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Rare decays and NP searches

b — sll decays in the SM Possible contributions from NP
Supersymmetry Leptoquarks
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New heavy gauge bosons

v, Z° b
€+ Zl\‘ Vs
:f

Rare decays heavily (loop-)suppressed in the SM

New heavy particles can significantly contribute and affect
decay rates, angular distributions, and rate asymmetries
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Rare decays and NP searches

Rare B decays in effective field theo

Full theory Effective description
b '\\ ’t . s b C; 3
A w ¢' _—
- o -
v, 2°
ut ut

Model-independent description in effective field theory

[Flavour—violating coupling]

4G F
Hest = ——= Vi Ve Z i AMnp = i
2 2
v e
Wilson coefficient
("effective coupling”) Wilson coefficient ~ Operator -
o1 @) e s, v
Rare B decays allow to probe 7-penguin CZO ?zmb(s"wpﬁmb)w s Jé
NP ew. penguin  C, 5V, Py b) (A"
several operators O"") pene o0 2§ W“PL(R)b;EMMM) ) [Ba
10 SVYul L(R) Y5 “o
Anp up to O(100 TeV) reachable scalar cy 16ﬂm,,(sPR(L b) (i) i
[JHEP 11 (2014) 121] pseudoscalar CI(,’) %mb(EPR(L)b)(ﬁ'yg,u) :T

t [see backup]
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) Observables in rare b — s¢¢ decays and their cleanliness

Quarks bound in hadrons, e.g. Hadronic uncertainties
u,d, .. N Uy d, .. Form-factors SM cc-Joop
B+, B° - K+ K0 -
B 7 ) K ;
R ,” N R R b B
WL B N LA c
v ¢ P - -
o + o+
b — st¢ Observables
Increasing precision of SM prediction
[JHEP 06 (2014) 133] [PRD 107 (2023) Oas11) __[PRL 125 (2020) 011802] . LUHEP 2020 (2020) 40
051 «arn s LHCb Run 1+ 2016 Q}H
T o e S from B 12}
Z 04 T f04 O E :
0.3 o w03 1.0
5
507 o2 + = 08} ’—i—‘
=014 L -0. 2 Q 3
R0 P! 1% “'1 22 Saal SSSas o¢p LHCD
0.04 F0.0 ! ! ! !
0 5 10 15 2 - . . | 3 0 2 4 6
2\ 0 5 10 15 p 9
GV P lGevc ¢ [GeV?/c!)
Branching fractions Angular observables Lepton Universality Tests
affected by form-factors affected by cc-loop clean
and cc-loop
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The LHCb detector
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The LHCb detector 7 /34

he LHCb experiment: Optimized for heavy flavour

Run 2: 6fb~! Tracking: Velo, TT, IT4O0T

#2018 2
Ve

Ny g7
/_//_///%2011
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g

vay

Month of year

Large o,5: (284 +53) ub at 7TeV and (495 + 52) ub at 13 TeV [[1E.55 (5019) 2092161

JHEP 10 (2015) 172
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https://arxiv.org/abs/1009.2731
https://arxiv.org/abs/1509.00771

#2018 2

L

¥4
/’ 2011
Al

Month of year

vay

Large 0y5: (284 4 53) ub at 7TeV and (495 & 52) ub at 13 TeV [[52°0 (2012) 7957
Excellent IP resolution ~ 20 pm to identify B decay vertices, Ap/p = 0.5 — 1%
Particle identification: ex_.x ~ 95%, ex—x ~ 5% and e, ~ 97%, €xmp ~ 1 — 3%

Low trigger thresholds: pr(u) > 1.8 GeV, Er(e) > 3.0 GeV
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Branching fractions of rare B decays

Rare decays

Rare decays and
NP searches

The LHCb detector

x10°®
< 4 T "[—% LHCb9fb ™
‘}‘u ) | LHCb LHCb 3fb™
3 12 SM (LCSR+Lattice)
(S} 10 [ SM(LCSR)
‘g. SM (Lattice)
2 8
Prospects and i o o wEy
Conclusions ;gjj —+
% 4F - :F *f‘:*:
oo 2f TET
Q
. . |
3 % 5 10 15
g2 [GeVc]

Lepton universality
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Branching fractions of rare B decays

Branching fraction of B — ¢u™pu~

7 /1,,'( LS tree-level
1 [/ b— ccs
S 3 S X
¥(29)
B . o @
B V) V] V) s %
A) T A) T N q
\
e 1 el s OFF
N W . interference Long distance
~—-=" ,LL_ contributions from CC
ZO o a:ove oren charm
threshold
AxC ’ \
+
u _/\/\4\

Afm(p)]? —

rare dominated

Branching fraction of semileptonic b— su™ = decays can be affected by NP

Central: ¢ = m(£T¢~)?2, different operators contribute depending on ¢?

