B anomalies:
an experimental perspective
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A Dickensian overview

1. B-anomalies past
continuation of flavour history

2. B-anomalies present

review of the measurements
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3. B-anomalies future

LHC experiments
Belle 11




Flavour physics - history of discovery

* Several aspects of the SM came ~ _
about through flavour predictions 1
: P cos@. sind.

GIM mechanism to explain rate of (u c)

—sinf. cosb,.

K (sd)— "y g
results in prediction of charm quark E:
Kobayashi-Maskawa extend to s
three generations to explain CP - - <
violation V;,d Vus V;b %
B mixing = heavy to
; yop (u ¢ OV, V., V,
* Common: low energy ¢ cs ¢
phenomena probing higher mass Vd V Vb ( = J
Tt ts th _

scales




Complementarity to direct searches

* Loop-mediated processes
in quark and lepton flavour
allow probes of higher 104
masses scales

TeV (N

* Names of the game 1000

Precise measurement 100
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* Pattern of deviations from SM 10

can point to toward what is
next
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Figure from A. Crivellin talk to Belle Il Summer Workshop



https://indico.belle2.org/event/3812/contributions/23435/
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“There are boeoks talks of which the baeks conclusion and eevers titles are by
far the best parts”, paraphrasing Dickens
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Overview of B modes with anomalies

* Flavour changing neutral current b—sll at loop level only

£
3
* Tree level b—>ctv semileptonic ”
()
b—sll New physics reach  One experiment
b S s O(10 TeV)
B i b—ctv Three experiments New physics near ( 6 J
the EW scale




B—K'(892)I'I o i s

* The K*->Kn decay leads to four- < W
body final state | -

peal|

* Allows differential distributions to
be probed

E‘—!—

Large new physics contributions
possible as they appear via e g
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Textbook example forward- w(25)

backward asymmetries in e*e” &
CL ana OO

* Also variation with the invariant
mass of the |*|~ system - g2

Long distance
contributions from ¢
above open charm
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5.1 The process ete™ — ptu- 143
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Fig. 5.2. Results on total and differential cross-sections forete” = p u

: the left shows the QED prediction
DGR e e Thzucrl:er:sﬂclllue to Z? exchange have small and

$ e ol coopm sectlon; 00 WK i lar distribution. The broken curve
:oht is given the cms angy stri e

ll“:]nn;ﬁ:s t]l:;a e E%EEE. ?nedtrl:l;lf (5.4}% while the sphd curge "lldlcitfzht::;er.nal

backward alfsl:rrrfnnetry gxpected from the combination of Z" and ¥

4th edition

Introduction to
High Energy Physics

1925 - 2022
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B—K'(892)I'I o i s

* The K*->Kn decay leads to four- < W
body final state | -

peal|

* Allows differential distributions to
E‘—l—

be probed
Large new physics contributions E
possible as they appear via 14— Tree lovel b czs) £
. - Jp(1S n
interference 1‘“’] Ly :
Textbook example forward- w(25) :
backward asymmetries in e*e” e 8
. L . . . () (1)
* Also variation with the invariant t iﬁ;d;:f”
mass of the I*I~ system - g2 ( : ]

contributions from ¢
above open charm
threshaold
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B—K'(892)I'I nomenclature

1 d*r 9
dl/dg? dcos#; dcosfy do dg?2 327

1
+ 1(1 — F) sin Ak cos 26,

3
[1(1 — F) sin? By + F; cos® Ok

— F; cos® @k cos 26, + S sin® Bk sin® §; cos 2¢
+ S, sin 26 sin 260, cos @ + S5 sin 26 sin f; cos ¢
+ Sg sin® Bk cos B + S; sin 26k sin @ sin ¢

+ Sg sin 26 sin 26, sin @ + Sg sin® Ak sin® A, sin 26

* Goal is to measure this 4D differential distribution and extract the coefficients from
data to compare to the SM predictions

* Much work on defining observables with minimal theoretical uncertainties

to minimize form factor uncertainties P’ 2

5 :\/FL(I—FL)

£

=
D

o

(oX
S

>
(V5]

(%)

Z

o

@

(WH]

<
a
=
<
<

* Let us focus on S¢ which get normalized as

=
o
—




P." anomaly: the first in b—sl*l

* Constructed in such a way that the form factor dependence is minimized

u 1 L] T ) I I I I I I 1 T I I I

a1
o« LHCbdata © ATLAS data
» Belledata <© CMS data
|| SM from DHMV

Note this is just for
B0 K*O0 (K+7T_)H+M_ -

0.5 time to talk about LHCb
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SM from ASZB
PRL 125, 011802 (2020)
PLB 781, 517 (2018)
JHEP 10 (2018) 047
PRL 118, 111801 (2017)

