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Take home messages

Take Home Message 1:

Flavour physics is interesting!

Take Home Message 2:

Despite some drawbacks, we can make
good progress in the next few years!
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Why flavour?
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® The origin of the Yukawa patterns is unknown

® Yukawa couplings are free parameters in the SM and they have to be extracted from
data
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® The origin of the Yukawa patterns is unknown

® Yukawa couplings are free parameters in the SM and they have to be extracted from
data

® CKM and/or loop-suppressed decays have a small signal that should make
new physics visible

® We need to control SM predictions at high accuracy
® |ndirect searches: no energy limitation
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Oth (yij ) Oexp

e Control theoretical accuracy

= Predict with high accuracy non-perturbative quantities e.g. decay constants, form
factors, etc.

= Need to develop non-perturbative methods

e Control experimental error

= For statistically limited modes we only need to wait

= For systematically limited modes we need more statistics and better techniques
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B-physics: LHCb and Belle Il

LHCb Belle/Belle Il

sm

[Beem] [1or | [wxo |

magnet

4 GeV positrons

vertex

locator | | ikt

7 GeV electrons

® Hadronic machine (pp-collisions) e ¢te™ collisions at /s = m(Y(45))
® Forward detector ® 4r detector
® The momentum of the b-hadrons is ® The momentum of the b-hadrons is

not known known
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Current Experimental Status

Channel | Bellel | Bellell (current) | LHCb Run I-+II

BY, B | ~8x10° ~4 %108 ~ 2 x 1072
B* ~ 8 x 108 ~4 %108 ~ 2 x 102
BY BY | ~6x108 ~ 0.5 x 10'2
B* - ~ 8 x 108
Ay, Ap — ~1x 10"

® Belle Il data are currently analysed and many interesting results are out

= New analysis techniques help in exploiting the current (low) statistics and achieving
remarkable results

® Many LHCb results are still based on Run | + half of Run Il datasets

= Sitill room for improvement before Run 3 results
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Current Experimental Status

Data taking is not going as smoothly as foreseen

LHCb suffered from delays due to problems during the 2023 Run

Belle 1l resumed operation this year but they are also under luminosity target
Recently, CMS has started producing very interesting results in rare decays

The key forward is the complementarity of these three experiments
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Where are we?
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“...there is a general consistency, at the percent level, between the SM predictions
and the experimental measurements. Thus in order to discover new physics effects
a further effort in theoretical and experimental accuracy is required.”

[2212.03894]
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However, there are a lot of puzzles that involve single measurements/theoretical

predictions:
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How do we make progress?

We need a physics plan
® Joint between theory and experiment

e Concrete, exploiting what can be measured and predicted with high accuracy

What are the goals?
® Understand the SM at high accuracy

= With or without the help of experimental data

® | ook for hints of NP

= Identify processes that are signatures for classes of models
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The Belle Il case

Belle Il Online luminosity Exp: 7-33 - All runs
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Belle Il is taking data (will soon end operation for 2024)
During Run |, they collected 424 fb~*, of which 363 fb~* at the Y(45)

From this year’s trend, the “Base” luminosity is more realistic
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Experimental prospects

The nominal luminosity targets for Belle Il and LHCb are 50 ab~* and 300 fb™!

Realistically, it is unlikely that they will meet this goal

In many cases, lower luminosities are anyway enough

Benchmarks: Belle Il with 1 ab~! and LHCb with 100 fb~*!