At ¢% = m3/¢ important tree-level b — ccs normalisation mode B? — J/) ¢
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https://arxiv.org/abs/hep-ph/0412079
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/hep-ph/0611193
https://arxiv.org/abs/1006.4945
https://arxiv.org/abs/1310.3722
https://arxiv.org/abs/1306.2384

Branching fractions of rare B decays

Branching fraction of B — ¢u™pu~

1
/ol tree-level
/ (4’ 7 b— ccs

el s OFF

interference Long distance
contributions from CC

above open charm

\ threshold
L

AN

4[m(p)]? — 5
rare dominated

Branching fraction of semileptonic b— su™ = decays can be affected by NP
Central: ¢ = m(£T¢~)?2, different operators contribute depending on ¢?

At ¢% = mg/w important tree-level b — ccs normalisation mode B? — J/) ¢
SM predictions directly affected by significant form factor uncertainties

2. PRD 71 (2005) 014029] [JHEP 08 (2016) 98 . 2. . [PRD 89 (2014) 094501
Low ¢*: LCSRs |oip 75 (20073 054013J JHEP 09 ézolo; 08]9] High ¢°: Lattice {PRD 88 §2013) 054509

o =) = E A
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Branching fractions of rare B decays

BY — ¢utp~ branching fraction

x 107 [PRL 127 (2021) 151801 SM LCSR
N L~ T T T T T3 LHCb9fb T
A 14 LHCb LHCh 3fb™ [JHEP 08 (2016) 098]
3 12fF "~ SV (LCSRtLatice)|  [EPJC 75 (2015) 8]
) [ SM(LCSR) SM LCSR+Lattice
o 101 SM (Lattice) [PRL 112 (2014) 212003]
S gQ ] [PoS Lattice 2014 372]
T F NITRERTCS) ]
+ 6 5l
X E -—i—- ]
?‘ 4F !:?:! %14':§:—:
e ;
cn L | S S SR S [ R S T T | 1
© O0 5 10 15
o2 [GeVcd

Recent LHCb measurement using full Run 142 sample ri 127 2021) 151801
dB(B?— ¢utu=,1.1 < ¢* < 6 GeV?/ct) = (2.88 £ 0.21) 78 GeV?/c?
Tension with SM at 3.6 0 (LCSR+Lattice) and 1.8 0 (LCSR only)

F DA
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http://arxiv.org/abs/2105.14007
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/1411.3161
https://arxiv.org/abs/1310.3887
https://arxiv.org/abs/1501.00367
http://arxiv.org/abs/2105.14007

Branching fractions of rare B decays

/ Low B also found for other b— su™p~ decays

S
LHCb BY — gutyp~

[PRL 127 (2021) 151801]  LHCb BY— K*Ou+p~ [JHEP 11 (2016) 047]  LHCb BY — K+t~ [JHEP 06 (2014) 133]

%107 0. Lex1078 mm| CSR Lattice —e-Data
= T T - T T T & T 3
b i Tem |3 oo ] B K
3 12 M (LCsReLatics)| @ 0] LHCb
S [SM(LCR) k2 0. ] % 3
N-S' %‘ SM (Lattice) % x 3
T F [TeS) 3 © E
2 =] = E
= [ —+ _i- =, ++ 3
! ‘ ) @ - %_ 5
By E 2 1
= [va) 3
Q ——L n n n !
3 15 ©
() 5 1 15 10
@ [Gevi/c) P [GevAcd qz [GeVZIc“]
CMS BY— K*0utyu~ [PLB 753 (2016) 424]  LHCb B®— KOu*pu~ [JHEP 06 (2014) 133] LHCb A9 — Aptp~ [JHEP 06 (2015) 115]
-LCSR Latlce —e-Data L T T T T
— T N
< > s KO § 15 Wt prescon E
K Q. LHCb § & F =
= X 3 g
g | @ = o
5 R + + Zo
\ _“zér 1 + Lo 3
E ?_g’ + LHCb =
[ L1 . . .
ol__5 J 10 15 20
q2 [GeVzlc"] o [GevZct]

