bis
I\ S
> Same QCD effects (Assumption)
d(s)
Kg » Different CKM dependence

CKM 2025
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Data-Driven SU(3) Flavour Symmetry Strategy

Find a control channel where contributions from penguin topologies are not suppressed
Experimentally measure the CP asymmetries of the control mode

Estimate the size of the penguin effects using these CP asymmetries

A Invoke SU(3) flavour symmetry to relate the results back to the decay channel measuring qbi,fr
Estimate A¢Z ... based on the size of the penguin effects in the control mode

Main systematic uncertainty: SU(3) symmetry breaking

Kristof De Bruyn (VSI) Taming Penguins CKM 2025



Introducing the Penguin Parameters

The Penguin-Suppressed Mode:

>\2

T2 =~ 0.052

A(BY — J/yK2) = (1 - %ﬁ) A [1 + ea’e“”e”] ; €=

» A’: overall normalisation, dominated by contribution from the tree topology
> a’: the relative contribution from the penguin topologies
» 0’: the associated strong phase difference

» ~: UT angle and the associated relative weak phase difference.

The Penguin-Enhanced Mode:

A(BY — J/YK2) = —AA [1 - ae""e'ﬂ . A~0223
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Applying the SU(3) Flavour Symmetry Strategy

Use CP asymmetries in BY — J/¥K2 to determine a and 6 (theoretically clean)

A% = function(a, 6,~)
AT = function(a, 0, v, ¢s)

> ~ and ¢s are external inputs

Use SU(3) symmetry relation (assumption)

Determine the penguin shift A¢g
Ad)j/wK = function(a’, ', )

@ Correct effective mixing phase
f J/YK
o = $ijun — AgY
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Footnote: What About Other Decay Topologies?

Main Focus: Penguin Contributions

By — J/v¥K3
» Contributions from Tree + Penguin
> Ideal SU(3)-partner: BY — J/¢K2

» One-to-one correspondence
between all decay topologies

= U-spin symmetry

» Theoretically most favourable approach
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Footnote: What About Other Decay Topologies?

Main Focus: Penguin Contributions

By — J/v¥K3 BY — J/vpo
» Contributions from Tree + Penguin » Contributions from Tree + Penguin
> Ideal SU(3)-partner: BY — J /9K + Exchange 4 Penguin-Annihilation

» Assumption on hierarchy:

» One-to-one correspondence - ) o
Tree > Penguin > Exchange/Penguin-Annihilation

between all decay topologies
= U-spin symmetry = This analysis is only the first step
» With higher experimental precision, need to address

» Theoretically most favourable approach ! al pre
Exchange/Penguin-Annihilation as well
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Fit Scenarios

Bs — J/vK?

0
Coor M

<

Pseudoscalar Fit

Vector Fit

Bs = J/v¢

B — J/¥X Fit
arXiv:2010.14423

\

B — DD Fit
arXiv:1505.01361
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Fit Scenarios

s Y
By — J/wK° T

<

Bs — J/pK? By — J/ibr®

t Pseudoscalar Fit
Vector Fit

e B — DD Fit

Nominal Fit )
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Fit Scenarios

-
~

N
By — J/wK° T >| By;— D'D™
Belle-11 update Feb 2024

LHCb Update Sep 2024
Bs — J/vK? By — J/yr®

6s)
LHcTom Belle-1l Update Oct 2024

<

Pseudoscalar Fit

Vector Fit

LHCh Update Sep 2024
’
.

.

B — J/¢yX Fit},«' B — DD Fit

-~ ="
B L T L Nominal Fit )
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» Current data suggests the penguin effects are small
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Fit Results: Mixing Phases

B — J/¢+Pseudo-Scalar B — J/v+Vector B — DD

10 10 10
£ Fit Solution contours hold 39%, 87% CL B Fit Solution contours hold 39%, 87% CL B Fit Solution contours hold 39%, 87% CL
09 Nominal it Scenario 09 Nominal Fit Scenario 09 Nominal Fit Scenario
08 08 08
07 07 07
06 06 06
Q
;s 05 § 05 Sos
T T
04 04 0.4
0.3 03 0.3
0.2 0.2 0.2
01 01
0.0 0.0 b 0.0+ 9
40 a5 50 55 -0.15 -0.10 -0.05 0.00 —0.15 -0.10 —0.05 0.00
¢al’] ®s s

¢a = (45.7i11'.%) vs ¢¢ = (45.1240.94)° bs = —0.065%%8 vs 4" = —0.061 +0.014
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Impact of Potential SU(3) Symmetry Breaking
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> Let's assume the SU(3) symmetry relation is not perfect