ﬁ Jr i E%
-1 JHEP 12 (2014) 125

0 15 JHEP 09 (2010) 089
>30 dlsagreement with Standard Model f] [GGVZ/C4]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
http://dx.doi.org/10.1016/j.physletb.2018.04.030
https://link.springer.com/10.1007/JHEP10(2018)047
http://link.aps.org/doi/10.1103/PhysRevLett.118.111801
http://link.springer.com/10.1007/JHEP12(2014)125
http://link.springer.com/10.1007/JHEP09(2010)089

LHCb in a slide

13 TeV pp collisions
trillion bb/2 fb1
6fbt@ 13 TeV
+3fbt@ 7/8 TeV

Forward geometry gets both b
quarks in acceptance and boosted
— exploit b lifetime to separate
background

RICHes for /K separation
Full trigger bandwidth for B physics

BAT0H
vend 1179897268 B 1140
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Tests of Lepton Universality Violation
(LUV) JHEP 08 (2017) 055

gjﬁ LHCb E

=l - A N —— B —=K™1/ E

f E‘T{B_}Hﬂ £ }dq gm [ ] Eﬂmbinati:n#rzal _é

Ry = g 00 WKy
f dF(B—}He"‘e ) do? g . W B-K Iy 3

77 1 e . :

3 100 wa{—>€t?)_

H=K or K* P : ~

z 0 =

4500 5060 5500 NOD

, 7 miK*me*re) Ihﬁ‘n\’k?]

// \
o off
* Standard Model prediction ~1 to a few % E LHGy
e Iy — v
limited theoretical uncertainties o — T
0E Bl BI—K

* B>KE)J/y(I*) bountiful control channel

K Iy pp)

Pulls Candidates per 10 MeV/e?

5200 5400 5600 5800
m(K ) [MeVic]
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Candidates per 24 MeV ¢

The results: muons low

B—KI*I- PRL Nature Physics 18 (2022) 277 —Run1 +2

Consistent picture in other
modes (backup)

240 —
220 LHCb 600 ; LHCb BaBar
1 o C _1 - 01<g®<812GeV2c*
200 —— Data 9 fb 's 500l —— Data 9 1b Ref 2
180 kN — Total fit > - — Total fit
— @ C — Bell
160 B Il i ] e B*— K*e'e = 400  fy 0 e B'— K'u'p ' 1%;§2<60G9V2c'4
140 B3 - JiyleTe )KT % - Combinatorial Ref.
Eg B Part. reco. - o 300 LHebS "
Combinatorial 2 C 11<g°<60GeVc
80 ¥ 3 200 Ref.
60 g - LHCb 9 fb™
40 O 100 — 310 ——t 1.1_4:q2<60(}ev2c:‘4
20 t C : This work
0 @ 0 o "' i 0|-5 I I I I - I I I I 1|.5 I I
5,200 5,300 5,400 5,500 5,600 A
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*ppp—
B—>K'I*I- JHEP 08 (2017) 055 — Run 1 (25% data)
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3 5 B Combinatorial 3 S 6 I Combinatorial 3 S ]
5 s BB K Iy 3 2 40 E 0 % t a
2 E 8 E “F ® LHCh ]
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2 E 520 E 04F2.10 2.40 Y CDHMV ]
© 3 S 10 E B m =0s i
w = 3 0.2F & flav.io
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LHC Seminar

Measurements of R(K) and R(K*) with the full LHCb Run 1 and 2 data

by Renato Quagliani (EPFL - Ecole Polytechnique Federale Lausanne (CH))

Tuesday Dec 20, 2022, 11:00 AM — 12:00 PM Europe/Zurich
@ 500/1-001 - Main Auditorium (CERN)

Description  In this seminar we present the first simultaneous test of muon-electron universality in Bt — K1¢1¢~ and B" — K*4* £~ decays, known as
R(K)and R(K™), intwo regions of di-lepton invariant mass squared.
The analysis operates at a higher signal purity compared with previous analyses and implements a data-driven treatment of residual hadronic
backgrounds. The analysis uses the full LHCb Run 1 and 2 data recorded in 2011-2012 and 2015-2018, corresponding to an integrated luminosity
of 9 fo— 1. This analysis is the most sensitive lepton universality test in rare b-decays and the results obtained supersede the previous LHCb

measurements of R(K) and R(K*?).