Data consistently below SM predictions (particularly at low ¢?)
Tensions at 1-30 level, SM predictions exhibit sizeable had. uncertainties
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Branching fractions of rare B decays

/ Low B also found for other b— su™p~ decays

TS
LHCb BY — gutp~ [PRL 127 (2021) 151801]  LHCb BY— K*Ou*p~ [JHEP 11 (2016) 047]

x10° 015407
. - .
LHCb —% LHCb evnﬂ‘
- LHCb 31ty

Lattice BT — K ptp~ [arXivi2207.13371]

=
T

LHCD 05

[ SM (LCSR+Lattice)

p)lda? (Gev )
5 B
T

3 s
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SM (LCSR) 2 9 4 o
SM (Lattice) % ) 0.3
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LT TES) 3 =
6 ° T 0.2
E — 4 2
4f ~+ —t o @ + _—H = 0.1q
1 TH 1 —— El
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CMS B — K*Outp~ [PLB 753 (2016) 424] Lattice B® — KOut ™ [arXivi2207.13371] LHCb A9 — Aptp~ [JHEP 06 (2015) 115]
205~ (8 Tev) E L T T T T
iy 2 11t peenon
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3 kS
: 3
§ 2
: 3
<
S LHCb 1
10 1 = +_1_. . L
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e evd eVl Q2 [Geviic]

Data consistently below SM predictions (particularly at low ¢?)
Tensions at 1-30 level, SM predictions exhibit sizeable had. uncertainties

Exciting recent developements on non-local corrections [JHEP 09 (2022) 133]
and new results from Lattice QCD [HPQCD, PRD 107 (2023) 1]

Work on updates with full data sample, clean observables like A
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Angular analyses of rare B decays

Rare decays and
NP searches

The LHCb detector
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Angular analyses of rare B decays

<
4~
-

Ko
BO 7 K*O /" 4)\ |
e Nl e (|
\\ . /1 K K
\ﬂ+

W . ‘ \E\ 7
SV w '
ZO?’Y /ﬁy
\
|

ut [
Decay fully described by three helicity angles = (6, 05, ¢) and ¢% = me,
1 &3(r+T 9
AT+ )/ (d&%— ) = 3r [%(1 — F)sin? 0k + Fi, cos? Ok + i(l — Fy)sin? 0k cos 20,

— Fy, cos? O cos 20p + S sin O sin® 6, cos 2¢
+ Sy sin 20k sin 20 cos ¢ + S5 sin 20k sin 6, cos ¢
+ %AFB sin? Ok cos By + Sy sin 20 sin 6y sin ¢

+ Sg sin 20 sin 260, sin ¢ + So sin? O sin? 0 sin 2¢>}

sseusjoTdwod 104

Angular observables Fi,, Apg, S; sensitive to NP contributions
Perform ratios of observables where form factors cancel at leading order

. !/ S S. Descotes-Genon et al.,
Example: P = ——=2— {JHEP, 05 (2013) 137 }

v FL(1—=FvL)
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http://arxiv.org/abs/1303.5794

Angular analyses of rare B decays

ngular observable P} from BY— K*Ou*u~

[PRL 125 (2020) 011802]

LHCb Run 1+ 2016 ]

7] sM from DHMV

@9
+

W(29)

+

E
o? [GeV?cd

In ¢? bins [4.0,6.0] and [6.0,8.0] GeV?/c?* local tensions of 2.5 and 2.9 ¢
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https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1710.02846
https://arxiv.org/abs/1805.04000

Angular analyses of rare B decays

ngular observable P} from BY— K*Ou*u~

[PIPNP 120 (2021) 103885]

T

¢ ATLAS

U 1 ‘ 1
¥ Belle 1
0.5¢ ® LHCb ]
i @sm 1
0 [ L 1 ] |
L —y— i
_0.5} - + 2) + . |_i_:
N = e 1
L . = ) i
= O
L., || SEESIDNNES R
0 5 10 15

¢ [GeV¥c4

In ¢? bins [4.0,6.0] and [6.0,8.0] GeV?/c?* local tensions of 2.5 and 2.9 ¢

[LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]