EEXI SU(3) Breaking: 20% in a

[EX= SU(3) Breaking: 20" in 6

EZZ1 SU(3) Breaking: 20% in a +20° in @
Nominal Fit

contours hold 39%, 87% CL
Nominal Fit Scenario

120 150

Gjyp [°]

180 210 240 270 300 330 360

60
EXX SU(3) Breaking: 20% in a
221 SU(3) Breaking: 20% in a + 20° in 6
EX= SU(3) Breaking: 20" in &
S5 Nominal Fit
= 50
A
45
contours hold 39%, 87% CL
. Nominal Fit Scenario
~0.15 -0.10 ~0.05 o.

s

/
a=Xsy@)-a,

0 =0+ ysus)

> Add xsy(3) = 0.8+ 0.2 and ysy3) = —(20 & 20)° as external constraints
» Almost no impact on ¢4 and ¢s
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Standard Model Predictions: Mixing Phases

60
0.50
B Incl V| + Exel |Vl contours hold 39%, 87% CL &= IE"‘:E\'/'me"taE' "’:e":/s“feme"t
EZA Incl [Vip| + Incl [Veo| B Incl [Vip| + Excl |Veo|
0.451 =& Excl |Vip| + Excl [Ves| [ EXA Incl |Vus] + Incl |Vep|
Excl |Vup| + Incl |Vep| B Excl |Vus| + Excl |Ves|
Excl |Vup| + Incl [Ves|
0.404 L 50
—
1 0.354 L %_u
<
0.304 L 40
0.25 | [
contours hold 39%, 87% CL
0.20 . . . . i 30 . . - . . . .
0.00 0.05 010 015 050 035 050 —0.10 ~0.03 -0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02
= ¢SM
p s
» Standard Model fit for (5, 7) only used v, |Vis| = X, |Vus| and |Vep| (Tree level contributions only)

» Inclusive versus Exclusive puzzle remains unsolved

= Strong dependence on your choice for |V,5| and |Ve|
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Space left for New Physics
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» Strong dependence on | V| and | Vo]

>

oy = (3.942.0)°
#F = —(0.032 £ 0.018)

> Excl |Vis| + Excl |Vl

v =(1.442.0)°
#s" = —(0.030 + 0.018)

» Incl |Vus| + Incl |V

oy = —(43+25)°
#s" = —(0.026 + 0.018)

» Incl |Vu| + Excl | V|

oy = —(7.3+£2.6)°
#8" = —(0.024 + 0.018)
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A Look into the Future: What could we get after the HL-LHC?

10 60 . .
EZ=] Current Precision contours hold 39%, 87% CL ES= Current Precision contours hold 39%, 87% CL
0.9 ] EEX Excluding Control Modes Future Scenario B2 Excluding Control Modes Future Scenario
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» The penguin control modes need to get higher priority at HL-LHC/Belle-II
if we want to capitalise on the increased statistics they will offer.

» ¢4: expect 30% improvement, another 25% to 50% when updating penguin control modes

» ¢s: expect 50% improvement, another 15% to 30% when updating penguin control modes
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Fit Scenarios: Adding More Control Modes

Updated Inputs

By — JJwK®

[ Bt = J/bK* T

-«

Pseudoscalar Fit

Vector Fit

s
" 7
SIS T '¢
ACT B — J/4X Fit] |-~ B — DD Fit
BT Nominal Fit
BY — J/pK*®
Extended Fit
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Results: Extended Fit Scenario

B — J/v+Pseudo-Scalar B — J/¢+Pseudo-Scalar B — J/¢+Vector

B2 Nominal contours hold 39%, 87% CL £ Nominal contours hold 39%, 87% CL B Nominal contours hold 39%, 87% CL
0.9 EZE3 + Additional Control Channels. Extended Fit Scenario 0.9 EEEI + Additional Control Channels Extended Fit Scenario 0.0 EEE3 + Additional Control Channels Extended Fit Scenario
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» Additional assumptions regarding decay topologies

» Limited number of extra observables (Direct CP asymmetry only)
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Conclusion

> Data-driven SU(3) flavour symmetry strategy to control penguin contributions to ¢&' and ¢ from
> B — J/KO
> BY — J/v¢
> BY — D D;

» Results from Current Data
os
@d

—0.0657% %% (fit) 4 0.002 (syst) = (—3.723;%% (fit) £0.11 (syst)) ’

(45.77%% (fit) 0.3 (syst) )

» Including recent measurements of penguin control modes from Belle-ll and LHCb

» Improving our understanding of the penguin effects with future data is critical to benefit from HL-LHC and
Belle-1l programmes.

> Space left for New Physics crucially depends on choice for Inclusive/Exclusive | V| and | V|

Kristof De Bruyn (VSI) Taming Penguins CKM 2025



