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Introduction

_ 7
# B — B oscillations between flavor Mz — §F12 x
eigenstates | BY) and | BY) b .
(1B _ (g (1B "
dt \|B{(t))) — 2 |B2(t))) "
u, c, U, c, 1t
N My Mo o INTI ST
M = * P r= *
<M12 M22> (F12 FQQ) s W b
# Diagonalize the matrices +
|Bs,L) = p|BY) +q|BY) b s
0 n0 u, ¢, t
‘BS,H> =p |Bs> —q |B3>
# Mass eigenstates: | Bs, 1) (lighter) and %% %%
| Bs, ) (heavier)
s u,c,t b
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Introduction

7
# Physical observables depend on: | M2, Mz — 5F12 x
|F12|, ¢s b s
® Am,: B? — B? oscillation frequency w
AMS = MH — ML ~ 2|M12‘
u,c,t U, c, 1t
t quark is dominant in SM, sensitivity to NP
in the loops
# AT, BY — BY width difference s w b
APS :FL—PHN2|P12‘COS¢5 +
only w and ¢ contribute, precision probe of b w. et S
SM, little room for NP T
® ¢,: CP-asymmetry in the mixin
é y y g W W
IR T'ia | .
ags =Im | —= | = |——|sin ¢
f <M12> Mo ¢
s u,c,t b

VS, AD, TH (CKM 2023) / WG4, 22.09.2023 Session summary 4



Introduction

In this talk: constraints SM by studying the time-evolution of B?S)—B?S):
# Recent LHCb & measurements of ¢s, Ams, y
# Recent LHCb & Belle Il measurements of mixing-induced CPV in penguin decays
# Theory progress in understanding perturbative and nonperturbative aspects of B-mixing
# Theory determinations of v and ¢,
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B-meson mixing
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B-meson mixing

Numerical results AT

AT to NNLO

AI—S +0.53 +0.09 =3
el = (3798 18 %o 1/m, £ 01168, £ 0781/, £0.05mpu) X 107%, (33
S Ipole
AT a
= (4.33 O Fscale 10 B0ecote 1/m, T 01255, £0.781/m, £ o.osinput) x 1073, (34)
s IMS
AT -
= (4.20 3 ecate 70 R0ucate/my T 0-125, £ 0.781/m, o.osinpm) x 1072, (35)
s Ips
Overall result:
ATh = (0.076 4 0.017) ps ! (36)
Motivation Calculation Results References
Pascal Reeck = NNLO QCD corrections to AI'(S) Santiago de Compostela, CKM 2023 19/27

Source: NNLO QCD corrections to AT,y inthe B(s) — B(S) system by Pascal Reeck
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B-meson mi

Visualisation of results ﬂ(“

X107 “ MS scheme
Eio 0.
==+ MSNLO
7 —— MSNNLO 0.12
. PSLO
£ ——- PSNLO 0.10 ATtheoincl
Te ~— PSNNLO ATt
] —
= Pole NNLO 7008 Jexp
£~ a.
e = 006
s y
3 : =
3 oot} (ar - Ao
4 AM, S g
002 AMEeos
3 0.00
2 3 i 5 6 7 8 9 10 0 5 10 15 20 25
o = = 1 1GV] AM, [ps]
Motivation Calculation Results References
0000 600000000 0000800

Pascal Reeck ~ NNLO QCD corrections to A () Santiago de Compostela, CKM 2023 20/27

Source: NNLO QCD corrections to AT,y inthe B(s) — B(S) system by Pascal Reeck
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B-meson mixing

Outlook AT

Contribution  (Gerlach, Nierste, Shtabovenko, = WIP (Chen, Nierste, Reeck,

Steinhauser 2022) Shtabovenko, Steinhauser)

Piax P3¢ 2 loops, O(z) 3 loops, O(z%°)

P12 x Pg 2 loops, O(z2) 3 loops, O(z*°)

P3_6 x P3_g 2 loops, O(z) 3 loops, O(z'?)

