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RARE DECAYS?

[EXTRAORDINARY, LIMITED, OCCASIONAL, SCARCE, SINGULAR,
STRANGE, SUBTLE, UNCOMMON, UNIQUE, UNLIKELY]

m “Rare” decays (decay rate < 10-¢)

> Forbidden at tree-level, dominated by
Penguin or box SM diagram

® or: forbidden in SM (LFV)
> Heavy NP could be same order as SM

> Analogous FCNC in the
sector with up-type quarks

Standard Model

BT, B B

0

PR



RARE DECAYS?

[EXTRAORDINARY, LIMITED, OCCASIONAL, SCARCE, SINGULAR,

STRANGE, SUBTLE, UNCOMMON, UNIQUE, UNLIKELY]

m “Rare” decays (decay rate < 10-¢)

> Forbidden at tree-level, dominated by
Penguin or box SM diagram

® or: forbidden in SM (LFV)
> Heavy NP could be same order as SM

> Analogous FCNC in the
sector with up-type quarks

Standard Model

C77 C9,1O

[-l—CS,p]

[C10,Cs, P

1C7,Cy,10]




RARE DECAYS? no ... but LFU tests! e

[ComMON, FREQUENT, REGULAR, USUAL, NORMAL,
ORDINARY, TYPICAL, FAMILIAR]
= “Semileptonic” decays (decay rate ~10%)
> Tree-level transitions

> Integrated and differential BFs

e Sensitive to CKM matrix elements

»  Precision measurement of neutral
meson mixing and CP-violation
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“The” very rare decay, FCNC and helicity suppressed in SM

A 30 years endeavour
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The “golden” channel BO) — ptp- et

Clean theoretical predictions 1. BrancumNe FRACTION
4m? 2m
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Clean theoretical predictions 1. Brancume FRACTION
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BB = utu~) = (1.03 £ 0.05) x 10~
2. Ratio Or BRancHING FrRACTIONS

[JHEP 10 (2019) 232]
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The “golden” channel BO) — ptp-

Clean theoretical predictions

BBY — utu™) = (3.66 +0.14) x 10~
BB - utu~) = (1.03+0.05) x 10710

3. ErrecTive LireTIME
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[JHEP 10 (2019) 232]
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The “golden” channel BO) — ptp- oy

Clean theoretical predictions

4. Rapiative Decay BOg — ptuy
BBY — utu™) = (3.66 +0.14) x 10~

BB’ - p*u™) = (1.03 £0.05) x 107" Not helicity suppressed and also sensitive to Co

[JHEP 10 (2019) 232]

[Phys.Lett.B 768 (2017) 163-167 ]

VN “—I 1 | "‘_I T T |0 T I_ | T T T | T T T | T T T | T I_ —
% 16 B S = oy owr Sy —4— LHCb data points 3 b~
s 14F SN B Full fit ]
< = _ —-B,—>u'u ]
— N 0 —
T 12F “\ --- By—utu =
~ B Sl BES) Sh'h" ]
|- \ + + + - —
3 10F dla e B s 200 -
..8 E N B?S) —-a (K)u'v E
3 ol = A I B LI Combinatorial ]
[~ Y 1
= B T ) ]
O o6 . N —
| : : ‘A .
41— s, . \\' I ]
2 e T ,(.\“‘I _:
il M pahant ST 1 T, ! ]
O Y™ 1 . L I _J | 1 -

4600 4800 5000 5200 5400 5600 5800
M. - [MeV]

R. Silva Coutinho



The “golden” channel BO) — ptp- s

[LHCb-CONF-2020-002, CMS PAS BPH-20-003, ATLAS-CONF-2020-049 ]

Combined LHC results [today] o ¢ ATLAS, CMS, LHCb - Summer 2020
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The “golden” channel BO) — ptp- e sl

07 x1Q‘9 - [LHCb, PRL 128 (2022) 4, 041801 ]
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Prospects for BO(S) — WL ONDEQ'»‘*’“.

[LHCb-PUB-2018-009, ATL-PHYS-PUB-2018-005, CMS PAS FTR-14-013/-015]

Large Hadron Collider (LHC) HL-LHC
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Prospects for BO) — ptp-

Large Hadron Collider (LHC)

[JHEP 05 (2017) 076]

HL-LHC

[ Runi [N Run2 [N Run3 | s3] Runa.s.. |

7TeV— 8 TeV— 13 TeV

13/14 TeV

tang

LHCb Run 4 projection

R. Silva Coutinho
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Prospects for BO) —

[JHEP 05 (2017) 156 ]
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Prospects for B+ — Iv
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Belle IT

Unique opportunity for the Belle II experiment (with missing energy
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Belle I

The branching ratio/ angular “anomalies”
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The flavour anomaliesin b — s I*[-

[Branching ratio]