Channel | Bellell | LHCb \ FCC-ee
BY, B [ ~1x10° | ~2x10™ ~ 6.2 x 10™T
B* ~1x10° | ~2x10'3 ~ 6.2 x 10%!
B, B - ~0.6x10" | ~1.5x10"
BF — ~ 8 x 10° ~ 4 % 10°
Ap, Ap - ~1x10% | ~1.30 x 10"
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What to expect from Lattice QCD

fB. (Nf=2+1+41)

Input fBs (Nf =241)
current 1.8%
5 years 0.9%
10 years 0.4%

0.6%
0.3%
0.11%

More statistics implies a systematic reduction of uncertainties

It is expected a reduction of a factor of 2 in 5 years and 5 in 10 years

However, below the per cent level, QED effects have to be taken into account

= Already included in fx, WIP per heavy mesons

A conservative 1% error that accounts for QED has to be considered
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What to expect from Lattice QCD

fB. (Nf=2+1+41)

Input fBs (Nf =241)
current 1.8%
5 years 0.9%
10 years 0.4%

0.6%
0.3%
0.11%

More statistics implies a systematic reduction of uncertainties

It is expected a reduction of a factor of 2 in 5 years and 5 in 10 years

However, below the per cent level, QED effects have to be taken into account

= Already included in fx, WIP per heavy mesons

A conservative 1% error that accounts for QED has to be considered

Until QED problem is solved, there is no
need to improve significantly in statistics
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The long-standing |V, |/V., puzzle
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The long-standing |V, |/V., puzzle
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The long-standing |V, |/V., puzzle
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The long-standing |V, |/V., puzzle
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|V.p| and |V,,;|: current status

Inclusive V_, is rather stable

Inclusive V,,; is less clean theoretically because cuts used in experiments
make the theory prediction less precise

Exclusive V,, from B — D is also rather stable

Exclusive V., from B — D~ is still shaky and depends strongly on the
experimental dataset used and from theory inputs

Exclusive V., from B — = is rather reliable
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B — D*p

dr
dwdcos(8p)dcos (6, )dx ~ 102471
x {(1 = cos(8))? sin®(6,) H3 (w) + (1 + cos(8y))? sin?(6,) H? (w)
+ 4sin?(0;) cos*(0,) H3 (w) — 2sin?(0) sin®(0,,) cos(2x) He (w) H—(w)
— 4sin(fy)(1 — cos(by)) sin(6,,) cos(6,,) cos(x) H (w)Ho(w)
- 4sin(0,)(1 + cos(6y)) sin(6,) cos(0,) cos(x) H-(w) Ho(w) }

1Wrb\ npw Mpr?Vu? — 1¢*

v i:r* & ¢ Belle Il with inclusive tag, Belle with
; ™ H T hadronic tag
Ezu e :1_; §04 *ﬂh
I S * Belle Il w/ 189 fb~! has the same
; 02 S precision as the previous untagged
W e Belle analysis with the full dataset
0.7 %' .
SO - i i = Success of the inclusive tagging!
g §u175
Sos 5 Eal ':% . .
Tos ﬁ;.iﬁ +F | Lo #}jf% e Systematically dominated
0.3 + 0.125
e woo 0 b B = Feedown from B — D** can be

reduce with further data
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B — D*(v: theory

dr

- - ! 2142
dwdcos(0;)deos(0y ) dx 1021#‘”””‘ nbw Mpr®Vu? —1g

S

drjdw/

x {(1 = cos(6))? sin®(8,) H? (w) + (1 + cos(8y))? sin?(6,) H? (w)

+ 45in?(0;) cos® (6,) HZ (w) — 2sin?(6;) sin®(8,,) cos(2x) H (w) H— (w)
— 4sin(6) (1 — cos(8)) sin(8,) cos(8,) cos(x) H.y (w) Ho (w)

+ 4sin(0¢) (1 + cos(0¢)) sin(0,) cos(6y) cos(x) H-(w) Ho(w) }

Hadronic form factors

® The B — D™ case is more complicated because the D* is unstable

® Recent progress from Lattice QCD: complete calculation away from zero-recoil

| & nacow
B nrQen 2

e Different lattice results yield different
phenomenological consequences

® Understanding the differences

among lattice and with experimental
data is essential to make any

0.4 B exp data
o progress
. === lat-rexp fit
.2 exp fit
0 0 1
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ggii . T 0.046
oo e O 0.044
3 0.0421 T ¢ 1 - 1 ¢ [ + = 0.042 T
= 0.0401 I ¢ ¥ - = 0.040 Il T 1T 1 I & ¢ ¢
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NNV

e
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® The spread of the results is worrisome when trying to make precise predictions