Organized by Michelangelo Mangano, Jan Fiete Grosse-Oetringhaus and Pedro Silva.... Refreshments will be served at 10h30

Vi nferen Z00m . .
deoconference Q@ LHC seminar - 20 December - LHCb v

ebcast @ There is a live webcast for this event
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Anomaly related: B y—pp

CMS-PAS-BPH-21-006

CMS Ppreliminary

s=13TeV, L =140 fb"

¢ Data
T BY = ptu

----=. Peaking bkg

------ Combinatorial bkg

—— Full PDF

i B — it

----- - Semileptonic bkg
NEW @

ICHEP 2022

m,.,- [GeV]

CMS

3.83 +0.44

BPH-21-006 . ‘09 041

LHCb +0.48

PRL 128 (2022) 041801 — 3.09 .,

ATLAS+CMS+LHCb +0.37

BPH-20-003 e 2.69 75

CMS +0.72

JHEP 04 (2020) 188 - 2947

ATLAS B +0.8

JHEP 04 (2019) 098 - i 2.87,;

SM Prediction

Beneke et al, JHEP 10 (2019) 232 "T" 3.66 = 0.14
1 I 1 1 1 1 I 1 L L I L L L L I L L L L I L L

1 2 3 4 5

B(B — w*w) [107]

Highly suppressed in the SM

Therefore, readily enhanced by non-SM

contributions

Clean experimental signature

Theoretically clean: decay constant vs

form factors

XXV DAE-BRNS Symposium [
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“PLEASE SIR, | WANT SOME MORE”"




Semi-tauonic decays

* Tree level in the SM but allows lepton universality tests

pt/rt
b w+ SV b c
B B 2
D* :
° Measure ratios to reduce theoretical and experimental uncertainties %
(B — Dt « T(B—=DT7
Ry === gy - S
['(B—Dlv) ['(B—=D (v)

=
o
—

* BaBar reported an anomalous result PRL 109, 101802 (2012) much activity since




Belle results

() v

Events / (0.066666/7 )

* Tag signal by fully reconstructing or
identifying a semileptonic (SL) decay of the
other B

* Then use residual energy in ECL, missing
mass, multivariates and/or lepton
momentum to separate signal

* Example: Phys. Rev. D 94, 072007 (2016)

Semileptonic tag
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LHCb-PAPER-2022-039 in preparation

LHCb also in the game using their vertexing prowess — Run 1 data only 3 fb™!

Use B flight for transverse momentum and approximate full longitudinal boost to
measured component - 20% B momentum resolution

Template fit in bins of g2, E, and missing-mass square in B’s frame
New: simultaneously fit to D and D* signal + control samples

T B T R T e s | — 7=
15 « g2 < 72/.4 LHCD preliminar 315 < o2 < 2/.4 LHCD preliminar 0
9.35 <q* <12.6 GeV¥e® 5| P 'y 9.35 < q? < 12.6 GeV¥/e* 24 p 'y - B —>D TRY

BEB->D v
BEB-D uv
Comb. + Fake
-B%D**MV
B—-D'DX
B B—->D1tvVv
-BeD*tv

~ Template stats

XXV DAE-BRNS Symposium

0 5 10 1000 2000
Missing mass® (GeV / ¢) E, (MeV)




R(D*)

=
)
o

0.3

0.2

3.20 deviation w.r.t. SM

| | | | I | | | | | | I | | | | | | | | I | | | | | |
2 [
Ay~ = 1.0 contours =
Prelim_2022 |
BaBarl2
Bellel5 -
LHCDbI1R -
z LHCb22 .
’ - z
" - S~ - :
; . 5
¥ -~ Bellel9 : 2
S — — g
<
- ()
- >
Bellel7 e 04 016 004008 Average - >
ngﬁggm?;mm R(D) =0.358 +0.025 + 0.012 -
4 HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D*)=0.285+0.010 +0.008 ™=
R(D) =0.298 + 0.004 PLE 795 (2019) 386 p= -(.29 =
_ PRL 123 (2019) 091801 e -
R(D¥)=0254£0.005 oo 000y o P(y2) = 32% ]
I ] [ | [ | I 1:‘RJ:}I].I:::Ij I:I{IEI:] l:::I--“I_J\l:h”j:l 1 I ] [ | ] ] I [ | ] ] 21 J
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‘Something will turn up/,
Mr. Micawber (David Copperfield)
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LHCDb status

< 9 fh-! —p 4——— (Goal: 50 fb-! > <+— Goal: 300 fb-! —»
Uggrﬂde .l Consolidation U|!gl‘ade ll
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run6

