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Outline

I decided to my brief interpret it as
similar to a talk I gave in 2017 at a UK
flavour workshop in Durham.

https://conference.ippp.dur.ac.uk/event/
573/timetable/#20170905.detailed

I took plots for recent LHCb results

from the LHC seminar
https://indico.cern.ch/event/1281612/

Several plots lifted from papers
published by Alex over the last few
years

“The concept of progress acts as a protective mechanism to shield us from the terrors of the future.”


https://conference.ippp.dur.ac.uk/event/573/timetable/
https://indico.cern.ch/event/1281612/
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B, mixing
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* Flavour eigenstates mix to give physical states (see e.g. arxiv:1306.6474)
* Interference between decays with/without mixing gives measurable phase
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CP violation in B, mixing

b, = arg (_@) * Observable phase ¢, = -2B,= DOy -2 Op

* In the Standard Model expected to be
small ¢, =- 0.0368 radian

* Larger values possible in models of New
Am, = My — My, Physics

Golden mode used by all LHC experiments Bg—>J/y ¢
 LHCb also studied Bq—J/v K*K~, Bq—J/y wtw , Ba—w(2s)d, Bg—>D Dy
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Time dependent studies

L.ON)
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https://arxiv.org/abs/2301.07698
https://arxiv.org/abs/2208.02643
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Measuring the decay-time

e.g. LHCb VELO (original version):

Two half detectors with modules with r and ¢ sensors

Track reconstruction for example combining projections in r-¢p can lead to
inefficiency at high times

Hadronic environment: cuts on decay-time related quantities to reduce rate

< .

----- routing lines
floating strips



Modelling time acceptance

Two experimental approaches to understand decay time acceptance

‘<§ -
1
Model + correct : :
acceptance - ! ™~
0.6 - :
/; N Velo efficiency
Trigger/selection N g IPCHI2 cuts
cuts N 1 I
ol v e e
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t [ps]

Use of data driven techniques/unbiased triggers where possible

Use control channel with similar kinematics/trigger to signal to make
relative measurement
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¢.: Looking back

* Extensive studies prior to first LHC running in 2009/10

* Golden mode Bq—J/y ¢ extenstively studied but also many CP even modes

* CP odd modes (e.g Bq—J/y 7t7mw) hardly considered

Channels o(¢s) [rad]  Weight (0/0:)* [% ] | Thesis of Luis Fernandez

By — J/¢n(rtn ) 0.142 2.3 Summarized in LHCb-2006-047

Bs — DD 0.133 2.6 Acta Phys. Pol. B 38 (2007) 931-940
Bs — J/ym(v7) 0.109 3.9

Bs — 77(:¢ 0.108 3.9

Pure CP eigenstates 0.060 12.7 21b-1

Bs — J /1o 0.023 87.3

All CP eigenstates 0.022 100.0

Reality — CP-odd studies turned out to be more favoured experimentally than
CP-even
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http://cds.cern.ch/ejournals.py?publication=Acta+Phys.+Pol.+B&volume=38&year=2007&page=931

Mass distribution
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Measuring ¢

N

Unbinned maximum
likelihood fit to mass,
time and angles

\

Angular acceptance for signal
from simulation
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Resolution model from prompt
J/y Peak. Resolution ~ 50 fs

Time acceptance due to cuts
in the trigger + reconstruction effects




Eur. Phys. J. C 81 (2021) 342
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https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0

Phys. Lett. B 816 (2021) 136188
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http://dx.doi.org/10.1016/j.physletb.2021.136188
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¢.: LHCDb

New LHCb result analysing full Run 2 dataset
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¢.: LHCDb

LHCD has also measured from a time dependent amplitude
analysis of B¢—J/y sttt using data up to 2016 used

PHYS. LETT. B

797 (2019) 134789
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LHCb: High mass KK

1 lllIllIIlllllllIlllIlllIlllIIllllllllll

LHCb has studied

CP violation using
JAyKK events above

¢ resonance with Run 1
data
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Summary of ¢,

Bs—J/yo LHCb:

68% CL contours
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Penguin Pollution
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E— Penguin Pollution

Fit to CP observables + polarization amplitudes in B, = J/y K*, B =» J/yp
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LLHCb: and charmless...

§ it ) @LHCp | Sra00- o i 4 Can also look for CP violation
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Run 2,6 fb!