Higher theory uncertainties

[Angular distributions|

B’ - K*[Knlutu~

B3

spin-1

A0 = N {(Cée) F C10)Fald’) +
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b — sptu- decay rates % *
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[LHCb, JHEP 06 (2014) 133, 11 (2016) 047, 06 (2015) 115, PRL 127 (2021) 151801]
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b — syt angular measurements %

[LHCb, PRL 125 (2020) 011802, 126 (2021) 161802, JHEP 11 (2021) 043, 12 (2016) 065, 09 (2018) 146]
[Belle, PRL 118 (2017) 11, 111801, ATLAS, JHEP 10 (2018) 047, CMS, PLB 781 (2018) 517]
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b — syt angular measurements %

[LHCb, PRL 125 (2020) 011802, 126 (2021) 161802, JHEP 11 (2021) 043, 12 (2016) 065, 09 (2018) 146]
[Belle, PRL 118 (2017) 11, 111801, ATLAS, JHEP 10 (2018) 047, CMS, PLB 781 (2018) 517]
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What comes “next”?

EXPERIMENT
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[CERN-LHCC-2017-003, ATL-PHYS-PUB-2022-018 CMS PAS FTR-22-001]

More data, more channels, more observables (e.g. CP violation), novel ideas ...

[ SM from DHMV
® LHCbRun1
[J Phase-ll Upgrade
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q® [GeVZ/c?]

Fundamental information on the understanding on the current SM deviations

“PrecisioN Era”
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CMS  Phase-2 Simulation Preliminary
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What comes “next”? >
To “bin” or not to “bin”?
“TopAy” I
[Flavour anomalies workshop 2021 - summary] J/(1S)
1.50
—— ACDMN 4 A
—— AS dr’
1259 crrpsv a2 ¢(25>
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() ~0)
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o i / /
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0.25
0.00 W
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_0-50 1 1 1 1 1 1 I I I I >
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|Angular|: Agp, Fr, P’s, ...
[Amplitude]: Co, Cio, hadronic terms ...
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What comes “next”? % et

[EPJC 78 6 (2018) 451, JHEP 10 (2019) 236, EPIC 78 (2018) 453, EPIC 80 (2020) 12]

“Unbinned” analyses can significantly improve the understanding of the fields

WCs tits with hybrid theory-experimental info “Isobar-like” WCs fits
1

T/(18) External] [LHCb, EPJC 77 (2017) 3, 161]
i 1 . ~300p———7T 7 B L L S
= o £ LHCb (. :
ag? (25) = 250F ¢ s
O C  —e— data ]
200 total 11 | =
2 e short-distance _ N
<t 150 :_ ‘resonances _:
T I interference i .
\\'/ 100 f_ background e ) _f
% - o : .
= 0p ] i -

o e )
L / ;8 0 C B T .
-------- b . . — = . . .

S el S o
[theory points] . @)
(:7.0,-5.0,-3.0,-10) [Unbinned dara] mLeZ [M@V/ C 2]
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What comes “next”? % s Y

[JHEP 10 (2019) 236]

“Unbinned” analyses can significantly improve the understanding of the fields

Current statistics s LS
@) E e LHCb Run2 : -
050F ¥ S0 unbinned fit Qaﬁ) 2F — = LHb Upgrade [50 fb] 99% CL
. ‘ + binned fit ~ —— LHCDb Phase 2 [300 fb] ]
025 1'5:_ ------------- Bellell [50 ab'] B
0.00 | s E
~0.25 0.5 -
~0.50 |- O =
~0.75 F _05E E
-1.00 & 1 1 :_ _:
10 12 -1 ]
_1 5: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 :
-3 -2 —1 0 -
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Belle I

What about other leptons? [BO — K*0e*e-| %

Challenging analysis for LHCb

Similar rate for muons and electrons in Belle II Magnet ECAL
v
[Belle, PRL 118 (2017) 11, 111801] LT
T Upstream /,/’/ Downstream
i 0 SM from DHMV/LQCD ] brem - brem
1ok 4+ All Modes ] P Y
L T 9  Electron Modes 1 ©
[ i Muon Modes | Ey
0.5 E | ] Air
L
ar o0 | ‘ 7 l l l I I T
I —l— I 1.0H — B — J/¢Y(ee)K* -
-0.5 — = 4 ! 1 0.8} —
1ok & 1 0.6]- -
f 0.4 _
_15 L L L L | L L L L | L L L L | L L L L
0 5 10 15 20 0.2 J _
2 2 /.2
q° [GeV</c7] 00 1 |

4.6 4.8 5.0 5.2 5.4 5.6
) m(Kml) [GeV/c?]
Interesting complementary to LHC results o , .
Current sensitivity for P’s at ~0.121in 1.1-7.0 GeV g2
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What about other leptons? [BO — K*07 *1-] % B sl