Update using the full LHCb Run 142 data sample ongoing
o F

l
it
S
o
i)
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https://arxiv.org/abs/2107.04822
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1710.02846
https://arxiv.org/abs/1805.04000

maﬁ“ Angular analyses of rare B decays
3
(o

g
e,
1

i

Consistency of b— su™ i~ angular analyses

[PRL 126 (2021) 161802] [JHEP 11 (2021) 043]
25 -
LHCb 9 fb~"! flavio v2.0.0 . = B oS ib
" — BY = K"y
ar 14
— 0
. Bt — K* ity N BY— ¢u™
15
£ 31lc X 190
3 B
1 10f !
6
E .
lL4 =3 -2 7'1 0 { 2 - -3 -2 -1 1
ARe(Cy) AR

Use flavio [arXiv:1810.08132] to determine tension with SM hypothesis

Variation of vector coupling Re(Cy) results in improved description of data

Consistent trend for BY — K*O;["u_ [PRL 125 (2020) o11802), BT — K*Tputp~
[PRL 126 (2021) 161802] and Bg—> GuT T pHEP 11 (2021) 023 angular observables

However, interpretation not clear due to significant hadronic uncertainties

[m] = = =

DAy
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https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2107.13428
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Rare decays

Rare decays and

NP searches The LHCb detector

14— T T T
== sMm

12 E== NP: ARe(C)=-1
E== NP: ARe(Ch)= - ARe(Cjp)= -1
=== NP: ARe(g.{;)= —ARe<cg‘)= -1

1.0

Branching fractions
of rare B decays

Conclusions charmonium
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Lepton universality 21 /

) Lepton Flavour Universality tests in b — s¢¢ decays

_'_)t_?_s b_'_)t_,._s Status before Dec. 2022 SM prediction
\ ’ A 1
v / v , R - —_— Mo
\\~_Wa ’ 0 \‘~ W, ‘ _ 0.0415(<qﬂ<|.16=v1/c‘
- R (& *
2 2 ! Ry — M40
q° =my, 1147460 Geviet
4 . Ry ——i | AR
H e LI<H60GeVIet
K Bis50
1.1<¢7<6.0 GeV/c*
v S —} Hido
0.045<42<6.0 GeV/ct
bk ——H 1o
0.15¢7<6.0 GeV¥/c
1 P AR TR AR

-06 -05 -04 -03 -02 -0.1 0 0.1
RLHCb_psM

Lepton flavour universality central property of SM
Testable using ratios of branching fractions of rare b— s¢*/~ decays:

B(B(+’O) — K(+’*O)H+/L—)
B(B(+0) — K(+*0)etem)
Exactly unity in SM, differences only through lepton mass effects

QED corrections O(1 %) [EPIC 76 (2016) 440]
Hadronic uncertainties (form-factors and cc-loop) cancel in the ratio

RK,K* =

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays


https://arxiv.org/abs/1605.07633

Lepton universality

[arXiv:2212.09153] [arXiv:2212.09153]

14 L L B T ] 14 L L B T
3 == SsM E 3 == SM
12 N E== NP: ARe(Ch)=-1 ] 12 N E== NP: ARe(Ch)=-1 ]
L E== NP: ARe(C§)= - ARe(Cjy)= -1 ] L E== NP: ARe(Ch)= —ARe(Cjy)= -1
[ === NP: ARe(Ch)= —ARe(Cd)= -1 ] [ === NP: ARe(Ch)= — ARe(Cd)= -1 ]
><1.0—F—|' — .10 ; _—
= F 1 1 4 X F 1 1 4
| 1 1 1 & | 1 1 ]
I : - ] I : - ]
08k «charmonium, 1 oslL charmonium, ]
ad F=I resonances F——— | O T TESONANCES e |
0.6 [ flavio i i 7] 0.6 [ flavio i i 7]
| USSR (NN SR T S AN (N SR ST S S N S S S | USSR (NN SR T S AN (N SR ST S S N S S S
0 5 10 15 0 5 10 15
42 [GeVZ¥/c*] 42 [GeVZ¥/c*

Example NP models assuming NP only in muons

Some ability to disentangle different scenarios with Rx and Ry~
Simultaneous Ry and Ry~ determination with 9fb~! Run 142 data
low—q?: q? €10.1,1.0) GeV?/c?
central-¢%:  ¢* € [1.1,6.0] GeV?/c*
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Lepton universality

/ Analysis strategy: Double ratio (Example: R)