® Combining various lattice results reduces uncertainties but renders predictions
incompatible with the ones from a single dataset

e |t is not clear that more statistics will solve the problem, difficult to give a solid
prospect
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60 [ f+ RBC/UKQCD 15
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® Predictions for B — 7 form factors
are more stable

* Agreement with experimental data is
very good

ov,, (%]

~
current
status

® With combined progress from theory
and experiment, the uncertainty on
inclusive V.., reaches 2% with 5ab ™!

e Can the inclusive tagging bring to
similar results with less statistics?
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New physics in b — /v



Lepton Flavour universality

68% CL Fonlours

0.2 4HFLAV SM Prediction R(D) =0.342 +0.026,,, -
R(D) =0298 +0.004 R(D*) = 0287 + 0015y,
R(D*) =0254 +0005 p=-039
1 o 1 | PO =39

0.2 0.3 0.4

R(D)

B(B — D™ r0)

Bo = BB Do)

Test Universality between the 3rd
and 2nd lepton families

Ratios allow cancelling hadronic
uncertainties and experimental
uncertainties

The B — D* mode is still affected by
the same effects discussed before

The theory prediction of B — D is
much cleaner
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Absolute oy

Main experimental uncertainties: B — D** feed down, simulates samples size

0.01

0.001

Experimental prospects

LHCh

23 50 300
Integrated Luminosity [fb~!]

Total uncertainty [%]

X) (had FEI, lep 7)
) (had FEI)

) (had FEL lep 7)

) (SL FEL lep 7)

) (had FEI lep 7)
) (SL FEL lep 7)

) (had FEL had 7)

[SESESASAS]

Data sample in ab !

® improvable with data-driven analysis and more efficient simulation software

Uncertainties should approach the few % level with more statistics

Current theory uncertainty for Rp is 1%

No study with the inclusive tagging, ongoing work at Belle Il
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“Dirty” b-hadron decays



b— sete”

Yield Run Lresult 9fb T 23fb 1 50fb 1 300fb !
BT Ktefe™ 254 +£29 [274] 1120 3300 7500 46 000
BY— K*%¢te~ 111 + 14 [275] 490 1400 3300 20000
BY— pete” 80 230 530 3300
Ag — pKeTe™ 120 360 820 5000
Bt atete 20 70 150 900
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b— sete”

Yield Run Lresult 9fb T 23fb 1 50fb 1 300fb !
BT 5 Kfefe™ 254 +29 [274] 1120 3300 7500 46 000
I BY— K*%¢te~ 111 + 14 [275] 490 1400 3300 20000
By — geTe” 80 230 530 3300
A)— pKete~ 120 360 820 5000
Bt atete 20 70 150 900

at low ¢? probes b — sy
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7/Cr)

Im(C

b— sete”

Yield Run Lresult 9fb T 23fb 1 50fb 1 300fb !
BT 5 Kfefe™ 254 +29 [274] 1120 3300 7500 46 000
I BY— K*%¢te~ 111 + 14 [275] 490 1400 3300 20000
By — geTe” = 80 230 530 3300
A)— pKete~ - 120 360 820 5000
Bt atete 20 70 150 900

at low ¢? probes b — sy

1.0
Constraints at 20
— BB X.)
05 B° - K%
— B
— B K*%tem
~==== Global
0.0
—0.5
flavio
-1.0 T T
-1.0 -0.5 0.0 0.5 1.0
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b— sete”

Yield Run Lresult 9fb T 23fb 1 50fb 1 300fb !
BT 5 Kfefe™ 254 +29 [274] 1120 3300 7500 46 000
I BY— K*%¢te~ 111 + 14 [275] 490 1400 3300 20000
By — geTe” = 80 230 530 3300
A)— pKete~ - 120 360 820 5000
Bt atete 20 70 150 900

