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The flavour anomalies
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The flavour anomalies
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Tree-level b — clv decays
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Tree-level b — clv decays
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The flavour anomalies
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I:oop-mgdiated b — s%tdegay_:s B
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» Deviations from Standard Model predictions observed in a
range of experimental observables for p, — s/¢/

Branching fractions
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Describing b — s¢¢ decays in the SM

ess———

» Effective field theory: heavy part of the diagram integrated
out — effective couplings, analogous to Fermi’s constant

W-
b S b > > S

- Co 10

wt Vector / I o

[process also possible via
box diagrams]

Axial-vector -

H

Factorise out the loops and
replace with an effective coupling
(Wilson coefficient)

» Assuming new physics is heavy, expect deviations in Wilson
Coefficients, C
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Some highlights of recent results

> June 2021: Angular analysis of BY — ¢u™p~ decays with
8.4fb-

in BY System
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Some highlights of recent results

[
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> June 2021: Angular analysis of BY — ¢u™ .~ decays with

8.4fb-1
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Some highlights of recent results

» April 2021: Branching fraction measurement of B? — ¢u™ ™
decays with 9fb-1 and first observation of BY — £5(1525)u™ ™
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Some highlights of recent results

» April 2021: Branching fraction measurement of B? — ¢u™ ™
decays with 9fb-1 and first observation of BY — £5(1525)u™ ™
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Some highlights of recent results

» April 2021: Branching fraction measurement of B? — ¢u™ ™
decays with 9fb-1 and first observation of BY — £5(1525)u™ ™
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Some highlights of recent results

> April 2021: First physics results from current Belle |l data,
limit on B(B™ — KTvv) (leave details to later Belle

talk) [arXiv:2104.12624]

Taken from slide from

S. Glazov
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Some highlights of recent results

e )

» March 2021: Measurement of RK with 9fb-1  arXiv:2105.11769

Lepton Flavour Universality tests defined as

B(B — Xpu)

R(X) = B(B — Xee)

In practice measure double-ratio:

_ B(B = Xpu)
R(X) = B(B — Xee) /

B(B — XJ/Y[— pp))
B(B — XJ/y|— ee€])

Many systematic effects cancel in double ratio

Measurement of 7(.J /1)) gives stringent test of efficiencies
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Some highlights of recent results

» March 2021: Measurement of RK with 9fb-1  arXiv:2105.11769
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Some highlights of recent results
> Dec 2020: Angular analysis of Bt K**(% KST(' )M 1w

PRL. 126, 161802 (2021)

» Perform fit in two bases

> S, basis
> basIs (reduced theory uncert.)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161802

Some highlights of recent results

> Dec 2020: Angular analysis of BT — K*T(— Kon)utp~

Belle: PRL 118 (2017), CMS:PLB 781 (2018) 517541
LHCb BO PRL 125, 011802 (2020) . LHCb B+ PRL 161802 (2021) ATLAS: JHEP 10 (2018) 047
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» Tension in P! and Re(Cy) (next slide) consistent with
same trends’seen in B® — K*9,t,~ decays
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Overwew of branching fractions
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Overview of angular analyses

» Angular analysis of B — V.t 1~ decays, consistent shift
N Re(Cy) across different decay modes
[LHCb-PAPER-2021-022] (in prep.) Phys. Rev. Lett. 126, 161802 Phys. Rev. Lett. 125, 011802
z B i (B, Sa7) S0 25 B — o] 46 -~ i
| —— Bt — K*'utu~ E ) Run 1.gr 2016
- 3 A s
i 8 % “\ .~':://
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Overview of LFU tests

e — — ]

N L L L L L B L I Y 1 T T T T 1 T T T T |
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Ry

23250 fromSM ¢ (GeV?/c] ~30 from SM

> +R(pK) (~1 O beIOW SM) J. High Energ. Phys. 2020, 40 (2020)

> Other tests in pipeline from LHCb ( R(¢), R(Knn), R(K*°)
update)
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Global fits to experimental observables