Run 1 + 2015 + 2016, 5 fb™!

Run 1,3 fb"

2011, 1 fb’!

= SM prediction

B? - K*K studied with Run 1
BY — ¢mT 1~ observed in Run 1

arxiv: 2304.06198
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arxiv:

2206.03088 BS 9 J/ YT lifetime: Run 2
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arxiv:

2206.03088 BS 9 J/ YT lifetime: Run 2

Run 2 11, = 1.445 + 0.016(stat) £ 0.008(syst) ps.
Run 1+ 2avg 7T = 1.452 4+ 0.014 £ 0.007 £ 0.002 ps

I I I I R 1 . d
B — J/yn | . . esult 1n good agreement
(Run 142) with SM prediction and
other decay modes
B — D{D; | .
B s 1/ | " Statistically limited. Room
(HFLAV21) for improvement in Run 3
BY — KtK~ | —
SM Prediction
JHEP 07 (2020) 177 | =%
JHEP 12 (2017) 068 | I l |

13 135 14 145 15 155
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LHCD

Effective lifetimes less precise but consistent with By —

J/be

Tension in measurements of both Al and I’y using Bs —
J/W¥¢ by the LHC collaborations

Effective lifetimes tend to favour Al higher than ATLAS

Maybe largely aesthetic at moment but if you dig deep
working out where/how Bd lifetime goes into effective

lifetimes 1s a bit of a mess.
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B, lifetime summary
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LHCD
\ | )

TUCH B, lifetime summary

. Observable HQE Scenario A HQE Scenario B Exp. value
mm  Experiment — —
. I(B)[ps™!] 0.563%5.0%8 0.576+5.007 0.6105 + 0.0015
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CP even modes: Other possibilities

As mentioned before data taking many CP-even modes were studied in
the context of ¢

= %y Branching fraction measurements made using these modes
e.g. JHEP 01 (2015) 024 that probe SU(3), n — n’ mixing

Modes with 2 photons are clean but limited statistics, order
T 1000 - 2000 events

Single photons good statistics, more challenging backgrounds

n = nntn~
n— monT

" — p’7  has reasonable statistics and can be used to measure Al
independent of B lifetime in combination with Bq—J/\y v

Other modes with small branching fractions, feasible but not explored
_ /
n—rtrTy N =y

Branching fraction measurements of 1(2S) modes made with Run 1
(see NUCL. PHYS. B871 (2013) 403 ), No studies of effective lifetimes
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New LHCb Run 2 results using B; — J /YK, (both muons and electrons)
and B; = Y (25)K;
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_ Run 2 _
Ny (= puyke = 306322 £ 619 SJ/:bn(—>u+u—)K§ = 0.714+0.015 (stat) 4+ 0.007 (syst)
_ Run 2 _
NJ/w(—>ee)K§ = 42870 £+ 269 CJ/l:pn(—>u+“—)K§ = 0.013+0.014 (stat) £ 0.003 (syst)
R _
Run2  _ _
Czpl(JSS)Kg = —0.083 + 0.048 (stat) £ 0.005 (syst)
Sf/g;(:e+e_) Ky = 0.752 4 0.037 (stat) £ 0.084 (syst)
CRun 2 = 0.046 4 0.034 (stat) & 0.008 (syst)

J/w(—>e+e—)Kg
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sin(2B) = sin(2¢,) EZZA