P3¢ x Pg 2 loops, O(z) 3 loops, O(z'7)

Pg x Pg 2 loops, O(z) 3 loops, O(z%°)

Pio X P 3 loops, O(z) 3 loops, O(z'7)
Motivation Calculation Results References
Pascal Reeck — NNLO QCD corrections to AF(S) Santiago de Compostela, CKM 2023 21/27

Source: NNLO QCD corrections to AT,y inthe B(s) — B(s) system by Pascal Reeck
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B-meson mixing

MIXING RATIOS &

update of RBC/UKQCD work
[Boyle et al., arxiv 1812.08791]

includes JLQCD ensembles
completely new, fully
correlated fitting strategy
cancellation of
renormalisation constants
relatively flat 1/mgp
dependence with improved
reach towards mP"Y*

we are currently investigating
various global fits on the data
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Source: Update on SU(3)-breaking ratios and bag parameters for B(S) mesons by Felix Erben
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B-meson mixing

BAG PARAMETER By, - ALL 5 OPERATORS

heavy-strange
bag parameters,
renormalised at
mass scale n
01, Oy: mild a2 &
dependence
03, O4: strong

a? dependence

VVpAA VVmMAA

.
4°

tow,
N

1/msp [GeV-1]

Os: medium a?
dependence and
curvature in
1/mgn

very similar for
heavy-light
sector

Bg,

1iman [Gev-

20/22

Source: Update on SU(3)-breaking ratios and bag parameters for B(S) mesons by Felix Erben
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CP violation and mixing angles
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CP violation and mixing angles
B% — J/4 KT K~ atCMS Alberto Bragagnolo

CMS 96.4 fo! (13 TeV)
CMS performed time-dependent analysis of %3500?‘ : Data' ' ' ‘ ]
B® — J/4(vTuT)KT K™ using: Z3000- —rt 3
 2017-2018 data (L = 96 fb ") o ot
= 48500 + 250 signal candidates & 1500k ]
# QOpposit-side muon tag 1000F
= improvement in Run 3 using SS, electron, & S00F p -
jet-tagging _ g =
3 ok m&"’ai’wm‘wﬂ
First measurement of Ams at CMS: 525 53 535 54 545
MUY K'K™) (GeV)
Amg = 1751&8910 +0.03 ps—l g o CMs ‘ ‘ 96.4 b7 (13 Tevl:
o f
Measurement of ¢ and AI's combined with previous £
analysis at 8 TeV: g
>
w

¢s = 0.021 £ 0.044 £ 0.010 rad
AT, = 0.1032 % 0.0095 = 0.0048 ps~*

# Compatible with SM expectation

Pull

# no evidence for CPV
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CP violation and mixing angles

B% — J/¢KTK~ atLHCb Melissa Cruz Torres

LHCb recently updated time-dependent analysis of

0 +, VKt~ using: Q10 ‘ ‘
B® — J/y(pTp”)KTK™ using: < O coRemaemt |t Dua _
> 10° — Total fit
# Full Run 2 dataset 20 —- Signal
X . : --- Background |
= ~ 349000 signal candidates c e B>y KK
g . e ~
# Combination of various OS and SS taggers g / \
. .. E] R \ 4
tagging efficiency comparable as Run 1 §w i N
Result: 5200 5300 510 3500
-y = — 0.039 +0.022 + 0.006 rad I, —T,=—0.00561%12+0.0014 m(Jfy K°K™) [MeV/c?)
(arXiv: 2308.01468)
- |4] = 1.001 £ 0.011 £ 0.005 - AT, = 0.0845 +0.0044 £0.0024 _ | : - _
) . S LHCb Run 2, 6 fb"!
Combined with Run 1 data: 5 o 4 Dun
g \\;\. — Total fit
£of NI o
= g N S-wave
¢, = — 0.044 % 0.020 rad g I ]
SUF RS
N
[A] = 0.990 + 0.010 "k
! 5 10

Decay time [ps]