[JHEP 05 (2017) 156,EPJC 80 (2020) 12]

Experimentally extremely challenging, in particular for LHCb

dB(B* — K*p*u™)/dg®

i Imprints of B0 — K*0t'1-
Belle II will ofter unprecedented sensitivity to this mode

B(BY — K*'r7) (had tag)
ab™! 7”Baseline” scenario ”Improved” scenario

1 <32x107° <12x107°
5 <2.0x 1073 < 6.8 x 1074
10 <1.8x 1073 < 6.5 x 1074
50 <1.6x 1073 <5.3x 1074
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What about other leptons? [B — K] 5B

Belle IT

[Belle II, PRL 127 (2021) 18, 181802]

Belle IT has a unique physics reach to study final states with missing energy

Set a competitive limit with only 63 tb-!! SM  Averag

0.46 +0.05 1.1+0.4

3

0.93<BDT,<0.95]0.95<BDT,<0.97:0.97<BDT,<0.99: 0.99<BDT,

.~ BelleII (63 ', Inclusive)

1.971% This work
1.30

CR1 1 : Belle II :
T, Lt =(63+9) b

400

B B oK | Belle (711 b, SL)

1.0+£0.6 PRD96, 091101
.."E’ 300 [ Neutral B
S I Charged B | ° Belle (711 tb~!, Had)
[0 200 [ Continuum__ 3.0+16 PRD87,111103
¢ Data _
5 ] Babar (429 fb—!, Had+SL)
: ] 0.8+0.7 PRD87, 112005
100 : scaled by 2 ] I R

o 2 4 6 8 10
10° x Br(BT—K * vp)

%5 2.0 24 3.500.52.0 2.43.50.52.0 2.43.50.52.0 2.4 3.5
pr(K7)[GeV/c]
Exciting physics range to be explored!

Decay lab™' 5ab " 10ab~" 50ab "
BT — K*vy  0.55(0.37) 0.28 (0.19) 0.21 (0.14) 0.11 (0.08)
BY — KJup  2.06 (1.37) 1.31 (0.87) 1.05 (0.70) 0.59 (0.40)
Bt — K*tvw 2.04 (1.45) 1.06 (0.75) 0.83 (0.59) 0.53 (0.38)
(0.72) (0.40) (0.33) (0.23)

BY — K*%vp 1.08 (0.72) 0.60 (0.40) 0.49 (0.33) 0.34 (0.23

R. Silva Coutinho 29



Lepton Flavour Universality

e S

Belle IT

The “third” anomalies: fromb —s//to b — clv

30



LFU in b6 — s [*/- [today]

O AN
S
SN cuuonss\:g =)

) SCIENTIA N
m% CORONAT & ~

(Bt — K0t

20
%;;4 i r—T—c
1.5 ~ : i i
1.0 T Itr TSI BESR
- P ]
__— 4 !
B i = BaBar
05F 4 Belle
_ e LHCb9 fb’'
0.0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
0 5 10 15 20
LHCb [Nature Phys. 18 (2022) 277] qZ [GCVZ/ C 4]
BaBar [PRD 86 (2012) 03]
Belle [JHEP 03 (2021) 105]
0 0 * —
(BOH) 5 [KQ, K*T)ete]
T T T T I T T T T I T T T
A : R, Belle
- 1.1 < ¢><6.0GeV¥c*
. R, Belle
- 0045 < g2 < 1.1 GeV%c*
X RK‘; Belle
- 10 < ¢ < 6.0 GeV?/c*
o R,..LHCb 9 fb!
0.045 < g2 < 6.0 GeV?/c*
R LHCb9 fb!
i 1.l|< 4> < 6.0 GeV¥/c*
0 1 2 3
LHCb [arXiv:2110.09501] Ryo
R. Silva Coutinho

2.0
s | T

1.5 —
B I N < I
& I
B ® LHCb V Belle
L LHCDb B BaBar

0.0 I T W T A T T NN T NN TN MO TN N M NN A
0 5 10 15 20

Belle [PRL 126 (2021) 161801]
BaBar [PRD 86 (2012) 032012]
LHCb [JHEP 08 (2017) 055]

¢ [GeV?/ct]

AY — pK =0+

0.6 [

0 2 ! 6
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v UN
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f;) iﬁﬁlﬁiﬁf

CORONAT

%

O

(BT — KT¢te] [BY — K*¢ti]
« 20r o0
a i 1.50
15k —— ACDMN [Flavour anomalies workshop 2021 - summary]
i —— AS
i L2579 crrpgy =
T —— HMMN
F— 1.00 - SM
0.5
- slle
i 0.75 -
| [ —
O.OO - 20
Y oA
o 8o 050- /e
Belle [Jt b
| 0.25 -
0.00 A
— —0254 N0
LFU observables + Bs — uu 4
—0.50 . . — | —
| ~1.25 —1.00 —0.75 —0.50 —0.25 0.00 025 050 0.75
0 CNP,LL |
LHCb [ 9 6
LHCb [JHEP 05 (2020) 040] q2 [Gev2/04]

R. Silva Coutinho
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LFU in b — s [T]- |next]

D
(S
Belle I

[LHCD, arXiv:1808.08865, Belle II physics book]

More data, more channels, more observables, novel ideas ...