Analysis strategy: Double ratio of rare modes B — KT/T/~ with
resonant decays B — K .J/ip(— (T07):

r;/b) =1 [PRD 88 (2013) 3]
o BB K ptu) L BB KR (o [efe) |
K =
B(Bt— Ktlete |) B(Bt— KtJh(—|ptu ) wtree—level
[}

ws) b — cecs

|Electron| and [Muon| reconstruction 4
very different at LHCb 1

Efficiencies from corrected simulation

G /

05 wa Cff
Long distance
contributions from ¢C
above open charm
threshold

Double ratio cancels most experimental .
systematic effects in efficiency ratios st~ —"

rare dominated

2

B(BT=K*J (=|ptpu”])
B(B+t—K+.J/p (—ete)))
R _ BB oK p2S)(mutp)) | BBT K I (—eter))

$(25) = BBTSKT9(29)(sete)) X BBF=KF I (=ptu))
Both 7/, and Ry (25) compatible with unity at better than 20 v/

C. Langenbruch (Heidelberg University), Blois 2023
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https://arxiv.org/abs/1307.1189

Lepton universality

Experimental challenges for elect

BY — K'utu~
N T T T .
= 5 LHCb Ry central-¢>
= 1500 g g
\g L ﬁ“ ---%gn?l _—
= 1000 ]\ ]
2 500f j \ ;
=] L
(3 0 "_‘.7—"6 e

5200 5400 5600

m(K ) MeV/e)

5800

24 /34

on modes at LHCb

BT — Ktete~
= ———

T T T T

Ry central-¢*
4 Data
——=Total -
——— Signal
Combinatorial

I Misidentification
I Partially Reconstructed
W Bt K/ ete)

Counts / (32.00 MeV/c?)

6000

(el

5500
m(K*ete™) [MeV/c}
[arXiv:2212.09152] [arXiv:2212.09153]

Experimental Challenges for electron modes:

Low e trigger efficiencies due to higher thresholds compared to muons

Electrons strongly emit Bremsstrahlung traversing material

Contribution from several background sources, bkg. modeling critical

C. Langenbruch (Heidelberg University), Blois 2023
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Lepton universality

Experimental challenge: 1. Electron trigger

MUON
HCAL

Trigger signatures for muon and electron modes very different

ph TIEET (1)) > 1.5-1.8 GeV

B’ e () > 2.5-3.0 GeV

Combine exclusive trigger categories to improve € for electron modes:

Trigger on rest of event (independent of signal)
Trigger on e/ from signal

u}

8
I
n
it

DAy
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Lepton universality

) Experimental challenge: 2. Bremsstrahlung

r o~ 140 MeV
o o ~ 40 MeV

ion|from TT

ijon

0.0
4.6 4.8 5.0 5.2 5.4 5.6

m(Krel) [GeV/c?]

Correct electron momentum by adding matching photons (Et > 75 MeV/c?)
reconstructed in the ECAL

Bremsstrahlung recovery ~ 50% efficient, well simulated

Bremsstrahlung reconstruction impacts momentum resolution
— higher background pollution and more sensitive to bkg. modeling

C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays



Lepton universality
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) Experimental challenge: 3. Background suppression

5000

120 [arXiv:2212.09153] [arXiv:2212.09153]
T T — T T , .
907 95.6% 956 9.2 9.0
100f B2 93% 9T 73.6%  85.2% LHCh
Simulation
= 80f B BY - K'e'e
= _— B B (D — K7 )e'n,
E) B3 B (0 Khen)r
£ B B = (D = Ko in)e',
& . 220 Semileptonic veto E
& 40f LHCD central-g> 1
sob  Simulation <+ Signal efficiency ]
20 <+ Background rejection
IS © © 3
/\éw /@* ) 2 ~
NS ¢ Ay ,\‘l”
- + @6 13 FLs ‘
N R R . .
7 <7 A o O 1000 2000 3000 4000 30
° © B A ¢ m(K*e™) [MeV/c?)
X Vd
><
g

Combinatorial: multivariate classifier using
kinematic quantities and vertex quality information

Partially reconstructed: multivariate classifier in electron mode and

corrected mass exploiting PV/SV reconstruction

Misidentification: Lepton and hadron particle identification

Residual backgrounds from misidentification explicitly modeled with

data-driven approach |[sce talk by R-D. Moise] [backup]
17:4822  C. Langenbruch (Heidelberg University), Blois 2023 Rare Decays


https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09153
https://indico.cern.ch/event/1230772/contributions/5391766/

Lepton universality

Muon mode fits
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Muon mode is very clean!

m(K 7=t pm) MeV/e?]

m(K* =t ) [MeV/e?]
[arXiv:2212.09152] [arXiv:2212.09153]

Muon branching fraction compatible with published results
[JHEP 06 (2014) 133] [JHEP 11 (2016) 047]
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Lepton universality