0.20 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T PRELIMINARY
: Belle IT 2023 ] 535%‘@‘&@%72009 —— 065750036 £ G012
[ @ BaBar 2009 ] R . Y d
0.15 @ Belle 2012 7] PRD 70 (2009} 072009 pesaronet d;‘031
[ @ LAChHRunl ] BaBar y(2S) K 0.897 +0.100 + 0,036
i @® LHCb Run 2 ] PRD 79 (2009) 072009 e ;’
L — Belle Jiy K 0.670 +0.029 + 0.013
0.10 L g PRL 108I(20?2) 171802 —h—
[ ] Belle Jiy K 0.642 +0.047 + ¢.021
i ] PRL 108 (2072) 171802 "% :
0.05 r 7] Belle y(2S) Kg 0.718 +0.090 + 0.031
L ] PRD 77 (2008) 091103(R) ;
- . LHCb Run 1 J/iy Kg R 0.750 + 0.040
0.00 ; ] JHEP 11 (2017) 170 * :
R N - LHCb Run 1 y(2S) K . 0.840+0,100 + .010
- . JHEP 11 (2017) 170 * ! f
[ ] LHCb Run 2 Jiy Kg e 0.720 +0.014 + G.007
—0.05 F - LHCb-PAPER-2023-013 & )
i ] LHCb Run2 yw(2S)Kg, . | 0.647 +0.053 + 0.018
- contours hold 39%, 87% CL 1 LFICh-FAFER-2023-013 :
_0 1 i 1111 l 111 l 1111 l 111 l 1111 l 111 ] moLr’l;i/Average e 0.708 £ (!'01 1
8.55 0.60 0.65 0.70 0.75 0.80 0.85 : : : : : .
0.4 0.5 0.6 0.7 0.8 0.9 1
LHCb Run 2 result most precise to date Source 25) o(0)
Fitter validation 0.0004 0.0006
. . . e . Al 4 uncertainty 0.0055 0.0017
Still dominated by statistical uncertainty FT calibration portability 0.0053  0.0001
FT Aeag portability 0.0014 0.0017
Decay-time bias model 0.0007 0.0013

Important systematic from Al




LHCD

THCE sin 2[3: Looking back

PROCEEDINGS OF THE WORKSHOP ON
STANDARD MODEL PHYSICS (AND MORE) AT THE LHC

Tagging method ATLAS CMS LHCb
pru” | efe” | pfp |efe” [ pip” | efe”
Lepton 0.039 | 0.031 0.031 n/a n/a
B—m 0.026 | n/a 0.023 n/a n/a
SS Jet charge n/a n/a 0.021 n/a n/a
OS Jet chargge n/a n/a 0.023 n/a n/a LHCb numbers
Leptonand kaon | n/a | n/a n/a 0023 | 0051 | for 2fb!
Total 0.017 0.015 0.021

« Expected LHCD precision with 6 fb-!(back in 2000) was 0.012
* Achieved 0.015, which 1s remarkably close
* Especially considering the reoptimization of the detector led to less
acceptance for K
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e AT,

Tension between DO like-sign dimuon measurement and SM

led to renewed interested in Al'y a decade or so ago.

Important systematic in sin2f measurement

Measurements from all three LHC collaborations. Most precise experimental

result from ATLAS

Compare lifetimes in B =» J/y K* and B = J/y K|

10° ¥
>160§‘ tTT T T T N A > 18x10‘ L B L B ) L B L
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- | | B e — S Eme
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arXiv:1605.07485
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PHER AT,

n:é 0'65'”” 4 paa 1 Fityields of the channels
0'555_ \s= 8 TeV i vand 1 1N bins of decay length
0.55— det=20.3 . +26 band—g | _ NUJUK)
0455— —E i,uncor Ni(J/gbK*O)
0.4
o +_-i# Correct for detector
TR 1  efficiency
0.3 =
5 - ] R _ R; uncor
0. 55— ATLAS . i,cor Ri,eff
O.z‘l ca by | | R N | | =
ot 84 5 8 Takes proper account of
I-prop [mm]

production asymmetry
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LHCD

Delphi
BaBar
CMS
LHCb
Belle

ATLAS

HFlav 2023

AT,

ATy/Tg=(1+1) x 1072 ps~!

o-
A 4

il
L 4

e

Standard ;_._1

Model

®

-0.1

-0.05

arxiv 1904.00940
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¢ HFLAY
D Sum rndes
O] Letce

[ Average

ATLASYS

0

ard10 ps™

i
0.05 0.1

AT,

No mxing
hypothess
X

* HELAY
[ sumrules
[ vLamce

D Average

00 02 D4
AM{ps')

ATEM = (2.6 £ 0.4) x 1073 ps™!
arxiv: 2211.02724

LHCDb result 1s only with
fraction of Run 1 dataset:
Run 2 update would be interesting

0%

06

With 300 fb-! precision of 0.001
on could be achieved on Al'; /T,
By LHCb Upgrade 2. Potential to
pin down to be non-zero/precision
SM tests

see arxiv:1808.08865
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Prospects for B-mixing

No sign of NP ®

Still room for New Physics amplitude at level of 10 % in B4 B, mixing ©
In the next decades move from 10 fb! to 300 fb-! with LHCb upgrades
plus ATLAS/CMS/Belle 2