Rx precision 9fb~ 23fb~1 50fb~"
Ry 0.043 0.025 0.017
R0 0.052 0.031 0.020
Ry 0.130 0.076 0.050
Rykx 0.105 0.061 0.041
R, 0.302 0.176 0.117
Observables Belle Belle II Belle II
0.71ab™" S5ab™" 50ab~"
Rk ([1.0,6.0] GeV?) 28% 11% 3.6%
Rx (>14.4GeV?) 30% 12% 3.6%
Ry ([1.0,6.0] GeV?) 26% 10% 3.2%
Ry+ (>14.4GeV?) 24% 9.2% 2.8%
Rx, ([1.0,6.0] GeV?) 32% 12% 4.0%
Ry, (>14.4GeV?) 28% 11% 3.4%

R. Silva Coutinho

A

high-g?2!

. SI'Sna‘

-
-
L

sy
%
Ginbinatorial m(KTee)
btuk«ofuJ
2-0f """""""""" N L L L

- | Belle-2 Projections: Inclusive b-ssl|
Huber, Ishikawa, Virto '2016

Contours: SM Pull with 50/ab: BR & AFB
Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])

-~ 4
-
4 -
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// — \ | J
L - \ | 4
- \ -
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D
o

Belle IT

More data, more channels, more observables, novel ideas ...

Decays / (50 MeV/c?)

Candidates per 35 MeV/c?

[LHCb, JHEP 12 (2016) 065]

300 = + LHCb ]
1.1 < ¢2<6.0GeV?/c* .

200 —
100 |- + 4 .
-+ +Hyg o

0 =) o,y T+
800 1000 1200 1400 1600

m(K*77) [MeV/c?]

[LHCb, JHEP 1410 (2014) 064]

60}
50}
40}
30}
20}
10}

LHCb = (2)
]l B*— K*m*mutu
t
F -
e |+.+. R t
1000 1500 2000 2500

m(K**w7) [MeV/c?]

R. Silva Coutinho

15—

1.0

0.5

0.0

Qs

-1.0

-15

[Belle, PRL 118 (2017) no.11, 111801]

| | |

: | $
i I - L g , | ]
! T Y ]
| [ SM from DHMV , , j
| 1 NP Example Qs = ’DS(:LLM) _ 'DS(ee)

L L L L | L L | L L L L | L L L L
0 5 10 15 20

¢° [GeV?/c?]

First steps towards an experimental direct

connection, ze. probes of LFU in observables
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LFUin b — s I [LHC]

Several activities towards B-physics programme _ CMS preliminary Run 2018 (13 TeV)
% 40 [J / lﬂ ﬁtS]
49 ° "
B-parking
Fi" 71 08 HLT rate — Physics Streams — — Prescale change
Data Parking ~—— = Run change
S R R B | ¥ oot 1 el
ST I T N | o : |
B8 L bl L i
- | C ‘
o -, _ ‘
40001 b ﬁrlggellr . o \ 1
Hool ] . o | g | NN
3006 2 : 10 0 |
BV O I e B » o Ay
T | A P s C TN
jN J N‘)kmal pTM|SICS trlgger 0:|4|61 1 I418I IJ_Sl‘l I‘I5I‘2I I ISI 561 58 "—6
2 Y " 4 . . . . . . . .
100 PR 'T"‘-rl e Ke*e mass [GeV]
%s foo 1 | J ooy 2
T ] 1 W 11 c
03:25 0534 0744 0953 12:.03 14:12 16:21 % 70
2018-08-31 03:25:32 t0 2018-08-31 16:21:53 UTC Time
60
MOde N2018 10- Low-pT electron performa:ce (BF:arking') 50 f_
0 9 -
BY 4.0 x 10 ool New o
B* 4.0 x 10° -
B 1.2 x 10° Standard 30
MS-DP-2019-04 B
b baryons 1.2 x 10° CMS-DP-2019-043 20F
0.2 —@- Low-pT GSF track (mean=0.977) I~
B 1.0 x 107 o e E AN
10 ok aa ' ' e PF'eIectron(mean?OBBO) 10_ W
TOtal ‘ 1.0 X ].0 ' o 2 4 6 8 10 C NN +
EleCtronDT(GeV) 0_l|llllIIlllAlllll‘[.-Nlllllllll
4.6 4.8 5 5.2 54 5. 5.8 6
K*(K*x¥)e*e” mass [GeV]
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LFU in 6 — s [I]- |[next]

W PR [PRD 99 (2019) 013007, arXiv:2203.06827]
To “bin” or not to “bin” (LFU)?