Electron mode fits
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[arXiv:2212.09152] [arXiv:2212.09153]

Brems. tails from J/i) entering rare modes constrained in sim. fit

Partially reconstructed bgk. from K*%eTe™ constrained in K+ete™
[m] [l = =

!
S
o
i)
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Lepton universality

) R and Ry~ results

[arXiv:2212.09152] [arXiv:2212.09153]

b LHOD R s —omigp
9fb! Ry central-g* = 09491
1.2 R low-g? = 0.927°(%
‘ Ry central-¢* = 1.027077
<
< 1.0F
~
0.8F
i Dew X2 =16,p=0812 0 =02
06k — SM

Rg low-¢> Ry central-¢> Ry low-¢> Ry- central-¢

Most precise test of LFU in b— s¢T/~ transitions
Supersedes previous results
Compatible with the SM at 0.2 ¢ using simple x? test

Statistical uncertainty dominates
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[Nature Phys. 18 (2022) 277] [arX|v 2212 09152] [aerv 2212 09153]

LHCb NQ Rl‘ central- q
— Data9 fb* = + Data i
— Tota fit =200 = Toul ]
""" B~ K'e'e o Combinatorial
BB - Jy(e'e)K < B Misidentification J
B Part. Reco. 2 W Partially Reconstructed
Combinatorial < 100 W BT KYT/v(— eter) b
£
----- S
) -
. S e
y 5000 5500 6000
m(K*e*e") [MeV/cy m(K*ete™) [MeV/c?
_ +0.0424-0.013 _ +0.0424-0.022
Ry = 0.84675035 0012 - Ry = 0.94975041 Z0/022
[Nature Phys. 18 (2022) 277] [arXiv:2212.09152] [arXiv:2212.09153]

Different selection allows for statistical scatter of +0.033
Shift of ~ 0.1 due to pollution by misidentified backgrounds not
appropriately accounted for in [Nature Phys. 18 (2022) 277]

Tighter particle identification cuts: Shift of +0.064
Explicit inclusion of residual misid. backgrounds: Shift of +0.038
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Prospects and conclusions

Rare decays

Rare decays and The LHCb detector
NP searches
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Prospects and 0 Branching fractions
Conclusions ' E coiic of rare B decays
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Prospects and conclusions

) Disentangling hadronic contributions from potential NP
05p! ‘ " [arXiv:2304.07330] ‘ ‘

o 00 S

@b st

SM charm-loop

-05
Yaa
-10- J
I Global FitJ
b S -15° + ]
_ _ -20 - ABCDMN*23
J L N N i N . ]
d N d 0 2 4 6 8
2

q

Disentangling hadr. contributions requires work from theory and experiment

Progress on theory side:
Form-factors are systematically improved on the lattice [PrD 107 (2023) 1]
Recent more precise estimation of charm-loop effect [JHeP 00 (2022) 133

Exploit g2-dependence:  charm-loop rises towards cé-resonances
NP g2-independent
¢*-unbinned approaches to better exloit data [JHEP 11 (2017) 176]

Different cc-loop parameterisations pursued 571 /¢ (5020 57 [HEE 00 2000) 728
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Prospects and conclusions

) Summary and conclusions

SM describes large majority of results with excellent precision,
but some tensions appeared in the sector of rare decays

Status of these flavour anomalies

Branching fractions of b— syt u~ decays ~1-3¢
Angular observables of b— su™ ™ decays ~2-30
Lepton universality in Rg i~ 30— 020

Tensions in b— syt~ B and angular observables not theoretically clean,
Progress requires synergistic work between experiment and theory!

LHC Run 3 just started, will allow for unprecedented reach with flavour
observables with brand new LHCb detector

Belle 2 will provide important additional
and complementary information
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NP contributions and reach with indirect searches
4G
Heff = — ——

N3

=

— ViVt 2200

~1/(35TeV)?