Good compatibility with SM and no evidence for CPV

VS, AD, TH (CKM 2023) / WG4, 22.09.2023 Session summary 14



CP violation and mixing angles

¢s, 's, Al'g: state of the art

State of the art (w. latest preliminary results from LHCb)

e Measurement statistically limited - long-term commitment by multiple experimental collaborations
e \Very active theoretical community (NP limits, penguin pollutions, predictions, ...)
e Precision on ¢, close to 3 s.d. sensitivity for CPV in decay/mixing interference

o "¢ ) ~ 15 mrad (40% relative uncertainty)

[ e ]
68% CL contours
(Alog £ = 1.15)

cms 1161 1o [Tzt ]

Theory assumin
0.14 YA =1.519 % 0.004 pf

CMS 116.1 fb~L
heory

9.6 fb

Arcfs[p$41]
°
3]
Ar<ss[ps=1]

Combined”

_ T.errors scaled by 2.58
AT errors scaled by 1.89

LAS 99.7 fo=t

*%eao 0.650 0.660 0.680 01 01 o3
rélps™] From: [Ref] 95lrad]
Alberto Bragagnolo (UNIPD) Measurement of the CPV phase ¢ 4/15

Source: Measurement of the CP-violating phase ¢s with CMS: present and future by Alberto Bragagnolo
VS, AD, TH (CKM 2023) / WG4, 22.09.2023 Session summary 15



CP violation and mixing angles

CP violation measurements in the penguin-mediated decay B? — ¢

Measured observables in the polarization-independent fit

arXiv:2304.06198

Parameter Result

¢ [rad | —0.042 £ 0.075 £ 0.009
|Al 1.004 + 0.030 £ 0.009
Ao 0.384 = 0.007 + 0.003
|A,? 0.310 = 0.006 =+ 0.003

8 —do [rad ] 2.463 £ 0.029 £ 0.009
0. — 8 [rad] 2.769 £ 0.105 & 0.011

In combination with LHCb Run 1 measurements

The following parameters have been constrained to the
measurements by LHCb collaboration

Am, = 17.766 + 0.006 ps-t
T, = 0.657 + 0.002 ps-

AT, = 0.078 £ 0.006 ps-t with correlation coefficient of -0.35

% == 007420069 rad and 4] = 1.009 £0.07£0.030 |  arxiv-2304.06198

This is the most precise measurement of CP violation in BE — ¢¢ to date

Source: Measurement of the CP violating phase ¢, and ¢5%% by Melissa Cruz Torres (LHCb)

VS, AD, TH (CKM 2023) / WG4, 22.09.2023
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CP violation and mixing angles

Jyn', BY — Jyrta~ at LHCb (AT)

BY = Jlyrta Bo - Jlyn e £=91b",Run1 2011 +2012 and Run 2 2015 to 2018 data,
LHCb-PAPER-2023-025

2

s000F 3 <
H LHCb 3 LHCb

\ ] 4
% LR I 211
3 " 2 Preliminar
H Preliminary ] Y4
Z3000) Bl 3
3 3
3 S

§

g

oo 5300 S300 S0 sho 300 S100 5500
mANQS) ') MeVIE] mOAIS) 1) MeV/e ]
AT, results and probability 0f}(2 Comparison between the four data sets
LHCb
Dataset | AT, [ps™!] | P(x*) 201546 .
2011+12 | 0.039 £ 0.026 | 0.83 Preliminary
2015+16 | 0.081 + 0.022 | 0.77 2017 i
2017 0.117 £ 0.024 | 0.57
2018 0.102 £+ 0.021 | 0.78 2018 -
201142012 e
summary Average [ ]
Using full pp -collision dataset between 2011
and 2018, BY — J/yn'and BY — Jlyr*n™, 05 & 55 : 15
AT, is measured to be AT [ps"]
Orange band is 1o error band
AL = 0.087 +0.012 + 0.009 pst = This is the first AT, measurement using the BY — J/yn'

Source: Measurement of the CP violating phase ¢ and ¢§q‘7 by Melissa Cruz Torres (LHCb)
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M-angle v from non-tree dec