Simultaneous unbinned analysis of B0 — K*0u*p-and B0 — K*0¢ee-

(e) _ ASM _ ~(n)
[Projection current LHCDb statistics (only)] Co  =C5" =Cy~ +1

S 2_ 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 |
@) [ —— LHCb High-Lumi [300 fb] : i
0.50 W unbinned fit qu) B : _
W unbinned fit e = 1.5 - LHCb Upgrade [50 fb] —
0.25 unbinned fit e e soa ! ]
binned fit e N —— ; i
- SN .
0.00 - - % ~\ .
: / Q T
\Q.:n 0. | N "\ / ]
0.25 0.5 \ \/ _______ =7 ; i
- < =~ E .
~0.50 |- i /// ) ; )
= .
-0.75 - ( // ; .
B N~ — H n
| | ! | | ! - i i
2 + 6 8 10 12 - | | i i

7 [GeV'] B 1 0
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LFUin b — clv [today] oS

_ B('Hb—>7'lc7‘1/7-)
R(Hc) - B(Hb%HclJ“/u) B<B < < E >D

()’

Hy, = B, BF  AY BY... !" = e/u (B-factories) Tt
H,=D*,D°, D+ Dy AL J)p... ¢ = p (LHCD) |

Measurements from the B-factories and LHCDb in tension at the > 3¢ level wrt the SM

;e.\ [ L) I 1] 1) 1) 1] I T T T T I L) L) L) L) I L) L) L) _ ] II(I P I
- 2 - HCb R(JAy)
e = Ay” =1.0 contours ] LHCb-PAPER-2017-035 — =
& 04 2021 — 0.71 +0.17+ 0.18
_ LHCbIS i SM predictions
- - PLB 452 (1999) 129
- BaBarl2 - arXiv:hep-ph/0211021
035 — PRD 73 (2006) 054024
C I~ - PRD 74 (2006) 074008
- LHCHI8 ] Range 0.25 - 0.28
03 —_ “\\ _- | I R | P Lo
B : 7 -0.5 0 0.5 |
- SN - RU/WP)
0-25 ‘* BeHelg - D Bellels
N 1 LHCb R(A))
B Bellel7 World Average . bad . LHCb-PAPER-2021-044
02 - R(D) =0339 =0.026 0014  _7] 0.242 +0.026 + 0.040 + 0.059
i -I-Bigi 16, Gambino 19 R(D*)=0.295 +0.010 £ 0.010 _ o
~ - Bordone 19 {;: 5();3§8c/ - SM prediction
P R T T PRD 99 (2019) 055008
with input from
02 0.3 0.4 0.5 R(D) PRD 92 (2015) 034503
0.324 0.0P4
1 I 1 1 1 1 I 1 1 1 1 1 1
02 03 04 0.5
+
R(A.)

R. Silva Coutinho
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Belle IT

[Rev.Mod.Phys. 94 (2022) 1, 015003]
Exciting prospects in the LFU for both experiments!

Run 2 Run 3 Run4 Run b5 Run 6 : , , :
A\ \: D*) (had FEL lep 7)
D) (had FEI, lep 7)
D*) (SL FEI, lep 7)

R(D) |

( :
(D) ]
= * % = ‘ ( " ]
Q x
= RID™) T & 141 (D) (SLFEL lep7)
> E’ 120 (D*) (had FEI, had 7) |
'% g g T (X) (had FEI, lep7) 1
_g g = 10: (w) (had FEI)
- O
s 8 = 8 i
e NN N e T < -
% 6 .......... -8 6_ ~
=  4F = 4l ‘~=:=:====_1___ e
2: Pessimistic 2:Pessimistic ]
. LHCD unofficial . Belle II unofficial
o——— 0 ' ' '
I FTITIIFFITIITITSY FIFTIFLeyreTFTsese
Y O P O O VA VY] LY O I VA
Data sample up to year Data sample up to year

Can other LHC experiments also contribute to this picture?
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LFUin 6 — clv |next]

Historically B-physics in CMS is possible using dimuon trigger (low rate)

New low-pT tau reconstruction algorithm

Ongoing analysis of R(J/y) analysis (both dedicated to hadronic T — v decay
muonic and hadronic tau decays) 5 06 L B B
§ 0_5:_ CMS-DP-2020-039 E
“B-parked” data also allowed single muon S :
. S 04 .
trigger, e.g. R(D¥) 5 F -
0.3F New ++ ]
; + ‘ :
ATLAS is also working on semileptonic 0ok +++ Standar ]
B decays with Run 2 data and preparing : - +—+— n ;
devoted trigger lines for Run 3. ol T —+— E

ooE-------a"""'----'----'----:
0 ) 10 15 20

Tau pr (GeV)