9 fh-! # 4+———Goal: 50 fb"! ——> <+—Goal: 300 fb-! —>»
Upgrade 1 Consolidation Upgrade 11
Runl | LSI Run 2 LS2 ' Run 3 LS3 Run 4 LS4 Run § LS5 Run 6
2011 2012|2013 2014 2015 2016 2017 201842019 2020 2021|2022§2023 2024 2025]2026 2027 20282029 2030 2031 2032}2033 2034§2035 2036 2037 2039|2040 2041 2042
INow
o T rrrTe AR T rrrTe ) F AR AR o
© + ©
[ LHCb Run 1 ] L :
.g. 0.030 L . un UT fitter based on SM .g. 0.05 LHCb Run 1 CNlS 17-18 |
oy I $ [
Q I ] =
£ 0.025- Belle a = | ATLAS 15-17
w0 I . “© 0.04f _
0.020F UTFIT 2023 World Average _|
0.03 ]
0.015} ) - ]
; LHCb.15 18 (preliminary) LHCb J/YKK 15-18 (preliminary) y
] 0.02k HFLAV 2021 World Average _|
0.010- ] I HFLAV 2023 World Average (preliminary)]
LHCb Run 4 Belle I (50 ab 1)2 ]
. elle ab™)] I LHCb Run 4 |
- . 0.011 ! —
0.0051 LHCb Run 6 ] I ]
i . ] LHCbRune CMSRun6
- 1 L CKM fitter based on SM ATLAS Run 6 |
0000 Lol Lol L] 0.00E_—— 1 TR R o
100 107 102 108 104 100 107 102 103 104
LHCb L fb~! L fb1

LHCb-PUB-2018-009, ATL-PHYS-PUB-2018-041,
CMS-PAS-FTR-18-041, https://pos.sissa.it/294/005/pdf



Prospects for B-mixing

p-value1
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Thoughts

41

A lot was achieved © , close to pre-LHC expectations
Some things were not in the pre-LHC program: e.g. high J/iy KK, J/ynn ©
Some things were not fully exploited: CP even eigenstates &

Several measurements still to be updated to full dataset: important to exploit
power of Run 1+2 datasets of all LHC experiments (while balancing that
Run 3 is the future)



Thoughts

Personal top 3 pick of things
still to be done with Run 2

B* and BY lifetime: Improve precision
of standard candles. With Run 2 LHCb
alone statistical precision of 1 ps

can be achieved for B*

AT’y : Many good reasons to
measure better

b-baryon lifetimes: a lot of
progress in Run 1, but no Run 2 results?
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Thoughts
‘The upgrade era is (almost) here.

Early days of LHCb upgrade will provide many interesting opportunities

Lifetimes then Amg Am, ideal early program measurements to demonstrate new
detector capabilities (as was case in 2010)

Bonus: New pixel detector with different systematic uncertainties

Since systematics are important mandatory to cross-check results with different
modes, techniques and experiments
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Summary

B, mixing parameters known with precision after Run 1+2
* No sign of New Physics ®

Still more Run 2 to come

* Both tree-level and with charmless decays

Important to exploit precision by controlling theoretical uncertainties with
data driven approaches

* Ensure that less high impact supporting measurements and cross-checks
get done

Run 3: will give even larger datasets, with new and more precise detectors



“Lanark said irritably, "You seem to understand my questions, but your
answers make no sense to me."
"That's typical of life, isn't it?”
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(80 Predictions for AT

Value [x107?ps™!] | Renormalization scheme Reference
7.7+22 Pole mass Asatrian et. al. [1]
8.8+ 1.8 MS Asatrian et. al. [1]
9.2+ 1.4 MS Davies et. al. [2]
9.14+1.3 MS Lenz et. al. [3]
7.6+ 1.7 Avg. MS + PS Gerlach et. al. [4]

[1] Hrachia M. Asatrian et al. Penguin contribution to the width difference and
asymmetry in mixing. Phys. Rev. D, 102(3):033007, 2020.

2] Christine T. H. Davies et al. Lattice qecd matrix elements for the B? — B?
width difference. Phys. Rev. Lett., 124(8):082001, 2020.

[3] Alexander Lenz and Gilberto Tetlalmatzi-Xolocotzi. Model-independent
bounds on new physics effects. JHEP, 07:177, 2020.

[4] Marvin Gerlach et al. The width difference in B — B mixing at order a, and
bevond. JHEP. 04:006. 2022.