Im(C7/Cr)

at low ¢? probes b — sy

LHCb-PAPER-2020-020

10 0
95% CL constraints on b — sy
\ 02 -
05 \
01
= \
&) |
= isM |
00 T 00 > T
F 12 sensitivity /
=
> -01 rom FTDR)
—05 B(B - X.) —
B Kty T -02
Blogy
B" - K*%te™ flavio >
-1.0 —0.
~10 -05 00 05 10 -03 -02 01 00 01 02
Re(C7/Cr) Re(C7/Cr)
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“Clean” h-hadron decays



Belle I

Hadronic tag

B,,, — hadrons,e.g B — D®nz

tag
€= 0(2%)
I/\ /2
v« Bt < Y4S) — B~
o« Sap®
K+

Full Event Interpretation (FEI)

e Wrt Belle algorithm more decay
modes have been added

® |ow efficiency but high signal purity

Inclusive tag
B, — anything
e = 0(100%)

Ve,
<« B* < Y4S) — B~
Kt i}

<

Inclusive tagging
e High efficiency but low purity

® Properties of the Rest-Of-Event
(ROE) are used to increase
efficiency

e Especially convenient for modes with
neutrinos
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BT - KTvp

Hadronic Tagging
B(BY —» KTwi) = (11705108 x 107°

Inclusive Tagging

B(BT — K'vp) = (2.74£0.5+0.5) x 10™°

Combined
B(BT — Ktwp) = (27+£0.5105) x107°

[2311.14647]

SM  Average
—— Belle TT (362 17, combined)
4o ia«»l}w 0 (362 b7, hadronic)
—_—— Belle I (362 7, inclusive
N, Belle I1 (63 fiy!. inclusive)

L Belle (mn, }mulqmnm)

06 PROOG, 00

e Belle (71l n,! hadronic)
e

PRONT, 11103

08 PRo

BABAR (418 b1, semileptonic)

10° x Br(BT—K " vi)

3.5 0 evidence wrt background only

2.7 o tension wrt SM

10
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Prospects

SM  Average
—— »1, combined)
—_— Belle 11 !, hadronic)
—_— Belle 1T (362 fb, inclusive) . . . i
A uncertainty scales with luminosity
o ~ 26%
Lo Belle (7 Semileptonic,
b e Belle (711 fbr!, hadronic)
———t— 71, semileptonic)|
—te— hadronic)
0 2 4 6 8 10
10° x Br(B*—K * i)
—1 —T —T —T
Decay lab 5ab 10ab 50 ab

BY > K v 0.55 (0.37)
BY - K%p  2.06 (1.37)
Bt — K*tvp 2.04 (1.45) 1.06 (0.75
B® - K*p 1.08 (0.72) 0.60 (0.40

I

BT - Ktvo @14%

0.28 (0.19) 0.21 (0.14) 0.11 (0.08)
1.31 (0.87) 1.05 (0.70) 0.59 (0.40)
) 0.83(0.59) 0.53 (0.38)
) 0.49 (0.33) 0.34 (0.23)
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What about theory?

dB(B — Kl/lj)s GFaEW Mz)X

dq? 32n5 sin? Oy
x 15|V Vi [? IpKl‘ ¢<— Current uncertainties 3 — 4%

e Currently, SM prediction is affected by ~ 7% uncertainty

e With Lattice QCD projections in 5 years ~ 2%

With Lattice in 5 years + 1 ab~! Belle Il
we could see Bt — Ktup
at 50 with same central values
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Theory predictions for B, — 7~

. G2 4m?
o5 47 = gt Py 1 - Sl -+ €
Bs

hadronic input
photons probing

the B structure
[Beneke, Bobeth, Szafro, '19]

B(Bs — pp”) = (3.660 £ 0.138) - 107

¢ |eading uncertainty from |Ves|
e Current total uncertainty ~ 3.8%

¢ No pollution from charm rescattering
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x B(By — p ™)