*0 By — pup lo ,’I/ /
—— Rg & Rg~ 1o, 20
Ny by o 1o, 20 Combine across different types
rare aecays 1o, 20 .
of b — sf¢ experimental
Lo ) observables and fitting to
Rl underlying Wilson Coefficients
3 ,
39 0.5 4 L
| Significance with SM depends
s HKsm on WC fit, between 4-60
—0.5
arXiv:2103.1337
—1.0 T T T T
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0
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Challenges for b — s¢¢ decays: QCD effects

[ S— — ]

» Branching fractions + angular analyses

» Theory predictions affected by non-perturbative QCD
uncertainties

d d
E %_( K*O
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Challenges for b — s¢¢ decays: QCD effects

[ e e e —— e e e —— e S e e e e )

» Branching fractions + angular analyses
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V(%) s L 2my
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AlLr= NV2A'/?2 [ [(Cgﬁ + Cg™) F (Cp + Ceﬁl)}
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201 1 Form factors

J. High Energ. Phys. (2016) 2016: 98

| | > High g2, lattice QCD
o | > Low g?, Light Cone Sum Rules
— 1.05— —
| > Generally well-understood

0.5¢ . .
| with well parameterised errors

0.0

llllllllllllllllllllll
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Challenges for b — s¢¢ decays: QCD effects

— E— ]

[

» Branching fractions + angular analyses
|

Non-local hadronic effects T/4(18)
(charm loops) b
Signal mode ¢’
w, d dr
| ~ - d¢? ﬂ
— t / /
b — < — 5 T Cé’) C’é/) ng ) anc 01( 0)
\ ,’ interference Long distance
R . W+ . contributions from CC
S=-=-7 - above open charm
ZO?L;LLL< H u \j thresholF:i
’u+
4 [m(p))? — 52

:Charm loops cannot be
-parameterised from first principle,
-key problem for interpretation
-of non-LFU flavour anomalies

[ ——  —  — S ————  — i S ————— i S ——————— S ——————— e sy
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Extracting magnitude of charm-loops from data

OE—

>» Directly fit for the under-lying Wilson Coefficients

» Two current approaches to parameterising non-local
effects

Ai’R<q2>:N@{<09 F Cho) L 2 T (P G ()

S— E— — ]

—

N

-v-

2
mp + Mg~ q J

1) “Isobar” model - fit J/¥,%(25) (all q2)  2) “Analyticity” fit up to ¢* = 8 GeV

Z = re-parameterisation of q2 _

G, = > 'L'| x FFE Z
€S /P, (25),...
L =Rel. Breit Wigner or Dispersion relation Fit (complex) polynomlal terms ¢y,

7)p — Mag. of resonance + phase. rel. to penguin + constrain using theory info from
q2<0. Truncation = model dep.

i i S ————— i S ——— S ———— S ]

GEE——— — —— S
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Extracting magnitude of charm-loops from data B* — K u™u™

[ e e e —— e e e - e S P e e e )

|Isobar approach

(EJPC 77 (2017) 161)

LHCb

—e— data

total

------- short-distance

LHC

—eo— data
total
------- short-distance

=
;
F
g

3 150 T meerence W0 LA OF iterference

p——

— 100 background background

8 {

= 0 5

3 LLOLE B i A

g_soz...1....|....1....-.|...--...|....|....|5:'.."--.E.|...-

1000 2000 3000 4000 1000 2000 3000 4000
© 2 2
m™< [MeV/c?] mig, [MeV/c?]
Resonance J /¥ negative/y (2S5) negative
Phaso[rad] __ Branching fracton Four results from ambiguity in sign of
p(770) —0.35+0.54 (1.71 £0.25) x 10710
(782) 0.26+£039  (4.93+0.59) x 1071 J/w, ¢(2S) phase
¢(1020) 047+039  (2.53+0.26) x 1072
I/ ¥ ~1.66+0.05 - : :
i et som 10 J /1) phase relative to penguin found to
~ < 10-9 L . . .
VETIO) 2134042 (L3805 x 107 be close to =7 / 2, minimal interference
¥ (4040) —2.524066  (4.17+£2.72) x 10
¥ (4160) ~1.90+£0.64  (2.61+£0.84) x 1072
¥ (4415) —2.52+0.36 (6.04 £3.93) x 10710
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Challenges for b — sf/f analyses: S-wave contributions