Fleischer [1999,2007]; Fleischer, Knegjens [2011]; Fleischer, Malami, Jaarsma, KKV [2016]
Cuichini, Franco, Mishima, Silvestrini [2012], Data from LHCb [2022]Fleischer, Jaarsma, KKV [2211.08346]

1.0 T T T T T
—_ Aéfl';’r"‘x(Bd =t

0.8}

— ASN(B, = KTK™) ’

0.6 - Y

d
04 q
02[== ]
ook ‘ ‘ ‘ ‘ ‘ ‘
20 30 40 50 60 70 80
7 [deg]

e New! First observation of CP violation in penguin dominated Bs — KK ™ Lrcb 2022
e New! First determination of v with only CP asymmetries
o v = (6575)° Fleischer, Jaarsma, KKV [2111.08346]

e Agrees with tree determinations: v = (64.9 £ 4.5)° LHCb [2021] without B modes

e Limited by U-spin breaking corrections

Keri Vos (Maastricht) Beautiful Puzzles 20.09.2023 9 /20

Source: Theory determination of v and ¢ from B(s) — hh decays by Keri Vos
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Fleischer, Jaarsma, KKV, JHEP 02 (2023) 081 [2211.08346]

Strategy II:
e Use ratio of branching ratios of By — 7w and B; — KK decays K = 105.3+£9.6

e Non-factorisable U-spin-breaking contributions:

B 14+r||1l4+x agp
= =1.00 +0.07
ENF ‘1 ol T ol )

o Adkk = —(4.5+5.3)°
o With ¢2f = —(8.1+1.9)° = ¢s = —(3.6 +5.7)°

Remarkable agreement with BY — J/1¢ determination: ¢s = —(4.2 + 1.4)°

Keri Vos (Maastricht) Beautiful Puzzles 20.09.2023 18 / 20

Source: Theory determination of v and ¢ from B(s) — hh decays by Keri Vos
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CP violation and mixing angles

sin 23° / ¢%": Belle Il summer 23 results Yuma Uematsu

K*Oy K.SQT[OY
BO —> KO 7‘-07 & Belle Il (preliminary) 8 Belle Il (preliminary)
S " JLdt=362 bt [Ldt=362 b2
de0f 60 [
# Radiative penguin, fully neutral final state 340

# Most precise result to date: ‘§

o

S =0.00703% +0.03
C =0.10+0.13+£0.03

Asymmetry
o

in K*° resonance region

At [ps] At [ps]
100, BeMle 1 Preliminary [cdt=362 fb!
B — /K9 e e

# Most abundant b — s had. penguin o
# Precision approaching world best: 2
= B o

S = 0.67 % 0.10 £ 0.04 T I—— B

C =—0.19+£0.08 £0.03 :W . 6‘\

At [ps]

Precision of TD analyses will increase w/ new flavor tagger: ~ 37% eff vs ~ 29% at Belle.

VS, AD, TH (CKM 2023) / WG4, 22.09.2023 Session summary 20



CP violation and mixing angles

) at LHCb

J/b(= ptu) K 0716+0.015+0.007 +0.010+0.014+0.003 0446  ~306k signal decays
PES)(> uru ) K?  0.649 +£0.053+0.018 —0.087 + 0.048 +0.005 0.503 ~23k signal decays
J/b(> ete) K 0.754+0.037 £0.008 +0.042+0.034+0.008 0374 ~43ksignal decays

1.0 T T

0.1 = 0.5
00 00
LHCb
o 5| Prefiminary 1
LHCb NI
~02 Preliminary BOo (o £ K m)
5 P TR -1 : y - - - -
o 0.0 25 5.0 7.5 10.0 12.5 15.0
. . . t [ps]
Combination from simultaneous
fit of the three decay modes:
Ssz" =0.717 £ 0.013 £+ 0.008 * To date, most precise single
S measurement of sin(28)
Cyyo = 0.008 £0.012 £ 0.003 ¢ Should improve precision of
VKs world average by ~ 35%
p = 0.441 * Still statistically limited