AHnp =

NP can contribute to different operators O; depending on its type

Anp ~ 35TeV\/k/AC

.(—[Flavour-wol coupllng]
P

Exclusion limits for NP searches
Anp

NP reach not limited by /s, complementary with direct searches

Rare decays (AF = 1)

generic

NP Scenario Coupling &
Tree-level generic 1
Tree-level CKM suppressed Vib Vis
1
Loop-level generic Tomz
VinVis
Loop-level CKM suppressed T
Direct searches
K
CKM
suppressed
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Prospects in Run 3 and the Upgrade Il

— Run 1 Run 2 Run3 Run4 Run 5 leﬁ_
Prospects from [arXiv:1808.08865] N; 12 E | sleueupifdiesimingor 2020 Y E
BY— K*0uF ;= angular analysis B z i 3 a/4"™
JLdt 3fb T 23fb ! 300fb ' = wf E
(S <0058 <0016 <0004 £ sE E
a(Clo) 0.31 0.15 0.06 g °F E
t i 4 E
Afreeseneric[ Ty 50 75 s 2 G EM
K| E N L1
%or0 2020 2030 00"
Year

Run 3 just started, will more than double [ £d¢ from

9fb~! (Run 1+2) to around 23 fb~!

Upgrade 2 will increase [ £dt to 300 b1

Framework TDR [CERN-LHCC-2021-012],

Physics case [CERN-LHCC-2018-027], ...

CERN Yellow report [arxiv:1812.07638] ChED upgraden  LHCE
NP reach in Upgrade Il increases by
more than factor 2 wrt. Run 142

Anp reach beyond 100 TeV through precision
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ngular observable P} from Bt — K**(— Kl t)u*u~

[PRL 126 (2021) 161802]

15 . x :
: LHCh ;
1F — Data 9fb~" .
[ ] SM from DHMV ]
0.5 SM from ASZB ]
ar o
a e
-0.5 zz
S +
a1k
1'50 5 10 15

a® [GeV¥
Recent LHCb measurement using Run 142 data [PRL 126 (2021) 161802]
Global tension corresponding to 3.1 o, consistent with BY — K*Opy+pu~

Angular analysis (F1,+Apg) also by CMS [JHEP 04 (2021) 124]

[} = =
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S
o
i)
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) Crosschecks 7, and Ry )

[arXiv:2212.00152] [arXiv:2212.09153] [arXiv:2212.00152] [arXiv:2212.00153]
1.20 : ‘ ‘ 110 —— ; ; ;
LHC} LHC}
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Both 7., and Ry2s5) compatible with unity at better than 2o
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esidual backgrounds from misidentification

Counts/ (8.75 MeV/c?)

C.

[arXiv:2212.09152] [arXiv:2212.09153]
T T T ]

LHCh cent‘ral—q2 ~— LHCh ce»ntralfq2 ]
W0[ g ot * o T1S150F gy * ]
——- B Ktpta— = === B"S5 K'K'K~ |
Combinatorial ~ Combinatorial q
B, 10 ]
H}tﬂ 100F { ]
4 AN
T 3 fi
: H#F“,,«fl‘(-* £ s ’j’ ’k* ]
SONPO dic  r RN CC NUR RO R, . Y O
g)l()() 5200 5300 5400 50100 5200 5300 5400

m(K*atr™) [MeV/c

m(K*K*K™) [MeV/c?

Misidentified backgrounds can be isolated by inverting particle ID cuts:
Examples are (left) Bt — K7t 7~ and (right) BT — KTKTK~

Similar backgrounds for K*%ete™, however Dalitz structure not well known

Backgrounds from single misidentification less well known, complex shape

Developed new inclusive data-driven treatment of misidentified residual

backgrounds
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ackup

Residual backgrounds from misidentification

150f LHCh LHCH
< Run 1 (3fb7) RN 2 (66
125
200
&Mh PPN L 5 T
W0 G000 5350 500 70 G000 70 5000 5230 5500 500 6000
m(K ete”) [MeV /e m(Kteten) [MeV/cY
LHCh LHCH
Run 1 (3fb7) Rux 2 (6fb7)

[arXiv:2212.09152] [arXiv:2212.09153]
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LHCD L ¢

F Run 1 (3007) RuN 2 (61)
-
-
ot s 4 et
00 4250 4500 4750 5000 5250 5500 5750 4250 4500 4750 5000 5250 5500 5750
m(Ktreter) MeV /e m(K*eter) [MeV/e]
LHCH & LHCH
_F Run 13007 RUN 2 (61b)

|

000 230 5o )
m(K*e*e™) [MeV/e

4
1750

5000 5250 5900
m(K7mete”) [MeV/c]

f

- JNONUNON:
5750 6000

1750

000 5250

5500
m(K*7meter) [Mev/e?]