R. Silva Coutinho 39
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[PRD 103 (2021) 7, 079901, EPJC 81 (2021) 11, 984, arXiv:2203.07189]

The forward-backward asymmetry it is an interesting observable to investigate

0 dr’”
fo d dcos 0 dCOS(Qg) f 1 dg®d cos (6 dCOS(@g)
(Are) = [ Aralq?) = TSl L aldem )
dq2

0‘06 |||||||||||||||||||||||||||

SM 0.04- e R G
004d vV bestfit point [ I } } } ) i ‘
1 W Belle 2018 i I 1 1 d i 5 T-H.‘ 1 ]
| | 003 %— 4’??{“? o
[ [ | »%’ : % ; :

0.02 1

i 002 At =L I
< —0.02—: <G 0.01;; \
- 4 1 ‘ ‘ | |
oot ] '. 0.00f | 1 N
—0.06‘- _ _0-01}77 i ! | | 77‘r77777
| | » (— SM -- CLN,NP -- HQET 21/0),NP|

T e 00z 000 002 004 006 008 0.10 2 4 6 8 10

AApg q* (GeV?)

Differential measurements involving different lepton species will improve the experimental

precision on this observables significantly
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Belle I

[JHEP 11 (2019) 133]

With enough data one can measure all the angular coefficients

Wrest frame

D*rest frame

. . . 0.200
Slmllal‘ “methOdOlogy” as 1n b — S Z—I_l- B B-factory scenario, 50 ab™! B LHC scenario, 23 fb~!

0.1757 ———--- B-factory scenario average oy~ ------ LHC scenario average o

d4F 0.1501

Ly 20 I s 20+ ...
Cl612d((:0891))d(cosHL)dXOC 1ccos”“OUp + I1ssin“ Op

=
—_
[\
ot

0.100

0.0751

Absolute oy

Naturally the WC fits is the next step!

0.050

0.0251

0.000- I
6c
Coefhicient
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Belle IT

On the searches for LFV signatures

B
o

B Full fit
AR = —0.3 Bordone et al. JHEP10(2018)148 (2018)

Excluded at 90% CL

w
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N
I

=
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o
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Te]
o
—
X
T
3
+
b
+
AV
T
+
3
Q

o
o

0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12
B(t-3u) x 108
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Candidates ( 25 MeV/c?)

LFV analyses [today]

[Preliminary - LHCb-PAPER-2022-008]

Lepton flavour is not protected by any fundamental symmetry in the SM

Many models explaining LFU breaking naturally predict the LFV

Recent search performed at LHCb

. LHCb | &
- o | S
C BO_>K 0M+€+ >
i { data p=
&l — bkg.— only model -
— bkg .+ sig. model 4
----- sig. scaled ,Cg
H kS
C g
5 <
- @)
[ RO, [t § { - ia e
4500 5000 5500 6000 6500
m(K ' u*e™) [MeV/c?]

—
o
)

T IIIII|T|

10720

LHCb

-1

I data ofo

B'—J/yp (=t u)K ™

combinatorial bkg.

B %J/w(%u WK
I (— )pK
B°—>J/ (= UK R

o BTy (=)

11

.

ea.
.

-

AR g
5200 5300 5400 5500 5600 5700 5800 590
mJ/w(ls)(K T utu”) [MeV/c?]

B(B’

— K*FeT < 9.9(11.6) x

10~

h-jﬂ
O

1

T T
LHCb
08 9fb~! _
—§— Observed N
L — Expected :
0.6 = lo ]
- B - 20 i
04 .
02F .
00 5 10 15

Two orders of magnitude than previous searches

R. Silva Coutinho
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LFV analyses [next|

Decay | Limit @90% C.L. Upgrade | Upgrade |

B >eu
B, »eu

B*>Ke*tu-
B*—>Ke-u+
BV >K0ute

B >KOu-e+
BO >KO0u+e-

Bi—)iiie

Significant improvements foreseen for the next decade

1.0 x 10°
5.4 x 109
7.0x 107
6.4 x 10°
9.9 x 10°
6.7 x 10-°
5.7x10°
1.6 x 108

3 fb' (Runil)

3 fb' (Runl)

9 fb! (Run1+2)

R. Silva Coutinho

JHEP 03 (2018) 078

Phys. Rev. Lett. 123
(2019) 241802

LHCb-PAPER-2022-008
(preliminary)

Also: BR(t - pu up ) <4.6 x 108at 90% C.L. with 3 fb”! (Run1)JHEP 02 (2015) 121]

~2 x 10-10
~8 x 10-10
~4 x 10-10
~4 x 10-10
~4 x 109
~3 x 10
~4 x 10-°
~4 x 100
~3x 106
~8x 106
~1x105

~3 x10-?