-

S— — — ]

» Analyses involving intermediate vector mesons, such as
B —» K*9(— K*#x )utp~, also have to deal with spin-0

(S-wave) K resonances

= (1 - Fy)

1 d(T" +T)
d(I" +T') /dg? dcost; dcosbi do |4,
= T P-wave
M
v 6
= S-wave
2 st
% na Interference
f_ﬁ 3 arXiv:1708.04474v2
S
m
o |
o
L e N B

0.6 0.8 1 | 1.2 1.4
m2(K*7) [GeV?/c*]

1 d(I" +T)
d(T +T')/dq? dcosf, dcost do |,
+16% [FS sin? 0, + Sqq sin? 0, cos O

+ Sg9 8in 260, sin O cos ¢

Sg38in 0; sin O cos ¢

+ Sg48in 0, sin Ok sin @

+ Sgs sin 260, sin Oy sin qb] .

O — — e —— ——
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Challenges for b — sf/f analyses: S-wave contributions

- .

S— E— — ]

» Can fit for S-wave and S-P wave interference, better
separation from m(K ) line shape

» However, lack of precise knowledge of S-wave lineshape
dominates uncertainty on interference observables

16000 | : o i | 1 5 b E
: 1 < - .
14000 — : 4 — ISOBAR model =
N 1 » ~ - -
12000 - surement window o = , -  LASS model .
N 14 M — "
10000 |~ —
- . I
8000 - E E 0F
6000 - 4 © -2 Interference for different S-wave -
4000 E- q - lineshapes .
2000 3 J—_LL_; _6 :_ (plot courtesy of T.Oeser) _:
oL ' TP ——— T C N N N R
0.6 1.2 1.4 0.8 0.9 {

m(Kn) [GeV/c?]

[ ——  —  — S ————  — i S ————— i S ——— S ———— S ]
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Challenges for b — s¢¢ analyses:electrons

-

S—

— — ]

» Lighter electron mass = more Bremmstrahlung emitted +
ECAL occupancy IS hlgh partlcular challenge for LHCDb

600 m
: arXiv:2105.11769 ﬂ 2
500 C Electrons 24Mev] E
400 f_ ——  Muons [7/Mev] _E
D Electrons signal -
300F E
= Missed brem. photons -

200 | \
- J /ECAL resolutiond

0 . I L i : pe— :
5000 5500 6000

m(K'1) MeV

)

u

Candidates / (a.

-
t\)

1.0

0.8

0.6

0.4

0.2

0.0~

) )

:_ [LLHCb simulation

ECAL occupancy = harder trigger
F { threshold on electrons

Phys.Rev.Lett. 122 (2019) 19

—B "> J/y(e'e)K"
—B > J/y( )K"

2000

20006000 8000 10000
max(p_(I"), p (1)) [MeV/c]

» Belle Il, similar resolution between muons and electrons

» LLHCb, Run 3 should see improve trigger performance for electrons

— e e — ]

O — — S —— ——
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Conclusions

» Coherent pattern of tensions observed between SM
predictions and measured observables

e e E— ]

> |nterpretation of angular analyses and branching fraction
measurements for b — s¢¢/ modes requires better
understanding of non-local hadronic effects

» State-of-the-art methods use data-driven approaches to
measured non-local effects

» Complete analysis of Run 1 + 2 data for all observables, +
Run 3 data, will help clarify picture

» More results from Belle |l will also be central going forward

[ —— i S ———— i S ————— i S ——— S —————— S ]
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Back-up slides
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Worse resolution: bremsstrahlung radiation