2011 2012{2013 2014|2015 2016 2017 2018J2019 2020 2021|2022)2023 2024 20252026 2027 20282029 2030 2031 20322033 2034§2035 2036 2037 2039|2040|2041 2042

trigger efficiency for hadrons (not so
important for anomalies)

LHCb will continue to have a big impact

CMS and ATLAS also focusing more on B-
physics in the future upgrads

New silicon vertex, tracker and SciFi Side View 3
traCker , f N ’?‘EEL . RICH2 %
40 MHz readout — factor 2-4 more in the ....."f.-f.“c”x'n{ N VR Hﬂﬂ 2
>
®

N
w
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DD

Belle II See K. Trabelsi plenary @

Belle II

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

T (end-caps , inner 2 barrel layers)
"",_“ — - Key advantages for anomaly

EM Calorimeter measurements
Csl(TI), waveform sampling electronics ;
Hermiticity
\ N | " g
' . : . S
electrons (7 GeV) Particle Identification Known initial state kinematics, =
Time-of-Propagation counter (barrel) ; ot A
Prox. focusing Aerogel RICH (forward) I.€., gOOd missing momentum 2
- 1 m
Vertex Detector : B resolution "
2 layers Si Pixels (DEPFET) + ﬂ P i’ ~ =
4 layers Si double sided strip DSS j Similar electron and muon 2

> ]

identification efficiencies
positrons (4 GeV)

Central Drift Chamber

Smaller cell size, long lever arm

Disadvantage: sample size

N
N
-




Integrated luminosity so far

Belle Il Online luminosity Exp: 7-26 - All runs
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Integrated luminosity
B Recorded Weekly 2021 2022
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b — sll related results from Belle I1

* B>K*Il (charged and neutral) studied
B(B — K*utp™) = (1.19 4 0.3179%%) x 107,
B(B — K*ete ) = (1.42 4 0.48 £ 0.09) x 1079,
Similar efficiency for e and

Absolute measurement possible
arXiv:2206.05946 [hep-ex]

Candidates per § MeV

Pull

folo_m

T ’
Pull

foh oo

* B->J/YK also studied - arXiv:2207.11275 [hep-ex]

ao | Belle Il (Preliminary) JLdt - 189 fb" g a0 | Belle !l (Preliminary) J,_dt - 189 fb"
L + * * = "2 * + + .
GrDD— B K Jy(e &) 2 sook B - K Jy(u u)
[ ¢+ Data 8 + Data
400 F = === Signal T 400 F ===« Signal
[ Background % Background
200 b B' — n* Jw(e'e) E 200 B® = n* W yiu'y)
i — Fit

Entries /[0.0078 GeV]

Entries / [0.01 GeV]

Beglle IT (Preliminary)
f dt = 189 fh!
= Signal

= = Background

- Total
% Data

16  Belle II (Preliminary)
(L dt =189 fb™!

[ Signal

12 | == Background

| = Total

XXV DAE-BRNS Symposium
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https://arxiv.org/abs/2206.05946
https://arxiv.org/abs/2207.11275

Events

b—svv- PRL 127, 181802 (2021)

(L;E,1)

b 5
W * Transition mediates by a virtual Z-boson.
* SM prediction for the BF[B — K*vv]_,, is (4.6 £0.5) % 10°
z [B2TIP, PTEP 2019, 123C01].
v BB EI{—rI(UU}B
* Inclusive tagging approach : nested statistical-learning discriminators exploits j:
efficiently topology allowing for sizeable signal (4%) while controlling large X }v_
backgrounds. SM  Average
* T |I T T
IE Hu_ﬂl:—__l_] lﬁ'%ﬂ ..’. _.Irlc.'l.mi'-m‘,l
. Belle IT (ot =3 ! * Validate with _‘:_ EEHEP{R?];l,.ﬂ””" SL)
,,, ' B* — K* )/ [>p*p] :
1500 p“/ N ' - !:J:l’-J_L{:IEE'_l_l lihﬂ‘, Had)
// § 200 |- - __._E_ Ba.l::gar(’lE‘_&! Il'lJ , Had+5L)
w ] Fawf == " 0 :'21 "2 éH ‘8“ 10
L I DU e NP PR PR * W'Y ignored -
00 02 04 06 08 1D . e 10° = BI(B+—}I{ v IfI-_-")
4 BDT, (BDT, = 0.9) / *  K*momentum modified
TV ek, e 4 Bk, Daa I8 2-body - 3 body Sensitivity with just 63 fb-l data is
/:I BY K Iy MC t B oK Iy, Data
o e ESOTSC I already close to previous searches

BDT,

with significantly large data-set.

qq

XXV [MAB-BRNSEY
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Semileptonic LUV results from Belle II
e Test of LUV with inclusive semileptonic decays Belle TT Preliminary
B(B — Xev) ”
R(Xe/li) = B(B > X
7y
* Full reconstruction of one hadronic B decay then
look at lepton spectrum from rest of the event

fﬁ{“ = 180!