~9 x 10-1
~3 x 10-10
~7 x 101
~6 x 10-1
~2 x10-°
~1x10°
~1x10-°
~4 x 109
~1x 106
~3 x 106
~5x 106

~1x10°
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Belle IT

[LHCDb, arXiv:1808.08865, The Belle II Physics Book]

Reaching an interesting range for BSM physics

: 107 g | | | | | | —=
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1077 £ M ® v =
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Charm rare decays

[/
TRHCH

An extensive and complementary physics programme

I non-resonant SM

resonant SM



i%%‘%%%
5\ e b =
« S 2E s
Charm rare decays g &
Unique probe of up-type quark FCNC and complementary to B and K physics
¢ — u [t/- FCNC more rare than the ones involving b quark
SM can be tested with clean null-tests
Ditferent type of physics channels, from forbidden to not-so-rare
Do 3 ”+e— D(+s) - 71t Doo—) 71'_72'+V(—) i) DY K*oy
D > pe” D) > K*'I'T Do »p VO g4 00) ¥
D, - hpte D’ > K 7' I*I" D'>K'KVEI)
X D’ > K"I'I" D' v TN

LFV- BNV FCNC vl> Rac-ive
0

10" 10" 10" 10" 10" 10" 10° 10® 107 10%® 10° 10*

0 * + +
D(*;)—)h'1+1+ D' D't D" > K'znV(->Ill) D" 5> ¢(—> 1)

_*0
D° 5 XOte D" > ee D° 5p I'I" D’ 5K V(=>I) D5 K ztv(>l)
‘ i o D> KKk D' D’ - KV (- 1I)
D"-> X Tl D’ 54 I
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Charm rare decays [today]

(¥

Searches for 25 new charm rare/LFV/LNV

Dt =ttt %]
Dt — ntptum S —
Dt — Ktptpu™ — % |
DT — 7T_,u+€+ 1 X  Observed S |
DT — 7T+€+,u_ — Expected IFT |
—— 410, 42
DY wrmtpte 1 g X |
Dt — K+6+,LL_ — CLEO E_| |
Dt — Ktputerq LHCD P |
DT — 7 etet B4
DT — nfete™ — ]
Dt — Ktete = LHCb *E—H
||||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1
108 1077 100 107°

Upper limit at 90% confidence

[LHCb, JHEP 06 (2021) 044]

Df — mptp — B
Dy — mrptum A e
Df — K-yt p™ — 5 |
Df — Kt - S
D: - 7T_,LL+€+ —1 X Observed S — |
D: — 7T+6+,LL = Expected =% |
Df - ntpte 4 —— 410, +20 % |
D;r — K_,LL+€+ — —— DBaBar = |
D;i— — K+6+,LL .......... CLEO X |
Df - Ktute o LHCb ] |
Df — nmetet 4 K+ ¢
Df — ntete 4 X
Df — K etet —  a— |
Df — K'eTe LHCb HHx
AL L L L
1078 1077 100 107°

Upper limit at 90% confidence

Results improve upon the prior world’s best constraints by up to a factor of 500

R. Silva Coutinho
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Charm rare decays [today]

(¥

Similar to the B Full angular analysis of four body decays

|CP asymmetries]
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R. Silva Coutinho
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[LHCb, arXiv:2111.03327]

| CP-averaged angular observables]
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Charm rare decays [next]

Limits foreseen for the branching ratio

[LHCb, arXiv:1808.08865]

Mode Upgrade (50 fb—')  Upgrade Il (300 fb~ ")
DY — putpu~ 4.2 x 100 1.3 x 1010

Dt — ntutp— 108 3x 1072

DI — Ktutu~ 10—8 3 x 1079

Ne = putp™ 1.1 x 1078 4.4 x 1079

DO — et F 102 41 x 1072

Statistical precision in the asymmetry

Mode Upgrade (50 fo—')  Upgrade Il (300 fbo— ")
Dt — ntutu~ 0.2% 0.08%

D’ - ntr—putpu— 1% 0.4%

D - K—ntputp~ 0.3% 0.13%

D - Ktor—putp~ 12% 5%

D - K—Ktutu~ 4% 1.7%

R. Silva Coutinho
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Charm rare decays [next]

BESII

o€ UN,
EENNG

O
5 & suos g%
g%iﬁl‘;?;@ﬁ

S

ALl

CORONAT

AO%E; é@% (\o

[BESIII, PRD 104 (2021) 091103]