» Particles interact with the detector material, losing energy
via different types of radiatior IO N B AL B R B AL
. . | \\\ }simms Lead ( Z = 82) —:O'ZO
) E(e) Z 1OGeV Wlthln LHCb _EIGCII'OH\‘ \ i
S ~ 10— o
enVIronment LO Bremsstrahlung :0.15 fo
diation | helming =3 oo ©
» Radiation loss overwhelming =2 _— H0.10
| —
due to Bremsstrahlung 03 :
Bremsstrahlung —0.05
(Roentgen quantum) / :
"’/Positron , .
SN annilhilaltiolnl L1 RN
RN 0] 10 100 1000
o N\ E (MeV)
JTIN AL AR ) Probability of brem. emission oc 1/m?
P;‘ \ ;l\-.;\;g‘/fri 4 \ﬂ( A - —
KA m~=(p)/m~*(e) ~ 0.00002
NG ;:_\:‘{?--’:fl - #7 '\ Electron lower
S “.e= | Mainly just issue for electrons due to light mass
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Bremsstrahlung radiation

Daniel Berninghoff masters thesis, U. Dortmund
800—

Bl True brem. photons
Bl True brem. photons with p, > 75 MeV

700¢ B True, reconstructed brem. photons d ) TraCkS Only brem_ Where
there is material

» |In LHCDb this means
mainly before and after
the magnet

)

» Note radiation due to
bending in magnetic field
(synchrotron radiation) is
negligible

4 6 8 10 12 14
Photon origin z-coordinate [m]

e — — ]

[ ——  —  — S ————  — i S ————— i S ——— S ———— S ]

ISMD 2021 14/07/2021 Eluned Smith 34



Bremsstrahlung recovery

» Add ECAL clusters in window
with energy deposits

— ess——

Daniel Berninghoff masters thesis, U. Dortmund
800—

Y¢Brem. before magnet, need to recover 7Y E. > 75 MeV not associated
700 Y Brem. after magnet, no recovery needed | Wﬁ:h a charged track
) D . > Issues:
£ 500 | .
o > Resolution of ECAL worse
S 400, | than that of tracker
£ 300 | » Many photons are missed
as too soft or not in ECAL
200}
acceptance
100t .
» Some clusters incorrectly

assigned to track

0 2 4 6 8 10 12 14
Photon origin z-coordinate [m]

[ ——  —  — S ————  — i S ————— i S ——— S ———— S ]
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Bremsstrahlung recovery

— ess——

All brems photons emitted » Add ECAL clusters in window
so0— 2 -" | | | with energy deposits
= Trve brem. photons with , > 75 eV E, > 75MeV not associated
700¢ B True, reconstructed brem. photons._ | Wlth a Charged traCk
i | > |ssues:
ESOO 1 .
o T >
3 i ;> T5MeV Resolution of ECAL worse
= : than that of tracker

£ 300 / | ‘ - » Many photons are missed
~..” + reconstructible as too soft or not in ECAL
200}
acceptance

» Some clusters incorrectly
; : 13 assigned to track

Photon origin z-coordinate [m]

4

[ ——  —  — S ————  — i S ————— i S ——— S ———— ———— ]
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Bremsstrahlung recovery

e —

e

—

» Add ECAL clusters in window
with energy deposits

E, > 75MeV not associated

600 F=— S ] with a charged track
500 :_ Electrons [24/Mev] _:> Issues:
400 - —— Muons pvev) 3 > Resolution of ECAL worse
E _______ Electrons signa] E than that Of traCker
300 . . = .
- Missed brem. photons 1 » Many photons are missed
200 FCAL uti ~ as too soft or not in ECAL
: resolution 3 acceptance
- 1 > Some clusters incorrectly
I N i AN T— IS T— ; | . .
0 5000 5500 6000 aSS|gned to track
m(K'1l) MeV
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[

» Electrons are triggered via t

» High occupancy in the ECA

Lower yields: trigger+acceptance

ne signatures they leave in the ECAL

_-> need higher trigger threshold to

reduce throughput to acceptable level, ~40% of muon efficiency

2 003 —
0.025 F
0.02F
0.015 -
0.01 F

0.005F |

Unofficial

I I | I !
4000

I | L
6000

8000

max(p_T(), p_ T()) [MeV]

Before passing through detector

[S—
N

1.0

0.8

0.6

Candidates / (a. u.)