BYY - Xty

electron

&
b4
o
=

. muon

G000

Events / bin width

* Fit CM frame lepton momentum while o E
constraining background with wrong-sign lepton 2 £
control sample =

1] 1
—_— <
R(Xes,) = 1.033 £0.010 (stat) £ 0.020 (syst)
 Most precise measurement of LUV in [T S——— Y P I — .o -
semileptonic decay Ak wessrevor
1.3 1.56 1.8 205 23+/1.3 1.55 1.8 2.05 2.3+
 Key step toward R(XT / ”) pi / GeV
. . Il e B Xuv 28 J
R Paper In preparatlon = e: Background [C—1 pu: Background
B - Continuum EEE 4 Continuum
MC all unc. $ Data




Belle Il data-taking plan

High backgrounds from
the beams have made
stable running at high K.

]

luminosity difficult n,
5
We have not %
accumulated data at >
the rate anticipated >
2
Long shutdown I=
ongoing: accelerator =
and detector e
improvements o

Pathto 2 x 103°cm=2s71

but thereafter more
work required

10

2019

m— | neak({Target)

Int. L[ab-1)

Long shutdown 2 for upgrade of
detector and IR

\

2024 2029

2034

60

50

40

30

20
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arXiv:2110.03871

> b e Data — Fit
Some Belle Il prospects : = ggercor 28
& 100l --=- Rare B o utv

2.0x 1073 atthe 90 % C.L.

\

X) (had FEI, lep 7)

18: — R(
168 — R(w) (had FEI)
R {D}-thad-FEI-lep-»
X 14t ---. R(D) (SL FEL lep 7)
> 12:\ —— R(D*) (had FEI, lep 7) .
.% . ---- R(D*) (SL FEI, lep 7) E
£ 10 o R(D*) (had FEI, had 7) = S
3 . . g £
&) So %‘
o n
S =
4'?'3 . extra E
s Eg® (GeV) <
>
%

B(B" — K*771) (had tag)
ab~! ”Baseline” scenario ”Improved” scenario

1 <32x1073 <12x1073
Data sample in ab~! 5) <2.0x 1073 < 6.8 x 1074 30 ]
10 <1.8x 1073 <6.5x 107
https://arxiv.org/pdf/2207.06307.pdf - Belle Il Showmass 50 <1.6 x107" <53 x107*

Nitty gritty and up to date predictions of what we can achieve


https://arxiv.org/pdf/2207.06307.pdf

arXiv:2110.03871

> h e Data — Fit
S ™ 11 YY - O _~ . ----BOEO
ome - : e
------- utv
8 — R
160 — R(m)
— . R(D)
X 14; --- R(D) <« ] RD{*}&RJI.I'LPZU
S t
BT ?E‘Bi % B Row&Rpw o = 5
£ 10 o R(D* B B Br{Be->11] 2
g - B Br[B->K*11] £
g 8 RN B Br[B-Kr1] | 2
3 6 15 2 &
45 6\ D BT[BS—}(IJTT] EeEjg[a {Gev) g
El -
2t . ) (had tag)
' , - - mproved” scenario
LS K 0L <1.2x1073
RxIRY" < 6.5 % 10~
: . 4
https://arxiv.org/pdf/2207.06307.pdf - Belle Il Snowmass oY < 1.0 X 1v < 5.3 x 10

Nitty gritty and up to date predictions of what we can achieve


https://arxiv.org/pdf/2207.06307.pdf

Conclusion

* ‘It was the best of times, .....

Many measurements in B decay (and elsewhere) showing
deviations from the SM — several related to lepton flavour
universality violation

ol

L5
|

=1

* ‘it was the worst of times.’
No single 5c observation in a robust observable

No corroboration between two experiments
* However, more data coming for LHC and Belle Il
* Let us see where we are by the XXVIth DAE-BRNS
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'bssll (& dlI) exhibit A: differential BFs

Systematic failure of theory to describe the differential branching fractions at low g2.
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This is unquestionably a real effect. But maybe the theory uncertainties are
underestimated. The differential BFs are not clean observables by any means.
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https://indico.cern.ch/event/1172215/contributions/4922985/attachments/2484188/4265485/ECFA_anomalies_intro.pdf
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