Rich environment for purely leptonic and semi-leptonic decays

T I T T T

T I T

T

PDG2020 PTEP2020(2020)083C01 5.48+0.23 3
CLEO PRD79(2009)052002, T,V 5.30+0.47+0.22
CLEO PRD80(2009)112004, T v 5.52+0.57+0.21
CLEO PRD79(2009)052001, T_v 6.42+0.81+0.18
BaBar PRD82(2010)091103, T,V 5.00+0.35+0.49
Belle JHEP09(2013)139, 7, .v 5.70+0.21+0.31 -
BESIII 0.482 fb! PRD94(2016)072004, ©.v 3.28+1.83+0.37
BESIII 6.32 fb™! PRDIMZOZUO;ZOO‘). T,V 5.2140.25+0.17 .
BESIII 632 fb! PRD104(2021)032001, v 5.29+0.25+0.20 i
BESIII 6.32 fb! PRLI27(2021)171801, t,v 5.27+0.10+0.12 N
P I S T S AN TR SR SO (T SR TR NN SR S S N S
-2 0 2 E 6
B(D! — t'v,) (x107?)
2 2
_ m3+ (1 - m‘2[+)
R _ r(Df - tvy) _ my.
/1 F(D;- N l‘+"u) m2+ 2
mi, (1 -— )

= 9.67 £0.34

[SM : 9.75 4 0.01]

R. Silva Coutinho

Lots of channels yet to be explored!

i ¢ Data

80 i Total fit
1&.; | = Signal
= LTI Peaking BKG
© :

60 - - - Fitted CBKG
g . [ Simulated CBKG
= E
2 40
= :
2
= i

20

1 S ——
s 0 I“ll..u..&..u.w.6‘.4*-*“m9.‘.‘-’...m.9.¢W*.mo9“‘»m.¢;m.¢..m,§..‘m-,“‘;‘

SE i e i S S it i i il

-0.1 0 0.1
2 2
M2, (GeVZc4)

B(D® = p~p' vy

= 0.90 = 0.11

B(D° — p~etuv,)

Precision for D+ — /v or D;in purely

leptonic of 10% and 3%

SM prediction [0.93, 0,96]
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Charm rare decays [next] BESTI STCF w4«

[STCEF, arXiv: 2203.03211]

BESIII STCF Belle 11
Luminosity 2.93 fb~1 at 3.773 GeV 1 ab~!at 3.773 GeV 50 ab™! at T(n.S)
B(D+ — ,LL—'_VM) 5-1%stat 1-6%syst [6] 0-28%stat -
fD+ (MeV) 2-6%stat O-g%syst [6] 0-15%stat -
V.4 2.6%stat 1.0%%,; [6] 0.15%stat —~
B(D—: — T—:_I/T) 2O%stat 1O%syst [7] 0-41%stat -
BIDT = 7wr) oy 13%syst [7] 0.50%tat -

B(D* = ptv,)
Luminosity 3.2 fb7 1 at 4.178 GeV 1 ab~ ! at 4.009 GeV 50 ab~! at Y (nS)

BDF = 1 v,)  2.8%ggar 2.7%syst [8) 0.30%stat 0.8%stat 1.8%syst
ij (MGV) 1-5%stat 1-6%syst [8] 0-15%stat -
V.| 1.5%stat 1.6%syst [8] 0.15%stat =
fp+/fp+ 3.0%stat 1.5%syst [8] 0.21%stat -
B(D — mtu;) 2.2%stat 2.6%] o 0.24%tat 0.6%stat 2.7%syst
o+ (MeV) 1.1%stat 1.5%] 0.11%stat -
V] 1.1%stat 1.5%] 0.11%gga -
Fs (MeV) 0.9%stat 1.0%! 0.09%tat 0.3%stat 1.0%syst
‘V/ifn‘ 0.9%stat 1'O%SystT 0.09%gtat —

B(D — 77v,)
B(Ds — ptv,)

3.6%stat 3.0%. 0.38%stat 0.9%stat 3-2%syst

R. Silva Coutinho 53
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A “flavourtul” path to NP? “%&5%%

On the interplay between direct and indirect searches

W

T T
= o
5 o
— >
> =
= -
op) =
= -
£ S
> )

/l\
T &
S

:Jz%,z‘

® .5 Hae..

.~
} [by Admir Greljo]

’mé’orfsi'
[JHEP 08 (2021) 050]




PROSPEC TUS SUMMARY

IS NoTU sSPeLT
P.. - . . .
W s Very rich physics programme with unprecedented

discovery potential in the near future

& e ;\ﬁﬁli)%ﬁ(ojﬁﬁ
\ » Intriguing set of anomalies in B meson decays

WHAT COMES NEXT?

®» More data, more channels, more observables, novel ideas

» Full understanding of the field will require a combined

effort of the different experiments 'Strange pale penguin': rare yellow and
white bird discovered among king

O, Search Th is edition v
Guardian

News website of the year

la “compass” to the LHC searches?]




