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Why b-physics?

Rich flavor dynamics C

e CKM close to unit matrix: loops, boxes, large CP
asymmetries, flavor oscillations are visible

e Straightforward NP enhancements to heavy b vertex
could be competitive to small SM contributions

A powerful and clean window to NP...



Why b-physics?

Theoretically tractable W
e Hadronic component is (usually) factorizable from =
weak component % OWN@
e Heavy quark methods useful, with AQCD /m, §

dr
— X Vb f q2
A powerful and clean window to NP... dg? | q | | ( )l



Hot topic: Lepton Universality

Moriond 2024, featured today
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(interesting hints in angular observables too!)

Longstanding ~3o tension with SM from BaBar, Belle, LHCb, Belle II... a sign of NP?


https://arxiv.org/abs/2401.02840

Hot topic: flavor-changing neutral currents

No tree-level SM process

e h—s{l: experimentally clean, theoretically more challenging
(factorization breaks down due to photon exchange)

e b—svv: theoretically clean (no photon exchange), experimentally
challenging (two missing neutrinos)

Signs of tension with SM:

e Branching fractions and angular observables

e R(K) and R(K*) [u/e ratios]... gone now? (thanks LHCb!)

Lingering (and consistent) signs of NP here too!




How?

B-factories ( Belle II)

Hadron colliders (LHCb, ATLAS, CMS...

e*e” colliders on 7(4S) resonance (— BB)
Low cross-section — high luminosity
Full kinematics known

Spherical events

No pileup

Parton collisions produce bb pairs
Hadronize into all sorts of B mesons
High cross-section

Full kinematics not known

Production preferentially along beam

LHCb MC
Vs=7TeV

~25% of bb pairs are in
— LHCb acceptance



Belle 11

Hermetic detector

Modest boost; B mesons fly ~100 pm

Ideal for neutral or invisible final states
World-record luminosity before Long Shutdown 1,
which has just ended

e Current results use <362 fb™!: competitive with
BaBar and Belle already, but <1% of target

Belle Il Online luminosity Exp: 7-30 - All runs
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LHCb

Integrated Recorded Luminosity (1/fb)

Single-arm forward spectrometer
Large boost; B mesons fly ~1 cm
(easily resolvable)

Access to all b-hadron species
Excels at charged particle final
states, notably muons
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Recent results: Lepton Universality



Belle I

Belle II: R(X /E)

First measurement of R(X, ) as an inclusive test of the b — cTv anomaly

[%M/ WXL:
M At

10


https://authors.belle2.org/deliver.pl?p=38&f=BELLE2-PUB-DRAFT-2023-006-PRL_revision_2.pdf
https://authors.belle2.org/deliver.pl?p=38&f=BELLE2-PUB-DRAFT-2023-006-PRL_revision_2.pdf

The b—crTv excess

Q: What if the “anomaly” is just a shared
systematic?

Or a problem with the (shared) theory
description?

Is there anything we can do except measure
R(D) and R(D*) over and over again?

Consider...

R(D*)
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html

Belle II

Composition of B—X{v events

Unused B—»XuEv
Unused other B—>chv . Unused B—D{v

Used B—D{v

Unused B—D**{v Used:

<20%

Used B—D*{v

Unused D*—D

Unused D*—D— ...

So why don’t we use everything? 12




Belle II

Composition of B—Xlv events

(not well-known, not
clean, missing v, K °...)

Well-known, clean decays
(mostly K*,7%)

No missing particles

So then: how can we use "not well-known” as the signal? 13



Belle I

General strategy

. Signal lepton:
€ " e High electron or muon
t likelihood

X system:
\. e Everything else in
the event...

e (passing quality

. criteria
Tag-side B meson )

e Fully reconstructed B

(hadronic FEI)
e Tight tag quality selections

tag

Use a data-driven corrections for the “not well-known” stuff... 1




Reweight X /v
based on My,
backgrounds based

on (p,, My)

Mismodeling is
fixed in all other
variables!

Data-driven corrections
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Belle II

Henrik Junkerkalefeld

Belle II Preliminary  /cdr=189fb~"! Belle IT Preliminary

Jedr=189fb!
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Belle I
R(X / ,J) results
From 2D fit to lepton momentum and M___* R(XT/E) = 0.228 + 0.016 (stat) + 0.036 (syst)
Constraints inferred on R(D(*)) are weak, but: t = with expected SM contributions of D, X, removed

e Statistics dominant, with <0.4% of the target 0.35 |
Belle II dataset

e Independent of R(D*) measurement: ~0.4%
statistical overlap, different theory
descriptions, different observable

Take-home: Belle Il has developed a powerful and
independent new test of the b—czv anomalies driven
by new inclusive techniques 16



LHCDb: New R(D*) and R(D*")
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LHCDb: New R(D*) and R(D*")

Context: 2023 result from LHCb for R(D")
and R(D*%*)

e Run1(3.0fb}

e First simultaneous measurement of
R(D*) and R(D’) at a hadron collider

e Muonic tau decay (high BF high
backgrounds)

Complementary measurement with charged
D* now needed...