10°

“Worse” case

4.5

3.5

2.5

exclusive

Inclusive

—

/

0.036 0.038

0.04
Ve

0.042

0.044
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Experimental prospects on 5, — ptpu~

[2108.09283,2108.09284,2212.10311]

B(Bs — p*p”) = (3.0955355513) x 1077

e With 100 fb~?, the statistical uncertainty drops to £0.14 (~ 4.5%)

¢ | eading current systematics is fs/fa (3%)

® Prospects with more luminosity are not clear

® |nterplay with CMS is interesting to validate results

® We expect a similar reach for CMS
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Experimental prospects on 5, — ptpu~

[2108.09283,2108.09284,2212.10311]

statistics

B(Bs = p'p7) = (3.09°0755517) x 107°

e With 100 fb~?, the statistical uncertainty drops to £0.14 (~ 4.5%)

¢ | eading current systematics is fs/fa (3%)

® Prospects with more luminosity are not clear

® |nterplay with CMS is interesting to validate results

® We expect a similar reach for CMS
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Experimental prospects on 5, — ptpu~

[2108.09283,2108.09284,2212.10311]

statistics

B(Bs — ptp”) = (30970 357017) x 107°
\ systematics

e With 100 fb~?, the statistical uncertainty drops to £0.14 (~ 4.5%)

¢ | eading current systematics is fs/fa (3%)

® Prospects with more luminosity are not clear

® |nterplay with CMS is interesting to validate results

® We expect a similar reach for CMS

31/33



Experimental prospects on 5, — ptpu~

[2108.09283,2108.09284,2212.10311]

statistics

B(Bs = p'p”) = (30957557017 x 1077

\ systematics

e With 100 fb~?, the statistical uncertainty drops to £0.14 (~ 4.5%)
[2212.02309]
) ) ) o | I oms

¢ | eading current systematics is fs/fa (3%) [ e

® Prospects with more luminosity are not clear HH%HF’Z

® |nterplay with CMS is interesting to validate results [ 4 cms dataslyi <24

I v
® We expect a similar reach for CMS ! 5 TS
P (Ge'
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Experimental prospects on B, — " u~

[2108.09283,2108.09284,2212.10311]

statistics

B(Bs = p'p”) = (30957557017 x 1077

\ systematics

e With 100 fb~?, the statistical uncertainty drops to £0.14 (~ 4.5%)

[2212.02309]
. . . < I cus
¢ | eading current systematics is fs/fa (3%) [ e
® Prospects with more luminosity are not clear Hh————

o
® Interplay with CMS is interesting to validate results [ 4 oM data; i <24

t —Average for p_ > 18 GeV
008~ % LHCbdata;2<y<45

® We expect a similar reach for CMS

\ \ \
% O w
py(GeV)

Potential reduction from 16% to 6% with 100 fb~*
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Charm is the new beauty

SB(D" > Fui)
g

2|
BT 107 07 1070

B(D" = Fyi)

1078 107 0-°

1
B(A: = puv)

107

JU 107 10"
B(D* = Fvv)

e =107 B (D" KK wp)

Gt = 1073 - B(D' — KT K-ww)

o<1 “o- B(D = KK wp)
e — B (D )
— B (D= rter) L B (Dt =7 wi)
...... Biu(D' 5 7v0) o (Do)
mmm BN = lvr) L BEE(A o pui)
— B (Do mtmen) L B (A - prp)

- BERe(D' »wT R vr) (At o pui)

e (DY )

0B =1/+/nea N1, B

® ¢ — uv modes are very suppressed by GIM = SM predictions are zero

® any signal is a clear sign of NP

[R. Bause, H. Gisbert, M. Golz, G. Hiller, '21]
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Take home messages

Take Home Message 1:

Flavour physics is interesting!

Take Home Message 2:

Despite some drawbacks, we can make
good progress in the next few years!
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