5750 GU00

Invert electron PID selection to obtain control region

Use control samples from data to weight control region events
according to their misidentification probability we = €pass PID/€fail PID

Resulting distribution and expected background yield used in nominal
rare electron mode fit
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Systematic uncertainties

[arXiv:2212.09152] [arXiv:2212.09153]

Ry low-¢* Ry central-g> Ry low-¢* Ry central-¢>
(fit) Misidentified bdck“roundb— 2I5 E _ 2‘2 4 — ‘ 1.5 E _ 2.I3 E
(fit) Partially recoed bkg | 0.2 im 0.2 4 — 12 1 0.5 E
(fit) Combinatorial modelling Emmm— 10 1k 0.2 4 — 14 = 0.4 E
(fit) Fixed fit parameters B 0.1 ER3 0.1 1 0.2 1k 0.2 E
(fit) Resonant mode fit model fmm 0.3 1 = 0.3 kR 0.4 1 = 0.4 E
(e + fit) Modeling of mco: ~ Bm 0.2 1@ 0.2 3 pm 0.3 1 0.3 4
< Stability of 71 f— 08 i fm 04 3 j— 18 05
& Trigger ] 0.3 R 02 i 03 R 01 3
& Kinematics and multiplicity sm 0.3 ENS 03 1 06 ERS 05 E
e Particle ID & factorisation @ 02 1B 0.2 El | 0.1 i1E 0.1 g
€ q2 migration . 0.3 1P 0.2 EN_| 03 el 03 E
& Form factors B 0.1 1k 0.1 4 0.8 1 0.8 E
I U I
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Dominant systematic: Modeling of residual misidentified bgks.

Measurement statistically limited
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[arXiv:2212.09152] [arXiv:2212.09153]
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The very rare decay B?— utp~

SM diagram
b t
: 0
BY W Sz
s — ¢

Possible NP contribution

5—<—-———>%;—---—<— ut
B? 4 Y
P B SRR SN

Loop-, helicity- and CKM suppressed

Purely leptonic final state, theoretically and experimentally very clean

Precise SM prediction! [PrL 112 (2014) 101801) [JHEP 10 (2010) 232]

B(B?— utp™) = (3.66 £0.14) x 107

B(B°— utp~) = (1.03 £0.05) x 10710

Very sensitive to new scalar sector (e.g. extended Higgs sector, SUSY)

1SM prediction without V., dependence available, in good agreement [APP & 53 (2021) 6]
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Measurements of Bf,

[PRL 128 (2022) 041801] [PRD 105 (2022) 012010]
N T ' ] ~07 x10° T T T T
; [ LHCb —o— Data ] '1 L contours correspond to 68%, 95% 99% CL regions i
3 40[; oftt — Todl E Y 06F s LHCb |
= L =R ] .
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o Ng Y ~ i 1
s 9Ny ] 0.3 _
"g ...... ] r ]
= 2 _
810 ] 0. I 1
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% o
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Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010)

B(B)— ptp~) = (3.09050557017) x 1077

B(B®— ptp~) = (1.2758 £0.1) x 10719 (B < 2.6 x 1071° @ 95% CL)
in good agreement with SM
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Measurements of BY

S
[PRL 128 (2022) 041801] [PRD 105 (2022) 012010] [arXiv:2212.10311]
a T T ]
s % + LHCD . ER e 38370
E 0 h BDT 205 : EE:Z::’ _E I;:.?zt; (2022) 041801 A 3. 09{%:1
g = By ] | ATLAS:CMS+LHCD 269"
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4 5 .
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Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010)

B(BY— ptpu~) = (3.0050757017) x 1077

B(B®— ptp~) = (1.2758 £0.1) x 10719 (B < 2.6 x 1071° @ 95% CL)
in good agreement with SM

New precise CMS measurement [zxiv2212 10311] moves average further to SM
B(BY— ™) = (3.8350:35 (stat) g 15 (syst) £0:13(fs/ fu)) x 1077
B(B®— ptp~) = (0.3755031098) x 10710 (B < 1.9 x 1071 @ 95% CL)
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Interpretation in global fits
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b— sfT¢~ data can be interpreted using global fits of Wilson coefficients

Assuming NP only in muon-sector (Re(C5**) and Re(CY3##)) reveals
tension between b— sy~ angular and B measurements and Rk«
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Interpretation in global fits
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b— sfT¢~ data can be interpreted using global fits of Wilson coefficients

Assuming NP only in muon sector (Re(C*™) and Re(CY##)) reveals
tension between b— sy~ angular and B measurements and Rk«

Can be resolved in presence of LFU NP which does not affect Rx -

Data prefers negative C3"V-, tension depends on hadronic uncertainties
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