Source: Measurements of sin(23) at LHCb by Thomas Latham - LHCb-PAPER-2023-013
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CP violation and mixing angles

atLHCb

| LHCb-PAPER-2023-013

Combination with Run 1

* Combination with the
previous Run 1 results

o 0.075 ;
—_ Run 1, 3fb~!
Assumes sources of G ool $ Fumt,an ]
systematic uncertainties * Combination
from external parameters 0.025F 3
Amy, ATy, Ap are fully o0000F E
correlated
—0.025 F B
—0.050 4
Sypro = 0724+ 0.014
YKg —0.075F e ey ]
contours hold 68%, 95% CL reliminary
Cl[)KO =0.004 +0.012 SO T om0 o 080 085
$ Sy
p = 0.40
18/09/2023 Measurements of sin(2p) at LHCb 21

Source: Measurements of sin(23) at LHCb by Thomas Latham
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CP violation and mixing angles

~v/¢3 at LHCb

B?— DFK?* - Run2 [4] LHCb-CONF-2023-004
20950 + 180 candidates

+ Duta 3 Combinatorial £ B2 - Dy
Bl DIK* w5 DK BB oDy

LHCD P

0,

5300 5400 5500 5600 5700 5800 O 1940 1960 1980 2000
m(D}K+) [MeV/e?] m(hTh*ho) [MeV/c?]

# BY — D;K* % BY— D;K* % Untagged D;K* o Significant CP violation in the interference
WBloDIK- M By DK W Untagsed DK g 4§ at886

Cr= 0791 £0.061 +0.022
AJ,AF = 0.051+0.134 +£0.037
S;=—0.571£0.084 £0.023
p Af-AF = 0.303+£0.125 £ 0.036
Sp=—10.503 + 0.084 £ 0.025

Decays / (0.20 ps)

' [p<]7 * No systematic limitation expected in Run3

Source: Decay-time-dependent measurements of the CKM angle ~y at LHCb by Quentin Fihring
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CP violation and mixing angles

v/¢3 at LHCb

e DK T DIKC

’_1 [ T T ]
¥ MV—F " LG pretm 19 e H-{Cb p
reliminary F n reliminary |
+ A + —08 fun2 yj
0.2 ] L ]
++ 06F 12957
| | + [ 1 ]
b -/ [ ]
+W 0486839 E
—02} < E 3
S 02f B
—04} . N . q [954% ]
0.0 0.1 0.2 0.3 0 B
t modulo 21/ Am, [ps] 50 100 150 .
y [°]
o Extraction of physics parameters * Compatibility to Run1p at 1.3¢
> External input ©! » Driven by y at 2:and Re[ 4]

~28, = ¢, = (—0.031 £ 0.018) rad - rpxand 5at 06 each

* Run2 standalone result:
* Updated machinery reproduces Run1 result 2

r= (74 * 11)0 * Combination in preparation

5= (3469%6.6)" rpx=0327:+0.038 |[4] LHCb-CONF-2023-004

Source: Decay-time-dependent measurements of the CKM angle ~y at LHCb by Quentin Fihring
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comourshld 9%, 87 CL.
02 el By . o K1
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0 02 04 06 08

ol

Inclusive case

By

o J
DR,
(] Fit Solution
ke
contours hold 39, 87% CL.
11V, Tnl IV, IV, from Kia~|

0‘.2 04 0‘.6 O‘.B B
. Hybrid case | (Vi VA9D| P~

\

51 = 0.
146 + 0.022,
1135 + 0.021 .

(Vi v
(Va1 vED

By, i
R,
[ Fit Solution
03 =[N 7
comeurs ok 9%, 875 CL
02 xR, & Vo ki
0.1 B
. . .
0 02 04 06 038
N Exclusive case P y
\
07
06 B
05 —
04 = R —
[] Fit Solution
03 ey B
02 I RV & o i
0.1 B
0 . . . .
0 02 0.4 0.6 08 1
inel) [1/excl P
~N (i) p Ve

Source: New Physics in B, — Bq mixing in connection with CKM angle ~ by Eleftheria Malami
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A2

Vaa| [ X
2

Vis

VeaVew A

[

(1- Qﬁ)] +0 (M)

Va| _ s B3t
Vis e, Am

Incl AmiM = (0.511 £ 0.040) ps~* AmSM

(17.23+ 0.87) ps~!