0.4

0.2

10000 00L

Phys.Rev.Lett. 122 (2019) 19

=

LHCDb simulation

' —B "= J/yle'e)K”
—B > J/yuu)K*

S
N
0
Q
-
»
.y,
»

) PR T T N SR
2000 4000

5000 '_80|00' 10000
max(p, ("), p,()) MeV/c]

After trigger + selection

» Additionally, electrons loose energy through brem., increasing
chance off being bent of acceptance by magnet

GEE——

—

ISMD 2021

 —
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 —

i
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Eluned Smith
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201903.09252
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201903.09252

Dealing with electrons in analysis: resolution

- .

S— E— — ]

» Use additional kinematic decay info. to reduce background

» For B — X J/¢¥(— ee) control channels can use fact that
we know m(ee) has to be consistent with m(J /1)

» For b->see modes, assume any imbalance in pt between
hadron and electron system due to missing pt in electron
system (i.e. missed brem.)

[ ——  —  — S ————  — i S ————— i S ——— S ———— S ]
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Dealing with electrons in analysis: resolution

[ e e e —— e e e - e S P e e e )

» Since backgrounds where a final state track has been
missed (partially reconstructed backgrounds) are generally
missing energy from the hadronic system, distinctive
distributions between signal and background

£
T 14f

-1 F10°

10

6 -.‘::_-- ;-'.' - . --.I -  aall v he f---l 10_5

~ 16 —— . —
«5 [ LHCb 3107
¥ B Part.reco 1 :
=R W

12

10fs

m.(K mete’) [MeV/c?]

JHEP 08 (2017) 055
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201705.05802
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201705.05802

Dealing with electrons in analysis: trigger

- .

— ess———

> As electrons have poor trigger efficiency, generally
consider 3 trigger categories for electron candidates

>

JHEP 08 (2017) 055

Triggered by any track from

0 *x0 p+ p—
the other B hadron (LOI) B = K764

low-¢* | central-g?

ut 285 T 15| 353 1 2]

ete” (LOE) | 55F° 2| 6710

ete” (LOH) | 135 3| 19+ 6§

ete” (LOI) | 21 % 3| 257% 7

Triggered by the signal electrons in

the ECAL (LOE) Most events still selected via ECAL trigger

[ ——  —  — S ————  — i S ————— i S ——————— S ——————— e sy
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201705.05802
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201705.05802

How well does Belle/Belle Il perform for electrons?

[ e e e —— e e e —— e S ———— R —— R ——— e e ]

> Belle has the advantage of knowing the beam energy, can
construct the beam-energy constrained mass

_ o2 %2
My, = \/Ebeam Pp . o
PRL 118.111801 Resolution very similar
v F o «0_+ — Y [ o K0+ —
g?ozB — K™VeTe ng:_B — K™
g “F 2
S soff \ S or |
o 40bLl | » 60
"qc'; / % ’??:" ' S _ + \
: 30//// , | E '
z 20~
10 7
7 7 ,/ % ¢ // ‘4“

822 524 526 528 D22 524 5.6 528
= 2 = 25 |+ +
S O_IIJ_+]III+—1— II+L,II+II:{'— S 0-|'+] - [J_.I:%:..Z}ZIZ{‘ + I
o -zf—fl I i o -25—:]‘::12 TFETTFT " FF T T T

522 524 526 528 i 522 524 526 58 i

M, (GeV/c?) M, (GeV/c?)
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https://arxiv.org/pdf/1612.05014.pdf
https://arxiv.org/pdf/1612.05014.pdf

Is there any other decay information we need?

[ e e — - e _

S— E— — ]

» LFU and angular analyses can be performed as long as
one has the four-momentum of each final-state candidate

» Additional information in the effective lifetime of the B
meson also

» Doing a time-dependent analysis is fairly trivial

» However often want time-dependence to access decay-
mixing interference which requires flavour-tagging

t Bg_ t,¢,u _(b
B‘J% H'i gu' %BL’ + e * = decay-mixing interference
t -
b S ZO%<M
pt
oscillation +  CP symmetric state

[ ——  — i S ———— i i S ————— i S ——— S ———— S ]
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GE——————