0.3
With hadronic
7 decay | 0.25

0.2

PRL 131,111802
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.111802

LHCDb: New R(D*) and R(D*")

Main goal: measure isospin-related R(D") to
complement R(D?)

Simultaneous measurement shares visible final
state: [D*—>K n*a*]| +u~

Signal identification:

e Subtract fake D backgrounds in M(K n*x*)
using sPlot technique

e Track isolation criteria to define signal and
control regions
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Signal extraction

3D binned fit:

o Variables:m® _ , E*, q°
e (omponents:

o  Signal (D and D¥*)
Normalization (D and D*)
Feed-down from 1P D™ states

Muon

o O O O

(other charm, neutronic, combinatorial
background)
e Simultaneous fit to four data samples:

o Signal sample (D*u)

o 1psample (D'u )

o 2psample (D'u n*n")

o 1K sample(D*u K*)

Signal sample

= o
NS W
W W wn

=
= E ¢
— w

Candidates / (130 MeV/c2)
= S
O (5]

I B—»D'tv
B B—D*'tv
B—D'X X
B B —>D**ufrv
Comb + misID
I B—D'uv
W 5-D*uv

LHCb Preliminary

2000
E,[MeV/c?]

LHCb Preliminary

10
¢lGeVc

"LHCb Preliminary

AT ETTL FYTRY FYTTY FYRTY CYRTA IYUTY PUTY ROTY IO

5

10
mﬁm[GeVZ/ ci]

20



Das ist der HAMMER: Consistent new physics

TWO new methods interpretations of semileptonic decays

Florian U. Bernlochner®!, Stephan Duell™!, Zoltan Ligeti®?, /KA
Michele Papucci®??, Dean J. Robinson®? A

1Physikalisches Institut der Rheini: Friedrich-Wilhelms-Universitit Bonn, 53115 Bonn, Germany

FO rm F acto r Varl atl O n S : H A M M E R 2Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720, USA

3Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA 91125, USA

e Efficient reweighting of MC for FF variations and
NP scenarios

e Developed by Belle Il collaborators with theorists;
first use in this analysis

Tracker-only ultra-fast simulation

e “Turn off” _in simulation — faster

simulations — reduced uncertainty from MC stats

e Effects of missing detectors emulated in analysis

e Multi-dimensional reweightings and QED i : .
corrections
e Excellent agreement achieved

21


https://arxiv.org/pdf/2002.00020
https://arxiv.org/pdf/2002.00020

Results

Summary /
- £ B " | " 65%CLbomoums 4
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M - Moriond 2024 .
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Recent results: FCNCs

23



Belle II: BY — K'vv Belle IT

Evidence for BT — Ktviv Decays

(Accepted by PRD, Feb 2024)

=
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U > u
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https://arxiv.org/pdf/2311.14647
https://arxiv.org/pdf/2311.14647

Belle II: B — K'vv

Suppressed in SM (107%), only accessible via box or penguin

Could be enhanced by same NP as R(D™), b—st*(, (9-2),.--

(|

Very challenging: %

e Two missing neutrinos, only one final state particle
° KLO backgrounds key but poorly constrained

AN

Two approaches run in parallel:

e Inclusive tag (ITA): no tag. High efficiency, high
backgrounds.

e Hadronic tag (HTA): strict reconstruction of tag B. Low
efficiency, low backgrounds.

This is something only Belle Il can do...
25



B* — K'vv analysis

Basic selections 6000

e Energy and number of tracks consistent with BB
e Missing momentum in detector acceptance

Background suppression
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e ITA: Two consecutive Boosted Decision Trees (BDTs)

NY
Candidates

Candidates
S
S
Y

[Z1B*— K* J/1 simulation ¢ Bt— KT J/¢y data
LBt — Kt ]/ simulation ¢ Bt — Kt J/¢ data

— o B

Belle II preliminary [ £dt = 362fb™"

1000

O i i i i
0.0 0.5 1.0
BDT, (BDT; > 0.9)

Bt — K*v v simulation
NNy z o2 La f :

o BDT,: basic filter; kinematics, event shape 1000 b

o BDT,: trained on events with BDT,>0.9 .

o Validated with embedding procedure using 0.0
B*—K" ] /y:

m  “Delete” muons from ] /vy decay
m Replace K* with simulated signal K*
e HTA: Single BDT (BDTh)

0.2 0.4 0.6 0.8
BDT,
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B" — K'vv signal extraction

Strategy and variables

e 7:asignal classifier remapped so that signal is flat

qzrecz inferred neutrino mass squared

e Systematic uncertainties included as nuisance parameters
ITA:

Simultaneous on-/off-resonance fit
e (4binsin#)x(3 binsing® )

HTA:

e Fit to six bins of signal classifier #(BDTh)

A large number of controls/validations I have to skip...
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B — K*vv: results

Combined ITA and HTA:

e Signal strength (pSM short-range — =1):
pu = 4.6 + 1.0(stat) = 0.9(syst) = 4.6 + 1.3

e Branching fraction:

[2.3 £ 0.5(stat) )5 (syst)] x10~° =(2.34+0.7) x 10~°

ITA and HTA results are compatible, independent, and both
approximately equally limited by stats and systematics

Take-home: first evidence for K*vv (3.56), BF in excess of SM by 2.7
o; enabled by new inclusive techniques

D
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LHCb: B® —» K %*u~

LHCb-PAPER-2024-011

29



: B — K u*u {naarreaassaan .
LHCb. B - K* M M 0_8 2011: 1fb—1 SM Predictions

L

e Longstanding tensions’in angular analyses of b—su*u~ e

5 10 15 20
g2 [GeVZc*

e Tensions in p.’can be related to tensions in the C, Wilson 08
Coefficient in EFT

Context: o ol —| == . _
/\“7_\,+ ]
0

But is this NP or non-local QCD?

E —T1 T ]
- LHCb Run 1 +2016
Q ] SM from DHMV ]
02 i 2020:4.7 fb !
A" of ]
1 particle: Vector meson C + ]
2 particle: DD or 7'z loop Iy [+ 7] ~ E
— _ “r + = S +
b < < S - | | = pg | NS ]
=, =y T
u = U 0 5 10 15

q* [GeV¥ 4]
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Analysis concept

Signal description:

Fit:

Signal amplitudes parameterized with local (Wilson Coefficients)
and non-local contributions using a dispersion relation

4D unbinned fit (three helicity angles + g%)
Determines 150 parameters:

o  Wilson coefficients
Magnitude and phase on 1-particle contributions
2-particle contribution
Form factors

o O O O

04GeV2c)

Candidates / (0
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100

Results lot

Wilson coefficients from fit:

100
e (Global tension with SM at 1.5s

Mostly driven by 2.1¢ tension in C; (again)

Candidates / (0.1GeVZc™)

e The data prefer more non-local contributions than in

250 ¢
200
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Frrr I e
LHCb 8.4fb~! Preliminary

Data
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Background

Local amplitudes
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amplitudes

2 particle non-local
amplitudes
Interference

| LA LI
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_ S0F s
formal SM calculations g s -3 =3
. . ~100 L. i | L 1 v b by e by oy a1
o  (but not enough to explain the tension) 00 25 50 75 100 125 150 175
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Take-home: A tension in C, persists, and it isn’t due to [ 5 ]
long-range QCD 6L 1 ]

6
R(Co) 32



18 —— R(X) (had FEL lep 7)
- . —— R(D) (had FEI, lep 7)
] EEY /N = 14 ---- R(D) (SL FEI lep )
Conclusions A
& "%k -=- R(D") (SL FEL lep 7)
% 10H e R(D*) (had FEI had 7)
Progress in LUV and b—czv anomalies: :
g
(o}
. . =
e All-new inclusive R(X) at Belle Il
e First R(D*) at LHCb
e Plus more, not featured today!
e Tension remains at ~3¢
Progress in FCNCs: 18
16
e Intriguing hints of NP in Belle II-only B—Kvv = 14
o : : ., £ 12
e Tension in angular analysis of b—s{{ persists and isn’t 2 10
explainable by long-range QCD g N NANA W
R SR\ g
This is a tiny fraction of what Belle 1l and LHCb are up to, not to £ 4 < e
) ) T \ te L T NEESE
mention ATLAS and CMS B-physics programs 28 LACh unofficial TR
G i n i
VPP IT SIS
Look for an explosion of new results in the next several years! A A A A A A A A
Data sample up to year




Thank you!
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Belle II: Time-dependent CP violation

Measurement of CP asymmetries in B’ > nK N decays at Belle 11

35


https://arxiv.org/pdf/2402.03713
https://arxiv.org/pdf/2402.03713

Belle II: BO—>;7’KSO

T(4S) —»

Time-Dependent CP Violation in a gluonic penguin b—sqq

(where q is u, d, or s): Agr= e

At =top — ttag n
e Dominated by loop amplitudes; sensitive to NP Miing-induced
sources of CPV (B° —-I'(B° -»
ou 0 . _ oA op(AD) = B > Jep) =T > Jcr) (A1) = S sin(AmAf— C cos(AmA?)
e B’—y’'K: large BF, limited tree amplitudes ['(B® > fep) + T(B — fcp) M e
100 BElle 11 Preliminary [rdt=362fb?
Measurements: " B® > n'Ks Background
Consistent with SM (0) and o 30¢ 4 B°tag
world average (—0.05 + 0.04) g 300 ¢t BOtag
C /s .0o=-—0.19+0.08 + 0.03, 5 250
n KS 200
S 1 .0=40.67=+0.10 £ 0.04, 150
T’ KS 100 |

Consistent with world average
(0.63 +0.06)

o
n o
T T

e
S

Take-home: “best” gluonic penguin competitive with
Belle/BaBar despite smaller sample; statistically limited 5
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Asymmetry  candidates pe
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