Excl AmiM = (0.438 £0.033) ps~, AmSM = (14.80 £ 0.76) ps

1
(V&) |Vipel)) AmSM = (0.509 £ 0.037) ps~' AmSM = (17.19 £ 0.87) ps~!
-1

(Ve vgxel]y AmSM = (0.442 £ 0.036) ps~* AmSM = (14.84 £ 0.76) ps

UT apex determination
through R, and R, is more precise

fit to the sides R, and R;

Incl, K¢3 5=10.180+0.014,
Excl, K¢3 .163 0,013,
Hybrid, K¢3 5=0.153+0.013,

sk R,determined assuming SM Am,and Am,

!

ignores possible NP in B{ — B) mixing

* NP will contaminate R, determination

To determine NP in B) — B) mixing

scenarios with y are a factor 2 less precise in a general scenario: UT apex
than the scenarios without y determination through R, and y

Source: New Physics in B, — Bq mixing in connection with CKM angle ~ by Eleftheria Malami
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CP viola mixing angles

Introducing NP Parameters $

size of the NP effects is described by nql

0, is a complex phase for additional CP-violating effects

b =3 + 85" = 3" + arg (1 + r,e ")

Model independent parametrization

I We explore 2 different NP scenarios

‘most general case‘

utilise UT apex determination for the SM predictions of Amg and @

NP parameters (kq, 0q4) and (ks, 05) independently from each other|

Iscenario HI | we consider NP contributions are equal in the B, and the B, systems

UT apex determination that only relies on R, and mixing parameters
without information on ~.

NP in v will not affect the results

| Comparing FUNP. with Scenario I

Impact of the assumptions on
the constraints on parameters
space of NP in mixing

assumption

Source: New Physics in B, — Bq mixing in connection with CKM angle ~ by Eleftheria Malami
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CP viola mixing angles

Comparison between Scenarios I and II for »#q and o4

/g 05 T T T T m— /g 05 T T T T T S
[5] B, System (Scenario ) contours hold 39%., 7% CL. [7] B, System (Scenario T)  contours hold 39%. 875 CL.
50 B, System (Scemario ) e Fy Nl fom KIS [0 B, System (Scenario ) el R & Vo fom K13
[+ ] FUNP (Scenario 1Ty 04 [=] FUNP (Scenario IT)
03
02
0.1
A . | \
200 50 100 150 200 250 300 330
1 ol®
\‘ Inclusive case /i N Exclusive case

L 05

T T T T T T T
[5] B, System (Scenario ) contours hod 39% 875 CL.

(550 B, System (Scenario T B Vo e V.1 & V. o i
[T+ FUNP (Scenario Il)

T T T T T T T
[57] B, System (Scenario I)  contours hold 39%. 875 CL.

50 B System (Seenurio 1) = Vol Bl V& ¥, om i
04 F (5] FUNP (Scenario IT)

04

Source: New Physics in B, — Bq mixing in connection with CKM angle ~ by Eleftheria Malami
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CP violation and mixing angles

NP can modify its branching ratio

Determining NP in B)— p-p-

(Pseudo-)Scalar B — BY mixing

~a CKM elements drop out in the SM ratio

Ren — (L0 L 0.19) x 107 Comparing with the SM, RM _ _TB. 3Gimi, sin’ Oy |ODM?
sp = N - CITN

we obtain extra contours 1—ys 43 So(ze)nem B’B" "

12

14
1P}l
Hybrid [(vi . vaT)] " 2

We can minimise this dependence, creating the following ratio Rsu |

Exclusive

Source: New Physics in B, — Bq mixing in connection with CKM angle ~ by Eleftheria Malami
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Summary and Outlook

Summary and Outlook
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Summary and Outlook

Summary
# Many exciting new experimental results utilizing large datasets
# Increased precision due to higher statistics
# Theory doing its best to keep up
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