Yields, €4, = 5%

Flavour tagging b — su™ 1~ decays

e e —

Run 1 observed

———

Run 3 expected

Full ¢ | 1.1 < ¢* <6.0 | Full ¢* | 1.1 < ¢* <6.0
0 .+ _ untagged | 432 101 5230 1220
By = oQ1020)u7 ™ 4 hoed 29 5 (262 60 )
0 4 untagged | 176 70 2200 850
Ba = Ko tagged 9 4 (110 13)

» Observables dependent on interference between mixing and decay can

only be accessed using flavour-tagging

» Tagged angular analysis possible by end of Run 3 (2025) in wider g2 bins

at LHCDb, full lifetime + angular analysis still somewhat limited

» Effective tagging power at Belle |l ~ 30% -> better sensitivity to CP-
eigenstates, particularly from B'decays

O — —

IPPP Eluned Smith
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What else can we expect from Run 37

[ — ]

» \We expect around 5 times the number of bb pairs by end
of Run 3 compared to end of Run 2

Run 1- Run 2 Long shutdown 2 Long shutdown 3

L =4x%x103%%/cm?s
[Ldt =10 fb?

2010 > 2018 1 :2019:1:2020: | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027

— 33 2 Incremental improvements
LHCb Upgrade | L=2x%x10%/cm?s to LHCb Upgrade |

» Significant increase in the number of pp collisions per
second -> different problems compared to Run 1+2

» The increase In luminosity in Run 3 means that 24% of all
events with have a reconstructable - pair and 2% have a
reconstructable " pair (!)

[ ——  —  — S ————  — i S ————— i S ——— S ———— ———— ]
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New trigger for Run 3

S— — — ]

LHCb Upgrade Trigger Diagram > Remove hardware trigger!
30 MHz inelastic event rate

(full rate event building)

» Make decision with more event
-Software High Level Trigger : info, better efﬁCienCieS

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

» Implement the trigger entirely in

L software

Frioeiatirtt i Wl » First-level software trigger (HLT1)
iyl § MVA based on inclusive one
'f A and two track selections

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive > Except OUtpUt to frOm flrSt Ievel

triggers, trigger candidates and related

Srimary vertices for exclusive triggers ) trlgger tO be reduced tO ~01 _ 1

L > 1> MHz

10GB/s to storage

[ ——  —  — S ——————  — i S ————— i S ——————— S ——————— e sy
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What does this mean for b — s¢/¢ decays?

[ e e — - e _

S— E— — ]

» The ECAL hardware trigger is currently the major issue for
electron analyses

» Removing this bottleneck should increase trigger efficiency
relative to the muon mode

Comput.Softw.Big Sci. 4 (2020) 1, 7

Signal GEC TIS -OR- TOS TOS | GEC x TOS
B S K*0uTu- | 889+20 906 £20  888=L21 | 790=L26
BY —s K*O0¢te— | 84.2 4 2.7 69.1 + 3.8 61.7 + 4.0 | 52.0 + 3.8

GEC: Global Event Cut, TIS: Trigger Independent of Signal, TOS: Trigger on Signal

» From ~40% of muon mode currently to ~ 60% of muon
mode

[ ——  —  — S ————  — i S ————— i S ——— S ———— S ]
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201912.09161
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201912.09161

Some outlook plots for Run 3

— ess——

» Expect around 2.5% statistical uncertainty on RK by end of
Run 3

» Angular muon modes will also significantly increase precision

—— Belle Il Rg 1.00 A SM from DHMV
,‘ Belle Il Rp. 0.75 - -+ Projections for LHCb after Run 3 (23 fb-1)
'j,,y LHCb Rg '
= LHCb R ~ 050 1+ LHCb unofficial
D) 3 P -
2 ol | LHCb unofficial :1 . —+— Credits: E. Smith
& T Credits: M. Borsato *
= ~
.r— | .- T 0.00 A
g : \. < _+_
:CE h""\_\‘:‘ S —025
O N —~
& - A ——
~ —0.50 A
o, . |
—0.75 1
1k —1.00 1

95 50 75 100 125 150 175
q* [GeV?]

| | | | |
2010 2015 2020 2025 2030 2035 2040
Year
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